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ELECTROSLAG
TECHNOLOGY

ARC-SLAG REMELTING — STATE-OF-THE-ART
AND PROSPECTS OF DEVELOPMENT

B.E. PATON", V.Ya. SAENKO", Yu.M. POMARIN", L.B. l\ﬁIkEDOVAR*,
G.M. GRIGORENKO " and B.B. FEDOROVSKY

Peculiarities and technological capabilities of the arc-slag remelting (ASR) method, developed at the E.O. Paton Electric
Welding Institute, were considered. The results of experimental and industrial melting of steels and alloys are given.
As compared with ESR the ASR method makes it possible to 1.5 times reduce the energy consumption, and also to
decrease almost by 2 times the consumption of a synthetic flux per 1 t of metal during melting of ingots. As to the
quality, the ASR metal is not inferior to the ESR metal. The main advantage of ASR is a feasibility to alloy metals
with nitrogen from the gas phase, including that under pressure, at a complete elimination of expensive nitrogen-containing
compounds, for example, silicon nitride, from the technological process of production of high-nitrogen steels and alloys.
It is shown that the ASR is also effective in the production of titanium and its alloys and produces ingots with a good
surface and high quality. The prospects of ASR further development are outlined.

Key words: highnitrogen steels and alloys, electric arc,
slag pool, metal consumable electrode, copper water-cooled
mould, arc-slag remelting, remelting under pressure
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Figure 1. Diagram of ASR of the solid consumable electrode: 1 —
ingot; 2 — metal pool; 3 — slag pool; 4 — electric arc; 5 —
consumable electrode; 6 — water-cooled mould; 7 — flux seal;
8 — power source

*The E.O. Paton Electric Welding Institute, Kyiv, Ukraine.

At the beginning of the seventies a new method of
remelting of a metal consumable electrode in a copper
water-cooled mould using an electric arc, burning be-
tween the edge of the consumable electrode and sur-
face of the molten slag pool, was developed at the
E.O. Paton Electric Welding Institute of the National
Academy of Sciences of Ukraine [1]. This method was
named arc-slag remelting (ASR). A lot of the credit
must go to the Prof. Boris I. Medovar in the creation
of the ASR and substantiation of principal priority
trends of its development and industrial implemen-
tation.

To realize the ASR process, it was necessary to
provide the arc isolation from its contact with air and
to create a controllable gas atmosphere in the zone of
its burning. Two technological diagrams were tested,
namely:

» ASR with the usc of a flux scal, representing
the simplest device, which is mounted directly on the
upper cdge of the mould (Figure 1);

* ASR in a chamber furnace (Figure 2).

In the latter case the available furnaces for the
vacuum-arc remelting (VAR), in which a vacuum sys-
tem was disconnected and also specially-designed
chamber furnaces for the ASR, which could recalize
the ASR process in a controllable atmosphere, includ-
ing that under the pressure, were used.

The arc-slag process combines the capability of
trecatment of the molten metal with an clectric arc,
which is burning in the controllable gas atmosphere,
and a molten synthetic slag through which the current
is passed during the consumable clectrode remelting.
In addition, a layer of the synthetic slag, covering a

© B.E. PATON, V.Ya. SAENKO, Yu.M. POMARIN, L.B. MEDOVAR, G.M. GRIGORENKO and B.B. FEDOROVSKY, 2002
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ELECTROSLAG TECHNOLOGY O

metal pool, promotes the heat spreading in its section
during the ASR process, thus reducing the metal pool
depth, that makes it more shallow as compared with
that in VAR and ESR. Moreover, the ASR ingots
unlike the VAR ingots have a smooth lateral surface,
due to formation of the slag skull, and do not require
the obligatory mechanical treatment before the next
processing.

The presence of the powerful electric arc in the zone
of melting the consumable electrode during ASR in
nitrogen creates the favourable conditions for the metal
alloying with nitrogen directly from the gas phase, in-
cluding those up to super-cequilibrium its concentrations
during ASR in nitrogen at a high pressure (ASRP). This
is a main advantage of the arc-slag remelting, i.c. the
full elimination of expensive nitrided high-alloyed ad-
ditions (ferroalloys, silicon nitrides, etc.), which are
usually used in other methods [2-3] in production of
high-nitrogen steels and alloys. The ASR variants in a
lined crucible [4] were tested, confirming the feasibility
of metal nitriding during ASR in a crucible melting.
The application of the arc-slag heating of metal melts
with graphite clectrodes proved to be cffective [5], as
it is characterized by a simplicity, reliability and does
not require complicated expensive cquipment for its
realization. The undoubted advantage of this process is
also the fact that it allows the metal melt to be treated
with rcactive gases, for example, metal nitriding from
the gas phase.

The carried out investigations, including those under
shop conditions [3] showed that ASR mcthod, as com-
pared with ESR, can decrease the energy consumption
by 1.5 times and consumption of a synthetic flux per
1 t of metal by almost 2 times. As to the metal quality
the ASR metal is not inferior to the ESR metal.

It should be noted that as far back as 1966 the
Paton Institute has suggested a method of ESR of
steels and alloys under the excessive pressure of ni-
trogen or its mixture with neutral gases over the slag
pool to alloy metal with nitrogen [6]. The above-men-
tioned invention was patented in Great Britain, Bel-
gium, Ttaly, Canada, France and India. Tt is also
known that all the attempts of alloying the molten
metal with nitrogen from the gas phase during ESR
in a nitrogen-containing high-pressure atmosphere
were not successful because of a low solubility of
nitrogen in the slag pool |4|. Only after a dosed feed-
ing of hard particles (granules, grains, shot) of ni-
trided ferroalloy or silicon nitride to the slag surface
during the ESR in a special pressurized chamber fur-
nace it was possible to provide the ingot metal alloying
with nitrogen up to the super-equilibrium state [7].
However, a serious drawback remained which is typi-
cal of any diagram of remelting with an additional
alloying with hard particles, namely chemical inho-
mogeneity of the ingot.

At the beginning of the 1990s a new impulse was
given to the ASR for its development and industrial
implementation, first of all, due to the arising interest
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Figure 2. Diagram of ASR of hollow consumable electrode: 7 —
ingot; 2 — metal pool; 3 — slag pool; 4 — hollow consumable
electrode; 5 — water-cooled mould chamber; 6 — power source;
7 — electric arc

in the whole world to the high-nitrogen steels and
alloys, and also to the methods of their production
[8—11]. Theoretical fundamentals of processes of ni-
triding steels and alloys directly from the gas phase
during pressurized ASR were created and the tech-
nology of production of ingots alloyed with nitrogen
using the ASR method [12] was developed on the
basis of research works, supervised by Prof. B. Me-
dovar, which were carried out at the Paton Institute
and at the factories.

The ASR process in a nitrogen-containing atmos-
phere combines three technological processes: arc
melting of electrode, metal alloying with nitrogen
directly from the gas phase and metal slag trecatment
with a formation of ingot in a slag skull. Depending
on the paramcters of the ASR process the are can burn
between the clectrode edge and molten slag surface
(see Figure 1); between the electrode and molten
mctal surface, partially bared from a slag duc to arc
column pressure (see Figure 2). In this case the slag
covers only a periphery zone of the metal pool, thus
forming a circular slag pool.

Both solid and hollow clectrodes can be used for
remelting. However, the application of hollow elec-
trodes can influence the metal more effectively with
gascs by feeding the gas through the cavity directly to
the arc-burning zone. Remelting with a metal pool (cir-
cular slag pool), partially covered with a slag, can be
realized both in using hollow and solid electrodes.

In ASR with a complete slag pool (see Figure 1)
the heat is generated at the end of electrode, in arc
column, at the surface of the slag pool, in an electrode
spot and also in a slag pool at the expense of current
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passing through the slag. When the circular slag pool
is used the heat is generated at the end of electrode,
in arc column and in electrode spot, which is located
directly at the molten pool surface. The presence of
the molten slag pool, complete or circular, as in ESR,
promotes heating of the periphery part (at the mould
walls) of the metal pool. Due to this and the presence
of a slag layer between the wall of mould and ingot a
good formation of ingots of different section (round,
square, rectangular) is provided. This is one of the im-
portant advantages of the ASR as compared with VAR.

The depth of the metal pool in melting ingots
using ASR is smaller than that in ESR and the pool
shape is shallower. This is explained by the fact that
in ASR the pool surface is heated more uniformly
because the most part of the heat is generated in the
arc column. Heat is spread also in the pool duc to the
transfer of drops to the pool with several streams over
the entire section of the clectrode.

The use of a hollow clectrode favours greatly the
more uniform distribution of heat in the pool section
(sce Figure 2). In this case the drops are formed near
the clectrode lateral surface and enter the pool at the
distance of not less than the half of its radius. The
stream of the heated gas through the cavity, if the
electrode is blown-through with a gas, is spreading
over the pool surface and also promoting the more
uniform heating of the entire surface. Moreover, the
gas stream, passing through the axial channel con-
tributes to the stabilization of the discharge into the
arc space in the electrode axis. In this case the elec-
trode spot (cathode or anode) is located at the inner
surface of the hollow electrode.

In the ASR the electric arc is burning in the at-
mosphere of reactive (or protective) gas and slag va-
pours. The presence of slag vapours, which has chemi-
cal elements of a low potential of ionization, contrib-
utes to stabilizing of arc burning at atmospheric and
high pressure. In ASR, unlike the VAR, there is no
metal crown on the ingot. This is duc to the fact that
in ASR the metal spatters (fine drops) enter cither
the slag pool or the slag collar, which is formed around
the slag pool perimeter. A thin layer of metal vapours
can be condensed at the mould wall above the slag
pool, but during ingot melting the molten heated slag
melts the condensate and the crown is not formed.
The gas feeding to the are burning zone through the
cavity in the consumable electrode or using another
way promotes the removal of harmful gaseous impu-
rities from the arc space. These can be gases (hydro-
gen, fluorine, etc.) or vapours of non-ferrous low-
boiling metals (tin, lead and so on).

The ASR can be realized under the high-pressure
conditions, because the electric arc burning is quite
stable even at pressure measured by tens of atmos-
pheres. The main thing is to select the electrical and
technological condition parameters properly. Heat,
required for proceeding the ASR process is generated
mainly in electric arc, wherein current passes through
the ionized discharge gap consisting of vapours or
oxides of metal, vapours of slag and ionized gases. In
ASR the surface of the molten slag (or metal) pool
is one of electrodes. The slag pool represents a melt
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of an clectrolyte with a large amount of complex and
simple ions. Its temperature can reach 2000 °C. One
of slag components at such temperatures can evapo-
rate, other components are decomposed (dissociate)
into scparatc ions and, having this form they can
participate in the process of current transfer. How-
ever, as the temperature of the are discharge is much
higher than that of the slag pool, the processes of
evaporation, dissociation and ionization are more
clearly expressed.

The ASR can be performed both at direct and
alternating current. And, here, the main advantages
and drawbacks typical of VAR and ESR at DC and
AC are preserved. In each concrete case of remelting
of either alloy and steel it is necessary to select a type
of current coming from definite conditions of melting.

Molten slag (ESR slags are used mainly) greatly
influence the burning of arc discharge in the ASR
process. The slags used include the following compo-
nents: CaFa, Ca0, Al203, MgO, SiO2, TiO2, etc. In
a molten state at the ASR process temperature dif-
ferent complex and simple ions, both positive and
negative, can be formed from the mentioned compo-
nents and can transfer to the arc column and partici-
pate in the current passing.

It should be noted that different components, in-
cluded to the composition of ESR slags, influence
differently the arc burning conditions. Alkali and al-
kali-earth metals, possessing a low potential of ioni-
zation, have a positive effect on the arc burning con-
ditions. They are ionized easily, forming cations and
free clectrons, which will participate further in the
charge transfer. For mixtures, whose composition in-
cludes different gases and vapours, that is typical of
the ASR, the total potential of ionizing is determined
by a component with a lcast potential of ionization
and depends on its concentration. Thus, the potential
of ionization of potassium, sodium and calcium is
equal to 4.33, 5.11, 6.10 V, respectively, and that of
nitrogen and argon is 14.5 and 15.7 V. Thus, the
chemical composition of the fluxes used greatly in-
fluences the electrical characteristics of the process,
such as stability of the arc burning, value of ignition
peaks, presence of pauses in a current curve, open-
circuit voltage of the power source, etc.

The presence of easily ionized elements in the slag,
as was above-mentioned, reduces abruptly the voltage
gradient in the arc column. The effect of elements of
a low potential of ionizing becomes higher on the
effective potential ionizing the gas mixture which
tends to the potential of most easily-ionizing element
in the arc atmosphere. Analysis of estimated and ex-
perimental data made it possible to conclude that the
power source open-circuit voltage of 150—200 V is
sufficient for the ASR process in nitrogen atmosphere
at 1.5-3.0 MPa pressure [13].

Important paramcter, which defines the process
of consumable clectrode melting in the ASR, is a
supplicd power, which is sclected depending on the
clectrode seetion. As is scen from the Figure 3, which
presents the results of different laboratory and indus-
trial meltings, made by the ASR method, the required
energy density to provide stable conditions is reduced
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and less dependent on the diameter with an increase
of the electrode diameter (more than 150 mm). Pluses
denote meltings under non-steady conditions, they
are located in region A. The values of energy density
under steady conditions are located in region B.

The interaction of molten metal with nitrogen dur-
ing the ASR process can be considered as a two-stage
process, including the nitrogen absorption with a film
of the molten metal at the electrode edge and surface
of the metal pool, being covered completely with mol-
ten slag layer or opened partially directly under the
action of the electric arc pressure (Figure 4). The rate
of nitrogen absorption at the first stage will be de-
termined by a value of its partial pressure in a gas
phase, speed of electrode melting, its surface area,
and also by the arc cffect on the energy state of the
gas particles.

In ASR the nitrogen can be fed casily through the
axial cavity to the clectrode, or in pipings, fixed at
its external surface, directly to the zone of the clectric
arc burning. Thercfore, during the ASR there is in-
teraction of particles of nitrogen possessing an in-
creased safety factor of intramolecular energy, with
a film of molten metal that promotes the process of
their absorption.

The investigations, including those performed in the
industrial conditions, show that nitriding in the ASR
is rather intensive in that case when a partial baring of
the metal pool mirror from the slag is attained. In this
case the process of nitriding from the gas phase occurs
more completely both at the stage of film and drop and
at the stage of the metal pool | 14].

The ASR technology has been developed which
makes it possible to alloy the molten metal with nitrogen
from the gas phase at atmospheric and excessive pres-
sures at a complete elimination of nitrogen-containing
materials. Figure 5 presents the large-tonnage
Kh18AG18 (Cr — 18.0; Mn — 18.0; V. — 0.25; N —
0.25 wt.%) nitrogen-containing steel ingots of 560 x
x 560 mm scction and up to 3 t mass, produced in the
EShP-5VG industrial furnace and ingots of 860 mm
diameter and 8 t mass, melted in the ESR furnace of
the «Consarc» Company.

Nitrogen and superhigh-nitrogen steels experience
now the sccond youth. And the thing is not in ap-
pearance of new ficlds of application and widening
on the basis of scales of production of these stecls,
but in revealing new remarkable properties which are
attained due to a radical change in equipment and
technology of the metallurgical production [15-17].

The scales of production of nitrided steels are in-
creased, the dimensions (mass, volume) of ingots are
enlarged. Here, an important drawback of ingots from
steel alloyed with nitrogen, i.e. mircosegregation of
this alloying element, was encountered, thus resem-
bling in its pattern a chemical inhomogeneity of ingots
in carbon, typical of large-tonnage steel ingots, well
known to the metallurgists. The inhomogeneity of
steel ingot by the content of nitrogen is, naturally,
inherited the wrought metal, whether it be the rolled
metal (sheets, rods, pipes), forgings or stampings. As
it has turned out, the excellent characteristics of
strength and toughness, their optimum ratio, stipu-
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Figure 3. Regions of non-steady (A) and steady (B) remelting
conditions using electrodes of different diameters

lated, first of all, by the given composition of steel
or alloy, cannot be guaranteed not only in section of
the ingot or forging, but also in length of the rolled
metal or pipe.

In ASR two processes are combined: refining of
metal from non-metallic inclusion, such as sulphur
and other impuritics, and steel alloying with nitrogen
from the furnace atmosphere. This makes it possible
to produce the extra-pure nitrogen-containing stecls
and to climinate the use of expensive nitrogen-con-
taining ferroalloys from the metallurgical production.
In addition, the ASR metal will be more pure as to
the content of harmful impurities, which enter inevi-
tably the melt during alloying with nitrogen-contain-
ing ferroalloys. Undoubtedly, that the ASR will mini-
mize noticeably the nitrogen inhomogeneity of the
ingots, and also the wrought metal that is especially
important in production of cryogenic steels for the
thermonuclear power engineering [ 18].

It is also shown [19] that the ASR in nitrogen-
containing atmosphere, including that under the pres-
sure, which is used in production of high-nitrogen
stainless duplex-steels, allows introduction of a preset
amount of nitrogen from the gas phase to the molten
metal and, thus, provides a high chemical homogene-
ity and structural stability of the ASR ingot metal.

Another promising application of the ASR is the
producing nitrogen-microalloyed steels. The basic
fields of their practical use: sheet, pipes and sections.

Figure 4. Diagram of nitrogen absorption in ASR: 7 — ingot; 2 —
metal pool; 3 — slag pool; 4 — electrical arc; 5 — consumable
electrode; 6 — thin metal film; 7 — drops; 8 — mould

y | 5




\ O | ELECTROSLAG TECHNOLOGY

Figure 5. Appearance of ASR ingots of steel Kh18AG18: 560 x 560 mm section, 3 t mass («) and 860 mm diameter, 1900 mm height,

8 t mass (b)

Low- and medium-alloyed sheet steels, alloyed with
nitrogen (0.015-0.030 %), the so-called steels with
a carbonitride strengthening, found a wide applica-
tion [20]. At the same time, these steels of open meth-
ods of melting are characterized by defects of metal-
lurgical origin (liquation banding, line non-metallic
inclusions, slip microcracks) which cause the anisot-
ropy of mechanical properties, reduce the ductility,
in rolled metal across thickness in particular, and, as
a consequence, provoke the tendency of steel to the
formation of laminar cracks in fillet and T-joints dur-
ing welding. The microalloying with nitrogen in the
ASR provides a uniform distribution of fine-dispersed
carbonitride phase in the sheet thickness.

The high chemical homogencity and low content
of harmful elements, typical of the ASR steels, stipu-
late the isotropy of mechanical propertics of the rolled
metal and resistance against cold laminar cracking
during welding.

Alongside with a rising interest to the high-nitro-
gen steels, titanium, the former aerospace structural
mectal, becomes before our eyes a metal of the civil
application. The fact that titanium acquires a quite
civil use makes it possible to consider anew all the
structure of the titanium industry.

Strict requirements specified to the titanium by the
creators of the aerospace engineering, military ship-build-
ing, armament, ammunition and other military products,
are also justified completely now. However, they can
somewhat be softened, if titanium finds its main appli-
cation for the manufacture of objects of home appliances,
different kinds of civil constructions, bicycles, motor cars
and other peaceful products. Coming from these consid-

erations, all efforts should be applied for making ti-
tanium and its alloys cheaper, to make them quite
competitive relative to stainless nickel-containing
steels and alloys. In the solution of this problem the
ASR process will have a challenging future |21-22].
With undoubted advantages, such as an excellent sur-
face of ingots, feasibility of producing large-tonnage
ingots of rectangular scction (Figure 6) for direct roll-
ing of sheet, feasibility of realizing the single-stage
remelting of spongy pressed electrode with a produc-
ing of ingot or slab, being ready for processing, it can
reduce considerably the metal losses in production of
rolled mctal, thus lcading to the reduction of cost of
the titanium products.

New opportunitices for producing defect-free tita-
nium ingots using the method of ASR are opened up
as aresult of creation of the new technological process
developed on the basis of use in the ASR of a cur-
rent-carrying mould in combination with reactive
slags, containing a mctallic calcium, thus allowing
more complete dissolution of hard high-nitrogen in-
clusions during remelting, if they occurred occasion-
ally in the consumable electrodes. However, this ac-
tive technological process of the ASR, as shown in
[23] can be realized only in a chamber furnace with
a controllable atmosphere.

Over the recent years some new promising fields
of the ASR application were defined. Thus, rescarch
works were carried out by the suggestion of Prof.
B. Medovar and due to the problems of utilization of
military engineering objects. They were aimed at the
assessment of efficiency of application of the ASR

*The research works were carried out in 1996—-1998 under the supervision of Prof. B. Medovar in accordance with STCU projects No.315
and 316, fulfilled by R&D EST Center of the E.O. Paton Electric Welding Institute.
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Figure 6. Appearance of ASR slag ingot of titanium VT1-0: 650 x
x 1150 mm section, 1700 mm height, 5 t mass (a) and 115 mm
thick plate, rolled from it (b)

method in remelting of artillery barrels of tank guns
made from steel 38KhN3MFA (C — 0.38; Cr — 1.0;
Ni — 3.0; Mo — 0.6; V — 0.6 wt.%) with a simul-
taneous alloying of ingot metal with nitrogen directly
from the gas phase [24]. Here, it was assumed that
the most effective technological scheme can be real-
ized in the process of the ASR of the artillery barrels,
according to which the nitrogen is supplied directly
to the zone of arc burning through the barrel channel
(see Figure 2).

ELECTROSLAG TECHNOLOGY ; O

Figure 7. Appearance of ASR ingot of steel 38KhN3MFA: 400 mm
diameter and 1500 mm height

The ASR was performed in furnace R951 using a
stationary 400 mm diameter mould with a flux seal.
After removal of the slag skull all the ingots had a
good surface. The appearance of the stationary
400 mm diameter mould and one of the ASR ingots
are given in Figure 7.

As scen from the Table, the content of nitrogen
in ingots of steel 38KhN3MFA after the ASR was
0.023-0.031 %, i.c. it was 2-3 times increased as
compared with its initial content (0.009-0.013 %).
Morcover, the increase in consumption of nitrogen,
supplied to the consumable electrode channel, to
70 1/min (melting No.2) allowed the nitrogen con-
tent in the ASR ingots to be increased by 14 % as
compared with melting No.1. The further increase in
nitrogen consumption to 80 1/min (melting No.3)
did not cause any increase in nitrogen content in the
ASR ingot metal. It should be noted that the equi-
librium content of nitrogen calculated according to
[12] for a dcfinitc chemical composition of steel
38KhN3MFA uscd for production of a pilot batch of
the ASR ingots is 0.048 %.

Using the technological conditions, mentioned in
the Table, we reach, in principle, about 64 % of ni-
trogen in ingot from its equilibrium concentration at

Technological parameters of ASR with the flux seal of steel 38KhN3MFA in 400 mm diameter mould

No. Electrode diameter, mm Electrical condition Slag pool Gas Nitrogen content, %
of mel- height, consumption,
ting OD 1D 1, kKA U,V mm 1/min in electrode in ingot
1 215 115 3.0 92 30 50 0.013 0.023
215 115 4.0 98 30 70 0.009 0.031
3 180 115 2.5 100 50 80 0.010 0.029
LECTROMETALLURGY
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Figure 8. Fragment of macrostructure of top part of longitudinal
section of ASR 400 mm diameter ingot of 38KhN3MFA steel with
0.031 % nitrogen content (a) and external end of hollow electrode
after ASR (b)

the nitrogen atmospheric pressure. This is explained
by the fact that process of nitriding during the ASR
is proceeding in a kinetic condition. Therefore, to
produce higher nitrogen concentrations in ingot it is
necessary to perform the ASR process under the ex-
cessive pressure of nitrogen. This is possible to realize
only in the chamber furnaces.

Figure 8 shows a fragment of a longitudinal
macrosection of the top part of the ASR ingot melted
in accordance with technological conditions of melt-
ing No.2 and the appearance of the consumable elec-
trode end after the melting completion. It is seen from
the Figure that the macrostructure of ingot is com-
pact, and the clectrode melting is characterized by a
clearly expressed uniform drop formation of metal
over the entire clectrode section.

The ASR process can be also used cfficiently for
the utilization of the artillery barrels and without the
additional alloying of mctal with nitrogen. The ex-
isting ESR furnaces can be used for this purpose. As
compared with ESR, as was above-mentioned, the
consumption of energy and flux is greatly decreased
in the ASR. Thus, the ASR can find the widest and
efficient application in industry for the utilization of
the artillery barrels.

In the forthcoming ycars a great deal can be and
should be done to make the arc-slag remelting chal-
lenging in the metallurgical industry.
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ABOUT DETERMINATION
OF CHEMICAL COMPOSITION OF METAL
OF ELECTROSLAG REMELTING

I.V. KAPUSTIN", V.P. AKULOV', A.A. GALUSHKA" and N.A. STOVBUN"

Statement of GOST 7565-81, concerning the determination of chemical composition of metal of the electroslag remelting,
is considered. It is shown that the composition of metal, sampled from the bottom part of the ESR ingot can differ,
according to the recommendations of this GOST, from the metal of the rest part of the ingot in carbon, sulphur, silicon
and other easily-oxidizing elements. The sampling is suggested to be made from the top part of the ingot.

Key words: clectroslag remelting, ingot, flux, solubility,
slag pool, consumable electrode, chemical composition

In accordance with GOST 756581, item 3.3, the
determination of the chemical composition of the ESR
metal is performed using a sample taken from a bottom
part of the ingot, the appropriate part of a billet or
aready rolled stock. From data of |1, 2], the chemical
composition of metal of the ESR ingots is determined
usually before and after the clectroslag remelting
without indicating the sampling place in the ingot.

The experience of production of large-tonnage
ESR ingots using multielectrode diagrams at a liquid
start was not described in this GOST. The chemical
composition of the metal sample from the bottom part
of the ESR ingot can differ both from the initial metal
and also from the metal of the rest part of the ingot.
There exist the following reasons of such discrepancy
in main clements of the steel being remelted.

In carbon. Flux for the liquid start is melted usu-
ally in a flux melting furnacc with a graphite lining
and the carbon is dissolved partially in it. The carbon
solubility in flux ANF-6 (SiO2 — up to 2.5; CaO —
up to 8; Al2O3 — 25-31 wt.%; CaF2 — balance) is
0.89 % [3]. At the initial period of the electroslag
remelting the carbon from the flux is transferred par-
tially into the metal of the ingot bottom part, in
particular in remelting low-carbon steels, thus reach-

ing, in separate cases, concentrations exceeding the
upper limit for the given steel grade. Commonly, this
increased concentration of carbon is not spread higher
of the ingot bottom crop ends and the carbon content
in the rest its part corresponds to the content in the
initial metal. Table 1 shows the averaged statistic
data about the carbon concentration in slab ESR in-
gots of 14-20 t mass, produced by OJSC
«MK Azovstal»

Conscquently, as to the carbon concentration, only
metal sampling from the ingot top part may be rep-
resentative.

In sulphur. The sulphur concentration in height
of the ESR ingot is increased from minimum values
in the bottom its part and to maximum values in the
top part because of reducing the refining ability of
the slag pool due to accumulation of iron and silicon
oxides in it and decrease in its basicity. In this case,
the sampling from the top part of the ESR ingot is
representative for ESR metal in sulphur (Table 2).
When the slag pool is deoxidized with aluminium
during remelting the difference between the sulphur
concentration in the bottom and top parts of the ingot
is almost disappeared.

In phosphorous. The phosphorous content in met-
al of the ESR is usually close to the initial content,
differing negligibly within the ranges of 0.001—
0.002 % in the ingot height.

Table 1. Change of carbon concentration in ingot height at ESR using an oxyfluoride flux

Carbon concentration, % Exceeding in carbon

Number

Steel grade
of determinations eel grade

Tnitial metal

content in bottom part
of ingot as compared

Bottom part of ingot Top part of ingot with initial content, %

150 09G2SSh 0.08
100 20YuChSh 0.20
20 14G2AFSh 0.14

0.15 0.09 87.5
0.24 0.20 20.0
0.17 0.14 21.4

*0OJSC «MK Azovstal», Mariupol, Ukraine.

© L.V. KAPUSTIN, V.P. AKULOV, A.A. GALUSHKA and N.A. STOVBUN, 2002
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Table 2. Change of sulphur concentration in ingot height du-
ring ESR without deoxidation of the slag pool in the remelting
process

Number of Sulphur concentration, %
. Steel
determina-
tions grade Initial Bottom part Top part
metal of ingot of ingot
0.018 0.005 0.011
150 09G2S 0.015 0.004 0.009
0.010 0.004 0.007

In manganese, silicon, aluminium and titanium.
During the electroslag remelting the oxidizing poten-
tial of the slag pool is increased due to its contact
with the air atmosphere and growth of scale at the
surface of consumable electrodes. This results in
change of content of those elements in the height of
ingots which possess the highest affinity to oxygen:

titanium, aluminium, silicon. Moreover, their maxi-
mum losses are observed in the top part of the ingot.
Manganese is most close to the initial concentration,
however, it is also oxidized by 0.01-0.03 % in the
ingot top part.

However, there are technological measures (de-
oxidation of slag pool during the ESR, ESR in inert
gas, ctc.), which make it possible to preserve the
content of clements at the level of the initial metal.

Taking into account the above-mentioned, we con-
sider that the sampling from the top (hcad) part of
the ingot or corresponding part of the billet or ready
rolled stock is more representative for determination
of the chemical composition of the electroslag remelt-
ing metal.

1. (1987) Electroslag metal. Ed. by B.E. Paton, B.I. Me-
dovar. Kyiv: Naukova Dumka.
2. Latash, Yu.V., Medovar, B.I. (1970) Electroslag remelting.

Moscow: Metallurgia.

3. Ponomarenko, A.G., Kozlov, Yu.E. (1974) About solubility
of carbon in slags. Izo. AN SSSR, Metally, 5, 73-80.

ELECTROSLAG CRUCIBLE BIFILAR FURNACE ETPB-2.5
WITH A CONSUMABLE ELECTRODE AND A BLOCK
OF NON-CONSUMABLE ELECTRODES

V.IL ZAKHARCEIENKO*, S.V. SKRI*I:NIK**, D.F. CHERNEGA:::;
V.P. SKRIPNIK ", A.N. SEMENOV"~ and L.R. DUDETSKAYA

The design diagram of the electroslag crucible furnace for utilization of metal rejections, in particular large dies, has
been suggested. The technological variants of remelting composite consumable electrodes from metal rejections of large
sections using the water-cooled non-consumable electrodes were developed. The installation can produce liquid metal
of up to 2.5 t mass of the required composition under the conditions of machine-building enterprise with use of their

own metal rejections.

Key words: clectroslag remelting, non-consumable elec-
trode, bifilar current supply, metal rejections, control parame-
ters of process

In the present economical conditions the use of carbon
and alloyed steel rejections of own production ac-
quires especial significance for many machine-build-
ing enterprises. The electroslag crucible furnace can
be used not only for the utilization of the metal re-
jections, but also for producing anew the billets of
various mass and configurations. This saves the time
and money and improves the production flexibility.

*PO «BelAvtoMazs», Minsk, Belarus.
**NPF «Titan», Kyiv, Ukraine.

The existing electroslag crucible furnaces can remelt
small lumpy wastes | 1] or composite consumable elec-
trodes of a relatively small section [2—4].

Thus, at some machine-building enterprises the
comparatively small (up to 0.3-0.4 t) rejected dics
are reforged into elements of the consumable elec-
trodes which are joined by the clectroslag or arc weld-
ing for their next remelting. The reforging is an ex-
pensive operation.

The large rejected dies of 0.5-6.0 t mass sometimes
cannot be subjected to this operation and they are

***National Technical University of Ukraine «KPI», Kyiv, Ukraine.

****Physical-Technical Institute of NAS of Belarus, Minsk, Belarus.

© V.I. ZAKHARCHENKO, S.V. SKRIPNIK, D.F. CHERNEGA, V.P. SKRIPNIK, AN. SEMEONOV and
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Figure 1. Electroslag crucible bifilar furnace ETPB-2.5 with a
consumable electrode and a block of non-consumable electrodes:
1 — upper carriage; 2 — column; 3 — lower carriage; 4 — con-
sumable electrode; 5 — block of non-consumable electrodes; 6 —
crucible-ladle with a hand drive

used as a metal scrap. To eliminate the expensive
processing and irrevocable losses of large-sized re-
jected dies the technology of producing new cast dies
was suggested.

At the machine-building plants there is often fea-
sibility to produce the elements of composite elec-
trodes of 200400 mm thickness from the rejected
dies using the oxygen cutting. These elements can be
joined by the clectroslag welding. The manufactured
electrodes can differ, depending on the configuration
of the dies being cut, both in gcometric shape and in
section in areas of different length by 10-30 %. It is
impossible to remelt them directly into a water-cooled
mould due to an inevitable formation of ripples at
the ingot surface.

However, these composite electrodes can be re-
melted, and if necessary, alloyed additionally in the
clectroslag bifilar crucible furnace furnished with
non-consumable electrodes. The furnace ETPB-2.5
(Figurc 1) was designed by modification of the scrial
furnace EShP-2.5. This furnace consists of a load-car-
rying column and two moving carriages along it, upper
and lower carriages. A consumable electrode of ir-
regular gcometric shape is fixed to the upper carriage,
while a block of non-consumable clectrodes — to the
lower carriage (Figure 2). A lined crucible-ladle for
the liquid metal is mounted on a wheeled-out carriage,
moving along the rail track.

The electroslag bifilar crucible furnace is operating
mainly on a liquid start. A portion of 50—60 kg of
molten flux is melted in a separate crucible-ladle and,
then, poured into a crucible-ladle for the liquid metal.

The ESR process control is provided both in man-
ual and automatic conditions (for example, by cur-
rent). Here, the movement of upper and lower car-
riages is performed in opposite direction autono-
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Figure 2. Scheme of melting space with a consumable electrode
and a block of non-consumable electrodes arranged in it: 1 —
consumable electrode; 2 — non-consumable electrodes; 3 — lined
crucible-ladle

| — 3

mously. The diagram of connection of recording in-
struments provides a simultaneous control of several
electrical circuits (Figure 3).

For automatic control of the remelting process a
standard controller of ARShMT type, including
thyristor control devices of the BTU-3601 type, is
used. The diagram of device control (Figure 3) is
designed on the principle of two-circuit system of
governed adjustment of parameters using PI-control-
lers of current and speed of motor, moving the car-
riage.

Technical data of furnace

Type of furnace ..........ccocovviiiiiiiiiiiiiien, Bifilar
Mass of portion of liquid metal, t ....................... <2.5
Maximum section of electrode remelted, mm ......... <500

Maximum length of consumable

electrodes, MIN ........coviiiii 4000
Number of non-consumable electrodes, pcs
Range of movement speeds of upper and lower

carriages, M/ MIN .....oviiiiii e 0.001-0.6

Travel of wheeled-out carriage, mm ...................... 1500
Temperature of water, °C:

at inlet ... 5-30

at outlet ... 60
Water pressure at inlet, MPa .............................. 0.3-0.4
Efficiency of furnace, t/h .........cooooo 0.4-0.8
Power source ...........cociiii Single-

phase transformer EODTsN 4800 /10

Maximum current, KA ... 28
Open-circuit voltage, V ............cocoiiii, 49.5-122.0
Rated power, KVIA ... 2500
Number of stages of voltage adjustment ................ 49
Dimensions of furnace, mm:

length ... 7885

width .. 4100

height ... 9150
Mass of furnace, t ... 60

During operation the preset current of remelting
is compared with the measured current. In case of a
disbalance the controller energizes the control action
supplied to the thyristor device in which the voltage
is formed to supply the DC reverse motor of PBST
type, moving the upper carriage with a consumable
electrode. A tachogencrator, realizing the feedback
in the speed of motor rotation with a thyristor device,
is mounted on the motor shaft.

The control of the lower carriage with the non-
consumable clectrodes is similar. This carriage is also
moved with the help of the motor PBST type opposite
the consumable electrode as the metal accumulates in
the crucible.

EI,P}("I‘RO,\Il-}’l‘.-sl,i,[.‘RG\' 11
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Figure 3. Diagram of connection of consumable and non-consum-
able electrodes: 1 — consumable electrode; 2 — non-consumable
electrodes; 3 — slag pool; 4 — metal pool; 5 — lined crucible-
ladle; 6 — controller ARShMT; 7 — motor of movement of upper
carriage with a consumable electrode; 8 — tachogenerator of the
upper carriage; 9 — motor of movement of lower carriage with
non-consumable electrodes; 70 — tachogenerator of the lower car-
riage

Other variants with consumable and non-consum-
able electrodes are possible. For example, two consum-
able electrodes are fastened on the upper carriage using
the bifilar diagram connection, while one non-consum-
ableelectrode is fixed on the lower carriage. The diagram
of the automatic control is similar (Figure 4).

This furnace can accumulate a portion of 2.5 t of
pure clectroslag metal in a crucible-ladle and perform
its pouring into scveral forms located in a furnace
bay, without use of an intermediate pouring ladle.
The absence of a hearth clectrode increases the reli-
ability of the furnace, as the feasibility of leakage of
the molten metal through the crucible bottom part is
eliminated. Simultaneously, the service life of the
bottom part lining and, conscquently, of the crucible,
as a whole, is increased.

Using the above-described crucible furnace it is
possible to produce the liquid metal of almost any
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Figure 4. Diagram of connection of consumable and non-consumable
electrodes: / — consumable electrodes; 2 — non-consumable elec-
trode; 3 — slag pool; 4 — metal pool; 5 — lined crucible-ladle;
6 — controller ARShMT; 7 — motor of movement of the upper
carriage with consumable electrodes; 8 — tachogenerator of the upper
carriage; 9 — motor of movement of the lower carriage with non-
consumable electrode; 70 — tachogenerator of the lower carriage

chemical composition. The furnace ETPB-2.5 makes
it possible to create a closed cycle of metal usce at onc
machine-building enterprise. In addition, the enter-
prisc saves funds for purchasc of metal, transport cx-
penses, as in this case only the delivery of ferroalloys
containing separate lacking elements for producing
alloyed steels and alloys is necessary.

1. Skripnik, S.V., Chernega, D.F., Sushkevich, N.N. (2000)
Design peculiarities of electroslag crucible bifilar furnace
ETPB-0.5. Problemy Spets. Elektrometallurgii, 4, 15—17.

2. Paton, B.E., Medovar, B.I., Marinsky, G.S. et al. (1988)
State-of-the-art and prospects of development of electroslag
crucible melting and pouring of metal. In: Electroslag tech-
nology. Kyiv: Naukova Dumka.

3. Medovar, B.I., Shevtsov, V.L., Martyn, V.I. et al. (1998)
Electroslag crucible melting and pouring of metal. Kyiv:
Naukova Dumka.

4. Chernets, A.V. (1998) Electroslag crucible melting as a
method of production of liquid metal for the new generation
of electroslag technologies without consumable electrodes.
Problemy Spets. Elektrometallurgii, 3, 5-8.
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EFFECT OF INITIAL COOLING RATES
IN SOLIDIFICATION ON STRUCTURE
OF HEAT-RESISTANT NICKEL ALLOYS

B.E. PATON", G.V. ZHUK and N.P. TRIGUB"

Suggested is the method of electron beam hot spraying for producing structural materials out of a dispersed melt. The
method combines advantages of granulating and casting technologies. The mathematical model of thermal processes of
solidification of a dispersed melt has been developed. The initial rate of cooling of a heat-resistant nickel alloy in

solidification has been determined, and effect of a high cooling rate on structure of the alloy has been studied.

Key words: heatresistant nickel alloy, electron beam,
dispersed melt, cooling rate, structure, mathematical model

Multicomponent heat-resistant Ni-base superalloys
are widely applied for manufacture of turbine units
and jet engines. One of the key problems of their
technology is producing a homogeneous, fine-grained
structure of metal at the stage of ingot or casting.
This structure can be achieved by multistage ther-
momechanical treatment (in this case losses of metal
amount to 70 %) or using technologies which provide
a high rate of cooling of the melt at the stage of
solidification.

The mechanism of dependence of structure of a
material upon the cooling rate can be traced from the
chain cooling ratc—overcooling—rate of nucleation—
quantity of solidification centres—structure [1]. An
increase in the rate of cooling of the melt at the stage
of solidification is accompanicd by an incrcase in the
number of nuclei of crystalline grains. This leads to
refining of structurc of an ingot and a morc uniform
distribution of alloying elements and phases. In heat-
resistant nickel alloys, in particular, this shows up as
a decrease in sizes of dendrites, decrease in liquation,
refining and improvement of configuration of the
strengthening y'-phase and other phase components
of a microstructure.

Experiment. The E.O. Paton Electric Welding
Institute developed a new electron beam hot spraying
(EBHS) method for producing structural materials
from dispersed melts | 2]. The method comprises elec-
tron beam melting of a consumable billet, formation
of a directed flow of dispersed droplets of the melt
under the effect of centrifugal forces and deposition
of this flow on a shaping surface (substrate) to pro-

*The E.O. Paton Electric Welding Institute, Kyiv, Ukraine.

© B.E. PATON, G.V. ZHUK and N.P. TRIGUB, 2002
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duce an ingot, billet of a part or coating. Owing to
a high velocity of the droplets in the flow (about
10 m/s), upon colliding with the substrate they
spread over the surface to a thickness of 100—200 pm,
thus providing a high cooling rate during solidifica-
tion. The process is carried out in a shielding envi-
ronment of vacuum. Therefore, the spread droplets
solidify to form a dense layer of a material with no
oxidized interfaces. Therefore, the method combines
advantages of casting and granulating technologics.

The EBHS process was employed to produce a heat-
resistant nickel alloy whose composition is given in the
Table. An initial billet was produced by the electron
beam cold-hcarth (EBCH) remelting method [3]. Dur-
ing the EBHS process the alloy was deposited on a steel
substrate prcheated by the clectron beam. Temperature
of the substrate during the experiment was fixed using
three tungsten-rhenium thermocouples. Mass of the de-
posited material was determined by weighing the sam-
ples before and after the experiment. After EBHS the
heat-resistant alloy was subjected to standard heat treat-
ment (quenching + ageing).

Mathematical model. The mathematical model de-
scribing the EBHS process was developed for numeri-
cal calculation of thermal-physical parameters of so-
lidification of the melt. The melt was deposited on a
substrate by a continuous jet or flow of droplets,
configuration and consumption of the material being
kept constant. The deposition was performed layer

Chemical composition of heat-resistant nickel alloy after dif-
ferent types of remelting

Type of Content of elements, wt.%

Process | ¢y ‘ Ni Al ‘ Ti | Mo ‘ Co ‘ Fe
EBCH 16.0 Base 2.6 4.1 3.3 13.0 1.3
EBHS 15.5 Base 2.4 4.0 3.2 13.0 1.5
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Figure 1. Dependence of the rate of cooling of the melt in solidi-
fication upon the temperature of preheating of the substrate

by layer. In addition, it was accompanied by heating
of the deposition zone with a surface-action energy
source, such as electron beam. Conditions of heat
exchange with an environment, determined by vac-
uum, are limited by radiation in accordance with the
Kirchhoff’s law.

The basic thermal-physical processes are described
by the equation of heat transfer into the regions of
solid and liquid phases. In the solid phase the tem-
perature field obeys the Fourier equation of thermal
conductivity

dT
P —= dt - le(Amgrm(l) + f

where T is the temperature; ¢ is the specific heat; p
is the material density; fis the power of the volumetric
heat sources and A is the thermal conductivity. In a
region of the liquid phase the hydrodynamic aspects
are ignored. This is associated with specific conditions
of the method: thin layers of a solidifying material
determine direction of the temperature gradient nor-
mal to the substrate and laminar (Re = 1) flows of
the liquid metal directed parallel to the substrate
surface. The effect of release of latent solidification
heat is allowed for in the form of addition of certain
function ¢(T) to heat capacity, this function being

continuous within the solidus—liquidus range [Ts,
TL

TLl: I¢(T) = L (L is the latent heat of phase transi-
Ts

tion) and ®(T) = 0 within a range of (T < Ts) U
(T>TL).

Radiant heat exchange with the environment occurs
on the surface of the deposited layer. This surface is
heated by an energy source with specific power W(t).

Boundary condition has the following form:

N7 2 = Wie) - e (7' -
O0x
where @ is the Stefan—Boltzmann constant; € is the
surface emissivity factor and Ten is the environment
temperature. Allowance for release of latent solidifi-
cation heat makes it possible to solve the problem by
the shock-capturing method without explicit separa-
tion of the phase transition boundary.

Calculation results and investigation of samples.
Calculations were made within the frames of the
model for the steel substrate and deposited heat re-
sistant alloy (T's = 1550 K). The calculations resulted
in the evolving temperature fields in the system ma-
terial—substrate. Analysis of the temperature fields
made it possible to derive dependence of the rate of
cooling of the melt, vcool, upon the temperature of
preheating of the substrate, Tp (Figure 1). The order
of magnitude of the cooling rates, characterlstlc of
the method under consideration, is 104 K /s, which
is much higher than that of traditional types of re-
melting, i.e. below 1 K/s.

Structure of the produced samples was studied
using the optical microscope «Neophot». High cooling
rates lead to refining of the dendritic structure (Fi-
gure 2) of the alloy after EBHS, as compared with
the initial billet. The empirical dependence [4] al-
lowed estimation of the cooling rates during solidifi-
cation for the 1111tlal metal (0.8 K/s) and resulting
samples ((1 ~5)00% K/s) on the base of the distance
between the secondary dendrite branches, which co-
incide with the calculated data.

Investigation of distribution of elements in den-
drite branches and dendrite spacings conducted using
the «Camebax» microanalyser showed that liquation
of basic alloying elements was not in excess of 4 %.

Microstructure of the heat-treated samples (Fi-
gure 3) was studied using the transmission electron
microscope. The analytic clectron microscope and the
«Superprobs analyser were used to identify phases.
Particles of the y'-phase were 10-30 pm in size, and
the y'-phase had a favourable configuration. Carbides
were not in excess of 5 pm in size, and they were

Figure 2. Structure of heat-resistant nickel "dloy after EBCH (@) (><100) and EBHS (b) (x300)
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dissipated in the bulk of grain, rather than concen-
trated along its boundaries.

CONCLUSIONS

1. An increase in the cooling rate at a stage of solidi-
fication of heat-resistant nickel alloys leads to refining
of the dendritic structure, uniform distribution of al-
loying clements, decrease in size and improvement of
configuration of the phase components.

2. The EBHS method provides cooling rates of
10* K /s. The distance between the secondary den-
drite branches in the EBHS heat-resistant alloys is

decreased 20 times, the degree of liquation of alloying
elements is reduced and refining of the strengthening
y'-phase occurs.
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FAILURE OF A PROTECTIVE COATING ON NIOBIUM
AT HIGH-TEMPERATURE OXIDATION

A.V. DEMCHISHIN"

, Yu.A. KURAPOV ',

E.P. POLISHCHUK " and E.G. TERNOVO]J"

The paper proposes a more stringent procedure of testing high-temperature resistant protective coatings on refractory
metals and alloys in a dynamic gaseous medium with addition of an oxidiser. Studied was the mode of breaking up of
a four-layer protective coating, applied on flat tensile testing specimens of niobium by the method of vacuum electron

beam deposition from the vapour phase.

Key words: protective coatings, refractory metals, high-
temperature resistance, high-temperature oxidation, molybde-
num disilicide, multilayer coating, procedure, dynamic gaseous
medium, oxidiser, temperature field, tensile testing specimens,
fracture mode

Refractory metals and alloys on their base are finding
ever wider application in modern engineering due to
their excellent high-temperature strength. Niobium is
of special interest among them, being characterised
by a high ductility and satisfactory weldability. It
lends itself readily to mechanical treatment by forg-
ing, stamping, broaching, drawing, ctc. Alloys with
high values of mechanical strength were produced on

*The E.O. Paton Electric Welding Institute, Kyiv, Ukraine.

niobium base |1]. The main disadvantage, limiting a
broad introduction of niobium alloys into high-tem-
perature engineering, is their low high-temperature
strength. One of the ways to solve this problem is
development of protective coatings that lower the
activity of oxidation processes, occurring both inside
the metal matrix, and on the metal—gaseous medium
interface.

Increase of high-temperature strength of niobium
alloys is possible by applying onc- and multicompo-
nent diffusion coatings [2—4]. The protective effect
of such coatings, however, decreases at temperatures
above 1000 °C through development of diffusion pro-

© A.V. DEMCHISHIN, Yu.A. KURAPOV, E.P. POLISHCHUK and E.G. TERNOVOQO], 2002
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cesses on the coating—substrate interface. Silicide
coatings are used, for instance, for protection of nio-
bium alloys from oxidation |5]. However, niobium
disilicide at temperatures above 1000 °C has a low
high-temperature resistance as a result of formation
of a loose oxide film, consisting of Nb203 and SiO2
that slightly slows down oxygen diffusion into the
matrix, and easily separates from the metal substrate
during oxidation.

Over the recent years the researchers’ attention
has been attracted by coatings, based on refractory
compounds, more stable in high-temperature gas
flows, for instance, molybdenum disilicide, that fea-
tures an excellent high-temperature resistance and
value of thermal cocfficient of lincar expansion
(TCLE), close to that of niobium |6-9].

Promising approaches to refractory metal protec-
tion from oxidation arc creation by various methods,
of compositions, consisting of several layers, each of
which has a certain function [10]. A multilayer coat-
ing has a longer service life and limited susceptibility
to overheating, thus allowing the temperature mode
of the item service to be increased.

This study consisted in investigation of the fea-
tures of breaking up of a four-layer protective coating
on niobium alloy 5VMTs (W — 5.5; Mo — 2.2;
Zr — 1.15 wt.%; Nb — basc) under the conditions
of high-temperature oxidation. The multilayer coating
was applicd on specimens by the method of vacuum
electron beam vapour phase deposition [11].

Pure molybdenum of 5 pm thickness was applicd
as the first diffusion barrier, that, on the one hand,
should prevent direct interaction of the scale-resistant
coating layer of MoSi2 with the base, and, on the
other hand, promote relaxation of stresses in the coat-
ing and improvement of adhesion.

The second scale-resistant layer of MoSi2 ~50 um
thick was produced by simultaneous deposition of
molybdenum and silicon from two sources under vac-
uum. Oxidation resistance of the scale-resistant layer
can be further improved by applying on its surface a
composition, where the components have a high melt-
ing temperature, low degree of dissociation, high den-
sity and continuity. In addition, they should not form
any low-melting and volatile compounds with the
elements, present either in the oxidising medium or
in the diffusion coating, and the oppositely-directed
diffusion of atoms (ions) of the metal and non-metal
in them should be minimal.

Figure 1. Flat tensile testing specimens of 5VMTs alloy with a
four-layer protective coating
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Therefore, a layer of mullite (Al2O03 + SiO2),
~20 pm thick, was applied as the third barrier layer.
And, finally, applied as the fourth heat-reflecting
layer was a ZrB2 layer ~10 pm thick with a high
oxidation resistance at elevated temperatures and
emission coefficient of 0.89-0.91. This four-layer com-
position, probably, should have had a good resistance
to thermal loads, as the TCLE of its components is
the closest to that of the niobium alloys.

The known procedure of testing high-temperature
coatings for high-temperature resistance [12], accord-
ing to which the coatings are applied on cylindrical
specimens with a semi-spherical crown and placed
into the resistance furnace with a static air atmosphere
at a specified temperature, docs not always reproduce
the actual pattern of the item operation. In reality
the item often operates under the conditions of a gas
or air flow, a certain temperature gradient is in place
on the surface of various parts of the item, as well as
stress raisers (edges, angles, mating regions, ctc.) re-
sulting from the item design features. All this is the
causc for premature failure of the item, because of
faster breaking up of the protective coating in the
critical zones. Therefore, after high-temperature re-
sistance testing of the four-layer coating by the tra-
ditional method in a resistance furnace, without any
noticcable changes in the coating at temperature T =
= 1200 K and soaking for T = 200 h, it was decided
to test the coating high-temperature resistance under
the conditions, close to the actual conditions, i.e.
purposcfully make the tests more severe by introduc-
ing factors, detrimental for the coating fatigue life,
namely replace the static air atmosphere of the resis-
tance furnace by a dynamic gascous medium; increase
the amount of the oxidiser in the test atmosphere;
add the element of a non-isothermal temperature field;
add structural elements, that are stress raisers and
concentrators of possible coating defects.

This was the basis for applying a more stringent
procedure for high-temperature resistance testing,
namely oxidation in the acetylene-gas torch flame
with addition of oxygen (~20 %). Flat tensile testing
specimens were used, whose grip ends were not pro-
tected by the coating (Figure 1). Torch flame was
aimed at the test part of the tensile testing specimen
(Figure 2). The test zone cross-section being smaller,
than that of the rest of the specimen, just the specimen
test part was heated up to a high temperature, being
practically in an isothermal temperature field. The
rest of the specimen right up to the ends of the grip
was exposed to a non-isothermal temperature field.
Temperature mode was controlled by an optical py-
rometer. Edges, angles and mated regions of the flat
specimen were stress raisers and regions of possible
coating defects.

Four specimens were tested simultancously, which
were fastened in a special rotating grip at 90° angle
to cach other. After 20 h one specimen was taken off,
and the others were tested further with their sub-
sequent removal after 50, 100 and 200 h. Testing
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program included three modes with temperatures of
1000, 1200 and 1450 K. Change of specimen weight
Am was determined by weighing it before and after
testing and visual inspection was performed. Testing
results are given in the Table.

Visual examination of the specimens (No.1, 5, 9),
removed after 20 h of soaking at all the temperatures
showed, that the four-layer coating starts breaking
up because of spallation of the upper layers of
Al203(Si02) and ZrB2 in the HAZ between the speci-
men test part, where the temperature is maximal, and
the zone of temper colours at the end of the specimen,
where the temperature is minimal. On the specimen
test part, however, the coating did not break up in
any of the temperature modes.

Extension of specimen soaking time up to 50 h did
not lead to any essential change of the morphology
of the specimen oxidised surface. Upper layers of
Al203(Si02) and ZrB2 did come off the test part in
specimen No.2 at 1000 K. In specimens No.6 and 10,
oxidised at 1200 and 1450 K, just the area of spallation
of the two upper layers in the HAZ increased slightly,
while all the layers were preserved on the test part.

Further increase of the specimen soaking time up
to 100 h has a greater effect on the morphology of
the specimen oxidised surface. In specimen No.3, ox-
idised at 1000 K, upper layers of Al2O3(SiO2) and
ZrB2 delaminated practically over the entire surface,
although the upper layers were preserved on one side
of the test part, in the maximal temperature zone. In
specimen No.7 right after testing at 1200 K, the upper
layers are absent on the test part and a whitish pow-
der-like deposit is visible. The specimen failed in the
middle of the test part, when being removed from the
rig. A specimen, oxidised at 1450 K (No.11), was
removed from testing after T = 90 h for the reason of
breaking up of the specimen test part. The coating
upper layers were absent in the specimen test part.

And, finally, not all the specimens withstood fur-
ther extension of the testing time. Specimen No.4
after oxidation for 200 h at 1000 K stood all testing
without failure. However, the specimen test part be-
came changed, namely the edges rounded off and the
cross-sectional area was reduced. Specimen No.8, ox-
idised at 1200 K, was removed from testing for the
reason of the test part failing at the neck end after
T = 145 h. The four-layer coating was preserved in
the remaining part of the specimen. Specimen No.12,
oxidised at 1450 K, withstood 170 h before failure of

ELECTRON BEAM PROCESSES E(,E !
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Figure 2. High-temperature resistance testing in the flame of the
acetylene-gas torch with addition of oxygen (~20 %): @ — oxida-
tion of one specimen; b — rotating grip with simultaneous attach-
ment of 4 specimens at the angle of 90° to each other

the test part. Upper layers of Al2O3(SiO2) and ZrB2
coating were absent on the specimen test part, while
a whitish powder-like deposit was observed in the
zone of failure and oxidation of the adjacent parts of
the specimen.

According to the procedure used by us, high-tem-
perature resistance testing of the coating on the specimen
test part in an isothermal temperature field was com-
plemented by testing the coating in a non-isothermal
ficld, this introducing certain special features into the
performance of the metal — four-layer coating system
under the conditions of a high temperature gradient. In
this casc the information on coating behaviour in the
gradient temperature field is of primary interest.

Proceeding from the gencral appcearance of the
oxidised specimen surface, the gradient temperature
ficld can be divided into the following 4 zones (Fi-
gure 3): I — specimen surface zone ~15 mm long,
where specimen ends, not protected by the coating,
are located. This zone is characterised by temperature
gradient of 80—150 °C; II — initial oxidation zone
15-20 mm long, where temper colours (interference
colours) are observed. It is characterised by tempera-

Specimen 1000 K Specimen 1200 K Specimen 1450 K
No. th Am, g No. th Am, g No. T h ‘ Am, g
1 20 0.94 5] 20 0.85 9 20 0.60
2 30 1.44 6 30 1.46 10 50 1.41
3 100 1.64 7 100 1.88 1" 90 1.45
4 200 3.03 8 145 2.61 12 170 2.48

Note. Specimen No.7 failed when being removed, specimens No.8, 11 and 12 were removed from testing because of fracture in the test
part.
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Figure 3. Gradient temperature field along length L of the speci-
men: I, II, III, IV — zones

ture gradient of 150450 °C; I11 — heat-affected zone
15-20 mm long, where intensive breaking up (spal-
lation) of the coating is observed. This zone is char-
acterized by the highest temperature gradient of 450—
730 (1180) °C; IV — working temperature zone
20 mm long, that is continuously exposed to the im-
pact of the oxidising flame of the gas torch. In this
zone the temperature gradient is practically absent,
as the specimen thinner part is rather uniformly heated
by the gas torch flame.

Zone I is characterised by the absence of visible
traces of oxidation of unprotected niobium, as the
temperature of its heating is quite low. If the oxida-
tion process is going on here, this occurs at the expense
of formation of stable NbO and NbO2 oxides.

In zone IT the coating remained practically on all
the specimens, except for several of them. Interference
effects can be created by oxide films in this tempera-
ture range, for instance, NbO, NbO2 films, since nio-
bium diffuses into the coating.

Zone IIT is the most critical. Apparently, such a
high temperature gradient, to which the metal—coat-
ing system is exposed, induces here an extremely com-
plex stress pattern, because of the difference in the
TCLE of the substrates and the coating, as well as
the multilayer coating components. It is this complex
stressed state of the metal—coating system in the zone
of a considerable temperature gradient, that is the
primary rcason for failurc.

Zone IV is exposed to the impact of maximal tem-
peratures in the oxidising flame of the gas torch. How-
ever, a complex stressed state of the metal—coating
system duc to the temperature gradient, is absent
here. Therefore, the coating is preserved after soaking
for 20 and 50 h. At longer soaking, the specimen test
part breaking up is initiated by the processes of failure
of the coating in the adjacent zone I11.

Therefore, the breaking up pattern of the four-
layer (Mo + MoSi2 + Al203(SiO2) + ZrB2) coating
on niobium alloy 5VMTs in an oxidising medium of
the gas torch can be presented as follows.

The complex stressed state of the metal—coating
system and the four-layer coating proper in the zone
of a considerable temperature gradient (zone I17)
causes delamination of two upper coating layers

18 ELE(‘TR{).\I ETALLURGY

(A1203(SiO2) + ZrB2). This results in exposure of
molybdenum disilicide layer surface. At high tempera-
tures disilicides feature an excellent oxidation resis-
tance that is due to formation of a protective glass-like
layer, consisting chiefly of SiO2. Formation of the
glass-like layer is followed by predominant oxidation
of silicon. The reaction rate is determined by solid-
phase diffusion through scale. Since oxygen is a re-
agent that diffuses in the oxide at the highest rate,
SiO2 layer grows on the inner interphase. Glass-like
oxide scale, formed at high temperatures, has the best
protective properties. Therefore, it is probably bene-
ficial to oxidise MoSi2 coatings at 1700—1800 K, be-
fore using coated metal at lower temperatures.

At 750-900 K temperatures, however, MoSi2 oxi-
dation leads to the most unexpected result, consisting
in that all the material completely dissolves quickly,
turning into loose powder with a high specific volume.
This phenomenon is called silicide «pest». It is a cer-
tain form of intererystalline oxidation of MoSi2, at
which each MoSi2 grain is ultimately encircled by the
oxidation reaction products. It is believed that «pest»
attack is due to predominantly intergranular diffusion
of the reacting gas in combination with ageing that
is dependent on temperature.

This is exactly the process that is observed in the
third temperature zone, where the whitish powder-
like deposit is found. Loosening the remaining coating
layer, it allows oxygen to penetrate to the niobium
alloy, that is oxidised in its turn, and moving towards
the high-temperature zone, disrupts the four-layer
coating from the inside, leading to its delamination
and breaking up. After that the niobium alloy «burns»
in the specimen test zone and breaks up.

The initial process of breaking up is also caused
by coating defects, present on the sharp edges of the
specimens, in the mating regions, as well as the local
coating spallation areas.

Analysis of the results of studying the high-tem-
perature resistance of the four-layer protective coating
on niobium alloy 5VMTs, produced by vacuum elec-
tron bcam vapour phasc deposition shows that the
proposed composition provides good protection of nio-
bium from high-temperature oxidation in an isother-
mal temperature field. This is demonstrated by the
results of high-temperature resistance testing by the
traditional method in a resistance furnace (T =
=1200 K, T = 200 h), as well as partial preservation
of the four-layer coating on the specimen test part
(No.6, 8, 10) in testing under more stringent condi-
tions. In the presence of a non-isothermal temperature
ficld, the unprotected and particularly not subjected
to high-temperature oxidation layer of MoSi2 decom-
poses at low temperatures, disrupts and destroys the
protective coating.

Thus, in order to evaluate the high-temperature
resistance of especially complex multilayer coatings,
having a long enough service life, it is rational to
apply a stringent testing procedure by introducing
additional factors, acting on the metal—coating sys-
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tem. This, on the one hand, allows bringing the testing
as close as possible to the actual conditions of the
item service, and, on the other hand, studying the
nature, cause and, possibly, also the mechanism of
the coating failure.
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MODELLING OF CONDITIONS
OF REMOVAL OF SHRINKAGE PIPE
FROM CYLINDRICAL EBCH INGOTS

G.V. ZHUK , A.N. KALINYUK and N.P. TRIGUB"

Methods of mathematical modelling were used to study the process of removal of a shrinkage pipe (porosity) from
cylindrical ingots of titanium alloy Ti—-6Al1-4V. The three-stage process of electron beam cold-hearth (EBCH) remelting
is considered. Technological parameters are recommended, providing ingots free from defects in the head part.

Key words: electron beam remelting, mathematical mo-
delling, thermal processes, shrinkage pipe

One of the topical problems of production of ingots
by the special electrometallurgy methods is forma-
tion of shrinkage pipes (porosity) at the final stage
of ingot melting | 1]. This problem is characteristic,
in particular, of production of cylindrical ingots of
titanium alloys by the EBCH remelting method.
The cause of formation of a shrinkage pipe in a
solidifying ingot is the presence of a developed mol-
ten metal pool at the main stage of ingot melting.
Formation of the shrinkage pipe can be avoided by
decreasing depth of the molten pool through reduc-
ing the rate of remelting. Nevertheless, this is not
always possible, based on the established flow dia-
gram of EBCH remelting of multicomponent tita-
nium alloys | 2]. Another way of avoiding formation
of the above defeets in the head part of the ingots
consists in providing such conditions of heating of
the ingot surface in a mould at the final stage of
melting, under which the depth of the molten pool
would be gradually decreased to a zero value with-

*The E.O. Paton Electric Welding Institute, Kyiv, Ukraine.
© G.V. ZHUK, AN. KALINYUK and N.P. TRIGUB, 2002
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out formation of a hard crust at the ingot tip. Devel-
opmentofsuchconditionsisadifficult problem which
is handled using mathematical modelling methods.

The authors studied conditions of removal of a
shrinkage pipe in the Ti-6Al-4V ingots, based on the
carlier developed software for calculation of thermal
fields in cylindrical EBCH ingots |3].

Statement of the problem. The following prob-
lems were solved during performance of the work:

e identification of optimal technological parame-
ters at the stage of melting of an ingot under quasi-
Q.

Power

|
|
|
|
!
|

——>

Process time

Figure 1. Schematic of variations in power of electron beam heating
of the ingot surface
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Figure 2. Temperature fields, K, in height # and radius 7 of the ingot with a diameter of 630 mm at the stage of melting (¢) and after

removal of a shrinkage pipe (b)

stationary conditions within the frames of the mathe-
matical model of electron beam melting of cylindrical
ingots;

* determination of a permissible range of variations
in technological parameters at the stage of removal
of a shrinkage pipe;

« calculation of optimal technological parameters
of removal of a shrinkage pipe in ingots of different
diameters. This was done by considering technological
parameters of melting of ingots with a diameter of
200, 310, 400 and 630 mm.

Choice of optimal technological paramcters of
melting was based on the following considerations.
A minimum valuc of the depth of the molten pool
corresponds to a minimum size of solidification struc-
tures of an ingot and provides a uniform distribution
of structural components and alloying clements. In
this case the molten pool should cover the entire sur-
facc of the ingot, thus preventing formation of defects
of the type of lack of fusion and porosity on the surface
and in the bulk of the ingot. Onc should cspecially
note the importance of formation of a liquid ring at
the ingot and mould interface, which is an imperative
requirement for producing a smooth and defect-free
surface of the ingot. Limitations on the surface tem-
perature were also taken into account.

Identification of the optimal technological pa-
rameters of melting was followed by estimation of
values of power of electron beam heating of the head
part of the ingot at a stage of removal of a shrinkage
pipe. The following fact was assumed to be a criterion
of absence of a shrinkage pipe (porosity) in a finished
ingot: prior to complete solidification the last region
of the molten pool along the axis of the ingot should
be located on its surface.

Power at the ingot | Power after pouring of | Time of
Ingot di- melting stage, kW the last portion, kW the
ameter, interme-
mm diate
o ) o ) stage, s
200 9 15 8 8 225
310 30 35 25 25 320
400 54 56 30 30 890
630 145 70 125 65 1100
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Parameters of a linear variation in power of elec-
tron beam guns were used as the basis for mathemati-
cal calculations. That is, power was assumed to be
constant in time at the main stages of melting, and
in mathematical modelling of transition to the next
stage it changed in an infinitely short time. The entire
melting process was broken in time into three stages
(Figure 1).

1. Initial stage (melting of an ingot), at which
metal is periodically poured in portions into the mould
at a constant frequency. Part of the power of heating
of the ingot surface, Q1, is uniformly distributed in
the central region of the ingot, while the other part
Q2 is distributed on the periphery following a law
which allows smoothness and continuity of heating
of a portion of metal in transition from the central
region of the ingot to its periphery.

2. Intermediate stage, at which heating of the met-
al surface in the mould occurs without pouring of new
portions. The time of the intermediate stage, T, is a
key parameter of calculations and characterizes the
moment of the technological process where the liq-
uid-solid phase at the ingot axis is fully transformed
into the solid phase.

3. Final stage of melting, at which the guns are
switched off and metal cools down in the solid phase.

Power of the electron beam guns in transition from
the initial to intermediate and then from intermediate
to final stage changes in a extremely short time in a
stepwise manner and then remains constant up to the
end of a stage.

Choice of power of a gun was based on the fol-
lowing technological requirements. Temperature of
metal at any point of the ingot surface during the
first stage should correspond to temperature of metal
in the liquid phase. To save electric power and avoid
losses of alloying clements, overheating of metal by
more than 100 K is not permitted. In this connection,
the power range sclected for preliminary estimation
of temperature was limited to an upper value, which
was 50 kW for the ingot with a diamcter of 200 mm,
120 kW for the ingot with a diameter of 310 mm,
210 kW for the ingot with a diameter of 400 mm and

450 kW for the ingot with a diameter of 630 mm.
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The temperature gradient of metal during the inter-
mediate stage should not be directed from the surface
deep into the ingot, so that no shrinkage pipe is formed
during the cooling process at the final stage. Therefore,
chosen was the lower limit of the range of search for
the optimal power of the guns. Values of this power
were finally determined by successive iterations.

Calculation results. Numerical calculations re-
sulted in determination of temperature ficlds inside
ingots of different diameters at the stage of melting
with an interval of 100400 s and at the stage of
removal of a shrinkage pipe with an interval of 10—
60 s. The ficlds were processed using Microsoft Excel
and represented in a graphical form. Typical diagrams
of temperature ficlds (for an ingot with a diamcter
of 630 mm) at the stage of melting and after removal
of a shrinkage pipe are shown in Figures 2, a, b. It
can be scen from the Figures that at the stage of
melting of an ingot its head part contains a developed
molten pool, the thermal centre (point at the axis of
the ingot having the highest temperature) being lo-
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cated not on the surface. In removal of a shrinkage
pipe the depth of the pool, while gradually decrcasing,
reaches a zero value. In this case, the thermal centre
moves from the depth to the surface of the ingot, and
no closed liquid cavities are formed at its head part.
The optimal technological parameters of melting (Ta-
ble) were recommended as a result of analysis of the
diagrams plotted.

The employed mathematical modelling methods
and calculated technological parameters of melting
and removal of a shrinkage pipe can be used not only
for electron beam remelting, but also for other vacuum
technologies.

1. Chalmers, B. (1968) Theory of solidification. Moscow:
Metallurgia.

2. Paton, B.E., Trigub, N.P., Akhonin, S.V. et al. (2000) De-
velopment of the technology of electron beam melting of ti-
tanium. Problemy Spets. Elektrometallurgii, 2, 34—40.

3. Zhuk, G.V., Akhonina, L.V., Trigub, N.P. (1998) Mathe-
matical modelling of processes of solidification of titanium
alloy Ti—6A1-4V in EBCH. Ibid., 2, 21-25.
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CERTAIN POSSIBILITIES FOR STEEL TREATMENT
IN THE ARC AND PLASMA LADLE-FURNACES

G.A. MELNIK, 0.S. ZABARILO", M.L.*ZHADKEVICH*, .
A.A. ZHDANOVSKY , M.S. PRIKHODKO" and A.A. POBOL

Technological possibilities for melting of steels in the arc steel-melting furnaces (ASMF) by the conventional method
and by the duplex-process (melting in the ASMF-ladle treatment of steel) are considered. Basic power indices of the
steel melting are analyzed. It is shown that the ladle treatment of steel in the arc ladle-furnaces and especially in plasma
ladle-furnaces permits improving the steel quality, increasing efficiency of the ASMF, decreasing the power consumption
and expanding technological and metallurgical potentialities of the process. Steels after plasma ladle treatment in argon,
nitrogen or their mixture are on par in quality with steels produced by the methods of special electrometallurgy, and

meet the requirements of the international standards.

Key
dle-furnaces, power-saving technological systems, plasma-arc
heating complex, parameters of the power regime, steel, slag,
gas, steel heating rate

words: ladle treatment of steel, arc and plasma la-

A concept of high technology was long ago formed in
steel production of industrially developed countries.
This was conditioned by the favorable market situ-
ation and requirements to drastically change technol-
ogy of steel melting and a design of the arc steel-melt-
ing furnaces (ASMF), thus providing the cfficiency
increase and power consumption optimization. The
essence of the process implies production of steel by
a duplex-process: melting in the ASMF-ladle treat-
ment (LT) of steel. The process suggests the use of
ASMF as a high-productive melting unit maximally
providing its opcrational conditions for acceleration
of the melting of metal scrap, cast iron and slag.
Removal of phosphorus from the melt is the only
clement of the metallurgical technology performed
along with the melting of charge. All other operations
arc performed by the steel LT, namely:

« steel refining for chemical composition and tem-
perature;

e removal of harmful impurities, gases and non-
metallic inclusions;

» microalloying and modifying of mctal, control
of non-metallic inclusions morphology;

e improvement of the technical and cconomical
indices of the metal production both in the steel melt-
ing process and during the whole production chain.

The units of arc ladle-furnace (ALF) or plasma ladle-
furnace (PLF) type arc the most advanced machines for

*The E.O. Paton Electric Welding Institute, Kyiv, Ukraine.

steel LT. They provide heating of the liquid steel, its
mixing and addition of lumpy and injection of powder
materials. Let us analyze the main power indices of
the steel melting by the duplex-process and in the
ASMF. Under conventional ASMF technology when
all operations are performed in the furnace, the du-
ration of the steel refining 2—3 times exceeds the time
of its melting. Under refining less than 20-70 % of
the set power is used. The higher the requirements to
steel quality, the worse the charge, the higher the set
power, the lower the active power of the transformer
used. [1]. Under melting of electric steel at the Stock-
Holding Company «Bummash» (Izhevsk, Russia) the
specific consumption of the electric power for 25 t
ASMF is 690-850 kW /t. Specific energy consump-
tion for melting in this furnace is 435 kW@ /t [2].

Thus, steel refening in ASMF requires 255—
415 kWM /t. Under steel LT in arc and plasma la-
dle-furnases a specific consumption of electric power
is only 30-60 kWM /t |3, 4], which is 4.2—13.9 times
less than under refining steel in ASMF and 1.4-1.7
times less than under duplex-process (ASMF + ALF).
Power consumption in ALF or PLF includes also en-
ergy necessary to heat the ladles or to maintain a
preset temperature level after tapping the previous
portion of metal and up to pouring the next portion.
The use of ALF together with ASMF of normal power
increases furnace cefficiency by 30-50 %. The use of
ASMF with increased power permits increasing the
duplex-process cfficiency by 50-80 % [5].

The duplex-process is much better than the mul-
tistage steel melting in ASMF in terms of steel quality
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Table 1. Assimilation degree of alloy additions

PLASMA-ARC TECHNOLOGY E od

Alloy additions, wt.%

Unit Reference
C Si ‘ Mn ‘ Cr Al ‘ Ni ‘ Mo ‘ \%
ASMF - 0.7 0.75 0.85 0.4 0.9 - - [6]
ALF - 0.9 0.95 0.95 0.5 1.0 - - [6]
ALF 0.98 0.9 0.98 1.0 - 1.0 1.0 - [3]
ALF 0.96 - 0.94 - - - - 0.98 [4]
PLF 1.0 1.0 1.0 1.0 - 1.0 - - [7]

increase and saving of alloying elements. The use of
ALF in steel-making plants allows increasing range
of the grades of produced steel, including conven-
tional electric steel grades. The use of ALF allows
producing carbon, low-alloy, high-alloyed steels in-
cluding bearing, rail, boiler, spring, tool, stainless
steels, steels of deep drawing and others. Metallurgy
of steel production improves as a result of using stecl
LT in ALF or PLF. It is recognized that introduction
of 1 % of alloying clements decreases the steel tem-
perature in ALF by about 25 °C. Addition of alloying
clements in considerable amounts requires to prolong
the heating. Heating in 100 t ALF lasts 3—4 h if 13 %
of alloy additions are put to the metal |4]. There is
a casc when the whole process of refining and alloying
of the alloyed steel with the content of alloy additions
of up to 8 % was performed in ALF [5]. The assimi-
lation degree of the alloy additions in ALF |6] and
especially in PLF [7] increascs as against ASMF (Ta-
ble 1).

It is agreed that the steel LT in ALF permits in-
creasing a utilization degree of alloy additions by 5 %
of the metal charge |8|. For PLF this index must be
even higher. Steel LT in ALF allows increasing the
homogeneity of melt by temperature and chemical
composition, thus lowering composition variations of
the produced steels [9] (Table 2).

Accuracy in determining temperature at the end
of steel LT in ALF is 4-5 °C [3, 8]. The results of
steel LT in the 60 t ALF have shown that the content
of sulfur and gases in liquid steel may be decreased
within the following range: S — 0.023-0.014 wt.%;
O2 — 40-20 ppm; H2 — 4.7-2.0 ppm; N2 — 90—
80 ppm [10]. On evidence derived from other data
[3] a degree of desulphuration of the melt with initial
oxygen content of 0.03 % after 30—40 min of steel LT
is 65 and 78 %, respectively; after 40 min of steel LT
with silicocalcium blowing — more than 85 %; total
oxygen content — 10—30 ppm; dephosphorization —

less than 10 ppm; increase of the nitrogen content —
less than 5 ppm. A coefficient of sulfur distribution
between slag and metal achieves 130 in ALF [4] and
700 in PLF [7]. Work in combination with ALF has
permitted a more than 30 % increase of the ASMF
lining duc to the fact that only melting and decar-
buration down to 0.5 % C have been performed in
the ASMF [5].

Therefore, steel LT in ALF or PLF allows increas-
ing steel quality and ASMF cfficiency as well as de-
creasing consumption of main auxiliary materials and
power [10]. Improvement of these indices makes it
possible to fully compensate the cost of steel LT.

These results are a good foundation for develop-
ment of new processes of steel-making with regard to
basic provisions of the high technologies under market
conditions.

It is evident from the above data that PLF have
a number of advantages as compared to ALF. Plasma
heating in contrast to arc heating provides improved
thermodynamic and kinetic conditions for metallur-
gical reactions of deoxidization and refining of metal
from gas and non-metallic inclusions. It is distin-
guished for its efficiency, optimal conversion of the
electric power into heating power, increased stability,
controllability and purity of the plasma discharge. It
ensures air-tightness of the working space, good con-
trollability of the atmosphere and a wide range of
technological gas pressures.

These advantages allow expanding power, tech-
nological and metallurgical potentialities of the unit
for complex ladle treatment of steel (UCLTS), de-
creasing of specific consumption of electric energy,
heating duration and wear of the ladle lining, increase
an assimilation degree of the alloying elements, active
utilization of the gas and slag phases, prevention of
metal contamination with carbon, nitrogen and hy-
drogen, improvement of steel quality, ecology of the
mctallurgical process and sanitary-hygicnic condi-

Table 2. Change of steel composition under alloying by different methods

Method of alloying

Variations, %

C Si Mn Al v
Alloy addition under tapping from ASMF 0.06 0.12 0.23 0.07 0.02
Preliminary alloying under tapping and final alloying 0.03 0.09 0.11 0.033 0.015
under steel treatment in ladle
Alloying under steel LT 0.02 0.05 0.05 0.02 -
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Plasma ladle-furnace: 7 — teeming ladle car; 2 — hydraulic cyl-

inder; 3 — chamber; 4 — water-cooled cap; 5 — plasmatron; 6 —
temperature probe; 7 — gas-blown melt

tions of labor. The use of PLF with all their merits
allows essentially improving furnace and off-furnace
metallurgical technology and producing steel, which
is successfully certified according to the international
standards.

The listed advantages of the use of plasma heating
in metallurgy arc confirmed by theorctical and prac-
tical developments of the E.O. Paton Electric Weld-
ing Institute of the NAS of Ukraine as well as by
results of practical introduction of technology and
equipment for plasma-arc melting, remelting and re-
fining of metals and alloys in the water-cooled copper
crucible, slag-lining and ceramic crucibles using plas-
matrons of direct and alternating current of total
power to 4.5 MW.

Basic operation paramcters of direct and alternat-
ing current PLF (power conditions, arc current and
voltage, uscful cfficiency, steel heating rate and oth-
ers) are presented in | 11—13|. Systematization of these
data has allowed obtaining a universal parameter for
determination of the power conditions for operation
of the ladle-furnace of certain capacity, which is spe-
cific active power Ws provided by one or several DC
or AC plasmatrons for steel heating with preset rate.
Values of this parameter are within the range of 0.3—
0.6 kWM /(tFC) and depend on the design of the
unit, efficiency of plasmatrons, ladle temperature at
the moment of metal pouring, the quality of the added
alloying elements and others. Though the found val-
ues of Ws parameter vary within a wide range, the
use of the parameter allows a sufficient accuracy in
determination of the active power of the PLF plas-
matrons at the initial stage of design.

The Paton Institute has contributed most of all
into creation of the AC plasmatrons. Plasma-heating
complexes (PHC) of 5-6 MW power developed at
the Institute were installed into 3.5 t plasma furnace
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with ceramic lining («Krupp», FRG, 1986) and 100 t
PLF («Nippon Steel», Japan, 1988), which were for
the first time in the world put into operation. The
PHC incorporates 3 plasmatrons of direct action with
plasma electrodes, connected by a three-phase circuit,
their power sources, equipment for control and regu-
lation of electric and gas regimes. PHC plasmatrons
ar cquipped with plasma clectrodes, thus ensuring
their low wear degree and stable arcing within the
wide range of technological regimes, in particular un-
der exceessive gas pressure in the melting cavity and
under the rarefaction. Joint industrial trials of this
plasma heating complex in the 100 t PLF of the «Nip-
pon Steels confirmed a possibility to compensate ther-
mal losscs and to heat the melt with 1 °C /min rate
as specified by the Corporation. Tt also proved the
correctness of the power calculations, engineering de-
sign and reliability of the equipment.

Peculiarities of PLF and plasma technology may
be fully considered on the example of the steel LT
process in the 30 t unit for complex ladle treatment
of stecl of the «Bummash» designed and put into
operation by the Paton Institute in 1996—1998.

Under creation of AC PHC to equip the UCLTS-
30 and bringing it to commercial level we employed
the results of own theoretical and experimental stud-
ies as well as industrial trials at the «Nippon Steel».
We also used the experience gained under creation of
metallurgic AC plasmatrons with plasma electrodes
and plasma-arc furnaces with water-cooled copper
crucibles, slag-lining and ceramic crucibles and under
making of high-quality steels and alloys in the above
cquipment [13].

Schematic diagram of the PLF (Figure) provides
technical options for determination of temperature and
chemical composition of the melt, temperature adjust-
ment, treatment of steels with slag and their additional
alloying in the inert atmosphere and that of argon-ni-
trogen mixtures or nitrogen. The ladle is installed in
the chamber assembled on the teeming ladle car and
covered with a cap. Three plasmatrons are evenly in-
stalled on the cap in a circle with slope at an angle
35-65° [14]. Air-tightness of the working space is cre-
ated by compression of the chamber to the fixed cap by
means of hydraulic cylinders. The PHC set includes
also systems of gas, water and power supply, hydraulic
unit and gas supply unit. Electric power is supplied to
plasmatrons from a transformer through regulators of
the arc current (controlled or non-controlled throttles).
All PHC systems are controlled from the main control
pancl. The heating complex includes mechanisms, which
allow moving plasmatrons along axis for regulating the
lengths of arcs and varying their slope in the course of
the operation. The PHC provides starting of plasma-
trons in the arcing mode both in the middle point in
plasma and in the surface of the metal or slag melt. It
ensures high reliability of the start and stable arcing in
space in the absence of metal or slag melt for any thick-
ness of the slag layer on the metal surface or with so-
lidified slag layer. Argon blowing of the melt is per-
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formed through two porous plugs placed in the bottom
of the ladle.

Power and technological potentialities of the pro-
cess as well as reliability of the produced equipment
were investigated in the course of melting in PLF.
Walls and bottom of the ladle were lined with cha-
motte refractories and a slag zone — with periclase-
carbon refractories. The chamber cap was gun-con-
creted with alumina-zirconium mass of thickness vary-
ing from 30 to 50 mm. Protection ceramic screen was
not installed over the ladle in this series of melts.
Depending on the technological requirements, dura-
tion of steel treatment varied from 30 to 80 min.
Volt-ampere characteristics (VAC) of PLF are as-
cending, their curvature is (0.5-0.7)002V /A under
operation in argon and (0.7-1.0)00 2 V /A under
operation in nitrogen. VAC of three-phase group of
PLF plasmatrons when argon is used as plasma gas
and arcing is in the preset regime, are well described
by an empirical dependence

U, =1A[(bI'L,) +IE. + 10], ¢y

ﬂj\r
where b is the coefficient equal to 1.65-2.20; I, is
the arc current, A; m is the power index equal to
0.065-0.075; La is the arc length, cm; le is the pene-
tration of the electrode into the nozzle, mm; E¢ is the
voltage gradient of the arc column part in the nozzle
channel, V,/mm.

When other gases or their mixtures with argon are
used as plasma gases and under arcing in the atmos-
phere of gas mixtures the arc voltage U is calculated
according to the formula

U, (2)

“mix

= U, [10° Q)1

where G is the volume fraction of gas in mixture with
argon and n is the power index. Its values vary within
0.12—0.17 when using air or nitrogen, 0.05—-0.08 when
using helium and 0.32-0.35 when using hydrogen.

Rate of steel heating depends on the supplied
power, consumption and composition of plasma gas,
temperature condition of the ladle lining and slag
regime. Under PHC power of 3.4-3.8 MW rate of
steel heating was 1.0—1.5 °C/min, and increased up
to 5.0-5.5 °C/min at 4.8=5.3 MW power. Analysis
of the obtained results shows that under similar sup-
plied power the steel heating rate in PLF is much
higher than in ALF. Specific consumption of electric
power for heating of steel, its refining and adjustment
of chemical composition varies within 20-80 kW@ /'t
while specific active power does not exceed
0.9 kW /(tCIC) even if the initial temperature of
ladle lining is 300—400 °C.

Plasma treatment of steel in the UCLTS provides
better removal of gases, non-metallic inclusions and
harmful admixtures as against clectric arc heating.
Quality of steels after plasma ladle treatment in argon
and nitrogen or their mixture is on par with the quality
of steels produced by the methods of special elec-
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trometallurgy and corresponds to the international
standards.

Plasma heating complexes may be installed on
other steel LT units and pony ladles of continuous
casting machines, thus allowing refining and fine ad-
justment of the poured metal temperature. Use of
plasma electrodes in PHC plasmatrons makes it pos-
sible to combine vacuum trcatment and heating of
steel in onc unit.

Basic technological and operational indices
of PLF (UCLTS-30)

Capacity of the ladle-furnace, t ................ceeiiin 25-30
Gas consumption under metal blowing with
argon, nitrogen or their mixtures, m” /h .............. 11-40
Power of PHC, kW ... i 2200-5500
Operational parameters of PHC plasmatron:
arc current, KA ... 5.0-9.0
arc voltage, V ... 110-270
consumption of plasma gas (argon, nitrogen
or their mixtures), nm”/h ....................... 10-25

arc length, mm ... 250-500

Heating metal efficiency, % ............cccocoooiiiiiiii 50-60
Electrode material .......................oocooi graphite
or tungsten
Steel heating rate, °C/min .................cooeviiiinnn, 1.5-5.3
Specific consumption of electric
power, KW/t ..o 20-80
Specific active power, kWM /(tFIC) ..........ccceeein. 0.3-0.9
Thickness of the applied slag layer, mm ................ up to 200
Refining from non-metallic inclusions ................... decrease
of index
from 3rd
to 2nd
Minimal sulfur content in metal, % ...................... 0.003
Approximate area occupied by the
equipment, M ... 600

New developments of plasma heat sources by the
Paton Institute are of special importance for exposing
potentialities of steel LT units and technologies. In-
crease of the PLF capacity (more than 100 t) and
putting it into commercial operation were hindered
until recently due to the lack of reliable and high-
power plasmatrons with long operational life. Devel-
oped plasma-arc heaters (DPAH) with cheep graphite
or self-sintering hollow electrodes |15, 16] created by
the Paton Institute and tested at the Zestafon Ferro-
alloy Plant (Georgia) in pilot production and pro-
duction conditions arc distinguished for unlimited op-
crational life, do not incorporate complicated water-
cooled parts and permit developing practically unlim-
ited power. DC- or AC-supplicd DPAH (in some cascs
a combined power supply is possible) preserve all
PHC advantages and do not require the use of bottom
electrode. Power of one DPAH is enough to operate
PLF with capacity up to 300 t, steel heating rate up
to 5 °C/min and thickness of a slag layer on the melt
surface from 50 to 500 mm. Peculiarity of DPAH lies
in the fact that just as PHC it permits concentrating
the focus of the steel heating power in the center of
the ladle (providing high resistance of the slag zonce
lining) and achieving uniform heating of the melted
steel pool with axial location of circles of equipoten-
tial curves of the metal temperature. It is worth noting
that DPAH allows adding alloying clements, fine and
powder charge and adjusting the composition of slag
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or its replacement without switching off the heater.
It also permits a wide-range regulation of power and
steel heating rate. Considering the above it is recom-
mended to use DPAH as heat sources in PLF with
capacity of 100 t and higher.

CONCLUSIONS

1. The use of ALF or PLF together with ASMF allows
decreasing electric power consumption 1.4—1.8 times,
increasing ASMF efficiency by 30—-80 % and lining
resistance by more than 30 % as well as expanding
the range of steel grades.

2. Steel LT in ALF and PLF promotes increased
assimilation of alloying elements (by 10-30 %) and
melt homogeneity in temperature and chemical com-
position with little variations of the latter.

3. Steel LT provides record-low gas content, in-
creased purity as to non-metallic inclusions and deep
desulphuration. Distribution coefficient of sulfur be-
tween slag and metal achicves 130 in ALF and 700
in PLF.

4. Accuracy of the temperature adjustment in the
end of the steel LT process is +4—5 °C. Addition of
1 % of alloying elements decreases steel temperature
in ALF by about 25 °C (not more than 8 % of alloying
elements are added to the ladle).

5. Creation of PLF is one of the links in energy-
saving high-technology systems of the modern steel-
making industry.

6. Saving of electric power under steel melting
according to the ASMF-PLF scheme is 50—
100 kW /'t as against steel melting only in ASMF.

7. Economic cfficiency of using the steel LT process
is $30-55 per 1 t of rcady product.

8. A spheres of PLF application are resource- and
energy-saving clean technological processes for pro-
duction of high-quality stecls and alloys.

9. Plasma steel LT was put into commercial op-
cration in 100 t PLF at the «Nippon Steel» (Japan)
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in 1988 and in 30 t PLF at the «Bummash» (Russia)
in 1996.

10. Now a new generation of DC and AC PHC of
large capacity designed for using in plasma techno-
logical processes of ferroalloy production is under de-
velopment and successful industrial trials.
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MODEL OF INDUCTION HEATING FOR
PLASMA-INDUCTION GROWING OF SINGLE-CRYSTALS

V.A. SHAPOVALOV"

The quality of metallic single-crystals is largely dependent on the temperature field, formed in plasma-induction heating
that accompanies the processes of single-crystal growth. Considered in this connection is the problem of mathematical
modelling of a single-crystal induction heating, to achieve optimal control of its temperature field formation. The
problem of induction heating of a single-crystal is defined as a non-linear boundary problem of mathematical physics.
Numerical-analytical solution of this problem has been derived and appropriate computer modelling has been performed.

Key words: mathematical model, induction heating, me-
tallic single-crystals, temperature field

Problem definition. Structural perfection of single-
crystals is largely responsible for their properties. Me-
tallic single-crystals, unlike the semiconductor ones,
have a considerable amount of structural defects
(point, linear and volume). The number of defects,
in the opinion of the authors of [1], depends on tem-
perature stresses, arising when single-crystals are
grown. In this connection, investigation of the ther-
mal conditions of single-crystals growing is important
for studying the laws of the dislocation structure for-
mation.

With plasma-induction mcthod of growing [2],
the thermal field in the growing single-crystal forms
under the influence of two heating sources, namely
the induction and plasma-arc. Induction heating is
manifested as resistance heating of the single-crystal
body by high-frequency currents, flowing in a thin
surface layer, and actually provides the stability of
the single-crystal thermal ficld in time. Plasma-arc
heating provides melting of the consumable material
and single-crystal formation or growth. A zonc,
through which the heat comes from the plasma-arc
heating source to the erystal, is the metal pool surface.
In the case of formation of a profiled single-crystal,
the plasma heating source moves over the surface be-
ing build-up, causing a periodical change of tempera-
ture in each point of the crystal. For a fixed point in
(or on) the single-crystal body the process is of an
oscillatory nature with a decreasing amplitude. Peri-
odical temperature fluctuations, in view of the arising
stresses, should influence the forming structure of the
single-crystal. The influence of temperature variation
on the structure can be different and depends, chiefly,
on the total temperature of single-crystal heating by
high-frequency currents.

The nature of temperature distribution in the crys-
tal at induction heating depends not only on the in-

*The E.O. Paton Electric Welding Institute, Kyiv, Ukraine.
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ductor parameters, but also on the single-crystal di-
mensions. Temperature fields in induction heating can
be studied by various methods: direct measurements,
this being extremely complicated and expensive, or
using mathematical modelling of thermal processes.
In this paper a mathematical modelling method was
selected for evaluation of temperature fields in the
crystal at induction heating. This method allows
studying the nature of temperature distribution, its
dependence on inductor configuration and heating
power. Dectermination of the actual temperature
value, however, is still problematic, in connection
with the assumed inaccuracy of description of the heat
exchange conditions on the single-crystal boundary,
when taking certain assumptions for calculation, that
allow defining a lincarized mathematical problem.

Development of a mathematical model of single-
crystal induction heating. Let us assume, that the
power of the electromagnetic flow is proportional to
the square of the magnetic field intensity. At the
change of current in the inductor, the magnetic field
intensity changes simultancously over the entire sin-
gle-crystal surface. The induced current density
changes in all the points of the heated ingot surface,
accordingly, i.e. the density of the heat sources
changes simultancously. Then, the function of the
heat source density can be presented as | 3|

w (x, y, 2, t) = g(Dwy (%, ¥, 2), 1)

where go(t) is the specific surface power; wolx, y, z)
is the heat source density.

Let us find the dependence of the heat source den-
sity on the magnetic field intensity. Let us consider
a plane electromagnetic wave, polarised in plane z0y,
this being justified, as the geometrical dimensions of
the heated single-crystal are such, that its length d
is greater, than width & by almost an order of mag-
nitude, while the inductor voltage changes sinusoi-
dally [4].

Taking into account the above assumptions and
on condition of a constant magnctic p and diclectric
€ permeability, with a little manipulation, allowing
for equations of the magnetic ficld intensity and cur-
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rent density, the specific power on the conducting
medium surface can be given by the following expres-
sion:

(2)

Po = ])Z)IPPA/4 = ;10 fkp Hmm

where Jme is the current den51ty, Hpe is the magnetic
field intensity; p=p ‘1073 is the specific ohmic resis-
tance; p' is its scaled value; [k is the linear frequency;
A is the depth of current penetration, that is defined
as | 3]

Ly _ e
om ;f,ﬂo*2p'20n710;f,;

Specific electrical resistance varies with tempera-
ture by the following law [3]:

Pr=pxp[1+a (@ —20°C)]=pyll+a (T +253K)],(3)

where o = Ap/(pAT) is the resistance temperature co-
efficient. For tungsten, for instance, at T = 20 °C
p20 = 0.55007° OhmMh and a2 = 0.4100 2 K.

Depending on the selected linear frequency of the
generator, heating of the single-crystal can be both
surface heating, with different depth of current pene-
tration, and through-thickness heating. In the real
process the frequency is selected from the condition
of a moderate force impact of the electromagnetic
field on the molten zone (pool).

Thus, we can write, that

wy =poexp [(b/2 — x)/Al. (4)

As regards determination of the dependence of the
specific electrical resistance on the single-crystal heat-
ing temperature, considering the explicit (exponen-
tial) dependence of p on T (3), the exponential de-
pendence can be either approximated by a fractional
rational function, or p can be considered to be constant
in a certain temperature range, and then its value can
be recalculated by equation (3).

In view of the above, we come to the next boundary
problem, describing the process of induction heating
of single-crystals of a rectangular cross-section.

Calculation of the single-crystal temperature
field at induction heating. Let us find the solution
of the boundary problem, describing the temperature
field of a single-crystal of a rectangular cross-section
of height # under the impact of a heat source of density
w [6]:

. ﬂzADZT oA oT 0)\0T a)\ 6T
Pe, ar 0 o0x Ox Oy dy 62 02 (3)
w = ANOT + w + N(T)
in region

D= g\f O[-b/2;b/2],yO[-d/2;d/ 2], 2010, k], t > Og,

where A = N(T) is the heat conductivity factor; ¢y =
= ¢o(T') is the specific heat at a constant volume; O
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is the Laplace operator; N(T) is the non-linear part
of the equation.
Boundary conditions are:

%D.nozo —Ao-Z—T = 0pu(T) | =125 (6)
%Dy =0~ A= %Dy can =D y=a2 D)
- Z_T =0p, (M) .=0; (8)
A =m0 ®

Initial conditions are T(x, y, z, 0) = T'(x, y, 2).
Specific power of heat losses is given by the fol-
lowing equation:
Bp(T) =0 (T =Te) +ap (T = T,) =

’ (10)
=o,T — ng +¢eo0T",

where o, = a,, a, = a,, a; = a,, and a, = a,, are the
coefficients of heat exchange with the environment;
€ is the emissivity; o is Stefan—Boltzmann constant.
Coefficient is given by

Dy, =T, (ap + aonk). an

It is assumed, that in the latter expression the
coefficients of the single-crystal heat exchange with
the environment are constant, but their numerical
values should be determined during modelling. This
actually means, that when modelling the direct heat
transfer problem, an inverse problem also has to be
solved, namely determination of the coefficients of
heat exchange between the single-crystal and the en-
vironment.

Dependence of the coefficients of heat conductiv-
ity and heat capacity of the material on temperature
can be written as follows:

(12)

(13)

NT) = Ay + MT + AT + AT
C,,(T) = Cyo + CMT + sz2T2'

The magnitudes of these coefficients are determined
from experimental data. The following dependencies
were derived for tungsten:

NT) = 196.4 — 0.1357T + 0.463107°7* +
+0.36200 7773,

(14)

c(T) = 130 + 0.0136T + 0.40400°T*. 15)

Taking these dependencies into account, the non-lin-
ear part of the boundary problem (5)—(9) becomes
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+ pT(CU1 + CZ)QT) E'

Solution of the defined boundary problem will be
sought, using the iteration method. Let us first find
the solution of the linearized problem

oc Gl _ ?ZT(U) .\ T aZT(U)B.;. v (17)
Por "o a0t g
Boundary conditions are:
aT(U)D =0 —aT(U) + & T(O)D =
Ox =x=0 ’ ox )\0 x=b /2
(18)
=D, =Dy/\;
or? _o o + %0 _
y=0 ’ y=d/2
oy v o0y Ay Y (19)
=D, =Dy h;
o a,
ag —190_ =D, /N,
2N (20)
T a, 0
=—+—7190_ =D, /).
0z 7\0 DZ =h 2,/ 0

Initial conditions are T(x, y, z, 0) = Tolx, y, 2).

Let us apply to the boundary problem integral
transformations by space variables x, y, z [7]. Eigen
functions Zu(znz), Ym(omy), Xke(Mrx) of the problem,
corresponding to eigen values zn, vm, Mk, were ob-
tained in the following form:

1 B O
Z(2,2) = ——— [ sin (2,2) + cos (2,2 1
C) = Tz@T &, T 6D o @
Y, (v,y) = . cos (v,,y)
m my - ” Y,,,(y) ” my ’
_ 1 (22)
Xk(u/ex) - ” Xk(x) ” COos (u/ex)~

Let us find eigen values zn, om, Uk of the problem
as a solution of the following equations with relation
to variables s and r:

ssins—d/2B,coss=0,

(23)
rsinr—b/2B, cos r =0,
where B = azix, By, Bz, Bzh%; Bxi = O/ 0.
(Buy + Boy)e cos (oh) + on

+ (BZ()BZ], B 02) sin (vh) = 0; 2, =12,

Solving in the time domain the Cauchy problem,
derived through these transformations, we find the
single-crystal temperature field in the linear approxi-
mation:
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T(O) = Z Zn(z)Ym(y)Xk(x) x

nmk

76 - —
x aTInm/e e ok + inmk (1 —-e mnk)E +

(25)
+ glll(y)Xk(x)Rlzlmk + Z/z(z)[Xk(x)R%nde + Y))I(y)R}‘;illk]Hx

X (1 — efsnmle)’
where
z _ Rznsymsxk . R’U _ R YuSZpS X .
nmk — ’ nmk = y
V;zmzk y;zzm/e
X kasznsym' (26)
nmk — P y
V}zmlk
D) 22 2. _ P,
y?imk_ He + 0y + 25 6nmle - yizzmle I (27)
h d/2
PN I y—d/2)/0
Qnmk _J-Zn(z)q (Z)dZI Ym(y)eU 2 d]/ x
0 0
b/2 (28)

- 24,99 mXq L

yftm k

Values Rz,, Ry,, and Ry, are determined as a result
of application of integral transformations to the
boundary problem. Coefficients of sz, form are inte-

h

x [ Xya)e™ P Bd x
0

grals of szy = I Zn(2)dz form.
0
The non-linear part of equation (5), allowing for
boundary conditions (6)—(8), as a result of integral
transformations, becomes

h d/2 b2

N1(T)nm/e :I I IZTI(Z)YIII(y)le(x) x
0 0 0 (29)
x N[T(O)(xr Y, 2, t)] +NR[T(O)(x¢ Y,z t)] | By

where B is the boundary of domain D.

In order to determine the explicit form of this
function, it is necessary to substitute into the non-
linear part of equation (5) the solution, derived in a
linear approximation, integrate it with respect to the
respective space variables, as well as perform the re-
quired direct and inverse Laplace transformations
(L').

Let us write the general solution of the boundary
problem (5)—(9), describing the temperature field dis-
tribution in the single-crystal, in the following form:

T, y, 2, ) =T, y, 2, £) +

X
o0

(30)
xS ZV X" ELM%M LJNAT""*“)]@

Wk

The results of modelling the derived problem so-
lution are given below in the graphical form. Let us
consider the extreme case, when the single-crystal has
the greatest height. The schematics of three different
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Figure 1. Schematic of single-crystals heating: @ — relative position of the axes of co-ordinates and the single-crystal; b, ¢, d — heating
by a single-, two- and three-section inductor, respectively; 7 — single-crystal; 2, 3, 4 — inductor sections

heating variants are given in Figure 1, and the tem-
perature fields of the single-crystal — in Figure 2.
The form of temperature fields indicates, that the
highest thermal stresses are applied to the single-crys-
tal in heating by a schematic, shown in Figure 1, a,
and the minimal ones — in heating with three sections
(Figure 1, ¢). On the other hand, the crystal surface
temperature in x0y plane is non-uniform, i.e. this
plane is not part of the isothermal surface. Applying
various heating conditions to the mathematical model
allows selection of such an inductor configuration
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that enables the heating process to be conducted with
minimal temperature gradients.

CONCLUSIONS

1. The degree of the single-crystal structural perfec-
tion is greatly influenced by thermal stresses, not only
during the single-crystal growth, but also during its
cooling.

2. Mathematical definition of the problem of sin-
gle-crystal induction heating has been presented as a
non-lincar boundary problem of heat transfer, that

T, K
1800+ —— e oS
e
1 A a:‘i‘g\‘i;‘:\
1400+ IR N
TTTTIRY,
J T
1000+
o
600 = 5
7 ':K-‘E'g':“:‘ 5
200, SRS
12 RO,
SSTIE

esSesti et
T TS e T B
\\3'5“““ x

Figure 2. Temperature field of the single-crystal in section z0y,
d = 0.07 m, specific heat flow on the single-crystal surface in the
zone of heating by a single-, two- and three-section inductor: @ o
q, = 2000; bzf q, = 2000, g, = 60; ¢ — g, = 2000, g, =60, g =
=60 kW ,/m

£S Ty
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allows for the non-linear properties of thermophysical 2

parameters of the material and the conditions of heat

exchange on the crystal surface. 3.

3. Numerical-analytical solution of the boundary

problem has been derived, allowing analysis of the  ,

single-crystal temperature field, formed under the in-

fluence of induction heating and identification of the 5.

conditions of heat exchange with the environment.
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deposition on the substrate to produce:

e protective and structural metallic, ceramic,

blades,cutting, forming and other tools;

self-standing billets;

diamond like coatings.

International Center for Electron Beam Technologies

MULTI-PURPOSE PILOT PRODUCTION ELECTRON BEAM UNIT UE-204

developed by the International Center for Electron Beam Technologies (ICEBT) of the
E.O. Paton Electric Welding Institute, is designed for conducting the following processes:

1. Electron beam evaporation of materials from several sources (up to 4) and vapour flows

metal-ceramic coatings on cylindrical,flat surfaces
and items of a more complex shape, including gas turbine

e dispersion-strengthened, microlaminate and microporous
materials in the form of foil, sheet or massive

e refractory compounds of carbides, silicides, borides;
e coatings of non-equilibrium carbon phases, including

2. Remelting of metals and alloys for ingot refining and production.

3. Other processes of electron beam technology, for instance, heat treatment, brazing, etc.
The above processes can be conducted with injection of up to 500 ccm (6.35 Torr I/s) of gas
into the working chamber. The unit is fitted with six electron guns of ICEBT design. Four guns

The power of each gun is 60 kW, thus allowing various materials to be evaporated with the rate of
up to 1 to 100 mm/min. The working chamber, cathode and beam guide parts of the two gun
chambers have individual pumping down systems. The working vacuum in the working chamber is
(0.3-1.3X10-2) Pa. To improve the efficiency of a number of technological processes, the unit
incorporates a load chamber with a loading device. The unit is fitted with a high-voltage power
source of 250 kW power. Working voltage is 20 kV (25 kV - maximum). A computerized control
system of the unit provides:

* automatic preparation of the unit for conducting a particular process;

* automatic control of the technological process running by the proposed
algorithm;

e acquisition, initial processing and storage of the technological process
parameters in real time.

[CEBT of the E.O. Paton Electric Welding Institute
68 Antonovich st., 03150, Kiev-150, Ukraine
Phone / Fax: (38044) 2273166
E-mail: movchan@ic-ebt1.kiev.ua
www.paton.kiev.ua
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are designed for materials evaporation, and two guns are for heating of the parts being processed.
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MELTING

VACUUM-INDUCTION

RECYCLING HIGH-TEMPERATURE ALLOY WASTE
BY VACUUM REMELTING METHODS

Yu.F. ANIKIN®, I.I. MAKSYUTA", Yu.G. DOBKINA" and M.A. VERBILO"

Combined remelting of high-temperature alloy wastes, used in production of gas turbine engine blades, has been
developed. Thermophysical conditions of melt solidification after remelting are established, that ensure formation of an
equiaxial fine-grained structure in the charge material, thus promoting the increase of high-temperature ductility of the

alloys with preservation of a high level of strength.

Key words: high-temperature nickel alloys, vacuum-in-
duction remelting, electron beam remelting, macro- and micro-
structure

Recycling of metallurgical production wastes of such
deficit materials, as high-temperature resistant nickel
alloys, is becoming a strategic goal under the condi-
tions of Ukraine, both for materials science and for
special metallurgy. Therefore, Physico-Technical In-
stitute of Metals and Alloys of the NAS of Ukraine
developed the technology of recycling conditioned
wastes (gates) of high-temperature ChS70-VI and
ChS88U-VT alloys of Ni-Co—Mo—W system, applied
in production of GTE cast blades.

A feature of the proposed processing modes for
recycling high-temperature alloy wastes, is the fact
that achicvement of the optimal result is only possible
at a multiple refining process. The first stage consists
in melting for compacting and initial refining of the
melt with production of a cylindrical ingot of 70 mm
diamcter, and in the sccond stage the refining remelt-
ing and production of cast items arc performed after
correction of the billet composition. The rationality
of such a two-stage process is attributable to the im-
possibility of using the wastes that accumulate in the
enterprises-manufacturers of gas-turbine engines, as
charge materials without their preliminary refining
trcatment and composition correction.

This paper presents three sequences of the tech-
nological process, cach of which uses cither just vac-
uum-induction remelting (VIR) [1], or combinations
of the induction and clectron beam remelting (EBR):
VIR - VIR; VIR - (VIR + EBR); VIR - (VIR +
+ EBR) - (VIR + EBR) [24].

The thermal impact on the melt during combined
melting can be regarded as thermal-time treatment at
vacuum-induction melting | 5]. In the first case, how-

*Physico-Technical Institute of Metals and Alloys, Kyiv, Ukraine.

ever, it takes place in the local volume of the crucible
at a moderate integral temperature of the melt that
does not exceed 1600 °C. It results in a decrease of
the lining interaction with the melt and considerable
reduction of its contamination with non-metallic in-
clusions, this being confirmed by metallographic in-
vestigations.

Total duration of vacuum-arc remelting is equal
to 28 min, and the specific power consumption is
2.0 kWM /kg; duration of one-cycle combined re-
melting (VIR - (VIR + EBR) is 27 min, and specific
power consumption is 2.5 kW /kg; that of combined
two-cycle  remelting VIR - (VIR + EBR) -
- (VIR + EBR) is 26 min, and specific power con-
sumption is 2.1 kW@ /kg.

As the power consumption and process duration are
almost comparable, the influence of each of the tech-
nological remelting processes on the change of compo-
sition, degree of refining to remove gases and non-me-
tallic inclusions, structural features and mechanical
properties of the alloys, was studied in this work.

In evaluation of the composition of the alloys be-
fore and after remelting, attention should be given
to the fact, that in the majority of cases their com-
position meets the specification requirements, the con-
tent of non-ferrous metal impurities and gases also
being within the ranges, envisaged by the specifica-
tion. Check analysis indicated the following content
of impurity elements in the alloys, %: B ~ 0.001;
Mg ~ 0.01; Sn < 0.0005; Sb < 0.001; Bi < 0.005;
In < 0.001; Cb < 0.00005; O2 < 0.0035; H2 < 0.0003.
Thus, the billets produced by waste remelting, as a
rule, can be used for further processing without any
essential correction of the composition.

Microstructure of 70 mm diameter ingots was stud-
ied on longitudinal and transverse sections |6]. In the

© Yu.F. ANIKIN, I.I. MAKSYUTA, Yu.G. DOBKINA and M.A. VERBILO, 2002
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Table 1. Characteristics of structural components of alloys ChS88U-VI and ChS70-VI

Aveialgl.e a'molun"c of nor- Average size Average size | Average size of Average
Kind of lti nes fclégfz’u;l;ns per of :(ﬁl,i of carbide eutectic Average size of quantity of
ind of remeiting . m{a ate inclusions, precipitates Y-phase, pm Y-phase_per
Casting Casting inclusions, um axb, pm 1 mmz
edge middle Hm
ChS88U-VI
VIR - VIR 30 38 16 10—14 70X36 0.23-0.31 563
VIR (VIR + EBR) 23 16 13 9-13 40X30 0.25-0.32 578
VIR - (VIR + EBR) - 8 5 8 58 24X20 0.21-0.30 591
= (VIR + EBR)
ChS70-V1
VIR - VIR 50 35 7-9 10—-15 62.5X37.5 0.1-0.4 572
VIR- (VIR + EBR) 32 20 6-7 8-12 42.5X25.0 0.1-0.4 385
VIR - (VIR + EBR) - 8 5] 4-5 7-5 25.0X12.5 0.1-0.4 594

- (VIR + EBR)

cast metal of all the remelting series two structural
zones are observed in the direction, normal to the
evaporation plane, namely a subsurface zone of long-
axis columnar crystals, that is replaced by a zone of
grains more uniform in size, when moving closer to
the ingot center. Double combined remelting results
in a maximal refinement of the dendrites. In all the
remelting modes the ingot density is satisfactory, and
no casting defects in the form of scattered shrinkage
cavities or liquation striation are found. This is in-
dicative of the composition uniformity along the en-
tire length of the ingot that is confirmed by the data
of spectral analysis of the specimens from the upper,
medium and bottom parts of the billet.

Studying the content of non-metallic inclusions in
recycled high-temperature alloys reveals an abrupt
reduction of their amount after VIR - (VIR +
+ EBR), as well as a reduction of their size and a
morc favourable distribution through the cast speci-
men volume. Calculation of the quantity of non-me-
tallic inclusions of various types (nitrides, carboni-
trides) and analysis of their distribution were con-
ducted at 400 magnification on transverse microsce-
tions in 25 fields for two specimens from each melt
(without etching). The amount of phases was calcu-
lated for three zones: subsurface zone; zone at 1,2

R
g

ag et

o Ll

radii distance; axial (central) zone. The data derived
for each zone, were averaged. It is proven that a higher
concentration of non-metallic inclusions in the sub-
surface zone is characteristic of all the melts. This is
indicative of washing out of this type of inclusions,
possibly, from the mould material at dynamic impact
on the mould ceramic shell during the melt pouring.
It should be noted, that the number of non-metallic
inclusions and their size are reduced already after
remelting by the sequence of VIR - (VIR + EBR).
Considering, that 100 % is the total amount of non-
metallic inclusions, fine inclusions make up ~ 50 %,
medium-sized ~ 25 % and large ones ~ 25 % for speci-
mens after all kinds of remelting (Table 1).

Ingot microstructure was studied on longitudinal
and transverse sections that were selected from the
upper, middle and bottom parts of the billets. In
specimens of all the kinds of remelting the interden-
dritic areas are fringed with precipitates of round
carbide phases of M23Cg type, and isolated precipi-
tates of fine carbides of the same type and disperse
precipitates of the type of Ti(CN) carbonitrides are
observed in the dendrite axes. Finely-dispersed iso-
lated precipitates of high-temperature carbide phases
are represented through the grain bulk of MC type
carbides (Te, Cr, Mo, W).

b 3 . -.

X

Microstructure of ChS88U-VT alloy after various kinds of remelting: « — VIR - VIR; b — VIR - (VIR + EBR) - (VIR + EBR)

(x200)
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Table 2. Mechanical properties of alloys ChS88U-VI and ChS70-VI after remelting of 100 9% of the wastes

Short-time strength
Kind of remelting

Long-time strength

o,, MPa % v, % T h ‘ 5, % W, %

ChS88U-VI

VIR - VIR 961 5.8 6.2 105 8.2 15.6

VIR - (VIR + EBR) 914 4.8 5.2 151 8.2 19.7

VIR - (VIR + EBR) - 895 4.0 7.7 144 8.3 19.7

(VIR + EBR)

TU 1-809-1040-96 > 882 > 4.0 >5.0 Y 100 >8.0 >10.0
ChS70-VI

VIR - VIR 964 6.4 22.5 103 9.0 13.5

VIR - (VIR + EBR) 979 5.2 21.3 124 8.3 12.0

VIR- (VIR + EBR) - 871 7.2 18.4 328 10.0 14.0

(VIR + EBR)

TU 1-809-1040-96 > 833 > 3.0 =40 > 100 > 8.0 >10.0

Note. Heat treatment mode is homogenizing annealing: heating up to 1170 °C (ChS88U-VI) and 1160 °C (ChS70-VI), soaking for 3 h,
cooling in air; ageing: heating up to 1050 °C, soaking for 4 h, cooling in air; heating up to 850 °C, soaking for 16 h, cooling in air.

Analysis of alloy microstructure after double remelt-
ing and especially after multi-cycle treatment reveals
the tendency for improvement of morphological char-
acteristics of the main structural elements, depending
on the number of high-temperature treatment cycles.
Thessize of carbide inclusions is reduced with the increase
of the number of treatment cycles. The studied speci-
mens, both in the cast condition and after heat-treat-
ment, demonstrate a considerable thinning of the grain
boundaries, absence of massive carbide groupings or
cutectic clusters in the form of round multi-tier «petalss
(see the Figure). Intergranular carbide frame is formed
of disperse carbide precipitates.

Uniformity of medium-sized grains, spheroidiza-
tion and reduction of the carbide precipitate dimen-
sions, both in the middle of the grain and along its
boundaries, reduction of the number of nitride and
carbonitride non-metallic inclusions, almost complcte
absence of acute-angled phases of M23Ce and MC
type — all these are favourable structural changes
(Table 1). They are attributable, possibly, to further
homogenizing of the melt and a higher degree of its
refining under the impact of the electron beam and
influence the increase of long-time strength and duc-
tility of the alloys. Mechanical testing was conducted
according to the existing standards for these alloys.
Ductile properties were determined at the tempera-
ture of 600 °C, strength properties — at the load of
245 MPa and temperature of 900 °C (Table 2).

After all the remelting cycles the alloys did not
manifest any morphological changes of Y-phase. From
remelting to remelting it has a cupola-like shape and
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is uniformly distributed over the section arca. Distri-
bution density remains unchanged, the phase volume
fraction being equal to 43—50 %, this being the optimal
value for this alloying complex.

Favourable structural transformations, found in
the alloys after multiple remelting cycles, are, possi-
bly, attributable to lower values of liquation coeffi-
cients of the alloying elements, i.e. degree of chemical
inhomogeneity of the melt during high-temperature
homogenizing under the influence of electromagnetic
stirring and treatment by the electron beam.

Thus, the proposed improved technology of recy-
cling the conditioned wastes of high-temperature
nickel alloys allowed, in the case of application of
multi-cycle vacuum remelting, production of cast re-
cycled billets with the grade composition, structure
and level of mechanical properties, complying with
TU specification requirements.
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SIMULATION OF WEAR RESISTANCE
CHARACTERISTICS OF HIGH-MANGANESE STEEL
TURNOUT FROGS IN SERVICE

M.I. GASIK ', L.A. SEME}\IOV*, O.P. YUSHKEYICH*,
A.N. OVCHARUK" and Yu.S. PROJDAK

Service conditions of cast frogs of high-manganese steel are considered. The rate of frog failure in service for the reasons
of reaching limit level of contact fatigue defects and higher wear is determined. The paper analyses the joint influence
of carbon and phosphorus on development of service defects in frogs, made of high-manganese steel. Equations of

multiple regression are derived, that describe the interrelation between the content of carbon and phosphorus in 110G13L
steel and the failure rate of frogs in service. Methods for improvement of the quality of 110G13L steel for railway frogs

are determined.

Key words: high-manganese steel, railway turnout frogs,
mathematical simulation, contact fatigue defects, increased
wear, optimal and rational chemical compositions of steel

Unique properties of high-manganese steel 110G13L,
in particular, good resistance to abrasive wear of the
working surface in the deformed condition with rather
high ductile and strength properties, led to its applica-
tion for fabrication of parts, components of machines
and mechanisms (for instance, excavating machine
teeth, wear plates of crushers and mills, turnout cores
and frogs), exposed to high dynamic and static loads
under the conditions of abrasive wear. In operation 5
to 620 MPa pressure is applied to wear plates of various
crushers and mills [1]. Dynamic pressure of 116—
225.4 kN is applied to railway turnout frogs and cores
when the train moves at the velocity of 70 km /h and
axle load of 225.4 kN, the average value of tangential
stresses reaching 1715-2254 mN / m? 12].

Depending on the service conditions of parts and
products of 110G13L steel, the requirements, made
of its composition, are different. A large number of
works are devoted to study of the influence of
110G13L steel composition on its physico-mechanical
properties. However, the issues of the joint influence
of carbon and phosphorus on formation of various
defects in service, leading to shorter service life of
products of this steel, are insufficiently described in
publications.

In this work the case of railway frogs is used to
analyse the joint influence of carbon and phosphorus
on service propertics of heat-treated castings of high-

mangancesc steel. Selection of frogs as an object of
investigations is due to a number of reasons. First of
all, the frogs are exposed to higher dynamic and static
loads in service, than other products, made of steel
110G13L. Sccondly, higher requirements are made of
the performance of frogs, that arc onc of the main
components of railway turnouts, as accident-free op-
cration of railway transport and cconomic charac-
teristics of the railway operation are largely depend-
ent on their reliability and fatigue life.

Our statistical analysis of the data on removal of
520 frogs from scrvice, when the frog service life in
the main track was not less, than 2—2.5 years and not
less, than 140—150 min tons of cargo had been trans-
ported over them, showed, that 40 to 60 % of them
had contact fatigue defects in the roll zone, lcading
to increased tangential stresses and disturbing the
normal operation of turnouts, and 20 to 30 % had
greater wear (more than 7 mm), that results in in-
crease of dynamic pressure of the wheels on the frog.
If the roll surface wear is higher, than 7 mm, the level
of dynamic pressure increases by 188—480 kN, thus
leading to intensive wear of the frogs up to their
removal from service |2, 3]. In view of the above,
statistical analysis was performed of the data on frogs
removal from the track for the reason of having
reached limit parameters of contact fatigue defects
and greater wear.

Frogs of steel 110G13L, removed from service,
had the following composition, %: C — 1.1-1.28;
Mn — 12.4-12.8; Si — 0.49-0.56; P — 0.04—0.082,

*National Metallurgical Academy of Ukraine, Dnepropetrovsk, Ukraine.
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Table 1. Carbon and phosphorus influence on the rate of frog
failure because of contact fatigue defects

Carbon Rate of frog removal from service (%) at phosphorus
content, content in the metal, wt.%
% 0.04 ‘ 0.06 0.075 ‘ 0.085
1.125 7.04 7.40 8.81 9.50
1.175 5.29 5.90 7.76 8.81
1.225 4.24 4.59 5.29 8.11
1.275 2.47 3.53 4.22 7.04

corresponding to the requirements of GOST 7370-96
standard. In the frog metal the content of manganese
and silicon varies only slightly and with a certain
degree of assumption, it was taken to be constant, so
that only the influence of carbon and phosphorus on
development of contact fatigue defects was analysed.

The values of mathematical expectations of the
content of carbon and phosphorus in the metal and
the frog failure rate because of contact defect forma-
tion, corresponding to this composition, are given in
Table 1.

Mathematical processing of the data, given in this
Table, yiclded the cequation of multiple regression,
describing the inter-relation between the content of
carbon and phosphorus in the steel with the rate of
frog failure because of development of contact fatigue
defects.

Combinced influence of carbon and phosphorus on
development of contact fatigue defects, pc, is given
by the following equation:

Pe=32.548 — 26.0 [%C] + 75.413 [%P]. 1)

The estimated mean root square deviation for the ab-
solute term is 3.688, for the factor at [%C| — 3.180
and for the factor at [%P] — 10.490.

As follows from equation (1), with the increase
of phosphorous content in the metal at a constant
content of carbon, the rate of frog failure because of
development of contact fatigue defects becomes
higher. On the other hand, at the increase of carbon
content in the frog metal and approximately constant
content of phosphorous, the rate of frog failure be-
cause of this defect, becomes lower. Different nature
of the influence of carbon and phosphorous on devel-
opment of contact fatigue defects, is attributable to
formation of deformation martensite (g- or a-marten-

Table 2. Carbon and phosphorus influence on the rate of frog
failure because of higher wear

Carbon Rate of frog removal from service (%) at phosphorus
content, content in the metal, wt.%
e 0.04 ‘ 0.06 0.075 ‘ 0.085
1.125 16.93 13.13 7.60 4.14
1.175 11.23 9.67 6.04 3.45
1.225 6.21 5.70 4.83 3.45
1.275 2.76 2.10 1.72 1.04
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site) in service |4], having an incoherent boundary
with austenite that is the main metallogrpahic struc-
ture of heat-treated castings of railway frogs. Forma-
tion of €- and a-martensite in the high-mangancse
high-carbon austenite, having a high (40-80 mJ / m?)
stacking fault energy (SFE) and, therefore, low sus-
ceptibility to phase transformations |5| under dy-
namic loading, is attributed by authors of [4, 6] to a
local lowering of carbon concentration, that may lead
to SFE decreasing to values below 40 mJ,/m”. Ac-
cording to our data [7] with the increase of phospho-
rous content in the steel, carbon solubility in high-
manganese austenite becomes lower. At [P]=0.02 %
interaction parameter EE =1.36, and at [P] =01 %
€€ = 1.64. Cocfficient of carbon diffusion (D11) de-
creases from 8.9M0'" at [P]=0.02 % to 8.0m0 ! IDZ/S
at |P|] = 0.1 %, and non-diagonal coefficient (D12)
becomes —1.430072 m? /s.

Thus, phosphorus reduces carbon solubility in iron,
while carbon, in its turn, lowers the already low coef-
ficient of phosphorus diffusion into steel | 8]. As aresult,
phosphorus content in austenite microvolumes can rise
up to high values, even exceeding its solubility limits
in yiron. Phosphorus atoms drive carbon atoms away
and form microvolumes, depleted or enriched in carbon,
respectively. It is known, that phosphorus determines
the degree of dendrite liquation development and the
size of the austenite grain in interdendritic areas, the
metal of which is the last to solidify. Thercfore, with
the increase of phosphorus content in 110G13L steel,
there is a higher probability of non-uniform distribution
of carbon and phosphorus, thus leading to formation of
chemical microinhomogeneity. The above factors have
an cssential influence on the kincetic of phasce transfor-
mations, proceeding in 110G13L steel. On the other
hand, increase of carbon content in the steel, promotes
stabilisation of austenite |9], thus ultimately resulting
in slowing down of martensite formation processes.

Values of mathematical expectations of carbon and
phosphorus content in the metal, and the rate of frog
failure because of inadmissible wear, corresponding
to this composition, are given in Table 2.

Mathematical processing of data from this Table
yielded the equation of multiple regression, describing
the combined influence of carbon and phosphorus on
the rate of frog failure because of higher wear pw,
that has the following form:

P = 82.906 — 56.37 [%C] — 138.64 [%P]. )

The estimated mean root square deviation for ab-
solute term is 10.901, for the factor at | %C| — 8.943
and for the factor at [%P] — 29.480.

Analysis of equation (2) shows, that with the in-
crease of the content of carbon and phosphorus within
the range of the grade composition, the rate of frog
failure because of greater wear of the roll surface,
becomes smaller. Carbon and phosphorus have a simi-
lar effect on frog wear resistance. Increase of wear
resistance with the increase of carbon content in high-

1/2002




manganese steel is accounted for by the fact, that
carbon forms interstitial solid solutions at phosphorus
concentrations of not more, than 0.09 % in heat-
treated steel 110G13L. Increase of the content of in-
terstitial element in the solid solution above its «free
dissolution concentrations results in further distor-
tion of the crystalline lattice. The term «free disso-
lution concentrations is understood to be the amount
of interstitial elements, that is found in the solid
solutions under quasi-equilibrium  conditions,
achicved by slow solidification or during long-term
isothermal soaking above A3 temperature and sub-
sequent slow cooling at a rate of not more than 20—
50 deg,/h |10]. For instance, when carbon concen-
tration in steel 110G13L is increased from 0.9 to
1.3 %, the tetragonality (¢ /a ratio) of fcc-lattice in-
creases from 1.04 up to 1.06. This induces local
stresses, rising up to 400 MPa, and results in increased
number of dislocations, appearance of annealing and
deformation twins, and in some cases lcads to devel-
opment of stacking faults |4, 10]. Formation of large
numbers of dislocations, their clusters and stacking
faults, results in dislocation fixation and increased
resistance to their sliding at application of external
forces [10], this leading to strengthening of the frog
metal and ultimately slowing down the wear process
(height reduction). Phosphorus atomic radius (7, =
= 0.130 nm) being larger, than that of carbon (r. =
=0.101 nm), crystalline lattice distortion, caused by
phosphorus dissolution, is greater, than at carbon dis-
solution. This, at other conditions being equal, is
exactly what accounts for a stronger influence of phos-
phorus on improvement of high-manganese steel wear
resistance.

Regression models (1) and (2) allow forecasting
the service properties, determining the optimal and
rational content of carbon and phosphorusin 110G13L
steel, designed for production of castings of railway
turnout frogs and cores.

Equations (1) and (2) were used to plot the dia-
gram (see the Figure), that allows selection of the
ratio of carbon and phosphorus content in the finished
metal, providing a rational combination of service
propertics.

Simultaneous solution of equations (1) and (2)
with respect to unknown [%C] and [%P] yiclds a
system of equations, that describe the dependence of
110G13L steel composition on the specified service
propertics of the frogs and the cores:

[%C] = 1.375 — 0.0176p, = 0.0095p,, (3)

[%P] = 0.04 + 0.0072p, — 0.00335p,. (4)

The derived equations allow forecasting the opti-
mal content of carbon and phosphorus, at which the
wear and development of contact fatigue defects will
be minimal. Selecting from Tables 1 and 2 the minimal
characteristics of wear pw min = 1.04 and of contact
fatigue defect development pe min = 2.47 and substi-
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Diagram of frog failure rate because of contact fatigue defects and
higher wear at different content of carbon and phosphorus in
110G13L steel: @ — experimental data; O — design data; A —
peaks in rational value region

tuting them into equations (3) and (4), we determine
the optimal content of carbon and phosphorus:

[%Clope = 1.32,  [%Ploy = 0.054. 3)

Taking into account the calculation corrections,
we get the optimal combination of the steel chemical
components |%Clopt = 1.29 and |%PJopt = 0.0458,
that determines Aopt point in the space of parameters
pw and pe (Figure 1). Point Aopt has a statistically
diffuse region Q, evaluated through confidence prob-
ability B, which determines the rational limits of serv-
ice parameters.

Let us write the interval estimate of minimal val-
ues of service properties pw min and pe min with con-
fidence probability B (assigned by the experimenter
and usually equal to 0.9-0.95), considering that the
negative second addends in the expression for the
considered problem are meaningless:

Pwp = Pwmin T ng/Vn, (6)

Pe B = Pc min + tBG/Vna (7)

where ¢g is the accuracy of interval estimate of pw min
and pec min at confidence probability B (found from
Student distribution table); n is the number of ele-
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Q

ments of the total population; o is the mean root
square deviation.

Expression (6) and (7) allow finding rational in-
tervals of variation of service property values [ pw min,
pw| and | pe min, pel, that in the system of pw and pe
co-ordinates form a rectangular region of the optimal
service properties Q (see the Figure) with peak co-
ordinates: Aopt(pc min, pPw min), B(pc, pPw 1ni11),
C(pc min, Pw B) and D(pc B, pw B) Assigning the thus
found various combinations of rational values of the
frog service properties, that are the co-ordinates of
points, belonging to the region of optimal values, Q,
it is possible to find from equations (3) and (4) the
rational values of carbon and phosphorus content in
the finished metal. For instance, at pw = 4.14 and
pc min — 247 [%CJ = 1262, [%PJ = 00354, atpw min —
=1.04 and pec = 4.22 | %C| = 1.291, [%P] = 0.067.

The required content of carbon in the finished metal
at phosphorus concentration specified during the steel
production, can be found from the following equation:

[%C] = 1.415 = 0.0104p, — 0.0128p,, — [%P], (8)

derived from the system of equations (3) and (4).
Carbon and phosphorus concentration in the fin-
ished liquid high-manganese steel 110G13L can be

controlled, by melting it by the technologies, devel-
oped and proposed by the Chair of Electrometallurgy
of National Metallurgical Academy of Ukraine |7],
envisaging out-of-furnace dephosphorization or decar-
bonization of the steel pool, using gaseous oxygen.

1. Andreev, S.E., Petrov, V.A., Zverevich, V.V. (1980)
Crushing, grinding and screening of mineral products.
Moscow: Nedra.

2. Simon, V.I. (1983) Operation of turnouts. Moscow: Trans-
port.

3. Glyuzberg, B.E. (1984) Features of turnout wear. Vestnik
VNIIZhT, 3, 39-42.

4. Petrov, YuN. (1978) Defects and diffusionless transforma-

tions in steel. Kyiv: Naukova Dumka.

. Gasik, M.I., Petrov, YuN., Yakubtsov, I.A. et al. (1988)
Phosphorus influence on austenite stability in high-manga-
nese steels. Doklady AN Ukr. SSR, Ser. A, 6, 78-80.

6. Gasik, M.I., Petrov, Yu.N., Semenov, 1.A. et al. (1987)
Phosphorus influence on local structural instability and me-
chanical properties of steel 110G13L. Problemy Spets. Elek-
trometallurgii, 1, 13—18.

7. Gasik, M.I., Petrov, Yu.N., Semenov, 1.A. et al. (1990)
Metallurgy of high-manganese steel. Kyiv: Tekhnika.

8. Kazarnovsky, D.S. (1966) Influence of arsenic, phosphorus
and carbon on steel properties. Moscow: Metallurgia.

9. Lee, Y-K., Choi, C.-S. (2000) Driving force for y-¢
martensitic transformation and stacking fault energy of y in
Fe-Mn binary system. Metallurgical and Materials Trans-
formation, 2, 355-360.

10. Karaman, I., Sehitoglu, H., Gall, K. et al. (2000) Deforma-
tion of single-crystal hadfield steel by twinning and slip.
Acte Mater., Vol. 48, 1345-1359.

(923

ENTHALPY OF LIQUID SLAGS OF THE CaO-Al203-SiO>
SYSTEM AT DIFFERENT TEMPERATURES

L.P. MOJSOV ", B.P. BURYLEV and D.M. LAPTEV

Relative enthalpy of liquid slags of the CaO—AL,0,-SiO, system of different compositions and at different temperatures
was calculated on the basis of the V.A. Kozheurov's theory of regular ionic melts and standard reference data. Isenthalpies

of this system were obtained.

Key words: relative enthalpy of slags, statistical-thermo-
dynamic theory, thermodynamic values, basicity, isenthalpy

Slags formed in electric arc welding and surfacing
should meet different requirements. One of them is
to minimize power consumption, which is determined
by a relative enthalpy of liquid slags. The latter was
calculated in this study for the ternary system CaO—
Al203-SiOa.

Express relative enthalpy of the i-th component
at temperature T in solid state S in terms of
AH,D =H,] — H2®" Then the relative enthalpy of

is A) °
a mechanical mixture of k solid components will have

the following form:

*OJSC NIIMontazh, Krasnodar, Russia.
**Siberian State Industrial University, Novokuznetsk, Russia.
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k

AH = Y N (1)

AR
i=1
where x; is the ionic or mole fraction of the component
in a mixture (depending upon the statistical-thermo-
dynamic theory used).

In heating a mechanical mixture, the first portions
of a liquid slag appear at temperature T's, and the last
portions of solid phases disappear at a temperature
below the melting points of individual components.
Therefore, to produce a liquid slag at temperature T,
lower than the melting point of the highest-volatility
component, it is necessary to preliminarily transform
components from the solid state into the liquid one.
Variation in enthalpy in this transition can be con-
sidered equal to the tabulated enthalpy of melting,
as the latter varices but slightly with the temperature.

1/2002




In this connection, the relative enthalpy of a liquid
slag, in an assumption that slag is an ideal solution,
is as follows:

k

T T melt
AH :Z x; (AH g +AH™).

i=1

(2)

Here AH i"‘“h is the tabulated enthalpy of melting of
the i-th component.

To obtain the true relative enthalpy of a liquid
slag, the enthalpy of formation of slag of pure com-
ponents, normally called the enthalpy of mixing,
AH mix, should be added to the right part of expression
(2). Then

k ( 3)
X @le + AHimOh H+ AI_Imix'

i=1

T o_
AH =

The enthalpy of mixing can be determined provid-
ing that the statistical-thermodynamic theory is avail-
able, which satisfactorily describes thermodynamic
properties of a liquid slag. This condition is met by
the V.A. Kozheurov’s theory of ionic solutions with
a common ion |1].

According to the Kozheurov’s theory, enthalpy of
mixing of slag (J/g-cation), consisting of & compo-
nents, will be written as follows:

k-1 k

AH = z Z x; 4 Qy + (B — 1y’ Z x; q;, (4)
i

i=1 j=i+1

k=1

where Qjj is the energy of mutual exchange in the i—f
system; x; and xj are the ionic fractions of cations
introduced by components i and j; xsi is the ionic
fraction of silicon cations; g; is the parameter that
allows for polymerization of silicon-oxygen tetrahe-
drons in the i—SiO2 system.

In this expression summand

k-1

(Bxs — 1) Z x; q;
i

is allowed for only in the case of acid slags, i.e. at
an jonic fraction of silicon equal to xsi > 1,/3. If
xsi £ 1,/3 (basic slags), it decreases. Substituting the
value of the enthalpy of mixing from expression (4)
into equation (3) yields
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k

AHSYI‘ — z % H&H,Y; +AHimelt H+
i=1

k-1 & )

Y Y w0+ G 1)y xar
i=1

i=1 j=i+1

k-1

To obtain a specific relative enthalpy of slag
(J/g), divide expression (5) by mass of 1 g-cation
k-1
of slag, equal to Z xiMi/Vvi (v; is the number of
i=1
g-cations introduced into slag by one mole of oxide;
M is the molecular mass of oxide):

k

T melt
S o« [PH +OH™
k

A/’ZT =i=1

sl

+

z M /v,
i=t
(6)

k-1 k k

z x; x,Qy + (3xs; — 1)’ z X; q;
i=1

+i:1 j=i+1

k

Z x; M; /v;

i=1

In the majority of cases the slags can be regarded
with a sufficient degree of accuracy as consisting of
CaO, Al203 and SiO2, other components being ig-
nored. To describe thermodynamic properties of this
three-component system, based on the theory of [1],
it is necessary to know energy parameters of binary
systems given in Table 1.

Relative enthalpies of the i-th component at tem-
perature T(AH,! ), which are included into formula
(6), are calculated by a traditional method from the
following equation:

Table 2. Heat capacities and enthalpies of phase transitions of
CaO, Al203 and Si02

melt

. T elts AH Heat capacity,
Material K ' J/mole J/ (moleX)
- -3
Table 1. Values of energy parameters in the Kozheurov’s the- a0 2845 75000 G, _41'8,6 220'26@0 T
ory —4.5200° 17*
Al O, 2323 109000 C, = 109.36 + 18.3710° T —
Parameters ’ p
System : : —30.4300° 72

Q, J/mole q, J/mole a-quartz 848 1200 C,=47.0 +34.300° T -
Ca0O-Al 0O, -195000 0 -11.300° 72
Ca0O-Si0O, —113000 +26400 B-quartz 1548 7100 C,=603+8.1007°T
Al,0,-SiO, =70000 0 B-crystal 1986 13000 C,= 60.3 + 8.600° T
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Table 3. Enthalpies (J/g) of the CaO—-Al,0;—Si0, system at different temperatures, basicities and contents of aluminium

oxide (IIT)

Basicity (%CaO /%SiO,)

Al,Os,
% 10/0 ‘ 9/1 ‘ 8/2 ‘ 7/3 ‘ 6/4 ‘ 5/5 4/6 ‘ 3/7 ‘ 2/8 ‘ 1/9 ‘ 0/10
T=1773 K
3182 2914 2684 2498 2337 2258 2337 2247 2266 2266 2215
2994 2761 2559 2390 2246 2185 2165 2178 2208 2215 2197
10 2629 2435 2241 2099 1987 1923 1908 1924 1955 1981 1983
15 2469 2297 2163 2029 1937 1879 1870 1887 1920 1954 1975
20 2343 2197 2075 1978 1900 1854 1841 1862 1900 1941 1975
25 2238 2117 2017 1933 1866 1837 1833 1854 1895 1937 1979
30 2155 2050 1971 1908 1862 1837 1833 1854 1895 1946 1987
35 2084 2004 1941 1895 1862 1845 1849 1870 1912 1962 2017
40 2033 1975 1929 1900 1874 1866 1874 1895 1937 1983 2042
45 2004 1962 1929 1908 1895 1895 1920 1933 1966 2017 2075
50 1996 1962 1941 1933 1929 1937 1954 1979 2017 2063 2117
T = 1823 K
3040 2773 2544 2350 2200 2123 2100 2115 2135 2135 2087
2852 2620 2419 2252 2109 2049 2031 2045 2056 2084 2063
10 2700 2505 2311 2168 2056 1991 1975 1991 2021 2047 2048
15 2540 2368 2234 2100 2008 1950 1937 1954 1987 2021 2038
20 2414 2268 2146 2046 1971 1920 1912 1929 1966 2006 2038
25 2305 2184 2084 2004 1937 1908 1899 1920 1958 2004 2045
30 2222 2121 2042 1979 1933 1904 1899 1920 1962 2008 2054
35 2155 2075 2013 1962 1929 1926 1916 1937 1975 2025 2079
40 2105 2042 1996 1962 1941 1933 1937 1962 2004 2050 2109
45 2075 2029 1996 1975 1962 1966 1975 2000 2033 2084 2142
50 2063 2033 2013 2000 1996 2004 2021 2046 2084 2130 2184
T =1873 K
3110 2843 2615 2417 2267 2189 2165 2179 2198 2198 2148
2963 2689 2488 2320 2177 2116 2097 2110 2135 2147 2125
10 2770 2575 2380 2237 2123 2058 2031 2056 2086 2110 2111
15 2611 2435 2305 2167 2071 2017 2000 2017 2050 2084 2105
20 2485 2339 2213 2113 2038 1987 1979 1997 2029 2071 2105
25 2377 2255 2155 2071 2004 1975 1966 1987 2025 2067 2109
30 2298 2192 2109 2050 2000 1975 1964 1987 2029 2075 2117
35 2226 2146 2079 2033 2000 1983 1983 2004 2042 2092 2146
40 2176 2113 2067 2033 2008 2004 2008 2029 2071 2117 2176
45 2146 2100 2071 2046 2033 2033 2046 2067 2100 2151 2209
50 2142 2105 2084 2071 2067 2075 2088 2113 2151 2197 2251
T =1923 K
3182 2914 2684 2493 2337 2258 2237 2247 2267 2266 2215
2994 2761 2559 2390 2246 2185 2165 2178 2208 2215 2192
10 2842 2645 2451 2307 2193 2127 2110 2125 2154 2164 2178
15 2682 2506 2372 2238 2142 2084 2071 2088 2121 2151 2171
20 2556 2410 2284 2184 2109 2059 2046 2063 2100 2138 2171
25 2448 2326 2226 2142 2075 2042 2033 2054 2092 2142 2176
30 2364 2264 2180 2117 2071 2042 2038 2059 2096 2142 2184
35 2297 2218 2151 2105 2071 2054 2054 2075 2113 2150 2213
40 2247 2184 2138 2105 2079 2071 2079 2100 2138 2184 2243
45 2218 2171 2138 2113 2105 2105 2113 2138 2167 2218 2276
50 2205 2176 2151 2138 2138 2142 2159 2184 2218 2264 2318
40 E] ; LIS I 1/2002
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Tq g

DHy =[CdT +DH P+ [CraT +

(A pi
298 Ty

, )
+AHP Y+ CPA’. dr,

T
where C 7 and CIE—C ) are the molar heat capacities
of modifications a and B-A; Ta and Tp—Ta arc the
temperatures of the modification transitions; AHOP
and AHPYY are the enthalpies of modification transi-
tions a- P and By, respectively.

Thermochemical data [2, 3] required for calcula-
tion of relative enthalpies of pure CaO, Al203 and
SiO2 are given in Table 2.

Table 2 was used to derive temperature depend-
encies of a relative enthalpy of pure solid oxides upon
the temperature (J/mole):

Substituting dependencies (8) to (10) together
with values of enthalpies of melting of components
from Table 2, and energy parameters from Table 1,
yields calculation formulae for specific relative en-
thalpies of slags of the CaO—Al203-SiO2 system:

r 21 (60110 +41.86 T + 10,1300 T2 + 4.5200° T ) .

Dhy - -
s 56x1 + S1x2 + 60x3

, %2(32700 + 54.68 T + 4.60007° 7% + 15.2200° T ) |
56x1 + 51a2 + 60x3

L 3.(800 + 60.3T +4.300° 7% an

56x1 + 51x2 + 60x3

(19500015 + 11300051 — 70000x25) + (313 — 1)2264001;
56x1 + 51x2 + 60x3 ’

Here numerical indices of ionic and mole fractions
correspond to the following numbering of the com-
ponents: CaO — 1, Al2O3 — 2 and SiO2 — 3.

In study |4] similar calculations, but for the four-

T
AH(, =—14890 +41.86 T + (8) component system CaO—MgO—-Al203-SiO2, are com-
+10.1300° T2 + 4.5200° T pared with experimental data, and they are in satis-

factory agreement for a wide range of temperatures
AH,! = —43600 + 109.36 T + %) of solid and liquid states of slags. Thcrc.forc, equation
s ] (1) was used as a base for the calculation of relative
+9.19007° T2 + 30.4300° T ~*, enthalpies of slags of the CaO—-Al203-SiO2 system
, s at four temperatures, and the calculation results for
AHg, =-12200+60.3T +4.300° T (10) cach of the temperatures, constant concentrations of
(above 1548 K) Al203 and different basicities of slags are given in
SiO, Si0
SiO,
CaO 9.0 8.0 7‘0 610 5'0 4I0 3I0 2I0 1I0 Al O3 CaO 9IO 8.0 7.0 6.0 5.0 4.0 3.0 2IO IIO ALO;
b d
Dependence of specific relative enthalpy of slag upon the composition of the CaO—Al,0,-SiO, system at temperatures: ¢ — 1773 K

(1 — 1883; 2 — 1925; 3 — 1966 J/g); b — 1823 K (/ — 1966; 2 — 2008; 3 — 2050 J/g); ¢ — 1873 K (1 — 2050; 2 — 2092;
3 — 2134 J/g);d — 1923 K (1 — 2134; 2 — 2176; 3 — 2218 J /g)
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Table 3. Basicity (%CaO /%SiO2) and weight per-
cent of Al203 were selected as the main parameters
which determine composition of a slag. Ionic fractions
of calcium, aluminium and silicon were found from
the composition in percent, followed by calculation
of Ak from formula (11).

Analysis of the Table shows that a specific relative
enthalpy of the three-component slags at a constant
content of Al203 with a decrease in basicity passes
through a minimum at a basicity of 0.6-0.7. At an
Al203 content of more than 30 %, the minimum shifts
towards higher basicity, and at 30 % of Al203 it
corresponds to a basicity of 1.5.

An increase in the Al203 content of slags of con-
stant basicity, at the values of basicity higher than
9, is accompanied by a decrease in Akg over the in-
vestigated range of compositions, whereas at basicities
below 9 the Ak = f(%Al203) dependence has a mini-

mum. For slags with a basicity of 1.5 (6,/4) and
lower, this minimum is in a range of 25-30 % Al20s3.

Existence of two minima gives rise to a question
concerning slags with the lowest value of a specific
relative enthalpy. It follows from Table 3 that slags
with a basicity of 0.6-1.0 at 25-30 % Al203 have the
lowest value of Ah). In the Figure the data of the
Table are given in the form of isenthalpies of the
CaO—-Al203-SiO2 system.

It should be noted in conclusion that the developed
method for calculation of a specific relative enthalpy
of slag, in the case of using modern statistical-ther-

42 ELE("I‘R{),\IE’I‘ALLL‘-RG\'

modynamic theories of slags, provides good agreement
with experiments, and allows calculation of the dia-
gram of isenthalpies. At the same time, calorimetry
measurements of a relative enthalpy of liquid slags
of the CaO—Al,05-Si0; system at different tempera-
tures are required.

CONCLUSIONS

1. Equation for calculation of a relative enthalpy of
liquid slags of the CaO—-Al203-SiO2 system was de-
rived using reference data on enthalpies of phase tran-
sitions and heat capacities of individual oxides, and
the V.A. Kozheurov’s statistical-thermodynamic the-
ory of regular ionic melts.

2. Calculations of enthalpy of liquid slags were
made for a wide range of compositions and at different
temperatures. Lines of equal enthalpies of slags were
plotted. It is shown that enthalpies may have mini-
mum values at different compositions. It was estab-
lished that slags with a basicity of 0.6—1.0 at 25-30 %
Al,O3 have the lowest values of a relative enthalpy.

1. Kozheurov, V.A. (1955) Thermodynamics of metallurgical
slags. Sverdlovsk: Metallurgizdat.

2. (1965) Thermodynamic properties of inorganic materials.
Handbook. Moscow: Atomizdat.

3. Belyankin, D.S., Toropov, N.A., Lapin, V.V. (1949) Physi-
cal-chemical systems of silicate technology. Moscow: Prom-
stojizdat, .

4. Laptev, D.M., Mojsov, L.P., Burylev, B.P. (2001) Tem-
perature dependence of enthalpy of the CaO—MgO-Al,O,—
Si0, system. Dep. in VINITI No.1088 on 24.04.01. Krasno-
dar: OAO NITMontazh.
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PYROMETRY MEASUREMENTS IN EBCH MELTING

V.N. FEDOROV', V.A. SHCHEKIN-KROTOV" and A.M. KASUMOV"

The possibility of using a pyrometer to determine a molten metal temperature through a window with a variable optical
density is shown. The temperature measured is adjusted during the melting process by a liquidus temperature of the

metal melted.

Key words: electron beam melting, pyrometer, tempera-
ture, titanium, window, measurement

Measurement of a temperature of molten metal in
electron beam cold-hearth (EBCH) melting is an im-
portant technological operation, allowing regulation
of both melting process and properties of a finished
product. Unfortunately, traditional measurement
methods, such as pyrometry, are rather difficult to
use because of continuously varying optical transmis-
sion of glass and light attenuators in windows. In this
case, in a formula of conversion of brightness tem-
perature Th, measured by a pyrometer, into actual
temperature 7 [ 1]

l:L{_A

T, ()

constant A becomes a variable, thus making it impos-
sible to convert Tp into T.

Indeed, as shown by calculations, the A value can
be given in the following form:

Ay 90

A= ,
G, ncosd)

(2)

where A = 660 nm is the effective wave length of the
pyrometer; C2 = 1.42870072 mMdeg is the constant;
a is the optical transmission of glass and light attenu-
ator in the window; Q is the emissivity factor of
molten metal at the effective wave length and ¢ is
the angle between the line of sight and perpendicular
to the surface of a molten metal. This shows that in

melting the A value should vary because of a decrease
ina. This drawback can be eliminated using periodical
adjustment of the A value, which can be readily
achieved by measuring Th of any process that has a
known actual temperature T, followed by substitution
of the values obtained into conversion formula (1).

In EBCH, solidification of metal in its discharge
from the cold hearth into the mould can be selected
as such a process. The discharge is accompanied by
periodical (2-4 min) melting and solidification of
metal in the discharge spout, which allows adjustment
of the A value to be made at a frequency corresponding
to its very small variations. In addition, selection of
the process is advantageous also in the fact that stir-
ring in the cold hearth provides metal with a high
homogeneity of chemical composition, and T does not
require any adjustment to fit the constitutional dia-
gram.

Relative error of measurement of the actual tem-
perature in EBCH, determined from conversion for-
mula (1), is 4 %, which is 2 times as high as that
in measurement without glasses and light attenu-
ators [2].

The method described was employed for measuring
temperature of the surface of molten metal in melting
of ingots of alloy VT6 and commercial titanium VT1-0
with a diameter of 0.40 and 0.64 m, respectively.
Schematic of location of measurement points and
mean values of the temperature at them are shown in
Figure 1 and in the Table.

Conditions of measurement of actual Ingot Temperature at measurement points, “C
temperature of molten metal No. 1 5 3 4 5 6
Melting of alloy VT6 in a mould 108 1801 1763 1670 - 1756 -
0.42 m in diameter 110 1769 1753 1670 _ 1703 _
121 1775 1770 1670 - 1741 -
122 1791 1782 1670 - 1782 -
Melting of alloy VT1-0 in a mould 37 1805 1992 1668 1996 2010 1742

0.65 m in diameter

*AOZT «FIKO», Kyiv, Ukraine.

© V.N. FEDOROV, V.A. SHCHEKIN-KROTOV and A.M. KASUMOV, 2002
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Figure 1. Schematic of location of points of measurement of tem-
perature in the melting chamber: 7 — zone of melting of a con-
sumable billet; 2 — cold hearth; 3 — discharge spout; 4-6 —
mould

Increase in T with an increase in diameter of the
mould is associated with variations of chemical com-
position of metal being remelted and electric current
parameters of clectron guns.

Effect on the melt by the beam causes an increase
of 400—500 °C in the T values. Therefore, temperature
of molten metal was measured at the absence of emis-
sion of electrons.

Variations in temperature T at the measurement
points occur mainly simultancously with variations
in temperature of cooling water T'w (Figure 2).

T.°C
2300
2100

1900

\/\47\/\,\/\\/_ 15

04 06 08 10 1.2 14 16 18 Li,m
a

T,°C
2300

1700

Tw, °C

35
2100

1900 - 1
MV\N\; %

04 06 08 10 1.2 14 16 18 L;,m
b

Figure 2. Variations in temperature of molten metal (7) and cooling
water (2) depending upon length L, of a drawn out ingot in mould
0.42 m in diameter (¢) and in cold hearth (b)

1700

Analysis of the obtained values of T shows that
in a working range of temperatures the errors are
distributed in accordance with the normal law, and
a mean-root-square error is 32.5 deg, while the modu-
lus of precision is 0.123 deg™/2.

1. Novikov, LI., Gordov, A.N. (1983) Methods and means of
optical pyrometry. Moscow: Nauka.

2. (1975) Optical pyrometer OPPIR-017. Description and op-
erating rules. Khmelnitsk.

FIKO JSC

of titanium bars, wire,

tubes as per two
specifications:
ASTM and GOST

5, Druzhby Narodov blv., apt. 617
01042, Kiev, Ukraine

Tel.: (+38 044) 268 3344, 268 3379
Fax: (+38 044) 268 3513

E-mail: fedorov@fiko.ru.kiev.ua
www.titanium-fiko.com.ua

produces titanium ingots as
well as can offer a wide range

sheets & plates, seamless
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E.O. PATON ELECTRIC WELDING INSTITUTE
OF NATIONAL ACADEMY OF SCIENCES OF UKRAINE

The E.O. Paton Electric Welding Institute, a R&D
centre established in 1934, is a multi-profile R&D
complex which carries out the fundamental and ap-
plied rescarch, develops technologies, materials,
equipment and control systems, rational welded struc-
tures and items, methods and means for technical di-
agnostics and non-destructive testing in the following
areas:
* advanced technologies for materials welding and
joining;
o strength, reliability and fatigue life of welded
structures;

e technologies for surfacing, coating and surface

treatment;
o processes of special electrometallurgy;
» advanced structural and functional materials.
The PWI is a team of highly-qualified researchers
among which there are 61 Doctors of Science (Eng.),
and 252 Cand. of Sci. (Eng.). Departments and labo-

ratories of the Institute are fitted with the advanced
research and measurement-analytical equipment.

The PWI fulfills orders of local and foreign partners
in the following arcas:

e R&D;

o scientific and technical consultations;

» scientific-technical and environmental examination
of projects, structures and technologies;

» training and certification of the research and engi-
neering-technical personnel and workers;

» design of special equipment and fixtures;

* engineering and technical assistance in transfer to
the interested organisations of the advanced tech-
nologies, equipment, control and monitoring sys-
tems;

o standard and special tests of welded joints;

» certification of structures, technologies, materials
and equipment in compliance with national and in-
ternational standards;

o providing scientific-technical and reference infor-
mation;

o exportimport operations.

Scientists of the Institute achieved considerable suc-
cess in the theoretical and experimental studies of the
arc discharge physics, low-temperature plasma, high-
power sharply-focused electron beams, energy conver-
sion for different processes of welding, melting and
solidification of metals, hydrodynamics of welding
and clectrometallurgical processes, processes of evapo-
ration and condensation in vacuum, strength of welded
structures under different conditions of service, as well
as in development of special equipment and systems
of automatic control. The results of these studies were
implemented by the Institute in specific technologices,
advanced materials and structure and unique cquip-
ment.
The Institute incorporates the design-technological
bureau, engineering centres on advanced technologies,
technological bureau and pilot production on explo-
sion welding and trecatment, as well as three pilot
plants for welding cquipment, welding consumables
and advanced technologies, which are capable of de-
veloping, manufacturing and supplying experimental
samples and batches of special equipment, welding
consumables and filler materials, welded structures
and items.
The PWI publishes the following journals in English
and Russian languages:
»  <«The Paton Welding Journal»
(monthly), English
* <Advances in Electrometallurgy»>
(quarterly), English
e <Avtomaticheskaya Svarkas
(<«Automatic Welding»)
(monthly), Russian

o «Tekhnicheskaya Diagnostika i NRK»
(«Technical Diagnostics
and Non-Destructive Testing»)
(quarterly), Russian
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*  <«Problemy Spetsialnoj Elektrometallurgiis
(«Problems in Special Electrometallurgy»)
(quarterly), Russian.

The PWI has extensive international experience in
accomplishing R&D projects for space exploration,
development of new power systems, construction of
main gas and oil pipelines, work in the underwater
shelf, rocket and aircraft construction, production and
processing of mineral resources, development of
unique welded structures and constructions.

The PWI offers cooperation on the following ficlds:

o multi-functional thin- and thick-film composite
coatings;

o amorphous and superhard materials for strengthen-
ing and protection of surfaces of parts;

» advanced high-energy processes of surface treat-
ment,

» aduvanced processes of recycling of ecologically haz- .
ardous wastes;

o use of advanced Al-, Ti-, Ni-base alloys in welded
aircraft structures;

» technologies of welding, cutting and repair under
water at large depths;

e wear-resistant electric arc and electroslag surfac-
ing of parts of machines and mechanisms with the .
aim of extending their service life;

46 E RDYAINCIES 1Y
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highly-effective technologies and welding consu-
mables for welding titanium and its alloys, which
allow making joints on 0.8 to 1.5 m thick metal;

technology for producing fine-grained Ni- and Ti-
base alloys, as well as pure alloys and oxygen-free
copper by the method of electron beam melting in
the intermediate crucible;

highly-effective processes and advanced welding
consumables for arc welding of commercial grades
of copper and its alloys of 0.5 to 50 mm thickness;

automatic submerged-arc welding;
plasma-arc welding;

welding in the atmosphere of different shielding
gases (argon, helium, nitrogen), including by using
activating fluxes (A-TIG process);

welding and rvepair of large-sized copper parts
with highly-efficient electrodes of ANTs-3 type;

pulsed-arc non-consumable electrode welding of
Al—Li and other high-strength light alloys of dif-
ferent alloying systems for fabrication of critical
products. The technology provides an improvement
of 10 to 15 % in the quality of welds and their
strength;

pulsed-arc consumable-electrode welding of sheet
strucures (1 —4 mm) for fabrication and repair of
boats, launches, ship superstructures, equipment for
the food and chemical industry, car-tanks, pipe-
lines, etc. The technology is characterized by de-
creased distortions and reduced costs of welding;

electroslag welding of components of aluminium
busbars and billets of a large cross-section (50 to
210 mm thickness) under stationary and field con-
ditions. The electrical resistance in the joining
zone is not higher than that of the base metal and
is characterised by a high stability,

electroslag welding of critical thick-walled struc-
tures, such as frames of rolling mills, pressing
equipment, etc.;

electron beam and laser welding and surfacing of
aluminium alloys for fabrication of large-sized
shells and tanks, stringer panels, structures of
heat-exchangers, household equipment and appli-
ances, pistons with cooling cavities and strength-
ened grooves for rings. The technology provides a
high quality and stability of mechanical properties
of permanent joints of 0.5 to 350 mm thickness;

joining of dissimilar metals and composite Al-base
materials with fibrous (steel, silicon carbide, carb-
on, boron) and disperse (oxides, carbides, interme-
fallics) reinforcement. The technologies and mate-
rials are used in ship-building, motor industry,
aerospace engineering, electrical engineering, in
welding aluminium and its alloys with steels, cop-
per and other metals;

R&D in the area of high-rate electron beam evapo-
ration of materials in vacuum, including by using
a <hot sources;

study of the intensive vapour flow condensation
and fabrication of non-organic materials with pre-
scribed structure, such as dispersion strengthened,
microlayer, microporous materials;

investigation of properties of new materials and
searching for the ways of their practical applica-
tion, first of all in the form of different coatings;
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development of microlayer and gradient coatings
for various-purpose gas turbine blades;

development and manufacturing (if necessary,
jointly with other manufacturers) of electron beam
guns, as well as laboratory, pilot and commercial
EB PVD equipment;

professional training of researchers, engineers and
technicians for operation in the field of EB PVD;

technologies of electron beam welding of low- and
high-alloyed steels up to 150 mm thick, including
the technology of fading-out of circumferential
welds, titanium, aluminium and their alloys of up
to 250 mm thick;

products for electronic, aerospace and medical en-
gineering, made from titanium, aluminium, molyb-
denum, zirconium and their alloys from 0.05 to
1.00 mm thick;

heat-exchangers from stainless steel, titanium, cop-
per, aluminium from 0.3 to 5.0 mm thick, using
tubes from 3 to 30 mm in diameter;

high-voltage power sources and welding guns with
power of 3, 30, 60 and 120 kW and accelerating
voltage of 60 and 120 kRV;

systems of real-time seam-tracking and butt follow-
ing at up to 100 RW beam power;

completely fitted EBW units;

methods for investigation and evaluation of the fa-
tigue strength of welded joints in different struc-

tural materials. Probabilistic-statistical method of
fatigue analysis of welded structures, allowing for
the role of residual welding stresses. Method of fa-
tigue analysis of welded joints under polyfre-
quency loading;

technology and equipment for the ultrasonic impact
peening of welded joints, providing increasing of
fatigue strength of welded joints up to a level of
the base material strength;

computerized methods of strength analysis of
welded joints with geometrical concentrators under
various kinds of loading, determination of welding
stresses and strains, assessment of the residual life
of welded joints and structures;

holographic methods and means for quality control
and determination of the stress-strain states of
welded joints and structures;

methods and means for technical diagnostics of
welded structures based on application of acoustic
emission;

energy-saving technologies and equipment for
welding and repair of equipment in heat and
power engineering;

technologies for welding dissimilar materials and
precision cutting of metal structures using the en-
ergy of explosion;

technologies of welded joints treatment by explo-
ston for elimination of residual welding stresses.

For further information please contact:
E.O. Paton Electric Welding Institute
11, Bozhenko St., Kyiv, 03680, Ukraine
Phone: (38044) 220 87 87, 227 60 16
Fax: (38044) 268 04 86, 220 91 84
E-mail: office@paton. kiev.ua

http: / /www.paton. kiev.ua
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TECHNOLOGY OF PRODUCING FUNCTIONAL

MATERIALS AND COATINGS BY EB PVD

4 Efficiency of modern electron beam evaporators that incorpo-
rate 3—4 sources (crucibles), is 10 to 15 kg of vapour per hour.
This allows producing at a high rate (up to 10 um/min) thick
coatings (10-150 um), as well as making massive semi-finished
products (10-20 kg) with the specified distribution of alloying
elements. Technologies of evaporation of pure metals, including
refractory metals, and their alloys, as well as oxides, borides, sili-
cides and other compounds have been developed.

4/ =
y;@iamaﬁc of EB PVD: 1 — EB guns;
'~ 2 — condensate; 3 — crucibles

COATINGS AND MATERIALS PRODUCED BY EB PVD
1R TR

:| Thermal barrier coat-
E ings (TBC)

Gas turbine blades
with porous ceramic
coatings

Dispersion-strength-
ened copper

Zz
W

0 1 2 3 4 S
Cu vol % 7L, (1) and Mo (2)

Model disc with refractory
microlayers
of TiAl/Ti (~ 10,000 layers)

I

E. O. Paton Electric Welding Institute of the NAS of Ukraine
11, Bozhenko st., 03680, Kiev, Ukraine
Fax: (38044) 268 04 86, tel.: (38044) 220 87 87, 227 60 16
E-mail: office@paton.kiev.ua http://paton.kiev.ua
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INTERNATIONAL CENTER
FOR ELECTRON BEAM TECHNOLOGIES

FABRICATION

of production, pilot production and laboratory

equipment for deposition of coating by high-

rate electron beam evaporation of materials
in vacuum

with dispersion- porous structure
strengthened &

" .-I.'. o --
- e

'

L

T L

& ; APPLICATION IN AIRCRAFT SYSTEMS

V' for deposition of protective for producing thick structural coatings and repair of GTE blades
- and thermal barrier coatings

- on GTE blades

'fhﬁonucﬂou OF

[

\, v 4 targets of pure and multicomponent alloys (intermetallics, silicides, etc.);

\ 4 foils and some semi-finished products of shape-memory alloys (NiTi, etc.);
A 17 4 coatings with quasi-crystalline structure.

E. 0. Paton Electric Welding Institute of the NAS of Ukraine
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