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ASSESSMENT OF DEFORMABILITY
OF PIPE STEEL JOINTS MADE

BY AUTOMATIC CONTINUOUS FLASH-BUTT WELDING

S.I. KUCHUK-YATSENKO1, V.I. KYRIAN1, B.I. KAZYMOV1 and V.I. KHOMENKO2

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2CJSC «Pskovelektrosvar», Russia

Peculiarities of formation of high quality flash-butt welded joints on pipes are analyzed. Factors affecting the results of
impact tests of standard specimens are considered. Toughness properties of metal in the welding zone have been studied
by using different impact test methods. It is shown that metal of as-welded joint made at optimum parameters has
sufficiently high resistance to impact loads. Conditions for performing flash-butt welding and inspection of the joints
providing high operating reliability of pipelines have been determined.

Keywo rd s :  flash-butt welding, pipelines, joint quality, im-
pact testing methods, joint zone, impact toughness, operating re-
liability

One of the important tasks in construction of pipeline
systems is ensuring their operating reliability. It is
solved by specifying a number of technical and tech-
nological requirements pertaining both to welding per-
formance, and to the properties of site (circumferen-
tial) butt joints. Mechanical properties of the latter
are represented by values of strength and ductility,
and they should meet the requirements of standards
[1, 2]. In addition, in order to prevent fractures in
butt joint operation because of the most characteristic
defects, inherent to the applied welding process, also
specified are the requirements to the value of joint
metal impact toughness representing the energy con-
sumed in fracture of a standard sample.

Over the recent decades the method of impact test-
ing of samples with a sharp mechanical notch (KCV)
of depth h = 2 mm with radius r = 0.25 mm at the
bottom, has become the dominant method that was
due to a high probability of formation of sharp stress
raisers in welds, including crack-like ones. Nowadays
such a testing procedure and established values of
impact toughness are extended to all the welded joints,
irrespective of the process of their welding. In keeping
with the requirements of [1], average value of impact
toughness of metal of welded joints on pipes of
strength class X52— X70 at —20 °C testing temperature
should be not less than 34.4, and minimum value
should be 29.4 J/cm2. These KCV values were de-
termined allowing for the inevitable and admissible
defects for joints made by electric arc welding proc-
esses. These defects include external crack-like defects
(one- and two-sided lacks-of-penetration – lacks-of-
fusion) of up to 1 mm depth and up to 30 mm length,
weld root concavity (shrinkage of down to 2 mm depth
and length of up to 1/6 of welded butt joint perime-
ter), as well as internal lacks-of-penetration both be-

tween the layers and around the contour of the edges.
In addition, in electric arc welding there is a high
probability of appearance of various kinds of cracks,
which are not allowed in welded joints. Their detec-
tion, however, by industrial NDT methods presents
certain difficulties in a number of cases.

Transfer of the testing procedure and the above
standard KCV requirements to welded joints made
by other welding methods, is not always justified by
far. In the case of absence of the above defects in the
weld, ensuring KCV values on the level of 34.4 J/cm2

for all the zones of the joints should be recognized as
unpractical as such requirements make pipeline con-
struction more complicated and lead to excessive con-
sumption of material means. API-1104 standard is ad-
vanced in this respect [2]. It does not specify the
impact toughness values; they are indicated by the
customer in the form of special requirements that are
defined allowing for specific conditions of pipeline
construction and operation. Such an approach is di-
rected to simultaneous solution of the two main tasks:
lowering of failure probability of the pipelines in op-
eration with the most probable defects in circumfer-
ential butt joints, characteristic for the applied weld-
ing process, and minimization of construction costs.

Many years of experience of operation of various
diameter welded pipelines, including high-capacity
gas- and oil pipelines of 1420 mm diameter, shows the
high reliability of circumferential welds, made by
automatic flash-butt welding. Mechanical properties
of these joints meet all the requirements of the stand-
ards, in keeping with which large-scale construction
of the main and industrial pipelines is performed, ex-
cept for individual cases when special requirements
are made to the value of impact toughness (mainly in
welding large diameter pipelines operating at below
zero temperatures).

Compared to electric arc fusion welding, flash-butt
welding has principal differences in joint formation,
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which need comprehensive analysis, and should be
taken into account at substantiation of the procedure
of fitness-for-purpose assessment of welded joints of
pipes made by flash-butt welding.

Flash-butt welding is one of pressure welding proc-
esses in which there is no molten metal in the joint
zone (weld), thus eliminating all the prerequisites for
formation of such hazardous defects as cracks. In per-
formance of welding in the optimum mode other de-
fects are also absent in the joint zone (JZ), which
could detract from joint performance. Such a welding
mode is determined by statistical treatment of me-
chanical testing data obtained during investigation of
weldability of each typesize of pipes under the condi-
tion that inadmissible welding defects are completely
absent in the joints. Mechanical properties should cor-
respond to the requirements of standards, made of
pipe welded joints. Assessment of welding quality is
performed by breaking welded butt joints through JZ
[3]. From admissible defects in flash-butt welding,
only local clusters of nonmetallic inclusions can be
present in individual JZ regions with maximum area
of 20—30 mm2 [4, 5], but as they do not influence the
static strength of the joints [6] they should not be
regarded as defects. Considering the structural con-
dition, such nonmetallic inclusions should be regarded
as one of the kinds of structural inhomogeneity, pres-
ence of which is admissible in the pipe metal. In some
works such JZ regions are called «mat spots» [7, 8].
Maintenance of the specified parameters of optimum
welding mode in flash-butt welding is ensured by a
computerized system of control and monitoring with-
out intervention of welding operator. This is the de-
terminant factor in ensuring the high operating reli-
ability of more than 70,000 km of various pipelines,
including more than 10,000 km of pipelines of
1420 mm diameter welded by flash-butt process [9,
10], that have been operating unfailingly for more
than 30 years under different natural conditions, in-
cluding artic regions of West Siberia (Figure 1). Av-
erage value of impact toughness of these joints, de-
termined at testing of standard samples with a sharp
mechanical notch, the tip of which is located in JZ
center, is equal to 30—40 J/cm2 in the scatter band
of KCV values in the range of 14.3—56.3 J/cm2 (20 °C
testing temperature). Such values of impact toughness
of JZ metal are largely due to mechanical inhomo-
geneity that forms as a result of varying degrees of
metal strengthening in the welding zone. The magni-
tude of plastic deformation at the final stage of weld-
ing, i.e. upsetting, varies, depending on the tempera-
ture gradient in pipe welding zone (on both sides of
JZ). As a result, the joint metal in its cross-section
differs essentially by hardness, and, therefore, also
mechanical properties (σ0.2, σt). JZ has the smallest
hardness value. Hardness of adjacent regions of the
welding zone is higher than that of the pipe metal. In
welding of pipes produced now from low-carbon low-

alloyed steels, the width of JZ region can be within
0.5—5 mm, depending on the welding mode. Difference
in hardness, and, therefore, strength of this region,
compared to the adjacent regions of the zone of ther-
momechanical strengthening can be up to 30 %, and
in welding of pipes from carbon steels it can be higher.
The length of individual regions of the welding zone
depends on the initial metal properties determined by
its production technology, and welding mode.

As shown by testing of standard samples for static
tension and bending, as well as of large-scale samples
and pipe segments, mechanical inhomogeneity, on the
whole, does not have a negative impact on the strength
and ductility of welded joints [6, 11]. In this case, a
narrow section of the JZ with lowered mechanical
properties is plastically deformed due to contact
strengthening together with the adjacent sections of
the thermomechanical strengthening zone. Unlike
that, at determination of impact toughness by the
standard procedure (KCV) development of the frac-
ture process is localized within a narrow section of JZ
metal, located between the regions of the ther-
momechanical strengthening zone with higher
strength properties, due to high values of concentra-
tion (ασ = 3.45) and stress gradient. As a result, in
connection with a small metal volume involved in the
process of plastic deformation at impact, the energy
consumption for sample fracture essentially decreases
compared to homogeneous material [4, 5]. This is in-
dicated by the shown in Figure 2, a fracture surface
of such a sample without any noticeable side shrink-
ages and low value of impact toughness.

Figure 1. «Sever-1» welding complex in the construction route of
1420 mm diameter pipeline in West Siberia: a – position of welding
machine in the pipeline before feeding the next pipe to be welded
on; b – welding operation
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At the same time, the nature of fracture of impact
samples of flash-butt welded joints without artificial
mechanical stress raiser in the JZ, but with the char-
acteristic for flash-butt welding admissible defects dif-
fers in principle from the one described above.

Fractures of samples with such defects located at
their surface had the form of a trapezoid, because of
considerable shrinkage of their side faces (Figure 2,
b) that essentially increased the energy consumption
for fracture which is denoted as KD according to [5].
Results of testing impact samples of a standard size
(10 × 10 × 55 mm) without notches with structural
inhomogeneity of various dimensions in the JZ by KD
parameters turned out to be as follows: at 4.4 ×
× 2.5 mm – 247.2 J; 4.0 × 3.5 mm – 261.6 J; 4.7 ×
× 2.0 mm – 161.2 J, where the first value corresponds
to the linear size of the defect on the impact sample
surface, and the second value is the same, but in-depth
of the sample.

Sections of structural inhomogeneity in the JZ lo-
cated at some distance from the sample surface, prac-
tically do not affect the results of testing at impact
loading. Such samples did not fail.

Thus, impact testing of standard samples with a
sharp notch in JZ does not reproduce the pattern of
deformation and fracture of a welded joint with ad-
missible defects that may occur at flash-butt welding.

Values of fracture energy for samples with admis-
sible defects (without an artificial notch) are much
higher than those of samples from sound joints with
a standard notch as a result of involvement of ther-
momechanical strengthening zone regions adjacent to
JZ, into plastic deformation, which has a determinant
role in the fracture process. This is indicative of the
fact that impact toughness values of flash-butt welded
joints with a sharp notch through the JZ are largely
determined not by the properties of the joint metal,
but by the stressed state induced in it. Thus, impact
toughness values obtained on samples with a standard
notch through the JZ, inadequately represent fracture
resistance of a welded joint with admissible flash-butt
welding defects, and, therefore, they cannot be a re-
liable characteristic of its fitness-for-purpose.

Proceeding from the above, an unambiguously
positive reply can be given to one of the main ques-
tions: are the obtained values of KCV impact tough-
ness of the metal of flash-butt welded joints in as-
welded condition indeed sufficient to ensure reliable
performance of pipelines under the conditions of serv-
ice. It should be also taken into account that KCV
values correlate with fracture mechanics charac-
teristics (K1c, δc). Their required level for prevention
of welded joint fracture is directly related to the type
and dimensions of the most probable defects, charac-
teristic of the accepted welding process, including
crack-like defects, the maximum dimensions of which
are determined by the resolution of the used inspection
techniques. Therefore, absence of hazardous defects
in the metal of flash-butt welded joints guarantees
their integrity at lower impact toughness values com-
pared to the welding processes, in which cast metal
forms in the welding zone. This is confirmed by many
years of commercial operation of flash-butt welded
pipelines.

Considering the known fact that «brittleness is
not a property of a structural material and is deter-
mined not only by its structural state, but also by an
essential influence of structural-technological fac-
tors ...» [12], in assessment of impact toughness of
flash-butt welded joints it is important to create such
a stress-strain state in the tested sample that the nature
of its deformation and fracture corresponded to sam-
ples with admissible defects. Here, the main testing
condition is ensuring simultaneous plastic deformation
of the metal of JZ and thermomechanical strengthen-
ing zone. Such a task can be solved by reducing the
depth of the mechanical notch down to zero (samples
without an artificial stress raiser), changing their
number and location in the welded joint.

In publications there is an example of localization
of plastic deformation and fracture in the specified nar-
row volume of the tested impact sample by making two
additional notches in the plane of location of the main
notch on the side faces adjacent to it. Additional notches
are similar to the main one in shape and size [13].

Figure 2. Fracture surface of impact samples of welded joints after
their testing in as-welded condition with a standard mechanical
notch, KCV = 32 J/cm2 (a) and without an artificial notch with
structural inhomogeneity (marked by an oval), KD = 161 J (b)
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In [14], noting the practical absence of defects in
flash-butt welded joints, it is proposed to lower stress
concentration in standard KCV samples at the expense
of reducing the notch depth. Testing conducted at
PWI at the temperature of 20 and —20 °C of flash-butt
welded joints on large-diameter pipes from steels of
different strength grades, at different absolute values
of notch depth h with radius r = 0.25 mm in standard
samples, confirmed the potential of such an approach.
With reduction of the depth of mechanical notch to
h = 1 mm impact toughness values increase more than
2 times compared to a notch with h = 2 mm. Increase
of the values occurs as a result of increase of the
volume of metal involved in plastic deformation.

To determine the level of toughness properties of
metal of flash-butt welded joints, it is necessary to
eliminate JZ constraint by the adjacent large volumes
of stronger metal of thermomechanically strengthened
zone in the standard sample. With this purpose addi-
tional «straightening grooves» with geometrical pa-
rameters of the standard notch, located parallel to the
notch through the JZ, were made in the high-hardness
regions of thermomechanically strengthened zone.

Figure 3, a shows a schematic of making samples
of flash-butt welded joints of 10 × 10 × 55 mm size
with a standard notch through the JZ and two addi-
tional grooves. Such grooves are made in parallel to
the notch through the JZ at distance k = h (where k
is the distance between the axes of the central and
additional notches) on both sides from its center. In
such a sample, in keeping with Neuber theory [15]
stress concentration is mutually lowered, compared
with one central notch, and practically equal condi-
tions of plastic deformation of the metal of JZ and
thermomechanically strengthened zone are created.

By analogy with accepted designations of impact
energy and impact toughness, representing the con-
centrator type KV, KCV, we will introduce K3V and
KC3V symbols for the proposed sample with three
notches. Figure 4, a shows a typical nature of fracture
in impact testing of samples with three notches from
sound flash-butt welded joints, the characteristics of
which meet the requirements of standards, and Fi-
gure 4, b shows defective joints, not meeting these
requirements. Fracture energy of impact samples
(with three notches 2 mm deep with 0.25 mm radius)
of welded joints of pipe steel of X70 strength grade
in as-welded condition, is as follows:

• in sound joints made in the optimal mode, at

Ttest = 20 °C K3V = 
114.6—254.3

177
 J, at Ttest = —20 °C

K3V = 
112.8—214.4

130
 J;

• in defective joints made with mode violation
(inadmissible defects found in fractures), at Ttest =

= 20 °C K3V = 
4.8—21.0

11.5
 J. At testing of sound flash-

butt welded joints it is established that the welding

zone, including JZ and thermomechanical strengthen-
ing zone, on the whole, has a high deformation ability,
and, hence, high values of impact toughness. Here JZ
was subjected to considerable plastic deformation at
tension. While before testing the distance between
the notch edges at its tip in accordance with its notch
radius was equal to 0.5 mm (2r = 2 × 0.25), after
testing it increased 2.4—3.6 times (see Figure 3, b and
c). These data are indicative of considerable ductility
of JZ metal and its sufficiently high resistance not
only to initiation, but also to propagation of cracks.
In some samples micro- and macrocracks appeared at
the bottom of the central notch through JZ (Figure 5),
but they did not propagate any further. Final fracture
of the sample in the shear mode was brought about
by cracks initiating in the tips of the two side notches
(see Figure 4, a).

Figure 3. Schematic of KC3V impact sample: a – notch location;
b – region of a sample with notches before testing; c – central
notch after testing

Figure 4. Typical nature of fracture of KC3V samples cut out of
joints made in the optimum mode (sound joint) (a) and in modes
with violation of the main parameters (defective joints) (b)
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It is important that the proposed testing type al-
lows revealing, alongside the NDT methods [16, 17],
butt joints with inadmissible defects in the JZ. Such
samples fail only through the central notch with low
values of K3V fracture energy (see Figure 4, b).

At testing samples of a standard size with three
notches from a sound joint of steel of strength grade
X70 (samples from welded sectors of pipes supplied
by Khartsyzsk plant, with impact toughness of pipe
metal of more than 300 J/cm2 at 20 °C) in as-welded
condition had the energy consumed in fracture (K3V)
on average equal to 177 J at 20 °C temperature, and
to 130 J at —20 °C. Standard impact samples (with
one notch) of the same joints at 20 °C temperature
had KV of about 30 J, on average.

CONCLUSIONS

1. Values of impact toughness obtained on standard
samples with a sharp notch KCV through JZ in as-

welded condition, do not represent the true fracture
resistance of welded joints of pipes made by flash-butt
welding, with the characteristic admissible defects.
In this case, one of the factors determining KCV level,
are not the properties of the welding zone metal
proper, but its mechanical heterogeneity.

2. Conducted investigations with application of
the procedure of impact testing of samples with three
parallel notches changing the stress-strain state in the
welding zone, showed that the metal of flash-butt
welded joint, on the whole, and all its zones (JZ and
thermomechanical strengthening zone) in as-welded
condition have a sufficiently high resistance to impact
loading.

3. Investigation results account for the confirmed
by practical experience high operational reliability of
welded pipelines. There is every ground to eliminate
the requirements of application of postweld heat treat-
ment of flash-butt welded joints, which is recom-
mended to increase the impact toughness values.

Figure 5. Nature of deformation of the zone of central notch of
KC3V samples with micro- (a, c) and macrocracks (b, d); a, b –
top view; c, d – side view
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SIMULATION OF ELECTRIC CIRCUIT AS A STAGE
IN DEVELOPMENT OF POWER SOURCE WITH

CONTROLLABLE SHAPE OF ALTERNATING CURRENT

V.V. ANDREEV, E.M. EFREMENKO and G.N. MOSKOVICH
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The paper shows the effectiveness of simulation of electric circuit for power sources of alternating current of a controllable
shape at evaluation of output power characteristics and methods of their regulation.

Keywo rd s :  arc welding, power sources, alternating cur-
rent, simulation, current of a controllable shape

Welding electrical equipment at present time is de-
signed based on up-to-date element base allowing ob-
taining the characteristics of power supplies which
provide increase of the quality of welded joints with
simultaneous improvement of the economic factors.
However, achievement of these goals is related with
complication of hardware and functional constituents
of developed equipment. It requires a development of
special electric regulation systems, performance of
complex mathematical calculations for selection of
that or another elements of the electric circuit and
construction of expensive physical models.

Such tasks can be solved with the help of modern
packages for mathematic and simulation modelling
[1] with a less labor content and higher efficiency.
These packages were used during development of the

electric circuits for power supplies of alternating cur-
rent of a controllable shape. Study [2] showed that
control of the shape of direct and reversed polarity
current is very perspective, since it allows performing
alternating current MIG/MAG welding of high
strength steels and aluminum preserving high indices
of the mechanical properties of deposited metal. It
was also noted that elimination of chemical elements
is smaller in comparison with direct current welding.

Some circuits of investigated alternating current
supplies are given below. In the first circuit, a diode
bridge, consisting of VD1—VD4 diodes with induc-
tance L1 in its diagonal [4], is connected in series with
secondary winding of transformer T1 instead of thyris-
tor bridge [3] in contrast to existing developments.
A regulator consisting of two thyristors of opposite-
parallel connection VS1, VS2 and resistor R1 is con-
nected to primary winding circuit of the transformer.

Figure 1. Electric circuit of the power source of alternating current of the controllable shape (a) and its simulation model with recording
devices I1, Scope1 and pulse generator (b)

© V.V. ANDREEV, E.M. EFREMENKO and G.N. MOSKOVICH, 2011
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Here and in further circuits a load (arc) is represented
by linear element, i.e. pure resistance.

Regulation of load current output is carried out
on the primary circuit of a reducing transformer in
which current is in several times lower than in the
secondary circuit. Such an approach significantly
widen power capabilities of power supply and allows
applying it for arc welding as well as for electroslag
technologies at current value of 10 kA and higher. At
that the power supply has higher reliability and rela-
tively small price. Pulse generators G1 and G2 for
phase regulation by VS1 and VS2 thyristors, current
meter I1 and oscillograph Scope1 are used in the simu-
lation model (see Figure 1, b), developed in MATLAB
package. Such parameters as inductance of choke-ac-
cumulator L1, impedance of resistor R1, connection
time of thyristors VS1, VS2 were varied in signifi-
cantly wide ranges during simulation process for ob-
taining welding current of necessary shape and rate
of its rise at polarity change. The oscillograms, given
in Figure 2, showed the possibility of providing load
current integrity and relatively high alternating rate
as well as obtaining of different shapes of current of
direct and reversed polarity in operation from the
power supply (see Figure 1, a).

The second circuit (Figure 3, a) is a basis of power
part of the source of balanced and unbalanced alter-
nating current of low frequency [5]. Preliminary in-
vestigations of submerged-arc welding showed that
reduction of frequency of welding current up to 12—
16 Hz has positive effect on structure of deposited
weld metal. Such welding is carried out from the
power supply with a discrete regulation of current
frequency and independent regulation of duration of
its half cycles based on the thyristor regulator. It is
built only on two bridge circuits which are switched
to the secondary winding of power transformer [6].
This indicate a relationship between the welding cur-
rent frequency, weld pool free oscillation frequency
and technological indices of welding quality. How-
ever, presence of welding current ripple with 100 Hz
frequency at two or more half cycles, forming that
current, is characteristic for the electric circuit of such
power supply. The third thyristor bridge VS9—VS12,
having choke-accumulator L1 in its diagonal, is con-
nected to output of double-bridge regulator VS1—VS4
and VS5—VS8 for reduction of current ripples. The
regulation of frequency of welding current is per-
formed similar to the scheme of work [6], namely,
through development of positive and negative polarity
pulses of determined duration and their modulation.

It should be noted that the duration of pulses of
direct and reversed polarity current can be regulated
independently in a wide range that significantly in-
creases efficiency of modulation mode.

Simulation model of given power source, shown
in Figure 3, b, contains three controllers Controller 1—
3, designed for phase regulation of duration of direct

Figure 2. Oscillograms of load current of the power source (see
Figure 1, b) obtained at different values of control pulse phases by
thyristors VS1 and VS2: a – 0 and 0.010; b – 0.005 and 0.015;
c – 0.005 and 0.010; d – 0 and 0.015 s

Figure 3. Electric circuit of the power source of balanced and
unbalanced alternating current of low frequency (a) and simulation
models of given power supply (b) and block of phase regulation
Controller (c)
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and reversed polarity current, as well as device for
current measurement I1 and oscillograph Scope1 be-
sides three thyristor rectifying bridges VS1—VS4,
VS5—VS8, VS9—VS12 as in the basic electric circuit.
The outputs Out1—Out4 of each controller (see Fi-
gure 3, c) are connected to controlling electrodes gates
of thyristors Pulses of corresponding rectifying
bridges. The regulation of duration of pulses of direct
and reversed polarity current is carried out using given
model, consisting of a generator of different shape
signals Step, R, G and controlled switch of signals
Switch. The oscillograms of load current, representing
work of power supply in balanced and unbalanced
modes, are shown in Figure 4.

The next example considers one of the variants of
the power supply of alternating current of the con-
trollable shape. The electric circuit of the power sup-
ply [7] and its model are shown in Figure 5. In this
scheme two thyristors VS5 and VS6, linked to each

other, are additionally connected to the output of the
bridge by alternating current and part of choke wind-
ing together with transformer T1, thyristor bridge
VS1—VS4 and choke L1 on its diagonal. This solution
allowed controlling the values and shape of principal
current, including rectangular one, as well as shape
of the pulse which is superimposed on the principle
current (Figure 6) using pulse generator G1—G4. Such
a combined power supply increases performance of the
whole system at transition processes that has signifi-
cant importance in submerged-arc welding where a
lag of power supply is the reason for osculation of
mode parameters of welding process.

Therefore, the simulation during development of
welding power supplies allows evaluating the capa-
bilities of different circuits, various ways of regulation
of power parameters and perspective of practical ap-
plication, except for physical modelling.
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Figure 4. Oscillograms of balanced (a) and unbalanced (b) alternating current of low frequency obtained at different values of pulse
duration of load current of reversed and direct polarity: a – 0.1 and 0.1; b – 0.08 and 0.02; c – 0.06 and 0.04; d – 0.02 and 0.08 s

Figure 5. Electric circuit of the power source of alternating current
of the controlled shape (a) and its simulation model with recording
devices developed in MATLAB package medium (b)

Figure 6. Oscillograms of load current of the controlled shape (see
Figure 5, b) at different values of turn-on time of thyristors VS1—
VS4, VS5 and VS6: a – 0—0.01, 0.05 and 0.0015, b – 0.005—
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EXPERIMENTAL EVALUATION OF δ1c-CURVE
TEMPERATURE SHIFT AND BRITTLE-TOUGH

TRANSITION OF STRUCTURAL STEELS AND WELDED
JOINTS BY THE RESULTS OF STANDARD TESTS

V.P. DYADIN and L.Ya. YURKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Investigation results are given on fracture toughness based on the deformation criterion for the most common domestic
low-alloy structural steels of different thicknesses. An approach to evaluation of the brittle-tough transition temperature
depending on the thickness of the investigated rolled metal is suggested. Shift of the basic deformation δ1c-curve depending
on the thickness of the rolled metal and its standard strength characteristics was experimentally verified.

Keywo rd s :  structural steels, welded joints, impact tough-
ness, Charpy specimen, crack resistance characteristics, plane
deformation, metal thickness, temperature shift, brittle-tough
transition

Conventional criteria of transition from the plane
stressed state to plane strain are insufficiently studied
and require an experimental confirmation. The approach
suggested in study [1] to possible evaluation of tempera-
ture shift for deformation criterion δ1c depending on the
specimen thickness is not an exception either, and re-
quires an experimental verification as well.

Study [1] suggested that the lower temperature
bound, where it is possible to make some changes
when using the deformation criterion of fracture me-
chanics, should be limited by temperature T28 J, at
which the Charpy impact specimen fracture energy is
28 J at the lower bound of scatter. This limitation is
of a certain interest, as it allows comparing tempera-
ture shifts both by the load and deformation criteria
of fracture mechanics relative to a single point corre-
sponding to T28 J for standard Charpy impact speci-
mens.

Below we give results of experimental studies of
metal of the welded joints on the most common low-
alloy structural steels. The temperature shift of the
deformation δ1c-curve was determined according to
study [1].

Fracture toughness of weld metal. Consider in-
vestigation results on the characteristic of crack resis-
tance δc (δ1c) of the weld metal made with electrodes
of the ANO-TM grade (base metal 09G2S, thickness
t = 40 mm).

The weld was made in several passes into the X-
groove, after which the resulting welded joint was
cut normal to the weld axis into pieces to make the
following test specimens:

• three-point test specimens according to GOST
25.506—85 (type 4) to determine deformation charac-
teristic δc (δ1c);

• impact bend test specimens (Charpy specimens)
according to GOST 9454—78 (type 9);

• tensile test specimens according to GOST 6996—
66 (type 2).

Specimens for evaluation of characteristic δc and
for impact bend tests, having thickness of 35 mm,
were made with a notch oriented along the weld axis,
normal to the plate plane. Crack opening displacement
δc was determined in compliance with MP-170—85.

According to [1, 2], crack resistance characteristic
δ1c under the plane strain conditions was determined
from the results of standard mechanical tests:

δ1c = 0.5Aav/σ0.2, (1)

where av is the impact toughness of the Charpy specimens
(KCV) at the corresponding test temperatures, J/cm2;
A is the correlation coefficient (in the given case, A = 0.1
for low-alloy and low-carbon steels); and σ0.2 is the yield
stress of the material, MPa.

The specimens were cooled with liquid nitrogen in
a petrol bath. Temperature of the specimens during
the tests was monitored by using a thermocouple.

Mechanical properties of the weld metal made with
electrodes ANO-TM at Ttest = +20 (—60) °C were as
follows: σt = 569 (598) MPa, σ0.2 = 428 (455) MPa, δ =
= 30.7 (30) %, and ψ = 67.7 (67) %.

The test results for the weld metal are presented
in Table 1 and in Figures 1—3.

Fracture of the specimens was of a brittle and
quasi-brittle character over the entire temperature
range used to investigate toughness characteristic δc.
Brittle fracture of the specimens until reaching the
general yield was observed at a temperature down to
—20 °C. At a temperature of —15 °C, fracture of a
specimen took place at the point of reaching the gen-
eral yield of the material beneath the notch. At the
same time, no marked stable crack growth was fixed,
as can be well seen in Figure 2.

Evaluation of characteristic δc at room temperature
and analysis of the specimen fracture surfaces showed© V.P. DYADIN and L.Ya. YURKO, 2011
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an insignificant stable crack growth to a depth of
about 0.4—0.6 mm, which was followed by an unstable
crack growth by the quasi-brittle mechanism (see Fi-
gure 2). No drop of a load during the stable crack
growth was fixed in the loading diagrams.

To plot the theoretical curve shown in Figure 3,
we use the minimal values of specific impact toughness
of the Charpy specimens from the studied welded joint
for determination of the temperature shift of basic
curve δ1c. Then we find a temperature corresponding
to a value of 35 J/cm2 in the curve (in this case, it
was —23 °C) (see Figure 1). And, by using linear
extrapolation, we determine yield stress σ0.2 and tensile
strength σt of the welded joint corresponding to this tem-
perature (441 and 583 MPa, respectively).

By involving the relationship from study [3] be-
tween the calculated value of strain hardening nc and
strength characteristics σ0.2 and σt of the material

nc = —0.18 + 0.22σt/σ0.2, (2)

we find the calculated value of nc at a temperature of
—23 °C (nc = 0.11).

If strain εt at the point of a loss of plastic stability
of the material is known [4], the value of strain hardening
n can be calculated more precisely from the following
formula:

n = εt/(1 + εt). (3)

According to studies [1, 5], the value of charac-
teristic δc is expressed in terms of a function of n, β,
α and δ1c:

δc = f(β(t))δ1c, (4)

where f(β(t)) at t > 10 mm can be determined from the
following expression:

f(β(t)) = 
⎛
⎜
⎝
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√⎯⎯3
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 ×
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⎪
⎪/(1 — α)1 ⁄ n.

(5)

To simplify, take a mean value of α = 0.3 [1, 6] for
the given welded joint with f(β(t)) at a temperature of
—23 °C.

Figure 2. Fracture surface of specimens tested to three-point bend-
ing at different temperatures

Figure 1. Temperature dependence of impact toughness (minimal
values) of weld metal made by using electrodes ANO-TM (ΔT –
value of temperature shift from formula (6))

Figure 3. Temperature dependence of crack resistance charac-
teristics of metal: 1 – theoretical curve δ1c calculated from formula
(1); 2 – condition from formula (9); 3 – theoretical curve δ1c

(t) at
ΔT = 10 °C calculated from formula (7); points – experimental
values of δc

Table 1. Crack resistance characteristics δc of the weld made
with electrodes ANO-TM at three-point bending of 35 mm thick
specimen

Ttest, 
оС δc, mm

Probable stable growth of
crack, mm

—60 0.024 —

—36 0.044 —

—23 0.078 —

—15 0.139 —

+20 0.266 Up to 0.4

+20 0.323 Up to 0.6
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Given that with the specific fracture energy of the
Charpy specimens equal to 35 J/cm2 the temperature
is only —23 °C, a change in yield stress of the studied
welded joint is insignificant and, therefore, can be ig-
nored. In this case, based on study [1], the link between
temperature shift ΔT and basic deformation curve δ1c

can be expressed by the following dependence:

av
T28 J + ΔT ≈ av

T28 Jf(β(t)) = 54 J/cm2. (6)

The corresponding value of impact toughness is
shown in Figure 1. It can be seen from the Figure that
the value of impact toughness of the Charpy specimen
equal to 54 J/cm2 corresponds to a temperature of
—13 °C. Therefore, temperature shift ΔT is 10 °C.

By using the approach suggested in study [1], it
is possible to find theoretical deformation curve δ1c

(t)

shown in Figure 3 by shifting basic dependence (1)
to a value of ΔT:

δ1c
(t) = 0.5Aav

(t)/σ0.2
(t) , (7)

where δ1c
(t) is the corrected characteristic of fracture

toughness δ1c on a condition of a through crack propa-
gating in a structural element with thickness t and
temperature T; av

(t) is the impact toughness of the
Charpy specimen corresponding to corrected tempera-
ture Tt allowing for thickness Tt = T + ΔT; and σ0.2

(t)

is the yield stress at corrected temperature Tt.
As seen from Figure 3, calculated curve δ1c

(t) de-
scribes well enough the experimental values of δc.

It should be noted that the test temperature of
impact specimens equal to +20 °C does not yet provides
the upper values of specific fracture energy av

max in
the tough state along the lower bound of scatter. This
makes evaluation of characteristic δi (critical crack
opening displacement at the moment of initiation of frac-
ture in the tough state) from the results of the impact
tests somewhat difficult. At the same time, an insignificant
stable tough growth of a crack to a depth of about 0.4—
0.6 mm, as well as achieving the general yield state of
the material beneath a notch were fixed in determination
of characteristic δc at room temperature and analysis
of specimen fracture surfaces. Therefore, the value of
δi in the general yield state beneath the notch can be
evaluated allowing for this fact and for the following
dependence from study [2]:

δc = δi + Δl 
σt
σ0.2

 
n

(1 — n)2
 , (8)

where Δl is the value of the stable crack growth.
It follows from expressions (1) and (8), as well

as from the data of Table 1 that δi ≈ 0.2 mm.
Then, allowing for dependence (1), the value of

the specific fracture energy in the tough state can be
easily found from the lower bound of the scatter
(av

max = 170 J/cm2).

At the same time, when using the non-linear frac-
ture mechanics approaches for qualification of welded
joints on a number of critical structures (deepwater
off-shore stationary platforms, main pipelines, etc.),
first of all it is necessary to eliminate the probability
of brittle fracture of structural elements having a de-
fect in a region of nominal elastic strains.

Thus, according to the requirements [7] worked
out in collaboration with CRISM «Prometey» for met-
al of the welded joints on the most critical and heavy-
loaded structural elements, the value of critical crack
opening displacement should meet the following con-
dition:

δc ≥ 1.35t 
σ0.2

E
, (9)

where E is the elasticity modulus of the material,
MPa; and σ0.2 is the proof stress of this material, MPa.

This level at σ0.2 = 360—450 MPa is close to the
requirements of the Canadian standard [6], as well as
standards DNV and API for steels used in underwater
and ground-surface pipelines [8].

By assuming that δc = δ1c
(t), condition (9) can be

presented in the following form:

δ1c
(t) ≥ 1.35t 

σ0.2

E
. (10)

As seen from Figure 3, the point of intersection of
curves 2 and 3 almost coincides with the brittle-tough
transition temperature, where the stable crack growth
begins.

Allowing for dependence (7) and proceeding from
expression (10), the requirement to impact toughness
depending on the thickness of a structural element
and yield stress of the material in this case can be
written down as follows:

av
(t) ≥ 0.27t 

σ0.2σ0.2
(t)

EA
, (11)

where yield stresses σ0.2 and σ0.2
(t) , and elasticity modulus

E are expressed in megapascals, and thickness t is ex-
pressed in millimeters in order to preserve dimensions and
match formulae (7) and (10).

At low values of temperature shift ΔT, it can be
assumed in the first approximation that σ0.2 ≈ σ0.2

(t) .
Then expression (11) will have the following form:

av
(t) ≥ 0.27t 

σ0.2
2

EA
. (11а)

Relationship (11a) between the values of impact
toughness, thickness and standard strength properties
differs substantially from the dependence given in
study [8]

аv [J/cm2] ≥ 0.125σ0.2 [MPa]. (12)
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It can be seen from expression (11a) that the re-
quirement to impact toughness should be directly pro-
portional to the square of yield stress of the material
and thickness of the structural element, in contrast
to the linear dependence from formula (12).

To illustrate, Figure 4 shows a three-dimensional
plot of the required value of impact toughness av

(t)

depending on the thickness of the structural element
and yield stress of the investigated welded joint made
with electrodes ANO-TM in the brittle-tough transi-
tion range.

Fracture toughness of heat-affected zone of
welded joint. To minimise heterogeneity of the welded
joint and decrease error in evaluation of strength prop-
erties of the HAZ metal, mechanical properties of the
weld metal were chosen to be close to those of the
base metal. For this purpose, and to provide a
straighter embrittlement zone parallel to the plate
thickness, the welded joint was made with the K-
groove by using electrodes UONI-13/55, the base
metal being 25 mm thick steel 10KhSND.

Mechanical properties of the weld and base metals
are given in Table 2.

Investigation results on evaluation of the charac-
teristic of fracture toughness δc and value of impact
toughness av within the studied temperature range are
presented in Table 3 and in Figures 5 and 6.

It should be noted that the given investigation
results characterise crack resistance of the welded joint

in the HAZ metal only at a distance of 1 mm from
the fusion line.

Like for the weld, the temperature corresponding
to a value of 35 J/cm2 (—25 °C in this case) is found
from the minimal temperature curve of impact tough-
ness shown in Figure 5.

We take values corresponding to the mean values
of the base metal and weld equal to 424 and 569 MPa,
respectively, as yield stress σ0.2 and tensile strength σt

in HAZ.
Using formulae (2) and (5), we determine values

of nc and f(β) (nc = 0.115; f(β) = 2.02). Then, according
to expression (6), av

T28 J + ΔT ≈ 70 J/cm2.
As seen in the curve in Figure 5, the value of impact

toughness of the Charpy specimen equal to 70 J/cm2

corresponds to a temperature of —5 °C. Therefore, tem-
perature shift ΔT is 20 °C.

In turn, this allows deformation curve δ1c shown
in Figure 6 to be shifted to the same value. Curve 1
in Figure 6 was plotted by using the minimal experi-
mental values of impact toughness of the Charpy speci-
mens from the investigated zone of the welded joint.

Calculated theoretical deformation curve δ1c
(t) cor-

responding to a temperature shift of 20 °C is shown
in Figure 6. As seen from the Figure, the obtained
point of intersection of curves 2 and 3 almost coincides
with the brittle-tough transition temperature, where
the stable crack growth begins.

Fracture toughness of low-alloy structural steels.
Consider investigation results on fracture charac-
teristics δc (δ1c) in the plane of rolled structural steels
09G2S, 10KhSND and 14G2AF.

Figure 4. Values of impact toughness from formula (11a) for the
welded joint made with electrodes ANO-TM in the brittle-tough
transition range depending on thickness of a structural element and
its strength properties

Table 2. Mechanical properties of welded joint (T = 20 °C)

Material σ0.2, MPa σt, MPa nc acc. to (2) δ, % ψ, %

Base metal 407—424
415

585—592
588

0.13 23.6—24.6
24.3

67.9—69.8
69.1

Weld metal 416—450
433

540—561
550

0.10 23.6—24.6
24.3

66.0—67.9
66.9

Table 3. Characteristics of crack resistance δc and impact tough-
ness of welded joint in the HAZ metal on the three-point bend
test specimen 25 mm thick

Ttest, 
оС δc, mm δc

max, mm
f(β(t)) acc.

to (5)
av, J/cm2

+20 — — 2.02 122; 120; 130

—25 0.245 — — —

—25 — 0.670 — —

—30 — — — 27; 31; 32

—40 0.045 — — —

—55 0.100 — — —

—60 0.065 — — 16; 22; 27
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Mechanical properties and strain hardening factor
nc calculated from formula (2) for the investigated struc-
tural steels in the rolling plane are given in Table 4.

Chemical composition of the investigated steels is
given in Table 5.

To determine crack resistance characteristics and
impact toughness values of steel 10KhSND in rolling
plane (with plate thicknesses of 40 and 25 mm), the
37 and 25 mm thick specimens were made for evalu-
ation of characteristic δc according to the recommen-

dations of GOST 25.506—85 (type 4). Similarly, for
evaluation of characteristic δc of structural steels
09G2S, 09G2S-Sh and 14G2AF, the 19, 70 and 36 mm
thick specimens, respectively, were made from them.
The Charpy specimens for the above materials were
cut from the central part of the rolled metal through
thickness with a notch oriented in the same direction
as for evaluation of characteristic δc.

Figure 5. Temperature dependence of impact toughness of the near-
weld zone: points – experimental values (the curve was plotted
using the minimal experimental values)

Figure 6. Temperature dependence of crack resistance charac-
teristics: 1 – theoretical curve δ1c calculated from formula (1);
2 – condition from formula (10); 3 – theoretical deformation
curve δ1c

(t) at ΔT = 20 °C calculated from formula (7); points –
experimental values of δc

Table 4. Mechanical properties and strain hardening factor nc of structural steels

Steel grade t, mm Ttest, 
оС σy, MPa σt, MPa nc δ, % ψ, %

10KhSND 25 +20 353.4 523—530
526

0.147 32.7—33.0
32.6

67.9

—30 422.7 627—630
526

0.147 33.7—36.6
35.1

73.3

—60 453.5—488.2
470.8

633—682
668

0.133 28.7—36.6
31.6

67.9—71.6
69.7

37 +20 350.0 544—551
545

0.162 32.0 75.0

—30 346.5—381.6
363.8

561—566
564

0.161 30.0—36.0
33.6

72.0

—60 380.2 590 0.161 32.3—34.0
33.0

71.6—73.3
72.0

09G2S 19 +20 294.8—315.6
306.1

503—517
508

0.185 36.6—38.6
37.4

78.2

—30 336.1—329.1
332.6

544—551
547

0.182 38.3 78.2

—60 347.0—353.4
350.2

589 0.190 40.0 75.0

09G2S-Sh 70 +20 275.0 450 0.180 39.1

—60 332.0 530 0.171 40.0

—70 384.0 556 0.139 39.0

14G2AF 40 +20 400.0—415.0
406.0

576—586
581

0.135 32.0—33.3
32.6

67.2—67.7
67.5

—60 430.0 612 0.133 32.0 67.0
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Table 6. Results of three-point bend tests of Charpy specimens (orientation of specimens – across the rolling direction)

Steel grade t, mm Тtest, °С av, J/cm2 av
max, J/cm2 ΔT, оС

10KhSND 25 +20 82; 80; 68 82 24

0 63; 59

—30 30; 28; 26

—60 21; 18

10KhSND 37 +20 210; 192; 181 210 17

0 175; 150; 131

—20 106; 85; 78

—40 72; 58; 51

—60 52; 47; 35

09G2S 19 +20 315; 198; 196 315 20

—20 155; 87; 75

—40 92; 55; 52

—60 72; 14; 7

—70 22; 16; 15

09G2S-Sh 70 +20 >375 >375 1

0 >375

—20 >375

—30 >375; 300; 314

—40 234; 285; 282

14G2AF 36 —60 212; 207; 229 256 6

—80 20; 15; 9

+20 256; 256

0 205; 196; 161

—40 150; 97; 92

—70 61; 51; 15

Table 5. Actual chemical composition of investigated structural steels, wt.%

Steel grade
Specimen

thickness, mm
C Mn Si Ni Cu S P Cr

10KhSND 25 0.079 0.73 0.944 0.61 0.40 0.027 0.022 0.74

10KhSND 37 0.073 0.55 0.844 0.59 0.42 0.023 0.014 0.73

09G2S 19 0.050 1.13 0.670 0.02 0.05 0.045 0.017 0.10

14G2AF 40 0.200 1.67 0.458 0.09 0.35 0.036 0.030 0.17
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Figure 7. Temperature dependence of impact toughness of rolled
steel 10KhSND 25 (a) and 37 (b) mm thick (see designations in
Figure 5)

Table 7. Results of evaluation of crack resistance characteristics
δc (δ1c)

Steel grade t, mm
f(β)
acc.

to (5)
T28 J, °С

av
T28 J + ΔT,
J/cm2 Тtest, 

оС
δc (δi),

mm

10KhSND 25 1.73 —22 60 —20 0.365

—40 0.040

—53 0.115

—60 0.038

10KhSND 37 1.36 —60 48 —25 0.227

—40 0.099

—60 0.117

09G2S 19 1.90 —48 66 +20 (0.500)

+20 (0.480)

+20 (0.480)

—37 0.475

—40 0.515

—40 0.545

—51 0.305

—53 0.190

—60 0.125

—63 0.480

—63 0.510

—67 0.085

09G2S-Sh 70 1.16 —77 40 —65 0.950

—73 0.373

—74 0.133

—75 0.202

14G2AF 36 1.44 —62 50 +20 (0.305)

—40 0.300

—53 0.190

Figure 8. Temperature dependencies of impact toughness of 19 mm thick rolled steel 09G2S (a), 70 mm thick rolled steel 09G2S-Sh
(b), and 36 mm thick rolled steel 14G2AF (c) (see designations in Figure 5)
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The impact bend test results are presented in Ta-
ble 6 and in Figures 7 and 8.

As seen from Table 6 and Figure 7, the investigated
25 mm thick rolled steel 10KhSND is characterised
by too low values of fracture energy av

max and increased
temperature to meet the requirement of 28 J.

The value of δc was determined under static loading
of the specimens at three-point bending within a tem-
perature range of —75 to + 20 °C. Displacement of the
crack edges was measured by using two displacement
sensors. The test results are presented in Table 7 and
in Figures 9 and 10. Also, it should be noted that tough-
ness characteristic δc at temperatures below —20 °C were
determined under the maximal load.

To determine δi in tough fracture of steels 09G2S and
14G2AF, stable crack growth Δl was fixed during the
tests conducted at room temperature, after that the value
of critical crack opening displacement corresponding to
the beginning of tough fracture was evaluated from the
results of tests of several specimens [9, 10].

Corrected calculated fracture toughness charac-
teristic δ1c

(t) obtained with a temperature shift of curve
1 to the ΔT value, according to Table 7, is shown in
Figures 9 and 10.

As seen from the data presented, the proposed cal-
culated values of δ1c

(t) describe well enough the experi-
mental values of deformation characteristic δc at the
lower bound of their scatter depending on the speci-
men thickness. This is indicative of the fact that the
selected characteristics affecting the plane strain to
plane stressed state transition condition depending on
the specimen thickness are correct.

As far as a change in temperature shift C according
to standard ASTM E 1921—97 is concerned, despite
the general tendency to decrease in the ΔT value with
increase in thickness of the specimens investigated,
no direct relationship was observed between these two
characteristics. The obtained experimental values of
ΔT depending on thickness of the specimens tested to
three-point bending are shown in Figure 11. As seen
from the Figure, the recommended temperature shift
C according to standard ASTM E 1921—97 only limits
the temperature range of search for the values that
correspond to Kjc = 100 MPa⋅m0.5, as it describes only
the mean values of the experimental data.

In general, it should be noted that, according to
the results of experimental verification, when deter-
mining the temperature shift by using the approach

Figure 11. Dependence of temperature shift ΔT on thickness of
specimens tested to three-point bending under static loading:
curve – recommended temperature shift C according to standard
ASTM E 1921—97; points – experimental values of ΔT

Figure 10. Temperature dependence of crack resistance characteristics of rolled metal: a – steel 09G2S; b – steel 09G2S-Sh; c – steel
14G2AF; 1—3 – same as in Figure 9

Figure 9. Temperature dependence of crack resistance charac-
teristics of rolled steel 10KhSND: 1 – theoretical curve δ1c calcu-
lated from formula (1); 2 – condition from formula (10); 3 –
curve δ1c

(t) calculated from formula (7)
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suggested in study [1] it is necessary to take into
account both deformation and strength characteristics
of the material. This makes it possible to more rea-
sonably approach both selection of the temperature
shift and determination of the temperature transition
allowing for thickness of a structural element.
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DETACHABILITY OF SLAG CRUST IN ARC WELDING
(Review)

Part 2. Character of the effect of main factors
on detachability of slag crust*

S.I. MORAVETSKY
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The effect of various particular factors on detachability of slag crust in automatic arc welding is analysed. It has been
established that the flux being developed for narrow-gap automatic arc welding of thick joints should ensure formation
of the slag crust with the minimum possible strength and maximum possible linear thermal expansion coefficient. Brief
characterisation of the currently available methods for experimental evaluation of detachability of the slag crust is given.

Keywo rd s :  submerged arc welding, multipass welding,
narrow gap, alloyed steels, slag crust, detachability, chemical
adhesion, phase composition of slag, oxidation potential

Problems associated with removal of slag crust in nar-
row-gap welding of thick-walled butt joints on alloyed
steels are caused by chemical adhesion of slag to the
weld metal and mechanical fixation of the crust. The
mechanism of chemical adhesion was formulated in
Part 1 of this study [1].

Mechanical fixation of the crust on the surface of
a welded joint may take place independently of the
presence or absence of chemical adhesion. In some
cases such geometric peculiarities of the metal surface
as depressions may be filled up with a liquid slag,
which solidifies in cooling, thus leading to mechanical
jamming of the crust when it is removed. This can be
caused by violations of the welding technology result-
ing in formation of such defects as lacks of fusion,
undercuts, and coarse ripples on the weld surface.
However, in many cases the conditions that cause
mechanical fixation of the crust may result from edge
preparation even with a strict adherence to the welding
technology. During groove filling, the edges of the
pieces welded approach each other (the groove be-
comes narrower), this causing fixation and compres-
sion of the slag crust in the groove. The latter is likely
to take place if approaching of the edges exceeds the
value of transverse reduction of the slag crust.

The welding process is characterised by many par-
ticular factors that affect completeness of occurrence
of both mechanisms causing deterioration of detach-
ability of the slag crust (chemical adhesion and me-
chanical fixation). Knowledge of the role and char-
acter of the effect of the above factors on detachability
of the slag crust is very important for development of
a flux for multipass narrow-gap welding of alloyed

steels. In this connection, it is of interest to analyse
the available applied research results on the effect of
the most important factors on detachability of the slag
crust.

Detachability of the slag crust can be affected to
a substantial degree by varying the welding process
parameters. Increase in heat input during welding of
low-carbon steel leads to increase in time of contact
of the softened slag and solidified weld metal. This
results in growth of thickness of the oxide interlayer
and deterioration of detachability of the slag crust.
Decrease in arc voltage causes decrease in the amount
of the molten slag and favours improvement of de-
tachability of the slag crust [2]. However, the tech-
nology for welding of low-alloy limited-weldability
steels stipulates for a wide-range variation of the proc-
ess parameters, as well as for concurrent heating. In
this connection, in welding of the given steels the
above regularities are of low practical significance.

Correlation was revealed between the character of
detachability of the slag crust, adhesion W and surface
tension σm—s at the metal—slag interface [3]. It was
experimentally proved that deterioration of detacha-
bility of the slag crust is accompanied by decrease in
inter-phase tension at the interface between the slag
and metal, which corresponds to increase in wettabil-
ity of metal with the slag and intensification of the
oxidation-reduction processes at the metal—slag inter-
face [4]. In this case, the value of adhesion calculated
from the Dupre formula increases:

W = σm + σs — σm—s,

where σm (σs) is the surface tension of metal (slag)
at the interface with the environment.

It was established that detachability of the slag
crust at W > 9⋅10—3 N/cm is unsatisfactory inde-
pendently of the proportion of the slag and deposited
metal, and at W < 9⋅10—3 N/cm the lower the value
of W, the better is the detachability.© S.I. MORAVETSKY, 2011

*Beginning of the article is given in TPWJ, 2011, No. 1.
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Much experimental data on the relationship of lin-
ear thermal expansion coefficient (LTEC) of slag αs

and metal αm have been accumulated, but the conclu-
sions made by different researchers are contradictory.

For instance, the authors of studies [5, 6] are of
the opinion that the slag crust can be most readily
removed from the groove at αs > αm. At αs = αm the
crust is not jammed, but some deterioration of its
detachability might be expected. At αs < αm, the
higher the difference of αs — αm, the more difficult it
is to remove the crust from the groove. LTEC of slags,
like of other oxide systems, depends on the chemical
composition and may vary over very wide ranges [5,
6]. However, there is an opposite opinion that an easy
detachability of the slag crust can be achieved if αs <
< αm. This statement can be found in many papers
with a reference to study [7], where detachability of
the slag crust formed in manual deposition of beads
on steel plates by using electrodes VSR-50 manufac-
tured by several factories was determined experimen-
tally. In each case the volume thermal expansion co-
efficients (VTEC) of the slag crust were measured,
among other parameters. And it was established that
the electrodes with a better detachability of the slag
crust had a lower value of VTEC than the electrodes
with a worse detachability.

Proceeding from the simplified mechanism of fixa-
tion of the slag crust in the groove on the basis of the
αs and αm relationship, study [6] expresses doubts
about the results obtained in [7]. Moreover, it ignores
the substantial differences in the procedure used by
the authors of study [7] to determine detachability of
the slag crust. Nevertheless, investigation of the com-
bined cooling of the slag crust and plate with the
deposited bead suggests that the conclusion of study
[7] is correct.

Also, there is an opinion that in terms of detach-
ability of the slag crust the absolute difference of αs —
— αm is important, rather than the relationships of the
type of αs ≥ αm or αs < αm. The higher the value of
|αs — αm|, the better is the detachability of the slag
crust, other conditions being equal. Based on the hy-
pothesis of a local fixation of slag, the authors of
study [8] see this effect of LTEC in the presence of
chemical adhesion of the slag to metal «rooted» into
the grain boundaries. Increase in |αs — αm| leads to
growth of tangential stresses at the slag to metal in-
terface in cooling, which promotes fracture of the
grain-boundary connecting «links» between the slag
and metal.

Investigations were conducted to closely study po-
lymorphic transformation of dicalcium silicate, and
its realisation with a positive result was tested in
practice of manufacture of covered electrodes [9—11].
It is a known fact that in cooling of dicalcium silicate
2CaO⋅SiO2 its high-temperature β-modification with
a density of 3.10—3.28 g/cm3 transforms into a low-
temperature γ-modification with a density of 2.80—

2.97 g/cm3. The transformation has no definite start-
ing temperature. It may occur at a temperature from
1000 °C to room temperature, depending on the con-
ditions. The resulting increase of up to 12 % in the
specific volume of slag and internal stresses in them
leads to self-grinding (self-spilling) of the slag, which
has a very favourable effect on its removal from the
groove.

Based on the stoichiometric proportion of oxides
in structure of 2CaO⋅SiO2, the authors of studies [9,
12] believe that the necessary condition for formation
of this silicate in slag is the proportion of the CaO:SiO2

molar fractions close to 2, or the weight fraction pro-
portion close to 1.87, or CaCO3:SiO2 = 3.33. In prac-
tice, the lower limit of the CaO:SiO2 proportion, at
which 2CaO⋅SiO2 can be detected in slag by X-ray
diffraction analysis and improvement of detachability
of the slag crust is observed, can amount to 0.5.

Study [13] describes the polymorphic transforma-
tion occurring at T = 800—650 °C in slags of the MgO—
SiO2—BaO—Al2O3 system, which is accompanied by
increase in the specific volume without self-spilling
of the slag. In this case, the polymorphic transforma-
tion plays a negative role in detachability of the slag
crust.

An addition of 15 wt.% ZrO2 to the oxide-fluoride
slag system allows a substantial improvement of de-
tachability of the slag crust in welding with self-
shielding flux-cored wires [14]. Zirconium dioxide
forms an independent crystalline phase of ZrO2 in
slag, in addition to calcium zirconate CaO⋅ZrO2. Cool-
ing involves a number of polymorphic transformations
of ZrO2 with a marked change in the specific volume
of the newly formed phases, this positively affecting
detachability of the slag crust.

Therefore, the polymorphic transformations of slag
accompanied by a change in the specific volume may
have both positive and negative effect on detachability
of the slag crust.

An important factor of detachability of the slag
crust is its strength. As follows from the above regu-
larities, it plays an ambiguous role, and its role de-
pends on the type of a welded joint and presence of
chemical adhesion between the slag and metal. Low
mechanical strength of the slag promotes an easier
removal of the slag crust jammed in the groove at the
presence or absence of chemical adhesion, as well as
from the surface of the bead deposited on a plate at
the absence of chemical adhesion. High mechanical
strength of the slag crust, as believed by the authors
of study [8], provides its easier removal from the sur-
face of the deposited bead at the presence of chemical
adhesion.

The factors of strength of multi-phase systems of
partially solidified or mainly crystalline slags are pro-
portions of crystalline and amorphous components [2],
as well as types and sizes of crystals. It might be
expected that decrease in strength of the slag crust
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will be favoured primarily by the phenomena that lead
to formation of structural stresses and microdefects in
it, such as anisotropy of thermal expansion of crystals,
difference in LTEC between the glass phase and ad-
jacent crystals and between separate crystals, suscep-
tibility of crystals to polymorphic transformations
with a change in their specific volume, etc. The degree
of compactness of the slag crust also has a marked
effect on its strength [15]. A spherical pore formed in
a material acts as a mechanical stress raiser, and the
smaller the radius of the pore, the stronger is its effect.
According to the calculations [16], the 10 % porosity
decreases strength of the material approximately two
times, compared to the solid material.

Detachability of the slag crust is a very compli-
cated process, the character of which depends on many
phenomena of a physical-chemical and physical-me-
chanical nature. In this connection, the general physi-
cal investigation methods are applied to study prob-
lems of detachability of the slag crust. For example,
to investigate slag in terms of its structural-size cor-
respondence to the weld metal and oxides, in a general
case it is necessary to determine chemical composition
of metal, identify crystalline phases in the metal, its
oxides and slags, and determine type and parameters
of their crystalline lattice. The chemical, spectral, X-
ray diffraction and X-ray microprobe analysis methods
are employed for these purposes. Phase (mineralogi-
cal) composition of slags is also investigated by the
crystal optics and petrography methods. The presence
and temperature of occurrence of polymorphic trans-
formations in slags with a change in their specific
volume are established, and LTEC values of the slags
are determined by using the dilatometry methods.

As noted above, strength of the slag crust is an
important factor in terms of its effect on detachability.
Strength of the slag crust can be predicted from the
results of identification of the slag phases. However,
of a higher interest is its direct quantitative evalu-
ation. The procedure of determination of strength of
the slag crust is used for this purpose [14].

Methods for direct experimental determination of
detachability of the slag crust have the following se-
quence: realisation (simulation) of the investigated
variant of welding with participation of the metal and
slag phases; removal of the slag crust by the procedure
that involves the force impacts on it as a physical
experiment with a simultaneous measurement of pa-
rameters and results of these impacts, or as a techno-
logical test with a statement of qualitative attributes.
These methods allow a direct determination of detach-
ability of the slag crust as a result of the additive
effect of a set of factors characteristic of the selected
technological variant of welding.

As the manual slag crust removal method is most
widely applied in the welding industry, the first no-
tions of the character of detachability of the slag crust
were, undoubtedly, of the organoleptic origin, and

specialists considered this property of the slags to be
qualitative. The qualitative (point-rank) method for
evaluation of detachability of the slag crust in welding
consists in the fact that performer of the slag crust
removal operation forms its own opinion on the de-
tachability proceeding from the results of his direct
actions. Determination of the detachability at the
qualitative level is more preferable for production, as
it is not time-consuming and requires no special tools.
Also, this method is very often used in theoretical
studies [1, 2, 6, 12—15, 17].

When solving the problems of detachability of the
slag crust, it is desirable to have the possibility of
quantifying it at the scientific-and-technical level.
One of such methods [18] is based on the fact that
V-groove welding is performed on a plate of the in-
vestigated base metal by using the investigated weld-
ing consumables. Upon cooling a sample to room tem-
perature, the angle between the groove edges is gradu-
ally increased by three-point bending under static
loading until the slag is detached. The authors of study
[18] take angle γ of bending of the plate equal to
increase in an angle between the V-groove edges at
which the slag is detached as a measure of detacha-
bility of the slag crust.

Other methods were suggested later on, where the
energy of various dynamic loads transferred to the
welded joint or slag crust to remove it from a unit
surface of metal was used as a measure of detachability
of the slag crust. Detachability of the slag crust in
this case is measured in Joules per square meter or
square meters per Joule.

Such a method was first proposed by I.N. Vor-
novitsky and co-authors [19, 20]. Thereafter it re-
ceived acceptance in practical studies [9, 21, 22]. Ac-
cording to this method, an experimental sample with
a deposited bead in the V-groove and non-removed
slag was put on supports of the impact pendulum-type
testing machine. The rear plane of the sample was
impacted by a weight suspended on the pendulum.
Energy E transferred to the experimental sample as a
whole was metered by varying mass and height of
lifting of the weight. The E/F ratio was calculated
by measuring area F of the weld metal cleared from
the slag as a result of the impact.

The method described in study [23] is based on
the principle of removal of the slag crust by the inertia
force. According to this method, a stop of the sample
moving at speed v because of impact collision with a
fixed arrester causes removal of the slag with mass M
from some surface of a spot weld with area S under
the slag inertia forces. Division of its kinetic energy
accumulated before the stop by surface area S gives
the value of the specific energy of detachability of the
slag crust. A drawback of the method is that prepa-
ration of the sample is not related to the welding
technology. This makes it necessary to study the issue
of the effect by the weld deposition conditions on
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detachability of the slag crust, as this property may
depend, in particular, on the heat input, time of ex-
istence of the slag pool, etc. [1].

The common drawback of the methods for deter-
mination of detachability of the slag crust [20, 23]
and method for evaluation of strength of the slag crust
[5] is that it is necessary to establish the minimal
value of the force effect sufficient for obtaining the
planned experimental result. The minimal value of
the energy can be correctly determined by the said
methods only by way of multiple reiteration of the
experiment, where the energy of the force effect gradu-
ally changes, the other factors remaining unchanged.
For this it is necessary to prepare several, nominally
identical experimental samples, which makes the in-
vestigations more time- and materials-consuming.

Therefore, development of the new methods for
quantitative evaluation of detachability of the slag
crust (as well as for improvement of the available
ones) should be regarded as a topical problem for
specialists in the field of welding.

CONCLUSIONS

1. In welding of alloyed steels, the possibilities of
improvement of detachability of the slag crust through
varying the welding process parameters are limited.

2. To improve detachability of the slag crust, the
composition of flux for welding of thick-walled joints
on alloyed steels should be selected so that it could
provide the slag crust with a maximum possible LTEC
and minimum possible strength.

3. Strength of the slag crust can be changed, and
its detachability can be improved by providing a target
effect on peculiarities of its micro- and macrostructure,
in particular, due to the presence of the phases sus-
ceptible to polymorphic transformations, which leads
to self-spilling of the slag.

4. The majority of the available methods for direct
experimental determination of detachability of the
slag crust are characterised by increased time and ma-
terials intensity, this hampering their wide applica-
tion. Development of the methods for quantitative
determination of detachability of the slag crust in
welding is still a topical problem. At present, the
qualitative method for evaluating it on bead-on-plate
samples is most common.
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CAUSE OF SECONDARY HARDENING IN Cr—Mo—V WELD
METAL DURING LONG-TERM HEAT EXPOSURE

P. MOHYLA, I. HLAVATY and P. TOMCIK
Technical University of Ostrava, Czech Republic

Results of microstructural analysis quantified changes in the dispersion phase in Cr—Mo—V weld metal during exposure
in the sub-creep range are presented. The hypothesis that changes in the dispersion of MX particles during long-term
heat exposure are significant has been confirmed by presented results.

Keywo rd s :  CrMoV steel welds, sub-creep range, secondary
hardening, vanadium carbides and carbonitrides, microstructu-
ral analysis, image analysis

Low-alloy creep-resistant steels of 0.5 % Cr—0.5 %
Mo—0.3 % V type are used in power industry for fab-
rication pipes and tubes. Their long-term creep resis-
tance, expressed as creep rupture strength (CRS) after
105 h, is significantly higher in comparison with
2.25 % Cr—1 % Mo steels. The other significant prop-
erty of creep-resistant steels containing vanadium is
their demanding technological processing, which
stems from the dominant affect of the dispersion phase
on their mechanical properties. Parameters of disper-
sion phase are very sensitive on heat treatment. Va-
nadium carbides and carbonitrides (MX particles),
which precipitate mainly during tempering, play the
key role in Cr—Mo—V steels.

However, during long-term heat exposure the num-
ber, mean size and mean spacing of particles are
changed. These changes significant influence mechani-
cal properties and thereby even the durability and
operating reliability of power equipment. Operation
of the tested steel 14MoV6-3 in the sub-creep tem-
perature range (maximum 480 °C) causes secondary
hardening, accompanied by a decrease of impact
toughness. The mentioned secondary hardening is es-
pecially pronounced in welded joints tempered at tem-
peratures lower than those required by the material
specification, i.e. temperatures lower than 720 °C.

Figure 1 shows the changes in hardness and impact
toughness of weld metal tempered at 680 °C. Mechani-
cal properties were measured according to relevant
standards [1]. Microanalysis using an electron micro-
scope was performed to confirm additional precipita-
tion of MX particles in weld metal of 14MoV6-3 steel.

Electron microstructural analysis. Weld metal
samples tempered to 680 °C and after subsequent heat
exposure served as material to be studied. Parameters
of simulated heat exposure were as follows: for sample
1.0 – initial condition; for sample 1.11 – after an-
nealing at 500 °C for 23.4 h; for sample 1.1 – after
annealing at 550 °C for 50.4 h; and for sample 1.20 –
after annealing at 550 °C for 546.5 h

These samples are highlighted in Figure 2. Parame-
ters of simulated heat exposure are recalculated to
operating temperature of 450 °C.

Structure-phase analysis of weld metal. The weld
metal microstructure contains a mixture of ferrite and
bainite. The electron-microscope study was conducted
using transmission electron microscope (TEM) of
JEM 200CX type, equipped with an energy dispersion
analyser. Identification of minority phases was per-
formed using a combination of electron diffraction
and qualitative energy dispersion analysis of particles
on extraction carbon replicas. Thin metal foils were
prepared by jet polishing in the electrolyte (95 %
CH3COOH and 5 % HClO4) at room temperature and
voltage U = 80 V.

Figure 1. Hardness (1) and impact toughness (2) of weld metal at
operating temperature of 450 °C (tempering at 680 °C for 2 h)

© P. MOHYLA, I. HLAVATY and P. TOMCIK, 2011

Figure 2. Selection of samples for electron microstructural analysis
(EMA), operating temperature of 450 °C, tempering at 680 °C for
2 h
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Results of minority phase study in the samples
were as follows: MX, M3C in sample 1.0; MX, M3C
in sample 1.11; MX, M3C in sample 1.1; and MX,
M3C in sample 1.20. It is evident that all samples
contained particles of cementite and MX, where M =
= V, and X = C and N. A typical example of precipitate
distribution in extraction carbon replicas is presented
in Figure 3. Fine MX particles precipitated inside
ferrite and bainite-ferrite grains, while the relatively
coarse cementite grains usually lined the bainite-fer-
rite boundary. The fibrous morphology of MX parti-
cles observed in works [2, 3] was not seen in studied
samples. Furthermore, weld metal included numerous
globular particles of complex silicon, manganese and
titanium oxides.

Dislocation density was determined in bainite-fer-
rite plates. Dislocation density was calculated using
the Ham’s method:
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where N1, N2 is the number of intersections of two
parallel lines with dislocations; L1, L2 is the total
length of lines; t = 125 nm is the foil thickness selected;
X is the factor considering the share of non-visible
dislocations for the selected imaging diffraction con-
ditions.

The density of dislocations in individual samples
was assessed on photographs with a total magnifica-

tion of 109,000 (Figure 4). Measurement results
(arithmetic mean and standard deviation) were as fol-
lows, ρ⋅10—14 m—2: in sample 1.0 – 4.91 ± 0.94; in
sample 1.11 – 4.26 ± 0.97; in sample 1.1 – 4.50 ±
± 0.66; and in sample 1.20 – 3.60 ± 0.95. It is evident
that the differences in dislocation density in bainite-
ferrite are insignificant in measured samples.

Image analysis. Image analysis methods enable
determination of important parameters characterising
the dispersion phase, such as mean particle size or
number of particles per unit area, and subsequently
the calculation of the number of particles per unit
volume or mean inter-particle spacing. Our objective
was the determination of these parameters for MX
particles in the case of individual samples, i.e. during
different stages of long-term heat exposure of weld
metal in the sub-creep region. Three samples were
selected for these purposes, namely 1.0, 1.1 and 1.20
(see Figure 2). Extraction carbon replicas were made
from these samples and photographed subsequently
with a magnification of 151,000. The photograph of
sample 1.20 is presented in Figure 5. All the photos
were converted into electronic images. These images
were subject to image analysis using Micro Image 4
software. The result is a set of output values, namely
particle area Ax, maximum diameter Dmax, mean di-
ameter Dmean, minimum diameter Dmin, equivalent
particle diameter Deq and the particle area – total
photograph area ratio PA, as well as the number of
particles n0, number of photographs, and total moni-
tored area A0.

The image analysis for each sample was performed
on several photos, therefore the total monitored area
A0 is the sum of the individual photograph areas.

The number of particles per unit area ns was cal-
culated as a proportion of the number of monitored
particles n0 and monitored area A0:

ns = 
n0

A0
. (2)

Calculation of the number of particles per unit
volume was performed using a formula from the Ashby
and Ebeling paper [4], which deals with the determi-

Figure 4. Dislocation substructure (×109,000) of weld metal (thin
foil, sample 1.20)

Figure 3. Distribution of precipitate on extraction carbon replica
for sample 1.0 (×9000)

Figure 5. Dispersion of MX particles (×151,000) in the weld metal
microstructure (bainite, extraction carbon replica, sample 1.20)
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nation of number, size and spacing of secondary phase
particles in extraction replicas:

nv
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where nv is the number of particles per unit volume;
ns is the number of particles per unit area; deq is the
equivalent spherical particle diameter (arithmetic
mean); α is the standard deviation of equivalent di-
ameter

The equivalent particle diameter deq is the diameter
of the projection of an equivalent spherical particle
(circle) into a section plane of the same area as is the
area of the real particle (general shape). The deq value
was determined from a measured particle area Ax ac-
cording to the following formula:

deq = √⎯⎯⎯4Ax
π . (4)

Particle spacing was determined according to the
plane square particle arrangement model, which is
suitable for assessing dispersion hardening of low-al-
loy steel [5]. The calculation was performed in two
alternatives as per paper [6]. According to Kelly and
Nicolson [7] the mean distance of particle edges is
determined from

λ = (nvdeq)
—1/2 — √⎯2

3
 deq. (5)

According to Ashby [8], equation (5) is rectified,
due to mutual interaction of dislocation sections after
overcoming a particle, as follows:

λ = 0.69(hvdeq)
—1/2 — √⎯2

3
 deq, (6)

where deq is the equivalent particle diameter; λ is the
mean particle spacing; nv is the number of particles
per unit volume

Calculation results are summarised in the Table.
So, dominant observed processes are the additional

precipitation and coarsening of MX particles. Sample
1.1 with the highest hardness during heat exposure
(see Figure 2) represents an area of additional pre-
cipitation of MX particles. This is indicated by the
highest number of particles per unit volume, smallest
size and smallest mean inter-particle spacing in com-
parer to the other samples. In comparison with the

initial condition (sample 1.0), the number of particles
increased almost 4 times and the mean inter-particle
spacing dropped more than 2 times. In comparison,
sample 1.20 represents an area of coarsening of sec-
ondary particles. This is confirmed by the largest mean
particle area, significant decrease in number of parti-
cles (approximately by 4) and almost a doubled in-
crease in mean inter-particle spacing compared to sam-
ple 1.1. The significant influence of the secondary
phases on mechanical properties of 14MoV6-3 steel is
also confirmed by the fact that the dislocation density
remained almost unchanged during observed heat ex-
posure.

CONCLUSION

The dispersion of MX particles of 0.5 % Cr—0.5 %
Mo—0.3 % V steels changes its parameters during steel
tempering and subsequent long-term heat exposure.
These changes significantly influence the material
mechanical properties. Operation of 0.5 % Cr—0.5 %
Mo—0.3 % V weld metals in the sub-creep range causes
secondary hardening accompanied by a degradation
of plastic properties. This hardening is pronounced
especially in welded joints tempered at lower tempe-
ring temperatures (of about 680 °C). Proper post-
weld heat treatment at temperature of about 720 °C
can be recommended for 14MoV6-3 steel.
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Calculation results for ns, nv and λ

Sample No. Aх, nm2 deq, nm ns⋅10
—14, m—2 nv⋅10

—22, m—3 λ, nm, acc. [7] λ, nm, acc. [8]

1.0 168.24 ± 10.59 13.65 ± 0.33 2.13037 1.79595 52.72 32.92

1.1 124.01 ± 3.24 12.10 ± 0.15 7.96117 7.08676 24.26 13.68

1.20 246.10 ± 8.04 16.91 ± 0.29 2.81644 1.82597 43.10 25.46
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EFFECT OF LOW-FREQUENCY RESONANCE
OSCILLATIONS ON STRUCTURE AND CRACK

RESISTANCE OF DEPOSITED HIGH-CHROMIUM
CAST IRON

Yu.N. TYURIN, Yu.M. KUSKOV, L.I. MARKASHOVA, Ya.P. CHERNYAK, E.N. BERDNIKOVA, V.I. POPKO,
O.S. KASHNARYOVA and T.A. ALEKSEENKO

E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

An experiment was carried out on cladding with high-chromium cast iron. The probability of impact on formation of
structure of the deposited metal by low-frequency oscillations, the frequency of which coincided with that of natural
oscillations of a workpiece (under resonance conditions), was established, the deposited metal having higher hardness
and being characterised by a uniform distribution of chromium between dendrites and eutectic, and by smaller sizes of
dendrites near the fusion line. A higher crack resistance of the deposited metal was noted.

Keywo rd s :  arc cladding, low-frequency oscillations, reso-
nance condition, structure of deposited metal, cold cracks

Strains and stresses formed in cladding of workpieces
may lead to cold cracking of metal. The most common
methods for preventing cold cracking is preliminary
and concurrent heating, as well as delayed cooling.
These methods are energy-consuming, and they do not
improve the quality of cladding. For example, clad-
ding with high-chromium cast irons is accompanied
by formation of transverse cracks in the deposited
bead immediately behind the zone of movement of the
welding arc, and heating of a workpiece does not guar-
antee their absence.

Study [1] proposed methods for improving cold
crack resistance of alloys by using a rational system
of alloying of the materials welded or composition of
the weld metal, selecting an initial structure of steel
before welding, etc. However, these recommendations
are hard to use for cladding.

One of the ways of improving crack resistance of
alloys is to externally affect the metal that solidifies.
Electromagnetic, ultrasonic, low-frequency and other
types of oscillations are used as sources of external
effects [2—5]. They provide metal with a microcrys-
talline structure and improved mechanical properties,
which reduces the probability of cracking [6].

Available are welding, cladding and stress relief
methods, where workpieces are affected by elastic
sound-range oscillations. Statements on the efficiency
of welding methods, which meet the conditions of
resonance of frequencies of an exciting force and fre-
quencies of natural oscillations of a workpiece, can
be found in other publications as well [7—9]. However,
in practical application of this technology, the fre-
quency of affecting a piece being welded is chosen
arbitrarily, as a rule. The efficiency of welding is
assessed from structure of the deposited metal. Study

[10] gives the following characterisation of this ap-
proach: «it is likely that the problem of an optimal
frequency and amplitude of oscillations of the melt in
terms of achieving maximal refining of the primary
structure has to be solved empirically so far, by al-
lowing for practical results of the previous studies».

The purpose of the present study is to assess the
efficiency of low-frequency resonance oscillations
(LRO) and their impact on cracking of the deposited
high-chromium cast iron. This assessment was per-
formed visually from the quantity of cracks in the
deposited metal, as well as by comparative analysis
of its structure.

The flow diagram of cladding of samples by in-
volving the external effect by LRO is shown in Fi-
gure 1. Samples of steel St3 measuring 50 × 60 ×
× 180 mm and 6 kg in weight were prepared for clad-
ding. The cladding process was performed with device
AD-231 by using 2.6 mm diameter flux-cored wire
PP-AN197, which provided chromium cast iron as a
deposited metal. Length of the deposited bead was
140—150 mm. The cladding process parameters were
as follows: current I = 500 A, arc voltageUa = 28 V,

© Yu.N. TYURIN, Yu.M. KUSKOV, L.I. MARKASHOVA, Ya.P. CHERNYAK, E.N. BERDNIKOVA, V.I. POPKO, O.S. KASHNARYOVA and T.A. ALEKSEENKO, 2011

Figure 1. Flow diagram of cladding of samples by involving the
external effect by LRO: 1 – welding head; 2 – sample; 3 –
deposited cast iron bead; 4 – oscillations exciter; 5 – sensor
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cladding speed vc = 20 m/h. The samples were not
subjected to preheating, and after cladding they were
cooled in air. While performing cladding, the exciting
force frequency was varied according to readings of a
sensor to meet the condition at which the sensor
showed the maximal amplitude of oscillations of a
sample, which corresponded to the coincidence of fre-
quencies of external and natural oscillations of the
sample (resonance). The external oscillations fre-
quency was 136 Hz, and power was 20 W.

It was found out that cladding by involving LRO
provided improvement of crack resistance of the de-
posited metal. For example, during the experiments
a transverse crack initiated only in one out of five
samples. Cladding with LRO at frequencies other than
the resonance ones (higher or lower than 136 Hz) did
not give the expected result: up to 7—8 transverse
cracks were detected on the bead surfaces, like in the
case of cladding without LRO.

Results of metallographic examinations with an
optical microscope showed that in both cases a tran-
sition layer 8—20 μm thick formed in the base to de-
posited (high-chromium cast iron) metal fusion zone,
this layer having an austenitic-martensitic structure
with clearly defined needles, and hardness of about
HV 7400—7900 MPa (Figure 2, a, b).

Structure of the deposited metal consisted of den-
drites (alloyed austenite—carbides) and eutectic of the
rosette type, composed of austenite and carbides
(Cr7C3 or FeCr7C3), as well as austenite decomposi-
tion products (troostite) (Figure 2, c, d).

The use of LRO provided decrease in sizes of den-
drites in the deposited layer. Their sizes decreased two
times with distance to the fusion zone. For instance,
the mean size of dendrites with the application of LRO
was 5—7 μm, and that without LRO was 13—15 μm
(Figure 3). Owing to the LRO effect the sizes of
dendrites, Dd, decreased approximately to 1—2 μm

Figure 2. Microstructures of fusion zone between steel St3 (a, b – ×400) and deposited high-chromium cast iron (c, d – ×1000)
obtained without (a, c) and with LRO (b, d)

Figure 3. Microstructures (×2300) of high-chromium cast iron fusion zone obtained without (a) and with LRO (b) under scanning
electron microscope
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(minimum) and 5 μm (maximum) directly at the fu-
sion line with thickness δ ≈ 100—200 μm. The similar
trend to change in sizes of dendrites took place in the
eutectic components of structure with size Deut ≈
≈ 15 μm (without LRO) and Deut ≤ 8 μm (with LRO)
(Figure 4).

In addition to differences in size, dendrites also
exhibited differences in morphology of the phase com-
ponents. Thus, dendrites had a characteristic non-
equiaxed shape (e.g. sizes 15 × 10, 15 × 13 μm, etc.)
in structure of the deposited metal produced without
LRO (Figure 4, a). In case of the application of LRO
the shape of dendrites became more globular (e.g.
5—7 μm) (Figure 4, b). In cladding without LRO,
dendrites had a clearly defined orientation, i.e. mostly
normal to the fusion line (columnar crystals) (see
Figure 2, c).

The use of LRO promoted disorientation of crystal
boundaries relative to the fusion line, the disorienta-
tion angle changing from 20° or more (see Figure 2,
d). In case of LRO, the dendrites, especially of a small
size, were characterised by higher hardness (approxi-
mately by 13—40 %). Hardness of the eutectic also
increased approximately by 22—48 %.

The averaged values (5—10 measurements) of
weight content of the main alloying element, i.e. chro-

mium, in dendrites and eutectic indicate to the fact
that its content in the eutectic was higher than in the
dendrites (Table). Chemical heterogeneity of chro-
mium in the deposited metal produced with LRO was
1—5 %, whereas without LRO it amounted to 5—8 %.
This is indicative of homogenisation of the content of
chromium in the deposited metal when using LRO.
Furthermore, increase in the chromium content (Fi-
gure 5) led to strengthening of the fusion zone and
decrease in the probability of cracking.

Analysis of the results obtained allows a conclusion
that the use of LRO in cladding with high-chromium
cast iron leads to formation of more dispersed dendrites
and eutectics in structure of the deposited metal, the
degree of their dispersion increasing with distance to
the fusion zone (Figure 6). The application of LRO
promotes morphological changes in structural compo-
nents of metal. They acquire the globular shape with
disoriented crystal boundaries, this causing decrease
in size of the dendrite spacings in crack initiation
regions, i.e. in the base to deposited metal transition
zone (Figure 6, b). The metal deposited with LRO
has high hardness.

Figure 4. Microstructures (×9600) of fusion zone between steel St3 and high-chromium cast iron illustrating dendritic-eutectic structure
produced without (a) and with LRO (b)

Distribution of the content of chromium (approximately, wt.%)
in depth of deposited layer

Investigated region of
deposited layer

Cladding parameters

Without LRO With LRO

Dendrites Eutectic Dendrites Eutectic

Surface 12.3 17.5 11.5 16.5

Low-etchable zone 10.0 18.8 15.0 16.9

Near fusion line 10.0 18.0 10.3 14.0—15.6

Fusion line 9.0—1.0 9.0—1.0 8.0—4.0 8.0—4.0 Figure 5. Dependence of content of chromium in fusion zone upon
cladding parameters: 1 – without LRO; 2 – with LRO; l –
distance from fusion line
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Structure of the deposited metal produced without
LRO is characterised by the presence of columnar
dendrites near the fusion zone (Figure 6, a). As a rule,
cold cracks forming in the deposited metal have a
clearly oriented character, i.e. they are arranged along
the dendrites. The width of COD ranges approxi-
mately from 10—20 μm (near the origin of a crack) to
35—85 μm (as it propagates deep into the deposited
metal). Formation of cracks occurs primarily along
the interfaces between the dendrites and eutectic. The
cracks initiate mostly within the fusion zone. It should
be noted that the deposited metal near the fusion line
about 10—20 μm wide has a pronounced acicular struc-
ture, consisting mostly of the martensitic component,
this being confirmed by very high values of hardness
(about HV 7400 MPa). At the same time, the depos-
ited metal adjoining the fusion line is characterised
by a coarse-grained structure and low hardness of the
dendrites (about HV 2970—3300 MPa). The eutectic
has low hardness (approximately HV 1400—
1430 MPa).

Therefore, hardness in the fusion zone varies from
HV 1400 to 7400 MPa. It seems that it is this fact
that creates favourable conditions for initiation of
cracks.

In a number of cases the cracks may also initiate
in the cast iron deposited by using LRO. But in this
case the cracks differ in size, character of propagation
and COD, compared to the cracks that initiated with-
out LRO (Figure 6, b).

Firstly, with LRO the cracks initiate not near the
fusion line, but at a substantial distance from it (ap-
proximately 125—150 μm), i.e. in depth (in bulk) of
the deposited metal. Secondly, the width of COD
is about 2—8 μm, which is 10—15 times smaller than
in cladding without LRO. Thirdly, the crack propa-
gation path is of a wavy character. It is indicative
of the presence of considerable barriers the crack
collides with, the barriers being dispersed disori-
ented structural increased-hardness components of
cast iron.

CONCLUSIONS

1. Low-frequency resonance oscillations applied to a
workpiece, the frequency of which coincides with the
frequency of natural oscillations of the workpiece
(resonance conditions), affect the structure and
mechanism of formation of cracks in cladding with
high-chromium cast iron.

2. High-chromium cast iron deposited by involving
LRO is characterised by an increased hardness, more
uniform distribution of the main alloying element, i.e.
chromium, between dendrites and eutectic, as well as
by smaller sizes of the forming dendrites.

3. The metal deposited with LRO is much less
sensitive to formation of cold cracks, which are char-
acteristic of high-chromium cast iron.

4. To achieve the maximal efficiency of impact by
LRO on the solidifying metal, it is necessary to build
an upgraded automated equipment capable of control-
ling the frequency of external oscillations depending
on the variable cladding conditions, weight of the
deposited metal and temperature of a piece being clad.
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Figure 6. Microstructures (×300) of typical sites of initiation of cracks in deposited high-chromium cast iron produced without (a) and
with LRO (b)
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LASER BASED GIRTH WELDING TECHNOLOGIES
FOR PIPELINE CONSTRUCTION

S. KEITEL and J. NEUBERT
SLV Halle (Saale), Germany

To increase efficiency in pipeline construction, examinations on new welding processes for joining of pipes are indispen-
sable. To this end, increasing productivity of the welding process but also requirements on the material are of immediate
importance. Hence, a possible alternative is laser-GMA hybrid welding. The technological approach is the use of the
laser typical deep penetration effect for the generation of a high quality free root pass or a complete weld in one step.
The results of the technology and equipment developments and their performance under construction site similar conditions
are given by this presentation. A high laser power and the advantages of its guidance via fiber optics allow the use of
orbital welding.

Keywo rd s :  arc welding, hybrid laser-arc welding, pipe-
lines, welding technology, equipment, productivity of welding,
construction site conditions

For years well tested and proven arc welding processes
have been applied for welding of large pipes of oil
and gas pipelines. Depending on the length of the
pipeline to be produced, the wall thickness of the
individual pipes and the material they are made of,
versatile variations of these processes are used, with
a scope extending from manual arc welding with stick
electrodes (Figure 1) up to the application of so-called
orbital welding units using the MAG process. In this
case the welding movement is not performed manually
by the welder but fully mechanised using motor-driven
systems and clamping rings across the entire circum-
ference of the pipe. If permitted by the length of the
pipeline and the profile of the ground, a number of
these orbital units are used at the same time with
every single station having been designed for welding
of one or two passes and then being displaced to the
next pipe joint to produce the same weld seam there.
Such production aggregates often rely on several weld-
ing heads per unit [1] thus representing a high state-
of-the art, both in relation to equipment and welding.
This, however is connected with a high expenditure
on personnel and plant engineering (Figure 2).

Particularly with regard to the increasing focus on
the supply of energy in Germany and Europe in the
future the question of new and high-performance tech-
nologies in pipeline construction has arisen, in order
to substantially meet the demand in the future.

A further increase of the performance in this area
bears some problems, since the arc processes applied
have obtained their physical limits concerning depo-
sition efficiency and welding speed. Here, no essential
increases can be achieved by optimizing the arc weld-
ing technology.

The development of welding processes of increased
performance must be carried out under the following
aspects:

• reduction of the number of passes at constant
and improved seam quality, respectively;

• reduction of the number of welding stations and
thus the expenditure on equipment and personnel.

Welding processes based on laser beam, on the one
hand, offer the technology and, on the other hand,
the equipment needed to fulfill this demand. In the
following the proof of this shall be given.

Point of origin of technology and equipment. The
application of laser-GMA hybrid welding is a prom-
ising technology for the future.

In laser-GMA hybrid welding both processes are
combined, such that both the laser beam and the arc

Figure 2. Building site in pipeline constructionFigure 1. Cover pass of weld on a pipe in manual arc welding

© S. KEITEL and J. NEUBERT, 2011
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act in a common melting pool. The result is more than
simply adding both of the energy sources and the filler
metal put in; it is rather that the resulting synergetic
effects combine and enhance the advantages of the
single processes. Thus, a joint profile is generated that
is similarly deep as that obtained by laser welding,
but has a considerably better gap bridging capability.
Hence, on the field of thin sheets very high welding
speeds can be obtained, which partly are many times
the amount of the state-of-the-art of welding with
shielding gases. With larger plate thicknesses the ad-
vantages are not within the area of welding speed,
but there is rather the possibility of reducing the num-
ber of layers by single pass layers, often without ad-
ditional joint preparation.

A typical formation of the seam for a sheet plate
thickness of 8 mm using GMA, laser beam and hybrid
welding are shown in Figure 3.

The fact that today the application of laser beam
sources under construction site conditions is possible,
is based on the rapid development in this field. Thus,
beam sources of the latest generation, the so called
fiber lasers, do not only cover the two-digit kilowatt
range but also distinguish themselves by a sturdy and
compact structure. In connection with a very high
efficiency and an excellent beam quality the precon-
ditions for a mobile application are given, which could
not be executed using state-of-the-art conventional

laser beam sources (CO2- or Nd:YAG lasers). In the
last five years fiber lasers have been used as a mobile
application in shipbuilding and in the production of
pipes [2].

Laser-GMA hybrid welding of pipe connections
under conditions similar to those on construction
sites. Objectives and technological approach. The
objective of the examinations on technology and
equipment described in the following was the transfer
of the state of knowledge of laser-GMA hybrid weld-
ing for the production of pipe joints, incorporating
all necessary aspects such as tolerances, environmental
influences, mobility of the entire equipment and weld-
ing out-of-position.

The focus of examinations was laid on the use of
the laser typical deep welding effect for the production
of a high quality free root pass at root faces of 6—
10 mm. To this end, the different arrangements of the
laser beam and the arc possible for hybrid welding of
butt joints were compared to the different types of
joint preparation.

The approach for the production of pipe joints was
welding of two vertical-down seams being a common
practice in pipeline construction and considerably re-
ducing the types of freedom in the arrangement of
laser beam and arc required for the technological op-
tima of the seam formation.

For the generation of a closed seam profile the
weld head was extended by a further arc torch, thus
enabling to weld the first pass using hybrid welding
and the cover pass using GMA welding during one
welding run. The objective was to produce a closed
seam profile up to a plate thickness of 12 mm in one
rotation. Further, this trailing process is a good op-
portunity to have a positive influence on the mechani-
cal-technological properties of the weld seam.

Equipment. In order to verify the principal feasi-
bility of the laser-GMA process during girth welding
the proven techniques were used.

The equipment for the examinations was a com-
mercially available system for pipe welding by the
Company Gullco (Figure 4). This system was
equipped with a tractor on a ring guide for the gen-
eration of girth welding as well as with a contact seam
tracking and weld scanning system based on two con-
trol axes for the transverse and height positioning of
the process components to the weld groove. The ar-
rangement of the contact sensor forwarding the weld-
ing process was executed in direction of movement.

Equipped with various stiffening elements, the ad-
aptation of the weld head to the control axles for height
control was executed. For transferring the possible serial
types of arrangement of laser beam and GMA arc shown
in Table 1, the hybrid welding head was equipped with
additional degrees of freedom (Figure 5).

As shown in Table 1, either the laser or the arc
was considered at neutral position each, for reasons
of simplification. No intermediate levels were used.

Figure 3. Formation of the weld in hybrid welding

Figure 4. Gullco orbital system for welding pipes
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Two different fibre lasers were used as laser beam
sources. In the first phase, with the focus of investi-
gation on root faces up to 6 mm, a system with an
output of 4.5 kW (Figure 6, a) was used, and for
phase 2 at a root face of 8 mm, a mobile 10 kW laser
from the SLV Mecklenburg-Vorpommern was inte-
grated to the test built-up (Figure 6, b). The 4.5 kW
fiber laser from the year 2003 was one of the first
sources of fiber lasers for welding within this perform-
ance class, having proven its long standing stability
in many applications.

Figure 7 shows the completed welding head with
the equipment for hybrid welding and the integrated
second arc torch for welding the cover pass during
one vertical-down weld movement.

Welding was performed on pipe pieces at lengths
of up to 6 m. In this case larger tolerance results
compared to a pipe with calibrated ends, in particular
with regard to quality and misalignment of edges. 

Through the integration of the components de-
scribed, the entire test set-up shown in Figure 8 was
realized.

Execution and results of the technological exami-
nations. As already described in the previous section,

Figure 5. Mechanical realization of the degrees of freedom for
changing the arrangement of laser and arc in series: 1 – hinge
with holding device for sviveling the arc aroung the optic; 2 –
curved guide for changes of angle of the process axes for joining

Table 1. Serial arrangements of laser beam and welding arcs

Variation Neutral process Arrangement of the 2nd process Schematic representation

1 Laser beam Arc forward travelling

2 Arc trailing

3 Arc Laser beam forward travelling

4 Laser beam trailing

Figure 6. Overview of the laser systems used in the test: a –
4.5 kW fiber laser; b – 10 kW

Figure 7. Welding head with hybrid equipment for root pass weld-
ing and arc torch for filler pass welding: 1 – laser optics; 2 –
hybrid arc; 3 – arc torch for filler pass welding
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the test was performed using two laser beam sources
of different output. In doing so, first the principal
test series for determining the basic parameters for
the hybrid arc and for determining the tolerance sus-
ceptibility of the hybrid process at continuously
changing welding positions across the pipe circumfer-
ence was performed in phase 1 using a 4.5 kW fibre
laser. Test phase 2 served to estimate the potential of
the hybrid process at higher laser performance at a
simultaneous increase of the root faces for the root
pass from 6 to 8 mm. To his end, a 10 kW fibre laser
system was used.

For the execution of all test welds the following
specifications were given:

• removing the internal coating from all edges;
• measuring the wall thickness, height and width

of the root face of each edge;
• tacking of the joint with outside centering under

the following parameter: longitudinal seam of the pipe
to be joined abutting the longitudinal seam of the
fixed pipe (increased conditions of tolerance);

• measuring the edge offset and air gap at tacked
joint;

• adjusting the focus position and geometrical pa-
rameters is carried out for each joint again;

• guide edge for contact seam tracking is the fixed
pipe;

• welding was performed in two vertical-down weld;
• aimed preparation of macrosections at 45, 90 and

150°, and at 315, 270 and 210° respectively.
In the following the results are shown in the form

of macrosections both for the first hybrid welded pass
and the closed seam profile by the trailing arc at a
different variation of seam preparation at a laser out-
put of 4.6 and 6.5 kW (Table 2).

Through the tolerances measured at the pipe joints
and the welding parameters assigned today, there are
considerable results on the different tolerances of the
process.

The examinations were concluded by the determina-
tion of the distribution of hardness in particular in the
root area of the weld seams, since this laser beam domi-
nated area in the heat-affected zones could be susceptible
to increased hardening. During these examinations, pure
root welding without cover pass was compared to weld-
ing with closed seam profile through the trailing arc
with the results being shown in Figure 9.

A decisive object of investigation was the deter-
mination of typical tolerances in pipeline construction
and the examination of the influence of these toler-
ances on the hybrid welding process. During the trials

Figure 8. Entire test set-up on the pipe

Table 2. Seam preparation and macrosections of hybrid-welded joints

Seam preparation First pass Closed seam profile

4.6 kW laser, root face of 6 mm

6.5 kW laser, root face of 8 mm

Figure 9. Influence of the trailing arc on distribution of hardness
in the root area [3] (a), and macrosections obtained with (b) and
without (c) backing: GW, WEZ, SG – spatial positions of the
welding head
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the pipe joints were positioned and fixed using typical
tools and methods resulting in tolerances typical of
pipeline construction. In order to draw conclusions
from these tolerances during the future evaluations,
the joining edges and the welded joints were measured.

The evaluation and interpretation of the weld qual-
ity took place on the basis of methods of non-destruc-
tive and destructive testing. First the welded pipe
segments were investigated by phased-array (ultra-
sonic) and X-ray testing. Objective was to verify the
detectability of imperfections by non-destructive
methods and to establish the correlation to the cross
section of the weld regarding dimension and location
of these imperfections. The result of these investiga-
tions is shown as an example in Figure 10 [4].

The data recorded in such a way served both for
developing different diagrams to show peak positions
and directly comparing them to the welding result
and with regard to the tolerances.

Further development of equipment and techno-
logy. The major objective of the investigations shown
was to prove the principal suitability of hybrid welding
for pipeline construction with regard to the more rough
climatic conditions in this field of application. Here,
important information with a great influence on the
structural design of the equipment was obtained.

The following deficiencies could be summarized:
• the welding speeds to be obtained were too low;
• the objective is to obtain 3 m/min;

• a position depending adaptation of the laser per-
formance is necessary;

• the modification of direction and orientation,
respectively, requires much time and is a source of
failure due to the high number of adjustment steps;

• the existing technology does not comply with
the requirements of the process as far as the mechanical
properties are concerned.

The objective of the further development of the
equipment was to increase the stability of the rota-
tional movement along the pipe and to adapt it to the
conditions of the hybrid process. Figure 11 shows the
design of the more specialized prototype for hybrid
girth welding.

The specialized prototype developed on the basis
of this (Figure 12) for the realization of a girth welding
movement for laser-GMA hybrid welding has the fol-
lowing technical data: traveling speeds in position-
ing – up to 6 m/min, in welding – up to 3 m/min;
pipe diameters processed – 500—700 mm; change of
the parameters depending on position; and seam track-
ing and guidance system.

The integrated laser working head allows coupling
with all fiber guided solid-state lasers of outputs of
up to 20 kW.

A further focus of the current examinations has
been laid on the optimization of the process for pipe
wall thicknesses starting from 10 mm at different root
faces for the first pass to be welded using a laser,
namely the 12 kW fiber laser system available at the
SLV Halle since January 2009 (Figure 13).

Figure 11. Design for the further development of equipment for
hybrid welding of pipe joints

Figure 10. Correlation between cross section of weld and non-de-
structive methods Figure 12. Specialized prototype of equipment for hybrid welding

Figure 13. Fiber laser system YLS-12000
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The focus of the examinations, on the one hand,
was directed to investigate the possibilities of the for-
mation of the seam and the root with the laser output
available and, on the other hand, on the overlapped
areas at the weld start obligatory when welding two
vertical-down seams at the circumference of the pipe.
Figure 14 is showing the result of the radiographic
testing in the overlapping area of the start areas for
a pipe wall thickness of 10 mm.

The weld areas were tested on internal imperfections
metallographically. To this end, pipe typical tolerances
were considered in order to make statements about the
influences of higher laser power and increased welding
speeds on the weld formation with regard to different
tolerances. Figure 15 is showing the formation of the
seam at 3 o’clock position for a pipe wall thickness of
10 mm, for higher laser outputs too.

This phase of examinations was concluded by per-
forming material tests for determining the mechani-
cal-technological characteristic values for the test ma-
terial L360NB. The results of the tensile test are shown
in Table 3, while the notched bar impact work at a
temperature of 0 °C is shown in Table 4.

Summary and outlook. In order to increase effi-
ciency in pipe line construction, examinations of new
welding processes for joining of pipes are indispensa-
ble with the focus on increasing the welding speed at
a reduced number of passes. A possible alternative is
the laser-GMA hybrid welding process, since due to
the development of the fiber laser a beam source with
new fields of application is available [3].

The objective of the investigations presented was
to prove the principal suitability of hybrid welding
for pipeline construction as well as the behaviour of

this process in out-of-position welding which is re-
quired for its application.

Furthermore, both closed seam profiles were pro-
duced and hardening increase of the heat-affected zones
of the root area were reduced for a pipe wall thickness
of 10 mm for an arc process trailing the hybrid welding.

The results distinctively show the potential of the
hybrid process at high laser output and with brilliant
beam qualities. In a next step of the examinations the
results are to be transferred to larger pipe wall thick-
nesses.

As an alternative of the existing approaches [5]
there is the idea of using the hybrid process for the
production of a high quality root pass at root faces of
12—15 mm. This approach is the basis of the exami-
nations currently performed.
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Figure 14. Radioscopic exposure of overlapping of the weld starts
(12 o’clock position)

Figure 15. Macrosection of welded joint at misalignment of edges
of 1 mm

Table 3. Results of the tensile test*

Yield strength
σ0.5, MPa

Tensile strength
σt, MPa

Elongation of
fracture δ, %

Contraction of
fracture ψ, %

345 532 42 71

368 539 39 69
*Position of fracture – base metal.

Table 4. Results of the V-notched bar impact test

T, °C
Demensions, mm

Impact toughness, J/mm2, at impact
work, J

a b 1 2 3 M

0 7.5 8.0 201 128 77 136

7.5 8.0 180 181 169 177
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EXPERIENCE OF MANUFACTURE AND APPLICATION
OF SEAMLESS FLUX-CORED WIRE

FOR ELECTRIC ARC WELDING*

V.N. SHLEPAKOV and A.S. KOTELCHUK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Design features of seamless flux-cored wires designed for electric arc welding are considered. Their technical and economic
advantages and disadvantages have been analyzed. Process flowsheets of manufacturing seamless flux-cored wires with
filling of the pre-welded tubular billet, as well as with continuous filling of U-shaped profile of tube billet with subsequent
welding of wire sheath longitudinal butt are described.

Keywo rd s :  electric arc welding, seamless flux-cored wire,
flux-cored wire manufacturing technology, its advantages and
disadvantages

Wire with a powder or flux core, which is enclosed
into a metal sheath, is called flux-cored wire (Fi-
gure 1). Wires, in which the core consists of a mixture
of metal powders or just the metal powder, are also
included into the flux-cored wires. Such wire is called
metal-core, i.e. wire with a metallic core. A metal
billet capable of withstanding considerable plastic de-
formation (forming, reduction) is used as the sheath
in flux-cored wire manufacture [1].

Among the flux-cored wires designed for electric-
arc welding of steels, so-called seamless flux-cored
wires in which the core is enclosed into a monolithic
sheath, have a special place. Owing to the sealed struc-
ture, such flux-cored wires have a number of specific
properties, which it is difficult or often practically
impossible to ensure in rolled flux-cored wires, having
a butt joint in the sheath.

Technical solutions on flux-cored wire manufac-
ture. Method of flux-cored wire manufacture from
large castings or forgings was one of the first to be
tried out. Technology of manufacturing solid wire is
quite well-established in metallurgical and hardware
production. However, filling of a large billet with
powder filler runs into serious technical difficulties
already at the stage of primary processing – hot roll-
ing. At traditional rolling methods by the forming
sequence of ring—square—ring billet fracture occurs
even at their slight filling. Change of the sequence of
rolled stock forming or inclusion of the operation of
swaging leads to a significant increase of processing
operation cost. Nonetheless, this technology is still
finding limited application. It has the advantages of
the use of known technical means and methods of
metal processing to achieve a sufficiently moisture-

proof wire, as its core is reliably protected from mois-
ture. Complexity of solving the metallurgical prob-
lems at multiple heating of the billet, need for a large
quantity of equipment and energy consumption in
manufacture can be regarded as the disadvantages of
the above technology.

Manufacturing moisture-proof wire and possibility
of application of known technologies for its process-
ing, form the base of the process of flux-cored wire
manufacturing from a tubular billet. An extended
welded tube with a longitudinal seam is used, with
high requirements made of the seam quality.

Over the recent decades production technologies
have been developed for manufacturing seamless flux-
cored wire from thick-walled strips in one process line:
forming, filling with flux, welding of the sheath butt,
reduction and achievement of the requirement diame-

Figure 1. Different designs of flux-cored wire sheathes: a – rolled
with double bending of edges; b – rolled with edge overlapping;
c – seamless wire manufactured by continuous filling of U-shaped
profile of tube billet with flux with subsequent welding of the
longitudinal butt of the wire sheath; d – seamless wire manufac-
tured by filling pre-welded tubular billet© V.N. SHLEPAKOV and A.S. KOTELCHUK, 2011

*Based on a presentation made at the V International Conference
«Welding consumables. Technologies. Manufacture. Quality. Com-
petitiveness» (Artyomovsk, June 7—11, 2010).
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ter. Positive results were obtained in welding of a
tubular sheath by high-frequency resistance welding
and recently – by the laser.

The advantages of the above technology are ab-
sence of hot rolling, moisture-proofness of the manu-
factured wire, applicability of traditional processes of
reduction, heat treatment and protective coating ap-
plication, and the disadvantages are the need to solve
metallurgical problems in development of the core
compositions and heat treatment of wire billet, apply
high-quality agglomerated flux produced by special
formulas, as well as considerable power consumption.
Nonetheless, this process is applied commercially in
a number of countries (Air Liquid Welding Group-
Oerlikon, France-Switzerland; Drahtzug Stein, Ger-
many; Nippon Steel, Japan).

Main features of seamless flux-cored wires are as
follows:

• core is not humidified, so that diffusion hydrogen
content in the deposited metal of less than 5 cm3/100 g
is guaranteed;

• copper coating of the surface provides certain
protection from surface corrosion and ensures better
electric contact, promotes reliable fusion of the edges;

• alloying and microalloying elements can be used
to give special properties to the weld metal;

• stability of wire shape along its entire length is
ensured, allowing application of feed mechanisms with
one roller pair;

• welding efficiency increases approximately 1.5
times compared to solid wire.

Main technological advantages of seamless flux-cored
wires are achieved owing to ultra-low hydrogen content
in the weld metal that allows preventing cold cracking
in welding of high-strength steels or lowering the tem-
perature of preheating required before welding [2].

Owing to an absence of a slot in the flux-cored
wire sheath and protective coating on its surface, a
low content of diffusible hydrogen in the deposited
metal is guaranteed even at long-term storage of the
wire (Figure 2).

Accuracy of feeding flux-cored wire to the welding
point by the data of [3] is much higher than that of
rolled flux-cored wires in most of the cases (Figure 3).
Small longitudinal depressions on the wire surface are
the possible defects resulting from excessive pressure
of the feed rollers on the seamless wire [4].

Seamless wires have certain disadvantages of tech-
nical and economic nature: practical absence of the
possibility of manufacturing self-shielded wires; limi-
tations on addition of low-melting materials to the
core; need to apply liquid glasses for agglomerated
flux; capital costs for seamless wire manufacture are
by an order of magnitude higher than for rolled flux-
cored wire; considerable power consumption in manu-
facture; high finished product prices (for instance, for
seamless flux-cored wire they are 1.5—2 times higher
than for rolled wire).

Figure 2. Content of diffusible hydrogen [H]diff in the metal de-
posited with flux-cored wires of different types: 1 – seamless [3];
2 – rolled but with treated charge and surface; 3 – conventional
rolled wire after storage in the shop [3]; τ – soaking time

Figure 3. Accuracy of feeding seamless (a) and rolled (b) flux-cored wires of 1.2 mm diameter by a straight welding torch at 150 mm
extension to the point of welding [3] (top view of welding plane, ordinate axis indicates the direction of welding torch motion): Δx,
Δy – average deviation of wire hitting point from the aiming point across and along the welding direction, respectively
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Most of the world manufacturers of flux-cored
wires apply the technology of its production from
cold-rolled strip. The wire is made in one process line,
which includes a unit for forming wire of different
designs with a built-in operation of continuous filling
by a mixture of powders and multi-die machine, where
the wire is reduced to the required size.

The advantages of such a technology of flux-cored
wire manufacturing are a small number of equipment
and personnel, low power consumption, possibility of
manufacturing wires in a wide range with fast rear-
rangement of production. This technology uses roller
reduction, various methods of producing the wire bil-
let and treatment of the finished wire surface for coat-
ing deposition, thus giving it special properties.

Flux-cored wire is supplied only with application
of standardized methods of winding and packing. So,
plastic reels or wire frames are packed into film or
foil, and then into cardboard, metal or plastic con-
tainers of Marathon type. According to ISO standards,

application of continuous inspection with strict docu-
menting of the procedures is envisaged. Up-to-date
equipment of production process control is widely
used, and qualified personnel are involved, ensuring
a stable product quality.

Generalized data on production and application of
flux-cored wires for electric-arc welding, compared to
solid wires, is given in the Table.

Technology of seamless flux-cored wire manu-
facturing. Among the currently available technologi-
cal processes of seamless flux-cored wire manufactur-
ing, the process envisaging filling of the finished (pre-
welded) tube with flux, differs essentially from the
process of continuous filling of the tube with flux
(charge) with subsequent welding of the butt of wire
sheath by high-frequency current or laser.

PWI conducted research and pilot-production
work for a number of methods to manufacture seamless
flux-cored wires, starting with producing various bil-
lets by hot rolling and including the above-given proc-

Advantages and disadvantages of flux-cored wires compared to solid wires

Welding
flux-cored wires

Disadvantages Advantages

General

Seamless tubu-
lar

No possibility of manufacturing self-shielded
wires
Significant limitations on addition of low-
melting substances
Need for application of liquid glass for
production of filler – agglomerated flux

Possibility of achievement of high properties (in particular, impact
toughness) at low temperature
Low susceptibility to cracking, particularly hydrogen-induced
cracking, in the metal of weld and welded joint
High technological properties in welding in shielding gases
Possibility of microalloying to ensure special properties of weld
metal

Rolled Difficulty of ensuring a low hydrogen
content (need for drying, baking)
High fume level in welding with self-
shielded wires

Possibility of achievement of high values of strength and visco-
plastic characteristics in welding low-alloyed and alloyed steels
High welding technological properties
Possibility of welding performance without additional shielding
High welding process efficiency (particularly with wires of metal-
core type)

Solid Need to ensure complex alloying
Electrode metal loss for spattering
Need to apply additional shielding of molten
metal

High stability of ensuring the specified composition and properties
at low alloying level
Reliability of feeding through hoses of semi-automatic welding
machines
Convenience of application in robotic process
Absence of slag crust on weld surface

Technico-economic

Seamless tubu-
lar flux-cored

High manufacturing costs, considerable
power consumption
High finished product prices
Slag removal costs

Possibility of copper coating or application of other coating types
on the wire surface
Application at different methods of mechanized and automatic
welding
Longer storage life with preservation of welding properties
Application in welding of alloyed steels

Rolled flux-
cored

Difficulties of feeding wires with a thin
sheath
Slag removal costs (except for wires of
metal-core type)

Application for all the processes of automatic and robotic electric
arc welding and surfacing
Possibility of cleaning and treatment of the surface with special
coatings
Adaptation to welding conditions (application in mounting)
Low manufacturing cost, particularly of wires of alloyed types

Solid Cost of spatter removal and weld shape
finishing
High cost of wires of alloyed types

Possibility of application of any coating types on the surface
Suitability for all the mechanized and robotic welding processes
Longer storage life with preservation of welding properties
Low manufacturing cost, particularly of wires of low-alloyed types
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esses. Work on specific problems of the technology of
manufacturing seamless flux-cored wires and special-
ized equipment is carried on at present.

In these subjects let us single out those aspects,
which, in the opinion of our specialists, are essential
for achievement of the desired results.

Seamless flux-cored wire with filling of a pre-
welded tubular billet [4]. Initial billet is a strip from
low-carbon steel of hot (after etching and neutraliza-
tion) or cold rolling, which is unwound through ac-
cumulator-regulator and is fed into a forming driving
machine for forming into a tube with a slot (clearance)
with a high accuracy of edge straightening. The next
technological stage in the flow chart is making the
butt joint by high-frequency resistance welding with
a controlled thermal cycle, as well as reduction and
calibration of the tubular billet. Tubular billet is
wound into bundles and cleaned, which is followed
by quality inspection. The next stage is intermediate
annealing and drawing of the tube for the design size
for filling with flux. Annealing is performed at the
temperature of 600—700 °C in shaft furnaces heated
by gas or electricity, and even though annealing is
incomplete, it allows eliminating the consequences of
cold deformation and relieving internal stresses.

The main specialized stage of flux-cored wire
manufacturing includes two operations – winding of
the tubular billet on a frame (reel) and vibration fill-
ing with agglomerated flux. Winding is performed is
rows turn-to-turn with rigid fixation. As a rule, from
500 to 1000 m of the tubular billet is wound on the
reel. Initial pipe dimensions are from 9 up to 15 mm
in diameter (on the outside), and pipe wall thickness
is from 1.8 up to 2.0 mm.

Depending on the drive power, one or two reels
with the tubular billet are fastened on the vibration
feeder. Vibrating table is brought into the working
mode by a powerful electric motor with a short-cir-
cuited rotor (three-phase). Vibrating conveyor makes
fast sinusoidal motions, controlled by unbalanced
mass. Owing to symmetrical oblique motions of the
carrier, flux particles are brought into motion to both

sides by an elliptical trajectory along a circumferential
guide. In the steady-state mode the powder filler
moves smoothly in the tubular billet up to its complete
filling (Figure 4).

Powder can be fed into the tubular billet from a
hopper through a connecting hose. A transparent hose
is put onto the free end of the tubular billet to monitor
the full flowing of powder. Following the procedure
developed at PWI, flux-powder is fed at a controllable
rate into the tubular billet by special narrow-jet
feeder, which prevents formation of «plugs» and pow-
der ejection by the air flow pressed out of the tube.
The outcoming end of the tubular billet ends in a
throttle insert [5]. The unit of PWI design is also
fitted with a device for continuous recording of vibra-
tion trajectory, which is important both in setting up
of the working mode and in billet filling, considering
that the mass of the filled flux-cored wire billet in-
creases by 15—20 % by the moment of process comple-
tion.

Agglomerated flux for flux-cored wire is manufac-
tured by the traditional procedure. Its drying-baking
is performed at the temperature of 250—300 °C. It is
taken into account here that high-temperature baking
will be continued at intermediate annealing of the
semi-finished product of the seamless flux-cored wire.

Flux-cored wire manufacturing from flux-filled
semi-finished product includes the following opera-
tions: intermediate dry drawing and annealing, fin-
ishing drawing to the specified size and application
of a copper coating.

Intermediate drawing is mainly performed using
drawing mills (five- or six-fold) with drawing drum
diameter of 600 mm and drawing speed of 5—6 m/s.
Intermediate annealing is performed at wire diameter
of 5.4—5.5 mm (initial billet diameter of 11—12 mm)
and 4.7—4.8 mm (initial billet diameter of 9—10 mm).
If it is required to manufacture wire of 1.0—1.2 mm
diameter, then it is desirable to perform annealing at
wire intermediate diameter of 3.6 mm.

Fine drawing, copper coating and winding on prod-
uct carriers (reels and bobbins) and wire forming into
bundles in case of supplying in Marathon type con-
tainers are well-known operations in manufacture of
the majority of flux-cored wire types.

A special feature of the technology of seamless
flux-cored wire manufacture is monitoring wire filling
with charge (flux) before copper coating [4].

An instrument of FKG type of Oerlikon design
envisages application of slot-type sensor, and KZP
type instrument developed by G.V. Karpenko
Physico-Mechanical Institute of the NAS of Ukraine
(Lvov) – application of a double-loop sensor [6].
Both instruments include a system of measurement of
saturation magnetic flux of metal section. A differen-
tial method (comparison of the checked tube with the
reference one) is used to increase measurement accu-
racy. Unfilled wire regions are registered. However,

Figure 4. Spiral-vibration unbalanced conveyor for filling tubular
billets with charge developed at PWI
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recording the vibrations during wire filling requires
individual setting up of the measurement modules at
control of each wire type.

Seamless wire in flow-line production. The most
often used for seamless flux-cored wire manufacturing
are two processes similar in their sequence, in which
filling of the formed tube, subsequent closing of the
profile and welding are performed successively in a
flow with forming and reduction of the tube filled
with flux. Continuous flow of the performed opera-
tions allows avoiding shifting of the powder filler
before its compacting at reduction.

Essentially similar to the earlier considered tech-
nology is the technology of agglomerated flux manu-
facturing, which includes a number of known opera-
tions, namely dry mixture preparation by a specified
formula, dry mix mixing with liquid glass, granule
balling, flux baking, its sieving, followed by crushing
of coarse particles. The difference consists in higher
temperature of drying-baking (usually 350 °C) and
soaking to cooling in tight steel containers before flux
sieving to lower hydrogen content. Such a technologi-
cal operation can be sufficient for manufacturing ru-
tile-type flux-cored wires and insufficient for wires of
low-hydrogen type, if subsequent degassing (baking)
is not envisaged here.

Seamless flux-cored wire with continuous filling
of the tube with flux and laser welding of the tube
butt. Technology is designed for relatively small pro-
duction. Depending on fitting of one process line,
production output from 1000 (at two-shift operation)
up to 2000 t/year (at three-shift operation) can be
achieved.

The technology is based on forming U-shaped tu-
bular billet, pouring dosed powder into its profile,
roller closure and laser welding of the tube butt with
subsequent cooling and reduction of the wire billet
by cold rolling to manufacture the semi-finished prod-
uct. Reduction of the semi-finished product is per-
formed in two stages by cold rolling, using four- or
eight-stand rolling-on machines up to producing wire
of the specified diameter (1.2, 1.4 and 1.6 mm). Re-
duction can be followed by intermediate low-tempera-
ture annealing of the semi-finished product. The fol-
lowing final operations (final calibration, cleaning,
copper coating and winding on product carriers) are
typical for all the processes of seamless flux-cored
wire manufacturing.

The main part of the process up to producing a
wire billet from cold-rolled strip is performed in one
process line, fitted with a unit for strip unwinding
from the reels. Such process reels take up to 1 t of
the strip. The strip is fed to edge preparation device
through tension regulator, and then to the unit for
liquid degreasing of the strip. Prepared strip comes
to the forming machine with a built-in flux metering
device. Closed tubular billet with a fixed position of
the tube sheath butt is fed to laser welding section.

Acceptable welding quality is achieved at CO2-laser
power from 6 up to 10 kW and up to 15 m/min
welding speed. After the cooling chamber the welded
billet is fed to the billet reduction section of the five-
stand roller mill. The result of the flow process is
semi-finished flux-cored wire product of 7.0 to 7.5 mm
diameter, which is wound on the process reel.

The next stage includes two- or four-stage cold
rolling of the semi-finished product to the specified
size. Proceeding from wire diameter, this process
stages are arranged in such a sequence: in the first
mill at the inlet – 7.0—7.5 mm, at the outlet – up
to 3.0 mm, with intermediate diameter of 4.6 mm; in
the second mill at the inlet – 3.0 mm, at the outlet –
1.2 mm, with 1.9 mm intermediate diameter.

Technico-economic parameters of production indi-
cate that this technology is not a high-cost one, owing
to a rational application of the equipment and small
capital investments into automation and measuring
instrumentation (in particular, filling of the strip U-
shaped profile is monitored by the instrument meas-
uring the level of flux layer in the profile). Use of
small process cans of unified dimensions favours cost
reduction, but requires additional reloading and re-
spective setting up of the equipment, which results in
the coefficient of main equipment utilization not
higher than 0.80—0.85.

PWI studied the main processes of the technology
and provided solutions on sound cleaning of the strip
and the wire, continuous control and monitoring of
the wire filling with flux. Work on improvement of
laser welding technology, the realization of which is
insufficiently reliable in modern production, is carried
on now.

Seamless wire with continuous filling of the tube
with flux and high-quality resistance welding. The
technology is designed for continuous mass production
with a high quality and level of automated system
control. Block-diagram of the main technological
process (up to manufacturing of the semi-finished
seamless flux-cored wire product) is similar to that
described above. The main difference consists in the
process of tube butt welding. This technology uses
induction-resistance high-frequency welding with
controlled parameters. The main components of the
process flowchart are sound (as to accuracy) forming
of the tubular profile with edge closing, billet filling
with flux using an automated feeder, closing of profile
edges, welding of the tube longitudinal butt, control-
led cooling, reduction of flux-filled tube up to com-
paction of the core and calibration (with preliminary
flash removal, if required) [3].

Stable welding quality is ensured by a system of
automatic control, maintaining the specified level of
heat input at variation of tube movement speed. If at
application of standard equipment for high-frequency
welding temperature fluctuations in the butt center
reach 150—170 °C, the control system allows keeping
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temperature fluctuations within ±12 °C of the specified
value (about 1250 °C).

After welding the flux-filled tube cools down.
The rate of air cooling to the temperature below
500 °C (martensite transformation temperature) is
controlled.

Reduction of the filled tube up to core compaction
and calibration by shape and size are performed in a
flow in a forming device (4 × 4 roller stands). This
operation additionally includes a block of tube weld-
ing quality control by various NDT techniques (using
ultrasound, eddy currents).

After passing the main manufacturing stage, the
seamless wire billet is subjected to annealing in flow
units using induction heating. This operation is par-
ticularly important when manufacturing flux-cored
wires with stainless steel sheath.

Further technological process follows the typical
technology, including roller cold rolling, drawing
through standard or roller dies. The final operations
of cleaning, copper coating and winding on product
carriers are performed in typical equipment for wire
manufacture.

It should be taken into account that equipment
power inputs essentially depend on the diameter and
wall thickness of the tubular billet, as well as forming
and reduction rate. Electric power of the unit for
high-frequency welding at increase of working speeds
of forming-reduction from 50 up to 120 m/min in-
creases from 100 up to 150 kW. Power of the unit for
semi-finished product annealing increases accord-
ingly. Despite the applied engineering solutions and
automation of operations, capital costs for production
by this technological scheme, as well as energy carrier
costs are not high. Such production will only be effi-

cient with large product outputs (more than 10,000
t/year) and quite high wire prices.

CONCLUSION

Presented technologies of manufacturing seamless
flux-cored wire require a rather considerable volume
of investments for their implementation, feature high
power consumption and require involvement of
highly-qualified personnel (particularly, for ensuring
sound forming and welding).

Technical characteristics of the produced product
have certain advantages compared to solid wires and
rolled flux-cored wires. The main of these advantages
is a low level of hydrogen content in the weld metal.
Market prices for seamless flux-cored wires are 1.5—2
times higher than the prices of rolled flux-cored wires.
In this connection, a specific sector of welding con-
sumables market should be found, where the achieved
advantages will justify the costs.
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CAPABILITIES OF APPLICATION OF HIGH-STRENGTH
LOW-ALLOY PIPE STEELS FOR MANUFACTURE

OF HIGH-PRESSURE VESSELS

V.M. KULIK, M.M. SAVITSKY, V.P. ELAGIN and E.L. DEMCHENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Technical capabilities and rationality of manufacturing mobile combined high pressure vessels of small specific weight
are considered. Low-alloy low-carbon steels of higher and high strength and large diameter pipes can be used for shell
billets. Butt joints acceptable in terms of properties and cyclic fatigue life are produced by multilayer submerged-arc
welding, and they can be improved by arc treatment with a partial melting. Welded case is subjected to annealing
without performing high-temperature strengthening and is reinforced along the cylindrical part by a composite material
of a high specific strength.

Keywo rd s :  submerged-arc welding, high-strength low-al-
loy steels, high-pressure vessels, welded joints, argon arc treat-
ment, thermal cycle, structure, mechanical properties, cyclic life,
specific weight

As international experience shows the operative gas
supply of such small enterprises as farms and other is
reasonably to perform using mobile high pressure ves-
sels of a small specific weight M/V, the designs and
technologies of manufacture of which are developed
by a number of companies. For the sea supply of liqui-
fied natural gas it is offered to manufacture of cylin-
ders-storages of V = 16 m3 (M/V = 1.7 t/m3 (kg/l))
capacity and to use them at low frequency and number
of loading cycles.

 Reduction of specific weight and increase of cyclic
life of high-pressure vessels is achieved by their rein-
forcement with materials of a high specific strength
[1, 2]. The earlier developed technological process of
manufacturing combined vessels (cylinders) of 219—
360 mm diameter for using natural gas in capacity of
automobile fuel includes A-TIG + TIG welding (with-
out edge bevel) of longitudinal and circumferential
welds of a shell and bottoms produced of sheet steel
30KhGSA of 3.5—6.0 mm thickness, high postweld
tempering, forging of longitudinal weld, hardening
and tempering to provide necessary level of strength
(σt = 950—1000 MPa) [3]. The automobile cylinders
are characterized by required serviceability under the
conditions of everyday filling and using energy carrier
and by small specific weight M/V = 0.65—0.75 kg/l.
However small capacity (30—60 l) causes limitation
of practical possibility of gas supply by such cylinders.
For considerable increase of their capacity it is nec-
essary to increase diameter up to 600—1000 mm and
thickness of wall (using alloyed steel) up to 10—
17 mm. The preparation and assembly of edges for
welding becomes more complicated, the need in pre-
heating arises, duration of welding process is 3.5—25
times increased (vw = 3.0—4.5 m/h), consumption of

electric power energy and argon, and formation of
burnt spot on the surface of steel body during quench-
ing in oil complicates its dressing.

In this paper the improvement of technological
efficiency of manufacture of the combined high-pres-
sure vessels of a small specific weight for operative
gas supply of single consumers is considered. This can
be achieved using large-diameter pipes of low-alloyed
steels of higher strength and applying more efficient
welding using consumable electrode.

The optimal combination of service and weight
characteristics of combined welded automobile cylin-
ders and high-pressure vessels is provided at K = 1.60—
1.65 safety factor of welded body. To manufacture
high pressure vessels the steels of different chemical
composition, structure and mechanical properties and
pipes of them including those welded with relation of
σ0.2/σt within the limits of 0.48—0.87 are applied [4].
The increase of σt of steel body from 500 to 1000 MPa
allows decreasing M/V of combined vessel for work-
ing pressure down to 19.6 MPa from 1.33 to 0.65 kg/l
due to increase of D/S relation (diameter to wall
thickness) from 31 to 63 (Figure 1). In combined
vessels of steels σt ≥ 550 MPa, M/V ≤ 1.18—
1.22 kg/l, which is lower than M/V = 1.25—2.0 kg/l
of produced steel automobile cylinders. Keeping the
relation D/S = 0.016—0.032 > 0.010 causes necessity
in conductance heat treatment of the welded body,
and proportional decrease of D and S results in sim-
plification and reduction of duration of performance
of welding-technological works.

Welds should have the tensile strength at the tem-
perature of 20 °C corresponding to σt of base metal
and KCU of not lower than 50 and 30 J/cm2 respec-
tively for the temperature of 20 and lower than —20 °C,
and welded joints of low-alloy manganese and silicon-
manganese steels should withstand tests at static bend-
ing for the angle of not lower than 80° [4]. The life
of vessels of N = 5500 cycles can be considered as
sufficient for everyday filling and consumption of gas
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during 15 years of operation similar to automobile
cylinders.

As is known, the high strength of low-alloy steels,
including pipe steels, is provided by increase of man-
ganese content of up to 2 %, by micro-alloying with
niobium, vanadium, titanium, chromium, copper,
nickel, boron, by transfer from hot rolling (normali-
zation) to controllable rolling, thermomechanical and
new kinds of treatment. Here, with decrease of content
of carbon (from 0.20 to 0.03 %) and sulphur (from

0.035—0.040 to 0.010 %) and lower the considerable
increase of ductility (deformability) and toughness,
improvement of their weldability as compared to carb-
on alloyed steel is achieved [5—7]. Thus, the premises
are created for rejection of heating and postweld tem-
pering and also applying welding using consumable
electrode instead of argon arc welding using non-con-
sumable electrode. In Ukraine and abroad the pipes
of large diameter are produced applying longitudinal
submerged-arc welding of low-alloy pipe steels of
strength class X65, X70, X80 and X100 with σt ≥ 550,
560, 620 and 760 MPa, σ0.2 ≥ 450, 480, 550 and
690 MPa, δ ≥ 18 %. The main gas pipelines welded
by circumferential welds are operated under changing
pressure and temperature including the conditions of
the Far North. It is obvious that welded vessels manu-
factured of mentioned steels and pipes are acceptable
for operation under less extreme conditions as well.

The analysis of data of Table 1 evidences that safety
factor K of welded body of vessel can change within
wide limits from 0.96 to 2.10. When K = 1.60—1.65
the specific weight of combined vessels manufactured
applying steels of strength class X65, X70, X80 and
X100 can be 1.08—1.11; 1.03—1.06; 0.85—0.89 and
0.76—0.77 kg/l. The prospective is the application of

Figure 1. Influence of strength of steel on the size parameter D/S
(1) and specific weight M/V (2) of combined high-pressure vessel

Table 1. Calculation characteristics of high-pressure vessels of welded pipes for main pipelines

No.
Class of steel

strength
σt, MPa

Pipe Body Vessel

D, mm S, mm К М/V, kg/l

1 Х65 590 762 19.1 1.51 1.02

2 590 762 20.2 1.60 1.08

3 670 1220 18.9 1.06 0.63

4 590 914.4 25.0 1.65 1.11

5 Х70 600 914.4 19.1 1.34 0.85

6 620 914.4 28.6 2.10 1.28

7 620 914.4 23.0 1.59 1.03

8* 620 914.4 24.0 1.66 1.07

9 Х80 752 610 12.7 1.60 0.85

10 722 762 15.6 1.51 0.84

11 734 1016 17.5 1.29 0.70

12 750 1020 21.5 1.61 0.86

13 750 720 15.5 1.65 0.89

14 750 610 13.0 1.63 0.90

15
16

Х100 801
838

1219
1219

14.3
14.3

0.96
1.00

<0.60
<0.60

17
18
19

816
858
858

914.4
914.4
914.4

13.2
13.2
17.0

1.20
1.26
1.63

0.65
0.65
0.80

20
21

890
890

914.4
914.4

15.0
16.5

1.49
1.64

0.72
0.77

22 890 1020 18.5 1.65 0.77

23 890 762 13.5 1.61 0.76

24 890 610 11.0 1.64 0.77
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pipes of steel of grade X80, the production of which
is mastered in Ukraine. Therefore further our inves-
tigations were directed to the evaluation of possibility
of use of tubular billets of mentioned steel as applied
to manufacture of the mobile high-pressure vessels.

As the object of investigations the butt joints ac-
cording to the GOST 8713—79 and 14771—76 were
selected with multilayer welds of steel of grade X80
of 20 mm thickness of the following chemical compo-
sition, %: 0.094 C; 1.97 Mn; 0.362 Si; 0.03 Mo;
0.02 Nb; 0.014 Ti; 0.02 P and 0.03 S, which is char-
acterized by the following mechanical properties: σt =
= 650 MPa, σ0.2 = 547 MPa, δ = 21.6 %, KCV+20 =
= 327 J/cm2 and KCV—40 = 245.5 J/cm2. The carbon
equivalent Ceq = 0.20—0.44 < 0.45 % calculated ac-
cording to different formulae allows referring it to
those not susceptible to cold cracking [8]. It corre-
sponds also to such combination of carbon content
and parameter of alloying

ΣL = (Mn + Cr)/20 + Si/30 + (Ni + Cu)/60 +

+ Mo/15 + V/10 = 0.22 %,

at which cold cracks in welded joints of high strength
steels welded by submerged-arc welding are absent
(Figure 2) [9]. Therefore, the submerged-arc welding
of such joints is performed without preheating how-
ever preheating is recommended during welding in
shielding gases and its temperature depends on carbon
equivalent, thickness of steel and temperature of en-
vironment. The crack formation is prevented by auto-
preheating, delayed cooling, thermocycling in multi-
pass welding. 

The automatic welding of mentioned joints was
erformed under flux AN-47 using wires Sv-10Kh2M
and Sv-08KhM and mechanized welding in carbon
dioxide was performed using wire Sv-08G2S. A part
of welded joints was subjected to argon arc treatment
with partial melting in the middle of a weld in the
areas of transition from a weld to base metal and
furnace tempering at the temperature of 600 °C during
1 h. The thermal cycles of welding (Figure 3) and
argon arc treatment were recorded using thermal cou-
ple VR-20/5, fastened on the opposite side of a butt,
and potentiometer KSP-4. Welded joints were inves-
tigated by metallographic, durametric methods, tested

for static rupture, static bending at angle 90°, impact
bending of specimens with a circular notch along the
weld, fusion zone and HAZ (at the distance of 2 mm
from a weld), and also for fatigue at tension with
frequency of 5 Hz up to σmax = 300—350 MPa of a
cycle, keeping the relation σmax/σt = 0.48—0.56 (the
same as at cyclic tests by inner pressure of combined
cylinders with welded body of steel 30KhGSA).

As was shown by analysis of thermal cycles, during
deposition of the first beads of weld of joints produced
both under flux, as well as in carbon dioxide at heat
input of 21.6 and 9 kJ/cm2, their cooling occurs at
the speed of w6/5 = 8—12 and 14—18 °C/s which cor-
responds to rational interval w6/5 = 5—35 °C/s at
q/vw = 9—35 kJ/cm [10]. At the next passes which
were performed after cooling of welded joints down
to the temperatures of 90—180 and 80—120 °C (during
5—16 min), weld root is heated up to the temperatures
of 680—350 and 540—290 °C. With the increase of
succession and removal of beads being performed, the
temperature of heating metal of the lower part of
welded joints is decreased and metal is subjected to
multiple short-time tempers which promote the ab-
sence of cold cracks in welded joints (Figure 4, a).

In the process of argon arc treatments from vtr =
= 7.5 m/h (q/vtr =12.5 kJ/cm) and vtr = 4.8 m/h
(q/vtr = 19.5 kJ/cm) with a partial melting of 7—10
and 13—14 mm width respectively at the places of

Figure 2. Influence of carbon and alloying elements on cold cracks
formation in the submerged-arc welded joint of high-strength steel
[9]: 1 – no cracks; 2 – cracks present

Figure 3. Characteristic thermal cycle of multilayer submerged-arc
welding

Figure 4. Macrostructures of butt joints produced by submerged-arc
welding before (a) and after (b) argon arc treatment
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transition of a weld to a base metal and also of 25—
27 mm width at the middle of a weld the undercuts
were removed, sharp transitions to a base metal (Fi-
gure 5, b) and indents among beads were smoothed.
A welded joint is heated across the whole thickness.
A metal of upper part of a joint at the depth of up to
8—12 mm undergoes phase and structural transforma-

tions. In the lower part it is exposed to short-time
tempering.

As the results of metallographic investigations
show, the ferrite-bainite structure with inclusions of
MAC-phase is formed in HAZ metal of joints produced
using submerged-arc welding (Figure 5). Its hardness
is gradually decreased at the distance of 0.1—0.3 mm
up to HV0.2—193 and at the distance of 3 mm from
a weld to HV0.2—178 relatively to HV0.2—215 of a
base metal (Figure 6, curve 2). The lower weakening
of HAZ metal (at the distance of 0.1—0.3 mm from a
weld) up to HV0.2—195 and 2 mm from a weld of up
to HV0.2—192 is observed after welding in carbon
dioxide (Figure 6, curve 1). After argon arc treatment
and furnace tempering the character of distribution
of hardness across the width of HAZ is not changed
(Figure 6, curves 3, 4), and its values are decreased.
The zonal reductions of hardness in HAZ metal ac-

Figure 5. Microstructures (×320) of metal of fusion zone (a) and
HAZ (b) of submerged-arc welded steel of grade X80

Figure 6. Distribution of hardness across the width B of HAZ metal
on steel X80 welded under flux (2—4) and in carbon dioxide (1)
in the state after welding (1, 2), argon arc treatment (3) and high
tempering (4)

Figure 7. Character of fracture at fatigue test of joints of submerged-arc welded steel of grade X80 in the state after welding (a), argon
arc treatment with partial melting of a weld (b), transition places from weld to base metal (c) and high tempering (d)
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cording to our assumption is the demonstration of a
localized decarburization of metal in the fusion zone
and at the areas which were heated in welding up to
the temperatures of transformation.

After argon arc treatments of joints with a partial
melting of a weld of 10Kh2M type and transition from
it to a base metal the hardness of these areas is in-
creased up to HV0.2—(243—262; 230—245 and 145—
163). Near the partial melts of a weld it is decreased
down to HV0.2—(225—237) and is not almost changed
on the joint reverse side. The furnace tempering causes
the decrease in hardness down to HV0.2—(233—247).
The increased hardness of chromium-molybdenum
weld metal in different states proves its higher
strength than that of the base metal.

The tensile strength of welded joints produced by
submerged-arc welding is 610 MPa. Their fracture
occurs beyond the weld. The bend angle of such joints
is not lower than 90°. The impact toughness of HAZ
metal is KCU+20 = 286 J/cm2 and KCU—40 =
= 144 J/cm2 after submerged-arc welding, and
KCU+20 = 321 J/cm2 after welding in carbon dioxide.
In weld metal of the type 10Kh2M and 08KhM pro-
duced by submerged-arc welding KCU+20 = 86 and
139 J/cm2 and KCU—40 = 38 and 52 J/cm2, respec-
tively. After arc treatments and furnace tempering the
impact toughness of these areas is changed negligibly
(KCU+20 = 279—305 J/cm2 of HAZ metal and
KCU+20 = 87—95 J/cm2 of weld of type 10Kh2M).
As is seen, the impact toughness of welded joints of
the steel of grade X80, welded under flux, exceeds
standard requirements.

At fatigue test of flat specimens it was established
that fracture of welded joint (Figure 7) begins from
formation of cracks in the places of concentration of
stresses, in particular in transitions from weld to base
metal on the front or both sides, and develops along
the weld, fusion zone or HAZ metal. If fracture of
welded joints in postweld conditions and argon arc
treatment with a partial melting in the middle of a
weld begins on the front side and their life is 58,100—
86,100 and 49,300—104,900 loading cycles, then the
fracture is initiated at the later stage from the root
part after arc partial melting of transition places from
weld to base metal (the angle and radius of conjuga-
tion between weld and base metal is increased). The
life of these joints is increased up to 86,300—106,400
cycles (Table 2). After high tempering, increasing the
equilibrium of structure and decreasing the level of
residual stresses, it is increased up to 114,100—312,400
cycles. In combination of two latter technological op-
erations one can expect even more intensive increase
of cyclic life. The established cyclic life at uniaxial
tension of welded joints of low-alloyed steel in dif-
ferent states exceeds the life of hydraulically tested
combined cylinders with a thermostrengthened body
of alloyed steel (15,000—24,000 cycles [3]) 3.3—13
times.

The carried out investigations prove that mobile
high pressure vessels for operative supply of liquified
gases are reasonable to be manufactured using pipes
of large diameter in capacity of billets of shells and
sheet rolled metal to form bottoms of low-alloyed
steels of increased strength with a low carbon content.
Circumferential welds of shells and bottoms of wall
thickness of 13—24 mm are reasonable to be made using
multilayer submerged-arc butt welding without pre-
heating. Proportional decrease of wall thickness and
diameter of vessel promotes simplification and de-
crease of duration of welding-technological works. To
improve serviceability it is reasonable to subject butt
joints to arc treatment with a partial melting of tran-
sition places from weld to base metal. The welded
body is subjected to an obligatory tempering. Its cy-
lindrical part is strengthened by polymer composite
material of a high specific strength.

Here, the formation and welding of shell, forging
of longitudinal weld, furnace postweld tempering and
high-temperature heating with further hardening are
eliminated.
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(1999) Welding consumables and technologies of low-alloy
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Table 2. Cyclic life of butt joints of steel of strength class X80
produced by multilayer submerged-arc welding using wire Sv-
10Kh2M

Postweld treatment σ, MPa N, cycle

Without treatment 300 58,100

350 86,100

Arc partial melting of a weld 300 104,900

350 49,300

Arc partial melting of transition
places

300 106,400

350 86,300

High tempering 300 312,400

350 114,100
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AUTOMATIC CONTROL DRIVE OF ELECTRODE
MOVEMENT TRAJECTORY

FOR THE ARC SURFACING MACHINES

S.V. GULAKOV and V.V. BURLAKA
Priazovsky State Technical University, Mariupol, Ukraine

Suggested is the design of the electrode movement mechanism for deposition of complex-configuration beads on working
surfaces of machine parts and tools by using the automatic electron control system. The device is a modification of the
connecting rod gear, in which the connecting rod is made with a possibility of automatic adjustment of its length.

Keywo rd s :  electric arc surfacing, drive of electrode oscil-
lation, connecting rod gear, automatic control system

Control of a bead trajectory is necessary for providing
quality formation of a deposited working layer with
complex trajectory on a repairable part. In particular,
a quick change of a movement trajectory, for example,
in the apexes of zigzags (Figure 1), accompanied by
possible distortion of a weld pool shape during change
of electrode movement direction is to be taken into
account [1].

The aim of the present work is to develop and
investigate a simple and reliable device for electrode
oscillation, allowing formation of the necessary tra-
jectory of its movement.

A connecting rod gear (CRG) was used as a prin-
ciple device for electrode oscillation. It provides the
trajectory of movement of driven element close to
sine. Change of the forming trajectory in it can be
performed by means of control of a drive motor or
change of geometric parameters of the CRG elements.

Formation of movement trajectory through control
of the drive motor requires its frequent reverses and
significant accelerations that results in overheating
and reduction of system reliability.

The work proposes a drive based on the CRG in
which the connecting rod is made with a possibility
of program adjustment of its length in the process of
mechanism operation [2] (Figure 2). At that, mini-
mum and maximum length of the connecting rod de-
termine the boundaries for resulting «corridor» of al-
lowable positions of the driven element (Figure 3,
curves Lmax, Lmin). The linear parameters of the con-
necting rod are changed with the help of additional
drive, mounted on it. Thus, it is possible to form a
deposited bead of any shape in the ranges of «corridor»
of allowable positions, for example, rectangular (Fi-
gure 3, curve 1) or trapezoid (Figure 3, curve 2) ones.

It follows from Figure 2 that a coordinate y(ϕ) of
electrode holder for geometry reasons is determined as

y(ϕCRG) = R sin ϕCRG +

+ √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯L(ϕCRG)
2 — (R cos ϕCRG)

2 ,
(1)

where R is the crank length, m; ϕCRG is the angle of
rotation of the CRG, degree; L(ϕCRG) is the connect-
ing rod length, m.

It can be seen from expression (1) that control of
the connecting rod length L during the oscillation
period (complete crank revolution) can significantly
influence on a principle of electrode holder movement.

Automatic control system (ACS) provides a change
of the connecting rod length L = f(ϕ) (see Figure 2)
in such a way that the trajectory of electrode move-
ment y(ϕ) meets the set one.

Thus, the function y(ϕ) can have the following
form for obtaining the electrode movement trajectory:

y(ϕ) = Y0 + 
H
2

 
2
π arcsin (sin (ϕCRG)), (2)

where Y0 is the displacement, m; H is the oscillation
range, m.

Coefficient 2/π before the arcsine function is a
standard. It is convenient to select displacement Y0

equal

Y0 = 
√⎯⎯⎯⎯⎯⎯⎯⎯⎯ Lmin

2  — R2  + √⎯⎯⎯⎯⎯⎯⎯⎯⎯ Lmax
2  — R2

2
, (3)Figure 1. Surface of the roll with deposited zigzag-shape beads
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that provides centering in the «corridor» of allowable
positions.

Thus, for realizing of the rectangular trajectory of
electrode movement the length of connecting rod of
the CRG should be changed in such a way that an
equation is fulfilled

R sin ϕCRG + √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯L(ϕCRG)
2 — (R cos ϕCRG)

2  =

= Y0 + 
H
2

 
2
π arcsin (sin ϕCRG).

(4)

Solution of equitation (4) is the following:

L(ϕCRG) =

= √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯[Y0 + 
H
2

 
2
π arcsin (sin ϕCRG) — R sin ϕCRG]2 + (R cos ϕCRG)

2 .

(5)

The trapezoid trajectory can be obtained through
modification of the rectangular oscillation in the fol-
lowing way:

y(ϕ) = Y0 + 
H
π  arcsin ×

 ×
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(6)

where γ is the half angular width of trapezium vertex.
At that, a range of trapezoid oscillation H′ and

parameter γ are in the ratio

H′ = H 
⎛
⎜
⎝1 — 

2γ
π
⎞
⎟
⎠. (7)

The ACS with proposed compound drive of the
electrode movement should provide reliable operation,
error-free continuation of operation after disconnec-
tion and further renewal of power supply, and good
quality parameters, such as time of adjustment and
re-adjustment.

The compound drive of electrode movement as a
control object, including the CRG with variable
length of connecting rod and direct current motor
controlling this length, is sufficiently complex linear
system with internal feedbacks.

Armature voltage is a parameter of control object
using which the latter can be influenced from the ACS
side. It should change in such a way that the coordinate
of electrode holder Xout is changed on specified prin-
ciple. At that it is necessary to provide a current of
the armature at a secure level due to frequent reverses
and accelerations of motor of the additional drive.
The system should also be stable to self-excitation.

Implementation of the ACS in a form of classic
single-loop adjuster with total negative feedback on

electrode position results in unsatisfactory parameters
of adjustment quality since the control object is an
inertial element of the second row that complicates
stabilizing of a closed system.

Improvement of adjustment parameters in the sin-
gle-circuit scheme of automatic control is seemed to
be impossible due to absence of information about
operation of internal feedbacks in the control object.

The whole control system was divided into the
embedded loops in order to have the possibility of
their series adjustment and optimization for simplify-
ing synthesis of the ACS and providing better adjust-
ment characteristics. At that, separate adjustment
loops provide «uncoupling» of internal feedbacks in
the control object that gives the possibility of maxi-
mum reduction of adjustment time, preserving at the
same time physical limitations on voltage and current
of the motor armature.

Figure 2. Kinematic scheme of the drive: SA – sensor of crank
rotation angle; SP – sensor of electrode position

Figure 3. CRG trajectories: 1 – triangle; 2 – trapezoidal; 3, 4 –
with proposed Lmax and Lmin, respectively
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The control system has three adjustment loops:
adjuster of current of armature, rate and position. The
task of each adjuster in structural scheme of control
system for electrode oscillation mechanism is maxi-
mum quick and accurate processing of corresponding
task. At that, formation of the negative feedbacks is
possible.

Pulse hysteresis adjuster provides a formation of
current of motor armature of the additional drive that
predetermines a high reaction rate of the system and
small loss of power in the adjuster.

The ACS was realized in practice on the ATMEL
single-chip microcontroller ATMegal 168-20. Combin-
ing of the most of adjustment functions in one chip
allows obtaining a system with a possibility of flexible
setting of virtually all adjuster parameters. Besides,
application of a mircomodulator allows easily provid-
ing diagnostics of the drive operation in real time and
detecting its faulty operations at minimum time.

The main drive motor is a DC motor with inde-
pendent excitation by 230 W power, nominal armature
voltage 110 V, 2.9 A current and 2400 rpm nominal
revolution rate.

Motor with excitation from constant magnets of
DP-40-40 type was selected for the additional drive.
It can be explained by simple control (adjustment of
a rate of shaft revolution is carried out only through
change of voltage on the armature), small response
time (electromechanical time constant of around
300 ms), large limit moment (around 5 Mnom), good
weight-dimension indices and high power-to-weight
ratio (40 W at 1.1 kg weight).

A mode of motor operation in the linear drive can
be classified as an intermittent duty (S3 on GOST
183—74) since time of oscillation cycle (around 30 s)
does not exceed the time constant of machine heating.
Hence, the control system allows short-time fivefold
overloads of the motor during reverses; at that, the
root-mean-square current of the armature, taken as a

cycle time, does not exceed the nominal one that guar-
antees absence of the overheating.

Selsyn motor with balanced three-phase voltage
system supplied on winding of its stator was used for
determination of rotation angle of the crank of move-
ment mechanism. The electromotive force of the rotor
winding and voltage of one of the phases is supplied
on control circuit. The rotation angle is determined
programmatically on phase shift between the signals
mentioned above.

Position of an oscillating platform with installed
on it mechanism of electrode feeding is determined
with the help of contact-free probe Micropulse, output
signal of which has (—15 — +15) V change ranges and
is renewed at 2 kHz frequency.

Liquid-crystal indicator of TIC154 type in stand-
ard connection scheme and four-button keyboard were
used for the interactive adjustment of system parame-
ters. The adjustment is carried out with the help of a
hierarchical menu.

Supply voltage of both motors is formed by half-
bridge inverters, controlled from a controller and
manufactured using IRG4PC30UD transistors and
IRS2113 drivers in the standard connection scheme.
The possibilities of data exchange with personal com-
puter through RS-232 interface and on-board re-pro-
gramming of the controller are also considered in the
scheme.

Application of the compound drive also allows chang-
ing of the oscillation amplitude during operation that
provides the possibility of carrying out surfacing of a
layer with predetermined distribution of properties, for
example, surface of rolls with indentations [3].

A dependence of the optimum length of crank on
the amplitude of required osculation trajectory at
which additional drive requires minimum power [4]
was derived by authors. This improves the dynamic
characteristics of the system (reduction of moment of
inertia) through a preliminary adjustment of the crank
length before surfacing cycle.

Figure 4 shows the oscillograms of armature volt-
age and current of motor of the additional drive in
changing connecting rod length during execution of
triangle trajectory of the electrode movement with
optimum selected length of the crank. Proposed sys-
tem for control of the drive of electrode movement
has characteristics which allow formation of the move-
ment trajectory optimum for surfacing.

Developed electromechanical device for control of
the electrode movement trajectory, including the
CRG, set in motion by powerful electric drive, and
device for measurement of the connecting rod length,
consisting of the direct current drive, installed directly
on it, and the ACS adjusting geometric parameters of
the connecting rod according to specified principle
should be noted in conclusion. The system is realized
using microprocessor technology and provides mini-
mizing of power of the device for measurement of the

Figure 4. Oscillograms of armature voltage Ua and current Ia of
motor of the additional drive at execution of triangular trajectory
of the electrode movement
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connecting rod length by means of preliminary selection
of the optimum crank length. The inspection of the
device under laboratory experimental-industrial condi-
tions showed the high dynamic characteristics (override
of around 10 %, time of adjustment 1.8 s at execution
of step excitation) and sufficient (around 7 %) accuracy
of operation of the oscillation mechanism.

The tests on stability of given system to influence
of the external disturbances were carried out taking
into account real mechanical characteristics of the de-
vice and limitations of the parameters (armature cur-
rent and maximum speed). Optimization of the pa-

rameters of ACS control loops was carried out accord-
ing to the results.
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INFORMATION-CALCULATION SYSTEM FOR HYGIENIC
CHARACTERISTICS OF WELDING ELECTRODES

O.G. LEVCHENKO, V.V. SAVITSKY and A.O. LUKIANENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

A computer system is presented comprising indicators of emission levels and chemical composition of fumes that pollute
the work zone air in coated-electrode welding, as well as a system for calculation of the required ventilation air exchange.
They can be applied to calculate the content of harmful substances in the work zone air when using different types of
ventilation (local and general) and to select the type of the ventilation system for welding under different conditions.

Keywo rd s :  arc welding, coated electrodes, hygienic cha-
racteristics, welding fumes, prediction,, ventilation

The main means of worker protection from welding
fumes (WF) contaminating the air in production fa-
cilities in electric arc welding is exhaust system of
ventilation. Effectiveness of WF removal from the
work place depends on the correct selection of the
kind of ventilation system and its efficiency, which is
calculated on the basis of experimental data on inten-
sity of WF component evolution.

This work considers the developed computer in-
formation-calculation system (ICS) which allows ob-
taining information about the characteristics of levels
of WF harmful component emissions in manual arc
welding in different modes, predicting concentration
of WF and gases (carbon oxide and nitrogen dioxide)
in the work zone air, as well as calculation of the
required air exchange and selection of the kind of
ventilation system.

Main functions of ICS «Welding hygiene» are as
follows:

• entering and editing information on initial data
and hygienic characteristics of welding electrodes;

• information storage and displaying;
• searching for the necessary information;
• predicting the concentration of WF, manganese,

carbon oxide and nitrogen dioxide in the work zone
air, depending on welding mode and distance to the
welding arc;

• calculation of characteristics of ventilation air
exchange, i.e. quantity of air, required for dilution of
harmful substances in the work zone air to threshold
limit concentrations (TLC);

• issuing recommendations on selection of a ven-
tilation system or means of individual protection of
respiratory organs.

ICS includes the following subsystems: selection
of electrode grade; selection of welding mode; selec-
tion of welding conditions (without ventilation, with
general or local ventilation).

Compared to the known information systems [1—4]
ICS «Welding hygiene» developed by us gives more

complete information in a more understandable form
about the initial characteristics of welding electrodes
(purpose, coating type, kind of current, welding
mode) and general characteristics of WF emission lev-
els: intensity of formation (Vf, g/min), specific evo-
lution (Gf, g/kg), coefficient of intensity of forma-
tion (βf, g/(kW⋅h)) and coefficient of specific evo-
lution (γf, g/(kW⋅kg)). The system gives the data on
experimental and calculated WF concentrations in the
working zone air at different distances to the welding
arc in case of availability of general, local ventilation
and without it, which are used to select the most
effective ventilation system. ICS allows performing
hygienic assessment of known coated-electrode grades
for welding low-carbon and low-alloyed steels and
eventually provide recommendations on selection of
the respective ventilation system (local or general).

ICS «Welding hygiene» data base contains infor-
mation on quality characteristics of WF emissions:
their composition for low-carbon, low-alloyed, me-
dium-alloyed and high-alloyed steels. On the other
hand, it presents results of investigations of the de-
pendencies of concentrations of WF, manganese as
the determinant toxic component in welding of low-
carbon and low-alloyed steels [5], as well as gases
(carbon oxide and nitrogen oxides), characteristic for
welding with electrodes not containing any fluorides
in their coating. These dependencies are used by the
computer system for selection of the kind of ventila-
tion system, ensuring WF content in accordance with
the standard requirements [6].

Searching for information in the data base is per-
formed by the specified welding electrode grade.
Search result is documented in the form of an output
document (Figure 1).

Results of computer system functioning can pro-
vide hygienic parameters, characterizing the compo-
sition, level of WF emissions, and can allow calcula-
tion of the required air exchange of general ventilation
taking into account the LTC of harmful substances.
The air exchange is presented in the form of two char-
acteristics: first – quantity of ventilated air per one
kilogram of electrodes consumed in welding (Qm,
m3/kg), the second one is the same per a unit of© O.G. LEVCHENKO, V.V. SAVITSKY and A.O. LUKIANENKO, 2011
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welding time (Qt, m
3/h). By the values of these char-

acteristics ICS allows performing comparative hygi-
enic assessment of welding electrodes of various
grades, including local electrodes, against foreign elec-
trodes, using Qt value.

Manganese concentration in the work zone air can
be derived by calculation by the data of its formation
intensity, using graphic and analytical dependencies
obtained in [5]. For this purpose graphic information
(Figure 2) was included into the data base of «Weld-
ing hygiene» system. This information allows deter-
mination of manganese concentration (CMn) in the
required point depending on ventilation conditions
(general, local or no ventilation), welding mode and
distance from the arc L.

In addition, the right-hand part of ICS window
(see Figure 2) presents text information on recom-
mendations for normalizing the content of harmful
substances in the working zone air. These recommen-
dations determine in which cases general ventilation
and in which cases local ventilation should be used,
which depends on electrode grade, welding mode pa-
rameters and distance from the welding arc to the
required point. If there is no local ventilation device
in the work place, ICS proposes application of an
independent filter-ventilation unit. Now, if local ven-
tilation does not ensure harmful substances content
in this point below the TLC, it is proposed to use the
means for individual protection of respiratory organs
(filter respirator or welding face shield with a system
of clean air feeding to the breathing zone).

Alternatively, the graphic dependencies given in
ICS (see Figure 2) show how and to what extent WF
impact on the body of workers being near the welding
station can be reduced by changing the welding mode
parameters and distance from these workers to the
welding arc.

This system will be useful for welding fabrication
specialists and labour safety units in enterprises ap-
plying arc welding. It will provide them with sys-
tematized information on hygienic characteristics of
welding electrodes with the purpose of selection of
the least hazardous grades, will enable adequate se-
lection of systems of work place ventilation and indi-
vidual protection of respiratory organs. As a result,
it will enable increasing the level of protection of
workers of welding professions and lowering the risk
of development of their occupational diseases.

1. Demchenko, V.F., Levchenko, O.G., Metlitsky, V.A. et al.
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Figure 1. Output document of ICS «Welding hygiene» Figure 2. Graphic dependencies of ICS and recommendations on
selection of the kind of ventilation system and (or) means of indi-
vidual protection of respiratory organs
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THESES FOR A SCIENTIFIC DEGREE

E.O. Paton Electric Welding Institute of the NAS
of Ukraine

A.N. Kislitsa (E.O. Paton Electric Welding Insti-
tute) defended thesis for a Candidate’s degree on the
subject «Microplasma spraying using wire electrodes»
on December 22, 2010. It established the main tech-
nological peculiarities of microplasma spraying proc-
ess from wire materials and defined the factors having
the most significant influence on spraying process and
properties of coatings.

The calculation-theoretical analysis of process of
dispersion of melt of neutral wire material under the
conditions of microplasma spraying (MPS) showed
that the condition for melt droplet detachment from
the end of a neutral wire is a required speed of a
microplasma jet which depends on the properties of
wire material, mainly on surface tension of its melt
and for σ = 0.914—2.3 J/m2 it is 270—430 m/s. It
corresponds to the consumption of plasma gas in the
limits of 100—300 l/h being established. The data of
consumption of plasma gas lead to the turbulent char-
acter of plasma jet expiration (Re = 5000—9000).

The diameter of wire and its feed rate to the arc
zone during MPS depend on thermophysical properties
of its material which determine its stable melting in
the arc zone. In case of using W, NiCr, Ti wires the
diameter of wire is 0.2—0.4 mm, and feed speed is
3—6 m/min.

The volt-ampere characteristics of microplasma-
tron with a remote anode and protective nozzle for
the conditions of MPS from wire materials are deter-
mined. The influence of technological parameters on

efficiency factor of plasmatron was investigated which
reached 73 %, and the temperature of plasma here was
17,700 K.

The level of influence of different factors of wire
spraying process on the average size of particles for
different materials during dispersion of wire melt by
plasma jet as well as on material utilization factor is
determined applying the method of design of the mul-
tifactor experiment. The mathematical processing of
obtained data allowed obtaining linear regressive mod-
els showing the influence of the most considerable
parameters of the process (current strength, consump-
tion of plasma gas, distance of spraying, wire feed
speed) on formation of jet of particles of sprayed ma-
terial and complex of characteristics of W, NiCr and
Ti coatings under the conditions of MPS using wire
materials.

For the conditions of MPS of wire materials the
rate of particles of sprayed material is determined
which depends on current strength and consumption
of plasma gas and inversely proportional to the specific
weight of sprayed material. The rate for Ti particles
reaches 75, NiCr particles – 70, W particles –
45 m/s.

The investigation of figure of metallization for
MPS using NiCr wire was carried out. It was estab-
lished that profile of figure of metallization is de-
scribed by Gauss distribution. The diameter of spray-
ing spot is 5—10 mm, the angle of jet opening is in
the limits of 4.6—9.4°, which is comparable with the
data for laminar plasma jets and, probably, connected
with the presence of reduction jet of shielding gas. It
was shown that in connection with decrease of distance
of spraying during wire MPS down to 40—60 mm the
decreased content of oxide and nitride phases in the
coatings is achieved. Thus, for Ti coating the minimal
values were O2 – 0.88, N2 – 0.57 %.

As a result of establishment of possibility to control
macroporosity of Ti coatings during wire MPS, the
compliance of value of their engagement with the base
of Ti alloy for detachment (25.6 ± 4.6 MPa) and for
shear (24.2 ± 3.5 MPa), with ASTM C633 require-
ments, and also with data of tests of these coatings
in-vivo the efficiency of their application is shown
during manufacture of endoprostheses of different pur-
pose (hip, dental and other).
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E.O. Paton Electric Welding Institute of the NAS
of Ukraine

I.A. Ryabtsev (E.O. Paton Electric Welding Insti-
tute) defended thesis for a Doctor’s degree on Febru-
ary 2, 2011 on the subject «Restoration and strength-
ening of parts operating under the conditions of wear
and different kinds of cyclic loads using surfacing
methods».

The thesis is devoted to the development of theo-
retical assumptions about a part to be surfaced as a
multilayer structure, where each its layer has its func-
tional purpose and contributes to stress-strain state of
the part on the whole and influences its operational
properties, service life and feasibility of multiple res-
toration surfacing.

Based on the modern models of tough-plastic non-
isothermal flow, thermokinetic diagrams of decay of
overcooled austenite of deposited and base metal using
numerical finite element method, the methods of cal-
culation of residual stress-strain and structural state
of cylindrical and plane parts during single and mul-
tilayer deposition and their influence on fatigue
strength at cyclic mechanical or thermomechanical
loads were developed. The calculations were con-
firmed by the tests of thermal and mechanical fatigue
strength of deposited specimens and parts.

The methods were developed and calculation of
stress-strain and structural state in the process of depo-
sition and service cyclic thermal loads of parts of the
type of mill rolls deposited by tool steel with and
without plastic underlayer was carried out. Using cal-
culations it was established that deposition with a
plastic underlayer provides decrease of stresses by 25—
30 % in the most loaded external working layer, which
results in increase of thermal resistance of deposited
part approximately by 35 %. The experimental inves-
tigations of thermal resistance of deposited specimens
confirmed the results of calculations. To control the
structure and properties of deposited metal it was
offered to use effect of structure heredity in the elec-
trode (filler) material—weld pool—deposited metal sys-
tem. It was established that in arc surfacing the
method of preparation of charge materials and their
structure influence the structure and wear resistance
of deposited metal. At similar chemical composition
in the structure of metal deposited using wire with
charge of powders of ferroalloys including high-carbon
ferrochrome, the content of carbides is approximately
1.2—1.3 times higher than in the structure of metal
deposited using wire with charge of preliminary
melted and sprayed highly-alloyed powder. The effect
of structural heritage is offered to be used for refining
structure and increase of thermal resistance of wear-
resistant deposited metal of the type of tool steels by
adding of surfacing flux-cored wires of ultradispersed
eutectic carbide compositions of main alloying ele-
ments of chromium, tungsten, vanadium and other
into the charge.

The carried out investigations allowed developing
the new high-efficient surfacing materials and tech-
nologies of surfacing the parts, operating under the
conditions of wear and cyclic mechanical or ther-
momechanical loads. The developed materials and
technologies of surfacing have passed pilot-industrial
tests and used in mining and metallurgical enterprises
of Ukraine.
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FLASH-BUTT WELDING OF ROD REINFORCEMENT
IN RECONSTRUCTION OF OLYMPIC NSC (Kiev)

In Kiev during preparation to the Football European Championship EURO 2012 a large complex of works
is performed for the reconstruction of available and construction of new objects of Olympic NSC.

The E.O. Paton Electric Welding Institute of the NAS of Ukraine has contributed to realize large-scale
projects in the planned terms. In particular, the Department of Pressure Welding of the Institute has developed
technologies of flash-butt welding of rod reinforcement of ferroconcrete and model of mobile complex for
realization of these technologies directly at the construction site. The complex includes flash-butt welding
machines, earlier designed at the E.O. Paton Electric Welding Institute. In the period of June—October 2010
a large volume of works on flash-butt welding of ferroconcrete rod reinforcement of 20, 25, 28, 32 and 36 mm
diameter for manufacture of twenty girders of upper tier of spectators stand of the VIP-zone and monolithic
plates of the zone for arriving team buses was performed.

The carried out metallographic investigations and mechanical tests showed that quality of welded joints
completely meets the requirements of acting standard documents.

This development can be widely used in construction of industrial and residential structures, bridges, viaducts
and other objects.
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