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Given are the results of calculation of stressed state of the wall of a coiled tank with a capacity of 50,000 m® in welding-in
of insert plates. Theoretical estimation of the possibility of loss of stability of the wall due to the effect of residual
welding stresses is presented. It is shown that the welding technology recommended by standards fails to provide
retention of the designed geometrical shape of the wall in the case of replacement of its vertical assembly welded joints
arranged in line by joints with the welds separated in chords.
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Recovery of performance of vertical assembly welded
joints, arranged in line, in a wall of coiled cylindrical
tanks of a high capacity (10,000 m* and more), in-
tended for oil and oil products storage, during their
overhaul is a topical problem [1].

As noted in [1], for a case of existing vertical
assembly joints arranged in line, the optimal solution
of this problem is to replace them by the joints with
separated welds, according to the requirements of the
standard of Ukraine |2]. Separated assembly joints
arc made by welding special insert plates into the
tank wall over its entire height [1, 3].

The experience available in this arca showed that
onc of the main obstacles to successful realisation of
the method suggested for recovery of performance of

the wall is formation in the repair locations of local
deviations from the designed shape, much in excess
of those specified by standards |2, 4].

To reveal causes of formation of inadmissible local
deviations of the geometrical shape, the E.O. Paton
Electric Welding Institute completed calculations of
the stressed state of inserts and adjoining regions in
welding of the insert plates into the high-strength
16G2AF steel wall of a coiled tank with a floating
cover (Figure 1, @) and a rated capacity of 50,000 m?
(diameter — 60 m and wall height — 18 m).

The probability of a local loss of stability of the
wall under the effect of welding stresses was also
estimated.

The calculations were made with allowance for
the welding technology specified by standards |3].
Sequence of depositing the welds in this case is shown
in Figure 1, b. The first to weld were the vertical

Chord/ Assembly butt /
numbera joint in wall

1
S 3 |
gl |xn % 7.3 3 | |4 s,
Q x [
3 X1 2500 2500 713 <_+_>
- X
: | B[ VS
S R 11 ! 12 N
g | h ! \ 241 ?
<
5 |
S C
g \VIIIL 5 |
-~
o |2 ¥
Q|- VII - T
A Thickness g 4% b
2 VI 3000l “of insert Thickness
] 13 10.9 of chord
) M 13
o
% v 200013 12.9
o
Factory  RSa\
SR O 14.0y
S
¥ I 15.9
§ /' I 16.7 Figure 1. Structural scheme of welding of an insert plate into the
= wall of the 50,000 m” coiled tank with a floating cover: ¢ — general

view; b — sequence of making the welds in accordance with docu-
ment [3]; ¢, d — preparation of edges for making vertical and
horizontal welds, respectively

© V.I. MAKHNENKO, A.Yu. BARVINKO, Yu.P. BARVINKO and P. TSIARKOVSKY, 2002

2

5/2002




Table 1. Conditions of welding vertical and horizontal insert
plates 7-17 mm thick
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Table 2. Quantity of layers in the welds in the case of welding-
in of insert plates

Electrode Deposition Weld Welding Arc
diameter, efficiency I ¢ (_ current voltage
mm ag g/(AR) ayer I, A U, A
3.0 9.0-10.0 Root 120-130 28—-32
110-120 28—-30
3.2 10.2 Filling 120-130 28—-32
110-120 28—-30

Notes. 1. Welding was performed at the direct current (reverse
polarity). 2. Data for vertical welds are given in the numerator and
those for horizontal welds are given in the denominator.

working welds in two neighbouring insert plates, then
followed the horizontal weld between them. Inserts
were welded in succession in the upward direction.
Welding was carried out using covered electrodes
3 mm in diameter. Edge preparation, welding parame-
ters and quantity of passes for filling the groove are
given in Figure 1, ¢, d and in Tables 1 and 2. The
insert plates were made from the 10G2FB steel plate.
Strength properties of the weld metal, steels 16G2AF
and 10G2FB are given in Tables 3 and 4.

Welding of insert plates into the tank wall is stipu-
lated by the necessity of performing welding in a rigid
contour, which is a peculiar feature of the said process.
As seen from Figure 1, b, the effect of rigid fixation
in making vertical welds shows up mostly in trans-
verse shrinkage. Horizontal welds are made when fixa-
tion is rigid both for transverse and longitudinal
shrinkages. Investigation of the stressed state of the
tank wall in this casc is of a practical interest in terms
of prediction of variations in its gecometrical shape
during the welding process and development of meas-
ures for their elimination. As welding in a rigid con-
tour has a restricted application, the literature analy-
ses only few cases, e.g. welding up of a crack in a
thin plate [5] and holes in thick-plate (¢ = 40 mm)
structures |6].

Method for calculation of residual stresses in
the tank wall. Cylindrical shell of the tank wall,
taking into account its small curvature R = 30 m and
thickness ¢t (R/t = 1700—4300), was assumed to be a
flexible plate for the calculation of stresses and esti-
mation of the risk of loss of stability. The calculation
method for investigation of the kinetics of welding
stresses and strains was employed to determine the

Thickness of plates joined
t~ty (Figure 1), mm
14.5-14.0
13.0-12.9
13.0-(9.4-10.9)
10.0-(9.4-9.7)
14.5-15.9
13.0-13.0
13.0-10.9
10.0-10.0
7.0-10.0

Quantity

Weld type of layers, pcs

Vertical

Horizontal
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stressed state [5]. Assumptions of the simultancity of
making filling weld beads along the entire length of
the plate and the planc stressed state (stresses 0, =
=0, = 0,, =0) were made to reduce the 3D problem
to the plane one. The linearised problem was solved
by the finite element method. This method involved
rectangles with minimum sizes in the weld zone,
gradually increasing with distance from the welds.

Heat input per pass, g, was determined from the
following formula:

q= nhljalw L'L = Uaafp ynh[36001 (1)
where ny, is the net efficiency of heating equal to 0.7;
U, is the arc voltage; o, is the mean welding speed
for each pass, determined through the cross section
area of a given pass, F, (depending upon the number
of layers deposited); a4 and I, are the deposition
efficiency and welding current, respectively; and y is
the density of the metal being deposited, equal to
7.8 ¢/cm’ (see Table 2).

Thermal-physical properties of steels (thermal
conductivity A, heat capacity per unit volume cy),
elasticity modulus E, Poisson’s ratio v and tempera-
ture expansion o were taken from [7], and tempera-
ture dependence of the yield strength of steel and
weld metal was taken from [5].

Method for estimation of the risk of loss of sta-
bility of the tank wall. At the initial stage of the
investigations, where no experimental data were
available, the shape of dents in the tank wall was
described as rectangles axb in size (regions A, A', B,
B, C, D, D', E and F in Figure 1). This approach

Table 3. Mechanical properties of 16G2AF and 10G2FB steel plates (across the rolling direction)

Yield strength o, Tensile strength

Steel Plate thickness, mm Location of cutting of specimens MPa o, MPa Elongation d, %

16G2AF 6.0-30.0 GOST 27772-88 > 440 >590 >20.0
(C — 0.16; 17.0 From the tank wall 565 724 14.7
i\fn p 11-.3? 580 705 12.0
Nb — 0.02 wt.%) AT 706 16.0
10G2FB 10.0-20.0 TU 14-1-4083-88 2450 590-690 >22.0
(C—0.1; 14.5 From insert plates 484 610 26.0
o e 469 598 22.0

R 479 614 24.0

Nb — 0.1 wt.%)
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Table 4. Mechanical properties of metal of the weld made using
the E60A (o; = 600 MPa) type electrodes (certificate data)

Yield strength Tensile strength Elongation
ay, MPa o, MPa S %
460" 620" 23
5507 580-700 277

.
Minimum value.
o
Maximum value.

allows investigation of the loss of stability of a thin
plate with sides axb in size. The plate, being part of
the wall panel, was considered to be pivoted on the
ends. Narrow zones of high tensile stresses in a region
of the existing welds were chosen to serve as supports.
The shape of the loss of stability between the condi-
tional supports, according to the experimental results,
was taken from a half-wave described by a sinusoid.

The presence of residual stresses due to the existing
factory welds in the wall was neglected. Although
they can have a certain effect on the loss of stability,
it is difficult to estimate their level. This is attribut-
able to the fact that the tank wall after welding was
subjected to coiling and then loading during opera-
tion, which led to a certain relaxation and redistri-
bution of the said stresses.

The approximated energy method was employed
to solve the above problem on estimation of the risk
of the loss of stability of a flexible plate. According
to this method, the risk of the loss of stability in
ranges of 0 < x <a and 0 < y < b is high, provided
that the potential bending energy U for the given
range and energy W of the membrane welding stresses
Oy, Oy, and 0., associated with displacement from
buckling and initial distortion of the median surface,
meet the following condition [8]:

E=U+W<0, 2)

where E is the overall energy of an elastic system;

ab
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where f = f(x, y) are the normal displacements of the
surface related to the loss of stability; D. is the cy-

3

lindrical rigidity eqLEﬂ to m; and dis the plate
thickness at points x and y.
Energy W of the welding stresses is related to

displacements f = f(x, y) and initial deviations in the
form of g = g(x, y), which can be written as follows,
according to [8]:

”@,H EI + GWS)—D + 20503 g—%wzﬁ, (4)

where f fx, y) + g(x, y); 0., 0,, and g, are the
welding stresses averaged through thickness 8.

4

At assigned 0, 0,, and 0,,, the use of relationships
(3) and (4) causes no difficulties, provided that the f =
= f(x, y) and g = g(x, y) function values arc known.
The following assumptions were made with a certain
approximation (at a sufficient conscrvatism) [8]:

e, )= fo sin% sin %;
)

T ) = o sine sin 2
9(x, y) = go St sin= s,

where f, and g, are the certain constants.

If E < 0, the probability of the loss of stability of
the plate is sufficiently high.

Substitution of formula (5) in equations (3) and
(4), and then (2), yiclds the final expression for the
overall elastic energy of the system:
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In our case, where 6 has a constant value within
ranges 0 < y < b and 0 < x, < q, it follows from
equation (5) that

; 2 2 . ab
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Expression K; = (1 + go/[f)? = 1 is a correction for
the initial curvature. If the share of the initial deflection
in displacements of the stability loss is insignificant,
i.e. go/fo<<1, K; = 1. Further calculations were made
mostly at a condition that K; = 1. However, the authors
understand that this is a sufficiently high idealisation,
i.e. it is highly probable that in some cases the value of
K; may be higher than one.

Therefore, it is necessary to do the following to solve
the problem under consideration for estimation of the
probability of the loss of stability of the tank wall:

* determine welding stresses o.,, 0,, and 0., in-
duced by welding-in of the insert plates;

« select the shape of the surface of the stability
loss in regions with a potential risk of formation of
dents and calculate the U and W values for these
regions;

« estimate the risk of the stability loss in accord-
ance with inequality (2).

Results of calculation of welding stresses. Fields
of residual welding stresses in the wall of a coiled
tank with a rated capacity of 50,000 m? after making
all the welds are shown in Figure 2 (see the inset).
It can be seen from the data given that welding of
the insert plates under the rigid contour conditions
is characterised by the presence of extended zones
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affected by rather high compressive (o;; = 20 MPa)
and tangential (o; = 15 MPa) residual welding
stresses, this coinciding in general with the data of
[5, 6]. However, extension of the zone affected by
residual stresses is much in excess of that described
in [5], which is attributable to a large length of the
welds. In particular, this applies to tangential stresses
0.y, the length of the zone of the effect of which in
region A (Figure 3, sce the inset), where the plates
are about 7 mm thick, is approximately 50 cm, as well
as to longitudinal stresses for the corresponding
welds. Thus, longitudinal stresses 0., for horizontal
welds and stresses g, for vertical welds have the
affected zone in region A equal to about 90 and 70 cm,
respectively, from the end of the weld. In regions D,
E and F, at lower thicker chords of the wall, the
length of the zones of the above stresses is close to
that in regions A, B and C, which is caused by ap-
proximately identical specific heat inputs per unit
thickness of clements being welded in both cases.

The stressed state of the insert plates is charac-
terised by compressive, 0., and tensile, g, stresses
present in their major part. These stresses are equal
in absolute value to 5-10 MPa. In regions of the
inserts adjoining the horizontal welds, compressive
stresses 0, increase to 10-20 MPa. Stresses 0, remain
constant. In the adjoining regions of the tank wall
only compressive stresses 0, and g, are effective.

Analysis of the stressed state of the tank wall at
the level of horizontal welds shows that formation of
dents in these locations occurs due to residual longi-
tudinal tensile stresses, high in level and large in
length, which are present in regions adjoining the
weld ends.

Results of estimation of the risk of the loss of
stability of the wall. Table 5 gives results of calcu-
lations of the values of U, W and E = U + W using
expressions (3) and (4) for regions under considera-

SCIENTIFIC AND TECHNICAL ‘

tion, at K; = 1. It can be seen from the data obtained
that with the assumed idealisation, where initial de-

isting factory welds arc ignored, the risk of the loss
of stability is the highest for region A, where the shell
has minimum thickness, i.c. 7.3 mm. However, here
the values of U and W are such that theorctically the
loss of stability occurs only at K; = (1 + go/fo)? =
> 2.22, which corresponds to go/fo = 0.50, i.c. the
initial camber should be about 50 % of the expected
one in the case of the stability loss. The factor for
region A’ is also close to this value (K; = 2.24). Tt is
much higher for other regions. Thus, for region B,
after making vertical welds, K; = 3.4, while after final
welding the tension in this region dominates the com-
pression, which makes the probability of the stability
loss very low.

Similar conclusion can be made also for regions
D, D', E and F for the wall of a larger thickness.
Here the higher values of K; or g¢/ fo are required for
the loss of stability to occur. For region D, it is nec-
essary that K; > 4.28; for D' — K; > 4.0; for E —
K;> 3.6 and for F — K;> 2.48 (after making vertical
welds).

Another additional factor, which was not allowed
for in the above estimations, but which is capable of
affecting the risk of the stability loss, is preheating
of edges prior to welding to = 150 °C. The absence of
comprehensive data about parameters of this preheat-
ing prevented its direct allowance in the calculations
of residual stresses. Therefore, this effect was conser-
vatively estimated by increasing the welding heat in-
put by 40 % (scc Table 5).

As scen from the data obtained, in the case of
preheating the risk of the stability loss in regions A
and A’ is approximately the same as without preheat-
ing. The cffect of preheating is low.

Table 5. Calculation of the wall energy for different regions in welding of insert plates into the wall of the coiled tank with a capac-

ity of 50,000 m”, MPa

After making vertical welds

After making all welds

Wall

region U w U+Ww u w U+w
s fo /s fs /s fs
Without preheating
A 91.88 —38.60 53.30 91.88 —41.40 50.50
A 260.09 —-104.00 156.10 260.09 —116.40 143.70
B 334.15 -51.20 283.00 334.15 -98.20 236.00
C 313.90 -126.10 187.80 313.90 5.80 319.70
D 235.30 —-50.90 184.40 235.30 —-55.50 179.90
D' 664.30 -141.80 522.50 664.30 —-159.70 504.70
E 389.40 —54.30 335.20 389.40 —103.20 286.20
F 313.90 -126.70 187.30 313.90 5.80 319.70
I, 7.84 —-12.65 —4.81 7.84 -15.85 -8.01
I, N/D 8.28 -36.42 —28.14
At heat input increased by 40 %
A 91.88 —46.90 45.00 91.88 -41.90 50.00
A 260.09 -107.80 152.20 260.09 —-137.30 122.70
B 334.50 —-82.80 251.80 334.50 —119.60 215.00
C 313.90 —149.40 164.50 313.90 —44.80 269.20
14 7.84 —12.03 —4.19 7.84 -13.55 -5.71
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Figure 4. Location and sizes of experimentally found dents in the
wall of a tank with a capacity of 50,000 m

Therefore, in welding of inserts into the wall of
the tank with a capacity of 50,000 m3, the probability
of its loss of stability in regions A, A", B, D, D', E
and F, confined by the factory butt joints, is low.

However, as proved by studies of the behaviour
of the wall in welding-in of the insert plates, in prac-
tice the stability loss takes place even in the absence
of an initial camber, especially with small thickness
of the chords (£ <12 mm). In this casc the formation
of dents in the tank wall occurs in regions /7 and /5
(Figure 4). In our case the /7, region was confined
by a rigid disk of the upper stiffening ring and the
circumferential weld between the upper and lower
inserts, which is the zone of location of high tensile
stresses. Boundaries of the /4 region are the said cir-
cumferential weld and thicker lower chord of the wall.

The above method (expressions (3), (4) and in-
equality (2)) was employed to make additional cal-
culations for regions /7, and /. Results of the calcu-
lations (see Table 5) showed that inequality (2) is
met at K; =1, and in the regions under consideration
one may expect the loss of stability of the wall in
welding both without and with preheating. The cal-
culation data proved occurrence of a local loss of
stability of the wall in welding of insert plates in
some chords or over its entire height by the technology
recommended by standards [3].

Theoretical sizes of the affected zones and values
of residual welding stresses formed in welding of hori-
zontal and vertical inserts (Figure 5) served as the
scientific base for development of the special technol-
ogy for welding-in of the insert plates without any
loss of stability of the wall.

CONCLUSIONS

1. The stressed state of the tank wall in the case of
welding-in of insert plates under the rigid contour

Figure 5. General view of the assembly butt joint after repair made
by welding of special inserts into tank of the oil—cpumping station
«Lisichansk». The tank has a capacity of 50,000 m"” and is equipped
with a floating cover («Pridneprovskie Magistralnye Neftepro-
vody»). Performer — «Bikor» Company

conditions is found to be characterised by a substantial
length and high values of residual welding stresses.
The presence of such stresses is the cause of the loss
of stability of the wall.

2. The technology for welding-in of insert plates,
recommended by standards |3], fails to provide the
required geometrical shape in repair of assembly joints
in the coiled tank wall.

3. Results of our investigations of the stressed
state of the tank wall can be used for development of
a special technology for welding-in of insert plates,
ensuring geometrical shape of the wall within the
tolerances specified by standards [2, 4].
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PECULIARITIES OF COLD CRACKING IN WELDING
OF HIGH-STRENGTH LOW-ALLOY STEELS"

V.I. SHVACHKO and S.N. STEPANYUK
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Peculiarities of cold cracking of high-strength low-alloy steels are considered using a physical model. It is shown that
their structure becomes highly sensitive to the embrittling effect of hydrogen under the influence of high temperature,
losing the positive effect of thermomechanical treatment, and thus, becomes more susceptible to cold cracking.

Key words: high-strength low-alloy steels, ther-
momechanical treatment, cold cracks, reversible hydrogen brit-
tleness, microcleavage strvess, toughness coefficient, high-tem-
perature heating, HAZ of a welded joint

High-strength low-alloy (HSLA) steels are the ad-
vanced high-quality materials used for the fabrication
of critical structures. They are characterised by in-
creased strength and retain high ductility [1]. How-
ever, welding these steels results in cold cracks (CC)
which are formed in their welded joints. The existing
methods for elimination of CC provide for the use of
preheating of a welded joint or employment of austeni-
tic welding consumables, this leading to a substantial
increase in costs and labour consumption of welded
fabrication [2].

Development of more suitable methods for elimi-
nation of cracking requires in-depth studies of the
mechanism of cold cracking. Such studies should al-
low for the specific peculiarities resulting from the
technology of manufacture of HSLA steels. Steels of
this grade were developed on the base of improved
low-carbon stecls, in which the level of strength is
achieved by special alloying, combined with the use
of strengthening mechanisms during the y—a transfor-
mation process and tempering | 1].

The main factors affecting cold cracking, which
have been established so far |3, 4], include metal
structure, solute hydrogen, total stresses, strain rate
and metal temperature. Cold cracking may take place
only under the simultaneous effect of all these factors.
Exclusion of at least onc (any) of them will prevent
this type of degradation.

Investigation of the mechanism of cold cracking
under conditions of the actual welding process is ham-
pered by continuous variations in temperature, struc-
ture, stresses, hydrogen mass transfer and a number
of other parameters, which are interrelated to add to.
In this connection, the study described in this article
was carried out using physical modelling [5].

Cold cracking of welded joints is a manifestation
of the general physical effect, i.e. embrittlement of
iron and its alloys under the impact of hydrogen dis-
solved in metal, under specific conditions of the weld-

*

ing thermal cycle [3]. According to the classification
of hydrogen embrittlement | 6], cold cracking belongs
to type six of the second kind, i.e. reversible hydrogen
brittleness (RHB), induced by diffusible hydrogen
|5, 7]. Therefore, the appropriate physical model de-
veloped by the E.O. Paton Electric Welding Institute
from the concept of microcleavage for steels with the
bee lattice was used as the basis of the mechanism of
CC formation |3, 5, 8].

Submicrocracks are formed in the bulk of metal un-
der plastic deformation by the dislocation mechanism
or as a result of microcleavage of particles of the sccond
phase, carbide precipitates or non-metallic inclusions.
Macrofracture is caused by that of the submicrocracks
which loses stability at the moment of its formation in
the total field generated by a dislocation cluster or ex-
ternal stresses. In this case, the moving dislocations
carry with them part of hydrogen dissolved in metal.
Thus, during the submicrocrack initiation process, hy-
drogen is carried by dislocations directly into the bulk
of the formed cavity, where it is chemosorbed on the
juvenile surfaces in the form of negative ions [3]. This
leads to decrease in the surface energy of the submi-
crocrack. Thus, hydrogen decrecases a critical fracture
stress, upon achieving of which the crack, by overcoming
the potential barrier, propagates in the force ficld by
the self-catalysed reaction.

It follows from analysis of the accepted model of
cold cracking that sensitivity of steel to the embrittling
effect by hydrogen, which determines the degree of the
risk of CC formation, depends primarily upon the type
of the metal lattice. This is associated with the fact that
the fracture mechanisms realised in the fee lattice differ
from those realised in the bee lattice, and they have
hydrogen diffusivity which differs by several orders of
magnitude, this affecting the hydrogen transportation
mechanism. The fact that HSLA steels have the bec
lattice causes their susceptibility to RHB. The impact
on the sensitivity to hydrogen cracking by structural
characteristics of this grade of steels was studied by
mechanical uniaxial-tension tests of specimens subjected
to high-temperature heating.

The study was performed under the supervision of Prof. I.K. Pokhodnya.

© V.I. SHVACHKO and S.N. STEPANYUK, 2002
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Table 1. Chemical composition of steels under investigation, %

Steel C Mn Si Ni Cr Mo Al Co Ti
AB-2Sh 0.100 0.75 0.23 2.80 1.00 0.21 0.008 0.005 0.019
MA 0.009 0.10 0.60 18.50 0.05 5.00 0.500 8.500 1.200

The indicator of the ability of a material to resist
microcleavage, i.e. toughness coefficient Ky, was used
as a criterion for quantitative estimation of the em-
brittling effect of hydrogen [9]:

)

where g, is the yield strength of metal and R, is the
fracture stress of metal deformed to degree e. Numeri-
cal values of R,,., are determined from the following
formula [10]:

Kt - Rmrc/oyy

(2)

where .S, is the mean fracture stress in the neck; b =
=ln(1+n,/2);n=0.92(¢=0.1); e=In(1 /(1 —P));
and U is the reduction in area. The S, and @ values
are determined by uniaxial tension tests of standard
smooth cylindrical specimens.

HSLA steel of the AB-2Sh grade was used for the
investigations, and maraging (MA) steel was used for
comparison (Table 1). To determine the effect of the
level of heating on the sensitivity of these steels to
the embrittling impact of hydrogen, the billets were
preliminarily heated for the same period of time in a
furnace preheated to a certain temperature and then
cooled in air. The metal structure was checked after
each heat treatment. The specimens were simultane-
ous by hydrogenated electrolytically in the 5 % solu-
tion of sulphuric acid with an addition of 0.05 %
sodium thiosulfate. The current density being not in
excess of 10 mA /cm? which prevented the prob-
ability of formation of irreversible defects. The stand-

Ryce = Si(1 + ) /(b1 +2/1)),

Kt
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2
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a
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20 b 770 780 850 1150 T, °C

Figure 1. Dependence of toughness coefficient K, upon the heat
treatment temperature for steel AB-2Sh (@) and MA (b): 1 —
non-hydrogenated; 2 — hydrogenated
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ard smooth cylindrical specimens were tested at room
temperature at a strain rate of 5 mm /min.

The mechanical test results are shown in Figure 1
in the form of dependence of toughness coefficient Ky
upon the heat treatment temperature. As seen from
the plots presented, both steels in the hydrogenated
state have a high level of toughness (K;=2). However,
the specimens of MA steel exhibit catastrophic em-
brittlement in the presence of hydrogen, i.e. K; be-
comes close to one (Figure 1, b), which is indicative
of a decrease in brittle strength of metal to the yield
strength level. It should be emphasised that it is the
presence of hydrogen that causes the ultimately brittle
state of the martensitic structure, which initially has
a sufficient toughness.

In contrast to MA steel, steel AB-2Sh in the initial
(untreated) state exhibits insignificant embrittlement
in the presence of hydrogen (Figure 1, a). However,
after heat treatment, toughness of this steel substan-
tially decrcases under the effect of hydrogen. It also
starts being catastrophically embrittled, like MA
steel. As shown by metallography, this decrease in Ky
of steel AB-2Sh is not caused by formation of the
martensitic structure characteristic of MA steel. With
all the types of the heat treatment used, steel AB-2Sh
retains the bainitic type of the structure. The only
difference is that the degree of dispersion of the pre-
cipitates decreases, and their distribution in matrix
becomes more uniform, as well as some changes in
the grain size and microhardness take place (Table 2).

It follows from the above data that the sensitivity
of steel to RHB depends upon the phase composition
of metal and its crystalline structure. This is of a
particular importance for HSLA steels. They are
strengthened during manufacture due to special ther-
momechanical trecatment which provides a high dis-
location density in the initial structure. After that,
formation of the pre-precipitation zones in the dislo-

Table 2. Metallography data

P P
Heat treatment Grain area , Microhardness ,

Steel omperature, °C 107" mm MPa
AB-2Sh 20 2.20 2000
780 3.30 2300
850 4.25 2450
1150 5.58 2690
MA 20 12 2350
780 18 2950
850 20 2320
1150 29 2535

Mean values.
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cation grid nodes is achieved by the secondary hard-
ening method, which is followed by formation of co-
herent precipitates of special carbides | 11|. Therefore,
the special state of the microstructure leads to
strengthening of steels and provides their very high
resistance to RHB. However, heating to a high tem-
perature decreases the effect of this treatment, which
was found (sce Figure 1, @) to be very favourable for
hydrogen embrittlement. Therefore, during the fusion
welding process, the structure of HSLA steel in the
HAZ metal of the welded joint will become more sus-
ceptible to cold cracking (even without formation of
quenching structures). In addition, this susceptibility
will be different in different regions of the HAZ, as it
depends upon the level of the achieved temperature.

It is extremely difficult to avoid this degradation of
structure of HSLA steels in the HAZ metal in fusion
welding, which is attributable to incvitability of high-
temperature heating. Therefore, to reduce the risk of
formation of CC in welding HSLA stecls, it is necessary
to prevent ingress of hydrogen into the HAZ metal of
the welded joint. For this, it is indicated to usc the
effect of fixation of hydrogen in the weld metal using
energy traps with a high binding cnergy [11].
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PECULIARITIES OF PLASTIC DEFORMATION
OF DISSIMILAR MATERIALS IN PRESSURE JOINING

L.I. MARKASHOVA, V.V. ARSENYUK and G.M. GRIGORENKO
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Considered are regularities occurring in physical-chemical processes of plastic deformation, mass transfer and phase
formation, which accompany formation of joints in dissimilar materials (copper, titanium, aluminium and their alloys,
and different grades of steels) characterised by a limited mutual solubility under conditions of pressure joining for a
wide range of external loading rates, i.e. from 100" to 100"-100° s".

Key words: plastic deformation, pressure joining, dissimilar
materials, loading rate, localisation of deformation, sliding sys-
tem, shear band, dislocation, twinning, rotation

Plastic deformation is known to be one of the main
parameters of pressure joining of metals and metals
to non-metals [1-6]. It is the plastic deformation that
is usually related to formation of a physical contact
[1, 71, cleaning of surfaces from oxide films (espe-
cially under cold deformation conditions) [1, 3], ac-
tivation of the mating surfaces which shows up as
formation of active centres [4, 8], and, finally, de-
velopment of volumetric interaction associated with
activation of diffusion, recrystallisation, cte. In this
case the contact zone acquires a more or less homo-
gencous structure, while mechanical, service and
other properties of the joints become close to those
of the base metal |1, 2, 8-13].

It should be noted that the plastic deformation
process is one of the types of relaxation (relief) of
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internal stresses which grow during external loading
of joining, or, to be more exact, the type of plastic
relaxation which occurs by different mechanisms,
such as sliding of individual dislocations, contribution
of collective movement of the crystalline lattice de-
fects, turns of microvolumes, including twinning, etc.
In a case where the plastic deformation is locked for
some reasons, relaxation of internal stresses in the
deformed zone occurs by the cracking mechanism.

Therefore, considering a many-aspect character of
the effect of deformation on formation of the joint
and its propertics, it is very important to have the
most comprehensive idea of this significant process.
In this respect it is of interest to have information on
the character of distribution of the deformation within
the joining zone, localisation of the deformation in
depth of a material joined and its degree, and mecha-
nisms of this process taking place under different con-
ditions of pressure joining.
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Figure 1. Distribution of strain € in nickel joints produced by DB:
a — ratio of total volumetric macrostrain to localised strain at
different depth & within the bonding zone; b — schematic of the
bonding loading process at 8= 35 (1), 200 (2), 300 (3), 400 (4) pm
and total macrostrain (5) (g, — localised strain; P — bonding

pressure; T — bonding time)

This article gives some of the results of the inves-
tigations concerning the above issues.

Experimental procedure and materials. Investi-
gations were conducted on samples made from model
materials, such as nickel NP-2 and alloys on its base
of the KhN77TYu (C — < 0.15; Cr — 20.0; Ni —
77.0; Ti — 0.8; Al — 0.8 wt.%) type, joints in dis-
similar metals and their alloys, such as commercially
pure aluminium AD-1 and strengthened aluminium
of the 1201 (Al-Cu) type, commercial titanium VT1-0,
copper M-0 and M-1, steel St.3 (C — 0.14-0.22;
Mn — 0.3-0.6 wt.%) and stainless steel. The joints
were made at different rates of the joining deforma-
tion, &€ (from 100 4 to 100% 100 s 1), which are used
with such joining processes as diffusion bonding
(DB), percussion welding (PW), magnetic-pulse
welding (MPW), explosion welding (EW) and oth-
ers. The general character of distribution of the plastic
deformation and the degree of its localisation within
the contact zone of a joint were studied by optical
methods using coordinate grids with a base of 10—
20 pum. This cnabled estimation of not only the strain
which is localised in the contact zone, but also its
distribution in longitudinal and transverse directions
(compressive and tensile strains). In addition, the
degree of the deformation and its propagation depth
were evaluated on the basis of variations in configu-
ration of preliminarily varied structural clements used

o, MPa

€lc, %

0

200 400 600 800 1000 1200 &, um
e —

as references. The plastic deformation mechanisms,
which arc usually related to the type of structures
formed within the deformation zone, were determined
by the results of clectron microscopy of the fine struc-
ture of metals joined. A series of such studies was
carricd out using the JEOL transmission clectron mi-
croscope JEM- 200CX at an accelerating voltage of
200 kV. Foils for transmission studics of the contact
zonc in dissimilar joints were prepared by a specially
developed integrated procedure of ion thinning in the
ionising argon bcam. This procedure provided data
on the character of plastic deformation, degree and
depth of its localisation and micromechanisms of this
process.

Experimental results. As shown by the results of
investigation into peculiarities of plastic deformation
of metals joined at different loading rates within a
range of € O 10074-100° s, covering the DB and
EW ranges, the plastic deformation had a clearly de-
fined heterogeneous character under all thermal-de-
formation conditions, which was proved by the layer-
by-layer measurement of its values within the joining
zone in longitudinal and transverse directions with
respect to the joining deformation direction. This
regularity is characteristic of all the types of materials
joined, i.c. model materials, such as nickel, and others
characterised by different degrees of deformability
and phase compositions.

An example of distribution of strain in nickel joints
made by the joining process with low deformation
rates is shown in Figure 1. As it can be seen from
Figurc 1, a, the values of strain arc substantially
different at different depths of the metal deformed.
A detailed distribution of compressive and tensile
strains can be scen in estimation of variations in co-
ordinate grids in longitudinal and transverse direc-
tions of the samples. The distribution of strain in
depth of the bonding zone at a bonding temperature
of T, = 1000 °C for 1 min is shown in Figure 2. As
seen from the Figure, under the DB conditions, in
joining nickel to nickel at a deformation rate of € O
01007°-1007* s™" the strain is localised within the
welding zone at a depth of & = 35-50 pm. As the
process time increases, it amounts to 40-60 %, which
is approximately by an order of magnitude higher
than the total strain of the samples joined, equal to
4-5 %. Judging from the ratio of the localised com-

G, MPa
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Figure 2. Distribution of stresses ¢ and localised strains, i.e. compressive €, () and tensile €, (b), respectively, at different depths
& from the interface between the metals joined (8 — localisation depth)
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Distribu:t/ion of_ lq%alised strain in depth of the joining zone at
€=100"-100"s

Joining method &, % 3, pm €./€1¢
DB 40-60 <35-50 8-10

1
PW 90-95 <50 N/D

EW 1000 150-200 1
15-20

pressive strain € to tensile strain € (g1, 0810 1),
the compressive strain is dominant. Corresponding
diagrams were plotted for the nickel + Ni—Cr alloy
joints made by the DB method at Ty, = 800, 900 and
1000 °C and 1t = 1-30 min for each temperature.

It should be noted that the range of localisation
of strain shows up very clearly under all the conditions
investigated. However, it increased in width to some
extent with an increase in the process temperature
and time. Similar patterns of distribution of the strain
under the DB conditions were obtained also for the
samples of other metal pairs studied.

Increase in the external loading rate in transition
to high-speed joining processes (PW and EW) leads
toincreasc in the degree of localisation of strain within
the contact zone, as well as its propagation depth.

The Table gives the main parameters of plastic
strain in the joining zone, i.c. valucs of the localised
strain € and localisation depth &;, which were experi-
mentally found for different metals (nickel, alu-
minium and their alloys) at the investigated joining
deformation rates €. As seen from the Table, the lo-
calised strain amounts to 90-95 % under conditions
of the high-rate pulsed loading, e.g. in the case of
PW, where the level of the total strain equal to 4-5 %
is identical to that in DB. In the case of EW, the
degree of localisation of plastic strain within the con-
tact zone is equal to about 1000 %, which is charac-
terised by occurrence of a substantial increase in shear
strains (g; 015-20 &). The depth of the localised
strain zone also changes with increase in the joining
deformation rate, and amounts to 40—60, <50 and
150-200 pm at DB, PW and EW, respectively.

The next task was to reveal the mechanisms of
realisation of plastic deformation localised along the
length of the joining zone. Given that the types of
the resulting structures are indicative of a plastic de-
formation mechanism, transmission electron micros-
copy of the fine structure and dynamics of variations
in the types of structures formed directly along the
contact surface in depth of the joining zone was carried
out to determine the character of occurrence of plastic
deformation in the joining zonc. Peculiaritics of struc-
ture formation within the contact zone at different
rates of the joining deformation are shown in Figure 3.
The Figure also shows the general character of struc-
tures of the contact zone in joints made under the
DB, MPW and EW conditions. Figure 4 shows the
most characteristic types of structural elements
formed in the zone of localisation of strain under con-
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Figure 3. Structural changes in the contact zone, taking place in
different joints depending upon thermal-deformation conditions of
the joining process: @ — nickel alloy of the KhN77TYu type in
DB; b — aluminium + copper in MPW; ¢ — AD-1 + 1201 in EW
(x20000)

ditions of the above joining processes and the corre-
sponding diagrams.

Thus, Figure 3, a and Figure 4, a illustrate for-
mation of the characteristic structural clements (cha-
otic distribution of dislocations, ball-shaped—cellular
and sub-granular structures near the contact surface)
typical for the structure of the nickel alloy joints
made under the low-rate DB conditions. In the case
of increase in the deformation rate, e.g. in MPW
(Figure 3, b) and EW (Figures 3, ¢ and 4, b, ¢), the
turbulent character of metal flow is dominant in the
contact zone, turns of structural elements (in the form
of fragmentation and twinning of grains), as well as
the clearly defined orientation of structures are seen.
This is proved by elongation of cells in a direction of
effective stresses and formation of banded structures.
In addition, turns of microvolumes covering regions
of the sub-grain and even grain sizes also take place.
Structure of some zones with non-destroyed individual
dislocations acquires characteristic speckled contrast,
the formation of which is usually related to alternation
of crystalline and non-crystalline (amorphous) phases
[14], which is proved, as a rule, by the appearance
of halo on the microdiffraction reflections.

Statistical analysis of the types of structures per-
formed on the basis of the investigation results showed
that the process of the high-temperature deformation

10 ]1 11




Figure 4. Types of structures in the localised strain zone at different
external loading rates and their diagrams: @ — cellular—sub-granu-
lar structure of the KhN77TYu type alloy in DB; b — shear bands
in nickel in EW; ¢ — reorientation turns and lines in nickel (see
also Figure 3, b) (x30000)

leads, in addition to increase in the loading rate (i.e.
in transition from DB to EW), also to formation of
the following sequence of structures in the joining
zone: flat dislocation clusters and chaotic distribution
of dislocations; ball-shaped, block-like, cellular and
sub-granular structures; fragments; twins; different
types of banded structures (shear and reorientation
bands). Changes of the types of structures in different
metals within the joining zone, depending upon the
joining deformation rates, are shown in Figure 5.

vV, %

As seen from this Figure (left part), the similar
types of structures and sub-structures (blocks, cells
and sub-grains with clearly defined boundaries) are
formed within the joining zone at the low joining
deformation rates. The character of these structures
does not depend upon the type of materials joined
(their crystalline lattice, phase saturation and stack-
ing fault energy). However, in transition to the higher
joining deformation rates (in the case of PW, MPW
and EW) the character of structures formed in the
joining zone dramatically changes (see curves in the
right part of Figure 5). This is associated with growth
of the share of the collective forms of movement of
the crystalline lattice defects, which show up as the
intensive shear and reorientation bands, as well as
structures the formation of which is caused by turns
of structural clements. In this case, in metals charac-
terised by lower values of the stacking fault energy
(SFE), such as copper, Ni—Cr alloy and stainless
stecls, against the total amount of all the types of the
formed structures there occurs an increase in the shear
of structurcs whose formation is rclated to the turns
of microvolumes in the deformed regions, i.c. twins,
fragments with the clearly defined knife-like bounda-
ries, etc. (Figure 5, b). In the case of joining materials
with a complex phase composition, e.g. strengthened
aluminium of the 1201 type, phase precipitates of the
intermetallic type with a different character of band
formation are seen: dominant in the structures are the
reorientation bands, which are more discrete than the
shear bands whose orientation drastically changes in
the region of deceleration of the bands by the phase
precipitates (Figure 5, b).

Statistical analysis of the results of direct studies
of the fine structure and types of structures formed
in the joining zone in dissimilar metals allows the
following conclusion. Depending upon the conditions
and rate of loading in the joining process, the plastic
deformation (within its localisation zone) is realised
involving different micromechanisms. At minimum
deformation rates, i.e. € O 10074-100! s, inde-
pendently of the type of metals joined, the plastic
deformation localised along the surface of contact of
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Figure 5. Dependence of the deformation mechanism upon the deformation rate in pressure joining of metals, which are similar in
composition and have high SFE values (aluminium AD-1, nickel and Ni-base alloys) (@), metals with phase precipitates and metals
characterised by lower SFE values (strengthened aluminium 1201, copper and stainless steel) (b): 1 — chaotic distribution of dislocations;
2 — ball-shaped—cellular structures; 3 — sub-granular structures; 4 — fragmented structures; 5 — shear bands; 6 — collective forms
of movement of the crystalline lattice defects; 7 — twinning; 8 — reorientation bands; 9 — turns of grains and several grains (V' —
volume fraction of the types of structures)
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the metals occurs mostly by the dislocation mecha-
nism, which is realised through dislocation sliding
along the crystallographic systems. This is accompa-
nied by successive crystallographic turns of the de-
formed volumes. However, increase in the deforma-
tion rate, i.c. € D1@0°-100° s~', leads to a change in
the mechanism of the plastic deformation, which now
is realised by the mechanisms related to the intensive
collective forms of movement of the crystalline lattice
defects (translation in the form of shear and reorien-
tation bands), as well as to involvement of the more
radical (rotation) plastic deformation micromechan-
isms. The high-cnergy high-rate joining processes are
also characterised by formation of the special mecha-
nism of plastic flow of metal in the local contact
region, similar to the hydrodynamic flow. Under such
conditions the structure of metal is of the charac-
teristic amorphous-crystalline type, which is inter-
preted as the atom-vacant and heavily non-equilib-
rium one | 14].

Results of investigations of the dynamics of struc-
tural, including orientational, changes in the region
of localisation of deformation in the case of joining
dissimilar mctals at different joining deformation
rates are considered in more details in a number of
papers dedicated to studies of weldability of titanium
to copper [15], heat-resistant brittle alloys of the in-
termetallic type [16], high-strength aluminium alloys
of the 1201 type [17, 18] and other hard-to-weld ma-
terials [19-22].

The data generated on peculiarities of plastic de-
formation, depth of its localisation and mechanisms
of its occurrence make it possible to reveal factors
which prevent the required flow of metal in depth of
the joining zone, where the joining strain is localised,
i.e. at a depth of about 50—200 um, depending upon
the joining process. This serves as the basis for selec-
tion of different technological approaches, which fa-
vour plastification of metal particularly in this joining
zone. Some of such approaches were used for the de-
velopment of a number of joining technologies.

For example, to make joints between aluminium
AD-1 and high-strength aluminium of the 1201 type,
the safety factor for ductility of the deformed layers
of aluminium 1201 was increased due to special prepa-
ration of the mating surfaces, which allowed the latter
to be cleaned from hardening intermetallic phases at
adepth of about 200 um. This resulted in minimisation
of the collision parameters in reconditioning repair of
thin-walled shell metal structures of the aircraft by
explosion welding [18]. The phase instability cffects
appearing in a temperature range of a—-phasc tran-
sitions resulted in the activation of the deformation
in DB of the TizAl-based heat-resistant alloy [16].
Similar results were obtained in using special forming
mandrels for joining titanium to copper in DB [15],
Cu—Al transition pieces made by MPW [19] and other
materials.

CONCLUSIONS

1. Integrated investigations were conducted to study
peculiarities of plastic deformation within the contact
zone in pressure joining of dissimilar metals in the
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casc of variation in the joining deformation rate from
1007 to 100 —1010° s

2. Plastic deformation has a heterogeneous char-
acter with a clearly defined localisation region over
the entire range of external loading rates. Joints in
dissimilar metals differ in the strain values (g 040—
1000 %) and depth of their localisation zone (& O
020-200 pm).

3. At € 01007 s7! the plastic deformation is re-
alised mostly by the dlslocatlon mechanism; with an
increase to 100°100° s™" it occurs mainly due to the
collective forms of movement of the crystalline lattice
defects and the rotation mechanisms.
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TO THE QUESTION OF GMAW STABILITY

G.A. TSYBULKIN
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

The detailed analysis of transient and steady processes in welding circuit, as a result of which the region of stationary
conditions and limits of their asymptotic stability were defined is presented.

Key words: arc welding, stationary conditions, stability,
transient and steady processes

During developing new GMAW technologies and
equipment, there is always a necessity of express-
analysis in welding process conditions stability. The
criterion according to which the process of arc welding
is asymptotically stable, if steepness of the volt-am-
pere characteristics (VAC) of the welding arc is higher
than steepness of the VAC of the power source feeding
the arc is rather simple and efficient measure of sta-
bility.

Meanwhile it is well known that in certain con-
ditions arc extinctions or short circuits of the welding
gap that lead to violation of the welding conditions
or to the full cessation may occur. It is this circum-
stance that seems to give reason to consider arc ex-
tinctions and short circuit as a result of instability of
the welding process |5]. Though such interpretation
of violation of the arc welding conditions causes ob-
jections of the conceptual character. The point is that
violations of the conditions may occur as well while
following the stability conditions.

In this connection this article gives the detailed
analysis of the transient and steady processes of the
welding circuit resulting in principal differentiation
between the notions «violation of arc welding condi-
tions» and «loss in stability» of these conditions.

Mathematical model. Consider the cquations
which within the frameworks of this task reflect the
dynamic processes of interest occurring in the welding
circuit during GMAW:

L% + (R +vh)i +u, = u,,
u, =uy+ El+ 5,1,
u, =ug+ S,

I=H-h (0<l<l,), ")
dh _

p i

v, = Mi.

In these equations L is the circuit inductance; R
is the total resistance of the conducting wires and
sliding contact in the welding nozzle; r = 4p /1d? is
the coefficient that characterises electric resistance of
electrode stickout £ per unit length; p and d are the
specific resistance and the electrode diameter, respec-
tively; u, = u,(i, 1) is the arc voltage which is the
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function of welding current ¢ and arc length interval
I; ug = u,(i) is the welding power source voltage; ug
is the sum of near-electrode voltage drops; ugis the
open-circuit voltage; E = du, /0l is the electric field
intensity in the arc column; S, = du,/0i and
S, = 0u,/0i is the steepness of VAC of the arc and
power source with a nominal current value iy, respec-
tively; H is the distance between the edge of the
nozzle and free surface of the weld pool; [, is the
critical value of the arc length, when the arc extinc-
tion occurs; v, is the melting electrode feed speed
relative to the torch nozzle; v, is the electrode melting
rate; M = 0v,, /0i is the steepness of characteristic of
electrode melting at a nominal value of current 4y and
preset electrode stickout Ag; ¢ is the current time.

The system of equations (1) does not include minor
parameters, which characterise mostly the electrode
metal transfer through the arc gap, movement of the
free surface of the weld pool towards the axis of the
electrode stickout and heat inertia of the arc itself.
The effect of these and other minor parameters on the
arc welding process is negligibly low.

Solving equations (1), with the respect to lat H =
= const yelds one compact equation:

d’l dl
TstW"'Ts%*'l:g, 0<i<l, )
where
g= uD; o 0, T (3)

is the fixed control effect; T, and T are the constants
of time determined by relationships

L Ry
T. Ry =%nm )
where
d »@H-HE (5)

= + U+s —-.S..
RD R% R 0 a s

Equations (2) and (3) present the mathematical
model of the controlled process of the arc length vari-
ations, [ = [(t), during GMAW. The attention should
be paid to the fact that this model considers the actual
physical limitations of the arc length 0 <1 < ,. It
means that differential equation (2) at /<!, and [ <0
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has no sense, i.e. it describes processes occurring in

welding circuit only during the arcing time.
Stationary conditions. Consider first the stable

arc length component, I, = lim  [(¢) which according

to the equations (2), (3), at d*1/dt* =0, dl/dt = 0
is determined by the following relationships:

Un— Uy
lm:g: 15

(6)

-0, Ty 0<l,<I,

It can be seen from (6) we can see that increasing
the open-circuit voltage ugor decreasing the electrode
feed speed v, leads to elongation of the arc l,. With

" — U .
some critical value —v,Is =1, the arc extinc-

tion occurs and the arc fades out. Increasing v or

decreasing ugaccording to (6), leads to the reduction
Ug— Uo

of I, and at v, = —FT - arc length [, becomes zero.

Consequently there is a special range of steady

conditions where the natural limitations on the arc

length 0 < [, < [, are not violated. Moreover by

tuning the parameters ugand v, we can always define

u
their ratio

u
0 v, Ts = go, when the welding

process is conducted in the desirable way. This is the
case used in practice.

The limitations of the noted range of the steady
conditions are the relationships:

(7

ug = Uy > ETsCﬂ; ug=— uy < ETSCﬂ + El()'r

which are derived on the basis of (6).

The range of the steady arc welding conditions
determined from formulae (7) is shown in Figure 1.
Conditions included in this range according to [6]
can be called stationary, as they do not vary in time
at g = const, that is they are optimized without natural
interruptions during arcing caused by the arc extinc-
tions or short circuits of the arc gap. The higher range
corresponds to non-stationary conditions which are
characterized by the periodic arc extinctions. Accord-
ing to |4] they cannot be recommended for practical
usage. Conditions of the range located below range
2 arc physically non-recalizable, as here 1 < 0.

But we should not miss the fact that within the
limits of model (2) and (3) it is correct to consider
only stationary conditions, i.e. those which are in-
cluded in the said range, as outside this range cquation
(2), firstly, has no sense. Secondly, it is clear that
steady conditions arc possible only in case where tran-
sient conditions in the welding circuit attenuate as-
ymptotically which means that the asymptotic stabil-
ity of the welding process is guaranteed. Consider
this issue in more detail.

Stability limits. Returning to relationship (5) it
can be easily seen that Rop= R(1), that is why equation
(2) is linear. At the same time as coefficient r which
belongs to (5) is low the relationship
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Figure 1. Limits of the conditional ranges: 7 — non-stationary;
2 — stationary
H-ho_rH . .
max R =5 << 1 is valid. Consequently for
1

the estimation of stability we can use a simpler equa-
tion

Ry;=R+S,- 5, €))
which does not depend upon [.
Introducing a new variable
A=1-g, )
we will obtain no load equation with fixed g
TﬂTsj—2t)2\+Ts%+)\:0, (10)

which describes the transient process in the welding
circuit.
According to Stodola’s algebraic criterion the tran-

sient process A(f) will certainly attenuate
(lim A(¢) = 0) if the coefficients of equation (10) are
t—00

positive, i. e. if T, > 0and Ty > 0. As L, E and M
are positive, the above inequalities will be met ac-
cording to the expression (4), only if Ry < 0. Then
the sufficient and necessary algebraic condition of
asymptotic stability of the processes in the welding
circuit will ensue from the relationship (8) which can
be written down in a usual form

S,—S,>-R. (11)

As follows from inequality (11), the range of sta-
bility is actually wider than the range, which is de-

S.—SsA

Aria of asymptotic
stability

oY

Figure 2. Limits of the range of asymptotic stability R = 0,
S, —S;>—-R
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termined by the criterion S, — S, > 0 [1—4], and the
higher the R value, the wider the range (Figure 2).
It is sometime useful considering this fact.

Mind that here we consider the linearized model
of equations (2) and (3) of the process under inves-
tigation. Therefore the point is just stability «in the
small» [7-9], i. ¢. with such deviations of the arc
length [ from its stable value [, where as a result of
possible deviations of parameters S,, Sy and R no
violation of the condition (11) occurs. Consider one
more point. In a real welding circuit Ty >> 4T, and
this means that attenuation of the transient process
A(t) is of an aperiodic character. Therefore, with any
variations in the control effect of g in |0, I, ] interval,
for example during tuning the conditions, the arc
length [ is always smaller than [,.

So in realisation of inequality (11) stationary con-
ditions, i.e. conditions limited by the relationships
(7), are asymptotically stable. However the limits of
the stationary conditions (7) cannot be considered as
the stability limits, i.e. without meeting inequality
(11) conditions within these limits become transient.
This is an essential point which should not be ne-
glected in investigation of stability of the GMAW
processes.

CONCLUSIONS

1. The limits of the range of stationary conditions are
not the limits of stability of the arc welding process.
They just single out those conditions in which the
arcing goes without arc extinctions and short circuits
in the arc gap. If the operation conditions go outside
this range, this leads to violation of stability of the
welding process.

2. The loss of stability in the arc welding process
occurs only at violation of condition (11).
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ENERGY DOSING IN ULTRASONIC WELDING
OF RIGID POLYMERS

Z.P. LUGOVOJ and N.P. NESTERENKO
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Specific features of technology of ultrasonic welding of rigid polymers on the example of products made from po-
lymethylmethacrylate are described. Mathematical model of thermomechanical processes realized in the zone of welding
was suggested and the main stages of polymer vibroheating were analyzed. Criterion of automatic dosing of applied
energy, based on the dependence of deformation and temperature of weld zone on the amplitude of wave guide oscillations

has been developed.

Key words: polymers, ultrasonic welding, welding condi-
tion parameters, thermomechanical processes, dosing of energy,
welding cycle

Owing to their unique physical-mechanical properties
and comparatively low cost the plastics find more and
more wide application in many branches of industry,
medicine, agriculture, etc. In this connection the prob-
lem of their joining is actual. At present the polymeric
parts and structures are joined using bolts, rivets or
other mechanical means, and also by their adhesion
and welding [1]. The latter has a number of advan-
tages as compared to other methods, as the joints
produced are close by their mechanical, dielectric and
other properties to the initial material.
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Among the existing types of welding it is impos-
sible to distinguish one type which could satisfy eco-
nomic, technological and service requirements. Each
method has advantages and drawbacks and, depend-
ing on physical-mechanical properties of polymer,
purpose of product, production quantity, the definite
type of welding can be preferred. It is shown in works
[ 1=3] that to join the products of rigid polymers (poly-
styrene, polymethylmethacrylate, etc.) it is most ra-
tional to usc the ultrasonic welding (USW). How-
ever, the implementation of USW in the production
encounters a number of technological, materials sci-
ence and design problems.

In the present article the regularitices of the process
of formation of welded joints in USW on the example
of polymethylmethacrylate (PMMA) are shown, ge-
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Figure 1. Macrostructure of PMMA welding zone (x60)

neral approaches to the selection of optimum condi-
tion parameters of welding rigid polymers are formu-
lated and criteria of automatic dosing of mechanical
energy, applied to the welding zone are suggested.

The main difficulty of welding of PMMA consists
in the fact that temperature of melting the joint zone
can exceed 580 K during the process of applying ul-
trasonic oscillations, which is higher than the tem-
perature of material decomposition |1, 4]. Due to this
the defects in the form of voids or products of polymer
thermal destruction are observed in the welded joint
when the intensive conditions are used (Figure 1).
Varying the main welding condition paramcters it is
possible to reduce the amount of pores, but in this
casc the significant thinning of parts being welded is
occurred. To increase the quality of welded joint is
possible by artificial edge grooving [2, 3]. For this
purpose the relation between the shape of stress raiser
and with power and dcformational processes in the
joint zone at different USW conditions was studied.

Projections of three types were made on the welded
samples  (75x20x4 mm) from polyvinylchloride
(PVC), PMMA and polystyrene (PS): flat, semicir-
cular and V-shaped. Projections had cqual height and
similar volume (V = 225 mm®). Welding was per-
formed in installation of Branson 8600 type using a
step wave guide. To define the boundaries of varying
main parameters of USW conditions and to reduce
the expenses for experiment a mathematical model of
thermomechanical processes, realized in the joint
zone, was developed.

Mathematical description of thermomechanical
processes in USW in the system of coordinate (ay,
x) is given in the scope of a binding problem of

thermoviscoelasticity, whose statement includes
equations of oscillations
o-ij,j + pwzfti = 0,

of energy
CVF:(kT, i),i+5’y ir ]’7 ko Xy Xy

physical equations for stresses and rate of dissipation
of mechanical energy
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Figure 2. Dependence of heat amount AH on the type of polymer
and shape of grooving
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and also corresponding boundary and initial (for tem-
perature) conditions.

Here, 0y, &; and u; are the amplitudes of compo-
nents of stress tensors 0;; = g; + 0;', deformations
and vector of displacements; p is the density; wis the
circular frequency; ¢, is the heat capacity; k is the
heat conductivity coefficient; T is the temperature in
the weld zone; G, ¥ are the integrated shear modulus
and Poisson’s coefficient (G = G' +iG", 9=V —V'");
0;; is the Kronecker’s symbol.

~ The above-mentioned model is based on the fol-
lowing assumptions: body material is isotropic vis-
coelastic; all the mechanical variables (the compo-
nents of vector of displacement) tensor of strains and
stresses, are changed by a harmonic law at a circular
frequency w (w = 217), equal to frequency f of oscil-
lations of the tool working cdge; oscillating constitu-
ents of changing temperature during the period of
oscillation arc small as compared with a typical change
of temperature during the welding cycle; inner losses
arc the main mechanism of dissipation of mechanical

energy [4].

Problem in a two-dimensional statement was
solved by using the numerical method of finite cle-
3, Q, rel.un T, °C
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Figure 3. Dependence of temperature T, upsetting & and joint
strength Q on time of welding ¢,
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Figure 4. Macrostructure of welded joints of sample from PMMA: a—d — regions I-IV in Figure 3, respectively (x60)

ments [5]. To increase the effectiveness of calculations
in the high-frequency zone of oscillations and to ob-
tain the more detailed description of curvilinear
boundaries of stress raiser, an eight-nodal isoparamet-
ric finite element was used. Within each of elements
the displacements and temperature were approxi-
mated by quadratic functions of coordinates. Taking
into account the short-time of welding cycles (0.1—
5's), the real scheme with time was used for integrat-
ing the energy equation. In addition, physical-me-
chanical characteristics of material were clarified and
equations of movement were solved after a certain
number of pitches. This process was interrupted when
the temperature of polymer transition into a visco-
yielding state was reached.

The calculations allowed us to determine the range
of varying the amplitude of wave guide oscillations
A = 1045 pm and static compression force F = 100—
1200 N.

The effect of parameters of USW conditions and
physical-mechanical propertics of polymer during
welding time ¢, is described by relation

J’ Cy (T)
o) 2 E (T)

Here, ty is the time of vibroheating of polymer
from initial temperature Ty to temperature Ty, that
corresponds to its transition into viscoyielding state;
€ = A/h (his the total thickness of parts welded);
E" is the modulus of Young’s losses. Coefficient 3
characterizes the shape of surfaces welded and contact
conditions at their interface.

Py, W A, um 7,°C 6,10°m

Pel
700 25} T 4240 0.8
600 | 20} 4210 H0.6
500 - 15} 180 H0.4
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Figure 5. Dependence of electric power P,, amplitude of wave
guide oscillations A, temperature T in the weld zone and its up-
setting 0 on time of welding ¢,
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The investigations made it possible to establish
the dependence of heat amount AH, required for poly-
mer transition into the viscoyielding state, on the type
of polymer and shape of grooves of edges being welded
(Figure 2). Tt is seen from the Figure that energy AH
depends not only on the type of polymer but also on
the shape of grooving. Thus, V-shaped projection, in
particular, is the lowest energy consuming. Mean val-
ues of energy activation for different shapes of pro-
jection are related approximately as 1:3:8. This ratio
can be used as an approximate evaluation for deter-
mination of required power of the ultrasonic equip-
ment.

To develop the criteria of mechanical energy dos-
ing the thermomechanical cycles of PMMA USW
were investigated more in detail. According to [1, 2],
the artificial V-shaped stress raisers with an opening
angle 60, 90 and 120° were made on the plate surfaces
welded. During welding all the main parameters of
technological condition, and also upsctting & and
welding zone temperature were recorded. Strength
tests of welded joints were made on updated rupture
machine of FP-10 type. Results of investigations are
given in Figure 3. As is seen from the Figure, the
dependence of upsetting value don the time of welding
tw has four typical regions.

In region I the heating of zone of contact of V-
shaped projection with a lower part is occurred (Fi-
gure 4, a). Deformation of welding zone in this region
is negligible. With increase in time of effect of ultra-
sonic oscillations the contact zone is heated to the
temperature of a viscoyielding state of the polymer.
The heated polymer begins to extrude intensively from
this zone (region 1) that is confirmed by visual ob-
servations of welds cuts under the microscope. At the
end of region IT of deformation curve (Figure 4, b)
all the V-shaped projection is transformed into melt.
The rate of deformation of the welding zone, which
was maximum before, is decrcased. In this case the
melt temperature is close to the temperature of ther-
mal destruction of polymer, and the welded joint
strength Q is maximum.

The further increase in time of effect of ultrasonic
oscillations leads to the fusion of parts under the wave
guide, thinning of total thickness of parts welded
(region I11, Figure 4, ¢). In region IV of weld zonc
the voids and zones with products of thermal decay
of polymer arc formed and the strength of welded
joints is abruptly decreased (Figure 4, d).

The carried out additional investigations on opti-
mizing the USW conditions and search for new tech-
nological cycles enabled us to establish that tempera-
ture in the zone of welding can be stabilized by de-
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crease in amplitude of oscillations of the wave guide
by 40-50 % at the moment of time which corresponds
to the beginning of region I1I of deformation curve
(point K in Figure 3). The indicated fact has a good
correlation with the results of [1, 2] in which, how-
ever, the principles of automatic control of welding
process are not considered.

Figure 5 shows the developed cycle of USW of
PMMA which makes it possible to dose the mechani-
cal energy applied to the welding zone in the auto-
matic conditions. The principle of criterion of dosing
of applied energy consists in the fact that the decrease
in amplitude of wave guide oscillation is realized at
the moment of completion of the stage with a maxi-
mum rate of the welding zone deformation (sce Fi-
gure 5). Technical realization of the mentioned
method is attained using transducers of linear dis-
placements, high-voltage watcergate, appropriate
block of signals being taken and microprocessor,
which arc built-in into the installation. The auxiliary
control of the USW process proceeding is realized by

indications of the wattmeter |6]. The developed
mcthod of control of USW of rigid polymers makes
it possible to automate the technological process, to
decrease the scattering of values of strength of joints
by 10 %, and also to increase the weld quality due to
absence of products of thermal destruction of the poly-
mer in it.
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METHODS OF DESIGN OF WELDING INDUCTORS
(REVIEW)

R.V. YUKHIMENKO
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

The most widely used methods for design of welding inductors are considered. Advantages and drawbacks of the described
methods and also the feasibility of their use in practice are outlined. Main relationships of parameters of experimental
and claculated data of a linear inductor for heating flat surfaces and for seam induction welding are given.

Key words: high-frequency welding, welding equipment,
designs of inductors, methods of design, equivalent circuits

The method of a high-frequency (HF) welding | 1-3],
providing a high rate of processes and a good quality
of weld, has found a wide application in the manu-
facture of electrically-welded pipes, thus replacing
other welding processes. In this connection, a problem
arises in a valididity of results of designing induction
heating units and in reduction of costs and terms of
their experimental tests, because the existing heaters
are complicated and expensive units.

Inductor is a basic element of the HF welding
equipment. Therefore, its electromagnetic and tech-
nological characteristics define mainly the welding
quality and process cconomical aspects. There arc
many designs of the inductors. Morcover, inductors
of different types can be used even for heating one
product. The following types of inductors can be con-
ditionally distingished: for external cylindrical sur-
faces; for flat surfaces; for internal cylindrical sur-
faces; inductors for intricate bodies.

© R.V. YUKHIMENKO, 2002
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Any inductor contains an inductive wire, generat-
ing a magnetic field, current-carrying busbars, contact
shoes for connection to a HF transformer, devices for
water feeding for cooling inductor and heated surface
(if necessary). Inductors for heating flat and internal
cylindrical surfaces are often furnished with magnetic
circuits which increase the cfficiency factor and the
device power factor. The magncetic circuits arce also
uscd for the formation of a magnctic ficld providing
the required configuration of the metal layer being
heated. In some cases the inductors are equipped with
devices for arrangement of workpicees to be heated.

The main task of design of electromagnetic system
for induction heating [4, 5] is the determination of
input parameters of a loaded inductor: resistance and
reactance, cfficiency factor, power factor, current,
voltage and number of turns by preset geometric pa-
ramcters, current frequency, power and clectrical
properties of inductor and workpicce material. As the
inductor and workpiece form a system with distrib-
uted parameters, the conceptions of resistances are
not adequately defined, but refer obligatory to an
equivalent circuit representing an electrical circuit,
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Figure 1. Pattern of magnetic field of inductor with a non-magnetic
load (@) and separation of fluxes in system (b)

which is used for a mathematical modelling of a loaded
inductor.

In spite of the wide use of numerical and analytic
methods of calculation the approximated methods are
mainly used in practice of designing of induction heat-
ers, making it possible to find the integral parameters
of systems (resistance, power factor, efficiency factor)
with a satisfactory accuracy. Among them a method
of a magnetically-coupled circuits [6] and a method
based on compiling magnetic equivalent circuits of
inductors are widely used [7-9].

Method of magnetically-coupled circuits,
which uses the replacement of winding of inductor
and workpiece by two inductively-coupled coils, gives
good results for simple cylindrical or oval inductors
in heating non-magnetic bodies with a clearly ex-
pressed surface effect. For complex induction systems,
including scveral windings and bodics heated, the
calculation is abruptly complicated, therefore, it is
possible only in usc of the computer [10]. The calcu-
lation is especially difficult using this method for
systems containing ferromagnetic bodies and magnetic
core heated.

Mecthod based on compiling magncetic, and then
dual clectrical cquivalent circuits was first suggested
for crucible furnaces and cylindrical heating inductors
with a loading being equal in Iength to the inductor
winding. The comprehensive testing and development
of the method for cases of non-cqual lengths of in-
ductor and workpiece [ 11| promoted its wide use for
design of inductors of different types under the name
of method of a general flow |7]. Calculations using
this method are applicable both for non-magnetic and
the ferromagnetic bodies.

&, hilg Dy,
—_— e
o Py Py
R me
~j1W1 dJs1l Rms1 stZl Rms2 |:}Zm2

o . .
Figure 2. Magnetic equivalent circuit of inductor
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Design of induction devices on the basis of mag-
netic equivalent circuits found a wide application
[7-9] and at present it is one of main engineering
methods in the design of inductors. The principle of
this method consists in the fact that all the space in
which a magnetic flux is passing is divided into sec-
tions; then their magnetic resistances are found using
analytic or other methods.

We assume that the magnetic field is homogeneous
in the entire length of body or its calculated region
being heated l5, locating inside the inductor (Fi-
gure 1) that makes it possible to find magnetic Z,,»
and corresponding electrical resistance of loading as
a length of a finitely long system. At known Z,,, the
magnetic equivalent circuit can be considered as a
four-terminal network, transforming Z,, into input
magnetic resistance of the inductor.

The total flow of inducror cE (Figure 2), created
by winding, is divided into flow CES“ not depending
on loading, and flow qlbjl = CEQ + q%m passing along
the body heated (Ezm and along the part of gap adjacent

to it qlbjsg and then closing through region V, (see
Figure 1) with magnetic resistance R,,,.

Magnetic circuits R,,51 and R, refer to the gap
regions through which flows @ and @y, are passing.

Electrical circuit (Figure 3) corresponds to mag-
netic equivalent circuit. Resistance of loading Z =
=1y + Jxom, gaps &g and path of return closing x, are
reduced to the number of inductor turns w; and are
coupled with magnetic resistances by relation

Zi :].W%/Zmi‘ (1)

Additional resistance Z,q4, not associated with an
equivalent circuit, takes into account a resistance of
winding 74 and resistance of elements (busbars, series
capacitors) which can be connected into circuit at the

region to power source with known UDi. To calculate
the internal reactance of winding xq, is simpler and
more accurare not separately but as a part of a gap
resistance.

Direct use of the circuit (Figure 3) for design of
inductors is difficult due to impossible practical de-
termination of a point of branching magnetic fluxes
and, respectively, electric currents using this method,
therefore, we take auumption that all the flow in the

gap together with C%m is closed in the form of a com-

z ad Xs1 Xs2 F_2/>W1
° — VY o~V
—_
[l
ra
~{1 i extl Xe
Xom
o
Figure 3. Electrical equivalent circuit of inductor




mon flow through the space V,. Circuit (see Figure 3)

at xp = x, and x4 = 0 corresponds to this method of

calculation, named calculation by a common flow.
Resistance of inductor will be equal to

. . x+ 1
Zi:Zn(l+7’2+]xi:Zad+rzc+]C i+ T (2)
.
where x, = x5, + a5 is the reactance of gap and loading;
x, is the resistance of return closing ; ¢ is the coefficient
of reducing loading parameters to inducror, equal to
2

X
- "° (3)
TR )

Using this method of calclation it is most difficult
to determine the resistance x, which gives a minimum
error in calculation and depends on the nature of
distribution of electrical current in loading. Here, an
artificial procedure is used [8]. Let us assume that all
the current in loading is concentrated in the band of
width a, equal to a slot width ag (Figure 4). In ad-
dition, we consider that resistance . is little changed,
if to make allowance for the effect of real loading on
it using an additional gap Ak beyond which the mag-
netic field is not spread. A number of calculations
showed that A% should be so that additional inductive
resistance Ax;, was equal to loading resistance xop:

Koms] Xo
h =T S
Ho Wy

(4)

where [y is the magnetic permeability of vacuum; w
is the angular frequency of current.

The taken assumption makes it possible to deter-
mine x,. Moreover, when x, is calculated the loading
is changed by a superconducting plane being at dis-
tance heq = h + Dh. This system can be considered as
a half of the busbar with a distance H = 2heq between
busbars having an external magnetic circuit. The sec-
ond half of the busbar is obtained as a mirror reflection
of inductor with respect to superconducting plane.

Applying the calculation by the method of a com-
mon flow to the busbar we shall obtain

_wH K
YT ug 1-K,

(5

where K is the correction factor of inductance of
busbar.

This method is widely used because it gives the
correct limiting transitions at change in length, di-
ameter, properties of loading, and also frequency.
Thus, at high increase in frequency (f - o) the co-
efficient of reduction ¢ is tended to a finite value
Climit = %2/ (x5 + x,)? defined only by the system ge-
ometry.

The drawback of this method is a low accuracy
for number of purposes, for example, for parametric
optimizing of the inductor design. Method does not
also take into account the effect of edge effects of
loading and inductor on the distribution of power in
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Figure 4. Design of a flat inductor with a magnetic core

loading. The position of loading with respect to a
central plane of the inductor is not also taken into
account Gif I, < [y).

In spite of these drawbacks the method of a com-
mon flow can be considered as one of main methods
of approximated calculation of inductors which makes
it possible to select the heater design at the initial
stage of designing and to evaluate its parameters.
Good results are obtained by the method of a common
low in calculation of complex, including three-dimen-
sional, induction systems.

If the inductive wire is furnished with a Il-shaped
magnetic circuit, then it is possible to use a method
of a working flow [7, 12] based on referring all the
inductive impedance x, to the resistance xy in a non-
branched part of scheme (see Figure 3) and on deter-
mination of resistance x, from the condition of unfor-

mity of flow d;gm under the magnetic core pole. This
method gives good results at a ferromagnetic loading,
however, at large gaps its precision is quickly de-
creased. Limiting transitions are also not kept with
increase in frequency (f - ) or width of magnetic
core pole (¢y - ), as the calculated coefficient of
reduction c is tended in these cases to unity that does
not reflect the reality.

To make allowance for the non-uniformity of mag-
netic field in an air gap of the inductor the calculation
can be made using a method of conformal repre-
sentations [13] at following assumptions: depth of cur-
rent penetration into a metal heated is small as compared
with a gap between the inductive wire and pipe, and
the value of air gap is significantly smaller than a radius
of a pipe curvature; electric characteristics of material
heated are constant (U = const, p = const); magnetic
permeability of inductor iron is high; length of inductor
is much larger than its cross-scction; inductor current
is changed by a harmonic law.

Results of calculation of magnctic ficld intensity
at the surface of pipe heated in line Ox (see Figure 5)
arc presented in Figure 6 [13].

Analysis showed that at B - o and a >> 1 the
calculated expression can be presented in a simplified
form as
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Figure 5. Scheme of heating pipe butts with a linear inductor in
HF welding: 1 — part heated; 2 — induction wire; 3 — magnetic
core; 4 — return wire

Hz 1

. 1+ 04d ay - " (6)

where H,, = wly/ 2a.

Consequently, magnetic field in inductor air gap
is approximated with an accuracy up to 5 % only at
ag > 10.

The inductive impedance of the linerar inductor—
pipe system is determined from expression

2
W
Xy = 200_ O(ag, by, co),

(7)
where O(ay, by, ¢y) is the function taking into account
the design sizes; [; is the inductor length.

Resistance of pipe heated, reduced to the inductor
current, is determined from equation

. wPol;
ry = 2(112 gﬂ(a()r b()y CO)a

(®

where py is the specific electric resistance of material
of pipe heated; A is the depth of current penetration
into a pipe metal; g,(ay, by, co) is the function taking
into account the non-uniformity of field at real sizes
of inductor.

The comparative calculations showed that a satis-
factory coincidence of results of calculations is ob-
served at o > 2, and with increase in a relative value

H2/Hav

0.8

0.6

0.4

0.21

1 |

0 0.5 1.0 15 2.0 X

Figure 6. Distribution of magnetic field at the surface of part being
heated along the axis Ox (x, =x/a) at by =b/r-, ¢, = c/r>
and different values a, = a/r

22

2

ws N\

Figure 7. Induction system: 7 — load with currents; 2 — inductor;
3 — fictitious winding

of air gap the non-uniformity of inductor magnetic
field is increased and the error in calculation is
abruptly increased.

To specify the structure of an inductor—loading
equivalent circuit a method of a fictitious wind-
ing has been developed (Figure 7) |9, 14]. When it
is used, the electromagnetic field of n-circuit of an
induction device is considered as a field of scattering
of (n + 1)-circuit system, ncutral in clectric aspect,
whose all the parameters are determined through (n +
+1) /2 of short-circuit impedance of pairs of circuits
including a fictitious winding. Moreover, an equiva-
lent circuit of a preset region of the electromagnetic
ficld is such a circuit for which voltages, currents and
electric power are mathematically equivalent to in-
tensities of celectric, magnetic ficlds and flows of c¢lec-
tromagnetic power (Poynting’s vectors).

Among the magnctically-coupled circuits of the
system two of them are distinguished having a mini-
mum natural resistance (circuits of the system arc
reduced preliminary to a basic number of turns) and
equivalent circuit is designed for them where parame-
ters of the circuit are determined through natural
resistances of circuits Z,,, and short-circuit resistances
of pairs of circuits Z,, (Figure 8):

Z,=0.5(Z — Zyy + Zyo);

Zy =0.5(=Zy + Zy + Zyio);
Zo=0.5(Z + Zoy — Zpy).

9

Selection of circuits with a minimum resistance
defines at once the position of an exciting branch Z,
in the equivalent circuit and can find a resulting mag-
netic flux, emf of device and exciting current in a
simpler way. All the rest circuits and field areas at
such selection of circuits are arranged along the
Poynting’s vector (in the direction of energy spread-
ing from sources of the field to users) and are, to a
certain degree, external as regards to selected circuits,

Z1 22 2 rq Xs1 Xs2

.
a c b 2

o o o o
a b

Figure 8. Equivalen circuits of two-circuit device: ¢ — general

form; b — inductor—load system
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Figure 9. Generalized equivalent circuits of induction device with
distinguished taps of circuits (@) and with equivalent two-terminal
elements of external circuits (b)

that makes it possible to consider the volume of an
induction device in the form of a laminar structure.
In addition, the conditions of mating vectors of the
electromagnetic field are preserved at the boundaries
of layers that gives a feasibility of a cascade connection
of equivalent circuits of layers, i.e. chains of circuits
and equivalent circuits of fields regions in the preset
direction.

In accordance with the above-mentioned, there is
an opportunity to connect an equivalent circuit of
external circuits and regions of field, in a general case
multipolar, to the exciting branch Z of the obtained
circuit (Figure 9, @). Its internal structure is defined
by a cascade of equivalent circuits of layers which
can have different structures depending on nature of
processes proceeding in them. For example, it may be
inductance of circuits scattering, wave resistance of
screen or impedance of massive body in a real form
or in the form of an cquivalent circuit. Similar cquiva-
lent circuits (Figure 9, b) are used effectively in in-
vestigation and calculation of processes in screened
induction devices, transformers with magnetic shunts,
tanks and others.

Let us consider now an equivalent circuit, having
a practical importance, of a multi-circuit induction
device [9, 15] with large air gaps between current-
carrying circuits and in the magnetic system. As non-
adcquacy of solution is typical of problems of synthe-
sis then it is necessary to use conditions of conformity

1 2 Za3 Zs4 Zin-1n
o_: | — e ————
ZO 22 23 24 Zn
2 3 4
o o’
a 0
1 I X12 Xn
o—{ 1 YNy - — Y —0on
Xo X2
2
o 0
b 0

Figure 10. Equivalent circuit of multi-circuit device with a high
scattering of magnetic field (@) and coaxial system of circuits (b)
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Figure 11. Dependence of resistance of layer heated on gap: 1 —
experimental data; 2, 3 — calculated data using method of a com-
mon and working flow, respectively

of circuit to modelling device or its element when
designing cquivalent circuits [16].

An equivalent circuit, adequate to the induction
device, should have anumber of independent branches
(not being reduced by identical transformations to
the least number of branches) equal to number of
independent magnetic links between the current-car-
rying circuits of the device. Number of these links in
n-circuit device is equal to the number of combinations
by 2 from (n + 1), that is not less than

_ nn +1)

3 10)

Secondly, the parameters of short-circuiting of
pairs of circuits should be equal to the resistance be-
tween corresponding points of its equivalent circuit
(at other open windings). Some circuits of different
configuration satisfy this condition. When selecting
circuit it is necessary to provide a minimum number
of closed circuits and to have a simplest structure, for
example, a ladder structure.

Taking into account the above-mentioned, the
structure of external circuits can be presented in the
form of a chain of four-terminal networks of T-shaped
links formed from longitudinal Z(, -1), and transverse
Z, paramcters, cascade connected in the sequence of
increment of natural resistances of the circuits (Fi-
gure 10, a).

Figure 10, b presents an equivalent circuit for de-
sign of multi-circuit induction devices with a co-axial
system of windings. These circuits were used success-
fully in calculation and designing systems of double-
sided induction current conductor for HF welding of
pipes [16].

Z;
3 ____.A

0.025 [ = a
0.020 | e ;
0.015 /7—-:
0.010 | -—————®tT
0.005 |

O 1 1 1 1] 1

5 7 9 11 13 15 17h

Figure 12. Dependence of impedance of inductor on gap: -3 —
the same as in Figure 11
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Figure 13. Dependence of effeciency factor of linear inductor on
gap: 1-3 — the same as in Figure 11

Design of the device using a full equivalent circuit
in the condition of operation of all the circuits is made
by simple efficient algorithms, taking into account
the features of topological structure of the ladder
circuits | 17].

Here, sources of voltage or current and elements
of the external circuit can be connected in the equiva-
lent circuit to terminals of network or the terminal
can be connected to a common busbar of the circuit
in case of absence of other sources or consumers of
energy. Thus, the use of rational methods of synthesis
of equivalent circuits makes it possible to develop
cffective cfficient algorithms for design of induction
devices.

The method of a fictitious winding allows making
equivalent circuits for any inductively-coupled cir-
cuits. Morcover, it is possible to indicate preciscly
the point of connection of a branch of magnetizing
and to define the reactance of primary and sccondary
circuits. Design of induction devices using equialent
circuit compiled by the method of a fictitious winding
provides a quite sufficient precision for practical usc.

At the same time it is known that this method was
not used for design of lincar welding inductors.

To confirm the above-described information an ex-
periment on a lincar inductor with a length [ =
=19.5 cm, width of a magnetic core slot ag = 1.2 cm
was performed. Value of gap between inductor and
part heated was as follows: £ =0.7, 1.1 and 1.5 cm.
Inductor was supplied with a current of 8000 Hz fre-
quency.

Figures 11—14 give relationships of main parame-
ters of a lincar inductor obtained experimentally and
by calculations. The experimental data and calcula-
tions show that the methods of design of the linecar
inductors have an approximated nature.

Thus, the method of a working flow has a satis-
factory precision within the limited range of parame-
ters of the inductor—workpicce system. The accuracy
of calculation is decreased with a gap increase. In
addition, this method gives some higher values 79 as
it does not ensure the correct limiting transitions with
increase in frequency (f - o) or relation (¢/h - ).
The method of a common flow gives valid limiting
transitions providing the wider region of satisfactory
accuracy of calculations. Thus, the error in calcula-
tions using the method of a commom flow is 10-25 %
as compred with experimental data, and 20—45 % as
compared with method of a working flow.
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Figure 14. Dependence of power factor of inductor on gap: 7-3 —
the same as in Figure 11

Thus, it can be concluded that the existing meth-
ods of design of welding inductors cannot provide
sufficient accuracy for practical application, as they
do not fully reflect the real picture of proceeding
processes. In particular, it concerns the distribution
of current inducting in loading which is taken into
account in calculations using correction coefficients.
However, the use of some assumptions results in errors
during dctermination of paramcters of inductors that
influences to a certain extent both technical and eco-
nomical characteristics of the HF welding cquipment.

In conclusion the actuality of the further improve-
ment of design of welding inductors, especially lincar
inductors, used for heating flat surfaces and for seam
induction welding of products, pipes in particular,
should be noted.
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SYSTEM OF IN-PROCESS QUALITY CONTROL
OF WELDING EQUIPMENT
DURING ITS MANUFACTURING

B.E. PATON', A.E. KOROTYNSKY', M.I. SKOPYUK', V.I. YUMATOVA', E.A. KOPILENKO?,
G.V. PAVLENKO?, G.L. PAVLENKO? and N.V. CHMYKHOV>
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine
2Company «SELMA», Simferopol, Ukraine

In view of the increasing number and diversity of the types of welding equipment and higher requirements to its quality,
practical implementation of the requirements of GOST 25616-83 in production testing involves a considerable material
consumption and time. A variant of forecasting the technological properties of welding equipment is proposed, which
is based on the results of electric testing, using a variable resistive load. Various variants of applying the hardware,
program and algorithmic elements of the systems of in-process control of welding equipment parameters are considered.

Key words: welding, welding equipment, system testing,
fuzzy logic, simulation mode, linguistic variables

It is known |1] that the methods of testing the arc
welding equipment, as well as the criteria of their
quality assessment are specified in GOST 25616-83.
Practical implementation of this standard requires
two highly qualified welders (of not lower than 5"
category), availability of a large volume of metal for
making the samples, as well as a considerable con-
sumption of welding consumables. Another important
factor lowering the cost characteristics of this type
of control is the considerable time required, which is
related to processing the test results. As the full cycle
of testing of one unit of welding equipment turns out
to be quite long, it is also necessary to take the power
consumption into account.

In view of the tendency to increasing the volume
of production and range of welding equipment, which
became obvious at the end of 1990s in the leading
enterprises of Ukraine, as well as ever growing re-
quirements to its quality, the tasks of organizing in-
process control and certification of finished products
acquire foremost importance.

[t may be stated with confidence that if the above
standard is taken as the basis for testing, the task of
automation of control of welding equipment parame-
ters becomes unsolvable, as it is impossible to perform
the scope of full-scale testing, envisaged by this docu-
ment. In this connection, it is necessary to look for
such conceptual approaches, which would allow re-
placing the load applied during welding by its simu-
lator during testing. In this case the welding-techno-
logical properties of the controlled equipment are pre-
dicted by models developed on the basis of the results
of testing electric parameters using, for instance, a
ballast resistor (BR). Devices of an clectronic simu-

lator of a welding arc would be preferable [2, 3], but
they are quite complex and expensive.

Authors of |4] suggest using the actual welding
arc as the load. As is noted in this article, in this case
it is practically impossible to have an accurate esti-
mate of the condition of welding equipment, as it will
depend on the quality of the used welding consu-
mables, shielding gases, etc.

From |5] it is known that the problem of testing
complicated technical systems, to which welding
cquipment belongs, is difficult to describe, using tra-
ditional analytical approaches. Up-to-date ap-
proaches of simulation of such systems are based on
sct-theoretical method with a developed system of
inference. Algorithms for solving this class of prob-
lems are, as arule, based on the use of neural networks
| 6] and theory of fuzzy sets | 7]. This paper deals with
the issues of construction of an automated work place
of a controller (AWPC), which should primarily be
mounted in the factories-manufacturers of welding
equipment.

Structure and main components of the AWPC
engineering complex. The complex includes (Fi-
gure 1) the following components: subsystem of ac-
quisition and preliminary processing of information
on the parameters of the studied process; block of
technological interface (BTI) including a set of sen-
sors and an interface unit (1U) designed for program
control of the tested source of welding current and
controlled ballast resistor (CBR); switching unit
(SU) allowing fast connection of input and output
channels of welding equipment to the testing system;
system interface, which is a MacLab Device of AD
Instruments Company; set of computing means —
Machintosh PB 180c personal computer, printer and
modem of the computing local network (LN). The
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Figure 1. Schematic of an automated work place of a controller: WCS — welding current source (for other explanations see the text)

latter is designed for organizing a common factory
network of control and management of the quality of
welding equipment manufacture.”

Let us dwell in more detail on the adjustable
equivalent of the load, which is a program—controlled
BR, the schematic of which is given in Figure 2. The
device is based on eight resistors R1—R8, the weight
of which is selected in keeping with coefficients of
binary-decimal code 1, 2, 4, 2. Such a tetrad-decade
method of CBR construction allows setting any value
of testing current in the range of 0-990 A with the
step of 10 A.

Both K1-K8 contactors and contactless switching
elements may be used in the device. The second variant

Controlled parameters of the welding process

Parameter

Parameter Designations

evaluation
Initial arc ignition a, Poor
(arc process start) a Satisfactory
a; Good
Arc elasticity b, Poor
b, Satisfactory
b, Good
Stability of the steady state ¢ Poor
mode of the welding process c, Satisfactory
Ccy Good
Metal spatter d, Strong
(determined by the coefficient d, Medium
of spatter)
d, Small

The above AWPC complex is Machintosh based. Its conversion
to TBM base does not present any particular difficulties in terms
of engineering support and software.

26

makes its design more complicated (this is particularly
true for turning on the switching mode in AC welding
sources). It, however, offers reliability and good dy-
namic properties, which is highly important in testing
an inverter power source.

Softwarc of AWPC system includes an integrated
LabView (or LabWindows /CVI) environment to de-
velop systems of input, analysis and presentation of
the data with an applied program generator; inte-
grated TILShell environment for development of ex-
pert systems based on fuzzy logic and neural networks;
applicd software to assess the quality of welding
cquipment, oriented towards the solution of the prob-
lems of welding equipment quality control.

Evaluation of welding equipment parameters.
Criteria of evaluation of the parameters of welding-
technological properties of welding equipment are
completely taken from GOST 25616-83 (Table).
There are, however, differences in the testing meth-
ods. As was mentioned above, full-scale experiment
is not used when control models are developed. Static
and dynamic characteristics of the tested sources are
obtained in the simulation mode. When they are con-
structed in the dialogue mode and appropriate deci-
sions are taken, languages are used which are capable
of describing fuzzy categories, close to human notions
and concepts. In this case linguistic variables and
verbal categories of the type of «<smalls, «mediums,
«large», «strongs, «bads, «satisfactory», «good» arc
used. Technical condition of the welding unit is de-
termined by comparing the paramcters characterizing
it in the normal and faulty conditions. If analogs of
any faults of the welding unit arc available, then
knowledge of its technical condition in terms of fuzzy
approaches takes the following form:

if a; (by, ¢, dy) or ay (by, c», dy) or ... or a, (b,
¢, d,) are satisfied, then the condition of the welding
unit is an analog;
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if not a; (by, ¢y, dy) or a, (by, cs, dy) or ... or a,
(b,, ¢, d,) are satisfied, then the condition of the
welding unit is not an analog.

Here n is a set of reference situations, which are
determined and established by the results of full-scale
tests.

To evaluate the dynamic parameters required for
forccasting the welding-technological properties of
the tested equipment, it is necessary to measure the
additional derivatives by current dI /d¢ and voltage
dU /dt.

Work and functional capabilities of AWPC sys-
tem. The testing program is started after connection
of the unit being tested to the SU. The unit is suc-
cessively loaded using CBR in the specified current
range. The load step is set by the operator from the
system panel and is executed by the «Load controls
command. Analog signals generated by the current
and voltage sensors are measured in each cycle of new
load. The sensors are based on Hall transducers to
increase the noise stability. The measurement fre-
quency is determined and set by the operator, in keep-
ing with the instructions developed for each kind of
the tested products. Mceasurement results are entered
into the computer external memory.

After completion of the cycle of acquisition of the
obtained data the programs of its initial processing
and evaluation of the quality of the tested equipment
arc run. The latter program is made using a base of
fuzzy rules incorporated into its expert system. It is
created by formalizing the qualitative data obtained
by the results of polling the specialists (highly quali-
fied welding technologists) and analysis of experi-
mental data derived in full-scale testing.

It should be noted that the above system of in-
process control of welding equipment parameters may
be used by enterprises, which apply welding technolo-
gies on a large scale for periodical checking and cer-
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tification of their welding equipment stock (for in-
stance, in ship-building, power engineering, etc.). In
this case just its metrological certification is required.
With some upgrading and appropriate software
AWPC system may function in the mode of a welding
training facility.
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CLASSIFICATION OF ARC WELDING FLUXES
BY THE METHOD OF THEIR APPLICATION,
MANUFACTURE, COMPOSITION AND TYPE

OF METAL BEING WELDED

V.S. SIDORUK and V.I. GALINICH
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

A classification of welding fluxes by various features is proposed. It is suggested that the number of classification parameters
is increased, compared to the existing ones, namely from 1 to 12 by the application method, from 3 to 7 by the manufacturing
method, from 10 to 18 by composition, and up to 26 taking into account the forecast slag compositions, etc.

Key words: classification of fluxes, designation, sub-
merged-arc welding, open-arc welding, welding with backing
flux, fused, agglomerated, ceramic, synthetic, regenerated
fluxes, mechanical mixture, slag mixture

The tendency to globalisation of world economy
emerging over the recent years created the need to
develop common technological approaches, in particu-
lar, in the field of welding [1]. Co-ordination of <uni-
fied» rules of international standards and codes began
simultanecously [2]. Diversity of national standards
(US, European, USSR, Japanese, etc.) for welding
consumables led to the necessity of introducing a
cross-reference and then to establishing common in-
ternational standards through the International Insti-
tute of Welding (ITW), and later on through the
International Standards Organization (ISO) |2].

So in [3] it is mentioned that in 1974 1TW proposed
a draft of an International Classification and Coding of
fluxes for automatic SAW of low-carbon and low-al-
loyed steels. Then ITW published documents classifying
clectrode wires, fluxes and shiclding gases for sub-
merged-are and gas-shiclded welding of low-carbon and
low-alloyed steels |4, 5]. In 1997 ISO produced drafts
of International Standards ISO /DIS 14171 (classifica-
tion of filler material and combinations of wire — flux
for SAW of unalloyed stecls identical to the common
European standard EN 756) and ISO / DIS 14174 (clas-
sification of fluxes for SAW) [6].

Without giving a detailed description of the con-
tents of the above documents, we will try to consider
them proceeding from the local experience and results,
as well as completeness and effectiveness of classifi-
cation and coding of welding fluxes.

Classification by the method of application (pur-
pose). By the method of application of fluxes both
the classification systems of ITW and ISO cover only
SAW for unalloyed, low- and high-alloyed steels.
Without disputing the need for such a comparatively
«narrow» standard, we believe it is rational to widen
the classification of welding fluxes, so that it covers
all the aspects of their application, as well as all the

© V.S. SIDORUK and V.I. GALINICH, 2002
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metals and alloys welded by the submerged-arc proc-
ess. For instance, in what category should the flux
be classified, which is used for mechanized welding
of aluminium by a semi-submerged arc process [7]?
Or what flux may be used as backing material in
SAW?

When fluxes are classified by their purpose, we
proceed from the definition of the concept of «welding
flux» given in [8]: «Flux (for welding and brazing)
is a material added to the welding or brazing zone to
ensure shicelding, oxide reduction, liquefying the slag
and lowering the slag temperature, as well as to fulfill
a number of other metallurgical functions... In addi-
tion to fulfilling the basic functions, the flux in weld-
ing usually promotes a stable arcing and improved
weld formations.

There exist not only arc welding processes, when
the arc is kept under a layer of flux, but also open
arc welding processes. Let us name some of them:

e semi-SAW with additional gas shiclding [9];

e combined usc of shiclding gas and flux fed into
the welding zone in the form of a fine powder mixture
[10];

e using fluxes-pastes for welding aluminium | 11];

* using activating fluxes for welding various met-
als and alloys [12], including those in the form of
acrosols [13];

* finally such a combination of shielding gas and
flux is possible, when the flux is used in the form of
a fibrous material (flux felt, flux cardboard, flux
paper), placed along the weld |14].

Actually SAW proper cannot be regarded as finally
developed.

Let us name some of the arcas of scarch:

e SAW with continuous covering of the electrode
wire by mctal powder fed from the hopper [15];

¢ SAW with additional protection, for instance,
by argon |161;

» multi-clectrode welding into separate pools with
combined protection of the front arc by carbon dioxide
gas, and of the next ares by flux [17];

* SAW with feeding metal powder into the arc
zone with the flux-cored wire [18];
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e SAW with additional feed of alternative flux
components (fluorides, mechanical mixtures of com-
ponents, similar to the flux-cored wire charge, etc.)
to the arc zone [19-22];

e process of SAW with minimal, down to zero,
penetration of the base metal, for which special acti-
vating fluxes are used |23].

The latter process developed at the PWI may be
particularly effective in surfacing dissimilar metals,
narrow-gap welding and irreplaceable in welding
steels and alloys, where surface melting is inadmissi-
ble, because of the loss of properties, for instance, in
chromium-nitrogen steels, containing up to 1 % ni-
trogen |24 ];

e use of fluxes containing iron powder, for in-
stance, ceramic [25];

e use of exothermal fluxes [26].

In view of the above, the list and designations of
fluxes, classified by the method of application (pur-
pose) may be as follows.

For SAW (covered or buried arc):

1. § — conventional SAW;

2. SG — gas-shielded SAW;

3. S+ G — consumable multiclectrode welding
with combined shiclding of the arcs: of the front arc
(one or several) by gas, of the next arcs by flux;

4. SMP — SAW with additional feeding of metal
powder into the arc zone: in a mixture with flux or
from a scparate hopper co-axially with the clectrode
or with preliminary pouring of grit into the gap be-
tween the edges, cte.;

5. ES — exothermic SAW;

6. SCW — SAW with flux-cored wire containing
mctallic powder, exothermal mixture or substances
replacing the flux components, for instance, fluorides,
nitrides, boron-containing substances, ctc.;

7. SAF — SAW with activating flux.

For open-arc welding:

8. VFA (visible flux-air arc welding) — consum-
able electrode semi-SAW in air

9. SGF - gas-shiclded semi-SAW;

10. SGCW — welding with flux-cored wire, con-
taining flux components with gas shielding of the arc;

11. A-TIG — nonconsumable-electrode argon-arc
welding with application of activating flux.

Backing fluxes:

12. BF — backing flux.

Classification by the method of manufacture. By
the method of manufacture the classification of fluxes
according to the draft of ISO /DIS standard envisages
only three types of fluxes: F — fused, A — agglom-
crated and M — mixtures prepared by the manufac-
turer of two or more fluxes (standard, existing). It
is a step back compared to IIW classification, as
bonded, or according to the local terminology, ceramic
fluxes and mechanical mixtures of various initial com-
ponents, for instance, recycled, as in [27], are not
taken into account. We believe that this list of flux
manufacturing methods cannot be regarded as com-
plete, either. In our opinion, it is necessary to add to
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it the method of making synthetic fluxes developed
at the PWI [28].

Manufacture of such fluxes involves single-phase
synthesis of complex compounds of the type of natural
minerals: wollastonite, nepheline, dioside, enstatite,
cte. Component sclection and synthctic flux manu-
facturing technology are the same as for the agglom-
crated fluxes, with the difference, however, that first
of all, components are ground simultancously, and,
secondly, sintering temperature is significantly higher
at about 1050 °C. In addition to the basic components,
an intensifier of the process of mineral formation is
added in the form of Si-containing components, for
instance, broken glass, mineraliser (fluorite or fluor-
spar) and water. By their technological propertics
synthetic fluxes are close to the ceramic fluxes, being
superior to them in some respects. They have higher
mechanical strength of grains, being closer to fused
fluxes by this property. Their other advantage is the
low hygroscopicity, they ensure an extremely low con-
tent of diffusible hydrogen in the weld metal of up
to 1 ml /100 g at the flux basicity of up to 2.5 [28].

In view of the above, the following list of fluxes
by the manufacturing method and appropriate desig-
nations are proposed:

1. F — fused;

2. AS — agglomerated or sintered;

3. AB or (alternatively) B — agglomerated with
a binder or bonded;

4. CM — mechanical mixture of initial compo-
nents;
5. FM — mechanical mixtures of ready fluxes,

for instance, fused;

6. S — synthetic;

7. R — recycled.

Classification by composition. In ITW document
of 1974 [3] the welding fluxes designed solely for
SAW (under a layer of flux), were divided into six
groups, depending on the condition of slag-forming
components:

1. CS — calciums-silicate;

2. MS — manganese-silicate;

3. AR — alumina-rutile;

4. AB — alumina-basic;

5. FB — fluoride-basic;

6. ST — alloying fluxes, without indicating the

slag basc.

Since the classification of ISO fluxes |6] is the
most complete now, it is worthy of a more detailed
consideration. Compared to ITW classification, the
number of flux types classified by composition is in-
creased up to 11. Fluxes of the systems of ZS (zirco-
nium-silicate), RS (rutile-silicate), AS (alumina-sili-
cate) and AF (alumina-fluoride) arc added. Fluxes
of ST system were removed from the Classification
Table, while fluxes of Z system (of any other com-
position) were introduced.

Let us note right away that the last line in the
Classification Table [6] may be considered as an in-
dication of the fact that the Table is not yet complete,
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and the work on development of new flux composi-
tions still goes on. We, however, believe it is incorrect
to designate by Z symbol an indefinite number of
fluxes with an unspecified composition. Instead of Z
symbol it is rational to use a dash or dots. For our
part we suggest adding to the above Table the fluxes
not yet shown in it. They include primarily halide
fluxes, which we suggest denoting by symbol H, and
rutile-basic fluxes — RB. ANF-5 developed at the
PWT can be named as an example of H system flux
[29]. RB slag system corresponds to the European
standard EN 499-1995.

A common drawback of the above IITW and 1SO
classification systems is the fact that the fluxes are
classificd only by two main components, their total
content in some cases being just 45 %, as the lower
limit (for instance, fluxes of AB system). Today al-
rcady there exist fluxes, where the slag system is
based on three main components. Among them are,
for instance, the following fluxes:

* on alumina-fluoride base, which may be desig-
nated AFB (scc AHF-17 flux) [29];

« on rutile-alumina-silicate base RAS (see EN 499-
1995);

¢ on fluoride-calcium-boride base, which we sug-
gest designating FCBo (ANF-22) [29];

* on fluoride-alumina-calcium basc FAC (ANF-29)
[29].

Actually, ITW and ISO /DIS Classification Tablcs
already contain information sufficient to call some
«two-components fluxes the three or even four-com-
ponent fluxes. For instance, MS flux contains up to
15 % CaO and, in addition, it may contain MgO.
Thercefore, it is better to designate it as SMB (in the
Table this designation is given in the brackets). It is
better to designate flux AB as SFAB, FB — FBM,
7S — 7ZSM, AF — AFB. AS system flux is given in
[6] as a multicomponent flux ASFBZ as in addition
to Al;Os, SiO,, also the content of CaFy, MgO and
ZrOy is specified in it.

Analyzing the compositions of certain fluxes, we
can see that the specific content of a particular flux
docs not always coincide with the sequence of symbols
in their designation. For instance, in UM20 flux [29]
SiO, content is 50-53 %, and that of CaO — 30-31 %.
Therefore, a more informative designation for the
above flux would be SC. AN-348A flux has the great-
est amount of SiO, (41-44 %), then — MnO (34—
38 %), then CaO (6.5 %) and MgO (5.0-7.5 %). A
more accurate designation of this flux would be SMB.
AN-26S flux contains 29-33 % SiO,, up to 22 % CakF»,
19-23 % Al,O3, 15-18 % MgO and 4-8 % CaO, there-
fore it is better to designate it as SFAB, and not AB,
cte.

In view of the above-said, we suggest for discussion
an expanded classification table of welding fluxes by
composition, which reflects the flux systems to ISO
and IIW classifications, and fluxes developed at the
PWI and not mentioned in the above standards, as
well as the forecast slag compositions.
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Classification of fluxes by the type of metals
and alloys, which are welded and surfaced using
these fluxes. In | 6] it is proposed to classify the fluxes
for welding and surfacing some steels and wear-resis-
tant alloy cladding. All the fluxes are subdivided into
three classes:

class 1 — for welding and surfacing low-carbon
and low-alloyed steels;

class 2 — for welding and surfacing stainless and
high-temperature resistant steels alloyed with chro-
mium and Cr—Ni steels and /or nickel and its alloys;

class 3 — mostly for surfacing wear-resistant al-
loys. These are alloying fluxes with transfer of carbon,
chromium or molybdenum from the flux into the weld
mctal.

The above standard does not include a class of
medium-alloyed steels, which by the national classi-
fication (GOST 5200-50) contain alloying clements
of manganese, silicon, chromium, nickel, molybde-
num in the total amount of 2.5 to 10 %. In addition,
it is known that some fluxes designed for steel weld-
ing, arc suitable for welding other metals and alloys.
For instance, AN-348A, OSTs-45, AN-20, AN-26
fluxes are used for welding not only steels, but also
copper [29]; ANF-5, ANF-7, ANF-8, 48-OF-6, AN-29,
AN-292 fluxes are used for welding both alloyed steels
(Tables 7.38 and 7.39 in [29]) and nickel and its
alloys (Table 3.18 in |29]). Therefore, the classifica-
tion should include information on application of
fluxes for welding and surfacing various metal and
alloys, and not only steels and wear-resistant alloys.

In our opinion, such a classification may have the
following form and respective codes:

1. F-St (u, 1) — fluxes for welding and surfacing
low-carbon and low-alloyed steels;

2. F-St (m) — fluxes for welding and surfacing
medium-alloyed steels;

3. F-St (h) — fluxes for welding and surfacing
high-alloyed steels;

4. F-Cu — fluxes for welding and surfacing copper
and its alloys;

5. F-Ni — fluxes for welding and surfacing nickel
and its alloys;

6. F-Al — fluxes for welding and surfacing alu-
minium and its alloys;
7. F-Ti — fluxes for welding and surfacing tita-

nium and its alloys;

8. F-S — (WR) — fluxes for welding wear-re-
sistant alloys, cte.

In this case letters u, I, m and h in items 1-3,
respectively, denote: low-carbon (unalloyed), low-,
medium- and high-alloyed steels; WR in item 8 —
wear-resistant alloys.

If the flux is applied in welding several types of
mctals and alloys, it should be designated by a symbol
of two, three or more characters. For instance, AN-
348A flux should be classified as F-St (m, 1)-Cu;
ANF-5 flux as F-St (h)-Ni, ctc. As regards alloying
of the deposited metal through the flux, it is a separate
classification featurc and a scparate scction of the
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Accepted desig-
nation of the
[lux and desig-
nation recom
mended by us
(in brackets)

Local
ordinal
No.
Cin the
classifi-
cation
system)

Basic components, wt. % Slag base of the flux

Flux grade,

r(}f(er(e‘m:ﬂ

Cs (SC)

MS (SMB)

AR

AB (SFAB)

FB (FBM)

ST

ZS (ZSM)
RS

AS (ASFBZ)

AF (AFB)

Z

RB

ABFN

RAS
ASF
FCBo

FAC

CR
CM
AC
CF
HBo
MA
MR

MF

II'W classification

1 CaO + MgO + SiO, > 50; CaO + MgO > 15 Calcium-Silicate

2 MnO + SiO, > 50; CaO < 15 Marganese-Silicate

3 ALO; + TiO, > 45 Aluminate-Rutile

4 Al,O4 + CaO + MgO > 40; SiO, > 22; CaF, < 15 Aluminate-Basic

5 CaO + MgO + CaF, + MgO > 50; SiO, < 20; Fluoride-Basic

CaF, > 15
6 Composition not indicated Alloying
ISO/DIS classification (addition to IIW classification)
1 ZrO, + Si0, + MnO > 45; ZrO, < 15 Zirconium-Silicate
2 TiO, + SiO, > 50; TiO, < 20 Rutile-Silicate

3 AL O, + SiO, + ZrO, > 40; CaF, + MgO > 30; Aluminate-Silicate

ZrO,> 5
4 AlL,O, + CaF, > 70 Aluminate-Fluoride
5 Any composition
Existing fluxes are not taken into account in IIW and 1SO classifications
1 CaF,, NaF, BaCl,, BaF,, Na,AlF;, etc. Halogenide
2 TiO, + CaO + MgO > 45 Rutile-Basic

3 ALO, + CaO + MgO + CaF, + NaF, > 80;
CaF,> 22

Aluminate-Basic-Fluoride

4 TiO, + AL,O4 + SiO, > 50 Rutile-Aluminate-Silicate

5] AL O, + SiO, + CaF, > 50; CaF, > 22 Aluminate-Silicate-Fluoride

CaF, + CaO + B,O, > 50

CaF, + ALO, + CaO > 50

CaO + TiO, > 45

CaO + MgO > 45

ALO, + CaO > 45

CaO + CaF, > 45

CaF,, NaF, CaCl,, etc. + B,0,
MnO + Al,O; > 45

MnO + TiO, > 45

MnO + CaF, > 45

Forecast

Fluoride-Calcium-Boride

Fluoride-Aluminate-Calcium

Basic-Rutile
Basic-Manganese
Aluminate-Calcium
Calcium-Fluoride
Halogenide-Boride
Manganese-Aluminate
Manganese-Rutile

Manganese-Fluoride

[51

UM20, Linde20
(Blau) [29]

AN-348 [29]

AN-67A (the
PWI catalogue)

AN-26S [29]

AN-22 [29]

[5]
[6]
(6]
[6]

ANF-17 [29]

ANF-5 [29]
EN 499-1995

ANF-16 [29]

EN 499-1995
ANF-14 [29]
ANF-22 [29]

ANF-29 [29]
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classification, related to metallurgical behaviour of
flux.

CONCLUSIONS

1. It is rational to widen the classification of fluxes
by the method of application (purpose) by introducing
«for open-arc welding» and <«backing» sections in
addition to the «sumberged-arc» section.

2. In the classification of fluxes by the method of
manufacture it is rational to:

e present agglomerated fluxes as two variants AS
(agglomerated by sintering) and AB or alternatively
B (agglomerated with a binder or bonded);

« present mechanical mixtures M as two varieties:
MC (mixed components) — mechanical mixtures of
initial components, and MF (mixed fluxes) — me-
chanical mixtures of ready fluxes;

* synthetic S and recyclable R fluxes should fur-
ther be added.

3. From the classification of fluxes by composition,
presented in the draft of standard ISO /DIS 14174,
it is rational to remove the flux composition desig-
nated as Z, as not having any specific meaning, and
complement it with fluxes of H, RB, ABFN, RAS,
ASF, FCBo, and FAC systems. It should further be
noted that it is not rational to classify the fluxes by
just the two main components, especially if their total
content is not higher than 50 %. Some fluxes may be
classificd by three- or even five basic components,
and then their designation becomes 3-, 4- and 5-sym-
bol, respectively. The sequence of symbols of cach
flux component in the symbolic notation should fol-
low the principle of «ponderability»: symbol of the
component, the content of which is the greatest is in
the first place, and that of the smallest is in the last
place.

4. Add fluxes classification by the type of metals
and alloys, which arc welded using them.

5. We should note the contribution of the PWI
to development of welding fluxes of chemical compo-
sitions of MS, AR, FB, AF, H, ABFN, ASF, FCBo,
FAC; of the methods of their manufacture: F, AB, S,
R; of the methods of their application: S, SMP, SCW,
VFA, SCF, SGCW, A-TIG; SAF and BF were also
proposed.

6. Development of welding processes and of fluxes
and methods of their fabrication is carried on. Other
effective solutions in the above fields may be also
suggested in the future.
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WELDING THREE-PHASE TRANSFORMERS
WITH IMPROVED TECHNICAL-ECONOMICAL
CHARACTERISTICS

1.V. PENTEGOYV, S.V. RYMAR, A.V. LAVRENYUK and O.I. PETRIENKO
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

New designs of three-phase welding transformers with tape multicore magnetic circuits are considered. As compared
with traditional transformers, they have improved technical-economical characteristics and can be competitive at the

market of welding equipment.

Key words: power source, transformer, arc welding,
welding equipment, CO,, improved characteristics, competitive-
ness

The basic element of the power source (PS) is a trans-
former which defines mainly its technological and
technical-economical characteristics. Therefore one of
the priority tasks in manufacture of PS is the devel-
opment of new designs of welding transformers which
should have the updated characteristics that is espe-
cially important in the conditions of competition.

In manufacture of portable PS for CO, welding
used in autoservice workshops in repair works, the
three-phase transformers of traditional designs with
a laminated magnetic core are mainly used over long
time | 1]. Magnetic induction in the magnetic circuit
of these transformers does not exceed 1.63 T that is
due to saturation of steel of a magnetic core in the
region of laminated butts. The mentioned transform-
ers are difficult in manufacture, assembly and repair,
have large dimensions and mass that complicates the
PS transportation.

The use of tape core-type magnetic circuits |1, 2|
makes it possible to increase the level of magnetic
induction in them up to 1.75 T that can decrease the
mass of active clements of the transformer, its dimen-
sions and cost. Transformers with tape magnetic cores
arc characterized by a high adaptability to manufac-
ture, assembly and repair.

There are three-phase transformers with tape
wound multicore magnctic circuits of flat and three-
dimensional designs |3]. Three-phase transformers
with flat magnctic cores have small differencies in
parameters of phases that is due to the asymmetry of
designs. Most three-dimensional magnetic cores arc
completely symmetrical and, consequently, have simi-
lar paramcters for all the phases. However, due to
difficultics in manufacturc and assembly, and also
high cost they are used only in a special equipment.
Therefore, the improvement of flat designs of mag-
netic-tape cores of three-phase transformers is actual.

Figure 1 shows the most widely-spread design of
three-phase transformer with a tape magnetic core.
There are small technological gaps between the tape

© I.V. PENTEGOV, S.V. RYMAR, A.V. LAVRENYUK and O.I. PETRIENKO, 2002
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core-type magnetic circuits 7 and 2 from which the
multicore magnetic-tape circuit is composed. These
gaps hinder the transition of magnetic fluxes of phases
from one parts of the magnetic circuit into other parts.
As a result, the magnetic flux in core-types magnetic
circuits 7 and 2 is 57.7 % of the total magnetic flux
passing in the phase [2]. Therefore, the need appears
in increase of the cross-section of magnetic core by
2 /Y3 times that leads to the increase in mass and
cost of the transformer of the above-mentioned design,
and also limits its application in welding PS.

The new designs of three-phase transformers with
magnctic-tape cores (Figures 2 and 3), developed at
the E.O. Paton Electric Welding Institute, have no
above-mentioned drawbacks [4-6]. They do not re-
quire increase in cross-section of cores of magnetic
circuits by 2/V3 times, because the magnetic fluxes
can transfer freely along the tape plane from one parts
of the magnetic core to other parts. In designs pre-
sented in Figure 2, this is contributed by yoke cover
plates 4 which are made from clectrical steel and play
a role of mixers of magnetic fluxes. In design, shown
in Figurc 3, the magnctic fluxes arc passing from onc
parts of magnetic core to the other parts through the
C-shaped core-type magncetic circuits 2.

2
1
Figure 1. Traditional design of three-phase transformer with a tape

multicore magnetic circuit: 7, 2 — tape core-type magnetic circuits;
3 — coil with windings
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Figure 2. New non-symmetrical (@) and symmetrical (b) design (I, II — variants) of three-phase transformer with tape multicore
magnetic circuit and yoke cover plates: 7, 2 — tape core-type magnetic circuits; 3 — coils with windings; 4 — yoke cover plates

It should be noted that the use of designs shown
in Figures 2, IT and 3 in the three-phase transformers
can provide better conditions of cooling the trans-
former, because the winding on a central core is turned
by 90° with respect to windings at extreme cores. This
increases the surface of their cooling and gives feasi-
bility to increase the current density in conductors

34

that also leads to the decrcase in mass of the trans-
formers.

Figure 2 shows the variants of tape multicore mag-
netic circuits of non-symmetrical (Figure 2, @) and
symmetrical (Figure 2, b) design. When the latter
are used the mass of yoke cover plates 4 is decreased
due to increase in arca of surface of transition of a
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/ In Figure 2
Parameter of Lo S
transformer In Figure 1 Variant 1, Variant 11, In Figure 3
b b
B, 1.074 1.074 1.074 1.074
Ji 1.000 1.000 1.096 1.096
1.015 0.918 0.965 0.940
1.460 0.958 0.916 0.892
Lyindow 0.995 1.078 1.000 1.055
Nindow 1.018 0.982 0.960 0.960
w, 1.012 1.058 1.053 1.110
M, 1.051 0.964 0.893 0.903
M g 1.036 1.001 0.914 0.946
M, 1.044 0.982 0.903 0.923
C, 1.036 1.001 0.914 0.945
Cind 1.051 0.964 0.893 0.903
Cy, 1.041 0.990 0.908 0.933
Note. B, — magnetic induction in transformer magnetic circuit;
Ji4 — long-term current density in conductors of transformer
windings; a, b — thickness and width of magnetic core, respec-
tively; Lyindows Awindow — Width and height of magnetic core win-
dow, respectively; w; — number of turns in primary windings of
transformer; M, M4 and M, — masses of steel of magnetic
core, conductor of windings and active materials of transformer, re-
spectively; C, Cyingand C, — cost of steel of magnetic core, con-
ductor of windings and active materials of transformer, respec-
tively.

magnetic flux from parts of magnetic core to the yoke
cover plates.

At the PWI the optimized mathematical models
of the above-mentioned designs of transformers were
developed and optimized calculations of their main
parameters were made (Table). Calculations were
made for transformers of similar capacity (6 kVIA)
with copper conductors of windings and close values
of calculated temperatures of windings. Values of pa-
ramcters of three-phase transformer with a laminated
core were standardized for unity. Parameters of other
types of designs of transformers are given in relative
units and show the relation between the values of
paramcters of the transformer considered and corre-
sponding values of parameters of three-phase trans-
former of a traditional design with a laminated core.

Analyzing the data of the Table it can be concluded
that the transformer shown in Figure 2, II, b is best,
following by transformer in Figures 3 and 2, I, b,
then the transformer of a traditional design with a
laminated core and, finally, the transformer shown
in Figure 1.
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Figure 3. New design of three-phase transformer with tape multi-
core magnetic circuit (designations see in Figure 1)

Thus, the use of new designs of three-phase trans-
formers with magnetic-tape cores in PS for CO; weld-
ing makes it possible to decrease mass, dimensions
and cost of PS providing high welding and techno-
logical parameters of the power sources. This will
give opportunity to develop the competitive portable
PS for the CO, welding.
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ON THE CAUSES FOR FORMATION OF DEFECTS
IN WELDS OF E110 ALLOY MADE
BY ELECTRON BEAM WELDING AND METHODS
OF CONTROLLING THEM
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The paper deals with the possible causes for initiation of outer and inner defects in EBW of fuel elements to fuel
cladding of E110 alloy. It is shown that the sources of pores in welds are gaseous products of sublimation of organic
and inorganic materials in microvolumes between the surfaces being welded. Recommendations are given on prevention

of pores and undercuts in welds.

Key words: electron beam welding, fuel element, micro-
contamination, pore, undercut, butt, beam control

Difficulties of welding refractory metals, in particu-
lar, zirconium alloys, are associated with formation
of pores in welds | 1—4]. Study | 1] indicates that their
main cause in welds of a zirconium alloy with up to
2.5 wt.% niobium is hydrogen formed at dissociation
of adsorbed moisture, which remains on the edge faces.
Authors of |3, 4| are of a similar opinion. In [2]
porosity is attributed to development of a reaction
between C-containing contamination on the edges of
the part being welded.

Two-component alloy E110 (based on zirconium
with up to 1 wt.% niobium) is currently finding wide
application in industry. It is mainly used in nuclear
power engineering, in particular in manufacture of
clements of nuclear reactor active zones, including
manufacture of fuel elements and assemblies for nu-
clear power plants. Fuel clements designed  for
WWER type reactors, are shell structures filled with
nuclear fuel and sealed by welds. Higher reactivity
of the above alloy at high temperatures with respect
to oxygen, hydrogen and nitrogen requires good pro-
tection of welded joints in fusion welding. Therefore,
EBW became widely accepted for welding zirconium
and its alloys.

1 2 3
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Figure 1. Schematic of a welded joint of a fuel element designed

for WWER type reactors at EBW: 7 — cladding; 2 — plug; 3 —
weld

The design of the fuel element weldment is shown
in Figurc 1. Considerable scope of production and
high requirements to the quality of welded joints in
clements of nuclear reactor active zones necessitate
conducting the welding process in the automatic mode
with provision of stable process parameters, eliminat-
ing the subjective factor of involvement of the opera-
tor of an electron beam unit.

Despite that, the main problem in mastering EBW
of fuel elements with cladding of alloy E110 was
porosity of welds revealed by X-ray inspection. Dur-
ing mastering and optimisation of the technology ap-
pearance of pores was found systematically, but pe-
riods of time with their maximal and minimal quantity
were spontaneously observed, without any obvious
connection to a specific technology or equipment. Si-
multancously with the increase of the number of welds
with pores, an increased number of welds with exter-
nal defects of the type of undercuts were recorded,
which, as a rule, were the consequence of the noted
intensive splashing from the weld pool. Metal-
lographic investigations of welded joint sections, re-
jected after X-ray inspection (presence of pores),
showed that defects of this type, as a rule, are in that
part of the weld, which corresponds to the location
of welded cedges of the plug and the cladding. The
following was considered as the possible causes for
weld porosity: base metal quality, tightness of fit in
assembly of the cladding with the plug, possibility of
microcontamination of organic and inorganic origin
penctrating into the welding zone.

Tubes and plugs to make fuel elements are deliv-
cred as separate melts to the manufacturing plant,
where they are divided into technological batches.
Several technological batches of fuel clements can be
made of one batch of components. To evaluate the
influence of the quality of base material on pore for-
mation statistical data on the melts of the supplied

© V.I. VASILKOV, A.A. KISLITSKY, N.V. ONUCHIN, V.V. ROZHKOV, A.V. STRUKOV, V.B. CHIZHOV and P.I. LAVRENYUK, 2002
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Influence of the studied materials on pore formation in samples of welded joints

Number of

No. Studied material samples with Note
pores, %
1 Water 0 Parts being welded were wetted with water
2 Deposit of a detergent solution 0 Parts being welded after the operation of degreasing with
a detergent solution were not rinsed with pure water
3 Contamination from the process personnel gloves 0 Plug seats were rubbed with the gloves used during the
shift
4 Uranium dioxide 0 Uranium dioxide dust was placed on 1,/4 of butt
perimeter
5  Cotton thread 0 4-5 mm long thread was put into the butt
6  Polyethylene film 10 A strip of 0.5%3.0x0.2 mm size was put into the butt
7  Vinyl ethereal 40 Vinyl ethereal chips 2-3 mm long scraped off a vinyl
ethereal plate by the pipe end were placed into the butt
8  Rubber linoleum 100 Rubber linoleum chips 2—5 mm long were placed into the
butt, which were scraped off the rubber linoleum sheet
by the pipe end
9  Grease lubricant S1-13 0 Welding zone and half of the butt perimeter were rubbed
with an oiled cotton napkin
10 VM-1 vacuum oil 0 Same
11 Lithol 94 >
12 Dust from plenum ventilation 70 Dust was placed around 1,4 of the butt perimeter

tubes and plugs was accumulated and analysed with
its correlation with the technological batches of fuel
elements and data of X-ray inspection of welds of
these batches. Altogether the results of X-ray inspec-
tion of welds in fuel elements of 530 technological
batches were analysed, which had been manufactured
using tubes and plugs of 70 and 12 melts, respectively.
Analysis results demonstrated that the presence of
pores in the welds is related not to the specific melts
of the components, but to technological batches of
fucl clements, i.c. directly to the technological process
of their fabrication, and the used material is not the
cause for porosity in fuel element welds.

For a guaranteed fixing of the plugs in the cladding
they are assembled with an interference. In this case
the edge of the cladding enters the plug as far as it
will go (see Figure 1), i.e. the gap in the butt between
the surfaces being welded is practically absent. In
order to determine the influence of the nature of the
plug fit into the cladding on the possibility of poros-
ity, a scrics of samples were made (20 picces for cach
experiment). The plug was mounted in the cladding
both with interference fit and with a gap, the size of
which was varied from 0 up to 0.04 mm. Before weld-
ing the parts were subjected to degreasing by the
technology accepted in fuel elements manufacture.
Samples were welded during the period, when a low
level of rejects because of porosity was observed in
welding batch-produced items by the mode accepted
for welding the fuel elements. Subsequent X-ray in-
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spection of the welds of samples demonstrated a com-
plete absence of pores in them, irrespective of the
nature of plug fit into the tube. During the period,
when an increased number of pores was observed in
welding batch-produced items, investigations were
further conducted to determine the size of interference
between the plug and the shell. Measurement of in-
ternal diameter of the cladding and the seats of the
plugs on batch-produced items showed that their as-
sembly was achieved by providing interference within
the above limits. Results of analysing the size of in-
terference between the cladding and the plug in batch-
produced items, when the selected welding modes
were used, once more confirmed that the type of fit
between the cladding and the plug does not have any
noticeable influence on pore formation in the welds.

In keeping with the requirements of the technology
of manufacture of fuel elements, before welding the
cladding and the plugs are subjected to washing in a
solution of special detergents, removing possible con-
tamination from the surface. On the other hand, when
the components are moving along the technological
route during the operations of the fuel element as-
sembly and charging, penctration of microparticles of
organic and inorganic origin into the welding zone is
quite possible, which under the impact of temperature
under the conditions of a high vacuum in welding
may form the gas phasc and promote the formation
of pores in welds. Presence of a tight butt impairs the
conditions for its degassing. The sources of such mi-
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Figure 2. A weld of a fuel element sample made with a circular
scan of the beam at the stage of current decrease (for designations
see Figure 1)

crocontamination may be the surfaces of tables and
transportation devices with coatings of organic mate-
rials (rubber linoleum, vinyl plastics, polyethylene),
as well as random contacts of the surfaces being
welded with various microparticles of different ma-
terials.

In order to verify this assumption, an experiment
was conducted, which consisted in a purposeful in-
troduction of various materials of organic and inor-
ganic origin into the butts of welded joints and the
adjacent plug seat zone. All the samples (20 for each
experiment) had been first prepared by the technology
used for batch-produced items. Presence of the studied
material in the welded butt was controlled visually.
Samples were welded by modes approved for batch
production. All together the influence of 25 materials
on pore formation was verified this way. After welding
most of the samples had dips in the welds and under-
cuts formed because of splashing of the metal from
the weld pool. All the samples of welded joints were
subjected to X-ray inspection, the results of which
are given in the Table.

It shows that there exist a number of materials,
the presence of which in the welding zone does not
lead to porosity, although metal splashes from the
weld pool during welding are observed, which impair
the appearance of welds. On the other hand, there
exist a sufficient number of other materials, mainly
of organic origin, which cause porosity.

The obtained data were the basis to make a number
of organisational conclusions, aimed at achieving the
required quality of production, which in this case may
be regarded as intelligent performance (based on the
achicved Tevel of knowledge) by the technical and
maintenance personnel in this production of the to-
tality of the requirements, norms, rules of perform-
ance and organisation of work, providing a stablc
high quality of products. It was also recommended,
when cutting the cladding to size, to bevel the edge
at an angle of 14° through the entire thickness of the
shell, instcad of the carlier used 90°. The welding
cycle included preheating of the welded joint by a
lower power beam.

The welding mode was sclected so that only surface
melting of the butt edges occurred during preheating
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without the weld pool formation. Butt opening to the
entire depth with formation of a guarantced gap be-
tween the cladding edge and the plug was observed.
Focusing current remained unchanged during welding
and equal to 98-97 % of the current, providing a
maximal focusing of the bcam on the item surface.
Deficit of material removed, when making the groove
at the shell end face, was compensated by additional
sclf-pressing passcs.

The possibility of applying during welding special
electron beam scans as a measure to avoid defects of
undercut type was verified. Welded joints with un-
dercuts were further treated by the electron beam
with different scanning frequency and shape of the
electron beam scan, using SU-229 type device, which
was switched on at decrease of the beam current. The
best results were obtained at beam scanning frequency
of 60 Hz. Welds processed with a circular beam scan
at such a frequency, had a smooth even surface and
did not differ from those made by the approved tech-
nology. The width of the weld on the outer surface
was increased by 0.5 mm (Figure 2), while the pene-
tration depth in a section with a wider weld was
smaller than the thickness of the cladding wall. In-
crease of scanning frequency led to a greater rein-
forcement along the weld edges and impaired its ap-
pearance. An additional positive moment of using a
new geometry of the butt was increased stability of
operation of the automatic system of guiding the elec-
tron beam to the butt of the welded joint. This also
promoted making welds with an optimal reinforce-
ment, and further on allowed climinating the opera-
tion of their cleaning.

The results of this work were introduced into pro-
duction, thus allowing a significant decrease of the
number of welds with pores and stabilising the weld-
ing technology. Over a long period of service of fucl
elements for WWER type reactors not a single claim
was placed to the quality of electron beam welds.

CONCLUSIONS

1. The main causc for porosity in welds of fuel cle-
ments with cladding of alloy E110 made by EBW is
microcontamination of the surfaces being welded by
organic and inorganic materials.

2. The main method of elimination of porosity in
such welds is taking integrated measures on maintenance
of a high quality of production and maximal degassing
of the weld during welding by optimising its techno-
logical modes and the design of the parts being welded
in the joint zone. An effective means to remove the
defects of the type of undercuts is application of welding
modes with a circular scan of the beam in the current
decrease stage at a frequency of 60 Hz.

1. Lebedev, N.V., Kosykh, M.A,, Shchavelev, L.N. (1977) On

causes of pore formation in electron beam welding of zirco-
nium alloy with 2.5 % niobium. Svarochn. Proizvodstvo, 3.

2. Ivannikova, A.D., Erokhin, A.L. (1968) Influence of sur-
face contamination of titanium on pore formation in weld-
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3. Nikiforov, G.D., Redchits, V.V. (1971) On the mechanism
of pore formation in welding of titanium alloys. Ibid., 3
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drogen dissolving in weld metal during welding. Ibid., 4.

5/2002




INDUSTRIAL l

ELECTROHYDROPULSE PERMANENT JOINING
OF HOLLOW PIECES USING EXPLODING ELEMENTS

A.I. BOROZNYAK
Company «Alchevsk Metallurgical Plant», Alchevsk, Russia

Investigations were conducted with electrohydropulse pressing of tubes into tube sheets with different configurations
of channels. Dependencies of the degree of filling of die cavities upon the shape of cross sections of exploding elements
were established. Device for pressing tubes into tube sheets was developed.

Key words: electrohydropulse pressing-in, exploding ele-
ments, reduction of power consumption, exploding element pro-
file factor

The process of fixing of tubes in tube sheets of heat
exchangers, using energy of the electric explosion of
conductors, has found lately an increasing commercial
application. The process involves different designs of
cartridges [1] which are exploded using electrohy-
draulic units and current-conducting devices, supply-
ing electric power to clectrically exploded cartridges.
Circular channels (Figure 1) are cut on the surface
of cach hole in a tube sheet more than 20 mm thick
to increase strength and tightness of the pressed joint.

Available electrohydropulse (EHP) cartridges
have a drawback which consists in a non-rational util-
isation of the explosion energy. In this case it is util-
isced not for lTocal deformation of the tube against the
tube sheet channels, but for overall deformation along
the entire length of the tube, which is equal to thick-
ness of the tube sheet. It should be noted that a die-free
forming is used as an estimation operation prior to
actual pressing-in, as it allows the degree of filling
of the tube sheet channels with a deformed billet to
be approximately cestimated by a workpicee configu-
ration |1, 2].

Commercial cartridges usce exploding clements
(EE) of a round cross section. As proved by practice,
the usc of such cartridges results in semicircular pro-
trusions formed on the workpicce surface. This is in-
dicative of formation of a number of shock waves, the
configuration of the fronts of which copies configu-

ration of the EE cross section. In the case of pressing
tubes into tube sheets with semicircular channels, this
facilitates their filling up. It can be assumed that in
the case of pressing into sheets with channels whose
geometrical shape corresponds to the EE profile, fill-
ing of the tube sheets will be facilitated (compared
with EE whose shape is inadequate to the channel
profiles). In addition, in the commercial cartridges,
instead of fixing the EE pitch, the following restric-
tion should be met: a minimum pitch should be more
than 5 mm to avoid break-down between the neigh-
bouring turns [1]. As a result of misalignment of the
EE pitches and channels the pressure diagram peaks
do not correspond to cavities in the sheets.

The task was to investigate EHP pressing of tubes
into tube sheets with channels of different configura-
tions, using EE of different profiles, in order to de-
crease power consumption of the operation. Experi-
ments were conducted to determine the effect of con-
figuration of a cross section of EE on the degree of
filling of the forming cavities in the split dies of dif-
ferent configurations, i.c. semicircular, triangular,
square and trapezoidal. A nichrome wire 1 mm in
diameter was used in devices with a round cross sce-
tion of EE. To make triangular, tetrahedral and trape-
zoidal EE from the 2 mm dia. nichrome wire by roll-
ing, channels of the corresponding profile were milled
in rolls of the laboratory rolling mill. All the EE had
the same cross section arca cqual to 0.79 mm?. Forming
channels of differing profiles, having the same height
of Hy = 4 mm and cavity cross section area of Fgq =

)
— 1

= % F/a F/ ]
a b

axial and torque loading conditions (¢)
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C
Figure 1. Possible variants of permanent joints in hollow pieces under axial loading (), loaded by torque (b) and under the combined
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Figure 2. Device for expanding of tubular billets (see designations
in the text)

= 6.28 mm?, were milled on the internal surfaces of
the split dies.

The steel tubes with an inside diameter of 20 mm
and wall thickness of 0.5, 0.75 and 1.0 mm were
subjected to expanding. Experimental studies were
carried out using a laboratory unit with a maximum
charging voltage of 60 kV and capacitance of the
capacitor bank equal to 20 pF. A tubular billet was
placed in the die with a certain configuration of the
cavity. The device with EE which has one of the above
cross scction configurations was located inside the
tubular billet. The EHP unit electrode was fed to the
non-exploding current-conductor of the device, and
the discharge was excited. The integrator energy was
varied by increasing the charging voltage at a constant
capacitance of 17 pF. Three samples were expanded
under each of the conditions. Height of the formed
rifts was measured after removing the workpicee from
the split die. The profile factor of EE, Ky, results
from determining the ratio of the energy required for
final filling of the forming cavity of the die in using
the j-th EE to the energy required for final filling of
the i-th cavity of the die in the case of coincidence
of the EE profile and die channel configurations (i =
= 7). Analysis of its values showed that at the cqual
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energy released in the discharge channel the filling
of the die channels is of a higher quality in the case
of coincidence of the EE profiles and die channels.
Therefore, in pressing tubes into tube sheets with
different configurations of the channels, the use of
EE with an adequate profile configuration will pro-
vide quality joints at the reduced power consumption.

Investigations conducted resulted in the develop-
ment of the deviee for expanding of tubular billets
(Figure 2). Tt comprises die 7 with forming cavities,
EHP cxpanding cartridge consisting of diclectric
sleeve 2 filled with transmitting medium 3, end plug
4, current-conductor 5 with insulation, and EE 6 with
a corresponding pitch and relative angular location
on the surface of diclectric bushing 7, as well as de-
formed tubular billet 8.

The device functions as follows. The thermal ex-
plosion of EE is ignited under the cffect of a high-
voltage discharge created at EE 6, through current-
conductor 5 from the power unit (not shown in Fi-
gure 2). The pressure pulse thus formed propagates
in a direction to the wall of the tubular billet. The
shock wave, the configuration of the front of which
repeats configuration of the cross section of EE, forms
spiral protruding rifts on the tubular billet, thus fa-
vouring the quality filling of the channels in the tube
sheet. This makes it possible to achieve high pressures
within the zone of formation of the rifts.

CONCLUSIONS

1. Investigations were conducted to study EHP press-
ing of tubes into tube sheets with channels of different
configurations, using EE of different profiles, in order
to decrease power consumption of the operation.

2. Tt was established that the equal energy released
in the discharge channel resulted in the higher-quality
filling of the die channels, providing that their profiles
coincide with the EE profiles.

3. Device for pressing tubes into tube sheets, en-
suring power saving in EHP joining of hollow pieces,
was developed.

1. Mazurovsky, B.Ya. (1980) Electrohydropulse pressing of
tubes into tube sheets of heat exchanging devices. Kyiv:
Naukova Dumka.

2. Weckerle, H.I. (1977) Der Einfluf der geometrischen Ge-
stalt des Werkstuckes auf Energitibetragung beim elektrohy-
draulischen Umformen. Blech-Rohre-Profile, 6, 267—270.
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MAIN TENDENCIES OF DEVELOPMENT
OF WELDING EQUIPMENT MANUFACTURE
IN «<SELMA-ITS» ASSOCIATION AND ITS APPLICATION
IN RUSSIA AND CIS COUNTRIES

M.V. KARASEV, E.A. KOPILENKO, G.V. PAVLENKO, D.N. RABOTINSKY, V.L. SOROKA, V.V. SOLYANIK
and E.V. KARASEV
SPA «SELMA-ITS», St.-Petersburg, Russia—Simferopol, Ukraine

Comparison of technical-economic characteristics of equipment applied in Russia and CIS is made, taking into account
the world market of welding equipment. Characteristic directions of welding equipment improvement are outlined.
Recommendations are given on its selection during performance of specific work.

Key words: welding equipment, development tendencies,
production structure, technical-economic characteristics, produc-
tion refurbishment

In 1999-2000 production started increasing in the
majority of the Russian industrial enterprises, which
was due to greater number of orders, resulting to an
increase in the industrial production of CIS countries.
Now these industrial enterprises face the task of a
prompt improvement of the labour efficiency at a
slight increase of the number of workplaces and num-
ber of workers. This problem is being solved under
specific post-crisis conditions, characterised by:

e complicated economic and financial situation of
the enterprises because of high taxes, customs dues,
debts to the federal and local budget;

* high percentage of wear (up to 80100 %) of
the currently used machines, mechanisms, equipment
and metal structures;

« availability of financial means for technical re-
furbishment of the fleet of mechanisms and equip-
ment, and introduction of advanced technologies;

* lack of dirccted organisational and engincering
work in the existing rescarch institutes, capable of
providing the modern technical documentation for the
functioning industrial enterprises;

* lack of qualified experts, capable of developing
and operating advanced cquipment and technology
(for instance, in Leningrad region there are approxi-
mately 20,000 vacancies in industrial enterprises and
about 9,000 people listed in the labour exchange, but
not required, while the number of students-metallur-
gists graduating from St.-Petersburg Technical Uni-
versity is reduced by approximately 10 times, com-
pared to 1990);

* increase of the number of orders in the function-
ing enterprises and of production volumes, respec-
tively;

* need to conduct stage-by-stage upgrading of pro-
duction in the functioning enterprises to provide the
ability of fulfilling these orders with the appropriate
quality and price;

¢ desire of the majority of operating enterprises
to quickly come back to the production level before
the crisis period;

« availability of a large number of proposals for a
complete (partial) upgrading or replacement of the
fleet of currently used machines and equipment com-
ing from foreign companies and much more seldom
from local enterprises;

* need for a systemic (strategic) approach to the
problem of technical refurbishment of enterprises, in
order to increase the effectiveness of their operation.

This study is aimed at introducing a systemic ap-
proach and determination of the tendencies in the
field of technical refurbishment of industrial enter-
prises, based on the most recent achievements of weld-
ing science, experience of manufacture and sale of
welding equipment over the last ten years.

Analysis is based on operation of a group of en-
terprises of SPA «SELMA-ITS», which over the re-
cent years has become a major manufacturer and sup-
plier of welding equipment in Russia and CIS coun-
tries. Its production facilitics arc located in Simfero-
pol and St.-Petersburg.

Structure of European and US markets of weld-
ing equipment, applied in metal structure fabrica-
tion. According to the data of [1], the world market
of welding equipment and services was not less than
$40-50 bln at the end of the XX century, of which
70 % were welding consumables and 30 % was welding
equipment. Not less than half of the latter was the
cost of equipment for manual arc and semi-automatic
welding. Its share shows a stable tendency of increas-
ing due to equipment for semi-automatic arc welding,
with reduction of the share of equipment for coated-
clectrode manual arc welding.

Machines for flash-butt welding are not as widely
applied, because of their specific features. However,
their share in the welding equipment market is up to
31 %. The share of equipment for gas welding is re-
ducing steadily and currently is not more than 17 %.

© M.V. KARASEV, E.A. KOPILENKO, G.V. PAVLENKO, D.N. RABOTINSKY, V.L. SOROKA, V.V. SOLYANIK and E.V. KARASEV, 2002
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Figure 1. Histograms of distribution of short-circuit duration in VD-506 DK (@) and VDU-506 (b) units in semi-automatic welding

The European market of welding equipment amounts
to about 30 % of the world market.

As follows from |1], in advanced European com-
panies, compared to those in the USA, the volume of
application of equipment for gas-shiclded welding is
higher and that of equipment for coated-electrode
welding is lower. Welding fabrication is based on
fusion welding, the equipment and technology of
which will develop through reduction of the share of
coated-electrode manual arc welding and expansion
of the mechanised processes of welding, especially
with flux-cored wires.

There is every ground to believe that in the near
future the share of manual arc welding in the world
economy will stabilise on the level of 10 to 12 %, that
of semi-automatic solid wire welding on the level of
40-50 %, that of semi-automatic flux-cored wire
welding and SAW on the level of 30-40 and 5-6 %,
respectively. The most promising is manufacture of
specialised welding cquipment for semiautomatic
flux-cored wire welding, providing a simultancous
improvement of labour efficiency and welded joint
quality.

Comparison of technico-economic charac-
teristics of application of various kinds of welding
equipment in metal structure fabrication in Russia
and CIS countries. In 1993 Russia manufactured
about 75,000 power sources for fusion welding, while
their maximal output in FSU in 1989 was 330,000 pcs.
In the first case the share of welding transformers was
49, that of welding rectifiers (for manual arc, semi-
automatic and automatic welding) — 26, that of gen-
erators, converters and plants — 24, and that of spe-
cialised power sources — 1 %. Such a production
structure cannot be regarded as satisfactory. For in-
stance, in Japan with the overall output of
123,000 pes in 1988, the share of transformers, recti-
fiers and rotary machines was 30, 40 and 30 %, re-
spectively [2]. Development of circuit designs for
welding equipment in Russia proceeds mainly along
the traditional path laid down in 19701980 by VNI-
IESO (Russian Welding Institute), the PWI and
other institutes. Theses directions of work perform-
ance were due to the availability of the respective
components manufactured in the USSR at that time.
The main difference in the circuit design of power
sources developed in Russia from their foreign analogs
consists in that a new class of sources was developed
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abroad on the basis of recent achievements in semi-
conductor ficld, namely rectifiers with an intermedi-
ate high-frequency unit (inverter). It allows a signifi-
cant reduction of the weight and overall dimensions,
improvement of dynamic properties of welding equip-
ment, development of new control circuits and going
over to a new class of sources with synergetic control.
This provides an effective solution of the problem of
mass transfer control and improvement of welded
joint quality. As demonstrated by the Fair in Essen
(Germany) in September 2001, the period of intensive
development of the inverter-type welding equipment
abroad is over, and the process of its improvement
and upgrading is going on now. Manufacture of simi-
lar components is not planned in Russia in the next
few years. Attempts at development of inverter-type
welding units using the local components showed
their low reliability, while development of similar
local welding machines incorporating imported com-
ponents demonstrated their low competitiveness.

Therefore, in «SELMA-ITS» Association develop-
ments in the ficld of thyristorized welding units were
mostly based on the use of the local components, and
were aimed chiefly at improvement of the control
circuits. The power part of the sources, as a rule, did
not undergo any basic changes.

In this connection, we should note development
and manufacture of a new scries of local rectifiers
with DK index (VD-306DK, VD-506DK) designed
for MMA, MIG and TIG welding. A new type of
control circuits has been developed and verified in
these rectifiers |3]. Rectifiers in the MIG and MMA
modes are designed for short-are welding with peri-
odic short-circuiting, but are also successfully used
for welding with a long arc. In them the combined
external volt-ampere characteristics (VAC) were im-
plemented on a production scale for the first time,
namely MIG and MMA modes, where cach VAC scce-
tion characterises a certain stage of melting and trans-
fer of clectrode metal drop and allows implementing
new approaches to controlling the welding process
and mass transfer. In this case VAC is divided into
compound sections, each of which is formed by its
own sclf-sufficient source (first VAC section — high-
voltage feed — provides an casy initial ignition of
the arc, power part is formed by a semi-controlled
rectifier, third section of VAC — low-voltage feed —
rovides a controlled metal transfer into the weld
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pool). The working point in arcing always is in the
falling section of VAC. Rectifiers have the capability
of adjustment of VAC slope, short-circuit current,
hot start (custom features). It should be noted that
the range of operating temperatures is from —40 to
+40 °C, which is not provided by any inverter-type
power source. By All-Union Research Institute of
Pipeline Construction (VNIIST) estimate the welding
characteristics of rectifiers are not inferior to the best
models of the inverter sources, at least in manual arc
welding. Figure 1 gives the histograms of distribution
of short-circuiting times in welding in VD-506DK
and VDU-506 units in the MIG mode.

As follows from Figurce 1 the value of short-circuit
duration in the sources with a combined characteristic
is sufficiently stable, unlike the traditional VDU-506.
This ensures high process propertics of the welded
joints, by providing a constant and stable size of the
drops of the transferred metal (drop size is about 80 %
of welding wire diameter at arc currents recommended
for the given wire diameter). A complete cycle of
investigations has been conducted to compare the me-
chanical properties of welded joints. It is found that
the mechanical properties of welded joints, at least
for MMA mode, are on the level of those provided
by the inverter-type sources. Investigation results
have been confirmed by the results of testing at
VNIIST. A possibility was demonstrated of producing
stable periodical short-circuiting of the arc gap at a
constant frequency with application of combined
VAC. Increase of arc current leads to a stable short-
ening of the short-circuit duration and shifting of the
curve in Figure 1, a to the right. Size of the drops of
the transferred metal is reduced, accordingly. There-
fore, we have every right to call it a controllable
transfer, achicved without applying any special
pulscs, as in the case of inverter sources in the «<pulse»
mode. Figure 2 gives the typical oscillograms of weld-
ing current and voltage in DK-type power sources in
semi-automatic welding. Analysis of this Figure shows
the high stability of the welding mode, unachicvable
before with the thyristorized sources. Oscillograms
were recorded using a special PC-based measuring
system and analog-digital converter.

Another new thyristorized power source is being
introduced in parallel, which has a combined VAC
based on VDU-506 for MIG and MMA modes, and
which was called VDU-509. The need for its devel-
opment and manufacture arises from the industrial
enterprisers requiring a new power source for semi-
automatic welding for up to 500 A currents with a
fully-controlled rectifier. Its development incorpo-
rates all the positive experience gained in development
and introducing into production the DK- type sources.
Its difference consists in that the combined VAC is
formed by the control board with preservation of an
unchanged power components of the standard VDU-
506. Short-circuiting sensor was applied for the first
time, which allows lowering the power of the power
circuit at short-circuiting, reducing the spatter. The
working point in arcing may be switched from the
VAC rigid scction (applied in welding in the vertical
and overhcad positions at up to 280 A currents with
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Figure 2. Oscillograms of welding current (7) and voltage (2) in
semi-automatic welding in power sources of VD-506DK type with
a combined VAC (shielding gas is argon, wire is Al-5Mg type)

up to 1.6 mm wire, as well as to form the weld with
a concave surface in making fillet joints) to the VAC
falling section (applied in welding in the downhand
position and surfacing). Production testing of VDU-
509 rectifier is being completed now in Company
«Uralmash» (Ekatcrinburg, Russia). From prelimi-
nary data clectrode metal spatter deercased 5 to
8 times, process cfficiency increased 15 %. Full-scale
production of the power source is scheduled for the
second quarter of 2002,

The next direction of welding equipment develop-
ment in «SELMA-ITSs is designing choppers. All the
world leaders in the field of arc welding are actively
working on them. Lincoln Electric Company even sct
up a division on chopper technology. In the general
form a chopper is a welding inverter for MMA,
MIG,/MAG and TIG welding, more exactly a weld-
ing converter, also with superposition of pulses on
welding voltage, which has a much lower price and
much higher reliability than the conventional inverter
welding units. Any working frequency may be used,
depending on the applied components. Power sources
for choppers arc mutlioperator power sources of
VDM-1202, VDM-6303 types. The number of chop-
pers, which may be powered from one multioperator
rectifier, is determined by power characteristics, but
considering that the chopper efficiency is not less than
95 %, a VMD-1202 rcctifier supports not less than 6
choppers with the working current of 200 A or 4
choppers with the working current of 300 A. The first
locally manufactured chopper will be displayed in
«SELMA-ITS» booth in «Svarka-2002» Exhibition
in St.-Pectersburg.

In addition, another area of welding was pursued
in our country, namely development of extremely sim-
ple, inexpensive and reliable welding units, using lo-
cal components. They include welding rectifiers VD-
309, VD-313, VD-2x313. They do not have such ca-
pabilities of welding, as those mentioned above, but
are in demand constantly.

Calculations made for the basic technical-eco-
nomic parameters of fusion welding equipment are
highly significant. These data are interesting for all
the enterprises, which have power saving programs.
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Figure 3. Dependence of the mean value of deposition factor oy
on welding processes: 7 — manual arc welding with coated elec-
trodes in a modern VD-306DK power source; 2 — semi-automatic
welding with solid wire in CO, in modern thyristorised power
sources VD-306DK, VDU-506S; 3 — semi-automatic welding with
solid wire in gas mixtures in modern thyristorised power sources
VD-306DK, VDU-506S; 4 — semi-automatic welding with flux-
cored wire in modern thyristorised power sources VD-306DK,
VDU-506S; 5 — semi-automatic solid wire welding in gas mixtures
in inverter-type synergetic power sources

Calculated values (Figure 3) are compared with the
operating values in Company «Uralmash». A good
correlation of the results is found within 5 % of the
values. As follows from Figures 3—5, the most char-
acteristic is the comparison of manual arc and semi-
automatic welding. It should be noted that calculation
was based on the data on a modern power source
VD-306DK for manual arc, argon-arc and semi-auto-
matic arc welding. If the parameters of a conventional
rectifier source VD-306 (VD-306E analog) arc used,
the data become appalling. Power consumption will
be 5.12 kW /kg with the time for making 1 m of
weld equal to 0.084 h. If parameters of a multioperator
welding rectifier VDM-1201 with ballast resistors arc
used, the situation becomes critical: power consump-
tion will be 7.53 kW / kg with the same performance
time.

Thus, if we proceed from average data, showing
welder’s activity, namely annual consumption of
welding electrodes of 2 tons or of welding wire of
2.5 tons, the annual power consumption recalculated
for one welder for different power sources will be,
kW :

» modern welding rectifier VD-306DK — 7500;

« traditional welding rectifier VD-306D (VD-
306E) — 10240;

» multioperator welding rectifier VD-1201 with
ballast resistors — 15060;

* modern inverter-type power source or chopper
for semi-automatic welding with solid wire — 2750;
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Figure 4. Dependence of average value of power consumption per
1 kg of the deposited metal on different welding processes (-5 —
same as in Figure 3)
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the welding process: 7 — without taking into account the time
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* modern power source for semi-automatic welding
(VD-306DK, VDU-506S) using flux-cored wirc —
3000;

» modern power source for semi-automatic welding
(VD-306DK, VDU-506S) when using solid wire and
gas mixtures — 4000;

» modern power source for semi-automatic welding
VD-306DK, VDU-506S when using solid wire and
CO, — 5000.

Figure 6 shows power saving, when going over to
modern welding equipment, depending on the number
of welders.

On the other hand, it should be noted that appli-
cation of modern welding processes provides not only
a saving of company funds, but also an improved
quality of the welded joint. Figure 7 shows the struc-
ture of the weld produced by semi-automatic welding
with solid and flux-cored wire («Filarks, Sweden).

A number of factors should be taken into account,
when sclecting the welding equipment:

 performance of a large scope of manual arc weld-
ing opcrations requires modern welding units (VD-
306DK, VD-506DK), as they allow reducing spatter
of clectrode metal and power consumption and pro-
vide a high quality of the welded joint. When per-
forming welding operations with multioperator power
sources, it is rational to go over, as far as possible,
to the use of across-the-line units (VD-2x313), which
provide an almost two-times power saving;

» when going over to semi-automatic welding with
solid wire in shielding gases, compared to CO, weld-
ing, electrode metal spatter decreases almost 1.5—3
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Figure 6. Power saving when going over to modern welding equip-
ment, depending on the number of welders: 7 — from VD-306
(306E) type source to VD-306DK in manual arc welding; 2 —
from a source of VDM-1201 type to VD-306DK in manual arc
welding; 3 — from a source of VD-306 (306E) type (manual arc
welding) to VD-306DK (semi-automatic flux-cored wire welding)
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times, and electrode metal drop deposition on the
weld and HAZ metal — almost 810 times, this de-
termining subsequent labour consumption for spatter
removal from the surface of parts being welded;

» welding sources of the type of VD-306DK, VDU-
5068, VDU-506, VDG-303, VS-300BA, VDG-401
may be used. However, the optimal solution is using
inverter-type synergetic sources like SINERMIG-401
or choppers. This allows further increasing the weld-
ing process efficiency at least by 25 %;

* when going over to semi-automatic flux-cored
wire welding in CO; or gas mixtures, electrode wire
spatter is practically absent, this actually eliminating
subsequent labour consumption to remove spatter
from the surface of items being welded. The possibility
of employing welders with lower qualifications is no-
table. In this case use of welding sources of the type
of VD-306DK, VDU-506S, VDG-303, VS-300BA,
VDG-401 is optimal. Application of inverter power
sources is not mandatory;

« in terms of mechanical properties the differences
between the variants of semi-automatic welding con-
sist in the change of relative clongation of the pro-
duced welded joint, which rises by = 10 % and increase
of impact toughness in the negative temperature re-
gion. Flux-cored wire welding provides the highest
impact toughness (Charpy value down to =60 at T =
=—40°C). Solid wire welding in shielding gases gives
a somewhat lower impact toughness of the welded
joint KCU = 12.0-15.8 J /cm? at T = —40 °C.

Solid wire CO, welding provides an even lower
impact toughness KCU = 8.4 J /cm? at T = —40 °C.
Manual arc welding gives a still lower impact tough-
ness KCU =5-8J/cm? at T = —40 °C.

Thus, proceeding from the above-said, it is possible
to accurately enough outline the main directions of
development, manufacture and application of welding
equipment in Russia as follows:

1. Development and introduction into production
of modern thyristorized power sources for all kinds
of arc welding will be mainly pursued to improve the
control circuits. This is due to the fact that CIS coun-
tries do not manufacture powerful transistors, re-
quired for a fundamental upgrading of the power cir-
cuit of the sources, whereas foreign-made products
are rather expensive, this leading to non-competitive
prices in the case of manufacturing an inverter-type
power source. Work on improvement of the thyristor
rectifier control circuits led to designing compara-
tively simple, but original control circuits, which al-
lowed developing inexpensive high-quality power
sources for all welding processes (MMA, MIG, TIG)
incorporating local components. As to their welding
properties, these sources are not inferior to the best
samples of similar welding equipment of foreign com-
panies and are superior to them as to operating con-
ditions. Characteristic examples are welding rectifiers
of the type of VD-306DK, VD-306DK, VDU-509
with a combined VAC.

The ratio of the quality and the price is selected
from an optimal range. The industry has a demand for
these rectifiers, as it becomes possible to make up the
welding equipment fleet based on one source, this mark-

5/2002

INDUSTRIAL l

Figure 7. Appearance of a lack of penetration in solid wire welding
(right), compared to flux-cored wire (left) at oscillation of the
welder’s hand

edly facilitating their service and allowing consider-
able funds to be saved, when purchasing the sources.

2. During refurbishment of welding production in
welding enterprises special attention should be given
to the problem of replacement of manual arc welding
by semi-automatic welding or modern manual arc
welding sources should be purchased. This allows the
efficiency of welding operations to be increased sev-
eral times with improved quality and a considerable
amount of power to be saved (see Figures 2 and 4).

There exist two approximately equivalent methods
for development of gas-shielded semi-automatic welding:

* the first method is related to improvement of
expensive inverter-type sources or choppers, applica-
tion of solid wire and use of gas mixtures in welding;

* the sccond method consists in further improve-
ment of relatively inexpensive power sources of the
type of VD-306DK, VDU-506S, VDG-303, VS-
300BA, VDG-401, application of flux-cored wire and
usc of both gas mixtures and CO, in welding.

3. In the near future the main direction of devel-
opment of thyristorized welding sources manufacture
in Russia and CIS countries will be designing rela-
tively inexpensive and competitive all-purpose recti-
fiers of local components. Their competitiveness will
depend on the novelty of engineering solutions and
manufacturing quality. Development of local compo-
nents manufacture will determine further directions
of power source improvement.

4. Manufacture of specialised inverter-type weld-
ing power sources (syncrgctic, orbital, cte., incorpo-
rating foreign components) will be the prerogative of
foreign companies, until the local component manu-
facturing is in place.

5. The only possible direction of development of
the local inverter-type welding systems, which may
be competitive against foreign developments in the
field and ensure commercial success, is as fast as pos-
sible mastering of local manufacture of choppers,
which may be realised using local components and a
minim number of forcign components. This will be
seen from development of the situation in 2000 —2003.
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PHYSICAL-MECHANICAL CHARACTERISTICS
OF STEEL-BRONZE COATINGS PRODUCED
USING LASER SURFACING

A.P. SHATRAVA
Physico-Technological Institute of Metals and Alloys, NASU, Kyiv, Ukraine

Physical-mechanical characteristics of composite coatings produced using a laser surfacing were studied. Dependencies
of service characteristics of working surfaces on structural-phase composition of deposited layers were established.
Mechanism of improving wear-resistance of a friction pair was developed.

Key words: composite coatings, laser surfacing, antifric-
tion properties, physical-mechanical characteristics

Development of new materials and technologies of their
production to provide antifriction of friction pairs is one
of the most important tasks of a general problem of
friction, lubrication and wear in machines. Antifriction
condition is characterized by a low and stable coefficient
of friction at high wear-resistance and a good run-in
[1]. The solution of this problem is most actual for
machine parts operating under the conditions of limita-
tion or full absence of lubricant in friction. Under these
conditions its role can be played by a soft metal. Gold,
silver, copper, lead, indium and barium are used as
metallic lubricants [2].

Over the recent years composite materials are used
cffectively in the manufacture of machine parts in-
cluding solid lubricants.

As an object of investigations the compositions of
Fe—Cu system with different volume content of com-
ponents in the filler material composition were se-
lected. Coatings from above composite materials were
produced from powders using a laser radiation |3].
Lascr surfacing was performed in inert gas (Ar) which
was used as transporting gas (gas consumption G4 =
= 20-30 1/h) at feeding of powder of 50-100 um
dispersity and volume percent ratio 10-90 of one of
components.

The filler powder (consumption was changed
within Gpy = 2-5 em®/min or Gpy = 7.7—
22.2 ¢ /min) was fed under 45° angle to axis of laser
radiation following the laser beam movement. Heat
source with a power density Wy = 1-500° W /m?
was moved at a rate v = 4-20 mm /s providing de-
posited beads of 1.5-2.5 mm width and 1-1.5 mm
height. Surfacing for wear tests was made on substrate
of St.3(C — 0.14-0.22; Mn — 0.3—0.6 wt.%; Fe —
balance) in the form of rings of 1 cm? areca.

As a result of laser gas-powder surfacing of com-
posite material (steel-bronze) on surface of a steel
sample different deposited coatings were formed
which can be divided into three groups: I — steel +
10—30 % bronze; IT — steel + 40—60 % bronze; I1T —
steel + 70-90 % bronze (Figure 1).
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A statistic analysis of structural phasc constituents
of electron images of microstructures obtained in elec-
tron microscope at X-ray microanalysis was made for
all the above-mentioned compositions. Analysis was
made using a unique procedure and software devel-
oped in Physico-Technological Institute of Metals and
Alloys of the NAS of Ukraine | 4]. The following struc-
turc paramcters were studied: percentage, mean size
and average area of inclusions, mean distance between
them, their quantity, values of their maximum and
minimum diameters, perimeters and coefficients of
shape.

For coatings of compositions of I group the per-
centage of bronze inclusions was significantly lower
than its content in the depositing powder (3-7 %).
This is explained by the fact that not all the bronze
enters the coating body, it can be evaporated partially
or escape to the surface. Diameter of bronze inclusions
for these compositions is 5—10 um, the mean distance
between them is 6—19 pm.

For coatings of compositions of ITT group the con-
tent of steel inclusions do not almost differ from the
initial composition of powder, i.e. 6-24 %. Here, the
mean diameter of steel inclusion is 18—36 um, the
mean distance between them is 822 um.

The lowest scattering in sizes of steel and bronze
inclusions in depth and most uniform distribution of
inclusions in height and width of the deposited layer
is observed for coatings with steel-bronze ratio 80:20
and 20:80.

In structure of coatings of other compositions
(90 % St.:10 % Br. and 10 % St.:90 % Br.) the steel
inclusions are concentrated near a base, while the
bronze inclusions are concentrated near the surface of
a deposited layer. Sizes of inclusions is of importance
in places of their large concentration as they can coa-
lesce between themselves.

The presence of large coalescent inclusions or en-
tire layers is typical to some degree of coatings of
compositions (30-70) % St.:(30—10) % Br. This prove
the fact that even for a small time of heating and
cooling these materials can laminate in coatings with
approximately equal ratio.
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Figure 1. Microstructure of laser composite (steel-bronze) coatings with ratio of steel to bronze in them of 90:10 (&), 80:20 (b), 70:30
(¢), 60:40 (d) (x300), 50:50 (e), 40:60 (f), 30:70 (g), 20:80 () and 10:90 (i) % (I-III — groups of coatings)

Wear, g/(km-cm 2)

These results show that 20-30 % composition is

limiting for the formation of dispersely-distributed 0.056
composites for these materials both at given tempera- 0.042
ture and temporary conditions.

In this work the effect of composition and macro- 0.028
structure of composite coatings on their physical-me-

chanical properties has been studied. It can be con- 0.014
cluded from the data of X-ray microanalysis that a
considerable redistribution of clements at the friction
surface is observed under the action of loading in
friction, i.c. a soft phasc is escaped to the surface
being a solid lubricant in friction and a solid phase
undertakes load and is resistant to deformations.

(?omparmg_ T“CSU“;S of tCS_tS for wear of composite Figure 2. Wear of friction pair (composite coatings and mating
coatings at different loads it can be concluded that body) at different loads: 7 — P=5.1;2 — P=10.2;3 — P =
at low loads the coatings with 20-30 % bronze arc = 15.3 MPa
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characterized by the best indices, while at high
loads — the coatings with 70-80 % bronze (Fi-
gure 2).

With load increase the intensive escape of soft
material to the friction surface occurs, and uniformly
distributed inclusions of steel (for compositions of 111
group) play a role of a frame which, from the one
side, does not hinder the soft material penetration to
the surface, and, from the other side, does not allow
coating to be deformed.

The usc of the above compositions makes it possible
to improve significantly the conditions of friction in
pair duc to transfer of a solid lubricant to a mating
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body. Significant decrease in wear (to 50 %) is most
typical of friction pair as a whole, i.c. for the total
decrease in wear both of investigated and mating
body.
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