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ABOUT PROSPECTS OF BIMETAL PRODUCTION
USING ELECTROSLAG PROCESS

B.E. PATON, L.B. MEDOVAR and V.Ya. SAENKO
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The role of electroslag welding process in producing bimetal ingots for manufacturing sheets and rolled sections is
shown. Specifics of manufacture of bimetal section semi-products by rolling in section mills of square two-layer ingots,
produced by the method of cladding using mandrels of different shapes, and also by rolling and hot pressing of composite
round two-layer billets, is considered. The feasibility of use of the electroslag process with a liquid metal in the production
of bimetal ingots in ESR furnaces, including also the method of a continuous electroslag casting, is evaluated.

K e y w o r d s :  bimetal ingots, bimetal sheets, bimetal rolled
sections, electroslag welding process, electroslag remelting, elec-
troslag cladding, electroslag cladding with liquid metal

It should be recognized that, in spite of more than
century history of the industrial production and ap-
plication of different types of bimetals, and also the
variety of known methods of their producing, they
have not yet occupied the worthy place among the
most important structural materials. The share of bi-
metals, in particular rolled sections, in the total pro-
duction of structural materials remains still negli-
gible, though in some cases they have no almost al-
ternative owing to their unique service properties. It
is noted in work [1] that one of the main reasons of
this situation is their high cost which is stipulated by
specific features of those technological processes
which are used for their manufacture. From our side,
we would like also to note that one more limiting
factor of a wide application of bimetals in industry
is not always high and stable quality guaranteeing
the absence of laminations in the process of manufac-
ture of bimetal products and their service.

In manufacturing bimetal semi-products (sheets,
rolled sections, pipes, different types of rolled shaped
sections, etc.) the most different technological proc-
esses were tested, almost all the methods of pressure
shaping, casting technologies, electric arc and elec-
troslag cladding, explosion welding, electron beam
technology, electrochemical methods, plasma and
other methods of spraying were applied.

A special place among numerous technologies of
producing different types of bimetals and bimetal
products is occupied by the methods, based on elec-
troslag welding process, whose application guarantees
a reliable bonding of cladding and base layers before
the rolling of a bimetal billet. For the first time in
the world practice the idea of use of electroslag weld-
ing process in producing large bimetal billets with a
corrosion-resistant cladding layer, designed for roll-
ing into sheets, was suggested at the E.O. Paton Elec-
tric Welding Institute as far back as the end of the
1950s [2, 3]. On the basis of bimetal, produced by

this method, the industrial production of thick-walled
(36--170 mm) stamped-welded bimetal high-pressure
vessels for different branches of the national economy
was organized for the first time in our county at Mari-
upol Plant of Heavy Machine-Building in the 1960s
[4--6]. In the former USSR one of main consumers of
thick-sheet bimetal was petrochemical and nuclear
power machine-building, and also shipbuilding [7, 8].

At the end of the 1980s ---- in the middle of the
1990s the works on industrial implementation of pro-
duction of bimetal sheets using methods based on
application of the electroslag process (electroslag
cladding ---- ESC ---- in an inclined position [9], elec-
troslag cladding using ESR furnaces [10] and other
technologies) found the further development owing
to the new problems appeared in shipbuilding. Bi-
metal sheets, combining the high strength of a hull
steel with the high corrosion-erosion resistance and
reliability of coating, were demanded for lining the
nuclear ice breakers being under construction. As a
result of works carried out on the basis of ESC method
in an inclined position, the industrial bimetal sheets
with a base layer from steel 12KhN2MD and a clad-
ding layer from corrosion-resistant steel were pro-
duced, which passed the full-scale trials in the com-
position of lining of nuclear ice breaker hulls. Results
of these tests served as a basis for the construction of
the entire ice girth, made from a double-layer steel,
for the nuclear ice breaker «Ural» [11]. The applica-
tion of high-strength two- and three-layer sheet steel
of AB2P and AB2T grades of 20--60 mm thickness
with a base layer of 09KhN3MD steel and a cladding
layer of steel 08Kh18N10B occurred to be also effec-
tive for the construction of off-shore structures, in
particular ice-resistant platforms. In this case the
shear resistance of a cladding layer of bimetal pro-
duced by using ESC was > 300 N/m2 in the entire
area of manufactured bimetal sheets [12].

Round bimetal section billets are used for a long
time in shipbuilding [7], in particular, for manufac-
ture of propeller shaft of high-speed ships, which are
difficult to protect from corrosion using the conven-
tional methods (for example, rubberizing). The bi-© B.E. PATON, L.B. MEDOVAR and V.Ya. SAENKO, 2004
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metal rolled sections of 90, 130 and 140 mm diameter
with a core from high-strength structural steel with
a cladding layer from stainless steel 1Kh18N9T for
the propeller shafts were produced for the first time
in the former USSR in 1955 at Kuznetsk Metallurgical
Works (KMW) using technology, developed in col-
laboration with the Research Institute of Structural
Materials «Prometej» [13]. The technological process
was based on the method of cladding by casting which
was used at KMW for industrial production of sheet
rolled bimetal.

The main task in the development and mastering
of technology of production of bimetal rolled sections
was to search for optimum sizes and shape of a core
in a two-layer ingot, and also the conditions of de-
formation of the two-layer ingot in blooming mill and
two-layer billet in section mill to produce a core in
a ready bimetal rolled section approaching the shape
of a disc of the preset diameter.

Two-layer ingots were subjected to bottom casting
into square 6-ton cast iron moulds and transferred,
after stripping, by a hot charge into soaking pits of
the blooming mill. Ingots, heated to 1270--1280 °C,
were rolled in duo-reversing mill 1100 for
310 × 320 mm section, and then in duo-reversing mill
900 for 180 × 180 and 210 × 210 mm section and,
finally, in medium-section mill for discs of 90 and
130--140 mm diameter, respectively. To produce a
round core, two types of bars were tested: of a round
section and octahedral (square) section with cut edges
(Figure 1).

It was established as a result of experimental works
that the percent ratio of area of core section to total
section area in ingot, billet and final shaped section
is approximately equal. However, the core in its shape
can differ greatly from the disc of a preset diameter
due to the fact that the deformation in rolling is oc-
curred only in two mutually normal directions. Even
at a properly selected core in ingot the change in its
shape may not correspond to the change in ingot shape
due to a different degree of deformation in sides of
the rolled metal being deformed. The most acceptable
shape of the core is attained at maximum possible and
uniform deformation in ingot sides. Therefore, the

schemes recommendable for rolling of bimetal ingots
envisage the maximum single and similar total reduc-
tion from one manipulation to another.

The optimum shape of a core in a round bimetal
billet was produced in use of the octahedral bar. As
is shown in Figure 2, the core in a round section rolled
metal is arranged concentrically to the external sur-
face and has almost right shape of octahedral with
rounded corners. In case of use of round bars after
rolling in reduction mills 1100 and 900 the square
billet of 180 × 180 mm section with an oval core was
produced using the conditions developed earlier, and
after the rolling for a ready section (disc of 90 mm
diameter) the core in the form of a square-rhomb
(Figure 3) was produced, i.e. the produced bimetal
section billet did not meet the preset requirements as
to the core geometry.

Taking into account the difficulties in production
of bimetal rolled sections, the authors of invention
[14] offer to realize firstly a hot rolling in section-
rolling mills of round bimetal billets by the oval--
square scheme in vertical stands, and the final form-
ing ---- by rolling using disc--disc scheme in multi-roll
passes. Figure 4 shows the offered scheme of rolling
of bimetal round rods using three-roll passes.

Using this technology, the double-layer cylindri-
cal billet, consisting of a core and sheath, is used for
rolling. Edges of as-assembled billet are welded
around the contour. Billet, heated to the temperature

Figure 3. Shape of core in rolled bimetal billet of 90 mm diameter
in use of round bar in two-layer ingot

Figure 1. Scheme of octahedral bar mounting in the mould before
metal pouring

Figure 2. Shape of core in a rolled bimetal billet of 90 mm diameter
in use of octahedral bar in two-layer ingot
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of rolling, is subjected to rolling firstly in several
roughing stands with three-roll passes (positions 1--3)
using disc--disc system. When rolling in three-roll
passes, closed almost around the contour, the all-sided
uniform reduction of a two-layer billet is occurred
without metal expansion, thus providing a reliable
adhesion of metals of core and sheath over the contact
surface and uniform thickness of a cladding layer in
a bimetal rolled section. The number of roughing op-
erations in three-roll passes is defined by the total
value of critical reduction necessary to provide a re-
liable adhesion of layers in a bimetal rod and, in its
turn, dependent on physical-chemical characteristics
of metal of base and cladding layers. Due to a low
drawing capacity of the disc--disc system of passes,
the rolling in multi-roll passes for producing ready
products becomes not efficient. Therefore, the further
metal deforming is performed in two-roll passes (po-
sitions 4--9) using one of known schemes, for example,
applying the oval--square system of passes. To obtain
the precise geometric sizes, the final formation of a
ready bimetal rod after necessary drawing is made
again in three-roll passes (positions 10--12) using
disc--disc system. The application of three-high rolling

stands for hot grooving of a round bimetal rod makes
it possible, in the opinion of authors [14], to guarantee
the precision of sizes of the ready rolled metal, which
is in conformity to the precision of cold-drawn shaped
sections.

However, as follows from the recent work [15],
the problem of producing bimetal rods with a preset
uniform thickness of the cladding layer using rolling
in passes remains actual. To solve it, the authors of
the above-mentioned work apply the computer 3D
simulation, which is supported by the results of ex-
perimental investigation of peculiarities of rolling the
model bimetal specimens (steel 55 + copper M1-E)
with different initial thickness of the cladding layer.
Bimetal cylindrical billets of 21.7 mm diameter were
subjected to rolling, whose layers were welded by the
explosion method before rolling. Thickness of a clad-
ding layer (copper) was 0.85, 1.80 and 2.85 mm in
initial specimens which were subjected to hot rolling
for 14 mm diameter rods.

It is known that the hot pressing, as compared
with rolling, provides the more beneficial scheme of
the stressed state. When pressing the round sections
the deformation is axisymmetrical, thus preventing
the distortion of a round core shape. In the process
of hot pressing of cylindrical composite two-layer bil-
lets, the same as in rolling of two-layer packs, the
adhesion of layers occurs under the action of a com-
bined plastic deformation, and moreover, around the
contour at a uniform distribution of radial compressive
stresses in the deformation source, unlike the rolling.
This contributes to the prevention of the core shape
distortion in pressing. At the same time, at hot press-
ing of solid profiles of a round and shaped section the
process of a plastic yielding is accompanied by a non-
uniform metal deformation in section of a matrix cell,
thus resulting in the more rapid yielding of the inter-
nal layers of billet metal as compared with external
layers. It was established [16] that the non-uniform
deformation in profile section and mode of cladding
layer spreading in length in pressing of bimetal sec-
tions depend, first of all, on different strength of
metals of the core and cladding layer. This effect, as
compared with pressing of solid sections, becomes
greater with larger scattering of values of strength
properties of metals of the core and cladding layer,
and in particular it is greater in case, if the there are
no strong adhesion at the initial period, thus violating
abruptly the initial ratio of areas of the core and
cladding layer.

Thus, when producing bimetal section semi-prod-
ucts both by deforming the round bimetal billets in
section rolling mills and also by hot pressing, the
presence (or absence) of initial guaranteed adhesion
between dissimilar layers of the initial two-layer billet
is one of the key problems. If the permanent joining
of layers over the entire contact surface is guaranteed
between the core and sheath of two-layer billet before
the hot deformation, the scheme of rolling of this
billet can be significantly simplified. It is important

Figure 4. Rolling of bimetal round rods using three-high passes by
disc--disc (1--3), oval--square (4--9), disc--disc (10--12) scheme
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to take this into account in manufacture of shaped
rolled metal.

Owing to the development of the electroslag proc-
ess using liquid metal (ESR LM) at the E.O. Paton
Electric Welding Institute, the new opportunities are
open up for improving the technology of producing
bimetal billets [17, 18], moreover, not only for the
production of sheet bimetal, where the efficiency of
ESR LM is out of any doubts, but also a section
bimetal of a reinforcing profile. As was noted in [19],
the ESR LM allows realization of a continuous elec-
troslag process with liquid metal. The investigations
[20, 21] showed that application of ESR LM provides
cladding of a layer with a minimum depth of pene-
tration of the base metal of the billet both in section
and also in height. When necessary, the cladding by
this method can be performed also by the scheme of
braze welding, i.e. almost without guaranteed pene-
tration of the base metal. In this case, as a result of
treatment of the main billet contact surface, its pu-
rification from oxides and other contaminations is
occurred, while at reaching of a definite temperature
it is wetted with a metal melt, filling a mould gap,
thus forming a cladding layer. This, as is known, is
the obligatory condition for proceeding the process
of brazing-cladding.

The important advantage of ESR LM in the pro-
duction of bimetal billets for sheet and section rolled
metal is the feasibility of use of operating ESR fur-
naces for its realization after an appropriate their
modification. For this purpose, the furnaces are
equipped additionally with current-carrying short
moulds for electroslag cladding and units and devices
for accumulation of molten metal and its dosed feeding
into the zone of the cladding layer formation.

Figure 5 presents a general view of the bimetal
billet of 350 mm diameter after the electroslag clad-
ding, using ESR LM, of a corrosion-resistant austeni-
tic layer of 35 mm thickness in ESR furnace. The
investigations of metal of bimetal billet cladding layer
showed that the distribution of main chemical ele-
ments in section and length of the billet is almost
uniform and meets the technical requirements.

It should be noted that as far back as in the middle
of the 1960s of the last century a method and design
of the mould for producing bimetal billets was sug-
gested at the E.O. Paton Electric Welding Institute.
However, these suggestions did not find industrial
application at that time, because it was not possible
to overcome the main difficulty, such as high and
non-uniform penetration of the base metal in the proc-
ess of manufacture of ESR bimetal billets, that led
inevitably to the undesirable dilution of the cladding
layer metal with carbon steel and to inadmissible vari-
ation in its chemical composition even in the limits
of one sheet. If to judge from the publications, this
problem remains still actual until now in application
of the canonical ESR.

We suppose that the experience in producing bi-
metals by ESR LM is a step to the realization of

semi-continuous and in future, probably, also con-
tinuous casting. Standard rolling mills will be still
used for rolling the wide bimetal sheets and it would
be necessary to roll a bimetal strip, in particular rolled
sections, in planetary mills, thus combining the roll-
ing and pressing.

As a whole, a number of problems, related to manu-
facturing and application of bimetals, is much wider
than the problems of producing a reliable joint of
dissimilar metals and reduction in cost of products by
saving the expensive alloying metals. In our opinion,
the existing bimetals are the prototype of structural
steels and alloys of mass production in future, with
a preset anisotropy of structure and properties, called
by us earlier as PAS-materials of the new class [22,
23]. Here, the authors cannot but give themselves a
pleasure (in hope to share it with readers) to show
the known sketch from book of G.I. Pogodin-Alek-
seev* (Figure 6) to illustrate special properties of
bimetals, PAS-steels.

Figure 5. Bimetal ingot of 350 mm diameter after electroslag clad-
ding of corrosion-resistant austenitic layer of 35 mm thickness using
method of ESR LM

Figure 6. Behavior of multilayer specimen after impact bend test
at arrangement of a plane of layers normal (a) and parallel (b) to
the impact direction

*Pogodin-Alekseev, G.I. (1965) Dynamic strength and brittleness
of metals. Moscow: Mashinostroenie.
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It should be note in conclusion that in the ocean
of steel, threatening to contain more than one billion
of tons in 2004, the share of alloying steels is only
7--8 %, and the share of high-alloy steels is hardly
1 %. To provide a worthy place for the industrial
production of bimetals it is necessary to develop and
apply the newest technologies for producing bimetal
materials using ESR, thus meeting the requirements
of the century.
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APPLICATION OF HARMONIC ANALYSIS
OF ELECTRIC PARAMETERS FOR MONITORING

AND CONTROL OF ESR PROCESS

A.A. TROYANSKY, A.D. RYABTSEV, V.Yu. MASTEPAN and M.V. SAMBORSKY
Donetsk National Technical University, Donetsk, Ukraine

The feasibility of application of harmonic analysis for monitoring of the process of a chamber-type ESR is shown. Values
of coefficients of harmonics are given for remelting using fluxes ANF-6, ANF-1P, pure CaF

2
 and CaF

2
--Ca system. It

was suggested to use the information, obtained by this method, in automated systems of the ESR technological process
control.

K e y w o r d s :  electroslag remelting, chamber-type electroslag
remelting, harmonic analysis, coefficients of harmonics, indirect
methods of control

At the present time the progress in aircraft construc-
tion, power engineering and other branches is impos-
sible without application of structural materials pos-
sessing special properties. These materials include,
first of all, highly-reactive (titanium, chromium),
rare-earth metals (REM), their alloys and interme-
tallics. The service properties of products are defined
directly by the purity level of metals and alloys used
for their manufacture. To produce the initial struc-
tural billet in the form of ingots, these metals are
subjected to remelting most often using vacuum-arc,
electron beam or electroslag methods, which do not
guarantee often the required quality of the material.
Therefore, the advanced investigations are directed
to searching for technological variants combining sev-
eral metallurgical processes [1].

One of such promising processes is the electroslag
remelting of metals and alloys under active slag sys-
tems in the chamber-type furnaces at a controllable
atmosphere. This technology possesses advantages of
both electroslag and also vacuum-arc remelting, and
the ESR in such a variant makes it possible to solve
successfully the difficult and even impossible prob-
lems for traditional methods of special electrometal-
lurgy. They concern, first of all, the producing of
high-quality ingots from highly-reactive metals (chro-
mium, titanium), REM and their alloys [2]. The pres-
ence of the chamber and controllable atmosphere, and
also the use of active components (calcium, rare-earth
and other metals) in slag during remelting creates
favorable conditions for effective refining, modifying
and alloying of metals and alloys [3]. All this, un-
doubtedly, influences also all the complex of physi-
cal-chemical and electric processes of remelting. Thus,
the fillers of a metallic component, in particular cal-
cium in ESR slags, lead to significant changes in elec-
tric conditions of remelting [4], and at content of
metal calcium in slag of more than 15 wt.% the elec-

troslag process is transferred completely to arc process
[5]. Therefore, when realizing the major aim of the
process, i.e. the producing of quality ingots from
highly-reactive metals, it is necessary to maintain the
optimum concentrations of calcium in slags, close to
limiting. The question arises: how to realize this using
the chamber ESR process.

Sampling of slag during the melting process is
connected with certain technological difficulties, and
the indirect determination of calcium concentration
in slag by its content in the furnace atmosphere will
not give the high precision, because the calcium con-
tent in furnace atmosphere at different horizons de-
pends on such parameters as temperature and convec-
tive gas flows, which are controlled in a complicated
manner.

At the same time the electric current and voltage,
which can give the precise information about a number
of physical parameters of the electric circuit, are easily
controllable parameters in ESR. Real electric circuits
have, as a rule, non-linear elements in their compo-
sition. Thus, in ESR installation the non-linearity is
typical of the slag pool resistance which depends on
chemical and aggregate state, and the presence of
metal calcium in slag leads to an abrupt change of its
physical properties, namely electric conductivity and
temperature of melting. This influences the electric
characteristics of the process and can lead to exciting
of arc discharges at the electrode--slag interface.

Harmonic analysis is one of the methods of ob-
taining information from a periodic signal. Signal har-
monics occur due to separation of basic (intelligence)
signal under the action of external factors. By ana-
lyzing and comparing the processes, proceeding in the
technological cycle, it is possible to derive several
relationships with change in a harmonic composition
of signal. One of them is the content of metal calcium
in a slag melt. It is possible to calculate the signal
spectrum using the Fourier transformation.

It is known from the theory of electric circuits and
signals [6--8] that signal at the output of a non-linear

© A.A. TROYANSKY, A.D. RYABTSEV, V.Yu. MASTEPAN and M.V. SAMBORSKY, 2004
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element, to the input of which a periodic oscillation
is supplied, contains components with frequencies,
multiple of frequency of input signal. In this case, by
analyzing these components it is possible to judge
about the nature of non-linearity and processes pro-
ceeding in the pool.

If x(t) is the periodic function from t with a period
τ, then it can be presented in the form [6, 9--12]

x(t) = 
a0

2
 + ∑ 

n = 1

∞

 



an cos 

2π
T

 nt + bn sin 
2π
τ  nt





or

x(t) = 
a0

2
 + ∑ 

n = 1

∞

 (an cos 2πν0nt + bn sin 2πν0nt),

where frequency ν0 = 1/τ.
Coefficients a0, an and bn are calculated by for-

mulae

a0 = 
2
τ ∫ 
--τ/2

τ/2

x(t)dt,

an = 
2
τ ∫ 
--τ/2

τ/2

x(t) cos 2πν0ntdt,

bn = 
2
τ ∫ 
--τ/2

τ/2

x(t) sin 2πν0ntdt.

In a general case the periodic signal contains com-
ponent, not dependent on time and a finite set of

harmonic oscillations, harmonics with frequencies
νn = nν0 (n = 1, 2, 3, ...).

To make the quantitative evaluation of degree of
a non-linearity of the signal the value of a coefficient
of non-linear distortions, equal to ratio of root-mean-
square level of all higher harmonics of current to
amplitude of current of a useful signal, is calculated
[6, 8]:

kh = 
√I2

2 + I3
2 + I4

2 + …
I1

 .

To check the assumption data a series of experi-
ments on remelting of electrodes of steel 50 in a cham-
ber-type ESR furnace using different fluxes was car-
ried out. Electrodes of 50 mm diameter and 700 mm
length were remelted into a copper water-cooled
mould of 110 mm diameter in argon and in air. Voltage
and current of remelting were kept constant (40 V
and 2 kA) at 1400 g slag mass. Flux of system CaF2--Ca
was produced by mixing the calcium fluoride and
metal calcium. To make the comparative melts, the
chemically-pure calcium fluoride CaF2 and mostly
widely spread industrial fluxes ANF-6 and ANF-1P
were used. Slag pool was set using a «solid start».

In the process of remelting the instantaneous val-
ues of current and voltage were recorded using the
developed information-monitoring system [4]. A low-
frequency filter of 2500 Hz suppression frequency was
used in it. Frequency of discreteness was 8000 Hz,
the digit capacity of quantification was 16 bits. Com-
puter was used to record the signals, and a program

Figure 1. Curve of current in chamber ESR of steel using flux ANF-6 (a) and CaF2--Ca (b)

Figure 2. Coefficient of harmonics of current in chamber ESR of steel using flux ANF-6 (a) and CaF2--Ca (b)
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was developed for calculation of effective values of
current and voltage, coefficient of their shape and
harmonic composition to analyze and to process the
information obtained.

Figures 1, a, b and 2, a, b show, respectively, the
most typical sinusoids of remelting current and results of
calculation of a coefficient of harmonic non-linear distor-
tions in remelting using fluxes ANF-6 and CaF2--Ca.

As the Figure 1, a shows, the remelting using flux
ANF-6 is most stable from the technological point of
view. In this case the noticeable distortions in the current
sinusoid were not observed, and a coefficient of har-
monics in a steady condition of melting has low values
and lies within the ranges of 2--3 % (Figure 2, a).

When using flux ANF-1P the distortion of current
sinusoids was almost absent, however, the increase in
a coefficient of harmonics up to 5--8 % was observed.
However, the use of pure CaF2 as a slag leads to an
episodic distortion of current sinusoid of remelting
and to the increase in a coefficient of harmonics up
to 16--18 %.

It should be noted that the use of slags ANF-6,
ANF-1P and those of pure CaF2 provides melting in
a stable condition of resistance. At the same time, the
transition of ESR into instable arc region at the level
of a coefficient of harmonics within the 25--30 %
ranges is observed when flux CaF2--Ca is used in re-
melting (Figure 2, b).

The relationships observed between the composi-
tion of flux and a coefficient of harmonics allow the
mentioned approach to be used for control of metal
calcium in slag and composition of slag in the process
of the on-line ESR. This information can be used as
initial for realizing the automatic control of the proc-
ess.

The present level in the progress of computer en-
gineering and devices of data input--output gives op-

portunity to observe and analyze the rapidly proceed-
ing processes. The study of the peculiarities of the
electric condition of the chamber ESR using active
slags, the finding of regularities and analysis are the
basis for the creation of a determinant model of elec-
tric processes that will lead to the improvement of
the process control system and allow realization of
the more effective situation control than the conven-
tional control.

Application of the automated systems for the con-
trol of the technological process of ESR can provide
the required metal quality at minimum expenses.
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SPECIFICS OF THERMAL INTERACTION
BETWEEN SLAG AND METAL UNDER CONDITIONS

OF ELECTROSLAG HEATING

F.K. BIKTAGIROV and I.V. KRIKENT
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Laws of heat generation and mass transfer in slag pool at different diagrams of current supply were studied on the
mathematical models relative to the non-consumable electroslag process. It is shown that to improve the heat transfer
from slag to metal at a bifilar diagram of current supply, as well as at a three-phase diagram, it is necessary to keep
certain geometric proportions of arrangement of electrodes in the slag melt. Experimental investigations of heat balance
in electroslag heating of metal confirmed the calculated results.

K e y w o r d s :  electroslag heating, heat generation, mass
transfer, mathematical modeling, heat balance

In different technological processes, connected with
use of a slag melt as a means of metal heating, the
intensity of heat exchange between the contacting
phases is one of main characteristics which defines in
many cases the technical-economic characteristics of
different technologies. This refers to a full extent to
technologies of producing steel ingots using an elec-
troslag heating to prevent the shrinkage defects.

When developing the definite technology of elec-
troslag heating it is necessary to evaluate the effect
of different its parameters on intensity of heating of
metal, being under the slag layer, to decrease the
power consumption. Earlier, some laws of heat trans-
fer from the overheated slag to metal were studied.
It was revealed, that the coefficient of slag--metal
heat transfer depends on the composition of slag used
and the metal treated, specific power, generated in a
slag pool, and also on a number of other factors [1,
2]. The design-technological features of electroslag
installations, in particular an electric diagram of sup-
ply, are also important.

The conditions of heat exchange between the slag
and metal at a single-phase direct diagram of current
supply, when the electric circuit is short-circuited
from electrode to metal through slag, are mostly stud-
ied. At the same time, to decrease the reactivity of a
short circuit of electroslag furnaces and to increase
the power factor the bifilar and three-phase supply
diagrams with an arrangement of current-carrying
electrodes in apexes of the equilateral triangle in the
latter case are most preferable. However, the condi-
tions of heat generation in the slag melt in this case
will differ from those used at a single-phase direct
(electrode--bottom plate) diagram of current supply
to the slag. Our investigations were carried out to
define more precisely the specifics of heat processes
at single-phase, bifilar and three-phase supply dia-
grams relative to conditions of electroslag process
with non-consumable electrodes.

Analysis of heat generation and mass transfer in
a slag pool was made firstly by using the earlier de-
veloped models [3, 4]. Figure 1 gives the results of
calculation of Joule heat generation in the volume of
slag pool at monofilar and two-electrode (split) direct
diagrams (electrode--bottom plate), and also bifilar
(electrode--electrode) diagram of current supply in
the case when current-carrying substrate (metal) is
located under the slag melt layer. When these calcu-
lations were made the supplied power to the slag pool
was about 80 kW, the electric conductivity of slag© F.K. BIKTAGIROV and I.V. KRIKENT, 2004

Figure 1. Density of heat sources (W/cm3) at single-phase direct
(a, b) and bifilar (c) diagrams of current supply
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was taken equal to 2 Ohm--1⋅cm--1, geometric parame-
ters (size of slag pool, diameter of electrodes, etc.)
are seen in Figure.

As follows from the data obtained, the power gen-
eration in a slag pool occurs not uniformly. The den-
sity of heat sources at a direct diagram is highest
under electrodes (Figure 1, a, b), and at a bifilar
diagram (Figure 1, c) ---- near electrodes and between
them, that is due to current passing mainly in the
direction of electrode--metal in the first case and elec-
trode--electrode in the second case. In spite of this
non-uniform heat generation, the temperature in the
slag pool is almost equalized owing to the active stir-
ring of the slag melt under the influence of thermo-
gravitational and electromagnetic forces. Moreover,
the action of the latter is dominated usually, and they
define mainly the direction and intensity of slag flows.

It may be considered in many cases during the
electroslag heating by a direct diagram that electro-
magnetic field in a slag pool is axial-symmetric. Then,
the density of electromagnetic force F

→
 can be pre-

sented in the form

F
→
 = -- 

µ
2
 



2
r
 Hε

2 e→r + grad Hε
2



, (1)

where µ is the magnetic permeability of the slag; Hε
is the azimuth constituent of vector of magnetic field
intensity; e→r is the unit vector, directed along the
radial coordinate r.

In accordance with the Helmholtz theorem any
vector field A

→
 can be presented in the form of a sum

of two constituents: potential and eddy, i.e.

A
→
 = grad Π + rot B

→
, (2)

where Π is some scalar function (potential).
As follows from (1), Hε is presented as this po-

tential, and the eddy constituent is presented in the
form of a centripetal vector, directly proportional to
the square of magnetic field intensity and inversely
proportional to the radius.

It is known that the potential constituent of vector
of force density has no influence on hydrodynamics
of liquid and its action is limited by the creation of
a magnetic static pressure, distributed in melt volume
in a complex way. Therefore, the electromagnetic stir-
ring of melt in the axial-symmetric electromagnetic
field is realized only under the action of a rotational
constituent of the electromagnetic force which has a
centripetal nature.

Figure 2, a shows the pattern of vector field

F
→

rot = --µHε
2 e→r/r in a slag pool, calculated using the

mathematical model, during the process conductance
at a direct diagram of supply, while the melt flow,
caused by this eddy constituent of the electromagnetic
force, is shown in Figure 2, b.

As a result of this nature of the melt stirring, the
overheated slag is transported in under-electrode zone
in the direction to the metal heated. Here, the slag
flows are turned to the slag pool periphery, they are

lifted upward at the mould wall to the slag surface
and, then, they are lowered along the lateral surface
of the electrode. The slag hydrodynamics is also sub-
jected to the effect of heat convection, which is trying
to organize the eddy flow in the direction opposite to
that shown in Figure 2, b. However, in any case the
electromagnetic force exceeds the Archimedes force
and favorable flow of molten slag, from the point of
view of metal heating, is preserved.

The calculations show also that the electromag-
netic field in the slag pool is plane-parallel in con-
ductance of the electroslag process by a single-phase
direct diagram using two wide plate electrodes, except
areas adjacent to narrow faces. In this case, the vector
F
→
 has only potential constituent and the slag move-

ment under the action of electromagnetic force is pos-
sible only near the narrow faces of electrodes where
the magnetic field becomes not to be plane-parallel.
Here, the movement of the slag melt will occur mainly
under the action of thermogravitational forces, that
should be taken into account in realization of this
type of the electroslag process.

At a bifilar connection of electrodes the slag move-
ment acquires nature which differs from that of a
direct diagram. Thus, according to investigations us-
ing the physical models [5] the most intensive slag
movement at a comparatively small immersion of elec-
trodes into the slag melt is occurred in the upper part
of the slag pool, while the slag flows are much weaker
in the lower its part near the boundary with metal.

The described difference in heat generation and
mass transfer in the slag pool at connection of elec-
trodes to the power source using different diagrams
should also influence the heat exchange between the
contacting phases. At a direct diagram of current sup-
ply the conditions of heat transfer from slag to metal
are more favorable than at the bifilar diagram. This
is due both to the higher density of heat source near
the slag--metal interface (in the given case 90 W/cm3

against 60 W/cm3), and also to the more intensive

Figure 2. Direction of action of rotational constituent of electro-
magnetic force (a) and nature of slag flows caused by it (b)
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movement of slag melt here. The latter is important,
as the condition of liquid movement is very important
for the processes of heat transfer between the liquid
and solid body (in our case between the slag melt and
metal located under it). Thickness of a transition layer
at the interface with a solid surface and thermal re-
sistance to heat dissipation are depended on this.

To improve the conditions of metal heating with
slag, when the latter is not connected directly to the
power source, it is necessary, first of all, to bring the
zone of maximum heat generation nearer to the slag--
metal interface. According to model experiments (Fi-
gure 3), to realize this at interelectrode gap equal to
the diameter of electrodes, the distance from the lower
edge of electrodes to metal should be not more than
a half of diameter of these electrodes. At such condi-
tions, as follows from the data of physical modeling
at a bifilar diagram of current supply [5], the nature
of slag flows is also changed. The significant their
part occurs to be directed from the under-electrode
regions downward the boundary with metal, that
leads to the intensification of slag movement here and
should contribute to the intensification of heat ex-
change processes.

As to a three-phase diagram of supply of electroslag
installations, then in this case the current circuits can
be short-circuited between the electrodes as in the
bifilar diagram. Therefore, the nature of heat genera-
tion in the slag pool and movement of the slag melt
in three-phase diagram is closer to that observed at a
bifilar diagram, but not at a single-phase direct dia-
gram.

It should be noted that the heat condition of the
slag pool in the electroslag process with non-consum-
able electrodes is defined by many factors. Major of
them are the geometric sizes of the slag pool, diameter
of electrodes and distance between them, physical
properties of slag, presence of electric resistance at
the interface of slag with metal and with a mould,
and its parameters. Mathematical model takes into
account not only these factors, but also such charac-
teristic as a shape of the lower end of the electrode,
i.e. flat, cone-shaped or in the form of a half-sphere.
Therefore, in each definite case it is possible to evalu-
ate such characteristics, with allowance for preset
conditions, as density of heat source, direction of cur-
rent passing and its value, voltage drop at separate
areas, direction of action of electromagnetic forces.
These data are necessary for a proper selection of both
design and also technological parameters of the proc-
ess and ways of their optimization.

General conclusions about the effect of diagram
of current supply on heat generation and heat transfer
in electroslag heating, made from data of modeling,
have found the experimental confirmation, in particu-
lar, in study of heat balance of the slag pool in elec-
troslag process with non-consumable electrodes.

Experiments were performed in the following way.
A water-cooled mould of 280 mm diameter was
mounted on a water-cooled bottom plate (Figure 4).
Heat insulating gasket was placed between the mould
and bottom plate. A steel billet (primer) with built-in
thermocouples 1--6 for temperature measurement was
mounted on the bottom plate. Gap between primer
and inner wall of the mould was filled with a fine-
fraction slag. From the top the mould was closed by
a water-cooled cover. Electroslag process was realized
using three water-cooled electrodes with graphite tips
of 75 mm diameter. Diameter of arrangement of elec-
trodes was 140 mm. Slag ANF-32 was used in experi-
ments. The depth of slag pool was 90 mm. Power
source was transformer TShS-3000/3, which can be
switched by the low-voltage side for the single-phase
and three-phase current. At a single-phase diagram of
current supply all three electrodes were connected by
a direct diagram: electrode--bottom plate, i.e. they
were connected to one of the poles of transformer and
the another pole was connected to the bottom plate.
In the process of experiments the temperature was
measured periodically at the slag pool surface and at
the 5 mm distance from the metal primer.

Heat energy, generated in the slag pool, is distrib-
uted in the melting space as follows (see Figure 4):

Figure 3. Density of heat sources (W/cm3) at bifilar diagram of
current supply in change of depth of immersion of electrodes

Figure 4. Scheme of measurement of thermophysical parameters
and distribution of power supplied to the slag pool (for designations
see the text)
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Qgen = Qsl--m + Qsl--mould + Qrad + Qsl--el, (3)

where Qgen is the heat generated in slag; Qsl--m, Qsl--el
are, respectively, the heat flow from slag pool to metal
(primer) and electrodes; Qsl--mould is the heat flow
through the lateral surface of the slag pool to the
mould; Qrad are the total losses of heat for radiation
from slag pool mirror.

Heat losses for radiation can be evaluated by the
known Stefan--Boltzmann expression:

Qrad = εσ0F(Ts + 273)4. (4)

Here, ε is the emissivity factor (molten slag); σ0
is the constant of radiation of absolutely black body;
F is the area of emitting surface; Ts is the temperature
of slag pool mirror.

Heat losses from slag pool through electrodes are
the part of a general flow Qel, removed by water of
electrode cooling, i.e.

Qel = Qsl--el + Qrad1, (5)

where Qrad1 is the flow of radiated heat, absorbed by
the surface of electrodes.

In the process of experiments, to evaluate the share
of heat, emitted into electrodes (Qrad1), one of them
was removed from the slag melt for a short time. The
occurring change in amount of heat removed by water
of electrode cooling, which is determined by the
method of calorimetry, allows calculating of value
Qsl--el.

Heat flow from slag pool to mould wall is found
from expression

Qsl--mould = Qmould -- Qrad2 -- Ql, (6)

where Qmould is the heat flow removed by water of
mould cooling; Qrad2 is the heat flow emitted to the
mould wall; Ql is the heat flow to the mould wall
through the primer lateral surface.

Value Qmould is measured by direct calorimetry,
Ql is calculated with allowance for temperature field
of primer and heat conductivity of slag mass, Qrad2 is
found by subtraction of heat emitted to electrodes
Qrad1 and cover Qrad3 from heat losses for radiation
from the slag pool surface Qrad.

Heat flow from slag pool to metal (primer) can
be determined either from expression (3)

Qsl--m1 = Qgen -- Qsl--mould -- Qrad -- Qsl--el, (7)

or by summing the items of distribution of heat flow
entering the primer:

Qsl--m2 = Qb.p + Qacc + Ql + Qmelt, (8)

where Qb.p is the heat flow, removed by water, cooling
the bottom plate, and determined by calometry; Qacc,
Qmelt is the amount of heat accumulated by the primer
(i.e. spent for metal heating) and entered for its pre-
melting, respectively.

Heat entered for primer heating is found from
expression

Qacc = mp cm Tp, (9)

where mp and Tp are the mass and mean temperature
of the primer; cm is the specific heat intensity of metal.

Due to the fact that the mass of pre-melted metal
under the conditions of experiments was negligible,
the heat consumption for this item of heat balance
was not taken into account.

The main data of thermophysical measurements in
the process of electroslag processing of metal at dif-
ferent diagrams of current supply are given in Table
1 and in Figure 5, results of calculation of separate
items of heat balance are summarized in Table 2.

Analysis of results proves that under the conditions
of experiments at 65--70 kW power (mean specific
power is 13--14 kW/dm3), supplied to the slag pool,
the share of heat, entered from slag melt to metal, is
about 16 % from the total heat generation in slag at

Figure 5. Change in temperature of metal in electroslag heating
at single-phase ( solid lines) and three-phase (dashed lines) diagram
of current supply: 1--6 ---- numbers of thermocouples (see Figure 4);
moment of change in power is shown by arrows

Table 1. Data of thermophysical measurements at different diagrams of current supply

Diagram
of

current
supply

Power
sup-
plied,
kW

Deepening
of

electrodes 
into slag,

mm

Consumption of water for cooling (kg/h)/ difference of temperatures of supplied and drained water (°C)
Slag

temperature, °C

Mould Bottom plate Cover
Electrodes At

surface
Near

primer
1 2 3

Single-
phase

70 30 2322.4/16.5 165.4/21.1 324.7/8.5 260.1/15.8 272.3/14.1 244.9/15.6 1550 1540

95 50 2571.2/20.8 418.4/15.8 372.6/10.4 266.3/18.7 263.4/17.5 234.8/20.1 1650 1680

Three-
phase

65 30 3003.4/11.7 71.9/26.0 289.3/12.8 421.2/11.3 373.5/11.7 225.1/18.3 1580 1535

106 55 3668.5/16.2 316.7/21.5 320.4/15.2 488.9/12.1 451.7/12.0 230.3/21.7 1700 1690
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a single-phase diagram of current supply and about
9 % at a three-phase diagram. The above-mentioned
difference is explained in this case by the specifics of
current distribution revealed in a slag pool at different
diagrams of current supply and phenomena, connected
with this, of heat generation and heat transfer.
Namely, the heat generation and slag flows near the
primer are much weaker in experiments at a three-
phase diagram of current supply and deepening of
electrodes into slag for 30 mm as compared with those
observed at a single-phase diagram under similar con-
ditions that predetermines the difference under the
conditions of heat dissipation from slag to metal.

When the electrode deepening into slag is changed,
as was expected, the values of heat flows from slag
to metal at single-phase and three-phase diagrams of
current supply occurred to be commensurable (see
Table 2 and Figure 5). In addition, the following fact
attracts attention that in the first case, when the
direction of slag flows is not almost changed in spite
of increase in slag temperature, the heat share, enter-
ing the metal, is remained at the same level. This is
an indirect confirmation of the fact that it is the mode
of movement of slag melt near the boundary with
metal that influences greatly the intensity of heat
exchange.

The following conclusion can be made on the basis
of obtained results which were confirmed also by ad-

ditional experiments, including those with change in
position of electrodes in a slag pool at unchanged
power supplied to the slag. At a single-phase direct
diagram of current supply the share of heat supplied
from slag to metal is remained approximately at the
same level in changing of electric parameters of the
electroslag process. At a three-phase diagram of cur-
rent supply the electrical condition and the arrange-
ment of electrodes in a slag pool, connected with it,
have a great influence on the amount of heat entered
the metal. Consequently, when the three-phase power
source is used, it is necessary to take into account the
above-mentioned peculiarities of heat exchange be-
tween the slag and metal for the optimum selection
of technological parameters of electroslag heating and
melting of metal.
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Table 2. Calculation of heat balance for electroslag heating at different diagrams of current supply

Diagram
of current

supply

Constituents of heat balance

Qgen Qmould Qrad1 Qrad2 Qrad3 Ql  Qsl--mould  Qsl--el Qb.p Qacc Qsl--m1 Qsl--m2

Single-phase 70
100

44.57
63.67

7
10

14.11
20.16

3.21
4.59

2.72
3.89

27.74
39.63

6.69
9.56

4.06
5.80

4.84
6.91

11.27
16.10

11.62
16.60

95
100

62.20
65.47

8.98
9.45

16.62
17.49

4.51
4.75

3.11
3.27

41.31
43.48

8.07
8.49

7.69
8.09

5.57
5.86

15.29
16.09

16.25
17.11

Three-phase 65
100

40.87
62.88

8.19
12.60

13.57
20.88

4.31
6.63

1.22
1.88

26.08
40.12

7.22
11.11

2.17
3.34

2.54
3.91

5.85
9

5.93
9.12

106
100

69.12
65.21

9.49
8.95

18.21
17.18

5.67
5.35

3.26
3.08

47.66
44.96

9.55
9.01

7.92
7.47

5.79
5.46

15.45
14.58

16.97
16.01

No t e .  Values of constituents are given in kilowatts (numerator) and percents (denominator).
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ELECTRON BEAM SURFACE MELTING
OF ZIRCONIUM INGOTS

N.P. TRIGUB, S.V. AKHONIN and A.N. PIKULIN
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

This article presents technology of electron beam surface melting of cylindrical zirconium ingots and experimental
determination of optimum technological parameters. Metallographic analysis of ingots showed that surface melted layer
is characterized by the absence of macropores, discontinuities and other defects of casting origin.

K e y w o r d s :  electron beam surface melting, zirconium, in-
got

One of the final stages in production of high-quality
cast zirconium billets is the remelting in vacuum-arc
or electron beam installation [1]. In this case the
surface layer of the ingots produced has different kinds
of defects. Usually, the mechanical treatment of sur-
face of ingots and billets is used to remove them, that
leads to significant losses of metal (from 5 to 15 %
of mass of the ingot treated) in the form of chips or
metal-abrasive dust [2].

To reduce the metal losses and to replace the me-
chanical treatment, the technology of melting of a
lateral surface of ingots by electron beam has been
developed [3] and the appropriate equipment for its
realization has been manufactured at the E.O. Paton
Electric Welding Institute of the NAS of Ukraine [4].

This method is based on the principle of heating
and melting of a surface layer of the ingot simulta-
neously in the entire length using electron beams. By
electron beam scanning along the ingot generatrix the
length of the zone of surface melting by one gun was
0.2--0.3 m, while the width of the molten metal pool
did not exceed 0.02 m. During the process of surface
melting the ingot is rotated around the longitudinal
axis and, thus, the molten metal pool, which is set

along the ingot generatrix, is moved along the entire
its lateral surface.

Electron beam treatment of the surface layer of
ingots and billets has certain advantages, such as the
presence of vacuum in a furnace space as a protective
and refining medium, high density of supplied power,
precision, simplicity in monitoring and control of
technological parameters.

To optimize the technological parameters of the
process of surface melting of zirconium ingots of
360 mm diameter, a series of experimental melts with
in-process measurement of the following parameters
was made: power of electron beam heating, size of
surface melting zone, linear rate of melting, time of
melting, residual pressure and melting chamber in-
leakage. 60 melts were performed in total, whose tech-
nological parameters are given in Table 1.

Vacuum 10--4--10--5 mm Hg was maintained in the
melting chamber during surface melting, inleakage
into melting chamber of the installation did not ex-
ceed 10 l/(µm⋅s). Width of molten metal pool at the
zirconium ingot lateral surface was 15 mm.

To compare the quality of zirconium ingot surface
before and after surface melting, a fragment of ingot
with and without melted lateral surface is given in
Figure 1. After treatment of the surface by the elec-
tron beam, it acquires a smooth microrelief, the rough-

© N.P. TRIGUB, S.V. AKHONIN and A.N. PIKULIN, 2004

Table 1. Main conditions of experimental melts of zirconium in-
gots

Technological operation
Time of

operation,
min

Specific
power of
heating,
kW/cm

2

Linear speed of
ingot rotation,

mm/min

Preheating
Surface melting

23
34

0.66
1.20

51.3
33.2

Preheating
Surface melting

22
33

0.56
1.29

51.2
34.2

Preheating
Surface melting

22
20

0.63
1.44

50.9
57.2

Preheating
Surface melting

22
22

0.64
1.80

40.9
51.3 Figure 1. Appearance of zirconium ingot with melted (1) and

non-melted (2) lateral surface
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ness being within the ranges of 3--4 class at a surface
waviness of 0.2--0.6 mm, respectively.

Metallographic examinations of ingots with a
melted lateral surface were carried out on the speci-
mens, cut out from longitudinal and transverse tem-
plets. To reveal the macrostructures of zirconium al-
loy, a reagent of the following composition was used:
10 ml of hydrofluoric acid, 60 ml of hydrogen peroxide
and 50 ml of water.

Metal of ingots, subjected to surface melting by
electron beam, is characterized by the absence of
macropores, discontinuiries and other defects of cast-
ing origin. The base metal possesses a polyhedral
grained structure of α-solid solution (Figure 2).

The layer melted around the ingot circumference,
whose depth was 3--5 mm, is characterized by a fine-
crystalline structure. As the investigations showed,
the depth of melting of more than 3 mm ensures the
removal of all the melting defects from the lateral
surface of ingots.

The processing of results of experimental melts,
performed at different conditions, showed (Figure 3)
that the melting depth depends almost linearly on
specific power of the electron beam heating.

Structure of the heat-affected zone of 90--95 mm
size, stipulated by temperature effect of electron
beam, is presented by grains which are elongated in
the direction of the ingot center.

Examination of microstructure was made in optical
microscope «Neophot 32» after etching in a reagent
of the following composition: 10 ml of nitric acid,
10 ml of hydrofluoric acid and 10 ml of water. It was
noted that the nature of structure of zirconium alloys
depends of the rate of cooling and content of alloying
elements. Surface melting zone is characterized by a
laminated structure of a basket type, similar to struc-
ture of a cast base metal (Figure 4). This structure
is formed as a result of a polymorphous transformation
of β-phase in the process of cooling. In the heat-af-
fected zone the acicular microstructure has a finer
nature.

Figure 3. Dependence of melting depth h on specific power of
electron beam heating Q

Figure 2. Macrostructure of transverse templet of zirconium ingot
with as-melted lateral surface: 1 ---- as-surface melted layer; 2 ----
heat-affected zone; 3 ---- base metal

Table 2. Distribution of impurities and alloying elements in ingots of zirconium alloy E-125

Region
examined

Place of
sampling

Element content, %

C N O H Fe Si Cu Al Ni Cr Nb

As-surface
melted layer

H = 1 0.02 0.0032 0.05 0.00030 0.009 0.0046 0.0010 0.0046 0.0049 0.0040 2.5

H = 3 0.02 0.0030 0.04 0.00029 0.010 0.0048 0.0011 0.0046 0.0048 0.0043 2.5

H = 5 0.02 0.0030 0.04 0.00030 0.0098 0.0050 0.0012 0.0047 0.0049 0.0046 2.5

HAZ H = 15 0.02 0.0034 0.05 0.00043 0.015 0.0074 0.0014 0.0056 0.0052 0.0058 2.5

H = 40 0.02 0.0032 0.04 0.00038 0.013 0.0075 0.0010 0.0046 0.0061 0.0054 2.5

H = 65 0.02 0.0030 0.04 0.00037 0.014 0.0058 0.0012 0.0052 0.0049 0.0043 2.5

Ingot base Centre 0.02 0.0037 0.05 0.00054 0.014 0.0070 0.0010 0.0055 0.0049 0.0049 2.5

1/3R 0.02 0.0039 0.05 0.00050 0.012 0.0079 0.0012 0.0060 0.0051 0.0052 2.5

2/3R 0.02 0.0036 0.05 0.00053 0.015 0.0061 0.0011 0.0053 0.0051 0.0048 2.5

No t e .  Each value is a mean value from five measurements; H ---- depth, mm.

Figure 4. Microstructure of as-surface melted layer of zirconium
ingot (×500)
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To determine the effect of electron beam surface
melting on the composition of metal of an ingot lateral
surface at the depth of 1.3 and 5 mm, samples for the
chemical analysis were taken. In addition, the samples
were taken from the heat-affected zone and ingot base.
Results of chemical analysis of alloy E-125 are given
in Table 2.

Processing of obtained values of distribution of
impurity elements in zirconium ingot section shows
that in as-melted layer the content of hydrogen, iron,
aluminium, silicon and chromium is reduced, while
the rest impurities are at the level of values of the
ingot base. Here, the reduction in content of hydrogen
is observed not only in as-melted layer, but also in
the heat-affected zone, that is stipulated by a high
mobility of hydrogen in a solid zirconium. Uniformity
of distribution of alloying element of niobium is not
violated as a result of surface melting.

Measurement of hardness of transverse templets
of as-surface melted ingots showed that the mean hard-
ness of zirconium of electron beam melting is about
HV 140 (Figure 5). Decrease in hardness on ingot
metal in the zone of surface melting is stipulated by
a decrease in content of interstitial impurities, and
the highest increase in hardness of zirconium in the
heat-affected zone is stipulated by the presence of
quenching conditions.

Thus, the performed investigations showed that
the zirconium ingot with a surface layer, melted by

electron beam, is characterized by the absence of
macropores, discontinuities and other defects of cast-
ing origin, and also by the more pure metal as to the
chemical composition, and made it possible to develop
the technology of electron beam surface melting,
which increases the efficient metal yield by 5--15 %.

1. Tikhinsky, G.F., Kovtun, G.P., Azhazha, V.M. (1986)
Production of super-pure rare metals. Moscow: Metallur-
giya.

2. Shuravlyov, M.V. (1953) Methods of metal surface defect
removal. Moscow: Metallurgizdat.

3. Paton, B.E., Trigub, N.P., Kozlitin, D.A. et al. (1997)
Electron beam melting. Kiev: Naukova Dumka.

4. Trigub, N.P., Zhuk, G.V., Pikulin, A.N. et al. (2003) Elec-
tron beam installation UE-185 for fusion of surface layer of
ingots. Advances in Electrometallurgy, 3, 10--12.

Figure 5. Hardness of zirconium ingots subjected to electron beam
surface melting
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MANUFACTURE OF TITANIUM PIPES FROM METAL
PRODUCED BY EBCHM METHOD

S.N. ANTONOV1, V.P. REVENOK1, A.V. ZHURAVLYOV1, N.V. ANTIPIEVA1, N.E. KOPYLOVA1, V.D. PETROV2,
A.N. KALINYUK3 and O.N. KOZLOVETS3

1CJSC «SETAB Nikopol Works», Nikopol, Ukraine
2Research Institute of Structural Materials «Prometej», St.-Petersburg, Russia

3R&P Center «Titan» of the E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

At CJSC «SETAB Nikopol Works», the cold-worked pipes, made of ingots, produced from titanium alloy PT-1M using
the method of electron beam cold hearth melting at R&P Center «Titan» of the E.O. Paton Electric Welding Institute
of the NAS of Ukraine, were manufactured. By its properties the forged billet, produced from these ingots, meets the
requirements of TS 1-5-132--78. Cold-worked pipes, manufactured from it, satisfy the requirements of GOST 22897--86
and TS 14-3-820--79. Quality of the surface, content of impurities, mechanical and technological properties of ready
pipes are similar to the same characteristics for the pipes manufactured from the VAR metal.

K e y w o r d s :  ingot, billet, electron beam melting, cold
hearth, vacuum-arc remelting, pipe, properties

At present the main manufacturer of cold worked
pipes, made from titanium alloys, in Ukraine is CJSC
«SETAB Nikopol Works». This close joint stock com-
pany was established as a result of reconstruction of
OJSC «Nikopol South Pipe Works» on the base of a
shop specialized in production of these pipes.

Earlier, the production of cold-worked titanium
alloy pipes was mastered from a billet of vacuum-arc
remelting. Disintegration of the former USSR has led
to the break in traditional relations between the en-
terprises of the CIS countries, resulting in reduction
of the delivery of billets for manufacture of titanium
alloy pipes in Ukraine, in particular from JSC
VSMPO (Verkhnyaya Salda city, Russia). This
caused the problem in searching for raw materials to
melt the metal and to manufacture pipes from it.

Today, the vacuum electron beam cold hearth
melting (EBCHM) [1--4] is the most effective and
economic method of producing non-ferrous metals and
alloys, in particular titanium, and R&P Center «Ti-

tan» of the E.O. Paton Electric Welding Institute is
the main supplier of EBCHM ingots in our country.

Cold-worked pipes of (10--19) × (1.5--2.5) and
89 × 4 mm sizes were manufactured from ingots of
titanium alloy PT-1M, produced by EBCHM, at
«SETAB Nikopol Works» in collaboration with
«Prometej». Ingots of 400 and 600 mm diameter and
2000 mm length were used for manufacture of 110 mm
diameter tubular billet. Forging was performed at
temperatures of β-region in hydraulic press and forg-
ing machine using a scheme shown in Figure 1. Pipes
were manufactured by hot rolling in the TPA 140
type installation with their subsequent cold process-
ing in mills of cold rolling of pipes [5].

Macro- and microstructure, mechanical and tech-
nological properties (flattening, expansion) were ex-
amined in ingots, billets for working and in processed
hot-rolled and cold-worked pipes, and the hydrogen
content was also determined. The quality of pipes was
evaluated for conformity to GOST 22897--86 and TS
14-3-820--79.

The obtained results showed that the chemical
composition of EBCHM ingots is in a complete com-
pliance with requirements of OST 1.92077--91 and
characterized by homogeneity (Table 1).

Macrostructure of the billet is dense, homogene-
ous, without defects, with a grain value of 2--4 marks
(in 8-mark scale). Here, the amount of a structural
constituent of 4 mark is prevailing in the billet pro-
duced from a head part of the 400 mm diameter ingot.
Macrostructure of the billet, manufactured from
600 mm diameter ingot, is characterized by prevailing
of a macrograin of 2-mark value.

Microstructure of billets of 110 mm diameter con-
tains, not depending on initial size of the ingot, a
mixture of coarse-laminar colonies of α′-phase with a
value of a former β-grain of 3--2 mark in scale of
GOST 5639--82 and separate regions of a recrystal-

© S.N. ANTONOV, V.P. REVENOK, A.V. ZHURAVLYOV, N.V. ANTIPIEVA, N.E. KOPYLOVA, V.D. PETROV, A.N. KALINYUK and O.N. KOZLOVETS, 2004

Figure 1. Scheme of producing pipe billet of 110 mm diameter
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lized α-phase, that is typical for a hot-worked state
of metal.

Mechanical properties of the billet, determined in
as-delivered section on longitudinal specimens after
annealing, corresponded to rates of TS 1-5-132--78
(Table 2).

The strength properties of a pressed billet, inde-
pendent of initial diameter of ingot, are almost at the
same level: σt ~ 43, σ0.2 ~ 36 MPa. Characteristics of
ductility (elongation, impact strength) of the billet,
manufactured from ingot of 400 mm diameter, are
somewhat higher than those of the billet from 600 mm
diameter ingot. This is explained by the higher content
of hydrogen in the billet (see Table 2) due to large
number of intermediate preheating of 600 mm diame-
ter ingot during forging and, consequently, high gas
saturation. However, all the forged billet possessed
a sufficient margin of ductility for the next working.

Hot rolling of processed pipes made from above-
mentioned billet was performed after heating up to
temperatures of β-region and finished in α-region. The

process of deformation in all the regions was stable
and did not differ from the process of rolling the pipes
manufactured by the existing technology. In hot
working the β-grain is refined and microstructure with
the formation of fine-grain α-phase of a laminar type
is equalized. Differences in microstructure depending
on initial size and section of ingot (head or bottom
part) was not observed, but a negligible scattering in
elongation values was preserved. This microstructure
of hot-rolled pipes in combination with a sufficiently
high margin of ductility (δ5 = 27 % in pipes from
600 mm diameter ingot and 29 % from 400 mm di-
ameter ingot) provided a satisfactory proceeding of
the process of cold working of pipes.

Hot-rolled pipes were manufactured using the ac-
cepted technology in mills of cold-rolling of pipes for
5--6 passes with reduction for one pass from 45 to
55 %. Quality of surface of pipes was satisfactory.
Microstructure of ready pipes consisted of equiaxial
grains of α-phase of 7--9 marks. 30 % of pipes were
subjected to check tests.

Table 1. Chemical composition of ingots from alloy PT-1M of EBCHM

Ingot
diameter, mm Place of sampling

Element content, %

Ti Àl Fe Ñ Si N Î

400 Head part Base 0.40 0.08 0.01 0.02
0.027 0.08

Middle part Same 0.30 0.09 0.02 0.01

Bottom part » 0.50 0.08 0.01 0.01

600 Head part » 0.45 0.08 0.01 0.02 0.024 0.09

OST 1.92077--91 » 0.20--0.70 0.20 0.10 0.10 0.040 0.12

Table 2. Mechanical properties of 110 mm diameter billet from alloy PT-1M of EBCHM

Ingot
diameter,

mm
Ingot part

Mechanical properties

[Í], %at 20 °Ñ at 150 °Ñ

σt, MPa σ0.2, MPa δ5, % ψ, % KCU, J/cm
2 σt, MPa  σ0.2, MPa

400 Head part 43.5 36.5 31 62 20.5 33 24.5 0.004

Bottom part 42.5 35 32 64 18.8 33 24.5 0.004

600 Head part 43 35.5 27 61 14.4 32 24.5 0.005

Bottom part 44 37 29 63 16.3 32 26 0.005

TS 1-5-132--78 35--50 25 22 45 12 22 16 0.007

Table 3. Hydrogen content (%) in pipes manufactured from EBCHM ingot of 400 mm diameter

Pipe size,
mm

Spectral method RH-2 Laser probe ECHO-4

External surface Wall section External surface Internal surface External surface Wall section External surface (milled)

53 × 6 0.0051 0.0047 0.0054 0.0052 0.0036 0.0046 0.0036

89 × 4 0.0049 0.0047 0.0046 0.0048 0.0043 0.0052 0.0043

56 × 3 0.0052 0.0049 0.0048 0.0047 0.0047 0.0041 0.0046
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Independently of the initial ingot size, the me-
chanical properties of the ready pipes in length were
at the same level and in compliance with the require-
ments.

Technological tests of pipes (for flattening and
expansion) showed the good results. Hydrogen con-
tent in ready pipes, manufactured from 400 mm di-
ameter ingot, was determined after mechanical treat-
ment of external surface by machining for 0.2 mm
depth and in section of pipe wall using different meth-
ods, such as spectral method using procedure RD
5.9184--90, laser probe ECHO-4 and in gas analyzer,
RH-2 without mechanical treatment. Independently
of site of determination (external surface or pipe wall
section, external or inner surface) all the methods
gave the almost similar results as to the hydrogen

content, i.e. about 0.005 % (Table 3). Sites of deter-
mination of hydrogen content are shown in Figure 2.

Acceptance control of hydrogen content in accord-
ance with requirements of the standard documentation
was made using a spectral method. Pipes, manufac-
tured from 400 mm diameter ingot, contained 0.005 %
hydrogen, pipes from 600 mm ingot ---- 0.006 %, while
the GOST 22897--86 admits not more than 0.008 %
and TS 14-3-820--79 ---- not more than 0.007 %.

In total, 6 batches of pipes of 2000 kg total weight
were manufactured. Efficient metal was 99.5 %.

The investigations showed that the cold-worked
pipes, made from titanium alloy PT-1M, manufac-
tured from ingots produced by the EBCHM method
at the R&P Center «Titan», are in conformity to the
requirements of GOST 22897--86 and TS 14-3-820--79
by the quality of surface, mechanical and technologi-
cal properties, and also by the hydrogen content. Ingot
of 400 mm diameter and 2000 mm length is optimum
for manufacture of cold-worked pipes.

Figure 2. Scheme of determination of hydrogen content on pipe
specimens using different methods: a ---- spectral method; b ----
laser probe ECHO-4; c ----RH-2
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STUDY OF GAS PHASE COMPOSITION
IN PLASMA-ARC MELTING OF TITANIUM

FROM A PRESSED BILLET

M.L. ZHADKEVICH1, V.A. SHAPOVALOV1, V.V. TELIN2, S.M. TESLEVICH2,
V.S. KONSTANTINOV1, G.F. TORKHOV1 and V.R. BURNASHEV1

1E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine
2«Zaporozhie Titanium-Magnesium Works», Zaporozhie, Ukraine

Composition of gas atmosphere was studied in melting of a pressed spongy titanium billet. It was established that
content of hydrogen and moisture in the zone of melting is changed depending on the rate of billet melting, grade of
spongy titanium, consumption of plasma-forming gas, terms of storage of a pressed billet.

K e y w o r d s :  spongy titanium, pressed billet, plasma, hydro-
gen, gas phase, moisture, melting

As was outlined many times, the main problem in
titanium production consists in reduction of its cost
and guarantee of high quality of metal in the entire
technological cycle. One of the most important places
in this cycle belongs to the ingot melting. In many
countries, dealing with titanium production, a vac-
uum-arc remelting of a pressed electrode is still re-
mained to be the leading technological process of the
ingot producing, in which the manufacture of a
pressed electrode is an expensive operation, but guar-
anteeing the melting of the high-quality ingot [1].

At all the stages of progress and upgrading of the
technology of melting the attempts were made in pro-
ducing ingots from a lumpy charge, eliminating the
stage of pressing. With an appearance of independent
heat sources, such as plasmatrons, electron guns, high-
frequency electromagnetic field and so on, the interest
to the remelting of a non-compact charge was greatly
increased [2--4].

In particular, during several years a series of ex-
perimental, experimental-industrial installations has
been created, in which a low-temperature plasma was
used for remelting of a non-compact charge as a heat
source. Plasmatron with a tungsten or graphite elec-
trode serves as a generator of plasma. Ingots of dif-
ferent shapes were produced in furnaces, which then
were used for next processing for a sheet or a shaped
casting [5]. However, during melting of a gas-satu-
rated charge, an intensive gas evolution from a molten
metal was observed accompanied with spattering of
particles from the melt which solidified on plasmatron
nozzles and became getters for oxygen and nitrogen.

In the process of melting the solidified spatters
are saturated with gases, added with new portions of

molten metal particles, saturated with gases, coming
from the pool. Metal is gradually melted under the
action of high temperature of plasma jets, and the
drops of molten metal enter the melt. Moreover, the
solidified piece of metal can also enter the molten
pool under the action of some disturbances. The tem-
perature of melting of gas-saturated metal is higher
by several hundreds of degrees than the temperature
of melting the parent metal, therefore, the entered
drops or pieces are not dissolved completely in the
melt and can serve a cause of formation of inclusions
in the ingot.

It should be noted in addition that the plasma
furnaces for remelting of bulk charge have a complex
design, a large internal volume for charge, require
application of powerful pumping systems for charge
degassing, are difficult in control and so on.

Taking into account the above-mentioned prob-
lems and demand for producing the high-quality metal
for critical products, which do not admit the presence
of inclusions, it seems rational to use a compact billet
as a remelting material. It can be produced by differ-
ent methods, including also pressing.

We have performed experimental melting of a
spongy titanium, pressed into a consumable billet of
40 mm diameter and up to 300 mm length. The main
attention was paid here to the behavior of gas impu-
rities, in particular hydrogen and moisture, which are
contained in a pressed billet and influence greatly the
quality of the melted metal.

Samples of a spongy titanium to produce a con-
sumable billet were taken from different places of
containers designed for its storage. The total weight
of a sample from pieces of 12--25 mm size is 10 kg.
Then, they were crushed in a conical crusher to the
size of not more than 5--10 mm and refined in a slotted
screen to obtain a certified sample of mass of up to
5 kg with its subsequent division into 4 parts of up
to 1.2 kg mass each. One of samples was intended for
manufacture of a consumable billet using a method
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of pressing through a feed-through matrix in a hy-
draulic press of 1600 kN force. The as-pressed billets
were packed into a double-layer polyethylene packs,
where they were stored before melting.

The melts were performed in the experimental
modified 4-plasmatron plasma-arc furnace UPP-3, the
diagram and general view of which are shown in Fi-
gures 1 and 2. It includes a melting chamber, 4 plas-
matrons with mechanisms of their adjustment, a
mechanism of billet feeding, a copper water-cooled
crucible, a metal chill mould, a vacuum system, cool-
ing system and power sources.

Hydrogen content was measured by a gas analyzer
TG1120 in a set with a potentiometer KSM2. To de-
termine the moisture content a coulometer of humidity
of «Bajkal-1» type was used. Gas sampling was made
through the chamber upper part having an outlet into
atmosphere. To prevent the enter of dust particles
into a measuring gauge a fine filter was mounted at
a gas exhaustion branch pipe.

Before melting starting the walls of the melting
chamber, copper crucible and casing of plasmatrons
were cleaned carefully from sublimates formed in the
previous melting. The walls were cleaned by a metallic
brush, and then by a cloth wetted with a technical
alcohol. Then, a consumable electrode was connected
to a mechanism of billet feeding and lifted beyond
the nozzle section of plasmatrons to prevent its pre-
mature melting at the moment of plasmatrons switch-
ing-on and pool setting in a crucible. To prevent the
crucible burn-out at the moment of switching-on of
plasmatrons, a templet of a commercial titanium was
placed on its bottom. A metal mould for metal pouring
was preheated for 2 h up to 300--400 °C before in-
stalling into a furnace chamber. The furnace, prepared
for melting, was subjected to degassing for 45--60 min
until residual vacuum of 26--33 Pa, then to in-leak
testing and then to filling of the furnace internal
volume with argon up to excessive pressure 0.02 MPa.

Melting was started by ignition of two plasma-
trons at minimum conditions (300 A current and 40 V
voltage). After melting the priming templet and par-
tial heating of the consumable billet, the latter was
fed into the zone of melting. The time of the primer
melting and billet heating was 2--3 min. The billet
was fed at different speed and, depending on the
power of plasmatrons, it varied from 2 to 7 mm/min.
The current load at plasmatrons was maintained in
the ranges of 300--400 A. Gas consumption at plas-
matrons was 4--10 l/min. Melting was performed in
a continuous argon atmosphere.

Duration of melting of 40 mm diameter and up to
300 mm long billet was 25--30 min. After complete
melting of the billet into a crucible, it was inclined

Figure 1. Scheme of a modified 4-plasmatron laboratory installation
UPP-3: 1 ---- skull crucible; 2 ---- mould; 3 ---- pressed billet; 4 ----
chamber; 5 ---- plasmatron; 6 ---- water-cooled tip; 7 ---- plasma
cut-off; 8 ---- holder; 9 ---- packing; 10 ---- rod; 11 ---- accumulator

Figure 2. Melting chamber with a crucible and mould for a pressed
billet remelting

Figure 3. Cast (1) and machined (2) samples from commercial
titanium of 120 mm diameter and 7 mm height
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and molten metal was poured out into a mould for
solidification.

After cooling, the templet of 120 mm diameter
and 5--7 mm height (Figure 3) was withdrawn from
the mould, the surface was machined and samples
were taken for determination of hydrogen concentra-
tion in the metal. Sampling of exhausting gas from
the furnace for determination of hydrogen and mois-
ture content was made after switching-on of the plas-
matrons for melting. Amount of hydrogen was meas-
ured by a meter at the moment of plasmatrons switch-
ing-on.

The hydrogen presence in the melting chamber, as
was already shown in other works [6], was caused by
the heat effect of plasma jets on melting chamber
walls, nozzle and casing of plasmatrons, crucible wall
and billet being remelted. As a result of an intensive
heating the moisture from the chamber walls is re-
moved and spread by the plasma jet flows over the
entire internal volume of the installation. A part of
it enters the heated titanium primer, thus leading to
the moisture decomposition into oxygen and hydrogen
which is transferred into the furnace atmosphere.

At the moment of the primer melting a short-time
increase in hydrogen content and then its reduction
are observed. At the next feeding of a pressed billet,
manufactured from high-quality spongy titanium,
into the zone of melting, a gradual increment in hy-
drogen amount during 5--10 min and then its reduc-
tion, firstly intensive and then delayed, was noted.

With increase in consumption of a plasma-forming
gas, the maximum evolution of hydrogen is decreased
depending on the amount of supplied inert gas, as,
here, the speed of the billet feeding and supplied
power remain constant.

Figure 4 presents the curves characterizing the
hydrogen behavior in the process of melting of a
pressed billet with change in consumption of the
plasma-forming gas. The billet feed speed in this case
was 2 mm/min, current at each of two plasmatrons
was 300 A. It is seen from Figure that with increase
in plasma-forming gas consumption from 10 to
40 l/min the hydrogen content in the gas phase is
decreased from 1.0 down to 0.5 vol.%.

The hydrogen behavior at different speeds of the
pressed billet feeding into the zone of melting was
studied during experimental melts. Figure 5 presents
curves, illustrating the hydrogen behavior at a linear
rate of the billet movement of 2--7 mm/min at a
constant consumption of the plasma-forming gas. It
is seen from the Figure that with increase in melting
rate the maximum content of hydrogen in the furnace
atmosphere is increased from 0.48 up to 1.60 vol.%.
Moreover, the rates of hydrogen content decrease in
gas atmosphere after reaching the maximum are de-
layed with increase in speed of the billet feeding.

The similar mode of hydrogen behavior was ob-
served in melting of the pressed billet at the
2 mm/min speed of its feeding with 5 l/min gas
consumption at the plasmatron and current change

Figure 4. Dependence of hydrogen content in the furnace melting
volume on change in consumption of plasma-forming gas (argon):
10 (1), 30 (2) and 40 (3) l/min

Figure 5. Variation in hydrogen content in melting space of the
plasma installation in melting at different speeds of billet feeding:
2 (1), 4 (2) and 7 (3) mm/min
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from 300 to 400 A at each of four plasmatrons. The
obtained data are presented in Figure 6. It is seen
from the Figure that with increase in supplied power
the maximum content of hydrogen is increased from
0.35 up to 0.80 vol.% and then it is decreased gradu-
ally. The increase in hydrogen content in this case can
be explained by the intensified effect of more powerful
arcs on the chamber walls and billet being remelted,
that intensifies the processes of moisture evaporation
and its interaction with a molten titanium.

Then, we have studied the hydrogen behavior in
melting of the consumable electrode having different
terms of storage in the open air. Melts were performed
at a speed of the billet feeding of 2 mm/min, 300 A
current at each of four plasmatrons and 4.5 l/min
argon consumption.

As the curves of hydrogen behavior in remelting
of billets, stored in the open air from one to four days,
showed (Figure 7), the maximum amount of hydrogen
is increased from 0.2 vol.% in melting conductance
in the day of electrode removal from a sealed pack
up to 3.0 vol.% at its storage up to four days.

It was stated in determination of hydrogen content
in cast samples that its concentration in metal is varied
from 0.01 to 0.0198 wt.% and, in accordance with the
Sieverts law, depends on a partial pressure of hydro-
gen in the zone of melting, but exceeds the equilib-
rium. This confirms the results obtained earlier [6].

Analysis of results of experimental melts confirms
also that the amount of a supplied pure argon into

melting chamber is the only and effective technologi-
cal procedure which leads to the reduction of hydrogen
content in the cast metal.

The measurements of moisture amount in the com-
position of the used plasma-forming gas showed that
its maximum content in the furnace atmosphere in
remelting of the pressed billet from the spongy tita-
nium TG100 is increased from 30 up to 60 ppm with
increase in plasmatrons current from 600 up to 1600 A.
Similar relationships were obtained in remelting of
pressed billets at terms of storage from 1 to 4 days.
With change in a rate of the pressed billet movement
into the zone of melting from 2 up to 7 mm/min the
maximum content of moisture is increased in the
ranges of 32--53 ppm.

Analysis of behavior of the moisture microimpu-
rities in plasma melting showed that the most effective
method of reduction in moisture content, as well as
in hydrogen, is the feeding of a large amount of a
pure plasma-forming gas.

Figure 6. Dependence of hydrogen content in gas phase in a pressed
billet melting on change in current load at plasmatrons: 600 (1),
800 (2), 1200 (3) and 1600 (4) A

Figure 7. Variation of hydrogen content in the furnace gas atmos-
phere in remelting of billet taken from packing in a day of melting
(1) and after storage during 1 (2), 2 (3) and 4 (4) days
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APPLICATION OF BOTTOM POURING
IN PLASMA-ARC SKULL MELTING

V.A. SHAPOVALOV, Yu.A. NIKITENKO and V.R. BURNASHEV
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The article describes feasibility of application of a bottom pouring out of metal in use of refractory ceramic materials
and plasma-arc melting in a copper water-cooled crucible, and also protection of the copper crucible from the action of
a direct plasma flow.

K e y w o r d s :  refractory materials, plasma-arc melting, skull,
copper water-cooled crucible, amorphous and microcrystalline
metals

There are many methods of casting of steels and special
alloys in the modern metallurgy, a bottom pouring out
is among them. The main drawbacks of this method are
the use of a gate, thus complicating greatly the design
and service of the furnace. The advantage of a bottom
pouring out, as compared, for example, with pouring
out at a unit inclination or with an intermediate crucible,
consists in metal pouring from a molten pool center,
that contributes to reduction in content of non-metallic
inclusions in the casting, because entrapping of some
amount of slag and oxide films in molten metal is pos-
sible at the overflow of metal beyond the edge of the
melting unit that leads to inhomogeneity of ingots and
different types of defects.

In the present work the bottom casting of metal to
a drum-cooler was used for producing thin strips with
an amorphous and microcrystalline structure (method
of spinning) to reduce the distance from the melt to the
drum-cooler to minimum. This technological diagram
eliminates the formation of crystalline nuclei in melt
and improves the conditions of amorphization. Arrange-
ment of a pouring nozzle in the lower part of the molten
pool provides a continuous feeding of metal under the
excessive pressure of gas and natural gravity force and,
consequently, a flow continuity. Thickness of strip, as
well as properties of products, depend greatly on the
rigidity of structure and value of a gap between the
pouring nozzle and drum-cooler [1]. The process of spin-
ning itself consists in metal melting, its «extrusion»
under excessive pressure of inert gas through a forming
slot to the drum-cooler and rapid quenching. In the

world practice [2, 3] a thick-walled ampoule of re-
fractory ceramics, quartz more often, placed into elec-
tromagnetic field of the inductor, is used to produce
this type of the products.

Materials, which have a contact with molten met-
als in the melting unit, can be divided into oxide,
carbide and metallic materials.

Interaction with oxide materials. These materials
(Table 1) can consist of pure refractory oxides or
mixture of oxides. The main criterion of selection of
one or another refractory is its temperature of melting
and softening, moreover, these temperatures are lower
in refractories, consisting of several components, than
in pure oxides. A complete loss in the material
strength is associated with the temperature of melting,
while the occurrence of mould deformation at
0.2 MPa stress is due to the temperature of softening.
As the practice shows, the temperature of softening
the refractory ceramics is one of the main criteria in
selection of alloys to be subjected to working. In
operation of refractories at limiting temperatures the
rigidity of structure is violated, and at the final stage
of spinning it can lead to its failure when the excessive
pressure of gas is abruptly supplied into the heated
ampoule. At high temperatures the dimensions of the
ampoule are also increased due to a total coefficient
of linear temperature expansion (CLTE) that disturbs
the fine settings of the process and makes pouring out
poorly controllable. It is possible to increase the struc-
ture rigidity by increase in thickness of ampoule walls,
but this increases the power consumption depending
on the magnetic permeability of the material. Oxide
materials possess a rather low heat conductivity, and
the rapid metal heating in electromagnetic field of

© V.A. SHAPOVALOV, Yu.A. NIKITENKO and V.R. BURNASHEV, 2004

Table 1. Properties of some oxide materials used in melting units

Parameter SiO2 MgO Al2O3 CaO Cr2O3 ZrO2 3Al2O3 + 2SiO2

Òmelt, °Ñ 1730 2800 2050 2980 2440 2700 1830
Òsoft, °Ñ 1400 2000 1950 2400 2000 2500 1750

ρ, kg/m3 2.30 3.60 3.90 3.32 5.21 5.60 3.16
λ100 °Ñ, W/(m⋅K) 0.0038 0.0860 0.0540 0.3640 -- 0.0046 0.0129

CLTE25--1000 °C ⋅ 10--6, °C--1 13.9 11.4 8.0 13.9 -- 7.2--8.1 5.5
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the inductor leads to the expansion of the internal
surface without change in external dimensions and,
as a consequence, to cracking and failure of the am-
poule.

Insufficient refractoriness of the material is one of
causes of a mechanical fracture of lining and melt con-
tamination with large foreign particles of non-metallic
inclusions which in this case are called exogenous, em-
phasizing their external origin as regards to the melt.

When the refractory materials are applied, the
following important problems are faced, such as their
reactivity and formation of non-metallic inclusions in
the melt. Interaction of metal melts with oxide re-
fractory materials by Me + RO = MeO + R reaction
is most hazardous. The reduced element is dissolved
in metal melt and contaminates it. The forming oxide
of metal can dissolve in the melt, remain in a free
state or form an alloy with a refractory oxide. Similar
interaction is observed in attempts to melt the mag-
nesium alloys on oxide lining containing silicon oxide
SiO2. This results, as is known, in failure of lining
and contamination of the melt.

A large role in interaction of melts with refractory
materials is played by the phenomenon of wetting,
which precedes usually the chemical interaction. Pure
metals have a poor wetting at the absence of chemical
interaction with refractory oxides. Chemical interac-
tion of melt with lining and its wetting with melt
causes so-called metallizing of the lining. This phe-
nomenon consists in the fact, that, if the melt does
not react chemically with the lining, the metallizing
occurs only by impregnation of a porous lining with
the melt. This is expressed outwardly in the change
of color of a lining layer adjacent to the melt and in
significant increase in its physical density. If the
chemical reaction is possible between the melt and
oxide lining, the interphase energy is reduced to zero,
the surface tension is decreased respectively, and the
spontaneous suction of melt into pores is occurred.

Interaction of metal melt with oxide lining can be
accompanied also by such phenomenon as lining cor-
rosion which is explained by the appearance of a mol-
ten alloy of metal oxide MeO with lining oxide RO.
The appearance of this molten alloy is possible, if
there is a region of fusible compositions in the MeO--
RO system and melting is performed at the tempera-
ture exceeding their melting point. To avoid the lining
corrosion, it is necessary to select such material for
the melting unit that the temperature of melting was
much lower not only of melting points of refractory
material oxides, but also of possible eutectic tempera-
tures in MeO--RO systems.

Interaction with graphite, carbide and metal ma-
terials. Graphite itself is able to work at temperature

up to 2500 °C, however, in air, starting from 600--
700 °C, it burns out very quickly and is evaporated
in vacuum at the temperature above 2200 °C. The
main feature of graphite materials consists in a capable
dissolution of carbon in metal melts. The graphite
refractories are quite suitable for melting the fusible
metals, including copper and its alloys, however, it
is necessary to protect them from oxidation starting
from 600 °C for a long-term operation.

Carbides of transition materials (Table 2) refer to
the class of metal-like refractory compounds, being clas-
sical representatives of a group of interstitial phases, in
which the atoms of carbon are located in voids between
the atoms of metals, densely packed into lattices with
a cubic or hexagonal symmetry. They possess high tem-
peratures of melting, metal conductivity, low rate of
evaporation at high temperatures, but in air or other
oxidizing gas media they are easily fractured at tem-
perature above 500--600 °C. Carborundum materials
consist of more than 80 % of carborundum ---- silicon
carbide SiC, and the rest is a binder of refractory oxides.
These materials are sufficiently refractory (above
1800 °C), chemically resistant (in air up to 2000 °C,
inclusive), they are poorly wetted and difficult in in-
teraction with molten metal.

Among metallic materials, used for manufacture
of melting units, only steel and cast iron are widely
used. It is clear that the melting crucibles made from
these materials can be used only for casting of metals
and alloys at a melting temperature commensurable
with a temperature of iron melting. Simultaneously,
it is necessary to take into account the feasibility of
iron dissolution in melt, and the information about
this can be obtained from the state diagrams of iron--
molten metal systems.

Melting in a skull crucible. Problem of a direct
oxidation-reduction (redox) reaction between the
molten metal and refractory lining becomes almost
unsolved in case of application of refractory metals,
starting from titanium. All the refractory metals of
the IV--VI groups of the periodic system are so active
as regards to oxygen, that no refractory oxides with-
stand the action of their melts.

The high activity in combination with a high refrac-
toriness of these metals made to use a special method
of melting using a water-cooled melting crucibles, play-
ing simultaneously the role of moulds, and also such
powerful heat sources as plasma-arc and electron beam
sources. There are no refractory materials in these melt-
ing installations. The melt contacts the solid crust, grow-
ing from a metal surface and cooled with water from
the opposite side. Working walls of the mould are made
usually of copper. Owing to the water cooling the copper
wall at the working surface is heated up to 300--400 °C,
therefore, the metal melt, contacting such a «cold» wall,
is solidified at once, forming the so-called skull. Melting
is performed without a direct contact of melt with a
copper jacket [4].

In our case it was impossible to avoid the inter-
action of melt with refractories in melting in a copper
water-cooled crucible, because the pouring out was
realized through a changeable ceramic nozzle. How-
ever, the application of the refractory ceramics in this

Table 2. Properties of some carbide materials used for lining

Parameter TiC ZrC SiC NbC Â4Ñ

Tmelt, °Ñ 3257 3530 2205 3613 2450
ρ, kg/m3 4.93 6.72 3.20 7.56 2.50

λ100 °Ñ, W/(m⋅K) 0.041 0.049 0.019 0.034 0.07--0.20
CLTE25--1000 °Ñ ⋅ 10

--6, °C--1 7.95 7.01 4.74 7.21 4.50
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variant allowed us to reduce greatly the area of contact
of melt with refractory materials, preserving here the
rigidity of the structure. Minimum size of the nozzle
(5 mm) gave an opportunity to reduce also the total
linear expansion in heating. The application of
plasma-arc heat source allowed us to perform melting
in a protective atmosphere of inert gas and to refine
simultaneously the melt from non-metallic inclusions.

The refractory material for manufacture of an insert-
nozzle is selected from the conditions of its heat resis-
tance and degree of reactive interaction with the melt.
In a perfect case the molten metal should not wet the
ceramics and form a chemical compound with it, but
this is almost impossible in practice as the alloys, sub-
jected to working, have complex compositions and ce-
ramics consist of several refractory compounds.

Different types of interaction between the melt
and nozzle lead to the slot washing out. Due to this,
the shape and amount of flowing molten metal are
changed, and, consequently, the defects in strip shape
are appeared in the form of roughness of surface and
edges, freezing of drops, difference of thickness both
in width and length.

The metal heating from the top by the powerful
source causes the natural convective flows in a pool,
dissipating the heated masses from its surface and
supplying the colder masses from the depth of layers.
The water-cooled crucible and dynamic pressure of
gas contribute greatly to the formation of macroflows
in the melt which predetermine the pool shape (Fi-
gure 1), therefore, the crucible is tried to be made of
a larger diameter to increase the area of a possible
contact of a plasma flame with a molten metal pool.

The effect of crucible volume on the coefficient of
molten metal pouring out (ratio of mass of poured
out metal to mass of total molten metal) at optimum
specific heat power was described in detail in work
[5]. To maintain the optimum volume of the molten
metal and to provide the required its overheating the
coefficient of a crucible shape, which is determined
as a ratio of crucible depth to its diameter, was se-
lected equal to 0.2--0.4. This technique gave an op-
portunity to produce the pure metal, to maintain a
stable gap between the nozzle section and drum-cooler
surface in accumulation of large volumes of molten
metal, and also a constant rate of metal flowing out.
Excessive increase in transverse sizes of the crucible
will lead to the metal freezing near the crucible walls
and, in general, to the impossibility of melting metal
having the contact with cold walls.

Taking into attention, that transfer of heat energy
in the molten metal is realized downward from a large
area, the molten metal pool is made shallow as to the
width. Consequently, it is rational to make the cru-
cible deeper, otherwise a solid crust of metal on the
pool bottom is formed and metal pouring out through
the bottom will become impossible (Figure 2). To
increase the coefficient of pouring out, the crucible
is made also in the form of an assumed pool with a
rounded bottom (Figure 3), that provides a more uni-
form distribution of temperature and complete melt-
ing of the metal.

From the other side, such powerful source of heating
as plasma-arc source, can become a cause of fusion of
the copper crucible itself at a complete pouring out of
the melt. Later on, this will lead to the contamination
of molten metal with copper and to the crucible replace-
ment. Otherwise, at next use of this crucible and mul-
tiple fusion of the working surface the burn-through of
water-cooling channels and accident can occur.

There is one and very simple method of the crucible
protection, namely a partial pouring out the metal at
which the arc is burning towards the molten metal,
not damaging the crucible. However, for melting and
casting of small volumes of metal, when the pouring
out takes several seconds, it is very difficult to find
a moment for interruption of casting or switching on
of the plasmatron. The automatic switching off at the
moment when some metal is still remained on the

Figure 1. Stirring of molten metal pool in plasma-arc melting

Figure 3. Rounded shape of a skull crucible

Figure 2. Partial metal melting in a vertical axis

Figure 4. Optimum section of a water-cooled crucible in plasma-arc
skull melting with a bottom pouring out
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crucible bottom is rather difficult due to a negligible
change in power parameters and rapid proceeding of
the pouring out process, therefore, the switching off
has to be made manually, that can lead to an accident.

We have selected another solution of this problem,
namely to make the crucible bottom flat (Figure 4).
This has led to a partial freezing of metal in the cru-
cible corners and decrease in coefficient of pouring
off (Figure 5), but allowed us to remain a guaranteed
part of non-poured metal and to protect the crucible
bottom. For fluid alloys the pouring nozzles are made
longer, this resulting in automatic interruption of
pouring out, when the level of melt is lowered to the
nozzle (Figure 6) and, thus, protecting completely
the crucible bottom.

Thus, the use of ceramic materials as melting units
is connected with a number of difficulties which can be
avoided in plasma-arc melting. The application of the
plasma-arc heating and cold crucible provides a complete
heating of the metal and stable pouring out and allows
also metal refining from non-metallic inclusions in a
controllable atmosphere. Problems, connected with a
plasma-arc melting and protection of the melting cru-
cible, are solved quiet simply by the selection of opti-
mum geometric sizes of the crucible, which makes the
bottom pouring controllable and safe.

Producing of quality strips, wires, flakes is based
on a clear representation and understanding of the
process of melting, knowledge of physical-chemical
properties of metal and nozzle material. Determining
factors, as a rule, are the casting properties of the
alloy, subjected to working, such as melting tempera-
ture, fluidity and susceptibility to film formation.
Important parameters are also wetting of ceramics
with a melt and physical and chemical processes pro-
ceeding in this case. All the rest technological pa-
rameters of melting and pouring out depend on such
characteristics of metal as width of slot, gap height,

number of drum revolutions, excessive pressure in
chamber in pouring out and others.

The main branch of application of amorphous and
microcrystalline strips is the manufacture of hard-to-
deform brittle brazing alloys, which are difficult to
manufacture in the form of rolled products by the
conventional methods of plastic working, therefore,
they are used in brazing in the form of powders or
rather large castings. Methods of super-rapid quench-
ing allow solution of four important problems simul-
taneously: manufacture of strips and wires, conven-
ient for application in the process of brazing; fixation
of different proportions of components and preserving
of a non-equilibrium composition in a solid state; uni-
form distribution of alloying components over the
entire section of strip; producing of amorphous struc-
ture necessary for the improvement of the quality of
brazed joints.

Technology of the plasma-arc skull melting with
a bottom pouring out allows producing of amorphous
and microcrystalline strips with a sufficiently wide
range of compositions. As an example, Figure 7 pre-
sents the strips produced from alloy 10NSR and brittle
brazing alloy on nickel base PN-88 of 50--60 µm thick-
ness and 15 mm width.
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Figure 6. Dependence of coefficient of pouring out Kpour on the
plasmatron capacity W for alloy 10NSR

Figure 5. Method of crucible bottom protection from fusion by a
uniform distribution of a non-poured metal

Figure 7. Appearance of strips produced from alloys 10NSR (a) and PN-88 (b)
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DEFINING OF PERSPECTIVE TRENDS
IN DESIGNING OF LARGE-CAPACITY FURNACES FOR
PRODUCTION OF LARGE-SIZED TITANIUM CASTIGS

A.N. PANOV
Research Institute of Structural Materials «Prometej», St.-Petersburg, Russia

From results of investigations the most rational variant of design of a skull 7 t capacity furnace was defined. Possible
variants of large-capacity furnaces and rationality of their design from the point of view of nature of melting the
different-diameter consumable electrodes and thermal and hydrodynamic processes proceeding in molten pool of crucible
of different capacity were considered.

K e y w o r d s :  vacuum-arc and melting-casting unit, consum-
able electrode, crucible, melt, skull, molten pool, furnace

Over 40 years the Research Institute of Structural
Materials «Prometej» is dealing with designing of
vacuum-arc melting-casting units for production of
shaped castings from titanium-base alloys for products
of ship-building and power engineering, operating un-
der conditions of a long-term effect of aggressive me-
dia.

Routine of production of unique large castings
from titanium alloys showed that capacities of melt-
ing-casting units, put into service, were behind the
continuous demands of industry for a single mass of
the metal being melted. Over the recent year the
works are carried out at «Prometej» for designing the
melting-casting units of the new generation with wide
technological capabilities, more sophisticated charac-
teristics of proceeding heat processes, and also works
on defining the ways of creation of large-capacity
furnaces on the basis of the available industrial ex-
perience gained in service of operating furnaces.

The present work is a constituent part of these
perspective investigations. It was fulfilled to analyze
the possible variants of large-capacity furnace, to de-
fine the optimum capacity and most rational design
solution.

Variants of furnaces designing. At present two
types of melting-casting units, in which the consum-
able electrodes are used as charge materials, are ap-
plied in the national melting practice for manufacture
of shaped castings from titanium and other refractory
metals. By the principle of metal casting, they are
divided into furnaces with casting after interruption
of arc discharge burning and furnaces at arc burning
to the melt. These technical and technological advan-
tages of furnaces with casting «without arc break»,
as a feasibility of active effect on overheating of melt
to be subjected to casting, relatively small height,
low metal consumption, reliability and safety in op-
eration and simplicity in maintenance, give grounds
to consider that the method of melt casting at burning

arc will be basic in the creation of new designs of
skull melting-casting units.

The traditional single-crucible diagram has found
the most wide spreading in industry, on the basis of
which a variety of melting-casting units, different
both in capacity, and also in the method of metal
casting, was created. Two-crucible diagram was real-
ized in the design of furnace «Neva-5», the largest
furnace at the present time. Possibilities of design of
furnaces by multi-crucible (more than two) diagrams
did not find a worthy attention until now, though
the producing of a preset mass of metal can be provided
using both one and also several crucible units, pro-
ducing in total the required amount of metal required
for casting into moulds.

Therefore, 1-, 2-, 3 - and 4-crucible variants as a
possible designing of a large-capacity furnace were
taken by us for consideration. The feasibility to in-
crease the number of crucibles above four was not
considered because of design difficulties in installing
the units of a crucible rotation mechanism.

To define the furnace capacity, the calculation of
melt mass at different depth of the molten pool was
made with allowance for existing capacities of pre-
paratory casting: consumable electrodes of 100--
160 mm diameter and 600--1200 mm diameter ingots
of the first remelting, which can also be used as elec-
trodes (Figure 1).

The routine of service of «Neva-4» furnace showed
that the real depth of the molten pool can exceed
significantly the recommended depth (hm.p = 0.5dm.p)
[1] and reach 0.8 of its diameter, therefore, coming
from the results obtained, it can be stated that at
hm.p = 0.8dm.p the mass of molten pool will be 7476 kg
in use of one consumable electrode of 1000 mm di-
ameter, 7652 kg in use of two electrodes of 800 mm
diameter, 7368 kg in use of three 690 mm diameter
electrodes and 8216 kg in melting of four electrodes
of 650 mm diameter. Thus, it seems to be theoretically
feasible to design a skull furnace that will produce
the molten pool of a total capacity of about 7 t.
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To select the optimum variant of design, it is nec-
essary to study the technical, heat-engineering and
economic factors of each of the above-described vari-
ants.

Study of nature of melting consumable elec-
trodes of different diameter. The nature of heat proc-
esses was studied for 600--1200 mm diameter elec-
trodes, which were seldom used earlier or not used at
all in the routine of casting manufacturing. The in-
vestigations were carried out using analytic methods
of analysis of heat processes allowing prediction of
their proceeding in electrodes and pools with increase
in a scale factor on the basis of results obtained in
conductance of melting in furnaces of a lower capac-
ity. The ratio of diameter of electrode and pool was
taken standard for a skull melting, i.e. 0.7.

Calculations were performed for a final stage of
melting, when the processes of heat transfer are trans-
formed into a quasi-stationary state, that makes it
possible to use formulae used for the stationary state.
The determination of axial temperature field of the
consumable electrode in a steady condition was made
by formula of Prof. Rykalin [1, 2]:

Ò -- Ò0 = (Òend -- Ò0) e
--v ζ
am ,

where T0 is the initial temperature; Tend is the tem-
perature of surface of melting end; v is the linear rate
of melting; ζ is the coordinate of section, calculated
from the melting end; am is the coefficient of thermal
diffusivity.

Heat fields of large-diameter consumable elec-
trodes at 1.2--1.8 m/h linear rates of melting, used
in a skull melting, were calculated. It was established
that mode of patterns of temperature fields of elec-
trodes of different geometric parameters is identical
and does not depend on time (Figure 2). There is a
1.0--1.5 mm thick layer of the molten metal at the
end of the consumable electrode, from which the drops
are formed, overheated somewhat higher than liquidus
in the process of formation. When the drop mass ex-
ceeds the surface tension force, it is detached, and,
passing the zone of arc discharge, falls onto the molten
pool mirror. The main temperature drop is observed
at the area of 60 mm length, it reaches approximately
400 K at the depth of about 100 mm. Moreover, with
increase in a linear rate of melting the more abrupt
reduction in temperature along the length of the ex-
amined area of electrode and decrease in thickness of
melt layer at the heated end are occurred. Thus, an
approximate thickness of melt layer at the fused end
was determined and a stub length, required for pre-
vention of holder heating, and, consequently, the ef-
ficient length of the consumable electrode for melting
conductance were established.

Investigation of heat and hydrodynamic proc-
esses in molten pool of skull crucibles of different
capacity. Study of hydrodynamic processes are car-
ried out on different models because of impossibility
of visual observation of their proceeding, and also by
use of thermocouples for measurement of tempera-
tures.

It was considered for a long time that the heat
transfer in the pool volume is occurred, due to drop
of temperatures, by a convective transfer from the
mirror surface along the lateral skull downward to
the bottom skull. Here, the intensity of hydrodynamic
processes and heat transfer can be increased by setting
the solenoid magnetic field to the pool, resulting in
stirring of the pool under the action of centrifugal
forces and intensive supply of a hot melt from a central
(under-electrode) zone of the mirror to the lateral
skull. It was also considered on this basis that metal
on mirror has the highest temperature, and metal on
the molten pool bottom has the lowest temperature,
close to the melting temperature [3].

Later on, the information has appeared in litera-
ture about the presence of a thermal nucleus in the
volume of pool, surrounded by a thermal boundary
layer [1]. Movement of metal in them in the pool of
the skull crucible is characterized as turbulent, ac-
companied by the intensive stirring of melt in the
horizontal and vertical planes, however, the factors

Figure 1. Dependence of molten pool mass on its diameter at ratio
de/dm.p = 0.7 and depth of molten pool h = 0.5dm.p (1), 0.6dm.p

(2), 0.7dm.p (3), 0.8dm.p (4), 0.9dm.p (5), 1.0dm.p (6)

Figure 2. Temperature field of electrode at different linear rates of
melting: 1.2 (1), 1.4 (2), 1.6 (3), 1.8 (4) m/h; 5 ---- data of [1]
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are not defined which predetermine the processes pro-
ceeding by this scheme.

To create an objective pattern of a hydrodynamic
molten pool and proceeding of heat transfer processes
in it, the results of study of effect of current, passing
through the melt pool, and disturbing factor of magnetic
masses on the mode of liquid motion, made at the E.O.
Paton Electric Welding Institute on models, where mer-
cury was used as an operating liquid, were analyzed [4].
At «Prometej» the investigations of nature of proceeding
of the hydrodynamic processes in the molten pool vol-
ume at falling the jet of the molten metal on its surface,
and also the direct observation of the processes on the
pool surface were performed using the method of hy-
dromodeling, and the indirect data from results of melt-
ing and skull condition were studied.

The carried out analysis gives an opportunity to
offer the following scheme of proceeding of hydrody-
namic processes stipulating the heat processes in the
melt pool and processes of heat transfer to the skull
(Figure 3).

The determinant factor of hydrodynamics of the
pool is the flow of melt, falling in the form of a drop
rain from the end of the consumable electrode onto
the mirror. This forms a column of the hottest metal
(thermal nucleus) in the pool volume, which is equal
to the diameter of the consumable electrode and sur-
rounded by a thermal boundary layer of melt, in which
the melt movement occurs with the much lower in-
tensity. The depth of pool piercing is defined by the
force of pressure of melt jet against the mirror and
depends on the linear rate of electrode melting. In
melting at an increased rate the head part of the ther-
mal nucleus can reach the pool bottom at the initial
period and cause the pre-melting of the skull. This
can be also caused by increase in a linear rate of
melting above the optimum values during the melting.
At normal conditions, the head part of the thermal
nucleus does not contact a bottom skull, but it is
removed from it by a transition layer.

 The second factor, intensifying the pressure on
melt and contributing to the formation of a thermal
nucleus is the current passing through the pool from
the mirror to the bottom. At the region of the head
part of the thermal nucleus the melt is lifted by a
counterflow along the nucleus surface to the mirror,
then it is forced out to a lateral skull by convection
and, by gradual cooling, it is lowered to the crucible
bottom, where it is trapped by a flow of metal lifting
by a counterflow over the nucleus surface. Thus, the
thermal nucleus preserves its shape during melting,
changing only its position in height and slightly mixed
with a rest part of the melt, concentrated in the tran-
sition zone that promotes the overheating preserving.
Determinant factor of heat removal to the skull is the
thermal boundary layer located between the upward
flow and skull.

The superposition of solenoid magnetic field on
the pool leads to the melt rotation under the action
of centrifugal forces. The mirror surface of the molten

pool acquires concavity due to increase in the level
of melt in the zone of the lateral skull and its decrease
in the crucible axial zone, and the area of a decreased
pressure is formed. This contributes to the deeper
penetration of the overheated metal into the molten
pool layers, and the upper part of the thermal nucleus
acquires the shape of a truncated cone. The assumption
was made during investigations that under the action
of the solenoid magnetic field, the direction of melt
movement in a thermal nucleus, in counterflow, and
also the circulation on a circular contour form the
helical lines.

Thus, the magnetic field of the solenoid intensifies
the hydrodynamic processes, but its contribution to
their development is not decisive due to a short-time
rotation of melt in one direction. The most important
factors, stipulating the proceeding of hydrodynamic
and heat processes are the pressure of melt flow, fall-
ing from the consumable electrode end onto the mir-
ror, and direct current passing through the pool.

The presence of a thermal nucleus in the entire
height of the pool, where a main overheating is con-
centrated, and of a thermal boundary layer with a
lower temperature explains why the heat removal
from pool to skull is uniform in height and will be
defined by heat removal from the boundary layer.
This allows us to assume that in melting at similar
linear rates the specific thermal loads to the skull in

Figure 3. The offered scheme of proceeding of hydrodynamic pro-
cesses in a skull crucible with solenoid
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large-capacity pools will not almost differ from loads
in melting in small furnaces.

The offered scheme of proceeding of hydrodynamic
and heat processes shows the basic similarity of the
processes occurring in molten pools of large and small
skull furnaces, proves the feasibility of producing mol-
ten pools commensurable in depth with diameter and
explains the differences in design of industrial melting
furnaces.

Defining of the most rational variant of furnace
design. Analysis of the variants of designs under con-
sideration, shows that, firstly, design of furnace using
1- and 2-crucible scheme will require the use of scarce
superpowerful current sources, providing the melting
of consumable electrodes of 1000 and 800 mm diameter
and maintaining of a molten pool of appropriate sizes.

Secondly, the accumulation of the necessary mass
of molten titanium should be made in water-cooled
crucibles of 7 or 3.5 t capacity (2-crucible variant),
not used earlier in the routine of a skull melting,
therefore, to realize these variants the development
and mastering of the technology of production of cru-

cibles of a large capacity, which are not manufactured
in industry, and also the conductance of research
works for the development of optimum power-time
conditions will be required.

Thirdly, designing of the crucible of a larger ca-
pacity will also be required for the 3-crucible scheme
furnace, that is less preferable from the point of view
of symmetry of arrangement of crucible units.

So, the variant of furnace using 4-crucible scheme
with arrangement of crucibles at 90° angle relative
each other around the casting chamber, mounted in
the center, seems to be most rational (Figure 4). This
will make it possible to use the main composition of
completing equipment in the design, which was tested
in service of the skull furnace «Neva-5» and manu-
factured by industry: graphite crucibles, arc current
sources, components of vacuum system and consum-
able electrodes of 600--650 mm diameter.

The application of used units and also a unique
experience of multi-scheme and extrascheduled melts
in «Neva-5» will reduce the time of manufacture,
erection and testing the furnace. Simultaneous accu-
mulation of melt in four crucibles will promote the
widening of technological capabilities of producing
castings. Thus, the material and finance expenses in
furnace construction will be greatly decreased and
the period of additional checking of technologically
flexible skull furnace for the designed capacity will
be reduced.

Figure 4. Schematic diagram of 4-crucible large-capacity furnace
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ABOUT EFFECT OF ATOMIC INTERACTION IN MELTS
ON SOLUBILITY OF GASES AND CARBON IN THEM

Part 2. Solubility of hydrogen and oxygen.
General conclusions

E.V. PRIKHODKO and V.F. MOROZ
Z.I. Nekrasov Institute of Ferrous Metallurgy, NASU, Dnepropetrovsk, Ukraine

Using models of metal melts with BCC-like structure, the solubility of carbon, hydrogen, nitrogen, oxygen and other
gases in metal and salt solutions was studied. Close correlations between the solubility a nd integral parameters of atomic
interaction were established which allow numerical prediction of solubility of gases and carbon in metal and salt melts
of different composition.

K e y w o r d s :  solvation, solubility, chemical equivalent of
composition, effective charges, physical-chemical modeling

Results of investigation of atomic interaction with
hydrogen participation occupy a special place in the
work done by us. From the analysis of comprehensive
literature information, having direct or indirect rela-
tion to this problem, a conclusion was made (and it
was made long ago in works [1--4]), that the descrip-
tion of processes of atomic interaction in hydrogen-
containing phases is referred to a number of the most
difficult physical-chemical problems, whose solution
has a scientific and practical importance for many
fields of science and technology. At the same time,
the thesis should be recognized justified that the ex-
planation of regularities and results of interaction of
hydrogen with other elements in formation of simple
compounds at a numerical level is the first necessary
stage in study of all the complex of problems con-
nected with atomic interaction of elements with each
other. This part of the problem comes far beyond the
scope of a private problem about the interaction of
some gases with metal and slag melts.

Taking into account the above-described and our
positive gained experience of description of effect of
electron constitution on structure and properties of
molecular and crystalline compounds [5], multi-com-
ponent metal [6, 7] and salt [8, 9] systems in solid
and molten states, we considered that the main aim
of investigations carried out was to develop the pro-
cedure of numerical calculations of different charac-
teristics of atomic interaction with participation of
hydrogen and adaptation of this procedure on the
example of analysis of various properties of different
materials.

As a working hypothesis, we have taken the hy-
pothesis that all the types of hydrogen interaction
with elements of a periodic system, as well as their
compounds and alloys should be governed by a single
law, common for interaction of any combinations of

components both in the presence or absence of hydro-
gen.

Calculation of parameters of atomic interaction of
hydrogen with other elements is possible in the pres-
ence of adjusting parameters Ri

0 and tg α in equation

lg RiH
z  = lgRiH

0  + Z tg αH, (1)

binding the effective radius with an effective charge
of hydrogen.

Selection of numerical values of these parameters
was realized using the method of successive approxi-
mations and consisted in calculations of their numeri-
cal values of integral model parameters ZY, d and
tg α at different combinations, and also charges of
reagents for molecular hydrides of different
stoichiometry with a next analysis of effect of these
parameters (both separate and also in a set) on main
properties of the joints.

On the basis of analysis of data of changing the
parameters of atomic interaction of hydrogen with
other elements in hydrides of type EH, EH2 and EH3

with change in RiH
0  from 0.06 to 0.16 nm and tg αH

from 0.06 to 0.5 the following combination of adjust-
ing parameters was selected: RiH

0  = 0.08 nm and

tg αH = 0.4. Using this parameters, the values RiH
0

+

 =

= 0.0318 nm, RiH
0

--

 = 0.201 nm were obtained from
equation (1).

The most probable values, given in work [10], for
covalent, atomic and ion radii of hydrogen, deter-
mined by other methods, are 0.032, 0.0779 and

0.208 nm, respectively, i.e. values RiH
0

+

 and RiH
0
--

, ob-
tained by equation (1), are in the range of generally
accepted values.

Table 1 gives, as an example, the results of calcu-
lations of model parameters of structure of molecular
hydrogen compounds of different stoichiometry. The
subsequent analysis showed that the main properties
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of molecules of each of isostructural groups are asso-
ciated functionally (r > 0.9) with combination of
model parameters. Thus, for example, for hydrides of
EH2 type these relations are realized in the form of
equations:

dex = 7.26 -- 0.024d + ZY -- 22.1 tg α; (2)

ωe = 450.3d + 554.6ZY + 110000 tg α -- 31745; (3)

∆H = 747.3 -- 209d + 670.8ZY -- 2802 tg α, (4)

where dex is the interatomic distance E--H in mole-
cules, 10--1 nm; ωe is the frequency of oscillations,
cm--1; ∆H is the enthalpy of formation, kcal/mol.
Descriptive models, similar in shape and level of ac-
curacy, were obtained in analysis of molecules of EH
and EH3 types [11].

At the same time, the thesis should be recognized
justified [8, 9, 12, 13] that the explanation of regu-
larities and results of interaction of hydrogen with
other elements in formation of simple compounds (of
types of above-given hydrides) at the numerical level
is only the first necessary stage in study of all the
complex of problems related to the atomic interaction
of elements with each other.

As follows from analysis of Table 2, the effective
charges of both hydrogen and also elements interact-
ing with it at the given method of their determination
are in the range of acceptable numerical values (from
the point of view of classical conceptions of the theory
of chemical bonds).

Analysis of data, systemized in work [14], about
the enthalpies of formation of numerous groups of
hydrides of intermetallics produced in interaction of
lanthanum and zirconium with elements of iron group
(Mn, Fe, Co, Ni) and their analogues (Ru, Rh, Pd),
confirmed the validity of procedure, developed in
work [15], for expression of thermodynamic proper-
ties of melts as the function of model parameters of
their electron structure:

∆H (kcal/mol) = 1253.8 -- 316.6d -- 276.3ZY--

 -- 73.1∆d + 325.8∆ZY    (r = 0.97). (5)

Here, the sorption capacity of these materials with
respect to hydrogen is described [16] by the equation

H/AB = 26.52d -- 0.553ZY + 42.35 tg α -- 81.98, (6)

where H/AB is the number of atoms of hydrogen per
formula unit of the intermetallic.

Let us consider from the similar positions the other
experimental data about hydrogen solubility at dif-
ferent pressures P in zirconium alloys. This solubility,
designated as X, is associated with a composition of
alloys, coded in terms of model parameters (Table 3),
by equation

X = 8.595 -- 0.206P + 9.858d -- 8.44ZY --

-- 258.5 tg α    (r = 0.94). (7)

Using definite RiH
0  and tg α and physical-chemical

model of metal melt, the effect of model parameters
of atomic interaction on solubility of hydrogen in
different metal melts was investigated.

Thus, representative data given in work [17] about
the hydrogen solubility in melts Fe--Al, Fe--B, Fe--Ge,
Fe--Ta, Fe--Sn and Fe--Zr at different concentrations
of the second component and temperatures are asso-
ciated with integral parameters of atomic interaction
d, ZY and tg α and the temperature of dissolution
(selected from 228 melts) by the equation

[H]⋅104 (wt.%) = 61.81 + 32.54d -- 24.99ZY --

-- 165.27 tg α + 0.0247T    (r = 0.967). (8)

Integral parameters of the structure, used in this
equation, were calculated with allowance for the hy-
drogen content. It should be noted that the correlation
of hydrogen solubility with parameters of atomic in-
teraction is higher, r > 0.98, for each of system sepa-
rately. Results of comparison of values, calculated by
equation (8), experimental values of hydrogen solu-

Table 1. Model parameters of electron structure of some hydrides

Compound d⋅10--1
, nm Z

Y
, e tg α Compound d⋅10--1

, nm Z
Y
, e tg α

BH 1.8826 0.5630 0.299 OH2 1.5502 0.6179 0.3120

AlH 2.6006 0.6600 0.278 CH3 1.2280 0.5771 0.3295

InH 2.8388 0.8641 0.253 NH3 1.3987 0.5533 0.3325

SiH2 1.7210 0.7977 0.297 PH3 1.8520 0.6754 0.3238

AsH2 2.0827 0.8523 0.2945 SbH3 2.2770 0.8051 0.3185

Table 2. Calculated values of effective charges of hydrogen ions
in molecules

Molecule ZE, å ZÍ, å Molecule ZE, å ZÍ, å

LiH 0.220 -- 0.483 NaH 0.286 -- 0.580

BeH -- 0.075 -- 0.229 MgH 0.051 -- 0.396

BH -- 0.355 0.010 AlH -- 0.103 -- 0.274

CH -- 1.100 0.690 SiH -- 0.720 0.276

NH -- 0.895 0.495 PH -- 0.603 0.164

OH -- 0.726 0.330 SH -- 0.486 0.052

FH -- 0.482 0.092 ClH -- 0.296 -- 0.130

NH3 -- 1.300 0.285 SH2 -- 0.644 -- 0.003

H2O -- 0.923 0.225 PH3 -- 0.922 0.045

AlH2 -- 0.108 -- 0.270 SeH2 -- 0.552 -- 0.080

GeH2 -- 0.865 -- 0.104 NH2 -- 1.150 0.364

SiH3 -- 0.720 -- 0.276 BH3 -- 0.458 -- 0.060

AsH3 -- 0.816 -- 0.030 SbH3 -- 0.672 -- 0.130
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bility in the above-mentioned melts of iron are pre-
sented in Figure 1.

The relation between the hydrogen solubility in
melts of iron with carbon [18], vanadium [19], tita-
nium [20], cobalt [21], chromium, molybdenum and
nickel [22] at different content of the second compo-
nent and integral parameters of atomic interaction
without allowance for content of a dissolved hydrogen
was studied. Correlation of solubility with integral
parameters in selection from 79 melts was obtained
in the form of equation

[H] (cm3/100 g Me) = 215.028 + 10.814d +

+ 2.427ZY -- 2678.68 tg α + 0.0122T    (r = 0.92).
(9)

In a graphical form this relationship is presented
in Figure 2.

For each from the Fe--Me systems, considered sepa-
rately, the coefficient of correlation in the regression
equation, similar to (9), is at the > 0.96 level. Thus,
the melt composition (matrix), presented by convo-
lution in the form of combination of integral parame-
ters of a physical-chemical model (Table 4), defines

its absorbing capacity with respect to hydrogen. This
gives an opportunity to describe the hydrogen solu-
bility in above-considered systems on iron base [18--
22] using one equation (9).

Solubility of hydrogen in each of groups of melts
of 3d-metals with silicon in Fe--Si--H, Mn--Si--H, Co--
Si--H, Ni--Si--H and Cr--Si--H systems, as well as in
Ni--Al--H, Ni--Co--H, Ni--Au--H, Ni--Fe--H, Ni--Cr--H
systems [23, 24] (Table 5) is associated with the com-
position of melts by the equation of the type

[H]⋅102 (at.%) = a0 + a1T + a2d + a3Z
Y + a4 tg α   (10)

with a coefficient of correlation > 0.96.
General relationship of hydrogen solubility in the

above-mentioned melts of 3d-metals with silicon is
described by the equation

[H]⋅102 (at.%) = --2.174 + 0.024T -- 9.915d --

-- 17.252ZY -- 293.185 tg α    (r = 0.88)
(11)

and in melts on nickel base it is described by equation

[H]⋅102 (at.%) = 79.647 + 0.025T -- 32.674d --

-- 5.846ZY + 3.647 tg α    (r = 0.85).
(12)

Figure 1. Ratio of experimental and calculated (by equation (8))
values of hydrogen solubility in iron melts with aluminium, boron,
germanium, tantalum, tin and zirconium

Table 3. Hydrogen solubility in some zirconium alloys

Compound
ZrmBnHx

Hydrogen content Ð, MPa

Model parameters of structure of phases
(without of hydrogen) Calculated values X

in ZrmBnHx

d⋅10
--1

, nm Z
Y
, e tg α

ZrV2 5.40 0.1 3.233 1.935 0.0747 4.80

ZrMn2 3.60 0.8 3.188 1.834 0.0793 3.87

ZrMn2 3.90 1.0 3.188 1.834 0.0793 3.83

ZrMn2.4 3.60 2.0 3.168 1.791 0.0796 3.72

ZrMn3.2 4.00 3.0 3.138 1.717 0.0801 3.71

ZrFe2 0.16 6.1 3.123 1.760 0.0883 0.44

Zr3Fe2 6.40 6.0 3.350 1.763 0.0775 5.47

ZrCo 3.00 0.1 3.240 1.785 0.0855 3.35

Zr3Co 6.80 0.1 3.370 1.716 0.0798 6.68

ZrNi2.5 1.90 2.5 3.126 1.511 0.0983 0.73

ZrNi 2.80 0.1 3.236 1.705 0.0910 2.55

Zr0.36Ni0.64 0.58 2.5 3.167 1.602 0.0958 1.01

Figure 2. Ratio of experimental and calculated (by equation (9))
values of hydrogen solubility in iron melts
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Table 4. Hydrogen solubility in some Fe-base melts and their integral parameters

System Ìå, wt.% d⋅10
--1

, nm Z
Y
, e tg α Ò, °C

H,
cm

3
/100 g Ìå

Hcalc,
cm

3
/100 g Ìå

Fe--C 1.0 2.6709 1.2066 0.0893 1550 23.38 26.55

2.0 2.5517 1.2657 0.0906 1550 20.0 21.92

3.0 2.4573 1.3149 0.0918 1550 16.0 17.80

4.0 2.3802 1.3557 0.0929 1550 11.08 14.12

5.0 2.3156 1.3892 0.0939 1550 15.08 10.83

Fe--V 1.4 2.8334 1.1763 0.0878 1560 28.2 32.37

3.15 2.8403 1.2249 0.0876 1560 29.1 33.10

4.3 2.8444 1.2557 0.0874 1560 29.5 33.76

8.0 2.8563 1.3493 0.0869 1560 31.2 35.45

9.3 2.8600 1.3801 0.0867 1560 32.1 36.10

Fe--Ti 0.42 2.8314 1.1475 0.0880 1605 30.0 32.29

1.14 2.8379 1.1668 0.0880 1605 32.9 32.41

1.47 2.8409 1.1756 0.0879 1605 34.2 32.73

1.79 2.8437 1.1840 0.0879 1605 37.2 32.78

2.1 2.8463 1.1920 0.0879 1605 39.9 32.83

Fe--Cr 10.0 2.8267 1.4284 0.0857 1600 28.0 39.02

30.0 2.8289 1.8265 0.0811 1600 38.0 52.34

50.0 2.8342 1.9927 0.0766 1600 55.0 64.85

70.0 2.8432 1.9460 0.0723 1600 68.0 76.35

90.0 2.8592 1.7039 0.0681 1600 104.0 87.19

Fe--Mo 1.0 2.8304 1.1572 0.0878 1590 29.0 32.66

3.0 2.8362 1.1994 0.0874 1590 28.0 33.90

5.0 2.8417 1.2414 0.0870 1590 27.0 35.13

6.0 2.8444 1.2624 0.0868 1590 26.5 35.74

Fe--Ni 1.0 2.8274 1.1534 0.0882 1590 33.0 31.55

3.0 2.8274 1.1872 0.0886 1590 37.0 30.56

8.0 2.8276 1.2653 0.0895 1590 37.0 28.34

16.0 2.8281 1.3713 0.0911 1590 35.0 24.31

21.5 2.8285 1.4303 0.0921 1590 34.0 21.78

Table 5. Parameters of atomic interaction in some melts of 3d-metals and hydrogen solubility in them

System Me, at.% [H]⋅102
, at.% T, °C d⋅10

--1
, nm Z

Y
, e tg α

Mn--Si--H 10.0 11.70 1445 2.7918 1.4151 0.0833

25.0 7.30 1445 2.6532 1.6228 0.0845

36.9 4.30 1445 2.5730 1.7137 0.0855

50.0 2.60 1445 2.4964 1.7378 0.0866

60.0 2.40 1445 2.4391 1.7026 0.0875

80.0 3.30 1445 2.3053 1.4929 0.0893

90.0 4.80 1445 2.2143 1.3183 0.0903

Fe--Ni--H 10.3 14.13 1600 2.8255 1.3043 0.0905

20.6 14.06 1600 2.8265 1.4289 0.0926

34.8 14.26 1600 2.8232 1.5201 0.0954

45.8 15.55 1600 2.8299 1.5494 0.0976

59.4 17.16 1600 2.8328 1.5056 0.1004

69.7 18.52 1600 2.8359 1.4216 0.1025

83.9 20.84 1600 2.8423 1.2340 0.1054

92.3 23.03 1600 2.8483 1.0837 0.1072

96.8 23.42 1600 2.8520 0.9914 0.1081

36 4/2004



The results obtained can be considered as one more
confirmation of validity of the used physical-chemical
model of structure of melts and products of their so-
lidification. It is evident, that this circumstance itself,
but not only selection of parameters Rii

0 and tg αi of
interstitial atoms, provides the high accuracy of ap-
proximation of experimental data. From the other
side, calculations for metal--impurity systems as for
quasi-homogeneous phases are a rather rough approxi-
mation. Selection of scheme of mutual arrangement
of atoms of impurity, alloying and matrix subsystems
will, undoubtedly, influence greatly the results of
these calculations in future. However, there are no
yet hopes for receiving such valid information, the
values Zi of impurities are actually virtual states of
their electron cloud in perfect interstitial solutions.
Nevertheless, this approach is rather effective (espe-
cially on the background of usual postulation of
charges of components in accordance with conceptions
of theory of valency and ion model of chemical bond).
Calculated integral and partial characteristics of
atomic interaction can be used effectively as parame-
ters of convolution of information about the compo-
sition of multi-component systems [25], that is not
realizable in the scopes of other numerical methodo-
logical approaches to the solution of similar problems.

In particular, as was shown in work [26], the
offered methodology was used for analysis and semi-
empirical generalization of information about thermo-
dynamic characteristics of the process of deoxidation
of metals. Without doubling the fragments of this
article, we shall note additionally the following.

It is assumed usually that oxygen forms interstitial
solutions with most metals. Therefore, when conduct-
ing the calculations, whose results are given in Ta-
ble 6, it was assumed that oxygen ions are arranged
in the interstitial positions at distances a/2 from ions
of metals in structures of appropriate melts.

As a result of analysis several variants of equations
can be offered for the given solvents to estimate the
Gibbs energy at 1873 °C:

-- ∆G1873
o  = 456.39 + 42.18ZMe +

+ 94.80ZO -- 106.04ρlMe,
(13)

where ZMe and ZO are the charges of ions of metals
and oxygen; ρlMe is the charge density at the surface
of Me ion (calculated by the procedure of [5, 27]).

Difficulty in the solution of the above-mentioned
problem is predetermined, first of all, by significant
discrepancies in quantitative estimations of the same
parameters in works of different authors. Thus, for
example, the estimation of heat of oxygen dissolution
in metals by the data of different works are more or
less coincided only for the solutions of chromium,
molybdenum and tungsten. In other cases the discrep-
ancies are so high that it is impossible to say about
the presence of premises for determination of valid
numerical values ∆H. Nevertheless, analysis of data,
systematized by Kulikov I.S. [28], represents a certain
interest from the point of view of checking different

Figure 3. Dependence of parameters of interaction of deoxidizers
with oxygen on their charge state in iron melts

Table 6. Thermodynamic and metal-chemical characteristics of oxygen solutions in metal melts

Solvent

--∆H[O],
kcal/mol

-- ∆G1873
o

,
kcal/mol

Characteristics of Me--O bond

From data of work [29] --∆Gcalc,
kcal/mol

ZMe, e ZO, e ∆e, e ρlMe

Ca 123.9 114.3 102.7 1.832 --1.565 0.367 2.690

Ba 130.0 95.3 109.1 1.866 --1.433 0.433 2.762

Y 131.8 110.7 113.1 1.741 --0.162 1.578 3.821

Ti 128.9 100.0 89.9 1.619 0.770 2.388 4.834

Zr 136.6 103.3 97.1 1.532 0.803 2.336 4.760

Hf 135.7 90.1 94.5 1.498 1.016 2.514 4.964

V 104.5 60.27 70.8 1.492 1.418 2.910 5.550

Nb 95.7 70.08 70.2 1.341 1.660 3.0 5.713

Ta 94.7 66.5 63.7 1.265 1.792 3.057 5.864

Cr 71.2 48.4 44.3 1.340 2.035 2.275 6.298

Mo 60.0 40.0 37.4 1.145 2.317 3.462 6.540

W 47.3 28.6 34.9 1.096 2.368 3.464 6.590
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hypotheses about most probable positions of oxygen
ions in the structure of metal melts.

Surely, the processing of discussion information
does not solve completely the problem of estimation
of its validity, nevertheless, the comparison of the
left and right part (Table 6) in the form of equation
(13) will create the base for its future solution.

It is important to consider here the similar rela-
tionships not as some individual, isolated, but, in
general, as problems of use of integral and partial
parameters of interaction for the solution of various
problems of physical materials science. As the theory
of metallurgical processes has in its disposal these
parameters for a long time for calculation of coeffi-
cients of activity, the comparison of appropriate ther-
modynamic information with independent calculation
data represents an undoubted interest.

Comparison of these data with those given in lit-
erature [29--31] lg ej

i allowed us to establish [26] that
there are clear correlations between them (Figure 3).
These correlations, having allowance for the range of
scattering the data eO

i  from different data, give an
opportunity to consider the problem of estimation of
validity of similar information on a radically new
basis. Equation was obtained on the base of similar
correlations using the method of iterations

lg eO
i  = 2.1Zi

av -- 115.7ZO
av -- 3.14∆ei --O -- 192.3, (14)

expressing the parameters of interaction of deoxidizers
with oxygen as a function of an average charge of
each of reagents (deoxidizer Zi

av, oxygen ZO
av) and

integral characteristic of hypothetical paired bond be-
tween them (∆ei--O) in diluted solution on iron base.
Coefficient of correlation is 0.97 between numerical
values lg eO

i , calculated by the equation (14) and
most probable (in our opinion). These results confirm
the prospects in use of parameters of physical-chemical
model of metal melts for the description of processes
of atomic interaction with oxygen, proceeding in
them.

Let us formulate the main conclusions from the
results of the work done, which, in our opinion, will
define the place of these results in the existing system
of opinions as regards the problem of interaction of
gases with melts.

1. At theoretical study of the process of gas dis-
solution in liquid, the successive stages are usually
distinguished (with rather conditional boundaries be-
tween them [32--35]), the role of which is analyzed,
as a rule, by the information about the structural and
chemical composition of the melt.

We share the point of view of researchers who
represent the processes with gas participation, such
as dissolution, adsorption, diffusion and chemical in-
teraction, separately as different stages of one of com-
mon process ---- interaction with the formation of a
new material. To make this idea more concrete, the
unique representations have been developed in work

[13] about the role of directivity of the atomic inter-
action in the formation of structure and properties of
molecular and crystalline compounds.

The role of each of these stages in definite processes
can be interpreted in a different manner, the same as
the definition of a limiting link of a process of inter-
action with participation of gas phase components. It
was noted earlier in works [27, 36] that the division
of the single physical-chemical process (and we see
the interaction of melts with gases as such a process)
into constituent parts is rather pictorial and conven-
ient for the qualitative interpretation of its principle,
however, it can become an insuperable barrier in at-
tempts to describe the final results of the process at
the numerical level.

2. Radically important in the developed method-
ology of physical-chemical modeling of processes, pro-
ceeding in metal and ion salt melts in dissolution of
gases in them is the refusal of postulation of charge
state of any components of phases participating in
these processes. All the parameters of atomic interac-
tion, used in the above-described investigation, were
calculated as variable values, depending on composi-
tion of the medium in which the interaction is pro-
ceeding. Due to this, the calculated values Z of in-
terstitial atoms (Tables 3, 5, 7, 12 in work [37]) are
differed greatly from those accepted in literature on
this problem in interpretation of their charge state in
accordance with ion model of a chemical bond and
theory of valency.

This difference is the consequence of conceptually
different approaches to the problem of description of
the atomic interaction. The need of revision of existing
representations in this field, except the results of this
work, is shown in particular by the results of foreign
researchers [38], according to which the charge Z*

for carbon, nitrogen and oxygen in different metal is
equal to:

Metals
Impurities

C N O

Cd --(3.7--1.4) --(2.6--6.4) --(3.2--1.2)

Hf --(1.9--1.2) --(2.7--1.9) --(1.5--1.6)

V +2.2 +1.7 +1.2

Nb +5.6 +1.7 +1.0

Ta +(4.0--2.6) +3.4 +(1.9--0.5)

α-Fe +(3.7--1.4) +4.3 --

3. Results of carried out investigations showed
that the use of the developed physical-chemical model
of structure of melts allows realization of a general
thesis at the numerical level: solubility of a gas, as
any other impurity, depends on the chemical nature
of a solvent and elements being dissolved. Any inter-
mediate stages of the dissolution process are associated
in a limiting way with the information about parame-
ters of structural and chemical state of the reagents.
To reveal and to describe this relation, it is suggested
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to consider the interaction of atoms by the method-
ology developed to be common for any combination
of components, independently of the medium in which
this interaction is realized.
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ABOUT FEASIBILITY OF PRODUCING GASARS
USING METHODS OF ELECTROMETALLURGY

V.V. KARPOV
National Metallurgical Academy of Ukraine, Dnepropetrovsk, Ukraine

Experiments have been carried out that confirm the feasibility of use of electric arc melting for producing composite
materials such as gas-reinforced refractory metals (gasars). Effect of process parameters on arc stability and formation
of structure of gasars was determined.

K e y w o r d s :  electric arc remelting, gas-eutectic transforma-
tion, gasar, gas phase, hydrogen

The gas-eutectic transformation was discovered and
studied more than twenty years ago when studying
the metal--hydrogen systems [1--3]. Its principle is
based on the fact that if the metal melt is saturated
preliminary with hydrogen up to gas-eutectic concen-
tration, then the liquid at its crystallization is decom-
posed into crystalline and gaseous phases. Moreover,
during crystallization the geometrically-ordered
structures, similar to eutectic colonies can form, where
one of the forming phases is gaseous (hydrogen). This
results in a cast metal matrix penetrated with pores.
Bubbles are growing simultaneously with metal crys-
tals, not tearing away from the crystallization front,
thus forming the honey-comb, similar to eutectic,
structure. This structure of metal was called gasarite,
and material was called a gasar (from «gas-reinforced
metal»).

The technological process is based on the fact that
a preset material (metal, ceramics) is melted in the

hydrogen atmosphere at a definite pressure (satura-
tion pressure Ps). With some lapse of time the melt
is saturated with hydrogen until required concentra-
tion, then it is poured to a mould, arranged in an
autoclave. The proper pressure (crystallization pres-
sure Pcr) is set depending on the task what structure
and porosity are to be obtained.

Traditional methods of melting (gas heating, re-
sistance furnaces, induction heating) of metals of a
high melting temperature (chromium, molybdenum,
tungsten and others) do not always give an opportu-
nity to produce the sufficiently overheated melt for
its saturation with hydrogen. This is explained by
many reasons: from high chemical activity of metal
to the absence of refractory metals capable to with-
stand the required temperature. The presence of the
gaseous hydrogen in the furnace volume complicates
greatly the problem of metal melting because of its
quasi-high heat conductivity. At the same time a large
number of metals form chemical compounds with it,
namely hydrides, which differ radically from metals
by the entire complex of physical-mechanical and
chemical properties. All this narrows significantly the
selection of methods of metallurgy for producing
gasars from refractory metals and their alloys.

Analysis of existing methods shows that the most
acceptable, in our opinion, is the method of electric
arc remelting with a consumable electrode. When us-
ing the pure components (Me and hydrogen), the
metal contamination is not occurred and the process
is close to gas-eutectic. The main difference of this
method from the traditional method is high rates of
heating, melting and crystallization of metal. It was
important to determine whether the metal will have
a time to be saturated with hydrogen up to the nec-
essary concentration for a short period. The estima-
tions indicate the high degree of gas ionizing in electric
arc, that makes the process of metal saturation with
hydrogen sufficiently rapid. Difficulty may arise in a
flexible control of hydrogen content in metal due to
a very high rate and non-equilibrium of the process.

An experimental installation was designed and
manufactured for experimental check-out of the above
assumptions (Figure 1). A gaseous medium of hydrogen
at up to 1 MPa pressure or vacuum up to 10--3 mm Hg

Figure 1. Scheme of experimental installation: 1 ---- autoclave;
2 ---- electrode; 3 ---- specimen; 4 ---- supply unit; 5 ---- system of
gas phase control

© V.V. KARPOV, 2004
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was created in a sealed autoclave using a system of
the gas phase control. To simplify the scheme of ex-
periment, tungsten was used as an electrode material.

The task of producing the gasar ingot was not put
forward in the experiment. It was necessary to check
the basic capabilities of this method. Specimen in the
form of a disc was rotated inside the autoclave, and
electrode from the specimen material was fed radially.
Electric arc was ignited using an oscillator and supply
unit and an area of metal was melted on the specimen
surface.

It was established that in hydrogen introducing
into the autoclave the stability of arc burning was
abruptly deteriorated. However, it was possible to
determine the hydrogen pressure, at which the arc
was stable, and the hydrogen content, sufficient for
the formation of the gasar structure.

Taking into account the low capacity of the ex-
perimental installation, we could not melt the large
volume of metal and were limited by melting of an
area on the surface of a monolithic specimen (Fi-
gure 2). It is seen in photos that instable arc burning
leads of a break of melting regions (Figure 2, a). At
high currents the melting of specimen is intensive and
the arc is broken due to an increased gap between
specimen and electrode. We have managed to obtain
a stable arc and sufficiently uniform molten layer on
the specimen surface (Figure 2, b).

Sections of specimen regions in the zone of arc
burning show the feasibility of formation of structure
of the gasar (Figure 3). The high rate crystallization
due to specimen rotation has lead to the formation of
large bubbles in the upper zone of the crystallizing
metal. These bubbles almost disappeared at the re-
duction in rotation speed, that led to the higher heat-
ing of metal and reduction in crystallization rate. In

our experiment, the slow rotation of the specimen led
to molten metal flowing out from the specimen surface
and to violation of the process stability. When the
scanning movement of the arc was used on the surface
of the flat specimen this drawback was not observed
and we could produce a sufficiently uniform porous
surface layer.

Analysis of obtained structures and experimental
parameters show that even at low pressure of hydrogen
it is possible to obtain the gasar structure owing to
the ionizing action of arc and its high temperature.
However, the high rates of process proceeding make
it instable that is reflected on the structure of the
gasar produced. Nevertheless, these experiments
prove the feasibility of producing gasars from the
metals of the highest refractoriness and require their
continuation. It is more probable that this method
will find practical application in case when necessary
to produce a porous layer on the surface of billet or
product.

These investigations resulted in confirmation of a
fundamental feasibility of producing the gasar struc-
ture in melting metal using an electric arc. It was
outlined that with growth of hydrogen pressure the
stability the arc burning is abruptly decreased. Low
hydrogen pressure and a short time of metal duration
in a molten state are sufficient for its saturation with
hydrogen up to the concentrations necessary for the
gasar structure formation.

Figure 2. Appearance of specimen area melted by instable (a) and stable (b) arc in hydrogen medium

Figure 3. Microstructure of melting zone of copper specimen at a quick (a) and slow (b) rotation of billet
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DEPENDENCE OF CONTACT ELECTRIC RESISTANCE
OF THERMOANTHRACITE ON TEMPERATURE

AND PRESSURE

V.I. LAKOMSKY and V.A. LEBEDEV
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

Constituents of contact electric resistance of thermoanthracite are studied. It is shown how great effect of adsorbed
moisture can be exerted on contact resistance of a crushed thermoanthracite. Dependence of electric resistance of contact
of thermoanthracite on pressure was obtained.

K e y w o r d s :  thermoanthracite, contact, surface and transi-
tion electric resistance, heating and pressure, electric contact
properties

The contact resistance Rc, which undergoes the elec-
tric current, passing from one piece of the thermoan-
thracite into another, is composed of two independent
resistances such as surface Rs and transition resistance
or, as it is called resistance of constriction, Rt. Let
us describe these resistances in turn.

The surface resistance is occurred by the formation
of very thin films of oxygen and moisture as a result of
their adsorption on contact surfaces of thermoanthracite
in air. Chemisorbed oxygen is retained at the thermoan-
thracite surface by powerful forces of a chemical bond
between the oxygen atoms and surface atoms of carbon,
while the moisture is retained by weak Van der Waals
forces, moreover, the moisture film consists of several
molecular layers of H2O [1]. These films exert a great
resistance to electric current, passing through the con-
tact, at room temperature in particular.

It should be noted that the thermoanthracite in gen-
eral is a good adsorbent. It was not without reason that
it has found an application during recently at liqueur-
vodka factories as an alternative to the widely-known
adsorbent, such as a wood charcoal, for the high-quality
treatment of water and ethyl alcohol [2].

As is known, the moisture, adsorbed on charcoal,
can be removed largely by a low heating of the latter.
In this case, the process of the moisture desorption
will be developed intensively under the conditions of
the atmospheric pressure even at 50--100 °C. By a
slow heating the crushed anthracite, it is possible to
remove almost all the physically-sorbed moisture. At
a rapid heating up to 500--600 °C the part of moisture
can react with coal, thus oxidizing it up to monoxide
(CO) and carbonic acid gas (CO2).

To evaluate the effect of adsorbed moisture on the
contact resistance of thermoanthracite, we have per-
formed the following experiments. The arbitrary se-
lected small pieces of coal, close in sizes, were placed
into a quartz tube so that they formed a single chain.
At a vertical position of the tube the upper and lower
pieces of coal of this chain contacted the copper elec-
trodes whose edges were coated with a nickel layer

to avoid copper oxidation at the experiment tempera-
tures. The above-mentioned tube was mounted into a
specially manufactured furnace.

Resistance of chain of coal grains was measured
at different temperatures up to 150 °C and different
pressure for all the chain of thermoanthracite grains.
At a sufficient amount of coal grains the electric re-
sistance of many intergranular contacts is so high that
we neglected the thermoanthracite--nickel transition
resistance and resistance of mass of grains.

Experiments showed (Figure) that even at heating
up to 50 °C the contact resistance of the thermoan-
thracite was 1.86 times reduced as compared with
resistance at room temperature, and at the next heat-
ing up to 150 °C, it goes without saying, it was 4.3
times reduced with holding in furnace for stabilizing
the temperature field and low contact pressures P.

With increase in temperature, as is known [3], the
specific electric resistance of the thermoanthracite is
also decreased. In addition, at a total decrease of
resistance of all the chain of thermoanthracite grains
the share of a coal mass, as the calculations show, is
negligible and equal to 1 % at 50 °C and 4 % at 150 °C.

In study the influence of the temperature factor on
the contact resistance of the thermoanthracite, carried
out in collaboration with German and Norwegian re-
searchers [4], it was established that the value Rc of
the thermoanthracite is reduced in a stable manner in
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heating of the latter, but only up to 950 °C. It should
be supposed that the thermoanthracite surface during
coal heating up to this temperature is cleaned com-
pletely not only from moisture, but also from oxygen.

The contact resistance of the thermoanthracite,
caused by adsorbing films, is also decreased with in-
crease in the force of pressing of two coal pieces. If
to increase the contact pressure by 2.3 or 3.6 times,
then Rc is decreased by 1.39 and 1.61 times, respec-
tively, at room temperature. With increase in tem-
perature up to 150 °C at the same change in pressing
force the resistance is decreased, respectively, by 1.06
and 1.38 times (Figure). By comparing the effect of
temperature and pressure on the contact resistance,
it can be observed that the temperature effect prevails
over the pressure effect.

These data confirm the assumption about the fact
that the negligible increase in temperature and contact
pressure leads to the increase in conductivity of the
contact, because here the layers of physically-adsorbed
moisture, having adhesion with the coal surface by weak
Van der Waals forces, are destroyed. In this case even
a low contact pressure is sufficient to change the contact
resistance. If the moisture could be retained at the sur-
face by chemisorption forces, then neither the slight
heating of the coal, nor the increase in contact pressure
up to thermoanthracite crushing could never lead to a
significant change in the contact resistance.

The second constituent of the contact resistance
is the transition resistance Rt. Unlike the surface re-
sistance it is observed always even at a perfectly clean
contact surface or at high temperatures when the sur-
face resistance is too low or absent at all. Rt is stipu-
lated by the existence of any solid body of microrough-
ness on the contact surfaces. In these conditions the
real contact surface of two grains of coal represents
a sum of points of contact of this microroughness.
When current is passing from one piece of thermoan-
thracite into another along these points of the real
contact, the power lines of current have to be com-
pressed in one coal piece up to current density
107 A/cm2 and to be expanded in another piece con-
suming the certain energy, equivalent to Rt. The lat-
ter, according to R. Holm [5], is equal to ρ0/2a,
where ρ0 is the internal specific resistance of the ther-
moanthracite; a is the radius of the given so-called
a-spot, representing a sum of real sites (points) of
current transition. According to a formal logic, the
stronger pressing of two contacting solid bodies
against each other, the larger their area of contact as
a result of the solid body deformation. Theoretical
and numerous experimental studies showed that, in
general, the dependence of Rt on contact pressure is
determined by formula Rt = DP--n, where D and n
are the coefficients depending on the type of a contact
material; P is the contact pressure, kg. Our studies
showed that for thermoanthracite D = 251 ± 6, and
n = 0.36. For comparison, the same coefficients for
different contact materials were taken from work [6].
Thus, for example, in case of contact of aluminium
with aluminium D = 8.2⋅10--4, n = 0.7, copper with
copper D = 2.4⋅10--4, n = 0.7, for contacts of aluminium
with copper D = 3.0⋅10--4, n = 0.7.

Generally speaking, the relation Rc = f(P) is the
characteristic of each pressing contact that indicates

its quality. With the lower value D, the conductivity
of the contact examined is higher, and with the higher
value n the action of constriction force of elements of
a pressed contact on its conductivity is more effective.

The comparison of parameters of electric contacts,
given above, shows that thermoanthracite as a contact
material, cannot be comparable with contacts of
known tire materials. Electrical contact between the
grains of thermoanthracite, whose surface was not
subjected to mechanical treatment, is characterized
as very poor. It is possible to improve this contact by
increase in contact pressure only in rather limited
ranges, as the thermoanthracite is very brittle material
as compared with metals. Its strength in compression
(from data of work [7]) is from 10 up to 20 MPa,
and the microhardness, the more typical value for the
contact phenomena, is 23.8--28.4 GPa. It is under-
standable that the material with these parameters of
strength cannot be subjected to high forces at com-
pression of a contacting pair to avoid its brittle frac-
ture. Therefore, it should be recognized that the coal
heating is the basic means of decrease in contact re-
sistance of the thermoanthracite, as well as in its
internal specific electric resistance [3].

Poor electric contacting properties of the ther-
moanthracite are used to the benefit of shaft furnaces
for anthracite annealing, created more than a quarter
of century ago. In these furnaces, the thermoan-
thracite serves as an active electric resistance and the
coal charge is heated by the heat generated in the
electric contacts of the thermoanthracite [8].

 If in the light of statements about electric contact
properties of thermoanthracite to consider the coal be-
havior in a shaft electric furnace-calcinator as regards
to its contact resistance, then the conclusion can be
made that the reduction in the latter should be expected
on the furnace top, where the anthracite raw material
is heated by hot top gases exhausting from the furnace.
In this place of the furnace shaft during the anthracite
heating not only the internal specific electric resistance
of the coal is decreased, which, strictly speaking, is
decreased very quickly by exponent, but also the contact
resistance as a result of decrease in value Rs due to
removal of the adsorbed moisture. When during the
anthracite heating with hot gases of a dry coal distilla-
tion its Rs is decreased almost to zero, the Rc will be
determined only by value Rt, and it will depend negli-
gibly, as is seen from the above-said, on the contact
pressure, and, consequently, will change negligibly with
coal lowering in the direction from upper to the lower
electrode of the furnace.
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VOLT-AMPERE CHARACTERISTIC
OF THERMOANTHRACITE CONTACTS

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

Volt-ampere characteristics of contacts between grains of thermoanthracite under the conditions of pulsed and stationary
electric supply of the latter were obtained for the first time. It is shown that VAC of thermoanthracite contacts in the
isothermal conditions of measurements is straight-linear and passes through the origin of coordinates.

K e y w o r d s :  thermoanthracite, electric contact, electric
heating, volt-ampere characteristic of contact, effect of pressure
on contact resistance

In electric shaft furnaces the loaded mass of coal for
production of the thermoanthracite is firstly heated
by a convective heat with gases of a dry coal distil-
lation, exhausting from the furnace. During coal heat-
ing, its electric conductivity is growing exponentially.
Then, when the electric conductivity of the coal
reaches a definite value, and the coal layer lowers
into the zone of action of electric current of the fur-
nace, the coal grains will become the elements of
electric circuit inside the furnace and electric current
will pass along these elements from one electrode of
the furnace into another.

Later on, the coal heating is realized by electric
contact heating of those grains of the coal, which
participate in the transfer of electric charges from one
electrode of the furnace to another, and by heat trans-
fer from the central zone of shaft, heated by electric
current, to its periphery [1]. In other words, the high-
temperature electric annealing of the anthracite in
furnaces-calcinators is realized at the expense of Joule
heat generated in electric contacts of the coal.

To analyze the processes of generation of heat en-
ergy in electric contacts of thermoanthracite--ther-
moanthracite, it is necessary to know the volt-ampere
characteristics (VAC) of the mentioned contacts, ex-
cept other contact characteristics and electric prop-
erties of the thermoanthracite itself [2--4].

Before definition of VAC contacts, let us evaluate
the range of current and voltage in which the elemen-
tary thermoanthracite contacts in a coal shaft of in-
dustrial electric calcinator IET-10-UKhL-4 are oper-
ating. It spite of the fact that the evaluation will be
rough, without allowance for non-uniformity of dis-
tribution of current density in a transverse section of
electric calcinator shaft, it will give an opportunity
to imagine the order of unknown values.

So, the above-mentioned calcinator is operating
usually at 12--15 kA current in annealing of the «raw»
anthracite. The voltage drop between furnace elec-
trodes, locating at the 2 m distance from one another,
does not exceed 60 V. The internal diameter of the

calcinator shaft in lining is 1950 mm. Fractional com-
position of the coal charge is maintained at the level
of 8--25 mm.

Now, after determining the mean arithmetic di-
ameter of the coal charge grain and calculation of
cross-section area of the furnace shaft, it is possible
to find the statistic number of grains located in one
layer of the mentioned section of the furnace. It is
amounted to 10955 pieces. Assuming that each grain
of the thermoanthracite has one spot contact with a
neighboring grain in the direction of passing of electric
current from electrode to electrode, it is possible,
knowing the total current of the furnace, to evaluate
the value of current falling at elementary contact. It
amounts from 12000/10955 ≈ 1.1 up to
15000/10955 ≈ 1.4 A. To evaluate the electric voltage
drop at each elementary contact we shall find in a
similar way that the unknown value is ≈ 0.5 V.

Actually, as a result of non-uniform distribution
of current density in cross-section of electric calcinator
shaft the higher currents than calculated ones, will
pass in the central zone of furnace through the ele-
mentary contacts of the thermoanthracite, while the
lower current will pass in the periphery zones. The
values of contact electric voltages will change by the
same way. It is clear that with the higher mechanical
action on the contact, exerted by the upper layers of
the coal, the contact voltage will be lower and current
will be higher.

Similarly, we shall find also that at the level of
the lower end of the upper electrode of the furnace,
each elementary contact between grains of the ther-
moanthracite in transfer of the electric energy is under
the pressure of upper layers of coal ≈ 135 g, and at
the level of the upper end of the lower electrode ----
680 g.

Thus, the electrical range, within which the VAC
of thermoanthracite contacts should be studied, will
lie, evidently, in the range from tens of fractions up
to several volts, while the current will be in the ranges
from several to half-tens of amperes.

As was managed by us to establish in analyzing
the available literature, VAC of contacts between the
grains of thermoanthracite was not, unfortunately,
studied earlier. Only one work of scientists from Sha-
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khty Branch of Novo-Cherkassk Polytechnic Institute
[5] is known, where VAC of anthracite itself as ma-
terial was studied. The same investigations [6] studied
the VAC of electric contact anthracite--nickel (we
emphasize that of anthracite but not thermoan-
thracite). They established that under the isothermal
conditions at a pulsed supply of the anthracite sample
the VAC of anthracite has a linear nature to avoid
the contact heating during its testing. If to perform
the test under the conditions of a continuous condition
of electric supply, when the current passing leads to
the anthracite heating, its VAC with a current growth
is distorted into the side of the current axis. Authors
of works [5, 6] noted that the voltage drop at the
contacts anthracite--metal leads to a significant
change in electric voltage on the samples examined.
Unfortunately, these works have no even one word
about VAC of the thermoanthracite and its contacts.
Nevertheless, these works are useful, because they
allow us to state a priory that at much higher currents
under the isothermal conditions of investigations the
thermoanthracite contacts have straight-linear VAC,
as the electric conductivity of the thermoanthracite
is by several orders higher that that of raw materials
from which it is produced.

In the present work the VAC was obtained in a
simple equipment, whose scheme is presented in Fi-
gure 1. On 5 mm thick sheet of insulating material
of 250 × 200 mm size, embedded into a rigid metallic
frame, two copper rods 1 (upper) and 7 (lower) were
fastened, where the lower rod was rigidly fixed to
the sheet, while the upper rod was moved in a packing
gland 2 in a vertical axis. Both copper rods had a
blind hole in a head part, into which one grain of
thermoanthracite was glued in by a carbon paste
MUP. Grain 4 of a conical shape was glued into the
upper rod, and a flat grain 6 was glued into the lower
rod. After gluing, the rod with a grain of thermoan-
thracite was subjected to a low-temperature coking.
Electric resistance of copper rod--thermoanthracite
grain transition resulted in the fact that it was lower
than 1 Ohm. Voltage drop on contacts between the
theroanthracite grains was measured using the spring-
loaded potentiometric probes 5 and 8.

Equipment was operating as follows: electric load
from special current source 10 was supplied on a closed
contact between samples of thermoanthracite.
Changes in values of voltage and current on a contact
examined were recorded by instruments 3 and 9, re-
spectively, where the indications of voltage drop on
thermoanthracite grains entered computer through
the analog-digital converter for processing. At the
same equipment the VAC of contact at different me-
chanical loads, changed by mass P, was determined.

Even the first experiments showed that, as also in
the case of a monolithic anthracite [5], the VAC of
a single thermoanthracite contact at a pulsed condi-
tion of current supply to the contact represents a
straight line passing through the origin of the
Cartesian coordinates. Typical VAC of thermoan-

thracite contact at mechanical load 110 g and at room
temperature is shown in Figure 2. In this case the
resistance of «as-assembled» contact is 1.16 Ohm.
With increase in mechanical load the appearance of
VAC, as was expected, is not changed, and the contact
resistance is decreased. Thus, at 540 g pressure and
the same temperature the resistance was reduced down
to 0.46 Ohm (Figure 3). If to remove the increased
mechanical load and to return to the previous load
(110 g) then the value of a contact resistance is almost
retained, which was observed under the conditions of
540 g. This is well seen in Figure 4. Here the calculated
contact resistance is 0.44 Ohm.

Analysis of presented Figures shows that, firstly,
when testing such brittle material as thermoanthracite
the phenomenon of hysterisis Rcon is eliminated com-
pletely and, secondly, the increased load on contact
of thermoanthracite particles compacts the contact
surfaces, that is proved by much better reproducibility
of separate measurements made after the preliminary
loading (compare Figures 2 and 4).

Figure 1. Scheme of equipment for determination of VAC of electric
contacts (see designations in the text)

Figure 2. Typical VAC of thermoanthracite contact at room tem-
perature and 110 g load
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The observed phenomena, in our opinion, is useful
for the practice of electric heating of a crushed ther-
moanthracite before preparation of mixture of charge
of hearth units of aluminium electrolysers. It is suf-
ficient to pack a layer of a crushed thermoanthracite
in electric preheater at a force to make the coal layer
more compact and, more important, to make its heat-
ing with electric current more uniform across the
thickness of the layer.

At static condition of contact supply, its VAC is
distorted into the side of current axis. Distortion of
VAC is due, as is known, to the Joule heating of a
contact material near a-spot of contact [4], therefore,
the degree of distortion is defined by the temperature
relationship of the specific electric resistance. As the
resistance of the thermoanthracite depends on tempera-
ture linearly [5], then the considered VAC is distorted
less intensively than VAC of anthracite for which the
same relationship has an exponential nature.

Let us consider now in general the VAC of electric
contacts of those materials which possess positive and
negative temperature coefficient of specific resistance
β. Hypothetic behavior of different VAC is presented
in Figure 5. Here, position 1 indicates VAC of the
contact at a pulsed condition of its supply when, for
a short period of time of current passing through the
contact, the material of the latter has no time to be
heated. It is clear, that in this case the VAC will be
presented by a straight line passing through the origin
of coordinates. If the electric supply of the contact is

realized in a static condition that is more often ob-
served in practice, then with a rise in current the VAC
of contact will distort: for contact material with a
positive value β (this refers to metals and, in principle,
to all the metal alloys) ---- to the side of axes of
stresses (position 2), and for the material, possessing
the negative β (this refers to thermoanthracite) ---- to
the side of axes of currents (position 3).

As the thermoanthracite is characterized by the
negative value of the temperature coefficient of the
specific electric resistance --(3--4)⋅10--4 T--1 [3], then
with a growth of current in heating the contact ma-
terial its contact resistance will decrease and, conse-
quently, voltage drop at the contact will be lower.
The higher current, passing through the contact, the
higher temperature of heating the contact material
and lower the voltage drop. As the electric power
dissipated on the contact depends on I2, the growth
in temperature of contact material will be obligatory
ahead the growth of current passing through the con-
tact. It is evident, that it cannot be long even under
conditions of the controllable reduction atmosphere.
The increase in temperature for the metallic contacts
leads, finally, to the fusion of contact surfaces and
contact failure. The moment of degradation should
appear for the thermoanthracite contact, in spite of
a rather high temperature of the coal melting. Prob-
ably, this is associated with carbon sublimation. In
Figure 5 the failure of contact is shown by a thin
straight vanishing line.
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Figure 3. VAC of thermoanthracite contact at room temperature
and 540 g load

Figure 4. VAC of thermoanthracite contact at 110 g load after
preliminary 540 g load

Figure 5. VAC of electric contact of conductors at pulsed (1) and
static conditions of supply with a negative (2) and positive (3)
temperature coefficient of specific resistance β
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