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[57] ABSTRACT

An improved argon-oxygen decarburization process for
refining stainless steel comprising injecting a three com-
ponent gas mixture consisting of oxygen, argon and
carbon dioxide into the molten steel during decarburiza-
tion. [ The critical upper limit of CQO, injection into the
melt is defined, below which the carbon removal effi-
ciency is improved.] The preferred flow rate of CO,
during each of the three principal phases of decarburi-
zation is set forth as a function of the flow rate of oxy-
gen and argon, bath temperature and carbon content of
the melt.

4 Claims, No Drawings
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USE OF CO,; IN ARGON-OXYGEN REFINING OF
- MOLTEN METAL

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

This invention relates, in general, to a method for
decarburizing metals and alloys, and more specifically,
to an improvement in the argon-oxygen decarburization
of stainless steels.

Prior to the invention of the argon-oxygen decarburi-

zation (hereinafter referred to as “AOD") process, the
customary practice in the manufacture of stainiess steels
had been to melt an alloy containing a much lower
chromtum percentage than specified in the finished
steel, decarburize, and then increase the chromium con-
tent to the desired level by the addition of chromium,
generally, in the form of low-carbon ferrochrome. This
procedure had been followed because molten stainless
steels containing the specified chromium content were
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unable to be decarburized without severe oxidation of 25

chromium.

The AOD process is 2 duplex process, particularly
useful for refining stainless steels without substantial
loss of chromium. The basic AOD process is disclosed
in Krivsky, U.S. Pat. No. 3,252,790 and an improvement
thereon relating to programmed blowing 1s disclosed in
Nelson et al., U.S. Pat. No. 3,046,107. The process com-
prises melting the alloy (substantiaily at the desired
composition with respect to metallics) in an arc furnace,
and transferring the molten metal, after it has been de-
slagged, to a refining vessel wherein it i1s decarburized
by subsurface blowing with an inert gas-oxygen mixture
(in commercial practicé’ most frequently an argon-oxy-
gen mixture), the argon being present in order to reduce
the partial pressure of carbon monoxide in the gas in
~~contact with the melt. The molten metal is thereafter
reduced, finished and tapped into a teeming ladle. A
suitable refining vessel, 1s disclosed by Saccomano and
Ellis in U.S. Pat. No. 3,724,830.

Although the introduction of an inert gas-oxygen
mixture into a molten stainless steel favors decarburiza-
tion relative to the oxidation of metallic elements in the
melt, it does not, however, suppress metallic oxidation
entirely. That is, the continued presence of metal oxides
in the slag reflects the fact that a substantial proportion
of oxygen reacts with materials in the meit other than
carbon. Indeed, during a typical AOD run, the carbon
removal efficiency, namely, the percentage of total
oxygen introduced into the melt which combines with
carbon, may vary from 73% to less than 10%, depend-
ing on operating conditions. Moreover, the resulting
metallic loss is recoverable only at the expense of add-
ing reducing agents, such as, silicon or aluminum metals
to the slag after decarburization of the melt i1s com-
pleted. |

[ Another} An area of improvement is existing AOD
practice relates to shortening the overall process time.
The chemical reactions of steel refining are, for the
most part, oxidation reactions which generate heat; the
metal bath temperature being established at the point
where the heat generated in the bath equals the heat lost
by the refining vessel through radiation and convection.
Thus, the faster heat is generated, the higher the bath

30

35

30

43

50

33

60

65

2

temperature at the point of thermal equilibrium. Ac-
cordingly, the speed of decarburization can be in-
creased by increasing the process gas flow rates, but
only at the expense of higher bath temperature and
increased refractory wear of the furnace lining. Conse-
quently, there is a need for increasing the speed of de-
carburization in an AQOD process without exceeding a
predetermined temperature limit beyond which the
effective life of the furnace refractory is considerably
shortened, generally about 3,100° F.

Periodic addition of scrap as a coolant is a commonly
accepted procedure for maintaining the bath tempera-
ture within the desired operating range. However, the

logistics of supplying scrap at the furnace at the exact

time it 1s needed and the difficulty of keeping stainless
scrap segregated by type often precludes its use. Fur-
thermore, scrap cools the metal bath discontinuously,
such that the addition of scrap with its attendant sudden
drop in bath temperature frequently causes excessive
metallic oxidation for the period of time during which
the bath is cooled below an efficient decarburization
temperature.

It is therefore apparent that an AOD refining process
which would shorten the time required for decarburiza-
tion by increasing the process gas flow rates [as well as
the carbon removal efficiency] while continuously
controlling the bath temperature within prescribed lim-
its 1s a desirable improvement on conventional AOD
practice.

OBJECTS

Accordingly, it is an object of the invention [to
improve the carbon removal efficiency in argon-oxygen
decarburization of stainless steel. It is a further object of
this invention] to increase the speed of argon-oxygen
decarburization by permitting higher process gas flow
rates without increasing refractory wear.

It is still another object of this invention to provide a
process for continuously cooling a stainless steel bath
during argon-oxygen refining such that the metal bath
temperature 1s readily maintained within the desired
operating range.

SUMMARY

The above objects and others which will readily be
apparent to those skilled in the art are achieved by the
present invention one embodiment of which comprises:
in a process for decarburizing a mass of chromium-con-
taining molten steel characterized by the subsurface
injection of oxygen and at least one inert gas selected
from the group consisting of helium, neon, krypton,
argon, xenon and nitrogen, into said mass of said molten
steel, wherein at least a portion of said oxygen reacts
with the carbon in said molten steel to form a volatile
carbon oxide, comprising a first phase of decarburiza-
tion wherein the temperature of said molten steel is
increased to the desired operating range; a second phase
of decarburization wherein the carbon content of the
molten steel is reduced to a predetermined value corre-
sponding approximately to the carbon content of the
melt in equilibrium with CO at a partial pressure of 1
atmosphere and at a temperature within said desired
operating range; and a third phase of decarburization
wherein the carbon content of the melt is reduced from
said predetermined value to approximately the desired
carbon content of the molten steel, the improvement
comprising:
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Injecting a gas consisting essentially of CO, into said
mass of molten steel during said third phase of decarbu-
rization in an amount less than that defined by the for-
mula:

where:

Feo, = flow rate of COq, (cfm)

F; = flow rate of said inert gas, (cfm)

Fo, = flow rate of O,, (cfm)
(All volumes are measured at 70° F and one atmosphere
pressure).

P = equilibrium partial pressure of CO for the partic-

ular bath temperature and carbon content of the

molten steel, (atmospheres), and
X = carbon removal efficiency in the absence of
CO..

The term “decarburization™ as used herein refers to
the lowering of the carbon content of the molten steel
from any given level 10 any desired lower level by the
injection of oxygen into the melt. The term “mass” is
intended to mean a batch or heat of molten metal, as
well as a changing mass as 1n a continuous process.

The term “'chromium-containing molten steel” as
used herein is mtended to comprise ferrous alloys con-
tatning about 3-409% chromium.

[ The invention is predicated on the discovery that
the injection of CO,along with oxygen and an inert gas
into the molten steel increases the carbon removal effi-
ctency during decarburization. In ordinary AOD prac-
tice, as the carbon level of the steel decreases, the caron
removal effictency 1s known to decrease as well. Unex-
pectedly, by substituting CQO; for some of the oxygen
and/or argon, the carbon removal efficiency is in-
creased and consequently, the absolute rate of carbon
removal (1.e. the speed of decarburization) is also in-
creased. Furthermore, the primary function of the inert
gas in the inert gas-oxygen mixture is to lower the par-
tial pressure of carbon monoxide in contact with the
melt and thereby enhance carbon removal. Therefore,
inasmuch as carbon monoxide is one of the decomposi-
tion products of CO, in the melt, the increase in the
carbon removal efficiency resulting from the present
invention is truly surprising. }

The flow rate of CO,1n accordance with the relation-
ship set forth above, 1s defined in terms of an upper limit
in order to prevent an excess of CO, from being injected
into the melt and recarburizing the bath. It is calculated
as follows: the maximum flow rate of carbon monoxide
out of the vessel is related to the flow rate of argon by
the following relationship:

EP = Feo™/Feo™ + F;3

P — FCUHMK(FC{}’HIH“"F#)

where the system pressure 1s 1 atmosphere.,
Stated otherwise:

Fc'ﬂmm’: —- F;Pf'r(l — P)

The value of P can be calculated from literature data
(Electric Furnace Steelmaking, Vol. I, Chapter 16, p.
95. Chipman, J., J.LS.L, pp. 97-106, June, 1935;
Schenck, H., et al,, Stahleisen Sonderberichte, Special
Report No. 7, Stahleisen mbh, Dusseldorf, 1966). The

actual flow of carbon monoxide 1s
Feo = 2XFq, The difference between Fp™** and
F ~,must accommodate the additionat carbon mon-

10

15

20

23

30

35

45

30

35

65

4

oxide from the [improved decarburization as well
as that from] dissociation of carbon dioxide. The
flow rate of carbon dioxide must therefore be less
than the following amount [in order to benefit the
carbon removal efficiency.]

For most effective operation, the flow rates of the
three components gas mixture and the blow time re-
quired to achieve the desired decarburization are de-
fined as follows:

C, - C,
32—~ [0.04X + 1.29(1 — X) + 1.24) — T, + T,
i (Fr— Fp) + Z,F
T H;) Il 4 K,
B 44C, — C) W (2)
Feoy = 27— F) — X T
(3‘} FOE — FT — F‘,L,.*'" F{-"Oz
where:
Fep, = flow rate of CO,, (cfm)
FO, = flow rate of Q,, (cfm)
F; = flow rate of inert gas, {cfm)
Fr = total gas flow rate for the particular system,
(cfm)
t = blowing time, (minutes)
C; = carbon content of the melt at the start of the
blow, (percent)
C, = carbon content of the melt at the end of the
blow, (percent)
T; = metal bath temperature at the start of the blow,
C F)
T, = metal bath temperature at the end of the blow,
(" F)
W = total weight of molten metal, (tons)
K, = measured heat loss coefficient of the vessel, (°
F/min).
X = carbon removal efficiency in the absence of
COz, and
Z; = enthalpy of the inert gas at the operating tem-

perature of the bath (For argon Z; = 0.06).

According to another embodiment of the invention, a
three component gas mixture containing oxygen, CO,
and an inert gas (preferably argon) may optionally be
injected during said first and/or second phases of decar-
burization. Thus, the three component gas mixture may
be effectively used during all three phases of decarburi-
zation, during the second or third phases of decarburi-
zation or only during said third phase. When used dur-
ing the second phase of decarburization the preferred
flow rates for each of the gases in the three phase mix-
ture and the corresponding blow time are defined by the
identical relationship previously set forth for phase 3 of
decarburization. That s, equations (1), (2) and (3) define
the preferred gas flow and blow time for both the sec-
ond and third phases of decarburization.

For the first phase of decarburization during which
the bath temperature is increased to the desired operat-
ing range, the flow rates of oxygen. argon and CO, are
generally set at a fixed predetermined ratio and conse-
quently the variables to be determined are the carbon
content at the end of the blow and the blow time re-
quired. It is preferred that CO, be used during said first
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phase to the exclusion of argon because it improves
process control. Accordingly, mixtures of O, and CO,
may be effectively used in ratios varying from 4:1 to 1:1.
The remaining variables of time, temperature, flow and
carbon content are preferably related by the following 3

equations:

@)1 = W (T, — T)/[0.40X + 1.35 1-X))[Fo, + §

(5) C;= C, tX/W - 1/322 (Fg, + § Fco)) 10

DETAILED DESCRIPTION OF THE
INVENTION |

Steel refining in accordance with conventional AOD
practice can be conveniently characterized by three
phases of decarburization corresponding to three dis-
tinct blow periods. In the first phase, the molten metal
is blown with a gas mixture containing predominantly
oxygen so as to raise the bath temperature to the desired
operating range (generally about 3,000°-3,100° F) as
quickly as possible. Once the desired bath temperature
is reached, the second blow period begins during which
the ratio of argon to oxygen in the blowing gas mixture
is increased to prevent the bath from overheating, and
the carbon content of the melt is reduced to approxi-
mately the point where further decarburization can
only be achieved at the expense of substantial chromium
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For the blow period corresponding to the first phase

of decarburization, the following variables are gener-
ally fixed: T{3,050° F, for example), F o, and Fco, (in the
ratio of 3:1, for example). The time (t) required to heat
the bath during this first phase and the carbon content
resulting from the blow (Cp are calculated from equa-
tions (4) and (5).

During the second phase of decarburization the
known conditions differ from those in the first phase.
Thus, the following variables are fixed: C; (the former
C), C£0.25%, for example), T, T£3,050" F, for exam-
pie) and X (previously calculated). The variables t,
Fco,and Fo, can then be caiculated in accordance with
equations (1), (2) and (3). |

During the third phase of decarburization the furnace
operator may wish to decarburize to C = 0.05% while
attaining a temperature 3,100° F preparatory to finish
the heat. The given conditions are thus changed to
accomodate the additional argon which will be required
to decarburize the melt to a level below 0.25% carbon.
The given conditions are C; (0.25%), C,(0.05%), T,
(3,050° F), T;(3,100° F), F,, (3 Fy, for example) and X.
Solution of equations (1), (2) and (3) yields values for
the variables t, Fp, and Fy,. The numeric solutions of
equations (1) - (5) in the sample problem cited above are
shown in Table I below. The caiculated values are un-
derlined. For a 100 ton vessel and a total gas flow rate
of 2,000 cfm, W = 100, K, = 1.0° F/min. and F; =
2,000 cfm.

- B TATBLE _I_ ) |
Blow T T C o F F F -
Period  * £ B IQ_H % & ) (chi (c(:tl X (min)
T 2750 3050 10 (©39) 1500 500 T 045 25)
> 30%0 3080 039 035  (S00) (1500) — 0S5  (6.5)
3 3080 3100 025 003 (%)  (610) 1000 035 (263)

oxidation in the meit. Hence, the termination point of
the second phase of decarburization is governed by the
¢hromium-carbon equilibrium at the temperature and
pressure of the melt. Further reduction in the carbon ,,
content of the melt to approximately the desired level is
achieved during the third phase of decarburization by
furtlier increasing the argon/oxygen ratio of the gas
mixture in order to decrease the partial pressure of
carbon monoxide in contact with the melt, thereby .,
favoring the oxidation of carbon relative to chromium.
The manner in which the flow equations defined
herein are used in practice of the AOD process may be

To illustrate the effectiveness of controlling melt
temperature with the use of CO,in the blowing mixture,
three heats of stainless steel were made in an AOD
vessel in which CO, was blown as one of the process
gases in accordance with equations (1), (2) and (3). The
refining vessel had a factor K, = 4° F/min. The desired
end point of the blow and the actual end point are com-
pared in Table II. The very small differences between
the actual and desired carbon content and final tempera-
ture are indicative of the effective temperature control
which can be achieved by using CO, as a process gas in
accordance with the invention.

TABLE Il

M.

11 T -

eat Sheet Dats, Calculated Practices, and Results of Three Test Heats

eyl L

____Starting Conditions Aim End-Point Calculated Values Actual End-Point

Run _C, T, Fe w X C, T, t Avg.F, Avg.Fg C, 1y
A 044 3110 213 19 050 010 3145 20 82 170 0.11 3133
B 008 3145 265 18 012 0.04 3175 14 53 115 0.038 3170
3075 275 17 020 005 3100 9.6 47 120 0.043 3100

C 0.10

illustrated by the following example. For a given vessel
and heat of steel, W, K, and Fr will be known. The
value of X, the carbon removal efficiency, is calculated

from the relationship:

X = 322(C, — Cp/Voy

where V,r = volume of oxygen (ft')/ton of metal

Since X will vary depending upon carbon content of the ¢
‘melt, bath temperature and vessel characteristics, it
must be determined empirically under the operating
conditions of interest.

[ The most surprising effect of using CO,in the blow-

60 ing gas mixture relates to carbon removal efficiency. }

Generally, the lower carbon content of the melt, the
lower the carbon removal efficiency. [Thus, an im-
provement in carbon removal efficiency is generally

most desirable during the period when the steel is to be

decarburized to a carbon level below that which 1s 1n
equilibrium with CO at a partial pressure of one atmo-
sphere; namely, during the third phase of decarbunza-
tion.}
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To illustrate the [improvement in} carbon removal
efficiency at low carbon levels, 6 heats of stainless steel
were made in an 18 ton AQD vessel — 4 heats being run
as in conventional AOD practice with a 2 component

Ci- C
t = 320 == (040X + 1.29(1 ~ X) + 1.24] - T, + T,
124 (Fy — Fp) + Z,F,

range; and a third phase of decarburization wherein the
carbon content of the melt is reduced from said prede-
termined value to approximately the desired carbon
content of the molten steel, the improvement compris-
ing:
injecting a gas consisting essentially of CO, into the
molten steel during said third phase of decarburiza-
tion in an amount less than that defined by the
formula:

where:
Fco, = flow rate of CO,, (cfm)
F, = flow rate of said inert gas, (cfm) |
P = equilibrium partial pressure of CO for the partic-
ular bath temperature and carbon content of the
molten steel, (atmospheres), and J
X = carbon removal efficiency in the absence ©
CO,. | | |
2. The improvement as in claim 1 wherein the flow
rate of CO, injected into the melt 1s defined approxi-
mately by the formulae:

30
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(argon-oxygen) blowing mixture; the remaining 2 heats $ W + K
using a 3 component mixture including CO,; in accor- | 644(C, — C) W
dance with the present invention. The measured gas Fop = UFy — F)) — —
flow rates, initial and final carbon contents and bath
temperatures, and the resulting carbon removal effi- Fo, == Fp - F; — Fey,
ciency are indicated in Table I1l. The values for carbon 10
removal efficiency (X) were calculated based upon the where:
total oxygen introduced into the melt including that Fco, = flow rate of CQO,, (cfm)
resulting from the decomposition of CO,. That 1s, the Fp, = flow rate of Q,, (cfm)
total oxygen in the melt was assumed to be Fp, + 3 F; = flow rate of inert gas, (cfm)
- F¢o,, the combined flow being indicated in Table II1 as 15 F; = total gas flow rate for the particular system,
Fo, [ The improvement in carbon removal efficiency (cfm)
during the runs B and C wherein CO, was used in the t = blowing time, (minutes)
blowing mixture is appreciable. ] C; = carbon content of the melt at the start of the
TABLE II
RUN F,, F., CO, T, T, C, C, X
B 11} cfm 267 Yes 3145° F 3175°F  0.079%  0.038%  12.3%
C 117 267 Yes 3075 3100 0.100 0.045 22.0
D 133 250 No 3150 3220 0.061 0.032 10.2
I 150 267 No 3200 3250 0.062 0.031} 10.0
F 133 181 No 3135 3188 0.042 0.023 5.2
G 133 183 No 3L1S 3180 0.052 0.023 10.0
What is claimed is: 30 blow, (percent)
1. ln a process for decarburizing a chromium-contain- Cs = carbon content of the melt at the end of the
ing molten steel characterized by the subsurface injec- blow, (percent)
tion of oxygen and at least one inert gas selected from T,; = metal bath temperature at the start of the blow,
the group consisting of helium, neon, krypton, argon, " F)
xenon and nitrogen, into a mass of said molten steel, 35  T,= metal bath temperature at the end of the blow,
wherein at least a portion of said oxygen reacts with the * F)
carbon in said molten steel to form a volatile carbon W = total weight of molten metal, (tons)
oxide, comprising a first phase of decarburization K, = measured heat loss coefficient of the vessel (°
wherein the temperature of said molten steel is adjusted F/min) |
to the desired operating range; a second phase of decar- 40 X = carbon removal efficiency in the absence of
burization wherein the carbon content of the molten CO,, and
steel is reduced to a predetermined value corresponding Z; = enthalpy of the inert gas at the operating tem-
approximately to the carbon content of the melt in equi- perature of the bath.
librium with CO at a partial pressure of 1 atmosphere 3. The improvement as in claim 1 further including
and at a temperature within said desired operating 45 the step of injecting a gas consisting essentially of CO,

into the molten steel during said second phase of decar-
burization approximately as defined by the formulae:

C,— C
{ = 322~ [0.40X + 1.29(1 — X) + 1.24] ~ T, + T,

128 (Fy— Fp + 2, F,
W

+ Kr

644(C, — Cp W

Feon = NFr - F1) — X7

Fﬂl — FT_ Fj‘ — FCﬂI

where:
- Feo, = flow rate of CQ,, (cfm)
Fo, = flow rate of O,, (cfm)
F; = flow rate of inert gas, (cfm)
Fr = total gas flow for the particular system, (cfm)
t = blowing time, {minutes)
C,; = carbon content of the melt at the start of the
blow, (percent) |
- C; = carbon content of the melt at the end of the
blow, (percent)
T, = metal bath temperature at the start of the blow,

(" F) '
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t = W(T,— T)/[040X + 1.35 (1-X))[F,, + }

Tf,n: metal bath temperature at the end of the blow, Feo]—062 Fo, — KrW—ZF,
C F)

W = total weight of molten metal, (tons) where:

K, = measured heat loss coefficient of the vessel * s  Fco, = flow rate of CO,, (cfm)
F/min) Fo, = flow rate of O,, (cfm)

F, = flow rate of inert gas, (cfm)

X = carbon removal efficiency in the absence of t = blowing time, (minutes)

CO;, and T, = metal bath temperature at the end of the blow,
Z,; = enthalpy of the inert gas at the operating tem- (" F)
perature of the bath. W = total weight of molten metal, (tons)
K, = measured heat loss coefficient of the vessel (°

4. The improvement as in claim 1 further including

the step of injecting a gas consisting essentially of CO, X = carbon removal efficiency in the absence of
into the molten steel during said first phase of decarburi- (s CO,, and

zation for a period of time defined approximately by the Z,; = enthalpy of the inert gas at the operating tem-

formula: perature of the bath.
% » W ] .

F/min)
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