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INFLUENCE OF THERMAL CONDITIONS OF WELDING
ON THE FEATURES OF CRACK INITIATION IN THE HAZ

OF JOINTS OF ALUMINIUM ALLOYS V96 AND V96tss

T.M. LABUR, T.G. TARANOVA, G.M. GRIGORENKO and V.A. KOSTIN
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The influence of thermal impact in nonconsumable electrode and electron beam welding on the features of cracking in
different sections of the HAZ of high-strength complex-alloyed aluminium alloys V96 and V96tss at off-center tension
has been analyzed. It is shown that the used temperature-time parameters of the welding mode change the volume fraction
of particles contained in the alloy, their dimensions, shape and morphology of inclusion location on the boundary between
the grains have an essential influence on the local stressed state in the HAZ metal and determine the associated mechanism
of fracture site initiation.

K e y w o r d s :  high-strength aluminium alloys, welding,
nonconsumable electrode, electron beam, thermal impact, struc-
ture, heat-affected zone, off-center tension, crack initiation,
fracture

Development of aircraft construction is inseparably
linked with application of new structural materials of
an improved composition and mechanical properties,
one of which is V96 alloy of Al--Zn--Mg--Cu alloying
system. It was highly appreciated by specialists as a
material allowing structure weight to be reduced with-
out decreasing its rigidity, thus making it attractive
for flying vehicle manufacture [1]. On the other hand,
welded joints of this alloy are characterized by unsat-
isfactory ductile properties and low resistance to cold
cracking in the HAZ of welded joints in fusion weld-
ing, which is associated with running of irreversible
physico-chemical processes, accompanying the ther-
mal cycle of fusion welding. The welded joint HAZ
develops six characteristic structural sections, differ-
ing by grain and boundary dimensions, phase and in-
clusion composition [2--5]. Formation of final struc-
tures and physico-mechanical properties of the HAZ
metal depend on decomposition kinetics of metastable
phases and are determined by heat input into the used
welding process [1].

V96 alloy mechanical properties are improved by
adding scandium, which has a high (1814 K) melting
temperature and minimum (3.05 N/m3) specific
weight [6--8]. Dispersed particles of Al3Sc phase form
not as a result of special strengthening treatment, but
are a product of high-temperature decomposition of
oversaturated solid solution of scandium in aluminium
at melt solidification. Al3Sc particles are coherent with
the matrix, they are uniformly distributed in the grain
bulk and preserve their stability at comparatively high
temperature, and, thus, stabilize the structure and
suppress recrystallization, which runs in the metal.
The main factor, explaining the unique influence of
scandium on the structure and properties of aluminium
and aluminium alloys, is the dimensional-structural
similarity of crystalline lattices of aluminium (4.405)

and Al3Sc phase (4.407). Owing to such a similarity,
Al3Sc particles formed at initial solidification are ef-
fective grain nuclei, thus ensuring a maximum refine-
ment of the cast grains (down to the dendrite cell
size).

The mechanism of decomposition of aluminium
solid solution, formed at weld metal solidification, is
also determined by the principle of the above dimen-
sional-structural similarity, namely the decomposition
products (Al3Sc particles) precipitate by the homoge-
neous mechanism. They feature a high density and
short distance between the particles, respectively.
Here, the strengthening and anti-recrystallization im-
pact of scandium compared to other transition metals
is noted.

To determine the causes for lowering of ductility
of V96 alloy welded joints (wt.%: 2.3 Mg, 2.1 Cu,
8.1 Zn, 0.2 Zr), it is necessary to study the influence
of thermal conditions of welding on the structural
features of different HAZ sections, establish the
mechanism of crack initiation in them, and compare
it with similar sections of V96tss alloy of the same
composition, but with scandium additives (0.3 wt.%).
Presence of the latter in the alloy composition accel-
erates solid solution decomposition during thermal op-
erations and promotes formation of finely-dispersed
particles of intermetallic phases [5], which, being lo-
cated in the grain bulk and along grain boundaries,
strengthen the alloy and prevent metal recrystalliza-
tion at heating during welding, while mechanical
properties of the alloy are improved [8].

The purpose of this work is determination of the
influence of structural and physical inhomogeneity
found in the welded joint HAZ, on crack initiation
in nonconsumable-electrode (TIG) and electron beam
(EB) welding [5]. Scanning electron microscope JSM-
840 with «Link-860/500» microanalyzer system (at
accelerating voltage of 15, 20 and 30 kV) was used
for investigations, allowing determination of the fea-
tures of crack initiation and nature of damage of
welded joints in the studied alloys.
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Model samples were used to obtain a complete
picture of structural changes in different sections of
the HAZ of the studied alloy welded joints at TIG
and EB welding. Samples were heated in a thermal
furnace, creating the conditions for simulation of met-
al structure, which is formed in fusion welding in
different sections of the HAZ: overheating (T =
= 550 °C); quenching (T = 460 °C); annealing (T =
= 370 °C); short-term tempering (T = 340 °C); ageing
(T = 140 °C). Samples were cooled at the rate of 10--20
and 30--50 °C/s in air and in water, thus correspond-
ing to the conditions of metal cooling after TIG and
EB welding. This allowed revealing the influence of
structural features and ductility level of the metal of
individual HAZ sections, as well as correlating the
limit strain and stresses, accompanying crack initia-
tion during testing. The obtained results were com-
pared with similar ones for the base metal.

The most widely spread method of ductility evalu-
ation is testing samples with deep notches, for in-
stance, at off-center tension, simulating typical con-
ditions of welded structure stressed state, when their
tension and bending occur simultaneously [9, 10].
With such a loading pattern, the sample central part
experiences monotonic deformation, which determines
the start of the crack initiation process. In the limit
state at sufficiently deep notches, the sample metal
develops three-axial tension, as the stress level in the
plastic flow zone depends on the notch tip radius.
Ductility in individual sections of the HAZ of welded
joints on V96 and V96tss alloys in different structural
state, was studied using Kahn samples 3 mm thick
with 11 mm depth of the notch and 0.1 mm radius in
its tip (Figure 1). Such a notch geometry ensures crack
initiation at a relatively low energy value, thus in-
creasing the accuracy of its determination [10]. Ac-
cording to [9], the theoretical coefficient of stress
concentration at the tip is equal to 10. Testing of
five samples (in each studied structural state) was
conducted at room temperature in an all-purpose
RU-5 machine with the tension rate of 2 mm/ min
(3.35.10--5 m/s).

Load--deformation diagram generated using an os-
cillograph during testing (Figure 2) represents impor-
tant moments of crack initiation and propagation up
to complete fracture of the studied samples. It allows
not only evaluation of stress intensity during plastic
deformation under the conditions of off-center tension,
but also determination of the duration of metal stable
flow stage and the energy consumed at different stages
of crack propagation. The curve in the individual sec-
tions of the diagram contains in the integral form the
information on the condition of metal structure, which
determines the processes of its plastic flow at sample
deformation, stress increase and cracking.

Evaluation of ductility at uniaxial tension λt is
traditionally performed using the characteristics of
relative elongation δ and relative transverse reduction
ψ [10]. Ductility is expressed through value δ as fol-
lows:

λt = 1.73 ln [100/(100 -- δ)].

Under the conditions of non-uniform tension value
ψ is used:

λt = 1.73 ln [100/(100 -- ψ)].

Lowering of rigidity of the stressed state in the
notch tip at its opening during testing may lead to an
incorrect determination of the level of metal relative
ductility. In this connection the data on ductility char-
acteristics of the studied alloys V96 and V96tss after
thermal impact were obtained using the ratio of stress
and strain values (Figure 2). Based on the above ap-
proaches, they may be presented for δ and ψ evaluation
in the form of a function of plastic deformation change
under off-center tension of the studied samples:

(fmax -- fó)/fmax⋅100 %,

where fmax is the total (maximum) deformation at the
avalanche crack formation; fy is the deformation cor-
responding to 0.2 % stress, which is conditionally
taken to be the yield point of the metal in the studied
HAZ sections. In this case, ductility values λt were
calculated by the following formula:

λt =1.73 ln {100/[100 -- (fmax -- fó)/fmax⋅100 %]}.

Figure 2 combines the load--deformation diagram
of the studied alloys with the fractograph of the frac-
ture section of metal plastic deformation zone under
the notch tip. Point A corresponds to the start of
microcrack initiation in alloys V96 and V96tss, point
B ---- to final coalescence of microcracks into a
macrocrack, point C denotes a region, in which spon-
taneous propagation of the main crack occurs up to
complete fracture of the sample.

It should be noted that the plastic deformation
zone under the notch tip (see Figure 2) is the initial
stage of the main crack initiation. As follows from
[11--14], the influence of alloy structure on its per-
formance and mechanical properties is manifested in-
directly, as the material structural sensitivity can be

Figure 1. Schematic of a sample of welded joints of high-strength
aluminium alloys V96 and V96tss for testing at off-center tension
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described by a ratio of the extent of this zone to the
dimensions of structural components. Essential differ-
ences of geometrical dimensions of the plastic defor-
mation zone in the studied samples are indicative of
the ambiguity of the metal initial stressed state under
the same testing conditions.

Analysis of the obtained results showed (Figure 3,
b, d) that welded joints of V96tss alloy produced by
EBW differ by a higher susceptibility to plastic de-
formation (from 81 to 89 %) compared to V96 alloy
(53--91 %). Microcrack initiation occurs both by the
tough mechanism, and by shear fracture. Metal struc-
ture formed at fracture is determined by grain size
and inclusion spacing. Proceeding from the available
results, V96tss alloy features a greater (1.5 times)
force of adhesion of elementary particles.

A similar dependence is also observed in welded
joints produced by TIG welding (Figure 3, a, c). With
this welding process, V96tss alloy is also characterized
by a more pronounced susceptibility to plastic defor-
mation (from 80 to 89 %) than V96 alloy (53--94 %).
As is seen from Figure 2, V96tss alloy, irrespective of
the welding process, has an area (hatched) of preser-
vation of plastic deformation. Ductility of V96tss al-
loy in the studied HAZ sections, where the process of
welding heating is accompanied by high temperatures,

is determined by migration of grain boundaries,
changes of inclusion shape, recrystallization phenom-
ena and activation of grain boundary slipping, the
degree of manifestation of which is connected with
the presence of scandium, alongside the temperature-
time conditions.

Regularities found in V96 alloy are different. An
essential dependence of welded joint metal structure
on the temperature-time parameters of the welding
mode is revealed. With both the welding processes
V96 alloy shows a lowering of ductility in the over-
heated and annealed sections. Long-term heating of
metal at TIG welding influences the increase of the
intergranular space due to precipitation of elements
from the grain and subsequent formation of eutectic-
type compounds in it [6, 8]. This leads to ductility
lowering as a result of eutectic formation along the
grain boundaries (see Figure 3, a). At EBW under
the conditions of a short-term heat application phase
transformations do not have enough time to develop,
so that only dissolution of low-melting compounds
located near the grain boundaries, occurs (Figure 3,
b, d). In this case, the nature of inclusion distribution
has a strong influence on ductility.

Figure 3, c, d shows a decrease of strength prop-
erties of both the alloys with the two welding proc-
esses, that may be due to non-uniformity of inclusion
distribution, differences in their shape and dimen-
sions. Strength lowering is observed to a greater degree
in alloy V96tss, which is related to the presence of
coarse insoluble inclusions in the HAZ metal struc-
ture. Their refinement during semi-finished product
fabrication will promote an improvement of the alloy
strength with preservation of its ductility.

Fractographic analysis of fractures of broken sam-
ples simulating different sections of the HAZ of
welded joints on V96 and V96tss alloys was performed
to reveal crack initiation sites. Obtained results
showed that thermal conditions of welding cause par-
ticle growth and phase formation, this way determin-
ing the nature of crack initiation in the studied alloys
(Figures 4, 5). At testing the ductile matrix deforms
with increase of tensile stresses, thus leading to an
increase of stress gradient in the sections located at
grain boundaries, as well as in inclusion sections in
the intergranular spacing. The weaker particles crack,
forming microcracks, the length of which does not
exceed particle size.

According to the obtained experimental results,
the length and quantity of embryo microcracks, as
well as the nature of local stress are caused by a change
of the dimensions of particles precipitating at welding
heating, as well as their volume fraction in relation
to other structural components. As the notch radius
in the samples is the same (R = 0.1 mm), there is
ground to state that the size of the plastic deformation
zone, and, therefore, also the ductility of the studied
samples, are determined by local stresses related to
the thermal conditions of heating and cooling in weld-
ing. The source of crack initiation are particles, located

Figure 2. Load--deformation diagram (P--f) derived under the con-
ditions of off-center tension of the studied samples and fractograph
of fracture section (plastic deformation zone marked by a triangle
is located under the notch tip) (×27)

4 4/2009



along the grain boundaries. During fracture irregular
particles crack, and the round ones delaminate (Fi-
gure 4).

In V96tss alloy the plastic deformation zone is
readily revealed, and in V96 alloy the boundary con-
tour is blurred, being indicative of a more brittle state
of metal structure. In the region of high (550 °C)
homologous temperatures, simulating the conditions
of metal overheating on the boundary of the weld
fusion with the base metal, high values of the relative
ductility index (λt = 81 %) of V96tss alloy are due to
dissolution of structural elements located in the in-
tergranular space, and formation of a uniform liquid
phase (Figure 5, b, d, f). This is attributable to the
presence of phases on the intergranular boundaries,
which contain sufficiently strong elements (manga-
nese, chromium, zirconium, scandium), causing mi-
crocrack slowing down. A considerable (from 2.8 to
5.0 mm) extent of the plastic deformation zone of
V96tss alloy is indicative of its susceptibility to active
plastic deformation at microcrack initiation. Presence
of pits, forming near the inclusions through initiation

and growth of pores, allows this alloy to be charac-
terized as tough, although the fracture surface also
shows brittle fracture fragments (Figure 5, II). At
the temperature of 460 °C the alloying elements go
into the solid solution [6]. Relative ductility index of
V96tss alloy preserves its values.

Shortening of the plastic deformation zone to 2.0
and 1.7 mm is found in samples in the initial condition
and after artificial ageing, respectively, which is in-
dicative of a greater metal brittleness and development
of conditions for the action of elastic deformation, as
the relaxed energy is insufficient for realization of
plastic deformation. Crack initiation sites appear near
the coarse inclusions. Crack extent increases as the
local stress on the grain boundary grows. Formation
of finely dispersed particles of metastable phases as a
result of partial decomposition of the solid solution
leads to formation of a structure, containing interme-
diate compounds, differing by their crystallographic
structure from the solid solution and equilibrium
phases. Their volume fraction in the structure depends
on the heated metal cooling rate. Both inclusion sepa-

Figure 3. Influence of heating conditions at TIG (a, b) and EB (b, d) welding on ductility (a, b) and strength (c, d) of HAZ metal of
welded joints of V96 (1) and V96tss (2) alloys
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ration along the boundary with the matrix and de-
lamination of primary inclusions containing modifiers,
i.e. zirconium and scandium, are observed on the frac-
ture surface of V96tss alloy. The non-uniform dimen-
sions of microvoids formed at cracking of the coarse
inclusions point to a step-by-step development of frac-
ture of the studied alloys during plastic deformation
of the matrix up to the moment when the microcrack
length has reached a critical size. Local stress causing
microcrack initiation on the boundary between the
grains, depends on the dimensions of the low-melting
eutectic in the intergranular space and matrix capa-
bility to deform near the inclusion under the influence
of the thermal cycle of welding.

Fracture pattern of V96 alloy samples is different.
It is characterized by smaller ductility values (λt =
= 53 %), which is attributable to a variable solubility
of phases as a result of the absence of scandium addi-
tives in the alloy (Figure 5, a, c, e). The extent of
the plastic deformation zone varies in the range from
1 to 3 mm. In the metal overheated condition this
zone is not clear-cut, that may be due to presence of
tangential stresses at fracture. No grain boundaries
are manifested in the fracture section, but microcracks
having the same direction and normal to the fracture
surface are visible. The magnitudes of stresses which
should be applied during initial microcrack initiation

Figure 5. Fractographs of fracture sections of V96 (a, c, e) and V96tss (b, d, f) samples derived at overheating (I), after annealing
(II) and tempering (III)

Figure 4. Fractographs of crack initiation sites at fracture of alloys
V96 (a) and V96tss (b)
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in V96tss alloy, are much smaller after welding heat-
ing compared to the initial condition of the base metal.

In fractures of V96 alloy samples heated up to
460 ° C, the fracture surface is similar to that of V96tss
alloy. The relative ductility index preserves its values
only after TIG welding. Formation of disperse pre-
cipitates, smaller scatter of their dimensions, as well
as lower content of solid solution decomposition prod-
ucts along the boundaries and in the grain bulk at
EBW, promote a 1.5 times increase of V96 alloy duc-
tility compared to the cooling rate at TIG welding.
After quenching and cooling in water the plastic de-
formation zone is equal to 1 mm, and after cooling in
air it is 2 mm. In as-annealed and as-tempered condi-
tion plastic deformation develops slowly (0.8--
1.5 mm). However, an oblique fracture forms at com-
plete fracture of such samples in the shear mode. This
may be caused by grain softening and simultaneous
embrittlement of the low-melting component in the
intergranular space under thermal impact. It is indi-
cated by the characteristic location of cracks along
the grain boundaries, where low-melting eutectics
form during welding heating, the presence of which
lowers the ductility index (see Figure 3). A slight (up
to 2 mm) increase of plastic deformation zone is noted
in base metal samples in the initial and as-aged con-
dition. Sample fracture proceeds by the mechanism of
normal tear with formation of straight fracture.

CONCLUSIONS

1. A dependence is established between the nature of
crack initiation in the HAZ at fracture under the con-
ditions of off-center tension of high-strength complex-
alloyed aluminium alloys V96 and V96tss and degree
of thermal impact at TIG and EB welding.

2. Scandium additive (0.2--0.4 wt.%) to V96 alloy
allows preserving the HAZ metal ductile properties
owing to formation of fine intermetallic precipitates
of strengthening particles, which slow down embrit-
tlement of eutectic interlayer at annealing at T =
= 360 °C, and coagulation of non-metallic inclusions.

3. Microcracks initiate on coarse inclusions with
increase of local stress on grain boundary. Inclusion
separation along the boundary with the matrix is found
on the studied alloy fracture surface, and in V96tss

alloy ---- delamination of primary inclusions, contain-
ing modifiers, namely zirconium and scandium. Non-
uniform dimensions of microvoids, formed at cracking
of coarse phase inclusions, are indicative of step-by-
step nature of their fracture during plastic deformation
of the matrix up to the moment, when microcrack
length has reached a critical size. Local stress, which
causes microcrack initiation on the boundary between
the grains, depends on dimensions of low-melting eu-
tectic in the intergranular space and matrix capability
to deform near the inclusion under the influence of
thermal cycle of welding.
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STRUCTURE OF PHOSPHORUS-CONTAINING
DEPOSITED METAL OF THE TOOL STEEL TYPE

I.I. RYABTSEV, I.A. KONDRATIEV, V.A. KOSTIN, D.P. NOVIKOVA, I.L. BOGAJCHUK and A.A. BABINETS
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Peculiarities of structure of the deposited metal of the type of tool steels 30Kh4V2M2FS, 30Kh2M2NSGF and
35V9Kh3GSF, alloyed with 0--1.5 wt.% P, were investigated. Complex phosphides of the globular shape, containing
vanadium, molybdenum, chromium, manganese and tungsten, i.e. metals the phosphides of which exhibit the highest
thermodynamic stability, were found to form in the high-alloy deposited metal. The presence of such phosphides does
not deteriorate crack resistance of the investigated types of the deposited metal.

K e y w o r d s :  arc cladding, high-alloy deposited metal, phos-
phorus alloying, microstructure, X-ray microanalysis,
phosphides, phosphide eutectics, crack resistance

Perspective of application of phosphorus as an alloying
element in low-alloy cladding consumables, which are
used for repair and hardening of parts working in
conditions of the metal to metal friction at room tem-
perature is shown in studies [1, 2]. The presence of
phosphorus in these materials increases their wear re-
sistance and reduces the coefficient of sliding friction.
The insufficient level of knowledge of the phosphorus
effect on structure and properties of cladding consu-
mables, as well as the common opinion on its negative
influence on crack resistance of the welds, though
metals with a phosphorus content of not higher than
0.05 wt.% [3, 4] are considered, prevent the applica-
tion of phosphorus as an alloying element in the clad-
ding consumables. However, as determined in study
[5], up to 1 wt.% P can dissolve in low-alloy deposited
metal, and free phosphides in the form of boundary
phosphide eutectics, which are the major reason of
crack formation, are absent in structure of the depos-
ited metal. At the same time, the presence in its struc-
ture of a small amount of globular refractory
phosphides is acceptable.

This study presents results of investigations of the
phosphorus influence on structure of the metal depos-
ited with PP-Np-30Kh4V2M2FS, PP-Np-
30Kh2M2NSGF and PP-Np-35V9Kh3FSG high-alloy
flux-cored wires. These wires are used for repair and
hardening of tools for hot and cold deforming of metals
and alloys [6]. The distribution of phosphorus between
structural components of a high-alloy deposited metal
was also investigated. The aim of the present study is
to determine the limits of phosphorus alloying of the
deposited metal of chosen alloying systems, within
which the low-melting point boundary phosphide eu-
tectics are absent in structure of the deposited metal,
and no cracks are formed in it.

12 flux-cored wires of 2 mm diameter (4 of each
grade) were manufactured to carry out the investiga-
tions. The content of phosphorus in the deposited met-
al of each type was varied within a range of 0--

1.5 wt.%. Samples to measure hardness and chemical
composition of the deposited metal (Table 1), as well
as for microstructure and X-ray microanalysis, were
deposited by the submerged arc method using experi-
mental wires and flux AN-26. The cladding mode was
as follows: I = 250--270 A; Ua = 24--26 V; vc = 28 m/h.
The data given in Table 1 show that, in contrast to a
low-carbon low-alloy deposited metal [2], phosphorus
has almost no influence on hardness of the carbon
high-alloy deposited metal, carbon exerting the main
effect on it.

Microstructure of the deposited metal samples of
12 compositions was examined. It is known that struc-
ture of the high-alloy deposited metal in many respects
depends on the cladding thermal cycle. Therefore, con-
tinuous cooling transformation (CCT) diagrams of
austenite decomposition in 30Kh4V2M2FC,
30Kh2M2NSGF and 35V9Kh3GSF deposited metals
were used for analysis of structural state of these ma-
terials [7--9].

As stated in study [7], bainite and martensite trans-
formations take place in deposited metal
30X4V2M2FC in a wide range of cooling rates, which
do not occur to the end during the cladding thermal
cycles, owing to which retained austenite persists in
structure of the deposited metal.

In accordance with this, microstructure of the
phosphorus-free deposited metal 30Kh4V2M2FS
(Figure 1, a; sample No. 1, Table 1) is a martensite-
bainite mixture (microhardness HV0.5 3860 MPa)
and retained austenite (HV0.5 2320 MPa).

At alloying deposited metal 30Kh4V2M2FS with
0.45 wt.% P (sample No.2, Table 1), microhardness
of martensite increases to HV0.5 4120 MPa, and that
of retained austenite grows to HV0.5 257 MPa. Some
increase of microhardness is likely to be related to
dissolution of phosphorus in structural components of
the deposited metal (Figure 1, b).

In deposited metal 30Kh4V2M2FS, containing
0.93 wt.% P (sample No. 3, Table 1), microhardness
of retained austenite increases to HV0.5 3860 MPa,
and that of the martensite regions ---- up to HV0.5
4730--5090 MPa. Deep-etching inclusions of different
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sizes occur in structure of the deposited layer on sample
No. 3 (Figure 1, c).

With increase in the content of phosphorus to
1.52 wt.% (sample No. 4, Table 1), deposited metal
30Kh4V2M2FC has a cellular structure (microhard-
ness HV0.5 3030 MPa). Fringes, in which phosphide
inclusions are situated, are formed along the cell
boundaries (microhardness HV0.5 4120 MPa) (Fi-
gure 1, d).

Analysis of the CCT diagram of deposited metal
30Kh2M2NSGF [8] shows that in a range of the cool-
ing rates corresponding to the cladding thermal cycle,
at first bainite and then martensite transformation
takes place. Deposited metal 30Kh2M2NSGF is char-
acterized by a high (390 °C) temperature of beginning
of the martensite transformation. Because of a signifi-
cant cooling rate during cladding the martensite trans-

formation is not completed, and retained austenite
persists in structure of the deposited metal. Hence,
microstructure of the phosphorus-free deposited metal
30Kh2M2NSGF (Figure 2, a; sample No.5, Table 1)
is a martensite-bainite mixture (microhardness HV0.5
3030 MPa) with different crystallographic axes falling
on the section surface (light- and dark-colored needles
have similar hardness). Retained austenite is also pre-
sent in structure of this metal (microhardness HV0.5
2290 MPa).

At a phosphorus content of 0.57 wt.% in deposited
metal 30Kh2M2NSGF (sample No. 6, Table 1), its
martensite-bainite structure coarsens, and its micro-
hardness increases to HV0.5 3860--4410 MPa. The
volume content of austenite remains approximately at
the same level. Light-colored compact inclusions of a
developed shape, which were preliminarily identified

Figure 1. Microstructure (×200) of samples of deposited metal 30Kh4V2M2FS without phosphorus (a) and with 0.45 (b), 0.93 (c) and
1.52 wt.% P (d) (here, and also in Figures 2 and 3 ---- electrolytic etching in chromic acid)

Table 1. Chemical composition (wt.%) and hardness HRC of the metal deposited with experimental flux-cored wires

Type of deposited
metal

Sample No. C Mn Si P Cr Mo W Ni V HRC

30Kh4V2M2FC 1 0.30 0.98 0.83 -- 4.31 2.14 2.32 -- 0.37 53--56

2 0.29 1.18 1.12 0.45 3.94 2.35 1.95 -- 0.45 53--56

3 0.33 1.05 0.97 0.93 4.17 2.43 2.14 -- 0.29 55--57

4 0.28 0.93 1.02 1.52 4.35 2.15 1.89 -- 0.42 53--55

30Kh2M2NSGF 5 0.24 0.97 0.81 -- 2.29 1.92 -- 1.20 0.43 51--52

6 0.28 0.89 0.62 0.57 1.98 2.11 -- 0.96 0.37 53--55

7 0.27 0.92 0.76 0.89 2.13 2.01 -- 1.03 0.52 49--51

8 0.31 0.78 0.83 1.42 2.32 1.99 -- 0.93 0.47 57--59

35V9Kh3GSF 9 0.33 1.08 0.63 -- 2.56 -- 9.17 -- 0.36 53--54

10 0.35 0.96 0.75 0.47 2.31 -- 8.93 -- 0.52 53--55

11 0.30 0.98 0.73 1.02 2.85 -- 8.97 -- 0.47 51--53

12 0.27 1.02 0.81 1.39 2.43 -- 9.21 -- 0.42 46--50
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as δ-ferrite, also occur in structure of the deposited
metal (Figure 2, b).

Structure of deposited metal 30Kh2M2NSGF with
0.89 wt.% P (sample No.7, Table 1) contains marten-
site, bainite and retained austenite (Figure 2, c). Mi-
crohardness of the mertensite-bainite component is
HV0.5 4120 MPa, and that of retained austenite is
HV0.5 3210 MPa.

With further increase in the content of phosphorus
to 1.42 wt.% (sample No.8, Table 1), microhardness
of retained austenite grows to HV0.5 3620 MPa. The

martensite-bainite component has microhardness
HV0.5 5490 MPa. The chains of phosphides form,
and microcracks propagating from phosphide to
phosphide initiate in structure of the deposited metal
(Figure 2, d).

As follows from the CCT diagram, structure of
deposited metal 35B9Kh3GSF at a cooling rate cor-
responding to cladding thermal cycle, must consist of
acicular troostite, martensite, retained austenite and
carbides [9]. At slow cooling characteristic of isother-
mal annealing, occurrence of ferrite is possible in

Figure 2. Microstructure (×200) of samples of deposited metal 30Kh2M2NSGF without phosphorus (a) and with 0.57 (b), 0.89 (c)
and 1.42 wt.% P (d)

Figure 3. Microstructure (×200) of samples of deposited metal 35V9Kh3GSF without phosphorus (a) and with 0.47 (b), 1.02 (c) and
1.39 wt.% P (d)
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structure of deposited metal 35V9Kh3GSF. This type
of metal is also characterized by a high (410 °C) tem-
perature of beginning of martensite transformation.

Structure of phosphorus-free deposited metal
35V9Kh3GSF (sample No. 9, Table 1) is a marten-
site-troostite mixture, having microhardness HV0.5
4730 MPa, the needles being oriented mainly at an
angle of 60° (Figure 3, a). The regions of retained
austenite (HV0.5 3620 MPa) and carbides inclusions
are formed.

Structure of deposited metal 35V9Kh3GSF con-
taining 0.47 wt.% P (sample No. 10, Table 1) is similar
to that of sample No. 9 (Figure 3, b). Microhardness
of the martensite-troostite matrix is HV0.5
4730 MPa, and that of retained austenite is HV0.5
3860 MPa.

Increasing phosphorus content up to 1.02 wt.% in
deposited metal 35V9Kh3GSF (sample No. 11, Ta-
ble 1) the structure consisting of martensite, acicular
troostite and retained austenite is remained. Micro-
hardness of martensite and austenite is kept at the
same level. Circular inclusions, possibly, phosphides,
were detected in the separate regions of the structure
of deposited metal (Figure 3, c).

Deposited metal 35V9Kh3GSF with a phosphorus
content of 1.39 wt.% has a cellular structure (Fi-
gure 3, d; sample No. 12, Table 1), in which the in-
clusions of carbides and, probably, phosphides are
presented. Formation of microcracks was also fixed.

The distribution of the main alloying elements and,
first of all, phosphorus in structure of the deposited
metal of all samples (Figures 4--6, Tables 2--5) was
investigated by means of X-ray microanalysis. The
integrated analysis covered a region of several tens of
micrometers, which allowed determining the compo-
sition of matrix of the deposited metal and its structure
components. The point by point analysis was carried
out in a region of 1 µm diameter, primarily, for de-
tection of different inclusions.

The results of X-ray microanalysis show that the
deposited metal of all alloying systems has a suffi-
ciently high chemical microheterogeneity for certain
elements. Thus, in phosphorus-free deposited metal
30Kh4V2M2FS, heterogeneity for silicon and tung-
sten was detected (Figure 4, a, b; Nos. 1--4, Table 2),
in 30Kh2M2NSGF ---- for silicon and nickel (Figure 5,
a; Nos. 1--3, Table 3), and in 35V9Kh3GSF ---- for
tungsten and vanadium (Figure 6, a; Nos. 1, 2, Ta-
ble 4).

Alloying of the deposited metal with phosphorus
(0.5 wt.%) reduces to some extent the chemical mi-
croheterogeneity for these elements. In such a case
heterogeneity in deposited metal 30Kh4V2M2FS was
fixed only for tungsten (Figure 4, c, d; Nos. 5--9,
Table 2), in 30Kh2M2NSGF ---- only for nickel (Fi-
gure 5, b; Nos. 4--6, Table 3), and in 35V9Kh3GSF ----
only for silicon (Figure 6, b, c; Nos. 4--7, Table 4).
Phosphorus is in solid solution in almost all structural

Figure 4. Electron microstructure of samples of deposited metal 30Kh4V2M2FS without
phosphorus (a, b) and with 0.45 (c, d), 0.93 (e, f) and 1.52 wt.% P (g) (here and in
Figures 5 and 6, numbers indicate the places of X-ray microanalysis, see Table 2)
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Figure 6. Microstructure of samples of deposited metal 35V9Kh3GSF without phosphorus
(a) and with 0.47 (b, c), 1.02 (d, e) and 1.39 wt.% P (f, g) (see Table 4)

Figure 5. Microstructure of samples of deposited metal 30Kh2M2NSGF without phosphorus (a) and with 0.57 (b), 0.89 (c, d) and
1.42 wt.% P (e, f) (see Table 3)
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Table 3. Results of X-ray microanalysis of the metal deposited with fluxed-cored wire PP-Np-30Kh2M2NSGF

Phosphorus
content, wt.%

Place of
analysis

No. of
investigated 

region
according

to Figure 5

Elements content, wt.%

Fe Mn Si P Cr Mo Ni V

Without
phosphorus

Matrix 1 91.95 1.25 0.66 0 2.21 2.43 1.21 0.29

Same 2 90.64 1.27 0.13 0 2.28 2.80 1.33 0.47

» 3 90.21 0.98 0.12 0.18 2.21 3.43 0.40 0.34

0.57 » 4 91.24 1.12 0.75 0.61 2.47 1.99 1.27 0.17

» 5 91.68 1.36 0.45 0.12 1.84 2.32 1.18 0.17

» 6 93.81 0.94 0.49 0.04 2.25 1.49 0.60 0.24

0.89 » 7 87.88 1.67 0.92 0.76 4.30 2.20 0 0.31

» 8 86.87 1.99 1.18 0.87 3.65 1.32 0.30 0.27

» 9 86.97 1.24 0.75 0.69 4.40 2.11 0.40 0.23

Inclusion 10 83.82 1.62 1.44 2.57 5.22 3.10 0 0.76

Same 11 69.14 11.43 6.57 0.94 3.82 4.27 0 0.36

1.42 Matrix 12 90.21 2.08 0.56 0.95 2.19 2.22 1.15 0

Same 13 91.70 1.04 0.77 0.89 2.33 2.33 0.75 0.20

» 14 88.77 1.54 0.39 1.24 1.82 2.41 1.50 0.35

Inclusion 15 69.21 3.19 0.39 8.95 5.07 9.63 1.64 1.39

Same 16 72.19 2.60 0.59 8.17 4.86 8.71 1.67 1.21

» 17 71.29 2.76 0.60 8.72 4.69 9.42 1.13 1.23

Table 2. Results of X-ray microanalysis of the metal deposited with flux-cored wire PP-Np-30Kh4V2M2FS

Phosphorus
content, wt.%

Place of analysis

No. of
investigated

region
according

to Figure 4

Elements content, wt.%

Fe Mn Si P Cr Mo W V

Without
phosphorus

Matrix 1 90.38 1.33 1.23 0 4.31 1.33 0.68 0.23

Same 2 89.74 1.28 0.70 0 3.37 1.77 2.41 0.37

Inclusion 3 70.92 11.84 2.00 0.30 3.37 8.19 3.18 0.16

Same 4 81.52 5.52 2.53 0.29 3.66 3.24 3.03 0.20

0.45 Matrix 5 87.83 1.95 0.50 0.42 3.49 2.51 2.92 0.37

Same 6 88.27 1.58 0.81 0.66 3.86 2.24 1.71 0.31

» 7 91.48 1.32 1.12 0 3.59 1.44 0.86 0.20

Inclusion 8 60.41 18.54 4.43 0.47 3.37 9.10 3.01 0.63

Same 9 79.52 7.20 4.55 0.37 3.46 2.06 2.55 0.31

0.93 Matrix 10 90.60 1.41 0.83 0.69 2.29 2.43 0.46 0.31

Same 11 92.93 1.02 0.89 0.32 2.68 1.00 0 0.18

» 12 88.20 1.26 0.39 1.31 2.16 3.73 0.80 0.72

Inclusion 13 35.16 39.24 7.71 0.88 1.06 5.77 9.04 0.78

Same 14 68.63 2.39 0.25 8.14 5.15 11.56 1.46 1.67

1.52 Matrix 15 85.53 1.13 0.01 1.64 3.71 2.51 4.87 0.34

Same 16 89.06 1.14 0.79 0.81 4.37 1.47 1.69 0.68

» 17 87.15 1.66 0.37 0.95 4.02 1.97 3.74 0.17

Phosphide film 18 67.81 2.63 0.53 6.63 8.22 7.94 4.82 1.42
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components of all the three types of the deposited
metal, and no free phosphides were fixed.

At the same time, a significant heterogeneity was
fixed for phosphorus: in deposited metal
30Kh4V2M2FS the phosphorus content varied in a
range of 0.37--0.66 wt.%; in 30Kh2M2NSGF it is 0.12--
0.61 wt.%; in 35V9Kh3GSF ---- 0.23--0.45 wt.%. Ap-
parently, this can be explained by a different level of
dissolution of phosphorus in α- and γ-iron [10].

With increase in the content of phosphorus to
1 wt.%, heterogeneity for tungsten and molybdenum
was fixed in deposited metal 30Kh4V2M2FS (Fi-
gure 4 e, f; Nos. 10--14, Table 2); for nickel in
30Kh2M2NSGF (Figure 5, c, d; Nos. 7--11, Table 3);
and for silicon and tungsten in 35V9Kh3GSF (Fi-
gure 6, d, e; Nos. 8--12, Table 4). Formation of globu-
lar phosphide inclusions takes place in deposited metal
30Kh4V2M2FS with 8.14 wt.% P (see Figure 4, f;
No. 14, Table 2) and in 35V9Kh3GSF with
6.07 wt.% P (Figure 6, e; No. 12, Table 4).
Phosphides contain an increased weight fraction of
manganese, chromium, molybdenum and tungsten.
Free phosphides were not detected in deposited metal
30Kh2M2NSGF with a weight fraction of phosphorus
equal to about 1 %. In deposited metal 30Kh4V2M2FS
the phosphorus content in different structural compo-
nents of the matrix varies in a range of 0.32--
1.31 wt.%, in 30Kh2M2NSGF ---- in a range of 0.69--
0.88 wt.% P, and in 35V9Kh3GSF it makes up 0.70--
0.80 wt.%.

Heterogeneity for silicon and tungsten was de-
tected in deposited metal 30Kh4V2M2FS with a phos-
phorus content of about 1.5 wt.% (Figure 4, g;
Nos. 15--18, Table 2), for vanadium in
30Kh2M2NSGF (Figure 5, e; Nos. 12--14, Table 3),
and for silicon, manganese and tungsten ---- in
35V9Kh3GSF (Figure 6, f; Nos. 13--15, Table 4). In
the deposited metal of all the three types the occur-
rence of isolated phosphide inclusions of a compact
shape, as well as of phosphide films, was fixed (Fi-
gure 4, g; No. 18, Table 2; Figure 5, f; Nos. 15--17,
Table 3; Figure 6, g; Nos. 16--18, Table 4). The content
of phosphorus in them varies from
5.93 (30Kh4V2M2FS) to 12.24 wt.%
(35V9Kh3GSF). Phosphides and phosphide films con-
tain an increased weight fraction of manganese, chro-
mium, molybdenum and vanadium. Phosphorus in dif-
ferent structural components of the matrix is distrib-
uted in the following way: in deposited metal
30Kh4V2M2FS ---- 0.81--1.64 wt.%, in
30Kh2M2NSGF ---- 0.95--1.64 wt.%, and in
35V9Kh3GSF ---- 0.48--1.57 wt.%.

The X-ray microanalysis confirmed the earlier ther-
modynamic calculations of equilibrium of chemical
reactions of formation of phosphides for the main al-
loying elements [11]. The calculations showed that
first of all the formation of phosphides of vanadium,
molybdenum, chromium, manganese and tungsten (in
a decreasing order), i.e. the elements the increased
content of which were detected in phosphides of the

Table 4. Results of X-ray microanalysis of the metal deposited with fluxed-cored wire PP-Np-35V9Kh3GSF

Phosphorus
content, wt.%

Place of analysis

No. of
investigated

region
according

to Figure 6

Elements content, wt.%

Fe Mn Si P Cr W V

Without
phosphorus

Matrix 1 88.87 1.38 0.30 0 2.45 6.20 0

Same 2 90.84 1.25 0.18 0 1.74 5.39 0.60

0.47 » 3 88.44 1.35 0 0.23 1.72 7.38 0.38

» 4 90.36 1.36 0 0 1.49 5.93 0.53

» 5 88.16 1.75 0.33 0.45 2.09 5.71 0.37

Inclusion 6 88.82 1.33 0.25 0.33 2.31 6.45 0.51

Same 7 88.10 2.39 0.32 0.27 1.76 6.16 0.25

1.02 Matrix 8 89.51 1.63 1.22 0.70 1.96 3.67 0.45

Same 9 87.84 1.82 0.54 0.80 2.11 5.37 0.46

» 10 87.40 1.42 0.44 0.70 1.96 3.67 0.45

Inclusion 11 72.53 11.22 3.09 0.73 1.31 7.35 1.50

Same 12 79.23 3.22 0.13 6.07 4.72 5.49 0.75

1.39 Matrix 13 85.10 1.12 0 1.56 2.07 9.17 0.37

Same 14 90.05 1.35 0.40 0.48 2.06 5.42 0.21

» 15 87.78 0.64 0 0.89 2.04 8.26 0.36

Inclusion 16 70.98 2.39 0 7.59 5.86 11.53 1.41

Same 17 73.75 4.52 0.23 9.73 6.28 3.63 1.57

Phosphide film 18 72.28 3.68 0.61 12.24 7.70 2.06 1.34

14 4/2009



investigated types of deposited metal, might be ex-
pected.

Thus, the X-ray microanalysis showed that increase
in the phosphorus content of up to 1.5 wt.% causes
an increase in the weight fraction of dissolved phos-
phorus in the matrix of the deposited metal of the
investigated alloying systems. Inclusions of globular
phosphides are formed in the deposited metal of the
investigated types at a phosphorus content of about
1 wt.%. At a phosphorus content of about 1.5 wt.%
a significant increase of compact phosphide inclusions,
as well as of phosphide films, takes place, this leading
to cracking of the deposited metal.

The investigations determined that a high-alloy
deposited metal is characterized by formation of com-
plex phosphides, which contain, depending on the
alloying system, vanadium, molybdenum, chromium,
manganese and tungsten, i.e. the metals the
phosphides of which exhibit the highest thermody-
namic stability and have a rather high melting tem-
perature. The presence of such globular phosphides
does not cause deterioration of crack resistance of the
investigated types of the deposited metal.
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EFFECTIVENESS OF APPLICATION OF COMBINED
MAGNETIC FIELDS IN SUBMERGED-ARC WELDING

D.G. NOSOV1 and A.D. RAZMYSHLYAEV2

1Dneprodzerzhinsk State University, Dneprodzerzhinsk, Ukraine
2Priazovsky State Technical University, Mariupol, Ukraine

It is suggested that a combination of three magnetic fields be applied to widen the possibilities of controlling the shape
and size of the penetration zone in submerged-arc wire hardfacing. Mathematical models establishing a relationship
between induction of components of a combined magnetic field (CMF) and cross-section size of the deposited beads were
developed by employing the experimental design and regression analysis methods. Software with a friendly interface
was developed for computation and optimization of technological modes of arc hardfacing in CMF, and the extent of
impact of the induction of components, as well as a combination of these components of magnetic fields on cross-section
sizes of the deposited beads is shown.

K e y w o r d s :  arc hardfacing, deposited bead, bead size, con-
trolling magnetic fields, asymmetry, mathematical models, dis-
persion analysis

Under the conditions of saving the energy resources,
deficit and expensive materials, of greatest interest is
development of such a hardfacing process, which
would permit addressing the following technological
problems: reduce the fraction of base metal in the
deposited metal; improve hardfacing efficiency; re-
duce machining costs and improve product perform-
ance.

The posed task can be solved by controlling the
configuration and geometrical dimensions of the de-
posited bead cross-section. Realization of the process
of bead deposition with its controllable configuration
is possible with simultaneous action of several mag-
netic, i.e. combined magnetic fields (CMF), in arc
hardfacing.

Figure 1 schematically presents transverse sections
of beads deposited by the classical technology without
using magnetic fields (MF) (Figure 1, a), using just

the longitudinal MF (Figure 1, b) and with CMF
system proposed in this work (Figure 1, c).

Hardfacing requires the bead in the transverse sec-
tion to have minimum values Fpen, Fc, h at maximum
values of Fh, Fδ, g, b (Figure 1, a). In addition,
difference (g -- gm) showing the allowance for ma-
chining of the hardfaced surface should be the small-
est. This is partially achieved at hardfacing using just
one longitudinal MF (Figure 1, b), but the bead sec-
tion shape given in Figure 1, c meets these conditions
in the most complete fashion.

It was assumed that the above bead shape can be
achieved using in hardfacing a combination of three
MF acting simultaneously on the welding arc and
weld pool liquid metal: axial constant, transverse
pulsed unipolar and axial variable of a set frequency.

Irreversible displacements of the melt pool are
achieved under the impact of a constant axial MF
coaxial with the electrode. The arc revolves about its
axis and acquires a conical bell shape [1--3]. Dimen-
sions of the arc active spot on the product become
greater. The bead width also increases as a result of
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«eroding» of the pool side surfaces by hot flows of
the melt, which is a positive factor at hardfacing.

The impact of a transverse pulsed unipolar MF on
the arc generates an electromagnetic force, which de-
flects the arc normal to the deposition rate vector.
This allows, as shown in [4], ensuring a transverse
deflection of the arc active spot on the product up to
10--12 mm. Transverse deflections of the arc will allow
changing the bead section shape, influencing the melt
flow rate, guiding it along the fusion line, and in view
of their unipolarity they will lead to an asymmetry
of the penetration zone, required for deposition of
adjacent beads and of the bead reinforcement shape,
as shown in Figure 1, c.

By applying axial alternating MF to the pool tail
part, it is possible to prevent the undesirable increase
of the penetration depth in the asymmetry zone. The
action of this field results in formation of eddy flows
of the melt, forming the effect of a «stable wave»,
increasing the thickness of the liquid interlayer under
the arc, as the massive wave has a considerable inertia,
and at a fast variation of MF polarity the pool does
not develop any reversible melt motions.

A series of experimental beads were deposited to
confirm the above assumptions and develop a mathe-
matical model, which allows establishing induction
parameters of each field in the above combination of
three MF, providing the required bead section shape.
In order to reduce the number of the beads, a central
composite rotatable five-level full-factor experimental
plan consisting of 20 series was used. Experiments
were conducted in random fashion to avoid appearance
of a systematic error in the procedure.

Beads were deposited on sheets of St3sp (killed)
steel (GOST 380--90) 50 mm thick by ADS-1004 weld-
ing tractor powered from VDU-1001 arc power source
with Sv-08A wire of 3, 4 and 5 mm diameter using
AN-348A flux. MF was generated by a special device,
consisting of three independent electric magnets. The
following parameters of hardfacing mode in CMF were
used: deposition current of 450--750 A, arc voltage of
26--34 V, electrode extension of 25--30 mm, and depo-
sition rate of 0.8--1.6 cm/s. The distance from the
electric magnet edges to the product was equal to
10--15 mm. Inductance of axial constant MF, symmet-
rical relative to the electrode axis, Bz = 30--60 mT;
inductance of the transverse pulsed unipolar MF By
was 50--100 mT. An axial alternating MF of set fre-
quency with inductance Bx of 40--80 mT acts in the
pool tail part. The above range of CMF inductions
with the optimized hardfacing modes provides a sat-
isfactory quality of the deposited bead.

Bead parameters (width b, height g, maximum
penetration depth hmax, penetration depth of even sec-
tion h, deviation of bead height ag and penetration
depth ah) were determined from deposit macrosec-
tions. As an example, Figure 2 gives the macrosection
of the bead produced at hardfacing using CMF.

A regression method was used to forecast the bead
geometrical dimensions. The function of the response

surface, representing any dimension in the bead sec-
tion, can be expressed as y = f(Bz, By, Bx), and the
selected dependence, which is the response surface of
the second order, can be given by [5]

y = b0 + b1Bz + b2By + b3Bx + b11Bz
2 + b22By

2 +

+ b33Bx
2 + b12BzBy + b13BzBx + b23ByBx,

(1)

where b0, b1, b2, b3 are the constant term and the
coefficients of linear terms, respectively; b11, b22, b33
are the coefficients of square terms of the second order;
b12, b13, b23 are the coefficients of the interacting terms
of the second order.

The coefficients of the above polynomial equation
were determined using Nonlinear Models STATIS-
TICA 6.0 software package.

The coefficient value was checked using t-test, as
well as a method of reverse exclusion. The adequacy
of the developed model was verified by regression
analysis.

The following equations were obtained for the bead
geometrical parameters:

b = 24.12614 -- 0.27163Bz -- 0.03248By -- 0.21372Bx +

+ 0.00474Bz
2 + 0.00115By

2 + 0.00204Bx
2 + 0.00083BzBy +

+ 0.00113BzBx + 0.00053ByBx;

ag = --0.211365 -- 0.031212Bz + 0.086273By --

-- 0.022159Bx + 0.00052Bz
2 -- 0.000433By

2 +

+ 0.000105Bx
2 + 0.000533BzBy -- 0.000417BzBx +

+ 0.0008ByBx;

ah = 0.03066 -- 0.051477Bz + 0.076114By -- 0.002983Bx +

+ 0.000545Bz
2 -- 0.000484By

2 -- 0.000162Bx
2 +

+ 0.000767BzBy -- 0.000208BzBx + 0.000675ByBx;

hmax = 2.813634 -- 0.017145Bz + 0.007273By --

-- 0.027784Bx -- 0.000369Bz
2 + 0.000187By

2 +

+ 0.000199Bx
2 -- 0.000333BzBy + 0.00075BzBx --

-- 0.0002ByBx;

h = 0.64659 -- 0.010114Bz + 0.023432By + 0.007415Bx +

+ 0.000328Bz
2 + 0.000118By

2 + 0.000247Bx
2 --

-- 0.0005BzBy -- 0.000208BzBx -- 0.000375ByBx;
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g = 0.82159 + 0.039053Bz + 0.013432By + 0.013665Bx --

-- 0.000727Bz
2 + 0.000198By

2 -- 0.000097Bx
2 --

-- 0.000033BzBy + 0.000125BzBx -- 0.000275ByBx.

Model accuracy was subjected to evaluation by
making deposits in the same experimental equipment.
It is established that the geometrical dimensions of
the beads made experimentally correspond to the di-
mensions obtained by the above equations with suffi-
cient accuracy.

Geometrical parameters of the bead deposited in
CMF depend on electrode wire diameter, del. There-
fore, mode correction was performed in blocks for
electrodes of 3, 4 and 5 mm diameter. Correction co-
efficients allowing for the change of deposited bead
shape at the change of the main parameters of the
hardfacing mode, were determined experimentally.

Base metal share γ was taken to be the optimization
parameter, alongside the deposited bead dimensions.
The authors proposed a formula for determination of

bead configuration, allowing for its variation under
the CMF impact:

γ = 
Fiδ

Fi + Fiδ
 =

= 

π
4
 hmax (b -- 2ah) + 2ahh

π
4
 (gmax(b -- 2ag) + hmax(b -- 2ah)) + 

2
3
 agg + 2ahh

. (2)

Data processing by formula (2) showed that in
bead deposition with CMF the share of base metal in
the deposited metal decreases 1.6 to 1.8 times.

A program in Delphi language version 7.0 was
written for calculation of optimum values of induction
of each of the three CMF components, at which the
specified dimensions of bead section can be produced.
Calculation program interface is given in Figure 3.
Examples of protocols generated using this program,
are given in the Table. The following parameters were
assigned: bead width b = 25 mm; penetration depth
h = 1.2 mm; bead height g = 2.5 mm; bead asymmetry
ah = 5.2 mm. Correspondence matching showed that
CMF parameters, calculated using the program, en-
sure coincidence of calculated dimensions of bead sec-
tion with experimental values with a sufficient degree
of accuracy.

The above equations correlating the induction of
CMF, applied at electric arc hardfacing, with geomet-
rical dimensions of bead section, were used to plot
the graphs of the response surface given in Figures 4--
6. These data allow analyzing the influence of induc-
tion values of MF, included into the CMF composi-
tion, on bead section dimensions.

The data showed that at the minimum value of
induction By bead width increases only slightly in the
range of induction values Bx from 40 to 57 mT. Such
a tendency can be due to the positive influence of the
axial MF on hydrodynamics of the surface layer of
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the pool liquid metal. Maximum increase of bead
width is observed at induction By starting from 90 mT,
if Bx values are equal to 35--70 mT. This is attributed
to a significant deviation of the arc to one of the sides
normal to the deposition vector and its reciprocal mo-
tion under the impact of induction Bx.

At simultaneous increase of inductions By and Bx
a stable increase of bead asymmetry along its height
is observed, whereas induction value By is the main
factor affecting bead asymmetry along its depth. In-
duction value By in the range from 80 to 110 mT can
be taken as the optimum one.

Characteristic variations of bead height and maxi-
mum penetration depth under the impact of By and
Bx are shown in Figure 4. Bead height becomes
smaller, and penetration depth in its shifted part in-
creases at simultaneous impact of transverse pulsed
unipolar MF in the range from 92 to 110 mT and axial
variable MF in the range from 35 to 62 mT.

A minimum value of penetration depth can be
achieved in a rather broad range of By--Bx parameters.

Bx range of 45 to 76 mT at induction By = 66--88 mT
can be taken as the optimum one.

Group of inductions By--Bx strongly influences the
base metal penetration depth, and, therefore, also the
share of base metal in the deposited metal. Range of
inductions Bz from 55 to 65 mT at induction Bx in the
range from 35 to 70 mT is the optimum one. Influence
of this induction group on other dimensions of bead
section is negligible.

Group of inductions By--Bz has an essential influ-
ence on bead width and leads to an increase of this
parameter in the entire induction range (Figure 6).
Maximum value of bead width is observed at change
of induction By in the range from 94 to 110 mT, if
induction Bz is in the range of 25--55 mT. It should
be noted that in this range of inductions By, increase
of induction Bz leads to a small narrowing of the bead.
The latter is, obviously, related to the stabilizing im-
pact of the axial constant MF (with induction Bz) on
the arc.
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Bead height increases at the impact of a transverse
MF of induction 86--110 mT on the pool. Now, the
influence of a constant axial component of CMF of
induction Bz on this parameter is negligible. However,
in the induction range Bz = 42--47 mT a tendency to
reduction of bead height by 8--10 % is observed at a
considerable increase of bead asymmetry ag. It is es-
tablished that the maximum influence on bead asym-
metry both by height and by depth is made by a pulsed
unipolar transverse MF By. Moreover, at induction
By of the order of 100--110 mT an increase of base
metal penetration depth by 30--35 % is observed (Fi--
gures 4 and 6). MF component Bz at the value of its
induction of 40 mT and higher allows compensating
the increase of penetration depth by bead section un-
desirable at hardfacing.

Thus, MF combination proposed in this work at op-
timum induction parameters of each of the components
of these fields, established by design-experimental meth-
ods, allows a significant widening of the possibilities of
controlling the shape and dimensions of base metal pene-
tration zone in arc hardfacing, and reducing the share
of base metal in the deposited metal.

CONCLUSIONS

1. MF combination proposed in the work allows a
more efficient control of the geometrical dimensions
of the deposited bead section that when one longitu-
dinal MF is used.

2. The proposed procedure and equations for cal-
culation of bead section dimensions at hardfacing with
CMF impact, depending on induction of the compo-
nents of this combined MF, provide a good combina-
tion of the calculated and experimental data.

3. At optimum CMF parameters it is possible to
1.6--1.8 times reduce the share of the base metal in
the deposited metal, which may be the basis for de-
velopment of new resources-saving hardfacing tech-
nologies.
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MICROSTRUCTURE AND HARDNESS OF Al--Cu ALLOY
(A2218) WELDED JOINTS PRODUCED BY GTAW

R. ALAPATI and D.K. DWIVEDI
Indian Institute of Technology, Roorkee, India

This paper describes the microstructure, phase analysis and microhardness of Al--Cu (A2218) alloy welded joints produced
by pulse gas tungsten arc welding process in as welded and heat-treated condition. Welded joints were produced by two
combinations of pulse parameters. Decrease in hardness was observed with postweld heat treatment of welded joints.
Higher pulse frequency of 100 Hz showed finer grain structure of weld metal as compared with that at low pulse frequency
50 Hz. Heat treatment led to significant reduction in fraction of second phase constituents in HAZ and weld metal, and
spheroidization of the eutectic silicon took place.

K e y w o r d s :  aluminium 2218 alloy, pulse TIG welding,
pulse frequency, microstructure, microhardness, postweld heat
treatment (T6), HAZ softening 

The heat treatable Al--Cu alloys are widely used in
aircraft and automobile parts. Therefore, Al--Cu alloys
are frequently fabricated by welding processes like
gas metal arc welding or gas tungsten arc welding
(GTAW) processes. Wider solidification temperature
range and precipitation hardening tendency associated
with these alloys make them sensitive to welding ther-
mal cycle which is experienced by the base metal dur-
ing welding [1, 2]. It is not uncommon to encounter
the problems of cracking tendency and softening of
HAZ of Al--Cu alloy joints [1, 3].

Recently some of the studies [3--10] on cracking
tendency of Al--Cu alloy welded joint have been re-
ported. Rao et al. [4, 5] reported that the use of
different grain refinement techniques led to enhance
the performance of Al--Cu welded joints and to reduce
the cracking tendency. Haung and Kou [6, 7] observed
that the liquation cracking is influenced by copper
content and there is an optimum level of copper to
avoid specific type of cracking. Gupta et al. [8] found
that the cracking in Al--Cu alloys (A2219) occurs due
to the lack of back filling liquid for healing the cracks.

Since, the microstructure of Al--Cu welded joints
affects both types of problems (cracking and softening
of HAZ). Therefore, better understanding on metal-
lographic aspects of weld metal, HAZ and base metal
of Al--Cu welded joint would assist the aluminium
welding industry to produce sound welded joints. In
view of above, the present investigation was carried
out to study the effect of pulse GTAW parameters
and postweld heat treatment (PWHT) on metal-
lographic aspects and hardness of coarse grained cast
Al--Cu alloys (which are more prone to cracking)
welded by GTAW process.

Experimental procedure. Materials. In present in-
vestigation, Al--Cu alloy, namely A2218 was selected
from 2xxx series. The alloy was prepared by sand
mould casting in the form of plates (100 × 50 ×
× 7 mm) from master alloys of Al--10 % Mg, Al--

30 % Ni, Al--50 % Cu, and Al--50 % Si and pure Al
(99.99 %). Nominal composition of the Al--Cu alloy
2218 was as follows, wt.%: 4.0 Cu; 1.5 Mg; 2.0 Ni;
92.5 Al (no Si). A-405 (Al--5 % Si) filler was used as
filler material for welding both Al--Cu alloys as Al--Si
alloy filler reduces the cracking tendency of the Al--Cu
alloys.

Welding. Butt joint welding of Al--Cu alloy was
performed with an arc travel speed of 60 mm/min at
base current 125 A, peak current 282 A, pulse fre-
quency 100 (specimen 1) and 50 (specimen 2) Hz,
duty cycle 30 (specimen 1) and 35 (specimen 2) %.
Welding was carried out on CEBORA 360 semi-auto-
matic machine. A BUG-O system for moving the torch
at constant speed was used during welding. Following
parameters were kept maintained during the welding
with 2 % thoriated tungsten electrode: del = 3.0 mm;
Ua = 18 V; la = 2.5 mm; shielding gas ---- argon.

Estimation of energy input E was done for bead-
on-plate welding of Al--Zn--Mg alloy welds using fol-
lowing equation [9]: E (J/mm) = Ua (V)⋅Imean
(A)/vw (mm/s), where Imean = ((IbTb) +
+ (IpTp))/(Tb + Tp).

PWHT of welded joints was carried out to study
the effect of mode T6 on their hardness and micro-
structure. Heat treatment consisted of solutionizing
of welded joints at 510 °C for 4 h, followed by water
quenching at room temperature and artificial aging at
175 °C for 6 h.

Metallographic study. Specimens were cut from
the welded joint, the transverse cross section of which
was polished using standard metallographic proce-
dure. Then polished specimens were etched with Kel-
ler’s reagent before microscopic examination. Mi-
crographs of different regions like weld bead, fusion
line, HAZ and base metal were taken using Leitz MM-
6 microscope at different magnifications. Phase analy-
sis was carried out using ImageJ software.

Hardness testing. Vickers microhardness was
measured on one side of the welded joint from weld
center to base metal at an interval of 1 mm distance
with a load of 100 g using Leitz microhardness tester.
Hardness was measured in both as welded condition
and heat-treated condition.
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Results and discussion. The microstructures of
different zones of welded joints are shown in Figure 1,
a--d. It can be observed that there is significant vari-
ation in microstructure from base metal to weld metal.
Micrographs exhibited reduction in fraction of low
melting phases along the grain boundary in HAZ as
compared with that of base metal. This decrease in
the fraction of second phase along the grain boundary
can be attributed to the dissolution of second phase
particles under the effect of welding thermal cycle

experienced by the metal near the fusion boundary in
the HAZ. The grain structure at weld center was found
finer than that near the fusion boundary. This is pri-
marily due to changing solidification conditions (con-
stitutional supercooling) from weld fusion boundary
to weld center. High G/R ratio (where G is the actual
temperature gradient, and R is the growth rate) at
weld fusion boundary results in coarse columnar struc-
ture compared to that at the weld center [2, 10].
Intergranular cracks are also visible in weld metal.
These cracks are formed largely due to shrinkage stress
experienced by the solidifying low melting phases
along the grain boundary because grain boundary area
is generally prone to localization of the residual shrink-
age stresses. Further, the lack of amount of low melt-
ing point phases in large quantity, especially near the
terminal stage of solidification, can be another impor-
tant reason for intergranular cracks in weld metal
which prevents the healing of incipient cracks by back
filling of molten metal [11].

The light etched area in these micrographs was
identified as aluminum solid solution (α-Al), and
EDAX analysis (Figure 2, a) of the same showed that
it contains primarily aluminium and other elements
in very small quantity. The EDAX analysis of second
phase at grain boundary showed that it is rich of alloy
elements. Low melting phase along the grain boundary
contains, %: 14.32 Cu, 8.26 O2, 1.57 Mg, 12.66 Ni
and balance aluminium (Figure 2, b).

Figure 1. Microstructure of base metal (a), HAZ (b), fusion boundary (c) and weld metal (d)

Table 1. Microstructural details of 2218 alloy in as welded and
heat-treated condition

Specimen
number

fpulse, Hz
(duty

cycle, %)

Average
α-Al grain
size, µm

α-Al
fraction
area,
%

Average
eutectic

grain size,
µm

Eutectic
fraction
area,
%

1 100 (35)
100 (35)

28.5
23.64

42.1
68.2

32.0
8.9

47.9
30.6

2 50 (30)
50 (30)

24.82
14.1

35.5
46.8

42.4
16.4

59.3
56.9

3 100 (30)
100 (30)

51.36
19.9

47.7
51.2

28.48
17.9

55.3
48.6

4 50 (35)
50 (35)

50.11
12.65

57.3
16.3

20.3
51.5

36.2
73.7

Notes. Data for specimens of weld 1, 2 and HAZ metal 3, 4 in as
welded conditions are given in numerator, and in heat-treated
conditions ---- in denominator.
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Figure 2. Microstructure and results of EDAX analysis of base metal zone: aluminium solid solution (a) and low melting phases at the
grain boundary (b)

Figure 3. Microstructure and results of EDAX analysis of HAZ (a) and weld metal (b)
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Figure 4. Weld metal optical micrographs at 50 (a) and 100 (b) Hz pulse frequency

Figure 5. Microstructure of heat-treated base metal (a),
HAZ (b) and fusion boundary (c)
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EDAX analysis of HAZ and weld metal is shown
in Figure 3. Results of image analysis of different
regions of welded joints in as welded and heat-treated
conditions are shown in Table 1. EDAX analysis of
HAZ (94.89 % Al, 2.0 % Cu, 1.10 % O2, 1.55 % Mg,
0.46 % Ni) (see Figure 3, a) is indicating somewhat
lower concentration of alloying elements probably due
to homogenization and dissolution of alloying element
rich phases (Figure 1, b). EDAX analysis of weld
bead (84.29 % Al, 6.41 % Cu, 3.37 % O2, 0.60 % Mg,
1.99 % Ni, 3.16 % Si) showed evidence of silicon and
copper in weld metal indicating dilution caused by
melting of base metal and mixing with filler metal
(Figure 3, b).

Pulse parameters have also been found to affect
the microstructure of welded metal. Joints produced
using 100 Hz pulse frequency showed finer structure
than that at 50 Hz as evident from both low and high
magnification micrographs (Figure 4). These obser-
vations are in agreement of earlier finding [2--4, 9--11].
PWHT-T6 of welded joints showed significant change
in microstructure of all the regions, namely base metal,
HAZ, fusion boundary and weld metal (Figures 5 and
6). In general, heat treatment led to the reduction in
fraction of second phase crystals (see Figure 6). The
microstructure of postweld heat-treated samples
showed that it leads to dissolution of low melting
phases along the grain boundary, at the same time
spheroidization of eutectic silicon in weld metal also

takes place. Reduction in fraction of second particles
and fine precipitates from weld metal and HAZ should
reduce the microhardness.

The microhardness of weld bead produced by using
100 Hz pulse frequency was found to be higher com-
pared to that produced by using 50 Hz pulse frequency
(Table 2). The increase in weld bead hardness can be
due to the refinement of α-Al grains of weld metal at
higher pulse frequency. The hardness variation with
distance from weld center is shown in Figures 7, 8.
It can be seen from Figure 7 that the effect of pulse

Figure 6. Microstructure of heat-treated weld metal produced at 50 (a) and 100 (b) Hz pulse frequency

Figure 7. Variation in microhardness of welded joint produced
using 100 (1) and 50 (2) Hz pulse frequencies in as welded (a)
and postweld heat-treated conditions (b)
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frequency on microhardness is more in as welded con-
dition than that in heat-treated conditions. However,
effect of PWHT on microhardness from the weld cen-
ter to the base metal was clear and predominant (see
Figure 8). It can be observed that hardness decreases
appreciably after PWHT. The reduction in hardness
can be attributed to the reversion and overaging of
the precipitates close to the fusion line and in the
HAZ, as Al--Cu alloys are known to have a tendency
to overage during welding [2]. The reduction in hard-
ness can also be attributed to the coarsening of alu-
minium grains and dissolution of second phase parti-
cles in matrix of aluminium. The hardness of weld
bead in heat-treated condition was found lower com-
pared to that in as welded condition for both pulse
frequencies. Moreover, PWHT increased the uniform-
ity in hardness values of weld bead and HAZ.

CONCLUSIONS

Fraction of alloying element rich low melting second
phase present along the grain boundary decreases ap-
proaching from the base metal to the fusion boundary.

Higher pulse frequency of 100 Hz showed finer
grain structure of weld metal as compared with that
at low pulse frequency 50 Hz.

Heat treatment led to significant reduction in frac-
tion of second phase constituents in HAZ and weld
metal, and spheroidization of the eutectic silicon took
place.

PWHT results in significant reduction in hardness
of weld metal and HAZ but it increases the uniformity
in hardness distribution from base metal to fusion
boundary.

Table 2. Microhardness of weld metal of 2218 alloy welded joint

Specimen
number

fpulse, Hz
Duty

cycle, %

Microhardness, HV

As welded Heat-treated

1 100 35 122.2 71.2

2 50 30 109.8 74.25

Figure 8. Variation in microhardness of welded joint in as welded
(1) and heat-treated conditions produced using 50 (a) and 100 (b)
Hz pulse frequency
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EFFECT OF THE COMPOSITION OF PLASMA AIR-GAS
MIXTURE ON PARAMETERS OF THE PLASMATRON JET

V.N. PASHCHENKO
National Technical University of Ukraine «Kiev Polytechnic Institute», Kiev, Ukraine

The possibility of controlling energy parameters of plasmatrons with a combined energy supply is studied. It is shown
that changing the content of a hydrocarbon component in the initial plasma mixture allows changing over a wide range
the absolute value of the plasmatron power and its specific energy parameters during operation, as well as influencing
the oxidation-reduction potential of a working medium and conditions of electrode operation. Several possible modes of
operation of plasmatrons with the hydrocarbon component in the initial plasma mixture are proposed, allowing changing
conditions of the technological process by using the same unchanged design.

K e y w o r d s :  deposition of coatings, surface treatment, plas-
matrons, combined energy supply, control of plasmatron power,
oxidation-reduction potential of environment

Plasma heat sources (plasmatrons) are widely applied
in surface engineering processes for deposition of coat-
ings and surface treatment of parts to control proper-
ties of the surface layer and restore initial dimensions
of worn out parts.

Arc plasmatrons have received the widest accep-
tance. While interacting with a gas flowing about the
arc, the electric arc discharge gives part of its energy
to the gas, which is sufficient to transform material
into a state of the low-temperature plasma. Tradition-
ally, for this the use is made of neutral and inert
plasma gases, as well as their mixtures with gas com-
ponents that increase the general level of enthalpy of
the plasma flow.

In the 1960s, the Gas Institute of the National
Academy of Sciences of Ukraine started the efforts on
development of heating devices using electric ampli-
fication of flame, i.e. electric gas torches, and then
arc plasmatrons operating with the fuel mixtures of
air and hydrocarbon gases (air-gas mixtures). Utili-
sation of mixtures of air with the hydrocarbon gases
(methane, propane-butane, natural gas) allows con-
trolling the oxidation-reduction potential of an envi-
ronment wherein a material is treated, and supplying
an extra energy with a fuel component of the plasma
gas.

The noted property of the plasma flows generated
from air-hydrocarbon gas mixtures makes the plasma
processes for treatment of materials and surfaces of
parts advantageous over the traditional processes re-
alised by using inert and neutral gases.

Plasma jets of the air-gas plasmatrons have more
filled temperature and velocity profiles at all distances
of material treatment, which is provided by a heat
released in burning down of fuel components (CO,
H2) of a high-temperature gas flow with inflow of air
from the environment. Uniform distribution of the
above parameters within the work volume of the jet
permits a more efficient utilisation of the initial ma-

terial and its active protection from interaction with
oxygen of the air inflow. Spraying with air-gas plas-
matrons can be a realistic alternative to supersonic
flame processes. Dramatic increase of a temperature
level of the process allows substantial widening of
ranges of the materials used to form coatings. At the
same time, this process retains the possibility of con-
trolling the oxidation-reduction potential of the ma-
terial treatment environment, which is characteristic
of the flame processes, as well as the high rates of the
high-temperature gas flow typical of the supersonic
flame processes.

Plasmatrons using fuel components in a composi-
tion of the initial plasma mixture are high-temperature
heat sources with a combined energy supply. The total
energy is fed to a working medium (gas flow) from
the electric energy source via the electromagnetic
field, as well as from the products of combustion of
the fuel components of the plasma mixture in the form
of a thermal energy.

The process of transfer of the electric energy is
determined by the arc current, volt-ampere charac-
teristic of the device and efficiency, and is realised
mostly within the plasmatron structure. The share of
this component of the energy flow amounts, as a rule,
to 85--95 %, and is decisive for the energy balance of
the working medium.

There is also the thermal combustion energy, which
is formed along with the main component of the energy
flow. Both components of the energy balance are
greatly affected by the content of a hydrocarbon (fuel)
component of the initial plasma mixture.

Effect of the fuel component on power of the air-gas
plasmatrons was studied in [1--4].

Dependence of variations in the intensity of the
electric field along the arc column upon the content
of the hydrocarbon components in the initial plasma
mixture was experimentally determined. Formula of
a generalised volt-ampere characteristic allows for the
integrated effect of the hydrocarbon content on the
arc voltage through complex of the type of (1 + n)m,
where n is the hydrocarbon content of the mixture,
vol.%, and m is the empirical coefficient, whose value
varies from 0.530 to 0.778 depending upon the design
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of a plasmatron [1]. It was noticed that increment of
the arc voltage depends upon the point of entry of the
hydrocarbon component. It is on this fact that the
method put forward in study [4] is based on. Study
[5] presents a quantitative estimation of the effect of
the hydrocarbon component on the integrated value
of the arc voltage (including at a low content of hy-
drocarbon).

However, no comprehensive analysis of the effect
on energy parameters of the plasma jet by the hydro-
carbon component is available, and no basic principles
of control of these parameters have been formulated,
including those allowing for the oxidation-reduction
capabilities of a working medium.

The possibility of controlling energy parameters
of the plasmatrons by changing the amount and point
of entry of the hydrocarbon component of the plasma
mixture was investigated on an experimental bench
using natural gas as a hydrocarbon (up to 16 vol.%,
or 4--5 vol.% propane-butane). Investigations were
carried out by using linear two-electrode plasmatrons
with vortex space stabilisation of the arc and auto-
gas-dynamic stabilisation of its length. It was estab-
lished [5] that adding the natural gas (methane) to
the initial plasma air substantially changes the arc
burning conditions. This shows up both in rise of a
general level of the arc voltage and in variations of
the character of distribution of heat losses and arc
current along the arc channel. The above effects occur
even at an insignificant content (less than 1 vol.%)
of the natural gas in the initial plasma mixture.

Figure 1 shows characteristic stages (I--IV) of vari-
ations in the arc voltage with increase in the natural
gas content of the plasma mixture.

Dramatic (10--16 %) increase in the arc voltage
takes place at stage I with transition from air to a
mixture with a hydrocarbon content of not more than
0.2--0.7 vol.%.

At the hydrocarbon content of the mixture in-
creased to 4--5 vol.% (stage II), the rate of growth of
the voltage considerably decreases, and at 5--9 vol.%

(stage III) the value of the voltage remains almost
unchanged.

Enrichment of the mixture with hydrocarbon by
more than 10 vol.% (stage IV) causes increase in the
arc voltage at a rate of about 3 % of the voltage per
5 vol.% of the hydrocarbon. Such a dramatic increase
in the arc voltage with an addition of the insignificant
amount (vol.%) of the hydrocarbon component may
have several explanations [6, 7]. The most probable
explanation is the effect on the intensity of the electric
field by changes in the arc burning conditions as a
result of a radial distribution of components of the
plasma mixture under the influence of thermal diffu-
sion [6].

Assuming the presence of the substantial effect on
distribution of components in the arc channel by ther-
mal diffusion in the case of application of the N--C--
O--H system gas mixtures, it can be considered that
the arc transforms from the «nitrogen» into «hydro-
gen» one with an addition of hydrocarbon. This causes
restructuring of a conducting region of the gas flow:
diameter of the arc columns increases, while the tem-
perature and specific heat flow decrease. Drop of elec-
trical conductivity of the near-wall layer of gas
changes the arc shunting conditions. The arc elon-
gates, other conditions being equal [7].

Therefore, it can be stated that increase in the arc
voltage with an addition of the hydrocarbon compo-
nent occurs in two ways: by predicted increase in the
intensity of the electric field (the arc has become the
«hydrogen» one), and by increase in the arc length.

Results of investigation into the effect of the arc
length on drop of the arc voltage indicate that elon-
gation of the arc by fixed 20--40 % can lead only to
a 4--6 % increase in integrated value of the voltage
(allowing for a 20--25 % increase in the intensity of
the electric field in the main region of the arc column),
compared with operation in plasma-forming air.
Therefore, the experimentally established 7--25 %
growth of the arc voltage with an addition of the
hydrocarbon component occurs mostly because of a
change in local values of the intensity of the electric
field in characteristic regions of the electric arc.

It can be concluded on the basis of the above-said
that the first energy mode of operation of the plasma-
tron with a combined energy supply can be a mode
with an addition of about 1 vol.% hydrocarbon (about
0.3 vol.% propane-butane) to the initial plasma-form-
ing air. At the same time, the coefficient of consump-
tion of oxidiser of the initial plasma mixture is α =
= 15--20, i.e. increase in power has almost no effect
on the oxidation-reduction potential of the plasma
jet ---- the jet of the plasmatron remains oxidising.
Transition to such a plasma mixture due to a change
in the conditions of existence of the arc discharge
allows a stepwise increase in the arc voltage (and,
hence, the plasmatron power) by 8--16 % without in-
crease in the current load on electrodes. The hydro-
carbon component of the plasma-forming environment

Figure 1. Dependence of the degree of increase in plasmatron arc
voltage, ∆U/Uair, upon hydrocarbon content n of initial plasma
mixture: ∆U ---- increase in the arc voltage with addition of the
fuel component, compared with its initial value in air; Uair ---- arc
voltage in operation in air; I--IV ---- see explanations in the text
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in this case is just a tool to control the overall power
of the generator.

Addition of up to 1 vol.% hydrocarbon to the
plasma mixture has no substantial effect on the level
of a heat flow to the thermochemical cathode (within
the measurement error), although its operation con-
ditions change because of a change in chemical com-
position of components of the gas mixture in the near-
electrode arc region.

The heat flow to an output electrode grows, this
being related to elongation of the arc within the anode
region. In this case, no intensification of erosion of
the anode material within the zone of fixation of the
electrode spot takes place. 

In the case under consideration the rate of growth
of the plasmatron power can be controlled by using
a separate supply of components of the plasma mix-
ture, or by changing the point of entry of hydrocarbon
to the arc channel.

Application of plasmatrons with a combined en-
ergy supply for deposition of coatings from the mate-
rials characterised by a sufficiently high coefficient of
difficulty of melting [8] and sensitivity to chemical
composition of the environment, wherein they are
heated and accelerated, is expedient with increase in
the content of the hydrocarbon component up to the
values close to the stoichiometric ones (8--10 vol.%
methane, or α = 1). This is the second energy mode
of operation of the plasmatron.

In addition to a predicted 16--20 % increase in
power, this mode makes it really possible to control
size of the active zone of the plasma jet, its chemical
composition and process of transfer of energy to the
material that forms a coating. For example, a change
in the coefficient of consumption of oxidiser of the
plasma mixture from α = ∞ (air) to 1 leads to a 3--8 %
increase in enthalpy at the longitudinal axis of the
plasma jet at distance L = 50--200 mm from exit section
of the plasmatron nozzle, and 20--25 % increase at L <
< 40 mm (Figure 2). This is accompanied by increase

in temperature of the plasma jet, and at L = 50--
130 mm it is 8--10 % of the initial one (in air).

The proportion of fuel and oxidation components
in the initial plasma mixture close to the stoichiomet-
ric one allows the content of oxygen in the active zone
of the plasma jet (zone of heating of a spraying ma-
terial) to be decreased to some extent. However, the
content of the reduction components in the high-tem-
perature gas flow is obviously insufficient to protect
a spraying material from oxygen, which leaks in from
the environment (Figure 3).

Figure 2. Dependence of temperature T (a) and enthalpy H (b) upon coefficient α of consumption of oxidiser in the plasma mixture
at longitudinal axis of the plasma jet (current I = 200 A, plasma mixture flow rate Q = 6.25 m3/h, plasmatron power P = 24 kW) at
distances L = 40 (1), 60 (2), 80 (3), 100 (4), 120 (5), 140 (6), 160 (7) and 180 (8) mm

Figure 3. Distribution of temperature in transverse section of the
plasma jet with variations in composition of the plasma mixture
and distance L = 50, 100 and 150 mm (I = 200 A, Q = 6.25 m3/h,
P = 24 kW): 1, 3, 5 ---- α = 0.63; 2, 4, 6 ---- α = 1; r ---- distance
from longitudinal axis of the plasma jet to a point under investi-
gation
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Change from the plasma air to its mixture with
hydrocarbon with the approximately stoichiometric
proportion between the components changes condi-
tions of operation of the plasmatron electrodes. For
instance, the absolute value of the heat flow to the
thermochemical cathode grows by 6--7 %, while this
may lead to intensification of its erosion in the case
of insufficient cooling.

And on the contrary, the anode operation condi-
tions become more favourable in terms of erosion,
which is attributable to a substantial deceleration of
the process of oxidation of copper within the zone of
fixation of the reference arc spot. According to the
opinion of authors of study [4], this also leads to a
change in the character of fixation of the arc to the

anode, where a considerable part of the current is
short-circuited via the diffusion discharge.

Further increase in the content of hydrocarbon in
a mixture (rich mixtures) leads to increase in a general
level of enthalpy (the third characteristic energy mode
of operation of a plasma heater). Change in the oxi-
diser consumption coefficient from 1 to 0.63 leads to
an 8--10 % increase in enthalpy at a distance from 50
to 200 mm, and to a 30--40 % increase at L ≤ 40 mm
(see Figure 2).

At this stage the plasma jet temperature substan-
tially grows (by 30--40 % of the initial value) at a
distance of 50--130 mm, which can be explained by
an extra heat released in combustion of the mixture
components with an inflow of oxygen from the envi-
ronment.

Despite a lower calculated mean-weight tempera-
ture of plasma at the exit section of the plasmatron
nozzle, gas mixtures with a higher hydrocarbon con-
tent are characterised by an increase in values of the
local temperature of enthalpy in a cross section of the
jet (see Figure 3) at a distance of 3--5 outer diameters
of the nozzle to 20--25 ones.

Velocity of the plasma jet grows with increase in
the hydrocarbon content because of increase in volume
of the initial mixture dissociation products. Increase
in the velocity persists at all distances of the material
treatment (Figure 4).

Therefore, change from a complex mixture of non-
fuel molecular gases (air plasma jet) to a mixture with
the fuel component causes increase in the active zone
of the plasma jet, wherein increase in heating and
acceleration of movement of the dispersed material
may amount to 1.5--2 times, and increase in its volume
may amount to 4--5 times.

Along with increase in energy characteristics of
the plasma jet, a rich mixture of hydrocarbon with
air makes it possible to promptly, during the coating
deposition process, change the oxidation-reduction po-
tential of the environment wherein a dispersed mate-
rial is treated. This becomes possible because of a
substantial increase in content of the reduction com-
ponents (CO, H2) in the plasma jet with enrichment
of a mixture with hydrocarbon.

Figures 5 and 6 show variations in the content of
the main components in longitudinal and transverse
sections, respectively, of the plasma jet, which is gen-
erated from a mixture of air and methane. As seen
from Figure 6, length of the reduction region of the
plasma jet (dashed region) depends upon the content
of the hydrocarbon component in the initial mixture.
In this case, the oxygen content decreases with in-
crease in the volume fraction of hydrocarbon in the
initial mixture.

The presence of a substantial volume fraction of
hydrocarbon in the initial plasma mixture changes the
total energy balance of the process of conversion of
the electric energy and energy of a fuel component
into the thermal energy of the plasma jet. Transition
to enriched mixtures (α < 1) does not only lead to a

Figure 4. Transverse profile of plasma velocity w0 at L = 50 mm,
α = 0.63 (1), α = 1 (2), α = ∞ (3); L = 100 mm, α = 0.63 (4),
α = 1 (5), α = ∞ (6); L = 150 mm, α = 0.63 (7), α = 1 (8); α =
= ∞ (9)

Figure 5. Effect of initial composition of the gas mixture on content
of characteristic components in plasma ---- O2 (1, 2, 3), [H] (4, 5,
6), H2 (7, 8), CO (9, 10, 11) in longitudinal section of the plasma
jet: α = 1 (1, 6, 9); α = 0.84 (2, 5, 7, 10); α = 0.63 (3, 4, 8, 11)
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further increase in value of the thermal energy of the
jet, but even causes its decrease due to a consumption
of heat for chemical transformations in the high-tem-
perature gas flow. This energy is released outside the
plasmatron in the bulk of the plasma jet with burning
down of the plasma mixture components.

Decrease in the oxidiser consumption coefficient
causes a marked increase of the heat flow to the ther-
mochemical cathode. Whereas transition from air to
a stoichiometric mixture raises the level of the overall
heat flow to the cathode by 6--7 %, with a decrease
in the oxidiser consumption coefficient from 0.5 to
0.4 this raising amounts to 25--37 %. Cooling condi-
tions being kept unchanged, the high level of the heat
flow leads, as a rule, to a 20--25 % decrease in life of
the thermochemical cathode.

As noted above, the anode operation is charac-
terised by a dramatic decrease in the rate of erosion
[4]. The common opinion is that it is the oxide films
on the surface of the arc channel that cause an in-
creased erosion of copper electrodes in oxygen-con-
taining plasma-forming environments [2]. The reduc-
tion components of the gas flow (CO, H2) combine
oxygen, thus preventing oxidation of copper within
the reference arc spot fixation zone.

CONCLUSIONS

1. Combined energy supply to the plasma gas consid-
erably widens the possibilities of controlling size,
structure and absolute values of parameters of the
active zone of the plasma jet.

2. An insignificant (0.2--0.7 vol.%) content of hy-
drocarbon hardly affects chemical composition of a
work medium, but at a 10--16 % change in the arc
burning conditions it increases the plasmatron power
within the ranges of the existing design (the current
load on electrodes being preserved).

3. Increasing the energy input into the plasma gas
by 15--20 % due to increase in the fuel component
content of the plasma mixture causes a 30--40 % in-
crease in the gas temperature at a distance of 50--
130 mm (compared with operation in air), and almost
4--5 times increase in volume of its active zone.

4. For efficient application of plasmatrons with a
combined energy supply in surface engineering, it is
necessary to further investigate the effect of hydro-

carbon on the plasma jet temperature and velocity
profiles at α = 15--20.
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CONTROL OF MANIPULATION ROBOT FORCE ACTION

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

The non-traditional approach towards the solution of problem of control of the manipulation robot force action on contact
surface under the conditions of its free location in the working space of robot has been proposed. The algorithm providing
the stabilization of a force action at a desirable level has been outlined.

K e y w o r d s :  manipulation robots, workpiece being treated,
contact surface, force action stabilization, correcting algorithms

During many technological operations performed us-
ing manipulation robots it is necessary to realize the
physical contact of a working element with a work-
piece being treated. Sometimes, for example, during
cutting of tacks before subsequent welding of parts
or during grinding and subsequent etching of welds
to reveal hot microcracks it is very important for the
working element in the process of performance of such
operations to be pressed against the contact surface
with a certain force. To provide the above-mentioned
condition, the necessity in the force action automatic
control arises.

At least, two basically different approaches to-
wards the solution of the problem are known. The
first one is based on the so-called principle of move-
ments separation [1, 2] consisting in the fact that one
part of drives of robot-manipulator is supposed to be
used to realize the movement along the preset trajec-
tory, and another one ---- to organize the preset forced
action. This approach envisages the increase in degrees
of freedom of manipulator by adding links, that leads
naturally to the significant complication of the robot.

The second approach is based on the idea of move-
ments separation on the programme level [3--5], more-
over, in a way to provide the robot movement along
the preset trajectory and required force on the contact
surface of the workpiece by the same drives. This
approach is more attractive, however, there are an-
other kind of problems here, connected with the fact
that information about the force action F, coming
from a force sensor, arranged in the working element
of the robot, is sometimes insufficient for realisation
of this force action control. This is due to the fact
that force direction in a general case may not coincide
with the direction of one of the axes of the robot
coordinate system, in which the trajectory of its move-
ment is programmed. Therefore, it becomes unclear
how to «split» the signal being received about the
real force action F into constituents on coordinates
and how to correct it later.

 In the present article the procedure was applied
for the solution of this problem, which was used earlier
by us in work [6] for the automatic correction of
trajectory of the manipulation robot movement. Its

main principle consists in presetting the movement
trajectory and required force during programming not
in the coordinate system of a robot (as it is usually
done), but in the coordinate system connected with
the trajectory itself using the so-called Frenet refer-
ence point [7]. In this case the possibility is appeared
to orient always one of the coordinate axes of reference
point along the supposed force action and to plot the
trajectory of movement or its fragments in the plane
normal to the selected axis. To maintain the preset
force at the certain level it is sufficient now to use a
single-channel stabilization system independently of
a spatial position of contact surface within the working
space of the robot.

Let us consider this possibility more in detail.
Frenet reference point is connected with the robot
trajectory of movement so that in each nodal point Pi
(i = 1, 2, ...) of this trajectory the axis u1 of the given
reference point is directed along the tangent (Fi-
gure 1), axis u2 ---- along the principal normal, axis
u3 ---- along the binormal. The coordinate vector
ui

R = [ui1
R, ui2

R, ui3
R]∗, characterizing the location of

some point R in the system of reference of the i-th
reference point Piui1ui2ui3 and vector of c oordinates
xR = [x1

R, x2
R, x3

R]∗, characterizing the location of the
same point R in the basic reference system of robot
Ox1x2x3 are connected by the relation

ui
R = Tix

R,

in which the matrix of homogeneous transformation
Ti has a form

Ti = 




Li   bi

000   1




,

where Li is the orthogonal matrix specifying the ori-
entation of Frenet reference point; bi is the column
vector specifying the location of origin of coordinates
of this reference point as regards to the system of
reference Ox1x2x3. Sign (*) in the upper right corner
designates the operation of transposition. 

Concerning the link between the coordinates of R
point, specified in the basic reference system, and con-
trollable (or so-called generalized) coordinates of ro-
bot qj, j = 1, 2, ..., n, then it is preset by relation
xR = A(qR), where qR = [q1

R, q2
R, … , qn

R]∗; n is the
number of degrees of manipulator freedom; A(⋅) is the
function vector generated by its kinematics.© G.A. TSYBULKIN, 2009
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Now it is evident that if to orient the working
element of a robot in a way that its axial line and
force action F(t) were directed parallel to the axis u3
(Figure 1), then the real feasibility is appeared to
realize the control of this force action by change of
one coordinate u3 only. The link between the force
action F(t) and location of working element relative
to the contact surface can be expressed in the form of
relationship

F(t) = 






          0       at  u3

R(t) ≥ u30
R ,

--Ku3
R(t) + F∗  at  u3

R(t) < u30
R ,

(1)

where u3
R(t), u30

R  are the coordinates of point R (lo-
cated, for example, on the working element) charac-
terizing, respectively, its current and preset location
as regards to the plane u1u2; K, F* are the positive
constants; t is the current time (it is supposed that
working element possesses a required degree of pli-
ability, characterized by value K--1).

It should be noted that in the process of robot
movement along the contact surface the friction forces
will also arise, but as they are directed along the
tangent to the trajectory of movement, i.e. normal to
the coordinate u3, they will not be considered in this
problem. Deviation ∆u3

R(t) = u3
R(t) -- u30

R  can be deter-
mined in any moment of time t by measuring the
appropriate distances d(t) and d0 by using any sensor
between point R and contact surface, i.e. ∆u3

R(t) =
= d(t) -- d0. Consequently, it is possible to use the
following equality for the synthesis of law of control
of force action F(t) according to (1)

d(t) -- d0 = --K(F(t) -- F0), (2)

where F0 is the preset value F(t).
The problem of control of force action F(t) will

be formulated now in the form of a simple requirement

|d(t) -- d0| ≤ ε, (3)

guaranteeing the stabilization of force action at the
desired level |F(t) -- F0| ≤ εK--1, where ε is the positive
value.

The geometric relation (3) specifies the layer of
thickness 2ε, located between two planes of level u30 +
+ ε and u30 -- ε in the system of Frenet coordinates
system, in the 3D space. Therefore, the problem stated
above can be interpreted as a problem of stabilization
of movement of a characteristic point R inside the
specified layer.

Thus, to stabilize the force exerted on the contact
surface during the movement of robot along the preset
trajectory, it is enough to possess information about
the current distance d(t) from the point R to the
contact surface, and also the algorithm of correcting
control of robot movement along the coordinate u3.

The equipping of manipulation robot with a dis-
tance sensor does not encounter usually great diffi-
culties. As to the design of algorithm of correction of
a force action, so it is mostly defined by the capabilities

of software of a definite manipulation robot. In par-
ticular, for the robots of PUMA family, the software
of which does not support some operations on the
coordinates, it is preferably to derive the law of a
stabilizing control in the form of a recurrent relation-
ship

u3(k) = u3(k -- 1) + ∆u3(k), (4)

where

∆u3(k) = 











h     at   d(k -- 1) < d0 -- ε,
--h   at   d(k -- 1) > d0 + ε,
0     at   d0 -- ε < d(k -- 1) < d0 + ε.

(5)

Here h is the length of correction pitch (h ≤ ε), k =
= 1, 2, …  is the index, characterizing discrete time.

The algorithm (4), (5) verification in the labora-
tory robotic complex confirmed its sufficiently high
efficiency. The stabilization of force action F(t) pro-
ceeds too simply: according to the results of measure-
ments of distance d on every previous cycle (k -- 1)
according to the expression (4) the current position
of working element u3(k) is corrected relative to the
contact surface. Here, taking into account the expres-
sion (2) the force action F(t) is corrected accordingly.

It is necessary to note that, if required, the algo-
rithm (5) can be a little improved by introducing a
pitch with adaptively changing length instead of a
constant correction pitch length h. However, in this
case due to the essential increase in quantity of com-
puting operations some limitations for speed of move-
ment of working element along the preset trajectories
can appear.

Thus, having used the Frenet reference point on
the stage of programming the robot movements it is
possible to solve very simply the problem of stabili-
zation of a force action of a working element on the
contact surface in the process of its movement along
the preset trajectories. The structure of robot control
system with a stabilization circuit is shown in Fi-
gure 2.

Figure 1. Schematic representation of manipulation robot of an-
thropomorphic type with six levels of freedom interacting with
environment: 1 ---- working element of robot; 2 ---- contact surface
(for designations see the text)
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The distinctive feature of a proposed scheme of
stabilization is the fact that, if required, it allows the
conductance of simultaneous and independent correc-
tion of the robot working element movement trajec-

tory itself in the plane u1u2 of system of Frenet coor-
dinates. Such necessity may arise, for example, in the
case when due to the large friction forces between
working element and contact surface mentioned
above, the actual trajectory of movement of working
element is inadmissibly deviated from the programmed
trajectory.

1. Tsybulkin, G.A. (1995) Two-level coordinating control of
manipulation robot with kinematic redundancy. Problemy
Upravleniya i Informatiki, 3, 143--150.

2. Coife, F. (1985) Interaction of robot with environment.
Moscow: Mir.

3. Whitney, D.E (1985) Historical perspective and state of the
art in robot force control. In: Proc. of Int. Conf. on Robo-
tics and Automation, 262--268.

4. Clamroch, H., Wang, D. (1990) Linear feedback control of
position and contact force for a nonlinear constrained mecha-
nism. J. Dyn. Syst. Meas. and Control, 112(4), 640--645.

5. Zheng, Y.F., Fan, Y. (1991) Robot force sensor interacting
with environments. IEEE Transact. Rob. and Autom., 7(1),
156--164.

6. Tsybulkin, G.A. (2000) Situation algorithms of automatic
correction of the robot motion path in arc welding. The
Paton Welding J., 11, 11--14.

7. Dubrovin, B.A., Novikov, S.P., Fomenko, A.T. (1986) Cur-
rent geometry: Methods and propositions. Moscow: Nauka.

COMPARATIVE TESTS
OF WELDING-TECHNOLOGICAL PROPERTIES

OF INVERTER AND THYRISTOR POWER SOURCES

V.M. ILYUSHENKO1, G.A. BUTAKOV1, A.V. GANCHUK1, V.A. OSTAPCHENKO2 and N.A. GORYAJNOV2

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2SSPE «Objedinenie Kommunar», Kharkov, Ukraine

The approach towards determination of technological properties of power sources based on the results of comparative
testing the new and earlier applied models of welding equipment is described. The structure and composition of system
of acquisition and recording of data about the main parameters, characterizing the properties of welding equipment, are
given. The comparative characteristics of power sources VDUCh-500, VD 506 DK, VDUCh-350 and VS 300 B are
shown. The testing methods and methods of processing the statistics information obtained during tests are described.
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In connection with reorientation of many enterprises
to the new nomenclature of welding equipment the
quantity of its manufacturers has grown significantly.
Currently both large and small enterprises begin pro-
duction of welding power sources (PS), feeding
mechanisms and other equipment, often having no
experience in that field as well as specialists of a
related profile. The consumer often encounters many
difficulties in orienting within the wide range of types
of welding equipment and in selection of that type
which could provide optimum ratio of price and qual-
ity. The choice of welding equipment is based either
on the principle of customization (the new equipment
is selected of similar type as that operating at the
enterprise), or performed for the benefit of a new

nomenclature of models on the basis of subjective rea-
sons, i.e. direct testing in welding and practical evalu-
ation of welding properties. Both methods are justified
as a whole, however in the first case it results in refusal
from introduction of new promising models, and in
the second case it is defined by certain testing condi-
tions, quality of materials being used, methods of sam-
ples preparation, qualification and acquired skills of
a welder, that may lead finally to taking a wrong
decision.

The objective information about the welding-tech-
nological properties (WTP) of equipment, and, con-
sequently, its customization for certain production can
be obtained by the test results. The only standardized
document which regulates methods and procedures of
such testing is State Standard GOST 25616--83 [1].
The mentioned document sets forth special require-
ments for quantity and quality of samples for welding
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Figure 2. Structure of robot control system with stabilization circuit
of force action: 1 ---- working element of robot; 2 ---- contact surface;
q∗

R  ---- vector of coordinates of actual position of working element;
W ---- matrix of transfer functions of local replicating manipulator
systems; G(uR) = 0 ---- programmed preset trajectory of movement
of working element
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and conditions of its performance at tests and also
requires the presence of recording equipment to con-
trol parameters of primary and secondary circuits.
However conclusions, obtained as a result of tests,
bear rather qualitative character according to the
quantity of evaluative points ---- «good», «satisfac-
tory», «bad», while in using the modern recording
system only a part of obtained information is used.

The use of specialized means of processing the ex-
perimental statistic information about the dynamics
of controllable parameters allows obtaining of addi-
tional data about WTP of equipment and defining the
methods of their improvement.

In our opinion, the PS tests by methods given in
[1] do not give necessary information on the advan-
tages or disadvantages of a certain model. Compara-
tive tests of a new model with early applied models
can be more effective. By processing the statistic data
of comparative testing it is possible to obtain the nu-
merical evaluations of WTP (short circuit frequency,
average rate of current increment at short circuits,
coefficient of slope of static volt-ampere charac-
teristics, etc.) of new equipment and its analogue.

The quality of statistic information analysis and
characteristics of properties of equipment, obtained
on its basis, significantly depend on the applied re-

cording equipment. Nowadays a number of such sys-
tems has been developed [2, 3 and others] differring
mainly by the quantity of channels of measurement
and recording of information, quick-response, volume
of obtained samplings, availability of hardware and
software to process information and so on.

To conduct the comparative tests of welding equip-
ment with keeping the requirements of standardized
documents, the automated measuring-recording test-
ing complex has been developed at the E.O. Paton
Electric Welding Institute (Figure 1). The list of con-
trollable signals is given in Table 1.

The control of the process of information recording
is performed using a program, here the operator presets
the quantity of channels being questioned simultane-
ously, frequency of reading, volume of sampling being
recorded. The visual observation of variation of signals
analyzed in the real time is possible. The robot in-
cluded into the complex for movement of welding
torch allows flexible change in welding direction from
the lower to vertical and investigation of the elasticity
of arc due to the smooth variation of distance from
the torch to workpiece, here the high stability of weld-
ing speed is provided.

Let us take the results of comparative tests of in-
verter PS VDUCh-500 and thyristor rectifier VD 506

Figure 1. Schematic diagram of measuring and recording test complex: WFM ---- wire feed mechanism composed of feed motor (Motor);
E4-8 ---- encoder to control the wire feed speed; SGD ---- shielding gas device with sensor of gas consumption control; Tr ---- distribution
transformer to imitate the decreased by 10 % (342 V) and increased by 5 % (399 V) voltage of mains (according to the requirements
[1]); WT ---- welding torch; RM-01 robot with the control system «Sfera 36» to move the torch along the trajectory of welding; S1--S3 ----
PS current control sensors in three phases; Rsh ---- measuring shunt to control the current in welding circuit; N1--N9 ---- channels normalizer;
BN ---- block of normalization signals to bring their level to the values suitable to the input of the analog-digital converter (ADC);
ADA ---- intermediate device designed to convert the controllable signals into the digital form and their transfer in real time through
USB channel to a computer for storage, visualization and further processing (composed of ADC, digital-analog converter (DAC), discrete
input-output module (DIOM) and USB); 1--9 ---- ADC inputs; UPS ---- controllable voltage of PS; Ush ---- voltage on the shunt; Ut ----
voltage of tachogenerator
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DK as an example. The similar tests were conducted
for PS VDUCh-350 and rectifier VS 300 B.

Figure 2 shows oscillograms of signal variation
proportional to the arc current at the initial zone of
welding. It is noticeable that the arc ignition from PS
VDUCh-500 has a more stable character, whereas us-
ing rectifier VD 506 DK the arc breakdowns occur.

Figure 3 shows the results of recording the current
and arc voltage of PS VDUCh-500. The similar data
are presented for VD 506 DK, VDUCh-350 and VS
300 B. The Figure shows oscillogram area consisting
of 1500 values of current and voltage obtained at read-
ing rate of 1.25 kHz using one channel. The general
volume of sampling is 30,000 values. At the analysis
of spectral density of current signals and arc voltage
in CO2 welding it was established that 99 % of signal
capacity is focused within the frequency range from
0 to 200 Hz. Thus, the selection of reading frequency

of 1.25 kHz predicts the meeting of requirements of
Kotelnikov theorem.

In welding with periodical short circuits the im-
portant characteristic for evaluation of process stabil-
ity is their frequency. The moment of a short circuit
is characterized by an abrupt drop in arc voltage and
jump in current. The frequency of short circuits for
the established process is the constant value and little
dependent on the type of PS.

According to the obtained experimental data the
evaluation of average frequency of short circuits in

Figure 2. Oscillograms of signal variation proportionally to arc
current at the initial welding zone obtained for PS VDUCh-500
(a) and VD 560 DK (b): U ---- voltage on the normalizer output
in the channel of current measurement; τ ---- time

Table 1. List of controllable signals

Signal description
Designation on the

scheme
Place and method of measuring

Voltage:

between the first and second phase
of mains

U1

between the second and third phase
of mains

U2 Directly on the terminals of distribution transformer

Phase current:

first I1 Current transformer UTT-5M

second I2

third I3

Arc current Ia Measuring shunt (75 mV, 750 A)

Arc voltage Ua Between the workpiece and current conductor to the torch

Electrode wire feed speed ve Encoder E4-8

Shielding gas consumption Qc Reducer-flow meter on the cylinder

Figure 3. Oscillograms of current (a) and voltage of secondary
circuit (b) of PS VDUCh-500 (welding condition (average values):
I = 250 A; U = 27 V; vw = 25 m/h); K ---- quantity of measurements
with periodicity of 800 µs
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welding using investigated welding PS has been con-
ducted. The algorithm is based on the designing of a
pulsed function which is i = 1 and 0 at exceeding of
preset threshold value of welding current, if the cur-
rent value is less than the threshold value. The average
value of a pulsed function i = 1 at equal time intervals
is taken as the average frequency of short circuits. As
an example, Figure 4 presents the type of a pulsed
function plotted at signal processing for PS VDUCh-
500. The total values, averaged from 1500 recorded
values, are given in Table 2.

The determination of static external volt-ampere
characteristics of PS was performed using ballast rheo-
stat with five control steps. The PS voltage was con-
trolled directly on the rheostat terminals. The current
was fixed on shunt contacts of the measuring complex.
Volt-ampere characteristics of PS VDUCh-500 are
given in Figure 5. The coefficients of slope of static
volt-ampere characteristics for both types of PS are
given in Table 2.

The important characteristic of quality of PS from
the point of view of a short-circuit welding process is
the rate of current increment at the moment of a short
circuiting. The evaluation of an average rate of current
increment, made by periods of observation, is given
in Table 2. Following the recommendations of [4],
the best are the results of PS VDUCh-500, which is
the evidence of comparatively small metal spattering
(estimated visually).

The results of comparative tests of welding PS
VDUCh-500, VD 506 DK, VDUCh-350 and
VS 300 B according to the examined parameters group
are given in Table 2.

It should be noted that it is impossible at the pre-
sent moment to refuse completely the subjective evalu-
ation of all parameters of WTP of PS. For example,
the quality of weld formation is evaluated visually by
a welder-specialist and does not have distinct digital
criteria. However, having a definite practical experi-
ence it is possible to predict how the given PS will
form a weld performed at low, average and high values
of current by knowing the numerical values of its
parameters, i.e. the coefficient of slope of volt-ampere
characteristic and rate of current increment at a short
circuiting.

CONCLUSIONS

1. The results of comparative tests of welding equip-
ment applying modern means of acquisition, recording
and data processing represent complete information
about advantages and disadvantages of PS models as
compared to earlier applied ones, that allows consumer
to take a grounded decision for updating the equip-
ment park.

2. Using the means of processing the statistic infor-
mation obtained during the tests it is possible to deter-
mine the additional parameters of WTP of equipment,
for example, average frequency of short circuits, etc.

3. The results of comparative tests of PS VDUCh-
500, VDUCh-350 and rectifiers VD 506 DK,
VS 300 B allow making the conclusion about the ad-
vantages, such as arc ignition, rate of current incre-
ment at short circuits and negligible spattering of
electrode metal, to provide the stable process.

1. GOST 25616--83: Power supplies for arc welding. Methods
of testing of welding properties. Introd. 01.01.84.

2. Paton, B.E., Korotynsky, A.E., Skopyuk, M.I. et al. (2002)
System of in-process quality control of welding equipment
during its manufacturing. The Paton Welding J., 5, 25--27.

3. Kisilevsky, F.N., Butakov, G.A., Dzyabura, V.A. et al.
(1990) Automated complex for study of methods and means of
arc welding process control. Avtomatich. Svarka, 6, 24--27.

4. Potapievsky, A.G. (2007) Consumable electrode shielded-
gas welding. Pt 1. Kiev: Ekotekhnologiya.

Figure 5. Volt-ampere characteristics of PS VDUCh-500 obtained
at the open-circuit voltage 40 (1) and 31 (2) VFigure 4. Type of pulsed function i

Table 2. Results of comparative tests of PS

PS type
Frequency of
short circuits,

Hz

Coefficient of
slope of

volt-ampere
characteristic,

V/A

Rate of current
increment at
short circuits,

kA/s

VDUCh-500 48 0.006 68

VD 506 DK 45 0.035 81

VDUCh-350 40 0.008 75

VS 300 B 49 0.018 84
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LASER-SUBMERGED ARC HYBRID WELDING

U. REISGEN and S. OLSCHOK
Welding and Joining Institute, Aachen University, Aachen, Germany

This paper presents a novel method ---- laser-submerged arc hybrid welding ---- for the production of thick-walled parts,
for example, structural tubes in pipeline construction or shipbuilding sections. The process-specific advantages and
disadvantages are explained. It is further examined whether the welds which have been produced by this method will
meet the requirements of the industry and which problems, if any, might occur.

K e y w o r d s :  hybrid welding, laser beam, pulsed arc, struc-
tural steel, edge preparation, penetration, weld formation, ener-
getic efficiency

The laser-arc hybrid welding method has been known
for more than 20 years now. This process is charac-
terised by the fact that the laser beam and the arc are,
at the same time, acting in one (common) process
zone. So far, two variations of laser-arc hybrid proc-
esses have been used for industrial application.

The laser-TIG hybrid welding method allows very
high welding speeds in welding of aluminium sheets
for tail-lifts with, at the same time, a very high surface
quality of the weld. The laser-GMA hybrid welding
method is, on the other hand, used for steel applica-
tions (shipbuilding) and also for aluminium structural
designs (automotive engineering).

While working on the Welding and Joining Insti-
tute research project, the application of the laser-GMA
hybrid process, however, met problems with regard
to pores in the root if sheet more than 12 mm thick
were applied ---- this is to be as-cribed to the insuffi-
cient degasification possibility of deep and narrow
laser welds [1].

For this reason, attempts to optimise the hybrid
process have been made. Improved degasification pos-

sibilities are expected by substituting the GMAW
process for the SAW process since after that the melt
is maintained for a longer time.

In laser-GMA hybrid welding, the arc process
causes the lowering of the molten pool surface where,
through adaptation of the focus position, the weld
penetration depth is increased [2, 3]. The penetration
depth is mainly determined by the laser beam power
and shaping, the weld width is mainly determined by
the arc, in particular, by the arc voltage. In contrast
to the «pure» laser beam process, a welding speed
increase of up to 100 % at a constant laser beam power
had, sporadically, been achieved [4, 5]. The energetic
efficiency of the process is increased through the ap-
plication of the arc power source which, in comparison
with the laser, is working with a higher efficiency. In
the capacity of a non-contact tool, the laser energy
input into the workpiece is carried out in a focussed
form, thus, the heat input is low. The advantages, for
example, a small HAZ or high welding speeds for
welds with high aspect ratio are to be mentioned at
this point. There are, on the other hand, the disad-
vantageous high equipment costs and also the low
degree of efficiency. The low gap bridging ability is
also among the disadvantageous factors.

In laser-GMA hybrid welding, the addition of filler
material is ensured via the arc process. The use of the
GMAW technology entails the advantage that the
filler wire is molten by using relatively inexpensive
energy while the high-quality, expensive laser beam
energy still causes, unabatedly, a high penetration
depth. The positioning of the wire to the laser beam
is relatively unproblematic since the guidance of the
arc into the keyhole is observable through the common
plasma (Figure 1).

The arc is pulsed via customary GMA welding
power sources [6] or it is applied as a DC arc, in the
most cases in the form of a spray arc. The shielding
of the welding zone is, just as in CO2-laser beam
welding, realised with pure helium [2] or with he-
lium-argon gas mixtures. The mainly used welding
filler materials are similar and customary solid wires;
the same wires as used for «pure» GMA welding of
the base materials [7].

For thick-plate welding, mainly CO2-laser beam
sources are used since those provide higher powers
than those of Nd:YAG-lasers [8].

Figure 1. Schematic diagram of the laser-GMA hybrid welding
method: 1 ---- laser beam; 2 ---- plasma; 3 ---- keyhole; 4 ---- molten
pool; 5 ---- material being welded; 6 ---- GMAW torch; 7 ---- filler
wire; 8 ---- GMAW nozzle
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Apart from the square butt preparation, also V-
and Y-groove shapes can be used which are, partially,
a result of blanking without any further edge prepa-
ration. In contrast to laser beam welding with cold
filler wire, the laser beam energy must not be used
for melting the filler material since the wire has been
fed to the process in an already molten form, thus a
reduction of the welding speed can be dispensed with
[9]. The filler material allows exerting a defined met-
allurgical influence on the welded structure [10, 11].

While in laser beam welding mainly parallel welds
with a high aspect ratio are produced (Figure 2, a),
the upper part of hybrid-welded seams is particularly
expanded (Figure 2, c), which results in a triangular
or «mushroom» or «bell-shaped» weld shape [9].

The set-up of the torch relative to the laser beam
can be differing; the torch is sometimes positioned in
the welding direction in front of the laser (trailing)
[12, 13] or it follows the laser beam (leading) [14--17].
Welding with the torch directed away from the weld
bead is mostly used for the hybrid welding of alu-
minium since this offers an arc attachment point with-
out oxide layer (removed by the laser beam) ---- this
again increases the process stability significantly [18].

LSAHW process. From an earlier research project
of the Welding and Joining Institute,  Aachen Uni-
versity, it is known that the laser-GMA hybrid weld-
ing method, particulary in welding sheets of thick-
nesses of more than 12 mm has a tendency to pore
formation, albeit low [19]. Pores are, in most cases,
accepted by the user industry, however, this is not
consistent with customer fulfilment. A reason for the
pore formation is the long degasification channel. A
remedy might be a longer maintenance of the molten
pool.

This was the reason for the reflection of maintain-
ing the molten pool for a longer time by using the
laser-submerged arc hybrid process (LSAHW) and
thus to create more favourable degasification possi-
bilities. Both processes are, at this, moved as close as
possible (13--15 mm) into one process zone.

SAW is a high-quality, reliable and productive
welding process which has been successfully applied
for years in shipbuilding, terotechnology and pipe con-
struction. The method belongs to the group of arc
welding processes and it is characterised by the fact
that the arc is burning invisibly and, shielded from
the atmosphere, inside a gas- and metal-vapour filled
welding cavity. This cavity is surrounded by liquid
slag from the molten weld flux. Besides a high thermal
efficiency degree with good molten pool degasifica-
tion, the slag effects also the forming of a smooth
bead and notch-free surface. In connection with a suit-
able wire--flux combination which has been adapted
to the base material the result will be high-quality
welding.

Of particular disadvantages, however, are the low
penetration depth and the high molten volume quan-
tity which makes it, in most cases, necessary to weld
with backing.

According to the previous state-of-the-art, the vari-
ation «combination of laser-submerged arc» has, as a
method coupling, not yet been a matter of research.
The investigations which have been known so far are
restricted to the consideration of the process combi-
nation SAW and laser beam welding [20, 21]. As far
as previous investigations are concerned, the spatial
distance of both processes and the separation of the
weld into a laser-welded and a SA-welded area have
been noticeable. Those areas have, among one another,
not shown any mixing of the weld material. It has
just been the preheating, brought in by the laser beam
welding process which resulted in the synergy effect
of increasing the welding speed of the SAW process.

The coupling of the processes, both the laser beam
welding and the SAW process in one process zone
proved to be a problem since the flux had been falling
into the keyhole of the laser beam and the laser ra-
diation had been absorbed by the flux and not by the
component. For that reason, a device which impeded
this «falling forward» of the flux had to be designed
and built. One starting point is the separating plate
(patented by RWTH, Aachen University) which is
mounted between laser beam and flux feeder (Fi-
gure 3) [22]. The shielding gas which is required for
laser beam welding is directed against the welding
direction onto the separation plate in order to blow
the flux which might fall through the gap between
workpiece and sheet.out of the laser beam process
zone.

This arrangement, however, requires some proc-
ess-related parameters which have, so far, not been
considered in the hybrid technique. The distance be-
tween separation plate and weldpiece is of particular
importance. The distance must be chosen short enough
to ensure that smallest possible quantities of flux are
falling forward and must be chosen large enough that
a slag that might be running ahead does not jam to
the sheet. The inclination angle of the sheet is also
most important. If the inclination angle is too large,
the sheet might be captured by the laser beam, if it
is too small, the arc might burn between sheet and
filler wire. The shielding gas flow, more-over, must
not be too voluminous since then the arc of the SAW
process might be blown off which would result in pore
formation in the weld. Figure 4 shows the effects of
this hybrid process.

As distinguished from laser-GMA hybrid welding,
the sheet surface is not reduced by the arc process and

Figure 2. Welds: laser welding (a), GMAW (b), laser-arc hybrid
welding (c)
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thus no larger penetration depth is achieved. A look
at the comparison of the hardness measurements
(HV1) (Figure 5) shows, however, that a reduction
of the hardness peaks in the laser dominated root area
occurs. It had also been possible to reduce the hardness
in the centre area of the weld.

The microsections show clearly that the heat input
into the workpiece using the LSAHW process is higher
(Figure 6). In the detailled photograph, streaks of
pearlite in the HAZ which are longer than those in
the laser weld are very clearly discernible. The struc-
ture of the metal in the weld is, in the laser part of
the hybrid weld, more fine-grained. This effect is
wanted and represents one of the aims of the LSAHW
advancement. A higher ductility, compared with the
«pure» laser weld, is the result thereof.

The upper LSAH-welded bead is similar to that of
a SA-welded; it is characterised by a flat transfer to
the sheet without any undercuts, it is possible to in-
fluence the weld reinforcement via the suitable selec-
tion of the wire feed and the applied voltage. The
appearance of the root is different than that of a «pure»
laser beam weld: the slag-forming elements from the
SAW process are responsible for the narrow, flake-free
and also shiny lower bead.

Test conditions. For the basic tests with the
LSAHW method the following devices were used: a
fast axial flow laser (Trumpf Lasertechnik) with un-
stable resonator TLF 20.000; a fully electronic, sec-
ondary-switched, user-programmable and computer-
controlled MIG/MAG-precision power source for
fully automatic pulsed-arc welding (type Hybrid 6000
MR, AMT); a laser hybrid welding head which had
been specially designed by the Welding and Joining
Institute. Figure 7 shows the set-up of the equipment
in the process area.

The following test materials were used: shipbuild-
ing steels with plate thicknesses of 8.0 and 20.3 mm
(AH 36), a structural steel with the plate thickness
of 14 mm (S355 J2G3), and also a high-strength ther-
momechanically rolled fine-grained structural steel
with the plate thickness of 38 mm (X65).

Moreover, filler materials, namely SA wire S2Si
with a diameter of 1.6 mm and the fluoride-basic SA
flux OP 122, were used.

The tests were carried out in the gravity position
PC, sometimes backing was used.

Results. For a joining task from the field of ship-
building, AH 36 steel sheets 8 mm thick and with
plasmacut edges were welded. The aim was to dem-
onstrate that gap bridging is possible in the light-
gauge sheet range, therefore, clearances 0--0.4 mm
have been set. The welding speeds were 1.6 (zero-
width of gap), 1.4 (gap of 0.2 mm) and 1.2 m/min
(gap of 0.4 mm) (Figure 8). The molten metal had
the tendency to collapse, particularly if the largest
gap had been set; if the voltage of the SAW process
was reduced, sufficient penetration had not been
achieved. With those thin sheet thicknesses, gaps seem
to be most critical and difficult to weld. A remedy
might be the use of a thinner wire which allows a

Figure 3. Schematic set-up of LSAHW method: 1 ---- flux hopper;
2 ---- contact tube; 3 ---- flux; 4 ---- molten pool; 5 ---- solid slag;
6 ---- weld metal; 7 ---- SAW consumable wire electrode; 8 ---- weld
cavity with arc; 9 ---- helium jet; 10 ---- keyhole; 11 ---- liguid slag;
12 ---- metal vapour plasma; 13 ---- separating plate; 14 ---- laser
beam

Figure 4. Welds: laser welding (a), SAW (b), LSAHW (c)

Figure 5. Hardness HV1 of laser- (a), LSAH-welded (b) joints
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better dosage of voltage during the welding. LSAHW,
however, is in principle, well qualified for this joining
task, if clamping has been carried out appropriately,
i.e. without gaps.

Type of Y-groove preparation with 16° and 5 mm
root face stems from the application field of pipe con-
struction. The edge preparation had, process-induced,
not been optimal; the edges were flame-cut and then
coarsely ground. Inaccuracies in weld preparation
were a result thereof, the root face was, for the most
part, lower than 5 mm.

Figure 9 shows the macro-sections of this weld.
The welds (Figure 9, a, b) have been welded in the
first pass at vw = 0.8 m/min, PL = 12 kW; the back
weld pass had been carried out using the «pure» SAW
process. This type of double-sided single pass welding
had been tested by means of the transverse tensile test
and the notch bending test at --20 °C. The tensile test
results were normal, all specimens ruptured in the
uninfluenced base material besides the weld. In the
notch bending test (notch orientation in the weld cen-
tre), the values varied between 78 and 152 J, the
fracture surfaces indicate the transition zone of the
AV/T curve.

The suitability of the method is, thus, demonstrated
also for this case. The weld has fulfilled the requirements
of the mechanical-technological properties.

In order to find out the limits of the method, the
penetration depth was increased further. It is known
from the field of «pure» laser beam welding that, as
of a penetration depth of 15 mm the molten metal has
the tendency to collapse, which is the reason why, as
from this plate thickness onwards, most work is carried

out in the transverse/bank position PC. For those
tests, however, flux backing had been used in order
to counteract this phenomenon.

Figure 10 shows the plasmacut macro-section of
V-weld on steel 20.3 mm thick with zero-width of gap
performed with backing. The used laser power was
20 kW, the welding speed was 0.8 m/min. This gives
proof that, single-sidedly, it is possible to weld up to
a sheet thickness of approximately 20 mm.

For economically proficient welding of thick-
walled parts, i.e. welding with as few passes as pos-
sible, the consideration of welding a root face which
is as large as possible in the double-sided single pass
welding technique emerged. First tests of double Y-
weld performed on steel 38 mm thick using double-
sided single-pass welding, are shown in Figure 11.
The X-ray examination confirmed that the metal was
free of pores. A high overlapping is noticeable. The
method is, in principle, not yet exhausted at this point,
further tests with higher root faces are scheduled.

Summary and perspectives. The applicability of
the LSAHW method for bead-on-plate welds and joint

Figure 6. Micro-sections of weld centre: laser welding (a);
LSAHW (b)

Figure 7. Equipment set-up in the process area

Figure 8. Macro-section of a plasmacut V-weld performed on steel 8 mm thick with width of gap of 0 (a), 0.2 (b) and 0.4 (c) mm
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welding with different weld preparation on plates
with thicknesses of 8--38 mm had been tested within
the scope of this work.

Further improvement of this process and a broader
field of application are to be expected from the use
of efficient solid-state lasers. Particularly advanta-
geous is the reduced risk of plasma shielding. It is
easier to couple the shorter wave length of the solid-
state laser into the material to be processed. The flexi-
bility of the equipment would also improve with a
shorter wave length since the complicated beam guid-
ance via mirror optics can be dispensed with and the
laser beam can be guided via light wave cables into
the processing optics. Constant further developments
in the field of laser welding methods allow even more
ideas for the advancement of the method. For achiev-
ing better degasification and a weld which has a pore
quantity which is as low as possible or a pore-free
weld, the solution may lie in the expansion or stabi-
lisation of the vapour capillary. One possibility for
this would be welding and testing with adapted os-
cillating optics.

The addition of shielding gas and/or process gas
is another process parameter which has to be tested
for further work in this field. If efficient solid-state
lasers, e.g. fibre lasers, can be used the shielding gas
could be dispensed with and a compressed air jet could
be used for cleaning the laser process zone. Process
costs would be reduced this way and the method would
become even more economically proficient.

So, it is established that LSAHW is a further most
interesting variation of laser-arc hybrid welding. The
industry shows interest in LSAHW and a possible
practical application. This will be further increased
through the use of less expensive, more robust and
more flexible laser power sources.

Last but not least, the ISF ---- Welding and Joining
Institute wishes to express thanks to the companies
whose commitment allowed us our research work. First
and foremost we would like to mention the ESAB GmbH
and AMT Maschinen- und Geratetechnik.
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EFFECT OF THE CENTRIFUGAL THERMAL SPRAYING
PROCESS ON PROPERTIES OF SPHERICAL TUNGSTEN

CARBIDE PARTICLES

V.I. DZYKOVICH
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Effect of the centrifugal thermal spraying process on structure, microhardness and stoichiometric composition of spherical
tungsten carbide granules was investigated. Comparative analysis of initial spraying materials (ingots) and spherical
particles was conducted. It is established that the granulated WC--W2C particles, having the highest microhardness and
wear resistance, can be produced only as a result of remelting of a spraying material.

K e y w o r d s :  tungsten carbides, centrifugal spraying,
stoichiometric composition, spherical particles, wear-resistant
composite coatings, diffractometry

Fused tungsten carbide in spherical granules has re-
ceived wide acceptance in the last years. It is advan-
tageous over crushed tungsten carbide in increased
hardness (up to HV 3000), high strength and flow-
ability. These features made it possible to substan-
tially widen the fields of application of this material.
In particular, this concerns plasma-powder and laser
cladding, as well as production of wear-resistant com-
posite coatings by the impregnation method.

The most important characteristics of spherical
particles of cast tungsten carbides (WC--W2C) are
their microhardness and microstructure. When each
particle has stoichiometric composition, which is a
eutectic alloy consisting of 78--82 % W2C and 18--22 %
WC (at 3.9--4.1 % C) [1], microhardness amounts to
maximal values. Maintaining of the above proportion
is a necessary condition for production of the material
for composite coatings characterised by the highest
wear resistance.

It is a known fact that one of the most efficient
methods for production of spherical tungsten carbide
particles is centrifugal thermal spraying of ingots,
which are cast cylindrical rods with a diameter of
29--30 mm and length of 200--250 mm. The ingots can
be made by melting in resistance or induction furnaces.
The spraying process is carried out at a high ingot
rotation speed (4,000--10,000 rpm). A heat source in
this case is energy of the arc plasma jet [2, 3].

The purpose of this study was to investigate the
effect on variations in structure and properties of the
initial materials (ingots) by such factors as concen-
trated heating and instantaneous solidification of mi-
crovolumes of liquid melts (droplets) formed during
the spraying process.

Experiments were conducted on samples of the
initial materials (cast ingots) produced by melting in
resistance furnaces and by the induction method, as
well as on the spherical particles produced by cen-
trifugal thermal spraying of these ingots. In parallel,
the carbon content of the ingots and particles was
determined by the chemical method. In addition, the
tungsten carbide ingots and spherical particles were
tested to determine microhardness, and were examined
to reveal their microstructure. The spraying process
was carried out under the conditions providing the
spherical particle size composition within a range of
180--200 µm [4]. A test batch was composed of 10
ingots (15--17 kg), which made it possible to average

© V.I. DZYKOVICH, 2009

Table 1. Results of testing the samples of cast ingots and spheri-
cal particles

Sample No.
Carbon

content, %
Microhardness HV 100

Cast ingots

15/03-st.I 4.20 2317 ± 78

14/03-st.P 4.06 2206 ± 424

6/03-st.I 4.20 2394 ± 502

Spherical particles

15/03-sf-1 3.98 2933 ± 366

15/03-sf-2 3.98 2904 ± 303

14/03-sf-1 3.80 2821 ± 312

14/03-sf-2 3.70 2801 ± 303

6/03-sf-1 3.70 2930 ± 300

6/03-sf-2 3.80 2914 ± 254

Note. In designation of samples taken from the ingots, letter «I»
stands for induction melting method, and letter «P» stands for re-
sistance furnace.
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the experimental results. Two samples of the spherical
particles, 100 g each, were taken for investigations
from each sprayed batch. In addition, 100 g samples

produced by mechanical crushing were taken from
each batch of the ingots to test the initial materials.

Results of chemical analysis to determine the carb-
on content and results of microhardness tests are given
in Table 1. Microstructure of the test samples is shown
in Figure 1.

It can be seen from Table 1 that the carbon content
decreases to some extent after remelting. However,
the level of microhardness of the spherical particles
is higher compared with the initial material, this al-
lowing prediction of high performance of the wear-re-
sistant coatings produced from the spherical particles
(WC--W2C).

Microstructures of the initial materials (cast in-
gots) (Figure 1, a) differ but insignificantly. There-
fore, it can be concluded that methods used to melt
the ingots have no effect on formation of phase com-
ponents of the spherical particles in centrifugal ther-
mal spraying.

The spherical particles (Figure 1, b) have a finer
microstructure. Mechanical mixture of two phases is
of a more ordered character. That is, it is remelting
that is responsible for refining of structural compo-
nents, which is attributable to formation of a great
number of microvolumes of liquid metal (droplets),
their instantaneous detachment and instantaneous so-
lidification in flight. And it is these factors that ex-
plain increase in microhardness of the spherical WC--
W2C particles.

The most interesting results were obtained from
comparative X-ray diffraction analysis of the ingots
and granules produced by the centrifugal thermal
spraying method. Results of evaluation of samples

Figure 1. Microstructures (×1000) of cast ingots (a) and spherical particles (b)

Figure 2. Fragment of full-profile analysis of diffraction pattern
of samples 6/03-st.I (a) and 6/03-sf-1 (b)
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6/03-st.I and 6/03-sf-1 are presented as the most
demonstrative ones.

Diffractometry of the samples was carried out by
using the DRON-UM-1 diffactometer in monochro-
matic CuKα-radiation by the method of step scanning
(35 kV, 35 mA; exposure time at a spot ---- 3--7 s,
step ---- 0.05°). Graphite single crystal placed on the
diffracted beam was used as a monochromator. A sam-
ple during filming was rotated about a normal to the
coating plane. The data of diffractometry experiment
with calculation of the coefficient of texture of the
phases were processed by using the PowderCell 2.4
software for full-profile analysis of X-ray spectra of
a mixture of polycrystalline phase components [5].
The texture was described by using the March-Dollase
model, and profiles of the diffraction maxima were
approximated by the pseudo-Voight function. 

As found from evaluation of material of the initial
cast ingots, proportion of the WC and W2C phases is
as follows, wt.%: 32.1 WC and 67.9 W2C (Figure 2,
a). This can be explained by the fact that despite the
technological stability of the process of melting of
cast ingots, the circumstances may occur, at which it
can be extremely difficult to strictly control the time
of holding of the liquid melt in a crucible and its
subsequent discharging into a gate (because of dusting
of a heating element, impossibility of visually moni-
toring the process of melting of the charge mixture,
etc.). This leads to the risk of violation of the
stoichiometric proportion between the considered
phases.

As revealed by diffractometry of samples of the
spherical particles, the WC to W2C ratio tends to the
maximum possible eutectic one, and equals 21.4 WC
and 76.8 W2C (wt.%) (Figure 2, b). These data con-
firm the assumption that the process of centrifugal
thermal spraying creates the ideal conditions (instan-
taneous detachment of a small volume of the liquid
phase (droplet) and its instantaneous solidification)

for refinement of the structure and providing of the
eutectic proportion equal to WC/W2C = 20/80. The
content of free tungsten is 1.8, wt.%. It is likely to
be related to precipitation of an insignificant amount
of tungsten on the particle surfaces, according to the
theory considered in [6].

Therefore, quality of the tungsten carbide ingots,
which are the raw materials for production of the
spherical particles, hardly depends upon the method
used to produce them. Manufacture of the spherical
tungsten carbide particles with a refined and ordered
structure, increased microhardness and near-eutectic
WC/W2C ratio equal to 20/80 is possible only under
conditions of remelting of cast tungsten carbides.
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Table 2. Results of calculation of lattice parameters

Sample No.
Phase
state

Content
of phase,

wt.%

Lattice parameters, nm
Lattice

orientation
à ñ

6/03-st.I WC 32.07 0.29058 0.28373 0.6598

W2C 67.93 0.51850 0.47345 --

6/03-sf-1 WC 21.43 0.29078 0.28383 --

W2C 76.82 0.51909 0.47311 --

W 1.76 0.31667 -- --
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APPLICATION OF PROTECTIVE EXTENSION
IN THERMAL SPRAYING OF QUASI-CRYSTALLINE

COATINGS

A.P. MURASHOV, I.A. DEMIANOV, A.P. GRISHCHENKO, A.N. BURLACHENKO and N.V. VIGILYANSKAYA
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The efficiency of application of an extension in plasma spraying of coatings from quasi-crystalline alloy Al--Cu--Fe was
studied. It was established that the extension allows increasing the amount of the icosahedral phase in a coating by
improving the heating conditions and lowering the degree of oxidation of a spraying material.

K e y w o r d s :  thermal spraying, extension, coating, quasi-
crystalline alloy, icosahedral phase

One of the methods to control the plasma-arc spraying
process is to apply special protective extensions, with
the help of which it is possible to solve the following
problems:

• partial cleaning of coatings from contaminations
caused by non-controllable reactions of a spraying ma-
terial and deposited layer with active components of
the environment;

• protection from overheating, oxidation and dust-
ing of the substrate surface outside the spraying zone
or effective spraying spot;

• variation of the coefficient of concentration of
the gas-powder jet, size of its high-temperature region,
composition and pressure of the environment within
the spraying zone [1].

In this study the protective extension was used for
plasma-arc spraying of Al63Cu25Fe12 alloy coatings with
a quasi-crystalline structure to increase the length of
heating of a powder and decrease the degree of oxidation
of the spraying material [2]. One of the conditions for
providing coatings with a high content of the quasi-crys-
talline component is a maximum possible preservation
of the initial composition, particularly of aluminium as
an element having a high affinity for oxygen [3]. The
purpose of the study was to preserve to the maximum
possible degree the composition of the initial powder in
spraying of a coating through extra constriction of the
plasma jet by a concurrent gas flow, which limits ad-
mixing of air oxygen to the jet, possible reduction of
the required power of the plasma jet to provide heating
of the spraying material without overheating of surfaces
of the powder particles.

The extension (Figure 1) consists of ceramic and
copper water-cooled parts. The transportation gas to-
gether with the spraying powder is fed into the ceramic
sleeve via two connection pipes located opposite to
each other. In addition, the concurrent shielding gas
(argon or nitrogen) is fed via channels made on the
perimeter of the ceramic sleeve from the top, at the
boundary with the nozzle. Application of the ceramic
insulating sleeve makes it possible to electrically sepa-
rate the extension from the nozzle, and use it without
changing the spraying parameters set for the process
without the extension. Feeding of the concurrent
shielding gas allows protecting the powder during
spraying from oxidation by air oxygen, which is usu-
ally drawn into the extension because of a difference
in pressure inside the extension and environment.
Feeding the powder via the two connection pipes make
it possible to raise the spraying productivity owing to
the possibility of increasing 1.5--2 times the transpor-
tation gas flow rate, this decreasing the risk of powder
clogging, especially in the case of powders with low
flowability.

Figure 1. Plasma-arc spraying system comprising an extension

© A.P. MURASHOV, I.A. DEMIANOV, A.P. GRISHCHENKO, A.N. BURLACHENKO and N.V. VIGILYANSKAYA, 2009
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The total height of the extension is 82 mm, this
making it possible to use it to produce coatings from
the majority of powders at spraying distance of 90--
140 mm or more.

The powder of quasi-crystalline alloy Al63Cu25Fe12
was produced by water atomisation. It consists of par-
ticles of an irregular, rounded and elongated shape
with the developed surface. The powder fraction is
from --63 to +40 µm. Flowability of the powder is
35 s/50 g, and its apparent density is 2.15 ±
± 0.01 g/cm3. According to the results of X-ray dif-
fraction analysis, its content of the quasi-crystalline
icosahedral phase is about 80 wt.%.

The Table gives values of the selected spraying
parameters.

Figure 2 shows microstructure of the coatings de-
posited by the plasma-arc method using the
Al63Cu25Fe12 powder with and without the extension.

The results of X-ray diffraction analysis of the
coatings showed that the content of the quasi-crystal-
line phase in the coatings deposited by using the ex-
tension increased by 12 %, compared with the coatings
deposited without the extension (62 and 50 %, respec-
tively). The coatings in both cases are dense, contain
a small quantity of pores, have a lamellar structure,
and exhibit no separation from the substrate.

Therefore, application of the protective extension
under conditions of plasma-arc spraying of coatings
with quasi-crystalline structure makes it possible to
produce coatings with an increased content of the
quasi-crystalline phase.

Parameters of spraying of Al63Cu25Fe12 powder by the plasma-
arc method

Parameter
Spraying
without

extension

Spraying
with

extension

Spraying current, A 500 350--400

Plasmatron voltage, V 30 30

Plasma gas (argon) flow rate, l/min 26 26

Transportation gas (nitrogen) flow
rate, l/min

3.7 4.5

Concurrent gas (argon) flow rate,
l/min

-- 4.75

Powder consumption, g/min 30 45

Spraying distance, mm 110 110

Figure 2. Microstructure (×200) of Al63Cu25Fe12 powder coatings
sprayed by the plasma-arc method with (a) and without (b) ex-
tension
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NEWS

TWO-HEAD AUTOMATIC ARC WELDING DEVICE ADF-1002

OJSC «Electric Machine Building Plant SELMA»
mastered production of the 2TS-17S type automatic
welding device ADF-1002 designed for automatic sub-
merged arc welding of T-joints from carbon and al-
loyed steels using two inclined electrodes. The auto-
matic device provides welding of stiffeners of the strip
type or of the trapezium-shaped profile 160 to 360 mm
high to orthotropic plates. The lower limit (160 mm)
can be reduced at a special request. 

The automatic device moves over a workpiece dur-
ing the operation process. Welding is carried out with
the rectilinear welds at a direct current by the sub-
merged arc method using consumable electrodes over
the layer of flux.

The automatic device is equipped with the control
unit and two power supplies (welding rectifiers).
Measurement of the wire feed speed and welding speed

is carried out in a stepwise manner using removable
gears in geared drives. The welding tractor can be
supplied either with the complete set of removable
gears or with the gears the mating pairs of which are
designed for the wire feed speeds and speed of the
welding tractor required by a specific consumer.

The welding tractor consists of the following main
parts: carriage including an electric motor, feeding
mechanism with a camshaft, traveling gear with chain
drives and driving wheels; two welding heads, each
including straightening and feeding devices, current
contact jaws, electrode position adjustment mecha-
nism providing incline and shifting of a current contact
jaw relative to the weld; set of follow-up devices; two
hoppers for flux with flux feeders; two mechanisms
for arrangement of electrode wires; and control panel.

Advantages of the automatic welding device in
comparison with analogs are provided by: improve-
ment of the electric circuit allowing an operator to op-
timally control feed of the electrode wires and operation
of the tractor as a whole; upgrading of the geared motor
part, including reinforcement of the place of joining of
the motor shaft with input elements of the back axle
and feeding mechanism reduction gears; increase in hard-
ness of worm screws; improvement of adjustment of
engagement of the worm screw pairs; strengthening of
outlet part of the feeding mechanism reduction gear;
and utilization of an end coupling preventing sliding in
the back axle reduction gear.

METRO CARS OF UKRAINIAN PRODUCTION

A new train consisting of cars produced by OJSC
«Kryukovsky Car Building Factory» has been started
to run on Syretsko-Pecherskaya line of the Kiev metro
since January 2009. It visibly differs from the Russian
cars, which are now in operation at the Kiev metro
line, in design, style, interior and control systems.

 The welded body of a car is made from low-alloy
steel 09G2S. Panels of side walls, roof and front walls
are made from 2.0--2.5 mm thick sheets of steel 09G2S.
Thermal straightening of panel structures is applied

to meet high requirements to flatness. The car fame
is made from formed and rolled sections. Bent perfo-
rated sections are used in elements of the frame, al-
lowing weight of the body to be reduced by 5 %. New
technologies of laser and plasma cutting are used for
manufacture of the cars. The operations of bending of
the sheets and pipes are carried out by using the CNC
equipment. The special profile-bending machine is
used to bend the roof elements. In-house production
trucks are mounted on the cars. The Factory has a
ten-year experience in production of frames of the
metro trucks, which are supplied to Kiev and Kharkov
metro lines as spare parts. Welding of the frame of
trucks and their components is carried out in a mixture
of Ar + CO2 gases. Argon arc treatment of the welds
is used for critical components of the trucks.

Preparation of production for serial manufacture
of metro cars with a program of delivery of 100 cars
per year will be completed in April 2009.
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UKRAINIAN-BELARUSSIAN MEETING-PRESENTATION
OF THE TECHNOLOGY OF LIVE TISSUE WELDING

On January 15, 2009, a working meeting ---- presen-
tation of PWI technology of electric welding of live
tissues ---- was held in the Minsk City Clinical Emer-
gency Hospital. Chief and leading surgical specialists
of Belarus participated in the meeting. S.E. Podprya-
tov Dr. of Sci. (Med.), A.V. Linchevsky, surgeon,
and A.T. Zelnichenko, Director of International As-
sociation «Welding», took part in the meeting from
the Ukrainian side.

Prof. N.V. Zavada (Chairperson of BelMAPO
Emergency Surgery Chair) and S.E. Podpryatov
(Leading Surgeon of City Clinical Hospital, Kiev)
conducted laparoscopic and open surgery using surgi-
cal welding electric coagulator EK-300M1.

Simultaneous video transmission of the operation
to meeting participants was performed, which high-
lighted the following advantages of the technology:
fast and accurate separation of tissues, reliable hemo-
stasis, absence of necrotized tissues or foreign bodies
in the wound. When electric welding is used, there
is no need for surgical sutures, or clips, and consump-
tion of gauze, blood preparations, blood substitutes,
as well as hemostatic means is markedly reduced.

Presentations on the experience of application of
the unit for live tissue welding in Ukraine were also
made in the meeting by A.T. Zelnichenko and S.E.
Podpryatov. At subsequent discussion of the operation
and presentations Prof. V.N. Zavada, Prof. A.V.
Vorobej, Prof. Yu.N. Gain, V.T. Kokhnyuk, Prorector
of Belarussian Medical Academy of Post-Diploma
Education, Deputy Director of the Republican Scien-
tific-Practical Center of Oncology and Medical Radi-
ology, Assistant Professor S.V. Shakhraj (BGMU
Chair of General Surgery), Prof. V.V. Troyan (Chair
of Pediatric Surgery of BelMAPO) noted the advan-
tages of the electric welding technology compared to
the currently available analogs and expressed interest
in application of the above unit in their surgical prac-
tice. Assistant Professor I.I. Pikirenya, Chief Surgeon
of the Ministry of Health, noted the medical and eco-
nomic rationality of introduction of the technology in
the Republic of Belarus, and fitting of the surgical
profile wards with the above unit and tools.

Meeting participants unanimously supported the
speakers, and suggested that I.I. Pikirenya apply to
the management of the Ministry of Health with the
proposal to purchase EK-300 M1 units for the coun-
try’s hospitals.

After the presentation, I.I. Pikirenya, A.T. Zel-
nichenko, S.E. Podpryatov, A.V. Linchevsky had a
meeting with R.A. Chastnojt, First Deputy Minister
of Health, during which the presentation results were
discussed and a conclusion was made about the good
prospects for application of the unit and tools for live
tissue welding in the Republic of Belarus.

It is noted that EK-300 M1 unit, batch-produced
by International Association «Welding» under li-
cense, has received the hygienic certificate of Belarus
Republic, but in order to be used, it has to be registered
by the Ministry of Health of Belarus Republic. The
rationality of setting up a state program for fitting
the surgical wards with the above equipment and
training the surgeons was stated.

Dr. A.T. Zelnichenko, PWI
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