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FORMATION OF STRUCTURE AND PROPERTIES
OF HIGH-ALLOY CORROSION-RESISTANT STEELS
IN ELECTROSLAG REMELTING

A.L. KOMNATSKY, T.A. ROIK, A.M. MARCHENKO and M.A. DOLGINSKAYA
R&D Center of Artillery-Shooting Armament, Kyiv, Ukraine

Results of investigations of metallographic structure, chemical, phase compositions and physical-mechanical properties
of high-alloy corrosion-resistant steels 316L. and C20, produced by the electroslag remelting method, are given.

Keywords: electroslag remelting, high-alloy steels, micro-
structure, dendrites, polycrystals, mechanical properties

Reliability and service life of modern machines and
mechanisms are greatly defined by the quality of their
separate components. Special requirements are specified
to the products designed for service under strict and
limiting extreme conditions (action of increased and
high temperatures, high loads, presence of aggressive
media). The fulfillment of these requirements leads to
the complication of chemical composition of metals and
alloys, to the need in improving quality of the metal of
billets. In addition, the method of producing billets
should be inexpensive and adaptable [1].

Using traditional methods of producing billets,
such as forging, rolling of ingots, centrifugal casting,
it is not always possible to produce products of the
required quality. Moreover, forging and rolling, be-
cause of use of complex and powerful forge-press and
rolling equipment, are very expensive methods of pro-
ducing products. The application of the centrifugal
casting in producing billets (long pipe billets in par-
ticular) has its advantages, such as high productivity,
metal saving to 45-50 %, rceduction in a production
cycle | 2]. However, as to the metal quality the billets
of the centrifugal casting are inferior to the forge
castings, as the liquation of chemical clements, carbon
in particular, is observed both in their length and
across the thickness [1].

In this conncction the clectroslag remelting has
undoubted advantage, the use of which makes it pos-
sible to produce metal of a high density, physical and
chemical homogencity, isotropy of propertics, uniform
distribution of non-mctallic inclusions characterized
by a high purity and fine-dispersed structure. All the
above-mentioned is very important, if the ready pro-
duct is under the extreme service conditions, where
its stable high physical and mechanical propertics arc
required.

The present work presents the results of investi-
gations of mctallographic structurce and propertics of
ingots from high-alloy corrosion-resistant steels 3161

and C20 of foreign production after electroslag re-
melting (ESR).

The works were carried in industrial monobifilar
clectroslag furnace EShP-2.5 using a short movable
mould. The program of investigations included the
sclection of technological conditions of melting two
ingots: hollow ingot of 560 x 140 x 1550 mm size and
2.45 t mass and solid ingot of 560 mm diamcter,
2050 mm length and 3.6 t mass. To melt the hollow
ingots the square-section electrodes (square side was
120 mm) were used, while the 400 mm diameter elec-
trodes were used for the solid ingots.

The general view of the hollow ingot from high-
alloy steel 3161 after ESR is given in Figure 1.

After melting the hollow ingot, the specimens were
cut out from its head, middle and bottom parts to
perform the further investigations. Chemical compo-
sition of initial consumable electrodes and melted hol-
low ingot from steel 3161 is given in Table 1.

As is seen from the Table the metal of the corro-
sion-resistant steel was significantly refined after
ESR. Here, the content of harmful impurities, sulphur
in particular, was much decreased in the entire length
as compared with that of the consumable electrode
initial metal. Content of alloying elements was ave-
raged: they were uniformly enough distributed in sec-
tion and length of the melted hollow ingot.

In examination of macrostructure of transverse sec-
tions of specimens cut out from the bottom, middle
and head parts of the hollow ingot (Figure 2), the
differences in formation of structures in the hollow
ingot zones were revealed.

Thus, the macrostructure of specimens cut out
from the bottom and middle parts of the hollow ingot
(Figure 2, a and b) after ESR is characterized by
homogeneous and dense structure without defects of
liquation and shrinkage origin. Three zones are dis-
tinguished in the macrostructure of specimens: two
finer-grained and dense zones at the external layers
of ingot section, and the third zone is inside the section
having a lower density of grains. The presence of these
zones is connected with a different rate of crystal-
lization in the ingot section. Here, the defects of a
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Figure 1. General view of hollow ingot -
Figure 2. Macrostructure of transverse section of specimens cut
out from bottom (@), middle (b) and head (¢) parts of hollow

ingot
Table 1. Chemical composition (wt.%) of hollow ingot and initial electrodes from steel 316L
Specimen C Mn ‘ P S Cr Ni Mo Cu
Initial 0.016-0.020 1.83 0.036 0.014-0.016 16.9-17.9 9.56-9.82 2.26 0.41
electrode

Ingot parts:
bottom 0.013-0.014 1.79-1.81 0.026-0.028  0.0011-0.0012 17.0-18.0 9.0-9.4 2.09-2.12 0.37-0.39
middle 0.014-0.015 1.81-1.82 0.027-0.028 0.008-0.009 17.5-18.0 9.7-10.0 2.16-2.18 0.36—-0.38
head 0.019-0.022 1.81-1.82 0.030 0.007-0.008 19.5-19.6  10.17-10.40  2.26-2.30 0.32-0.34

Table 1 (cont.)

Specimen Si Ti Al B Nb \% w
Initial 0.55 0.02 0.015 0.0002 0.08 0.092 0.015
electrode

Ingot parts:

bottom 0.51-0.53 0.011-0.012 0.011-0.012 0.00016-0.00018 0.08 0.070-0.077 0.004-0.006
middle 0.42-0.44 0.012-0.013 0.011-0.012 0.00018-0.00020 0.077-0.078 0.075-0.080 0.012-0.014
head 0.47-0.48 0.012-0.013 0.006-0.008 0.00015-0.00017 0.074-0.076 0.07-0.09 0.007-0.009
BIDWVRNCES 1Y
LECTROMETALLURGY
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Figure 3. Fragments of sulphur prints of head (), middle (b) and
bottom (¢) parts of hollow ingot

shrinkage origin (of porosity type) are not formed
inside the ingot.

The macrostructure of the transverse section of
the head part of the hollow ingot (Figure 2, ¢) is
characterized by the presence of a fine-grain band
formed at the junction of crystallization zones. The
formation of this zone of «meeting» crystals is typical
of a transerystalline mechanism of crystallization. The
latter takes place when the growth of radial-axial
crystals occurs opposite each other from the mould
wall and they arc abutted approximately at 1,/3 of
the ingot thickness forming narrow crystalline bands.
The appearance of defects of a shrinkage and liquation
origin in the zone of «meetings transcrystallites was
not observed. These differences in the macrostructure
of zones located in the ingot height are, evidently, due
to thermophysical peculiarities of the ESR process.

The examination of the macrostructure of all the
parts of the hollow ingot using a sulphur print did
not reveal the presence of structure heterogencity duc
to a sulphur liquation (Figure 3).

It is scen during comparison of sulphur prints of
specimens cut out from a transverse section of hollow
ingot and initial clectrode from steel 3161 (Figure 4)
that after ESR the metal is much purer as to the
sulphur content, which was spread uniformly in sec-
tion and length of the ingot (sce Table 1).

Figure 4. Fragment of sulphur print of 316L steel initial electrode

4 ELE(‘ TROMETALLURGY

Table 2. Physical-mechanical properties of metal of transverse
specimens of steel 3161 hollow ingot

Ingot , ,
;;grﬁs o, MPa o,, MPa 5 % w, %
Bottom 480—500 200-210 60-70 66—69
Middle 520-540 230240 60-65 66—68
Head 530—560 250—260 65—66 56—62

Examinations of macrostructure of a longitudinal
section of the hollow ingot revealed some peculiarities
connected with the conditions of its crystallization
(Figure 5).

In the macrostructure of the longitudinal section
of the bottom part of the ingot (Figure 5, a) the
dendritic axes, oriented at 45° angle to the edge zones
and directed vertically to the central zone, are clearly
distinguished. In the macrostructure of the hollow
billet middle part (Figure 5, b) the dendritic axes in
the zone, adjacent to the 140 mm inner hole of the
ingot, are oriented at 45° angle, while in the external
part — at 60° angle. They are directed vertically to
the central zone. In the macrostructure of a longitu-
dinal section of an ingot head part (Figure 5, ¢) the
dendritic axes have a transcrystalline nature of ori-
entation at 60° angle of inclination in the external
zone and 45° in the zone adjacent to the 140 mm
diameter inner hole of the ingot. The zone of «meet-
ing» dendrites has a form of a narrow band consisting
of columnar polycrystallites. Fragment of scheme of
crystallization of a hollow ingot from steel 316L is
presented in Figure 6.

Figure 5. Macrostructure of longitudinal section of specimens cut
out from bottom (@), middle (b) and head (c¢) parts of hollow
ingot

2/2003



Table 3. Content of oxygen and nitrogen in steel 316L, initial
electrode and hollow ingot

Mass share, %

Specimen
0, N
Initial electrode 0.00959 0.07827
Ingot parts:
bottom 0.00163 0.01112
middle 0.00184 0.00832
head 0.00278 0.00941

This nature of orientation of dendritic axes of all
the hollow ingot parts investigated promotes the for-
mation of a favourable combination of strength and
ductile properties of the metal (Table 2).

To examine the microstructure of steel 316L of
hollow ingot after ESR the specimens were cut out
from different zones of a transverse section of the
ingot.

It was not managed to reveal inclusions of oxide
and sulphide origin in the steel microstructure using
a method of a metallographic analysis, probably, duc
to a negligible content of sulphur (see Table 1) and
oxygen, however nitrides of up to 10 pm size (3-5 pes
in the field of ocular) were revealed. This is associated
with a high, as compared with oxygen, nitrogen con-
tent, that is correlated with data presented in Table 3.
These data were obtained during investigations using
a LECO gas analyzer TS-436.

As is scen from Table 3, the content of harmful
gases (oxygen and nitrogen) after ESR was decreased
greatly and located within the allowable range, which
is 0.0021-0.0049 wt.% for oxygen and 0.0050-
0.0135 wt.% for nitrogen [3].

Mectallographic examinations of ctched scections
showed that the microstructure of metal of all the
specimens is austenitic with an orientation of crystal-
lites typical of polycrystalline materials with a den-
dritic shapc of crystals, characteristic of crystal-
lization of metal under the conditions of the tempera-
ture gradient and microliquation of alloying elements
(Figure 7).
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Figure 6. Fragment of scheme of crystallization of hollow ingot
from steel 316L (right half of the longitudinal section)

The next stage of experiments was the investiga-
tion of formation of structure and properties during
ESR in a solid ingot from high-alloy corrosion-resis-
tant steel C20, whose chemical composition is given
in Table 4.

Data of the Table show that metal after ESR of
high-alloy corrosion-resistant steel C20 became more
purified from sulphur as compared with the metal of

Figure 7. Orientation of crystallites in microstructure of steel 316L of hollow ingot (@) (x100) and their structure (b) (x500)

2/2003
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Table 4. Chemical composition (wt.%) of steel C20 solid ingot and initial electrodes

Specimen C Mn P S Si Ni Mo
Initial 0.036—0.033 0.82 0.033 0.018 0.52 16.3-16.7 33.0 2.60
electrode
Ingot
parts:

head 0.018-0.021 0.77-0.78  0.024-0.025 0.005-0.006 0.52-0.53 15.9-16.4 32.7-32.8 2.48-2.50

middle 0.0152-0.0156  0.77-0.79  0.017-0.018 0.004-0.005 0.48-0.50 15.7-16.0 32.0-32.4 2.17-2.24

bottom 0.014-0.048 0.74-0.77  0.018-0.019  0.0011-0.0012  0.50-0.51 15.5-15.8 31.5-32.2 2.28-2.33
Table 4 (cont.)

Specimen Cu Ti Al B Nb Sn Ce
Initial 3.28 0.04 0.07 0.0008 0.4 0.02 0.035
electrode
Ingot
parts:

head 3.21-3.23 0.037-0.038 0.010-0.015 0.0012-0.0013 0.41-0.42 0.016-0.017 0.038-0.040

middle 3.10-3.16 0.036-0.037 0.020-0.024 0.0007-0.0008 0.40—-0.41 0.018-0.019 0.034-0.035

bottom 3.18-3.22 0.034-0.036 0.021-0.023 0.0006-0.0007 0.41-0.42 0.017-0.018 0.036-0.037

2050

Figure 8. Scheme of cutting specimens out of C20 steel solid ingot: ~ Figure 9. Scheme of crystallization of solid ingot: /—3 — head,

1 — technological hole of 80 mm diameter; 2 — head part
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middle and bottom parts of ingot, respectively
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an initial electrode and homogeneous in chemical com-
position both in section and also in the entire length
of the ingot.

To perform the metallographic examinations the
specimens were cut out from the head, middle and
bottom parts of the solid ingot. A scheme of cutting
ingots from the ingot head part is given in Figure 8,
cutting of specimens from the middle and bottom parts
was similar.

During crystallization the formation of micro-
structure of different zones of metal, subjected to
changes from the head to bottom parts of the ingot,
is occurred. Scheme of formation of crystallization
zones for ingot solidification is given in Figure 9.

Two zones of directed crystallization are distin-
guished in the macrostructure of a longitudinal section
of head and middle parts of the solid ingot (Fi-
gurc 10): I — columnar dendrites located almost pa-
rallel to the ingot vertical axis; II — inclined den-
drites locating in the ingot center and forming 45°
angle with its vertical axis.

The macrostructure of a longitudinal section of
the specimen of the ingot bottom part has a transcrys-

260 |

Figure 10. Directed crystallization in structure of longitudinal
macrosection of solid ingot

talline nature of orientation of dendrites with 60°
angle of inclination, that reflects the stability of ther-
mophysical conditions of metal solidification in this
part of the ingot.

The directed successive solidification of metal in
the conditions of a constant replenishment of crystal-
lization front with a liquid metal hindered the occur-
rence of the physical heterogeneity. Owing to this,
there were no porosity, shrinkage cavitics and
liquation zones in the macrostructure of transverse
sections of specimens cut out from all the parts of the
solid ingot.

Figure 12, Formations of d-ferrite in microstructure of steel C20

(x200)

Figure 13. Intermetallic (@) (x200) and carbide (b) (x500) formations in microstructure of steel C20

2/2003
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Figure 14. Specimens of steel 316L before and after mechanical
tests

The presence of physical and chemical homogene-
ity of metal of specimens cut out from the longitudinal
and transverse section of the ingot is confirmed by
examinations of the macrostructure using Bauman’s
method. Fragment of a sulphur print proves high pu-
rity of chemically homogencous metal.

Investigation of structure of specimens cut out
from three zones of steel C20 solid ingot showed that
metal has a structure of austenite with inclusions of
intermetallic formations with sizes of primary grains
which correspond to 67 marks of scale of GOST
5639-82 (Figure 11).

The main dendritic axes in microstructure of stecl
C20 are distinguished by formations of &-ferrite
which, as is scen from Figure 12, look like light for-
mations in a dark fringing on the etched section. The
presence of &-ferrite indicates the high rate of crys-
tallization at high temperatures. The defined zoncs,
being elongated formations of intermetallics and car-
bides, and also compounds in the form of light small
rhombs and spherical points, acicular compounds, ori-
ented by the type of dash lines, scparating the grain,
are observed inside its grains (Figure 13). The variety
of their shapes and orientation is, probably, associated
with a high content of alloying clements (sce Ta-
ble 4), and also with crystallographic peculiarities of
complex compounds formed by them.

8 ELEC'I‘ROMETALLURGY

Table 5. Physical-mechanical properties of metal of transverse
specimens of steel C20 solid ingots

Igagr? 6, MPa | 0, MPa 3, % w, %
Bottom 440-460 170-180 60.5-75.0 63-65
Middle 480—-500  200—220 65.0-70.0 64-66
Head 470-490 190-210 65.0-68.0 63-65

Thus, the examination of microstructure of speci-
mens cut out from the solid ingot showed that it is
typical by a directed crystallization of dendritic struc-
ture without liquation clusters; even in the cast state
the austenitic grains have a form of clearly defined in-
termetallic compounds of iron with alloying clements
included to the chemical composition of steel C20.

Investigations of physical-mechanical properties
of steel C20 after ESR were made on specimens of
longitudinal section cut out from the head, middle
and bottom parts of the ingots (Table 5).

Data given in the Table show the high physical,
chemical and structural homogeneity of steel C20 after
ESR. Good strength, and especially, ductile proper-
ties of the metal were produced owing to a proper
selection of technological parameters of remelting
(rate of melting, selection of slag and thickness of
skull). This is confirmed by the appearance of speci-
mens before and after tensile tests (Figure 14).

Coming from the above-described, the conclusion
can be made that the further improving ESR will
make it possible to produce the large-sized billets
characterized by the high quality of the metal both
in the entire length and also in the section of the ingot
of any steels of a complex chemical composition.

1. (1981) Electroslag metal. Ed. by B.E. Paton, B.I. Me-
dovar. Kyiv: Naukova Dumka.

2. Kurbatov, 1.P. (1969) Artillery materials science. Moscow:
Voenizdat.

3. Volkov, S.E., Volkov, A.E., Zabaluev, Yu.l. et al. (1979)
Non-metallic inclusions and defects in electroslag ingot.
Moscow: Metallurgiya.
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SINGLE-STAGE ELECTRON BEAM TECHNOLOGY
OF DEPOSITION OF THERMAL BARRIER GRADIENT
COATINGS

K.Yu. YAKOVCHUK and Yu.E. RUDOJ
International Center of Electron Beam Technologies at the E.O. Paton Electric Welding Institute, Kyiv, Ukraine

Mechanism of formation of gradient structures produced by electron beam evaporation of composite ceramic ingot on
the base of zirconium dioxide is considered. Results of investigations of chemical composition, structure and some
properties of thermal barrier gradient coatings deposited from the vapour phase on the surface of heat-resistant alloys

using a single-stage technology are presented.

Keywords: electron beam evaporation and deposition
(EB-PVD), thermal barrier gradient coatings, gas turbine
blades, zirconium dioxide

Thermal barrier coatings, consisting of a metal bond
coat and external ceramic layer on the base of a sta-
bilized zirconium dioxide, are widely used for protec-
tion of blades of aircraft and industrial gas turbines.
They increase the service life of the turbine blades
and also improve the efficiency of operation of the
gas turbine engine by the increase in gas temperature
[1, 2].

Traditional technological cycle of thermal barrier
coating deposition includes several stages and opera-
tions, including the deposition of a metal heat- and
corrosion-resistant bond coat (by diffusion saturation,
electrochemical deposition, spraying using plasma or
clectron beam methods), heat trecatment, compacting
and cleaning of surface of this bond coat and deposi-
tion of a ccramic layer at the final stage [3-5]. Mul-
tistage nature of the technological cycle and a large
variety of equipment used for this purpose cannot
provide a rcliable repetition of coating propertics,
thus reducing economical efficiency of their applica-
tion. A planc mctal bond coat,/ccramics interface,
difference in coefficients of a linear expansion of the
metal and ceramics, as well as the chemical recactions
of oxidizing and corrosion in the contact zone cause
damagc (scparation) of the ceramic layer. Tt is possible
to increase the life of coatings by the creation of a
gradient transition layer between the metal (alloy)
and ccramics [6].

Processes of evaporation and condensation in va-
cuum can widen significantly the existing technologi-
cal means for producing thermal barrier gradient coat-
ings. Fractionation of multicomponent systems in
evaporation and subsequent condensation in vacuum,
being the physical fundamentals of many technologi-
cal processes of advanced vacuum metallurgy, refining
of metals and alloys in particular, can be useful in
producing thermal barrier gradient coatings by vapour
deposition.

© K.Yu. YAKOVCHUK and Yu.E. RUDOJ, 2003
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The methods of deposition of protective gradient
coatings are known |7, 8| using electron bean evapo-
ration from one source of mixtures of dissimilar sub-
stances (for example, metals and oxides) at different
vapour pressures. This makes it possible to create in
many cases a gradient transition zone instead of a
plane interface between metal and ceramic layers and
to attain a good adhesion of coating with a substrate
by adding components with alow melting temperature
and high pressure of vapour to the composition of
mixtures being evaporated.

Below, the specifics of process of clectron beam
evaporation of multicomponent materials from one
source are described and examples of a single-stage
deposition of thermal barrier gradient coatings arc
given.

For this purposc, a composite ingot with a ccramic
base (Figure 1) is used, having combinations of inserts
(fragments) from metallic and non-metallic materials
of a required shape and sizes which are arranged in
the ingot volume. During continuous evaporation of
this ingot and subscquent condensation the formation
of a multilayer gradient coating of a preset composi-
tion and structure is provided.

Ceramic base of the ingot defines the purpose of
the gradient coating. For example, in thermal barrier
coatings the ceramic base of the ingot should be zir-
conium dioxide with additions of stabilizers or other
systems of oxides (for example, on hafnium oxide
base) with a low heat conductivity. In heat-resistant
and erosion-resistant coatings the ceramic base of the
ingot consists of Al203, while in hard and wear-re-
sistant coatings it is Al2O3, TiC, TiBa.

Procedure of evaporation of the composite ingot
is traditional: an ingot is placed into a copper water-
cooled crucible and its upper edge is heated smoothly,
then it is melted and evaporated completely under
the continuous heating. The molten pool surface is
maintained at a constant level by a vertical feeding
of ingot using a water-cooled rod.

EI.P}("I‘ROMl-;’[‘.-\LL(.‘RGY J
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Inserts, arranged in the upper part of the composite
ingot, have a shape of tablets or rods and, being first
evaporated, form transition layers of a preset compo-
sition and structure. They can be manufactured from
organic compounds, metals, alloys or ceramics, whose
melting temperature is lower and vapour pressure is
higher than those of the ingot base (for example,
anthracene Cy4H;yo, Al, Cr, NiAl, (NiCr)Al, Pt, PtAl,
(NiPt)Al and so on).

Inserts, arranged in the middle and lower parts of
the composite ingot, are manufactured mainly from
ceramics or ceramic mixtures (for example, Al,Os,
Ce0,, HfO, etc.), whose melting temperature and
vapour pressure are close to those of the ingot base.
Being evaporated and condensed simultaneously with
the ingot material, they form composition, structure
and properties of the ceramic layer. Deposition of the
upper layer of gradient coating, made from complex
multiphase ceramics, is attained by evaporation of an
insert-tablet, made from non-metallic materials with
a wide range of melting temperature and vapour pres-
sure and located in the lower ingot part to contact
the water-cooled surface of the rod. The tablet is
evaporated at the last moment and finalizes the gra-
dicent coating formation, its composition and conden-
sation conditions predetermine the density and hard-
ness of the coating upper layer.

At the International Center of Electron Beam
Technologies at the E.O. Paton Electric Welding In-
stitute of the NAS of Ukraine a single-stage electron
beam technology of deposition of gradient thermal
barricr coatings in onc clectron beam installation from
one source for one technological cycle has been de-
veloped and based on using composite ingot and car-
rousel-type evaporator. This could simplify and re-
duce significantly the technological cycle: metal bond
coat, transition zonc and ceramic layer are deposited
per one cycle.

At present the International Center of Electron
Beam Technologics offers customers two main groups
of single-stage thermal barrier gradient coatings for
protection of blades made from heat-resistant alloys.

The first group is designed for deposition on air-
cooled blades of gas turbine engines made from ad-
vanced highly-hcat-resistant thermostable alloys of
the recent gencerations, as a rule, with a small thick-
ness of airfoil walls and inner cavity (about 0.5 mm)
and small-diameter cooling holes. To reduce the mass
to maximum and, consequently, the loads to these
blades and minimum narrowing of perforation holes,
the coatings for their protection should have a mini-
mum thickness. Coming from this, at the International
Center the technology for deposition of thermal bar-
rier gradient coating with a metal bond coat on the
basc of nickel aluminide, whose thickness does not
exceed 15—25 pum, has been developed and passed suc-
cessful tests, while in traditional thermal barrier coat-
ings the thickness of a metal bond coat is 2—3 times
larger.
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Figure 1. Design (a) and appearance (b) of composite ceramic
ingot used for deposition of gradient coatings

The sccond group of thermal barrier gradient coat-
ings is designed for protection of low-thermostable
heat-resistant alloys, whose chemical composition
causes the need in use of a metal bond coat of higher
thickness to limit the diffusion flows in the coat-
ing /hecat-resistant alloy combination. These alloys
have, as a rule, increased content of titanium, tanta-
lum, hafnium, sulphur and carbon.

It should be noted that all the offered coatings are
subjected, after their deposition, to a vacuum treat-
ment at the temperature 1080—1100 °C for formation
of thin film on a-Al203 base at the metal /ceramics
contact interface, so-called TGO, which provides a
high adhesion between the metal bond coat and ce-
ramic layer.

As is known, one of the main causes of fracture
of thermal barrier coatings in blade service is the
following growth of Al,Os-based film at the heat-re-
sistant bond coat surface, which is separated at a
certain critical thickness together with a ceramic layer
due to occurring stresses [9]. Diffusion of some re-
fractory metal of heat-resistant alloys to the metal
bond coat /ceramic layer interface also contributes to
this. Therefore, one of the major problems in the de-
velopment of new coatings, especially with a de-
creased thickness of the bond coat, is the delay in the
Al;Os3 film growth and diffusion processes in the heat-
resistant alloy /bond coat system.
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Figure 2. Structure of composite ceramic ingot (), distribution of
chemical elements across coating thickness (b) and microstructure
of transverse section (c¢) of thermal barrier coating M,C, +
NiAl /ZrO,(Y,0;) on substrate Rene 142 in initial state

Figure 2 presents a structure and composition of
a composite ingot used for deposition of thermal bar-
rier gradient coating M,C,, + NiAl / ZrO»(Y,03), and
also the microstructure of this coating in initial state
(after deposition and vacuum heat treatment). The
coating was produced by evaporation of 68.5 mm di-
ameter composite ceramic ingot ZrO,—7 % Y,Os3, con-
taining inserts from pre-sintered NiAl and anthracene
Ci4Hyo in the form of tablets (Figure 2, @), with a
subsequent deposition directly on heat-resistant alloy
surface heated to 950 °C. The peculiar feature of this
gradient coating consisting of 20-25 pm thick NiAl
bond coat and external ceramic layer of 150 pm thick-
ness, is the presence of a thin transition zone enriched
with carbides of alloying clements of heat-resistant
alloy M,C, (first of all, with carbides of tungsten
and chromium). This transition zone at the heat-re-
sistant alloy /bond coat interface creates a diffusion
barrier delaying the penetration of heat-resistant alloy
elements to ceramic layer. Formation of the transition
zone occurs due to initial evaporation of insert of
anthracene Cy4Hyp included into composition of the
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Figure 3. Distribution of chemical elements across coating thickness
(@) and microstructure of transverse section (b) of thermal barrier
gradient coating M,C, + NiAl /ZrO,(Y,0;) on substrate CMSX-4
after 680 thermal cycles

ingot. The cleaning of the heat-resistant alloy surface
is also occurred by recovery action of hydrogen atoms
formed in hydrocarbon decomposition.

One vacuum cycle of deposition results in forma-
tion of a thermal barrier coating, consisting of a gra-
dient bond coat and external ceramic layer, on the
surface of the heat-resistant alloy. At subsequent va-
cuum heat treatment an oxide film (TGO) on a-Al,O3
base is formed on the bond coat surface, containing
up to 30 % Al

Figure 3, a, b shows the distribution of elements
and  microstructure  of  coating  M,Cy +
NiAl / ZrO,(Y,03) after 680 thermal cycles of tests
using condition 50 o 1093 °C with 45 min holding
at maximum temperature. Thickness of scale Al;Os
at bond coat/ceramics interface does not exceed
8 um, transition zone, enriched with carbides, hin-
dered the diffusion of tungsten, rhenium and, to a
less extent, titanium from the heat-resistant alloy.

Thermocycling tests of similar coatings on ad-
vanced alloys, such as CMSX-4 and Rene 5 showed
that their life is several times superior to that of other
systems of coatings.

The second group of thermal barrier gradient coat-
ings, developed and tested over the recent years at
the International Center, includes also coatings de-
posited on the surface of the traditional bond coat
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Figure 4. Structure of composite ceramic ingot (a), distribution
of chemical elements across the coating thickness (b) and micro-
structure of transverse section (c) of thermal barrier gradient coat-
ing NiCoCrAlY /Al + Cr/ZrO,(Y,0;) on substrate Rene 5 in

initial state

NiCoCrAlY (SDP-1 type). This bond coat of a re-
quired thickness is deposited for one cycle using the
first evaporator of the electron beam installation, then
the fixture with products is transferred and arranged
over the next evaporator (of carrousel type), where
the composite ingot is evaporated. As was already
noted, the deposition of thicker bond coat NiCoCrAlY
is preferable for insufficiently thermostable heat-re-
sistant alloys.

One of variants of the gradient coatings, deposited
on bond coat NiCoCrAlY, is the coating containing
the Al + Cr transition zone. Structure and composition
of the composite ingot used for deposition of thermal
barriecr  gradient  coating  NiCoCrAlY /Al +
Cr/Zr0O(Y,03), distribution of chemical elements
in this coating and its microstructure are given in
Figure 4. Aluminium, contained in a tablet (Figure 4,
@), has the highest vapour pressure at evaporation
temperature as compared with chromium and
Zr0,(Y»,0s3) and, therefore, is evaporated in the first
place. Atoms of aluminium meet the surface of the
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Figure 5. Distribution of chemical elements across the coating thick-
ness (@) and microstructure of transverse section (b) of thermal
barrier gradient coating NiCoCrAlY /Al + Cr / ZrO,(Y,0;) on sub-
strate CM-186 after 1000 thermal cycles

bond coat, heated to temperature much exceeding the
aluminium melting temperature (660 °C), here their
condensation is occurred by vapour—liquid—solid
phase mechanism. Condensing liquid phase interacts
intensively with the surface of bond coat NiCoCrAlY
by changing its chemical composition and forming the
second bond coat with a high content of aluminium
close by the composition to NiAl. Further, chromium
is evaporated from the tablet, forming thin (about
2-3 pm) transition zone on the aluminide surface with
up to 40 % Cr, which dircctly contacts the zirconium
dioxide layer deposited after all (Figure 4, b). Chro-
mium and oxide of chromium contained in the tran-
sition zone favour the formation of a-Al,Os mainly
and create effective diffusion barrier delaying, first of
all, the growth of aluminium oxide layer (Figures 4, b
and 5, @). Coatings with bond coat NiCoCrAlY are
preferable in protection of heat-resistant alloys of
Rene 142, CM186LC, PWA 1480 and ZhS32 types.
Figure 6 shows the generalized results of thermo-
cycling tests of traditional and gradient thermal bar-
rier coatings on different heat-resistant alloys. As is
scen, the gradient thermal barrier coatings with bond
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Results of measurement of thickness of Al,Os-based scale formed
in bond coat /ceramic layer transition zone

Thickness of Al,Oj-based scale
(pm) depending on number of

Thermal barrier coating thermal cvcles

60 ‘ 250 ‘ 500 ‘ 600

Traditional 5 10 - -
NiCoCrAlY / ZrO,(Y,0,)
Gradient 2 6 7 8
M,C, + NiAl/ZrO,(Y,0,)
Gradient 4 7 10 -

NiCoCrAlY / Al+Cr / ZrO,(Y,0,)

Note.
1150 « 50 °C on specimens from heat-resistant alloy Rene 142.

Thermocycling tests were performed using condition

coat of M,C,/NiAl and NiCoCrAlY /Al + Cr type
possess the highest life. This is explained by their
high thermal stability and heat resistance due to for-
mation of gradient transition zones at the bond
coat /heat resistant alloy and bond coat/ceramic
layer interface. This is confirmed by a delay in kinetics
of growth of Al,O3-based film between the bond coat
and ceramic layer during tests (Table).

One of the important trends in the improvement
of thermal barrier coatings is the increase in erosion
resistance of external ceramic layer and decrease in
its penetrability to prevent the penetration of differ-
ent harmful compounds from atmosphere or fuel com-
bustion products which can provoke the damage (des-
tabilizing) or spalling of the ceramic layer. This is
attained by compacting external ceramic layer using
deposition on it of the more hard and dense layer of
another chemical composition or by heat treatment
with use of concentrated power sources (for example,
laser).

In this case the need arises in additional techno-
logical equipment, that complicates and makes the
process of deposition of traditional thermal barrier
coatings more expensive. The use of the composite
ceramic ingot with a lower insert makes it possible
to solve cffectively the problem of deposition of gra-
dient thermal barrier coatings with a compact surface
of the external ceramic layer using a single-stage tech-
nology. Figure 7, a shows the scheme of the composite
ceramic ingot used for deposition of the gradient ther-
mal barricr coating with a ccramic layer ZrO»(Y;03)
of 150 pum thickness, here the external layer of about
30 pm thickness is compacted by a gradient adding
of HfO,. This is attained by the fact that with moving
of the molten pool front to the lower insert and further
to the ingot end the insert together with ingot material
begins to evaporate and, as a result, the surface of
the deposited coating contains the additions of haf-
nium oxide (Figure 7, b), whose amount at the ceramic
layer surface reaches 46 %. As is known, hafnium
oxide, being refractory, forms a continuous series of
solid solutions with ZrO,, here the high-temperature
mechanical properties, in particular erosion resis-
tance, are higher as compared with traditional
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Figure 6. Thermocycling life of specimens with thermal barrier
coatings during furnace tests in air (50 1150 °C, 1 h cycle)
depending on type of bond coat: 7 — traditional coating
NiCoCrAlY / ZrO,(Y,0;) on alloys PWA 1480, Rene 142, CMSX-
4 7hS32; 2 — gradient coating NiCoCrAlY /Al + Cr / ZrO,(Y,0;)
on alloys PWA 1480, Rene 142, ZhS32; 3 — gradient coating
M,C, + NiAl/ZrO4(Y,0,) on alloys Rene 142, CMSX-4

Zr02(Y203)
| __ HfO2
Ni, Zr, Hf, wt.% a Y, wt.%
80 8
70 7
60 6
Ni
50 [ . 5
40 ¢ 4
30 3
20 2
10 F 1
0 e |
G Bond Zro2(Y203:l
coat >

Figure 7. Structure of composite ceramic ingot (@), distribution
of chemical elements across the thickness of gradient ceramic layer
Zr0,(Y,0;) /HfO, (b) and microstructure of surface of ceramic
layer ZrO,(Y,0,) (¢) compacted by a local overheating using elec-
tron beam
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Figure 8. Scheme of structure of gradient thermal barrier coating deposited using the single-stage technology

ZrO,(Y,03). As the investigations of microhardness
and thermocycling life showed, the microhardness of
the compacted surface of ceramic layer is by 1.4 GPa
higher than that of traditional layer, moreover, the
thermocycling life of the gradient coating is not de-
teriorated.

The compacting of the thermal barrier coating sur-
face layer is performed also by a thermal operation,
i.e. by a local overheating of ceramic layer surface at
a final stage of the evaporation of composite ingot
using an abrupt increase in beam power of electron
gun designed for preheating the condensation surface.
Microstructure of this ceramic layer is given in Fi-
gurc 7, ¢. Here the microhardness of the compacted
surface layer is twice increased, as compared with a
traditional ccramic layer, and rcaches 12 GPa.

At present the works are continued at the Inter-
national Center for improvement of the single-stage
thermal barrier coatings, having a gradient micropo-
rous ceramic layer with lower values of heat conduc-
tivity as compared with traditional thermal barrier
coatings. Figure 8 shows scheme and fragments of
microstructure of one of the variants of the gradient
thermal barrier coating deposited per one technologi-
cal cycle using a composite ingot. To deposit similar
coatings the composite ingot has also, in parallel with
earlier described inserts, additional inserts in the mid-
dle and lower parts which provide formation of gra-
dient composition and structures of the ceramic layer.
For example, additional inserts, containing sodium
chloride and arranging in the ingot middle part, are
evaporated after the beginning of evaporation of
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Zr0,(Y»,03) and form gradient (columnar and den-
dritic) structure of the ceramic layer.

The application of electron beam technology for
deposition of protective coatings using the composite
ingot allows deposition of thermal barrier gradient
coatings with a high degree of reproducibility of struc-
ture and propertics.

The use of composite ingots for deposition of ther-
mal barrier gradient coatings can make the techno-
logical cycle shorter and less expensive owing to the
single-stage process.

The offered thermal barrier gradient coatings arc
1.5 times superior by thermocycling life to traditional
double-layer coatings MCrAlY /ZrO,(Y,03).
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ELECTRON BEAM INSTALLATION UE-121

N.P. TRIGUB, G.V. ZHUK, P.A. PAP, A.N. KALINYUK, S.V. KHOMUTSKY and Yu.T. ISHCHUK
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Electron bean industrial installation of the UE-121 type is described and its technical data are given. Main functional
features of installation units, such as working chambers, technological outfit, electron guns, power sources are presented.

Keywords: electron beam remelting, installation, interme-
diate crucible, axial gun, melting of metals and alloys

The use of the electron beam remelting with an in-
termediate crucible (EBRIC) [ 1] widens significantly
the capabilities of the remelting process owing to the
presence of an independent concentrated heat source,
i.e. electron beam. At present the technologies of utili-
zation of wastes and melting of alloys by the EBRIC
method have been developed |2, 3|. To attain the
maximum effect from the realization of these tech-
nologies the new high-efficient installations of the
industrial type arc required. A large experience has
been gained at the E.O. Paton Electric Welding In-
stitute in the development of these installations.

Based on the lab installation E-121]1] the electron
beam installation UE-121 has been designed (Fi-
gure 1), consisting of three chambers: melting, load-
ing and ingot. All the elements of design have hollow
walls for water circulation to have a forced cooling
of ingot during melting and cooling. The installation
is cquipped also with an clectric supply unit, vacuum
system, control and stabilizing systems. The main
technical characteristics of the clectron beam instal-
lation UE-121 arc as follows:

Set power, KVIA . ......cooooiiiii, 900
Accelerating voltage, KV ...............ocoo. 30
Number of guns, pes ............ccoooiiiiiiiiinnl. 3
Maximum dimensions of billet, m:
length ..., 2.2
SECEION L.\ivi i 0.50%0.45
Maximum dimensions of ingot, m:
length ... 2.0
diameter ... 0.6

Figure 1. Appearance of electron beam installation UE-121

rectangular section ............................... 1.00x0.15
Efficiency of high-vacuum system
pumping, 1/s ... 18000
Operating vacuum, Pa:

INBUNS i (6.6-13)10°

in melting chamber .......................... (6.6-13)1072
Maximum consumption of cooling
water, m”/h . 80
Dimensions of installation, m ..................... 14x8%5

The melting chamber is a central part of the in-
stallation, in which the process of melting is realized.
It represents a vertically arranged cylinder of 2.0 m
diameter and 1.5 m height, confined by vacuum-
packed covers from the top and beneath. The chamber
wall thickness prevents completely the penetration of
the secondary X-ray radiation outside, caused by re-
tarding of electrons on material remelted. Inside the
chamber there is a technological equipment, consist-
ing of a mould and intermediate crucible (Figure 2).
Three clectron beam guns are arranged on the upper
cover (Figure 3). They have the following technical
characteristics:

Rated power, KW ... 300
Maximum frequency of scanning, Hz ............... 1000
Maximum current, A ... 15
Angle of deviation of beam of electrons

from gun axis, deg ............occooiiiiiiiiii 0-35

To remove the upper cover with arranged electron
beam guns beyond the melting chamber, a rail system
isused. Owing to this system it is possible to withdraw
the ready ingot with the help of a shop crane, and

Figure 2. Technological equipment for simultaneous melting of
several ingots

©N.P. TRIGUB, G.V. ZHUK, P.A. PAP, AN. KALINYUK, S.V. KHOMUTSKY and Yu.T. ISHCHUK, 2003
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Figure 3. Electron beam gun «Paton-300»

also to clean the inner surfaces of the cover and guns
from sublimates precipitated during melting. The in-
got chamber is connected to a technological hole in
a lower cover. Water is supplied to a mould and in-
termediate crucible with a system of flexible hoses
through pipe connections, available at the lower
cover, which are designed for cooling. At the lateral
chamber wall are located: an observation system (of
a stroboscopic type) of the operator, connectors for
input of thermocouples and tubes-manometers. On
the left from the operator’s place there is a branch
pipc DU 630 in the chamber wall through which a
melting chamber is connected to a pumping system
with the help of a vacuum gate. On the right from
the operator’s place there is a vacuum-tight techno-
logical door of 1.8 x 1.0 m at the lateral wall, on
which an obscrvation system used by a technologist
for observation of the melting process is arranged.
Opposite the operator’s place a melting chamber is
connected to a loading chamber.

The loading chamber is a hollow parallelepipid
and consists of two parts connected between cach
other by a vacuum seal. Tts total length is 2.2 m. To
load the charge, the above-mentioned parts of the
chamber are moved apart after releasing clamps lo-
cated around the scal perimeter, then the rear part of
the loading chamber is separated and moved aside
with the help of an clectric drive. In the loading
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chamber a mechanism of charge feeding is arranged,
which is removed together with a separated part of
the chamber. The mechanism of charge feeding rep-
resents a number of parallel guides along which a
pusher is moved with the help of a chain gear. Owing
to the feeding mechanism it is possible to feed a whole
billet, consumable box with charge materials, lumpy
charge and bulky materials, for example spongy tita-
nium. In the first two cases a roller conveyor is
mounted along which a pusher feeds the billet to the
melting zone. When the bulky charge is used, a non-
consumable box is mounted, whose width does not
exceed the width of a rear wall of an intermediate
crucible, and a pusher feeds uniformly the charge
materials to the intermediate crucible. Owing to load-
ing chamber moving apart it is possible to load the
charge very fast using a shop crane of 10 t capacity.
The ingot chamber represents a water-cooled cy-
linder of 1.4 m diameter which is fixed to a lower
cover of the melting chamber through a flange. A rod,
at the upper part of which a water-cooled bottom
plate is arranged, is introduced to the ingot chamber
through a vacuum scal from bencath. The bottom
plate is fixed in the ingot chamber with the help of
two traverses connected by screw tie rods. A drive is
located outside the ingot chamber which moves the
rod in vertical dircction with the help of screw tic
rods to withdraw ingot in the melting process. The
drive consists of an electric motor and reducer. Before
the melting beginning the «primerss, made from the
material of the ingot melted, are fastened on the bot-
tom plate. In the lower part of the ingot chamber a
technological hatch is located which provides access
to internal parts of the withdrawal mechanism.
Through this hatch the placing of «primers» before
melting, release of the ready ingot after melting and
its withdrawal from the installation arc madc.
Technological equipment in which the process of
clectron beam remelting is realized consists of an in-
termediate crucible and a mould. In walls of the in-
termediate crucible (cold hearth) there is an opening
for the molten metal pouring (pouring lip). The charge
which is fed from the loading chamber is melted in
this crucible. The intermediate crucible serves for ave-
raging the chemical composition, melt refining from
impuritics (including gas impurities) and inclusions
[1]. During melting a skull is formed in the crucible,
preventing its walls and bottom from interaction with
the molten metal. The metal from the intermediate
crucible is poured into a mould, representing a hollow
closed contour (opening). Its inner part, which con-
tacts the ingot metal, is made from the water-cooled
copper. The intermediate crucible and mould are an
integral unit mounted on a steel frame fixed in the
melting chamber. The design scheme of equipment
fastening inside the chamber enables operator to
change quickly its units when the sizes of ingots are
changed. To reduce the consumption of time and ma-
terials a radically new scheme of the technological
equipment is used (see Figure 2). When changing the
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Figure 4. Schematic diagram of gun filament control

pouring lip the losses were decreased at opening in
intermediate crucible wall, because the maximum
overheating of the melt and its evaporation is occurred
at the pouring lip. Owing to the openings in the mould
the efficiency of the melting process in case of small-
diameter ingots is increased.

Guns «Paton-300» (Figure 3) represent electron
beam heaters of an axial type |1]. Each gun consists
of a cathode unit with a tungsten electrode mounted
on a high-voltage isolator, anode water-cooled unit,
magnetic lens, deflecting system and beam guide. Tt
is also cquipped with an individual system of pump-
ing. The guns are supplied from high-voltage source
of 30 kV constant voltage, consisting of a commuta-
tion starting-protection equipment, a thyristor
switch, choke, transformer, rectifier and sources of
gun cathode filament. Control system provides the
stabilization of the electron beam current by intro-
ducing feedback into the circuit of automatic adjust-
ment of the cathode filament current. The elementary
diagram of gun filament control (Figure 4) consists
of the following functional units: resistor high-voltage
dividers of voltage Ry, Ry; high-voltage sensor HVS;
filament current resistor-preset device R3; automatic
controller of filament current ACFC; measuring con-
verter of electron beam current into constant voltage,
galvanically decoupled from high-voltage circuits;
source of gun filament (block of electron bombard-
ment and filament transformer).

Vacuum system of installation UE-121 (Figure 5)
includes vacuum lines, gates and pumps, such as me-
chanical, stcam-jet and diffusion. Lines consist of steel
pipes, connecting pipes between cach other and also
to the melting chamber and guns. Lines provide ne-
cessary passing cross-scctions for maximum produc-
tivity of pumps. Evacuation of inner cavities of in-
stallation chambers from the level of atmospheric
pressure is realized by a mechanical pump RVN-6.
Duc to its productivity the residual pressure 3000* Pa
is attained in the melting chamber during 10 min. To
have a further evacuation of the installation and to
remove gases and vapours of metal during melting a
main line is used consisting of mechanical pumps NVZ-
300 (2 pcs), 2DVN 1500 (2 pes), and also steam-jet
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Figure 5. Scheme of vacuum system of installation UE-121

INVBM 630 (1 pc) and diffusion N-160 (3 pcs)
pumps.

The vacuum system of the installation UE-121
makes it possible to create pressure 1007 Pa in the
volume of melting chamber and 100~ Pa in the guns
that provides a continuous operation of guns and pre-
serves the required level of refining metal being re-
melted during the entire technological process.

Thus, the electron beam installation UE-121 is the
high-efficient unit of the industrial type for melting
mectals and alloys using an intermediate crucible. Both
the solid consumable billets, and also lumpy waste
or bulky materials can be used as charge materials.
Owing to a quick change of the technological equip-
ment it is possible to melt ingots of round and rec-
tangular sections in this installation from alloys on
the base of iron, nickel, titanium and refractory me-
tals.

Ej

NVZ -300 NVZ -300
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(1991) Recycling of titanium production wastes by melting
with intermediate crucible. Problemy Spets. Elektrometal-
lurgii, 1, 59-63.

3. Kalinyuk, A.N., Kozlovets, O.N., Tsyban, I.V. et al. (1999)
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ACCELERATING COOLING OF TITANIUM INGOTS
AFTER ELECTRON BEAM MELTING

A.M. KASUMOV, N.F. NAKONECHNY, V.N. FYODOROYV and V.A. SHCHYOKIN-KROTOV
Company «FIKO», Kyiv, Ukraine

Time of cooling titanium ingots after EBM was 3 times reduced. Effect was attained by increasing radiation capability
of surface of ingots in oxidizing by the air flow. The feasibility of chips remelting is described. Increase in production

capacity of the melting shop bay is 21 %.

Keywords: titanium, ingot, cooling, electron beam melting

Cooling of titanium ingots in vacuum after electron
beam melting (EBM) to the 300 °C surface tempera-
ture, safe for ingot withdrawal from the melting unit,
is lasted about 6 h and represents an important part
of the entire cycle of their production. It is possible
to reduce the time of cooling ingots by an additional
heat removal. The selection of method is defined both
by its effectiveness and also by the feasibility to com-
bine the used technology of withdrawal and sub-
sequent processing of ingots. The present work illus-
trates an example of realization of such approach
which was applied at the clectron beam metallurgy
plant Company «FIKO».

Effectiveness of different methods of heat removal
was defined with time spent for cooling 640 mm di-
ameter ingots and calculated using procedure of work
[1] for a constant temperature of the ambient medium.
It was cstablished that the time of cooling in the
mcthods considered is correlated as follows: cooling

in vacuum — 1; argon — 0.91; helium — 0.87; air
T -2
5. 3
L 4
<_L

Figure 1. Scheme of cooling ingot in air blowing: 7/ — ingot; 2 —

melting chamber; 3 — ingot chamber; 4 — air flow; 5 — rod with

a bottom plate

at ingot arrangement in its chamber without fan blow-
ing — 0.37; with fan blowing — 0.35; in air at ingot
arrangement in a wider chamber of melting, without
blowing — 0.26; with blowing — 0.25. The ingot
withdrawal from the melting unit just after comple-
tion of melting, and also the process of cooling with
a subsequent fusion of surface, due to design features
of the melting unit, not allowing the conductance of
these operations, were not considered.

Cooling of the ingot started just after completion
of the operation of the shrinkage cavity fade out and
consisted of the following stages: air leak-in to the
working space of the melting unit, opening of cham-
ber, ingot lifting to the melting chamber, uniform
blowing of its surface with the fan. Diagram of cooling
ingot in the melting chamber is shown in Figure 1.

Contact of a hot surface of the ingot with air led to
the formation of a scale layer, increasing the degree of
titanium blackness from 0.3 [2] to 0.9 [3] and, respec-
tively, heat removal by radiation by 3 times. The cal-
culation shows that as the losses for radiation are the
main mechanism of cooling ingot in the conditions being
considered, then the time of this process was also reduced
3 times as compared with a vacuum cooling.

Figure 2 shows curves of reduction in surface tem-
perature of ingots during the process of vacuum cool-
ing and in air blowing in the melting chamber. Tem-
perature was measured by differential thermocouples
in the surface region, corresponding to the lower edge
of the mould. It is seem from the Figure that during

600
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Figure 2. Change in temperature of ingot surface depending on
cooling time: 7 — in vacuum; 2 — in melting chamber with air
blowing
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Content of impurities in air-cooled ingots melted using chips

No. Ingot Mass Content of impurities, %
of ingot | material of chips, % N ‘ 0 ‘ C
40 VT1-0 11.6 0.017 0.15 0.044
0.029 018  0.054
41 VT1-0 6.3 0.035 0.19 0.058
0018 015  0.046
22 VT1-0 3.3 0.020 0.17 0.050
0.028  0.18  0.054
31 VT1-0 2.3 0.027 0.15 0.039
0.020 0.17 0.047
17 Gd2 3.7 0.016 0.18 0.027
0.024 0.21 0.030
16 Gd2 3.1 0.018 0.19 0.030
0.023 020  0.025
Notes. 1. Over the line the content in ingot head part is given,

under the line — in ingot bottom part. 2. The content of hydrogen
in both parts of ingot was less than 0.008 %.

the initial period of air cooling, when the scale layer
is formed, the highest reduction in ingot surface tem-
perature is occurred. The ingot arrangement in a wide
melting chamber promotes the additional fast cooling,
where the receiving of its radiation is increased due
to a larger area of the water-cooled walls.

Numerical estimation of the role of a convection
mechanism of cooling at used conditions of fan cooling
shows that th heat dissipation by convection is ap-
proximately 20 times inferior to the heat removal by
radiation. Nevertheless, the blowing of the ingot was
not excluded from the technology of the process as it
contributed to a fast removal of a hot air from the
melting chamber of the unit, thus preventing the rub-
ber gaskets from damage.

It is clear from the above-described that the control
of the radiation capacity of the ingot surface makes
it possible to change the time of its cooling within
the wide range.

The accelerating cooling of the titanium ingots
influences favorably on their macrostructure leading
to some decrease in size of crystals. Figure 3 shows
the change in arca of crystals in a radius of templets
cut out from ingots cooled during 6 h in vacuum and
2 h in air blowing. Templets were cut out at the
distance of 150 mm from the upper edge of the ingot,
i.e. beyond the region of action of shrinkage effects,
and etched according to procedure of work [4]. It was
calculated on the basis of the Figure that the mean
area of crystals in the first case is 255 mm~, crystal
size is 16 mm, while in the second case it is 153 mm
and 12.4 mm, respectively, i.e. the observed decrease
of crystals is 22 % at a rapid cooling.

The rapid cooling of ingots down to low tempera-
tures is well combined with traditional technology of
enterprise for their withdrawal from the melting unit
by the upper edge with the help of a hoisting device.
Stresses, initiating in the places of gripping, are
2.5 kgf /mm~, i.e. much lower than their limiting
values for titanium at the temperature 300 °C (g 2 =
= 50-70 kgf/mmz) [5] and cannot lead to the defor-
mation and slipping of the ingot. In addition, the low
temperature allows personnel to work with a hoisting
device directly near the ingot.
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Figure 3. Distribution of area of crystals in radius of templets from
ingots, cooled in vacuum for 6 h (@) and in air blowing for 2 h (b)
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On the other hand, the air cooling is combined
with a lathe machining of ingots used at the enterprise.
The scale layer forming at the surface in contact with
air has a small thickness, up to 50 um, therefore,
when removing it by machining the losses in ingot
mass are also small and do not exceed 1 %.

The removed layer of the top chips is greatly con-
taminated with gases, for example, the nitrogen content
rcaches 0.05-0.06 % in it at allowable level 0.04 % for
VT1-0. Therefore, the chips are not suitable for the
repeated remelting. However, the chips taken from
deeper layers to remove surface defects, do not contain
the excess of gas impurities and allowed to be remelted.

To prevent the contamination of chips in machin-
ing the conditions of cutter running was sclected care-
fully to remove overheating and metal oxidizing
caused by it, the machine oil was not allowed that
could lcad to carburizing, the drying as-pressed chips
was performed during 2 h in blowing with hot air
(80 °C) to remove the water remnants, cooling the
cutter, which can increase the oxygen and hydrogen
content in titanium. Mass of chips taken from deep
layers was up to 3 % of the ingot mass.

The Table gives the content of the mentioned im-
puritics in metal of ingots melted using the chips of
deep layers. As is scen from the Table, even adding
the large amount of chips to the ingots, up to 12 %
of ingot mass, the content of admixtures in metal does
exceed the rated value.

The positive effect reached due to shortening the
time of cooling ingots from 6 to 2 h is expressed in
increase in efficiency of the melting shop bay by
21.1 %. Here, the losses caused by removing the top
layer of oxidized chips, are comparable with a gain
obtained from reduction in expenses for service of the
melting unit and mutually compensated.

1. Tajts, N.Yu. (1962) Technology o{v[steel heating. Moscow:
GNTTI on Ferrous and Non-Ferrous Metallurgy.

2. Kozelkin, V., Usoltsev, F. (1974) Principles of infrared
technique. Moscow: Mashinostroenie.

3. Samsonov, G.V. (1978) Physical-chemical properties of oxi-

des. Moscow: Metallurgiya.

4

. Borisov, E.A. (1980) Titanium alloys. Metallography of ti-
tanium alloys. Moscow: Metallurgiya.

5. Eryomenko, V.N. (1960) Titanium and its alloys. Kyiv:
Ukr. SSR.
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STUDY OF SPECTRA OF ARGON ARCS
FOR CREATION OF AUTOMATIC SYSTEMS OF CONTROL
OF PLASMA-ARC MELTING
AND WELDING PROCESSES IN ARGON

E.V. SHAPOVALOV
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Experimental data on study of argon arc spectrum are presented. The obtained experimental data are necessary to create
the systems of technical vision operating in the conditions of argon arcs.

Keywords: automation of processes, plasma-arc melting,
argon arc welding, spectrum of argon arc, system of technical
vision, CCD of matrix

Automation of technological processes of plasma-arc
melting and welding envisages the presence of a tech-
nical vision system (TVS) allowing us to obtain a
visual information about the parameters of techno-
logical processes (sizes and shape of metal pool, dis-
tance from pool to plasmatron nozzle exit section,
level of metal relative to mould edge, spatial position
of butt, parameters of edge preparation, etc.) in a
real time. In non-automated systems these functions
arce fulfilled by the operator or welder.

The aim of this work is to study the spectra of
argon arcs to decrease the effect arc radiation to TVS
used in technological processes of plasma-arc melting
and welding in argon.

The relative sensitivity of receptors of human vi-
sion depending on the wave length is shown in Fi-
gurc 1 [1]. To protect the human vision from intensive
radiation of the electric arc the serial-produced optical
filters arc used. Figure 2 shows spectra of absorption

Ino
8

7 F

1F

0 1 1 1 1 1 1
350 400 500 600 700 800 A, nm

Figure 1. Relative sensitivity of receptors of human vision: 7 —
rods; 2 — cones (In 0 — logarithm of relative sensitivity, A —
wave length)
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of the most widely spread filters S-3 and S-4. As it
follows from Figures 1 and 2 the spectrum of absorp-
tion of filters S-3 and S-4 covers almost completely
the range of wave lengths to which a human eye is
sensitive.

At present a charge-coupled device (CCD) of ma-
trix is used as a light-sensitive device in most TVS.

The principle of operation of matrix CCD is as
follows. A matrix of light-sensitive elements is created
on the bases of semiconductor material (silicon, ger-
manium). Each light-sensitive element has a property
to accumulate charges proportionally to the amount
of photons falling on it. Thus, two-dimensional matrix
of charges proportional to the luminosity of initial
image is obtained over the period of exposure on the
accumulation sections. The accumulated charges are
firstly transferred to a storage section, and then line-
by-line to the matrix output.

In spite of a visible variety of TV cameras, CCD
of matrix, used in them, are almost similar, as the
technology of their manufacture is similar in all the
manufacturers. Major parameters of CCD of matrices
are the dimension in pixels and spectral sensitivity.

Resolution of CCD of cameras is determined
mainly by the dimension of CCD of matrix in pixels
and quality of an objective. CCD of matrix with the
resolution oriented to TV standard, i.c. 512x576 and
768x376, refer to most widely applied. For TVS, used
in the automatic systems of control of plasma-arc melt-
ing and welding processes, the use of the matrix of

1104

-103

0.2

0.1

500 600 700 &, nm

Figure 2. Spectrum of absorption of welding glasses S-3 and S-4
(y — absorption coefficient)
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Figure 3. Spectral characteristics of CCD of matrices of different
manufacturers: / — Dalsa; 2 — Thomson; 3 — Texas Instruments
(o — spectral sensitivity)

768x576 format is most suitable. This is stipulated by
the following factors:

* CCD of matrix of 768x576 format produce maxi-
mum resolution for a standard TV signal;

« unlike the matrices of 512x576 format they have
a network of arrangement of light-sensitive elements
close to a square, and, consequently, similar resolu-
tion in horizontal and vertical.

When the CCD of matrix with a high resolution
is used, additional difficulties arise with the process-
ing of images in a real time. For TVS, operating under
the conditions of electric arc, a spectral sensitivity of
CCD of matrices is the important factor. Work [ 2|
describes spectral characteristics of some CCD of ma-
trices (Figure 3).

CCD of matrix arc manufactured mainly on the
silicon base. Therefore, in spite of varicty of charac-

A, nm

B, rel. un

[

o, rel. un

1 1 1 1 i

1
400 500 600 700 800 900 1000 1100 A, nm

Figure 4. Family of typical characteristics of spectral sensitivity
of some CCD of matrices of Sony

teristics they are characterized also by the maximum
sensitivity in red and near infrared (IR) range. Ger-
manium CCD of matrix arc not almost used in TVS
due to their high cost in spite of having the wider
range of sensitivity in the far IR region of the spec-
trum. From the data of [3], the Sony Company pro-
duces all its black-white matrices with a spectral cha-
racteristic shown in Figure 4.

CCD of matrix possess the higher range of spectral
sensitivitics as compared with the human vision,
therefore, the use of standard optical filters is impos-
sible. Difficultics arisc in determination of parameters
of the optical filter protecting CCD matrix from the
electric arc intensive radiation in construction of TVS
system for control of processes of plasma-arc melting
in argon.

Most TVS, designed for following butt line in
argon welding, include an illuminator [4-8]. Selec-
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Figure 5. Spectral characteristics of argon arcs: 7 — aluminium; 2
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tion of a wave length of this illuminator is one of the
important scientific problems as the arc in this case
should have as low as possible effect on the TVS
operation, and CCD matrix should have a sufficient
sensitivity to this wave length.

To solve the above-mentioned problems, the ex-
perimental investigations of a spectrum of argon arc
using a diffraction spectrometer were carried out at
the E.O. Paton Electric Welding Institute. The spec-
trometer design includes four main units: diffraction
grating, objective, photodetector, microprocessing
block for data processing. CCD matrix was used as
a photodctector. Radiation of argon arc was focused
on the spectrometer diffraction grating using a prism
and objective. The measurements were made in four
ranges: 500—632, 632—762, 762-893, 893—1000 nm.
Experimental spectral characteristics of argon arcs of
steel and aluminium arc shown in Figure 5.

Shapes of experimental curves for steel and alu-
minium have no noticeable differences. This can be
explained by the fact that the spectral lines of atoms
of used metals arc not characterized by a high Tumi-
nosity in the range of 500—1000 nm. Absorption of
these spectral lines is also possible by the shiclding
gas (argon) or air. The experimental data obtained
are necessary for determination of parameters of op-
tical filters used in TVS of plasma-arc melting and
welding in argon.

According to experimental data, the maximum va-
lues of argon arc luminosity were recorded in the
range from 680 to 870 nm, and the ranges 500-680 nm
are most favourable for the TVS operation.

Figure 5 presents also the theoretical values of
luminosity of argon spectral lines [9]. Difference in
experimental and theoretical data is stipulated by
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some factors. In the latter the absorption of arc ra-
diation by the passing medium (air), the effect of
temperature luminous emittance of the molten metal
were not taken into account. Some widening of spec-
tral lines can also be outlined that is explained by a
chaotic thermal motion in the gas. The width of spec-
tral lines is influenced by collisions between radiating
particles, strong disturbances in frequency of ions,
caused by their random arrangement in a crystalline
lattice, change in frequency of ions radiation due to
Doppler effect.
Taking into account the results obtained at PWI
a system of torch tracking along the butt using a TV
sensor has been developed [7]. The use of the band
filters in the range from 500 to 680 nm made it possible
to observe the metal pool during argon plasma-arc
melting in the UPP-3 type furnace using CCD of the
video camera.
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VACUUM-INDUCTION MELTING

INDUCTION HEATING. CAPABILITIES
AND PROSPECTS OF ITS APPLICATION
IN PROCESSES OF SPECIAL ELECTROMETALLURGY.
Part 1. Classification of Methods of Induction Melting
of Metals and Alloys and Methods of Crucible-Free Melting

I.V. SHEJKO and G.M. GRIGORENKO
E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Classification of different methods of metal melting based on induction heating is given. Technical characteristics of

crucible-free methods of melting are considered and analysis

Keywords: inductor, electromagnetic field, metal pool, in-
got, sectional mould, cold crucible, metal crystallization

Induction heating is widely used in different pro-
cesses, including also in melting different metals and
alloys that is stipulated by a complex of the following
technological properties typical of induction heat
source [1-6], namely:

* high sterility of heat energy source, as it has no
negative effect on properties of material being heated;

* intensive stirring of melt during melting levels
the temperature and chemical composition in the pool
volume;

« absence of a local overheating, thus resulting in
small loss in alloying elements;

« absence of a rigid relation between the supplied
power and melting speed;

o feasibility to maintain metal melt in a molten
state for unlimited time;

Technological processes
based on induction heating of
electrically conductive
materials

A

of their technological capabilities is made.

« simplicity in control and maintaining the melt
temperature in a preset range;

« high degree of reliability in operation and a good
adaptation in the automation system of technological
equipment used in the induction heating processes;

* no need in creation of any special conditions for
its operation and, therefore, the technological pro-
cesses can be performed in a gaseous medium of any
composition and pressure, including also in vacuum.

The above-described features and technological
advantages of induction heat sources stipulate a con-
tinuous widening of the sphere of their application in
different branches of industry. Depending on the pro-
cess purpose, type of material or product treated and
a final product, all the technological processes, based
on induction heating, can be classified as follows (Fi-
gure 1).

Traditional fields of application of induction heat-
ing arc heat trecatment (quenching, tempering, nor-

Processes of high-frequency
heating of dielectric
materials

Heating of billets for plastic
deformation in forge-press rolling
manufacture and hot stamping

Heat treatment
Heating of billets for mechanical
treatment and cutting
of rolled metal surface
High-temperature plasma chemistry
and spheroidizing of powders

Welding, brazing, cladding and coating

Induction melting of metals and alloys
Drying of organic coatings and wood
Producing new materials
(single crystals of semiconductors
and growing artificial semi-precious
stones — phyanites)

\ Food processes and household heating

Figure 1. Classification of processes and equipment using induction

© I.V. SHEJKO and G.M. GRIGORENKO, 2003
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malizing), heating of billets before pressure treatment
(pressing, stamping, bending) and mechanical treat-
ment (milling, lathe operations and cutting) |4, 5,
7—10]. In this case the values of heating temperature
for these processes may vary from 700 to 1500 K.
Sometimes, some processes, for example deformation
and heat treatment, can be combined. Induction heat-
ing makes it possible, here, to stabilize and optimize
the temperature condition of the process, to increase
the efficiency of the mechanical equipment and to
reduce the metal wastes.

The induction heating found the widest spreading
in the ficld of welding, brazing and coating deposition
on sheet metal |7, 11-15]. Welding, based on high-
frequency heating of metal in the weld zone, is ad-
vantageous by the high efficiency of the process,
reaching 100 m of weld per minute, versatility of the
process, because it can weld almost any mctals with-
out use of shielding media, high quality of the joint
owing to a localization of the heat energy in the nar-
row zone of edges being welded. In separate cases,
for example in welding cable sheaths, the high-fre-
quency is only possible.

The use of the induction heating in the processes
of brazing can solve one of major problems, such as
providing homogeneous temperatures of bodies joined
and brazing alloy in the brazing zone. At single-type
products and in mass production the brazing process
can be automated.

Induction heat sources are used successfully in the
processes of high-temperature plasma-chemical syn-
thesis of chemical compounds of metal with other
elements, in producing ultra-pure materials and
spheroidizing of metal and ceramic powders using a
high-frequency plasma [16—19].

The wide application of the induction heating for
melting metals and alloys is explained by its specific

WaterT

Figure 2. Scheme of induction levitation melting: 7, 2 — upper
and lower sections of inductor, respectively; 3 — molten weight
of metal; 4 — force lines of electromagnetic field (X and @ —
directions of current in inductor turns)

difference from other methods. It consists in the fact
that heat, required for heating, is generated directly
in the material itself. Moreover, the heat generation
in the body heated can be realized, depending on the
problems to be solved, from any side: from beneath,
lateral and from the top.

As the molten metal, available in the alternating
electromagnetic field of the inductor, is stirred con-
tinuously under the action of electromagnetic forces
it scems possible to create the favourable hydrody-
namic condition when developing the technological
process by sclecting the necessary current frequency
and design of the heater (inductor).

Processes of melting and treatment of the molten
metal using the induction heating can be divided into
thrcee main groups:

* heat energy is generated in the material heated,
and the metal melt does not contact the crucible ma-
terial;

» metal melt during the entire cycle of heating
contacts the refractory material and the heat energy
is generated directly in the melt or charge;

* heat cnergy is generated in a vessel (crucible),
made from electrically-conductive material, whose
specific electric resistance and melting temperature
arc much higher than those of material being remelted.
Here, the heating and melting of charge, and also
overheating of metal melt occur duc to heat dissipation
by the more heated wall of the crucible.

Depending on the type and material of crucibles
used and method of heat supply to the melt, the variety
of technological mcthods of induction melting and
appropriate melting cquipment can be classified as
follows.

At present the processes and devices, allowing
melting metals without contact of melt with refrac-
tory materials, compose a separate group of the in-
duction melting methods |5, 20—29]. They include
such types of melting as:

« levitation;

e crucible-free zone;

» with clectromagnetic melt maintaining on sup-
port;

e skull;

« in cold crucibles.

Method of the levitation induction melting has
been well developed and found a wide application in
conductance of physical-chemical investigations | 20—
22, 30-35]. Its principle is as follows. The clectro-
magnetic field is generated using one inductor or a
system of inductors with a so-called potential pit, i.c.
the field, inside of which a low intensity zone is lo-
cated (Figure 2). Metal weight, placed into this zone,
is stecady suspended if the gravity forces are levelled
by a resultant force created by the field of a lower
inductor. In the metal weight the currents are induced
causing heating and subsequent melting. The space
position of a weighed metal drop is well stabilized in
the inducing system of two co-axial sections of induc-
tors, located co-axially one over another. Here, the
direction of currents in sections should be opposite.
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With change in power supplied to the inductor,
not only the intensity of the electromagnetic field is
changed, but also its configuration that leads, in turn,
to the change in space position of the molten metal
in the inductor. In a steady condition, the power ge-
nerated in the melt, is equal to the power lost by the
metal surface due to radiation and convection.

The principle of a crucible-free zone melting is
based on the capability of the molten zone to redis-
tribute impurities between the liquid and solid phases
[23—25, 36]. Effectiveness of this method is defined
by many factors including design features of the in-
stallation, mcthod of zone heating, and also charac-
teristics of the material being treated. The most im-
portant characteristic of the material is an cffective
coefficient of distribution of impurities K, which rep-
resents a ratio of impurity concentration in a solid
phasc Cs to its concentration in a liquid phase Cy, i.e.
K=C,/C;23-25]. Coefficient of distribution K can
be larger and smaller than unity depending on the
fact how the impurity influences the temperature of
melting solvent (matrix). If the impurity contributes
to the increase in temperature of the solvent melting,
then its concentration in the solidified phase will be
higher than in the liquid phase (K > 1) and, vice
versa, i.e. K < 1.

Scheme of the process of a vertical zone melting
is presented in Figure 3. The principle of this method
of melting consists in the fact that zone 3 is melted
in a cylindrical rod f using inductor 2, metal of this
zone is maintained by surface tension forees and elec-
tromagnetic forces of alternating field. The zone is
slowly moved along the rod. Here, the impurities are
moved together with the molten zone and, thus,
pushed aside to the rod end.

The process can be performed in vacuum or gaseous
atmosphere of a preset composition. Ingot with a very
low content of impuritics is produced for several
passes along the rod. The purification degree depends
on the number of passes. Zone crucible-free melting
can be used not only for purification of the material
remelted from harmful impuritics and their uniform
distribution across the scction and length of the rod.
Zone melting makes it possible to add the required
amount of impurities to the material and to prevent
almost completely the segregation of impuritics in the
material treated.

The modern procedure of zone melting and ad-
vanced technologics give opportunity to produce ma-
terials with the content of impurities in several dozens
of atoms per million of matrix atoms. Diameter of
ingots melted is varied from several millimeters to
several tens of millimeters.

The process of zone melting is combined in most
cases with the producing of a preset crystalline struc-
turc in the ingot, including single-crystal structure.

Melting with the electromagnetic maintaining of
melt on the support is characterized by the fullest use
of properties of the electromagnetic field. Heating
and melting of the material are combined here with
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Figure 3. Scheme of crucible-free melting: 7 — cylindrical rod

being treated; 2 — inductor; 3 — molten zone; 4 — remelted metal

the maintaining of melt by interaction forces occurring
between induced currents in material and alternating
magnetic field of the inductor |5, 26, 28, 29, 37, 38].

With allowance for the electromagnetic maintain-
ing of melt on the support, two methods of producing
ingots were developed: semicontinuous casting in the
so-called magnetic mould (Figure 4, @) | 38| and grow-
ing of single crystals by the method of Czochralski
(Figure 4, b) [28, 37].

Depending on nature of technological process, a
solidifying ingot, monolithic billet or charge, skull
or water-cooled bottom plate can serve as a support
for the melt.

During casting ingots the molten metal from the
melting furnace enters a bottom plate 4, mounted in
the zone of inductor 2. Thus, a metal pool 7 is set on
the bottom plate. The molten metal pool is squeezed
and maintained on the bottom plate by the clectro-
magnetic field generated by the alternating current
passing in the inductor 2. With increase in metal pool
volume the bottom plate 4 is slowly lowered down
and cooling water is supplied to a lateral surface of
the solidifying ingot 3 through holes in the inductor.

Casting with the formation of the lateral surface
of ingot in the clectromagnetic ficld avoids completely
the mechanical interaction between the ingot and
mould wall, thus providing the high quality of the
surface. The produced ingots have no surface defects
(cracks, overlaps, cold shuts and others) and do not
require mechanical trimming before deformation | 38].

As to its technical capabilities, including the pu-
rity of the metal melted, the induction melting on the
support is close to the levitation melting. At the same
time the presence of support under the melt allows
maintaining of a sufficiently large masses of the mol-
ten metal. The mentioned specifics of the process was
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Figure 4. Scheme of processes with electromagnetic maintaining of melt on the support: ¢ — ingot casting in an electromagnetic mould;

b — growing of single crystals; 7 — metal pool; 2 — inductor;
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Figure 5. Scheme of induction skull melting: @, b — upper and

lateral energy supply to metal, respectively; 7 — inductor; 2 —
metal melt; 3 — skull; 4 — cooled surface of skull

o

3 — ingot; 4 — bottom plate; 5 — water jets; 6 — mould; 7 —

further developed to grow the single crystals (see
Figure 4, b). Electromagnetic field, generated by the
inductor 2, is used for melting the top part of the
ingot (consumable billet) 3 and formation of a metal
pool 1 in this zone. Using a single-crystal primer (not
shown in Figure), which is sct in contact with the
pool top at the beginning of the process, a single
crystal 7 is «withdrawn» from the pool. To average
the temperature fields of single cerystal in the zone of
contact with a metal melt the single crystal is rotated
around a longitudinal axis. This mcthod is widcly
used for producing single crystals from semiconductor
materials, and also single crystals of many highly-re-
active metals.

Specifics of any skull melting is that the metal
being remelted contacts the solid metal of the same
chemical composition as the melt. In addition, the
solid mctal scparates the metal from its contact with
elements of furnace structure and, thus, protects from
contamination [39, 40]. Both highly-concentrated
sources (electric arc, arc plasma and electron beam)
and also sources with a dissipated heating (induction)
can be used as sources of heat energy |27, 41].

Two schemes of induction skull melting are used.
They are differed by the method of power supply to
the metal: through the open mirror of pool or from
one side through a skull (Figure 5). The first scheme
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(Figure 5, @) does not differ from other methods of
skull melting where the highly-concentrated sources
of heat energy are used. Its main advantage is the
absence of electrical losses in skull during supply of
heat energy to the pool. However, it is characterized
by a poor electromagnetic coupling, resulting in a
very low electrical efficiency factor of edge inductor—
loading system. Due to this, the scheme with a top
supply of power does not find a practical application.

The second scheme of induction skull melting with
a lateral supply of power is considered more preferable
(Figure 5, b). Electrical efficiency factor of cylindri-
cal inductor—loading system is higher than at the top
power supply. The lateral skull is made from metal
powder which is remelted. The fine-dispersed particles
of powder are «transparent» for the electromagnetic
field and, therefore, the temperature of their heating
is much lower than the melting temperature. During
melting the powder is sintered with the formation of
a crust in which melt is arranged. In addition, the
part of the supplied energy is lost in the skull.

In spite of the fact that this method was suggested
more than 40 years ago and the large volume of theo-
retical and laboratory investigations have been al-
recady carried out, there is no information in the li-
terature about its practical application.

In works [25, 42—47] two technological diagrams
of induction melting of metals in cold crucibles were
described, differing by the site of connection of the
electromagnetic field energy to the metal melt: upper,
through the open mirror of metal pool using an edge
inductor (Figure 6, @), and lateral, through the cru-
cible wall using a cylindrical inductor (Figure 6, b).

The charge to be remelted is placed into a cold
crucible 2 made in the form of a blind-bottom water-
cooled vessel. Supply and drain of the cooling water
from a cold crucible is made through a hollow rod
(see Figure 6, ). Edge inductor 3 made in the form
of aring (single-turn) or an Archimedean spiral (mul-
titurn) is mounted coaxially over the cold crucible.
Arrows show the direction of energy transfer to the
metal melt and its removal from the melt.

At this scheme of energy supply to the charge
(melt) to be remelted, repeating the principle based
on use of the highly-concentrated sources of heat ener-
gy (electric arc, low-temperature plasma or directed
flow of clectrons), the induction heating is low-cffec-
tive, as the edge inductor has a weak coupling with
melt in the crucible. Therefore, the heat energy, ge-
nerated in the melt, does not provide sctting of a
sufficient volume, and also necessary overheating of
the melt. Morcover, the pairs of metals which are
condensed on the inductor, can cause the electrical
breakdowns between the inductor turns [ 26, 27]|. The
given scheme of the induction melting did not find
the practical application due to the above-described
reasons.

Induction melting in a cold crucible with an energy
supply to the metal pool through its lateral surface
(see Figure 6, b) is more promising and less power
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Figure 6. Scheme of induction melting in a cold crucible: a, b —
energy supply through open mirror of metal pool and through the
cold crucible wall, respectively; 7 — metal pool; 2 — cold crucible;
3 — inductor; 4 — bottom plate

consuming. Mctal pool 7 is located in a cold crucible
2, whosc cylindrical wall is made from scparate cooled
sections, isolated electrically from each other, and
«transparents for electromagnetic field generated by
a high-frequency current passing in inductor 3. In-
ductor is made in the form of a cylindrical spiral and
a cold crucible is placed into it.

Melting in a cold crucible differs from the con-
ventional crucible induction melting by the conditions
of encrgy transfer from inductor to melt, as the cold
crucible wall, which distorts clectromagnetic ficld,
generated by the current in the inductor, is located
between the inductor and metal melt.

Solid metal wall of a conventional water-cooled
crucible is a screen for the high-frequency clectromag-
netic ficld generated by the inductor as the eddy cur-
rents induced in the crucible wall form the closed
electric circuit along the external surface of its wall.
The cold crucible wall made from separate clectrically
isolated cooled scctions represents a sccondary wind-
ing of the transformer. Owing to this, the transfer of
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Figure 7. Scheme of metal pool in melting in a cold crucible: I —
zone of complete melt squeezing from crucible wall; IT — zone of
slot squeezing of melt; 111 — zone of a full contact of melt with
crucible wall; 7 — cold crucible; 2 — inductor; 3 — metal pool;
4 — skull; 5 — bottom

electromagnetic field energy occurs from inductor to
the melt in a cold crucible [43—-45].

In spite of the fact that the part of electromagnetic
field energy is lost in the cooled crucible wall, a rather
high value of power factor of the cylindrical inductor
(as compared with edge inductor) provides the evo-
lution of heat energy in the charge, sufficient for its
melting and subsequent overheating of the metal melt.
Uniform lateral heating and intensive stirring of the
melt in the electromagnetic field can produce pool
with a homogencous chemical composition and tem-
perature.

In induction melting in a cold crucible its gcomet-
ric parameters are close to those of crucibles made
from refractory materials used in conventional fur-
naces, i.c. height of crucible and inductor scveral
times exceeds the crucible diameter. Therefore, the
induction melting in a cold crucible is typical of a
large depth of the metal pool. In height of the metal
melt, locating in a cold crucible, three typical zones
can be distinguished (Figure 7) |25]. Upper I is the
zone of a complete squeezing out of melt from the
cold crucible wall, middle IT is the zone of a partial
(slot) squeezing out of melt from crucible wall and
lower I1T is the zone of a full contact of melt with a
cold crucible wall.

An cssential drawback of furnaces with a cold
crucible is the fact that during metal pouring its large
part is frozen on the crucible wall and pouring lip.
Amount of the poured metal does not exceed 60—65 %
[43-46]. In addition, ingots, cast into mould, have
defects of a shrinkage origin and developed liquation
of alloying elements that is typical of conventional
methods of casting. In spite of the fact that many
aspects of the process of induction melting in cold

crucibles are well-studied both in theoretical and in
design direction (problems of electrical parameters
and power characteristics of the process as a whole,
design of cold crucibles, etc.), its practical use for
producing castings and ingots was not realized.

The induction units with a cold crucible are used
in technological processes which are not related to a
metal pouring. One of them is metallothermic reduc-
tion, widely used in producing metals characterized
by high rcactivity in a molten state, for example,
zirconium, vanadium and others |44, 47|. Processes
of metallothermic reduction are realized in special
reactors or thermal units. Induction units with a
water-cooled sectional mould can be used as these
units. They give an opportunity to realize the input
of heat energy of the clectromagnetic ficld additio-
nally to the heat of chemical reactions which is ge-
nerated in the reaction mass. This contributes to a
uniform heating of the rcaction mass and to the better
separation of the formed metal and slag in a molten
state.

Work |44 describes design and characteristics of
the industrial installation «Impuls» with a cold crust
designed for producing such metals as vanadium, zir-
conium and others. Installation consists of four mel-
ting modulces, having a common vacuum system, and
one set of high-frequency equipment (Figure 8). Each
of melting modules contains a pressurized melting
chamber, inside of which a sectional water-cooled cru-
cible (0.65 m diamcter, 2 m height) with inductor is
mounted, and also a mechanism of ingot unloading.

The processes of loading, melting, cooling of re-
action products and their unloading from melting
chamber are realized in each melting module succes-
sively with a shifting in time with respect to other
modules.

Crucible represents a cylindrical metal water-
cooled structure, assembled from electrically isolated
sections (50 copper sections of a trapezoidal form with
channels for cooling water flow).

The installation «Impuls» is equipped with four
machine frequency converters of 2000 kW total ca-
pacity. Operating frequency of current supplied to
the inductor is 2.4 kHz.

During heating of the reaction mass by the elec-
tromagnetic field the temperature, sufficient for ini-
tiation of chemical reaction in the loaded mass, is
reached. Metal and slag are formed as a result of
proceeding the redox reaction. Due to a large differ-
ence in density the metal and slag are well separated.
The metal ingot is formed on the bottom plate and
the slag pool is located over it. After completion of
the reduction process and ingot cooling the latter is
withdrawn from the melting chamber using a with-
drawal mechanism.

Duration of cycle in each melting module can be
from 2 to 3.5 h taking into account the time of the
ingot cooling.

The metal ingot produced by this technology con-
tains an increased amount of gas impurities, non-me-
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Figure 8. Scheme of induction 1nsta11at10n «Impuls» for metallothermic reduction: 7 — melting chamber (reactor); 2 — cold crucible;
3 — inductor; 4 — ingot of metal; 5 — bottom plate; 6 — mechanism of ingot withdrawal; 7 — vacuum system

tallic inclusions, and also technogeneous impurities
(increased content of a reducer metal). Therefore,
these ingots are subjected to refining remelting in
furnaces of vacuum-arc or electron beam remelting.

So, it can be concluded from analyzing the schemes
of processes of induction crucible-free melting, their
technical characteristics, peculiarities and capabili-
ties, that the industrial application of levitation melt-
ing will be hardly possible in the near future.

The induction levitation melting is indispensable
and, probably, the only modern method of physical-
chemical investigations of metal melts.

Zone melting and melting with clectromagnetic
maintaining of melt on the support have already found
application in industry in production of ultra-pure
mctals.

As to the induction melting in a cold crucible,
then it should be noted that in spite of application in
industrial scale this process requires great modifica-
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INVESTIGATION OF ELECTROMAGNETIC FIELDS
OF MELTING AND PREHEATING INDUCTORS
IN CRUCIBLE-FREE ZONE MELTING

S.G. EGOROV, I.F. CHERVONY and E.Ya. SHVETS
Zaporozhie State Engineering Academy, Zaporozhie, Ukraine

In this work the magnetic fields of melting and preheating inductors are calculated. Their influence on the processes
proceeding in induction crucible-free zone melting of silicon both inside the melt and also at its surface is analyzed.
Method of improving the degree of magnetic field action is offered.

Keywords: inductor, magnetic field, Taylor’s criterion,
Hartmann’s criterion, convection

Over the recent years the methods of control of hy-
drodynamics, heat and mass transfer, based on appli-
cation of magnetic fields, found the wide spreading
in the processes of producing single crystals of semi-
conductors [1]. The premise for application of elec-
tromagnetic fields is a rather high electric C()IldllCtl-
Vlty of semiconductors in a liquid state, i.c. o= 100"~
100° (OhmM) ™. The effect of electromagnetic fields
is manifested in the fact that they hinder the change
in rate of averaged flow of melt, and also its tempera-
ture and concentration. In producing single crystals
using the method of crucible-free zone melting
(CFZM) the electromagnetic fields of melting and
preheating inductors also influence the molten zone
12, 3]. In the mentioned works the effect of electro-
magnetic ficld of the melting inductor is analyzed,
but the effect of electromagnetic field of the preheat-
ing inductor on the molten zone is not accounted for.

The present work is devoted to the calculation of
magnetic fields of melting and preheating inductors,
and also to the analysis of their effect on the processes
proceeding both inside the molten zone and also at
its surface. The calculated model of the process is
given in Figure 1. It maximum approaches its real
A=0

—» N
|

— 1

4

AZ=0 > r

Figure 1. Geometrical model of CFZM: 1 — feed core; 2, 3 —

melting and preheating inductors, respectively; 4 — single crystal;
5 — molten zone
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modcl for the case of growing silicon single crystals
of 76 mm diameter. Inner diameters of melting and
prcheating inductors are 32 and 90 mm, respectively;
current of melting inductor — 1000 A; ratio of melting
and preheating inductor currents is Imeit/ Ipreheat =
= 2.5; current frequency — 2.8 MHz.

To calculate the electromagnetic field the differ-
ential equation in partial derivatives relative to a com-
plex amplitude of a vector magnetic potential A which
is associated with a vector of magnetic induction by
the following equation:

B = DA. 1)

It is assumed that the vector of the magnetic in-
duction is located in the model plane, while the vector
of electric current density j and vector magnetic po-
tential A are orthogonal to it.

The equation of vector magnetic potential for axi-
symmetric case has a following form:

d 531 a(rA)D a O 940
61’[1“12 or D+62EJ_I-ED waA = o,

where z, » are the space coordinates; W, |, are the
components of relative magnetic permeability; w is
the angular frequency, s '; 0 is the material electric
conductivity, (Ohmm) ™" ,]0 is the current-sided com-

(2)

N
0.00340 0.00095
N

B=0.00027 T 0.00095

0.00005

Figure 2. Calculated pattern of magnetic field
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0.01120

Figure 3. Calculated pattern of magnetic field obtained in 50 Hz
frequency of current

0.000230 0.00370

ponent caused by applied external voltage, A. Values
M, W, O, jo for each material were taken constant.
Field change with time was supposed to be sinusoidal.
The region considered was in vacuum and included
a feed core, melting inductor, melt, single crystal and
one turn of the preheating inductor. The effect of the
rest turns of this inductor on the melt was not taken
into account, as they are located below the mentioned
turn at the relatively large (20-30 mm) distance from
cach other. The sclection of region boundary was re-
alized so that a magnctic potential vector, arranging
on it, was cqual to zero. The distance between the
region boundary, front of crystallization and inductor
were sclected from considerations of a minimum dis-
tortion of the magnetic ficld pattern.

The task put forward was solved by the method
of finite elements using software QuickField 4.3T.
Results of calculation are given in Figure 2. As is seen
from the Figure, the calculated magnetic field is com-
bined with a supposed movement of the melt caused
by an electrodynamic convection [4]. Tt is also no-
ticeable that the magnetic field does not penetrate
deeply into the melt, but is concentrated near the free
its surface. Consequently, it has the greater influence
on the thermocapillary forces than on viscosity forces.
To evaluate the interaction between the thermocapil-
lary convection and rotating magnetic field the di-
mensionless Taylor’s criterion was used [2]:
B’w. R*o

2p V2

where 0 is the angular speed of rotating magnetic
field, s °; R is the radius of a single crystal, m; p is
the den51ty of molten sﬂlcon p = 2530 kg /m; v is
its viscosity, v=3.5000" In?/s However, in thls case
the magnetic field was stationary, and the single crys-
tal was rotating. Therefore, in formula (3) the angular
speed of rotation of the single crystal was used

Ta = (3)

Tt

=30 (4)
where 7 is the frequency of rotation of a single crystal,
rpm. In calculation n was taken equal to 30 rpm.
After substituting values of physical parameters of
the molten silicon and calculated values of vector of
magnetic induction to formula (3) we shall obtain
that the Taylor’s criterion is Ta > 110>, It corresponds
to the condition with a dominating action of the mag-
netic field, at which the thermocapillary flow is de-
creased significantly [2]. Thus, the magnetic field of
melting and preheating inductors at current frequency
2.8 MHz suppresses the thermocapillary convection.
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Figure 4. Curve of distribution of Hartmann’s criterion along the
single crystal radius

The highest permeability of the magnetic field in
the silicon melt volume is attained at 50 or 400 Hz
frequency of current |2, 5|. As it is impossible to
decrease the frequency of current of melting and pre-
heating inductors down to the mentioned values with-
out disturbance of optimum conditions of melting,
then an additional inductor, which is arranged be-
tween the melting and preheating inductors, is used.
The pattern of magnetic ficld gencrated by this in-
ductor is shown in Figurce 3. It differs noticcably from
that presented in Figure 2. 1t is scen that the larger
part of the melt is located in the magnetic field. It is
the area where the «main» vortex influencing the
crystallization conditions is developed.

Degree of action of magnetic forces on the viscosity
forces was determined by the Hartmann’s criterion

Ha = BR Vp% (5)

The calculated values of the Hartmann’s criterion
along the length CN (see Figure 2) are shown in
Figure 4. At Ha > 1 the magnetic forces begin to
dominate over the viscosity forces that can hinder the
change in temperature and rate of the melt movement.

Thus, the magnetic field of melting and preheating
inductors suppresses the thermocapillary convection,
and the application of the additional inductor with
50 Hz frequency of current can lead to the improvement
of the crystallization conditions. Morcover, in this case
an additional possibility in control of concentration of
impuritics in silicon single crystals is appcared.

1. Gelfgat, Yu.M., Zemskov, V.S., Raukhman, M.R. et al.
(1988) Growing of semlconductor single (‘1vstals by electro-
magnetic action on melt. In: Processes of growing of semi-
conductor crystals and films. Novosibirsk: Nauka.

2. Dold, P., Croll, A., Lichtensteiger, M. et al. (2001) Float-
ing zone growth of silicon in magnetic fields. Part 4. Rota-
ting magnetic field. J. Crystal Growth, 231, 95-106.

3. Nancy, Ma., Walker, J.S., Ludge, A. et al. (2000) Silicon
float zone process with a week transverse magnetic field and
crystal rotation. J. Electrochemical Soc., 147, 3529-3534.

4. Muhlbauer, A., Erdmann, W., Keller, W. (1983) Electro-

dynamic convection in silicon ﬂoatmg zones. J. Crystal
Growth, 64, 529-545.

. Jonston, V.S, Tiller, V.A. (1966) Liquid flow control dur-

ing solidification. In: Zone melting. Moscow: Metallurgiya.
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OPTIMIZING OF CONDITION OF STEEL MELTING
IN ARC STEELMAKING FURNACE WITH ALLOWANCE
FOR ENTERPRISE PROFIT

S.A. KHRAPKO
Donetsk National Technical University, Donetsk, Ukraine

Dependence of production effectiveness of steelmaking shop on technological parameters of the steel melting process is
analyzed. Tt is shown that at different variants of the technology and also in automated systems of control of technological
processes of melting and ladle treatment a final aim of any production, i.e. enterprise profit, should be used as a
purposeful function of optimizing, but not the indirect indices of shop operation (efficiency of the unit, cost of products).

Keywords: technology of electric melting, oxygen blowing
in, exothermal reactions, output of efficient metal, arc furnace
efficiency, cost, enterprise profit

To analyze the profit dependence on production vo-
lume (or furnace efficiency) the following considera-
tions are taken into account [1]. Expenses of the en-
terprise for products manufacturing are

)]

where S are the expenses for main materials and en-
ergy suppliers per ton of ready products, US$ /t; G
is the mass of produced metal, t /year. Profit of en-
terprise from metal selling is

Z =5G,

Y = CG,

where C is the price of products, US$ /t.
As a result, the following formula is obtained for
determination of annual profit of the enterprise:

(2)

3

where Z; is the conditionally constant expenses (sa-
lary, taxes, payment for land, equipment repair, i.e.
everything paid by the enterprise independently of
the products manufacturing), US$ /year.

It follows from the formula that the enterprise
becomes unprofitable at the productivity of less than
Z./(C=S). The increase in the productivity leads al-
ways adequately to the increase in the profit. The
above-mentioned dependence is illustrated by a dia-
gram shown in Figure 1 [1].

In these consideration there is one drawback: it is
considered that with increase in furnace efficiency all
initial data (cost coefficients) remain constant. This
situation corresponds to «extensives way of increas-
ing productivity (increase in number of furnaces, their
capacity, ctc.). If the method of increasing furnace
efficiency by changing melting technology is consi-
dered (in particular, intensification of oxygen blow-
ing in), then it is necessary to take into account that
in this case not only the melting duration is decreased
(duc to additional heat of chemical reactions), but

P=Y-2-72,=(C-5)G-Z,

© S.A. KHRAPKO, 2003
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also the mass of the molten semi-product at the outlet
(due to increased iron loss). Here, the expenses for
main materials and cnergy supplicrs per one melting
are not almost changed, that is equivalent to the
growth of all the cost cocfficients per 1 t of molten
metal. Thus, formula (1) does not already reflect the
dependence of enterprise expenses on the mass of pro-
duced metal and , therefore, it is necessary to consider
the expenses fixed for each melting. In other words,
a mectal scrap of a definite cost is loaded into the
furnace, then this cost will not depend on the results
of melting, i.c. 10 or 50 % of metal will be transferred
to the slag.

As an example we shall consider two variants of
technologies: basic and comparative. Let us assume
that the comparative variant is differed from the basic
variant only by a smaller mass of the produced metal
and melting duration, all other characteristics will be
considered unchanged: conditionally-constant ex-
penses Zy = 12 mIn US$ /year (approximate estima-
tion; it is shown further that this value does not in-
fluence the results of comparison); the price of molten
semi-product (price of billet minus expenses for al-

point of lossless

Receipts, expenses

-
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-

Yomemaaa
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mfmm—aa

Y

-
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Conditionally-variable expenses

-
-
-

Vo Vs < Ve
Annual volume of production

Figure 1. Dependence of profit on volume of production and ex-
penses
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Table 1. Cost coefficients (expenses for main materials and ener-
gy suppliers) in a basic variant at output mass M = 125 t, US$

Consumption Cost of
L Price of of } o _O Cost of
Description of § } resources ) i
3 resources resources resources per
resources - ) per 1 tof ) .
unit per 1 tof melting
steel steel
Scrap, t 50 1.2 60 7500
Electric energy, 0.03 400 12 1500
kWi
Electrodes, kg 3 3 9 1125
Lime, kg 0.05 50 2.5 312.5
Natural gas, m* 0.05 10 0.5 62.5
In total: 84 Z.,= 10500

m

loying, rolling, pouring, transporting and so on) C =
=105 USS$ /t; duration of furnace operation per year
T = 8000 h; expenses for main materials and energy
suppliers per one melting Z; = 10500 US$ (approxi-
mate calculation is given in Table 1).

Let us estimate the reduction in mass and melting
duration with increase in intensity of oxygen blowing
in. The total heat consumption for melting 1 t of
metal is = 540 kW@ /t or 1944 MJ /t. To reduce the
melting duration for 1 min (from 60 min in a basic
variant to 59 min in a comparative variant), it is
necessary to introduce 1944 /60 = 32.4 MJ /'t of heat
at the expense of iron oxidation by the blown-in oxy-
gen. The reaction of iron oxidizing with gaseous oxy-
gen has a thermal effect of not more than 5.9 MJ /kg
of iron. Conscquently, the additional iron loss per
each minute of reduction in melting duration will be
5.5 kg,/t, and at average mass of melting 125 t the
reduction in mass of the output metal will reach
0.686 t.

Let us analyze the dependence of profit per time
unity on intensity of oxygen blowing in to the arc
steelmelting furnace. The changes in characteristics

with increase in intensity of blowing in are given in
Table 2.

Table 2. Comparison of characteristics

The calculations show that the comparative vari-
ant is not profitable (annual profit is decrecased by
22500 US$) in spite of increase in production pro-
ductivity by 11400 t of steel per year. To simplify the
analysis of different variants of the technology, it is
desirable to have the analytical form of dependence
of profit on above-given factors.

Substituting expressions of Table to formula (3)
gives the following form of dependence of enterprise
profit per year on melting duration:

CM - Z,

P=T— Z,. 4)

To analyze formula (4) we shall calculate the de-
rivative

0 g
d_P:zgjd_M,(CMfzm)D:
T P[0 drt 0
)
-NcEM o0 -SH
_NCDdT QD cm

Reduction in melting duration leads to the increase
in profit (dP/dt ), if

dM o sd
<9 et ©®

It is interesting that only two characteristics in
formula (6) are of importance: productivity and ma-
terial expenses-to-semi-product price ratio. All other
characteristics (t, M, T, Z;) do not influence the
technology profitability. At the above given basic
characteristics the profitability of intensification of
oxygen blowing in is determined by expression

dM

—— < 25t/h (0.43 t /min),

o ™)

i.c. reduction in melting duration by 1 min should
lead to the decrease in metal mass by not more than
0.43 t (or, in other words, each ton of the oxidized
metal should provide reduction in melting duration
by not less than 2.5 min). If the metal mass is reduced
by more than 0.43 t (0.68 t in a comparative variant),

Description of characteristics Basic oariant Comparative variant Change
Duration of melting T, min 60 59 -1
Output mass M, t 125 124.32 —0.68
Furnace efficiency Q = M /1, t/h 125 126.43 +1.43
Number of melts per year N =T /1 8000 8135 +135
Specific expenses for main materials and energy suppliers 84 84.46 +0.46
S=27./M, US$/t
Volume of annual production G = QT ths t 1000 1011.41 +11.41
Total expenses per year Z = Z, N, ths US$ 84000 85424 +1424
Receipts of plant per year Y = GC, ths US$ 105000 106199 +1199
Profit per year P = Y-Z—-Z,, ths US$ 9000 8775 =225
Profit from one melting P/N, US$ 1125 1078.60 —46.40
Profit per hour P/T, US$,/h 1125 1096.88 -28.12
34 EI,I*}("I‘ROI\I ETALLURGY 212003
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then it is more profitable not to increase the intensity
of oxygen blowing in, and, vice versa, to decrease it.
Here, the productivity will decrease, however, the
decrease in cost of main materials and energy suppliers
per metal ton will be dominating that will increase
the production profit.

The above calculations do not deny the economical
efficiency of intensification of oxygen blowing in to
the arc furnace. The thing is that the rcaction of
oxidation of metal impurities (carbon, manganese,
silicon) provides 2-5 times higher heat (per kilogram
of impurities) than the reaction of iron oxidation. The
oxidation of the above impuritics Icads to the decrcase
in metal mass by 0.14-0.34 t (per each minute of
reduction in melting duration) that is below the criti-
cal value 0.43 t. As a result, the production profit
with increase in oxygen consumption is growing, but
only at the advantageous oxidizing of impuritics, but
not of iron. At the further increase of oxygen con-
sumption the dependence is changed for opposite. In
other words, carbon, manganese and silicon as heat
sources arce profitable, while «to heat» the furnace
with iron is not profitable. Therefore, there is a defi-
nite limit after which all the blown-in oxygen is con-
sumed for iron burning and further increase in its
consumption becomes not rational (Figure 2). This
extremum can be determined using automated systems
of control of technological process of steel melting,
based on strict thermodynamic models, for example
system TP-ORAKUL [2—4].

Formula (6) allows making one more conclusion:
economical rationality of iron burning (and position
of critical point) is determined mainly by ratio of
expenses for materials to semi-product price. For ex-
ample, if the expenses for materials and energy sup-
pliers are less than 67 % of price of molten semi-pro-
duct, then «to heat» the furnace with iron becomes
profitable (operation on «free of charge» metal scrap).

In the above-described calculations only general
principles («skeleton» ) of analysis of economical «sol-
vencys of technological variants of steel melting are
considered. In particular, in condition (6) only one
of influencing factors is considered, therefore, it is
simplified and rather approximated. In automated
control system TP-ORAKUL not only major, but also
many other factors contributing to increase in inten-
sity of use of oxygen blowing in (though influencing
the cconomical cfficiency of technology to a less ex-
tent) are considered: decease in consumption of clec-
tric energy due to an additional heat of chemical re-
actions; increasc in consumption of clectrodes due to
a more intensive oxidation with oxygen; oxygen cost;
incrcase in consumption of dcoxidizers and loss in
alloying elements during alloying at pouring of semi-
product to the ladle.

Moreover, with increase in intensity of oxygen
blowing in the technical capabilities of units for oxy-
gen adding to metal, presence of reserves for intensi-
fication of gaseous oxygen producing, facilitating the
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Figure 2. Dependence of profit on intensity of blowing in

technology of treatment of steels with a decreased
content of carbon and phosphorus in furnace—ladle
unit, deterioration of conditions of operation of lining,
gas purification and others are considered.

CONCLUSIONS

1. Tt is established that the increase in productivity
(production volume) does not always lead to the in-
crease in profit. The latter is guaranteed only in that
case if the cost coefficients of main materials and
energy suppliers per unit of products are preserved
unchanged (or changed negligibly).

2. Increase in furnace efficiency by changing tech-
nology of melting semi-product causes always the
change in cost coefficients, therefore, a more compre-
hensive analysis of either changes in technology are
required (whether the enterprise profit is increased,
but not the steel production volume).

3. All possible variants of technology of steel melt-
ing are «counted» using automated control system
TP-ORAKUL, which makes it possible to select an
optimum method of conductance of each definite melt-
ing with allowance for today’s economical conditions
and the above-mentioned additional factors.

1. Elansky, D.G. (2001) Tendencies in development of electric
furnace steelmaking. Elektrometallurgiya, S, 3—18.

2. Starosotsky, A.V., Kerejnik, A.V., Shcherbina, T.V. et al.
(2002) Complex process control system of steel melting. In:
Proc. of 2nd Int. Sci.-Pract. Conf. on Automated Furnace
Units and Energy-Saving Technologies in Metallurgy.
Moscow: MISIS.

3. Khrapko, S.A., Starosotsky, A.V. (2002) Automatic control

system of steel deoxidation and alloying. Ibid.

. Starosotsky, A.V., Babichev, A.K., Derevyanchenko, I.V. et
al. (2001) Creation of automatic following system of melt-
ing in ASF as a first step of use of intelligent control sys-
tems in steelmaking production. In: Proc. of 6th Congress
of Steelmakers. Moscow: Chermetinformatsiya.
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Brief information on research works carried out on the below-given subjects
at the E.O. Paton Electric Welding Institute of the NAS of Ukraine over

the period of 2000—2002.

«Development of Fundamentals of Technological Processes
of Titanium Melting Using Sponge
and Non-Compact Charge Materials in Electroslag Process
and Other Heat Sources for Melting»

Manager — Prof. L.B. MEDOVAR

The aim of works on R&D subject was to develop
fundamentals of technological processes of melting
titanium using sponge and non-compact charge mate-
rials in electroslag process, and also other methods of
heating for melting, which can be used effectively in
creation of new energy-saving technologies for manu-
facture titanium semi-products and their implemen-
tation in production. These investigations were
started by the initiative of Prof. B.I. Medovar.

In spite of the fact that the titanium melting has
almost a century history, interest to the selection of
method of production of titanium ingots remains suf-

i ettt

Sponge, scrap

Pressing

Ar
ﬂ
b I
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4

Figure 1. Scheme of ESM application in production of titanium ingots: ¢ — traditional, b — with use of ESM CM

Sponge, scrap
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ficiently acute, as it defines to a great extent the cost
of melted metal and its quality.

The growing demand of enterprises of different
branches for titanium semi-products requires the crea-
tion of titanium production in Ukraine, the rationality
of which is confirmed by the presence of large indus-
trially exploring deposits of titanium raw material in
the country. The important argument is also the ex-
isting Saporozhie Titanium-Magnesium Concern.

Many leading companies of the world are searching
for ways of improvement of technology and equipment
for melting titanium alloys, providing 100 % guaran-
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tee of melting refractory high-nitrogen a-inclusions
which can be contained in the consumable charge
materials. The main trend in these works is the crea-
tion of the technology and furnaces with a separation
of zones of melting and crystallization of the ingot.
In particular, in Russia a method of vacuum skull
melting using a skull as a consumable electrode of
the previous melting has been developed.

New opportunities in the solution of problem of
producing ingots on the base of electroslag technology
without hard inclusions arc opened up owing to the
use of ESM process in a current-carrying mould (ESM
CM), where the most optimum technological ESM
scheme is provided, consisting of separation of zone
of melting consumable materials and zone of the ingot
formation. The most important advantage of the ESM
CM is also the fact that it can be used as a process
of sponge compacting. In this case there is no need
in such expensive operation as pressing of consumable
clectrodes from sponge and non-compact charge ma-
terials.

Complex of investigations according to R&D plan
resulted in the development of technological scheme
for realization of remelting of non-compact titanium
sponge and charge materials [1, 2]. Production of
titanium ingots using the process ESM CM in com-
parison with the traditional scheme of remelting of
pressed electrodes is shown schematically in Figure 1.

Scheme of the developed process ESM CM of ti-
tanium sponge in a chamber furnace is shown in Fi-
gure 2. The process of producing the monolithic tita-
nium ingot 7 from sponge is started from filling cham-
ber 1 with argon, pouring of molten slag to the melting
space of current-carrying mould 3 on bottom plate 10
mounted inside forming section 4 of the mould in such
a way that the upper edge of bottom plate 70 was
located a little lower than the upper edge of forming
section 4 and connection of supply sources 9. Sections
of the mould 2—4 are separated by isolating inserts 5.
Slag pool 6 is electrically conductive and closes the
electrical circuit: current-carrying section 2—bottom
plate 70—ingot 7 and non-consumable electrode 77—
bottom plate 10—ingot 7, in which current starts its
passing and heats slag pool 6 up to temperature 1700—
1800 °C. Current is adjusted by varying open-circuit
voltage in the circuit current-carrying section 2—bot-
tom plate 710—ingot 7 and by changing the non-con-
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Ar

Figure 2. Scheme of ESM CM of titanium sponge [2]

sumable clectrode 17 immersion into slag pool 6 in
the circuit non-consumable electrode f /—bottom plate
10—ingot 7. After heating of slag pool to the presct
temperature a titanium sponge 12 is fed from a batcher
to slag pool 6 into the mould melting space. Owing
to the higher density than that of a slag, the titanium
spongc is lowered by heating in slag pool 6 on bottom
plate 70 where it is melted in the zone of contact
resistance of slag—bottom plate with the formation of
a mctal pool 8. The speed of withdrawal of ingot 7,
fixed on bottom plate 70, from forming section 4 of
the mould is maintained with the help of inductive
sensor of a molten metal pool level. Experimental
meltings of titanium sponge of 12-20 mm fractional
composition according to this scheme were performed
in a current-carrying mould of 350 mm inner diameter
of the current-carrying section and 100 mm inner di-
ameter of the forming section.

The application of ESM CM process in ESM of
titanium ingots is more effective means for prevention
of hard high-nitrogen inclusions. Effect of a quick
dissolution of large nitrogen inclusions in slag in ESM
CM was established experimentally, these inclusions
were implanted into a specially prepared consumable
electrode (Figure 3). Naturally, that in this case they
are not melted, but, refined and uniformly distributed

Figure 3. Appearance of fused ends of electrodes, containing 30 (@) and 49 (b) % of high-nitrogen inclusions

2/2003
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in the titanium ingot volume. In case of use of addi-
tions of metal calcium to the slag in ESM CM the
rate of dissolution of high-nitrogen inclusions can be
increased significantly. However, the realization of
this active technological process of ESM is possible
only in a chamber furnace with a controllable atmos-
phere. The use of the lower-energy consuming method
of arc-slag process instead of ESM can appear to be
rather promising.

As a result of fulfillment of R&D works, the fun-
damentals of technological processes of titanium melting
using sponge and non-compact charge materials provid-
ing application of clectroslag process and other heat
sources for melting. Initial data were obtained for the
development of new cffective technologices and equip-

ment for production of titanium semi-products using
method of semi- or continuous clectroslag casting.

The results obtained can be used in organizing new
industrial production of titanium semi-products using
method of semi- or continuous casting at enterprises
of Ukraine, in particular at <«Dneprospetsstals
Works, where this production is planned to be created
in the nearcest future.

1. Paton, B.E., Medovar, B.I., Medovar, L.B. et al. Metal
method of continuous casting of titanium and its alloys in
the chamber. Pat. 31837 Ukraine. Int. Cl. 6 C 22 B 9,/00.
Publ. 17.12.01.

2. Medovar, B.I., Medovar, L.B., Fedorovsky, B.B. et al.
Metal method of production of monolithic consumable elect-
rode from titanium sponge. Pat. 34625 Ukraine. Int. Cl. 7
22 B9,/18. Publ. 15.03.02.

«Development of Electron Beam Technology of Deposition
of Hard Gradient Coatings with a Non-Equilibrium Structure
on Carbon and Boron Base»

Manager — Prof. B.A. MOVCHAN

Investigations and development of the process of elec-
tron beam evaporation and condensation in vacuum
of hard gradient protective coatings on the base of
carbides of titanium, chromium and boron were per-
formed, during which the composition of produced
condensates and structure of coatings in thickness and
also their properties were examined.

Technology has been developed for a simultaneous
evaporation of a multicomponent mixture (tablet)
from one crucible with producing of complex carbide
coatings. It provides repetition and reliability of the
process, eliminates the need in use of ready carbide
compounds as initial raw material, and also promotes
the reduction in time of technological process and
increase in power characteristics that simplifies it sig-
nificantly and makes not so ¢xpensive as compared
with other technological schemes.

Fe, Ti, Cr, % Co, Ni, C, %
100 20
80 16
60 12
40 8
20 4
0 1 0

0 2 4 6 8 10 12 8, um

Figure 1. Distribution of elements in thickness & of coatings of
Ni—Co—Cr—Ti—C type
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Regularities of formation of hard coatings with
variable, preset composition and properties in thick-
ness within the wide range are studied.

From cvaporating tablets Ni—Cr—C; Co—T—-C; Ni—
Co-Ti—C and Ni—Co—Cr-Ti—C thc 15-20 pm thick
hard carbide coatings were produced on base of chro-
mium and titanium carbides with a gradient of com-
position, structure and properties in thickness.

Coatings of Co—Ti—C and Ni—Co—Ti typc in hard
region are close by composition and properties to a
stoichiometric titanium carbide. Microhardness of
coatings reaches 30—34 GPa in this case.

In coatings of Ni—Co—Cr—Ti—C type a mixture of
titanium and chromium carbides is formed. Duc to a
high content of elements with a high vapour pressure,
the beginning of growth in concentrations of titanium
and carbon is shifted with respect to the beginning
of coating that promotes the increase in transition
zone, shifting of hardness peak to the external surface
at a smooth rate of its change (Figure 1). The micro-
hardness of these coatings is 30—32 GPa (Figure 2).

HV, GPa

30

20

10 1 1 1 L L I 1
0 2 4 6 8 10 12

Figure 2, Change in microhardness HV in thickness of coatings of
Ni—Co—Cr-Ti—C type

3, um
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It was established that in use of the electron beam
technology it is possible to produce the complex coat-
ings with components different in their properties that
was demonstrated on the example of coatings of Ni—
Cr—C type. Composition, structure and properties of
these coatings have a clearly expressed gradient na-
ture, and a main parameter (microhardness) is in-
creased gradually in coating thickness and equal to
20—22 GPa in a surface arca, that corresponds to the
properties of a higher carbide of chromium Cr3Cs.

The application of the technology developed makes
it possible to synthesize successfully the coatings of
boron carbide base B,C directly on the substrate hav-
ing coefficients of thermal expansion close to those
of boron carbide (for example, molybdenum plates).
Thus, the produced carbide coatings have a gradient
of composition, structure and properties in thickness.
Microhardness of coating is 30—32 GPa.

During investigations of properties on the base of
condensates of TiC—Cu system, their high microhard-
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ness (20-25 GPa), not depending on copper content
up to 30 wt.%, was recorded.

Study of composition and structure of condensates
of TiC—Cu system showed that they consist of hard
grains of titanium carbide, located in copper matrix,
filling the space between TiC sites up to = 30 wt.%.
At a mass fraction above 30 % the copper in conden-
sates of TiC—Cu system is also located inside grains
that reduces their microhardness.

The results of investigations can be a basis for
further optimizing technology for producing hard
coatings and improving their quality. The coatings
produced can be recommended for deposition on
steel and hard-alloy cutting tool; on steel products
operating under the conditions of friction (sliding)
without lubrication, including thosc at incrcased
temperatures; on parts subjected to effect of crosion
and corrosion, aggressive media and increased tem-
perature.

«Investigation of Physical-Chemical Processes
and Development of Technological Parameters
of Producing New Metallic Materials (on Dispersed Hearth,
Flaky, Amorphous and Single Crystals) Using Plasma-Arc and
Induction Heaters of the New Generation»

Manager — Dr. V.A. SHAPOVALOV

The progress in the modern engineering requires the
application of new metallic materials, sometimes with
radically new combination of properties. In industri-
alized countries the new metallic materials are created
using the newest technologies, and the existing tech-
nologies and equipment for their production are im-
proved and updated.

The report on this subject consists of three sec-
tions:

« the first section is devoted to the study of physi-
cal-chemical and technological peculiarities of
plasma-arc melting on dispersed hearth and develop-
ment of the technology of compacting refractory and
heat-conductive metals and alloys;

 the second section describes investigations of
plasma technology of melting and refining of steel
and ferroalloys;

* the third section is integral. It includes study of
specifics of melting homogeneous ingots of titanium
and manganese in the conditions of induction melting
in a sectional mould of the electroslag process, grow-
ing of single crystals of refractory metals and disper-
sion of metal melt.
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Conversion in defense industry of Ukraine has led
to the formation of large amount of wastes of rare
and valuable metals and alloys. One of the directions
of the present work was to create the technological
process and equipment for compacting wastes of mo-
lybdenum, chromium, niobium, tungsten, titanium
and other expensive metals into ingots and billets,
and also production of ferroalloys and master alloys
on their base required for metallurgical industry and
production of welding consumables.

High technologics were directed to the use of pro-
cesses providing the high level of quality of the pro-
duced steels and ferroalloys at minimum energy- and
resources consumption. This is a duplex-process in
steel production, at which the metal is melted in high-
efficient units, and metal improvement in chemical
composition and its refining are made by ladle treat-
ment using clectric arce heating of metal by graphitized
electrodes.

The aim of investigations in the scope of this sub-
ject was to improve the quality of steel and ferroalloys
to the level of world standards, to save cnergy and
material resources, to decrease contamination of en-
vironment.,
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Over the recent years the interest increased to the
problems of production and application in industrial
scales of metallic materials produced by the method
of fast quenching from melt, and also to the growing
of large single crystals of refractory metals. These
materials are much superior by their properties to
conventional cast or wrought metal. Report gives re-
sults of investigations of processes for producing the
mentioned materials, on the basis of which the tech-
nologies and equipment for their production were de-
veloped.

The report presents results of investigations of
physical-chemical processes proceeding in metal pool
in melting and refining of melts, containing highly-
active components, using fine-dispersed charge mate-
rials in plasma-arc and induction heating, and also in
electroslag process with a non-consumable electrode.

Onc of the directions of the present work was the
development of technologies of remelting of wastes
of rcactive and refractory metals, compacting of which
by conventional metallurgical processes using open
units leads, as a rule, to significant losscs in valuable
components or to their contamination with gas impu-
ritics. The aim of these investigations was to produce
cylindrical or slab billets of titanium, niobium, mo-
lybdenum, tantalum from their wastes using plasma
metallurgical technology. Optimum conditions of
compacting chromium, titanium, tantalum into round
billets were defined. It was shown that the reproces-
sing of wastes into ferroalloys and master alloys is
the most suitable way of reprocessing the wastes of
conversion.

The report presents procedures of study of heat
processes which are proceeding in a dispersed forma-
tion, and also effect of sizes of particles and thickness
of dispersed formation on power characteristics of the
process.

The main drawbacks of application of electric arc
heating in metallurgy are the increased consumption
of electric energy, refractory materials and graphi-
tized electrodes.

We have suggested the plasma-arce heaters of open
type (PAHOT) which represent multiarc heating
complexes. They are supplied from sources of direct,
alternating current or from combined circuits. Sche-
matic diagrams for PAHOT were developed, on the
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basis of which the laboratory and pilot-industrial
models of these heaters were created. The change in
clectrical parameters of PAHOT with hollow graphi-
tized electrodes depending on their geometric sizes
were investigated. Power paramcters of process of
melting ferroalloys using PAHOT were studied. The
following specific paramcters of arc steelmelting and
ore-reduction furnaces were recommended: 600—
1000 kW /m? power on hearth surface; 450—
600 kW /m®> power in pool volume; 1800—
4400 kW /m? actual power on the arca of breakdown
of electrodes; 5000-9000 A /m? current density at
pool surface.

In production of some precision and special alloys
the need arises in use of manganese with a low content
of impurities. At the E.O. Paton Electric Welding
Institute, a method of electroslag refining of electro-
lytic mangancse in the form of flakes of thickness of
several millimeters by remelting in a molten slag layer
has been developed and realized successfully.

Technology of melting of highly-damping Mn—Cu
alloys was mastered on the basis of method of elec-
troslag refining of manganese. The attained degree of
mctal purity in combination with high cfficient metal
output gives ground to consider this method very chal-
lenging for producing alloys of Mn—Cu system used
for manufacture of high-quality vibroabsorbing dc-
vices.

In report the existing methods are analyzed and
data are given about radically new method of produc-
ing large single crystals of refractory metals.

It is shown that plasma-induction method of grow-
ing large single crystals makes it possible to reduce
to minimum the temperature gradient and mechanical
stresses in it by flexible control of temperature field
of the ingot.

The report presents results of investigations of
process of fast quenching of metal melts in the con-
ditions of induction melting in a sectional mould. The
investigations carried out resulted in the development
of technological regulations of processes of production
of high-quality steels and methods of melting ferro-
alloys from ores and industrial wastes, growing of
single crystals of refractory metals, producing flaky
metallic materials using plasma-arc and induction
heaters of the new generation.
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«Development of Fundamentals
for Improving Service Properties of Welded Joints
and Protective Coatings by the Method of Examination
of Their Fine Structure, Chemical Inhomogeneity
and Determination of Parameters
of Optimizing Structural-Phase Composition»

Manager — Prof. G.M. GRIGORENKO

In the scope of subject the complex of analytical,
research, metals science and technological works was
fulfilled. During investigations the methods of chemi-
cal, atomic-absorption, coulometric, emission-spec-
tral analyses were used. Metallographic examinations
were carried out using optical, scanning and trans-
mission microscopy. Composition of phases was ex-
amined by the method of X-ray diffraction and dif-
ferential thermal analysis. Induction, electric arc and
plasma melting, diffusion and percussion welding in
vacuum were used in technological works.

Different methods of welding, surfacing and
spraying were used in works which were carried out
in collaboration with technological departments: clec-
tric arc, electron beam, flash-butt welding, electric
arc and plasma surfacing, plasma and plasma-denota-
tion spraying.

Works on the subject were divided into ten sce-
tions.

The first section included investigations of kine-
tics of nitrogen sorption by liquid highly-rcactive me-
tals at different conditions of heating. The results
obtained allowed us to determine the numerical values
of constants of rates of reaction of nitrogen absorption
in induction, arc and plasma melting and to develop
the physical and mathematical models of nitrogen
sorption with metals of IV and VA groups. Model
allows us to optimize the processes of welding and
melting of the highly-reactive metals and alloys on
their base.

In the second section the regularities of formation
of transition zone in joints of difficult-to-weld dis-
similar metals at different thermodeformational con-
ditions of flash-butt welding were considered. Thin
structure, phase transformations, change in concen-
tration of elements and formation of intermetallic
phases in welding austenitic steel 110G13L with rail
steel M76, copper with aluminium and steel with
aluminium were examined. The conditions at which
this method of welding can be used for joining diffi-
cult-to-weld metals were defined.

The third section was devoted to investigations of
processes of formation of structure and properties of
coatings with an increased level of wear, heat- and
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corrosion resistance by combining methods of thermal
spraying, process of self-propagating high-tempera-
ture synthesis with a subsequent impregnation of coat-
ings, heat and chemical-heat treatment. The thermal
spraying with a subsequent impregnation with alu-
mophosphate binders and heat trecatment 1.5 times
increases adhesion with a base and 6 times increases
the wear resistance in the conditions of abrasive wear.
Composition of powders is determined and spraying
conditions arc corrected, thus providing the highest
quality of coatings at detonation and microplasma
spraying of FceTi + B4C and air-gas spraying of FeTi +
SiC.

In the fourth section the structural transforma-
tions in welding and repair of heat-resistant hull steels
were investigated. It was established that the use of
flux SFT-6 in welding heat-resistant hull steel
25Kh2NMFA prevents the developing of polygoniza-
tion in weld metal, provides 2 times decrease in a
volume share of non-metallic inclusions, their refining
and uniform distribution in weld. The mentioned fac-
tors promote the 1.5 times increase in impact strength
as compared with welding using flux AN-43.

The fifth section was devoted to investigations of
structure of high-strength welds made by clectrodes
with ultra-low content of carbon. Regularities of
structural composition and composition of non-mctal-
lic inclusions depending on oxidizing potential of flux
were obtained and it was shown that the highest va-
lues of strength and toughness are typical of welds
with ultra-low content of carbon, made using neutral
or basic flux.

The sixth section included investigations of regu-
laritics of formation of phascs and phasc transitions
in heterogeneous structure of multilayer corrosion-re-
sistant deposited Fe-based metal alloyed with vana-
dium, chromium, molybdenum and phosphorus. Com-
position and structure of the deposited metal were
optimized from the results of investigations that al-
lowed us to increase its hardness and wear resistance
by 2-3 times.

The seventh section was devoted to investigations
of chemical microheterogencity in welded joints of
Al-Li alloys and in HAZ in electric arc and electron
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beam welding. It was shown that alloying with li-
thium contributes to strengthening of weld and does
not influence the redistribution of other alloying ele-
ments. Electron beam welding makes it possible to
produce welded joints with the higher level of me-
chanical properties.

The eighth sections included materials related to
the new technology of manufacture of oxide cathodes.
The new method was offered for manufacture of the
oxide cathode including the use of insert from a pow-
der mixture of zirconium with lanthanum hexaboride
and its subsequent joining with copper using the
mecthod of a percussion deformation in vacuum. Com-
prehensive metallographic examinations in argon,
CO» and air showed the monolithic nature of welded
joints and their reliability in service.

The ninth section was devoted to the study of
regularities of formation of structural and chemical
inhomogeneity, and also non-metallic inclusions in
near-contact volumes of metal in pressure welding of
pipe steels. It was shown that the appearance of a
ferritic layer and a white band in the welded joint
zone is due to physical and chemical inhomogeneity
in it. Mcchanism of formation of a ferritic layer in-
cluding combination of diffusion and recrystallization
processes leading to decarburization of the near-con-
tact zone was suggested. Nature of a white band was
studied and it was shown that these structural changes
have no negative effect on the welded joint quality.

The tenth section included developed and certified
new procedures of emission-spectral analysis of con-

tent of lithium in aluminium and its alloys in the
0.4-2.7 wt.% rangc; lithium and copper in the 1—
10 wt.% range; phosphorus in copper, brasses and
bronzes in the 0.035—1 wt.% ranges.

The following practical results were obtained after
fulfillment of works on subject.

Determined are the physical-chemical constants
characterizing the nitrogen interaction with molten
highly-rcactive metals which make it possible to con-
trol the process of metal alloying with nitrogen from
gas phase.

Created are the new analytical procedures for
chemical and spectral analysis of lithium and phos-
phorus in metals and alloys.

Developed are the fundamentals for improving
service properties of welded joints and protective coat-
ings by optimizing structural-phase and chemical com-
position of welds, deposits and coatings for the pro-
cesses: thermal spraying with a synthesis of coating
materials; pressure welding of dissimilar metals; elec-
tric arc welding of heat-resistant steels and low-alloy
high-strength steels resistant against brittle fracture;
electric arc and electron beam welding of high-
strength aluminium alloys, alloyed with lithium and
scandium; surfacing of wear-resistant materials,
strengthened by carbon and phosphorus; flash-butt
welding of pipe steels with increased resistance
against fracture at low temperatures; creation of the
new type of oxide thermochemical cathodes with an
insert of powder materials.

«Mathematical Modelling of Macrophysical Processes
in Welding Dissimilar Steels, Hydrodynamic Phenomena
in Welding and Special Electrometallurgy, Kinetics
of Growth of Defects in the Conditions of Loading
of Welded Joints»

Manager — Prof. V.I. MAKHNENKO

The work was carried out in four directions.

Section 1. «Mathematical Modelling of Macro-
physical Processes in Welding Dissimilar Steels».

On the basis of comprehensive literature review
of processes of fusion welding of dissimilar steels (fer-
ritic-austenitic), the following seven major problems
defining the quality of welded joint were formulated,
in the solution of which the role of the mathematical
modelling can be very important:

* heating of product, size of penetration zone and
its chemical composition;

 primary crystallization, peculiarities of a local
chemical inhomogencity and microstructure near the
fusion boundary;

« formation of carbides;

» microstructure and properties of welded joint;

» welding stresses and strains in welding dissimilar
metals;

* risk in occurrence of hot and cold cracks;

* behaviour of welded joint under service condi-
tions, in heat changes in particular.

Most of the above-listed problems are closely con-
nected with each other, that requires in many cases
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an integral their consideration in modelling real proc-
esses of welding (surfacing) of dissimilar stecls.

It should be noted that during surfacing the dis-
similarities are manifested most clearly and the use
of mathematical modelling for their solution is not
less actual than for welding. During surfacing, the
number of technological parameters, which are varied,
as a rule, is larger and the problem of their rational
selection using appropriate mathematical models is
solved more effectively than using the pure experi-
mental way.

In the scope of the above-mentioned, the works
of this scction were dealing with the creation of defi-
nite calculation algorithms and fulfillment of appro-
priatc numerical investigations of typical cases of
welding (surfacing) of dissimilar steels.

Typical cases, dictated by the demands of industry
of Ukrainc and forcign companics, arc deseribed below:

« surfacing under angle of edges of ferritic steel
sheets with austenitic layer for producing dissimilar
butt joint ferritic steel—austenitic steel (cooperation
with power engincers according to Agreement);

» welding of tubes from austenitic steel to tube
sheets from ferritic steel (cooperation with German
companics «SLV Mccklengurgs» and «Infracon»);

« surfacing of corrosion-resistant layer by electric
arc spirally welding on the surface of shafts made
from steel of type 35 or 40X (cooperation with ship-
building enterprises);

* surfacing of wear-resistant layer on large thin
plates from ferritic steel of appropriate billets for
stamping parts, for example, blades of special fans
and so on (cooperation with «SLV Mecklenburg»);

* flash-butt welding of railway rails from stecls
R65 and Hatfield in frogs (cooperation with depart-
ment of PWI and mectallurgical enterprises  of
Ukraine — manufacturers of frogs);

« specifics of hydrogen transfer in dissimilar com-
pounds (cooperation with Ukrainian company
«KORBA>»);

* butt welding through a solid interlayer of foam
plates (cooperation with «SLV Mecklenburg»).

Section 2. «Computer Modelling of Hydrody-
namic Phenomena in Technological Processes of
Welding and Special Electrometallurgys.

Developed are the conjugate axisymmetric models
of hydrodynamics and heat-mass exchange in forma-
tion of ingots using methods of special electrometal-
lurgy: electron beam remelting of ingots of titanium
alloy and electron beam crucible-free zone melting of
silicon single crystal. Models are based on a complete
system of cquations of dynamics of motion of viscous
non-compressed liquid in the Boissinesq approxima-
tion, equation of convective-conductive transfer of
energy and equation of convective diffusion. Several
force factors arc considered, influencing the melt mo-
tion:

* thermogravitational convection occurring in
thermally non-homogencous liquid under the action
of the gravity force;
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» thermocapillary convection, stipulated by a co-
cfficient gradient of surface tension on the metal pool
free surface;

* forced convection occurring as a result of action
of jet of metal which is periodically poured into mould
from an intermediate crucible. Task of the hydrody-
namics is solved in the region of a complex shape
formed by boundarics of phasc transitions whose ge-
ometry is defined in the process of solution of the
conjugate problem. The boundary conditions for de-
termination of ficld of temperatures take into account
the radiation heat exchange of surface with the cham-
ber wall (heat screen), different variants of distribu-
tion of density of electron beam heat source, scanning
of clectron beam over the free surface of the metal
pool. At zone melting of silicon single crystal a fea-
sibility of melting in the weightlessness condition is
provided. To study the redistribution of alloying (im-
purity) elements in the crystallization process the
evaporation flow by the Langmuir law, and also the
dilution of melt by its drain from intermediate crucible
is taken into account.

A comparative analysis of conditions of formation
of silicon single crystal in electron beam crucible-free
melting of microgravitation was performed. It was
determined that during microgravitation the hydro-
dynamics of the molten zone is stipulated by the action
of Marangoni force, and the rate of melt motion is 5
times decreased as compared with rate in the earth
conditions. This leads to high losses in energy for
radiation, to the decrease in height of molten zone
and appearance of a convex front of crystallization
with 0.35 mm bending height. It was shown that the
use of a short heat screen, located below the crystal-
lization front, makes it possible to preserve parameters
of the molten zone at the level meeting the earth
conditions of melting. Rationality of scanning of clec-
tron beam with frequency 200 Hz and more was es-
tablished, as this technological procedure can decrease
the intensity of thermocapillary convection in the mi-
crogravitation conditions at the expense of lower over-
heating of a free surface of the molten zone. In addi-
tion, the decrease in electrical power is attained si-
multancously at the same geometric parameters of the
zone that is important in conductance of space experi-
ment in the conditions of a limited energy supply.

Section 3. «Mathematical Modelling of Defects
in the Zone of Welded Joints and Development of
Calculated Algorithms and Programs for Evaluation
of Kinetics of Growth of Defects up to Critical Sizes
in the Conditions of Loading of Welded Jointss.

In this section the mathematical models are created
for the evaluation of load-carrying capacity of the
welded sub-assemblies from dissimilar steels (mainly
thick-walled welded shells of ferritic steel with a de-
posited corrosion-resistant layer of austenitic steel)
in typical conditions of loading, corresponding to
emergency loading of casings of nuclear power reac-
tors of WWER-1000 type which are under service in
Ukraine.
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In the scope of this same section the mathematical
model is developed for evaluating safe conditions of
welding-up of pit defects at the external surface of
gas- and oil pipelines without interruption of service
of appropriate regions. Results of this work were ap-
plied in practice in the working out of standardized
materials for repair of the above-mentioned regions.

Section 4. «Development of Information System
of Computer Designing of Conditions of Electric Arc
Welding Structural Alloy Steels for Welding Con-
sumables of Different Formss».

The interest to modern information systems in the
solution of different technological problems of weld-
ing, surfacing, coating deposition was always one of
priority problems in activity of the E.O. Paton Elec-
tric Welding Institute of the NAS of Ukraine. Over
the past years a number of works was done, related
to the creation of databases, expert and calculation-
experimental systems on electron carriers. However,
the progress in computer engineering, methods of
mathematical modelling, growing demands of tech-
nology require new approaches in this direction.

In this connection the works were carried out in
two dircctions. The first direction was dealing with
updating of cxisting databascs and cxpert systems.
For example, database «Mechanical Properties of
Welded Joints» or expertise system «Surfacings». The
second direction was connected with the creation of
systems on the basis of mathematical modelling and
definite information subsystems in which a great at-

tention was paid to the mathematical modelling to
obtain quantitative data necessary for the develop-
ment of technologies. In particular, the computer sys-
tem «Sclection of Welding Consumables for Arc
Welding of Structural Materials», created in collabo-
ration with company «<KORBA», is designed, to a
certain extent, for replacement of experiments con-
ducted on appropriate samples of welded joints.

Using certificate data of the company-manufac-
turer of welding consumables (electrodes, flux-cored
wires, fluxes) about the recommended conditions of
arc welding, deposition coefficient, chemical compo-
sition of deposited metal, the system provides infor-
mation for cases of welding butt and T-joints of dif-
ferent structural steels about:

« sizes and shape of penetration zone (PZ) for root
weld and next passes;

* chemical composition of PZ;

» microstructural composition in PZ and heat-af-
fected zone (HAZ);

* mechanical properties in PZ and HAZ, including
hardness, ultimate strength, yield strength, elonga-
tion, impact strength;

« risk of formation of hot and cold cracks;

¢ local concentration of hydrogen in PZ and its
effect on cold crack formation.

At the present moment the system is tested at some
enterprises of Ukraine, in particular, at «Okean»
Works in Nikolaev city.

«Development of Electron Beam Technology
of Producing Composite Materials on the Base of Light Alloys
and Strengthening Fibres from Dispersed Melt in Vacuum»

Manager — Prof. N.P. TRIGYB

The new method of dispersion of metal melt from an
intermediate crucible using a rotating drum-mould
has been developed (Figure 1). Melting of a consu-
mable billet or charge is performed in electron beam
installation, the same as in electron beam remelting.
Accumulated molten metal of the consumable billet
in the intermediate crucible during melting is poured
periodically to the rotating drum-mould. Then, the
high rate of rotation is set to the drum (2000 rpm)
and the molten metal is detached from the drum sur-
face in the form of flow of dispersed molten drops.
The flow of melt drops is directed to the shape-forming
surface (substrate) where the drops are spreading and
immediately crystallized without molten pool form-
ing. Water-cooled mould (for ingot producing), metal
plate (for producing bimetal combinations), groove
of parts being welded (for welding), framework of
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strengthening clements (for producing composite ma-
terials) can be used as a substrate.

Electron beam installation UE-208 was usced for
experimental investigations of producing fibrous me-
tallic composites. A mechanism of dispersion, consist-
ing of a dispersion drum, its fastening clements, sys-
tem of rotation transmission with a vacuum-tight tran-
sition picce, clectric motor and control system, was
mounted on this installation.

The rotation mechanism is controlled using an clece-
tron system «Razmers, here the rotation speed of a
divider is adjusted smoothly in the 0-2500 rpm range.
The residual pressure during the process in melting
chamber was 0.05 Pa, in chamber of electron beam
heater it was 0.005 Pa. Scrap of aluminium and tita-
nium alloys was used as a charge. A jet of drops of
the dispersed melt was formed and directed to the
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Figure 1. Scheme of process of melt dispersion from intermediate
crucible

substrate on which a steel framework with stretched
fibres (steel, tungsten) was mounted. Fibres were not
heated preliminary. The efficiency of dispersed melt
jet was 150 kg /h. After deposition of matrix of 30—
40 mm thickness the process was interrupted and the
product was hold in vacuum for 1 h.

A mathematical model of heat processes in cen-
tral-symmetrical system of fibre—matrix with a center
on fibre axis was created (Figure 2). The process was
modcled, where the matrix material was deposited
using the method of electron beam dispersion on sub-
strate, over which the strengthening fibres arc
stretched at different levels. At the first stage the
thermophysical processes in substrate—matrix system
were modeled without allowance for effect of fibres;
at the second stage the local temperature fields were
calculated in the direct vicinity to the fibre.

In the scope of the model suggested the calcula-
tions of thermal ficlds for aluminium and titanium
matrices were performed. It was determined that to
prevent the molten pool occurrence at the surface of
the forming matrix the rate of dispersed melt depo-
sition for titanium should not exceed 3.0 and for alu-
minium 1.8 kg /s. In addition, the temperature in the
matrix area during the entire process is 820—-855 K
for aluminium and 1350—1500 K for titanium, that
guarantees the satisfactory quality of joining of the
deposited metal layers.

Samples of composite materials on the base of alu-
minium and titanium matrix strengthened by steel
and tungsten fibres, respectively, were investigated.

Macrostructure of transverse section of composite
has a banded structure with wavy boundaries which
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Figure 2. Scheme of modelling of process of producing fibrous
composite material

Figure 3. Macrostructure of transverse section of composite (x5)

correspond to the crystallization layers (Figure 3).
Defects in the form of pores and discontinuities, which
can be caused by a lack of fusion of successively crys-
tallizing layers, were not observed.

The layers of crystallization of samples, observed
on macrosection, are differed by a grain size and degree
of etching. Alongside with arcas of a fine grain (80—
130 pm), the areas, where the grain size reaches
400 pm, are observed.

At a preheating of substrate at the matrix—fibre
interface the chemical interaction of metals takes
place in Al-based composite and interlayer FeAls is
formed whose thickness is varied in the range of 10—
50 um depending on temperature of substrate pre-
heating.

Mechanical tests of produced samples were per-
formed. Ultimate strength of composites along the
fibres for aluminium matrix AMg1, reinforced with
steel fibres, was 90 MPa, for titanium matrix VT1-0,
reinforced with tungsten fibres — 550 MPa.
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«Development of Fundamentals and Investigation
of Physical-Chemical Peculiarities of Processes
of Deposition of Coatings, Combined With a Synthesis
of Refractory Compounds and Use
of Thermosetting Heat Sources»

Manager — Prof. Yu.S. BORISOV

At the modern stage of development of the surface
engineering, including the technologies of coating
deposition and modifying of surface, the processes in
which coating deposition is combined with a synthesis
of coating material, and also the processes of activa-
tion by effect of plasma, laser or other energy sources
are of the more importance. Examples can be illus-
trated by such vacuum methods as activated reactive
evaporation, reactive ion deposition, process of gas-
phase deposition, by activated plasma and others.
Thus, it is possible to increase the rate of coating
deposition, widen their range and improve their qua-
lity.

Similar ideas are also progressing in the field of
thermal spraying (TS). In the processes of reactive
plasma-arc spraying the activity of components of
plasma jet is used for synthesis of nitrides and carbides
in the process of heating powders of metals with the
formation of strengthened coatings. Another method
of combination of synthesis of coating material with
TS process is the use of composite powders (CP) and
powdered wires at heating of which the interaction
of components occurs with the formation of the new
substance, for example, intermetallic, which is a ma-
terial of the coating. However, all the mentioned re-
sults were obtained in separate experiments and de-
monstrated mainly only the principal feasibility of
these solutions in the field of TS.

The aim of the present work was to investigate
the process of exothermic synthesis of coating material
in TS CP with allowance for peculiarities of different
types of TS, namely plasma, microplasma, detonation;
in evaluation of feasibility of activation of the process
of chromizing; in updating of technology of reactive
vacuum-arc deposition of nitride coatings and defining
of conditions of combination of plasma-detonation
treatment of surface with alloying of the modified
layer.

In the development of the first section of the sub-
ject the analysis was made of present status of this
direction in TS, and also of modern level of theory
and practice of the self-propagating high-temperature
synthesis (SHS) as challenging in the conditions of
TS for realization of the synthesis process due to high
rates of its proceeding. As a result of this analysis the
SHS characteristics are distinguished which should

play the most important role in the TS conditions.
They include the heat of synthesis reaction and, duc
to it, the adiabatic increase in temperature of combi-
nation, characteristic of process kincetics influencing
the lincar rate of SHS front movement.

As an object of investigations the CP were se-
lected, consisting of ferroalloys of titanium, vanadium
or chromium, and also carbides of boron or silicon.
Thermodynamic evaluation and data of differential
thermal analysis made it possible to determine the
characteristics of the process of exothermal synthesis
in these combinations and the most effective compo-
sitions of these combinations (FeTi—15B,C, FeTi—
23SiC, FeV-20B,C, FeV-22.58iC, Fe—Cr—18B,C,
Fe—Cr—14.5SiC). To produce the pilot batches of
these powders for experimental investigations the
technologies of CP by methods of conglomeration on
organic binders and reactive sintering of components
were developed.

For calculation-theoretical evaluation of effect of
exothermal reaction of synthesis on heating and mo-
tion of CP particles in a plasma jet a mathematical
model of the process of plasma spraying, combined
with exothermal synthesis of the coating material was
developed. A software was created on its base with
allowance for experience in the development of Ni—Al
CP for numerical investigation of peculiarities of
plasma spraying in the given conditions. It is shown
that the highest cffect on dynamics of heating of
exothermally reacting particles is made by a kinetic
characteristic related to mechanism of interphase in-
teraction, contact area and some other characteristics.
High rates of the synthesis process lead to excessive
overheating of particles, up to their partial evapora-
tion, while low rates lecad to the transfer of part of
the synthesis process on the base with its proceeding
in the period of formation of the coating layer. Other
factors, influcncing the proceeding of synthesis pro-
cess in the condition of plasma spraying, refer to size
of particles, powder consumption and temperature of
plasma jet (or powerful plasmatron). The obtained
results of numerical investigation allow issue recom-
mendations as regards to peculiarities of technology
of plasma spraying of exothermally reacting CP.

Experiments on TS of the above-mentioned CP
were conducted in the conditions of plasma, micro-
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plasma and detonation spraying, differed by tempera-
ture and rate of high-temperature gas jet that should
influence the duration of particles in heating zone and
degree of synthesis process completion in the period
of particles motion to the base surface.

Structure and composition of both sprayed coat-
ings and also sprayed particles, trapped by a water
pool, were examined using the methods of optical
microscopy, photometry and X-ray phase analysis.
Results of examinations showed that the highest de-
gree of completion of the synthesis process was ob-
served in case of microplasma spraying, and the suf-
ficiently high degree — in conventional plasma spray-
ing. At detonation spraying the process of interaction
is started cven in the gun shaft, but it is alrcady
completed, as a rule, on the base during coating for-
mation, that is explained by the duration of particles
in the jet.

Structure of produced coatings contains such pro-
ducts of synthesis as borides (in usc of CP with B4C —
VB, Vng, Vng, TiBg, CI‘B, FGB, etC.), carbides (VC,
V4Cs, Cr;Cs, TiC, cte.), silicides (in use of CP with
SiC — VGSis, TiSig, TisSig, CI‘SiQ, etC.), and also
ternary phases (Fe-TiSi, FeSiC). Except the products
of synthesis, a number of oxide phases was revealed,
moreover, the largest its amount was observed in deto-
nation coatings. Microhardness of coatings containing
boride phases reach 8000 MPa at detonation spraying
(Fe-Cr-B4C) and 16900 MPa at plasma spraying
(Fev—-B4C). Microhardness of plasma coatings, con-
taining carbides and silicides, in spraying of FeV-SiC
is 8200—-18900, in case of FeTi-SiC it is 6000-
11000 MPa.

Results of testing coatings for gas-abrasive wear
in combination with the mentioned values of their
hardness made it possible to recommend the developed
CP for practical application as a wear-resistant com-
ponent in spraying in the composition of mechanical
mixtures with nickel or iron alloys.

Except ferroalloy /non-metallic refractory com-
pound combinations, the conditions of formation and
properties of alumoceramic coatings produced in
plasma spraying aluminium /ilmenite CP were stud-
ied. The presence of alumothermic reaction was shown
in hecating of this combination with the formation of
aluminium oxide, as well as aluminides of titanium
and aluminium as products of synthesis. The produced
coatings are characterized by the higher wear resis-
tance (5-10 times) than the coatings of pure alu-
minium, preserving high resistance to corrosion, typi-
cal of aluminium.

It was cstablished during investigation of the fea-
sibility of accelerating of processes of chromizing of
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steel products that adding of activating additions to
the saturated mixture in the form of titanium hydride
(2 wt.%) and powder of aluminium alloys with lan-
thanum or silicon (7 wt.%) makes it possible to form
the diffusion layer of 100—170 pm during 60 min. The
produced coatings are characterized by high resistance
to wear and corrosion. Tests of parts with chromium-
carbide coating in industrial conditions showed the
2-5 times increase in their life.

The effect of rate of evaporation of cathode mate-
rial, pressure of reaction gas in operating chamber
and energy of ions in a plasma jet on the morphology
of surface of growing layer of titanium nitride, coating
structure, adhesion of condensate to the base and
physical-mechanical properties of the coating were
studied. Tt was shown that formation of the layer of
stoichiometric titanium nitride occurs at nitrogen
pressure in operating chamber (2-3)@0°! Pa, and
maximum microhardness and minimum viscosity of
coatings are reached at the reaction gas pressure (1.2—
2.5)0072 Pa. The new design of cylindrical vacuum-
arc evaporator of continuous operation with a lateral
surface, eroded in charge, has been developed and
tested. This equipment is designed for coating depo-
sition on large surfaces to provide the uniformity of
thickness of the layer deposited.

To improve the method of the plasma-detonation
modifying (PDM) of surface, a mathematical model-
ling of the process of interaction of a pulsed plasma
jet with the surface was made. It was shown that the
heat flow into surface is maximum when the product
becomes anode, and minimum — at isolating of pro-
duct from a current discharge. It was established that
the most intensive combination of PDM process with
surface alloying from vapour-drop phase, formed by
products of erosion of a central electrode, occurs in
the condition of discharge of product—cathode bank
of capacitors. The effect of conditions of generation
of a plasma pulse on the process of modifying and
alloying of surface was defined. Capacity of the bank
of capacitors, distance from nozzle exit to product
and from the central clectrode end to nozzle exit in-
fluence mainly the current. It was shown that at PDM
of steel U8 the rate of quenching in surface layers
reached 7.500° deg[S™!, that leads to the formation of
a modified layer of 60 pm thickness, while in use of
the central molybdenum electrode it is possible to
alloy it with molybdenum for depth up to 10 pm.
Practical application of PDM method with surface
alloying provides the 2—6 times increase in tool ser-
viceability.
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