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Abstract. A new nitrogen method for adding in an ESR process using nitrogen gas
blown in through the electrode was investigated. Nitrogen gas blown through a center
bore of the electrode enabled contact between the nitrogen gas and the molten steel
directly underneath the electrode tip. A $145mm diameter, laboratory-sized PESR
furnace was used for the study on the reaction kinetics. Also, we carried out a
water-model experiment in order to check the injection depth of the gas blown in the
slag. The water model showed that the gas did not reach the upper surface of the
molten metal and flowed on the bottom surface of the electrode only. An EPMA was
carried out for a droplet remaining on the tip of the electrode after melting. The molten
steel from the tip of the electrode shows that nitrogen gas absorption occurred at the
tip of the electrode. The mass transfer coefficient was around 1.0x10 cm/sec in the
system. This value is almost the same as the coefficient at the molten steel free
surface.

1. Introduction

Nitrogen alloyed steels are widely used for drill collars, power-generation components, engine valves,
high corrosion-resistance applications, bearings and other applications. Nitrogen alloying has two
main benefits. One is strengthening owing to solid solution hardening ™, and the other is improvement
of corrosion resistance!?l. Nitrogen-alloyed austenitic stainless steels less are likely to form processing
evocation martensite. This enables the production of high-strength austenitic steel.

Several nitrogen addition methods have been developed in steel-making industries. Nitride addition
is a popular method for high-nitrogen steel production. This method can increase the nitrogen content
in steel effectively. However there is a disadvantage to this method. Nitride addition increases other
elements such as Cr or Si. The gas-blow method is commonly used in a ladle furnace. This method has
the advantage of eliminating contamination with other elements in nitride alloys. It is difficult to add
nitrogen into a metal pool by blowing gas on the slag surface because steel-making slag has almost no
nitrogen solubility' Direct contact between the nitrogen gas and the molten steel is required in order to
add nitrogen using this method. Although bottom gas blowing can be used for nitrogen addition in a
ladle furnace process, it cannot be applied to an electroslag remelting (ESR) process.

There is one solution for adding nitrogen in ESR. Prof. B. . Medovar et. al. had developed Arc
Slag Remelting (ASR)¥! as a method allowing direct contact between nitrogen gas and the molten
steel in an ESR. However the heating method of ASR is different from that of a conventional ESR.
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The electrode is not immersed in the slag and keeps some distance from slag surface in order to make
a stable arc. Therefore ASR requires a special control system using feedback with respect to the
current and arc voltage in order to stabilize the arc discharge.

A simpler way of nitrogen addition in ESR was investigated in this study. Gas blow through a
center hole of the electrode was tried in an ordinary ESR melting condition. In this process, we may
not need a special control system and could use a normal ESR control system. We confirmed how
much nitrogen addition is possible by gas blow in a conventional ESR system.

2. Experimental procedure
Figure 1 shows the schematic of the experiment using Ai/ Chambe
a ¢145mm mold pressurized electroslag remelting

(P-ESR) furnace. A $10mm hole was drilled through T N, Gas
the center of the $1200mm electrode. Nitrogen gas was Electrode
blown through the center hole to the electrode tip. The
gas flow rate was 0.1-2.0 NL/min. The electrode
material was SUS304 (AISI304, X5CrNil18-10) steel.
The experimental conditions are shown in Table 1. The

experiment was run under 0.98MPa pressurized and @
0.1MPa atmosphere conditions. The melt voltage was

18V and the current was 2000A. In addition, a Mold —]
20V-2500A melt was carried out for the 0.98MPa

Slag

Metal pool

condition. After the ESR melt, the ingots were fv::'e':‘g

longitudinally cross-sectioned in order to perform

macrostructure observation and chemical composition

analysis. 20mm cubic samples for chemical analysis Figurel Schematic of the Apparatus

were taken at interval of 50mm from the Table 1 Experimental condition

bottor of the ingot. Atmosphere | Voltage | Current [N, blow rate
In order to confirm the blown gas (MPp) (V)g (A) 2 .

immersion depth, a  water-model a (NL/min)

experiment was also carried out. The same Ingot 1 0.98 20 2500 02-08

$145mm mold P-ESR was used for this Ingot 2 18-20 1,500 10-20

Ingot 3 0.1 18 1

water model. A transparent plastic
container was used for the water bath. It was placed under the electrode in substitution for the
water-cooled coper mold. The bubble formation in water was observed from the side and the bottom of
the container. The water model was run with gas blow rates of 0.8, 1.6, 3.1, 4.8, and 6.2 NL/min.
There are some differences between the water-model and the actual ESR, such as the density of the
liquid, the temperature and so on. The gas flow rate for the water-model experiment can be estimated
from the modified Froude number Fr4l.

pglggl _ ngQ;Z

N 1)
pugd;  p,gd;
where p, is the gas density, O, is the gas flow rate, p, is the density of the liquid, g is the standard
acceleration due to gravity, and d is the diameter of the nozzle. Equation (1) becomes Equation (2).

1/2
Qg2=[pglp”J O, -+ @

Pg2P11
The modified Froude number Fr, is a dimensionless number that represents the ratio between the
forces of inertia and buoyancy. The blow distance can be dependent on the number. The blow rate in
the water-model corresponds to blow rate in $145mm SUS304 steel ESR at 1600°C of 0.5, 1.0, 1.8,
2.8, and 3.6 NL/min.

Fr=
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3. Result
The melt record of 20V-2000A o _ _ o.sNL/min
melt is shown in Figure 2 as an e S L
4000 400

example. The gas blow does little to

swing and current swing value did not
vary. However, when the blow rate
increased to 2.0NL/min, the voltage Figure 2 Melt record of Nitrogen blow ESR
and current swing became wider.
2.0NL/min. seemed maximum gas
blow rate in the ESR furnace to
perform stable melt with gas blow.

The macrostructure of the ingot 1 is
shown in Figure 3. An ingot melted
without N, blow is also shown in the
figure 3 for comparision. No structural
disturbance was observed in the
macrostructures.  Inclined  primary
crystals grew from the bottom to the
top. There was a slight solidification
structure change at the point where the
blow rate increased from 0.2NL/min to i k
0.4NL/min. T

Table 2 shows the chemical mm With N, blow
composition in the middle of the ESR Figure 3 Macrostructure of the ingots
ingots and the electrodes. The nitrogen
increment from the electrode to the ingots is shown in Figure 4. The values of the electrodes were
plotted at 0 on the horizontal axis. All the ingots show addition of nitrogen. This figure indicates that
nitrogen blowing through an electrode enables the addition of nitrogen into the steel in an ESR
process.

In order to investigate the reaction site in this process, test specimens were clipped out from the
electrode tip after the ESR melt and from the top of the ESR ingot. The tip of the remaining electrode

Table 2 Chemical composition of test ingots and electrodes (mass%)
C Si | Mn P S Ni Cr | Cu | Mo v Al Nx | 0%
Ekctrodel 0049 [ 044 | 133 | 0.03 |0.0250 [ 7.91 (1796 | 0.45 | 0.32 | 0.06 | <0.005[ 829 [ 117
Ihgot 1 0.051 ] 041 ] 1.32 | 0.03 [0.0021 | 794 |1783 | 045 | 0.32 | 0.06 [ <0.005]| 1600 36
Ekctrode2 0047 | 034 | 127 ] 0.03 ]10.0220 | 7.90 (1844 | 0.38 | 0.25 | 0.08 | 0.010 | 636 [ 216
Ihgot 2 0.049] 039 ] 1.32 | 0.03 [0.0017 | 804 |18.21 | 049 | 0.30 [ 0.06 | <0.005|1910 40
Ekctrode3 0048 [ 032 | 1.27 ] 0.03 |10.0200 | 7.87 {1850 | 039 | 0.25| 008 | 0013 [ 662 230
Ihgot3 0.053] 027 ] 1.28 | 0.03 [0.0017 ] 8.04 |1844 | 040 | 0.26 | 0.08 | <0.005] 935 46
*ppm
was clipped out in order to confirm the reaction site of nitrogen absorption. Also a sample from the
upper portion of the ingot was clipped out. Those samples were embedded in a resin EPMA mapping

0O 10 20 30 40 50 60 70 80

s
disturb melting stability. The slag skin 3500 i sveady mei 350 &
thicknesses of the test ingots were 0.5— __ 3000 300 %
3.0mm. The thickness values are the < 550 250 ©
same as the ESR melt without gas B 0 5 <
blow. No clogging occurred in the = o 2
center hole of the electrode tip after ~ © 1500 150
melt and gas blow was uninterrupted 1000 = Current 100 =

. . — Voltage o
during the melt operation. For the blow 500 | — Ram Travel 50 o
rate of 0.2 to 1.ONL/min., the voltage " |}|| " ,3:

3

} 0.8NL/min.

0.4NL/min.

0.2NL/min.

Without N, blow g4
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analysis on the specimen as shown in Figure 5. The left side of the specimen is the top of the ingot and
the right side is the tip of the electrode. In mapping for Ni, the columnar structure is shown on the
right-hand side of the electrode.

The microstrucure of the 2500

left-hand side of the electrode is

different from that of the A

right-hand side. It can be 2 2000 | A &

considered that the left-hand S A ® $

side was melted in the ESR < 1500 | * 4

process. The N content in this < & 4

melted portion is the same as *g'

that in the ingot. This indicates o 1000 [ g § § ©

that the nitrogen absorption gc)n ; - - :i”@t;fe”:e';

reaction in this process occurs at £ 500 | et 3 (conten)

the molten metal film on the S Olngot 1 (surface)

electrode. Alngot 2 (surface)
Figure 6 shows gas-bubble 0 <Clingot 3 curface)

formation in the water model as Electrode 50 100 150 200 250 300 350

observed from side views and Distance from ingot bottom (mm)

bottom views of the electrode.
The gas blow did not spurt out
straight into water in all experimental Ingottop | Electrode
conditions. The gas bubble formed just «~—Tip
after the gas came out from the hole. The
bubble did not go down because of the
buoyancy force and grew underneath the
electrode tip. After the bubble reached a
certain size, it slid to one side of the
electrode and detached from the tip.

The relationship between gas blow
rate and maximum immersion depth of SEl

Figure 4 Chemical compositions in test ingots and electrodes

gas bubble is shown in Figure 7. The [ “Ingottop | Electrode
maximum immersion depth was around ;_Tip '
4.5mm and almost constant for gas blow ol :
rates under 4.8NL/min. The maximum E | Melted |

immersion depth was about 6.6mm with 'l , | 5

a blow rate of 6.2NL/min. Nitrogen blow .f-.,.,.-.'L-,...l-.«,ﬁ,.lr.-;,;; MUMVWRA p
. . . A i A

rates in this experiment lower than i _ 1 ;

2.0NL/min. correspond to rate lower than Ni - N AN TRat ARG SRA NaS: Jams

3.4NL/min in the water model. The slag  Figure 5 EPMA mapping analysis on the tip of electrode

weight was 2.2kg. From the slag weight,

the slag cap height can be calculated as 50mm. The gas immersion depths around 5mm were much

shallower than that of the slag cap height. It is considered that the blown nitrogen bubble did not reach

the metal pool interface in this test melt condition.

Direct gas contact with the metal pool surface could not occur in the experimental condition. This
observation indicates that this process is different from the one in ASR. Figure 8 shows the time
history of the gas bubble projected surface area observation from the bottom of the electrode. The area
increased with time and the bubble size reached a certain size. Then the bubble detached from the
electrode and a new bubble started to grow again. For each blow rate, the surface area of the gas
bubble increased with time in a roughly linear fashion.
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Figure 7 Gas immersion depths in water model

Figure 6 Bubble formations in water model

7000 —+—0.8NL/min

—s—1.6NL/min

6000 —+—3.1NL/min

4. Discussion —+—4.8NL/min

5000
The apparent mass transfer coefficient was

estimated for the gas-absorption reaction under
nitrogen-gas blow in the $145mm. P-ESR. The
assumed condition for calculation is described
here.

4000

3000

2000

1000

(1) The nitrogen-absorption reaction occurs at
the molten metal film on the electrode tip.

Projected area of gas bubble ,mm?

The nitrogen content in the metal droplet _
remained on the electrode bottom after the Elapsed time,, sec
ESR. Therefore, it is considered that the Figure 8 Time history of gas bubble projected area

nitrogen absorption reaction in this process

occurred at the molten metal film on the bottom of the electrode.

(2) The nitrogen-absorption reaction mass transfer rate is limited at the metal side. It obeys the rule
of a primary reactiont.,

dc A
) - E = kmetal (;)(C - Cx) e o o (3)
Equation (3) becomes
c-C A
-In(—) =k, (=)t
(CO . Ceq ) metal (V) (4)

Where, C is the nitrogen content in the metal, C; is the nitrogen content at the gas-metal interface, C,,
is the equilibrium nitrogen content for each partial pressure, Cj is the nitrogen content in the metal
before nitrogen absorption, ¢ is the reaction time, 4 is the interfacial area of the metal for reaction, V'
is the volume of metal for reaction, and £,....; is the apparent mass transfer coefficient.
(3) Slag cap/metal pool interfacial temperature at each ingot height
This value was assumed from the Al deoxidation equilibrium value in carlbon steel from other
experiments using the $145mm. P-ESR.

2000A-20V condition : 7=-0.51124 + 1868.2

2500A-20V condition : 7'=-0.3391d + 1866.3
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Where, d is the distance from the ingot bottom, and 7 is the slag cap/metal pool interfacial
temperature at distance 4 from ingot bottom.

(4) The temperature vicinity of the electrode bottom (molten metal film)/slag cap for each ingot
height is assumed as the slag cap/metal pool interfacial temperature -250°C. This follows the
measured slag cap temperature distribution in the $180mm ESRI®.

(5) Metal volume for reaction

This is the volume of molten metal film under the electrode tip. The thickness is assumed as 1mm
and the film covered the whole bottom surface of the electrode. This was expected from the EPMA
analysis of the electrode tip as shown in
Figure 5.

(6) Interfacial area of metal for reaction
This is the average contact area between
the nitrogen gas bubble and the molten
metal film. The result of the water model is
used for this value.

1.OE+00

[ ~e-Ingotl 0.2NL/min |
~~Ingotl 0.4NL/min
—&—Ingot2 1.0NL/min

1.0E-01 + Ingot2 2.0NL/min

E | —#-Ingot3 1.0NL/min |

Apparent mass transfer coeficient cm/sec

Figure 9 shows the relationship between 1.0E-02 ¢
the distance from the ingot bottom and the
apparent mass transfer coefficient k.., for
the nitrogen absorption reaction. Ky LOB03 e e e
increases from the bottom to the top of the 0 100 200 300 200

ingot in either condition. However the
increment is not significant and the apparent
mass transfer coefficient for the nitrogen  Figure 9 Relationship between distance from ingot
absorption reaction did not depend on the  bottom and apparent mass transfer coefficient
ESR ingot height significantly. The value is
around 1.0 X 10%cm/sec.

Table 3 shows the apparent mass transfer . .
coefficients of the nitrogen absorption reaction for ~ Table 3 Mass transfer coefficients of Nitrogen
the Fe, Fe-Cr, and Fe-Cr-Ni systems at absorption reaction

Distance from ingot bottom ,mm

1600°CU Y These values are for reactions Alloy type Koora
measured at the free surface of the molten steel.  |chou ™ Fe 0.0345
The k,...; Value estimated from this experiment is Fe-18Cr 0.0342
also given in Table 3. The k,..; values estimated  |pehlke Fe—20Cr 0.022
from this experiment are consistent with the value (kg gorchenko @ Fe-18Cr 0.014
reported by Fedorchenko!®. The estimated value Fe—18Cr—10Ni 0.012
is within the range of the reported values. |Gruszoyk ™™ PN-88 0.0065
I\I_ltrogen absorptlon rates in the Iongltudlnal Takahashi M Fe—10Cr 0.0088"
direction of the ingot could be constant since the Present Work Fe—18Cr—8Ni 0.0103
kner Values are almost constant as shown in %) 1823K

Figure 9. The transition of the nitrogen contents in
the ingots are shown in Figure 10. The equilibrium nitrogen contents for each location are also plotted
in this figure. These equilibrium nitrogen contents are calculated from the estimated temperature
vicinity of the electrode bottom/slag pool. Both nitrogen contents and equilibrium nitrogen contents
increased from the bottom to the top of the ingot. Longitudinal variation in the nitrogen contents of the
ESR ingots could be due to equilibrium nitrogen contents with metal temperature change in the
vicinity of the slag/molten metal film interface. In case of small size ESR such as this apparatus, it
may difficult to obtain constant slag temperature. However if the furnace size becomes larger, the
temperature change becomes milder. It could be available to obtain near constant temperature
condition in a large sized commercial ESR and to make much uniform nitrogen content.
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5. Canlusion N —~o—Ingot 1 Nitrogen content

Nltrogen addition by gas ——Ingot 2 Nitrogen content
blow through a center hole of 10000 | —#—Ingot 3 Nitrogen content
an electrode was tried with ; : ":“g":;“”f:fs”,”’“ meen onen | |

. . Q00 ——Ingo quilibrium nitrogencontent | . L 1
Ordl(;]?ry ESR meltlng —_ =Ingot 3 Equilibrium nitrogen content
conditions. F :

£ 8000 f

Nitrogen addition by oy : \ RS . i
nitrogen gas is possible in a E_E:- 7000 | _____-—
ordinary ESR system using SE oo N Blowrate :
gas  blow  through  an 5 z  Ingot 1——0.2NL/mir—> ———0.4NL/min—— :
electrode. = % 5000 [ ingot2 N | 20NL/mig
+Blown gas from center of the ‘é 2 o i - ;

E— [ Ingot 3 - 1 mirr t >
electrode could not penetrate %C 4000 —— i ! 1 !
through the slag. There was £ 5 3008 ;
no direct gas contact on the Z 3 : _ :

i = - : : - 5 5
metal pool surface in the g w00 po-yr— L L &
experimental condition. -

- The mass transfer coefficient 1000 |
for the nitrogen absorption 5 :
-2 s L —
rate was around 1x10 0 50 100 150 200 250 300 350

cm/sec.

- Longitudinal variation in the
nitrogen contents of the ESR
ingots could be due to
equilibrium nitrogen contents
with metal temperature change in the vicinity of the slag/molten metal film interface.

Distance from ingot bottom, mm

Figure 10 Comparison between nitrogen content and equilibrium
nitrogen content calculated from chemical composition.
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