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METAL ALLOYING WITH NITROGEN
FROM GAS PHASE IN ESR PROCESS

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

Using a thermodynamic analysis an attempt was made to evaluate the feasibility of metal nitriding from a gas phase
during the electroslag remelting (ESR). It was shown experimentally that in use of slags of Ca—CaF, system and
atmosphere of nitrogen in chamber-type ESR units the necessary conditions are created for transition of nitrogen to

metal in the amounts sufficient for nitriding.

Key words: nitriding, electroslag remelting, chamber fur-
nace, metal calcium

The use of nitrogen as alloying element is well-known
and realized by manufacturers for producing steel de-
signed, first of all, for operation under the complex
conditions. However, the mechanism of nitrogen in-
jection into a steel as compared with mechanisms of
injection of other alloying elements has some specific
features and presents until now a great interest from
the point of view of study of laws of nitrogen beha-
viour and development of a comparatively inexpensive
method of steel production with a guaranteed level
of the nitrogen content.

The basic methods of nitrogen injection into metal
are connected with

e usc of materials having a high content of a dis-
solved nitrogen,

* nitrogen compounds casily decomposing at tem-
peratures of the metallurgical process,

« activation of molecular nitrogen and its dissolu-
tion in molten metal.

Disadvantages of the first two methods are the
necessity in production of special ferroalloys or chemi-
cal compositions, instability of assimilation of nitro-
gen from them in the process of alloying and rather
high non-uniformity of nitrogen content in the ready
mctal.

Evidently, it is more rational from the ccological
and economical aspects to use a gaseous nitrogen for
the metal alloying. However, the difficultics occur-
ring due to energy consumption for activation of in-
termolecular bonds limit the wide spreading of alloy-
ing with nitrogen from the gas phase. Works on mas-
tering methods of metal alloying with nitrogen from
the gas phase are carried out intensively for several
decades both in our country and abroad |1-7].

It is possible to alloy metal with a gascous nitrogen
both in liquid and solid aggregate states. Nitriding of
solid metal is used for products having small sections
or produced by the methods of powder metallurgy
[7-9]. Technologics of alloying with nitrogen from
the gas phase of molten metal are more widely used.
They can be classified by a value of the gas phase

pressure in units in which the alloying processes are
proceeding:

e at pressure below atmospheric — vacuum-arc
remelting (VAR) [10] and plasma-arc remelting
(PAR) [1, 2, 11, 12];

e at atmospheric pressure — blowing of molten
metal in a ladle [7], vacuum- and gas-oxygen decar-
burization of metal [7, 13], plasma-arc remelting [1,
2] and arc slag remelting (ASR) [6];

« at increased pressure (up to 12 MPa) — pressure
pouring | 3|, plasma-arc remelting [1, 2], electroslag
heating of molten metal under pressure (ESHP) [4],
arc slag remelting under pressure (ASRP) [5] and
induction melting under pressure |3, 14, 15].

Analysis of technology of methods of alloying with
a gaseous nitrogen shows that to produce steels with
a level of nitrogen content to 0.03 % the processes,
proceeding in open units: blowing in a ladle, vacuum-
and gas-oxygen decarburization, are quite acceptable.
Technologies and units used for producing high-ni-
trogen and superhigh-nitrogen steels are operating
usually at gas pressures which differ from the atmos-
pheric pressure. In addition, all the methods of pro-
ducing high-nitrogen steels are characterized by a high
energy consumption, complexity of equipment, espe-
cially those realized at higher pressures, and also by
a need of preliminary melting of initial metal with a
required final chemical composition except nitrogen.

Method of VAR for production of high-nitrogen
and superhigh-nitrogen steels did not find a wide
spreading due to difficulties connected with a stabi-
lization of arc discharge at working pressures 1-
90 kPa and low output of cfficient quality metal,
typical of the VAR. Method of PAR, in spite of nu-
merous advantages, do not find a wide spreading in
the production of the above-mentioned steels due to
complexity of equipment and high expenses for pro-
duction. Method ASR, being less energy- and re-
sources-consuming process, requires the preliminary
preparation of a consumable electrode, as the tech-
nology of alloying with a gascous nitrogen envisages
in this case the nitrogen blowing into the arc region

© A.D. RYABTSEV, A.A. TROYANSKY, E.L. KORZUN, V.Yu. MASTEPAN and M.V. SAMBORSKY, 2002
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ELECTROSLAG TECHNOLOGY O

through a cavity in the electrode that makes the final
production more expensive.

The present work is aimed at testing the feasibility
of producing steels alloyed with nitrogen from the
gas phase at the pressure in the unit equal to the
atmospheric pressure.

Laws of nitrogen behaviour in steel-making pro-
cesses using a slag. Activity of components a; in a
slag oxide phase depends not only on concentration
of component ¢;, but also on a partial pressure of
oxygen Pg, over the slag melt [16]. Concentration
and activity of the i-th component in slag are com-
bined in the following expression:

c;=Fk ainZ, M
where k' is the constant of equilibrium reaction; v; is
the valency of the i-th component in slag.

This fact, confirmed experimentally |[16—18] in
real metallurgical systems, leads to the appearance of
«pumping» effect [19]. Let us consider the «pump-
ing» effect as regards to nitrogen on definite example.
It is known that slag, contacting the furnace atmos-
phere (P = 101325 Pa and Po, = 21278.25 Pa), does
not dissolve nitrogen in principle. Being in contact
with metal the slag layer is deoxidized (O] = 0.1 %
and Po, = 1.013007° Pa) and dissolves a noticeable
amount of nitrogen.

At convective movement the separate slag portions
appear in turn in the regions of a lower and increased
oxidation, absorbing nitrogen near the metal and ex-
hausting it into atmosphere (Figure).

Slag stirring plays an active role in the operation
of the nitrogen «pumps», increasing abruptly its effi-
ciency. However, even in the absence of stirring the
«pumping» effect should exist and be governed by
the same laws. It follows from the above-said, that a
real nitrogen concentration in metal is always lower,
while that of hydrogen is higher than the equilibrium
concentration with a furnace atmosphere. This devia-
tion can reach high values:

1[4
[N]min = [N]oq 0 ICI)ZE . (2)

O,

The above law of nitrogen behaviour have been
confirmed in practice. The nitrogen content is more
than 10 times lower than equilibrium content in all
the open steel-making units and even in arc electric
furnaces where the intensive metal saturation with
nitrogen in the arc regions takes place. At holding
under slag the hydrogen content in metal is increased,
while the nitrogen content is decreased |20-23].

Consequently, to alloy metal with nitrogen from the
gas phase it is necessary to provide: the use of molten
and mobile (stirring) slag; the presence of reduction
atmosphere near gas—slag interface; the presence of gra-
dient of slag oxidability directed from slag—metal in-
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Diagram of appearance of «pumping» effect in oxide slags (J, —
oxygen flow, J; — nitrogen flow)

terface to gas—slag interface (P%)2 < sz), here, the
higher this gradient the higher the motive force of
the alloying process.

To realize all the above-listed conditions, an ESR
in a chamber furnace was suggested using active Ca-
containing slags |[24| with a replacement of neutral
gas atmosphere by N-containing non-oxidizing atmos-
phere. This method satisfies the above requirements
of metal alloying with a gascous nitrogen using a
«pumpings effect, namely slag is used; a low chemical
potential of oxygen duce to presence of calcium in slag
and its active evaporation is created in a small gas
layer over the slag; slag is stirring intensively owing
to magnctohydrodynamic cffects in the furnace pool.
Presence of metal calcium in slag promotes an abrupt
decreasce of sulphur content in metal whose presence
influences negatively on saturation of iron melts with
nitrogen [25].

To verify the above-given considerations several
basic or comparative experiments of producing ESR
ingots were performed using: slag ANF-1P, fluoride
slags with creation of an oxygen flow during remelting
directed from metal to furnace atmosphere due to
oxidation of hydrogen added in the form of thermos-
plitting graphitc matecrial (TSGM) at the slag—gas
interface; fluoride slags with the creation of oxygen
flow during remelting directed from metal to furnace
atmosphere due to calcium oxidation at the slag—gas
interface.

Procedure of conductance of experiments. Re-
melting of 45 mm diameter electrodes from St.50
(0.3wt.% C, Fe — balance) was realized in a chamber
furnace, manufactured on the base of unit A-550]26],
into a 90 mm diameter mould. Electrical conditions
of remelting were as follows: 1.8-2.0 kA current,
40 V voltage. Commercial flux ANF-1P and calcium
fluoride OSCh-5-2 (TU-6-09-2412-72) were used as
main components of slag, while metal calcium of
99.5 % purity and TSGM were used as additional
components |27]. Additions were added to the flux
by mixing an adding component to the initial main
component before the melting beginning. To create
the furnace atmosphere the following clements were
used: gaseous argon with a volume share of argon
> 99.992, oxygen < 0.0007, nitrogen < 0.005 %; gase-
ous nitrogen with a volume share of nitrogen = 99.99,
oxygen < 0.0007, argon < 005 %. Gas pressure in
furnace chamber was maintained at the 101 kPa level.

Transverse 10 mm thick templets were cut from
the produced ingots at 15 and 90 mm height from
their bottom part and then the chips were taken from
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Melting Composition of initial flux components, % | Furnace atmosphere Content of elements in metal, wt.%
No. N o s
Initial metal 0.0061 0.0186 0.0143
1 ANF-1P — 100 Air 0.0075 - 0.0046
0.0066 0.0161 0.0053
2 ANF-1P — 89.3 0.0134 - 0.0039
Ca — 6.0 Same 0.0088 0.0183 0.0067
TSGM — 4.7
3 CaF, — 93.75 Argon 0.0023 - 0.0025
Ca — 6.25 0.0044 0.0071 0.0019
4 CaF, — 93.75 Nitrogen 0.0182 - 0.0030
Ca — 6.25 0.0265 0.0094 0.0026
5 CaF, — 100 Same 0.0127 - 0.0080
0.0090 0.0105 0.0145
6 CaF, — 97.4 » 0.0080 - 0.0096
TSGM — 2.6 0.0071 0.0179 0.0116
Note. Above the line the element content in sample taken at 15 mm level from the ingot bottom is given, under the line — the same at
90 mm level from the ingot bottom.
them to analyze the sulphur and nitrogen content in v,
metal. To determine the oxygen content the standard =k a p]fz ) 3)
samples were manufactured from the templet axial
part. Content of gases was examined by a standard For nitrogen the expression (3) takes a form
procedure in LECO units TC-300 and EF-300. Error : .
in determination of nitrogen and oxygen content was _ 2 2
100 wt.%. Sulphur content was evaluated by the (N) = o Py, Pr, - (4

method of infrared spectroscopy using a standard pro-
cedure in LECO unit CS-200, the error in determi-
nation was 2000 wt.%. Each determination was made
not less than 3 times. Results of chemical analysis of
metal after ESR are given in the Table.

Discussion of results. During remelting in air
(melt No.1) the nitrogen content in steel is not almost
changed, though the oxygen content is decreased that
is evidently due in the open process to the assimilation
of oxide inclusions by a slag . At similar remelting in
nitrogen atmosphere (melt No.5) a small increase in
its content in the remelted metal is observed.

Remelting under the Ca-containing slag in argon
atmosphere (melt No.3) leads to an abrupt decrease
in content of controllable impurity elements in steel:
oxygen, nitrogen and sulphur. In adding metal cal-
cium to slag and in nitrogen remelting the metal is
saturated with nitrogen from the gas phase (melt
No.4). However, when TSGM is added (melt No.2,
6) the effect of nitrogen «pumping» is not confirmed.

In our opinion, this nitrogen behaviour is ex-
plained by the composition of slag system used for
remelting: we used a fluoride system, and theoretical
considerations were made on the basis of analysis of
nitrogen behaviour in oxide slags. It can be assumed
with a high probability for the fluoride system or
fluoride-oxide systems with a dominating fluoride
part similarly to the laws set for oxide phases (ex-
pression (1)), that the activity of component in slag
depends not only on its concentration, but also on a
partial pressure of fluorine over the slag melt:

4 E[.I"}(."[‘ ROMETALLURGY

To define the direction of fluorine flow in the
process of ESR, we calculate the value of an equilib-
rium partial pressure of fluorine at the slag—gas and
metal—slag interfaces. Under conditions of open ESR
process using a fluoride slag the equilibrium fluorine
pressure at the above-mentioned interfaces is deter-
mined by the equilibrium of reaction of formation of
calcium fluoride being a slag base:

fCafl + [Ffi= (CaF,) . (5)

Gibbs energy (J/mol) of equation (5) has the
following dependence on temperature [16]:

AGg=—970000 +84 T . (6)

High values of constant of equilibrium of reaction
(6) — Kg=4.600° at 1873 K and Kg = 9.100”" at
1973 K indicate about very low values of partial pres-
sure of fluorine at both phase interfaces. Absence of
a very strong reducer of calcium fluoride both in gas
and in metallic phases stipulates the equality of partial
pressures of fluorine at the phase interfaces consi-
dered.

At TSGM adding to the slag surface the equilib-
rium of reaction (5) due to carbon fluorides formation
is not disturbed:

Cinterface T 2 (CaFZ) = ECF/E + E(:aﬁ ; (7)

(8)

Therefore in metal of melts No.2 and 6 the nitrogen
content is close to its content in a reference ingot
(melt No.1).

AG; = 36800 +67.5T > 0.

4/2002
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When metal calcium is added to the slag compo-
sition, we shift artificially the equilibrium of reaction
(5) towards the initial substances. Here, it is possible
to calculate the fluorine partial pressure over a Ca-
containing slag, assuming partial pressure of calcium
in the first approximation to be equal to 101325 Pa:

_ 4(CaF,)

o= _ )
P(‘ﬂ PF2

Value of fluorine partial pressure at the gas—slag in-
terface is determined from the following expression:

_ Q(CaFy) _ a(CaF,)

P =
"7 K Pea O

(10)

Let us assume the activity of calcium fluoride to
be equal to unity and the temperature of slag—gas
interface — to 1973 K. Then, the partial pressure of
fluorine at the gas—slag interface will be PFI2 =
=1.100 "7 pa.

To consider the fluorine behaviour at slag—metal
phase interface, let us assume the following: base of
the molten metal is iron, concentrations of rest ele-
ments are neglected; fluorine solution in molten iron
is infinitely diluted.

Taking into account the distribution of calcium,
added to the initial flux, between phases of the system,
the behaviour of fluorine at slag—metal interface can
be described by reaction

[Calpe + 2 [Flr = (CaF,). (11)

This reaction can be presented as a sum of reaction
(5) and the following reactions:

Ca = [Calyp.; (12)

AG,, = 163200 — 58.6 T [19]; (13)
1

§F2 = [Flge ; (14)

NG, =A + BT. 15)

Taking into account the above-given assumptions,
the value of parameter A in formula (15) can be set
equal to the value of initial heat of fluorine dissolution
in a molten iron which can be estimated using method
Miedema |28, 29) by formula

4/2002
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3
2VFP
AHY =1 T X

3 3
s, T Nws,

(16)

1 [
, D
X 0= (kre = Rp)” + Q Hiws, — tws,H ~ aR[H,

where Vi = 14.61 cm®/mol is the molar volume of
fluorine [30]; nws, = 5.54 is the clectron density at
the boundaries of atomic cell of Wigner—Seitz, con-
ditional units of density [31]; kg, = 4.93 [28] and
kg = 3 [30] are the electronegativity of elements, re-
spectively; p = 14200 J /mol | 28], Q = 9400 J /mol
and R =0[29] are the parameters of Miedema’s model;
a is the coefficient taking into account the aggregate
state of solution, for liquid solutions @ = 0.73 |29].

Value of electronic density at the boundaries of
atomic cell of Wigner—Seitz for fluorine was deter-
mined by empiric correlation relationship found by

Miedema |31]:
1
s, = 8.2007° g}g ,

where B; is the volume modulus of compression,
kg /cm?, which is determined from expression [32]

a7

g |
B, = B350 (dyn/en?) = P13 0197, (18)
O/ a0 0/ a0

where aq is the Bohr radius; 7, is the radius of sphere,
whose volume is equal to the volume falling on one
electron of conductivity:
1
O3 B

=G0
ERANN (19)

¥s

where n; is the density of electron gas in study of
element dissolving in a metallic state:
_Npzip!

4 (20)
nl Al ’

where Ny = 6.022010% is the Avogadro number; z; is
the number of valence electrons, zg = 1; pj* is the
density of element dissolving in metallic state, for
fluorine the density is taken in solid state pr =
= 1.3 g/cm®; A; is the relative atomic mass.

It was obtained as a result calculation that the
initial heat of fluorine dissolution in molten iron is
314766 J/mol. Using the statements of theory of
quasi-regular solutions, we shall obtain the isobar-
isothermal potential of expression (15) with numeri-
cal values:

1)

Then, the expression of this potential for reaction
(11) will have a form:

AG,, = 314766 — 45 T.

AGg = AG:, - AG10 - 2AG12 = _1762732 + 233 T. (22)

E[.E(‘T ROMETALLURGY 5
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From expression of constant of equilibrium reac-
tion (11)

Cl(can) (23)

Kg =
a[Ca] T

at the assumption that temperature at slag—metal in-
terface is 1873 K, the activity of calcium in melt is
equal to its solubility in a pure molten iron, i.e.
0.0001 wt.% [33], and the activity of calcium fluoride
in slag is equal to 1, we shall find the partial pressure
of fluorine at slag—metal interface PIFI2 =5.6007" Pa.

Comparing the partial pressure of fluorine at diffe-
rent slag phase interfaces, we state the presence of gra-
dient of fluorine concentrations directed to metal that
leads to the appearance of fluorine flow directed from
the metal. The fluorine flow in its turn causes the for-
mation of the nitrogen flow directed opposite to it.

Thus, it is possible to realize the alloying of metal
remelted with nitrogen from a gas phase in ESR in a
chamber furnace in nitrogen atmosphere using slags
of Ca—CaF; system at the expense of «pumping» ef-
fect.
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APPLICATION OF MAGNETODYNAMIC UNIT
IN THE TECHNOLOGY OF ELECTROSLAG CLADDING
OF STEEL MILL ROLLS USING A LIQUID METAL

V.I. DUBODELOYV, V.K. POGORSKY, V.K. SHNURKO, P.I. ZAGOROVSKY, V.B. SHABANOYV,
0.V. SVIRIDOV, V.E. PANCHENKO and V.G. GAPONOV,
Physical-Technological Institute of Metals and Alloys, NASU, Kyiv, Ukraine

Different types of equipment for steel casting are considered. The use of a magnetodynamic unit for overheating and
pouring of iron-carbon alloys as a link in the technological diagram of the electroslag cladding of mill rolls is offered.

Key words: magnetodynamic unit, electroslag cladding,
liquid (molten) metal, mill roll, steel, metal heating, casting
(pouring)

The electroslag cladding of steel parts using a liquid
metal belongs to one of the most effective technologies
in special electrometallurgy [1]. Realization of this
method in industry requires the use of units for a
controllable feeding of liquid filler metal into a
mould. Analysis of the process of electroslag cladding
of steel parts shows that the pouring unit should sa-
tisfy the following requirements: uscful capacity of
not less than the mass of one layer of cladding; fea-
sibility of long-time holding and, when necessary,
melt preheating up to 1550-1600 °C; provision of
continuous or periodic portion feeding of melt into a
mould with a preset consumption.

In steel-making industry the molten steel is poured
mainly by ladles with usc of bottom-tap devices or a
gate to control the melt consumption or to cut off the
jet. This cquipment for the technology with a long-
time cycle of steel pouring with small portions (1—
10 kg) and consumption (0.1-5.0 kg) is not suitable,
because it is difficult to realize these conditions using
above-mentioned executive mechanisms.

Electric technological units, including those of
magnetodynamic type, which are widely used in foun-
dry in manufacturc of castings from non-ferrous alloys
and cast iron, meet most completely the above-men-
tioned requirements [2].

The known magnetodynamic units used for pre-
heating and pouring of molten cast iron can serve a
basis for the creation of similar equipment for steel
pouring. In some case, in pouring of high-carbon al-
loyed grades of steels with 1450-1500 °C liquidus
temperature in particular, they can be used without
significant changes in design.

In optimizing the process of electroslag cladding
of steel mill rolls of 700-800 mm diameter the tech-

nological diagram envisaged the use of an electric
furnace, magnetodynamic unit for holding and pre-
heating of melt and intermediate chute for feeding
the liquid metal into the mould (Figure).

For practical realization of rolls cladding with ac-
count for requirements of the technology, chemical
composition of filler melt and temperature of its pour-
ing, the magnetodynamic unit of the MDN-6c¢h-3.0-2
type was used.

The selection of this unit was stipulated by the
fact that useful capacity of the unit crucible guaran-
teed the necessary stock of liquid metal, the inductor
power allowed its heating and long-time holding at
1500—1550 °C temperature, and the clectromagnetic
system provided the metal consumption in pouring
up to 57 kg/s. In addition, this unit could, when
necessary, correct chemical composition of the melt
by adding ferroalloy and charge materials. The unit
of the above-mentioned modification was cquipped
with an induction part which included an inductor,
clectromagncet, refractory block with a E-shaped chan-
nel and two pouring lips.
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Layout of equipment in electroslag cladding of mill rolls: 7 —
electroslag furnace; 2 — chute for melt feeding to the mould; 3 —
magnetodynamic unit

*Idea of use of the magnetodynamic unit in the technological process of electroslag cladding with liquid metal of mill rolls belongs to

Prof. Boris I. Medovar.
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The experience of application of magnetodynamic
units for pouring of low-carbon steel showed that
their serviceability depends mainly on the life of re-
fractory lining [ 3]. Therefore, a special attention was
paid during experiments to the problems of technology
of manufacture, resistance and service life of the lining
in parallel with study of peculiarities of operation of
electromagnetic systems of the equipment used for
mill roll c¢ladding.

In testing technology of electroslag cladding of
steel mill rolls with a working layer from high-speed
steel [4] the lining of the crucible working layer and
unit channel was manufactured from mullite-corun-
dum mass with a high content of aluminium oxide.
Before putting this unit into operation the lining was
heated up to 900—-1000 °C with gas torches, mounted
in the crucible. Heating of the channel lining was
made by injection of overheated air from the crucible
working space into the channel cavity. To decrease
the heat load, to prevent thermal shock on not yet
sintered working layer of lining, the unit was put into
operation using Fe—C mclt with a high content of
carbon and silicon.

The initial metal was melted in arc furnace. At
the 1550 °C melt temperature in furnace, it was poured
into a bottom-tap ladle and fed to the magnetody-
namic unit. 2000 kg of melt was poured into the unit
crucible, its temperature in this case was reduced by
100150 °C. Inductors for metal preheating were
switched on. After 20—30 min the metal temperature
in the unit was stabilized and then increased as a
result of its induction heating in channels and heat
transfer to the crucible due to magnetohydrodynamic
and convective flows in the channel—crucible system
of the unit.

After sintering of the lining working layer the
peculiarities of operation of the magnetodynamic unit
using molten steel, in particular characteristics of
electromagnetic systems, conditions of heating and
stabilization of melt temperature, effect of techno-
logical parameters on accuracy of proportioning and
chemical composition stability were determined.

Nature of change of metal temperature in the unit
depending on the supplied power was studied. It was
established that, by changing the total power of in-
ductors within the 110-230 kW ranges, it is possible
to control the melt temperature in the conditions of
holding and pouring, and also during adding of al-
loying clements to the melt for correction of its chemi-
cal composition.

In cladding of a pilot batch of mill rolls the initial
melt was produced in arc furnace and the alloying
clements were added for making steel of a chemical
composition required by the technology. At 1600—
1620 °C temperature in the furnace the molten steel
was poured into a bottom-tap ladle and then poured
into a magnetodynamic unit, from which the sampling
was made for the melt chemical analysis. When ne-
cessary, the ferroalloys were added to the unit crucible
to correct the steel chemical composition. The main

8 EI.P}("I‘ROMl-;’[‘.-\LL(.‘RGY

technological parameters, which should be provided
by the unit in roll cladding, are the stability of chemi-
cal composition, temperature of pouring and mass of
poured portion of filler melt for increment.

In steel pouring into the mould the constant clec-
trical parameters were mainly maintained in electro-
magnctic systems of the unit. After melt pouring from
the unit its mass was decreased. This led to some
increase in metal temperature. If necessary, the tem-
perature of the melt was corrected by changing supply
voltage of the induction part by 30—-40 V.

Before the roll cladding the melt portions, poured
by each lip of the unit, were calibrated, and such
supply voltages of electromagnetic systems were set
which provided the minimum deviation of mass por-
tion from the preset value.

According to the technology developed for steel
mill roll cladding, the steel melt was fed to the mould
by portions using a magnetodynamic unit with a cycle
of a portion pouring by a preset program. Command
for portion pouring was given by an operator from
the control panel equipped with a computer system
of diagnostics of technological parameters of the roll
cladding process. The value of portion was corrected
by an operator, changing the time of proportioning.
The melt was fed to the mould in an intermediate
chute. At its cleaning from scrap, a sparce chute was
used. Here, the voltage was supplied to an additional
clectromagnet. 2.0-2.2 t of wear-resistant material
were deposited on the steel roll surface during 3.0—
3.5 h. In non-working shifts the unit was operated in
the condition of steel holding. In this case, the voltage
for induction part of the unit was reduced and melt
temperature in the range of 1450—1480 °C was kept.

The complex of works made it possible to define
the rational technological paramcters of the process
of pouring high-speed steels and confirmed the ser-
viccability of the used magnetodynamic unit. This
gave an opportunity to create an effective domestic
complex of clectroslag cladding of working mill rolls
of 700-800 mm diameter and 2000—2500 mm length
of working part and to organize the serial producing
of rolls whose wear resistance 4-4.5 times increases
the wear resistance of rolls manufactured by the tra-
ditional technology [4, 5].
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APPLICATION OF ELECTROSLAG PROCESS WITH
NON-CONSUMABLE ELECTRODES FOR MELTING,
REFINING AND TREATMENT OF METALS.
Part 1

F.K. BIKTAGIROV
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Technologies of electroslag treatment of metals in which the electroslag process is realized using non-consumable
electrodes are considered. The capabilities of electroslag heating and refining of molten metals to improve the metal

production quality are shown.

Key words: electroslag process, non-consumable electrode,
electroslag casting, refining, heating, metal quality

Electroslag remelting and other varieties of melting
in a slag melt of the consumable electrode have found
a wide spreading as effective processes of improving
quality of metal products which is attained also owing
to metal refining with a slag. In these technologies
the slag is heated by a heat generated in it during
passing the current supplied by one or several metal
clectrodes which are current-carrying clements and
objects of melting simultaneously. At the same time,
because of various reasons, there appears often a need
in slag hcating without the usc of the consumable
electrode. These reasons may be, for example, impos-
sibility, complexity or expensiveness in manufacture
of the consumable electrode; absence of need in ad-
ditional enter of molten metal from the consumable
electrode; impossibility of fulfillment of requirements
for the composition and temperature of slag in usc of
the consumable clectrode. Therefore, the technologics
based on conductance of the electroslag process using
non-consumable clectrodes were developed at the
E.O. Paton Electric Welding Institute in parallel
with a classical clectroslag remelting. Typical graphi-
tized electrodes are used more often as the latter, but,
when necessary, the metal water-cooled clectrodes
with a working part of different current-conducting
materials, including refractory metals, immersed into
a slag melt, are used.

Electroslag technologies with non-consumable
clectrodes used for melting, refining and casting of
metals can be divided conditionally into two large
groups. The first group includes technologies where
the molten metal, preliminary prepared in any melting
unit, is subjected to electroslag treatment. The second
group includes technologies where the initial metal
is in a solid state and its treatment is accompanied
by a partial or complete melting. Technologies related
to the production of ingots from steels and alloys are
most typical of the first group. This is electroslag

© F.K. BIKTAGIROV, 2002
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heating of a head part of ingots, electroslag casting
and portion electroslag casting.

The aim of the electroslag heating is to decrease
the shrinkage cavity and to reduce the top discard.
The technology of electroslag heating was successfully
implemented by the associates of the PWT at several
metallurgical and machine-building plants as far back
as at the end of the 1950s and beginning of the 1960s
of the last century [1, 2]. Technological scheme of
electroslag heating is presented in Figure 1. A special
water-cooled or lined hot top is mounted on a cast
iron mould. After filling this hot top with a molten
metal the slag is melted using non-consumable elec-
trodes. During ingot formation its head part is heated
with an overheated slag and the metal is maintained
in this region in a molten state.

The electroslag heating improves the structure of
the head part of the ingot and prevents the appearance
of coarse defects of a shrinkage origin, thus providing
the decrease in a top discard and increase in the cffi-
cient metal output. At the same time the electroslag
heating does not influence in principle on the forma-
tion of other defects typical of ingots of the traditional
methods of production. It can be only noted that the
refining of metal volumes adjacent to the slag is oc-
curred in this case and some decrease in the zone of
a negative liquation in the ingot bottom part is ob-
served.

To increase the quality of the metal products more
significantly a method of electroslag casting (ESC)
has been developed [3, 4]. The principle of this method
is as follows. A slag pool is set and heated to the
required temperature in a water-cooled mould using
non-consumable electrodes (Figure 2). Then, a molten
metal is poured through a slag into the mould, which
is solidified during the electroslag heating under the
condition of removing the shrinkage cavity with a
gradual decercase in power supplied to the slag pool.
After heating completion and complete solidification
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Figure 1. Scheme of electroslag heating of a head part of ingot: 7 — electrodes; 2 — hot top; 3 — molten slag; 4 — mould; 5 —

molten metal; 6 — solid metal; 7 — solid slag

of the slag and metal the ingot produced is withdrawn
from the mould.

Using this general technological diagram, the real
realization of this method can be different. For ex-
ample, all the described method can be performed in
a water-cooled mould mounted on a flat water-cooled
bottom plate. Or, a conventional cast iron mould can
be mounted on a water-cooled bottom plate including
all the volume of a slag melt, and different types of
hot tops are mounted on this mould. The casting can
be performed both into a movable mould, when the
level of the metal poured is kept constant and to a
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fixed mould. In the latter case the current-carrying
electrodes are gradually moved upward during the
mould filling. Slag can be mclted from initial solid
components directly in a mould or in a separate flux-
melting furnace and poured to the mould before the
metal casting. Electrical diagram of the electroslag
heating can be single- or three-phase with different
methods of electrodes connection to the power source.

In spite of many variants of the ESC methods,
they have common features defining the quality of
the ingots produced. Firstly, the metal is treated in-
tensively with a slag, entrapped into the thickness of
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Figure 2. Scheme of electroslag casting of ingots
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metal melt being poured by a stream. Calculations
and model experiments showed that during this period
from 2 to 5 % of all the amount of slag is available
in the metal pool, and the reaction surface of the
interacting phases is increased of tens and hundreds
times. Secondly, during electroslag casting the slag
protects metal from a direct contact with the sur-
rounding atmosphere that reduces its oxidation and
probability of formation of sccondary non-mectallic
inclusions. In addition, inclusions of endogeneous and
exogencous origin are assimilated with a slag both in
casting and during all the period of the ingot forma-
tion. Thirdly, in mctal casting under slag a thin slag
layer, a skull, is formed between the ingot lateral
surface and mould, that promotes the formation of a
defect-free surface of the ingot.

The above peculiarities of the electroslag casting
provide a complex improvement of the quality of in-
gots produced. Numerous investigations of ESC ingots
of mass from 2 to 75 tons, produced from roll, stamp,
rotor, ball-bearing and stainless steels, and also heat-
resistant alloys confirm this. At a properly sclected
technology there is no closed shrinkage cavity in the
ESC ingots. In the head part only a negligible cup-like
depression is available whose sizes in axis do not ex-
ceed 3=5 % of the total ingot length. The bottom part
of ingots is dense and homogencous due to cooling
action of the bottom plate, therefore, there is no need
in a bottom discard. However, the head part of ESC
ingots is either not removed or removed very little.
The surface of the ingots produced is smooth, without
cracks, corrugations, films and solidified metal spat-
ters, that almost excludes the need in its trimming or
cleaning before subsequent processing. Distribution
of elements in height and section of these ingots is
more uniform, and a zonal and different types of a
local chemical inhomogeneity, in particular V- and
A-shaped liquation, are expressed not so clearly as in
similar ingots of the conventional production. Con-
tent of sulphur and non-metallic inclusions in metal
of ESC ingots is 1.5-2 times lower than in a ladle
sample [5].

The improvement of quality of ESC ingots has a
positive effect on service properties of products manu-
factured from them. Thus, mechanical properties, in
particular characteristics of ductility and impact
strength of structural and stainless steels are increased
by 15-25 %, and the service life of dies and cold mill
rolls is increcased by 20-40 %. The ESC mcthod is
especially effective in production of ingots from com-
plexly-alloyed stecls and alloys, as the extra expenses
are well compensated by metal saving due to increase
in cfficient metal output and climination of the surface
cleaning.

ESC provides good conditions of formation of a
crust zone and metal refining from non-metallic in-
clusions and harmful impurities, improves the struc-
turc of hcad and bottom parts of the ingot. However,
it does not make it possible to influence actively on
conditions of solidification of the ingot central re-
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gions. The appearance of several defects of structure
of steel ingots is associated often with those processes
proceeding in these mentioned zone, in particular with
the formation of an extended two-phase zone. In so-
lidification of mectal, poured into the mould, the
boundary of beginning its solidification (liquidus
linc) after removing of inner heat of overheating, is
moving quickly upwards that causes the formation of
a wide region of a solid-liquid state. In ESC the li-
miting effect of heating on movement of the solidifi-
cation front is valid only for the depth of 1,/3-1 /2
of the ingot diameter, therefore, the underlaying vo-
lumes of metals are solidified almost at the same con-
ditions as in the conventional ingot.

It is known that one of the main means of improving
the physical and chemical homogeneity of the ingot is
the organizing of successive solidification of metal in a
vertical direction using a shallow metal pool and high
temperature gradient in it. To attain these conditions a
method of a portion electroslag casting (PESC) has
been developed at the PWI |6, 7].

It differs from the ESC by that the metal is poured
into the mould not at once, but in several procedures.
Firstly, the first portion is poured through a molten
slag, which fills only a part of the mould volume
(Figure 3). After this pouring the metal mirror is
subjected to electroslag heating using conditions
which keep the portion upper part molten. Here, the
poured metal is solidified gradually upwards. After a
definite time, when a small amount of molten metal
is remained under the slag layer, the second portion
of metal is poured to the mould which is also subjected
to holding at the electroslag heating and solidified in
an axial dircction. The similar pouring of metal with
small portions is repeated until the full filling of the
mould. At the final stage of formation of PESC ingot
the power supplied to the slag pool is decreased gradu-
ally to remove the shrinkage cavity.

Using this method of ingot casting there is a fea-
sibility to provide upward successive metal solidifying
with a presence of a comparatively small metal pool
at each moment of time. With a change in such PESC
paramcters, as volume and height of portions, time
of holding, temperature of slag pool can govern the
process of solidification and create the favourable con-
ditions of the ingot formation.

The PESC method has passed a comprehensive
experimental-industrial testing in production of in-
gots of mass from 5 to 200 t and of different steel
grades. Under optimum conditions of the electroslag
heating, especially in the period before the pouring
of next portion, the ingots produced had a good sur-
face, at which the interface between the portions was
distinguished in the form of not deep smooth narrow-
ing of up to 2-3 mm. They did not make obstacles
for the further processing of ingots and did not require
any preliminary machining.

Examination of macrostructure and sulphur prints
of longitudinal axial templets showed that there is
no V-shaped liquation and other axial defects in the
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Figure 3. Scheme of a portion electroslag casting: 7 — non-consumable electrodes; 2 — mould; 3 — slag pool; 4 — bottom plate; 5 —

primer; 6 — skull; 7 — metal pool; 8 — solid metal

form of porosity, clusters of segregates and inclusions
in the PESC ingots produced even from steels having
a wide interval of solidification (such as ShKh15,
9Kh and 9KhM) unlike the traditional ingots. An
off-axis A-shaped liquation is either absent or ex-
pressed slightly, which is shown in the sulphur prints
in the form of separate short lines. The shrinkage
cavity in the head part is absent, and the density of
the cast metal of the PESC ingots is much higher
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Figure 4. Density of cast metal of a conventional (¢) and PESC
(b) ingot
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than that in ingots of a conventional casting. It this
casc it is not decreased abruptly from the surface to
the center, but it has often the tendency to the increase
in this dircction (Figure 4). The metal refining with
a slag under the PESC conditions is more cffective
than that in ESC. This is explained by smaller volumes
of metal poured through the slag and longer metal
holding under the slag. The content of sulphur and
sulphide inclusions is reduced usually by 2-3 times
and oxide inclusions — by 1.5-2 times, and their
distribution in hcight and scction of the PESC ingot
is comparatively uniform.

Taking into account that the PESC ingot consists
as if of scparate molten-state fused parts, a special
attention was paid to the examination of quality of
the transition zone between the portions. It was re-
vealed that the ingot macrocrystalline structure can
be different depending on the physical-chemical pro-
perties of the casting metal. In one case a narrow zone
of fine-grained crystals is formed by the contour of a
metal pool which existed by the moment of pouring
the next portion, and then the column crystals are
followed. In another case the structure of ingots is
approximately the same, but the fine crystals are not
formed at the interface between the portions. In the
third case the crystals change only their orientation.

However, during examination of the microstruc-
ture the zone of fusion was not revealed. This zone
was not also revealed on the macrotemplets after treat-
ment of ingots by pressure (forging, rolling) and heat
treatment. It was cstablished that the visible condi-
tional interface between portions during macroctch-
ing of the initial metal is not a defect of the PESC
ingot structure, but it reflects only the change in heat
conditions of formation of the primary crystalline
structure. Morcover, the examination of the chemical
composition, density and mechanical propertics
showed that the metal in the transition zone possesses
the better characteristics than those beyond it.
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High quality of the PESC ingots is attained owing
to the favourable conditions of metal transition from
liquid to solid state. Figure 5 presents, as an example,
the results of a mathematical modelling of change in
depth of metal pool, H, and extension of two-phase
zone in an axial zone, B, of 75-ton PESC 1800 mm
diameter ingot produced from rotor steel. At total
length of more than 3500 mm the pool depth on
liquidus line does not exceed 1300 mm, and maximum
size of two-phase zone is only about 150 mm. For
comparison, according to data of [8] the coarse
liquation defects are observed in that case in ESR of
50-ton ingot produced from the similar class of metal,
when the distance between the isotherms of liquidus
and solidus exceeds 200-300 mm. The examination
of dispersity of structure of the mentioned PESC ingot
showed that the distance between the secondary axes
of dendrites, and this paramcter being closcly associ-
ated with sizes of the two-phase zone, is varied from
0.18-0.25 ncar the surface up to 0.35-0.45 mm in
axial zones. In addition, the density of a dendritic
structure is increased in the zones of coalescence of
portions. The similar data of crystalline structure of
ingots of conventional production arc much worse,
that is proved by comparison of characteristics of a
dendritic liquation, reflecting the conditions of for-
mation of a primary structurc (Figurc 6). As is scen,
the PESC metal is close by this parameter to the ESR
mctal and greatly superior to the conventional metal.

Purity, density and homogeneity of the PESC me-
tal contribute, naturally, to the mechanical propertics
of products, manufactured from them, whose level
exceeds usually the requirements of technical speci-
fications. Moreover, the combination of high strength
and ductility is characteristic here, which is very im-
portant sometimes for a number of domestic critical
products, such as cold mill rolls or turbine rotors.
The high quality of the PESC metal allows sometimes
its use even without a pressure treatment. For exam-
ple, the service life of dies (steel of 5 KhNM grade)
manufactured of PESC ingot of 5 t mass is not inferior
to the serviceability of dies manufactured from a
forged metal of a conventional production.

The portion electroslag casting is used mainly for
production of large forge ingots as a means of pre-
vention of defects of liquation and shrinkage origin,
whose formation in a conventional casting is increased
with increase in the ingot mass. However, this casting
is not less effective also in producing comparatively
small ingots of mass of several tons, in particular from
metals susceptible to liquation and formation of a
coarse cast structure during the process of solidifica-
tion. Metal pouring by portions and their fusion in a
molten state can also be a way of enlargement, making
it possible to produce billet of a much larger mass,
as was shown on the example of producing ESC ingots
of nickel, using a melting unit of a comparatively low
capacity 19, 10].

Except the above-described methods of casting of
ingots, the clectroslag process with non-consumable
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Figure 5. Change in depth of metal pool (1) and width of two-phase
zone (2) in process of PESC of 75-ton ingot from rotor steel

clectrodes is also used successfully for other types of
treatment of molten metal, for example, for refining
and overheating of copper, copper and aluminium al-
loys, cast iron |11]. In this case a slag pool is set in
a special lined vessel, then a molten metal, melted in
induction furnace or other melting unit, is poured
into this vessel. During pouring an intensive stirring
of slag and mectal and refining of the latter are oc-
curred. Further, the metal melt is subjected to holding
under the slag heated by non-consumable clectrodes,
that makes it possible to realize a controllable metal
heating and its additional trcatment, including ingre-
dients specially added to slag or metal. The molten
metal prepared is periodically or continuously poured
from the melting vesscl.

According to data of [11], in electroslag treatment
of molten copper the concentration of oxygen is re-

KMe
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Figure 6. Change in coefficient of dendritic liquation, K, of mo-
lybdenum (&) and chromium (b) in section of rotor steel ingot of
75-100 t mass: 1 — conventional ingot; 2 — PESC ingot; 3 —
ESR ingot
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duced by one order, sulphur and non-metallic inclu-
sions are reduced by several times in it. In similar
treatment of aluminium alloys the gas saturation and
contamination of metal are decreased. For example,
in alloy Al-6.2Mg the contamination with oxide films
was reduced from 0.294 to 0.003 mm? /cm? [12]. It
is considered that the electroslag refining is most ef-
fective among the known methods of purification of
aluminium alloys. In electroslag treatment of cast iron
the effect of modifying metal with Mg- and Ca-con-
taining components of slag is attained, except decrease
in concentration of gases, non-metallic inclusions and
sulphur [13]. It is expressed in refining of precipita-
tions of graphite and changing its shape from plate-
to more favourable vermicular-type. Duc to this, when
necessary to produce graphite of a nodular shape in
cast iron the consumption of modifiers (cerium, mag-
nesium, REM and others) can be decreased approxi-
mately twice. As a result, the metal modifying, in-
crease in its purity and temperature promote increasc
in strength and ductile properties of cast iron and
quality of products produced.

Method of electroslag heating of steel in an inter-
mediate ladle (tundish) in continuous pouring is very
similar by the design and technological procedures to
the methods of electroslag treatment of non-ferrous
metals and cast iron [14]. The aim of this heating is
the compensation of heat losses from the intermediate
ladle and keeping the metal temperature in narrow
ranges during long time. This is very important from
the point of view of stabilization of the process of
pouring, especially at metal temperatures close to the
liquidus temperature. In use of the slags of CaFo—
CaO—Al,035-Si0; system, typical of electroslag pro-
cess, the metal heating occurs simultaneously with its
refining from sulphur. From the data of authors of
the present work the concentration of sulphur is de-
creased from initial 0.015-0.025 to 0.005-0.010 %.
In addition, these slags assimilate non-metallic inclu-
sions, in particular aluminium oxides, that reduces
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greatly the hazard of sticking of pouring sleeve lip
with metal.

The above-described examples of electroslag treat-
ment of molten metals prove wide opportunities in
use of similar technologies for improving quality of
metal products. The application of clectroslag process
with non-consumable electrodes is not less effective
for melting and refining of solid metals. This infor-
mation will be given in Report 2 of this article.
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NEW METHOD FOR DISPERSING THE MELT
IN ELECTRON BEAM UNITS AND EQUIPMENT
FOR ITS REALISATION

G.V. ZHUK and N.P. TRIGUB
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

New method for dispersion of the melt from a cold hearth during the electron beam remelting process has been developed.
Technological fixture for its realisation in the electron beam furnace has been manufactured. The process of producing
aluminium alloy AMg1 ingot by the new method is described. Macro- and microstructures of the resulting sample have

been examined.

Key words: electron beam unit, melt dispersion, rapid solidi-
fication, technological fixture

Current metallurgical technologies provide for forma-
tion of structure and properties of metal at the stage of
its melting. This allows subsequent technological costs
related to thermomechanical treatment of ingots or cast-
ings to be minimised. This factor is especially important
for multi-component alloys (high-temperature, heat-re-
sistant, corrosion-resistant, etc.). The target in melting
such alloys is to provide a refined structure and avoid
structural and chemical macro- and microheterogeneity.
One of the ways of achieving this target consists in
increasing the number of crystallisation centres in so-
lidification of the metal melt by raising initial cooling
rates [1]. Under clectron beam remelting conditions the
metal cooling rate during solidification can be substan-
tially increased by using the method for dispersion of
the melt from the consumable billet surface |2]. The
main drawback of this method is that it is ncecessary to
preliminarily make a cylindrical billet and that the billet
should meet high requirements for alignment and surface
finish.

The E.O. Paton Electric Welding Institute has
developed a new method for dispersing the metal melt

;

Cold hearth

o o d
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directly from the cold hearth by using a rotary drum-
type mould (divider) (Figure 1).

The point of the method is as follows. Mclting of
a consumable billet or a charge takes place in the
clectron beam unit like in clectron beam remelting.
Both bulk matcrials (scrap, sponge scmi-finished
products) and solid welded billets (in the case of
alloying the base metal of an alloy) can be used as
raw materials to be remelted. The consumable billet
is fed by the feed mechanism to the melting zone,
where it is melted under the effect of electron beams
to flow to the cold hearth. A metal pool is formed in
the cold hearth after building-up of the skull. The
pool is maintained by heating with the scanning elec-
tron beams. Molten metal accumulated in the cold
hearth is poured to the rotary drum-type mould, where
it is built-on in the form of the skull to a required
thickness. Then the drum-type mould is imparted a
high rotation speed (about 2000 rpm), and the skull
surface is melted by the concentrated electron beam.
The molten metal is stripped under the effect of the
centrifugal forces from the skull surface to flow along
a line tangent to the focal spot of the concentrated
electron beam in the form of a jet of dispersed liquid
droplets. The jet of these droplets, having a small
diameter (about 1 mm) and high speed (about
10 m /s), is directed to the forming surface (mould).

Figure 1. Schematic of dispersion of the melt from the cold hearth  Figure 2. Technological fixture inside the work chamber

© G.V. ZHUK and N.P. TRIGUB, 2002
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Figure 3. Upgraded electron beam unit UE-208

In the mould the droplets spread into a thin layer
(= 0.1 mm thick) under the effect of the pressure head
and solidify with no formation of the liquid pool.
Water-cooled hearth (to produce ingots), metal plate
(to produce bimetal compositions), groove of parts
to be welded (for welding), or a frame of hardening
clements (to produce composite materials) can be used
as a mould.

The new method for dispersion from the cold hearth
was realised using the upgraded unit UE-208 |3]. The
dispersion mechanism is mounted on the unit. Physi-
cally, the mechanism consists of a dispersing drum-type
mould with replaceable working surfaces (titanium,
copper), system for imparting rotation using a vacuum-
tight adapter, electric motor and control system.

The drum-type mould is mounted on the shaft us-
ing a special fixation system to minimise heat transfer
from the working surface of the drum-type mould to
the shaft. In turn, the shaft is sccured in bearings on
supports fixed on the frame of the unit (Figure 2).
Three-phase asynchronous motor with a power of
2.2 kW is located outside the unit (Figure 3). Rota-
tion is transferred from the motor to the drum-type
mould using a flexible gear via the vacuum-tight
sleeve built into the cooling jacket of the work cham-
ber of the UE-208 unit. The rotation mechanism is
controlled using the electronic system «Razmer». In
this case the speed of rotation of the divider can be
gradually regulated within a range of 0 to 2500 rpm.
Connections are made in the ingot chamber of the
unit to introduce thermocouples (3 pcs) into the melt-
ing chamber. The thermocouples used were tungsten-

e .- i
Figure 4. Technological fixture mounted on a moveable frame:
1 — non-consumable box; 2 — cold hearth; 3 — drum-type mould

16

E RDVRANCES Iy
LECTROMETALLURGY

alloy sample produced by the melt dispersion method

rhenium and chromel-alumel ones. They were con-
nected to the KSP-4 recorder. The mould (substrate),
having horizontal openings to fix thermocouples, is
installed on the hearth of the rod to withdraw ingots,
which allows position of the mould relative to the
dispersed flow to be regulated via vertical displace-
ment of the rod.

Melting was done in compliance with the above
procedure. Residual pressure during melting was as
follows: 0.05 Pa in the melting chamber and 0.005 Pa
in the electron beam heating chamber. Scrap of alu-
minium alloy AMg1l was used as the charge. The
charge was fed from a non-consumable box into the
cold hearth, from which the melt was poured to the
drum-type mould (Figure 4). Distance from the cold
hearth spout to the surface of the drum-type mould
in vertical and horizontal directions, as well as the
drum-type mould rotation speed were sclected experi-
mentally. This resulted in the formation of a jet of
the dispersed melt droplets directed onto the sub-
strate. The dispersion process was carried out until
the ingot 40 mm thick was grown. Then the electron
beam heating was stopped and cooling of the ingot
was performed under vacuum conditions.

Chemical composition of the resulting sample was
determined by the spectral analysis method, %: Al —
base, 0.17Cu, 0.14Fe, 0.52Mg, 0.02Mn and 0.1Si.
Macro- and microstructures of the cross section of the
sample were examined (Figure 5). Macrostructure of
the sample was fine-grained, containing no pores or
discontinuities. Regions with a differing grain size,
i.c. from 100 to 400 um, were detected. Microstructure
of the sample was heterogencous, consisting of grains
of a-solid solution and Mg,Al; precipitates located
along the grain boundaries.

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

2. Tikhonovsky, A.L., Pap, P.A., Kozlitin, D.A. et al. (1993)
Electron-beam casting from dispersed melt. Problemy Spets.
Elektrometallurgii, 3, 35-39.

3. Tikhonovsky, A.L., Tur, A.A., Kravets, AN. et al. (1992)
UE-208 electron-beam unit. /bid., 1, 71-74.
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GROWING OF REFRACTORY
METALLIC SINGLE CRYSTALS
(REVIEW)

V.A. SHAPOVALOV, M.L. ZHADKEVICH, G.F. TORKHOV, V.V. ZHOLUD and V.V. YAKUSHA
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Basic methods of producing single crystals from refractory metal from vapour, liquid and solid phases are considered.
Key attention was paid to the methods of producing crystals from the liquid phase: electron beam zone melting, plasma-arc
drop melting, plasma-induction zone melting. It is shown that the technology of plasma-induction zone melting developed
at the E.O. Paton Electric Welding Institute of the NAS of Ukraine is the most rational method of producing flat single
crystal billets for further manufacturing of single crystal rolled metal (sheet, rods, wire).

Key words: single crystals of refractory metals, methods
of growing single crystals, structure, shaped single crystal
rolled metal

Major present and future scientific and technical pro-
grams of development of high technologies (space nu-
clear energy, acrospace engineering, chemical industry,
ete.) depend greatly on the progress of science and en-
gineering of refractory materials [1-3]. The solution of
problems of producing functional materials possessing
specific properties (ability of long-time operation under
the conditions of high temperatures and aggressive me-
dia, cyclic loads and so on) becomes actual. Owing to
the complex of unique physical and technological pro-
perties |4], typical of refractory single crystals, they
satisfy greatly the requirements specified, therefore,
they are the challenging materials named in the scien-
tific-technical literature as functional materials. All
these problems are inseparably linked with achievements
of materials science, special metallurgy and rolled metal
production in the technology of growing refractory me-
tallic single crystals, their further processing and also
in study of their propertics.

In the natural form, the metallic single crystals
arc met in nature very rare, these are mainly crystals
of noble metals (platinum, gold) [5]. Existing metals
in a single crystal state were produced artificially.
Brief history of appearance of main methods of their
growing is given in [6].

At the stages of development and progress of the
technology of growing single crystals, when the pro-
cess is not automated or automated partially, the pro-
ducing of single crystals with stable geometric sizes,
preset crystallography, high degree of structural per-
fection and purity (at other conditions being equal)
depend greatly on the skill (art) of an operator of the
technological process.

Many existing methods of growing crystals, and
they are more than 124 from the data of authors of
|4], can be classified by several features. From the
aggregate state of phases participating in the process

of growth, the methods of growing single crystals
from vapour, liquid and solid phases are distin-
guished. Each of this group of methods can be divided
into subgroups. By the nature of heat energy sources
methods with radiation, induction, electron-beam,
plasma-arc, laser, solar and combined heat sources,
and also electrolysis of melt of salts are distinguished.

Sclection of cither method of growing depends on
characteristics specified for the single crystal. Analysis
of methods of production of single crystals of refractory
metals was made to study the feasibility of producing
definite geometry of crystals, system of crystallographic
orientations, degree of structural perfection and required
level of purity of crystals being grown.

Growing of crystals from gas phase. Materials,
produced by deposition from the gas phase, play a
significant role in modern industry and their future
wider application is expected. This is explained by
that the deposition from gas phase is universal and
comparatively economical method of a molecular
forming (producing coatings, powders, products, in-
struments) by a controllable substance deposition in
the form of separate atoms or molecules [7].

The process of growing single crystals from the
gas phase found its development as far back as at the
end of the XIX century. Mechanisms of growth of
crystals from oversaturated vapour were described in
many works devoted to the theory and practice of
processes of growing single crystals [7—11]. Deposi-
tion from the gas phasc can be defined as condensation
of gaseous (vapour-like) elements or compounds with
the formation of hard deposits. The gas phase can be
of the same composition as the deposit. This is a usual
casc of a physical deposition from the gas phasc at
which the crystals are produced only due to the sub-
stance condensation. During chemical deposition from
the gas phasc its composition and composition of de-
posit are differed significantly from each other. In
this casc the deposits are formed as a result of chemical

*The work was carried out by support of Science and Technology Center in Ukraine (STCU).

© V.A. SHAPOVALOV, M.L. ZHADKEVICH, G.F. TORKHOV, V.V. ZHOLUD and V.V. YAKUSHA, 2002

4/2002

E[,[‘}("I‘RO,\I ETALLURGY 17



E Ei i PLASMA-ARC TECHNOLOGY

To pump 1
-

2

Figure 1. Scheme of growing tungsten crystal by the CTR method
of van Arkel [8]: 7 — heated wire with tungsten priming «whis-
kers»; 2 — sublimated salt WBr5

C

reactions which are proceeding near the surface, at
the surface or in a subsurface layer of a substrate.

Depending on the method of transporting the va-
pour-like substance from the source to the crystal-
lization zone four main methods are distinguished
[12]: molecular beams; cathode sputtering; crystal-
lization from the gas phase in a closed volume; crys-
tallization in the inert gas flow. Metal condensation
may occur both into liquid and solid phases. Optimum
temperature condition should provide the simultane-
ous existence of liquid and solid phases at hot and
cold ends of the condenser. The large drawback of
crystals grown by condensation from a natural vapour
is the limited geometric sizes.

As regards to producing single crystals of refrac-
tory mctals from the gas phase a method of chemical
transport rcactions (CTR) has found the most wide
spreading [8, 13—17]. The schematic diagram of the
mcthod is shown in Figure 1. Single crystals produced
in vapour deposition as a result of reduction of haloid
salts (iodides, fluorides, chlorides, etc.) have com-
paratively large sizes and a required profile which is
preset by the substrate surface geometry. The main
factors influencing the nature of growth of crystals
(surface morphology, structure homogeneity, growth
rate and so on) are as follows: type of CTR, crystal-
lography of substrate, value of pressure in a system,
presence of adsorption-active gas components in the
system (oxygen, fluorine, chlorine) [18, 19].

Single crystals of niobium, which were grown in
the process of NbCls hydrogen reduction on the heated
niobium substrate (wire, strip) [14], had a disorien-
tation of units of less than 0.5°. At certain conditions
of conductance of experiments the single crystals of
up to 12 mm length and 2—4 mm thickness were grow-
ing at separate areas of substrate. The growth of single
crystals was observed mainly in the direction [111].
The essential drawback of crystals produced by hy-
drogen reduction is a high gas saturation. Content of
gas impuritics in niobium single crystals was in wt.%:
0.05H, 0.06N, 0.060.

In works |15—19] the processes of producing and
properties of gas-phase single crystal tungsten and
molybdenum were selected as a subject of investiga-
tions. At sufficiently high degrees of oversaturation
the single crystals of tungsten [18] deposited on mo-
lybdenum substrates had a homogencous structure
with macroscopically-smooth limited lateral surfaces.
Depending on the structure of substrate, the presence
of foreign impurities in it, pressure fluctuations in
the system the substructures of different perfection
were formed.

Using the CTR method the superthick (several
millimeters) hexagonal single crystals of tungsten on

molybdenum single crystal tubular substrates of 10—
20 mm diamecter were grown in a chloride systcm [19]
at the rates of growth up to 0.25 mg,/(cm’E) at the
following reaction on the substrate.

1700 — 1800 K

= —

WCl, W + 3Cl,.

The CTR method is used widely for producing whis-
kers of refractory metals, as the comparatively long
threads can be grown using a very simple equipment.
The whiskers are characterized by a high internal per-
fection, have a more clearly expressed orientation, than
the crystals grown by other methods, and, sometimes,
very smooth facets of small indices |8].

When crystals are growing from vapour, there is
a feasibility of a selective transition of initial material
into the gas phase, next its transition to the substrate
and producing deposit of a preset structure. Chemical
transfer allows making an additional purification by
a scparating distillation of volatile intermediate pro-
ducts, and also by a sclective reaction in the material
sourcc or on the substrate heated. Surfaces of the
depositing single crystals are, as rule, very flat that
is impossible to produce using other methods. Using
CTR mecthod it is possible to grow the quite pure
crystals, however, it can be used only for metals which
form volatile and easily-reduced compounds. This
method makes it possible to attain the relatively high
rates of crystal growth at temperatures being much
lower than the metal melting points.

However the rate of growing single crystals from
the gas phase is lower by several orders than the rate
of growth of crystals from the melt due to a low
concentration of the substance being crystallized in
vapour. The single crystals produced from the gas
phase have negligible sizes and increased content of
gas impurities. It is not always managed to grow crys-
tals of the preset shape and crystallography. The
above-mentioned circumstances limit at present the
wide application of gas-phase methods for growing
single crystals of refractory metals. As a rule, these
technologies find application for producing whiskers
and thin cpitaxial films.

Producing single crystals in solid phase. The ap-
plication of methods, based on processes of recrystal-
lization, are known long ago in the practice of growing
of single crystals. The first information about produc-
ing single crystal% using the method of «deformation-
annealing» is referred to 1921 when Carpenter and
Ilam first suggested this method for producing single
crystals and large-crystalline aluminium [20]. In spite
of their age, the solid-phase methods of crystal grow-
ing arc used widely in industry. At present this is onc
of optimum possible methods of producing single crys-
tals in the form of plates, strip and wire with rigid
tolerances in geometry, and also single crystals with
a wide interval of crystallization.

Conditions, at which the growth of single crystals
in a solid phase is occurred, differ in the main from
the conditions existing in the process of growth of
crystals from melt or vapour. In the given case the
surface of the growing crystal does not collide with
free atoms and molecules and should capture particles

18 E[.I-}(';l‘[{;;‘\l l'.}'l.‘.& LL[.'RG;' 4/ 2002



PLASMA-ARC TECHNOLOGY |

T
@. xyf

from the adjacent layers of the surrounding matrix
having the crystalline structure. As a result, the
growth of crystal occurs by a gradual movement of
grain boundary between two differently oriented re-
gions of the crystalline lattice [21].

Formation of single crystal structure in a solid state
is associated with a dominating growth of one grain at
the expense of a surrounding polycrystalline matrix.
From the energy point of view, this process is more
profitable, its motive force is the decrease in surface
energy of grain boundaries due to decrease in their total
extension and action of surface tension forces [22]. At
some definite temperature the amplitudes of oscillations
of atoms are increased so that their transition from one
crystal to another becomes possible, i.e. the movement
of grain boundarics is occurred.

The process of formation of a single crystal structure
in heating of a semi-crystalline sample deformed to a
critical degree is beginning from nuclei prone to the
further growth. The growth of nuclei occurs due to
transition of atoms from deformed crystals to more re-
sistant thermodynamically smaller-deformed crystals.
The first stage of recrystallization (primary or recrys-
tallization of processing) consists in replacement of de-
formed grains by new undeformed grains. The second
stage (collective recrystallization) results in growth of
new small-deformed grains coming into contact with
deformed grains. In a perfect case the collective recrys-
tallization leads to occurrence of a stable single crystal
structure of metal. However, this is difficult to attain
in practice. One of the main causes of braking the grain
growth is the impurities which are arranged along the
boundaries |5]. This requires the use of the high-purity
initial materials. The second direction providing the
favourable growth of crystals is based on use of alloying
microfillers [23—-29] which stimulate the growth of
grains in a solid phase. The presence of a dosed amount
of calcium and manganese oxide brakes the normal
growth of grain in the low-temperature region of an-
ncaling and promotes its anomalous growth in the high-
temperature region [25].

According to these developments, the sintered bil-
lets arc manufactured from the matrix metal (tung-
sten, molybdenum) with microadditions CaO and
MgO by the method of a powder metallurgy and then
subjected to the high-temperature plastic deformation
(rolling with a high reduction ratio) to produce the
primary texture. Formation of single crystal structure
occurs in annealing of samples in vacuum or hydrogen
during several dozens of hours at temperatures which
are lower than the temperature of matrix metal melt-
ing. There is information about producing single crys-
tal tungsten 140x100x60 mm plates using the above-
mentioned technology. Single crystals containing al-
loying microadditions |24, 27| are characterized by
the presence of high internal stresses. The microre-
gions of other orientation, i.e. <«parasitic» island
grains, are remained usually in them.

In most methods of growing crystals a temperature
gradient is created in heating [21] whose presence in
the growth process is necessary to prevent the arbi-
trary origination of nuclei in different regions of the
sample. The most favourable conditions for the
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growth are provided in that case when a nucleus is
introduced into a furnace hot zone, which is growing
so quickly that absorbs a fine-grain matrix before the
origin of the sccond nucleus in it. Optimum gradient
and ratc of movement of the sample are determined
by a temperature relationship of rates of origin and
growth. This conclusion is based on the fact that the
amount of grains which occurs in the sample is in-
creased often with the increase in the heating rate.

As with all the existing methods of producing sin-
gle crystals the present method has its advantages and
disadvantages. Disadvantages include the complexity
of control of orientations of the growing crystal, limi-
tation of sample thickness, possibility of appearance
of «parasitic» island grains of sizes from 0.05 to
0.10 mm in the single crystal structure [28] which
disturb the monocrystallinity and deteriorate proper-
ties, make further processing by deformation more
complicated, being centers of initiation of cracks lead-
ing to the crystal fracture. The basic drawback is the
impossibility of producing single crystals of a definite
crystallographic orientation as the processes of defor-
mation in crystals are proceeding along the crystal-
lographic planes and directions defined for each type
of lattice [30].

However, the methods of producing crystals in a
solid state are often more preferable than others by
the following reasons: they allow us to produce single
crystals in which the phase transformations are oc-
curred between the melting point and room tempera-
ture; in combination with preliminary chemical clean-
ing the recrystallization annealing can provide pro-
ducing single crystals with a sufficiently perfect struc-
ture characterized by absence of subgrains and rela-
tively uniform density of dislocations; shape of sample
can be more accurate than in growing from the melt,
thus providing in some cases the easy producing of
crystals in the form of thin sheets or wire of small
diameter (method of Huger [31]).

Producing of single crystals of refractory metals
by the method of electron beam zone melting (EBZM).
Among the liquid phase methods of growing single crys-
tals of refractory metals using the highly-concentrated
heat sources, the EBZM occupies one of the first places
in this field as to the industrial application, number of
published scientific works and degree of study.

The method of a zone melting with electron heating
has a number of advantages [32]: high specific con-
centration of power; high cfficiency factor of units
(morc than 70 %); feasibility of creating a very narrow
zone of heating by focusing the becam of clectrons;
feasibility of zone movement not only as a result of
a mechanical movement of the sample or emitter, but
also duc to deflection of the flow of clectrons.

The growth of erystals under the EBZM conditions
is proceeding by the process of a directed crystal-
lization of a slowly moving narrow zone of the molten
metal. To avoid the contact of refractory metal being
remelted with a crucible material and to prevent it
from inevitable contamination, the process of growing
single crystals is performed by vertical crucible-free
EBZM (Figure 2). In a vertically-located sample a
narrow molten zone of metal, formed by a beam of
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Figure 2. Scheme of crucible-free electron beam zone melting: 7 —
polycrystal rod; 2 — annular cathode; 3 — «floating» zone; 4 —
single crystal

electrons, is maintained from flowing out by surface
tension forces. Here, the ratio of surface tension (in
N/m) to melt demlty (in kg/m ) should be not less
than 100:1[12]. The method makes it possible to grow
single crystals of molybdenum and tungsten of a cy-
lindrical shape (at through melting of the billet) of
diameter up to 25 and 20 mm, respectively.

The installations for zone melting with an electron
heating are divided into two basic classes by the type
of electron emitters: with circular and axial emitters.
The circular emitters are more often used in installa-
tions for the vertical crucible-free zone melting, as
more economical and simple in design.

During the process of the crucible-free EBZM the
intensive (burst) evaporation of impurities which is
accompanied by spatters of the molten metal is pos-
sible. In parallel, the significant evaporation of the
parent metal is also observed |33]. In this case, a
simultaneous contamination of both cathode with
evaporating admixtures and droplets of metal, and
also of the remelting metal with a cathode material
is possible, thus resulting in instability of anodic cur-
rent influencing negatively on the quality of the crys-
tal being grown. To avoid the above-mentioned, spe-
cial designs of the cathode unit are made using shiclds
and deflecting systems. The evaporation of admixtures
and zonc sccondary recrystallization are the main
mechanisms of refining refractory metals in EBZM
|34, 35]. The high degree of refining is attained by a
multiple movement of the molten zone along the ingot.

The electron melting is closely connected with the
presence of vacuum. The experience shows that during
operation of the installation for zone melting using elec-
tron heating the residual pressure in chamber should be

not more than 1.3300 2 Pa. As a rule, the use of oil
vacuum pumps does not provide the producing refrac-
tory single crystals with a low content of carbon. How-
ever, the single crystals of tungsten [36], grown from
commercial rod tungsten undcr conditions of superhigh
vacuum at a low (6.66000 ° Pa) partial pressure of hy-
drocarbons (application of cryogenic condensation and
sorption vacuum pumps), had high degree of purity and
a low density of dislocations of 910° 110" cm 2 order.
During zone melting the metallic impurities, close to
the base element by vapour pressure, in particular of
such refractory metals as vanadium, zirconium, are not
almost removed and the refining from interstitial impu-
rities is low-effective | 34].

The use of integrated technologies including a deep
refining of initial materials [37, 38] and next multiple
EBZM gives an opportunity to grow single crystals
of tungsten with molybdenum content and single crys-
tals of molybdenum with tungsten content at the level
of 1 ppm. The produced crystals are characterized by
ratio of clectric resistances R300 K/ R4.2, equal to
70,000 for tungsten and 100,000 for molybdenum.
These high values of relative residual electric resis-
tance give grounds to state |39] the structural per-
fection of the produced single crystals. Crystals of a
small diameter (5—10 mm) have this structural per-
fection and high purity. The tungsten crystals, grown
by EBZM, are characterized usually by the density
of dislocations of 10 —10" ¢cm” “ order and substructure
of three scale levels. The main sources of dislocations
are high thermal stresses existing both in growth and
in cooling of single crystals.

Crystals of a large diameter (up to 55 mm) can
be produced by the method of a periphery electron
beam zone melting [32, 40, 41]. The periphery EBZM
gives an opportunity to grow layer-by-layer the ad-
ditional single crystal layers on a single-layer primer
without a through penetration of the primer (Fi-
gure 3). There is a high probability in this process of
an appearance of pores at the crystal-deposited layer
interface. In the near-surface region, obtained by an
increment of layers, a branch substructure directed
at the angle to the surface is observed. Crystals are
susceptible to cracking at pressure treatment as they
have high internal stresses which are caused by high
temperature gradients in the ingot section.

Producing of single crystals of refractory metals
by plasma-arc method. Growing of single crystals of
such refractory metals as tungsten, molybdenum, tan-
talum and others by a classical scheme of Verneuil
method [42] was not realizable in principle. Tempera-
tures which were attained using gas torches and high-
frequency plasmatrons (maximum about 2800 °C) did
not provide melting and maintenance of the mentioned
metals in a molten state. General tendencies of de-
velopment of the plasma metallurgy at the middle of
the last century and development of low-temperature
plasma sources of a high unit power promoted the
further development of the Verneuil method for pro-
ducing high-temperature metallic crystals.

Technology of crucible-free plasma-are drop melt-
ing (progress of the Verneuil method) was a progress-
ing alternative to the EBZM process and gave a fea-
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sibility to increase both geometric sizes and also num-
ber of geometric shapes of crystals being melted. The
data about producing refractory metallic crystals both
by domestic and foreign scientists appeared almost
simultancously in the scientific-technical literature
[43, 44].

Plasma-arc heating as regards to growing single
crystals of refractory metals can melt and maintain a
comparatively large volume of metal in a molten state,
create a gaseous atmosphere of a preset composition
and pressure in the melting chamber that differed it
beneficially from the EBZM melting [45].

The plasma-arc technology in production of refrac-
tory single crystals, developed by scientists of A.A. Baj-
kov Institute of Metallurgy of the Russian Academy of
Sciences (IMET RAS) in 1968 under supervision of
Savitsky E.M. and Burkhanov G.S., was developed rap-
idly during rccent years. Based on the investigations,
the laboratory and industrial installations of plasma-arc
heating were manufactured, producing crystals both in
the form of a cylinder and in the form of pipes of a
variable section and small plates. The sizes of produced
crystals more than twice increased the sizes of crystals
produced by conventional EBZM. Tungsten and mo-
lybdenum crystals of 50 and 65 mm diameter, respec-
tively, were melted by the mentioned method.

In the method considered the growing of crystals
is started from fusion of an edge surface of the primer
by a plasma jet (Figure 4) [46]. Then, the continuous
adding of a pool is made by a lateral feeding of the
rod and its fusion in a plasma jet. Simultancously,
the primer, located on a pin, is displaced downward
keeping the interface of liquid-solid phases at a con-
stant level.

Later the technological diagrams were tested in
which refractory powder-like particles, directly fed into
a plasma jet were used instead of consumable rods. Due
to a high area of powder material reacting with a plasma
arc the processes of refining of the crystals being grown
arc proceeding more intensively. There is no need in
labour-intensive preliminary stage of producing remelting
rods by sintering rod picces with a subsequent operation
of a rotational forging [31].

As compared with clectron beam method the plasma-
arc mcthod using argon with helium additions as a
plasma gas provides more cffective removal of carbon,
oxygen, silicon, phosphorus, sulphur, chromium, man-
ganese, iron, nickel, aluminium and other impurities
from tungsten. The removal of impurities occurs in fu-
sion of an initial billet, from a drop of melt and from
the melt directly [47]. Content of carbon in tungsten
single crystals does not exceed 0.002—0.005 %.

When melting single crystals of large sizes it is
necessary to maintain large masses of metal in a molten
state to have a continuous adding of crystal during
growth. In the given method this is attained by using
plasmatrons of a special design, which form a plasma
jet with a temperature in the periphery zone equal to
the temperature of metal crystallization. Due to over-
heating of central regions of metal pool with respect
to its edges a concave front of crystallization is formed
[48], which can maintain a large volume of molten
metal at the edge of the single crystal being grown
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Figure 3. Diagram of growing single crystals using the method of

a periphery electron beam zone melting [32]: 7 — single crystal;
2 — annular cathode; 3 — «floating» zone; 4 — single crystal
bar-primer; 5 — bundle of rods remelted

from flowing. However, the increase in curvature of
crystallization front, from the other side, leads to a
growth in number of forming defects in a solid phase
near the front of crystallization. Crystals which were
grown by the plasma-arc method, are characterized
by a developed structure, forming under the action
of non-homogencous temperature ficlds and high ra-
dial and axial gradients of temperatures. The mean
density of dislocations of single crystals of tungsten
and molybdenum is at the level of 105107 ¢m 2.

Quality of a lateral surface of crystals depends
greatly on stabilization of electric parameters of a plasma
source of heating and it is not satisfactory in some cases
that complicates the subsequent processing of crystals
in plastic deformation (rolling, drawing, etc.).

Producing of refractory single crystals using the
method of plasma-induction zone melting (P1ZM).
Coming from the above-said it can be stated that the
shaped single crystal billets for wide-sized rolled me-
tal can be produced using the methods of a secondary
recrystallization or the technology of plasma-arc drop
melting. Due to specifics in growing refractory single
crystals by the mentioned methods the initial billets
do not always meet the requirements for the crystal-
lographic orientation, degree of structural perfection
and purity, specified by the conditions of the rolling
process. A rectangular plate is the most optimum
shape of the billet for its further rolling into a wide-
sized sheet or foil.
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Figure 4. Diagram of growing single crystals of refractory metals
using plasma-arc heating [4]: 7 — plasmatron; 2 — rod; 3 —
crystal

Manufacture of products from crystals with a guar-
anteed preserving of a monocrystallity after a high
plastic deformation and effect of high temperatures
is one of the most important problems of high tech-
nologies of refractory metals for special applications
|44]. Tungsten slabs of 9.5x38x305 mm size, suitable
for deformation, were manufactured using the plasma-
arc technology, developed by the authors of this work.
There is available information about producing single
crystal plates of molybdenum of 8x75%x160 mm sizc
using the method of IMET RAS [4].

! !
Figure 5. Diagram of plasma-induction method of growing profiled
single crystals of refractory metals of the PWT [49]: 7 — plasma-
tron; 2 — inductor; 3 — priming crystal; 4 — mechanism of rod
feeding; 5 — rod; 6 — molten metal drop; 7 — molten metal
pool; 8 — crystal
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At the beginning of the 1980s of last century the
scientists of the PWI developed the technology of
producing singlc crystals using the method of a PIZM
under the supervision of Yu.V. Latash, G.M.
Grigorenko and Yu.M. Pomarin [49]. This was a great
progress in the ficld of technologics of growing large
single crystals of refractory metals. Using this tech-
nology the oriented single crystal cylindrical samples
of more than 20 mm diameter and also plates of
20x140x170 mm size, made from molybdenum and
tungsten, were produced.

A radical difference of this technology from the
plasma-arc technology consisted in use of an inde-
pendent source of induction heating, fulfilling the
functions of an additional heating of growing crystal.
This made it possible to decrease significantly the
temperature gradients in its section and to produce a
single crystal ingot suitable for further deformation
without a risk of its fracture.

The process of single crystal growing consists of
a layer-by-layer increment of metal on the oriented
single crystal primer under the conditions of heating
of a forming part of the crystal by a high-frequency
electromagnetic field (Figure 5). Helium-argon mix-
ture with helium content up to 70 % is used as a
plasma gas. Unlike the plasma-arc technology the
metal pool in PIZM is maintained from flowing by
surface tension forees and also clectromagnetic field
of HF inductor. A rigid stabilizing of geometric pa-
rameters of the crystal is attained by an adjustable
change in power of plasma-arc and induction heat
sources during melting, thus avoiding the formation
of rough defects (overlaps, spillages) that is important
at its further pressure processing. In the mentioned
heat conditions of PIZM the profile of a crystallization
front is formed which is close to a plane profile with
a negligible concave central part and convex cedges
| 50]. In case of a parasitic crystal, resulted from ran-
dom heat fluctuations in the process of single crystal
growth, the above-mentioned shape of the crystal-
lization front will not only prevent the defect deep-
ening inside the body, but also promote its escape to
the ingot surface. The same as in the plasma-arc tech-
nology, a significant reduction of carbon concentra-
tion in the single crystal tungsten (down to 0.0005 %)
is attained due to the presence of a controllable gas
atmosphere. Oxygen content is at the lavel of 0.0008,
nitrogen — 0.002 % [51].

The X-ray examination of substructure of PIZM-
crystals showed that they are solid single crystal bo-
dies with an orientation of facets which corresponds
to the preset priming crystals with possible deviations
from the growth axis up to 3°. The density of dislo-
cations is 1=5000° ¢cm ™%

The preliminary investigations of deformed single
crystal billets showed that they can be used for pro-
ducing profiled single crystal rolled metal of refrac-
tory metals [52].

Automation of the technological process of PIZM,
which is at the stage of a practical realization, gives
grounds to expect the real increase in the quality of ready
single crystal products and the process productivity.
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In can be concluded from the above-described re-
view of major methods of production of single crystals
of refractory metals that the methods of growing crys-
tals from solid and liquid phases have the most wide
practical application. Technically-complicated and
actual problems of producing shaped single crystal
billets find the most complete and effective solution
in use of the plasma-induction technology of growing
refractory single crystals, developed at the E.O. Paton
Electric Welding Institute of the NAS of Ukraine.
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THERMAL FIELD OF TUNGSTEN SINGLE CRYSTAL
IN PLASMA-INDUCTION ZONE MELTING

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

Mathematical model has been selected for study of thermal fields of single crystals during heating with different sources:
plasma-arc, high-frequency and combined plasma + high-frequency. It is shown that the combined heating makes it
possible to control the curvature of phase interface. Under certain conditions the surface can become almost plane. The
highest efficiency of the thermal field control is attained when all the crystal is heated by an inductor.

Key words: tungsten, single crystal, plasma-induction
heating, thermal field, modelling

The method of plasma-induction zone melting
(PIZM) for growing large oriented single crystals of
tungsten and molybdenum, described in [1-3], has
an indisputable advantage over other known methods.
From the one hand, this is the use of the electromag-
netic field to maintain a metal pool from flowing,
and, from the other hand, the creation of the required
thermal field in a growing crystal. During the period
of development of the method the problem of a single
crystal preheating was studied, but it was very diffi-
cult to determine the specific and total power of pre-
heating, as there was no experience in realization of
similar hybrid processes. Therefore, it was necessary
to evaluate the effect of cach heat source on the ther-
mal state of the single crystal for the creation of a
real process.

To solve the problem using a mathematical model,
let us consider a definite scheme of a plasma-induction
mcthod of zone melting used for the single crystal
growing. The method is peculiar by that the plasma-
tron, inductor and single crystal arc coaxial and the
axis is located vertically. The inductor can be com-
posed of any number of turns, but the zonc of its
effect on crystal is limited by a height, which is not
exceeding the diameter of the latter. Figure 1 shows
the scheme of the PIZM process.

Modelling will be based on the solution of a non-
stationary two-dimensional equation of heat conduc-
tivity in coordinates (r, z) [4]:

T 10U a:rg o 4 ort

Pore T g ot oo oo P

where T is the current time; T is the current tempera-

ture; p = p(T') is the metal density; ¢y = ¢y (T) is the

isochoric heat capacity; A = A(T) is the coefficient of

metal heat conductivity. Solution of the equation of

heat conductivity is impossible without definiteness

in description of boundary and initial conditions [5].
Initial condition is

© V.A. SHAPOVALOV, 2002
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TO -o =Ty, (2)

where T is the temperature of environment with
which the body is in contact.

Boundary conditions:

* the condition below is always fulfilled on the
crystal axis

or
A gr=0=0, 3)

which is followed from the problem symmetry;

 over the entire surface S (except that covered

with plasma) the heat losses by radiation Q; and con-
vection Q. are linked by the following relationship:

(4)

where @ = m, h is the metal state (m — melt, # —
solid body); T0s is the temperature in any point at
the cylinder surface. Gradient of temperatures near
surface (inside) of metal is determined along 72" unit
vector, directed normal (outside) to surface; Q) =
=o(nsT'Os — TY, here o is the Stefan—Boltzmann
constant; ng is the coefficient of surface dullness; Q. =
= k,(Ts—Ty), where k, is the coefficient of external
heat conductivity which is quite empiric in accordance
with Newton’s law;

o at surface S; the energy supplied from inductor
is converted into heat flow Q; per time unit:

AT = QO+ Q. — Q.

Sign «minus» in front of Q; denotes that the flow is
directed inside the body (in opposite direction with
respect to 7 ).

In plasma-arc heating, to determine the heat ex-
change in the zone of arc action we shall come from
the following:

¢ heat flow from plasma-arc source enters the sin-
gle crystal through its upper edge. This heat flow is
resultant and accounts for heat transfer from arc by
convection and radiation, heat in arc anodic spot, heat
coming for vapour formation, heat evolved in conden-

_)\(IDTDS = Ql + Qu

(6))
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sation of metallic vapour at the pool surface and heat
losses by the metal pool into furnace working space;

« distribution of heat flow density at the single
crystal edge heated by plasmatron is preset by the
equation

=0Q;
=nQ;

where ¢ is the specific heat flow entering the metal
in the zone of arc heating; Q is the specific heat flow
entering the metal in the arc spot zone; Ay is the
normalizing factor; R, is the arc spot radius, R; is the
metal pool radius;

* at the surface on which the arc spot is supported
in region S, TOs = T}, where T, is the boiling tem-
perature;

* at the surface of phase transition G,, the follow-
ing cquality is fulfilled:

r=0, R,

r:Rm Rl: (6)

NOTO |+ NOT, Eyp O (7

m+h m+]

where A, A, are the coefficients of heat conductivity
of liquid and solid phases, respectively; E,, is the
melting energy; v, is the rate of interface movement.

Combination of two heat sources changes the mode
of heat transfer in the single crystal as a whole. Taking
into account that each of the sources forms its thermal
fields in the single crystal with a maximum generation
of energy in different regions it can be assumed that
this combination of sources will allow us to provide
a flexible control of interface configuration between
the solid and liquid phases. Configuration of inter-
face, i.e. the crystallization front surface, will change
from convex to concave. The configuration of interface
will depend, from the one hand, on ratio of power of
sources, and, from the other hand, on the conditions
of heat exchange of single crystal with environment.

Heat processes will be studied on models corre-
sponding to a rcal tungsten single crystal of 20 mm
diameter and more than 100 mm length. Due to limi-
tations, the model will provide only the approximate
cvaluation of the real process. First of all, these limi-
tations arc duc to conformity of the model shape to

—
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Figure 1. Scheme of a combined heating of a single crystal: 1 —
heat flow from plasmatron; 2 — single crystal; 3 — inductor coil;
R, — arc spot radius; R — single crystal radius; #;, — normalizing
factor; H — height of single crystal; Q — specific heat flow in
arc spot

the real crystal shape. In the real crystal the edges of
the metal pool arc rounded by the surface tension
forces, while the pool edges of the model have an
angle. Radius and angle influence on heat exchange
processes in this region in a different way. Microre-
gion, enclosed into angle, dissipates heat more inten-
sively into surrounding medium. This influences the
pool depth and shape of phasc interface. Nevertheless,
the use of even non-perfect model enables us to study
the effect of each heat source on the formation of
phasc interface (crystal substructure).

To study the effect of each heat source on the
distribution of temperatures in a single crystal, lct us

H, mm H, mm H, mm

140 140 M - 3600 140 ﬂ%/ 3800
1300 (== I 3300

138 138 3400} 3g
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Figure. 2. Pattern of thermal field in upper part of single crystal in heating with different sources: @ — inductor; b — plasmatron;

¢ — inductor + plasmatron

4/2002

EI.I*}(."I‘ROI\I ETALLURGY

25




ﬁ Ei i PLASMA-ARC TECHNOLOGY

T.K
4700

3700
2700

1700 | 1

700 1
0 50

100 H, mm

Figure 3. Distribution of temperature along the axis of single
crystal in heating with different sources: 7 — inductor; 2 — plas-
matron; 3 — inductor + plasmatron

consider the pattern of thermal fields. Figure 2, @ and
b shows thermal fields in heating crystal by one of
the sources, i.e. by inductor and plasmatron, respec-
tively. Power of each of sources is the same as in use
of a combined heating. Therefore, it is difficult to
form pool by plasmatron only or to melt tungsten by
inductor only, but it is possible to create a definite
temperature field. The lateral surface of the single
crystal in the zone of inductor action is heated most
intensively. Temperature of heating can be adjusted.
Plasmatron heats the edge surface of the crystal more
intensively, thus melting metal, but the pool is small,
and the configuration of phasc interface is distorted.
Unfavourable conditions are created for the formation
of the single crystal substructure.

Figure 2, ¢ shows pattern of heating the upper
part of the single crystal using a combined heating.
Surface of the phase interface becomes more and more
planc. The superposition of thermal ficlds of two heat
sources creates perfect conditions for the structure
formation. However, this is one aspect of the problem
of formation of a thermal ficld of a growing crystal.
The second aspect is the distribution of temperature
along the axis of the single crystal growing. This is
shown visually in Figure 3. Curves correspond to dif-
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ferent conditions of heating: inductor heats the upper
part of the single crystal, plasmatron heats the crystal
from the edge, while in use of a combined source the
plasmatron heats the single crystal from the edge, and
the inductor heats its lateral surface.

It follows from the Figure that the effect of the
combined heating on that part of the crystal which
is located closer to its lower edge, differs negligibly
from the variant of heating which is realized by one
source, either inductor or plasmatron. Distribution of
temperature in the single crystal does not depend on
the type of heating at the distance from the upper
edge of more than 2.5-3 diameters of a single crystal.
It follows from the results obtained that to provide
an effective control of single crystal temperature field
it is necessary to use an inductor whose heating zone
will cover all the lateral surface of the single crystal.

Thus, the combined heating using plasmatron and
inductor makes it possible to change the configuration
of interface of liquid and solid phases. Control of
temperature field of the single crystal can be effective
if to use the inductor which will heat all the lateral
surface of the crystal.
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SPECIAL ELECTROMETALLURGY
AT THE BEGINNING OF THE XXI CENTURY"

B.E. PATON and L.B. MEDOVAR
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

An attempt was made to estimate the state-of-the-art and prospects of ferrous metallurgy, including the special elec-
trometallurgy. The step, jumpy nature of the development of metallurgical technologies over the recent decades is
shown. A conclusion predicts the approaching next period of a rapid updating of major metallurgical technologies.

Key words: electroslag remelting, vacuum-arc remelting,
superalloys, titanium, intermetallics

The term «special electrometallurgy» was suggested at
the PWT at the middle of the 1960s of the last century.
The appearance of this term was due to the origin of a
new subbranch of the ferrous metallurgy, specialized in
a large-scale production, in hundred thousands tons of
steels and alloys of superhigh quality on the basis of
remelting processes, electroslag and vacuum-arc pro-
cesses in particular. Let us define one linguistic point.
In Russian and Ukrainian languages the word «special»
has a nuance, directly indicating the relation of some-
thing or somebody to the military subject. At the same
time the English equivalent «special» has a direct rela-
tion to high quality or a special position, in our casc of
metal in particular. For example, INKO Company, the
world-known manufacturer of superalloys, is included
now to Consortium «Special Metals». Thus, in Russian,
Ukrainian and English languages the term «special clec-
trometallurgy» describes exactly the production and
fields of application of the metal of the highest quality.

Mecthods of special clectrometallurgy both in our
country and abroad include, except the above-men-
tioned ESR and VAR methods, a vacuum-induction
melting, and also all varieties of plasma and electron-
beam metallurgical technologies and, consequently,
production of not only steel and superalloys, but also
other structural materials, including titanium alloys,
intermetallics and others.

Nevertheless, even today the special metallurgy is
closely related to the ferrous metallurgy. The rapid
development of both vacuum and other means of ladle
treatment and their application in production of steels
and alloys of the highest quality has led to the change
in concept «special electrometallurgy». For example,
at present there is no need to subject high-strength
and ball-bearing steels to ESR, and nickel superalloys
are passing often through AOD without vacuum-in-
duction furnace. In this connection during recent years
the term «special metallurgy» is used sometimes in-

stead of «special electrometallurgy». Naturally, the
terminology will be valid only during some period of
time. In any case the analysis of the state-of-the-art
and prospects of special electrometallurgy will be not
comprehensive without estimation of tendencies in
the development of the ferrous metallurgy.

Let us try to analyze some tendencies and prospects
in the development of the big metallurgy, and then
in special electrometallurgy, its most important sub-
branch. This is especially important, because steel
remains a major structural material in the modern
world, while for Ukrainc and Russia the ferrous me-
tallurgy (and spccial clectrometallurgy) is and will
be the key branch of economy for the nearest years.

Over recent 40-50 years the radical changes were
observed in the ferrous metallurgy both in the ercation
of the quite new technologies and materials, and also
in the updating of the traditional oncs. It scems, that
during this period a basic oxygen furnace (BOF) pro-
duction of steel, its ladle trecatment and continuous
casting were really epochal for the ferrous metallurgy.
There were these three key technological processes
that defined the technical and cconomical status of
the modern metallurgical production (even direct re-
duction of iron today has a less importance).

It seemed by the end of the 1980s and beginning
of the 1990s of the last century that the epoch of rapid
changes had finished, and the period of accumulation,
gradual updating has come in the metallurgy. How-
ever, it was exactly that period when a new stage of
qualitative changes began. Unfortunately, our me-
tallurgists know little about the name of a man who
personified that time. His name was Ken Iverson. It
was the man, who, being the head of US Company
«Nucor Steel», realizing the production of steel at a
conventional mini-factory, decided first in the world
to organize all the production of the company on the
basis of a continuous casting of thin slabs and their
subsequent direct rolling for the sheet. The quite real
idea to make section of a continuously-cast billet close

*This article was presented as a paper at the International Scientific-Technical Conference on Special Metallurgy: Yesterday, Today,

Tomorrow, Oct. 89, 2002, Kyiv, Ukraine.

© B.E. PATON and L.B. MEDOVAR, 2002
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Diagrams of spraying processes: @ — O’Sprey (/ — molten metal;
2 — transition piece; 3 — strip; 4 — substrate; 5 — chamber
with inert gas; 6 — round nozzle); b — LDC (/ — molten metal;
2 — longitudinal nozzle; 3 — «continuous» substrate; 4 — strip);
¢ — microstructure of strip of steel 08kp (rimmed) produced by
spraying (x100)

to that of a rolled product, and, moreover, to combine
casting and rolling into a single and continuous line,
a single unit, sometimes called today casting-rolling
[1], attracted metallurgists long ago. It is also natural
that by the moment of progress of «Nucor Steel», i.e.
15 years ago, there were many different, as now called
«pilot» projects of a continuous casting of thin slabs
in the world. The problem was to make a decision
and Ken Iverson did not afraid to do this. And at
present more than 30 million tons of steel in the world
are produced using this method. The Company «Nucor
Steel» itself has transformed from a mini-factory to
the largest steel manufacturer in the USA. Ken Iver-
son described his life as a head of the most modern
and successful metallurgical enterprise in book «Talk
Plains |2]. The revolutionary decisions of this person,
died in April this year, are similar to those which are
well-known in our country. The question is about
such a non-ordinary person as Nikita S. Khrushchev
and his decision to buy license on BOF melting for
Novolipetsk Metallurgical Works.

It were these daring decisions of that time that
led to the appearance of the first in the world plant
with 100 % continuous casting of steel, first of all,
of BOF melting. There is no need to prove that in a
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full conformity to laws of dialectics the ferrous me-
tallurgy at present is at the stage of quantitative
changes, and this means, that the next stage of a
jumpy transition of quantity into quality is waiting
for us ahcad. Perhaps, the only chance of metallurgists
of our country is to perform a qualitative jump now,
but not only to repeat the already passed way and to
try to overtake the advanced metallurgical companies
at the expense of a cheap labour and purchase of the
most advanced at present technologies and equipment,
but already used by somebody and somewhere. Only
combination of a reasonable risk with the use of the
newest research and technological developments will
allow both Ukraine and Russia to return to the rank
of the leading metallurgical countries.

Example with BOF processing and continuous
casting has already become classical for the metallur-
gists of the former USSR. However, all this was in
the past. What really new can be recommended today?
Have we now the pioncering developments, similar
to evaporating cooling of blast furnaces or ESR, whose
licenses were bought almost by all the industrialized
countries? We think, they exist. Each leader of our
metallurgical industry should, on the basis of the
world scientific achievements, carry out own scarch
and take solutions and then the really unique and
new technologies and equipment will appear at the
metallurgical plants of our country. It is necessary to
remember that the scientists in the ficld of materials
science were always mighty in the former USSR and
they remain as such today.

Here, we would like to dwell on two potential
capabilitics, which, in our opinion, have not yet found
a deserving understanding. The question is about such
traditional matcerials for mctallurgists as a rimmed
steel and bimetal.

More than 10 ycars ago it was shown [3] that it
is possible to form the 10-20 mm thick continuous
strip of rimmed steel and to convey it to the rolling
mill using such processes of molten metal spraying as
O’Sprey  and/or Liquid Dynamic Compaction
(LDC) (Figure). There arc all the grounds to supposc
that the steel quality due to the highest rate of so-
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lidification will be acceptable for its use equally with
a killed steel.

Advantages of bimetal products are known long
ago. A lot of work in this field was done at our In-
stitute. Even today the bimetal sheet of the highest
quality is produced using electroslag remelting and
cladding. Now, the first symptoms appeared that in
the nearest time the bimetal rolled metal in the form
of various shapes of building assortment in particular,
including reinforced steel, will be wider and wider
used in industry. The Table presents data of Company
«Stelax» about the corrosion resistance of a tradi-
tional rcinforcement, made of stainless steel and bi-
metal, named Nuovinox, and gives the comparison of
cost of reinforcement of different types. These data
are very impressive and do not need additional com-
ments. In addition, during recently the bimetal pro-
ducts (not only reinforcement) of this Company be-
came to be used wider in repair and construction of
new bridges and introduced into appropriate standard
documents in the USA. These products can be pro-
duced using the varictics of ESR with a liquid metal,
without consumable electrodes, which were deve-
loped at our Institute over the recent years [4].

At present many new structural materials are ap-
peared to satisfy the needs of aircraft, space and other
industrics, as was accepted to say for «critical appli-
cations». However, the example of Nuovinox proves
that structural steels will also become in the nearest
future different and metallurgists should be ready
today to the soon changes in the market even of tra-
ditional kinds of rolled metal.

Challenge of time greatly influences also the spe-
cial electrometallurgy. We suppose that the prospects
of the special electrometallurgy are observed today
in the production of superalloys, titanium and its al-
loys, as well as of intermetallics for both power and
aircraft gas turbine construction. It is expected, that
the next qualitative jump both in technologies and
materials will begin in the field of a special elec-
trometallurgy.

All these various technological processes are com-
mon now in the fact that they should be carried out,
and in some cases they are already carried out, only
on the basis of a careful mathematical modelling of
metal structure required by customers, but not of a
simple design of a profile and depth of two-phase zone
in solidification of ingots. The experience of applica-
tion of this kind of models in melting superalloys is
positive. And today the development of technology
of VAR and ESR of alloys of Inconel types is based
on mathematical modelling without full-scale expen-
sive melts. It is evident, that to obtain these results
a perfect system of control of technological processes
is required to guarantee the constancy of conditions
of metal solidification during all the melting. It is
possible to say with a confidence that the key trend
in the special electrometallurgy in the nearest years
will be development of the system of monitoring and
control of melting alloys of different types on the
basis of study of specifics of their crystallization and
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Mean service life | Relative cost of

Material of reinforcement

section beft?1‘e first reinforc'ement
repalr, years section

Carbon steel 8-20 1
Carbon steel coated 13-25 1.5
by epoxy resin
Bimetal: 75 3
carbon steel + stainless steel
Stainless steel 75 6.5

structure formation. In other words, it would be ne-
cessary to examine the peculiaritics of structure for-
mation of cach type of alloys, to construct an appro-
priatc mathematical model and to perform melting
purposcfully, presetting both the producing matrix,
and also cither form and distribution of sccond phases
of the given alloy.

We see the future of the special electrometallurgy
in realization of unique potentialities to influence pur-
posefully on the metal structure. It is especially im-
portant in connection with a rapid growth of produc-
tion and application of nanocrystalline materials.
Here, it is important to take into account that any
alloy can be in principle considered as a composite
material and the metallurgists of a classical class
should prepare themselves to such interpretation of
structural metallic materials of the future. Today we
can guarantee the optimum combination of service
properties only for a rather limited number of steels
and alloys because of the absence of technological
capabilities of a purposeful control of the structure.
In the number of these rare exclusions, there are me-
tals, for example, which are passing the heat-mechani-
cal trcatment, including the controllable rolling and
multilayer metals, including also bimetals. In its time
when working with multilayer steels the associates
of the PWI suggested to consider them as steels with
preset anisotropy of structure [5]. Today it is neces-
sary to widen this approach and consider alloys as
materials with a preset anisotropy of the propertics.

It should be noted in conclusion, that even most
cautious and most optimistic predictions are often
refuted by the reality. Nevertheless, we shall take a
risk to suppose that the special electrometallurgy will
have a good future. And the main problems, which
are to be solved, will be related to materials for power
and aerospace engineering. And the solution of these
problems will be on the way of an integrated appli-
cation of different technologies as it is done today in
production of superalloys by a successive vacuum-in-
duction melting, ESR and final VAR.

1. Dubina, O.V., Ostapenko, A.L., Nikitina, L.A. et al.
(2002) Technoiogy and equipment, problems and prospects
of continuous hot rolling in wide-strip mills. Bull. Chermet-
inform., 5, 10-31.

2. Iverson, K. (1997) Talk Plain. Lessons from business mav-
erick. AISE.

3. Paton, B.E., Medovar, B.I., Medovar, L.B. et al. (1991)
On liquid—dPynamic compaction of steel. Doklady AN SSSR,
Tekhnich. Fizika, 4, 738*732.

4. Tsykulenko, K.A. (2002) Electroslag cladding with liquid
metal. In: Proc. of Int. Conf. on Special Metallurgy: Yes-
terday, Today, Tomorrow. Kyiv: Politekhnika.

5. Paton, B.E., Medovar, B.I., Tsykulenko, A.K. et al. (1984)
Multlilayer steel in welded “structures. Kyiv: Naukova
Dumka.

E[,[‘}("I‘RO,\I ETALLURGY 29



E @ GENERAL PROBLEMS OF METALLURGY

INVESTIGATION OF INTERPHASE INTERACTION
OF FERROTITANIUM WITH SILICON CARBIDE
IN POWDER MIXTURES
USED FOR THERMAL SPRAY COATING

G.M. GRIGORENKO, A.L. BORISOVA, Yu.S. BORISOV, L.I. ADEEVA, L.K. DOROSHENKO and V.L. RUPCHEV
The E.O. Paton Electric Welding Institute, NASU, Kyiv, Ukraine

Exothermal interaction in FeTi—SiC system was investigated. Maximum exothermal effect was achieved is use of 79 wt.%
FeTi + 21 wt.% SiC mixture with the formation of TiC, Ti;Si, C , Fe,Si, Fe Si, as products of interaction. The powder
mixture of this composition is most challenging for producing composite powders and spraying of thermal coatings with

a high wear and corrosion resistance.

Key words: thermodynamic calculations of equilibriums,
exothermal effect, differential thermal analysis, microstructure,
phases of Fe—Ti—Si—C system

In the present work the interaction of ferrotitanium
with silicon carbide using a method of differential
thermal analysis (DTA) was studied to select the com-
position of a composite powder of Fe—Ti—Si—C system,
optimum for producing wear-resistant coatings by
thermal spraying. In carlier works [1-3] the interac-
tion in composite powders Ti—SiC and properties of
coatings produced from them by the method of a
plasma spraying were investigated. Here, the pros-
pects of use of the developed coatings for protection
of friction units of fuel equipment, machine and equip-
ment parts from wear are shown. To reduce the cost
of initial materials for coating deposition and also the
level of internal stresses at the interface of coating
with a metal basc (steel), titanium was replaced by
ferrotitanium.

The investigation of interaction of ferrotitanium
with silicon carbide was madc using mcthods of ther-
modynamic, differential thermal, metallographic, mi-
crodurometric and X-ray diffraction phasc analysis.

Evaluation of feasibility of proceeding the simplest
reactions of titanium and iron with silicon carbide

was made on the basis of thermodynamic calculations
of changes in values of isobaric-isothermal potential
AZ (Gibbs energy). Calculations were made using
known mecthods [4, 5] and most valid initial thermo-
dynamic data [6-9]. It was assumed here that the
reactions are proceeding with participating of inso-
luble phases.

Adiabatic increase in temperature as a result of
proceeding reaction can be presented in the form

where Qe is the thermal effect of interaction; C), is
the heat capacity of reaction products.

In absence of values Cp its averaged value was used
in some definite cases for simple substances and com-
pounds which was equal to 33.5 kJ/(kg-atom(deg)
from data of Kelley [4]. Results of calculations are given
in Figures 1 and 2 and Tables 1 and 2.

In interaction of silicon carbide with titanium the
reactions of formation of mixture of phases: titanium
carbide with titanium silicides (Figure 1, curves 5-7)
arc most probable thermodynamically. Morcover, in
transition from TisSi3 to TiSi and then to TiSi2 the

Table 1. Thermal activity of reactions of silicon carbide with titanium

Content of SiC

Value of heat effect

No. Reactions - . W (gD ke o’ Aty °C
' of SiC of mixture of mixture
1 SiC + Ti = TiC + Si 46 54 111.70 1269 4.84 1110
2 SiC + %5Ti = ¥4TisSiy + C 33 41 121.96 1016 4.04 992
3 SiC+Ti=TiSi + C 46 4 57.80 65 2.51 375
4 SiC + 14Ti = ¥4TiSi, + C 62.5 70 -4.75 74 -0.27 -56
5 SiC + #5Ti = TiC + ¥4Ti;Si, 24 30 305.64 1821 7.49 1954
6 SiC + 2Ti = TiC + TiSi 30 37 241.48 1795 7.22 1802
7 SiC+#Ti = TiC + 4TiSi, 36 44 178.94 1598 6.30 1526
© G.M. GRIGORENKO, A.L. BORISOVA, Yu.S. BORISOV, L.I. ADEEVA, L.K. DOROSHENKO and V.L. RUPCHEV, 2002
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Table 2. Thermal activity of reactions of silicon carbide with iron

OBLLUVE BOMPOCHI METANYPIAN {.

Content of SiC

Value of heat effect

No Reactions L . kJ / (glmol) KJ ke I ;J/cmx At g, °C
wee vol. % of SiC of mixture of mixture

1 SiC + 3Fe = Fe;Si + C 19 37 21.96 106 0.65 131
2 SiC + ¥3Fe = ¥/3FeSi; + C 30 o1 9.67 73 0.40 79
3 SiC + Fe = FeSi + C 42 64 4.67 49 0.24 47
4 SiC + 1»Fe = 1»FeSi, + C 39 78 =31.25 —459 -1.95 =37
5 SiC + 3Fe = Fe,C + Si 19 37 —46.8 =225 -1.39 -279
6 SiC + 6Fe = Fe,C + Fe,Si 11 23 -3.14 -84 —0.06 -12
7 SiC + 143Fe = Fe;C + V3Fe;Siy 13 27 —15.43 —51 —0.34 —69
8 SiC + 4Fe = Fe;C + FeSi 15 30 —20.43 =77 —0.5 -102
9 SiC + 3.5Fe = Fe;C + 15FeSi, 17 33 —56.35 —239 -1.51 =31

probability of reaction is diminished. Reaction of for-
mation of lower titanium silicide Ti5Si3 with precipi-
tation of a free carbon is impossible thermodynami-
cally (curve 4), the other reactions occupy the inter-
mediate position. Exothermicity of reactions consi-
dered is sufficiently high, the highest adiabatic peak
of temperature reaches almost 2000 °C (Table 1).

In interaction of silicon carbide with iron the re-
actions of formation of silicides with precipitation of
afree carbon (Figure 2, curves 1—3) are most probable,
here the degree of their probability is increased in the
row FeSi- FesSis— FesSi. Reactions of formation of
the same silicides in mixture with FesC are possible
at temperatures above 200, 400 and 700 °C for silicides
FesSi, FesSis, FeSi, respectively (curves 6=8). Reac-
tions of FeSiy formation with precipitation of a free
carbon, FesC with precipitation of a free silicon and
mixtures FeSi, and FezC (curves 4, 5, 9) are impos-
sible within the entire temperature interval (up to
1500 °C). Adiabatic peak of temperature does not
exceed 130 °C (Table 2).

Thus, in interaction of ferrotitanium with silicon
carbide the formation of mixture of phases should be

AZ, kJ/(g-mol)
50
4
o — —— —A
3
50 A A \
1 =
-100 | .
° $ — —4
-150 | 2
O— — O
-200 |
0 6
-250 [® - 5 -
-300 O/)/O/O
-350 . . A
0 500 1000 1500 T, °C

Figure 1. Temperature relationship in changing Gibbs energy dur-
ing reaction of silicon carbide with titanium (figures on curves
correspond to numbers of reactions in Table 1)

4/2002

E[.E("I‘RO.\I ETALLURGY

expected: titanium carbide, titanium silicides (first
of all TisSiz) and iron silicides (probability of Fe3Si,
FesSiz and FeSi formation is differed negligibly).

Due to the absence of initial thermodynamic data
the feasibility of formation of ternary or more complex
compounds, as well as solid solutions was not consi-
dered in calculations. Nevertheless, the existence of
two ternary compounds is known in the Ti—Si—C sys-
tem | 10]: Fe3SiC, and TisSiz—,C, which were revealed
earlier by us in products of interaction of powder
mixtures of titanium with silicon carbide [1].

For experimental investigation of ferrotitanium
interaction with silicon carbide the compositions of
mixtures were selected, which were characterized by
the highest degree of exothermal activity, namely Ti+
24 wt.% SiC (Table 1, reaction No.5), Fe + 19 wt. %
SiC (Table 2, reaction No.1). Composition of mixtures
with ferrotitanium which contains 50 at.%
Fe (54 wt.%) and 50 at.% Ti (46 wt.%) should be as
follows: 79 wt.% FeTi + 21 wt.% SiC.

As initial material the powders of ferrotitanium
with 40—100 pum size of particles, silicon carbide of
two fractions (80-160 pm and < 3 um) produced by
the method of grinding were used for investigations.
Powders of pure iron and titanium had < 5 pm size

AZ, kJ/(g-mol)
60

40

20

-20

-40

-60 1 I 1
0 500 1000 1500 7, °C

Figure 2. Temperature relationship in changing Gibbs energy dur-
ing reaction of silicon carbide with iron (figures on curves corre-
spond to numbers of reactions in Table 2)
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Figure 3. Differential thermal curves of heating powder mixtures

of composition, wt.%: 7 — 76Ti + 24SiC; 2 — 81Fe + 19SiC; 3 —
79FeTi + 21SiC; 4 — 86FeTi + 14SiC; 5 — 91FeTi + 9SiC

of particles. X-ray diffraction phase analysis showed
that only powder of ferrotitanium contains, except phase
FeTi, a small amount of Fe,Ti, y-FeTiO and TiCi-,.
The rest powders do not contain impurities, the silicon
carbide has a structure with a hexagonal lattice.
Samples for DTA were prepared from initial pow-
ders by careful mixing in HSM type mixer of «Her-
zog» Company and subsequent pressing at 3 t/(:m2

pressure. DTA was made in unit VDTA-8M in a static
medium of helium at 80 K/min rate of cooling.

Analysis of differential thermal curves of heating
powder mixtures (Figure 3) showed that DTA curve 3
for FeTi—SiC has a number of common features with
curves {1 and 2 for Ti—SiC and Fe—SiC, respectively.
Thus, the endothermal effect is observed on curves 2
and 3 at temperature above 1100 °C, while on curves
7 and 3 the sharp peak of exothermal effect at tem-
peratures 1245 and 1480 °C, respectively, is observed.

The X-ray diffraction phasc analysis of samples
(Table 3) showed that interaction of powders Fe +
SiC in mixture is procceding mainly with the forma-
tion of silicide phases of iron (FesSis, FesSi and FeSi).
Endothermal peak at temperatures 11501220 °C is
due to the appearance of the liquid phase, i.e. eutectic
FesSi—FesSis (Teie = 1250 °C [ 11]).

In FeTi—SiC system the interaction is started, pro-
bably, with the formation of iron silicides. The appear-
ance of liquid phase (eutectic), promoting the accelera-
tion of transfer of reagents to the reaction zone, leads
to the transition of the first (slow) stage into the stage
of active interaction with an abrupt rise of temperature
as a result of reaction of silicon carbide with titanium
contained in the ferrotitanium composition.

The presence of iron in mixture FeTi—SiC and for-
mation of iron silicides at the first stage, unlike Ti—SiC,
leads to shifting the temperature interval of active in-
teraction to the region of the higher temperatures. Com-
parison of phase composition of ingots produced at DTA
and phases expected on the basis of thermodynamic
estimates showed that products of reactions contain ad-
ditionally (though in a small amount) the ternary com-
pounds and solid solutions (Table 3). In other respects
the results of experimental investigation confirm the
data of the thermodynamical analysis. The main pro-
ducts of interaction of FeTi with SiC are the iron and
titanium silicides, and also titanium carbidc. The latter,
having a wide region of homogeneity, binds carbon pre-
cipitating according to reaction

mFe + nSiC = Fe,Si, + nC.

In comparison of microstructure and phase com-
position of ingots, produced from mixtures of ferroti-
tanium with silicon carbide of different dispersity
(80160 pm and < 3 pm), it was outlined that in the
first case the reaction is not proceeding to the end
(lines SiC, FeTi and FesTi were revealed on radio-

Table 3. Characteristic of most exothermal mixtures of reaction products

Mixture Phase composition
composition, Microhardness, GPa
wt.% calculated experimental
79FeTi + 21SiC TiC, TiC,,, Ti;Si,,C 15.3-20.6 (carbide inclusions)

Ti,Si,, Fe,Si, FeSi, Fe,Si,

81Fe + 19SiC Fe,Si, FeSi, Fe;Si,, C

Fe,Si, FeSi, Fe;Si,
Fe,Si, FeSi, Fe;Si;, FeySi,C,

X

9.46—11.59 (silicide matrix)
4.0-8.0

Fe—C solid solution

76Ti + 24SiC TiC,

TisSis,

Ti;Si, ,.C

18.1-23.3 (carbide inclusions)

TiC,.,,
12.5-12.7 (silicide matrix)

x
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Figure 4. Microstructure of products of interaction of ferrotitanium with silicon carbide (not etched): @, b — 21 wt.% SiC (1 —

titanium carbides; 2 — silicides of titanium and iron; 3 — silicon carbides) (x650); ¢ — 14 wt.% SiC; d — 9 wt.% SiC (x400)

grams) and there are pores in the ingot structure (Fi-
gure 4, a). In the second case the structure is more
homogeneous, fine-dispersed, pores on microsections
are not seen even at much higher magnification (Fi-
gure 4, b). Structure of similar type is most preferable
for corrosion-resistant coatings operating for wear.

To check the effect of silicon carbide in mixture
with ferrotitanium on its exothermicity, the experi-
ments were performed with 14 and 9 wt.% SiC (Fi-
gure 3, curves 4 and 5). Results show the reduction
of thermal activity of mixture with a decrease of sili-
con carbide amount in it. Here, the ingot structure
becomes less homogencous (Figure 4, ¢, d), micro-
hardness of matrix is decreased (for FeTi + 9 wt.%
SiC — up to 7.2 GPa), that is associated with the
presence of a non-reacted ferrotitanium in it. With
SiC increase in mixture as compared with optimum
content (more than 21 wt.%) the large amount of
residual SiC is preserved in the ingot, i.e. the reaction
is procceding up to the end, resulting in decrcase in
ingot strength.

Thus, the interaction of FeTi with SiC in powder
mixtures has an exothermal nature. Titanium replace-
ment by ferrotitanium lcads to some decrease in
exothermicity of the process of interaction with SiC
and increase in temperature of beginning the active
interaction approximately by 250 °C that is caused
by the formation of iron silicides and their fusible
cutectics. Based on experimental data corresponding
to theoretical calculations the maximum exothermal

4/2002

E RADYVRANCIES TN
LECTROMETALLURGY

effect is attained in use of mixtures 79 wt.% FeTi +
21 wt.% SiC with the formation of TiC, Ti5Siz—.C,,
FesSi, FesSis as interaction products, whose micro-
hardness is 15.3-20.6 and 9.46—11.59 GPa for carbide
and silicide matrix, respectively. This combination of
structure components, i.e. hard carbide inclusions in
more soft and plastic silicide matrix, are most opti-
mum for thermal coatings with a high wear and cor-
rosion resistance.
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INVESTIGATION OF PHASE TRANSFORMATIONS
IN COMMERCIAL FERROSILICIUM USING THE METHOD
OF SYNCHRONOUS THERMAL ANALYSIS

M.M. GASIK, V.L. ZUBOV and M.I. GASIK
National Metallurgical Academy of Ukraine, Dnepropetrovsk, Ukraine

Results of experimental study of phase transformations in ferrosilicium of FS45, FS65 and FS70 grades by a synchronous
thermal analysis using a differential scanning calorimetry (DSC) and thermogravimetry are considered. Thermal effects
occurring in heating and cooling as a result of phase transformations are estimated quantitatively. The change in mass
of samples in the process of heating and cooling, and also the heat capacity of ferrosilicium within the temperature
20—1350 °C interval are determined. Comparative analysis of temperature transformations in ferrosilicium of different

grades by position of peaks of DSC curves was made.

Key words: highsilicon ferrosilicium, Fe—Si state dia-
gram, phase transformations, synchronous thermal analysis (dif-
ferential scanning calorimetry, thermogravimetry), thermal ef-
fects of transformations

Electrothermal ferrosilicium covers by its chemical
composition a wide concentration region of state dia-
gram of Fe—Si system, namely from 19 up to = 92 %
Si (GOST 1415-93) [1, 2]. In this connection the
selection of ferrosilicium composition, technology of
casting and also its application in steel-making indus-
try in deoxidizing and alloying of steels and alloys of
a different functional purpose is defined mainly by
the Tevel of knowledge and availability of valid ther-
modynamic data about the properties of ferrosilicium
of each grade.

Analysis of litcrature data shows that the stable
state diagram of Fe—Si system has been studied com-
prchensively owing to fundamental investigations
made during the recent decades at the end of the last
century, though there are some problems, such as
compositions and types of crystalline structures of
compounds, temperatures of phase transformations
(first of all Icbcauite) which continue to remain open
to discussions |3, 4].

Electrothermal ferrosilicium of industrial melting
contains a number of impurity elements among which
aluminium, calcium, mangancse, chromium, tita-
nium, phosphorus, sulphur and carbon are regulated
by GOST 1415-95. The presence of these elements
has a definite effect on phase transformations in fer-
rosilicium during formation of structure, developing
of liquation phenomena, precipitation of excessive
phases in ingots and also intensive their susceptibility
to the phenomenon of a self-crumbling in a humid
atmosphere with a formation of poison gases of
phosphine and arsine [5, 6].

Production of ferrosilicium has an export-oriented
nature, that defines its grade composition. These are
mainly FS45, FS65 and FS70 (FS75 rarely). In this
connection the phase transformations in ferrosilicium
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of « elite» grades, competitive at national and inter-
national markets of ferrosilicium products were in-
vestigated in the present work. Samples of commercial
ferrosilicium of three grades of present-day production
were used (Table 1).

Phase transformations in heating (cooling) of fer-
rosilicium samples were examined using a method of
a synchronous thermal analysis representing a combi-
nation of methods of gravimetry and DSC. Principle
of DSC consists in a dynamic changing of a heat flow,
directed to the ferrosilicium sample examined. This
change is necessary for compensation in the difference
of temperatures between the sample and reference
(sapphire). As compared with cquipment used tradi-
tionally for differential thermal analysis, the equip-
ment for temperature measuring in DSC has a special
design of a measuring part and is characterized by a
higher sensitivity.

The aim of the present work is to establish tem-
peratures and enthalpics of phasc transformations (re-
actions) in hecating (cooling) of ferrosilicium samples
by chemical composition referring to a concentration
region FeSi=Si of state diagram of Fe—Si system (Fi-
gure 1).

The investigations were performed in unit Jupiter
STA 449C which makes it possible to perform the
synchronous thermal analysis with a sensitivity by
mass up to 0.1 pg and by enthalpy up to 2 %. Samples
of 0.3-0.4 ¢ were heated in atmosphere of a pure

Table 1. Chemical composition of samples of commercial fer-
rosilicium (GOST 1415-93)

Fer- Content, wt.%

rosilicium
grade Si Al Mn Cr Ti Cu P S
FS45 45.5 0.4 03 04 0.1 0.09 0.03 0.01
FS65 64.0 06 0.2 0.2 0.2 0.09 0.03 0.01
FS70 722 23 0.2 02 0.2 0.05 002 0.01
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Figure 1. State diagram of binary Fe-Si system

argon in alundum calibrated crucibles at the rate of
20 °C/min up to 1350 °C, 30 min holding and cooling
at 5 °C/min rate with recording of change in mass
and temperature. A sapphire disc with a known heat
capacity was used as a reference sample. Experimental
data and correlation curve of a specific heat capacity
of sapphire depending on temperature obtained during
calibration of the instrument are given in Figure 2.
Theoretical values of heat capacity of phases of inde-
pendent system FeSi—Si are presented in Table 2.

The heat capacity of ferrosilicium samples is de-
termined by formula

d
¢, =% /mHWH

where dH is the enthalpy change; T is the tempera-
ture; m is the sample mass which can depend on time
T and temperature. Therefore, the specific heat capa-
city can be presented in accordance with the DSC
method by the expression

Co, J/(gK)
1.4

13F

Y=7E-16x5-3E-12x4+5E-09x3 -5E-06x 2+0.0022x+0.7257
R2=0.9999

0.9}

0.8 |

0.7
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Figure 2. Dependence of specific heat capacity of sapphire (a-
Al,O,) on temperature (signs of correlation curve — experimental
data)
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Table 2. Theoretical values of specific heat capacity, J/ (gK),
of silicon and silicide phases in independent system FeSi—Si

C,=A+BOO°T+Cr?+D D0 77
Phase
A B ‘ c ‘ D ‘ T, K

Si 0.81264  0.13736  —12600 - 298-1685
FeSi,;;  0.60689 - - - 298-398
FeSi,; 0.58282  0.2783 —6799.63  — 298-900
B-FeSi, 0.4946 0.2606  44.635 - 298-900
FeSi 0.4553  0.26714  319.3  —2.44  298-1683

Note. Database HSC 4.01, Outokumpu Research, Finland; TAPP
3.0, ESM Inc., USA.
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where indices «s», «std», «base» are the sample,
standard and base line, respectively; DSC is the sig-
nal.

Below, the results of our experiments and their
analysis are given. Typical curves of DSC and ther-
mogravimetry of thermal analysis of ferrosilicium of
FS45 grade are shown in Figure 3. Hatched line cha-
racterizes the rise of temperature of alloy sample in
an alundum crucible with time at a preset constant
rate (20 °C/min), isothermal holding during 30 min
and cooling of sample with a crucible at 5 °C/min
rate. The mass of ferrosilicium sample is increased
only in the region of heating and holding at the ex-
pense, probably, of alloy oxidation, while in cooling
it remains almost constant within the interval of tem-
peratures from 1200 °C and lower that is proved by
a horizontal region on curve m.

Figure 4, a, b presents the DSC comparative curves
of all the alloys in heating and cooling, respectively.
The change in mass of ferrosilicium samples in experi-
ments was negligible, i.e. to 0.5 %. By comparing
most clear peaks on DSC curves (Figure 4, a) of
thermal analysis of ferrosilicium of three grades with
a stable state diagram of Fe—Si system, it was shown
that the position of these peaks, in spite of high rate
of heating samples (20 °C /min) has a good correlation
with temperature phase transformations in FeSi—Si
independent system.

At the same time, in cooling samples of alloys at
a lower rate (5 °C/min) as compared with that of
heating the cffect of overcooling (by 10-40 °C) is

m, % DSC, pV/mg T.°C
= 21-1300
100.05 \\\ 1k
<~ ] 1100
100.00 ~ dar
S 900
S 42l
99.95 ~
T ><{sl700
<-4
99.90 1 k500
1 1 i 1 1 1 1 1 1 1 L
20 40 60 80 100 120 140 160 180 200 <, min

Figure 3. Typical curves of differential scanning calorimetry and
thermogravimetry
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Figure 4. Comparative DSC curves of alloys FS45, FS65, FS70 in heating (a) and cooling (b)

manifested that can be caused by the effect of impurity
elements in ferrosilicium on the temperatures of eu-
tectics, as the liquidus temperature is coincided almost
with appropriate temperatures of melting alloys from
the data of stable state diagram of Fe—Si system (Fi-
gurc 4, b).

Identification of peaks on DSC curve of fer-
rosilicium of FS45 grade cnables us to make a con-
clusion that the alloy undergoes the eutectic trans-
formation in heating up to 1223 °C (cooling 1166 °C)
and liquidus transformation at 1289-1304 °C (cooling
1288 °C). Ferrosilicium FS65 undergoes cutectic
transformation in hecating up to 1213 °C (cooling
1176 °C). At further increase of temperature this alloy
undergoes liquidus transformation at 1283 °C (cooling
1284 °C). Almost complete coincidence of liquidus in
heating and cooling of samples of ferrosilicium of
FS45 and FS65 grades was stipulated by a very low
temperature interval of solidus—liquidus transforma-
tion, though liquidus of commercial ferrosilicium of
FS65 grade is by about 50 °C higher than the tem-
perature of melting of FeSiy g silicide. Temperatures
of phase transformations from data of identified DSC
peaks for ferrosilicium of FS45, FS65 and FS70 grades
are given in Table 3.

In accordance with an independent state diagram
of FeSi—Si system the eutectic-1 represents FeSis s
(lebeauite) + FeSi, ecutectic-2 — Si + FeSip 3, and

Table 3. Comparison of temperatures of DSC peaks of different
alloys in heating (above line) and cooling (under line)

Temperature of phase transformation, °C
P?ssible From
transformation
FS45 FS65 | FS70 d.smf"’
iagram
(Figure 1)
Eutectic-1 1223 - - 1212
1166
Eutectic-2 - 1213 1212 1207
1176 1160
Liquidus-1 1289-1304 - - 1300
1288
Liquidus-2 - 1283 1310 1285 (65 %),
1284 1300 1310 (70 %)
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liquiduses 1 and 2 are the temperatures of transition
from two-phase regions (solid=liquid) into a liquid
state.

On DSC curves of alloys FS45 and FS70 some
peaks are revealed which could not be identified in
spite of their repetition at successive heating (cooling)
of samples. These peaks are due to the transformations
in alloys in a solid state, though one peak 1255 °C is
revealed in heating sample of alloy FS45 in a two-
phase temperature region.

The assuming reactions for interpretation of non-
identified peaks on DSC curves for alloys FS45 and
FS70 arc given in Table 4.

Thermokinetic analysis of melting (solidifica-
tion) of ferrosilicium. The thermokinetic analysis of
melting ferrosilicium has a theoretical and practical
importance and, first of all, as was above-mentioned,
in deoxidizing and alloying of steel. It was not ma-
naged to find results in literature of a similar thermal
analysis of eutectic reactions existing in melting (so-
lidification) of ferrosilicium of FS45, FS65 and FS70
grades. To compensate this lack of data the experi-
mental DSC curves in the present work were proc-
cssed, after a necessary correction (zcro line of instru-
ment and thermal resistance of alloy sample), using
a method of a non-lincar regression with analysis of
possible types of reactions (of first, second and higher

Table 4. Non-identified DSC peaks of different alloys in heating
(above line) and cooling (under line)

Temperature of phase

Possible transformation transformation, *C

FS45 FS70
Peritectoid lebeauite + FeSi — B-FeSi, - -

753
Peritectoid B-FeSi, —» lebeauite + Si - 909
Peritectoid B-FeSi, — lebeauite + FeSi 938 -
Caused by impurity phases 1151 -
Same 1255 -
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Figure 5. Kinetic curves of melting two samples of ferrosilicium
FS45: signs — experimental data, lines — data of optimized model
by Avrami—Erofeev equation

orders, processes controllable by diffusion and so on)
(Figure 5). The highest correlation was obtained by
two equations of Avrami—Erofeev |7], reflecting the
processes of a volume nucleation in the formal theory
of chemical kinetics:
g -4
AL = et 1 B in a1 15
where [A] = A /Ag is the relative concentration of
initial phase; n is the reaction order; F is the preex-
ponential factor; E is the apparent energy of activation
of eutectic reaction. The above-given expression for
data of Figurce 5 can be written in the form

d[A i
_C[h_] =355 80 [A] F-In AR

with 115 kJ /mol apparent energy of activation of
melting process.

According the above procedure the specific heat
capacity of alloy FS70 was calculated (Figure 6).
Known heat capacity as a function of temperature
makes it possible to calculate the enthalpy of alloy
by integration (Figure 7). During analysis the change
in enthalpy of alloy FS70 for independent reactions
«liquidus-2», <«eutectic-2» and «peritectoid f-
FeSi2 - lebeauite + Si» was determined. Here, the
peaks of curve of heat capacity were classified by the
Fraser—Suzuki [8] using the procedures of non-linear
regression. In this method the signal is approximated
by an asymmetric peak by equations:

Co, J/(9-K) DSC, uV/mg
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Figure 6. Curves of differential scanning calorimetry and specific
heat capacity in heating ferrosilicium of FS70 grade
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Figure 7. Change of enthalpy of ferrosilicium of FS70 grade de-
pending on temperature
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where y is the signal; A is the amplitude; W is the
half-width of peak; S is the peak area; a is the peak
asymmetry; x is the current coordinate; x, is the peak
position. It follows from the results of classification
(Figure 8) that liquidus peak should spread to the
region of sufficiently high temperatures (lower than
800 °C) that, probably, requires an additional expla-
nation. Alloy FS70 contains a large amount of primary
silicon (of about 30 % at 1210 °C), whose constant
increase in heat capacity and decrease in share within
the wide range of temperatures shift the base line of
heat capacity towards the higher values. Therefore,
numerical values of estimation of enthalpy of reactions
refer to 1 g of alloy, but not to 1 mol:

Peak 1  «Peritectoid AH;=-30.6+13.5)/¢g
B—FCSiZ —
lebeauite + Si»
Peak 2 «Eutectic-2» AHy, = -247.0+£8.4])/¢g
Peak 3 «Liquidus-2» AH3=3504.5+191])/g

The above values of change in enthalpy are esti-
mating, as the amount of primary silicon and impu-
rities, which are «inert» as regards to reactions in-
vestigated is unknown a priori. At the same time it
was established that the «eutectic-2» and «liquidus-
2» transformations are accompanied by much higher
changes in enthalpy than the peritectoid transforma-
tion of lebeauite. Difficulties in adequate determina-

G, J/(g-K)
10

Peak 2

6 Peak 3

Peak 1

0 [ 1 1 1
700 900 1100 1300 T, °C

Figure 8. Classification and integrating of peaks of curve of specific
heat capacity of ferrosilicium of FS70 grade
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tion of the peritectoid transformation are, probably,
associated both with a low heat effect of this reaction
and also with a low rate of its proceeding. Indirect
estimation shows that, assuming the change of en-
thalpy in melting silicon to be equal to 50206 J /mol
and FeSi = 75540 J /mol, the change of enthalpy of
eutectic reaction will be 44000-47000 J /mol. If to
consider that cutectic «lebeauite—silicon» is located
very close to the phase region of lebeauite (Figure 1),
then enthalpy of melting the latter in a commercial
ferrosilicium will be 41440-42560 J /mol in principle.

The data obtained in this work are important for
designing technology of pouring of ferrosilicium pro-
viding a high output of commercial classes of size in
fractionation of ingots by crushing, sicving and also
for thermal physical calculations of processes of dis-
solution of ferrosilicium of different grades in deoxi-
dizing and alloying of steel or modifying of cast irons
by silicon.
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PROPERTIES OF ALLOYS
BASED ON HIGH-PURITY CHROMIUM

A.P. RUDOJ, V.Kh. MELNIK and A.P. PORTNOV
Institute for Problems of Materials Science, NASU, Kyiv, Ukraine

Chromium alloys, alloyed with lanthanum, iron, nickel and cobalt were produced from high-purity chromium ingots
melted by induction-arc method. Hardness and transition temperature of these alloys were examined. It is shown that
hardness decreased from 1350 to 1000 MPa, and temperature of brittleness decreased from 20 to —40 °C. It is also shown
that alloy Cr—La—Fe is easily deformed by rolling and rotational forging. Ductility of this alloy makes it possible to
produce the protective coatings from it. Tests of artillery barrels with this protective coating for gunpowder erosion

showed the 3 times increase in service life of the barrels.

Key words: chromium, alloy, hardness, brittleness tem-
perature, processing ductility, protective coating

Chromium, pertaining to metals of group VI of the
periodic table, is highly sensitive to the presence of
interstitial impurities (carbon, nitrogen, oxygen, hy-
drogen), which have a low solubility, wt.%: H —
0.00001-0.0001; C — 0.00001—0.0001; N — 0.00001;
O — 0.00001. They form oversaturated solid solu-
tions and two-phase alloys with chromium, this lead-
ing to impurity segregation on dislocations, which
results in chromium proneness to intercrystalline frac-
ture, and to lowering of low-temperature and pro-
cessing ductility, respectively [1-3].

Since chromium has a number of useful properties
and, in particular, high corrosion and crosion resis-
tance in aggressive media, it is rational to use it as
cathode material in coating deposition on the surface
of items, exposed to aggressive media in service |4].

Chromium of ERKh grade (TU 14-5-3-65), pro-
duced by Russian companics, was used as initial ma-
terial to melt out chromium ingots of 99.95 wt.% pu-
rity and up to 10 kg weight, by the technology of
producing compact chromium, developed by us |3].
Chromium of a higher purity can be produced as small
samples by iodide refining or other cleaning methods.
However, during its remelting into larger ingots,
chromium may be contaminated.

Protective coatings 50 to 60 pm thick, produced
in vacuum by the method of ion-plasma spraying of
high-purity chromium alloys, containing lanthanum
(upto 0.3 wt.%), provided reliable protection of items
from erosion damage in aggressive media at high tem-
peratures. For instance, deposition of additional chro-
mium coating on combustion chambers of liquid-fuel
rocket engines, made of copper alloys with coatings
of stainless steel and cobalt alloys, allowed improving
the working temperatures of combustion chambers of
jet engines and the power of the latter, respectively.

Attempts at protecting gun barrels, using coatings
of high-purity chromium and its alloys with lantha-
num did not yield any positive results, because of
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coating cracking at impact loads and shots, which
was, probably, due to formation of defects on dislo-
cations.

Alloying of high-purity chromium, containing up
to 0.3 wt.% lanthanum with metals of group VIII of
periodic system, having atomic numbers, close to chro-
mium and dissolving in it in the liquid and solid state
up to 0.6 wt.%, cnabled lowering HV hardness and
brittleness temperature T, of the produced three-com-
ponent alloys.

Figure 1, a gives the dependencies of hardness of
Cr—La—Fe, Cr—La—Ni and Cr—La—Co alloys on the
content of alloying elements of iron, nickel and co-
balt. It is seen that at small concentrations of the
latter (up to 0.15-0.20 wt.%) alloy hardness is mark-
edly decreased. With the increase of their concentra-
tion HV rises considerably, particularly so for alloys
Cr—La—Ni and Cr—La—Co.

Investigation of the influence of alloying on brit-
tleness temperature was conducted on the same alloys.
Thor of initial alloys was close to zero. From Figure 1,
b it is seen that at low concentrations of iron and
nickel (up to 0.3 wt.%) brittleness temperature is
lowered to =30 and —40 °C, respectively, and with
the increase of their content Thr rises, which is in-
dicative of a ductility drop. Cobalt definitely impairs
the ductility of basic alloy Cr—La in the entire studied
range of concentrations and, therefore, is not benefi-
cial as an additive in development of a cathode alloy.

Thus, in view of the above, it may be assumed
that nickel and iron have a favourable effect on the
properties of alloys of Cr—La system, nickel additives
increasing the ductility to a greater degree, and iron
additives, contrarily, more markedly lowering the
hardness of the studied alloys in as-cast condition.

The influence of annealing temperature T, of cast
alloys Cr—La—Fe and Cr—La—Ni, produced under our
conditions, on their properties (HHV and T,,) was also
studied. Alloys of the following compositions were
used, wt.%: Cr — balance; La — 0.11; Ni — 0.12
and Cr — balance; La — 0.22; Fe — 0.23. One-hour
annealing was conducted in argon atmosphere in the
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Figure 1. Influence of nickel (7), cobalt (2) and iron (3) on hard-
ness (a) and brittleness temperature (b) of Cr—La alloys

temperature range of 500 to 1000 °C. Alloy samples
were cooled to room temperature with the furnace.
As is seen from Figure 2, @ hardness of alloy
Cr—La—Fe decreases smoothly up to annealing tem-
perature of 900 °C, and then, at further increase of
temperature, it rises markedly, which is attributable
to redistribution of impurities between chromium and
lanthanum. The nature of hardness variation with the
increase of annealing temperature of Cr—La—Ni alloy
follows the same law, but is not so pronounced.
Figure 2, b shows the variation of Ty, with the
increase of Ty, of alloys Cr—La—Fe and Cr—La—Ni. If
in the case of alloy Cr—La—Fe the nature of T}, de-
pendence on annealing temperature, similar to that
of HV on annealing temperature, is preserved, in alloy
Cr—La—Ni a monotonic lowering of T}, is found with
increase of annealing temperature in the studied tem-

40 E[,[‘}("I‘RO,\I ETALLURGY

HV, MPa
1200

1100

1000

800 1000 T, °C

] 1 1 1

V500 700 900 Tons °C

b

Figure 2. Influence of annealing temperature on hardness (@) and
brittleness temperature (b) of Cr—La alloys, alloyed with nickel

(7) and iron (2)

perature range. Obtained data allow recommending
one-hour annealing for cast alloys Cr—La—Fe and Cr—
La—Ni to improve alloy ductility.

Results of the work performed by us showed the
good prospects for application of low-alloyed chro-
mium alloys of Cr—La—Fe and Cr—La—Ni systems as
cathode material. At high processing ductility, allow-
ing radial-type cathodes to be made of these alloys,
they have a number of other advantages, namely good
adhesion to item material, high-temperature resis-
tance and cracking resistance. This was confirmed by
conducted in Russia testing of gun barrels, the inner
surface of which was coated by a protective layer of
Cr—La—Fe, which demonstrated an increase of barrel
life of about three times.
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