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MECHANISM OF OXIDE
INCLUSIONS REMOVAL
IN THE ESR PROCESS

1 INTRODUCTION

The purification of metal in ESR process, especially with re-
spect to removal of nonmetallic inclusions, has been well estab-
lished. However, about its mechanism various researchers are
holding different view points. It has been stated by Latash"” and
Madono'® that the principle of removing inclusions in ESR pro-
cess is through physical floating of non-metallic inclusions from
molten metal pool to slag bath. According to the Stokes’ Law
they calculated floating velocity of the inclusion. Garevsky and
Schult™ have suggested that removal of inclusions takes place
mainly at the stage of droplets falling through the slag bath.
Even Gammal™ and Hasegawa'® have further thinned droplets
by changing the frequency of electric current. Ehrly in 1961 the
author®’ had suggested that removal of inclusion occurred mainly
at the stage of formation of droplets or at the electrode tip. This
conclusion was based upon quantitative determination by metal-
lography. Mitchell™ had also reached a similar conclusion
through metallographic studies. However, these methods are not
sufficiently accurate because metal samplés under the condition
of quick cooling could contain excess oxygen.

Inclusion removal in ESR process is by absorption into the

slag. The mechanism of absorption is related to interfacial phe-

1



nomenon or dissolution or electro-chemistry or chemical reac-
tions. No final conclusion has yet been reached on exact mecha-
nisms. Some metallurgists'™® % believe that the metal cleaning
during electroslag remelting occurs because inclusions are ab-
sorbed and dissolved in the slag. Factors directly affecting clean-
ing depend on the components and composition of the slag and
the type and size of inclusions.

It is known that the type, composition and size of inclusions
in steel often depend on the deoxidization system used in steel-
making. This research deals with the mechanism of inclusion re-
moval in ESR. This paper presents the experiments conducted in
three parts: ’

(1) Measurement of reaction time and the interfacing area
between metal and slag in the following three sites; electrode
tip, molten droplets and molten metal pool. Metal samples taken
from three stages are annealed for 3 hours to cancel the defects of
experimental methods cited in literature!*) and analyzed for
change of oxygen and sulfur in metal. A high sensitivity indica-
tor is used for studying the behavior of oxide inclusions Zr* O,
considered as representative during electroslag refining.

(2) Examination of the mechanism of absorption and disso-
lution of inclusions in the ESR process: consumable electrodes of
ZGCr15 bearing steel of high cleanliness were prepared using dif-
ferent types and quantities of deoxidization agents to refine the
melt. Accurate quantitative and qualitative analysis of inclusions
and size and amount of inclusions before and after electroslag
remelting were determined. The influence of the composition of
original inclusions in the consumable electrode and their behavior
during ESR were studied.

(3) Experimental confirmation was also obtained through
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performance of industrial scale electroslag refining of ZGCrl5

bearing steel electrodes.
2 EXPERIMENTAL PROCEDURES AND RESULTS

Melting installations: 50kg electrode slag furnace, 100kV «
A transformer.

Remelting technology: consumable electrode¢50mm X 1700
mm?, ZGCrl5 steel; slag CaF, 70% + Al,O; 30%; current 2000
A, Voltage 31 V; cooling water temperature << 45°C; ignition
with liquid slag.

Electrode materials melting: Bearing steel was primary
melted in an induction furnace. Final deoxidization was with Al
1kg/t for conventional test and radioactivity indicator Zr* for ra-
dioactive test. 1.5g of deoxidizing agent Zr* was added into 8kg
of steel forming Zr* O,; then the steel was cast into an elec-

trode.
3 TESTING PROCEDURES AND RESULTS

The refining during the three stages was compared and
droplet transferring frequency (drops/s) was measured by SC-1
oscilloscope. Combined with the value of melting rate (g/s)
droplet weight and metal-slag contacting specific area (mm?/g)
were evaluated. A

Under protection of argon atmosphere, electrode was rapid-
ly withdrawn from the melt and, the specific area (mm?/g) of
the liquid metal film on the electrode tip based on the value of
droplet falling frequency, the time of droplet formation (s) are e-
valuated. Geometry of the metal pool was determined by sulfur

printing method.



Droplet falling velocity w (cm/s) was calculated based on

the following formula.

( ) nd? e nd? wh E.d_a d_w cenoas %)
8o P2 6 4 ) 2 o 6 dt
where g gravity acceleration;
o1 density of metal;
©p.——density of slag;
d——diameter of droplet;
w——{alling velocity of droplet;
e—coefficient of resistance.
Results of measurements and calculations are shown in
Table 1.
Table 1 Comparison of Smelting Conditions
contacting ight ¢
. area between t‘;vxeltgl od specific area/ Reacting
par metal — slag/ le el an (mm?/g) time/s
mmz slag
electrode ’
melting tip 2780 3.15 880 0. 257
molten
droplets 272 3.15 ' 86.4 0.113
metal pool 11300 2400 4.6 198

Comparison of refining efficiency during the three stages:

Quantitative determination of inclusions was made by microscop-

ic examination of inclusions at 100 X, Oxygen content in metal

was analyzed by means of vacuum fusion method. The results

are shown in Table 2.

Measurement of oxide inclusion Zr*® O, absorption in slag

samples have been taken at definite intervals after the start of

remelting by the intensity of radioactivity. The variation of Zr%

O, contained in slag with the progress of remelting is shown in

Figure 1.
4



Table 2 Comparison of Refining Efficiency

items qtl'xa_n ti;ati.ve debterminatlilo " | oxgyen content | sulfur content
gra;;;lcicursl;z?ﬁo dy metallo- | in metal in metal
part No. of | No. of | con- No. of | con- No. of | con-
samples | samples | tent/% |samples| tent/%|samples| tent/%

’ JBrimary 3 30 [0.01830| 3 |0.0063| 3 | 0.032
v 9193;:, ‘;‘};“" 3 30 ]0.00590 | 2+ |0.0033| 3* | 0.013
‘:f:glg;t‘: 6 60 [0.0043¢| 6 |o0.0024] 6 | 0.010

metal pool 6 60 0. 00411 6 0. 0021 6 0. 009

*  Samples from electrode tip served as quantitative determination of oxygen and
sulfur contents are taken from the droplets just falling off with a small spoon.
Samples for metallographic determination are the droplets having not yet fall-
en. By corroding electrode tip with abenhoffer agent, the melting area is in ap-
pearance. Samples of inclusions for metallographic quantitative determination
are annealed under temperature 1050 C.

Inclusions were separated by electrolysis method; then ra-

x10°
9

8

pulse /(min-g)

L i L Il . 1

A l 1
0 2 4 6 8 10 13 14 16 18 20

time /min
Figure 1 Variation of Radioactivity Intensity

in Slag With Sampling Time



dioactivity was measured so as to study the variation of oxide in-
clusions Zr*® O, in metal during different remelting stages. The

results are shown in Table 3 and Figure 2.

puise /(min g )
T

>
-

Figure 2 Variation of Specific Radioactivity During Remelting Stages
E—origimal electrode; D—electrode tip droplets; P—metal pool; I—ingot
In the next set of experiments the, bearing steel was smelt-
ed in the induction furnacé. Final deoxidization system included
Al 0. 5kg/t; Al 1kg/t; Al 1. 5kg/t; Ca-Si lkg/t; Ca 1kg/t; Ca-
Mn-Si 7kg/t; AMS 10kg/t; Mn 1kg/t; Ce-La 0. 5kg/t.

4 ANALYSIS OF INCLUSION

Qualitative Analysis of Inclusions: The inclusions were ob-
served by polarized light using dark and bright fields in the met-
allograph mode MNM-8 with sample magnification of 500X.

Quantitative analysis of inclusions; The diameters of inclu-
sions were measured by ocular gauge with microscope magnifica-
tion of 115X.

Electrolysis of inclusions: Micro-analysis of the residual in-
clusions were made after cleaning the nonmetallic inclusions and

residual carbide with copper ammonia salt and potassium man-
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ganate solutions. The data of the qualitative tests of inclusions
before and after electroslag remelting, quantitative analysis with
electrolytic and metallographic methods as well as the average
value of gas content in the liquid steel are listed in Table 4 and 5.

Table3 Radioactivity Measurement of Inclusions Separated by Electrolysis

part | original | electrode remelting ingot

items electrode tip metal pool

measured droplets upper part jmiddle partbottom part

weight of metal

20. 9119] 5.7921 5. 6205 21.414 214477 | 21.4392
electro-lysed/g

total weight of

. 1. 675 | 0.4073 0.1212 2.4473 2. 4859 2. 4675
precipitates/g

measured

. 0.0386 | 0.0323 0. 0297 0. 0388 0. 0402 0.0378
weight of ppt/g :

»-

radioactivity in-

tensity of ppt.

1275 525 559 97 91 88
measured,/
(pulse/min)
specific intensi-
ty of radiocactiv-
2650 1174 - 405 285 264 268

ity/ (pulse/min
. g)

Industrial scale experiments were conducted in an ESR fur-

nace of the following characteristics ;

ESR furnace capacity 500kg

Transformer capacity 240kV « A

Melting method electrode changing and continuous with-
drawing ingot Electrode size 85X 85 mm?, Steel ZGCr15

Mould inner diameter 240mm



