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HYBRID LASER-MICROPLASMA WELDING
OF THIN SECTIONS OF METALS"

B.E. PATON', V.S. GVOZDETSKY', 1.V. KRIVTSUN', A.A. ZAGREBELNY', V.F. SHULYM' and V.L. DZHEPPA

2

The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine
*Design Bureau «Yuzhnoye», Dnepropetrovsk, Ukraine

Prototype of an integrated plasmatron for microplasma, laser and laser-microplasma welding of different metals up to
3 mm thick in the automatic and manual modes was designed and manufactured. Technological cababilities of this
plasmatron for welding steels, titanium and aluminium alloys in the microplasma, laser and hybrid modes were studied.
The efficiency of utilisation of energy of the laser beam and microplasma arc combined in a hybrid process was proved
to substantially increase. Laser-microplasma welding using the microplasma arc with alternating-polarity current pulses
is shown to have a high potential for joining aluminium alloys.

Key words: electric arc, laser beam, integrated plasma-
tron, microplasma, laser, laser-microplasma welding, metal
penetration, space, investigations

Combined or hybrid processes implemented by a com-
bined use of two different heat sources, e.g. laser
beam and electric arc, are receiving currently an in-
creasingly wide acceptance. Initial investigations into
laser-arc welding processes |1—5] showed that they
possess a number of peculiarities which cannot be
explained by simple superposition of properties of the
involved heat sources if taken separately. In particu-
lar, it was found that the combined effect exerted on
metals by laser and arc heat sources was accompanied
by a fundamental increase in the cocfficient of utili-
sation of energy of both heat sources and stability of
movement of the are spot over the workpicce surface.
All this allows a more than 1.5 times increase in a
maximum depth of penctration, as compared with the
corresponding laser process, which is especially im-
portant for the cases when low-power lasers are em-
ployed, and makes it possible to improve stability and

Figure 1. Integrated plasmatron for microplasma, laser and hybrid
welding in automatic and manual modes

*

almost double the productivity of the corresponding
arc process.

Results obtained from utilisation of the con-
stricted (plasma) arc instead of the freely burning
one in the hybrid process turned out to be much more
encouraging. Two diagrams of rcalisation of the la-
ser-plasma welding are known in the art — one with
laser beam and plasma arc located at an angle to cach
other |6, 7], and the other with their coaxial arrange-
ment [8—11]. The latter seems to be more rational, as
it provides the required coaxiality of thermal and
dynamic effects of the heat sources on the weld pool
surface.

Unfortunately, employment of traditional plasma-
trons for realisation of hybrid laser-plasma welding
within the frames of the diagram under consideration
is hardly possible. Coaxial arrangement of the laser
beam and plasma arc requires the use of specialised
devices, i.e. integrated laser-arc plasmatrons [8—10,
12], the main peculiarity of which is design of the
cathode unit (refractory tubular cathode or system of
pin cathodes located on the circumference) to allow
focused laser radiation to be introduced into the weld-
ing zone along the axis of the plasma-shaping channel.

This article considers results of tests of a prototype
of the integrated laser-arc plasmatron intended for
automatic and manual welding of different metals up
to 3 mm thick, as well as results of studies of tech-
nological capabilities of hybrid welding of stainless
steels, titanium and particularly aluminium alloy
from the standpoint of its future application under
the space conditions.

Experimental equipment. The prototype of a ver-
satile plasmatron for microplasma, laser and laser-mi-
croplasma welding in the automatic and manual
modes was designed and manufactured for implemen-
tation of the process of hybrid welding of thin sections
of metals (Figure 1). This device is a two-clectrode
plasmatron with a tungsten cathode 1.5 mm in di-

This study was performed in collaboration with the Bremen Institute for Applied Beam Technologies (BIAS) Bremen, Germany.
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ameter (for operation at straight polarity (SP)) and
tungsten electrode 2.5 mm in diameter (for operation
under conditions of alternating-polarity pulses of the
electric current), installed inside a water-cooled cas-
ing. Electrodes are located diametrically at an angle
of 21° to the plasmatron axis with a possibility of
moving along their axes. The plasmatron has a re-
placecable plasma-shaping nozzle made from copper or
molybdenum, with a diameter of the exit channel
equal to 2-3 mm, and an external nozzle for shielding
gas feeding.

The suggested plasmatron design allows the fo-
cused laser beam to be introduced into the welding
zone along the axis of the plasma-shaping nozzle. For
this purposc the casing is fitted in its upper part with
an interfacing unit (Figure 2) to connect the plasma-
tron to the standard focusing system RSY-FM- D160Z
HP /2 with an adjustable focal distance of 160+6 mm,
which is connected to the light guide via the RSY-
KM-B120 HPW /2 collimator. The plasmatron is de-
signed for operation with the up to 2 kW YAG laser
(size of the focal spot is 0.6—1.0 mm) at SP currents
of the microplasma arc equal to 50 A and using alter-
nating-polarity pulscs of the clectric current with an
amplitude of 35 A.

Preliminary tests of the plasmatron in the arc
mode, conducted by the E.O. Paton Electric Welding
Institute using an experimental power supply, in-
cluded:

« identification of conditions for excitation and
maintenance of the pilot and main arcs;

» checking functioning of the plasmatron at
straight and reverse polarities;

e preliminary evaluation of technological capabili-
tics of the plasmatron in the microplasma welding
mode.

With the plasma-shaping nozzle channel diameters
of 2-3 mm and plasma gas (argon) flow rates of 0.5~
0.8 1/min the pilot arc was ignited in a stable manner
both between cach of the clectrodes and the nozzle
and between the two electrodes (pilot arc current
5-7 A, open-circuit voltage 60 V). The best shape of
the pilot arc with a plasma flame going out of the
nozzle exit section was observed in its burning be-
tween the plasmatron electrodes.

At a distance from the nozzle exit section to the
sample surface equal to 2 = 2—3 mm, the SP main arc
had a stable excitation and burning at an electric
current of I = 32-53 A at an arc voltage of U =
=36-29 V (U, .= 80 V). Increasing the open-circuit
voltage to 100 V provided the stable excitation and
burning of the main arc at a distance to the sample
surface increased to 6 mm.

Samples 1.0, 1.5, 2.0 and 3.0 mm thick of stainless
steel 12Kh18N9T (C — 0.12; Cr — 17.0-19.0; Ni —
8.0-10.0 wt.%), titanium alloy OT-4 (3.5A1-1.5Mg)
and aluminium alloy AMg3 (Al-3Mg) were used to
evaluate technological capabilities of the plasmatron
in the microplasma welding mode.
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Figure 2. Microplasma welding at straight polarity using the in-
tegrated plasmatron

The samples welded were mounted on a fixed weld-
ing table (using a copper backing), and the plasma-
tron was fixed on the bracket of a welding tractor
and moved during welding operations (Figure 2). The
technological experiments conducted included pene-
tration of the samples and welding of butt joints. The
plasma gas, shielding gas flow rate and the cooling
water consumption were 0.6, 8.0, 1.5 1,/min, respec-
tively.

It was established that welded joints with full
penctration of samples of stainless steel and titanium
alloy, 1.0-1.5 mm thick, could be produced by mi-
croplasma welding with the SP arc using the plasma-
tron developed. In that case the welding parameters
were as follows: T = 43-52 A, U = 29-25 V and
welding speed vy, = 0.24-0.40 m /min. Width of the
welds thus produced was no more than 3.5 mm. No
marked undercuts or sags of the welds were seen, and
the welds produced at a distance to a sample equal
to 2 mm looked better.

The experiments conducted revealed the insuffi-
ciency of shielding of the weld pool surface, which
resulted in a marked oxidation of the welds. As an
increase in the shielding gas flow rate failed to provide
an improvement of the shiclding quality, certain
modifications were made on the plasmatron: diameter
of the exit orifice of the shiclding nozzle was increased
and a fluoroplastic gas-distribution ring was made
and installed into this nozzle. Although these meas-
ures provided some improvement of the quality of
shiclding of the welding zone, that was obviously
insufficient (further optimisation of the weld shield-
ing system is required).

Unfortunatcly, the attempts made at the first stage
of the test to determine capabilities of the plasmatron
in opcration under conditions of the alternating-po-
larity current pulses failed because of unstable func-
tioning of the available power unit.

Technological experiments. Technological ex-
periments on utilisation of the integrated plasmatron
for welding in the arc, laser and hybrid modes were
conducted at BIAS in Germany. A standard power
unit for arc and plasma welding of the MESSER TIG
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Figure 3. Integrated plasmatron with the laser focusing system
connected to it

450 AC/DC-P model with a smooth regulation of
the electric current from 5 to 450 A, including the
plasma and shielding gas feed and control system and
the closed loop of fluid cooling of the plasmatron
with its switching-on interlocking, was used as a
power supply. The power supply provided a stable
ignition of the pilot arc both between one of the
electrodes and the plasmatron nozzle and between the
two electrodes. In addition, this power supply was
equipped with an oscillator to ignite the main arc by
breaking down the arc gap, which allowed the AC
and DC main arc to be ignited further on without the
usc of the pilot arc.

Robot-manipulator of the KUKA Company was
used to move the plasmatron during welding. The
control system of the robot made it possible to pro-
gram all the parameters of the welding process, which,
in addition to advantages, also had certain drawbacks,
as it did not allow adjustment of the process parame-
ters during welding. In all the experiments the weld-
ing speed was set at a level of 0.25 m /min, which,
firstly, is a mean valuc of the speed of manual welding
operations, and, sccondly, a limited power of the plas-
matron did not allow opcration at higher speed valucs.
The distance from the exit section of the copper
plasma-shaping nozzle to a sample was set to be equal
to 2.0-2.5 mm, and diamcter of the plasmatron nozzle
channel was sclected to be equal to 2.5 mm. Samples
of the same materials and thicknesses, as those used
for the tests conducted at the PWI, were employed
for the above technological experiments.

Microplasma welding. SP microplasma welding
of samples of the above stainless steel and titanium
alloy was carried out to determine technological ca-
pabilitics of the plasmatron in the arc mode operation.
Six butt joints of samples 1.0—1.5 mm thick were
welded at different combinations of the arc current
I=40-51 A, and penetration of four samples 2—3 mm
thick was performed for subsequent comparison of the
depth and width of penctration in microplasma weld-
ing with the corresponding parameters of the welds
produced by laser and hybrid welding.

4

Samples of aluminium alloy were welded by the
AC microplasma arc using alternating-polarity pulses
with a frequency of 125 Hz. Duration of the SP and
RP pulscs was 65 and 35 %, respectively. Welding
was performed at arc currents of 25-35 A. It should
be noted that at a microplasma arc current of 25 A
the sample 3 mm thick was just cleaned without a
marked penctration. Welding of butt joints also pro-
vided a good cleaning of the surface, but no quality
welds with full penetration were produced even at
their thickness of 1 mm and an arc current of 35 A.

Laser welding. Upon completion of experiments
in the arc mode, the plasmatron was connected to the
focusing system RSY-FM-D160Z HP /2 (Figure 3)
and then, via a flexible light guide, to the pulsed
periodic-wave diode-pumped laser RS D4 044 (Rofin-
Sinar Company) with a maximum power of 4.4 kW.
Position of focus of the laser beam was adjusted (focal
spot size 0.8—1.0 mm) relative to the sample surface
at a distance from the plasmatron exit section equal
to i =2 mm.

The experiments started with welding and pene-
tration of samples of stainless steel and titanium alloy.
Prior to welding of aluminium samples, to prevent
ingress of a reflected radiation into the optical system
of the laser, the plasmatron with the focusing system
installed on it was turned to a angle of 8° to a vertical
line (see Figure 3). This provided correction of posi-
tion of focus of the laser beam with respect to the
sample surface. Ten samples of the above materials
1.5-3.0 mm thick were treated at a laser power of
500—1500 W. As a result, full penetration of the stain-
less steel samples 2 mm thick was achieved at a laser
power of 1 kW. For the titanium and aluminium alloy
samples 3 mm thick the penetration depth was 1.2 mm
at a laser power of 0.5 kW (OT-4) and 0.8 mm at a
laser power of 1.5 kW (AMg3). In the case of welding
butt joints on the aluminium alloy samples 1.5 mm
thick, the attempts to achieve full penetration by
increasing the laser power from 1.0 to 1.3 kW failed.

Hybrid welding. Prior to beginning of the welding
experiments in the combined mode, the plasmatron
with the connected focusing system was electrically
insulated from the robot. The switching on trials re-
vealed problems with the cooling system of the
4.4 kW RS D4 044 laser. Therefore, the continuous-
wave laser RS CW 020 with a power of 2 kW, the
beam of which was focused on a workpiece into a spot
0.6 mm in size, was connected to the plasmatron.

Penetration in the hybrid mode (laser + AC mi-
croplasma arc) was performed on aluminium alloy
samples 3 mm thick. At an arc current amplitude of
25 A and laser beam power of 1.0—1.5 kW the samples
were penctrated to a depth of less than 1 mm, resulting
in a strong blackening of the welds, although in the
casc of using only the AC microplasma arc this effect
was not seen and a normal cleaning of the aluminium
surface occurred. The plasmatron was disassembled
(protective and plasma-shaping nozzles were re-
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moved) and leakage of cooling water was detected in
a soldered joint in the lower part of the plasmatron
casing. It is likely that this leakage was a cause of
deterioration of shielding of the welding zone. Despite
this fact, penetration of two aluminium alloy samples
3 mm thick was performed in the hybrid welding
mode (the plasmatron was disconnected from the cool-
ing system during those experiments). The hybrid
welding conditions were as follows: laser power was
1.2 kW and amplitude of the microplasma arc current
pulses was 25 and 35 A, respectively.

Experimental results. The developed integrated
plasmatron for microplasma, laser and hybrid welding
allows butt joints with full penetration of the stainless
steel and titanium alloy samples up to 1.5 mm thick
to be produced in operation in the DCSP arc mode
at an arc current of 40-50 A and welding speed of
0.25 m /min.

Power of the plasmatron in welding aluminium
alloy using alternating-polarity pulses (current am-
plitude 25 A) allows no more than cleaning of the
surfaces of samples 3 mm thick, without visible traces
of melting (Figure 4, a). The attempts to produce
butt joints in aluminium samples 1 mm thick showed
that the above power was also insufficient for making
the welds with full penetration. Therefore, power of
the plasmatron should be increased (maximum value
of the arc current should be increased at least to 50 A)
for operation at the alternating-polarity pulses.

The experiments with laser welding showed that
at the selected welding speed values the butt welded
joints could be produced on the stainless steel and
titanium samples 1.5 mm thick at a laser power of
750-800 W. At this point we have to note some in-
stability of the process, which results in formation of
regions on the weld surface differing in appearance,
although the welding process parameters were un-
changed.

The attempts to provide full penetration in making
butt joints on aluminium alloy samples 1.5 mm thick
by increasing the laser power to 1.3 kW failed. Most
probably, the laser power required to do it should be
not less than 1.5 kW. In addition, in laser welding
of aluminium the oxide film is not cleaned from the
surface during welding, which results in an insuffi-
ciently high quality of the welds.

SCIENTIFIC AND TECHNICAL ‘

Figure 4. Macrosection of a sample of aluminium alloy AMg3
3.0 mm thick with penetration by microplasma (@), hybrid (b)
and laser (¢) welding (welding speed 0.25 m /min) using the al-
ternating-polarity arc (current amplitude 25 A, frequency 125 Hz,
plasma gas (Ar) flow rate 0.5 1/min) and YAG laser (radiation
power 1.2 kW, focal spot size 0.6 mm)

Penetration of samples of different materials, 2—
3 mm thick, at the same speed (0.25 m,/min) was
performed for comparative evaluation of different
welding methods (microplasma, laser and hybrid
welding). In particular, in the mode of SP micro-
plasma welding and an arc current of 50 A the pene-
tration depth was 0.6 mm for stainless steel and 2 mm
for titanium alloy (the weld width was 2.8 and
5.5 mm, respectively). In the laser welding mode at
a laser power of 1 kW and at the same welding speed
a full penctration of the stainless steel sample 2 mm
thick was achieved, while at a laser power of 0.5 kW
the penetration depth was 0.8 mm for stainless steel
and 1.2 mm for titanium alloy (at the weld width of
1.4 and 2.5 mm, respectively).

No visible melting was scen in penctration of alu-
minium alloy 3 mm thick by the AC microplasma arc
(amplitude value of the current was 25 A) (sce Fi-
gure 4, a), whereas with an increase in amplitude of
the current pulses to 35 A the penetration depth was
0.7 mm, weld width was 4 mm and penetration area
was 2 mm? (Figure 5, @). In laser penctration of the
same sample at a speed of 0.25 m /min the penetration
depth was 0.4 mm at a laser power of 1.2 kW (Fi-
gures 4, ¢ and 5, b).

The combined use of the 1.2 kW laser beam and
the AC microplasma arc (current amplitude 25 A) the
depth of penetration of a sample 3 mm thick at a
welding speed of 0.25 m,/min is 0.8 mm, weld width
is 2 mm and penetration depth is 1.1 mm? (see Fi-
gure 4, b), whereas in the case of laser welding (at
the same beam power and welding speed) they were
0.4 mm, 1.2 mm and 0.35 mm?, respectively (see Fi-
gure 4, ¢), and in the case of microplasma welding

Figure 5. Macrosection of a sample of aluminium alloy AMg3 3.0 mm thick with penetration by microplasma (a), laser (b) and hybrid
(¢) welding using the alternating-polarity arc (current 35 A) and YAG laser (radiation power 1.2 kW)
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using the 25 A arc there was no penetration at all
(see Figure 4, a).

Results of using the 35 A microplasma arc and
laser beam of the same power (1.2 kW) in the hybrid
process turned out to be even more interesting. In
particular, full penetration was achieved on the AMg3
sample 3 mm thick with a weld width of 4.9 mm and
cross section arca of 10.6 mm? (see Figure 5, ¢). While
comparing the data obtained with the results of pene-
tration of a sample in laser and microplasma welding
performed separately (compare Figure 5, a—¢), it can
be noticed that the penetration area in hybrid welding
of aluminium alloy is more than 4 times in excess of
the sum of the corresponding areas in laser and mi-
croplasma welding performed separately. This is in-
dicative of a substantial increase in the efficiency of
utilisation of energy of the heat sources when they
arc combined in the hybrid process.

Unfortunately, for the above reasons only one
penctration sample was made in this mode. Thercefore,
the results obtained require additional confirmation,
for which it is nccessary to make a plasmatron which
would allow welding in the mode of alternating-po-
larity pulses at a current of 50 A and higher.

CONCLUSION

Prcliminary studics of technological capabilitics of
the integrated plasmatron for microplasma, laser and
laser-microplasma welding allow a conclusion of the
high potential of hybrid welding of aluminium alloys
using the laser beam and the microplasma arc burning
in a mode of alternating-polarity pulses of the clectric
current. On the one hand, this combination enables
cleaning of the aluminium surface during welding,
which cannot be achieved in purely laser welding,
and, therefore, improvement of quality of the pro-
duced welded joints. On the other hand, the combined
usc of the two heat sources allows a substantial in-

crease in the efficiency of utilisation of energy of each
of them, which makes hybrid welding very attractive
for application, e.g. repair under conditions of space
flying vehicles.

We believe it would be very appropriate to con-
tinue the original investigations for development of
a higher-power integrated plasmatron, designed for
current of up to 100 A for operation in the mode of
alternating-polarity pulses, and intended for the use
in combination with the 1.5-2.0 kW diode laser, for
experimental and theoretical investigations of the
process of hybrid welding of thin and medium sections
of aluminium alloys, as well as in-depth investigation
of technological capabilities of this process.
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PROBLEMS IN APPLICATION OF NEW STEELS
OF INCREASED AND HIGH STRENGTH
IN WELDED STRUCTURES

V.I. KIRIAN and L.M. MIKHODUJ
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Peculiar features of formation of structure and properties of welded joints of sparsely-alloyed structural steels of the
new generation are described. The importance of a careful approach to the selection of materials and processes of their
welding to prevent the susceptibility of weld metal and HAZ to brittle fractures. Principal problems of analysing a
delayed fracture of welded joints of these steels are considered.

Key words: sparse alloying, structural steels, welding
consumables, cold resistance of metal, fitness-for-purpose, cold
resistance of HAZ, delayed fracture, lamellar fracture, research
program

Rational use of low-alloyed steels of increased and high
strength in welded structures can decrease effectively
the metal content of machines, mechanisms and engi-
neering works. The range of strength characteristics of
these materials is wide enough. Minimum their yield
strength is usually 400-450 MPa. Upper levels of
strength characteristics of these steels depend on purpose
and special features of service of structures. Thus, for
example, in construction of bridges in the USA and
Japan [1, 2] steels with 600-800 MPa yicld strength
are used. Metal with higher strength characteristics
(0p5 = 800—1000 MPa) is used at present in Germany
and Sweden for road machinery [3-5]. Tt is planned in
the near future to use steels with 1100 MPa yield
strength in construction works [6] and in manufacture
of crane equipment (Figure 1).

In most cases these are steels of the new generation.
They contain up to 0.12 % carbon, limited amounts
of manganese, molybdenum, niobium, titanium, bo-
ron, and can be alloyed additionally with nickel, chro-
mium and other clements (up to 3-4 % amount in
total). To attain the required complex of propertics
both thermal and thermomechanical treatment (con-
trollable rolling, ctc.) is used.

Table 1 gives the chemical composition and me-
chanical propertics of some grades of steels of the new
generation with 440-900 MPa yield strength |5, 8—
14|, designed for manufacture of welded structures.
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Figure 1. Strength characteristics of fine-grained structural steels
used in welded structures of mobile cranes [7]

© V.I. KIRIAN and L.M. MIKHODU]J, 2002

3/2002

Among them, steels 09G2SYuch and 09KhG2SYuch
(DNAOP 0.00-1.07-94, RD 22-16-96, SNiP 2.05.03~
84) are used in domestic production.

The undoubted advantage of structural steels of
the new generation is their higher cold resistance (Fi-
gure 2) and sparse alloying as compared with mate-
rials known earlier. At the same time these steels, due
to the latter, represent a specific group of materials,
which can provide premises during their technological
processing for the reduction of resistance of welded
structures to a delayed and brittle fracture.

Therefore, the aim of the present work was to
analyse the effect of peculiarities of selection of met-
hods and conditions of welding on formation of prop-
erties determining the technological and service
strength of welded joints made from steels of increased
and high strength of the new generation.

Cold resistance of steels and their welded joints.
New compositions and technologies of manufacture
have opened up the wide opportunities for achieve-
ment of high characteristics not only of strength, but
also cold resistance of structural steels. As a result,
the great difference in minimum guaranteed level of
requirements to the impact strength of rolled metal
was observed (KCV = 27-200 J/cm?) (Table 1).
These values of the impact strength are far from op-
timum, from the one hand, coming from the conditions
of prevention of initiation of a brittle fracture and
economic aspects of general-purpose welded metal
structures, and, from the other hand, they make the
problem of providing cold resistance of metal of
welded joints at the level of base metal (BM) almost
impossible in many cases. In this connection, the es-
tablishment of minimum guaranteed values of impact
strength KCV depending on the temperature condi-

KV, J
300 _ N
B ! - - -
-
200 |- ar
’\/
L
100 1 1 1 1 1
-100 -80 -60 -40 -20 0 Test, °C

Figure 2. Impact energy of steel S460ML of 40 mm thickness at
different test temperatures. Specimens were cut along (7) and trans-
verse (2) rolling direction [9]
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Table 1. Chemical composition and mechanical properties of steels of increased and high strength of the new generation [5, 8-14]

Elements, wt. %

Steel grade

C Si Mn Cr Ni Mo Cu Al Ti Nb
AS-50 0.08 0.27 1.37 - - - 0.01 0.054 0.007 0.03
06G2BD 0.04-0.08 0.20-0.50 1.30-1.60 < 0.20 <0.035 0.05-0.08 0.15—0.30 0.02—-0.05 0.02 0.03-0.05
09G2SYuch 0.08-0.11 0.30-0.60 1.90-2.20 - - - 0.30-0.60 0.04—0.07 - -
S460ML 0.115 0.37 1.5 0.04 0.03 0.002 - 0.031 - -
09KhG2SYuch 0.08-0.11 0.30-0.60 1.90-2.20 1.00—1.30 - - - 0.04-0.70 - -
HSLA-80 0.05 0.37 0.48 0.68 1.02 0.22 1.26 0.015 0.004 < 0.03
10G2FB 0.10 0.40-0.60 1.60—1.80 - 0.30—-0.60 - - - 0.02-0.06 0.03-0.08
09KhGNFB 0.10 0.40-0.60 1.60-1.80 0.70-0.80 0.70-0.90 0.20 - - 0.02-0.06 0.03-0.08
15G2MFYuTRA  0.12-0.18 0.17-0.40 1.40-1.80 - - 0.01-0.08 - 0.02-0.09 0.02-0.06 -
Alform 700 MC 0.08 1.35 - - - - 0.03 0.18 0.06
Bissalloy 80 0.17 0.40 1.15 0.85 - - - - - -
8CHTS80 OP 0.11 0.27 0.86 0.54 0.88 0.44 0.24 - - -
NK-HITEN-780B 0.12 0.25 0.92 0.44 1.04 0.32 0.21 - - -
09KhG2NMFB 0.10 0.40-0.60 1.60—1.80 0.60-0.80 0.70—0.90 0.20 - - 0.02-0.06 0.03-0.08
15G2KhNMFYu- 0.12-0.18 0.17-0.40 1.40-1.80 0.30-0.60 0.30-0.60 0.10-0.25 - 0.02-0.09 0.02-0.06 -
TRA
8ANTS80 0.13 0.24 0.75 0.55 0.94 0.40 0.25 - - -
St. E 890 0.16 0.45 1.00 0.80 2.00 0.50 - - - -
WELDOX-900 0.15 0.22 1.40 0.25 - 0.50 - - - -
DQ-125 0.11 0.10 0.79 0.52 1.46 0.52 0.03 0.05 0.01 <0.03
Table 1 (cont.)

Steel grade clements o Coq W S ; P
AS-50 0.002 0.003 0.001 0.001 0.008 W, Sn, Zr 0.16 0.32 440 —-50 > 40
06G2BD <0.012 0.04— - < 0.01 < 0.02 - 0.13-0.20 0.33-0.43 440 -70 > 50

0.07
09G2SYuch - - - <0.015 < 0.02 Ce, Ca 0.20-0.27 0.41-0.51 450 -70 > 30
S460ML 0.005 0.05 - 0.003 0.014 - 0.21 0.39 460 -20 > 31
09KhG2SYuch - - < 0.01 <0.02 Ce, Ca 0.23-0.30 0.59-0.73 550 -70 > 30
HSLA-80 0.01 0.005 0.002 0.002 0.004 W, Sn, Zr 0.22 0.46 572 =50 >39
10G2FB - 0.08 - < 0.01 < 0.02 Ca, Zr, 0.20-0.22 0.40-0.46 590 -350 > 40
REM
09KhGNFB - 0.08 - < 0.01 < 0.02 Ca, Zr, 0.24-0.27 0.60-0.68 685 -50 > 40
REM
15G2MFYuTRA - 0.08 0.001- < 0.01 < 0.02 Ca, Zr, 0.20-0.32 0.37-0.51 685 —40 > 30
0.005 REM
Alform 700 MC - 0.02 0.002 0.002 0.006 - 0.17 0.31 700 20 > 40
Bissalloy 80 - 0.002 < 0.01 < 0.02 - 0.29 0.59 750 20 >60
8CHTS80 OP - 0.05 0.0016 0.004 0.013 - 0.25 0.53 751 =35 196
NK-HITEN-780B - 0.001 0.002 0.008 - 0.25 0.51 768 40 200
09KhG2NMFB - 0.08 - < 0.01 < 0.02 Ca, Zr, 0.27-0.32 0.59-0.68 785 -350 > 40
REM
15G2KhNMFYu- - 0.16 0.001- < 0.01 < 0.02 Ca, Zr, 0.22-0.38 0.48-0.72 785 —40 > 30
TRA 0.005 REM
8ANTS80 - 0.05 0.002 0.01 0.013 - 0.26 0.53 834 -35 147
St. E 890 - 0.10 - <0.02 <0.025 - 0.30 0.74 890 60 > 27
WELDOX-900 - - 0.002 < 0.01 < 0.03 - 0.30 0.53 900 —40 > 40
DQ-125 0.002 0.07 0.001 0.001 0.003 W, Sn, Zr 0.25 0.56 903 -50 > 40
8 3/2002




tions of their service is rather important for the steels
of the new generation of different classes designed
for general-purpose welded metal structures. Such at-
tempt was made for steels of 12-20 mm thickness
with a yield strength ggo = 590-690 MPa (KCV =
=35 J/cm? at minimum service temperature) |15].

To provide cold resistance of welded joints of gen-
eral-purpose metal structures, the minimum guaran-
teed level of requirements to impact strength KCV
of BM is basic. In case of critical metal structures the
requirements to the fracture toughness of welded
joints is determined in accordance with a «fitness-for-
purpose» conception, based on use of approaches and
criteria of fracture mechanics.

Effect of thermal cycles of welding on strength
and cold resistance of HAZ metal. Under the action
of thermal cycles of welding (TCW) in HAZ the
significant changes in BM properties occur, which
can influence greatly the serviceability of welded
joints. In this respect, the reduction in characteristics
of strength and fracture toughness is most hazardous.

In all structural steels, which arc subjected to
polymorphous a - y - atransformations in welding,
the following typical regions are usually observed
[16, 17]: fusion (transition from HAZ metal to weld
metal); overheating (temperature interval above
1050—1150 °C, when the intensive growth of primary
grains occurs depending on the composition of steels);
heating to temperatures above point Az (polymor-
phous transformations occur completely in metal);
heating in interval of temperatures A;—As (zones with
partial polymorphous transformation); heating below
temperatures A;. Width of these areas is changed (ex-
cept the fusion region) and depends greatly on meth-
ods and parameters of welding (Table 2)

As a rule, the initial structure of steel is stable
only up to transformation point A;. At higher tem-
peratures (in Ay—Ajs interval) the gradual changes in
eutectoid are occurred, thus transforming into
austenite. The final result of these processes is defined
to a great extent by the composition and initial struc-
ture of BM. In case if it is ferritic-pearlitic or sorbitic,
then the non-homogencous structure with insufficient
ductility and toughness may occur as a result of a
short stay of metal within the interval of Aj—A3z tem-
peratures in HAZ. In welding of improved steels this
difference in structure and properties of HAZ metal
can be decreased significantly.

The structure of HAZ regions heated to tempera-
tures above point Ay is austenitic, not depending on
the composition and methods of production of steels.
Therefore, the form of thermal cycle or cooling rate
have a decisive effect on their secondary structure
and properties. At a delayed cooling (typical of the
electroslag welding, and in some cases also of arc
welding) the ferritic-pearlitic structures with a Wid-
mannstactten structures can occur in this zone. In
HAZ region, being under the action of temperatures
above 1050—-1150 °C, a - y transformation at similar
conditions can be accompanied also by an intensive
growth of grains. The excessive cooling will promote
the appearance of undesirable quenched structures in
these zones.
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Table 2. Effect of welding methods on width of HAZ regions [16]

Width of HAZ regions, mm

Method of welding Overheating

Above A, Above Ay Jone
Manual arc 3-8 0.3-1.0 0.1-0.3
Shielded-gas 3-8 0.3-1.0 0.1-0.3
Submerged-arc 3-15 0.3-2.0 0.1-0.5

Mixture of ferrite, bainite (including lower),
martensite and residual austenite is most often formed
in the near-weld metal [16].

Thus, HAZ structures of structural steels of the new
generation can be quite different. However, the study
of ncar-weld metal, and also regions of HAZ mctal,
characterized by an increased susceptibility to the
growth of primary grains is seemed to be most important.
For this purpose, a complex analysis of peculiarities of
proceeding of structural transformations and formation
of propertics of metal of a local region of welded joints
is required. Mctallographic examinations in this casc
envisage the use of well-known methodological proce-
dures (construction of diagrams of continuous decay of
austenite, fractography, methods of optical or electron
microscopy, etc.). As the length of this region is small
(= 0.1-0.5 mm), the use of only standard mechanical
tests of samples, manufactured from real welded joints,
is not examplary.

Analysis of a possible reduction in characteristics of
strength and embrittlement of HAZ metal should be
realized preferably using samples-simulators, produced
in accoradnce with welding thermal cycles in units of
type «Thermorestor-W», «Gleebles> or IMET, which
enable simulation of the thermodeformational processes
of welding |16] and also in the equipment developed
at the PWI [18, 19]. Large enough workpieces are sub-
jected to the effect of thermal cycle of welding, that
makes it possible to manufacture specimens from them
for tensile tests and impact bent tests in accordance
with GOST 699666 and GOST 9454-78.

Depending on the results of investigation of effect
of cooling rate the structural steels are usually con-
sidered as sensitive and non- or low-sensitive to the
changes in strength of the near-weld zone metal. To
provide the performance of the welded joint as a single
unit, the maximum strength (or hardness) of HAZ
metal should not exceed the similar values of BM by
more than 20-30 %. The more strict requirement arc
specified to the deercase in strength of welded joints.
In this case the conditions of welding are sclected so
that to provide the design strength of the welded
joint metal with a removed reinforcement at the BM
level. Moreover, the admissible decrease in strength
of a local region of HAZ is defined by a degree of the
developing contact strengthening depending on the
size of HAZ region and mechanical propertics of BM
[20]. Factor of HAZ mctal weakening can be, prob-
ably, most dangcrous for the sparscly-alloyed steels
of the new genceration of Mn—Si—V and Mn—Si—Nb
alloying systems. This danger is little probable for
the high-strength steels with gy, = 550—650 MPa,
containing even a limited amount of alloying elements
(nickel, chrome, molybdenum and so on). The selec-
tion of such welding conditions for them at which the
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Figure 3. Dependence of impact energy at +20 °C of simulated
specimens of HAZ of steel S460ML on time of cooling ¢g 5 in the
interval 800—500 °C [9]

excessive increase in strength (hardness) of metal of
this region of the welded joint does not occur can be
more actual.

The impact strength of HAZ metal of structural
steels is usually decreased [21, 22]. This regularity is
also preserved for steels of the new generation. In-
vestigations of J. Brozda and M. Zeman prove about
the significant decrease in toughness of HAZ metal
of steel S460ML within the temperature range +20—
—40 °C as compared with that of BM depending on
the welding conditions (Figure 3).

Many investigations were devoted to the study of
dependencies between the chemical composition of
steels, time of HAZ metal cooling, technology of weld-
ing and level of impact strength of the near-weld zone
metal. However, the equations, given in |16] do not
take into consideration the effect of dispersion or dis-
location  strengthening,  especially  dispersion
strengthening with carbides or carbonitrides formed
at interface surfaces, which influence unfavourably
the level of impact strength. These precipitations are
carbides of niobium and partially vanadium in mi-
croalloyed steels. If unfavourable cffect of niobium
can be manifested cven at 0.03—-0.04 % in steels, mi-
croalloyed with niobium, then in steels, containing
vanadium the same effect of vanadium carbide pre-
cipitations is observed only at the content of vanadium
above 0.10 %. Limiting contents of the mentioned
elements, at which they influence negatively on the
cold resistance of HAZ metal can change depending
on the composition of steels. The experience of weld-
ing main pipelines from microalloyed steels of con-
trollable rolling prove the importance of the above-
mentioned problem. As regards to the mentioned
steels the region of welded joint with a decreased
toughness was named as a local brittle zone (I.BZ)
and studied comprehensively |23]. This was stipu-
lated by the fact that it is not always possible to
prevent LBZ when traditional methods of welding
are used. Therefore, at present the problem of LBZ
admissibility is considered with respect to definite
types of welded joints (for example, butt double-sided
joint with LBZ location at angle to the acting tensile
stresses) | 24]. In addition, the method of evaluation
of «fitness-for-purposes of welded joints with LBZ
and standards of requirements to fracture toughness
are specified.

Thus, it is rational that the study of ¢ffect of TCW
on change of HAZ cold resistance of new materials
using simulation specimens was added to tests of real
welded joints with use of approaches and criteria of
fracture mechanics. Notches in specimens should be
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made so that they intersected completely HAZ and
revealed its weakest regions.

Indirect evaluation of steels susceptibility to a
delayed fracture. The main method of its realization
is the calculated determination of carbon equivalent
Ceq- Many variants of expressions Ceq [17] were sug-
gested, differing by coefficients of alloying elements.
Most of them was based on heat treatment practice
as a parameter characterizing the hardenability of
steels or critical rate of cooling. As all the researches
used groups of steels, differing in composition, then
the different coefficients were obtained at alloying
elements, reflecting their effect on hardenability. Un-
fortunately, all the expressions Ceq, as a rule, are
recommended without indication for which steel com-
positions they were obtained. At the same time, at
complex alloying the effect of elements can be mutu-
ally intensified [16, 25]. The variant of carbon equiva-
lent, calculated in accordance with an approach rec-
ommended by ITW is used often for the preliminary
evaluation of weldability of structural steels, %:

Mn Cr+Mo+V Ni+Cu
Ca=CHtg =5 "7 15 -

It is assumed to consider that steels with Ceq >
> 0.45 % are usually susceptible to cracking. In par-
allel with Ceq, the different parametric equations find
application for the preliminary evaluation of weld-
ability of steels. Among them, the equation of Tto—
Beshio [26] is most widely spread, %:

Mn+Cu+Cr Si Ni Mo V
Pan=C* = Y3070 T 15 T10 OB

Numerous investigations showed that the struc-
tural steels are sensitive to formation of cracks in
those cases when P, > 0.27-0.28 %. One of the
criteria indicating the possible embrittlement due to
structural transformations is also hardness HV of
HAZ metal. And though the relation of these char-
acteristics (P, Ceq, HV) is not adequate, the level
of hardness to HV 350 in most of structural steels
proves that they are not susceptible to the cold crack
formation [16, 17, 25].

Taking into account the above-mentioned, the indi-
rect evaluation of susceptibility of structural steels of
the new generation to a delayed fracture was made.
Characteristics Ceq and P.,, were criteria, as it was quite
difficult to determine the effect of cooling rates on hard-
ness of HAZ metal for all the steels given in Table 1.

The results obtained prove about the insufficient
coincidence of an indirect evaluation of weldability
of steels with the results of use of these two charac-
teristics (about 50-60 %). Tt should be noted that all
the known parameters were developed in principle as
far back as the 1960—1970s on the basis of investiga-
tions of steels of quite another generation. As a rule,
they did not contain microalloying elements and rare-
earth metals (REM), and the content of inclusions
of harmful elements (sulphur and phosphorous) was
too high in metal.

It seems very difficult to realize the preliminary
evaluation of weldability of new steels using the men-
tioned characteristics. It becomes more difficult by
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the circumstance that there is no adequate information
until now about the effect of separate elements on
resistance of welded joints to a delayed cooling. Thus,
for example, there is an opinion in [27—29] about the
increase in probability of crack initiation in HAZ of
alloyed steels at decrease of sulphur content to
0.001 %. Authors of works [30—32] came to the op-
posite opinion: change in sulphur content in low-al-
loyed steels from 0.001 to 0.02 % influences negligibly
their susceptibility to the crack formation. In work
| 33| the cause of discrepancy in opinions of different
authors concerning this problem is explained by the
effect of composition of steels and type of non-metallic
inclusions (NMI) on the formation of structure and
properties of HAZ of steels of an increased purity.
The cffect of other clements (REM and microalloy-
ing), cxisting in steels of the new generation on a
delayed cooling, is little studicd.

It is rational to add the indirect cvaluation of
susceptibility to a delayed fracture of these materials
with investigations using well-known technological
samples (implant or Tckken). Such approaches make
it possible to obtain evaluation of resistance of welded
joints of new steels to cold crack formation as com-
pared with that of well-studied structural materials.

Resistance of steels to lamellar fracture. Anisot-
ropy of ductility and toughness is typical of sheet
rolled metal of structural steels. It is expressed in a
remarkable decrease in values of these properties in
transition from longitudinal direction to transverse
and in an abrupt their decrease in the direction of
thickness (direction Z) [16, 34, 35]. The latter is
associated usually with the presence of NMI in steel.
Moreover, their composition, shape, sizes, nature of
distribution, susceptibility to deforming, strength of
adhesion with matrix, etc. are of importance. In steels
of a controllable rolling, with a negligible content of
NMI, the crystallographic texture and weakening of
subgrain boundaries are decisive. The low ductility
and toughness in combination with forces occurring
in the dircction Z in zones of metal structures with
T- and fillet welded joints serve the main cause of
formation of lamellar cracks.

The lamellar fractures of welded joints are associated
most often with the presence of sulphide inclusions in
steels, which are capable to be deformed and, therefore,
they are elongated and flattened during rolling. The
new generation of steels is subjected in most cases to
different refining treatments and contains a limited con-
tent of sulphur. The role of sulphide inclusions in la-
mellar fracture of such rolled stock is decreased.

When analysing the lamellar fracture it is, prob-
ably, rational to concentrate also attention to the role
of nitride inclusions having, as a rule, an acicular
shape, in this process. The structural steels of the new
generation contain in most cases nitrogen and nitride-
forming clements (aluminium, boron, vanadium, nio-
bium, chromium, titanium, zirconium, ctc.). The
process of steel production can promote itself the for-
mation of nitride inclusions, as they are formed in
cooling or heat trecatment of metal [36].

In some cases the process of welding can ceffect
negatively on the metal resistance to a lamellar frac-
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ture. Thus, in the zones of a high concentration of
thermoplastic welding deformations, the decrease in
adhesion of NMI with matrix metal, formation of
large clusters of deformations and deformational age-
ing of metal are possible. The increased concentration
of diffusive hydrogen, and also composition of BM
can occur to be an essential factor in this case. Con-
sequently, to prevent the formation of lamellar cracks
in the zone of welded joints it is necessary to use,
except selection of BM with high characteristics of
properties in direction Z, the technological measures
(preliminary facing of edges before welding, rational
selection of sequence of welds layout and technology
of welding |37, 38] and others).

To evaluate the susceptibility of steels to the for-
mation of lamellar cracks the reduction in area @, of
smooth specimens with an axis in Z direction are
widely used. The procedure of preparation of standard
specimens and their testing is available in GOST
28870-90. As to the requirements to Yy, then in ac-
cordance with technical specifications, for example,
to thin-sheet rolled metal from a low-alloyed steel for
bridge construction, its values should be provided at
the level of > 20 % that is optimum from the point
of view of prevention of formation of lamellar cracks
in welding of metal structures. As regards to the steels
of the new generation and to provide the safe service
of welded joints it is necessary to evaluate the prop-
erties of metal in the direction Z together with de-
termination of Yy using approaches and criteria of
fracture mechanics. In this case, the requirements to
the fracture toughness should be specified coming
from the «fitness-for-purpose» conception.

Peculiarities of selection of materials and proc-
esses of welding. Metallurgical and technological
processes of welding structural steels are usually se-
lected so that to provide the producing of weld metals
of optimum chemical composition (for each level of
strength of materials) with a limited content of sul-
phur, phosphorous and NMI. This is defined in each
concrete case by the selection of filler materials, edge
preparation of welded joints, methods and conditions
of welding. As a result, the transition of alloying and
impurity elements from BM into the deposited metal
predetermines its structure and properties. The share
of BM in welds can change within the wide enough
ranges (= 15-70 %) for the main processes of arc
welding.

In this connection the steels of the new generation
can provide another action on structurc and propertics
of weld metals than the well-studied structural ma-
terials used at present. This is, first of all, can be
expressed in the fact that in welding steels with o =
= 400-550 MPa the transition of alloying clements
(nickel, chromium, molybdenum, cte.) into weld met-
al will not take place, and in welding of steels of a
higher strength (with gy, =600 MPa) it will be much
lower. Therefore, the use of traditional materials for
welding steels of appropriate categories of strength,
can lead to the deterioration of service properties of
the deposited metal. This problem can be, probably,
overcome at the expense of development of sparsely-
alloyed welding materials of the new generation | 39|
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Table 3. Impact strength of welds in arc welding of steels with different content of = Al, V, Nb

s ALV, KCV, J/en’, at T, °C
Method of welding Nb in Ty, C Peculiarities of welding joints
steel, % +20 =40 =70
Manual electric arc 0.07 71-78 40—44 33-38 =70 Joints were welded using traditional
technological processes
0.18 70-77 3540 30-32 =50 The same
0.27 65-74 31-37 23-28 —40 >
69-76 35-40 28-33 =55 Joints were welded by changing
conditions and technology of welding
Shielded-gas mechanized 0.09 75-105 45-65 35-30 =70 Joints were welded using traditional
technological processes
0.18 67-95 45-60 30-37 =70 The same
0.27 65-95 35-52 25-32 =50 >
75-95 48-53 27-37 -65 Joints were welded by changing
conditions and technology of welding
Automatic submerged-arc 0.07 75-79 47-52 35-42 =70 Joints were welded using traditional
technological processes
0.17 61-64 25-35 16-23 =30 The same
0.27 60-62 22-33 15-19 -20 >
71-88 54-73 32-42 =70 Joints were welded by changing

Note. Results of testing 4-5 specimens are given.

conditions and technology of welding

or an allowance for conditions of formation of prop-
erties of weld metals of different types of joints [40].
The use of more alloyed welding materials for this
purpose is hardly promising from the economic point
of view. According to the opinion of some rescarchers
[41, 42] the weld metal of alloyed steels with g5 =
> 600 MPa is more susceptible to the formation of
cold cracks, than steel.

However, in welding of microalloyed steels the
transition of niobium, vanadium, aluminium, and also
their nitrides, carbonitrides and REM into the depos-
ited metal takes place. This can contribute to the
increase of NMI in it and influence negatively both
the impact strength and also temperature of weld
metal transition into a brittle state [43, 44]. The
composition of these inclusions and their amount de-
pend on many factors and are the subject of special
investigations. Thus, as regards to welding the large-
diameter pipes the data of [45] prove that it is nec-
essary to limit the total content of carbide- and ni-
tride-forming elements in steels. Therefore, it is nec-
essary to evaluate the possibilitics of usce of basic
processes of arc welding for manufacture of welded
structures from domestic high-strength microalloyed
steels. To conduct these investigations, all of them
were divided conditionally into three groups depend-
ing on the total content of aluminium, vanadium and
niobium |46—48]:

» steels with = Al, V, Nb < 0.15 % (13KhGMRB
and 12GN3MFAYuDR grades with £ Al, V, Nb =
=0.07-0.09 %);

o steels with £ Al, V, Nb = 0.15-0.20 %
(12GN2MFAYu and 14KhG2SAFD grades with <
AL, V, Nb = 0.17-0.18 %);

o steels with XAl V, Nb = 020 %
(14KhGN2MDAFR grade with Z Al, V, Nb =
=0.27 %).
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Butt joints with V-shaped edge preparation, made
by manual clectric arc welding (Qy = 10-12kJ /cm),
and also by mechanized welding in mixture Ar + CO,
(Qy = 1819 kJ/cm) and automatic SAW (Qy =
= 25-27 kJ /cm) using the traditional materials and
approaches were prepared from separate repre-
sentatives of each group of 20 mm thick steels. During
present investigations the impact strength of weld
metal and its transition from tough to quasi-brittle
state Tgy were evaluated. Results of investigations
are given in Table 3.

As follows from the Table, the highest toughness
of weld metal was reached at £ Al, V, Nb < 0.15 %
in steels. With increase in amount of these elements
and decrease in test temperature the impact strength
of metal of all the welds is decreased. This is clearly
expressed when the welds made by the automatic
SAW on steels with £ Al, V, Nb > 0.15 % are tested.
In this case the temperature Tgry is shifted to the
region of the higher temperatures by 40-50 °C that
is due to a higher share of BM in the formation of
these welds (= 40-45 %).

The investigations carried out prove that the prob-
lems of increase of cold resistance of weld metal of
microalloyed high-strength steels can be solved by
improvement of welding processes, which is directed
to the reduction of BM share in weld metals. In the
investigations described this was casily attained in
manual clectric arc and mechanized shiclded-gas
welding of steels with = Al, V, Nb = 0.07-0.27 %.
The automatic SAW of these steels is rational at X
Al, V, Nb < 0.15 %, as in the rest cases this is con-
nected with a significant complication of technologi-
cal processes and decrease in their productivity.

Thus, specific approaches to the selection of filler
materials and realization of main processes of arc
welding can be required in separate cases for the new
generation of structural steels. To take the decisions
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about the necessity of conductance of these works,
the preliminary investigations are, probably, rational
by using the known earlier materials and technologi-
cal solutions.

CONCLUSION

Investigations and analysis of peculiarities of formation
of structure and properties of welded joints of sparsely-
alloyed structural steels of the new generation demon-
strated the need in a carcful approach to the selection
of materials and processes of their welding due to a
possible increase in susceptibility of metal of welds and
HAZ to brittle fractures. «Program of investigations of
weldability of new low-alloyed steels of increased and
high strength with more than 400 MPa yield strength,
designed for use in critical welded structures» has been
created, in which the evaluation of service properties
of BM, effect of thermal cycles of welding on service
properties of HAZ metal, susceptibility of new struc-
tural steels to the crack formation (hot, cold, lamellar)
in welded joints, peculiar features of formation of service
propertics of weld metals are envisaged using the ad-
vanced methods.

The information obtained for all these trends of

investigations and assurance of an appropriate level
of service properties of BM and metal of welded joints
will be a good base for the creation of efficient and
reliable welded structures of steels of the new gen-
eration.
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Tribute to the memory of Viktor N. Zemzin

ROLE OF MATHEMATICAL MODELLING IN SOLVING
PROBLEMS OF WELDING DISSIMILAR STEELS
(REVIEW)

V.I. MAKHNENKO and G.Yu. SAPRYKINA
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Considered are the main aspects of problems associated with fusion welding of steels of the austenitic and ferritic-pearlitic
grades. Analysis of calculations and ways of solving the problems for each of the above grades are based on studies
published lately. The role of mathematical modelling in solving the above problems is shown.

Key words: fusion welding (surfacing), dissimilar steels,
penetration (fusion) zone, phase composition, chemical hetero-
geneity, welding stresses and strains, hot and cold cracks

The known book by Prof. V.N. Zemzin |1], in which
the author formulated main problems of welding dis-
similar steels, was published 35 years ago. Most prob-
lems covered by the book are still topical, which is
proved by a number of recent publications [2-5, etc.].
It follows from them that despite the substantially
increased level of knowledge on the main problems
of welding dissimilar steels and methods for their
solving, a great deal is yet based on purely qualitative
estimates and empirical methods that require a large
scope of experimental work to be done to find rational
design and technology solutions. The latter is attrib-
utable to the complexity of physical processes occur-
ring in local volumes of the fusion zone between dis-
similar metals and to a large number of influencing
factors. Kinetics of these processes is difficult to quan-
titatively estimate by experimental methods. In ad-
dition, a large number of influencing factors, associ-

Ni €9 0

A+M+F \ \\\\\\\‘v ) ,,.
ille2 o
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Formation of Formation of Brittleness High-
martensitic hot cracks at after heat  temperature
cracks at temperature treatmentat  brittleness
temperature above 499-899 °C
below 399 °C 1249 °C
Figure 1. Schaeffler diagram: A — austenite; M — martensite;
F — ferrite
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ated with differences in physical and chemical prop-
ertics of materials involved in joining, hampers the
use of traditional methods for quantitative estimation
of the extent of their influence on the required quality
of a welded joint.

The above-said stipulates an increased interest in
the use of mathematical modelling methods, based on
rapidly increasing capabilities of computer facilities,
along with the use of traditional experimental meth-
ods of investigations. As an example, we can mention
a number of studies [5-10, cte.] where mathematical
modelling yields positive results in solving specific
problems. The authors of this review made it their
aim not so much to note what has been alrcady
achieved in this area, as to show potentialities of
mathematical modelling for solving characteristic
problems of welding dissimilar steels by an example
of the most common combination of ferritic-pearlitic
plus austenitic steel. Then, proceeding from [1], the
authors consider seven areas closely connected with
selection of rational design or technology solutions
to provide fusion welded joints in the above steels.

Heating of a workpiece, sizes of the penetration
zone and its mean chemical composition. These prob-
lems are of a key importance not only for welding
dissimilar metals, although for the latter they have
certain peculiarities associated with different ther-
mal-physical properties (for example, thermal con-
ductivity of each of the steels welded may differ by
a factor of 3, and melting point — almost by 100 °C).
This exerts a marked effect on distribution of heat
from the welding source and sizes of the penctration
zone, which determines its mean chemical composi-
tion, as well as microstructure and propertics. Also,
chemical composition strongly affects susceptibility
of metal of the penctration zone to hot and cold crack-
ing. Figurc 1 shows the Schacffler diagram which
represents the microstructural state of alloyed Cr—Ni
steel depending upon the values of cquivalents of
chromium, Cr®, and nickel, Ni®, respectively. The
diagram also shows regions of a structural state of
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the steel in accordance with the content of austenising
and ferritising elements, differing in susceptibility to
formation of cold (martensitic) cracks at a tempera-
ture below 400 °C, hot cracks at a temperature above
1250 °C, embrittlement in heat treatment within a
range of 500—900 °C and high-temperature brittlencss
[11]. Such diagrams allow an important estimation
of metal of the penctration zone, provided that chemi-
cal composition of the zone is known, which serves
as a sufficiently strong impetus to development of
appropriate methods for prediction of this composi-
tion, depending upon the content of input materials,
as well as welding conditions and paramcters. In this
case the following relationship is used:

X:zX,'D,‘, (1)

where X is the mean content of an element in the
penetration zone produced by a given pass, %; X; is
the content of this element in the i-th region of the
penetration zone (Figure 2); and D; is the share of
the i-th region in the penetration zone. Values of D;
are traditionally determined experimentally, which
is very labour-consuming for generating the corre-
sponding base of values depending upon different
technology and design factors.

The first calculation approaches to description of
peculiarities of thermal processes occurring in welding
dissimilar materials were developed approximately 35
years ago. They relate to analytical solutions for sin-
gle-pass welding of parts of dissimilar materials [ 12,
13]. Solutions derived within the framework of the
theory accepted at that time [14] allow prediction of
temperature fields at a certain distance from the weld
pool. However, it is very difficult to obtain suffi-
ciently reliable values of D; on their basis.

Progress in computer facilities and numerical
methods has substantially widened capabilities of
modelling of penetration of a material welded, de-
pending upon welding conditions and parameters
[15]. In this case differences in properties of elements
being welded involve no substantial difficultics.

Mathematical models based on the theory of ther-
mal conductivity, provided that thermal-physical
characteristics of a material depend upon the tem-
perature and, in a number of cases, additionally upon
the microstructural state [13], are used to obtain ade-
quate calculation data on size of the penctration zone.
Increased heat transfer and latent heat of melting
(solidification) in the liquidus—solidus temperature
range in a liquid portion of the weld pool arc allowed
for in terms of the effective thermal conductivity co-
cfficient. An important paramcter of the model is
distribution of thermal power of the heat source. For
the case of welding with a filler metal, the thermal
power introduced by the filler can be determined with
a certain extent of approximation as follows:

a (lI w

= . 2
qi 3600 (TI c+ ql)! ( )
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D,

Figure 2. Diagram for determination of mean chemical composition
of metal of the penetration zone in welding dissimilar materials I
and 71, depending upon penetration volume D,, D,;, D,;; and D,
of the solidifying weld pool

where 04 is the deposition efficiency; I, is the welding
current; Tt is the temperature of the filler metal used;
¢ is its mass heat capacity; and ¢, is the latent melting
heat.

The rest of the thermal power of the welding arc
is distributed following the normal law with a centre
at the point of an instantaneous position of the arc
axis [6, cte.]. Algorithms of a numerical solution of
these problems within the framework of both three-
and two-dimensional models have been verified at a
sufficient confidence level. Therefore, there is no need
to dwell on this fact now.

Primary solidification, peculiarities of local
chemical heterogeneity and microstructure near the
fusion boundaries. In the last years the special con-
sideration has been given to the microstructural state
and properties of a material near the fusion boundary
between dissimilar materials [2-5, ete.]. Supposedly,
these factors in many cases have a fundamental effect
on strength characteristics of a welded joint (brittle
fracture resistance, behaviour at variable tempera-
tures, cte.).

As known from practice, a local zone differing in
chemistry and microstructure from the base and weld
mectals is formed near the fusion line in welding dis-
similar metals. Processes which determine structure
and properties of the penctration zone can be condi-
tionally subdivided into two groups |1]|. The first
group includes the processes of solidification of dis-
similar materials, determining primary microstructure
of the fusion zone and, in many cascs, also the final
microstructure of this zone; and the second group
includes processes related to diffusion phenomena oc-
curring in the solidificd metal, formation of carbides
during cooling and subsequent heating of both tech-
nology (multilayer welding, heat trecatment) and serv-
ice origin.

Results of numerous studies [1] show that under
the fusion welding conditions the centres of solidifi-
cation of the weld pool are the fused grains of the
base metal, with the solidifying phasc atoms adjoining
these grains (Figure 3). The rate of this solidification
depends upon the welding parameters, thus determin-
ing the size, shape and rate of displacement of iso-
therm T (liquidus temperature) for a mean compo-
sition of the weld pool. In this case, because of dif-

15




, SCIENTIFIC AND TECHNICAL

Welding direction

Solidus-liquidus
boundary

Figure 3. Diagram of solidification of the weld pool near the base
metal melting boundary [3]: 7 — base metal; 2 — melting bound-
ary; 3 — weld pool; 4 — boundary of solidifying grains

ferring solubility of alloying elements of the penetra-
tion zone in liquid and solid phases, chemical com-
position along the axes of growing crystals changes
to a substantial degree.

An alloy with a low carbon content, i.e. having a
microstructure of a low-alloyed &-ferrite, first solidi-
fies near the fusion line, despite the mean substan-
tially alloyed composition of the penetration zone. As
a crystal increases in size, the degree of alloying and
carbon content approach the mean composition of
metal of the penetration zone, i.e. low-alloyed
austenite starts solidifying at a certain time moment,
and then follows alloyed austenite, the composition
of which corresponds to the mean chemical composi-
tion of the penetration zone metal. The zone of alloyed
austenite may retain its microstructure up to complete
cooling, whercas the rest of microstructures of the
zone undergo changes associated with allotropic iron
transformations (Figurc 4).

It is the opinion of a number of specialists | 4] that
this circumstance is a causc of formation of the so-
called parallel boundary (see Figure 4), the presence
of which is scen in some macrosections (Figure 5).
As follows from [4], this boundary formed during
primary solidification is a location of the substantial
concentration of various impurities diffusing to the
boundaries of the penetration zone regions at high
temperatures and precipitating in non-austenitic steel
during the austenitic transformation process at the
above boundaries. This is the cause of frequent inter-
crystalline brittle fractures which take place directly
at the parallel boundary (Figure 6).

. . 17 (fusion . Solidus-liguidus boundary

LY
Austenitic % boundary}
weld metal Parallel ™

Figure 4. Kinetics of microstructural changes in dissimilar metals
of the weld in the zone located near the fusion boundary (base
metal — low-alloy carbon steel)
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Figure 5. Growth of dendrites in a direction to the parallel bound-
ary [4]

In the national literature [10], it is noted in de-
scription of peculiarities of structure of the penetra-
tion zone that it has distortions in boundary grains
and the fusion boundary proper. Besides, the lower
the safety factor for austenisation of the weld metal,
the higher the degree of differences in structures of
individual regions of the penetration zone.

Naturally, defects of the type of the «parallel
boundary» are just a type of a large group of defects
formed during solidification of a welded joint between
dissimilar steels [1]. Their formation is greatly af-
fected by chemical composition of the penetration
zone metal and base materials, solidification rate, etc.
Finding the corresponding quantitative relationships
between initial parameters and kinetics of the solidi-
fication processes occurring near the fusion zone by
using experimental data on final microstructures (see
Figure 5) or chemical heterogencity of metal (Fi-
gure 7) as reference points is a topical problem of
mathematical modelling.

It should be noted that a number of studics that
appeared in the last years contain mathematical de-
scription of heat transfer processes which occur in the
molten weld pool |16, 17|. References to earlier stud-
ics can be found in the review article [15]. However,
almost no studies dedicated to mathematical descrip-
tion of peculiaritics of primary solidification of the
weld pool are available. No new ingenious research
has been known in this area so far, except for the

b .("*'fjfl I."-'i”_"l Lj

i 1 A .

welded /

Figure 6. Vertical section of a crack located in the deposited part
along the parallel boundary [4]
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studies by B.A. Movchan [18], G.L. Petrov |9],
Yu.A. Sterenbogen [19] and N.N. Prokhorov [20].
Meanwhile, in the last years a substantial interest is
expressed in mathematical modelling of the processes
of primary solidification and formation of various de-
fects related to chemical heterogeneity in the field of
such related technologies as electroslag and vacuum-
arc remelting [21]. Of special note are the approaches
based on the theory of chaos employed for description
of the characteristic stages of these processes |22],
where the use of a determinate approach of mathe-
matical physics is of low efficiency.

Formation of carbides. Carbon is onc of the
elements which have a considerable effect on for-
mation of carbides in steel alloys, which may be
both in the form of chemical solid solutions and in
the form of chemical compounds. Steels are more
characterised by the presence of iron carbide FesC,
i.e. cementite. However, in addition to iron, modern
steels contain also other metals of the transition
group, which are situated to the left from iron in
the periodic table [23]. Therefore, in addition to
FesC, a number of other similar carbides with metal
properties may be formed in steels. For the combi-
nation of steels under consideration, these may be
carbides of titanium, vanadium, niobium, chro-
mium, molybdenum, tungsten, etc.

Activity of carbide formation and stability of car-
bides in alloyed steels grow in a reverse order with
respect to the above listed elements |24|. However,
carbides of the above clements do not exist in the
pure form in steels. Carbides of all alloying elements
contain iron in their solution. If a steel contains a
number of carbide-forming clements, the solution will
also contain these elements.

As the above carbide-forming clements are dis-
solved in a- and y-iron, and the amount of carbon in
alloyed steels is limited, a large amount of the alloying
carbide-forming elements, such as chromium, is con-
tained in iron solution, which lcads to certain prop-
erties of the alloy, i.c. corrosion resistance. At a chro-
mium content of less than 12 wt.%, the iron solution
will have a much lower corrosion resistance. There-
fore, local formation of chromium carbides along the
austenite grain boundarics may lcad to intercrys-
talline corrosion. To illustrate, Figure 8 shows
macroscction of such a defect, i.c. cracks initiated in
the weld root at the fusion boundary in the near-weld
zone of a circumferential welded joint in the
10Kh18N10T (C — 0.1; Cr — 18.0;Ni — 10.0; Ti —
0.6 wt.%) steel piping with nominal diameter D, 300
(Chronobyl Nuclear Power Station).

Development of this defect near the fusion zone
of Ti-stabilised austenitic steel is favoured by the
process of sensitisation of this zone under the effect
of thermal cycle of multilayer welding [25]. Carbides
formed in this process play a very important role.

Ternary constitutional diagram Fe—C—Crat 12 and
20 % Cr (Figure 9) gives an idea of the temperatures
of formation of chromium carbides. It can be seen
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Figure 7. Dependence of the content of nickel (7) and copper (2)
in the penetration zone of the 2.25Cr—1Mo steel welded joint pro-
duced by using austenitic filler metal upon the mass fraction of
carbon in base metal at 80 % Ni (@) and 46 % C (b) [4]: h —
distance from the fusion boundary; C — nickel and carbon contents
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from the Figure that at C <0.15 % chromium carbides
arc formed in steels at temperatures below 900 °C,
when carbon is in solid solution of iron or in the form
of FesC. Before the beginning of the y - a transfor-
mation, chromium carbides are formed due to substi-
tution for iron atoms in cementite, and then due to
precipitating carbon. As a result, equilibrium cooling
conditions lead to formation of a microstructure of
Cr-alloyed ferrite and carbides of the type of (Cr,
Fe),C at a substantial mass fraction (20 %) of chro-
mium and (Cr, Fe),C + (Cr, Fe);Cs at 12 % Cr.

In the case of the third carbide-forming element
(in addition to iron and chromium) the character of
the process changes but slightly, providing that in
the periodic table this element is situated to the right
from chromium, e.g. manganese. Then the chromium

i - S Pl

il it il

Figure 8. Intercrystalline corrosion in section of the circumferential
welded joint in the 10Kh18N10T steel piping with nominal diameter
D, 300
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Figure 9. Ternary constitutional diagram Fe—C—Cr (Cr = const)
at 12 % (@) and 20 % (b) Cr: L — liquidus zone

carbide solution will also contain manganese, in ad-
dition to iron, i.e. carbides of the type of (Cr, Mn,
Fe),4C and (Cr, Mn, Fe);Cs, ete. will be formed.

If the carbide-forming element is to the left from
chromium in the periodic table, e.g. titanium, tita-
nium carbides containing chromium, iron, etc. in the
solution will be formed.

T,°C

1100
1000
900 ~

o Ts

et

1 1 | 1 1
1-10 1-10%2 1-10® 1-10* 1:10° 1, s
Figure 10. Temperature-time diagram of formation of carbides

M,,C; in steel 18Cr—9Ni with a differing mass fraction of carbon,
%: Ty — solidus temperature
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A marked impact on the process of formation of
carbides might be exerted by alloying non-carbide-
forming elements, such as nickel, which have a sub-
stantial effect on the y — atransformations. All this
hampers mathematical description of the process of
formation of carbides in the alloyed material of the
penetration zone of steels considered.

Of the highest interest in this arca is the use of
the specific alloy temperature-time diagrams (of the
type shown in Figure 10) for steel 18Cr—9Ni [9]. It
can be scen from this diagram that at C < 0.02 %
almost no carbides are formed, as carbon required for
this purposc can be obtained primarily from tertiary
cementite, and this is not enough for the carbide for-
mation process to start.

The possibility of formation of carbide ridges in
the solidifying metal enriched with carbon near the
penctration boundarics depends to a considerable de-
gree upon the mass fraction of carbon. At a higher
content of the latter the process of formation of chro-
mium carbides becomes more intensive.

Therefore, at least two arcas arc worthy of notice
in consideration of the issue of formation of carbides
during the process of welding dissimilar steels of the
above combination: the first is associated with deple-
tion of grain boundaries of the base metal, i.e. austeni-
tic steel, near the fusion boundaries in chromium, and
the second is associated with formation of carbide
ridges within the penetration zone near the fusion
boundaries.

Microstructure and properties. Microstructure
and properties of metal in the penetration zones and
HAZ in welding of dissimilar steels under considera-
tion arc determined by chemistry of these zones and
corresponding thermal cycles. Mathematical descrip-
tion of microstructural changes occurring in welding
was tried in a number of studies |[26—33, etc.|. One
of the simplest approaches is based on an assumption
that at the stage of heating a change in the initial
microstructural state takes place only at high (above
Aj3) temperatures, e.g. at Tp= 850-900 °C for steels.
However, in this case no allowance is made for mi-
crostructural changes occurring at lower heating tem-
peratures, i.e. in the absence of the a - y transfor-
mations.

Accordingly, the range of Tha(x, y, 2) = T de-
termines the zone where phase transformations at the
stages of heating and cooling may lead to changes in
a relative content of the j-th microstructure in unit
mass V; of the metal being in a certain state (at a
certain tlme moment).

Mathematically, for a simple cycle heating—cool-
ing this assumption can be formulated as follows:

in zone where 7',y < T'5, dV; = 0;
in zone where T« > T 3)
atT>Ty V,=1.0,V;=0,ifj#a
(here j corresponds to: @ — austenite, m — marten-
site, [ — ferrite, p — pearlite, etc.);
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Table 1. Calculated dependencies for Cr! and Ni®!
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a
Ni~, %

Source cr, %
Sheaffler Cr + Mo + 1.5Si + 0.5Nb
Del.ong Cr + Mo + 1.5Si + 0.5Nb

Hammer and Svenson

WRC-1992 Cr + Mo + 0.7Nb

Cr + 1.3 Mo + 1.5Si + 2Nb + 3Ti

Ni + 30C + 0.5Mo
Ni +30(C + N) + 0.5Mo
Ni + 22C + 14.2N + 1.31Mn + Cu
Ni + 35C + 20N + 0.25Cu

at T < TDand% >0,dV,;=0;
at T < Tyand % <0, V;=VAT).

Here the kind of function VAT) is determined by
a corresponding  diagram of transformation of
austenite for steel of a given chemistry under condi-
tions of continuous cooling, or using equivalent cal-
culation dependencies (parametrical equations) |26,
28, 30, 32, 33, etc.].

The second way, despite its approximated charac-
ter, is very convenient for realisation.

Studies [7, 8] suggest that for estimation of the
kinetics of variations in V; in the weld zone this ki-
netics should be expressed in terms of the function
of cooling rate Atg 5 and temperature T, i.e.

VAT) = V™ Oty s) [(T), (4)

where

fAT)=0atT >T,~TorT<T;

~TO /_
DAt Th > T > T
st — de[]

ad
fi(T)=1—exp @
ad

Here TZ; and T% are the temperatures of start and
end of transformation of austenite into the j-th mi-
crostructure (j # a), respectively; V™ (Atg,s) is the
final quantity of the j-th microstructure under the
said cooling conditions for steel of a corresponding
chemistry; and @; is the coefficient equal approxi-
mately to 3.

Values of TZ and T% are selected from the corre-
sponding time-temperature transformation (TTT)
diagrams for a given steel grade. As these values are
hardly sensitive to small variations in chemistry and
cooling rate at a temperature below 800 °C, their
selection involves no special difficulties [29]. Some
attempts were made to construct parametric depend-
encies [33] for these values; however, special care
should be taken for using them.

It is most convenient to determine the V7" values
for the penctration zone of dissimilar steels on the
basis of the Schaeffler diagram (see Figure 1) or its
more perfect versions (DeLong, WRC-1992, etc.). In
this case the main microstructural components are
austenite, ferrite and martensite. The input data for
their estimation are the values of Cr®® and Ni®¢, for
which the appropriate dependencies are suggested
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(Table 1). Kinetics of variations in the V,(T) value
can be calculated from (4). For this we assume that

Tl = T eryst, Where Tepyst s the crystallisation tempera-

ture of the alloy (Figure 11), TL = T". According to

[31], the following dependence can be used for T at
0.03 < C<0.35 %:
m 4.2 . o
Tl =454 ~ 210C + -5~ ANi ~ 16.8C1 ~ 10.5Mn,

where A=21 at Ni>5%; A= 1.6Ni+g—§at 1.4 <
<Ni <5 %.

The value of T¢' for such steels is approximately
equal to T% = 126 °C | 31].

Various parametric equations |28, 30] can be used
to obtain data on V7*** for the near-weld zone on the

side of ferritic steel sensitive to Atg,s. Thus, study
[30] suggests the following dependence:

10 1n(At8/5/At§°)g

Vitt=50 +erf )
! 2 O V2 Ins; 0O
where j = m, f, fps V™ = 1 = Vi = V™, Vp =

— ‘/7]1);14\' _ V?HIX.

Here b is bainite; Atg 5 is the time of cooling of
a material in the temperature range of 800—500 °C;
and A, At,sco, At,sro, Sm» Spy Sy are the model parame-
ters. Atjs'o corresponds to time Afg s at which Vi =
= 0.5. Respectively, if At}gs is time Afg, s at which

A |AF] FA | F
T,°C
Liquid phase (L) =
1400 —~ )(
" o+
1200 | pHo+L s
ki
1000 y %
£
800 o=
d+o
600 |- : P
70 % Fe L
400 1 1 i 1
5 10 15 20 25 Cr,%
25 20 15 10 5 Ni,%

Figure 11. Constitutional diagram of alloy Fe—Cr—Ni (solidifying
structures): A — austenite; AF — primary austenite; FA — primary
ferrite; F — ferrite
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VR = (.85, then s; = A /AP, The At and AL
values can be determined from the corresponding TTT
diagrams.

Study |30] suggests, on the basis of statistical
investigation of different groups of steels, depend-
encies relating these parameters to chemistry of steel;
for example, for steel with the following chemical
composition, %: C £ 0.3; Mn < 2.0; Si £ 0.8; Cr <
<2.0; Mo<1.0; Ni<2.0; V<0.3; Ti <0.06; Al <
<0.06;Nb<0.1; W<0.5; Cu<0.5;

InAEY = 2.1 + 15.5C + 0.96Mn + 0.84Si + 0.66Cr +
+ 0.74Mo + 0.55Ni + 0.3V + 4.0Al + 0.5W + 0.8Cu —
— 0.25Nb — 13.5C* — 0.55Si%;
~Ins,, = 0.56 — 0.41C + 0.1Mn + 0.14Cr — 0.3Mo +
+2.7Ti + 0.5Cu — 1.1Nb + 1.7CMo;

InA¢}) = 0.34 + 5.2C + 1.3Mn + 0.53Si + 0.33Cr +
+ 2.9Mo + 0.36Ni + 1.5V + 1.0Cu —

- 6.0ClV = 5.1C* + 0.5Si%;

Ins, = 0.91 = 0.9C + 0.09Mn + 0.08Cr + 0.34Mo +
+0.15Ni + 0.85V + 2.2Ti + 0.43W;

InA# = 0.66 + 10.0C + 1.3Mn — 0.48Si + 1.3Cr +
+1.5Mo + 1.2Ni — 1.4W + 3.5CMo — 5.9C?;
Ins; = 1.23 + 0.17Mn = 0.37Si + 0.3Cr — 0.5Mo +
+ 0.31Ni + 0.09Nb — 0.43W — 0.3Cu.

(6)

The data on chemistry and microstructure of an
alloy allow certain qualitative and quantitative esti-
mations of service properties of the material.

An example of the qualitative estimation is shown
in Figure 1. However, a number of quantitative char-
acteristics of physical and mechanical properties of
the alloy can be synthesised to a certain degree from
the V; values, the corresponding properties of the j-th
microstructure being known, i.e.

X=5 XV, (7)

j=amfp

where X is the desired characteristic (thermal con-
ductivity, heat capacity, temperature elongation co-
efficient, yield strength, etc.), to which the additivity
rule applies.

There is a number of studies where this approach
is used to advantage |7, 8, 26, cte.].

Stresses and strains in welding dissimilar steels.
Heterogeneity of properties of the weld and near-weld
zone metal in welding dissimilar steels has a certain
effect both on the kinetics of welding stresses (strains)
and on the distribution of residual stresses, which is
noted in studies [1, 4, 5, etc.].

Locality of variations in properties and, accord-
ingly, high gradients of variations in stresses (strains)
involve extra difficulties in employment of experi-
mental methods for evaluation of the actual picture
of distribution of residual stresses.

Stresses (strains) in welding depend upon sizes
and shapes of parts joined and upon local phenomena
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occurring in microstructural changes in the weld and
penctration zone. This circumstance leads to an ad-
ditional increase in the number of the affecting pa-
ramcters, which causes aspecial interest in application
of the calculation methods both for evaluation of re-
sidual stresses and for description of the kinctics of
variations in stresses (strains) at different stages of
formation of a welded joint. The state-of-the-art nu-
merical methods for calculation of stresses and strains
during welding |34, 35, etc.| enable this problem to
be successfully solved, providing that the adequate
allowance is made for the kinetics of variations in
volumetric factors and mechanical properties of a ma-
terial during welding heating and cooling, resulting
from the above microstructural variations. It is shown
in studies |7, 8| that the free elongation function
¢(T) in heating—cooling, allowing for microstructural
changes, can be calculated from the following depend-
ence:

> VITVAT) = 3 V{(To)(To)

R ®)
o0 = ey T

where T is the initial temperature with respect to
which the ¢(7") function is determined; y(T) is the
volume of one gram of a material in the given j-th
microstructural state at temperature 7.

An idea of the values of y(T) can be obtained
from the following data taken from [36], cm®/g:

VH(T) =0.12282 + 836@076(7‘ + 273) + 215@0*3(:’
Yol T) = 0.12708 + 444800 °(T + 273) + 2.7900°C;
YAT) = y(T) = y,(T) = 0.12708 + 5.52800 (T + 273).

Yield strength of materials welded is an important
characteristic for calculation of stresses (strains) in
welding. Variations in the microstructural state have
a substantial effect on this value. This is confirmed
by the data shown in Figure 12 concerning variations
in yield strength of different characteristic micro-
structures of steel A508 of the following composition,
%: C — 0.162; Mn — 1.35; Si — 0.296; Cr — 0.196;
Ni — 0.7; Mo — 0.504; Nb — 0.006; Al — 0.017.

They are indicative of the fact that differences in
deformation resistance of some structural components
are substantial. Using these data, it is possible to
synthesise with a sufficient accuracy the values of
0,(T) with a differing combination of VAT) from

a,(T) = 50, (T) V; (T). &)

To confirm, Figure 12 shows curve 3 plotted ac-
cording to (9) using experimental data.

It should be noted that the values of o(T") retain
an approximately constant dependence upon the tem-
perature for the o(T) /0}(20 °C) ratio within a suf-
ficiently wide range of compositions of steels, which
substantially facilitates the scarch for the required
information in the case of absence of the data (of the
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Figure 12. Dependence of yield strength o, upon temperature and
microstructural state: 1 — V,,=1.0;2 — V,=1.0; 3 — V, =
=0.4, V,=0.6 (experiment); 4 — V,=1.0;5 — V,=1.0
type of those given in Figure 12) for a specific chem-
istry of steel.

As far as the 0{,(20 °C) values are concerned, dif-
ferent approximated regression dependencies can be
used in the case of absence of experimental data. Thus,
according to the data of [26], for increased and high
strength steels (C<0.3; Mn<2.0; Si<0.8; Cr<2.0;
Mo < 1.0; Ni £ 2.0; V <0.3; Ti < 0.06; Al < 0.06;
Nb < 0.1; W £ 0.5; Cu < 0.5) the following depend-
encies can be used, MPa:

0y'(20 °C) 0662 + 2150C + 500Mo;
0%(20 °C) 0500 + 400C — 120C* +
+ 150V + 300Mo;
0/7(20 °C) 01187 + 92C = 47Mn + 90V.

(10)

As characteristics of elasticity (Young modulus,
Poisson’s ratio) hardly depend upon the phase com-
position of structural steels, allowance for microstruc-
tural variations causes no problems with selection of
their values in the calculation of welding stresses and
strains due to a very wide variation in chemistry and
microstructure of metal of the penetration zone in
welding of the dissimilar steels considered. It should

SCIENTIFIC AND TECHNICAL ‘
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Figure 13. Schematics of welded joints in austenitic and ferritic
steels in one-pass welding (@) and surfacing (b, ¢): I — weld zone
of a mean composition; IT and III — diffusion zone near the
boundary with ferritic and austenitic steels, respectively; I'V and
V — HAZ in ferritic and austenitic steels, respectively; 7, 2 —
ferritic and austenitic steels, respectively

be noted that varying the chemistry and microstruc-
ture of the penetration zone metal may have some
cffect on a temperature field through the thermal
conductivity coefficient, the values of which may
change depending upon the said parameters.

Table 2 gives data on A(T) for austenite of low-
carbon austenitic steels and ferrite (pearlite) of low-
carbon lTow-alloyed and Cr- (=17 %) and Ni- (= 4 %)
alloyed steels. It can be seen that thermal conductivity
of ferrite AT) can substantially change depending
upon the chromium content.

As noted above, for the calculation of welding
stresses (strains), in the case of welding dissimilar
steels, the important factors are geometry and size of
a part welded. Here it is necessary to distinguish the
processes of welding proper for joining parts of dis-
similar stecls from the processes of depositing one
material onto the other, i.e. the processes of deposition
of a covering layer to impart certain functional prop-
erties to the parts (Figure 13).

In addition, it is important to note that in the
cases considered the use can be made of multipass
welding [37] and multilayer cladding [38].

Risk of formation of hot and cold cracks. The
most characteristic defects in welding stecels of the
grade under consideration are those of the type of hot
cracks formed primarily in the penetration zone, al-
though there arce cases where cold cracks may be
formed in the near-weld zone of ferritic steel, or even
in the penctration zone (sce Figure 1).

The main cause of formation of hot cracks is a
decrcasc in the ability of a material to deform at high
temperatures in the so-called brittle temperature

Table 2. Dependence of thermal conductivity A(T) of different grades of steels upon the temperature, W,/ (m[IC)

e 0
Temperature, C

Material
0 100 200 300 400 500 600 700 800 900 1000
Austenite 14.644 15.899 17.991 19.247  20.247  21.757 24.268 25.105 26.778 27.615  28.033
Alloyed ferrite 16.736 18.828 19.247  20.921 21.757  23.013  23.849 - 23.849 - -
Unalloyed ferrite 62.762  57.322 51.138  46.025  41.841 41.004 35983  31.799 - - -
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Figure 14. Effect of strain rate € in Varestraint test on total length
[, of hot cracks (@) and maximum length [, of one crack (b) in
different alloys [39]: 7 — 316LN; 2 — D9; 3 — 316L

range (BTR). Tensile strains may form during weld-
ing in the penetration zone and the adjoining regions
of the base metal. If a material cannot resist these
strains, this leads to discontinuities, i.c. hot cracks.
The ability of the material to resist deformation in
BTR is usually determined experimentally. Among
many methods used for this purpose the most popular
one is the Varestraint test. Figure 14 shows an exam-
ple of evaluation of resistance of the penetration zone
of Cr—Ni alloys to formation of hot cracks using this
method [39]. Chemistry of metal of the studied pene-
tration zones produced by the method of argon-arc
welding without a filler is given in Table 3.

By assigning a permissible total length of hot
cracks (e.g. 1 mm), based on Figure 14, a, it is possible
to obtain the value of critical strain €5, for transverse
cracks in the penetration zone within the following
ranges: 316LN — €, = 0.2, D9 — €, = 0.5 and
316L — €, = 2.6 %. By assigning the permissible
maximum length of a transverse crack (e.g. 0.1 mm),
we will obtain, proceeding from Figure 14, b: for

316LN — €5, = 0.15, for D9 — €5, = 0.2 and for
316L — €5, 01.7 %.

It should be noted that the €5, values obtained in
this way fail to fully characterise the history of de-
formation of a specific region in BTR, as they do not
allow for welding strains which precede bending load-
ing in the Varestraint test [39]. Because the values
of true €7, are very small, the error in this case cannot
be substantial.

In this connection, of note is the method of ad-
justment of the €5, values for transverse and longitu-
dinal cracks obtained by the Varestraint test by an
appropriate estimation of plastic strains accumulated
in BTR prior to application of external load.

[t can be seen from Figure 14 that chemistry of
austenitic steel has a considerable effect on critical
values of strains in BTR.

As proved by results of numerous studies | 11, 20/,
resistance of austenitic and austenitic-ferritic steels
to formation of solidification and segregation cracks
greatly depends upon their microstructural state in
BTR.

It can be seen from Figure 11 that in primary
solidification the steel structure contains y-austenite
and O-ferrite, in addition to the liquid phase L.

There is a number of theories which relate the
probability of formation of solidification (as well as
segregation) cracks to the indicated types of solidifi-
cation modes for Cr—Ni stainless stecls of the austeni-
tic grades.

Main principles of these theories are based on the
following considerations [10]: impurities of the type
of sulphur and phosphorus have a higher solubility
in ferrite, compared with austenite, which leads to
decrease in their concentration at the grain bounda-
ries, as well as the probability of hot cracking; molten
metal containing &-ferrite has a narrower solidifica-
tion range; ferrite has a lower temperature clongation
coefficient than austenite, which leads to lower
shrinkage deformations for ferrite, compared with
austenite, cooling conditions being identical; d-ferrite
has less favourable energy conditions for formation
of low-melting point films with impurities of the type
of sulphur, phosphorus and others in the solidification
temperature range, compared with austenite, which
leads to much easier conditions for formation of such
films at the grain boundaries in the fully austenitic
metal of the penetration zone; two-phase microstruc-
tural state of the penetration zone leads to formation

Table 3. Chemistry of metal of the penetration zones investigated by the Varestraint test method, %

Steel grade C Ni Cr Mo Mn Si P N N
316L 0.029 11.9 17.0 2.25 1.8 0.7 0.035 0.012 0.036
316LN 0.03 11.15 16.8 2.06 1.45 0.53 0.031 0.001 0.073
DY’ 0.052 15.06 15.05 2.25 1.5 0.5 0.011 0.002 0.066
“Steel contains 0.33 % Ti, in addition to the elements indicated.
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of much stronger obstacles for propagation of cracks,
compared with one-phase austenite.

The above considerations are proved by experi-
mental studies. Thus, Figure 15 shows dependence
[ 11] of susceptibility of Cr—Ni alloys to hot cracking
upon the solidification modes. It follows from the
Figure that the most favourable mode is FA, where
the K, = Cr®/Ni® ratio based on the WRC-1992
diagram (sce Table 1) is within the following limits:

1.47 < K, < 2.00. an

w

Inequality (11) can be regarded as a metallurgical
prerequisite for a low risk of formation of hot cracks
in the penetration zone with a composition similar to
that of Cr—Ni steels. This prerequisite corresponds to
some mean deformation conditions which are deter-
mined by the test procedure (Varestraint test). How-
ever, as follows from Figure 14, the risk of hot crack-
ing may depend to a substantial degree upon the spe-
cific values of strains in the BTR zone, which are
characteristic of a given technology. This issuc has
been already widely discussed in literature |8, 11, 20,
cte. .

Within the framework of the deformation theories
of strength of materials and operational experience
|8, 20], the deformation criterion of risk I';; of forma-
tion of cracks with ¢ normal to its plane can be de-
veloped, providing that the active plastic strain Dj;
in the BTR zone, accumulated in cooling of a material,
is known:

T
D;: = D) at Ak > 0; % < 0;
1 Z slla (1 at (12)

0;>0; T,<T<T,,

where Ty and T'» are the BTR limits.

It follows from expression (12) that in finding D;;
in BTR only the active plastic strains determined by
the g; > 0 are summed up.

If the critical values of €; are known, then rela-
tionship

D; = D— (13)
&ii
can provide a quantitative characterisation of the risk
of formation of cracks, I, at a given point of the
penetration zone, if the material, according to (11),
has a sufficient sensitivity to such defects.

Unfortunately, the information available so far on
the €; values of alloys of different chemistries is
scanty. Therefore, like in study [8], we suggest that
condition (11) should be considered sufficient for a
case of absence of hot cracks in the penetration zone
of dissimilar steels studied; and where condition (11)
is not met, condition (13) should be used to compare
different variants in terms of the risk of formation of
such defects.

As follows from Figure 1, cold cracks can be
formed in the penetration zone of dissimilar steels of
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Figure 15. Dependence of susceptibility to hot cracking (based on
the Varestraint test) upon cr / Ni“

the grade under consideration only in the case if this
zone has a martensitic structure, which imposes sub-
stantial limitations on variants of compositions of the
steels susceptible to formation of such defects. Nev-
ertheless, we must reckon the probability of formation
of cold cracks in the penctration zone.

Ferritic steels are characterised by a higher risk
of formation of cold cracks in the near-weld zone. The
vast arsenal of methods, including the calculation
ones [8, 15, 20, 32], intended for prevention of cold
cracking, can be applied for this zone. Therefore, there
is no nced to consider this issuc in this article.

The following condition [8] can scrve as a real
criterion of elimination of cold cracking of the pene-
tration zonc:

‘/m =0or o; < O, (14)

i.c. there is no martensite in microstructure at any
point of this zone, or in the presence of martensite
the principal stresses are not tensile.

Behaviour under service conditions. Joints in dis-
similar steels under consideration have certain pecu-
liarities of behaviour under service conditions, espe-
cially if these conditions involve increased tempera-
tures or thermal cycling, which is characteristic of
certain structures used in power generation, chemical
engineering, etc. [1]. Here the decisive role is often
played by thermal stresses induced by differences in
physical properties of steels joined, such as tempera-
ture clongation characterised by the temperature elon-

ot
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Figure 16. Variation in the temperature elongation coefficient
a,(T) with temperature for different alloys [10]

23



j SCIENTIFIC AND TECHNICAL

Figure 17. Typical appearance of a crack formed along the welded
joint between austenitic stainless steel (deposited metal — to the
left) and ferritic steel (base metal — to the right)

gation coefficient a;. In this connection, of high im-
portance is the issue of producing a weld (penetration
zone) of arequired composition, which would provide
a more or less smooth transition between the joined
dissimilar steels in terms of the a; values.

As an example, Figure 16 shows data from [11]
on the o(T) values of austenitic steels of the types
of 304 (or 316) and Cr—Mo steel 2.25Cr—1Mo, this
combination being characteristic of the power genera-
tion objects.

It is seen that in a temperature range of 100-700 °C
the difference between the values of temperature elon-
gation cocfficients of austenite and ferrite will amount
approximately to 60 0761 /deg:

Ao (1) = al(T) — al(T) = 600°° 1/ deg.

Hence, every 100 °C of a uniform variation in
temperature may cause variation in stresses in the
joining zone amounting to 80—100 MPa, i.e. at a work-
ing temperature of about 500-550 °C duc to differ-
ences in properties of materials welded, peaks of
stresses may be of substantial values. Under such con-
ditions, inelastic strains |1] are formed both due to
instantancous plasticity and due to creep. It is char-
acteristic that tensile stresses and strains in heating
arc dominant near the fusion boundary in ferritic stecel,
and compressive oncs are dominant in austenitic
steels, respectively. To a certain extent, this circum-
stance results in the fact that among various kinds of
service fractures of the joints under consideration,
operating at increased temperatures and especially in
thermal cycling, the cracks are dominant near the
fusion boundary of a ferritic material [8, 11] (Fi-
gure 17).

Figure 16 shows values of a.(T) for different filler
materials used for welding of the considered dissimilar
steels to form the above transition layer. As shown
by the results of experimental studies, this can provide
a substantial extension of service life of a welded
joint. The data on a relative service life of butt welded
joints (Figure 16) in austenitic steel of the type of
304 and Cr—Mo steel 2.25Cr—1Mo are a convincing
proof of the above-said. For example, the relative
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Figure 18. Wide cap groove of a joint between dissimilar steels:
1 — stainless steel; 2 — Cr—Mo steel

service life of a butt welded joint in steels 304 and
2.25Cr—1Mo, depending upon the filler material used,
varies as follows: in the case of use of the E309 filler
metal the relative service life is 1.0, with the ENi-
CrFe-1 filler metal it is 4.6, and with the ENiCrFe-2
and ENiCrFe-3 filler metals the relative service life
is 5.1 and 5.1-5.6, respectively.

A change in the groove shape, i.e. the so-called
wide cap (Figure 18), for edge preparation of ferritic
steel also leads to an extension of life due to a more
favourable stressed state formed in thermal cycling.

For the above combination of materials welded
the use of the wide cap groove and ENiCrFe-1 filler
mctal, instcad of E309, incrcases life by a factor of
7.7 111], which enables the life of the considered
joints in thermal cycling to be extended by varying
design and technology parameters.

Mathematical modelling of the stress-strain state
of the joints under consideration during thermal cy-
cling, depending upon the groove shape and chemistry
of a filler metal, can be very helpful in scarch for
rational solutions.

CONCLUSIONS

Upon considering seven arcas associated with the
problem of sclection of optimal design-technology
conditions for welding (surfacing) of joints in dis-
similar steels, we can distinguish a number of prob-
lems which can be solved in the most rational way
by using the methods of mathematical modelling with
a limited scope of experiments. To use this way to
solve the posed problems, it is necessary to develop
the appropriate algorithms and software. It should
be noted that the processes of primary solidification
and carbide formation during welding, as well as deg-
radation of properties in service thermal cycling, are
least studied in terms of mathematical description.

Therefore, the main purpose in handling the tasks
posed will be development of a computer system ca-
pable of solving the following problems in an inte-
grated way: heating and formation of the penetration
zone; determination of chemistry of the weld pool;
evaluation of primary solidification defects; quanti-
tative estimation of the kinetics of structural changes
in the weld and near-weld zone, stresses and strains,
as well as risk of formation of hot and cold cracks;
and prediction of behaviour of a welded joint under
different service conditions.
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EXPERIMENTAL INVESTIGATIONS
OF FIELDS OF RESIDUAL STRESSES
IN WELDED AND ROLLED I-BEAMS

A.I. GOLODNOV' and M.Yu. KHVORTOVA®
'The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine
Donbass State Academy of Civil Engineering and Architecture, Lugansk, Ukraine

Stress-strain state of I-beams was determined using experimental data. Method of preliminary stress inducing to I-beams
by a local thermal effect allowing increase in load-carrying capacity of compressed I-beam columns and improvement
in structure of steel in the HAZ zones forming in fabrication of welded I-beams was suggested.

Key words: I-beam, residual

stresses

local thermal effects,

Technological processes of fabrication of welded and
rolled I-beams with a use of rolling, flame cutting
and welding are a cause of occurrence of high internal
residual stresses, which can influence greatly the fur-
ther structure operation under the load. Thus, the
internal stresses in rolled I-beams caused by a non-
homogeneous plastic deformation during rolling in
stand and non-uniform temperature fields during roll-
ing and cooling can reach 0.80y (o, — steel yield
strength). Using experimental investigations |1], it
was found that the cooling conditions, in particular
the difference in temperature between the coldest and
hottest points of section after the rolling in the stand
is the most significant factor among other factors in-

in the I-beam section.

In welded I-beams the residual stresses can reach
the level of the steel yield strength in the zones of
girth welds |2, 3|. Moreover, both in as-delivered
welded and rolled I-beams the diagrams of internal
stresses have a common origin: a compressed web,
as well as flange, being under tension in a central
part and with compressed free ends. Stresses in com-
pressed edges of flanges, subjected to the action of
a compressive service load, reach the yield strength
earlier than in other elements of the section, thus
decercasing the moment of inertia of the scection duc
to far distance of zones of plastic deformation from
the symmetry axes.

To create the favourable distribution of residual
stresses in the sections of I-becam columns operating
for compression under the service load, a method of
high-temperature preliminary stress inducing by heat-
ing edges of the girth to about 950 °C was suggested.
The appearance of zones of residual tensile stresses at
the edges of girths promotes the later transition of
edges into a plastic state and leads to increase in a
load-carrying capacity of the column.

During testing the technological procedure, dif-
ferent schemes of a preliminary stress generation were

© A.I. GOLODNOV and M.Yu. KHVORTOVA, 2002
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suggested [4]|. Here, such technological parameters
were varying as temperature and sequence of heating,
power source capacity, rate of heating and cooling,
sizes of HAZ. The preliminary stress was realized both
in the laboratory (at the Chair of Engineering Struc-
tures of Donbass Mining-Metallurgical Institute) and
shop conditions (at the I.V. Babushkin DZMK, in-
vestigations were headed by 1.1. Nabokov). Tn the
latter case the preliminary stress was generated in a
specially-designed bench by a simultaneous heating
of flange edges to 850-900 °C with a displacement of
torches along the all length of the specimen and cool-
ing of heated areas with a compressed air.

During preparation of the program of experimental
investigations the following tasks were set:

* to determine the internal stressed state of as-de-
livered rolled H-beams of K-type;

* to establish natural residual stresses in welded
I-beams fabricated at the 1.V. Babushkin DZMK us-
ing an accepted technological scheme of assembly and
welding of I-beams in the production line;

e to determine the internal stress-strain state of
welded and rolled I-beams, being preliminary sub-
jected to stress using local thermal effects (LTE), by
heating I-beam flange edges up to temperature of
about 950 °C;

* to develop the technological scheme of prestress-
ing by LTE depending on the section shape and sizes
of the specimens.

Welded specimens-beams (further beams) of series
SL and ST and hot-rolled I-beams 35K1 with parallel
sides of flanges of series SP were used. All the speci-
mens were manufactured at the 1.V, Babuskin DZMK
in 1981. The length of specimens was 1400 mm. Speci-
mens of series ST were subjected preliminary to
stresses in shop conditions by a local heating of edges
with a next cooling with a compressed air, while the
series SL were designed and fabricated as analog of
the prestressed specimens, but without subjecting to
the preliminary stress.

Before the tests the specimens of metal were ex-
amined to define their physical-mechanical properties.
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At the first stage of investigations the internal
stress-strain state of as-delivered experimental beams
was determined. The residual strains and stresses were
determined using a destructive method.

The specimens of series SL and SP were prelimi-
nary subjected to stresses in the laboratory conditions
by alocal thermal heating of edges with a next cooling
in air. Taking into account that the sizes of specimens
were close to full-scale specimens, then an individual
scheme of preliminary stressing by LTE was accepted
for cach specimen.

The preliminary stress was induced in the follow-
ing scquence:

 geometric parameters of the specimen were meas-
urced and arcas for next preheating were marked, then
the holders were welded to determine the absolute
deformations in a middle section of the specimen;

e the specimen was mounted on a bench and in-
struments were installed, the initial data were meas-
ured;

o the preliminary stress was induced to one of the
cdges; after cooling the intermediate results were
taken;

 the preliminary stress was induced to another
cdge of the flange to record the final results after
cooling.

In the course of testing the deflections in six points
of the specimen and absolute displacements in the
middle section were determined. For cach specimen
the individual scheme of preliminary stress inducing
by LTE was taken. Residual strains and stresses in
beam flanges were determined using a destructive
method.

In the process of the experiment the initial stress-
strain state of the sections of beams was determined.
Some results of investigations are given in Figure 1.

A conclusion was made on the basis of analysis of
used schemes of preliminary stresses (sequence of edge
heating) that the preliminary stressing by LTE should
be realized by a symmetrical heating of areas of girths
using the heat sources of a similar capacity to prevent
the non-uniform deforming. The comparative analysis
of schemes of the preliminary stress inducing was
based on the evaluation of the following parameters:

e level of residual stresses in the section of I-beams;
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Figure 1. Results of determination of residual internal stresses in
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preliminary stress inducing (b) and in web (¢): 7/ — specimen SP
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height)
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e shape of diagram of distribution of residual
stresses in a transverse section;

« structural changes in steel as a result of heating.

The level and shape of the diagram of distribution
of residual stresses in the sections of I-beams were
determined using a destructive method [5]. Conclu-
sion was made that the preliminary stress by LTE
should be induced using symmetrical heat sources of
a similar capacity (due to a non-uniform distribution
of residual stresses and non-uniform deforming), i.c.
to perform only in the shop conditions at a strict
control of paramcters of heating and cooling.

It was stated on the basis of the metallographic
analysis of changing the structure of steel of the speci-

Figure 2. Microstructure St.3 in a normalized state (a) and in fusion zone during thermal cutting (b) (x400) (reduced by 2,/3)
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mens examined that at preliminary stress inducing by
LTE the heating temperature should be by 40-50 °C
higher than the temperature of point A., with a next
cooling in air. It is the temperature of heating at
which the normalizing of hypoeutectoid steels is oc-
curred, to which the structural steels also belong.

In normalizing the low-carbon steels the same
processes are proceeding, that in annealing, i.e. re-
fining of grains (Figure 2, @). In addition, duc to a
more rapid cooling than in annealing, the pearlite
becomes more dispersed as a result of a high overcool-
ing, and its amount becomes larger as the precipitation
of ferrite or cementite with a formation of a quasi-
cutectoid is partially suppressed. The characteristics
of mechanical properties are occurred to be higher
than thosc in a delayed cooling (anncaling).

Thus, at LTE on the edges of beam flanges with
a small overheating above the temperature of poly-
morphous transformation a secondary diffusion-free
crystallization (reerystallization) in a solid state is
occurred in the metal of edges of the girths. This
causes the changes in a crystal structure of the metal
duc to appearance and growth of new grains.

In fabrication of welded I-beams the defibring of
sheets by a thermal cutting is occurred that leads to
the formation of the metal structure with a clearly
expressed zone of overheating at the edges of flanges
(Figure 2, b), which is typical of the coarse-grained

structure of Widmanstaetten type. Metal of this zone
is characterized by low values of mechanical proper-
ties. At a preliminary stress inducing by LTE of zones
of this structures a fine-grained structure is formed
anew as a result of an additional heating (see Fi-
gure 2, a).

Thus, the application of the preliminary stress in-
ducing by LTE for metal structures makes it possible
not only to create the diagrams of residual stresses,
which influence positively on the structure operation
under the load, but also to improve significantly the
steel structure by refining grains of the parent metal
and elimination of HAZ which are formed due to
temperature effects in fabrication of metal structures.
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FLUX-CORED WIRES of FeCrB+Al and FeCr+Al+C
SYSTEMS for ELECTRIC ARC METALLIZING

V.I. POKHMURSKY, M.M. STUDENT, V.M. DOVGUNYK and I.I. SIDORAK
G.V. Karpenko Physico-Mechanical Institute, NASU, Lviv, Ukraine

The electric arc metallizing can be effectively used for restoration of worn-out surfaces of machine parts at relatively
small expenses. The use of flux-cored or composite wires widens significantly the application of this technological
process. However, the need appears here in optimizing composition of electrode wires and improvement of system of

their spraying.

Key words: electric metal spray-gun, electric arc metal-
lizing, flux-cored wire, thermal coating, wear, wear-resistance,
phase transformations

To increase the quality of coating formation in electric
arc metallizing, we have developed the new spray
heads for metal spray-guns (MSG) [1, 2] and flux-
cored wires (FCW) and also performed the compara-
tive tribologic examination of the coatings produced.

Metal coatings were formed from 1.8 mm diameter
FCW of an optimized chemical composition of two
systems: FeCrB+Al and FeCr+Al+C. Ferrochrome-
boron FKhB-2 and Al-Mg powder PAM-40 and, re-
spectively, ferrochrome FKh-800, iron powder PShO,
Al-Mg powder PAM-40 and crucible graphite GT-1

were used as charge materials. The external sheath
was manufactured from 0.4 mm thick rimmed steel
08 (C — 0.1; Si — 0.03; Mn — 0.35-0.65 wt.%;
Fe¢ — balance). Cocfficient of wire filling was about
20 %. The coatings were formed by a base MSG M-17
with a modified system of electrode material spraying
that provided the formation of fine-grained coatings
of a low porosity (= 10 %).

Mectallizing conditions were as follows: arc current
150 A, arc voltage 34 V, compressed air pressure
0.6 MPa, distance from arc to sample 100 mm. The
coatings were deposited on samples of «disc» type
made from steel 45 (C — 0.45 wt.%; Fe — balance)
(HRC 28-30) and subjccted to grinding to the 1 mm

© V.I. POKHMURSKY, M.M. STUDENT, V.M. DOVGUNYK and L.I. SIDORAK, 2002
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Figure 1. Dependence of relative amount of molten metal particles and rate of their fight v (@) on the size of particles d (m — mass
share of particles of a proper fraction; M — mass share of all the particles at central nozzle (a) and differential (b) diagram of spraying)

working thickness R, = 0.63. Mating samples were
made from bronze BrS.30 and high-tin alloy AMO.

Tribologic properties of the obtained coatings were
studied in friction equipment SMTs-2 using scheme
«disc—blocks at a boundary slipping friction, and also
in motor oil (M14V2) with an abrasive addition (a
quartz sand of dispersity up to 40 pm) at contact
pressure 5 MPa. Path of friction was 20 km.

The phase composition of coatings in initial state,
its changes in near-surface layers after grinding and
friction were examined in Dron-3  diffractometer
(CuKg, U =32kV, I =13mA) with a 0.05° scanning
pitch at 1, 3, 5, 10° angles of inclination of sample
to emission and next computer processing by program
CSD [3].

Systems of spraying of flux-cored wires. They
are based on differential and closed diagrams of for-
mation of a metal-air flow. In realization of the dif-
ferential diagram of spraying there are no differences
between the conditions of melting wires, used as anode
or cathode. The metal-air flow has an ellipsoid struc-
ture in its section at ratio of axes 1:3-5 at 100 mm
distance from the arc (Figure 1).

The differential diagram of formation of the met-
al-air flow was used in MSG, manufactured by GMP
«Gasothermic» at G.V. Karpenko Physico-Mechani-
cal Institute of the NAS of Ukraine. The design feature
of the spray head of such spray-gun is that the elec-
trode wire and air arc fed through the same channels.
In addition, the conditions of effective cooling of cur-
rent conductors and spray-gun head are created, thus
providing the formation of concentrated gas external
(plasma) and internal (for nozzle cooling) flows. The
usc of a ring-shaped profiled nozzle increases the rate
of the air flow, creates a high dynamic pressure in
the zone of arc burning that provides the intensive
dispersion of the molten metal. Due to this, the ad-
hesion and cohesion characteristics of the coating are
increased. At such diagram of FCW spraying the larg-
est size of the particles of molten metal is 150 pm.
MSG with this diagram of spraying provides the for-
mation of quality restoration and wear-resistant coat-
ings from FCW with a refractory charge.
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The closed diagram promotes the producing finer
fractions of particles (< 50 um) characterizing the
high rate of flight. This diagram of spraying is used
in formation of the fine-dispersed coating of a small
thickness (50-200 pm) produced by using FCW
(charge with refractory components).

Flux-cored wires of FeCrB+Al systems. As is
known, the amorphous boron, boron carbide and fer-
rochromeboron can be used as a B-containing compo-
nent in manufacture of FCW. However, we used a
ferrochromeboron of FKhB-2 grade, as the amorphous
boron is expensive and a boron carbide provides an
intensive wear of grooves in wire manufacture.

At the same time the coatings produced from FCW
with a charge only from ferrochromeboron are char-
acterized by a high porosity as the powder has no
time to be completely melted. The complete melting
of a comparatively refractory B-containing core can
be realized in adding components forming eutectics
with it or the aluminium powder in amounts providing
the proceeding of alumothermic reaction. Addition of
other clements to the charge forming cutectics with
a ferrochromeboron or ready eutectic mixtures, leads
to a significant dccercase in a cohesion strength of the
coating.

It was established by us that only the aluminium
powder promotes the producing coatings with high
mechanical characteristics, increases, in particular,
the rupture strength of the coating from 180 to
230 MPa. From the relationship, given in Figure 2,
it is possible to judge about the cffect of aluminium
content in the FCW charge. Increase in aluminium
concentration in the charge up to 30 % promotes the
increase in the coating hardness. This is stipulated by
decrease in porosity of the coating with a simultaneous
increase in its structural homogencity. The further
increase in the aluminium content in the FCW charge
composition leads to the decrease in hardness. A mo-
notonous increase in cohesion and adhesion is observed
in the whole range of changing the aluminium con-
centration. The positive effect of aluminium on the
strength properties of coatings can be explained by
the presence of a refractory oxide film Al,O3 produc-
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Figure 2. Effect of aluminium content in charge of FCW
(FeCrB+Al) on physical-mechanical characteristics of 1 mm thick
coatings: 7 — maximum circumferential stresses in coating o,

2 — hardness HRC; 3 — adhesion strength of coating with sub-
strate 0,4,; 4 — rupture strength of coating o; 5 — porosity B

ing plastic grains of pure aluminium in the coating.
This contributes to the relaxation of tensile stresses
in the process of the coating formation and subsequent
cooling and also prevents the crack formation. The
coatings are rather heterogencous, which is proved
by a large scattering of values of microhardness, from
4000 to 10000 MPa. Maximum porosity is not more
than 10 %.

It was established that the boron content in the
coating is proportional to that in ferrochromeboron
and can be increased by increasing the FCW diameter.
Here, the coefficient of wire filling will be also in-
creased. However, it can be noted, that in use of
large-diameter FCW the coating hardness is increased
simultaneously with decrease in its adhesion to the
substrate. Thercfore, in restoration of heavy-duty
parts it is necessary to use FCW of diameter to 2 mm.

The level of air pressure also greatly influences
the distribution of stresses in the coatings. With its
increase from 0.2 to 0.7 MPa the size of particles of
FCW mclt is deercased that provides in turn the de-
crease in size of pores in the coating from 400 to 50 pm
(Figure 3).

Flux-cored wires of FeCr+Al+C systems. The
base of charge in manufacture of FCW of system
FeCr+Al+C is high-carbon ferrochrome of FKh-850
grade. To attain the complete melting of the charge
due to proceeding of exothermal reaction, similar to

d, um o Geirc, MPa
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Figure 3. Effect of air pressure P on diameter of pores in coating
d (1) and value of maximum circumferential stresses g, (2)
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Figure 4. Effect of aluminium content in charge FCW
(FeCr+Al+C) on physical-mechanical characteristics of 1 mm thick
coating: 1 — rupture strength of coating o,; 2 — adhesion strength
of coating with substrate 0,,; 3 — maximum circumferential
stresses in coating O,.; 4 — hardness HRC

previous FCW, the aluminium powder was added to
the charge. At its content to 10 % the coatings possess
maximum hardness (HRC 30) and retain the low level
of maximum circumferential stresses (to 10 MPa).
The increase in concentration leads to the decrease in
coating hardness and increase in stresses reaching their
maximum values (46 MPa at 40 % Al). Further, their
decrease to 20 MPa at 70 % Al is observed. Adhesion
of coatings is increased in the whole range of changing
the aluminium concentrations.

It was established that at low concentrations of
aluminium in FCW charge the y-Fe- a-Fe occurs in
the process of coating cooling. At appropriatc amount
of carbon in the coating (= 1 %), the high hardness
and low residual tensile stresses are typical of the
coatings because of austenite transformation into
martensite. The inercase in aluminium amount in the
coating stabilizes a-Fe and narrows the region y-Fe
that prevents the feasibility of proceeding transfor-
mation (FeCr+Al+C). This leads to the increase in
tensile stresses and decrease in the coating hardness.

Thus, in formation of coatings using FCW with a
charge on FeCr+Al+C base two concentration (by
aluminium content) regions are most important from
the practical point of view (Figure 4) |4]. At alu-
minium content to 10 % the coatings are characterized
by a high hardness and low level of residual tensile
stresses and can be used as wear-resistant. Above 50 %
the coating hardness does not exceed HRC 26, the
level of tensile stresses is = 20 MPa, and the adhesion
strength is = 40 MPa. In this connection, they are
recommended for use as restoration coatings for ap-
propriate surfaces of heavy-duty machine parts.

Tribologic properties of coatings. It was estab-
lished by the comparative tests of coatings from solid
and FCW in the conditions of boundary slipping fric-
tion that the best tribologic properties are typical of
coatings produced by using FCW with a charge
(FeCrB+Al) and (FeCr+Al+C) |5, 6].

Metallographic examinations of the coatings
showed that they have a lamellar structure typical
for the given class of coatings (Figure 5).

The phase composition of coatings from FCW on
FeCrB+Al base in initial state is a mechanical mixture
consisting of an oversaturated solid solution on a-Fe
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Figure 5. Microstructure of coatings made from FCW of systems

base, negligible amount of solid solution on y-Fe base,
chrome borides CrB, iron Fe;B and FeB, and also
nitride CrN and oxides of iron FesO; and chrome
CI'203 [7]

The phase composition of coatings from FCW on
FeCr+Al+C base in initial state is a mechanical mix-
ture consisting of a residual austenite, martensite,
oxides of iron FezO4 and chrome Cr,Os, and also a
negligible amount of nitrides of aluminium and chro-
mium |4].

As a result of friction interaction the change in
phase composition and simultaneous strengthening oc-
cur in the surface layers. Using an inclined X-ray
filming it was stated that a negligible amount of y-
phase ((Fe, AD4N and Fez(Cy2Bog)) was revealed
additionally in coatings produced from FCW of
FeCrB+Al system even after grinding. In this case
the microhardness of coating increases from 6500 to
8500 MPa owing to formation a structure in the sur-
face layers consisting of a nitrogen martensite, dis-
persed Y-phase and carboboride. The surface layers
of coatings produced from FCW of FeCr+Al+C system
consist of a mechanical mixture which already con-
tains 90 % martensite, and also chromium carbides
Cry3C6 and Cr;Cy and negligible amount of carbide
of a cementite type (Fe, Cr)3C. Thus, even in grinding
the residual austenite is decomposed partially with a
formation of special carbides. It becomes less alloyed
and is subjected to a martensitic transformation in
cooling. This contributes to strengthening of surface
layer of coatings even after grinding. The phase com-
position of coatings is not practically changed in the
process of a boundary friction. The averaged tempera-
ture of samples did not exceed 25-30 °C. The coating
material wear was not observed in a preset path of
friction of 20 km.

At the boundary friction with abrasive adding the
averaged temperature of samples rcached 120 °C
(FeCrB+Al system) and 60 °C (FeCr+Al+C system).
The increase in temperature in the zone of a real con-
tact and plastic deformation Icads to some change in
the phase composition. The amount of carboboride
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FeCrB+Al (@) and FeCr+Al+C (b) (x250)

Fes3(Cy.oBog) in the coating surface layer FeCrB+Al
is increased while in the coating FeCr+Al+C the
austenite amount is increased, carbides Cry3Cg and
Cr;Cs were not observed. Only carbide of a cementite
type and oxides of iron and chromium were revealed.

Thus, composition of charge of FCW, phase com-
position of coatings in initial state, its changes in
surface layer during friction influence greatly the wear
resistance.

The above-mentioned materials have been devel-
oped for the restoration, as a rule, of external surfaces
of parts of «shaft» type operating in pair with slipping
bearings made of a traditional materials. The FCW
with a charge (FeCrB+Al) provides the highest com-
plex of mechanical characteristics, it is mass produced
and widely used in Ukraine and beyond it for the
restoration of worn-out crankshaft pins, tractors, lo-
comotive diescels, compressors, pumping stations.
FCW with a charge (FeCr+Al+C) is also used for
restoration of crankshaft pins of tractors and other
equipment operating in less severe conditions.
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The paper presented below describes just one example of multi-faceted
engineering and development activity of V.E. Paton, related to designing
equipment for mechanized and automatic welding. Together with a team
of other developers, V.E. Paton was awarded the State Prize of Ukr. SSR
in the field of science and technology for development and introduction
into production of microplasma welding processes, equipment and technol-
ogy for unique advanced engineering systems.

The past decades have confirmed the timeliness of the ideas and the high
effectiveness of the original engineering solutions, incorporated by
V.E. Paton and the team led by him, into development of a system of

precision welding equipment.

Editorial

A SYSTEM FOR MECHANIZED MICROPLASMA
WELDING OF HONEYCOMB ALUMINIUM METAL
STRUCTURES

V.E. PATON, N.M. VOROPA]J and V.S. GVOZDETSKY
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

The paper deals with the design principles and features of all-purpose and specialised microplasma welding equipment.
Examples of application of mechanised units in fabrication of unique open honeycomb metal structures of thin aluminium

are given.

Key words: microplasma welding, plasmatron, welding
units, power source, open honeycomb metal structures, welding
technology, weld quality

The industry’s need for high-quality joints of various
metals and alloys of the thickness of several tens up
to 1-2 mm led to development of microplasma weld-
ing. This is, essentially, a new method of precision
processing of metallic and non-metallic materials by
a constricted arc, that runs in a stable manner at low
currents, that are practically unachievable in the con-
ventional non-consumable and consumable electrode
arc welding.

As far back as 1967 the E.O. Paton Electric Weld-
ing Institute suggested original methods of AC mi-
croplasma welding and equipment for its implemen-

Figure 1. Schematic of the process of microplasma welding at
current of different polarity (for designations see the text)

© V.E. PATON, N.M. VOROPAJ and V.S. GVOZDETSKY, 2002
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tation [1, 2]. They are patented in England, Germany,
Italy, France and Japan.

The essence of the microplasma process (Figure 1)
consists in that in order to achieve the cathode break-
ing up of the oxide films on the metal being welded,
voltage pulses positive relative to item 3 are fed to
the nozzle of plasmatron 2 for powering the reverse
polarity (RP) arc, and in the intervals between them
voltage pulses, negative relative to the item, are fed
to tungsten clectrode 7, generating a straight polarity
(SP) plasma arc between the electrode and the item.
A DC low-amperage pilot arc, generating the plasma
plume, runs continuously between the tungsten elec-
trode and the nozzle in the plasma gas flow. It results
is a stable condition of the microplasma arc of differ-
ent polarity current. Plasma gas (argon) comes to a
circular gap between the tungsten clectrode and the
nozzle; shielding gas (as a rule, helium) — to the
gap between the plasma gas and the protective nozzle.

This method turned out to be the most effective
in welding aluminium and aluminium alloys 0.2—
2.0 mm thick. Tt is exactly the method that allowed
creation of unique items of thin commercial alu-
minium. The PWI developed a range of all-purpose
and specialised units, fitted with the plasmatrons and
power sources for mechanised microplasma welding
of this type of metal structures. This paper is devoted
to description of the principles and features of their
design.
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Figure 2. Welded sections of honeycomb metal structures: 7 — A-1281 power source; 2 — OB-213 plasmatron; 3 — A-1284B automatic
machine; 4 — A-1284 automatic machine; 5 — inner section; 6 — peripheral section

An open honeycomb structure of array antennas
is assembled of individual sections, consisting of a
large number of abutted elements (horns), where the
upper edges are 0.5-2.0 mm thick (Figure 2). Total
length of welds on one item is more than 10,000 m.
The edges of the aluminium horns should have a re-
liable electrical and mechanical contact over the entire
perimeter to provide the required performance of the
antenna. The tolerances specified for geometrical di-
mensions of edge welds of the antenna elements are
very close. Horns are usually made in the form of a
welded tetrahedral truncated pyramid, with an up to
10 mm thick aluminium flange butt welded to its
smaller base. Considering the exceptionally high tech-
nical requirements to the quality of welded honey-
comb antenna elements and a rather large scope of
welding operations, performed both under the sta-
tionary shop conditions and in site, the design of the
microplasma welding units should provide a number
of new functional capabilitics, namely:

« precise guiding of the electrode along the weld
axis (deviation of not more than #0.1 mm per the
linear length of 1 m of the weld);

e minimal axial deviations of the are from the sct
valuc (not more than £0.1 mm);

« reliable operation of the plasmatron elements
and other components at continuous welding for not
less than 8 h;

e stable feed of the soft and stiff small-diameter
filler wire (0.8—1.2 mm);

e absence of excess forces of inertia in the unit
components, disturbing the uniformity of welding
speed;

e minimal weight and overall dimensions of the
unit;

 ability to rcadjust the equipment to perform
welding operations in site.

The basic model for development of specialised
welding equipment was the precision automatic ma-
chine A-1342 designed by the PWT Experimental De-
sign-Technology Bureau, with OB-1213 plasmatron
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and A-1281 power source, that was used for develop-
ment of A-1284 and A-1284B units for welding an-
tenna sections (Figure 2) and A-1478 and A-1579
units for welding the longitudinal welds of horn bil-
lets and welding-on the flanges, respectively.
A-1342 automatic machine (Figure 3) is designed
for mechanised microplasma welding of butt, fillet,
edge and overlap joints of 0.2-2.0 mm thick metal.
It consists of carriage 1, filler wire feed mechanism
2, plasmatron 3, correction system 4, control panel 5
and guide rail 6. The carriage is fitted with four freely
rotating runners with a vertical axis of rotation. Two
runners are mounted directly on the carriage, and two
others — on levers with spring loading. The carriage
is driven by an electric motor, with a gear wheel
mounted on its output shaft. The gear wheel is con-
nected to the guide rail rack. Welding speed s
smoothly adjustable in the range of 10—-100 m /h.
Deviations in the electrode guiding to the butt in the
transverse and vertical directions do not exceed
0.1 mm along the guide rail length of 1300 mm.
Filler wire is fed, using a special device that pro-
vides a stable and accurate guiding of the soft alu-
minium wire of 0.8—1.2 mm diameter. The wire feed
rate is smoothly adjustable in the range of 5 to
150 m /h. The wire feeder incorporates a drive and a
clamping element, made of an elastic belt put on two

Flgure 3. All purpose automatic machine A-1342 for microplasma
welding (for designations see the text)
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Figure 4. Filler wire feeder (for designations see the text)

rollers, loosely mounted on axles. To avoid deforma-
tion of the wire when a rigid feed roller is used, the
belt is mounted on the rollers so that it is in engage-
ment with the feed roller groove and encloses it along
an arc of not more than 90°,

Wire feeder (Figure 4) consists of base 7, levers
5 with spring 6, two loose rollers 2 on axles 3, elastic
belt 4, rigid shaped feed roller 8. The base accommo-
dates receiver bushings 7 for guiding the filler wire.
The device operates as follows. Filler wire, uncoiled
from the recel, is first passed through the recciver guide
bushings, then is pressed down by the belt under the
action of the spring and the levers. After the roller
is sct in rotation, the wire is fed to the welding zone
under the impact of the forces of friction. The belt
starts rotating simultancously, as it is put on the
rollers, loosely mounted on the axles. The described
system provides rather high forces of pulling the filler
wire, irrespective of its rigidity.

The block of correctors, on which the plasmatron
is mounted, provides its transverse and vertical dis-
placement simultaneously with the filler wire. Inde-
pendent correction of the wire position in the hori-
zontal and vertical planes is also envisaged. The lat-
cral corrector is made in the form of a lever, fastened
on two ball-bearings with a worm gear. The vertical
corrector is a lead screw, driven by the nut of the
gear that is driven by a screw-gear. The carriage body
carries the control panel of the welding process moni-
toring and control. At opcration in the automatic
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Figure 5. Block diagram of A-1281 machine (for designations see
the text)

34

mode the automatic machine design envisages initial
switching on and subsequent switching off of the
plasma and shielding gas feed, and changing of the
mode parameters by a preset program.

OB-1213 plasmatron was developed specifically
to provide reliable operation of the equipment in the
mode of welding extended welds. It differs from the
carlier applied OB-1115 and OB-1160 plasmatrons
by more intensive water cooling of the working ele-
ments and ability to perform welding at relatively
high speeds (up to 50 m,/h) and high currents (up
to 100 A), respectively. In OB-1213 plasmatron the
cathode, made of lanthanum-alloyed tungsten of 1.2—
1.6 mm diameter, is aligned with the water-cooled
molybdenum plasma-shaping nozzle. A collet spring-
loaded device allows adjustment of the depth of elec-
trode insertion inside the nozzle in the range of 1-
10 mm. Geometrical shape of the nozzle inner chan-
nels provides a laminar outflow of the plasma and
shiclding gascs. Plasmatron power is 3 kW, its outer
diameter is 25 mm and height is 130 mm, hose length
being up to 5 m at the weight of 350 g.

A-1281 machine (Figure 5) is used for supplying
AC power to OB-1213 plasmatron with an adjustable
amplitude of SP and RP pulscs. It consists of a power
transformer TV, thyristor blocks V:S7, V.§2 and con-
trol pancl 4. Positive half-cycles of voltage come to
nozzle 1 via VS7, and the negative half-cycles arrive
at tungsten clectrode 2 of the plasmatron via V.S2,
The current of the SP and RP arc is adjusted by choke
L, connected into the transformer primary circuit or
by moving the transformer secondary circuit. A pilot
arc powered by DC source 3 is used for a stable ex-
citation of the charge at the start of cach half-period.

A-1284 automatic machine (Figure 6) is designed
for microplasma welding of longitudinal and trans-
verse edge welds of honeycomb structure sections. It
consists of carriage 7, plasmatron 2, guide rail 3 of
10 m length and a system of pneumatic key clips 4
for horns 5 being welded. The carriage body design
is the same as in A-1342 automatic machine. Wire
feeder is absent in this case. For convenience of weld-
ing operations performance, the control panel is

| 2 3 4 5

Figure 6. A-1284 automatic machine for welding longitudinal and
transverse welds (for designations see the text)
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mounted on a carriage. A-1284 automatic machine
incorporates OB-1213 plasmatron and A-1281 power
source.

A-1284B automatic machine (Figure 7) allows
performance of welding of the honeycomb structure
peripheral sections around a rectangular profile. It is
made in the form of two self-propelled carriages f
and 2, providing displacement of OB-1213 type plas-
matron 3 in two directions normal to cach other
around the closed perimeter of individual horn 4. Use
of this automatic machine is rational in site for pre-
assembly of peripheral sections of a honeycomb array
and during repeated repair operations. Control circuit
diagram of A-1281 power source is adjusted to a preset
cyclogram of the welding process.

A-1578 machine (Figure 8) is designed for mech-
anised microplasma welding of longitudinal butt
welds on box-shaped clements. Given the appropriate
re-adjustment the unit provides welding of horns of
three types: from two rectilinear or curvilincar blanks
or four trapezoidal blanks of 400—1000 mm height.
The size of the horns opening is 100x100-500x500 mm
at the dimensions of the flange part of 30x30—
70x70 mm.

Machine specification

Thickness of metal being welded, mm ...... 0.5-2.0
Welding speed, m/h ............................ 10-50
Plasmatron correction, mm
ETANSVETSE wvvveeerecieeeciee e e e e e 15t
vertical ... =50
Tungsten electrode diameter, mm ............ 1.2-1.6
Filler wire diameter, mm ....................... 0.8-1.2

The machine comprises self-propelled carriage 1
(A-1342 automatic machine), plasmatron 2, bed plate
3, frame 4, mandrel 5, panel accommodating pneu-
matic equipment 6, pneumatic cylinder 8, control
panel 9, support 70 and power source 7. The carriage
is fitted with four runners with triangular grooves.
Two runners are located directly on the carriage, and
two others — on spring-loaded levers. Electric drive
UT-11M is provided to move the carriage along the
weld axis, its drive shaft carrying a gear wheel, that
comes into engagement with the guide rail rack. A
hand-wheel of vertical corrector is located in the upper
part of the carriage body.

During welding the horn remains stationary, and
the plasmatron moves along the butt with the speed
of welding. Vertical displacement of the plasmatron
in welding of horns of a curvilinear shape is provided
by a copying system. The mandrel is used for product
assembly before welding. Fastened to the mandrel is
a technological backing of stainless steel with an oval
groove. Frame 4 carries the mechanism of pneumatic
key clamps.

A-13579 system is designed for mechanised micro-
plasma welding of butt welds of individual elements
of box-shaped items with rounded corners of a square
or rectangular cross-section [3]. This is the case of
manufacturing the elements of honeycomb structures
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Figure 7. A-1284B automatic machine for making welds around a
rectangular perimeter (for designations see the text)

of commercial pure aluminium 1 mm thick (flanges
welding to the box).

To climinate the forces of inertia, arising in rota-
tion of this kind of items and the process fixture, the
parts being welded and the fixture are not imparted
any rotation in this unit, but arc only displaced rela-
tive to the plasmatron along rectangular coordinates.
At the moment, when the item displacement is fin-
ished, the plasmatron rotates by an angle, correspond-
ing to the angle between the adjacent welds. This
angle is equal to 90° for an item of a rectangular
cross-scction. To reduce the overall dimensions of the
unit, the microplasma welding is performed by making
a horizontal weld in the vertical plane.

Under the conditions of mass production of box-
shaped welded items, application of the above unit

3
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Figure 8. A-1578 machine for making longitudinal butt welds of
box-shaped elements (for designations see the text)
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allowed the efficiency of microplasma welding to be
increased 2 to 3 times. Weld quality is essentially
improved due to a precise guiding of the arc along
the axis of a butt of a complex profile.

Based on the above design developments, mecha-
nised microplasma welding has been successfully mas-
tered in fabrication of various products of light metals
and alloys in aircraft, radio engineering, mechanical
engineering and other branches [4]. Technology and
equipment for microplasma welding of aluminium
cases of houschold clectric water heaters of BAS-
10 /MCh-04 type of 10 | capacity have been developed
[5]. The casing of this part is made of two extruded
billets of AI-Mn alloy 1.5 mm thick. The billets are
joined by microplasma welding of edge welds around
the entire perimeter of the casing in a unit, similar
to A-1579 machine. An example of application of
mechanised microplasma welding for thin aluminium
butt joints are blanks for sealing gaskets of chemical
apparatuscs [6, 7]. The thickness of the metal being
welded in this case is 0.2 to 0.3 mm. Specialised U-549
unit has been developed for microplasma welding of
this type of gaskets. Many years of experience of
welded gasket operation demonstrate their reliability
under the extreme conditions of high temperatures
and dynamic loads.

Experience has also been accumulated of micro-
plasma welding of aluminium cases of capacitors, pro-
tective casings and shells, as well as other critical
items |4]. The basic design ideas, incorporated into
the high-precision equipment, have become applied
for development of equipment for mechanised welding
of position butts of joints on aluminium and steel
piping [8].

There is considerable potential for further widen-
ing of the areas and increasing the volumes of appli-
cation of microplasma technology. Special attention
should be given to development of the technology and
equipment for microplasma welding of cost-effective
sheet structures of alloyed steels, various non-ferrous,
refractory and less-common metals and alloys, that
can stand high temperatures, alternating loads and
temperature gradients, having the high temperature
and corrosion resistance and a number of other prop-
erties. Such structures have an important role for cos-
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monautics, aviation, nuclear engineering, chemical in-
dustry and other areas.

It is of interest to study the technological capa-
bilities of microplasma, fed by high-frequency square-
wave current pulses, when the rate of current rise is
much higher, than the rate of ionisation front devel-
opment in the radial dircetion. It has become necessary
to unify the main components of microplasma welding
equipment, namely power unit, ignition unit, current
interrupter, mechanisms of displacement and filler
wire feed, plasmatrons and gas equipment. Promising
is the development of multi-station power sources,
allowing equipment operation to be simplified in
batch production. Combined multihead systems, con-
sisting of three to four or more plasmatrons can be
highly cfficient, this being the key to an even more
abrupt increase of microplasma welding speed. Such
welding speeds should be used in fabrication of thin-
walled pipes of a strip, honeycomb profiles of various
cross-sections, in welding strips for continuous rolled
stock. It is natural that an abrupt increase of welding
speed is directly related to solving the problem of
complete mechanisation, automation and robotisation
of the microplasma welding process. The possible
fields of application of microplasma welding equip-
ment are certainly not limited by the examples given
in the paper.
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FEATURES OF PULSED-PLASMA ALLOYING
OF THE SURFACE OF IRON-BASE ALLOYS

Yu.N. TYURIN, M.L. ZHADKEVICH, B.G. GUBENKO and O.V. KOLISNICHENKO
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

A technology of surface alloying, based on the use of high-speed pulsed-plasma jets and electric discharges has been
studied. In this case, electric current of 3 to 5 kA is passed through the jet. Alloying material in the form of a rod or
wire is fed into the plasma jet. The high speed of the metal-containing plasma jet and the interaction of its pulses with
the electromagnetic field, provide mixing of the alloy with the partially-melted surface of the item. As a result, the
studied coating has no pores or any clearly-defined boundary with the base.

Key words: pulsed plasma, alloying, alloyed surface
structure, alloying device

Mechanical engineering deals with a number of prod-
ucts (stamping and cutting tools, hydraulic rods,
valves, camshafts, etc.) where the surfaces should be
protected from the impact of high contact and dy-
namic loads. Thermal processes under these conditions
do not provide the required density and strength of
the coating adhesion to the substrate, and surfacing
does not always satisfy the service requirements, be-
causc of formation of thick layers and heating of the
entire item.

New processes of surface alloying have been de-
veloped, using concentrated heat sources (laser, elec-
tron beam). Their application, however, is limited by
the high cquipment cost, and material and power con-
sumption.

The paper deals with a technology that combines
the essential distinctive features of electric discharge
and pulscd-plasma technologics, thus providing for-
mation of alloyed layers at minimal material and
power consumption [1-5].

The advantage of pulsed-plasma technology, de-
veloped at the PWI, is formation of alloyed layers
(10-200 pm) with less stringent requirements to sur-
face preparation and oxidation protection. The tech-
nology allows heating over a short time (3007 s) a
surface layer (20—40 pum) up to the melting tempera-
ture, thus limiting the HAZ dimensions to 100 pm,
and allowing the heat-treated product surface to be
alloyed. Metals are added to the plasma jet by sput-
tering of the end of the rod (wire), thus allowing
compact materials and flux-cored wires to be used.
The high speed of the metal-containing plasma jet
and simultaneous impact of a pulsed electromagnetic
field provide mixing of the alloying metal with the
molten surface of the item. Gas-dynamic pressure of
the plasma promotes compacting the partially-melted
surface and closing the pores. Treatment of porous
materials, for instance, of iron graphite, is accompa-
nicd by the alloying material penctration along the
pores to the depth of down to 40 pm.

Features of equipment and technology. Figure 1
gives the schematic of the pulsed-plasma alloying de-
vice that consists of a small-sized detonation device
1, reaction chamber 2, inner electrode 3, rod of al-
loying metals 4, systems of alloying metal feed 7 and
pulsed electric current source 6. Alloying material in
the form of a rod (wire) was connected into the clec-
tric circuit as an anode and was fed through electrode
3 into the gap between the walls of the chamber 2
(cathode) and product surface.

Detonation device 1 is used to fill the gap between
the clectrodes with a combustible gas mixture and in-
itiate the detonation mode of combustion, thus promot-
ing formation of an clectrically conducting layer be-
tween the electrodes (up to 20 Ohm resistance), switch-
ing the circuit of the clectric current converter (10—
15 kVA power, 3.5 kV voltage). This results in the
electric current (up to 20 kA) running behind the deto-
nation wave, inducing additional pondcromotive force
and providing additional energy input into the gas.

The theoretical basis of pulsed-plasma alloying is
a physico-mathematical model of magnetogasdynamic
acccleration of the products of detonation combustion
of a combustible gas mixture in the gap between two
coaxial bodies of revolution, namely the electrodes
[6, 7]. The principle of the plasmatron operation con-
sists in that at electric circuit switching, a kind of a
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T 5
Figure 1. Schematic of a device for pulsed-plasma alloying (for
designations see the text): # — distance from plasmatron edge to
the rod end; H — distance to item surface

© Yu.N. TYURIN, M.L. ZHADKEVICH, B.G. GUBENKO and O.V. KOLISNICHENKO, 2002

3/2002

37



l INDUSTRIAL

|||||— -

Figure 2. Electric circuit for connection of electrodes and measuring
system (for designations see the text)

plasma piston forms in the point of the detonation
gun inlet (Figure 1), the piston being accelerated
between electrodes 2, 3 and closing the circuit be-
tween the end of rod 4 and surface of product 5.

The electric power from the capacitor bank is dis-
tributed for heating and acceleration of the plasma
piston in the interelectrode gap; melting, dispersion
of the rod end and acceleration of the vapour-drop
phase of the alloying material; melting of the product
surface and formation of the alloying layer.

Figure 2 gives the clectric circuit for measuring
the amplitude-time current dependencies in the pulsed
plasmatron. It consists of measuring gauges 1 and 3
(Rogowsky belts), two-beam storage-type oscil-
lograph 4 (S8-17), as well as a source of pulsed clectric
current 2. Current flowing to the tip of the molten
rod is determined by the parameters of external R—
L—C clectric circuit of the power source and varics
by the sinusoidal law |8, 9]. The energy evolved on
the conductor (rod tip) can be up to 1,/3 of the total
power of the electric discharge in the converter.

Depending on the treatment mode, the plasma jet
velocity can be in the range of 2-8 km /s |7]. The
mass and velocity of the plasma jet determine the gas-
dynamic component of metal drops at collision with
the item surface.

11074 A
Sk

1} 1

I 2

0 A | )
0.5 1.0 1.5\./2.0 t, ms

,1 -
_2 -

Figure 3. Time diagram of electric current running through the
current-conducting wire (1) and the plasma jet between the tip of
the molten rod and item surface (2) at C = 1200 mF, /4 = 20 mm,
H = 40 mm
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High energy density promotes overheating of the
rod tip, dispersion and introduction of mctal into the
plasma jet in the condition of the vapour and drops
[8]. The high-velocity plasma jet accelerates the mo-
tion of the metal drops and guides them to the item
surface (up to 30 um thickness of the surface-melted
layer). The volume of the molten metal depends on
such factors, as time, heat transfer coefficient,
thermo-physical characteristics of metals and heating
energy [9].

Energy characteristics of plasma. Different en-
ergy characteristics of the plasma pulse were achieved
by varying capacitance C of capacitors (200-
1200 mF), voltage U, on capacitor blank plates (2.5—
3.5 kV), induction L in the discharge circuit (20—
60 mH), distance to item surface (30—120 mm), as
well as the size of the spot of plasma interaction with
the surface (8-30 mm).

Measurement of time variation of electric current
in the interelectrode gap, between the rod tip and the
solid surface was performed by Rogowsky procedure
(Figure 2) [10, 11].

Analysis of the results given in Figure 3, showed
that pulse duration is adjustable by varying the values
of bank capacitance and discharge circuit inductance.
In the considered case £, = 0.5 ms, amplitude of electric
current between the rod tip and surface can be up to
5 kA at 8 mm diameter of the spot of current channel
coupling.

Studying the time of current distribution showed
that the breakdown of the shock-compressed layer
occurs only after 1.2 ms. This time is sufficient for
the capacitors to be recharged, and the consumable
rod will first become the anode for 0.1 ms and then
again the cathode for 0.6 ms. Current amplitude val-
ues are decrcased with the increase of the distance to
the item surface. This is attributable to lowering of
the plasma jet conductivity.

The selected parameters of the converter provide
formation of an clectric circuit in the plasma jet be-
tween the tip of the melted off rod and the item
surface. During time (0.1-0.3)M0~ s at current den-
sity of up to (1=7)007 A /m? the end of the rod is
overheated, thus providing for metal addition in the
form of vapour or drops into the plasma jet.

Structure of alloyed layers. Alloying of sample
surface was performed with a single pulse of the en-
ergy of 3000 J. Diameter of surface, alloyed with one
pulse was 15 mm, pulse repetition rate being 1.5 Hz.

Experiments were conducted on steel samples with
0.3 % carbon. The surface was not cleaned to remove
contamination before alloying. Alloying was per-
formed using metals and alloys in the form of rods of
4=5 mm diameter, having different density, melting
temperature, reactivity for oxygen and iron (brass,
copper, titanium, aluminium, chromium, molybde-
num, tungsten and nichrome). Distance from the plas-
matron chamber edge to the sample was equal to
50 mm, that from the plasmatron edge to the tip of
the electrode rod being 20 mm.
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Alloying with copper and aluminium. Investiga-
tions demonstrated that a layer of non-uniformly
mixed material of the base and copper forms on the
sample surface in single-pulse alloying with copper.
The alloyed layer thickness is up to 60100 pm (Fi-
gure 4, a). It consists of the following phases: Cu,
a-Fe, FeO, CuO. Grey-coloured inclusions are pre-
sent in the alloyed layer along Cu—Fe boundary, their
hardness being 20000 MPa. A bluish-coloured mono-
lithic phase of about 800 MPa hardness was found in
the surface layer. The hardness of the alloyed layer
matrix was 2000 to 2700 MPa. Numerous monolithic
light-blue grains of 6100 MPa hardness are present
in the layer adjacent to the base. Hardness of copper
inclusions is 580 MPa, and that of the basec mctal
samples is 1700 MPa. Coarsening of the base grains
due to thermal impact of the heat flows is recorded
at the depth of about 100 um from the sample surface.

When aluminium is used as the filler, a layer,
consisting of aluminium (Figurc 4, 6) forms on the
sample surface, the layer thickness varying from 60
up to 120 pm. Formed directly under this layer is a
diffusion layer of intermetallics of monolithic light-
grey grains, that is the result of interaction of liquid
aluminium and iron. Underncath is the HAZ mctal
about 40 pm thick with a structure, consisting of
martensite (within the boundaries of former pearlite)
and ferrite. In etching some pearlite grains clearly
show the HAZ boundary, dividing them into the re-
gions of martensite (light part of the grain) and pear-
lite (dark part of the grain). The base metal structure
consists of pearlite and ferrite.

The alloyed layer consists of the following phases:
Al, a-Al,Os3, a-Fe, FeAl, FeAls. Aluminium hardness
in this layer is equal to 800 MPa, that of Fe—Al
intermetallics is 6000-9000 MPa. Hardness of steel
in the base layer is 1500 for ferrite and 2500 MPa for
pearlite.

Alloying with titanium and tungsten. After sin-
gle-pulse alloying with titanium the following phases
form on the steel sample surface: a-Ti, a-Fe and FeO.
Alloyed layer hardness is 4000-8000, that of the tran-
sition layer being 4000—-5000 MPa. X-ray microprobe
analysis revealed on the boundary in the base layer
(Figure 5, a) the presence of an interlayer with up
to 60 % Ti and 26-27 % Fe, above which is a layer
of a titanium alloy with up to 2.5 % Fe. A narrow
diffusion zone is located between these layers. Yel-
lowish inclusions of a laminated structure with bluish
boundarics (possibly Fe-Ti intermetallics, as well as
nitrides) are also visible in the outer layer, as well
as intermetallics of iron oxides (of light-grey colour).

Single-pulse alloying with tungsten produces a
layer up to 80 um thick (Figure 5, b). Light-coloured
tungsten inclusions and dark oxide inclusions were
found in it. Located underncath is the HAZ metal,
consisting of martensite within the boundaries of for-
mer pearlite and structurally-free ferrite. The coating
contains a-Fe, y-Fe and tungsten phases. Hardness of
the coating is 4100-4500, that of light-coloured in-
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Figure 4. Section of the surface layer of St.3 steel samples after
alloying with copper (@) and aluminium (b)

clusions in the coating is 5400 and that of HAZ mct-
al — 3300—-2500 MPa. Tungsten particles are present
on the alloyed layer surface (Figure 5, 8). Tungsten
weight fraction in the particles is 95 %. It is probable
that these particles (drops) penetrated into the molten
surface of the sample in the liquid condition practi-
cally without diffusion or mixing. Adjacent to them
is a layer up to 22 pm thick, where the content of
tungsten changes smoothly up to 6-10 % and then
drops to 0.5 %. This is followed by an interlayer up
to 6 pum thick, enriched with tungsten (up to 8 %),
then tungsten concentration again drops towards the
base surface (to 0.5 %). A large clongated particle
(up to 20 pum thick) of pure tungsten (100 % W)
(Figure 5, b) is found in the layer on the boundary
with the base, that has passed through the molten
layer without mixing and became solidified on the
boundary with the substrate. It is assumed that non-
uniform variation of tungsten content in the coating

Ti+Fe
FeO — '

Fa+Ti

v’ . |-
ey o B

Figure 5. Section of the surface layer of the sample of St.3 after
alloying with titanium (@) and tungsten (b)
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Figure 6. Section of the surface layer of St.3 sample after five
plasma pulses, containing tungsten () and titanium (b)

is due to its non-uniform distribution in the plasma
jet.

Increase of the number of pulses (up to five) pro-
motes a greater uniformity of the alloying element
distribution in the surface layer and HAZ increase up
to 60 pm (Figure 6), with the possibility of the al-
loying element content being rather high. For in-
stance, after five pulses of plasma, containing a drop
phase of tungsten (Figure 6, @), finely dispersed in-
clusions with up to 98 % W content can be found on
the boundary with the base metal. Particles of a block
structure that is Fe—W intermetallics were mainly
found on the boundary with the basc. A thin interlayer
of a-Fe, enriched with tungsten, is adjacent to the
boundary. This is followed by a layer with a smooth
increase of tungsten content from 8 to 16 %, and,
finally, a layer, containing up to 18 % W. Adjacent
to the surface is a layer with up to 20 % W. This
coincides with the results of spectral analysis, accord-
ing to which the weight fraction of tungsten in the
subsurface layer is 11-20 %.

Multiple treatment by pulsed plasma, contain-
ing titanium, also lcads to distribution of alloying
elements (Figure 6, b). A layer of an Fe-based alloy
(99 % Fe, 1 % Ti) is found on the boundary with
the base. Located above is a wide diffusion inter-
layer of a cast dendritic structure. Dendrite axes
are enriched with titanium (77-78 % Ti, 12-13 %
Fe), the interdendritic space contains less titanium
than the axes (61-62 % Ti, 2829 % Fe), and fine
(<< 1 pm) inclusions of a light-grey phase (70 %
Ti, 12 % Fe) arce found. The alloyed layer hardness
is 6000—10000 MPa |12].

Alloying of iron-graphite material. Alloying of
samples of an iron-graphite material was performed
with one pulse. Rods of chromium, nickel-chromium
alloy, titanium, molybdenum, tungsten, etc. were
used as electrodes.

At single-pulse alloying with titanium, up to
80 pum layer formed on the iron-graphite sample. Coat-
ing hardness was 2100 MPa (Figure 7, @). Titanium
penetrated along the pores into the base material to
25 um depth. HAZ thickness was 50 pum, base hardness
in this zone being 4700 MPa.

Alloying by a single-pulse of a Mo-containing
plasma (Figure 7, b) produces a layer 9-33 pum thick.
Molybdenum penetrates into the alloy along the pores
to a depth of down to 35 um, and the HAZ rcaches
to the depth of 36-56 pum. The metal of this zone has
the hardness of 5480-6740 MPa.

Similar alloying with the Ni—Cr alloy provides an
intermittent layer from 4 to 45 pm thick. The alloying
material penetrates into the base to the depth of down
to 45 pm. The hardness of this layer is 5000 MPa. In
alloying with brass (62 % Cu, 38 % Zn) a thin densc
layer of brass was produced with its penetration into
the sample metal pores to the depth of down to 25 pum.

Alloying by a single pulse of plasma, containing
tungsten and chromium, results in formation of an up
to 40 pm layer on its surface. The depth of tungsten
penctration along the pores in iron-graphite is down
to 35 um (Figure 7, ¢, d).

alloying; e — five-pulse alloying
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Multiple pulsed-plasma alloying, for instance, by
five pulses, allows a uniform layer to be produced
(Figure 7, e). The thickness of the alloying layer is
up to 90 pm; also a mixing zone 15 to 40 pum thick,
consisting of the alloyed and base materials, is pre-
sent.

The alloyed layer is found to have oxide inclusions.
Defects in the form of pores are present under this
layer. The alloying material penetrates to the iron-
graphite sample base along the open pores and cracks.
Use of lower-melting materials (aluminium) as the
electrode produces thicker layers (60—150 pm) of the
hardness of 700 MPa (aluminum) and 5000-
7000 MPa (Fe—Al intermetallics).

Discussion of the results. Expcrimental results
demonstrated that at pulsed alloying the solid surface
at the first moment of time experiences an elastic-
deformation interaction with the shock wave and the
pulsed-plasma jet, and then electric current is applied
to the surface. The amplitude value of current can be
up to 7 kA. The sample surface melts and the plasma,
containing drops of liquid mctal (alloy), flows over
it at a high speed. Plasma interaction with the sample
surface proceeds for (2-5)0 77 s, thus resulting in its
short-time heating. Integrated gas-dynamic and elec-
tromagnetic impact on the molten surface ensures mix-
ing of the alloying metal with the base metal and its
faster solidification |13, 14].

The technology provides alloying of the item sur-
face with formation of a layer 5 to 150 pm thick that
consists of elements which are the components of the
metal electrode, plasma and base metal. Single-pulse
alloying leads to formation of sections of a layer of
non-uniform hardness and distribution of alloying ¢le-
ments (electrode metal). Multiple-pulse alloying pro-
duces a layer of a sufficiently uniform composition.

HAZ metal thickness is not more than 50 pm.
Practically any mctals or alloys produced in the form
of wire or rod, can be introduced into the plasma.
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After multiple mixing, the formed alloyed layer has
no pores or boundarics with the sample base.

The properties of the metal layers depend on the
clectrode metal composition and number of plasma
pulses. Tt is possible to alloy the working surfaces of
parts, madc of structural stecls, as well as items pro-
duced by powder metallurgy processes. Considering
that alloying is performed with separate pulscs, it can
be applied to produce a uniform layer on the entire
working surface of the item or just on its local sec-
tions.
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JAPAN DETERMINES ITS PRIORITIES IN THE FIELD
OF WELDING FOR XXI CENTURY

V.N. BERNADSKY
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

The paper presents systematised comments of specialists of the Japan Welding Society on determination of the national
priorities in the field of welding science and technology at the beginning of the XXI century. Considering the «tech-
nological saturation» of the majority of the welding processes, applied on a mass scale, the recommendations are to
predominantly develop those technologies, that have a significant potential, in particular, an arc welding process —
A-TIG, friction stir welding (FSW), laser and laser-hybrid technologies. The main scientific problem, namely weldability
and nature of cracking, is still urgent. The determinant role of computer modelling in research, design and development
of welded structures, technologies and welding consumables, has been established unambiguously.

Key words: welding, science, high technologies, welding
production, research, priorities, Japan, XXI century

At the present threshold of the centuries specialists
from the leading countries of the world pay consid-
erable attention to evaluation of the achievements of
welding science and technology in the past century,
as well as selection of priority and promising trends
of development of welding and allied technologies in
the interests of industry at the start of the XXI cen-
tury. National and international conferences, numer-
ous publications of leading scientists and specialists
in the world periodicals on welding have been devoted
to these issues over the last years. The practice of
conducting the working mectings of experts to outline
the strategy of the advance of welding science and
welding fabrication, as well as of welding equipment
market over the next 10 to 20 years, is becoming ever
wider accepted. As a rule, the range of interests of
the experts, both scientists and production specialists
covers the issues of assessment of the effectiveness of
high technologics, management of welded structure
quality, professional training and certification of per-
sonncl, welding production ccology, cte.

Outlining and sclection of priority arcas for ad-
vanced and basic research, as well as transfer of sci-
ence-intensive welding technologices into industry and
construction are based on a number of factors of a
general nature. First of all, this is the tendency of
continuous reduction of government funding of re-
scarch and of the means, allocated by industry for
specific research. Secondly, this is the need to reduce
investments into research and development of those
technologies of welding and processing of materials,
that have already reached the critical «saturation
point» and are widely represented in the world weld-
ing market. In addition, the growing globalisation of
world economy, accompanied by increased transna-
tional transfer of high technologies and integration
of welding equipment manufacturing, predetermines
the need to eliminate an unjustified duplication of
national research and development. The world market
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of science and technology products also grows under
the globalisation conditions, this influencing selection
of national priorities [1].

Welding specialists are already familiar from the
local and foreign publications with the change of the
paradigm of welding science and new priorities for the
start of the XXI century in the USA, Germany, Great
Britain and other Western counties. Much less accessi-
ble is the information on the very active attitude of the
Japanese welding community to selection of the priori-
ties of development of the welding science, equipment
and technology. This has a clear explanation: the Japan
Welding Society (JWS) believes that an extremely lim-
ited access to information in Japanese, unlike the prac-
tically unrestrained access to, for instance, information
in English, cannot be ignored [2]. This paper is an
attempt at somewhat filling this gap for the bencefit of
the Russian-language readers, by presenting a review
of a Japancse publication in the «Journal of the Japan
Welding Societys |3].

Such a review is the more timely, as modern Japan
is the world’s largest capital exporter, the second
industrial country of the world. Japan’s gross domes-
tic product ($4749.6 bln in 2000) is half of that of
the US and is larger, than that of Germany, France,
and Great Britain taken together. At present Japan,
together with the USA and Western Europe, make
up the «leading» three most important economic re-
gions of the world that have the determinant role in
globalisation of the world cconomy. Of 500 major
transnational companies 141 are Japanese.

Japan has also been steadily holding one of the
leading positions in the world welding fabrication [4,
5]. Output and consumption of welding equipment
(machines and welding consumables) can be regarded
to be the basic criteria in evaluation of the Japanese
welding fabrication. At the end of this century the
annual output of a quite modern welding equipment
(without robots or laser systems) was more, than
120,000 pcs for a sum of more, than $420 min, and
the output of welding consumables was on the level
of 320,000-350,000 t. The scope of application, in
particular, of clectric arc welding in Japan can be

3/2002




assessed also by the volume of the deposited metal
that in 1999 was equal to 236,000 t. For comparison,
this index in the same year 1999 was 422,000 t for
Western Europe and 344,000 t for the USA [6]. The
most characteristic tendency in the Japanese produc-
tion of welding consumables is a continuous lowering
of the share of manual welding coated electrodes and
a stable tendency for a continued growth of the share
of flux-cored wire manufacture. Starting from 1994,
flux-cored wire manufacturing in Japan has been
ahcad of that of coated clectrodes in terms of volume
and in 1996 it reached 90,000 t |4-6].

Japancsce welding fabrication has once of the world’s
highest levels of welding operations mechanization. The
continuously growing volume of industrial robots (IR)
application has a significant role. In 1999 the total fleet
of operated IR of all types was more than 400,000 pcs,
this being equal to almost half of the world’s IR flect.
Most of IR (238,200 pcs) are installed and operated in
the Japanese welding fabrication to perform such process
operations as assembly, cutting, welding, spraying, non-
destructive testing, billet transportation in welding
lines, etc. |5].

The article «Technologics of welding and joining
in the XXI century» [3] in its content is a report on
a <round table» discussion on the same subject, con-
ducted by the JWS. Leading experts of such rescarch
centers as Osaka University, Institute of Materials
Science, Center for Development of Technological
and Production Systems and of a number of leading
Japancse companies: Kobe Steel, Sumitomo Heavy
Industries, Nippon Kokan and Nippon Steel (welding
equipment manufacturing) participated in this meet-
ing. This review presents in the systematized form
some estimates of the achievements of modern welding
fabrication over the past century and some comments
on the most urgent and priority problems of Japanese
welding science and technology at the start of the
new century, expressed at the «round tables> meeting.
Also a procedure from one more article |2] from the
same journal is used in this review.

A universally known fact is that XX century was
the determinant period for establishment and devel-
opment of the welding process as a high technology
of permanent joining of metallic and non-metallic
materials. As noted by the Japanese specialists, ex-
perience of the previous century demonstrated that,
irrespective of the fluctuations of the world and na-
tional cconomics, investments into welding and allied
technologies were, as a rule, justified and yielded the
anticipated technico-cconomic results. Development
of welding equipment and technology was accompa-
nicd by natural sclection of individual technologies.
The following technologies of fusion welding have
stable positions in welding fabrication: clectric arc
welding (MIG /MAG, TIG), SAW, electroslag weld-
ing (ESW), electron beam welding (EBW) and laser
welding (LW). The Japancse experts considered it
necessary to note that they are very grateful to the
former Sovict Union for the know-how that they were
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ablc to borrow at a certain time from the CO, welding
technology and consumable electrode ESW. They also
believe that the technologies of pulsed-arc welding
have largely been taken over from the British welding
experts.

Practice showed that not all of the currently ap-
plied specific welding technologies are promising in
view of the requirements of the XXI century, while
a number of them have reached their technological
limit. So, out of various technologies of SAW, the
most extensive development is conducted in Japan in
the field of improvement and application of welding
from one side with a high heat input on a flux pad.
Growing scope of application is characteristic of flux-
cored wire gas-shiclded welding, using inverter power
sources. The scale of EBW application is increasing
due to its use for joining plate materials, especially,
when it is necessary to ensure a high impact toughness
of welds. Over the last 20 years LW did not yet tfind
a wide enough application in industry, despite a large
volume of the performed research in this field. A wide
enough usc of this advanced technology is still an-
ticipated in the next few years and, primarily, in
automotive, ship- and bridge-building sectors.

Two promising welding processes arc of great prac-
tical interest for welding fabrication of Japan at pre-
sent and in the near future:

* A-TIG, electric-arc welding with application of
activating fluxes, developed at the E.O.Paton Elec-
tric Welding Institute;

* FSW of extended joints, developed at The Weld-
ing Institute (TWI).

It is intended to study and develop the FSW proc-
ess, accompanied by a low heat input and residual
deformation of the welded joint, for butt welding of
sheets of high-strength aluminium alloys.

When the status and prospects for industrial appli-
cation of the currently available and advanced tech-
nologies of welding and joining were analysed, none of
the participants of the «round table» discussion sug-
gested the possibility of emergence of a fundamentally
new, breakthrough technology in the near future.

Over the last decade Japanese welding science has
made the most substantial contribution to develop-
ment of such areas as welding processes, materials
and phenomena, weldability and fatigue of welded
structures, while the industry created one of the
world’s most efficient systems of quality assurance,
based on these investigations. No matter how para-
doxical it may seem, but the JWS believes that such
a level of quality would be completely impossible
without the Osaka University investigations in the
ficld of cracking. Investigations of various welding
processes, namely MIG, MAG, TIG, plasma, electric
arc, laser and hybrid processes have been and arc
currently conducted with the same aim. Industry is
actively utilising the new scientific products for op-
timisation, mechanisation, automation and robotisa-
tion of technological processes. More than one third
of the total volume of investigations falls to the share
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of brazing, diffusion bonding and other processes of
pressure welding. The scope of investigations in the
field of thermal spraying of coatings and laser spray-
ing for surface modification is becoming wider every
year. Another, equally important area, is studying
the processes, occurring on the interface in joining
ceramics and composite materials; the processes on
the interface have been studied especially intensively
beginning from 1996. In order not to duplicate the
investigations of the American Welding Society in
the ficld of arc welding of ferrous and non-ferrous
metals, in Japan studying the nature of joining non-
ferrous metals to ceramics has been determined to be
the priority area |2].

Such an arca of rescarch as studying the weldabil-
ity of advanced functional materials with the focus
on development of production technologies has been
accepted as the most promising for the near-term pe-
riod. This is a broad subject, covering development
of joining processes, automation of the technological
process, development of highly mechanised equipment
with feedbacks, cte. This arca is focused on solving
the problem of manufacturing finished weldments
with a guaranteed quality, not requiring any sub-
scquent treatment [2].

The cardinal problems, faced by humanity and world
cconomy at the start of the XXI century, can be grouped
into the following areas: power generation, raw mate-
rials and other resources; human factor; ecology.

All these problem areas pertain to welding science,
equipment and fabrication to varying degrees, as weld-
ing and allied technologies are the basic technological
process in material production in the modern society.

A tendency to cost-effective and efficient use of
power and raw material resources means not only
transition to the resources- and power-saving tech-
nologies of welding and joining, but also improvement
of the «resources efficiency» in modern production.

Basic development has been started to apply re-
newable energy sources for welding process in welding
fabrication.

The human factor in welding fabrication means
improvement of the system of professional training
and certification of engineering, technical and pro-
duction personnel. Qualification of specialists and
welding operators in terms of assurance of the quality
of welded structures and products has acquired a de-
cisive role after introduction of a system of quality
management (ISO 9000) into the world industry. Ja-
pan, with its chronic deficit of qualified welding op-
crators, intends to go over to the system of training
and certification according to the international stand-
ards and norms of IIW. In particular, the focus is on
widely using the training materials on CD-ROM, de-
veloped by TWIL

Welding fabrication with good reason is consid-
ered to be a quite <harmful» production in terms of
its influence on personnel health and environmental
impact. Today Japanese scientists and developers of
welding technologies and filler materials regard their
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ccological safety and minimal impact on the working
zone and personnel as the highest priority. Indirect
evidence of the focus on ccology in welding fabrication
is a stable tendency of the Japanese manufacturers to
reduce the output of coated electrodes for manual
welding. Not less urgent for welding fabrication are
the problems of reduction and management of wastces,
increasing the volume of recycling of welded struc-
tures and products after their service life is over. It
should be noted that as regards solving this problem,
Japan took a leading position already at the end of
the last century. So, in 2000 about 2500 enterprises
in Japan have passed the audit and received ISO 14001
certification, this being = 20 % of all the enterprises
of the world, having international ecological certifi-
cation by an appropriate international standard.

Scientists of the Osaka University believe, that
at this new stage of development of fabrication of
highly reliable and cost-effective welded structures
in different sectors of industry and construction, the
problem of weldability and, primarily, more precise
definition of the causes for cracking in welding, still
remains to be the fundamental and priority issue.
Such investigations are required, primarily to find
the methods for improvement of weldability of the
currently available steels and development of new
readily weldable steels, in particular, high-strength
steels, including two-phase steels, IF- and TRIP-
steels, stainless and other special steels and alloys of
non-ferrous metals. Another problem in this area is
development of structural materials, capable of pre-
serving high properties in the HAZ at a high and low
heat input in welding.

Computer modclling of the process of welding and
formation of the welded joint is considered to be a
priority trend in development of specific welding tech-
nologies. Such a modern procedural approach will
allow creation of a system of sclection of the optimal
welding parameters, on-line control and active moni-
toring. Resistance spot welding and TIG-process par-
ticularly nced that. Not less complicated is the prob-
lem of modelling drop transfer of metal in the welding
arc, depending on the wire and shielding medium
composition and shape of welding current curve. Also
urgent is the problem of electronic modelling and
simulation of the processes in the liquid metal pool
and its subsequent solidification in clectric arc weld-
ing, EBW and LW.

Specialists noted the need to exercise an integrated
approach to selection and optimization of the tech-
nology of fusion welding, including selection of an
optimal combination of the base and filler material,
composition of the shielding gases or their mixture,
cost-effective power source and an effective system
of control of the joining process. This is the only
approach that currently provides a high-quality joint
with a «super» weld. Nippon Steel representative rec-
ommended the developers to ask the question: «Is
Japan following the path that has already been or is
being covered by other countries of the world?», when
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developing a new welding technology, including the
equipment and materials.

In the field of automation of welding fabrication
Japan still focuses on robotisation of welding and
allied technologies both in large-scale production
(car-making, ship-building, ctc.), and in medium- and
small-sized businesses. The diversity of robot designs
is growing and their technological functionality is
widening. Robotic production lines, complexes and
welding cells are to be created. First generation robots
began to be replaced by more advanced systems, of
the type of ROBUDEX-2000, fitted with advanced
software, sensors, a sclf-tcaching system and having
a high efficiency. In the near future the robot fleet is
to be complemented by robots, controlled by the op-
erator’s voice, and capable of analytical evaluation
of the progress of the technological process.

The majority of the participants of the <«round
table» discussion in their presentations and during
the discussion emphasized the determinant role of
computerization in research and at all the stages of
welding fabrication. There is every ground to believe
that in XXTI century most of the scientific and pro-
duction problems can be resolved on the basis of the
appropriatec computer models. This should be pro-
moted by creation of an all-purpose software and the
ability to pull the required DB and other information

out of the Internet. The final aim of modelling is
reduction of labour consumption in rescarch and de-
velopment of welding technologies and materials. As
the model levels become higher, the scope of the re-
quired theoretical and experimental investigations is,
as a rule, reduced. Tt is stated that both modelling of
the technological process, and design of welding con-
sumables and welded structures, irrespective of the
nature and parameters of the modeled object, will be
based on application of neutral networks.

Japanese experts included the problem of harmoniz-
ing the national standards, norms and rules with the
international (ISO), European (ZEN) standards, as
well as ITW recommendations into the priority areas for
the national welding fabrication in the first decade.
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UNIT FOR RESISTANCE WELDING OF NUCLEAR
REACTOR FUEL ELEMENTS

LN. SIDOROV', A.A. GRADOVICH', A.A. KISLITSKY', V.V. ROZHKOV', A.V. STRUKOV',
I.G. CHAPAEV! and P.I. LAVRENYUK?
! 0OJSC «Novosibirsky Zavod Khimkontsentratovs, Novosibirsk, Russia,
2OJSC «Twel», Moscow, Russia

The paper analyses the experience of development and application of highly efficient equipment for sealing fuel elements
in WWER type reactors, using resistance welding. A two-position unit, that simultaneously processes two fuel elements
in the automatic mode, has been developed on the basis of ASSK automatic welding machines and is being used
successfully. The operation of the unit is provided by control system, pneumatic system, system of pumping down and
filling the fuel elements with helium, as well as welding power source that are common for both the welding heads.
These units were the basis to develop highly efficient automated lines for welding and sealing the fuel elements.

Key words: resistance welding, fuel element, sealing,
automatic machine, unit

Fuel elements in WWER type reactors are long
thin-walled tubes of a zirconium alloy of about 9 mm
diameter, filled with ceramic nuclear fuel in the form
of cylindrical tablets and increased-pressure helium.
To provide the required purity of the atmosphere, the
inner volume of the fuel elements is pumped down
prior to sealing. Secaling is performed by resistance
welding of tube-plugs from the element end faces,
forming the fuel clement shell. Most of the fuel cle-
ments are currently made with application of resis-

tance welding. For this purpose the local industry has
mastered the manufacture of automatic welding ma-
chines of ASSK type. During their introduction in
the Novosibirsk Plant of Chemical Concentrates, de-
velopment work has been performed to improve the
stability and reliability of functioning of individual
components and the automatic machines, as a whole,
which were based on ASSK 4001 automatic welding
machines. One of the problems that the plant experts
faced during pumping down, was intensive removal
of finely-dispersed abrasive particles of the fuel from
under the fuel clement shell, these particles being
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Figure 1. Schematic of a unit for resistance welding of fuel elements
of power reactors (for designations see the text)

formed as a result of mechanical friction of fuel tablets
against each other in transportation and loading into
the fuel element.

The pumping down process is the longest operation
in sealing of the fuel elements, so attempts were made
to shorten it as much as possible during development
of the automatic machines. For this purpose special
vacuum plenums were mounted on the automatic ma-
chines, providing a fast pumping down of the fuel
clements at the first moment after connection of the
automatic machine chamber to the vacuum system. A
fast connection of the inner volume of the fuel clement
of several tens of cubic centimeters to a vacuum line
of a volume that is many times larger, than the free
volume under the shell, Ted to an instant pressure
drop in the welding chamber of the automatic machine
(from the atmospheric to = 13.3 Pa) and removal of
dustlike particles of fuel into the chamber. With time
the fuel particles, removed by an air flow from under
the fuel element shell accumulated in the seats of the
mobile parts of the automatic machine, causing their
jamming and failurc, and deposited on the contact
surfaces of the welding fixture, thus lowering its re-
sistance.

In order to reduce the contamination of the weld-
ing chamber with the fucel particles, the possibility of
using throttling orifices, automatic valves with a vari-
able open flow arca was studied. In all the cases,
however, either the pumping down time was increased
significantly, or it was not possible to reduce the
removal of the fuel particles to acceptable limits. Op-
timal results were derived after the vacuum plenum
switching off and connection of the vacuum system
to the atmosphere for 0.5-1.0 s at the moment of the
start of pumping down. In addition, different tubing
began to be used for pumping down and filling the
fuel element and the welding chamber with helium,
thus preventing additional transfer of fuel particles
within the welding chamber. Thus, the reliability and
stability of the automatic machine operation were
ensured as a result of optimising the technology of
pumping down the fuel element with an atmosphere
of the specified composition and pressure, and the
design and circuit variants of the automatic machine.
The efficiency of the above process, however, still
remained low. According to the certificate data, the
efficiency of the automatic machine, taking into ac-
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count the performance of operations, providing the
specified atmosphere under the shell, is 60 items per
hour [1]. The main time of the automatic machine
process cycle is taken up by parts feeding into the
welding zone, pumping down and filling of the inner
volume with helium, as well as taking the sealed fuel
clement out of the automatic machine. The welding
process proper takes fractions of a second. Insufficient
efficiency results either in more complicated process
sequences or inercase of their number.

In order to fulfil the production tasks at minimal
expense, a two-position resistance welding unit, with
its schematics shown in Figure 1, has been developed
on the basc of ASSK typce automatic machines, incor-
porating the retrofits, and is used at the Novosibirsk
Plant of Chemical Concentrates to manufacture the
fucl clements in WWER-1000 and WWER-440 typc
reactors. The unit consists of conveyer 7 for lateral
displacement of fuel element 2 with step £, two (mini-
mum) welding heads 3 of ASSK-4001(4002) automat-
ic machines with upgraded designs and circuits. The
inter-axial spacing of welding chambers S was deter-
mined from the following relationship:

S = t(mk + 1),

where m is any integer number, beginning from a
unity; & is the number of welding heads in the unit,
equal to the number of the conveyor belt steps at each
single travel.

Elongation of the busbars in connection with re-
location of transformer 4 of the power source, com-
pared to automatic machines ASSK, is partially com-
pensated by the increase of their cross-section. The
dimensions of the busbars and their relative location
were selected, taking into account the recommenda-
tions of [2]. One of the heads is fitted with a device
for breaking secondary circuit 5 of the transformer,
that is connected to electrode 7 via the rod of welding
force drive 6. Seals 8 are used for sealing the welding
chambers. Welding heads have a common control sys-
tem, pneumatic system, system of pumping down and
filling the fuel element with helium 9, as well as the
welding source. Fuel elements are fed to the welding
heads by a conveyor with single travel 2¢. Thus, po-
sitioning of new fuel element blanks, not subjected
to welding, opposite each welding head, is provided.
All the operations with the fuel element blanks,
loaded into the welding chambers of the unit, arc
carricd out in parallel, except for welding proper,
performed in minimal time sequentially. The general
view of the unit is shown in Figure 2.

ASSK automatic machines have capacitor-type
power sources that are sufficiently eritical to the weld-
ing circuit impedance paramcter. Design of the bus-
bars and selection of the location of the welding trans-
former relative to the welding heads, provided the
modes of welding in the two-position units, close to
the modes in ASSK automatic machines (increasc of
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Figure 2. Unit for resistance welding of fuel elements

the capacitor bank charging voltage was less than
10 %). For a more flexible adjustment of the welding
modes, changes were made in the control system of
the welding bank charging, that provided a separate
adjustment of this parameter for each welding head.
Air pressure in the welding force drives also has a
separate adjustment. Welding positions are fitted
with sensors of the plug displacement.

Later on three more similar units were made in
the plant, that were the basis for developing compact
highly efficient automated lines for fuel element weld-
ing and sealing (Figure 3), not requiring more shop
space, and also allowing reduction of the capital cost
of the power sources and the control system.

CONCLUSIONS

1. Upgrading of automatic machines of ASSK type
has been conducted in order to increase the reliability
and stability of their operation.
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Figure 3. Automated line for fuel element sealing, based on the
resistance welding unit

2. Automatic machines of ASSK type were the
basis to develop and master a two-position unit for
resistance welding of fuel elements.

3. The above units were the basis for development
of compact highly efficient lines for manufacturing
fucl clements for WWER type reactors.

4. Use of the developed units improves the opera-
tional capabilitics of production owing to their high
cfficiency, reduces the required shop space and lowers
the equipment cost.

1. Reshetnikov, F.G., Bibilashvili, Yu.K., Golovnin, I.S. et
al. (1995) Development, production and operation of fuel
elements of power reactors. Moscow: Energoatomizdat.

2. Ryskova, Z.A. (1988) Transformers for electric resistance
welding. Leningrad: Energiya.
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LASER CLADDING OF HYPOEUTECTOID
COMPLEXLY-ALLOYED STEELS

V.Yu. KHASKIN and V.P. GARASHCHUK
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Process of laser alloying of steels 25Kh1M2FTR and 40KhN2MFA was investigated. Technology for strengthening
surfaces of workpieces operating at high temperatures in aggressive environments was developed, providing an extension
of their service life by more than 1.5-2 times. It was established that the laser alloying with a mixture of chromium
and relite powders provided an increase of several times in wear resistance of hypoeutectoid complexly-alloyed steels

and in their heat resistance from 400 to about 1000 °C.

Key words: laser radiation, cladding, complexly-alloyed
steels, wear resistance, filler materials, microcracks, HF-pre-
heating

One of the rarely used laser technologies of strength-
ening is alloying. It is used only in manufacture of
new products and not often withstands the competi-
tion with traditional volume thermal technologies.
However, the laser strengthening is best in those cases
when the conventional technologies are not acceptable
due to the geometry of the part being strengthened
and inadmissibility of distortion at certain stages of
manufacture |1].

The technology of strengthening surfaces of rota-
tion workpieces operating at high temperatures in
aggressive media was developed to increase their serv-
ice life by more than 1.5-2 times. Example of the
part with such surface (O 60x800 mm) is a rod of a
starting-control valve of the stecam turbine. It operates
at temperature of about 560 °C in the atmosphere of
overheated water vapour. The process of laser alloying
of steels of 25Kh1M1FTR and 40KhN2MFA type was
investigated. It was suggested to deposit an alloyed
layer in the form of a path of 5 mm width and 1.0—
1.5 mm depth, coming in a spiral with a 1-2 mm pitch
between turns. Similar conditions were carlier [2]
realized in the technological process of a laser clad-
ding.

Experiments were made in the equipment de-
scribed in [3]. Duc to a large width of the path and

Chemical composition of materials used, wt.%

radiation capacity P =5 kW, the rate of alloying was
in the ranges of 20—-40 m /h. When selecting the filler
material, satisfying the technical requirements, the
powders of self-fluxing alloys PG-12N-01, PG-12N-
02, PG-N1, PG-AN3, PG-AN6, PG-10N-04, Hastelloy
(50-160 pm granule size), mechanical mixtures of
powders PG-AN6 and PG-10N-04 with tungsten car-
bide VKBS, titanium nitride, chromium, relite and also
their combination were considered. Chemical compo-
sition of the materials used is given in the Table.

Due to comparatively low speeds of the process a
large HAZ (100-200 % of the alloyed layer depth)
was observed in all the cases of the laser alloying. Tt
represents a fine-acicular martensite with microhard-
ness HV1 580670 for the selected class of steels.
There is a- and y-iron, i.e. martensite and ferritic
phases, in a large amount (30-40 %) in the alloying
paths. Structure of the alloying layer in the lower
part (near the parent metal) is the relatively fine-dis-
persed crystallites which are oriented normal to the
transition zone. In the upper part of the alloying layer
a comparatively equilibrium fine-dispersed structure
is observed.

The typical defect of the alloying layer is mi-
crocracks. In all cases of alloying with powders of
alloys of Ni-Cr—B—Si system the presence of a brittle
cutectics forming at the grain boundarics can be con-
sidered as a cause of their initiation. It is more prob-
able that these are borides or silicides. Morcover, the

Material C Mn Si Cr Ni Mo Ti v w B Fe
25Kh1M1FTR 0.25 1.0 1.0 0.3 0.6 0.3
40KhN2MFA 0.4 1.0 2.0 0.6 0.6
St.3 0.14-0.22 0.3-0.6 Balance
St.45 0.45 Same
PG-AN3 0.8-1.2 2.0-3.0 14.0-18.0 Base 1.0-1.9 Upto 3.0
PG-AN6 0.9-1.8 2.5-3.5 14.0-18.0 Same 2.5-3.5 Upto3.0
PG-N1 0.8-1.2 2.0-4.0 10.0 30.0 2.0-4.0 Base
PG-10N-04 0.2-0.6 2.3-2.8 Base 1.2-1.8 Upto0.1
PG-12N-01 0.3-0.6 1.25-3.25 8.0-14.0 Same 1.75-2.5 1.25-3.25
PG-12N-02 0.4-0.8 3.0-5.0 10.0-16.0 » 2.0-4.0 3.0-5.0

© V.Yu. KHASKIN and V.P. GARASHCHUK, 2002
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Figure 1. Microstructure of area of a laser alloying path at an
auxiliary HF-preheating of sample made from St.3 using materials

PG-N1 (x400)

cracks can initiate due to high temporary stresses oc-
curring because of a volume effect of a fast formation
of martensite in cooling the molten region of metal
down to the temperatures of about 300 °C.

To prevent the crack formation the auxiliary high-
frequency (HF) preheating of cylindrical samples up
to surface temperatures of about 800 °C was used.
Here, the rates of alloying are significantly increased
(from 20—40 to 160180 m /h), while the capacity of
the laser radiation is remained at the same level
(=5 kW).

The laser alloying with HF-preheating of St.3 was
performed using the powder PG-N1 of Fe-based alloy.
The hardness of the produced layer was HRC 20—40,
while the certificate hardness of the used alloy was HRC
50-55. The depth of the alloyed layer was 0.5 mm.
There were no microcracks typical of the conventional
laser alloying. Microstructure of the alloyed layer is
close to the structure of layers of a laser cladding with
a subscquent high tempering: it has a clearly expressed
dendritic nature, the large dendrites arc observed. The
transition zonc was 5—8 pum (Figure 1).

The selection of chemical composition of the filler
material was made taking into account the service
requirements to the alloyed layers. The wear resis-
tance of the latter was determined by a dry friction
using the method «pin—cylinders in the specially-
manufactured friction machine, while the high-tem-
perature strength was determined by measurements
of microhardness before and after heating of microsec-
tions in the furnace. Mating bodies for the friction
machine were manufactured from St.45 with a sub-
sequent hardening to the hardness of about HRC 55
and about HRC 60 in a hard alloy T-15. The specific
pressure was set within the ranges of 10—16 MPa, the
rate of test sample rotation is changed in the range
of 50-1600 min !, linear rates of friction were 1600—
54000 m,h. The wear of samples was measured by
changing the diameter using a micrometer with a scale
factor 0.01 mm and also changing the mass by weigh-
ing in beam balances MTZ No.206 (1965) with £1 mg
accuracy. To increase the accuracy the time of friction
was increased.

The experiments showed that the alloying with
powders of self-fluxing alloys (for example, PG-N1,
PG-AN3, PG-AN6, PG-12N-02, PG-10N-01) gives a
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Figure 2. Microstructure of area of a laser alloying path of sample
made from steel 40KhN2MFA using a mixture of powders of chro-
mium and VK6 (x200)

negligible (by 10 %) increase in wear-resistance in
combination with a high-temperature strength (up to
700-800 °C). The hardness of alloyed layers depends
on the initial hardness of the filler material and
amounts to HRC 50-55 for materials of HRC 50-65
hardness. To increase the wear-, thermal and corrosion
resistance the alloying with chromium was investi-
gated. Here, the wear-resistance was increased by 4
times and hardness of the produced layers was about
HRC 36. The high technological properties are pro-
vided by mixture of powders of chromium and relite
or chromium and tungsten carbide VK6 (Figure 2)
in an appropriate ratio. The best results were obtained
by mixture of chromium and rclite. The alloying of
steels of the above-mentioned class using this mixture
makes it possible to increase their resistance by an
order. The hardness of the produced layers is
HRC 50-56, their depth — 1.0—-1.5 mm at the 5 mm
path width (paths of alloying were deposited in spiral
at 1.0-1.5 mm pitch). High-temperature strength of
the layers was about 1000—-1100 °C.

CONCLUSIONS

1. Lascr alloying with a mixturce of powders of chro-
mium and relite provides the several times increase
in the wear-resistance of hypoeutectoid complexly-al-
loyed steels and in their high-temperature resistance
from 400 to about 1000 °C.

2. Microcracks are typical defect of the paths of
alloying steels of the class being considered. To pre-
vent them it is necessary to use preliminary or aux-
iliary heating of the workpiece. The best results are
provided by the auxiliary HF-preheating to the tem-
peratures of about 800 °C.

3. Except the crack formation prevention, the HF-
preheating makes it possible to increase by 3—5 times
the linear rate of the process without changing the
laser radiation power. The peculiar features of struc-
tures of the alloyed layers enable us to state that this
combined process can present interest as a separate
technology.

1. Abilsiitov, G.A., Golubev, V.S., Gontar, V.G. et al. (1991)
Technological lasers. Handbook. Ed. by G.A. Abilsiitov.
Moscow: Mashinostroyeniye.

2. Velichko, O.A., Avramchenko, P.F., Molchan, I.V. et al.
(1990) Laser cfadding of cylindrical parts with flux-cored
materials. Avtomatich. Svarka, 1, 59—@5.

3. Garashchuk, V.P., Shelyagin, V.D., Nazarenko, O.K. et al.
§l17937)1T(§06h1§%10gica1 CO,-laser LT 104 of 10 kW capacity.

id., 1, 36-39.
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MICROPLASMA SPRAYING USING WIRE MATERIALS

Yu.S. BORISOV and A.N. KISLITSA
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

A microplasma method of coating deposition using wires has been developed. Specifications of the MPN-004 unit with
an attachment for microplasma spraying using wires are presented. Parameters of the process of microplasma spraying
depending on the wire material are determined. Microstructures of tungsten and copper coatings, obtained by this

method, are given.

Key words: microplasma method of coating deposition,
plasmatron, spraying, plasma jet, wire materials, mechanism o
wire feed, coating, microstructure

One of the types of plasma-arc spraying is the method
of coating deposition using wires as initial material | 1].

Until now this coating was performed using pow-
erful plasmatrons. For example, the plasmatron of
40 kW capacity in the UPU-8M unit performs spray-
ing from wire materials of 0.8—1.2 mm diameter. In
this case the risk of a local overheating and distortion
of the item of a wall thickness £ 1 mm occurs. The
need of plasma spraying on narrow ribs or paths leads
to large losses in the material sprayed (diameter of
spraying spot is usually 15-30 mm).

Analyzing the existing units [2, 3] and theoretical
evaluation of feasibility of spraying wires using a mi-
croplasma jet, an attachment to the plasmatron for
microplasma spraying, which makes it possible to per-
form process using the wire materials, has been de-
veloped at the E.O. Paton Elcectric Welding Institute.
The attachment was used in a set with the existing
MPN-004 unit designed for spraying coatings from
flux-cored wires |4]. It includes a power source with
a control pancl, plasmatron and spccial device for
powder feeding. Design and paramecters of the plas-
matron operation enable the formation of a laminar
plasma jet (Raynolds number is 0.10-0.55), that
specifies the peculiar features of the process:

« feasibility of decrease in size of spraying spot to
1=5 mm (angle of opening of plasma jet is only 2—6°

Parameters of microplasma spraying using wire materials

Wire material

Parameter

Steel Copper NiCr W
Wire diameter, mm 0.3 0.3 0.3 0.2
Wire feed speed, 4.0-5.0 5.0-6.0 4.5-5.5 8.0-9.0
m,/ min
Voltage, V 30 32 32 32
Current, A 45 48 48 50
Consumption of 90 100 100 120
plasma gas, 1/h
Consumption of 180 200 200 240

shielding gas, 1/h

© Yu.S. BORISOV and A.N. KISLITSA, 2002
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instcad of 10—18° for turbulent plasma jets and nozzle
diameter £ 1-2 mm);

« feasibility of coating deposition on small-sized
items with thin walls without excessive local over-
heating and distortion (low heat capacity of micro-
plasma jets decreases the base heating);

 low level of a laminar plasma jet noise (only
30-50 dB).

Characteristic of the modified unit MPN-004 for
microplasma spraying of coatings using wire materials
is as follows:

Operating gas ...........ocoveviiiiiiiiiiiiinnnnn. argon
Shielding gas ............coocoviiiiiiiiii, argon
Capacity, kW ... up to 3.0
Current, A ... 10-50
Voltage, V ..o up to 60
Consumption of plasma gas, 1/h ............ 10-150
Consumption of shielding gas, 1 /h ......... 60-240
Wire diameter, mm .............................. 0.15-0.30
Wire feed speed, m/min ....................... 0.5-10.0
Dimensions, M ............ccccooeeeieeiiinin... 390%225%205
Mass, Kg ..oooiiiiii 14

The peculiar feature of this unit is the presence of
a compact mechanism of wire feed into the interelec-
trode region of the plasma jet. The wire is fed by the
DC drive with the help of friction rollers. The feeding
mechanism has a step (by changeable rollers) and
smooth (by changing number of rotations on the elec-
tric motor shaft) adjustment of wire feed speed. It
was established as a result of experiments that the
stable process of spraying neutral wire by the micro-
plasma jet is observed at higher (by 3-=5 times) speeds
of wire feeding as compared with traditional methods
of plasma spraying using the wire materials [1, 3].

Experiments on microplasma spraying of coating
were made using wires of different diameters and from
different materials. Dependences of required speeds
of wire feed, its diameter, consumption of plasma and
shielding gases, voltage and current on the wire ma-
terial were established to provide optimum conditions
of spraying and formation of coatings.

Thus, for example, for steel wire of 0.3 mm di-
ameter the optimum conditions of spraying are at-
tained at lower values of wire feed speed, voltage,
current and gas consumption as compared with a cop-
per and nichrome wires of the same diameter. For the
copper and nichrome wires the parameters of the mi-
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Figure 1. Microstructure of plasma coatings produced by the method of microplasma spraying of wire materials: @ — tungsten on steel
base (etched microsection) (x200); b — cooper on steel base (non-etched microsection) (x200)

croplasma spraying are almost similar. It was estab-
lished that to provide a stable process of a micro-
plasma spraying of wire from tungsten it is necessary
to use wire of a smaller diameter (0.2 mm) and higher
values of wire feed speed, voltage, current and gas
consumption due to higher temperature of melting of
tungsten (3395 °C) (Table)

Microstructure of plasma coatings produced in
spraying tungsten and copper wires is given in Fi-
gure 1.

Coating from tungsten (Figure 1, @) of 1.0 mm
thickness has a sufficiently dense structure, without
spallings and cracks, a good adhesion to the base. The
structure is lamellar. The inner structure of lamellas
is fine-dispersed, columnar in some places, thickness
of lamella is 5-10 pm. According to data of X-ray
diffraction analysis the coating contains one phase,
i.e. tungsten. Microhardness of tungsten coating is
HV 1884-2060 MPa.

Coatings from copper (Figure 1, b) of 0.5 mm
thickness has, the same as tungsten coating, a dense
structure, without spallings and cracks, a good adhe-
sion to the basc. Structure is lamellar, heterogencous,
lamella thickness is 5—30 pm. According to X-ray
diffraction analysis the basic phase is copper. There
are inclusions Cu»O and areas of eutectics Cu + CuyO.
Microhardness of copper coating: for Cu — HV 453—
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613 MPa; for CubO — HV 876-916 MPa; for eutec-
tics Cu + CuyO — HV 1000-1100 MPa.

CONCLUSIONS

1. Design of unit for microplasma spraying of coating
from wire materials has been developed.

2. Complex of experiments on microplasma spray-
ing of coating from steel, copper, tungsten and
nichrome wires was made.

3. Peculiar features of microplasma spraying using
wire materials were established as compared with tra-
ditional plasma spraying where wire is used as spray-
ing material. The main peculiarity is the use of high
wire feed speed in microplasma spraying.

4. Feasibility of producing coatings of thickness
up to 0.5—1.0 mm with a dense structure and defect-
free boundary adjacent to the base by the method of
microplasma spraying using wires was shown.
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K} NEWS

Visit by the Extraordinary and Plenipotentiary
Ambassador of the Russian Federation in URraine
to the STC <E.O. Paton Electric Welding Institute»
of the NAS of Ukraine

On the 21st of December 2001 the Extraordinary
and Plenipotentiary Ambassador of the Russian Fed-
eration in Ukraine Mr. V.S. Chernomyrdin visited
the Scientific-and-Technical Centre «The E.O. Paton
Electric Welding Institutes of the NAS of Ukraine.
Mr. Chernomyrdin was welcomed by the Director of
the Institute Prof. B.E. Paton.

V.S. Chernomyrdin visited the PWT before, and
he is well aware of many achievements of scientists
of the Institute. Therefore, his primary interest was
in new developments which were shown to him at the
demonstration hall of the Institute. The distinguished
guest expressed a great interest in samples of equip-
ment and new technologies to be used for construction
and service of main oil and gas pipelines, in space,
acrospace engineering, power generation, general ma-
chine building, etc.

Mr. Chernomyrdin visited the Pilot Plant for New
Technologies of the PWI, in one workshop of which
the Joint Venture «Pratt & Whitney—Patons associ-
ates demonstrated to the guests the latest of their
developments in the field of electron beam deposition
of thermal barrier coatings. Up to date the JV
«Pratt & Whitney—Paton» has been the only enter-
prisc in the territory of Ukraine, certified according
to the international standard ISO 9001. The JV is
involved in EB PVD of ceramic thermal barrier and
metal protective coatings on blades of gas turbines
for power and gas-pumping stations, aircraft engines,
cte. In addition, the Company performs repair of
blades of various-application gas turbine engines and
produces ceramic and metallic materials for EB PVD.

Of high interest for the guests were the works
performed by the Department for Electron Beam and
Laser Welding Technology and Equipment, which,
in collaboration with a number of industrial compa-
nies, develops, manufactures and supplies to different
countries all over the world the advanced versatile
and specialised units for EBW, and develops tech-
nologies for EBW of new materials and structures.

Then Mr. Chernomyrdin was introduced to the
activities of the Institute Engineering Centres «Pres-
sure Welding» and <«Titan». The first of them is
widely known for its developments in the field of
flash butt welding of large-diameter pipes, railway
rails, aerospace application items, etc., and the second
is noted for the modern production of high-quality
round ingots and slabs of titanium and its alloys by
the method of clectron beam melting.
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Participating in the detailed discussions taking
place at the EC «Titan» between Prof. B.E. Paton
and the Extraordinary and Plenipotentiary Ambassa-
dor in Ukraine Mr. Chernomyrdin were Deputy Di-
rectors of the PWI Prof. S.I. Kuchuk-Yatsenko,
Prof. L.M. Lobanov, Prof. K.A. Yushchenko,
Prof. M.L. Zhadkevich, Dr. G.S. Marinsky, and a
number of leading scientists and experts of the Insti-
tute and managers of the Pilot Pant for New Tech-
nologics.

As pointed by Prof. B.E. Paton, the last decade
was noted by a marked reduction of traditional busi-
ness and creative contacts of the PWI with Russian
enterprises. Some movement in these contacts has
shown up in the last two years. Associates of the
Institute have resumed work on welded pipes at the
Open Joint-Stock Companies «Chelyabinsk Pipe
Rolling Factory» and «Vyksunsk Mctallurgical Fac-
tory». Bascd on requirements of Russian enterprises
of oil and gas industry, specialists of the Institute
carry out works at the Khartsyzsk Pipe Plant on wid-
ening of the range and improving the quality of
welded large-diameter pipes. At the end of 2001 the
Institute was visited by a delegation from the Mag-
nitogorsk Metallurgical Works headed by chief engi-
neer E.V. Karpov. The specific plan for joint activity
in different arcas between PWI and MMW was de-
veloped by the results of that visit.

Although there are examples of successful coop-
eration with other enterprises of the Russian Federa-
tion, this is obviously not enough. Prof. B.E. Paton
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expressed confidence that the visit by Mr. Cher-
nomyrdin to the PWI would not only help to promote
developments made by scientists of the Institute into
the Russian market, but also would favour increase
in demand of Russian enterprises for the scientific
potential of the Institute.

In the course of the discussions the Parties tackled
the issue of participation by the Institute scientists
in events of the Year of Ukraine in Russia announced
by Presidents of the two counties. It is planned that
scientists of the Institute in close collaboration with
the Russian Welding Society and the International
Welding Council will take an active part in confer-
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ences and exhibitions held in different regions of the
Russian Federation.

The Extraordinary and Plenipotentiary Ambassa-
dor of the Russian Federation in Ukraine
Mr. V.S. Chernomyrdin noted a high level of inno-
vations of R&D of the E.O. Paton Electric Welding
Institute and expressed conviction that they would
find application in industry of the Russian Federation.
Also he expressed his sincere appreciation to
Prof. B.E. Paton for the reception, discussions and
the opportunity of having seen for himself the latest
achievements of the STC «The E.O. Paton Electric
Welding Institutes.

Dr. I.A. Ryabtsev
(PWI Press Group)
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