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ELECTROSLAG TECHNOLOGY

Producing commercial purity titanium
by chamber electroslag remelting

A.D. Ryabtsev, A.A. Troyanskii, S.l. Davydov, V.V. Pashinskii,
O.A. Snikh ko, S.N. Ratiev and F.L. Leokha

Donetsk National Techi cal University; ZMTK Compny ,D onetsk

The capability of producing ingots of commercially pure titanium by recycling of titanium
sponge and waste of titanium production (chips, cuts of reaction mass from covers of reac-
tion retorts, tube waste) using the method of chamber electroslag remelting is shown. The
results of titanium alloying by oxygen from a special master alloy, gas phase and micro- or
nanopowders of titanium oxide in the process of titanium sponge remelting are given.

At present, in addition to B- and a+B-titanium
alloys, the industry also used extensively o-
alloys which includethe so-called commercial pu-
rity titanium (CPT). The typical representatives
of the CPT are the domestic alloys VT1-0,
VTI1-00 and foreign alloys Grade 1, Grade 2,
Grade 3 and Grade 4. As a result of their
properties, in particular, the high values of
corrosion resistance and low density, these
alloys represent structural materials for many
components in petrochemical industry, engi-
neering and constructional engineering. The
strength of CPT is ensured mainly as a result
of the higher oxygen content [1]. For example,
the tensile strength of Grade 4 alloy (oxygen
content 0.40 wt.%) is 550 N/mm?, and yield
limit 480 N/mm?, which is respectively to
and four times higher than these values for
iodised titanium. The mechanical properties of
titanium can be controlled by varying the

oxygen content.

The industrial technology of production
of the titanium ingots consists of two stag-
es: the first stage — production of titanium
sponge, second stage — remelting of the
sponge into ingots. Titanium can be alloyed
in oxygen in any of these two stages. The
most developed technology used in the in-
dustry is the technology of alloying titanium
with oxygen in the stage of remelting the
sponge into ingots [2]. In this case, the source
of oxygen is the titanium scrap, various
oxygen-containing master alloys and tita-
nium oxide. One of the main problems in
this case is the non-uniform distribution of
oxygen along the height and cross-section of
the melted ingot and also the problems in
ensuring the required concentration. Therefore,
the technology of production of ingots is
usually based on a number of stages which
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Fig. 1. General view of the chamber furnace for ESR
based on equipment U-578: 1) the baseplate, 2) solidi-
fication mould; 3) the column with carriages; 4) protec-
tive jackets; 5) vacuum pump; 6) gas sampling device
for gas cleaning; 7) filter; 8) electrode holder; 9) the
dosing device.

are relatively complicated and requires high
expenditure and resources.

This problem can be solved either by de-
veloping a new technology which will make
it possible to produce the uniform distribu-
tion of oxygen in melting of titanium ingots,
or the application of initial sponge with the
initially high and uniform oxygen content.
As regards the production of the sponge
with higher oxygen content, this is possible
by using methods such as the application of
oxygen-containing compounds of oxytrichlo-
ride of vanadium [3] or titanium acid [4] in
the production of titanium tetrachloride, and
also a more promising method of adding
oxygen to the titanium sponge by using an
argon—oxygen mixture supplied into a retort
directly in the process of magnesium thermal
reduction of titanium [5, 6].

Table 1. The content of impurities in titanium produced by dif-
ferent methods

Titanium O,w t.% N,w t.%
VT1-00 - VAM 0.10 0.04
VTI1-0 - VAM 0.20 0.04
Grade 1 - VAM 0.18 0.03
Grade 2 - VAM 0.25 0.03
Grade 3 - VAM 0.35 0.05
Grade 4 - VAM 0.40 0.05
CESR Ti from sponge 0.04-0.10  0.015-0.020
CESR Ti from pipe cut-offs 0.15-0.18 0.02-0.03
CESR Ti from shavings 0.40-0.50  0.025-0.035
CESR Ti alloyed with oxy- 0.10-0.40  0.033-0.110
gen from master alloy
CESR Ti alloyed with oxy- 0.075-0.27  0.020-0.030
gen from gas phase
CESR Ti alloyed with 0.35-0.57 0.025
oxygen from titanium oxide
micropowder
CESR Ti alloyed with 0.18-0.73 0.03
oxygen from titanium oxide
nanopowder

However, the sponge is only the semi-
finished product and must be remelted into
ingots. At the present time, the main processes
for the melting and alloying the titanium
sponge are vacuum-arc and electron beam
remelting processes.

The possibilities of remelting processes can
be greatly expanded and supplemented by
electroslag technology — chamber electroslag
remelting (CESR), especially in the area of
introduction of oxygen into metal and ensur-
ing the uniform distribution of oxygen along
the height and in the cross-section of the
ingots. CESR makes it possible to ensure a
high level of purity, structural and chemical
homogenising of the material as a result of the
uniform melting of the consumable electrode
and simultaneous solidification of the ingot
which take place in the conditions of chemical
vacuum, as a result of the presence of active
components in the flux (in particular, metallic
calcium) [7-9].

CESR is based on the ‘classic’ electroslag
remelting, including the main equipment,
baseplate, the solidification mould to which
the chamber, protecting the melting space

6 Advances in Electrometallurgy 2012 10 (1) 5-10
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Fig. 2. Titanium ingots produced by CESR.

is added (as in the method of vacuum arc
remelting), and the appropriate peripheral
devices: vacuum system, filters, gas cleaning
system, dosing device and cylinders with the
gas, etc (Fig. 1). Therefore, the CESR method

is characterised by all advantages of ‘classic’
electroslag remelting, and the presence of the
furnace chamber makes it is also possible to
produce almost any controlled atmosphere in
the melting space, including vacuum, and
carry out the remelting of high-reactivity
metals and alloys, including titanium alloys.
In addition to this, the addition of metal-
lic calcium with the slag results in the low
values of partial pressure of oxygen, and
also nitrogen and also in the gas phase thus
creating the suitable conditions for refining
and alloying the metals and alloys.

In the Donetsk State Technical University,
investigations of CESR and application of
calcium-containing fluxes have been carried
out for more than 30 years. In this period,
the theoretical fundamentals of the process
were developed, the main relationships of
the process were investigated, and the tech-
nologies of producing ingots from different
metals and alloys were developed and applied
[7-11]. In particular, the experimental results
have made it possible to develop a technology
for melting, refining and alloying of titanium,
using for this purpose as the initial material
various types of starting materials (sponge,
shavings and waste) [7, 9, 12-15].

Table 1 gives the content of the harmful im-
purities in titanium produced by different meth-
ods. CESR can be used not only for melting

Scrapings of reaction
mass from retort lid
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Fig. 3. The diagrams of alloying of titanium with oxygen applied in CESR.
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Fig. 4. Structures of titanium with the addition of titanium oxide micro-powder (a); without addition of the titanium
oxide micro-powder (b); with the addition of titanium oxide nanopowders (c), x 100.

high-ga lity titanium ingots from titanium sponge
(Fig. 2) but also for utilising the waste of titanium
production, producing the alloys of the type VT1-
0 and VT1-00.

The new possibilities are offered by CESR
in the alloying of titanium with oxygen us-
ing different technologies (Fig. 3) [13-15].

The experiments and production of pilot
planned melts were carried out using, as the
source of oxygen for alloying titanium, the
oxygen-containing master alloy in the form
of scrapings from the covers of equipment
for reduction of titanium sponge, gas oxygen
from commercial argon or especially prepared
argon—oxygen mixture (O, = 30%), micro- and
nanopowders of titanium oxide.

When using the scrapings, ingots of titani-
um with 0.044-0.40% oxygen were produced
[13]. This amount of oxygen greatly influ-
ences the hardness and strength of titanium
and also its structure. Experimental metal
was characterised by a single-phase structure,
characteristic of commercial titanium, which
acquired the typical needle appearance with
the increase of the oxygen content to 0.4%
so that it was classified as the a'-phase.

Should be mentioned that when carrying out
the mechanical tests, the specimens produced
from the ingots melted from 100% reaction
mass ([O] = 0.40 wt.%), failed without elon-
gation, and the specimens of metal produced
by remelting the electrode including 50%
each of titanium sponge and reaction mass
([O] = 0.30 wt.%) was also characterised by
low values of the relative elongation (11%
in comparison with the required value of

20% for the VT1-00 industrial alloy). This
is associated with the fact that the reaction
mass, as a result of its production technol-
ogy, contains a higher (in comparison with
titanium sponge) amount of impurities. For
example, the nitrogen content is up to 10
times higher (0.011% in the initial titanium
sponge and 0.11% in the reaction mass), and
the iron content is almost twice as high (in
the sponge 0.06 and 0.09% in the reaction
mass), with the carbon content being four
times higher (0.004 and 0.16%). Thus, it may
be assumed that this type of master alloy can
be used efficiently for the production of com-
mercial purity titanium with a relatively low
(up to 0.25%) oxygen content, for example,
the alloys Grade 1 and Grade 2.

Another interesting application, including
from the economy viewpoint, is the applica-
tion of gaseous oxygen for alloying titanium.
This can be realised more sufficiently in
CESR. Alloying of titanium with oxygen from
the gas phase in the process of vacuum arc
and electron beam remelting is very difficult
because of the presence of vacuum in the
melting space.

Experimental verification of the method of
alloying with oxygen was carried out in CESR
of electrodes produced by pressing from titani-
um sponge with different initial oxygen content
(0.035 and 0.11%), in argon and in a spe-
cially prepared argon—oxygen mixture (O, =
30%) [14, 15]. This produced titanium with
the mass fraction of oxygen in the range
from 0.053 to 0.270 with different struc-
tures. For example, for the metal with the

8 Advances in Electrometallurgy 2012 10 (1) 5-10
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oxygen content in the range 0.053-0.110%
examination shows the characteristic coarse
dendritic structure in which the differences
between the individual sections were detected
already at a low magnification.

In some cases, the dendrite areas contained
a plate-shaped substructure characteristic
of commercial purity titanium in the cast
condition. With a further increase of the
oxygen containing titanium to 0.22 wt.% the
microstructure acquired the typical needle ap-
pearance. The needles of the a'-phase were
long, 200-400 pm. This is associated with
the fact that during the p—a-transformation
by the shear mechanism, the crystals of the
o'-phase grow within the limits of the initial
large dendrites of the B-phase.

The formation of this structure is accom-
panied by the rapid increase of hardness to
225 HB, the increase of strength and a small
reduction of plasticity. However, on the whole,
the resultant parameters of the mechanical
properties of titanium, alloyed with oxygen
from the gas phase, are within the range of
the values for commercial titanium so that
we can evaluate the possibilities of produc-
ing alloys of this type by the CESR method.

Another variant of alloying titanium with
oxygen is the method of adding the TiO, pow-
der into a consumable electrode from titanium
sponge, which has been extensively tested in
vacuum arc melting (VAM). Unfortunately,
this method does not ensure the sufficiently
high uniformity of the distribution of the
powder in the electrode and, consequently,
oxygen in the vacuum arc melted ingots. we
tested the method of adding the TiO, powder
to the compacted consumable electrode for
CESR in which the titanium dioxide is not
mixed into the sponge and is pressed into
special orifices in the electrode. In the ex-
periments, alloying was carried out using the
TiO, powder of different fraction composition
— micro- and nanosized. The CESR process
is carried out in the neutral atmosphere.
Experimental ingots with the oxygen content
of 0.35-0.57% using the micro-powder, and

0.18-0.73% using the nanopowders of tita-
nium oxide, were produced.

Investigations of the produced ingots
showed that the addition of titanium oxide
as the oxygen carrier refines the grains of
the metal and leads the formation of the
structure of the ‘basket weaving’ type (Fig.
4a). The produced structure greatly differs
from the structure of pure titanium in which
it is equiaxed and coarse-grained (Fig. 4b).

The application of oxygen of the titanium
oxide nanopowders ass the carrier results in
the formation of an even more developed
and dispersed structure (Fig. 4c).

The variation of the structure of cast ti-
tanium as a result of alloying with oxygen
increases the hardness. For example, if in the
case of pure titanium the hardness was 121
HB, after adding the titanium oxide micro-
powders the hardness reached 210 HB and
274 HB when using the nanopowders as the
oxygen carrier.

Thus, the experimental results obtained for
the produced metal show that it is possible
to greatly define the macro- and microstruc-
ture of titanium as a result of adding the
nanoparticles of TiO, during remelting. The
experimental results also show that the ad-
dition of such particles results in the frag-
mentation of the dendrite in the macrolevel
and supports the formation of the develop
structure formed by the crystals of the needle
shaped on the microlevel.

Conclusions

1. It is shown possible to produce titanium
ingots of commercial purity by the method
of chamber electroslag remelting of titanium
sponge and waste of titanium production.

2. The metallurgical process of chamber
electroslag remelting efficiently alloys ti-
tanium with oxygen from 0.035 to 0.73%
by the application of the oxygen-containing
master alloy, and also from the gas phase
and titanium oxide.

3. The results of investigation of the struc-

Advances in Electrometallurgy 2012 10 (1) 5-10 9
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ture and hardness measurements show that
chamber electroslag remelting ensures satis-
factory chemical and structural homogeneity
of the titanium ingots.
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from nitrogen-rich inclusions in electroslag remelting,
Tekhnopark, DonNTU UNITEX, 2011.

Active slag — ESR refining of titanium alloys for dis-
solution of nitrogen-rich inclusions, in: Proceedings of
the Ninth world conference on titanium, St Peterburg,
1990.
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Degassing of the electrode pressed from
titanium sponge in the evacuation
of the chamber electroslag
remelting furnace

.V. Protokovilov

EO .P aton Electric Weli ng Institute,K iev

The method of removal of adsorbed gases and moisture from the consumable electrode, press
from titanium sponge, by heating with the electrical current in the process of evacuation of

the chamber electroslag furnace is described.

The initial material for the production of
titanium ingots and slabs is the titanium
sponge [1]. The sponges used to produce
(mostly by pressing) consumable elec-
trode (Fig. 1) which are subsequently re-
melted into ingots by vacuum arc, elec-
troslag remelting, magnetically controlled
electroslag melting (MCESM), etc [1-4].
Electron beam melting is carried out using
blanks pressed from titanium sponge or blocks
of titanium sponge [5].

Titanium sponge is produced by magnesium
thermal reduction of titanium tetrachloride [1,
6]. Subsequently, the porous titanium mass
is purified to remove the magnesium vapours
and chloride salts by long-term vacuum sepa-
ration at temperatures of 850-1020°C [6].
Consequently, the titanium sponge contains
the minimum content of harmful impurities
(atmospheric gases) [7].

However, in the process of subsequent op-
erations of crushing the sponge, transport, pro-
duction of considerable electrodes, in long-term
storage (especially if the appropriate the rules
are not adhered to), etc, the developed surface of
titanium sponge and remnants of the chloride
salts can absorb atmospheric gases (moisture).

Fig. 1. Electrode with a diameter of 35, 75 and 100 mm,
used in magnetically controlled electroslag melting, com-
pacted from titanium sponge.

In subsequent metallurgical processing in
the conditions of high values of temperature

Advances in Electrometallurgy 2012 10 (1) 11-15 11
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Fig. 2. Diagram of the process of magnetically controlled
electroslag melting: 1) chamber; 2) consumable electrode;
3) solidification mould; 4) electromagnetic system; 5) the
ingot; 6) the baseplate.

in vacuum, these impurities are sublimated and
removed by the vacuum system. However, in
remelting in the still atmosphere of the inert
gas, these impurities can become the reason
for the higher content of hydrogen, oxygen
and nitrogen in the metal.

It should be mentioned that the atmo-
spheric gases, adsorbed by the surface of
the sponge (compacted electrode) are not
dissolved in titanium and they can be re-
moved by vacuum separation. However,
this operation requires special equipment
and greatly complicates and increases the
cost of the technological cycle of melting
ingots.

The aim of the present work is the evalu-
ation of the possibility of degassing the con-
sumable electrode, compacted from titanium
sponge, directly in the furnace chamber prior
to remelting by the MCESM method.

In the proposed method (Fig. 2), the con-
sumable electrode, compacted from the ti-
tanium sponge, is assembled in the furnace

"_f-= - VIT2 :
i
14 [ .
| : | i
- i T Gaschrom.
: 3101
i
L =
J i:.
~¥ ! B
e : —ger—
o=
4 :
< @ L | -
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Fig. 3. Experimental setup: 1) the vacuum gauge; 2) the
chromatograph; 3) the furnace chamber; 4) the thermocouple;
5) consumable electrode; 6) current-conducting seed.

ensuring electrical contact with the baseplate
and, subsequently, the flux is charged into
the melting zone and this is followed by
sealing and evacuation of the furnace. When
the required pressure is reached, the vacuum
system is switched off and the melting space
is filled with the inert gas. Subsequently,
electrical voltage is applied to the electrodes
and the base plate ensuring the formation of
the slag pool and remelting of the electrode.

It has been proposed to carry out degassing of
the consumable electrode, compacted from the
titanium sponge, in the stage of evacuation of
the melting space by heating with the elec-
tric current, supplied by a standard furnace
transformer. To prevent melting of the flux
and of the electrodes, the electrical voltage
in the electrode should not exceed the value
determined by the specific resistivity of the
compacted mass and the geometrical dimen-
sions of the electrode.

The main advantage of the proposed system
for degassing the electrode is that it does not
require additional equipment and the duration
of the technological cycle of melting of the
ingots is not increased.

To evaluate the efficiency and develop

12 Advances in Electrometallurgy 2012 10 (1) 11-15



Degassing of the electrode

Fig. 4. The electrode with a diameter of 75 mm, compacted
from titanium sponge.

conditions for the degassing electrodes, a
series of experiments was carried out (Fig.
3). The experiments were carried out us-
ing electrodes compacted from TG-130 ti-
tanium sponge, with a diameter of 75 mm
and 600 mm long, which were stored for a
long period of time (more than five years) in
the open atmosphere (in an open container)
(Fig. 4). The electrode was heated by elec-
tric current supplied from a TShP10000-1
furnace transformer, fitted with a unit for
smooth regulation of the voltage. The actual
conditions of current supply in magnetically
controlled electroslag melting were simulated.
The electrode temperature was controlled
using a chromel-alumel thermocouple, fixed
to the body of the electrode 25 mm from
its surface. The pressure in the chamber
was measured with a VIT-2 vacuum gauge.
The hydrogen content of the furnace atmo-
sphere was analysed using a Gazokhrom
3101 chromatograph. The main parameters of
the process were recorded using a LabView
program software.

To determine the heating conditions of the
electrode, the dependence of the electrode
temperature on the intensity of the electric

T,°C

400

200

0 5 10 15 20 25 t,min

Fig. 5. The electrode temperature in relation to the heating
time for different currents, A: 1) 1000; 2) 1500; 3) 2500.

P Pa

¢, min

0 10 20 30

Fig. 6. Variation of pressure in the furnace chamber in the
first (1) and repeated (2) heating of the electrode.

current and heating time was investigated.
The experiments were used to develop the
electrical conditions of heating the electrode
during degassing (Fig. 5), taking into account
the need for rapid heating of the electrodes to
450-500°C and maintaining the temperature
at this level throughout the entire degassing
period. The electrode temperature should not
exceed 500°C because of the possible unde-
sirable processes of dissolution by titanium
of the residual atmospheric gases in the
preliminary vacuum conditions.

The electrode heating conditions were based
on supply of the voltage of 2.2-2.6 V to the
ends of the electrode, ensuring the current
intensity in the electron in the range 2250-
2500 A, with a subsequent reduction to 1000
A in accordance with the specified program
as a result of a small decrease of the voltage
of the power source.

In the second experimental series, special at-
tention was given to the variation of pressure in
the furnace chamber in heating of the electrode.
This characterises indirectly the processes of
degassing of titanium sponge. The following
experimental procedure was used. After as-
sembling the electrode and sealing the fur-
nace, the vacuum system was activated. After
reaching the vacuum of 5.3 Pa (4 x 102 mm
Hg), the electrode was heated to 400-450°C,
with the recording of the variation of pres-
sure in the melting space.

The experimental results show that in
the first 5 min after applying the voltage
and passing the electric current through

Advances in Electrometallurgy 2012 10 (1) 11-15 13



1.V. Protokovilov

Fig. 7. Heating conditions of the electrode with passing current.

the electrode the pressure in the fur-
nace starts to increase rapidly, indicating
high-intensity degassing of the electrode
(Fig. 6). Subsequently, after 10 min of opera-
tion of the vacuum pump, the pressure starts
to decrease gradually and after 20-30 min
the pressure is stabilised at the level slightly
lower than the initial level.

In preheating the electrode after the small
increase the pressure in the furnace is restored
to the initial level already after five min (Fig.
6, position 2). This indicates the removal of
the adsorbed moisture from the electrode and
completion of the degassing process.

In the final series of the experiments,
the variation of the hydrogen content in the
furnace atmosphere during heating of the
electrode was investigated. For this purpose,
after sealing and evacuation of the furnace,
the melting space was filled with argon. This
was followed by heating the electrode and pe-

[H], 06%

0.8+

04Fr

0 5 10 15 20 25 ¢, min
Fig. 8. The dynamics of the variation of the hydrogen con-

tentin the furnace atmosphere in heating of the electrode.

Ei23456?85m12345

‘_',.‘..____23-14 56789

Fig. 9. Ingot of the VT1-0 alloy.

riodic removal of samples for chromatographic
analysis to determine the hydrogen content
of the furnace atmosphere. Subsequently, the
experiment was repeated using the already
‘dried’ electrode.

The experimental results are presented
in Fig. 7 and 8. The experiments show
that 5 min after the start of the experi-
ment was heating of the electrode by the
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current above 200°C the hydrogen con-
tent of the atmosphere of the furnace are
rapidly increased from 0.7-0.9 volume per-
cent (Fig. 8). This indicates the evaporation
of the adsorbed moisture from the electrode
surface and also from the internal volume
of the electrode as a result of the presence
of discontinuities. In subsequent stages, the
hydrogen content of the atmosphere slightly
decreased which is associated evidently with
the reversed processes of interaction of tita-
nium with hydrogen. In the actual conditions
of degassing of the electrodes, the evaporated
moisture is removed from the melting space
of the vacuum system.

In the repeated experiments, no hydrogen
was found in the furnace atmosphere and this
confirms the removal of the adsorbed moisture
in the first heating cycle of the electrode.

After these experiments, some of the elec-
trodes of remelted by magnetically controlled
electroslag melting into titanium ingots with
a diameter 100 mm (Fig. 9). Regardless of
the fact that the ingots were melted using
low-grade titanium sponge TG-130 and the
storage time of the consumable electrode
in the open air produced from the titanium
sponge was very long (more than five years),
the content of the atmospheric gases in the
metal was as follows, % [O] 0.08-0.17; [N]
0.016-0.025; [H] 0.006—0.08, which corre-
sponds to the standard requirements for the
VT1-0 alloy.

Thus, the experiments confirm the efficient
removal of the adsorbed moisture from the
electrodes, compacted from titanium sponge by
heating with electric current in evacuation of the
chamber electroslag furnace. In the proposed
method for degassing the electrode it is not
required to use additional equipment and
the duration of the technological cycle of
melting the titanium ingots is not extended.
This operation should be carried out effi-
ciently with the electrodes produced from
low-gradesponge, or the electrodes which
have been stored for a long period of time
in open air.
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Electroslag melting of chromium
bronze BrKh

A.V. Gnatushenko, F.K.Biktagirov and A.P. Ignatov

EO .P aton Electric Welil ng Institute,K iev

It is shown possible to electroslag melt BrKh chromium bronze from non-compacted copper waste with
alloying with chromium from the slag. The dependence of the chromium content of the metal on the
amount of the chromium oxide in the slag is determined. The chemical composition and the main proper-
ties of the BrKh bronze produced by electroslag melting are determined.

Chromium bronze is one of the most widely
used low-alloy dispersion-hardening copper
alloys with the chromium content of 0.4-
1.0%. Due to the combination of the high
values of hardness, strengths and electrical
and thermal conductivity, the alloy is used
extensively in industry for the manufacture
of various components, subjected in service
to high mechanical and electric thermal load-
ing, for example, electrodes in equipment
for resistance welding, collectors of electric
motors, solidification moulds of equipment
for continuous casting of metals, etc (Table
D [1, 2].

In most cases, the chromium bronze is
melted in reflecting, induction and arc fur-
naces. General problems of the production

Table 1. Main areas of application of BrKh chromium bronze

of this alloy in these melting systems are
associated with the difficulties in alloy in
copper with chromium. Chromium has limited
solubility in copper in the solid state. At a
eutectic temperature of 1345 K, the solubility
of chromium is 0.65% [1]. This element is
characterised by high affinity for oxygen and
can be easily oxidised during melting. There-
fore, to ensure more extensive dissolution of
chromium in melting in the furnaces, it is
important to maintain a higher temperature,
and the oxidation of chromium should be
prevented by using covering fluxes, shielding
atmosphere, vacuum [2-4].

Copper is alloyed with chromium by
two methods: either with pure chromium
or with a copper—chromium master alloy

Electrical

Metallurgy Welding

engineering

Engineering Other branches

Solidification moulds Electrodes for
for continuous casting resistance welding

systems machines drives

Moulds for casting
low-melting metals

Drums — coolers for
production of strips
with amorphous
structure

Collector plates of
powerful electric

Contact wheels

Electric current
conductors

Press moulds and
dies in production
of components from
plastics and ceram-
ics

Gears

Braking blocks of
aircraft and cars

Components of
internal combustion
engines
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[2, 3]. In both cases, expensive pure chro-
mium with the great not longer than Kh99
is used. In alloying by the first variant, it
is recommended to use pieces with the size
of 15-25 mm, and the metal temperature
should not be lower than 1600 K. In addi-
tion to this, to ensure more extensive dis-
solution of the alloying components, it is
necessary to increase the holding time of
the melt in the superheated condition and
refining of copper to remove oxygen. Long-
term holding at a relatively high temperature
increases the consumption of energy resources
and results in rapid wear of the refractory
(graphitised) lining of the furnaces. The de-
gree of pickup of chromium is approximately
70-80%.

The application of the Cu—Cr master alloy
makes it possible to reduce the melt tempera-
ture and shorten the melting time. However,
this technology has a number of shortcomings.
Firstly, melting of the master alloy requires
the presence of additional technological opera-
tions and the appropriate melting equipment.
The master alloy, produced by open melting,
usually contains a large amount of oxygen
resulting in the oxidation of chromium and
its higher consumption. Therefore, to reduce
the chromium losses, it is recommended to
use vacuum melting furnaces. Secondly, since
the chromium content of the standard master
alloy is relatively low (6-7%), the fraction
of chromium in the charges high (22-25%).
In addition to this, the master alloy is often
heterogeneous as regards the chemical com-
position, resulting in difficulties in obtaining
the required chromium content in the melted
bronze [2, 3].

Using the method of electroslag crucible
melting with a nonconsumable electrode, the
E.O. Paton Electric Welding Institute, Kiev
propose a new method of melting chromium
bronze BrKh from non-compacted copper
waste (shavings, cut-offs, etc.). Copper is
alloyed with chromium directly from the slag
by reduction of chromium from the chromium
oxide which is supplied in the required amount
into the slag pool. The reduction agent is

represented by carbon-containing materials
(milled coke or calcium carbide). The for-
mation of metallic chromium, required for
alloying copper, takes place as a result of
the following reactions:

Cr,0; + 3C = 2Cr + 3CO, (1)
Cr,0; + CaC, = 2Cr + CaO + 2CO. (2)

According to the thermodynamic data, the
zero value of the variation of the Gibbs en-
ergy (AG° = 0) of reaction (1) corresponds
to a temperature of 1528 K, and for the re-
action (2) to 1092 K. This shows that both
the reduction reactions can take place in the
conditions of electroslag melting of copper.

The production of chromium bronze has
therefore a number of advantages in com-
parison with the traditional melting methods.
Since the reduction of chromium takes place
in the layer of the molten slag, it’s interaction
with the atmosphere and possible oxidation
are prevented.

Electroslag melting of the copper waste is
accompanied by the refining of metal by the
slag, including removal of oxygen, resulting
in more extensive pickup of chromium by
copper. In addition to this, as a result of
the reduction of chromium oxide, fine par-
ticles of metallic chromium appear and this
increases the copper—chromium interaction
surface and the rate of dissolution of chro-
mium in copper. This also creates an addi-
tional saving as a result of the application of
copper waste which is cheaper than primary
copper, and of chromium oxide Cr,O; (the

Cr, wt.%

2
0.8 |
1
0.6 |- @
04 F
1 I 1 1 1 1
0 0.4 0.8 1.2 1.6 2.0 Cr,0,, wt.%

273

Fig. 1. Dependence of the mass fraction of chromium in
the metal on the amount of the chromium oxide in the slag:
1) ANF-7 slag; 50 CaF,—25 Ca0O-25 Al,O3 slag.

Advances in Electrometallurgy 2012 10 (1) 16-19 17



A. V. Gnatushenko, et al.

chromium content of the oxide is approxi-
mately 70%) instead of pure metallic chro-
mium or Cu—Cr master alloy.

The experiments were carried out with
electroslag melting of bronze BrKh

with alloying with chromium from the slag.
1 kg of copper shavings and fine sheet cut-offs
were used. Slags (standard slag ANF-7 and
50 CaF,—25 CaO-25 Al,O;) with no silicon
oxide SiO, were used, to prevent saturation
of the alloy with silicon and which is a
harmful infinity in the given type of bronze.
The chromium oxide was added to the slags
in the amount required for the formation of
chromium bronze of the regulated chemical
composition, and part of Cr,O; was added
during formation of the slag pool, and the
remaining amount during melting. In addi-
tion to this, in the course of melting Cr,03
was also added to the slag since the reduced
chromium on its own may be a reduction
agent, for example, for copper oxides, pres-
ent on the surface of the shavings.

According to the conditions of distribution
of the elements between the contacting phases,
part of chromium dissolves in the slag pool.
To compensate the losses of chromium in the
slag, chromium oxide was additionally added

Table 1. The chemical composition of bronze BrKh elec-
tricity smelting slag, wt. %

Melt No. Cr Ni Si Zn Pb  Fe
1 0.63 0.01 0.04 0.012 0.025 0.04
2 0.7 0.01 0.04 0.010 0.030 0.05
3 0.6 0.0l 0.06 0.020 0.020 0.05
BrKh 0.4-1.0  Total sum of impurities not

GOST 18175-78
Comment. The base is copper

greater than 0.3 wt.%

Table 2. The chemical composition of bronze BrH electricity
smelting slag, wt. %

BrKh bronze o,, MPa §,%  HB  p, ohm mm%*m

Electroslag 450-460 5-6 134-140 0.02

melting after
heat treatment
Regi rement  450-500 4-6 130-140 <0.02
of TU 48-21-

163-72

Fig. 2. Castings of Brkh bronze: a) after ??7?; b) after

to the slag melt on the basis of the calcula-
tion to obtain the content of 0.2-2.5 wt.% of
Cr,0;. The reduction agent was milled coke
which was added in the required amount
together with the chromium oxide.

In the course of melting it was observed
that the moment of formation of the slag melt
is the start of rapid reduction of chromium
as a result of the interaction of Cr,O; with
the carbon in the coke and, to some extent,
graphitised electrode. This period is character-
ised by foaming of the slag, and the process
is unstable. However, after melting all slag
forming additions and short-term holding, the
process is stabilised. Copper and permanence
of the chromium oxide with the reduction
agent are subsequently added gradually to
the slag pool.

The experimental data were used to deter-
mine the dependence of the mass fraction of
chromium in BrKh bronze on the amount of
the chromium oxide in the slag (Fig. 1). To
obtain the optimum chromium concentration
of the alloy (0.5-0.9 wt.%), the Cr,O; the
content of the slag should be maintained in
the range from 0.4 to 2.0 wt.%.
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It is shown that it is feasible to use elec-
troslag melting to produce chromium bronze
from non-compacted copper waste with alloy-
ing with chromium by reduction of chromium
from Cr,O; in the slag pool.

Taking the experimental results into ac-
count, electroslag equipment A-550, modified
for melting of copper alloys, with a 260
kW power source was used for verification
of the possibilities of melting BrKh bronze
and determination of the main technological
parameters. Castings weighing approximately
50 kg were produced (Figure 2). The chemi-
cal composition of the metal of the castings
is presented in Table 2 and shows that the
concentration of the main alloying element
(chromium) is in the recommended range
(GOST 18175-78). The total content of the
impurities does not exceed the permissible
values. The properties of BrKh branch, pro-
duced by electroslag melting, after heat
treatment correspond to the requirements of
the technical conditions (Table 3).

Thus, the experimental results were used
to develop the technology of electroslag
melting BrKh bronze from non-compacted
copper waste by alloying with chromium
with the reduction of chromium from Cr,0;
chromium oxide from the slag pool. Since
the main production of chromium bronze is
concentrated in the nonferrous metallurgy
parts of the Russian Federation (???), this
technology can be realised in engineering
companies of Ukraine to satisfy the demand
for these alloy.
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Distribution of non-metallic inclusions

in the cast metal of 3&

ype steel after

circumferential electroslag surfacing
with liquid metal

A.A. Polishko, L.B.Medovar, V.Ya. Saenko,
A.Yu. Tunik and S.N. Stepanyuk

EO .P aton Electric Welil ng Institute,K iev

The results are presented of the evaluation by the method A of the ASTM E45 international standard of
the size, composition and nature of the distribution of non-metallic inclusions in the cast metal of the
high-alloy type 316 (AISI) steel after consecutive circumferential electroslag surfacing with ligi d metal

in the cross-section of a modelling ingot.

One of the important criteria of the quality of
cast metal, in addition to the microstructure,
is the degree of contamination with non-
metallic inclusions. With increasing mass of
the ingot the size of the nonmetallic inclusions
increases, the macro- and microstructure is
impaired and this reduces the properties of
cast metal. To ensure the guaranteed quality of
cast metal in the large ingot which are used
as the starting components for components for
important applications, it is necessary to pro-
duce the homogeneous high-quality structure.

To produce large ingot with the guaranteed-
quality structure, it is proposed to use the
method of consecutive circumferential electro-
slag surfacing with liquid metal to increase the
size of the ingots [1].

The nonmetallic inclusions of any compo-
sition, depending on their size in the condi-
tions of high loading in service, may act as
stress concentrators and areas of nucleation
of cracks. This is unacceptable for important
components, for example rotating sections of
advanced steam and gas turbines.

At the present time, the inspection of non-

metallic inclusions in the Ukraine and CIS
countries is carried out in accordance with
GOST 801-72 standard [2] on the scale for
three types of inclusions (oxides, sulphides,
globules). The appropriate photographic the
reference specimens are attached to the stan-
dard. Quality is evaluated on the basis of the
maximum scale number of the nonmetallic
inclusions in six specimens, and the permis-
sible value changes depending on the melt-
ing methods on the diameter of the product.
However, this standard does not stipulate how
many inclusions of the maximum scale num-
ber can be located on the inspected surface
of the specimen.

Abroad, the degree of contamination with
the nonmetallic inclusions is evaluated using
the A method of the ASTM E45 standard [3]
for four types of inclusions (oxides, sulphides,
silicates and globules) of the fine antiques
series (size) using the IR scale. The maximum
and minimum scale number of the specific
type of inclusion and the mean scale number
are determined for each specimen.

In the present work, two methods were
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Fig. 1.

Macrostructure of a transverse templated of the modelling two-layer ingot after electroslag surfacing with liquid

metal (316+316) and the points of analysis of nonmetallic inclusions (b): 1) the axial part of the central ingot; 2) the
middle of the radius of the central ingot; 3) the melting zone on the side of the central ingot; 4) the melting zone on the
side of the deposited layer; 5) the middle of the deposited layer; 6) the edge of the deposited layer; the dashed line
shows the line of fusion of the deposited layer with the central ingot.

used: qualitative (scale numbers) and quan-
titative inspection of the nonmetallic inclu-
sions (method A according to ASTM E45
and method L2 according to GOST 1778[4]
standard).

The aim of the present work is the evalu-
ation of the size, composition and nature of
distribution of the nonmetallic inclusions of

the cast metal of the type 316 alloy steel
(AISI) after consecutive circumferential elec-
troslag surfacing with liquid metal in the
cross-section of the modelling ingot.

The initial material was the Cr-Ni-Mo type
316 high-alloy steel (AISI), with the follow-
ing chemical composition, wt.%: < 0.08 C;
2.0 Mn; 2.0 Mo; 1.0 Si; 17.0 Cr; 12.0 Ni;

50 pm

50 pm 50 pm

50 pm

50 pm 50 pm

4 5

6

Fig. 2. The distribution of non-metallic inclusions in non-etched specimens (for the designation of the positions 1-6

see Fig. 1).
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balance Fe; up to 0.03 S; P up to 0.045.
The degree of contamination with nonmetallic
inclusions was inspected using the method
A of the ASTM E45 international standards
and, for comparison, method L2, according
to the GOST standard.

The size, composition and nature of dis-
tribution of the metallic inclusions were
evaluated in the metal of the modelling
two-layer ingot with a diameter of 110-180
mm, produced from the high-alloy Cr—Ni—-Mo
type 316 steel, produced in the course of
the full-size experiments in the laboratory
conditions by circumferential electroslag
surfacing with liquid metal to increase the
size of the ingot. The nonmetallic inclu-
sions were analysed in the cross-section of
the specimens taken from the characteristic
zones of the modelling ingot according to
Fig. 1, B at the points 1-6.

The nature of distribution of the non-

metallic inclusions was evaluated by optical
microscopy in a Neophot-323 metallographic
microscope, fitted with an attachment for digi-
tal photography of non-etched specimens. A
small number of inclusions, from 1 to 6 (Fig.
2) was found in the field of the eyepiece. At
the points 3—6 the deposited metal containing
considerably smaller number of inclusions in
the field of the eyepiece in comparison with
the points 1-3 in the central ingot (Fig. 2).

To evaluate the dimensions and composition
of the non-metallic inclusions in the cross-
section of the modelling did, experiments were
carried out using the method A of the ASTM
E45 international standard which makes it
possible, on the basis of the images of the
non-etched surface of the specimens, to au-
tomatically classify the nonmetallic inclusions
on the basis of the morphological types and
also determine the series and scale number
of the inclusions.

Table 1. Analysis of the non-metallic inclusions in the two-layer modelling

ingot of 316 high-alloy steel

Size

Examined area Type

Num-
No. ber (%)

Mean Groupf of inclusions
size, acc.to GOST 1778
m  (method L2)

Ingot centre (point A 05
1))

10 (59) 4.55 3

AB 7(@41) 431
Middle of ingot A <05 6(29 377 3
radius (point 2)

AB 1.0 15(71) 3.82 2
Edge of ingot, fu- A <05 945 236 2
sion zone (point 3)

AB 0.5 11(55) 2.38
Fusion zone in A <05 8@M7) 295 2
deposited layer
(point 4)

AB 05 9(53) 246
Middle of deposited A <0.5 10(52) 2.56 2
layer (point 5)

B 3(16) 2.80

AB 6(32) 246
Edge of deposited A <05 17(61) 1.67 1
layer (point 6)

AB 05 11(39) 1.88

Comment. According to ASTM E45 the 'fine' series was determined for

all types of inclusions
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The analysis procedure can be described as
follows. Initially, the nonmetallic inclusions
were classified on the basis of the brightness
characteristics in the BEI regime (images
in secondary electrons) using the analytical
complex consisting of a scanning electron
microscope JSM-35CF of the JEOL company
(Japan) and x-ray spectrometer with energy
dispersion of the X quanta (model INCA
Energy-350, Oxford Instruments, Great Brit-
ain). The experiments were carried out at an
acceleration voltage of 20 kV, magnifications
200—-4000, elemental analysis was carried out
in the range from B to U. The morphological
features and the chemical composition de-
termined by the energy dispersing spectral
analysis were used for classification of the
nonmetallic inclusions according to the type
and dimensions.

The analysis results of the nonmetallic
inclusions were processed using a special
program for quantitative classification of the
phases and inclusions (Feature).

The following types of non-metallic inclu-
sions were analysed: sulphides A, aluminium
oxide B, silicates C, globular oxides D and
mixed type inclusions AB.

According to the ASTM E 45 international
standard, the material contains the type A in-
clusions and a small amount (16%) of type B
inclusions. In addition to this, the inclusions
of the mixed type AB were found (Table 1).

The mean linear size of the nonmetallic
inclusions for the central ingot was 2.36-3.82,
and for the deposited metal 1.67-2.8 pm.

For comparison, the approximate groups of
the inclusions were evaluated on determined
in accordance with the method L2 according
to the GOST 1778 standard. A small change
(refining) of the size of the inclusions in the
direction from the centre of the initial ingot to

the edge of the deposited layer was detected.

Thus, the results show almost the uniform
distribution of the non-metallic inclusions in
the cross-section of the modelling ingot of
the 316 high alloy steel. All the types of
nonmetallic inclusions are characterised by
the ‘fine’ series. The experimental results
show that the mean linear size of the non-
metallic inclusions for the central ingot is
2.36-3.82 um, and for the deposited layer
1.67-2.8 um. A small scatter of the dimen-
sions of the inclusions in the investigated
zones was found: in the central zone of the
initial ingot 4.31-4.55, in the melting zone
2.36-2.95, in the deposited layer 1.67-2.8
um. On the whole, the maximum size of
the nonmetallic inclusions in the cast metal
of the modelling ingot after circumferential
electroslag surfacing with liquid metal carried
out to increase the size of the ingots of the
316 high-alloy steel with a diameter of 180
mm did not exceed 4.55 um. For comparison,
the ingots with a diameter of 120 mm of
ShKh 15 steel were also investigated [5]. The
maximum size of the non-metallic inclusions
after electroslag remelting did not exceed
20 pm.
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ELECTRON BEAM PROCESSES

Development of new titanium biocompatible
alloys for medical applications

V.F. Topol’skii, S.V. Akhonin, G.M. Grigorenko
and |.K. Petrichenko
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The mechanical characteristics of vanadium-free titanium alloys of different systems of al-
loying developed in Ukraine and designed for manufacture of different products for medical
purposes are presented. The high level of biological compatibility and corrosion resistance
of the developed titanium alloys is shown. Analyzed are the structural-phase composition of
new titanium alloys after thermomechanical treatment, as metal of well as their welded joints.
The feasbility of production of these alloys by the method of electron beam cold hearth melt-
ing was confirmed. The physical and chemical properties of the developed titanium alloys
stipulate their wide application in orthopedy and stomatology.

Titanium alloys are used on an increasing
scale in various branches of medicine, displac-
ing the previously widely used stainless steels
and cobalt—chromium alloys. The interest in
titanium, characterised by the small specific
weight, high corrosion resistance and high
biological compatibility, has greatly increased
and also as a result of the development of
surgery in the area of replacement of joints by
endoprosthesis and the result of the increase
of the volume of application of implants in
stomatology.

The materials used in the medicine (es-
pecially those used for the manufacture of
endoprosthetic devices and implants) must
ensure the long service life of components
produced from them and, therefore, they
should be alloyed only with biocompatible
non-toxic elements, whereas the alloying

elements (vanadium, cobalt and nickel) may
form toxic compounds in the human organism
[1]. On the whole, the structural material for
medical application should have the following
characteristics:

— high strength and long-term efficiency
in the conditions of a biological medium
(corrosion resistance);

— absence of undesirable reactions of
living tissue to the products of their wear;
the capability of the implants and endopros-
thesis to grow around the bone tissue (bio
adhesion);

— absence of contraindications to auto-
clavce or dry steam sterilisation;

— high plasticity and technological prop-
erties;

— low elasticity modulus;

— low cost.
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However, these requirements are not satis-
fied by all titanium alloys. Until recently, the
endoprostthesis and implants were produced
widely using the materials such as unalloyed
titanium and Ti-6Al1-4V alloy. With high
corrosion resistance, unalloyed titanium has
a sufficiently high strength (400-500 MPa)
which may cause undesirable complications
not only in service of the component but
also in its manufacture, and Ti—-6Al-4V alloy
contains toxic vanadium, and the dissolu-
tion of this element in the organism maybe
the reason for inflammatory processes with
toxicity features.

The titanium alloys for medical applica-
tions, developed in the EC countries, i.e.,
Ti—6Al-7Nb, Ti—-5A1-2.5Fe—Ag, etc, are char-
acterised by satisfactory combination of the
mechanical characteristics and corrosion re-
sistance [2, 3], and also do not contain toxic
alloying elements. However, the composition
of this alloy includes a large amount of ex-
pensive alloying components so that they are
relatively expensive. These shortcomings are
also typical of the recently developed titanium
alloys based on the B-phase Ti—15Mo—5Zr—
3Al, Ti-30Ta, B-21S (Ti-3Al-15Mo-2.6Nb—
0.2SI) which also are characterised by the
relatively low elasticity modulus, are in fact
isoplastic [1].

Thus, it has become necessary to develop
domestic medical titanium alloys without
expensive alloying elements in large quanti-
ties and satisfying these requirements. Good
weldability is an important parameter of the
new alloys.

The E.O. Paton Electric Welding Institute,
Kiev has developed to alloys for medical
applications (TM1 of the Ti—Al-Nb—Zr [4]
and TM2 of the Ti—Al-Nb-Fe—Zr system
[5]), calculated for different strength levels.

These alloys were produced by the tech-
nology of electron beam melting with a cold
hearth (intermediate container) (EBMCH). The
EBMCH process is based on the horizontal
feet of a consumable blank at the given rate
into the melting zone with melting of the
blank by the electron beams above the cold
hearth when the cold hearth is filled, the lig-

Table 1. Mechanical characteristics of several titanium
alloys.

OCp2 O (O3] E x 104 ) 4

Material
MPa %

BT1-0 320 400 170 11.1 25 -
Ti6A 14V 795 860 400 11.5 10 25
Ti6A 17N b 900 1000 — — 13 -
(Switzerland)
TiA IN bZ r 780 800 360 9.6 22 60
(TM1)
TiA IN bZ rF ¢ 920 1000 - — 16 40
(TM2)
Bone 250 - 200 2.5 0.5 -

uid metal is discharged into the solidification
mould with the baseplate where the ingot is
produced. In melting, the surface of liquid
metal in the intermediate container and the so-
lidification mould is heated with the electron
beams guns. During melting of the ingot, the
latter was withdrawn mechanically from the
solidification mould. The process continued
up to complete melting of the initial blank.

The consumable blank for the remelting
process was produced from pure charge com-
ponents in the form of titanium strips of
VT1-00 grade and A95 aluminium, and also
shavings of N6-1 niobium, E100 zirconium
and commercial purity iron (Armco) grade
10895 (TM2 alloy) so that in any cross
section the given content (in %) of the al-
loying elements and the base of the alloy
was maintained.

Since the EBMCH processes carried out
in a high vacuum (0.01-0.1 Pa), the alloying
elements with the vapour tension exceeding
that of titanium evaporate at a higher rate
than the base and this results in changes in
the composition of the alloy in comparison
with the initial charge. This relates to alu-
minium in the investigated alloys. Therefore,
to compensate the losses of aluminium through
evaporation of this element in melting of the
ingots an additional amount of aluminium
was added to the initial charge calculated in
accordance with the previously established
relationships of the process of evaporation
of the components of the alloy from titanium
in EBMCH [6].
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Table 2. The corrosion rate of titanium alloys, mm/year
Medium ™2 ™2 VT1-0

1% HCl - 0.0001 0.0035

5% HCl 0.0019 0.0002 0.0042

10% HCI 0.029 0.027 0.079

5% H,SO, - 0.0002 0.0039

10% H,SO4 0.0005 0.0005 0.0063

20% H,S0, 0.0005 0.0007 0.055

Concentrated 0.14 - 1.425

H,SO4

The blanks with the thickness of 6 mm
were produced from the melted ingots by
thermal mechanical deformation in a two-
role reversing mill and subsequently sub-
jected to relaxation annealing.

The mechanical properties of the alloy is
developed and used in medicine are presented
in Table 1.

In the development of stomatological, or-
thopaedic and cardiological prosthesis it is
important to ensure that the material has not
only the optimum ratio of the mechanical
properties but is also characterised by the
high level of the resistance of alternating
loading and fatigue characteristics.

The fatigue characteristics of TM1 alloy
and, for comparison, VT1-0 and Ti-6Al-4V
alloys where carried out at the I.N. Frant-
sevich Institute of Powder Metallurgy using
the procedure and equipment described in [7].
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Fig. 1. Fatigue characteristics of titanium alloys.

A, t/n

12t
10}
0.8}
0.6 1 1 1 i
0.4F

02

0 i i i 1

Fig. 2. Morphological characteristics of several metals: |)
a chromium—cobalt alloys; Il) gold; Ill) titanium; 1V) TM1;
A is the concentration of immunoglobulin.

The fatigue curves are presented in Figure 1.
The comparison of the fatigue properties of
the TM1 alloy, VT1, commercial titanium and
VT6 alloy shows that the fatigue resistance
of TM1 alloy is considerably lower than that
of VT6 alloy but approximately twice as high
as that of commercial titanium.

The TM1 and TM2 alloys are characterised
by satisfactory weldability so that they can
be used for producing welded structures in
the manufacture of equipment and tools for
medical purposes.

The TM1 and TM2 alloys were tested at
the UkrNIIkhimmash for general corrosion in
the solutions of sulphuric and hydrochloric
acids at room temperature (Table 2).

Analysis of the results shows (Table 2) that
the corrosion rate of the TM1 and TM2 al-
loys in the diluted hydrochloric and sulphuric
acids is an order of magnitude lower than in
the unalloyed titanium of grade VT1-0 in the
same media. In the 10% HCI solution, the
corrosion rate is lower than in the unalloyed
titanium (at least twice as low), and in the
10 and 20% solutions of sulphuric acid the
corrosion rate in the titanium alloys is lower
than that of unalloyed titanium by one or two
orders of magnitude, respectively.

In addition to the mechanical and corrosion
properties, the TM1 and TM2 alloys where
also investigated to ascertain the possibilities
for use in medical practice.

The Ukrainian Scientific Research Institute
of Traumatology and Orthopaedy investigated
new alloys for corrosion, bioresistance and
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Fig. 3. Microstructures of the welded joints in TM1 (Ti—Al-Nb—2Zr) I, x 250 and TM2 (Ti—-Al-Nb—Fe-Zr) /I, x 300 alloys:
a) the parent metal; b) the heat affected zone; c) the weld metal.

biocompatibility in the organism of animals
and the reaction of bone and paraossal tis-
sue in implantation of specimens of these
alloys. The experiments were carried out on
40 adult rats, the duration of observation of
the experimental animals reached 180 days.
As a result of the investigations, it was
concluded that the new titanium alloys are
characterised by satisfactory biological inert-
ness and compatibility to that they can be
used as the materials for the manufacture of
prosthetic components.

The Institute of Ecohygiene and Toxicolo-
gyhas carried out labour hygiene investiga-
tions of the TM1 and TM2 alloys and con-

clusions were made regarding their suitability
for reduction of medical semifinished products
and components.

The Department of Orthopaedic Stomatolo-
gy of the National Medical University Carried
out morphological studies of the TM1 titanium
alloys; special attention was given to the
dynamics of the formation of immunoglobin
(the cells of immune protection) after adding
a foreign body. The most efficient reaction
of the immune system of the organisms in
comparison with the chromium—cobalt alloy,
gold and commercial titanium, used widely
in stomatological, was recorded for the TM1
alloy (Figure 2).
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On the basis of the investigations The
National Sanitary Epidemiological Service of
The Ministry of Health Protection of Ukraine
issued a decision allowing the application of
TM1 and TM2 alloys.

In addition to the determination of the
mechanical, fatigue and corrosion characteris-
tics, the structure of the new titanium alloys
was also investigated. Since the manufacture
of components for medical applications also
include welding, the structure of both al-
loys and welded joints in these alloys was
investigated.

The TM1 alloy (system Ti—Al-Nb—Zr)
belongs in the group of titanium pseudo a-
alloys and is thermally stable. In the condition
after rolling, the alloy consists of the primary
B-grains highly deformed and elongated in
the rolling direction. The internal structure
is represented by the colonies of the plate-
shaped a-phase with different crystallographic
orientation. In the metal of the heat affected
zone and the welded joint at the boundaries
of the primary B-grains examination shows the
precipitation of the a’-phase with a ‘coarser’
morphology in comparison with the parent
metal (Fig. 3).

The TM-2 alloy (system Ti—Al-Nb—Fe—Zr)
alloy belongs in the group of the titanium
(a+P) martensitic alloys. In the rolled con-
dition, the alloy has the structure formed
by the plate shaped P-phase, but in the
gaps between the o-phase there is the B-
phase whose amount depends on the heat

treatment conditions. The structure of the
heat affected zone metal is represented by
equiaxed grains and that of the welded joint
by the equiaxed primary [-grains elongated
in the rolling direction with the martensitic
internal a-phase (Fig. 1).

The TMI1 and TM2 alloys and also their
welded joints, have a structure characteristic
of the alloys of the appropriate groups. No
welding defects were found in the investi-
gation of the macrostructure of the welded
joints in these alloys.

Thus, the TM1 and TM2 alloys, developed
at the E.O. Paton Electric Welding Institute,
Kiev, are characterised by high mechanical
properties are also satisfactory corrosion re-
sistance and biological compatibility. Conse-
quently, they can be used widely in various
arecas of medicine such as orthopaedy and
stomatology.
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Production by electron beam remelting of
defect-free titanium ingots with controlled oxge n
content

V.l. Kostenko, M.P. Kruglenko, A.N. Kalinyuk and P.A. Pap

Strategiya BM Compny K iev

Experimental investigations were carried out on dissolution of titanium dioxide in melting
of ingots by electron beam cold hearth remelting. The condition of melting was selected for
installation TIKO-15, at which the complete dissolution of titanium dioxide, added to flux,
occurs. This technology provides the producing of defect-free ingots with a preset interval
of oxygen concentrations and value of oxygen equivalent.

One of the main tasks in the production of
ingots of unalloyed titanium is the prevention
of the formation in titanium of gas-saturated
zones which, because of their high hard-
ness, are regarded as stress concentration and
sources of nucleation of fatigue cracks [1]. In
electron beam remelting (EBR) of only tita-
nium sponge, this problem is solved by using
an intermediate container (cold hearth)[2].
However, at the present time, many compa-
nies require titanium with the specified range
of the concentration of impurities because
the restriction of the minimum and maximum
content of the impurities ensures the required
service properties (op, o, 0, V) in a spe-
cific range for semi-finished and completed
products so that it is necessary to alloy the
initial charge with an additional amount of
oxygen in the form of titanium dioxide.
For example, according to the standards of
the VSMPO-AVISMA Corporation, in some
grades of unalloyed titanium Grl-1, Grl-2,
Grl-4 1, Grl-5 tr, the distribution of oxygen
in the ingots should not deviate by more than
0.01-0.02 wt.% from the specified distribu-
tion. According to the international standards
ASTM B348-05, in addition to the specific

oxygen content, it is also necessary to ensure
the required value of the oxygen equivalent
Og, calculated from the equation O = % O
+2.5% N + 0.7% C + 0.6% Fe in the range
0.17-0.21%. Without alloying with oxygen it
is almost impossible to solve these problems.

When adding an additional amount of tita-
nium dioxide into the charge, it is important
to investigate the processes of dissolution
of the added titanium dioxide powder and
homogenising of the melt in the cold hearth
during electron beam remelting. Since the
ranges of the concentration of oxygen and
of its equivalent are very narrow, it is also
important to take into account the macro-
liquation of the elements, included in the
calculation of the oxygen equivalent.

The company Strategiya BM have devel-
oped a technology of alloying titanium ingots
with oxygen in equipment for electron beam
welding with a cold hearth TIKO-15 (Fig.
1), which may be described as follows. The
remelting starting material (consumable charge
blank) is represented by the briquettes of
titanium sponge, scrap metal. After loading
the charge into the equipment and evacuating
to the level of the residual pressure required
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Fig. 1.

TIKO-15 electron beam equipment.

for stable operation of the electron beam guns
(1 x 107'...1 x 1072 Pa), the blank is melted in
the cold hearth until it is full and subsequently
the liquid metal is periodically discharged into
the solidification mould. The first portions
after discharge result in the formation of the
seed for the future ingot. Subsequently, in the
given technological conditions, the ingot of
the required height is melted. To produce the
given concentration of oxygen in the ingot,
the required amount of titanium is outside
is added to the charge already taking into
account the existing oxygen content. Titania
is deposited on the surface of briquettes as
a layer not thicker than 0.5 mm.

The melting point of titania (1870°C) is
higher than the temperature of the melt which
can be reached by superheating the metal
(the melting point of titanium is 1670°C).
Therefore, the titania does not melt and dis-
solves and the required time is longer with
the increase of the thickness of the layer of
titania.

Dissolution of titania in the melt is accom-
panied by the formation of oxygen-enriched
zones [2]. According to the titanium—oxygen
equilibrium diagram [3], titanium with the
higher oxygen content is characterised by a
higher melting point than that of pure titanium
(Fig. 2). If the melt is not homogenised prior
to discharge into the solidification mould, the
oxygen-enriched metal may solidify ahead of
the solidification front because the solidifica-
tion temperature is higher and this may result
in the formation of a zone with higher hard-
ness in the ingots. This may be accompanied
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Fig. 2. The equilibrium diagram of the titanium-oxygen
system.

by the formation of micropores.

It should also be mentioned that in solidi-
fication of the oxygen concentration of the
solid phase increases even further because the
distribution coefficient k&, = Cy/C; is higher
than unity: k, = 1.5 at mass fractions of
oxygen smaller than 3.2%, and at higher
fractions ko = 2.5 [4].

Thus, only the homogenised melt should
be discharged into the solidification mould.
Therefore, the dissolution 1. of the portion
of titania and homogenisation time of the
melt Th,m should be shorter than the time
during which the molten metal is held in the
cold hearth. The time 1t depends strongly on
the geometry of the cold hearth and also the
melting rate.

The required melting rate for this equipment
was determined by experiments on the basis
of the absence of oxygen-enriched zones in
melted ingots. For example, at a melting rate
of 11 kg/min, defects were not detected in
the ingot by ultrasonic inspection because of
small differences in the density and due to
the absence of defects in the form of pores,
cracks and also because of the large size of
the ingot (630 mm). However, after rolling the
metal, the oxygen-saturated areas showed the
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Fig. 3. The microstructure of a defect.

formation of microcracks and micropores as
a result of considerably higher hardness [1].

Investigations of the defective zones of
the rolled metal were carried out in the
laboratory of VSMPO-AVISMA company.
The microhardness of the parent metal was
1870-2160 MPa, whereas the microhardness
in the defective zone was 5550-6450 MPa.
The microanalysis of the oxygen content
showed that the metal in the defective zone
is characterised by a higher oxygen content
(2.2-2.6 wt.%), whereas the mass fraction of
oxygen in the parent metal was 0.13%. The
microhardness of the metal of the oxygen-
enriched defect in the titanium ingot is shown
in Fig. 3.

After reducing the melting rate to 7.5 kg/
min, no defects were detected in the cast
metal or after rolling. Thus, by restricting
the melting rate it is possible to produce the
titanium ingots without defects and with the
required level of oxygen as a result of adding
the required amount of titania to the initial
charge. By varying the content of nitrogen,
carbon and iron in the initial charge, it is
possible to produce titanium ingots with the
required oxygen equivalent.

It should be mentioned that in electron
beam melting of titanium the macroliqua-
tion of oxygen was observed only in the
narrow transition zones at the start and end
of melting and was not detected across the
ingot [5]. Therefore, when adding TiO, to
the charge, it should be taken into account
that the oxygen in the transition zone at the
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Fig. 4. The equilibrium diagram of the titanium-nitrogen
system.

start of melting is characterised by a higher
content, whereas at the end of melting the
content is lower.

If it is required to produce ingots with the
regulated oxygen equivalent, it is also impor-
tant to take into account the macro-liquation
of other elements included in the calculation
equation. If the program of the macro liqua-
tion of iron in electron beam welding was
investigated in [6], no mention was made
of nitrogen. This is associated mainly with
the fact that the nitrogen is a very harmful
impurities and is permissible concentration
is very low, usually less than 0.0 15 wt.%.
However, nitrogen is included in the equation
for calculating the carbon equivalent with the
highest coefficient, i.e., 2.5, since it is the
strongest hardening element and its effect is
very strong.

Examination of the equilibrium diagram of
the titanium-nitrogen system shows (Figure 4)
that at low concentrations the coefficient of
distribution of nitrogen is higher than unity,
as in the case of oxygen, and equals &y = 1.9.
Therefore, the macro liquation in the case of
nitrogen should be evident in electron beam
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Fig. 5. The oxygen concentration in the ingots alloyed to
0.11-0.14% (a) and the oxygen equivalent in them (b): 1) riser;
2) the centre; 3) the bottom part.

remelting, similar to that of oxygen, i.e., the
nitrogen concentration of the transition zone
and the start of melting should be higher
and the end lower [5]. For the experimental
verification of this fact, melting of the ingot
from a homogeneous charge was followed by
detailed gas analysis in the laboratory of the
E.O. Paton Electric Welding Institute, Kiev.
Four samples were taken from the central
part of the ingot and five samples from the
bottom and top part of the ingot. The mean
nitrogen concentration in the ingot was as
follows, wt.%: 0.0098 in the central part,
0.0124 in the bottom part, 0.0081 in the top
part of the ingot.

The mean mass fractions of oxygen in
the ingots were as follows, %: 0.100 in
the central part, 0.112 in the bottom part,
0.093 in the top part.

Thus, the macro liquation with respect
to nitrogen was equal to only 0.004 wt.%.
However, taking into account the multiplier
of 2.5 in the calculation of the oxygen coef-
ficient gives 0.01 wt.% which is quite high

at the background of the permissible value
of 0.04 wt.%.

As an example, we consider the results of
a series of pilot plant melts in TIKO-15 of
titanium ingots with a diameter of 610 mm
with the target oxygen content of 0.11-0.14
and the oxygen equivalent of 0.17-0.21 wt.%.
The initial charge was in the form of briquet-
ted TiO, sponge with the oxygen content of
0.05-0.08 wt.% and with additional alloying
with TiO, powder in the amount required
for obtaining the given oxygen content of
the ingot. The charge was produced taking
into account the presence in titanium sponge
of impurities of carbon, iron, and nitrogen
by selecting combinations of the content of
these elements in order to obtain the required
oxygen equivalent. The distribution of oxygen
in the oxygen equivalent along the length
of all melted ingots is shown in Fig. 5. As
indicated by the graphs, the scatter of the
values of the oxygen content and the oxygen
equivalent is not outside the given range,
indicating satisfactorily technological stabil-
ity and predictability of the melting process.

Thus, a technology has been developed for
producing defect-free titanium ingots with the
regulated content of oxygen by the methods
of electron beam melting with the cold hearth.
The experiments were carried out to determine
the melting rate for the given equipment at
which the particles of titania are fully dis-
solves and the melt is homogenised in the
cold hearth, and the ingots do not contain
any oxygen-enriched defects. An industrial
batch of the ingots with the required mass
fraction of oxygen and also with the oxygen
equivalent was produced.
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Multilayer Ti/Al foils: methods of production,
properties and application in pressure
welding
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An electron beam method is presented for producing multi-layer foils on the base of inter-
metallide-forming base. Results of application of mentioned foils as intermediate interlayers
in diffusion welding of titanium aluminides are considered.

The production of permanent joints in compos-
ites, intermetallic compounds and dissimilar
materials by melting in the joining zone is
usually accompanied by considerable degra-
dation of their properties. The application
of the method of diffusion pressure bonding
(DB) in the solid-state makes it possible
to avoid these changes in the structure of
low-weldability materials in the weld zone.
However, the application of this method in
practice is complicated by the need to heat the
metal of the weld zone to high temperatures
(higher than 0.7 T}, where Ty, is the melting
point of the welded material), the application
of high pressure, ensuring plastic deformation
of the welded material, and long-term holding
of the weld zone under these conditions [1].
Since the materials based on intermetallics
and composite are difficult to the form, even
in heating to high temperatures the applica-
tion of the method of diffusion bonding is
associated with a number of difficulties [2].

Considerable ‘softening’ of the conditions
of formation of joints in low-deformability
metals by the method of diffusion bonding
(reduction of temperature in heating and of
the level of applied pressure, and also holding

time) is achieved by introducing interlayers
based on ductile metals between the welded
surfaces [3-6].

It is assumed that in welding heating and
application of pressure result in plastic flow
of these interlayers which results in the defor-
mation of the subsurface layers of the welded
materials. This type of plastic deformation
of the interlayer ensures, on the one hand,
establishment of physical contact between
the welded surfaces and, on the other hand,
increases the density of defects in the sub-
surface layers thus accelerating the diffusion
processes in the weld zone. Thus, the weld
zone is characterised by the development of
processes ensuring mutual inter-growth of
the grains between the welded materials at
lower temperatures and applied pressure, in
comparison with diffusion bonding of the
same materials without the interlayer.

At the same time, the use of ductile in-
terlayers in diffusion bonding results in the
formation in the weld zone of chemical het-
erogeneity and, consequently, the strengths
and service properties of the welded joint are
impaired [7]. The reduction of the degree of
chemical heterogeneity in the weld zone by
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reducing the thickness of ductile interlayers
requires a large increase of welding pres-
sure [8].

The chemical heterogeneity in the metal
of the weld zone in diffusion bonding can
be reduced, for example, by the application
of interlayers consisting of layers based on
components included in the composition of
the welded material. For example, in welding
intermetallic compounds the interlayer should
consist of layers based on components forming
the intermetallic compound, for example, the
layers of aluminium and titanium. In weld-
ing, the laminated structure of the interlayer
should transform into the structure of the
intermetallic compound, for example, TiAl.
The application of this approach using the
laminate structures is complicated by the large
thickness of the layers of the components
and by the presence of an interface between
them. These shortcomings should be elimi-
nated using multilayer foils (MF) produced
by consecutive deposition of components.
By varying the thickness of the layers of
the components and characteristics of their
microstructure, it is possible to determine the
path and kinetics of the synthesis reaction of
the intermetallic compound in the foil during
heating so that a structure, similar to that of
the welded material, forms in the foil.

In this study, the Ti—Al system is used to
generalise the results obtained in the develop-
ment of the method of producing multilayer
foils on the basis of intermetallic—forming
components, and the possibilities of using
them as the interlayer in diffusion bonding of
titanium aluminides are investigated.

Methods of production and investigation
of Ti/Al multilayer foils

The multilayer Ti/Al foils, consisting of the
alternating layers of titanium and aluminium,
where produced in equipment described in
[9]. The principle diagram of deposition
of the foils is shown in Fig. 1. For layer
deposition of titanium and aluminium, the
vacuum chamber was separated vertically by
a continuous screen into two equal parts and

I 3

Fig. 1. Diagram of the process of electron beam deposition
of multilayer foils: 1) heating electron beam guns; 2) sub-
strate; 3) evaporating electron beam guns; 4) crucibleless
for evaporation was ingots; 5) separating non-permeable
screen.

copper watercooled crucibles were placed in
each section. One of the crucibles contained
a titanium ingots, the other one an aluminium
ingot. Using the evaporating electron beam
guns, a molten pool was produced on the
surface of the ingots and elements were
subsequently evaporated from the pools. The
rate of evaporation was regulated using the
electron beam current. The rotation of the
substrate, fixed on the vertical shaft, and
presence of the dividing screen made it pos-
sible to deposit successively layers of pure
elements on the substrate whose temperature
was maintained using the heating electron
beam guns.

After completing the process of layer de-
position of the components, the foil was
separated from the substrate by depositing
the thin layer of NaCl on the surface prior
to deposition.

The ratio of the thickness of the compo-
nents of the multilayer foils is determined by
the ratio of the rates of evaporation of the
ingots and their total thickness (the period
of alternation of the layers) by the speed of
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Fig. 2.

Electron microscopy images of the microstructure of the cross-section of the specimens of the Ti/Al foil with

the period of automation of the layers of 800 (a) and 50 (b) nm. The light layers correspond to titanium, the dark layers

to aluminium.

rotation of the substrate. The total thickness
of the foil at a specific evaporation rate of
the components was defined by the duration
of the cooling stage.

To determine the structure and chemical
composition, the foils after deposition and he
treatment were investigated by the methods of
electron microscopy, and diffraction of x-rays
and differential thermal analysis (DTA). The
specimens for metallographic studies were
produced by the standard procedure using a
grinding—polishing machine Abramin (Stru-
ers). The structure of the foil was developed
by the method of selective chemical etching.

The structure and chemical composition
of the foil was analysed using a CamScan-4
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Fig. 3. X-ray diffraction pattern of the specimen of the
Ti/Al foil after deposition (CuK, radiation).

scanning microscope, fitted with a Energy
200 energy-dispersing local analysis system
and a Hitachi H-800 transmission electron
microscope with the accelerating voltage of
200 kV. X-ray diffraction measurements were
taken in the standard Q-2Q geometry in a
DRON-4 for diffractometer in Cuk|, radia-
tion. Measurements for DTA were taken in
equipment VDTA-8 [9].

Structure of the Ti/Al multilayer foils

By varying the rate of electron beam evapo-
ration of the components of the ingot and
the speed of rotation of the substrate, thick
(up to 200 pm) multilayer foils on the basis
of intermetallic-forming components with
different ratios were produced. The period
of automation of the layers could be varied
from 10 to 1000 nm.

Figure 2 shows the microstructure of the
metal of the cross-section of the specimens
of the Ti/Al foil with the submicron (more
than 100 nm) and nanosized (less than 100
nm) periods of alternation of the layers. The
foils consist of the continuous layers of tita-
nium and aluminium and are characterised by
the columnar structure, characteristic of the
vacuum condensates, deposited at a substrate
temperature of < 0.5 T,

The x-ray diffraction patterns of the speci-
mens of the foils contain only the lines relat-

Advances in Electrometallurgy 2012 10 (1) 33-42 35



A.l. Ustinov, et al.

F
@N“‘ o
. L

*l.. b oy
w% -

4
d._? L ¥ m"ﬂ?':! :

Fig. 4. Electron microscopic images of the microstructure of the cross-section (a), electron diffraction pattern (b) and
electron microscopic image with high resolution (c) of the Al/Ti foil after deposition.
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Fig. 5. The TAcurves, obtained in heating at a rate of 50°C/
min of Ti/Al multilayer foil with the equiatomic composition
with the period of alternation of the layers of 700 (a), 500
(b), 300 (c) and 70 (d) nm.

ing to a-Ti and aluminium (Fig. 3), i.e., the
process of deposition of the components as a
result of diffusion processes is not accompa-
nied by mixing of the components not only in
the vapour phase but also in the solid state.
No mixing takes place between the layers, as
indicated by the distinctive boundaries of the
layers in the absence of reflections from the
intermetallic phases of the electron diffraction
pattern of the foil (Fig. 4 a, b).

Analysis of the structure of the boundar-
ies of the layers, produced by the method of

transmission electron microscopy with high-
resolution shows at the boundaries of the
layers there are no signs of precipitation of
any phases, and the contact of the grains is
coherent (Fig. 4 ¢). Thus, the conditions of
their position of the multilayer foils prevent
diffusion of titanium and aluminium at the
boundary between the layers thus creating
favourable conditions for the diffusion of
components with increase of the foil tem-
perature.

Reaction properties of the Ti/Al multilayer
foils

With increase of the temperature of the mul-
tilayer foil, consisting of the intermetallic-
forming components, the foil is characterised
by the activation of diffusion processes with
the formation of intermetallic phases and this
is usually accompanied by intensive heat
generation.

Figure 5 shows the thermal diagrams, pro-
duced in slow heating at a rate of 50°C/min
of the specimens of the Ti/Al foil (chemi-
cal composition, similar to that of the TiAl
intermetallic) which differ by the period of
alternation of the layers. The DTA curves
show that in heating the foil a cascade of
phase transformations takes place in them.
The temperature range and the rate of these
processes greatly depend on the alternation
period of the layers — with a reduction of
the period the range of the phase transfor-
mations is displaced to lower temperatures
and the intensity of the first stage of phase
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Fig. 6. Microstructure of the cross-section of the specimens of the foil with the period of automation of the layer of 800
nm in the initial condition (a) after heating to 350°C (b), 450 (c and 550°C (d), and also after holding for 5 min at these

temperatures.

Fig. 7. Electron microscopic image of the cross-section
of the Ti/Al multilayer foil after heating in vacuum to 600°C.

transformations greatly increases.

X-ray diffraction analysis of the specimens
of the foils, heated to different temperatures
in the range 250-700°C, has been described
in detail in [9]. On the basis of the investi-
gations it may be concluded that in heating
the specimens of the Ti/Al multilayer foils
with the chemical composition similar to the
equiatomic composition in the temperature
range 350-650°C, the sequence of the phase
transformations can be expressed as follows:
Al + Ti —» ALLTi — AlsTi, — ALTi — AlTi.
In addition to this, in heating to temperatures

Fig. 8. Microstructure of the surface relief of the Ti/Al foil
after the SHS reaction.

of approximately 550°C, the AlTi; intermetal-
lic compound forms in the foil and in further
heating of the foil the compound transforms
to intermetallics with a lower aluminium
content. The formation of the AlTi; phase
together with the thermodynamically justified
sequence Al;Ti — AlsTi, — AlLTi — AlTi
indicates the realisation of two channels of
phase transformations, determined by two
diffusion processes — bulk diffusion of the
titanium atoms into aluminium and the grain
boundary diffusion of the atoms of aluminium
in titanium.
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Fig.9. Diagram of equipmentforvacuum diffusion bonding:
1) vacuum chamber; 2) clamping bar; 3) welded specimens;
4) electron beam heater; 5) the Ti/Al foil.

It should be mentioned that in all stages
of phase transformations, the Ti/Al mul-
tilayer foils retain the laminated structure
(Fig. 6). Analysis of the microstructures of
the cross-section of the Ti/Al multilayer foils
indicates that in the initial stages of heating
the diffusion processes in the distribution of
the components resulting from these phase
transformations lead to changes in the struc-
ture of the layers — thickness of the layer
— with the fragmentation of the layers (Fig.
6, b, ¢). When the temperature to which the
specimens are heated is increased to 550°C
the thickness of the titanium layers decreases
and a composite consisting of a mixture of
intermetallic phases, enriched with titanium
and aluminium, forms (Fig. 6, d).

The low values of the temperature of
phase transformations, taking place in the
Ti/Al foil during heating, and the multistage
nature of these processes are determined to a
higher degree by the structure of the vacuum
condensates, deposited at temperatures lower
than 0.3 T,. The deposition conditions sup-
port the formation of a higher concentration
of the defects of the vacancy type both in
the volume and at the grain boundaries. On
the other hand, these defects caused the
diffusion mobility of the components and
the formation of intermetallic compounds at
the relatively low temperatures of heating
the foil, and on the other hand lead to the
formation of pores (Fig. 7).

Fig. 10. Microstructure of the metal of the weld zone of
the specimens of TiAl intermetallics, produced in vacuum
diffusion bonding (without the interlayer).

Rapid heating of the multilayer foils results
in the reaction of self-propagating high-
temperature synthesis (SHS). Figure 8 shows
the microstructure of the surface relief of the
Ti/Al foil after the SHS reaction. It is evi-
dent that this structure of the surface of the
foil leads to the establishment of a physical
contact with the welded surfaces.

On the basis of the analysis of phase and
structural transformations, taking place in
the multilayer foil during heating, and also
taking into account the special features of
the microstructure of the foil produced in
this process in different stages of the phase
transformations and the generation of a large
amount of heat, it may be assumed that the
application of the foils as interlayers activates
the diffusion processes in the bonding zone.

Example of application of multilayer foils
in diffusion bonding of titanium aluminide

The Ti—Al aluminium intermetallics were
welded in a vacuum chamber of U-394M
equipment, fitted with systems for static
loading of the specimens and electron beam
heating (Fig. 9). The surfaces of the speci-
mens prior to welding were ground in a
Diamond wheel and subsequently degreased.
The prepared specimens with the size of 10
x 10 x 4 mm with an interlayer were placed
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Fig, 11.

Microstructure of the weld zone of the specimens of the TiAl intermetallic compound in vacuum diffusion bond-

ing at a pressure of P = 10 MPa using the Ti/Al multilayer foil; the arrows indicate the areas of joining.

in the vacuum chamber. Uniform heating was
ensured by using a ring-shaped electron beam
heater placed on the level of the joint. The
welding parameters were varied in the fol-
lowing ranges: 7T = 900-1200°C, ¢ = 5-25
min, P = 10-70 MPa. The vacuum in the
working chamber was maintained on the level
of 1.33 x 10 MPa.

The material for vacuum diffusion bonding
was the Ti—48 at.% Al alloy with the addi-
tions of niobium and manganese with the
two-phase state o, + y (a,-TizAl and y-TiAl,
or even y-TiAl), and characterised by high
heat resistance. The joints in the y-TiAl in-
termetallic alloy without the intermediate foil
were produced in the following conditions:
T = 1200°C, pressure P = 70 MPa, holding
time 7 = 20 min.

HV, MPa

[, mm

Fig. 12. The variation of the microhardness in the weld
zone of the Ti-48AI-2Nb-2Mn (at.%) alloy in welding using
Ni/Ti, Ni/Al and Ti/Al multilayer foils in the initial condition
(a) and after annealing at 1200°C, 2h (b): 7) Ni/Al; 2) Ni/
Ti; 3) Ti/Al

The results of metallographic examination
of the weld zone are shown in Fig. 10.
The interface is clearly visible in the weld
zone. Analysis of the structure of the weld
zone in the phase contrast mode shows the
formation of an intermetallic layer in the
region of the joint. The composition of the
interlayer, according to the results of local
chemical analysis, is similar to that of the
Ti3;Al intermetallic. The deformation of the
intergranular boundary in the form of a
brittle intermetallic interlayer reduces the
strength of the welded joint and this results
in the degradation of the service properties
of the welded joint [10].

The interlayer in diffusion bonding of the
specimens of the y-TiAl intermetallic alloy
was in the form of a multilayer foil with
the composition Ti—52 at.% aluminium with
a thickness of 20 pm and the period of al-
ternation of the layers (Ti/Al) 50 nm (Fig.
2, b). The selection of the multilayer foil
as the interlayer is based on the results of
investigations of the phase transformations
during heating of the interlayer according
to which the process of diffusion bonding
of the specimens of titanium aluminide, the
structure of the Ti/Al multilayer foil trans-
forms to the structure similar to that of the
welded material.

Optimisation of the technological param-
eters of the diffusion bonding process through
the multilayer interlayer was described in de-
tail in [11]. The microstructure of the welded
joint, produced at the optimum parameters of
diffusion bonding (7 = 1200°C, ¢ = 20 min,
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Fig. 13. Microstructure of the weld zone of y-TiAl produced using the Ni/Ti Ni/Al multilayer foils after welding (a, c) and

annealing (b, d) at 1200°C, 2h; the phase contrast mode.

P = 10 MPa) is shown in Fig. 11. The weld
zone (in the area of position of the interlayer)
is characterised by week contrast indicating
the differences in the chemical composition
of the metal of this region in comparison
with the adjacent areas, corresponding to
the welded intermetallic alloys (Fig. 11, a).
Comparison of the chemical composition of
the metal of the weld zone (49.4Al, 49.8Ti,
0.8Mn at.%) and the welded titanium alumi-
nide shows that the weld zone is depleted in
niobium atoms. According to the results of
metallographic and local chemical analysis,
the niobium particles build at the interlayer/
intermetallic boundary. The presence of man-
ganese in the interlayer indicates the occur-
rence of diffusion processes in the weld zone
during the reaction of solid-phase synthesis,

initiated in the multilayer foil during weld-
ing. The metal of the zone of the welded
joint has a homogeneous structure (Fig. 11,
b) and consists of equiaxed grains with the
size of up to 10 um with different lamellar
structures, characteristic of the initial inter-
metallic compound.

Thus, analysis of the microstructure of
the produced welded joint shows that the
multilayer interlayer in the process of dif-
fusion bonding results in the formation of
intermetallic grains in the joint which grow
into the welded material. The absence of
pores and cracks in the weld zone and also
the equal strength of the individual areas of
the welded joint (Fig. 12) indicate the high
quality of the welded joint.

Homogenising annealing of the welded
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Prior to welding

After welding

C

Fig. 14. General view of the assemblies of the T-shape
(a), lap assembly (b) and box section type (c), produced
from y-TiAl alloy through the Ti/Al Nano layer foil.

joint at a temperature of 1200°C for 2h in
vacuum increases its homogeneity as regards
composition and structure (Fig. 11, a) but
depletion in niobium of the metal of the
weld zone remains unchanged which evidently
can be removed using the multilayer foil
containing niobium. The recorded changes in
the microstructure of the metal in the weld
zone indicate the high diffusion mobility of
the components and may be determined by
the processes of heat generation, accompa-
nying solid-phase reactions, initiated in the
multilayer foil.

Therefore, investigations were carried out
into the effect of other reactive multilayer
foils — Ni/Ti (Ti—44 at.% Ni) and Ni/Al (Al-46
at.% Ni) on the structure of the metal of the
welded joints in the alloys based on y-TiAl,
produced by vacuum diffusion bonding [12].

The results of metallographic analysis of
the weld zone are presented in Fig. 13. The
application of the Ni/Ti and Ni/Al multilayer
foils greatly activates the diffusion processes

in the joint. However, in both cases, weld-
ing is characterised by the formation of the
transition zone of variable thickness with
the non-uniform structure and composition,
consisting of several phases. This leads to a
large scatter of the microhardness values of
the metal of individual regions of the welded
joints (Fig. 12).

Additional annealing at 1200°C of the metal
partially eliminates the non-uniformity of the
chemical composition, structure and mechani-
cal properties of the welded joints (Fig. 12
and 13). However, the presence of the (Ti,
Ni)Al intermetallic in the joint results in the
high microhardness of the individual areas of
the welded joint, produced using the foil and
Ni/Al. On the other hand, formation in the
region of the foil of the composite structure
whose phase components are characterised by
high microhardness values can be utilised in
welding identical composite materials based
on titanium.

Thus, the occurrence in the weld zone of
high-rate of diffusion processes method pos-
sible to produce high-quality welded joints
and also used this approach for producing
constructional elements of different types on
the basis of the y-Ti Al intermetallic alloys.

Figure 14 shows the design of T, lap and
box section joints produced in a single weld-
ing cycle using the Ti/Al multilayer foil as
an interlayer.

The results indicate the high efficiency of
multilayer structures based on intermetallic
forming components used as the interlayers
in diffusion bonding. When using these foils,
examination showed not only the ‘soften-
ing’ of the diffusion bonding conditions for
producing permanent joints and also new
possibilities of local alloying of the weld
zone by introducing a foil with a modified
composition. The high reactivity of these foils
results in higher rate of diffusion processes
without any additional increase of temperature
and holding time of the weld zone.

The approaches developed in this study for
using multilayer foils in vacuum diffusion
bonding of the y-TiAl intermetallic alloy can
also be used in welding other low-weldability
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materials, and particular, composite materials
based on aluminium. We have developed,
for example, technology of producing Al/Ni
multilayer foils for use in welding AMg5 +
27% Al,03 composite materials [13, 14]. The
application of the Al/Cu multilayer for use in
welding accelerates the diffusion processes,
chemical activation of the welded surfaces
and supports fine-dispersion hardening of
the metal of the weld zone as a result of
the SHS reaction of the intermetallics. The
results of the tensile and shear tests indicate
the improvement of the strength characteristics
of the welded joints.

Conclusions

1. A high-speed method of producing thick
(up to 200 um) multilayer foils based on
intermetallic-forming components by a layer
electron beam deposition is proposed. The
method method possible to vary the period
of automation of the layers in the range from
10 to 1000 nm.

2. It is shown that the multilayer foils
based on the intermetallic-forming compo-
nents, produced by the method of succes-
sive electron beam deposition of the layers,
characterised by the high reactivity which is
linked with a high degree of perfection of
the interface boundaries and the presence of
vacuum condensates in the structure.

3. The experimental results show that the
application of the nanolayer foils of the Al/
Ti system as intermediate interlayers in dif-

fusion vacuum bonding produces the joints
with the uniform distribution of the alloying
elements in the joint included in the com-
position of the alloy, and the microstructure
of mutually penetrating grains similar to the
welded material at lower welding parameters.
Consequently, the proposed technology, says
can be useful joining low weldability materi-
als.

4. It is shown that the application of the
multilayer foils based on intermetallic-forming
components, differing in the chemical com-
position from the welded material, makes it
possible to modify the structure and chemical
composition of the metal of the weld zone.
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Structure of molybdenum ingots modified
with dispersed particles of a second phase

V.0. Mushegyan

Paton-Armeniya Scientific and Technical Centre, Kiev

Basing on numerous investigations of processes of evaporation and melting of metals in
electron beam units, the ways of cold brittleness prevention in molybdenum ingots were
defined. Methods of improvement of molybdenum ductility, such as refining from impurities,
structure refining, adding modifiers, were experimentally found. The molybdenum modify-
ing by zirconium carbide allowed refining significantly the structure of ingots and castings.

Molybdenum ingots are highly sensitive to the
non-metallic impurities (especially oxygen)
which cause the so-called cold shortness ef-
fect, i.e., a large large reduction of plasticity,
especially impact toughness of metal with a
reduction of the ingot temperature to 400°C
and lower [1]. In many cases, the ingots
fracture spontaneously into individual crystals
when taking out of the furnace under the
effect of elastic stresses.

The structure of the ingots is influenced
not only by the total amount of the impuri-
ties but also the grain size of the ingots [2].
Refining of the structure of the ingot increases
the total area of the grain boundaries. Since
the failure of the ingots is influenced by
the impurities, distributed along the grain
boundary, with an increase of the total area
of the grain boundaries the specific number
of impurities per unit area decreases and the
plasticity of the ingots increases.

At the same time, some impurities, for
example carbon in molybdenum, resulting in
the phenomenon on of high-temperature het-
erogenisation, i.e., the formation of carbide
particles accompanied by the refining of the
grains in the ingots and the improvement of
the level of the mechanical properties. Thus,
there is a certain non-monotonic dependence

of the properties of molybdenum ingots on
the impurities were some impurities in specific
amounts can improve or impair the proper-
ties of the ingots [3]. The extremum of the
dependence, i.e., the optimum amount of the
impurities resulting in the maximum increase of
the point of the cold shortness threshold, can
be determined (Fig. 1). These effects include
the refinement of the structure of the ingots
by the thermophysical methods as a result of
intensification of solidification.

The task of optimisation of the content of
impurities and the structure of the ingots for

h, %

0.1 0.2 03 CB%

Fig. 1. Dependence of the relative upset h on the content
of carbon (7) and boron (2) in Mo-C and Mo-B alloys [3].
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improving the machinability of molybdenum
alloys and temperature is obviously very
urgent. The aim of the present work is the
investigation of the possibilities of refining
the grains of the primary structure of the
ingot accompanied by improvement of the
structure.

Electron beam melting increases the proper-
ties of the molybdenum ingots by refining the
metal to remove the impurities; introduction
of other elements during melting; regulation
of the process of crystallisation of the in-
gots. The start of investigations of this type
by the author of the article was represented
by the experiments with the electron beam
evaporation and deposition of heterogencous
condensates [4-8].

Investigations were carried out into the
relationships governing the process of elec-
tron beam evaporation of molybdenum in
the production of condensed materials of
the Ni-Co-Cr-Al-Y-Mo type [4], the effect
of the thermal conditions of crystallisation
in electron beam heating of the structure
of metallic materials, the mechanism of the
effect of the concentration of the particles
of the second phase in the metallic matrix
and the structure and mechanical properties
of dispersion-hardening materials [5]. As
indicated by [5], at some volume fraction of
the second phase when the mean free path
between the particles is equal to the mean
grain size D of the metallic matrix, the rela-
tive elongation of the two phase materials
reaches the maximum value. The values of
for the spherical particles were determined
from the equation

A=22a-p)

3f
where d is the particle diameter; f is the vol-
ume fraction of the second phase. The peaks
of the plasticity of the condensates, hardened
with the oxide particles, were obtained at the
condition A = D.

The determined dependences have been
used in the present work in the electron
beam cold hearth melting (EBCHM) of mo-
lybdenum in order to produce high-quality
molybdenum ingots containing the optimum

Table 1. The chemical composition of the initial charge and
molybdenum ingots in electron beam cold hearth melting

Mass fraction of elements, %

Typre product
S Fe Cu (0] N

Metallic Mo 0.1 0.01 0.5 0.01 1.0 -
in the form

of sintered

brige ttes (TU

RA28-54-529-

61-661-2007

EBCHM
ingots, diamter
70 and 100
mm
0.002 <0.001 0.007 <0.001 0.0005 0.002

i )
. /r'i .

S J 20 um

Fig. 2. Inclusions in molybdenum ingots produced by
electron beam cold hearth melting.

amount of the impurities and characterised
by reduced grain size [8]. Remelting with the
cold hearth enabled purification of the initial
molybdenum of the briquettes T URA28-54-
529-61-661-2007 produced by Chistoe zhelezo
company (Yerevan) to 97% of molybdenum:
the oxygen content was reduced to 0.0005, the
carbon content to 0.02 wt.% (Table 1). The
application of peripheral heating [9] resulted
in excess of refining of the macrostructure
of the ingot in comparison with the molyb-
denum ingot, produced by traditional electron
beam technology. The grain size decreased
by approximately a factor of five, from 9
to 2 mm [8]. The size of the nonmetallic
inclusions (molybdenum carbides and oxide)
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Fig. 3. Macrostructure of fragments of a casting 100 x 100
x 30 mm in size: a) pure molybdenum; b) molybdenum +
1% zirconium carbide (according to the charge).

Table 2. The results of measurements of the grain size in
a casting of pure molybdenum, pym

L Grain Grain  Grain  Grain Grain
Grain size No. length width size No. length width
1 600 1800 11 1700 1700
2 2200 3500 12 2000 2300
3 1800 2500 13 6000 7000
4 2500 4500 14 1000 1200
5 5000 6800 15 1200 1500
6 500 1000 16 2000 3000
7 6000 8000 17 2500 3000
8 1200 3000 18 5000 7000
9 7000 8000 19 3500 8000
10 1500 2100
Intermediate 2830 4120 2490 3470
mean value
Mean value 3200

in the experimental ingots was 0.15-1.50
um and the inclusions had a regular circular
shape (Fig. 2).

Experiments were carried out to determine
the effect of the carbide particles in the struc-
ture of the ingots (castings) of molybdenum
in electron beam remelting. 1% of zirconium
carbide was added to the initial molybdenum
with the purity of 99.89 (+0.05) % in the
process of formation of the charge. Castings

Fig. 4. The macrostructure of a molybdenum ingot pro-
duced by electron beam cold hearth melting, diameter 70
mm, modified with the zirconium carbide.

100 x 100 mm in size and 30 mm thick
were produced from both initial molybdenum
and its alloys with a zirconium carbide. The
content of the picked up zirconium, as shown
by the results of spectral analysis, was 0.28
(+0.02) percent. Thus, the extent of transfer of
the zirconium carbide to the casting reached
30% of the preliminary charge. The fragment
of the castings were investigated from the
viewpoint of the structure and properties of
the metal. Investigation of the structure (Fig.
3) showed a large reduction of the mean
size of the crystals, more than a factor of
13 (3200:244 pum). The grain size was deter-
mined for the molybdenum specimen +1% of
zirconium carbide by the secant method, and
for the pure molybdenum specimens by the
measurement of the linear dimensions of all
the grains in mutually perpendicular directions
(Table 2) in a Neophot-32 optical microscope
using metallographic sections after etching.
This large reduction of the grain size in the
case of the modifying effect of zirconium
carbide on molybdenum.

Molybdenum, modified with zirconium
carbide was also used to produce ingots in a
solidification mould with a diameter of 70 mm
in the furnace for electron beam cold hearth
melting. The macrostructure of the longitudi-
nal section of the ingot is shown in Fig. 4.
The ingots consisted of the grains with the
cross-section of one-4 mm, elongated along
the axis of the grains which is an order of
magnitude smaller than in the molybdenum
ingots produced by electron beam remelting
(11-16 mm) [3].

The macrosection of the ingot was homoge-
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neous, without cracks, the material was easy
to grind. Cracking into individual crystals, as
in the ingots of pure molybdenum produced
by electron beam melting with large grains,
was not detected. The determination of Brinell
hardness in equipment TSh-2M (load 2943N,
diameter of the steel sphere 10 mm, holding
time 30 s) showed the value of 1430 MPa
for the specimen of molybdenum + 1% of
zirconium carbide, and the pure molybde-
num specimen fracture during testing. The
microhardness values, averaged out on the
basis of the results of 12 tests (equipment
PMT-3, load 50 g, loading 10 s) were almost
identical, respectively 2280 and 2460 MPa.

The mean microhardness of the specimens
of the metal of the ingot at a load of 100 g
was 2160 MPa, which is slightly lower than
for the 30 mm thick casting.

Thus, modification of the cast molybdenum
with a small amount (up to 1%) of zirconium

carbide produce a large reduction of the grain
size (by up to a factor of 30) in both the
castings and the ingot.
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PLASMA ARC TECHNOLOGY

Plasma-arc melting on a dispersed substrate
in a moving horizontal solidification mould

V.N. Koleda, V.A. Shapovalov, F.K. Biktagirov,
V.R. Burnashev and V.V. Yakusha

EO .P aton Electric Weld ng Institute,K iev

Shown is the expediency of application of plasma melting in a horizontal mould on A dis-
persed substrate for compacting the sponge titanium into a slab ingot and melting of high-
quality ferroalloys. Optimum values of the thickness of the dispersed layer and technological
parameters of plasma melting, providing the reliable heat insulation of ingot being melted
from walls and bottom of horizontal mould, are determined.

In addition to the vacuum-arc [1] and elec-
tron beam [2] technologies, plasma arc re-
melting can also be used efficiently for
melting ingots of high-reactivity and re-
fractory metals and their alloys, refining
the surface layer of the ingots in producing
high-quality ferroalloys and master alloys
[3-5].

One of the varieties of plasma arc remelting
of metallic materials is melting in a horizontal
moving solidification mould [6]. The distin-
guishing feature of this method is the small
depth of the metal pool. In comparison with
melting in the vertical solidification mould, in
this case the extent of development of liqua-
tion processes is considerably smaller and this
is especially important in melting of alloys
from the initial components characterised by
large differences in the physical properties.
In addition to this, the dimensions of the

melted ingots can be varied in a wide range,
using different standard dimensions of the
solidification mould and layer melting. The
process makes it possible to remelt the charge
of different grain size composition with the
size from several to hundreds of millimetres
and is greatly reduces the expenditure on
the preparation of initial materials and also
simplifies loading of the charge.

However, in this method, the developed
surface of contact of the melted ingot with
a copper baseplate and sidewalls of the so-
lidification mould results in considerable
heat losses which in turn results in a high
specific consumption of electric energy and
plasma forming gas.

The authors have proposed and developed a
method of plasma-arc welding in a horizontal
solidification mould which greatly reduces
the extent of heat removal from the melted
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Fig. 1. Gradual layer melting of an ingot in the horizontal
solidification mould: 1, 2, 4) the first, second and third
layer, respectively; 3) the charge.

ingot to the watercooled elements of such a
solidification mould. The method is based on
the process carried out on the so-called dis-
persed substrate placed on the surface of the
watercooled baseplate. The dispersed substrate
has the form of a layer of particles of crushed
metal of the same chemical composition as
that of the melted ingot. The fraction of the
particles and a thickness of the dispersed
layer are selected to ensure that the liquid
metal does not flow through the layer to the
surface of the watercooled baseplate. In this
case, the dispersed substrate partially melts.

In this study, investigations were carried
out into the effect of the parameters of the
dispersed substrate and the technological
conditions of the process and the forma-
tion of the ingots, the quality and thermal
energy parameters of plasma-arc melting in
the horizontal mould.

Investigations were carried out in the
OB1957 experimental plasma-Mac equipment
at the E.O. Paton Electric Welding Institute,
Kiev, with compacting of the titanium sponge
into a flat billet with and without the dis-
persed substrate. Melting was conducted in
a solidification mould with the internal size
of 800 x 300 x 70 mm. In melting, the
solidification mould travelled at the given
speed inside the melting chamber hour-long
the longitudinal axis of the mould, and the
plasma torch carried out regulated oscillatory
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Fig. 2. Diagram of plasma-arc melting on a disperse sub-
strate (a) with subsequent melting of the sintered layer (b):
1) a disperse substrate; 2) bloom; 3, 5, 6) the first, second
and third player, respectively; 4) the charge.

movement across the solidification mould.
Melting of the charge, loaded into the solidi-
fication mould, started at one of the sides of
the mould. A metal pool was produced along
the entire width of the mould and travelled
as a result of movement of the solidification
mould in the direction of its opposite side. A
gradual (along the length of the solidification
mould) melting of the billets took place in
this melting mechanism.

Figure 1 shows the diagram of the process
of remelting the charge in the horizontal morn-
ing mould with the layer by layer melting
of the flat billet. The first layer was melted
with the guaranteed melting of the charge to
the copper baseplate and the sidewalls of the
solidification mould. Subsequent layers were
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Table 1. Technological parameters of the process of compacting titanium sponge

Consump-
. Deposited Mass.of Ingot thick- Ingo.t tion O,f Argon flow
Remelting method metal in a deflection, electric Comment
layer ness,m m rate,l /kg
melt,k g mm power, kKW
kg
1 20 21 - 5.7-5.9 120-130 -
Without dispersed substrate 2 22 44 1-2 4.0-4.1 90-100 -
3 20 65 3-4 4.4-4.5 80-90 -
1 26 32 - 3.4-3.6 70-80 Ingot with
With dispersed substrate bloom
24 57 1-2 3.7-3.8 70-80 As above
3 20 68 1-2 4.4-45 80-90  Remelting of

bloom

melted to ensure melting of the underlying
layer and defect-free formation of the billet.

In remelting the charge on the dispersed
substrate, contact of the melted billets with
the copper solidification mould took place
only on its side planes. The lower part of
the ingot was completely insulated from the
copper baseplate by a dispersed substrate
(Fig. 2, a). During melting the first layer,
a sintered layer of the metal, the so-called
bloom, formed in the lower part of the
metal pool at partial melting of the dis-
persed substrate. After melting the required
number of the metal layers, the billet was
turned over and this was followed by the
final stage of melting resulting incomplete
melting of the bloom (Fig. 2, b).

The possibilities of melting on the dispersed
substrate were verified in compacting into

a billet titanium sponge of TG-TV grade,
fraction 30—-50 mm. The dispersed substrate
was produced from the titanium sponge with
the size of 2-5 and 5-12 mm in different
proportions. The melting conditions where
as follows: the current in the plasma torch
850-1150 A, the frequency of transverse
oscillations of the plasma torch 0.5-1.0 os-
cillations/minute, the speed of travel of the
solidification mould 8—12 mm/min, arc length
110-150 mm. The amplitude of oscillations
of the arc corresponded to the width of the
solidification mould.

In the melting, the voltage in the arc and
the stability of arcing were recorded. After
completing melting, measurements were taken
of the depth of penetration and the length
of the pool and the quality of the produced
ingots and distortions of the ingots (curvature

'R

XXX XX X |

b

Fig. 3.

Diagram of remelting the charge with the bottom and side insulation of the solidification mould with a disperse

substrate: a) the view from the side of the narrow phase of the mould; b) the top view; H, L, B) the depth, length and

width of the metal pool, respectively.
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Fig. 4. Grain size composition of the dispersed layer; d)
the size of the fraction; N the content of the fraction in
the charge.

along the length and width). The investiga-
tions were used to select the optimum melting
conditions ensuring melting of each layer to
at least 20 mm. It was found that the increase
of current above 1000 A results in splashing
of metal. The main technological parameters
of the compacting process are presented in
Table 1.

As indicated by the table, the application
of the dispersed substrate reduce the energy
consumption and consumption of argon in
melting the first and second layer of the ingot.
In melting the third and further layers, these
parameters were almost completely identical
and because the heat losses from the metal
tool take place mainly as a result of heating
of the previously melted ingot.

Two melt charge consisting of scrap and
waste of various ferroalloys if it is necessary
to produce the ingot of the required size and
ensure high quality of the surface, it is highly
promising to use the technology of plasma
arc melting on a dispersed substrate. In this
case, the metal pool can be insulated not only
from the baseplate but also the mould walls.

In subsequent stages, experiments were
carried out with melting 70% ferrotitanium
from titanium and steel scrap in a copper
solidification mould on a dispersed substrate
consisting of a crushed ferroalloy of the same
grade. The solidification mould used for com-
pacting the titanium sponge was also used
for investigating the effect of the thickness
of the layer of the display substrate and the

il
alll
11l
111

Fig. 5. The effect of the thickness of the disposal a the
formation of the ingot; a, b) the depth H and width B of
melting and sintering of the dispersed layer, respectively.

formation of the metal pool.

The diagram of melting with the transverse
oscillations of the plasma torch and longitu-
dinal displacement of the solidification mould
is shown in Fig. 3. The amplitude of the
oscillations was 100 mm, the frequency 0.3
oscillations light min, the speed of travel of
the mould 8 mm/min, plasma torch current
1000 A, arc voltage in a 70 mm long arc 40-
45 V. The dispersed layer consisted of 70%
ferrotitanium; it’s grain size composition is
shown in Fig. 4. The bulk masts of the metal
of the dispersed layer was approximately
3 kg/dm?.

After melting, the dimensions of the pro-
duced ingots, the sintered layer and the re-
maining disperse substrate were investigated.
Figure 5 shows the diagrams indicating the
effect of the thickness of the disposal a
on the formation of the metal pool. At the
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thickness of the disposal a of 20 mm, the
metal melts to the copper cooled bottom of
the solidification mould. The increase of
the thickness of the dispersed layer results
in the formation of the sintered interlayer
(not melted). The melting, the base of the
ingot and the thickness of the sintered layer
increased. A further increase of the thickness
of the dispersed substrate Lisa the formation
of an unmelted layer, ensuring heat insulation
of the ingot in relation to the copper wall
of the solidification mould during melting.
Subsequently, the increase of the thickness of
the dispersed substrate has almost no further
effect on the variation of the depth and width
of the melted metal layer.

Thus, it may be concluded that for the
given design of the solidification mould and
the current value of exceeding 1000 A, the
optimum thickness of the dispersed layer in
melting 70% ferrotitanium is 60 mm.

To determine the effect of the technological
parameters of the process on the volume of
the metal found at each moment of time in
the liquid state, additional experiments were
carried out with the substrate 60 mm thick.
The results obtained in these experiments
(Fig. 6) can be used to select the conditions
of plasma-arc melting on the dispersed sub-
strate ensuring the required dimensions of
the metal pool for each specific case. These
dimensions are important from the viewpoint
of ensuring the uniform distribution of the
elements in the volume of the ingot, melted
from charges with different chemical and
grain size composition, in this case, in melt-
ing 70% ferrotitanium from the titanium and
steel scrap.

The data shown in Fig. 6 indicate that in
the same technological conditions, the volume
of the metal pool in melting under dispersed
substrate is approximately twice as large as
in remelting the charge in the copper solidi-
fication mould (presumably as a result of the
depth of the pool) or in plasma-arc refining
of the surface of flat billets [4, 6].

Thus, the experimental results show that
the application of the dispersed substrate in
plasma-arc melting in the horizontal morning

B, MM
250 | 1
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40 | 1
2
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20
0 1 1 1 1 1
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1
160 | 2
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120 1 1 1 1 ! )
2 4 6 8 10 12 v, mm/min
C

Fig. 6. Effect of melting current (1 — 1000; 2 — 900; 3 —
800 A) and the speed of travel of the mould on the width
(a), depth (b) and length (c) of the liquid metal pool in
remelting the dispersed layer with transverse oscillations
of the plasma torch.

solidification mould as a result of reducing
the heat losses into the watercooled solidi-
fication mould makes it possible to reduce
greatly (by 15-20%) the specific consumption
of electric energy and (almost hallve) the
specific consumption of plasma forming gas.
This melting method is especially promising
for compacting high-the activity and refrac-
tory metals, melting from scrap in waste of
different ferroalloys and master alloys.
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GENERAL PROBLEMS OF METALLURGY

Dispersion-hardened titanium alloys
of the TiS iX system

G.M. Grigorenko, S.V. Akhonin, T.G. Taranova, S.G. Grigorenko
and O.M. Zadorozhnyuk
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Results of investigations of experimental alloys of Ti—Si—X system are presented, the interest
to which was shown by the challenge of their application in aircraft industry and rocketry.
Ingots of experimental titanium alloys were manufactured by the method of electron beam
crucible melting with electromagnetic stirring, which allows producing the homogeneous
melt and ingots, homogeneous in chemical composition, after cooling. Using the methods
of light metallography, such as SEM, Auger-spectroscopy, the structure and properties of
wrought titanium alloys of Ti—Si—X system with dispersion strengthening were examined. It
was found that the presence of fine-dispersed strengthening particles of nanosizes, having
non-homogeneous chemical composition in section, promotes the increase in strength.

The titanium alloys have a unique combination
of the physical and mechanical characteristics
(high values of specific strength, corrosion
resistance, sufficiently high plasticity) and are
therefore one of the most attractive structural
materials, especially for aerospace applica-
tions, chemical engineering and medicine. In
engine construction, the titanium-based creep-
resisting alloys represent materials replacing
the traditionally used creep-resisting alloys
based on nickel, cobalt and iron.

Interest in the titanium alloys on the basis
of the Ti—Si—X system is determined by the
potential of using these alloys in aviation
industry and rocket construction.

Silicon is an alloying element which may
greatly increase the creep strength and heat

resistance of the titanium alloy. It should
be mentioned that the investigations of the
mechanical properties of the alloys of the
Ti—Si—-X system show that the addition of
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Fig. 1. Equilibrium diagram of the Ti-Si system [2].
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Table 1. Chemical composition of experimental titanium alloys of the Ti-Si-X system

Alloy

Alloy No. Al Sn Zr Nb Mo A% Si [O] [N]
grade

1 a - - - - - 3.18 - -
2 a - - 3.14 - - 2.23 - -
3 o 1.40 2.82 5.95 - - 3.37 - -
4 Pseudo-a 5.64 2.20 3.53 0.43 0.95 0.56 0.09 0.02
5 Pseudo-a 5.22 333 4.24 0.77 0.13 0.61 0.57 0.10 0.02
6 (a+p) 4.29 439 5.95 4.26 1.57 0.68 0.35 0.24 0.02

silicon in the amount exceeding the limiting
solubility of silicon in -titanium increases
the strength and greatly reduces the plastic-
ity [1]. For this reason, the silicon content
of the industrial creep-resisting alloys is in
the range of its solubility in a-titanium (up
to 0.4 wt.%) (Fig. 1) [2].

The Ti—-Si—X system is of special interest
for investigations in which the additional
improvement of the working temperature is
achieved by adding alloys of silicides and
other creep-resisting compounds into the
structure of the alloys.

Recently, promising creep-resisting mate-
rials included alloys based on the Ti-Si—-X
system [3] but these alloys are characterised
by very low plasticity at normal tempera-
ture which greatly reduces the technological
properties and prevents these alloys from use
in the sections and components of engines.
Alloys of the Ti—Al-Si system with 2-3% of
silicon have high creep strength and creep
resistance but the plasticity of these alloys
at room temperature is equal to almost 0
[4]. It should be mentioned that the vari-
ous alloying elements, such as aluminium,
tin, zirconium, niobium and molybdenum
increased the strength and creep resistance.
All the investigators, concerned with the
development of titanium alloys, assume that
the creep- and high-strength titanium alloys
will be developed in this direction [5].

The aim of the present work is the
examination of the structure and me-
chanical properties of the deformed
experimental titanium alloys of the
Ti-Si—X system with dispersion hardening.

Experimental materials, equipment and
procedure

Ingots of experimental titanium alloys were
melted by electron beam crucible melting
with electromagnetic staring [6] producing a
homogeneous melt, and after cooling ingots
with a homogeneous chemical composition.
The diameter of the ingots was 70 mm,
weight 5-10 kg. The produced ingots were
subsequently subjected to thermomechanical
treatment.

The first three layers were deformed by
upsetting in a hydraulic press in a container.
Treatment was carried out in the cycles: the
first cycle — heating to 1165°C, 15-20%
upsetting; second cycle heating to 1165°C,
upsetting 10-15%; third cycle — heating to
1165°C, 7-10% upsetting.

The remaining alloys were rolled into 9—11
mm sheet in a two-roll reversing mill. When
the required temperature in the furnace was
reached, the components were held for 1
hour and subsequently deformed. To produce
the fine-dispersion structure, in a rolling the
specimens were deformed to 60-70% in the
B-range (1050-1100°C), and the remaining
specimens to 30-40% in the (a+P) and a-
ranges (980-900°C). After rolling, the metal
was annealed at 800°C.

The deformed sheets were sectioned to
produce specimens for examination of the
microstructure and mechanical properties. The
chemical composition of the experimental al-
loys was determined by spectral and chemical
analysis, the gas content of the metal was
determined in TN-114 and RO-316 gas analy-
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Fig. 2. Microstructure (x 200) of the alloys: a) No. 1 (Ti-
3.38Si); b) No. 2 (Ti—3.41Zr-2.23Si); c¢) No. 3 (Ti-401A-
2.28Sn-5.95Zr-3.37Si).

ser (LECO, USA). Metallographic studies and
photographic the recording were carried out
in a Neophot-32 microscope (Germany), fitted
with a computer, an Olympus digital camera
and an archive system. Microhardness was
measured in a M-400 hardness metre ( LECO,
USA) at a load of 10 g. The macrostructure
of the investigated specimens was examined
by the chemical method of etching in a 4%
alcohol solution of nitric acid.

X-ray studies of the specimens were car-
ried out using a DRON-UMI1 diffractometer
in monochromatic CuK,-radiation by step
scanning (35 kV, 25 mA, exposure time at
a point 20 s, step 0.05°). The lattice param-
eters were calculated using a program for
full-profile analysis of x-ray spectrum from a
mixture of polycrystalline phase components
Powder Cell 2.4.

The composition of the investigated alloys
is presented in Table 1.

As regards the chemical composition, the
alloys are characterised by some differences
in comparison with the alloys already used
in production and applied in actual structures.

Metallographic studies

The investigated titanium o-alloys No. 1
(Ti-3.4 Si), No. 2 (Ti-3.4 Zr-2.3 Si) and No.
3 (Ti-1.4A1-2.9Sn—-6Zr-3.4Si) have similar
structures consisting of the a-titanium matrix,
with a large number of fine particles with
the size of 1.5-2.0 um, and clusters of large
particles (up to 5 um) distributed along the
stretched grains (Fig. 2).

With increase of the content of the alloy-
ing elements the deformed structure becomes
less evident but also microhardness increases.
In the alloy No. 1 the microhardness of the
matrix with the fine precipitate equalled
2900-3100 MPa, in the sections with clusters
of large precipitates 3800—4100 MPa, in the
alloy No. 2 it was respectively 3300-3500
and 4000-4200 MPa, and in the alloy No. 3
it was 3600-3800 4200-4800 MPa.

The specimens of the alloys No. 4 (Ti-
5.6A1-2.2Sn-3.5Zr-0.4 Mo—1V-0.6 Si) and
No. 5 (Ti-5.2A1-3.3Sn—4.2Zr—0.1Mo-0.6V—
0.8Nb—-0.6S1) belong in the group of pseudo-
a-alloys. The microstructure of this alloy
consists of a-plates with a small amount of
the B-phase, precipitated at their boundaries.
A large amount of the inclusions of different
sizes, distributed both along the boundar-
ies and inside the a-plates, was also found
(Fig. 3).

The structures of the specimens No. 4 and
5 slightly differ in the dispersion of the a-phase,
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Fig. 4. Microstructure of the alloy No. 6 (Ti-4Al-4Sn—-6Zr-4Nb—-2Mo-V-Si); a) x 800; b) x 1000.

and also the distribution of inclusions and mi-
crohardness. In the specimen No. 4 the size of
the a-plates is slightly larger, the inclusions are
distributed mostly at the boundaries of the
plate (Fig. 3, a), the microhardness equals
3600-3900 MPa. In the specimens No. 5,
the a-plates are smaller, the inclusions are
distributed more uniformly over the entire

surface (Fig. 3, b), the microhardness equals
4300-4500 MPa.

The alloy No. 6 (Ti—4.3A1-4.4Sn—6Zr—
1.6Mo0—0.7V—4.3Nb-0.4Si) belong in the
group of the titanium (a+f)-alloys of the
martensitic. Martensite forms at the back-
ground of the two-phase structure and is the
o'-phase of the needle structure, representing
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Table 2. Mechanical properties of the experimental titanium
alloys of the Ti-Si—X system

AI\IIIOO_y Class op, MPa 13[0;; 38, % 50(:;:2’
1 o 745.3 — 9.5 2.33
2 o 997.6 - 2.7 2.51
3 o 721.3 — 10.7 3.27
4 Pseudo-a 1209.8 1106.6 1.7 8.91
5 Pseudo-a 1273.6  1130.8 4.0 10.36
6 (a+p) 14224 13313 1.0 4.15

a supersaturated solid solution of the alloying
elements in the a-titanium (Fig. 4) with the
microhardness of 4000-4400 MPa.

Mechanical properties. The mechanical
properties were determined by tensile loading
of cylindrical specimens with a diameter of
3 mm. The results are presented in Table 2.
Processing of the results of the mechanical
tests showed the dependence of the tensile
strength, yield limit and impact toughness of
the investigated alloys on the content of the
alloying elements.

Fig.5. Macrostructure of the fracture surface of alloy No.
1: a) brittle fracture area; b) single section of ductile failure.

Fig. 6. Microstructure of the fracture surface of alloy No.
2: a) area with cleavage of facets; b) ductile area with
fine-dispersion precipitates.

In the alloy No. 1, the strength and impact
toughness were low. The alloy No. 2 which
was alloyed with zirconium was character-
ised by higher strength with a low impact
toughness. In the alloy No. 3, alloying with
aluminium and tin resulted in the situation
in which the strength and impact toughness
were comparable with the binary alloy No.
1. In the pseudo-a-titanium alloys No. 4
and 5, a further increase of the amount of
the alloying elements resulted in a large im-
provement of the strength characteristics and
increased impact toughness. The alloy No. 6
(a+pB)-titanium is characterised by maximum
strength, and its plasticity lower than that of
the pseudo-a-titanium alloys.

Fractographic studies of the fracture sur-
face of the specimen show that there are
characterised by a well developed relief.

The fracture of the No. 1 alloy was brittle
(Fig. 5). Fracture took place through the
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a 20 um |
b 10 pm,
0.119 um
0.771 pm
0.939 um
0.159 pm
C 1 pm
Fig. 7. Macrostructure of the fracture surface of the alloy

No. 3: a) cleavage areas; b) secondary cracks; c) local
ductile area with fine-dispersion particles.

phase precipitates of the titanium silicides
TisSi;, distributed along the grain boundaries.
The larger particles (2-5 um) are elongated
and separate from the matrix. Fracture takes
place through the brittle phases precipitate
by cleavage of the particles up to 0.5 mm
in size retain the coherent bond with the
matrix. The nature of failure in these single
sections is ductile and determined by the
occurrence of the process of segregation of

Fig. 8. Microstructure of the fracture surface of the alloy
No. 4: a) the structure of old material in the brittle fracture
area; b) ductile area with hardening nanoparticles.

the alloying and impurity elements at the
grain boundaries.

The alloy No. 2 (Fig. 6) contains areas
with cleavage facets in the a-titanium ma-
trix which contain river-like patterns and are
separated by separation ridges. The presence
of a large number of quasi cleavage facets
is explained by the effect of the separa-
tion mechanism of the contact planes of the
structural components. Inside the facets there
are ridges and between them — individual
fragments of cleavage, formed as a result of
plastic sheeting of the alloy in the conditions
of tensile deformation. Shallow pits containing
fine-dispersion particles with the size of 700
nm—1 pum indicate that the toughness is low.

In the alloy No.3 at a small magnification
(% 300) the fracture surface contain a large
number of flat cleavage sections with the
area 40 x 70 pum (Fig. 7, a) determined
by the formation of structural compo-
nents distributed at the grain boundaries.
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Fig. 9. Microstructure of the fracture surface of the alloy
No. 5: a) transcrystalline fracture area; b) ductile fracture
area with hardening nanoparticles (50-70 nm), formed by
the dimpled mechanism.

The grains also contained secondary cracks
passing through the body of the grain
(Fig. 7, b). The stresses, formed in tensile
loading result in the nonuniform microplastic
deformation of the grains and stress concen-
tration at the grain boundaries. At a high
magnifications, the fracture surface showed
deep pits, formed at the spherical inclusions
which initiated local ductile failure formed
directly around them (Fig.7, ¢). The size of
the fine-dispersion hardening particles was
160-200 nm. They were circular and elon-
gated in the rolling direction.

In the alloy No. 4, the failure was mixed,
and the number of brittle fracture areas was
considerably greater than that of ductile
fracture areas (Fig. 8). Microcracks initi-
ated preferentially at the grain boundaries.
The grains are elongated, the size was 10
x 30 um. The regions of the ductile failure

Fig.10. Microstructure of the fracture surface of the alloy
No. 6: a) variation of the orientation of the fracture plane
from grain to grain; b) fractured through the cleavage
planes; c) the area of ductile local failure by the microvoid
growth mechanism.

were determined by the presence of micro-
dispersed hardening inclusions, distributed
in the pits of the fracture surface. The com-
position of these particles was (Ti, Zr)s (Si,
Al);, and the size did not exceed 150 nm. As
regards stoichiometry, they were similar to
the titanium silicides, alloyed with zirconium
and aluminium (Fig. 1).

The grain size of the alloy No. 5 was 10-
30 um. Intergranular failure equalled 70%,
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1] 1 2 3
Total scale 293 pulses, Cursor: 7.051 (2 pulses)

a
Element | Mass % Atomic %
CK 1.75 6.93

AIK 3.55 6.28

SiK 4.55 7.73

TiK 67.37 67.05

VK 1.17 1.10

ZrL 18.10 9.46

MoL 0.44 0.22

SnL 3.07 1.23

Total 100.0

b

Fig. 11. Results of microanalysis of the hardening particles in the alloys of the Ti-Si-X system: a) analytical spectrum
of the composition of particle; b) numerical values of the main alloying elements.

some of the grains were surrounded with
secondary intergranular cracks, 30% — tran-
scrystalline failure (Fig. 9, a). Thisg failure
is probably caused by the decohesion of the
grain boundaries as a result of structural
transformations and precipitation of inclusions
in the intergranular space. Tensile stresses in
tensile loading result in non-uniform micro-
plastic deformation of the grains and stress
concentration at the grain boundaries, and this
is accompanied by the formation of micro-
cavities which facilitate crack nucleation at
the phase precipitates. The stress state forms

as a result of the high diffusion ability of
the alloying elements from the volume of the
grains to the grain boundaries during thermal
mechanical treatment.

The increase of the stress concentration
results in the formation of the suitable condi-
tions for easy nucleation of the microcracks
along the grain boundaries by the quasi-
cleavage mechanism. This is indicated by
the stone-like relief of the fracture surface
which is usually found in the case of mixed
failure, i.e., in cracking of brittle structural
components and ductile failure of the matrix.
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Fig. 12. The results of analysis (layer thickness approxi-
mately 20 nm) by the method of Auger spectrometry (at.%):
point1 (wt.%): C=2.1;0=2.7; Al =1.3; Si = 13; Ti = 55.6;
Zr = 24.6. Point 2 (wt.%): C =4.6; 0 = 2.3; Al =1.2; Si =
13.3; Ti = 56.9; Zr = 21.7).

The results showed that in the areas in which
the aluminium is in the non-bonded condi-
tion, fracture takes place by the cleavage
mechanism. In addition to failure by cleav-
age, there are also ductile areas formed by
the dimpled mechanism of void coalescence
(Fig. 9, b) containing hardening particles
with the size of 50-70 nm.

The roughness of the surface relief of the
alloy No. 6 is determined by the crystal-
lographic nature of failure (Fig. 10). There
are distinctive changes in the orientation of

the fracture plane from the grain to the grain
with the size of 5-15 pum. Fracture takes
place on the cleavage planes. The presence
of inclusions results in local ductile failure
by the micro-void growth mechanism. In this
specimen, the hardening particles are fine-
dispersed, the size is 130-160 nm.

More detailed studies of the composition
of the fine-dispersion hardening particles,
detected in the experimental titanium alloys
of the Ti-Si-X system in equipment JAMP
9500F using two mutually supplementing
methods: energy-dispersing spectrometric
(EDS) and the Auger spectrometry.

The Auger microprobe with a field emis-
sion cathode JAMP-9500F (JEOL Ilimited)
is a multifunctional advanced system with
with high parameters of the technical char-
acteristics. The combined and electron scan-
ning microscope with the resulting capacity
in secondary electrons (3 nm) and also a
Auger spectrometer with the electron probe
diameter of 8 nm and an energy-resolving
capacity of DE/E = 0.005-0.600. The sys-
tem is also fitted with an energy-dispersing
spectrometer Oxford EDS INCA Energy
350 the analysis of elements (from beryl-
lium to uranium) with the electron probe
diameter 1 pm. The specimens examined in
a superhigh vacuum of 5x10°® Pa. Prior to
investigations, the specimens where etched
with argon ions.

Figure 11 shows the results of energy-
dispersion spectrometry of the investigated
specimens because of the small size of the
inclusions, the energy dispersion spectrometry
method makes it possible to determine only
the integral chemical composition of the in-
clusions which is similar to that of titanium
aluminide alloyed with zirconium and silicon.
The methods of Auger spectrometry was used
to determine the chemical composition on
the surface of the Nano-inclusions (Fig. 12).

Comparison of the results of energy-dis-
persing spectrometry, Auger spectral and
x-ray diffraction analysis shows that the
inclusions regardless of the dependence on
the nanosized have non-uniform composition.
The internal part of the inclusions consists of
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titanium aluminide alloyed with zirconium,
and the surface is a silicide frame.

Conclusions

1. The relationship of the structure and
mechanical properties of the titanium alloys
with the dispersion hardening by intermetallics
and silicides has been investigated.

2. The specimen results show that the
technology of producing the alloys by elec-
tron beam melting with the electromagnetic
staring in a pool metal possible to ensure
the uniform distribution of the hardening
fine-dispersion particles in the ingots. The
size of these particles in some alloys reaches
the nanosize.

3. The results also show that these particles
increase the strength but do not ensure the
required plasticity of the alloys.

4. It has been shown that the harden-
ing particles have a non-uniform chemical
composition and are complicated chemical
compounds of titanium, zirconium, aluminium
and silicon. The silicon content of the surface

of the nanoparticles is considerably higher
than in the middle part, and there is almost
no aluminium.

5. It may be assumed that the dispersed
particles are titanium alumosilicides, alloyed
with zirconium with a silicide frame.

6. The highest level of the mechanical
properties was recorded by the complexly
alloyed pseudo-a-titanium alloy No. 5.

7. The results indicate the promising nature
of the development of these alloys and the
need to continue studies in this direction.
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Structural and phase transformations
in the Tig Cr; Sig phase,c ontaining
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Phase and structural transformations in mixture of powders, corresponding to composition
of alloy TisCr;,Sijs, prone to the formation of quasi-crystalline phase, were investigated
by the methods of differential thermal and X-ray phase analyses. It was established that an
approximant of icosahedral phase (a-phase) in mixture with phase of Laves &-TiCr,, alloyed
by silicon, is formed in the alloy of the mentioned composition. Amount of a-phase can be
increased up to 90 mass % as a result of heating up to 1700°C and up to 100% in adding
of oxygen (in the form of SiO,) into the mixture of powders in manufacture of ingot.

Quasi-crystalline phases or their approxi-
mants are characterised by a set of valuable
properties, including high values of hard-
ness, low friction coefficient, surface energy,
heat conductivity, etc. Therefore, they are
of considerable interest for many industrial
applications [1, 2].

The Ti—Cr-Si system contains the TigyCr-
3251g alloy which in rapid quenching in the
presence of oxygen has the quasi-crystalline
structure [3, 4]. Other phases, such as the -
phase of the Ti—Cr—Si and the Laves phases
TiCr, form in the absence of oxygen.

In [5, 6] it was attempted to produce a
coating with the quasi-crystalline structure by
gas thermal spraying the Tis Cr3,Sig alloy in
Air in the presence of oxygen. In addition to
gas flame and atmospheric plasma spraying,
the authors (four comparison) used vacuum
plasma spraying. The main phases of the
powder (B-Ti—Cr-Si and TiCr,) remained in
all the coatings, but in the gas flame and
the plasma spraying in air a large amount of
oxides was also formed. At the same time, the
authors confirm the possibility of formation in
the Ti—-Cr—Si—O system of a quasi-crystalline

icosahedral structure (i-phase) at the specific
parameters of plasma spraying in air.

Recently, the problem of the possibility of
the formation of the icosahedral phase in the
TisoCr3,Sig alloy in the absence of oxygen
and the role of oxygen in the formation has
not as yet been solved. In this study, it is
attempted to use the method of differential
thermal analysis (DTA) to investigate the
possibilities of producing a quasi-crystal in
the alloy of the given composition in pure
form or after adding oxygen.

The initial materials were represented by
the powders of titanium, chromium and silicon
of high purity (higher than 99.9 wt.%), and
the source of oxygen was the silicon oxide
powder which was added into the mixture, in
accordance with the composition TigyCrs,Siy
(Si0,), recommended in [7].

Differential thermal analysis was carried
out in equipment VDTA-8M in helium at
the heating/cooling rate of 80°C/min in ZrO,
crucibles. The maximum temperature in heat-
ing was 1700°C. The specimens were studied
by metallographic methods, x-ray diffraction
phase analysis in equipment DRON UM-1
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90 &0 70 60 50 40 30 20 1
e=TiCr,

Fig. 1. Isothermal section through the equilibrium diagram
of the Ti—Cr—Si system at 1000°C (wt.%): o ) single-phase;
m ) two-phase; o) three-phase region.

with monochromatised radiation Cuk,.

X-ray spectrum microanalysis (XSMA),
investigation of the microstructure and deter-
mination of the quantitative elemental com-
position were carried out using an analytical
system consisting of a JSM-35 CF scanning
electron microscope (JEOL, Japan) and x-
ray spectrometer with energy dispersion of
X quanta (model INCA Energy-350, Oxford
Instruments, Great Britain). The characteristic
feature of this type of analysis is this locali-
sation — the minimum region of excitation
is only 1 um. One of the advantages of the
energy-dispersing spectrometer is the possi-
bility of simultaneous analysis of up to 50
elements and reflection of the entire detected
spectrum. The images were produced in the
regime of secondary electrons at U = 20 kV.

The investigations were carried out on
specimens of ingots of the four following
types:

1. Produced in an arc furnace with a non-
consumable electrode in argon from a mixture
of powders, at.%: Ti-60, Cr—32, Si-S§;

2. From a mixture of powders of the same
composition, produced by mixing in a plan-
etary mill for 0.5 h;

3. From a powder produced by refining
an ingot melted in an arc furnace (specimen
No. 1);

4. From a powder of the refined ingot

1 T T
240 |

1200 1300 1400 T e

Fig. 2. DTA curves in heating (2—4) and cooling (2-4") (the
numbers of the curves correspond to the numbers of the
specimens in Table 1.

with the calculated composition Tig,Crs,Siy
(S10,),, melted in an arc furnace.

The specimens No. 1 was investigated in the
initial condition, and the specimens No. 2—4
in the form of ingots, produced after DTA.

The diagram of the Ti—Cr—Si equilibrium
systems investigated in the complete con-
centration range in [8]. The authors found
a ternary compound of a variable compo-
sition with the homogenised range elon-
gated along the iso-concentrate 45 at.% Si
(15-39 at.% Ti); the width of the region of
homogeneity was approximately 5 at.% (from
43 to 48 at.% Si). In addition, there are solid
solutions with a large length based on the
TisSi3, CrsSi; and Cr3Si binary compounds
(Fig. 1). The region of homogeneity of the
solid solution based on &-TiCr, is stretched
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Fig. 3. Microstructure (x 400) of an ingot of the TiggCrs3Sis alloy — specimen No. 1 (a), DTA ingots of the specimens No.

2—-4 (Table 1), etched.

Table 1. Results obtained in the investigations of the specimens

Specimen DTA results
No. (Fig. 2)

Microhardness of areas
in Fig. 3, MPa

Phase analysis, %

XDA data (at.%, Fig. 4)

1 -

2 T; = 1240°C

T,=1280°C

Two-stage
crystallization

3 T; = 1250°C

T,=1290°C

Two-stage
crystallization

4 T;=1330°C
T,=1380°C
Single-stage

crystallization

Dendrites 9450+1250 (1)
Interdendritic spaces
5390+1050 (2)

Dendrites 1070+14 (1)

Interdendritic spaces
74204580 (2)

Dendrites 12080+830 (1)

Interdendritic spaces
73801640 (2)

Single-phase fine-grained
structure 13140+1020

62.2 % — &-TiCr,
(a=0.494 nm, ¢ = 0.805nm

37.8 % - TisSi;

(a=0.742 nm, ¢ = 0.525 nm)

46.3 % - TiCrSi
(a=1.308 nm);

53.7 % - £-TiCr,

(a=0.49 nm, ¢ = 0.801 nm)

75.9 % - a-TiCrSi
(a=1.313 nm);

24.1 % - £-TiCr,

(a=0.493 nm; ¢ = 0.800 nm)

100 % - a-TiCrSi
(a=1.313 nm)

Ti-41.2543.62;
Cr-50.09+4.74;
Si-7.94+1.05 (1)
Ti-64.33+1.71;
Cr-24.51+1.41;
Si-11.16+0.59 (2)
Ti-60.9142.60;
Cr-24.90+3.98;
Si-12.911.70 (1)

Ti-43.84+3.70;
Cr-45.58+4.40;
Si-9.28+0.84 (2)
Ti-59.92+0.51;
Cr-29.20+0.6;
Si-10.87+1.16 (1)

Ti-44.3643.5;
Cr-51.00+3.9;
Si-4.64+0.5 (2)
Ti-60.5+0.8;
Cr-32.7£1.05;
Si-7.84+1.6

Comment. 1. Here 7, is the solidus temperature; 7; the ligi dus temperature; 2. The numbers in the brackets are the numbers of

the investigated areas.
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Fig. 4. Microstructure (x 500) of the specimens recorded in the SET mode: a) No. 1; b) No. 2; ¢) No. 3; d) No. 4 (charac-
teristics of the specimens and the results of x-ray diffraction analysis of the individual sections are presented in Table 1).

along the iso-concentrate from 33.5 at.% Ti
to 20 at.% Si. The composition TignCr3,Sig is
included in the two-phase range on the diagram
of the phase equilibrium of the Ti—Cr—Si sys-
tem, including the Laves phases &-TiCr, and
TisSi; (indicated by the asterisk in Fig. 1).

Examination of the DTA curves showed
(Fig. 2) at the Nano large differences in
the form of the service between the second
and third specimens. They are characterised
by very similar solidus and liquidus tem-
peratures (difference is in the range 10°C).
Solidification in both cases consists of two
stages. The specimen No. 4 (composition with
oxygen) is characterised by a large increase
of the solidus liquidus temperature (approxi-
mately by 100°C), solidification consists of
a single stage, and takes place in a smaller
(in comparison with the previous specimens)
temperature range.

Metallographic examination of the ingots

indicates that the structure of the speci-
mens No. 1-3 contains light dendrites and
a eutectic type structure, distributed in the
inter-dendritic spaces (Fig. 3, a—c). In the
specimens No. 1, the microhardness of the
dendrites is approximately 1000 MPa and
the microhardness of the interdendritic areas
approximately 5000 MPa. In the specimens
No. 2-3, the microhardness of similar re-
gions was slightly higher (Table 1). The
structure of the specimen No. 4 was almost
completely single-phase, fine-grained with
the microhardness higher than 13,000 MPa
but as a result of the high brittleness of the
structure a large number of spalling areas
formed in the preparation of the section
(Fig. 3, d).

The processing of the x-ray diffraction data
by the methods of full profile analysis (Fig.
4) in the specimens No. 1 showed two phases
based on crystalline lattices &-TiCr, and TisSi;,
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Fig. 5. Theresults of x-ray diffraction analysis of specimens
No. 1-4 (Table 1); o) the approximant phase; /) intensity;
m) Laves phase &-TiCry; A) TisSis.

which corresponds to the two-phase region
in the equilibrium diagram of the Ti—Cr-—Si
system for the given composition (Fig. 1).
In the specimens No. 2 and 3 two phases
were also detected after DTA. One of these
phases has a cubic lattice with the parameter
of approximately 1.31 nm and the planar
spacing is, corresponding to the values pre-
sented in [3, 4]. This structure is a cubic
approximant of the icosahedral phase of the
alloy of the Ti—Cr—Si system (o-phase). The
second phase has a hexagonal structure with a
slightly different lattice parameter between the
specimens 2 and 3 (a = 0.4909, ¢ = 0.8011,
and a = 0.4934, ¢ = 0.8001 symbol nanome-
tre, respectively). This phase can be regarded

as the Laves phases &-TiCr,, alloyed with
silicon. According to the isothermal section
of the equilibrium diagram of the Ti—Cr—Si
system, the region of the solid solution of
silicon in &-TiCr, is enclosed in the follow-
ing concentration range, at.%: 33.6-37.2 Ti,
66.6—46.6 Cr and 0-20 Si. Consequently, the
formula of the Laves phases can change from
TiCr, to TizCrsSi,. The specimen No. 4, in
contrast to the previous ingots, consists of a
single phase and mostly the a-phase.

Investigation of the ingots by the method
of x-ray diffraction analysis (Fig. 4, Table
1) shows that in the specimens No. 1, the
Laves phase is greatly enriched with silicon to
8 at.% (Table 1). In addition to the TisSis
phase, the interdendritic areas with the eutec-
tic-type structure obviously contain &-TiCr,.

In accordance with the results obtained
in x-ray phase analysis, in the DTA ingots
2-4, the sections 1, with a high hardness, are
similar, as regards the content of titanium,
chromium and silicon, to the initial formula
TigoCr3,Sig which, according to the time [3]
corresponds to the icosahedral i-phase or the
approximant a-phase. The area of these sec-
tions on the metallographic sections increases
in accordance with the increase of the content
of the a-phase in the specimen, according to
the x-ray diffraction analysis data. Sections
2 in the specimens No. 2 and 3 have ap-
proximately the same ratio of titanium and
chromium, and the structure is of the eutectic
type. These sections are evidently a mixture of
phases — alloyed with silicon &-TiCr, and the
o-phase, and their microhardness in compari-
son with the other ingots, is rather, and the
areas of the sections in accordance with the
x-ray diffraction analysis data, decreases with
the increase of the amount of the approximant
phase (Table 1).

The experimental results show that the o-
phase that not form in the ingot with the com-
position TigyCrs3Sig, melted by the arc meth-
ods without additional heating. The a-phase
ingot consists of the Laves phase &-TiCr,
and the titanium silicide TisSi;. However,
the DTA ingot with the same composition is
characterised by the crystalline approximant
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of the icosahedral phase in the mixture with
the silicon-alloyed Laves phases &-TiCr,. The
amount of the o-phase in the melted ingot
is 46.3 wt.%. The content of the a-phase
can be increased to 75.9% in remelting of
the ingot in the DTA system produced by
the arc method in heating to a temperature
of approximately 1700°C and cooling at a
rate of 80°C/min. Additional alloying with
oxygen makes it possible to produce 100%
of the a-phase in the DTA ingot under the
same heating and cooling conditions.

Thus, the experimental results show that
in the TigCrs,Sig it is possible to produce
the crystalline approximant of the icosahedral
phase (a-phase) in a mixture with a silicon-
alloyed Laves phases &-TiCr,. The amount of
the a-phase in the ingot is not large but it can

be increased to almost 90 wt.% as a result of
heating to temperatures around 1700°C and up
to 100 wt.% by adding oxygen to the alloy.
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Aspects of using liquid cast iron in arc
steel melting furnaces

R.V. Sinyakov

Donetsk National Techi cal University,D onetsk

Presented are the estimates of technological aspects of using the molten cast iron in arc
steel-making furnace up to 80 % in the charge composition. Using the program complex
«DesigningMelt», the modeling of melting with a different consumption of oxygen and
electric power was made. The obtained results gave an opportunity to distinguish a criterion
reflecting the optimum condition of application of the molten cast iron in the electric fur-
nace. As such, it was suggested to use the ratio of supplied electric power to added oxygen
for metal blowing per melting or ratio of mean power of supplied electric energy to mean
rate of oxygen adding. Relation was obtained connecting the optimum share of cast iron in
charge with a criterion of «optimality» of furnace operation.

The large increase in the price of energy re-
sources, increasing demands on the flexibility
of the process and its ecological parameters,
and also the need to increase the proactivity
force the metallurgical companies to close
open hearth furnaces and transfer to alterna-
tive systems, including in particular arc steel
melting furnaces (ASMF), releasing a large
amount of liquid cast iron. In this case, it
is necessary to use liquid cast iron is the
charge component for the ASMF.

At the beginning of the century, approxi-
mately 30 ASMF operated in the world using
liquid cast iron as a component of the charge
[1]. Recently, the interest in this technology
has increased appreciably [2]. This is associ-
ated with the reduction of the consumption
of electric energy as a result of the physical

and chemical heat of cast iron [3-6], and the
reduction of the content of residual elements
in the final product [7].

However, as shown by industrial results
with melting of the steel in the ASMF, the
application of liquid cast iron are not always
increase the productivity of the steel melt-
ing system. According to the investigations,
carried out in [1, 8, 9], the dependence of
the amount of liquid cast iron-productivity
has an extremum, and the optimum is found
in the range of 20-32% of cast iron of the
mass of the charge. This is associated with
the design special features of the system
and the technology of melting steel in these
furnaces. At the same time, data have been
published on a high fraction of application
of the cast iron in the ASMF, up to 50-60
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[5] and even 80% [10].

Thus, to increase the productivity of the
ASMF, it is important to determine the op-
timum fraction of liquid cast iron which,
according to the data in [8], depends on the
selected retail equipment for blogging oxygen
and the removal of technological gases.

At the moment, there are no criteria which
would make it possible to evaluate, without
experiments in a real furnace, the optimum
amount of liquid cast iron in the charge for
the ASMF or the optimum parameters of
operation of the ASMF for the given fraction
of liquid cast iron.

It was required to determine the techno-
logical aspects of using liquid cast iron in
the furnace up to 80% in the composition
of the charge and try to specify a criterion
linking the technical-technological possibili-
ties of the ASMF and the optimum amount
of liquid cast iron in the charge.

To solve the task, experiments were
carried out with the DesigningMelt soft-
ware [11] - the tool for developing new
technological processes, and the evalu-
ation of the application of new types
of materials and equipment without using
expensive and time-consuming experiments
in a real furnace.

The process to be examined was melting of
a steel in a 100 t arc steel melting furnace
with window discharge of the semifinished
product. The furnace operates with the liquid
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Fig. 1. Project of the process of melting steel in a 100 t
arc steel melting furnace (basic melt).

residue of the metal of 10 t and slag off
5 t with the mean temperature of 1600°C.
Furnace equipment consists of a 80 MV-A
transformer, two oxygen injectors with the
maximum consumption of oxygen of 2000
m3/h each, four gas-oxygen torch is with
the power of 3.5 MW each, for injectors
for blowing coal for slag foaming, to bot-
tom samples for blowing the argon gas into
the pool, bunkers for introducing the slack
forming materials, etc. The metal scrap is
loaded into the furnace in two boxes: top
charge, bottom charge. Thus, the structure
of the melt consists of six previous with the
discharge of the metal taken into account [11].
In this case, the mass of the metal scrap in
the baskets was assumed to be 65 and 60 t,
respectively. According to the conditions of
melting in the arc steel melting furnace, cast
iron should be added to the charge and, if it
is not available, it should be replaced with
the carbon-containing materials (for example,
coke). Usually, 15-20% of cast iron scrap is
added to the charge and, therefore, the first
basket contained 25 t of solid cast iron.

The conditions of introduction of electric
energy, oxygen, coal, slag forming com-
ponents, operation of the torches and also
the moment of emptying the baskets were
determined by the program software in ac-
cordance with the given technological and
technical restrictions on the operation of
equipment (Fig. 1).
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Fig. 2. The results of modelling the process of basic melting.
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Fig. 3. Consumption of electric energy A and oxygen for
1 t of metal in relation to the fraction of liquid cast iron in
the charge. The numbers of the curves (here and in Fig.
4, 6) denote the maximum total intensity of blowing the
metal with oxygen.

After simulation (calculation of the proj-
ect) we obtain the technological processes
with the trajectory shown in Fig. 2 and the
following parameters at the discharge stage:
[C] 0.06%, degree of oxidation of the slag
(FeO) 24%; basicity of the slag 3.2; metal
temperature 1640°C.

The calculated melt was regarded as the
basic melt and the resultant parameters of
the aim of simulation with the following
restrictions: the carbon content at a discharge
0.059-0.061%; oxidation of the slag (content
of iron oxide) no more than 25%; the slag
basicity less than 2.9; metal temperature at
discharge 1639—1641°C. The mass of metal at
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Fig. 4. Effect of the amount of liquid cast iron and the
economic saving of electric energy K: a) absolute value;
b) percent of cast iron.

discharge was assumed to be equal to 115 t.

Subsequently, the possibility of pouring in
liquid cast iron was added to the melt project
and the special design features of the arc
steel melting furnaces [7, 12]: from the top
with the open chute from the slag, through
the working window of the furnace using a
detachable chute and through a stationary
chute, installed in the furnace. In this study,
cast iron was poured through the stationary
spout after partial melting of the first basket.

According to [3] this variant has shortcom-
ings in the form of formation of conglomer-
ates when using the next baskets with metal
scrap. In these investigations, this shortcom-
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Fig. 5. Effect of the fraction of liquid cast iron on the

amount of outgoing gases Q and the resultant slag S.

ing was partially balanced by earlier start of
high rate blogging of the pool with oxygen.
The mean pouring rate of the cast iron into
the furnace varied in the range from 2[4]
to 10[1] t/h, and in the actual process the
pouring in rate of cast iron was assumed to
be equal to 5t/h.

The cast irons, used in steel melting pro-
duction, differ mainly in the chemical com-
position [13, 14]; in these investigations, the
carbon content of liquid cast iron was 4.6,
silicon content 0.5, manganese content of
0.7%, temperature 1300°C. In simulation, the
solid part of the charge was replaced with
liquid cast iron in the following sequence:
initially the cast iron scrap from the charge;
subsequently the metal scrap from the charge,
and after melting of the bottom charge of the
metal scrap from the charge.

The melting of the steel in the arc steel
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Fig. 6. Evaluation of the optimum fractional liquid cast
iron per melt (calculated): t is the duration of operation of
the furnace under current; t is the productivity of melting.

melting furnace was simulated by three vari-
ants for different maximum consumption of
oxygen (2000, 2500 and 3000 m3/h each)
through oxygen injectors and using up to
80% liquid cast iron in the composition of
the charge.

Comparative analysis of the results of
simulation with the currently available in-
dustrial indicators of the operation of arc
steel melting furnaces, we choose liquid cast
iron as the charge show the adequacy of the
models used in the DesigningMelt software.
With increase of the amount of liquid cast
iron in the charge, the consumption of electric
energy decrease, and in the case of oxygen
for blowing of metal it increased (Fig. 3).
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Fig. 7. Dependence of the ratio of the consumption of elec-
tric energy to the consumption of oxygen on the optimum
fraction of liquid cast iron.

Consequently, the saving of electric energy
already has 20% of liquid cast iron the com-
position of the charge was approximately 90
kW - h/t (Fig. 4a). Since in these investiga-
tions the solid cast iron was replaced, there
was correspondingly no additional supply of
energy with the chemical heat of cast iron.
When replacing the metal scrap, the economic
effect was even greater and, according to
the calculations, carried out in [6], it was
an 116 kW - h/t.

According to the data obtained by various
authors, when supplying 1% of liquid cast
iron into the charge, the saving of electric
energy varies from 3.3 [8] and 3.5 [13] to
4.8 [5] kilowatt-h/t. As indicated by Fig.
4, b, this parameter is not constant and is
linked by a direct proportional dependence
with the amount of liquid cast iron and is
also a function of the intensity of blowing
the metal with oxygen.

The small reduction of the consumption
of oxygen was recorded at the mass frac-
tion of liquid cast iron in the composition
of the charge up to 20% (Fig. 3). This is
explained, firstly, by the presence of 20%
of cast iron scrapping the charge, which was
proportionately the replace with liquid cast
iron, and this had no effect on the consump-
tion of oxygen. Secondly, reduction of the
consumption of electric energy reduce the
consumption of the carbon-containing material
for foaming of the slag and, correspondingly
reducing the fraction of oxygen.

A shortcoming of the application of liquid
cast iron in the charge for arc steel melting
furnaces is the increase of the amount of slag
and outgoing gases (Fig. 5) which must be
taken into account when using this material
in the composition of the charge.

As shown by Fig. 6, an increase of the
fraction of liquid cast iron in the composition
of the charge results initially in a reduction
of the melting time (reaching the minimum
value, and at a specific amount of cast iron
the melting time starts to increase this con-
firms the extreme form of the dependence.
The maximum productivity of the furnace
is obtained at the minimum melting time
which corresponds to the optimum fraction
of liquid cast iron.

The inflection point on the curve at 48%
for liquid cast iron in the charge of the arc
steel melting furnace corresponds to the disap-
pearance of the period of bottom charging of
the simulation melt and as regards the density
is approximately equal to the duration of the
given period. The operating time of the fur-
nace under current constantly decreases with
increase of the amount of liquid cast iron in
the charge, and the dependences non-linear
(Fig. 6).

The optimum fraction of cast iron is not
constant and depends on the power of gas
blowing devices (Fig. 6). With increase of
the intensity of blowing oxygen at the given
how the transformer the optimum amount
of liquid cast iron in the charge increases.
Evidently, the reverse situation also applies -
with increase of the power of the transformer
the given blowing intensity of oxygen in the
optimum fractional liquid cast iron in the
charge decreases [8].

Thus, the optimum fraction of liquid cast
iron in the charger depends mainly on the
maximum productivity of equipment for in-
troducing oxygen and the transformer power.
The authors of the present article assumed
that a possible criterion, which determine the
optimum amount of cast iron in the charge
for the arc steel melting furnaces maybe
the ratio of the power of the transformer
P, (kilowatt) to the intensity of supply of
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oxygen P, (m*h):

P

n=4- (1

r

Since the optimum welding process is the
process in which the duration of operation of
the transformer and equipment for introducing
oxygen (at the maximum power) is almost
identical and do not have any periods without
current, equation (1) can be presented in the
following form:

O
0,
where Q. is the amount of the electric en-
ergy supplied per 1 t metal, kilowatt-h/t; O,
is the amount of oxygen for blowing of 1 t
of metal, m3/t.

For the optimum fractions of the liquid cast
iron and simulation (Fig. 6) we determine the
corresponding relationship (2) and constructed
the curve (Fig. 7), describing the following
expression

n= (2)

n=344c*"" -0.8 3)

where A is the fraction of liquid cast iron
in the composition of the charge for the arc
steel melting furnace, %.

After carrying out transformations, we
obtain the equations which makes it pos-
sible, using the technical and technological
characteristics of the furnace, to determine
the optimum fraction of liquid cast iron in
the composition of the charge:

A=2273 ln(ﬁJ 4)
n+0.8
The points indicate the results of processing
the industrial data on the operation of the
arc steel melting furnace using equations (1)
or (2). As shown in Fig. 7, the experimental
data fit satisfactorily the resultant curve.

Conclusions

1. The estimates of the technological as-
pects of application of liquid cast iron in
the arc steel melting furnace up to 80% in
the composition of the charge are presented

in the advantages and shortcomings of using
liquid cast iron are discussed.

2. Using the DesigningMelt software, the
melting process was simulated using different
consumption of oxygen and electric energy.
The results have been used to determine a
criterion reflecting the optimum conditions of
application of liquid cast iron in the electric
furnace, in the form of the ratio of the in-
troduce electric energy to the added oxygen
for blowing of metal in the melt.

3. The dependence, linking the criterion
with the optimum fraction of liquid cast
iron in the charge for the arc steel melting
furnaces has been determined.
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