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ABSTRACT

THE PARALLEL OXIDATION OF CARBON AND CHROMIUM

IN LIQUID IRON (1600°C)

by

LYALL FRANKLIN BARNHARDT

Submitted to the Department of Metallurgy in April, 1965, in partial

fulfillment of the requirements for the Degree of Doctor of Philosophy.

The path followed by carbon and chromium concentrations in liquid iron
during oxidation was investigated experimentally by blowing gaseous oxygen
on to slag-free iron - chromium - carbon melts at 160000 in an induction
furnace. The carbon oxidation reaction occurred at the surface of the melt,
with an initial constant rate of decarburization which was dependent on the
rate of oxygen input. The mechanism of this reaction is expressed in the
chemical equation:

¢ + 1/20, (g) = co (g).

During the initial stage, which was characterized by a constant rate of
decarburization, carbon oxidized preferentially with no loss of chromium.
Beyond this stage, the rate of carbon loss declined rapidly and the oxidation
of iron and chromium occurred.

The entry of argon into the furnace atmosphere, during the oxygen blow,
lowefed the partial pressure of carbon monoxide aﬁ‘the metal surface. This

allowed the carbon concentration of the melt to drop far below the equilibrium
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carbon content for one atmosphere pressure of carbon monoxide. The metal
oxide that formed at the gas-metal interface during the oxygen blow contained
Fe0O as well as chromium oxide. The amount of FeQO formed was in excess of
that dissolved in the equilibrium oxide (chOh)° Holding, following the
oxygen blow, resulted in the continued oxidation of both carbon and chromium,
due to the reaction of these elements with excess FeO. The rate of decarbur-
ization, beyond the end of the constant rate of carbon loss, is probably
controlled by the diffusion of carbon from the bulk metal through a diffusion
boundary layer to the melt surface where reaction occurred.

A mechanism for chromium oxidation was suggested that involved the initial
formation of FeO, followed by the precipitation of chromium spinel (FeO°Cr205)
from the FeO as the solubility limit was exceeded. The oxidation of chromium
dissolved in liquid nickel was shown to occur with much more difficulty than
the oxidation of chromium dissolved in liquid iron.

The experimental oxidation of iron-chromium-carbon melts by air bubbling
provided an extended period of declining decarburization rate. This stage
of oxidation, characterized by a decreasing rate of carbon loss, was analysed
quantitatively, to provide a means to predict the path followed by carbon
during oxidation. The effective oxidation of carbon to very low concentration,
by means of air bubbling, with relatively small parallel loss of chromium,
merits consideration in the commercial decarburization of iron-chromium-carbon

melts in stainless steelmaking.

Dr. T. B. King,

Professor of Metallurgy; Head of the Department.
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I. INTRODUCTION

In the melting of stainless steels, a serious problem facing the
producer is to secure the oxidation of carbon to very low concentrations
(0.01 to 0.05 percent), with maximum rgtention of chromium in the melt;

The use of iron ore for purposes of carbon oxidation, which was common to
carbon and low alloy steel practice, proved ihadequate in securing these
low carbon levels, with chromium in solution in the metal.

In the early nineteen hundred and forties, the use of gaseous oxygen
was introduced into stainless steel melting practices.l Oxyggn bldwing had
the effect of raising the metal bath temperature to high levels, which pro-
vided preferential oxidation of carbon with greater retention of chromium.

The carbon»chroﬁium relationships in liquid iron, in equilibrium
with the stable oxide of chromium and one atmosphere pressure of carbon
monoxide, have béen established through the work of many investigators.
This work is discussed in the subsequent chapter. The relationships are
éublished in the literature, showing the limits of decarburization of
iron-chromium alloys at atmospheric pressure.

From the carbon-chromium relationships, may be obtained the equi-
librium concentration of chromiuﬁ retained for a particular carbon content
and temﬁeraturee’ Howevér; Based on thé observation b& the author of actual
furnace practice in the melfing of stainlesé steels, the amoﬁﬁt of oxygen
used was less than that theoreticélly réquired for the formation of carbon

monoxide and chromium oxide, in oxidizing from the initial to the final

carbon concentration. This was the case for an assumed metal temperature
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of 1800O and 1850000 A ceiling temperature for the metal, during the oxygen
blow, of approximately 18OOOC_has beeﬁ suggested by Hilty;7Rassbach, and Créfts,l
based on ; balance attained between the heats of réaction and the furﬁace
radiation losses.
This disagreement between the theoretical and actual oxygen requirements
could be caused by several factors, suéh as:
1. The suggested metal temperature méy be too low.
2. The effect of air drawn in by the oxygen stream in augmenting the total
supply of oxygen. |
3. The limits of decarburization indicated by the established equilibria may
not accurately describe the conditions existing in the oxidizing period.
The present work:was initiated tb>éxamiﬁe the change in carbon and
chromium concentrations during oxidation Sy the blowing of géseous oXygen
on to the surface of slag-free iron-chromium-carbon melts, held at a
temperature of 1600°C. In the examinafion of the approach to equilibrium in
this manner, it was expected that some light would be shed on the reasons

for the above disagreement.



II. RELATED WORK

The reaction between carbon and oxygen in liquid iron is of fundamental
importance in steelmaking and has received attention from numerous invesfigators,
The work in this area has been réviewed by Ward2 and Bodsworth°3

A study of the gas-liquid.metal reaction with slag-free melts was
conducted by Fujiiou’5;6 Using oxygen -argon mixtures over iron melts containing
carbon, he studied the rate of carbon oxidation. FuJjii reports that the reaction
between carbon and oxygen occurrgd at the melt surface and the rate waé con-
trolled by gaseous'diffusion above approximately 0.15 percent carbon. Below
this carbon conceﬁtration, the rate of carbon oxidation decreased, which was
attributed to ﬁhe shift of rate control to carbon diffusion in the-metal.

Baker, Warner, and Jenkins,7 using fhe levitation technique, studied
the kinetiés of décarburization of iiQuid iron in an oxidizing atmosphere.
Starting with initial carbon contenﬁé of approximately 5 percent, théy
demonstrated a constant rate of cafbon loss forvvarious carbon dioxide-
helium gas mixtures. The rate of carbon loés was shown to Be dependent on
the gaseous diffusion of carbon dioxide in the mixtures. The rate of carbon
removal was extremely high for the situation where gas is flowing past small
metal spheres. The reaction site was reported to be the surface of the spherical
melt, with no evidence of carbon monoxide bubble nucleation beneath the melt
surface.

The investigations of Chen and Chipman8 provided data concerning the
effect of chromium on the activity coefficient of oxygen in liquid iron.

Standard free energies were established for the equilibria:



FeOaCr203 (s) = Fe(1) + 2Cr + 40 (percent Cr < 5.5)

CrEO5 (s) = 2Cr + 30 (percent Cr > 5.5)

The carbon-chromium relationships in liquid iron were studied by Hilty.9
In these investigations, oxygen was blown on to the surface of iron-chromium-
carbon melts, and the carbon and chromium contents and temperature of the melt

were measured. It was demonstrated that at fixed temperature,

w = constant

percent C

Richardson and Dennis 10 investigated the effect of chromium on the
activity coefficient of cérbon in liquid iron. A pronounced lowering of the
activity coefficient was noted. Agreement with this work was reported by
Fuwa and Chipmanoll

The investigations of Hilty, Forgeng, and Folkmanl2 concerned the
oxide phases tﬁat are in equilibrium with varying levels of chromium concen-
tration in liquid iron. The oxides were established as chromite (FeO,CrQOB)
up to 2 percent chromium, distorted spinel (Fexch-xOh) from-2 to 9 percent‘
chromium, and Cr Ou for chromium concentration above 9 percent.

3
Following the work of Hilty, Forgeng, and Folkman, the data from Chen

13

and Chipman's investigations were reevaluated. By combining with the carbon-

oxygen reaction, the standard free energies were available for the equilibria:
FeCr,0) (s) + 4C = Fe(1) + 2Cr + 4O (g)

log K = :&2%219 + 28.21 (percent Cr < 9.0)



CrBOh (s) + 4C = 322 + Lo (g)

log K = :&é%gég + 30.52 (percent Cr > 9.0)

With the known interaction coefficients with regard to the effect of
chromiumbon the activity of carbon in liquid iron, the carbon percentages for
varying levels of chromium concentration, ih equilibrium with the stable oxide
of chromium, were established, with fhe assumption that the effective pressure
of carbon monoxide is one atmosphere. The results aré presented‘as the limits

13 When

of decarburization of iron-chromium alloys at atmospheric pressure.
comﬁared with Hilty's9 data, good agreement was obtained, which supported the
assumption of one atmosphere pressure for carbon monoxide.

A'summary of the work conducted with regard to the oxidation and
reduction periods of the stainless steelmaking pfocess was presented by Hilty,
Rassbach, and Craftsol The effect of oxygen input rate on the removal of‘
cafbbﬁ in this process was considered by Healy and Hilty.llL

In Figure 1, the carbon-chromium relationships are illustrated for
metal temperatures of 16000, lTOOO, and l800oC, for one atmosphere pressure
of carbonvmonoxiden The path followed by carbon aﬁd chroﬁium concentrations
in the melt during oxidation, has not been clearly defined. A possible means
of approach io the equilibrium composition is indicated by the broken line
in Figure 1, Starting with an initial concentration of carbon and chromium
that is well awa& from equilibrium. In following this tentative path, carbon

oxidation occurs preferentially during the initial stage, followed by an

asymptotic approach to the equilibrium line for the temperature involved.
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III. OUTLINE OF INVESTIGATION

The investigation was initiated in order to follow the changes.in the
carbon gnd chromium concentrations of iron-chromium-carbon-melts during
oxidation at l6OOOC, conducted by the blowing of gaseous oxygen on to‘the
slag-free metal surface. The open metal surface permitted intimate contact
between the gas and metal, thus eliminating the need for high gas velocities
to blow away a liquid slag cover. In the experimental oxidation by means of
gas impiﬁgement on the metal, the rate of oxidation was slowed considerably,
compared to that encountered in production methods. This made possible the
maintenance of the melt temperature at 1600° : 10°C. The experimental oxygen
input rates did not exceed an equivalent carbon oxidation rate of 0.020
percent carbon per minute. This compares to an eguivalent‘carbon oxidation
rate of approximately 0.055 percent carbon per minute, for an oxygen blowing
rate of 1000 cubic feet per ton per hour, which is common to production
techniques.

1. The initial runs were conducted by blowing oxygen at varying rates
on to the surface of iron—chrdmium-éarbon melts, with a chromium concentration
of approximately 10 percent, and a furnace étmosphere consisting of the gaseous
product of carbon oxidation.

2. The results of the initial series of runs led to the investigation
of the effect of argon dilution of the furnsace atmosphere during the oxygen
blow. A holding period following the oxygen blow was incorporated into the
runs, to determine possible further changes in the melt composition. The

holding period was introduced due to the inability to account for the total
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oxygen input by means of mass balances with the carbon and chromium losses
shown by the compoéition of the melt at the end of the oxygen blow. Inj
calculating the mass balances, the assumption was made that the carbon
oxidized to carbon monoxide and the chromium oxidized to the’equilibrium
oxide (CrBOh)° -

50 The reactions between carbon and chromium in the melt and the
oxide crust generated during the oxygen biow, were investigated further,
during a prolonged holding period following the oxygen blow, with argon
ehtering the furnace chamber. The continued carbon oxidation during the
holding period was compared to the oxidatién of carbon in the metal under
chromic oxide, which was added to thé melt surface.

4. The oxidation of carbon and chromium was investigated by means of
air blowing on toAthe melt surface. This ﬁethod of oxidation éxtended the
period during which the decarburization was characterized by a continuously
décreasing‘rateo | |

5. In order to maintain intimate gas-metal contact throughout the
entire period of oxidation, runs were conducted by bubbling air through the
iron-chromium-carbon melts. |

6. The results of oxygen blowing runs demonstrated that iron was
oxidized along with chromiuﬁ. in order to investigafe a hypothetical
mechanism suggestedvfor the oxidation of chromium in solution in liquid
iron, the oxidation of a ﬁickel melt,’containing carbon and chrpmium in

solution, was examined by bubbling air through the metal.



IV. DESCRIPTION OF APPARATUS

The experimental arrangement is shown schematically in Figure 2. The
runs were conducted in an induction furnace, utilizing magnesia crucibles
haiing an inside diameter of 3.5 inches. The stirring effect of the induction
coil was considered to be advantageéus invproviding a melt having a homogeneous
composition. The charge weight used was mainly 1200 grams, with anvinitial
series of runs having a 1500 gram charge weight. The metal temperature was
measured by the use of a noble metal thermocouple, sheathed in a recrystallized
alﬁminaiprotectién tube which was immersed in the molten metal at all times.
The furnace chamber waé sealed by a water cooled copper head, having ports
for viewing and sampling.

| The oxidizing gas was blown on to the surface of the melt, or bubbled
through the melt, thrpugh a recrystallized alumina tube, having an inside
diameter of 0.125 inches. The flow rate of the oxidizing éas was controlled
by meéns of flowmeters. A gas inlet to the furnace chamber was a?ailable,
through which argon could be introduced in order to vary the furnace atmosphere.

fhe charge materials consisted of electrolytic iron, electrolytic chro-

mium metal, and flake graphite. The sampling of the metal was conducted by
using six millimetre vycor tubing and a squeeze bulb. |

The chemical analyses conducted in this investigation involved the
determination of the carbon and chromium concentrations in the metal samples.
The carbon contents were determined using the Gravimetric Method for concen-
trations above approximately O.O4 percent. For lower carbon concehtratiéns,

the Conductometric Method was used. The accuracy of the reported cohcentrations
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is considered to be I 0.005 percent at 0.05 percent carbon, and t,0.00l percent
for carbon levels below 0.02 percent. The chr;mium contents were determined
using the Persulphate Oxidation Method, with reported concentrations accurate
fo within b 0.1 percent at levels of 20 percent chromiﬁm,-and t 0.07 percent

at 10 ‘percent chromium.
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V. EXPERIMENTAL RESULTS

The procedure that characterized the initial series of runs involved
the blowing of oxygen continuously on to the metal surface, with sampling of
the metal conducted periodically during oxidation. The melt surface was open
to the furnace atmosphere with no slag cover. Tﬁe initial carbon and chromium
concentrations in the metal were such that the melt composition was weli away
from the equilibrium indicated by the carbon-chromium relationshibs shown in
Figure 1. It was desired to observe the path followed Ey the carbon and
chromium concentrations during the approach to equilibrium.' The rate of
oxygen input was varied, with flow rates of 120, 200, and 250 millitres per
minute (S.T.P.). The furnace atmosphere consisted of the gaseous products
of oxidation°

Observation of the metal surface during the course of the runs, provided
visual evidence of three stages:

1. Initially, the appearance of the metal surface gave no evidence of
reactions occurring. No indicafion of "boiling'", such as would be expected
with gas bubbles rising thrpugh the metél, was observed.

2. The first visual evidénce of reaction was the appearance of bright
oxide flashes which radiated from the gas-metal impingement area, directly
beneath the gas tube. The oxide that appea}ed ih these flashes was not retained
but disappeaied rapidl§e I

3. The third sﬁage observed was characterized by the formation of a
stable oxide island beﬁeath the gas tube. This island grew in size, while

dark patches appeared within it. The island gréwth continued until the surface
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of phe metal was covered by a crusty, solid oxide.

In Figure 3, analyses for the samples taken during oxidation have been
plotted to illustrate the path followed by the metal composition during oxi-
dation. It is evident that, in each case, the carbon oxidized preferentially,
with no loss of chromium, during the initial vertical approaeh to the equi—
librium line. The initiation of chromium loss, which is shown by the departure
from a vertical path, occurred at higher levels of carbon concentration with
increased rate of oxygen input. Noteworthy is the fact that penetration of
the 16OOOC equilibrium line oceurred, with final melt composition lying in
the’range between the equilibrium indicated for 1600°C and lTOOOC, with a
pressure of carbon monoxide of one atmosphere.

Figure 4 illustrates the rate of carbon and chromium oxidation exper-
ienced in these runs. It will be noted for each individual run, the initia;
rate of carbon loss was constant, providing a straight line relationship
jbetween carbon concentration and time of oxidation. Departure from the
straight line relationship occurred at higher levels of carbon concentration
as the rate of oxygen input increased. As the carboﬁ‘oxidation rate’deviated

from a straight line relationship, the oxidation of chromium commenced.
T
Comparing the three rates of oxygen input, an unexpected occurrence is

indicated by the chromium loss rate. The rate of chromium oxidation shows
no apparent increase with increased rate of oxygen input. The data indicate

a eonstant rate of chromium loss of approximately 0.02 percent chromium per
' ‘ .
minute for the three rates of oxygen input.
The significant points that emerged from these runs may be summarized:

1. The oxidation of carbon occurred at the gas-metal interface, with
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no indication of the formation of carbon monoxide bubbles at the metal-
refractory interface. This is similar to the evidence reported by Fujiih’5’6
in studying the oxidation of carbon in iron under oxygen-argon gas mixtures.

2. The initial oxidation of carbon occurred at a éonstant rate, with
no evidence of carbon diffusion in the metal controlling the oxidation rate
during this stage. A constant decarburization rate was reported by Fujii,
and also by Baker, Warner; and Jenkins7 in levitation experiments.

3. A point was reached where the decarburization rate was no longer
constant. This has also been reported by Fujii, with the interpretation that
the control of the raﬁe of carbon oxidation was then by carbon diffusion in
the metal. Baker, Warner, and Jenkins did not encounter this change in carbon
oxidation rate at the carbon levels at which their experiments terminated.

L, During the stage of the constant decarburizatién rate; no loss of
chromium was experienced. Wheﬁ the rate of carbon oxidétion decreased, the
oxidation of chromium was initiated. The rate of chromium loss was, however,
independent of ﬁhe rate of oxygen input.

5. The equilibrium line indicated by the carbon-chromium relationships

at l6OOOC and one atmosphere pressure of carbon monoxide, was penetrated in

each of the experimental runs.

Table I provides mass balances taken for the period from the start of
oxygen input to the point where the constant rate of carbon oxidation termi-
nated. The oxygen input is compared to the carbon lqss as carbon monoxide.

From the balances shown in Table I, during the constant rate of carbon

)

oxidation, the reaction may be expressed by the chemical equation:
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€+ 1/2 0,(g) = co(g).
Oxidation of carbon monoxide to carbon dioxide to any appreciable extent

is not indicated by the oxygen balances.

Table II presents oxygen balances, taken over the complete duration
of the runs, considering the generation of carbon monoxide and formation of
Cr50u, which is the equilibrium oxide of chromium for the chromium concentr-
ations involved.

It is evident from the balances shown in Table II, that the formation
of carbon monoxide and CrBOh does not account for the total oxygen input.
The possibility of carbon dioxide_formation does not appear to be a likely
means of additional oxygen consumption, in view of the indication from the
balances shown in Table I, that carbon dioxide formation is not involved to
any appreciable extent during the initial carbon drop. Formation of metallic
oxide other than Cr Oh’ beyond the point of termination of the constant rate

3

of carbon oxidation is likely.

With regard to the point of termination of the initial constant rate
of decarburization, it was shown that the carbon concentration at this point
increases with increased rate of oxygen in?ut. It may be postulated that
this trend would continue in such a manner that with high oxygen blowing
rates, the initial constant rate of carbon loss would be suppressed entirely
and chromium oxidation would be experienced initially along with carbon
oxidation.

With a slag covering the metal initially, intimate gas-metal contact



TABLE I

Mass Balances - Oxygen Input vs. Carbon Loss as CO During Initial Constant Decarburization Rate

Oxygen Input Rate Percent Carbon Time in Carbon Loss

Oxygen Input

Ml. per Mina(S.TcPe) Initial Final Minutes Gram Moles in Moles
120 0.k 0.21 25 0.25 0.13
200 0.65 0.28 23 0.47 0.25
250 0.60 0.35 15 0.32 0.16
TABLE 1T

Mass Balances - Total Oxygen Input

vs. Carbon and Chromium Losses as CO and Cr,0O

Moles O2 Required
as Cco (g)
0.125
0.2k

0.16

347

Oxygen Input Rate Oxygen Input

Ml. per Min.(S.T.P.) in Moles
120 0.214
200 0.535
250 0.390

Carbon Loss

Chromium Loss

Gram Moles

0.288
0.59
0.k49

Gram Moles

0.098
0.18
0.09

Moles 02~As

CO Cr Oh Total

3
0.144 0.065 0.209

0.30 0.12 0.k42
0.25 0.06 0.31

gT
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would depend on the velocity of the oxygen stream being sufficient to blow
away the slag at the impingement area. Carbon monoxide formation, other
than at this impingement area, would no doubt involve the refractory-metal
interface.

In view of the evidence that the carbon-oxygen reaction occurred at
the gas-metal interface in the present experimental runs, it was of interest
to determine the effect of dilution of the furnace atmosphere by means of
argon, during oxidation. Carbon oxidation would be expected to proceed to
lower carbon concentrations if the partial pressure of carbon monoxide at
the gas-metal interface was lowered by argbn dilution. Also, the evidence
that carbon monoxide and Cr OLL formation has not accounted for the entire

3

oxygen input requires further consideration.

Oxygen Blowing with Furnace Atmosphere Diluted by Argon

In this series of experimental runs, oxygen blowing was conducted at
input rates of 100, 150, and 225 millitres per minute (S.T.P.), with argon
passing through the furnace chamber. The initial chromium concentration was

approximately 10 percent. One run was conducted with an initial chromium

content of 15 percent, and an oxygen blowing rate of 100 millitres per minute.
Visual observations of the metal surface during the oxygen blow were
similar to those for the initial series of runs. The metal surface was
completely covered by a solid oxide crust during oxygen blowing. Following
the termination of the oxygen blow, the melt was held at 160000, while cont-

inuing the flow of argon through the furnace chamber. Metal samples were
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taken periodically during the oxygen blowing period and the holding period
that followed. During the holding period, the oxide crust diminished in size,
while open metal reappeared.

Figure 5 shows the carbon-chromium relationships that were obtained
in these runs. The 1600°C equilibrium line (pCO = 1 atmosphere) was penetr-
ated to a greater extent than had occurred in the initial series of runs.

This indicates that the partial pressure of cérbon monoxide at the gas-metal
interface had indeed been lowefed by the introduction of argon into the
furnace atmosphere. The initial vertical drop, illustrating preferential
carbon oxidation, is again evident, with a deviation from this vertical path
as chromium oxidation commenced.

Figure 6 illustrates the rates of carbon and chromium oxidation
experienced in these runs. Similar to the observations in the previous
series of runs, an initial constant rate of carbon oxidation was evident
for each run. The carbon loss deviated from this constant rate with the
commencement of chromium oxidation. A constant rate of chromium loss,
independent of the rate of oxygen input, was again evident.

The point at which oxygen blowing was terminated is indicated by
the small arrows in Figure 6. To be noted is the fact fhat, during the
holding period that followed the end of the oxygen blow, the loss of both
carbon and chromium continued.

Table III presents oxygen balances taken between the start of oxidation
and the point of termination of the constant rate of decarburization. Similar
to the evidence shown by the previous series of runs, the oxygen balances in

Table III do not indicate carbon dioxide formation during the initial carbon
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oxidation. The decarburization reaction may be expressed by the equation:

c + 1/2 0, (g) = co (g).

Table IV presents oxygen balances taken between theAstart of oxidation
and the point where the oxygen blow was terminated. Similar to the observation
in the previous series of runs, the oxygén balances at the end of oxygen blow-
ing fail to account for the entire oxygen input in terms of the formatiqn of
carbon monoxide and erouo

Table V shows oxygen balances taken over the entire duration of the
runs, including the holding period that followed the oxygen blow. The data
shown in Table V indicate a good balance between the total oxygen input and
the total formation of carbon monoxide and CrBOh over the entire duration of
the runs. This suggests that, at the stage represented in Table IV at the
end of the oxygen blow, the oxygen introduced has reacted to form carbon
monoxide, chromium oxide, and an additional oxide that has subsequently
reacted with carbon and chromium during the holding period, to form additional
carbon monoxide and chromium oxide. This additonal oxide formed during the

oxygen blow must be iron oxide, and the reactions taking place during the

holding period may be represented:

L Fe0(1) + 3 Cr

eroh(s) + L Fe(;).

FeO(1) + C = Fe(1) + CO(g).

The significant points from this series of runs may be summarized:



TABLE III

Mass Balances - Oxygen Input vs. Carbon Loss as CO During Initial Constant Decarburization Rate -

Argon Péssing Through Furnace Chamber.

Oxygen Input Rate Percent Carbon Time in Carbon Loss Oxygen Input Moles O2 Required
ML. per Min.(S.T.P.) Initial Final Minutes Gram Moles in Moles as o (g)
100 0.32 0.15 20 0.17 0.089 0.085
150 0.46 0.24 16 0.22 0.107 0.11
225 0.46 0.32 6 0.1k 0.06 0.07
100 0.38 0.2 18 0.1k 0.08 0.07 "
TABLE IV

Mass Balances - Total Oxygen Input vs. Carbon and Chromium Losses as CO and Crﬁol\L During the

Oxygen Blow - Argon Passing Through Furnace Chamber.

Oxygen Input Rate Oxygen Input

Ml. per Min.(S.T.P.) in Moles
100 0.223
150 0.402
225 0.301
100 0.268

Carbon Loss Chromium Loss Moles O2 As

Gram Moles Gram Moles Cco erou Totel
0.28 0.085 0.14 0.057 0.197
0.36 0.171 0.18 0.114 0.294
0.34 0.03%9 0.17 0.026 0.196
0.24 0.12 0.12 0.08 0.20

e



Mass Balances - Oxygen Input vs. Carbon and Chromium Losses as CO and Cr50h During the Oxygen Blow

TABLE V

and Holding Period - Argon Passing Through Furnace Chamber.

Oxygen Input Rate

Oxygen Input

Ml. per Min.(S.T.P.) in Moles
100 0.223
150 0.402
225 0.301
100 0.268

Carbon Loss Chromium Loss Moles O2
Gram Moles Gram Moles gg CrEOh
0.30 0.095 0.15 0.065
0.41 0.283 0.205 0.19
0.43 0.122 0.215 0.082
0.33 0.178 0.165 0.110

As
Total

0.215
0:395
0.297
0.275

Ge
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1. The introduction of argon into the furnace atmosphere lowered the
partial pressure of carbon monoxide at the gas-metal interface. This résulted
in a drop in carbon concentration to levels well below that indicated by the
equilibrium carbon-chromium relationéhips for 1600°C and one atmosphere
pressure of carbon monoxide.

»2. Oxidation of carbon initially occurred at a constant rate, consu-
ming all of the oXygén introduced by the formation of carbon monoxide.

3. Deviation of the carbon oxidation from a constant rate occurred
at higher qarbon cdncentrationé as ﬁﬁe rate of oxygen input increased. With
a chromium concentration of 15 percent, the carbon concentration at fhe en&
of the constant decarburization rate, also increased over tﬁat observed at the
10 percent chromium éontént, for the’same rate of oxygen input.

b, Beyond the stage of the constant decarburization rate, the formation'
of carbon monoxide and Cr30u does.not éccount for the total oxygen input.

5. During the hoiding period.following the end. of oxygen blowing, both
carbon and chromiuﬁ continued to oxidize. QIt is presumed that iron oxide
formed along with chromium oxide as the rate of carbon ioss declined, and

that this iron oxide subsequently réacted with carbon and chromium in the

metal, as shown by their continuing loss.

Figure 7 shows a plot of the initial constant decarburization rate in
moles carbdn per minute, against oxygen blowing rate in moles per minute,
for the experimental runs of the first two series. The straight line indicates

-

the relationship expected by the reaction:

C + 1/20, (g) = co (a),
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and is not drawn to fit the experimental points. It will be noted that the
agreement between the experimental points and the theoretical line is quite
goéd¢ The tendency of ghe experimental points to a slightly greater departure
from the line at the highef oxygen rates could be interpreted as an indication
of carbon dioxide formation. However, in view of the difficulty in reading
slopes from the carbon oxidation'rate plots, it is probable that this deviation
is due to lack of precision in the data° It is therefore assumed that the
initial carbon oxidation reactiﬁn occurring in the experimental runs is

represented by thé above chemical equation.

Carbon Oxidation by Reduction of Chromium Oxide with Furnace Atmosphere Diluted
by Argon’

The continuation of both carbon and chromium oxidation, during the
holding period following oxygen blowing, that was expefienced in the previous
series of runs, suggested that this process should be examined more closely.

A run was conducted in which oxygen was blown céntinuously for a period of
fifty minutes at a rate of 120 millitres per minute. The furnace head was

not opened for sampling the metal, until the oxygen blow was terminated. At
the end of the éxygen blow, visual examination showed the surface of the metal
to be covered by a solid oxide crust. The furnace atmosphere, during the
oxygen blow, consisted of the gaseous product of carbon oxidation.

Immediately following the sampling of the metal at the end of oxygen
blowing, argon was passed through the furndce chamber, with metal samples

taken periodically during a holding period of one hour. During the holding
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period, the oxide crust diminished considerably in size, while the open metal
surface reappeared. |

Figure 8 illustrates the results obtained in this rumn. During the
oxygen blow, carbon oxidized from an initial concentration of d.hl percent
to 0.15 percent. The chromium content fell from an initial 9.72 percent to
9.22 percent. During the holding period, carbon continued to oxidize, reach-
ing a concentration of 0.0l percent at the end of the holding period. The
chromium concentration reached a minimum of 9.02 percent during the first 30
minutes of holding, then increased to a final concentration of 9.18 percent
at the end of the holding period.

Table VI presents mass balances between the input of oxygen and the
carbon monoxide and Cr30h formed. Calculations for the balances were based
on the carbon and chromium losses at the end of the oxygen blow and over the

entire duration of the run.

TABLE VI

Mass Balances - Total Oxygen Input vs. Carbon and Chromium Losses as CO and

Craou: (a) During Oxygen Blow; (b) Including Holding Period.

Oxygen Input Period of Oxygen Blow Entire Duration of Run
in Moles Moles O2 as Moles O2 as

ES erou Total SS Crzoh Total

0.27 0.13 0.075 0.205 0.20  0.08 0.28

These data confirm the evidence presented by the previous series of

runs, that the continued oxidation of carbon and chromium is due to reactions
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between these two elements and iron oxide that formed during the oxygen blow.

These reactions were represented by the chemical equations:

]

FeO (1) + C = Fe (1) + CO (g)

1]

3Cr + LFeO (1) eroh (s) + L4Fe(1).

In addition to these reactions, which occurred during the first half
of the holding period, reduction of chromium oxide by carbon in the melt
occurred during the balance of the holding period, resulting in an increase

in chromium concentration. This may be represented by the chemical equation:

01»301L (s) + 4 C=3Cr + Lo (g).
This latter reaction was probably activated by the low partial pressure
of carbon monoxide at the open metal surface, due to the effect of the argon
flow. |
In view of this latter occurrence, a run was conducted in an attempt
to duplicate the process. The initial composition of £he melt was 0.20 per-
cent carbon and 10.73 percent chromium; Added to the sufface of the melt was
0.2 gram moles of chromic oxide (Cr205)° Argon was passed through the furnace
chamber while the melt was held at 16OOOC, with periodic sampling of the metal
during a holding period of 80 minutes. Figure 9 shows the results obtained in
this run. The carbon content fell from the initiel 0.20 percent to a final

concentration of 0.005 percent, while the chromium concentration increased

from 10.73 to 11.06 percent.
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In Figure 10, the negative logarithm of carbon concentration is plotted
against the holding time for the above two runs. A straight line relationship
is indicated by these data, with an approximate slope (-d log % C/dt) equal to
2.0 x 1072,
The straight line relationship, shown by these data, suggests that

control of the rate of carbon oxidation may be considered to be the diffusion

of carbon in the metal to the metal surface where direct oxidation takes place.

In considering the absorption of gases in water, Whitman and

coworkersl5’16’17

suggested that the rate of absorption is limited by
processes of diffusion. The hypothesis stated that whenever a liquid

and a gas come into contact, there éxists on either side of the interface

a surface layer of gas and of liquid which is practically free from mixing
by convection. This "two-film" theory is expressed by assuming the exist-
ence of stationary boundary layers of gas and liquid oﬁ the two sides of the
iﬁterfaceo In the main body of the gas or liquid, mixing by convection is
sufficiently rapid that the con;entration of solute in the fluid is essentially
uniformo‘ Transfer of solute through the films is effected by the relatively
slow process of diffusion. Diffusion through the gas film proceeds at a rate
proportional to the differential in solute concentrations in the bulk gas and
at the interface. Diffusion through the liquid film is controlled by the
difference in concentration of the solute in the liquid at the interface and
the solute concentration in the bulk liquid.

Under certain circumstances, the resistance of one of the films may

be so much greater than thaf of the other that the second film may be neglec-
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ted and the problem treated as if only one film existed. Becausé of the
greater density of the liquid, the collisions in the liquid are much more
 frequent and the diffusional resistance is consequently greater than in the
gas.

c 4. 18, . . .
Higbie investigated the rate of absorption of pure gas in water,
considering the liquid film as rate-controlling.

19

Darken™” suggested the application of the diffusion film or boundary
layer theory to the consideration of the carbon boil in the open hearth furn-
ace. His treatment involved the assumption that oxygen from the slag diffuses
through a thin layer or(film of metal, and is mixed by convection beyond this
£ilm.

Application of the "two-film" or boundary layer hypothesis has also
been presented by King,2o in analysing the carbon boil in steelmaking. By
cénsidering the virtual maximum rates of the several steps in the mechanism
of carbon oxidation, it was shown that the possible controlling steps for
the rate of decarburization were:

(a) transport of iron in the slag to the slag-metal phase boundary.
(b) transport of oxygen in the metal, away from the slag-metal phase boundary.
(c) transport of oxygen and carbon in the metal, from the bulk metal to the

phase boundary between metal and carbon monoxide bubbles.

| Rates of solute transfer through the hypothetical films or boundary
layers are estimated from the relationship:

-, (c; - ¢})
= (1)

J. =
i | 5i

j. = flux of component i in moles per square centimetre per second.
1
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Di = diffusity of component i in the solvent, in square centimetres per second.

C; = concentration of component i at the)reaction interface in moles per cubic
centimetre. | |

C; = concentration of component i in the bulk phase away from the interface,

in moles per cubic centimetre.
S, = effective diffusion boundary layer thickness in centimetres, which is

a function of the Reynold's and Schmidt Numbers for flow in the bulk.

The above expression may be rewritten in terms of the percentage loss

of component i in the bulk liquid, as a result of diffusion to the reaction

interfaces
A ° D'
-d 7% i i C ¥
d€ - = — 61 (% i - % 1) (2)
. .Ail
-d% i . .
-5 = loss of component i from the bulk in percent per second.
A = area of reaction interface in square centimetres.
V. = volume of the bulk liquid in cubic centimetres.
1
7% i = percentage of component i dissolved in the bulk liquid.
* V .
%4 i = percentage of component i in the liquid at the interface.

In considering the experimental oxidation of carbon in iron containing
chromium, under a cﬁromic oxide layer such as that which eiisted in the run
shown in Figure 9, it was suggested that control of the rate of carbon
oxidation may be considered to be the diffusion of carbon in the metal to

the reaction interface. It may be postulated that a thin film or boundary
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layer is present, such that a concentration gradient exists between the bulk
carbon content and the carbon concentration at the interface. The rate of

carbon loss from the bulk metal may be expressed:

7 A DFe-Cr

-d b C ©7C ! *

@ = Ve, (FC - %C) G)
Fe-Cr . - e . .

where DC = diffusivity of carbon in iron-chromium-carbon solutions.

Integration of this expression, between the initial and final carbon

concentrations and from zero to time t, provides the following relationship:

' Fe-Cr
i *
zcl_zc AoDC . t
log T %] = (%)
ZCc o -%C 2.303 V . &,
where Z'Cl = 1initial carbon concentration in the bulk metal.
CZ Cf = final carbon concentration in the bulk metal.
t = time in seconds.

During the carbon oxidation, the area of the reaction interface (A),
the volume of the melt (V), the diffusivity of carbon in the melt (Dge’cr),
and the effective boundary layer thickness (6c), may be considered constant.
From the very low carbon concentration reached at the end of the holding
period, it may be presumed that the interfacial carbon concentration (3; C%)

is very small, and may be taken to be essentially zero. Equation (4) may be

therefore rewritten:

R
a
H

= kt (5)

log

N
Q
Fy
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Considering the straight line relationship shown in Figure 10, the
constant (k) in the above equation may be estimated, with time expressed in
seconds,

A . Dge—Cr L
k = - = 3031“ X lo— °

2,30 .
303 V 6C
By assuming the area of the reaction interface to be the surface area

of the melt, the mass transfer coefficient may be evaluated:

Fe-Cr
%

o

The value of the mass transfer coefficient shown above is approximately
one order of magnitude smaller than King's20 estimate of fhe mass transfer
coefficient for carbon in the melt at the gas-metal interface during the open
hearth boil. The difference in value may be due to thé effect of induction
stirring on the effective boundary layer thickness, the assumption that the
area of the reaction interfacé is the surface area of the melt, and also the
assumption that the interfacial carbon concentration is constant at a very

low percentage.

Attention should be given to the consideration that it is the difference
in chemical potential that provides the driving force for diffusion and not
the actual concentration. Elliott, Gleiser, and Ramakrishnazl discussed this
consideration and suggested that the measured diffusivity for a component in

i

a non-ideal solution may be modified:
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D, = Di/ T+ cia%% |

1

where D? modified diffusivity of component i.

]

D. = measured diffusivity of component i.

activity coefficient of component i at infinite dilution.

=
|

3¢ = change in activity coefficient of component i with change in

concentration of component i.

Considering the diffusion of carbon in iron-chromium-carbon solutions,

the flux of carbon through the hypothetical boundary layer may be represented

oy DFe-Cr
A ~°C ' Cr . * _Cr
Jo % 5.7 € ¥ -C-9¢) (6)
c'vc
where Q(gr = gctivity coefficient of carbon due to the influence of chromium

(assumed constant over small changes in chromium concentration).

Based on the consideration that the driving force for diffusion is the
chemical potential, the diffusivity of carbon in iron-chromium-carbon solutions
may be related to the measured diffusivity of carbon in iron-carbon solutions

according to:
Fe-Cr _ ' Cr
D = o, ¥

By substituting in equation (6), the following relationship is obtained:
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! Cr
Do - ¥ Cox
. “c lc )
e = T (e - ) (7)

The constant in equation (5) above, may now be rewritten:
! Cr

A . Dc UUC

2.303 V. §

k =
Cc

A reevaluation of the experimental mass transfer coefficient, in terms

of the measured diffusivity of carbon in iron-carbon solutions, provides:

3.8 x 1077,

Oxidation of Carbon and Chromium by Air Blowing.

In the oxygen blowing runs, it was shown that carbon oxidized prefer-
entially at a constant rate during the initial stage, according to the

reaction:

c + 1/20, (g) = co (g)

The point at which the constant rate of carbon oxidation terminated
increa;ed in carbon concentration as the rate of oxygen blowiné increased.
The carbon oxidation reaction occurred at the gas-metal interface, with no
indication of carbon monoxide bubble formation below the surface at the

refractory-metal interface. Dilution of the furnace étmosphqre with argon
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allowed carbon to oxidize to lower levels than obtained with a furnace
atmosﬁhere consisting entirely of carbon mbnoxide.

Beyond the end of the constant rate of carbon oxidation, chromium and
iron oxidation occurred, with the rate of chromium loss shoﬁing no dependence
on the rate of oxygen input. Holding, following an oxygen blow, with the
furnace atmosphere diluted by argon, resulted in continued oxidation of carbon
and chromium. Holding under the oxide forméd during the oxygen blow, and
élso under Cr205, with argon passing through the furnace atmosphere, suggested
that the rate of carbon oxidation during this stage was controlled by the
diffusion of carbon in the metal.

In order to examine further the rate of carbon loss beyond the termin-
ation of the constant decarburization rate,'experimental runs were conducted
utilizing air blowing at a rate of 300 millitres per minute (S.T.P.), on to
melts containing 10 and 20 percent chromium in solution. Because of the
experimental evidence that the oxidation of carbon involves the formation of
carbon monoxide only, the partial pressure of carbon monoxide at the gas-
metal interface, during the initial constant rate of carbon oxidation, would
be expected to be 0.34 atmospheres. As the rate of carbon oxidation declines,
the partial pressure of carbon monoxide at the interface would also be expected
to decrease, if part of the oxygen reacts to form chromium énd iron oxides.

Since Cr Ou is the equilibrium oxide at the experimental chromium

3
concentrations, the equilibrium percent carbon at the gas-métal interface,

at the end of the constant rate of carbon loss, may be calculated, for a
partial pressure of carbon monoxide of 0.34 atmospheres, from the relationship:

cr,0,(s) + 4¢ = 3Cr + 4oO(g); log K = =43,270 , o8,
T
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This calculatiop provides equilibrium carbon concentrations of 0.10
and 0.31 percent carbon for chromium concentrations of 10 and 20 percent
respectively. It would be expected that the bulk carbon content at the end
of the constant rate of carbon oxidation would be greéter than these values.

The carbon oxidation rates obtained from the air blowing runs are
shown in Figure 11. The deviation from the initial constant rate of decarb-
urization occurred at carbon concentrations of 0.11 and 0.19 peréent, for
the two levels of chromium. These are’indicated by the letters A and B in
Figure 11. Although the carbon content is close to the theoretical for the
10 percent chromium level, a considerable difference.exists in the case of
the 20 percent chromium concentration. This indicates that the oxide formed
at the gas-metal interface cannot be considered to be the equilibrium oxide
Cr30h° It is likely that the oxide initially formed at the interface is a
combination of iron and chromium oxide.

During the second stage of carbon oxidation, beyond the point of
termination of the constant decarburization rate, an island of oxide formed
under the gas tube which gradually covered the surface of the melt. It was
felt that the presence of this oxide crust; between the end of the gas tube
and the metal surface, would disturb the intimate gas-metal contact that
existed prior to its formation. For this reason, é series of experimental

l
runs was conducted in which air was bubbled through the melt.
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Oxidation of Carbon and Chromium by Air Bubbling.

Experimental runs were conducted in which air was bubbled, at a rate
of 300 millitres per minute (S.T.P.), through melts containing chromium
concentrations of 0, 10, 15, and 20 percent. The carbon-chromium relation-
ships for the chromium bearing runs are shown in Figure 12.

Figure‘IB presents the carbon oxidation rates for the various levels
of chromium concentration, in comparison with the iron-carbon run, with no
chromium present. Carbon concentrations at the end of the constant rate of
carbon oxidation were 0.10, 0.1k, and 0.20 percent, for the chromium levels
10, 15,‘and 20 percent respectively. These points are indicated by the letters
A, B, and‘C, in Figure 13.

Figure 14 illustrates the chromium oxidation rates for the runs at 10,
15, and 20 percent chromium during air bubbling. The rate éf chromium loss
was similar for the three levels of chromium concentration, at approximately
0.015 percent chromium per minute; Mass balances taken between oxygen input
in the air and the formation of carbon monoxide eand CrBOh are shown in Table
VII. The mass balances indicate that the formation of carbon monoxide and
CrBOh provides a reasonable check with the oxygen input.

In Figure 15, a plot of the negative logarithm of carbon concentration,
beyond the end of the constant decarburization rate, against time is shown.
Similar to the observatioﬁ in the oxidation of carbon by reduction of chromium
oxide, the relationships may be represented by straight lines. The slopes

(-d log Z C / dt) are 1.86 x 10‘2,1.07 X 10‘2, and 0.86 x 10™° for the

chromium concentrations 10, 15, and 20 percent respectively. This again
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Mass Balances - Total Oxygen Input vs.

TABLE VII

Carbon and Chromium Losses as CO and Cr,0O

4 During Air Bubbling

Percent

Chromium

10

15
20

Oxygen Input

in Moles

0.k2
0.50
0.42

Carbon Loss

Gram Moles

0.31
0.29
0.30

Chromium Loss

Gram Moles

0.45
0.52
0.34

co

0.15
0.14
0.15

3

Moles 02 ﬁi
CrEOM Total
0.30 0.45
0.35 0.49
0.23 0.38

gh
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suggests that control of the rate of carbon oxidation is by diffusion of carbon

in the metal to the gas-metal interface.

Analysis of the rate of carbon loss beyond the point where the constant
decarburization rate terminates is difficult, in view of the uncertainty re-
garding the oxide phase at the gas-metal interface. It was shown in the
experimental air blowing runs, that the interfacial oxide cannot be considered
to be Cr50u, which is the equilibrium oxide for the chromium concentrations
considered. Since it has been indicated by mass balances for the oxygen
blowing runs that iron oxide is also present, a closer approach to the actual
situation may be possible by assuming that the oxide phase is chromium spinel

FeO.Cr rather than Cr,0, . The equilibrium carbon activity with a partial
374

203)
pfessure of carbon monoxide of 0.34 atmospheres may be calculated from the

relationship:

FeOQCrEOj(s) + UC = Fe(l) + 2Cr + LCO(g); K18730K = 1.29 x 10°.

For chromium concentrations of 10, 15, and 20 percent, the equilibrium
carbon activities are 0.056, 0.064, and 0.072 respectively. These should
represent the carbon activities at the gas-metal interface at the end of the
constant rate of carbon oxidation. These carbon activities would be expected
to be below the bulk carbon activities, which were found experimentally to be
0.059, 0.065, and 0.0705 respectively. Although these data suggest that the
oxygen potential of the interfacial oxide is probably not quite that of

FeO.Cr an approximate analysis is based on the assumption that the

203’

spinel is present.
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With this assumption, the partial pressure of carbon monoxide at the
reaction interface may be represented by the relationship:

* L
K. a . (£, - % C)
* FeODCrEO C

()’ = - (8)
T * (% cr)

where K = 1.29 x 105a

At 16OOOC, and chromium concentrations of 10, 15, and 20 percent, the
partial pressure of carbon monoxide is proportional to the interfacial carbon
concentration. The further assumption is made, that the chromium concentra-
tion at the interface is approximately the same as the concentration ih the
bulk metal. This assumption seems justified on the basis of the slow rate
of chromium loss during oxidation, the value of which was approximately
0.015 percent chromium per minute in the experimental runs. The rate of
decarburization, at the point where the diffusion of carbon in the metal
takes control, was 0.0056 percent carbon per minute. Considering the 10
percent chromium run, this occurred at a bulk carbon concentration of 0.10
percent, indicating that the carbon concentration gradient between the bulk

metal and the gas-metal interface could be no greater than:

! ¥*
7c -%c¢ = 0.10

Assuming the diffusivity of chromium in iron to be similar to that of manganese,
which was given as lO-u‘square centimetres per second by King,go the mass
transfer coefficients (D / &) for carbon and chromium may be considered to

be approximately equal. With equal interfacial afea and melt volume, the

experimental rate of chromium loss would be sustained by a maximum

concentration gradient of :
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*
%cr -%cCr = 0.25

At the concentrations of chromium under consideration, this maximum differential
indicates little difference between the percentage chromium in the bulk metal
and that at the gas-metal interface.

From equation (8), the proportionality between the partial pressure
of carbon monoxide and the interfacial carbon concentration may be expressed

for each level of chromium content:

(10 % cr) p:o = 3.56 %C (9)
(15%Cr) by, = 2:32%C (10)
(0% cr)  pyy = LS3%C (11)

During the initial constant rate of decarburization, the oxygen supplied
in the air reacts to form carbon monoxide. The partial pressure of carbon
monoxide in the exit gas is, therefore, 0.34 atmospheres. Thié is also the
partial pressure of carbon monoxide at the gas-metal interface. At the point
where the rate of decarburization changes from the initial constént rate, the
carbon concentration at the interface is assumed to be in equilibrium with
FeOQCr205, and with 0.34 atmospheres partial pressure of carbon monoxide. As
the rate of arrival of carbon atoms to the gas-metal interface becomes insuf-
ficient to react with all of the oxygen, the oxidation of iron and chromium
commences. The rate of formation of carbon monoxide therefore declines. It
is assumed that the partial pressure of carbon monoxide in the gas bubbles
emerging from the melt reaches equilibrium with the carbon concentration at
the gas-metal interface.

This permits the rate of carbon loss from the bulk metal to be repre-
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sented by the expression:

“fc T Tgas © Peo (12)
where -ﬁc = rate of carbon loss in moles per minute.
ﬁgas = exit gas rate in moles per minute.

Taking the total pressure in the gaseous phase to be one atmosphere,

. _ R _ g _
Poas nN2 co ”N2 / (1 - pgg)
Substituting in equation (12), and expressing the rate of decarburiz-

ation as percent carbon per minute, for the experimental melt weights of 1200

grams:

-a% c/at = ﬁN2 c Poo / (1 - Pyg) (13)

The partial pressure of carbon monoxide in the exit gas is changing
during oxidation. This partial pressure, expressed in terms of the inter-
facial carbon concentration, as shown in equations (9), (10), and (11), is

substituted in equation (13). Subsequent integration provides the following

relationships:
x .
b Cy * * .
(10 % cr) 1log %]-155 (%c -%c,) = 1.55 By oot (14)
L 2
*
L4 Cl * *
(15 % cr) 1log £ |- 101 (Zc, -7%c.) = 1.00 8 t (15)
L C. 2
*
Ci * *
(20% cr) log £ |- 067 (Zc; - Zc.) = 0.67 A t (16)
A Co 2
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where t = time in minutes.
* (3 3 3 3 o
ﬁgci = 1initial interfacial carbon concentration.
* 3 I3 .
ﬁ%cf = final interfacial carbon concentration.

With an air bubbling rate of 300 millitres per minute, ﬁN2 is equal
to 0.0106 moles per minute.

Figure 16 presents the curves obtained by the solution of equations
(14), (15), and k16), representing the change in interfacial carbon concentr-
ation with time, beyond the stage of constant decarburization rate, for
chromium contents of 10, 15, and 20 percent. The points plotted for comparison
are the bulk carbon analyses of the melts during air bubbling. In comparing
the experimental bulk carbon concentrations with the predicted interfacial
carbon concentrations, it will be ﬁoted that at the 10 and 15 percent chromium
contents, the carbon concentration differential ("Z, C' - ZC*) is very small.
For the 20 percent chromium content, the carbon concentration differential is
of larger magnitude. The diffusion gradient between the bulk carbon and the
interfacial carbon may be considered to be a carbon activity gradient. For
a similar carbon activity gradient, the effect of the higher chromium content
is to increase the carbon concentration gradient, due to the effect of dissol-
ved chromium on the activity coefficient of carbon.

The above analysis, although based on rather broad assumptions, pro-
vides a means of reasonable prediction of the rate of carbon oxidation beyond

the point of departure from the initial constant decarburization rate.

The results of the experimental air bubbling runs show that the carbon

concentration in the bulk metal, at the point of departure from the initial
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constant rate of carbon loss, was approximately equal to that calculated for
the interfacial cafbon concentration, assuming equilibrium with FeO.Cr203q

In the above analysis of the rate of change of the interfacial carbon
concentration, it was assumed that the partial pressure of carbon monoxide
in the exit gas reached equilibrium with the carbon concentration at the gas-
metal interface. The rate of carbon loss from the bulk metal was determined
experimentally, and shown in Figure 13. From the experimental results, the
mean partial pressure of carbon monoxide in the exit gas may be calculated
for ten minute intervals beyond the end of the constant decarburization rate.
For the 10 percent chromium concentration, equation (9) provides the estimated
mean interfacial carbon concentration for the time interval. By comparing
this value with the experimental mean bulk carbon concentration for the time
interval, an estimate of the carbon concentration gradient between the bulk
carbon and the interfacial carbon may be obtained. The results of this esti-
mate, for three intervals of ten minutes for the 10 percent chromium
concentration are shown in Table VIII.

By substituting the experimental values of the rate of carbon loss
and the estimated carbon concentration differential for each time interval

in the relationship:

Fe-Cr
A . DC , %
-a%c/at = ———— (%hC - %C) (17),
V. éc ' .
an average value is obtained:
A . Dge-Cr / V. 6 = 6.3 x 1077 sec.”t



TABLE VIII

Estimate of Carbon Concentration Diff‘erential' Befween Bﬁlk Metal and Gas-Metal Interface, Beyond the

End of Constant Decarburization Rate.

Time Interval Carbon Loss Calculated Calculated Experimental
* t
in Minutes in Percent Mean p.. Mean % C Mean % C
0 - 10 0.036 0.2% 0.070 0.08
10 - 20 0.021 0.17 0.048 0.054
20 - 30 0.013 0.11 0.037 0.040

72c - 7c

0.010
0.006
0.003

LG
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An estimate of the bulk carbon concentration at the end of the constant

rate of decarburization may therefore be obtained:

{ 2 *
gC = -1.59 x10° (d%c/at) + % ¢ (18),
where d 7 C/dt = initial constant rate of carbon loss in percent carbon per
second.

Richardson 22 has discussed the growth of carbon monoxide bubbles
rising through the melt during an open hearth boil. The growth of the bubbles
is considered to be controlled by the transport of carbon and oxygen from the
metal to the gas-metal interface. The mass-transfer coefficient (D/§) is
taken as nearly independent of bubble size, and is estimated to be 0.05 centi-
metres per second for either carbon or oxygen. This was shown to compare
favourably with an estimate of the mass transfer coefficient based on experi-
mental work concerning the transfer of carbon dioxide between rising gas
bubbles and water.

Considering the experimental melt depth of three centimetres in this
present work, the number of bubbles that could reasonably be expected to re-
side in the melt would be two or three, assuming a bubble diameter of approxi-
mately one centimetre. This would provide a gas-metal interfacial area of
approximately 8 square centimetres. Using this estimated area, along with

the experimental melt volume, the mass transfer coefficient may be calculated:

Fe-Cr _
Dy / 8 = 0.135

This value provides a diffusion boundary layer thickness (5C) of approximately

one-third of that involved in Richardson's estimate of the mass transfer
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coefficient involved in the open hearth boil.

An application of the analysis described above has been made to predict
the carbon oxidation rate curve for a 10 percent chromium alloy, having an
initial carbon concentration of 0.39 percent. Oxidation was conducted by
bubbling air at a rate of 450 millitres per minute (S.T.P.).

1. Initial rate of carbon oxidation = - 1.3 x lO-h percent carbon
per second.

2. Estimated termination of the constant rate of carbon oxidation,
based on equation (18), % ¢ = o.12.

3. The interfacial carbon concentration beyond the constant rate of

decarburization is calculated from equation (14),

’Zc.

2

* * -
log |— | - 1.55 (7,¢; - %C;) = 2.46x107° ¢
% cy
*
where 7 C = 0.10, and t = time in minutes.

Figure 17 illustrates the result of these calculations, indicating
the predicted interfacial and bulk carbon concentration during oxidation.
The bulk carbon concentration beyond the end of the constant rate of carbon
oxidation is shown as a gradual approach to the calculated interfacial
carbon percentage, with a gradually decreasing gradient. Carbon analyses
of samples taken during the experimental run are plotted for comparison.

As seen in the figure, good agreement was obtained, indicating that the

analysis has provided a reasonable prediction of the carbon oxidation rate
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for the experimental conditions of oxidation. The experimental initial and
final bulk carbon concentrations were 0.39 and 0.007 percent respectively.
The initial and final chromium contents were 10.94 and 9.66 percent respect-

ively.

Influence of Silicon on the Oxidation of Carbon and Chromium by Air Bubbling

The oxidation of carbon and chromium, dissolved in liquid iron, has been
investigated in this work by the experimental bubbling of air through the melt.
The influence of other oxidizable elements that are present in steelmaking
baths was not considered. Since silicon is a strong deoxidizer, compared to
chromium,13 it was of interest to examine the influence of silicon on the
initial decarburization rate and the loss of chromium, for the experimental
conditions of oxidation.

An "experimental run was conducted by bubbling air at a rate of 300
millitres per minute (S.T.P.) through an Fe-Cr-Si-C melt, with an initial
composition of 0.5 percent silicon, 0.38 percent carbon, and 10.73 percent
chromium. 'Figure 18 shows the rates of oxidation of carbon, silicon, and
chromium that occurred. The presence of 0.5 percent silicon in solution did
not alter the initial constant decarburization rate that was previously
observed in melts containing no silicon. When the carbon oxidation rate
deviated from constant, the oxidation of silicon began, while the chromium
concentration remained unchanged. The start of chromium oxidation did not

occur until the silicon concentration reached approximately 0.25 percent,
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TABLE IX

Comparison of Carbon and Chromium Oxidation by Air Bubbling: (a) Fe-Cr-Si-C Melt; (b) Fe-Cr-C Melt.

Melt

Fe-Cr-Si-C

Fe-Cr-C

Air Bubbling Rate Oxidation Time Percent Carbon  Percent Carbon  Percent Chromium

Ml. per Min.(S.T.P.) in Minutes at End of Constant Initial Final Initial Final
) Decarb. Rate

300 150 0.15 0.38 0.003 10.73 10.18

300 150 0.10 0.32 0.001 10085 8.83

€9
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with a carbon content of approximately 0.02 percent.

The conclusion may be drawn that the overall decarburization was not
altered by the presence of 0.5 percent silicon in solution. However, silicon
oxidized in preference to chromium until the concentration of silicoﬁ reached
0.25 percent, following which the concurrent oxidation of chromium and silicon
occurred, as carbon continued to drop at a much slower rate.

Table IX presents the results bf oxidation of the Fe-Cr-Si-C melt,
compared to an Fe-Cr-C melt that was also oxidized by air bubbling. 1In the
case of the Fe-Cr-Si-C melt, the overall chromium loss was one-third of that
which occurred in the Fe-Cr-C melt under the same conditions of oxidation.
The effectiveness of the preferential silicon oxidation in delaying the oxi-
dation of chromium is evident. The slightly higher carbon concentration at
the end of the constant rate of decarburizatién, in the case of the silicon
bearing melt, is’probably due to the formation of SiO2 at the gas-metal

interface rather than iron and chromium oxides.

The Oxidation of Chromium in Iron - Chromium - Carbon Melts.

In the experimental runs conduqted by oxygen blowing, it was evident
thét an initial oxidation period existed in which carbon oxidized preferent-
ially, with no loss of chromium. Beyond this initial stage, when carbon loss
deviated from a constant rate, the oxidatioh of chromium began. However, the
rate of chromium loss was not dependent on the oxygen input rate. Although

carbon oxidation to carbon monoxide, in the initial stage of oxidation,
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accounted for the entire oxygen input, the oxidation of carbon to carbon
monoxide and chromium to Crioh (the equilibrium oxide for the chromium con-
centration considered) did not account for the entire oxygen input during the
second stage of oxidation. Further, it was found that chromium losses conti-
nued, along with carbon, during a holding period following the end of the
oxygen blow, with argon passing through the furnace chamber.

It was shown that the oxidation of iron occurred with chromium during
the second stage of oxidation. The continued oxidation of chromium following
the end of the oxygen blow was due to an exchange reaction between the iron
oxide formed and chromium in the metal.

It may be postulated that a hindrance to the oxidation of chromium
exists, due to the difficulty involved in nucleating a solid oxide, the oxides
of chromium being solid at the temperature involved. A hypothetical mechanism
of chromium oxidation may be considefed which involves the initial formation
of iron oxide, with chromium oxide dissolving initially to the solubility

23

limit. The solubility of Cr20 in FeO was investigated by Corning Research,

5
and the limit was shown to be from 5 to 10 percent at l600oC. Beyond this
solubility limit, it is expected that the spinel (FeOoCr205) precipitates from
solution. This hypothetical mechanism is supported by the visual observations
of the metal surface during oxygen blowing. The first oxide observed was in
the form of 5right flashes which radiated from the gas-metal impingement area.
This was followed by the formation of'an oxide island, directly beneath the

gas tube, which grew in size while dark areas formed within it. The island

gradually‘enlarged over the entire surface of the metal, providing a crusty
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oxide covering.

As a consequence of the above hypothetical treatment of the mechanism
of chromium oxidation, it would be presumed that in a situation where iron
oxide was not present, the oxidation of chromium would be a more difficult
process. To examine this possibility, a run was conducted in which nickel,
having chromium and carbon in solution, was employed rather than iron. The
melt was oxidized at 160000 by bubbling air at a rate of 250 millitres per
minute(S.T.P.).

Figure 19 presents the results of this run. During an oxidation period
of 120 minutes, carbon oxidized readily to a low concentration, whereas the
loss of chromium was almost negligible. In Table X, the results of the Ni-
Cr-C run are compared to those from an Fe-Cr-C run in which oxidation was
also by air bubbling. The very small change in chromium content for the Ni-
Cr-C melt, in comparison with that which occurred in the Fe-Cr-C melt, indi-
cates the difficulty involved in the direct nucléation of a solid chromium
oxide and offers support to the mechanism of chromium oxidation suggested
above.

In the oxidation of Fe-Cr-C melts by means of oxidizing gas, the oxide
formed initially at the gas-metal interface during the second stage of oxida-
tion (beyond the end of the constant decarburization rate) may be presumed
to be iron oxide. This dissolves chromiuﬁ oxide to the solubility limit,
followed by the precipitation of chromium spinel. The oxidizing potential
of the interfacial oxide was shown previously in this work to be nearly that

of FeOOCreo , for chromium concentrations from 10 to 20 percent.

3



TABLE X

Comparison of Carbon and Chromium Oxidation by Air Bubbling: (a) Dissolved in Ni; (b) Dissolved in Fe.
Melt Alr Bubbling Rate Oxidation Time Total Air Percent Carbon Percent Chromium
Ml. per Min. (S.T.P.) in Minutes Volume - Ml. Initial Final Initial Final
Ni-Cr-C 250 120 30, 000 0.308 0.01L 10.72 10.62
Fe-Cr-C 300 100 30,000 0.32 0.009 10.83 10.10

89
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VI. SUMMARY AND DISCUSSION OF EXPERIMENTAL RESULTS

In the preceding chapter, a discussion accompanied the presentation
of the experimental results. In view of this, the present chapter will be

concerned with a summary of the results, along with added discussion.

1. 1In the experimental oxidation of iron-chromium-carbon melts by the
blowing of gaseous oxygen at relatively low rates on to the slag-free metal
surface, it was shown that the oxidation of carbon occurred at the surface
of the metal. During the initial stage of oxidation, a constant rate of de-
carburization existed which was dependent on the rate at which oxygen was
supplied. Oxygen balances, calculated for the initial carbon oxidation, de-
monstrated that the formation of carbon dioxide was not involved, and that

the reaction is described by the chemical equation:

¢ + 1/20, (8) = O (g).

The reaction between the dissolved carbon and oxygen gas consumed all
of the‘oxygenvsupplied during the initial stage of oxidation, with no chromium
loss. The constant decarburization rate ended at carbon concentrations which
increased with increasing rate of oxygen input.

A hypothetical treatment of the situation at the end of the constant
rate oflcarbon loss is based on the assumption that & thin film or boundary
layer exists at the surface of the metal, through which the carbon diffuses
from the bulk metal to the surface at which oxidation occurs. The end of the

constant decarburization rate indicates the point at which the rate of carbon
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diffusion gains control of the rate of carbon oxidation. The rate that carbon
diffuses through the boundary layer is dependent on the gradient between the
carbon concentration in the bulk metal and the lower carbon concentration at
the gas-metal interface. At the end of the constant rate of carbon drop, it
may be presumed that the carbon gradient across the hypothetical boundary
layer is not sufficient to transport the quantity of carbon atoms required
by the oxygen available. At this point, the oxidation of iron and chromium
begins.

| Beyond the initial stage which was characterizéd by a constant decar-
burization rate, the rate of carbon loss declined rapidly. The final carbon
content was, however, below that indicated by the equilibrium carbon-chromium
relationships for carbon monoxide pressure of one atmosphere. In the initial
experimental runs, with a furnace atmosphere consisting of the gaseous product
of carbon oxidation, it may be assumed that the pressure of carbon monoxide
existing at the gas-metal interface was oﬁe atmosphere. This suggested that
the oxide formed at the gas-metal interface possessed a higher oxidizing
potential than the equilibrium oxide (eroh) for the chromium concentration
involved. J

During the second stage of oxidation, as the rate of decarburization

decreased, the rate of chromium oxidation was independent of the rate of oxy-
gen input. Despite increased oxygen blowing rates, the chromium oxidized at
a rate showing no apparent change. Oxygen balances, taken over the total oxi-

dation time, showed that the oxidation of carbon to carbon monoxide and chromium

to Cr3ou did not account for the total oxygen input.
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2. Dilution of the furnace atmosphere by the entry of argon during
oxygen blowing resulted in the carbon concentration dropping well below the
equilibrium line. This demonstrated that the partial pressure of carbon mon-
oxide at the gas-metal interface was lowered by the argon.

During a holding period following the oxygen blow, with continued pas-
sage of argon through the furnace chamber, the loss of both chromium and carbon
continued. Oxygen balances, taken over the entire duration of the runs,
demonstrated that the total oxygen input was accounted for by the formation
of carbon monoxide and Cr304Q During the second stage of oxidation, iron
oxidized along with chromium. The FeO formed was in excess of that dissolved
in the equilibrium oxide (chOh)° The solubility of FeQ in Cr30h was réported
to be approximately 10 percent by Hilty et al°l2 The result of iron oxidation

was the subsequent reaction between carbon and chromium in the melt with

excess FeO.

3. Investigation of the carbon and chromium concentration changes
during a prolonged'holding period under the oxide that was formed during the
oxygen blow, demonstrated that carbon continued to oxidize to a very low level,
with argon entering the furnace chamber. A straight line relationship was
found between the logarithm of carbon concentration and the time of holding,
which suggested that the diffusion of carbon in the metal to the gas-metal
interface controlled the rate of carbon loss.

The oxidation of chromium continued during the first half of the hold-
ing period, followed by an increase in the chromium concentration in the

metal during the remainder of the holding period. This incfease in bulk
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chromium content was caused by reaction between the chromium oxide and the
carbon in the metal. A similarkcarbon oxidation rate was observed by holding
an iron-chromium-carbon melt under Cr205, with argon passing through the

furnace chamber.

L. Investigation of the oxidation of carbon and chromium in liquid
iron by means of air bubbling through the melt demonstrated that the oxide
existing at the gas-metal interface during the stage where chromium oxidation
ocecurs, is not the equilibrium oxide for the chromium concentration involved.
By assuming this oxide to be FeO.CrQOB, rather than the equilibrium oxide
Cr Oh’ a quantitative treatment of the experimental data provided a means of

3

predicting the path of carbon oxidation for the experimental arrangement.

5. A hypothetical treatment of the mechanism of chromium oxidation
was suggested, which involves the initial formation of iron oxide, followed
by the precipitation of the chromium spinel from the Fe0, as chromium oxide
exceeds the solubility limit in FeO. This mechanism was supported by the
experimental oxidation by air bubbling through a nickel-chromium~carbon melt.
It was demonstrated that much more difficulty was involved in the oxidation
of chromium in solution in nickel, compared to chromium oxidation when

dissolved in iron.

The conditions involved in the experimental runs, conducted in this

work, cannot be compared directly to the conditions existing in the electric
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arc furnace. The slag-free metal surface and the stirring effect of the in-
duction coil are not involved in the production unit. However, possible causes
may be inferred qualitatively, for the disagreement between the theoretical
and the actual oxygen requirements in stainless steelmaking that was noted
earlier in this work. The oxide formed at the oxygen-metal interface during
the oxygen blow is not the equilibrium oxide of chromium, but one that has a
greater oxidizing potential than the equilibrium oxide. Also, in the author's
experience, the slag covering the metal becomes crusty and solid during the
oxygen blow. This could permit the formation of carbon monoxide at the metal
surface, by reaction between carbon in the metal and the solid oxide, with
the partial pressure of carbon monoxide at the metal surface lowered by the
effect of the furnace atmosphere. These two factors would permit the carbon
concentration in the melt to fall below that indicated by the carbon-chromium
relationships (pco = 1 atmosphere).

From the practical standpoint, the effective oxidation of carbon to
very low concentration with relatively small chromium losses, which was
experienced during air bubbling through the experimental melts, merits consid-
eration. Although the time for carbon removal to a low concentration with
air bubbling would certainly be increased over that required with oxygen blow-
ing, the effect of the decreased loss of chromium in minimizing the slag
reduction procedures must be considered as well. The rate of carbon oxidation,
following the initial constant decarburization rate, is represented by the

relationship:
Fe-Cr

A.D ' 3
4%¢ c (7 ¢ -7,
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Considering this relationship qualitatively, the rate of carbon loss
1s dependent on the gas-metal interfacial area (A), the effective boundary
layer thickness (60), and the interfacial carbon concentration (% C%)° The
interfacial area would depend on the rate of air input, the depth in the melt
at which the air is entered, and the diameter of the gas input tube or tubes.
A small effective diffusion boundary layer thickness would be assured by the
agitation effect of the rising bubbles. A very low interfacial carbon concen-
tration is attainable, as demonstrated experimentally.

The carbon concentration at the gas-metal interface declines according

to a relationship having the form:

A
7% c

1

* *
- k(’Zci-'Zcf) = k .t

He X

log

ok

In this relationship, 7Z0: and k depend on the chromium concentration and
temperature of the metal. The constant k' is dependent on the chromium con-
centration, temperature, and the rate of air input.

Certainly these considerations require thorough investigation under
production conditions in order to demonstrate their validity in a melting
furnace operation. However, based on the evidence of the experimental runs

conducted in this present work, the oxidation of carbon to very low concent-

ration with relatively small losses of chromium is feasible.
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VII. SUGGESTIONS FOR FURTHER WORK

In the course of the investigation of the parallel oxidation of carbon
and chromium in liquid iron, the experimental procedure of air bubbling
through the melt demonstrated the removal of carbon to very low concentration
with a relatively small concurrent loss of chromium. The effective and
highly preferential. oxidation of carbon by this method merits consideration
in practical application.

The experimental conditions which involved the stirring effect of the
induction coil and the absence of a slag cover, do not permit comparison with
steelmaking furnaces in the case of the blowing of oxidizing gases. However,
the conditions existing during air bubbling would not be seriously influenced
by the considerations just mentioned. It is concluded, therefore, that
investigation of the oxidation of carbon in iron containing chromium, by

means of air bubbling under production furnace conditions is warranted.
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APPENDIX

TABULATION OF EXPERIMENTAL RESULTS

I. Oxygen Blowing, Furnace Atmosphere Carbon Monoxide.

Run No. 23 - Oxygen rate - 120 ml. per min.; Charge —>l5OO grams.

Sample No. Time of Blow Percent Carbon Percent Chromium
in Minutes
1 0 0.41 9.84
2 > 0.39 9.85
3 15 0.30 9.76
L 20 0.26 9.75
5 30 0.20 9.70
6 Lo 0.18 9.50

Run No. 24 - Oxygen rate - 200 ml. per min.; Charge - 1500 grams.

Sample No. Time of Blow Percent Carbon Percent Chromium
in Minutes
1 0 0.65 9.7h
2 10 0.52 9.65
3 20 0.39 9.68
N 30 0.27 9.75
> 40 0.21 9.48
6 50 0.189 9.38
7 60 0.184 9.12



Run No. 25 - Oxygen rate - 250 ml. per min.; Charge - 1500 grams.

Sample No.

~ A\ W o

Time of Blow

in Minutes
0
>
10
15
20
25
35

Percent Carbon

0.60
0.53
0.4k
0.35
0.29
0.25
0.21

Percent Chromium

10.11
10.13
10.01
10.03
9.98
9.80
9.71

IT. Oxygen Blowing, Furnace Atmosphere Diluted by Argon.

Run No. 30 - Oxygen rate - 100 ml. per min.; Charge - 1200 grams.

Sample No.

N U = WD

-3

Time of Blow

Percent Carbon

Percent Chromium

in Minutes
0
10
20
30
Lo
50
Time Held
15
30

0.32
0.24
0.15
0.09
0.07
0.0k4

0.03
0.02

9.98
9.98
9.98
9.92
9.76
9.61

9.62
9.57

79



Run No. 34 - Oxygen rate - 150 ml. per min.; Charge - 1200 grams.

Sample No. Time of Blow Percent Carbon Percent Chromium

in Minutes

1 0 0.46 10.80

2 10 0.32 10.7Th

3 20 0.21 10.76

L 30 0.1k 10.61

5 Lo 0.1k 10.39

6 50 0.12 10.18

7 60 0.10 10.06
Time Held

15 0.077 9.83

30 0.057 9.68

10 45 0.052 9.57

Run No. 35 - Oxygen rate - 225 ml. per min.; Charge - 1200 grams.

Sample No. Time of Blow Percent Carbon Percent Chromium

in Minutes

1 0 0.46 10.57

2 5 0.38 10.73

3 10 0.28 10.62

i 15 0.21 10.56

5 20 0.16 10.63

6 25 0.14 10.52

7 30 0.12 10.40
Time Held

15 0.076 10.16

30 0.059 10.08

10 45 0.035 10.04

11 60 0.028 ---



Run No. 37 - Oxygen rate - 100 ml. per min.; Charge - 1200 grams.

Sample No. Time of Blow Percent Carbon Percent Chromium
1 0 0.38 14.70
2 10 0.31 1k4.60
3 20 0.24 14,60
4 30 0.20 1L.65
5 Lo 0.16 k.41
6 50 0.15 14,24
7 60 0.1k 14.18

15 0.11 14,14
30 0.077 14,11
10 45 0.070 1k4.02
11 60 0.051 13.93

III. Reduction of Chromium Oxide by Carbon. Furnace Atmosphere
Diluted by Argon.

Run No. 32 - Oxygen rate - 120 ml. per min.; Charge - 1200 grams.

Sample No. Time of Blow Percent Carbon Percent Chromium
in Minutes
0 0.41 9.72
50 0.15 9.22
Time Held
) 15 0.10 9.07
L 30 0.043 9.02
5 45 0.022 9.08
6

60 0.010 9.18



Run No. L0 - Added 30 grams Cr

Sample No.

O O N O\ W

IV. Oxidation by Air Blowing.

273
diluted by argon.

Holding Time

in Minutes
0
10
20
30
Lo
50
60
TO
80

0, to melt surface.

Furnace atmosphere

Charge - 1200 grams.

Percent Carbon

o O O O O O O o o

.20
.13

.065
<037
032
017
.011
.005
.005

Percent Chromium

10.73
10.73
10.97
10.92
11.04
11.09
11.06
11.07
11.06

Run No. 65 - Air rate - 300 ml. per min.; Charge - 1200 grams.

Sample No.

W & N o\ = W

s
o

Time of Blow

in Minutes
0
10
20
30
Lo
50
60
70
80

90

Percent Carbon

0.
0.
0.
0.
.16
13
.11
.09
.07
.065

o O O O O ©

35
26

21
19

Percent Chromium

20.86
20.67
20.65
20.67
20.59
20.62
20.51
20.39
20.41
20.37

82



Run No. 66 - Air rate - 300 ml. per min.; Charge - 1200 grams.

Sample No. Time of Blow Percent Carbon Percent Chromium
1 0 0.36 10.85
2 10 0.29 10.81
3 20 0.2% 10.76
L 30 0.19 10.75
5 L0 0.11 10.71
6 50 0.08 10.72
7 60 0.052 10.62
8 70 0.047 10.60
9 80 0.030 10.51

10 90 0.024 10.48

V. Oxidation by Air Bubbling.

Run No. 61 - Air rate - 300 ml. per min.; Charge - 1200 grams.

Sample No. Bubbling Time Percent Carbon Percent Chromium
in Minutes
1 0 0.32 10.83
2 10 0.28 10.87
3 20 0.21 .-
L 30 0.16 10.83
5 Lo 0.10 10.81
6 50 0.064 10.68
7 60 0.043 10.53
8 T0 0.042 10.47
9 80 0.01k4 10.37
10 90 0.009 10.21
11 105 0.006 10.00
12 120 0.003 9.68
13 135 0.003 9.36
14 150 0.001 8.83



Run No. 58 - Air Rate - 300 ml. per min.; Charge - 1200 grams.

Sample No.

o N o U FWw

10
11
12
15
14

Bubbling Time

Percent Carbon

in Minutes

0
10
20
30
45
60
5
90
105
120
135
150
165

180

0.291
0.237
0.183
0.142
0.090
0.069
0.03%9
0.018
0.018
0.015
0.009
0.007
0.008

0.00k

Percent Chromium

15.27
15.27
15.23
15.17
14.99
14.83

14.50
14.07
13%.98
13.77
13.49
13.18

13.02

84



Run No. 59 - Air rate - 300 ml. per min.; Charge - 1200 grams.

Sample No.

£ W

o N o W

O

10
11
12
13
1L
15
16

Bubbling Time

Percent Carbon

in Minutes

0
10
20
30
35
45
50
55
60
70
80
90
105
120
135
150

0.308

O.
O.

0.

270
200

180

161
131
J11h
.10k
.098
.078
.070
.052
.0kg
.029
.024

.01k

Percent Chromium

20.58

85



86

Run No. 60 - Iron-Carbon Melt. Air rate - 300 ml. per min.; Charge - 1200 g.

Sample No. Bubbling Time Percent Carbon
in Minutes
1 0 0.39
2 10 0.33
3 20 0.26
4 30 0.21
5 Lo 0.12
6 50 0.075
7 60 0.020
8 T0 0.00k
9 80 ---
10 90 0.003
11 105 0.002
12 120 0.001

VI. Oxidation by Air Bubbling, Increased Rate.

Run No. 69 - Air rate - 450 ml. per min.; Charge - 1200 grams.

Sample No. Bubbling Time Percent Carbon Percent Chromium
in Minutes
1 0 0.391 10.94
2 10 0.316 10.88
3 20 0.246 10.82
4 30 0.191 10. T4
5 o) 0.141 10.62
6 50 0.059 10.43
7 60 0.041 10.39
8 T0 0.024 10.17
9 80 0.013 10.05
10 90 0.007 9.89
11 100 0.007 9.66



VII. Oxidation by Air Bubbling, Iron-Silicon-Chromium-Carbon Melt.

Run No. 47 - Air rate - 300 ml. per min.; Charge - 1200 grams.

Sample No. Bubbling Time
in Minutes

1 0

2 15

> 30

4 45

5 60

6 75

T 90

8 105

9 120

10 135

11 150
VIIT.

Percent

Carbon

0.38
0.30
0.22
0.17
0.11
0.072
0.041
0.023
0.012
0.006
0.003

t

2
L

Percent

Silicon

0.50
0.50
0.48
0.45
0.40
0.38
0.29
0.20
0.18
0.1k
0.11

Percent

Chromium
10.73
10.73
10.76
10.72
10.78
10.78
10.71
10.67
10.58
10.35
10.18

Oxidation by Air Bubbling, Nickel-Chromium-Carbon Melt.

Run No. 63 - Air rate - 250 ml. per min.; Charge - 1200 grams.

Sample No.

W O N O\ &= W DK

o e
v o= O

Bubbling Time

in Minutes

0
10
20
30
40
50
60
70
80
90

105
120

Percent Carbon

Percent Chromium

0.308
0.268
0.220
0.220
0.163
0.136
0.103
0.081
0.043
0.016
0.017
0.014

10.72
10.72
10.69
10.61
10.73
10.7h
10.71
10.70
10.63
10.67
10.64
10.62

87
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