Decarburization of Stainless Steel: Part I. A
Mathematical Model for Laboratory Scale Results

SHIGEO ASAI AND JULIAN SZEKELY

A mathematical model is presented for describing the reaction of iron-chromium-carbon
melts with pure oxygen, air and oxygen-argon mixtures. The model is based on the gen-
eralization of the Asai-Muchi model for oxygen steelmaking to systems containing chro-
mium and wherethe oxygen blown is diluted by an inert gas. The predictions based on the
model were compared to the experimental measurements of Barnhardt obtained with heats
of about 1.2 to 1.5 kg, having carbon contents ranging from 0.3 to 0.6 wt pet and chromium
contents of 0.0 to 21.0 wt pct. The agreement between measurements and predictions was
quite good for a variety of blowing arrangements which included top blowing with pure
oxygen or air and bottom blowing with air. The fact that this good agreement was obtained
by using a single value of the adjustable parameter in the model for all runs, renders very
promising the extension of the model to more complicated systems.

IN recent years there has been a growing interest in
the application of new processes, such as the U.C.C.
(02-Ar)1 and the Witten Process,2 as alternatives to the
electric furnace for the refining of stainless steel.

The principal objective of these processes is to ob-
tain very low carbon levels by selective oxidation,
while achieving good chromium recovery.

In order to provide improved process control and
to devise the optimum operating conditions for these
systems it would be desirable to obtain suitable mathe-
matical models for these operations. However, a good
quantitative understanding of the kinetics of the decar-
burization of Cr-C-Fe alloys, which would be a neces-
sary prerequisite for the construction of mathematical
models for these processes, is not available at the
present.

While numerous interesting laboratory scale mea-
surements have been reported in the literature on the
surface decarburization of Cr-C-Fe alloys®*%° the
actual interpretation of these kinetic data is not really
suitable for process modeling purposes.

The work to be described in this paper was under-
taken as part of a continuing effort aimed at the mathe-
matical modeling and optimization of stainless steel
decarburization processes. Part I of the series is
concerned with the adaptation of a previously published
‘‘Unified Model for Steelmaking Processes’’ to the in-
terpretation of laboratory scale measurements. The
subsequent Part II will be devoted to the modeling of
pilot scale and plant scale operations.

Regarding the organization of the paper, in the fol-~
lowing Section I we shall present a brief review of the
‘“‘Unified Model for Steelmaking Processes;’’ the de-
velopment of the actual model dealing with stainless
steel operations is given in Section II, the computed
results are given in Section III. Finally, the conclud-
ing remarks are contained in Section IV.
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I. THE UNIFIED MODEL OF OXYGEN
STEELMAKING PROCESSES

In the development of a unified model for oxygen
steelmaking processes Asai and Muchi”®® proposed
that during the oxygen blow the concentration of each
alloying element in the bath may be calculated by es-
tablishing a balance between two driving forces,
namely:

a) driving force which will cause the system to tend
towards thermodynamic equilibrium

b) another driving force, due to the oxygen supplied '
to the bath, which will tend to keep the system from
reaching equilibrium,.

In order to illustrate this concept, let us consider
a time period toward the end of the blow, where we
may consider the oxidation of carbon as a sole reac-
tion, thus the oxygen supplied to the metal is either
used for decarburization, or it accumulates in the
metal phase.

Upon considering (plant and laboratory scale) ex-
perimental data for the relationship between the oxy-
gen and carbon content of the bath, it has been estab-
lished that the concentration of these bath components
is in excess of the equilibrium values.'®** This is il-
lustrated in Fig. 1(a), where the solid line represents
the equilibrium relationship, between the dissolved
carbon and oxygen, whereas the broken line corre-
sponds to the actual decarburization trajectory.

We may now proceed by establishing an oxygen bal-
ance over a time period @, which may be written as:

®
J(s/made =(c,- Ci,o) + My/Mc) (C; o~ Cp)  [1]

where W and S are the mass of the melt and the feed
rate of the available oxygen, respectively; M, and M,
denote the molecular weights of carbon and oxygen,
respectively, C. and C, denote the carbon and oxygen
concentrations in the melt while the additional sub-
script i refers to the initial values.

The behavior of the system may now be represented
by a series of operating lines, also shown in Fig. 1(a),
which have the following physical significance:

If the supply of oxygen were suddenly cut when the
composition of the system was at point J, then the
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Fig. 1—(a) The equilibrium relationship and the ‘‘operating
lines’’ for the iron-carbon-oxygen system. (b) Magnified ver-
sion of the region L-N,

composition of the melt would move along the line
drawn through J until equilibrium is reached at point
M. As the blow proceeds the behavior of the system
would be represented by the parallel displacement of
the original operating line, in the direction of the ar-
row, as shown in the graph.

For given bath carbon and oxygen concentrations (or
rather activities) the corresponding equilibrium values
will depend on the temperature and on the CO partial
pressure only, thus this relationship may be expressed
as:

C,-C. = Py o/K(T) (2]

It follows, that with the aid of Eqs. [1] and [2], we may
calculate the equilibrium composition of the bath that
would correspond to the concentration levels in the
bath, attained after the lapse of a given time period, ©.

Let us now consider the situation where the bath
composition corresponds to the point L; then the inter-
section of the operating line and the equilibrium line is
given by a point N, thus the system would move fron_l_’
the point L, to the point N due to the driving force, LN.
Fig. 1(b) is the magnificed version 1 of Fig. 1(a), where
it is shown that the driving force, LN can be resolved
into the two components, L6 and LP.

Let us now consider the effect of oxygen transfer
into the metal. As oxygen is being transferred into the
metal, for a system originally at point L, there is a
driving force acting on the system in the direction LX,
as seen in Fig. 1. In assessing the rate at which the
system will move due to these driving forces, let us
designate the conductances or reciprocal resistances
of the system by I, also shown in the graph. These
quantities, I, are considered to incorporate all the re-
sistances to transfer, ¢.e., mass transfer, chemical
kineties, mixing, etc.; the way in which this is done
will be discussed subsequently.*

*Strictly speaking, the resistances associated with the transfer of oxygen and
carbon should be different but experience has shown™%° that the same value of I
may be used for all the bath components.

We may now proceed by using these conductance
terms to express conservation of oxygen and carbon
in the following differential forms:
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dC,/de = I{(C} — C,) + S/W [3]
dC./de = 1(C} - C,) [4]

In a geometric sense the derivatives appearing in Eqgs.
[3] and [4] correspond to the displacement of the point
L by an infinitesimal distance along the broken line.

The above considerations may be readily generalized
to ternary or multi-component systems. The behavior
of a ternary system, components of which in the pres-
ent case are carbon, chromium and oxygen, is sketched
in Fig. 2. Here the axes, X, Y, and Z represent the
concentrations of carbon, chromium and oxygen, re-
spectively. The equilibrium lines X-Z and Y-Z are
illustrated on the X-Z and Y-Z planes, respectively;
the intersection of these curved surfaces represents
the equilibrium relationship for a three component
system.

On the analogy of Eq. [1] for the binary system, the
conservation of oxygen for the ternary system consid-
ered here may be written as:

@
f (s/wyde = (C, — Cio) + (Mo/Mc)(Ci,c_ Ce)

° +%(M0/Mcy)(ci’c'r - Cc*r) [5]

As shown in Fig. 2, Eq. [5] represents the operating
plane which moves in the direction given by the arrow
during the progress of the blow. We note that Eq. [5]
may be written in a more general form for multi-com-
ponent systems to obtain:

®

J (s/wae - }é 0; (M,/M) (C; ; — C;) [6]

where j =1, 2,...n, and a; is a stoichiometric coeffi-
cient.

On the analogy of the binary case we may make use
of the concept of the conductances and write the differ-
ential oxygen and component balances, which take the
following form:

dC,/de = I(C}— C,) +S/W 7
dC;/de = I(C{~C)),j=2~n [8]
The equilibrium concentrations C; and C; appearing

Fig. 2—Schematic diagram of the equilibrium line and of the
operating planes in rectangular coordinates.
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in Eqs. [7] and [8] will depend on the partial pressure
of CO above the bath, the bath temperature and in gen-
eral, on the bath composition.

This technique has been used for predicting bath
composition trajectories for oxygen steelmaking on
both industrial and laboratory-scale systems. The
purpose of the present paper is to extend the applica-
tion of the method of the decarburization of ferro-
chrome.

II. STATEMENT OF THE PROBLEM

Let us consider a system where a molten chromium-
carbon-iron alloy is made to react with pure or diluted
oxygen. The treatment will be general so that we shall
be able to consider both top blowing and bottom blowing
arrangements. Let us assume, furthermore, that the
principal reaction products are CO and Cr;0;; while
the model does not allow for the formation of FeO ex-
plicitly, C, the oxygen concentration is deemed to in-
clude the available oxygen both in the bath and in the
slag. It is realized that this is an oversimplification,
which among other assumptions postulates that the
oxygen transfer from the FeO part of the slag to the
metal is quite rapid.

Under these conditions the principal reactions may
be written as:

C+0==CO(g) (9]

2Cr +30+ Cr,0;(S) [10]
The pertinent equilibrium relationships may be ex-
pressed as:

K,=Pgo/a +a, [11]

log K, =1017/7 + 2.14 (Ref. 12) [12]

K, = acrzo3/a(2:'rag [13]

log K, = 44040/T — 19.42 (Ref. 12) [14]

It is noted here that for the purpose of calculation we
have assumed that a., ,, = 1; as will be shown subse-
quently the equilibrium concentrations of oxygen, chro-
mium and carbon in the melt may be calculated for
various values of P.,. The partial pressure of CO
above the melt is not immediately available at this
stage, but has to be calculated through the use of a
trial and error procedure. The interaction coefficients
are given by:

eS” = —158/T +0.038 (Ref. 12) [15]
e = 358/T (Ref. 13) [186]
eS” = —0.023 (Ref. 12) [17]
€y = Mey/Mc) - €8 + gho (Me — Mcy)/M, [18]

Most of these thermodynamic data are quoted from
the work of Nakamura et al.,” obtained for Cr contents
of 10 pct to about 25 pct and over the temperature
range, 1600°C to 1900°C. These experimental condi-
tions correspond quite closely to the conditions en-
countered in stainless steelmaking processes.

By using these interaction coefficients the activity
coefficients f of oxygen, carbon and chromium may

be expressed as:
log f, = €57 - Cey (19]
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(20]
[21]

log fo =e&¥ -C.p + 5+ C,
log foy = €6y G

Through the use of these activity coefficients the
equilibrium relationships may then be written in terms
of concentrations which are necessary in the mass bal-
ance calculations. We may now proceed by restating
the previously derived conservation equations.

Thus the oxygen balance is written as:

fwmm (Co= Ci o) + (My/M) (Ci e — C)

+ 2 (M /Mcr) (cz C'V C’V) [5]

Furthermore, the differential oxygen, carbon and chro-
mium balances may be written as:

dC,/de = I(CX~ C,) + (S/W) [7]
dC,/de = I(Ct— C,) [22]
dcc'r/d9 = I(C’g'r —Ce¢y) [23]

Egs. [7], [22] and [23] may be put in the following di-
mensionless form:

dc,/df = A(c; —¢,) + B [24]
dep/d8 = Alcl — c.) [25]
decy/d9 = Alcoy = coy) [26]

where, A = 185, B = S0,/WCs, ¢; = C;/Cg, 6 = 0/6;.

The partial pressure of carbon monoxide gas used
in Eq. [11] is obtained by establishing a mass balance
at the gas metal interface:

NCO
P., = —= X P,
€07 Ny, +3Ngo + Ng = Ny, o 4
M N¢, .
= = X P 27
AS/W + zMcNgo = M¢No,,cr t (27]

where the coefficient, A= (M./M, ) [1 + (Ng/N,,)], is
evaluated from the flow rates of tﬁe oxygen and of the
carrier gas, Ny which are obtained from the experi-
mental conditions. The rates at which carbon monox-
ide is released and oxygen is consumed are related to
the rate of change of the bath composition in the follow-
ing manner:

N¢o = (dep/d8) (Cy/04)/ M,
Nog,er = $(dc;y/d0) (Co/O5)/ Mcy

(28]
[29]

The equilibrium concentrations, ¢, ¢z, and ¢, in
Eqgs. [24] to [26] are obtained by solving Egs. [5], [11],
[13], [15] to [20] and [21] simultaneously. However, the
partial pressures of carbon monoxide gas appearing in
Eq. [11] cannot be evaluated without solving Eqs, [24]
to [26]. This means that an iterative procedure must
be used for determining the value of p., and the time
derivatives of the concentrations. The actual compu-
tational procedure is described in the next section.

III. COMPUTATION AND RESULTS
3.1 The Method of Solution

The procedure adopted for the solution required, that
for known oxygen and carrier gas flow rates and for a
given bath composition, the new bath composition be
calculated after a given time step.
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1} In advancing the solution by one time step the par-
tial pressure of the carbon monoxide was assumed and
the equilibrium concentrations of chromium, carbon and
oxygen (cgy, cx and ¢) were calculated with the aid of
Eqs. [5] and [11] to [21].

2} Then by substituting the equilibrium concentra-
tions thus obtained into Eqs. [24] to [26] and by using
Eqgs. [27] to [29] a new estimate is obtained for P,,.

3) If the value of P, thus obtained was within 0.005
atm of the previous estimate, the solution was ad-
vanced by one time step using Eqgs. [24] to [26] to cal-
culate the new bath composition.

4) I this convergence criterion was not met the
iterative procedure was repeated until satisfactory
agreement was obtained. The actual computer flow
chart employed in the calculations is given in the
Appendix where some further comments are also
made on the computational procedure.

3.2 Comparison of the Computed Results with
Measurements

In order to examine the appropriateness of the model
Figs. 3 to 10 show a set of the computed results which
are compared with the experimental measurements of
L. F. Barnhardt,* obtained with induction stirred heats
about 1200 to 1500 g in weight. It is noted that a fixed
value of the conductance parameter A was assumed in
all these calculations, such that A = 5; for ©= 3600 s.
The same value was used for all four types of experi-
ments considered, namely:

1) Reaction of the melt with pure oxygen.

2) Reaction of the melt with oxygen, with the furnace
atmosphere diluted with argon.

3) Reaction of the melt with air blow from the top.

4) Reaction of the melt with air blown from the
bottom.

1) SYSTEMS TOP-BLOWN WITH OXYGEN

Figs. 3 and 4 show the behavior of systems where
the melt was reacted with pure oxygen, blown at rates
of 120,200 and 250 ml/min (STP) onto the top of the
melt,

Fig. 3 shows the composition trajectories followed
by the melt, on a plot of bath carbon against bath chro-
mium at a temperature of 1600°C. The solid lines rep-
resent the predictions based on the model and the equi-
librium relationship is also shown (with a broken line)
for the purpose of comparison. It is seen that, in gen-
eral, there is reasonably good agreement between mea-
surements and predictions. In the initial stages only
carbon is being oxidized but toward the end of the run
substantial oxidation of chromium occurs. It is noted
that the final carbon concentrations are seen to fall
below the equilibrium line, calculated for one atmo-
sphere CO pressure. This behavior may be explained
by the fact that P,,, as calculated from Eq. [27] has a
value lower than unit under these conditions.*

*In calculating P, we have to use A = 0.375 since pure oxygen is being used,
ie., there is no carrier gas.

Fig. 4 shows a plot of the chromium and carbon tra-

jectories for the same runs given in the previous graph.

1t is seen that there is good, quantitative agreement be-
tween the measured and the predicted trajectories and
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Fig. 3—A comparison of predictions and measurements for
a top blown system, on a plot of carbon vs. chromium, using
Barnhardt’s data.! The solid lines represent the predictions,
while the circles, rectangles and triangles represent the ex-
perimental measurements,
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Fig. 4—Comparison of measurements and predictions for a
top blow system, showing chromium and carbon trajectories,
using Barnhardt’s experimental data.

it may be worthwhile to reiterate that the ‘same value of
A was used in all the runs, notwithstanding the differ-
ent flow rate employed.

11) SYSTEMS TOP-BLOWN WITH OXYGEN, WHILE
THE FURNACE ATMOSPHERE IS DILUTED WITH
ARGON

. Figs. 5 and 6 show both experimental data and pre-
dictions for the behavior of a system which was top
blown by oxygen but where the furnace atmosphere
was diluted with a continuous argon stream. As the
flow rate of the argon was not given in Ref. 4, the
values of A = 0.5 and 1.5 were assumed in the compu-
tation of Fig. 5, whereas A was assumed to be 1.5 in
the computation of Fig. 6.

Inspection of Fig. 5 shows that the experimental data
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Fig. 5—Comparison of predictions and measurements for a
top blown system, but where the furnace atmosphere was di-
luted with argon, using Barnhardt’s results.? The solid lines
represent the theoretical predictions and the data points cor-
respond to the following oxygen flow rates: e 100 ml./min;
® 150 ml, /min; & 225 ml./min,
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Fig. 6—Comparison of experimental measurements* and com-

puted chromium and carbon trajectories for the same system

as given in Fig. 5.

are again quite satisfactorily represented by the model
provided 0.5 < A < 1.5 which corresponds to the shaded
area. If one wished to treat A as an adjustable param-
eter one could have obtained an even better agreement,
but this would not have served any useful purpose, be-
cause in general the value of A should be known.

Fig. 6 shows the chromium and the carbon trajecto-
ries for the same set of data presented in the previous
graph and here again, there appears to be good quanti-
tative agreement between measurements and predic-
tions based on the model.

ili) SYSTEMS TOP-BLOWN WITH AIR

Figs. 7 and 8 show a comparison of experimental
measurements and predictions based on the model for
systems top blown with air at a rate of 300 ml/min
(STP). Inspection of these graphs indicates reasonably
good agreement between predictions and measure-
ments on both the chromium vs carbon plots and the
chromium and carbon trajectories depicted in Figs.

T and 8, respectively.
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Fig, 7T—Comparison of measurements? and predictions for a
system top blown with air, The solid lines represent the theo-
retical predictions, the data points correspond to an airflow
rate of 300 ml. /min,
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Fig. 8—The behavior of the top blown system, described in
Fig. 7, now shown by plotting the chromium and the carbon
trajectories,

tv) SYSTEMS BOTTOM-BLOWN WITH AIR

Finally, Figs. 9 and 10 show both measurements and
predictions for a system where air was bubbled through
the melt at a rate of 300 ml/min (STP) by using an alu-
mina tube.

The carbon vs chromium trajectories are presented
in Fig. 9 for three different initial concentrations and
it is seen that the agreement between measurements
and predictions is quite good.

Fig. 10 shows plots of the chromium and the carbon
trajectories for the same runs; however, this plot also
includes a decarburization run—with no chromium
present. As perhaps expected, the agreement between
measurements and predictions is excellent for this
two-component system but the predictions appear to
be quite reasonable for the other runs as well.

IV. CONCLUDING REMARKS

In the paper a previously developed model for oxy-
gen steelmaking has been adapted for describing the
oxidation trajectories of iron-carbon-chromium alloys.

In order to test the model, the predicted trajectories
were compared with experimental measurements re-

VOLUME 5, MARCH 1974-655



ported by Barnhardt for a laboratory scale system.
These measurements were made with heats of about
1200 to 1500 g, over a carbon concentration of 0.30 to
0.65 pct and a chrome concentration of 0 to 21 pct.
The actual experimental arrangement included the
jetting of pure oxygen and air onto the melt surface,
the use of argon as a diluent for the furnace atmo-
sphere and the hottom blowing of air.

It was found that the chromium and carbon trajec-
tories could be quantitatively predicted for all these
runs using a fixed value of the adjustable parameter
A in the model.

04
Colculated results, Observed data, Expenr:\rev;fg'l condition
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Fig. 9—Comparison of measurements* and predictions for a
system bottom blown with air, on a plot of chromium vs. car-
bon.
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Fig. 10—Comparison of measurements? and predictions for a
system bottom blown with air. (@) the carbon trajectory; (d)
the chromium trajectory.
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- It is realized that the experimental conditions in the
laboratory-scale study modeled were considerably
simpler than those to be encountered in real stainless
steelmaking operations, where the principal compli-
cating factors would be caused by: non-isothermal
conditions, more complex slags, possible bath in-
homogeneities.

It is thought, nonetheless, that the technique shows
promise for the modeling of these more complex in-
dustrial systems and work is currently in progress in
this area.

APPENDIX

Estimation of the CO Partial Pressure
Above the Bath

As described in the paper the concentration and tem-
perature trajectories during the refining period were
obtained by the simultaneous solution of Eqgs. [5], [11]
to [21] and [24] to [29]. Ordinarily the numerical solu-
tion of simultaneous, ordinary, differential equations
would pose no special problem, however, some diffi-
culties could have been encountered in the present case
in the calculation of the partial pressure of CO above
the bath. The system of equations are very sensitive
to P., so that inaccuracies in the calculation of this
quantity could have led to instability.

In order to circumvent this problem the following
procedure was used for estimating P, the flow chart
of which is illustrated in Fig. Al:

The actual computation proceeded according to the
following sequence:

1) An initial estimate was made of P., by forming
the mean of the upper and lower limits assigned to
this quantity.

2) By using this value of P, through a series of
intermediate calculations a second estimate was ob-
tained for the partial pressure of carbon monoxide
above the bath.

3) If this second estimate of P,, was found to be
within 0,005 atm of the first estimate, which would

[Pi=1,P=0 |
Peo={Pi+P2)/2
[ct, .Ct From Egs.(5),(11+(21) |
T
mco No, cr From Egs. (28),{29) ]

Peo From Eq.{27)

Fig, Al—Flow chart for estimating P,,.
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correspond to an accuracy of about 1 pet, the calcu- T temperature of molten steel (K)
lation would proceed to the next time step. w mass of molten steel (kg)
4) I the discrepancy between the two estimates was a stoichiometric coefficient (—)
larger than 0.005 atm, then the difference was reduced coefficient used in Eq. [27] (-)
by the following procedure: © elapsed time (sec)
The previously given limits on P.,, viz. P; and P, O standard time period (s)
were successively replaced by the previous estimates 6 dimensionless elapsed time (—)
of P, depending on whether the quantity was positive (Suffi
xes)
or negative, as seen in Fig. Al.
This procedure had the advantage of stability and g carrier gas
through the progressively narrowing interval that P, i initial value
could take, provided rapid convergence. * equilibrium state
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