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Synopsis
As the direct measurement of the reaction of the dedxidation by aluminium in steel
mating was very difficult, an indirect measurement was carried out by using a pure carbon
crucible in the atmosphere of CO gas at the temperature ranging over from 1650 to 2060°C.
Then, combining the equilibrium constant of the above reaction with that of the reaction

among CO gas, oxygen and carbon in molten iron, the equilibrium relation between oxygen
and aluminium was obtained.

Further, the ternary deoxidation diagram of oxygen, carbon and aluminium in molten
iron was discussed.

I. Introduction

F. Korber and W. Ozlsen(® have already studied the deoxidations with manga-
nese and silicon from the standpoint of chemical thermodynamics, but reports on
the researches in aluminium as a deoxidizer are small in number and, results
are considerably different from one another. As aluminium has a strong affinity
for oxygen, it has been used greatly in the ladle or casting in steel-making and
has a great influence on steel thus produced. The theoretical consideration from
specific heat and heat toning and the experimental result were first reported by
C.H. Herty, Fittler and Byrnse?, Judkins® also performed some experiments
and H. Schenck® reported the deoxidation force of aluminium calculated from
the dissociation pressure of Al,O; by utilizing the experimental results obtained
by D. W. Murphy and co-workers®. Schumacher® carried out experiments with
0.6 per cent aluminium and 50 per cent Al,O; at 1,700°C. As the direct method
was difficul, J. Chipman™ searched after the equilibrium constant from the par-
tition law of aluminium between iron and silver in order to see the activity of
aluminium in iron. H. Wentrup and G. Hieber® performed experiments by
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vacuum melting with an induction furnace and made chemical analyses of Al
Al,0; and oxygen content in iron cast into a copper mould. It was made clear
“from the experiments by Herty®, Judkins® and Schumacher® that the deoxidiz-
ing power of aluminium would become weak, being almost equal to that of
silicon. According to the results of H. Schenck® and J. Chipman®, it has, on
the contrary, a very strong deoxidizing power. The value determined by H.
Wentrup was just between these two and has been considered to be the most
reliable one. As mentioned above, there was a remarkable difference between
the experimental values and the theoretical ones, and hence, to get more satis-
factory results, the present experiment was done by an indirect method.

When aluminium is added to molten iron containing oxygen, the following
reaction takes place:

30 + 2A1 2 (AL:Os)sat

Karo= (A1,03)sat
0T 9560 (9 ALR
in which (ALO3)sat = 1
or ' K'a10 = (%0733 (%ALY

‘The direct measurement of the equilibrium constant cannot be made with satis-
factory accuracy, because an extremely small amount of oxygen in molten iron
will cause a large error in analytical results, as actually shown by the experiment
of H. Wentrup. Therefore, instead of Eq. (1), the following reaction was first
assumed :

0+C 2 CO, (2)
the equilibrium constant being Kc = Pco/(9%03-(%C). From Egs. (1) and (2),
2A1 + 3CO (g) < 3C + (Al,O3)sat (3
“The equilibrium constant of the above reaction is given by
Karc = (96 CP(AL;03)sat
(%AL2Pce®

in which AlL;Q; is assumed to be saturated. In order to obtain a saturated state
of carbon, a pure carbon crucible was used so that the partial pressure Pco,
might be ignored, because the partial pressure Pco, was always detected when
carbon in molten iron was not saturated. Therefore, the purest CO gas was used
for Pco. Then, the value of Kajc could be given by

Kar-c = [%CP/(9%AL2,
‘where (AlO3)sat = 1
and Pco =1 atmosphere.

The equilibrium relation (3) can be obtained by adding carbon and aluminium
to molten iron in the atmosphere of CO at a certain temperature and finally
analyzing carbon and aluminium in the sample. Then, it follows that the equi-
librium constant of the deoxidation equilibrium of (1) can be obtained reversely

* O and Al respectively means oxygen and aluminium in molten iron.




52 Tetsuo YAGIHASHI and the late Zen-ichi SHIBATA

at every temperature from Egs. (3) and (2). After the publication of this report
in Japanese, a study on the deoxidation equilibrium of aluminium was reported
by W. Geller and K. Dicke®, using an alumina crucible in the atmosphere of
CO gas. Their experimental values, however, are considerably scattered, which
may be attributed to their ignorance of the partial pressure of CO, gas. In the
present paper, the values by Geller and Dicke will be discussed in comparision
with our own.

II. Experimental procedure

(1) Experimental apparatus

Fig. 1 is a schematic diagram of the apparatus used in the present experiment.
To produce CO gas, formic acid was dropped from the top of the tube into heated
concentrated sulphuric acid and CO gas thus generated was first made to escape

through the bubble tube

co /ﬁ‘ﬁ containing concentrated
} bubble
!

sulphuric acid to replace
inside air. Then, the
tube
Progaroit

gas was passed through
the tower of pyrogallol
solution to take away
free oxygen and was led
into the gas tank con-
taining water saturated
with sodium chloride.
This vessel is capable
of containing 207/ In
carrying out the experi-
ment, the free oxygen
remaining still in CO

I
#:50, ‘

A1
“ - |Prosaratt” 1,50,

Gas tank

Fig. 1. Experimental apparatus.

A : Glass-window E : Graphite Crucible

B : Water-cooled F : Heat insulation alundum gas was absorbed by the
Glass head G : Molten iron progallol solution, and

C : Quartz tube H : Induction Coil ' L.

D : Sample inlet I : Pivoted-Window the water vapour in it
Quartz tube J : Glass Prism

was dehydrated through
the tower of concentrated sulphuric acid and phosphoric acid anhydrous tube and
wzis led to the reaction tube through the hole of the lower cap. The gas outlet
from the furnace was passed through the hole of the upper cap, the flow meter
and the bubble tube. Before the experiment, the apparatus was evacuated,
the vacuum degree being ascertained every minute with both the mercury
manometer and the flow meter. The reaction tube is a glazed silica tube, 500 mm
in length and 35 mm in diameter, its lower part being 25 mm in diameter. They
are both connected with a water-cooled Terex glass cap. The former cap is
equipped with a glass window to read temperature and with a side tube for gas
(9) W. Geller and K, Dicke, Arch. Eisenhiittenw., 16 (1943), 431.
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out-let and sample in-let. As the leading tube for deoxidizer inlet, the opaque
quartz is connected with the central tube of the cap. The latter cap has the
same glass window and the pivoted glass window to read temperature, which is
operated by a vacuum cock to prevent graphite powder from dropping. This
cap is equipped with the gas-inlet tube connected with the rubber tube to keep
vacuum. The crucible used was made of graphite sticks of Achesen Company
containing very small amount of ash. It was protected by the sintered alumina
sheath, so that it might not directly touch the quartz tube. The sheath and the
graphite tube must be placed sufficiently far from each other, except their upper
parts of contact. Temperatures were measured at molten iron and the graphite
crucible with an optical pyrometer by using two prisms.
(2) Experimental procedure

The sample was electrolytic iron of very high purity. It was cut into pieces
of 24~26 g and polished with sand paper before it was put in the graphite crucible.
The amount of aluminium was about 2 per cent of iron, that is, 0.5~0.6 g was
inserted in the side tube of the upper cap. After the whole apparatus was
sufficiently evacuated, CO gas was introduced at a certain flow rate. The equi-
librium state among CO gas, molten iron and carbon was kept at a desired
temperature for half an hour, during which the temperature of the graphite
crucible was carefully controlled, because the temperature of the melt gradually
varied as the iron approached the saturation state with carbon. Then, aluminium
was dropped to the melt from the side tube of the cap through the sample inlet
tube. As the oxide film was immediately formed on the surface of melt, the
temperature observed by the optical pyrometer was from 50 to 60°C higher than
that of molten iron. This film, however, gradually broke and the molten surface
usually appeared within 15 to 20 mins. After the charge of aluminium, it took
1 to 1.5 hrs to form the equilibrium between the gas and the melt. At the end
of the run, the power of the induction furnace was shut off under the passing
of CO gas throughout the apparatus and the melt was quenched as rapidly as
possible, the solidification time never exceeding 15 sec. The calibration of the
optical pyrometer was frequently made by referring to the melting points of
metals Ni, Cu, Fe and to platinum thermocouple. To calibrate the temperature,
the value E = 0.37 was used as the emission.
(3) Analysis of aluminium in sample

After quenching, the surface entrapment of impurities of the ingot was
mechanically removed. Whenever possible, an entire sample was shaved to pieces
to eliminate errors due to segregation, and about 2~3 g was used for the chemi-
cal analysis. Aluminium analysis was made by the standard gravimetric method.
Insoluble inclusion Al,0; was sufficiently separated from soluble aluminium.
(4) Analysis of carbon in sample

Carbon analysis was performed by the combustion method with an apparatus
improved considerably for the present investigation. The outline of analytical
apparatus is shown in Fig. 2. The analytical procedure was made in the
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following way : CO, gas was first produced in the reaction tube by the reaction
between oxygen gas and carbon in the sample at 1,100°C. CO, in gas mixtures
was caught by the trap which had previously been evacuated and cooled by
liquid air. Then, all the oxy-
gen gas was removed with a
vacuum pump, only solidified
CO, gas being left. When the
liquid air was removed and
the temperature of the trap
was raised up to room tem-
perature, the solidified CO,
again expanded in gas state.
The pressure difference in the
mercury manometer was ac-
curatelly observed by a micro-
scope. Inthis case, a platinum
needle was used to indicate
precisely the height of mercury column, that is, when the needle was out of contact
with mercury, the electric current was spontaneously cut down. The adjustment
of a minute difference of pressure could be made by means of microsliding.
Thus, the amount of carbon contained in the sample could be determined by the
pressure of CO, gas.

Fig. 3. Experimental apparatus of carbon analysis.

III. Results of experiment and their discussion

The results of the experiment at the temperature range 1,650~2,060°C are
summarized in Table 1. Heats 1~20, in each of which about 2 per cent of
aluminium were charged, showed oxidizing reaction after the equilibrium had
been attained. Heats 22~25, each containing about 1.4 per cent of aluminium,
showed the reducing reaction of Al,0; by carbon in the atmosphere of CO gas.
In this case, an ampoule made from the electrolytic iron was used. In it about
1~0.5 g of the mixture of Al,0s, carbon and iron powder was charged. From the
results of this experiment, it was confirmed that the reducing reaction took
place on account of greater content of aluminium in the sample than that in
the initial charge. Such a method had already been proved to be reliable by
Ziegler”, who succeeded in the reduction of the inclusion Al,0; in molten iron
by mixing the powder of carbon with A1,0;. Columns 6 and 7 in the table re-
spectively show the actual analytical results of carbon and aluminium in the
sample and Columns 9 and 11 the experimental value of the equilibrium constant
Karc in the reaction (3) and log Kaic. In Fig. 3, observed values of log Kaic
are plotted against the reciprocal of the absolute temperature, in which signs ®
and @ respectively indicate the oxidizing reaction and the reducing reaction of
aluminium. In view of the fact that they seem to be almost in a straight line,

(10)  Ziegler, Trans. Electro. Chem. Soc., 62 (1932), 109.




55

, Oxygen and Carton in Molten Iron

.

mium

On the Equilibrium Reaction among Alum

0 0
“oeV'L + 7 %ﬂm, = mo&%um%& J Sop = Oy7 S0] uonenbo Surmo[fo] 0} SuIpi0dde PIJE[NO[Ed UOIT Ud}fow ur UdaBAx(Q
6-01x985°0 | $I€2'6 | 65991 60T XF0L'T €e'9¥y $19000°0 | 6T6G'T 9e¥'¥y 9¥°1S V61 0L91 B)00e+ Ve« 54
6~0IXZyL0 | 06816 | TVES'T 60T X9VE'T 8¥'¢e 2290000 | 61ELT gLSY ov0s €861 OTLT ($)E0UV +0¢ 144
e~0TX¥E90 | SL6T'6 | LEIS'T 601 X9.G'T Sy'9¢ 6090000 | €SL9'1 990°S 76'87 1¥02 0LLT €2
60T XG8L0 | ¥90T'6 | TVEI'T 601 X3CLS'T 90°ey $99000°0 | 6SE9'T 926’7 8Ly 1602 8181 azpydsowly 0D (44
6-01Xg62°0 | 1€€5°6 | vEO8'I 0L XEIV'E 664°¢9 L¥G000°0 | ¥¥EE'T | 18E8Y 00°2S €c61 0691 1¢
6~0L X200 | S6IG'6 | 1528’1 60T X80€'E 19899 0290000 | 8SCT'T | €L8E¥ 9¥'1S £761 0L9T 02
6-~0I1X G680 | L30¥6 | ¥SoL'T 601 X825°C LY1'ES 6290000 | 05L5'T | 617 ¥ 02'1S €661 0891 61
60T X8LG°0 | G186 | ¥¥6S'1 60T X8ZL'T $0€°6€ 6990000 | L68E'T | 1VEC¥ 89°0S €L61 00LT 8T
60T XEYL0 | L8CT'6 | 9L0GT 0T XSPE'T 16'€€ 8090000 | G8T8'T | 08ELY Sy 0s €861 OTLI LT
6-0TX68L°0 | T€0T'6 | 098V'1 601X 992°T £6'89 1650000 | 01S6'T 188V 130§ 6861 9ILT 91
6-0T X 9260 | 88€3°6 | LLE9'T 0L XEELT G8'6S 2650000 | 98991 GE6'V 70°0S 8661 GaLY e
e-0T X 7680 | #8706 | S6EV'1 0T X8IT'T S6¥%°LC 9990000 | VLELT o9eY LT°0S €661 0ZLT 71
e-0TX€9L°0 | GLIT6 | 091S'T 60T X 01EL 9 0€ 5090000 | 8ES8'T 1€8'V $0°0S 8661 GoLl ($)P0%IV +08< €I
6~0TX929°0 | €69T°6 | 2985 0T XLLVT 08°6¢ €69000°0 | €999'1 Gesy 6L°6V 8002 GELT @00e+1ve 48
60T X869°0 | €SGT'6 | 68LS'T 60T X90EV'T 860 0890000 | 068¥'1 18€Y L9°6¥ €102 ovLl 11
6-0T X G880 | 92806 | T60S'T 60T X 6211 G666 1€ 9250000 | S09¥'2 98L'S €76V 1€02 8GLT s1oydsowyy Q) 01
g—0T X LIT0 | 28268 | T¥8E'1 s0T X .8V'8 91C'¥¢ 9990000 | ¥¥66'1 ¥8G5'¥ 8T 6V €€0¢C 09.L1 6
6~0TX€ZL°0 | SO¥I'6 | 8IT9'T 601 X ¢28€'T cvev 1290000 | ¥S¥VS'T S09'¥ ¥6'8¥ €702 0LLT 8
60T XSF9°0 | 6¥ST'6 | 0LL91 60T X 6¥S'T 60°LE 0690000 | 92€S'T 918'¥ 0L'8¥ €603 08LT L
0T XEIT0 | Tv66'8 | 0LS7T 807 X 9986 6£9'8¢ 9%9000'0 | €9€6'T esL'y S9'8¥ G602 G8LT 9
g—0TX8TIT0 | 69268 | TSHVT g0T X 2S¥'8 €68'LC 6890000 | T868'L Ly9'¥ €5'8¥ €L0g 0081 g
60T X0FL'0 | €0ET6 | 0999°T 60T X TSET G6°LE 8650000 | 28S8'L 06€°S T8y 8103 G081 ¥
s—0T X 9TT'0 | 67668 | LGIG'T s0T X 8098 19572€ 6990000 | 0296'T | 1E€T0'S e’y €11e 0¥81 €
s—0T X GEZ'0 | 92298 | GSTIE'] 0T X EVC ¥ 016°0¢ €22000°0 | L96¥'Z | 90S0'G 99°G¥ 0613 L161 (4
s—0IX¥709°0 | 2812’8 | ¥680°1 s0T X €991 L8021 6760000 | 6659 | 665V ¥ 98¢y £€€e 0902 T
0 0 0 % | % = . arnyeraduo) .
A1V %1600%)= o1vy Bolo vy L1V 263:L0% ] _ Nmz{o& ] _ % o am Va9 mnﬂw&ww -MMMMEB 5 Sunesy uorjoesy oN
O-1V 3, 201 501 I $L0% Rl JuowIrIadx [e201d109y| 9Injos Sunyesy
1 O-1Vy oIVyY 193 70 st Em%< 194 1054y UOI}IpUO0d [BIUAWIIAAXFH :

‘s3[ns9y [ejuowiLrddxy T dqe]




56 Tetsuo YAGIHASHI and the late Zen-ichi SHIBATA

these constants can also be expressed by the following equation :

log Kaic = log

[9%CJ

6094.9

C%Al] ~

T

—1.452

(4>

The calculated values from Egs. (4) are shown in the figure by the symbol O.
The same figure also also shows the results obtained by Geller and Dicke®,
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Fig. 3. Relation between log [9%C)%/(96A1)? and reciprocal of

temperature.
Yagihashi

—o— Cal value log
@ Al high side

Geller, Dicke

L96ALR

+ Expreimental value.

{-—- —0— — log _Ei/o_gi

_ 56230

0 3 >
‘[E??z%l]j‘z*: 60949 _ 1 452 (1942)

® Al low side} Experimental value.

T

— 2545 (1943)

which were reported
after the publication
of the present study
as already mentioned.
Their  experimental
values indicated by
the symbol + show
such a remarkable
irregular distribution
that they seem very
difficult to lead to an
equation of straight
though the
straight line deter-
mined by them is
given in the figure for
reference. It will be
seen that these two
lines intersect in
the neighbourhood of
1,820°C and that the
values of their equi-
librium constant and

line,

the temperature gradi-
ent are generally
large as compared
with ours. Their ex-

periment was carried
out in the same way

as ours except that they used an alumina crucible and that the melts were not
saturated with carbon in CO atmosphere. It was reported in detail by Vacher
and Hamilton@D, S, Matoba®, and Z. Shibata and Ichihara(® that the partial
pressure of CQ; must, in this case, be taken into consideration because of the

simultaneous occurrence of the following three reactions :

(11) H.C.Vacher and E.H. Hamilton, Trans. A.1. M. E., 95 (1931), 124. H.C. Vacher, Bar. Stds

Jnl of Research, 11 (1933), 541,
(12) 8. Matoba, Tetsu to Hagane (in Japanese), 20 (1935), 837; 21 (1936), 875.
(13) Z. Shibata and Ichihara, Not yet published.
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0+CO2CO;,, 0O+CO, 22CO0, O+C 2 CO.

In Geller’s measurement at 1,625°C, the carbon content was in the range 0.5~1.1
per cent, while Vacher’s experimental values showed that the partial pressure of
CO; became 1~2 per cent, when 0.5~0.9 per cent of carbon was contained in the
melt. Therefore, CO gas (of 100 per cent) may undergo a partial decomposition
and carbon in the melt may somewhat be increased without reaching actual
equilibrium. This may be the reason why the above-mentioned irregularity
appeared in the observed values. Another reason may be that they considered
the sum of aluminium and alumina to be the analytical value of aluminium,
because the separation of both elements was ambiguous in a sample containing
small amount of aluminium. Further, we cannot agree with their opinion that
aluminium in the melt transforms into Al,0; during solidification. To confirm
this point, a complete separation must be made between aluminium and alumina,
which is possible, because the melt can be quenched in case the induction furnace
is used. In the present experiment, a carbon crucible was used and the molten
iron was saturated with the carbon in CO atmosphere and, hence, the partial
pressure of CO, might completely be ignored. Accordingly, the experimental
values might almost be
represented by a straight osr
line. The equilibrium re-
lation between carbon and
aluminium at various tem-
peratures were calculated
by Eq.(4) and the results
are shown in Fig. 4.
From this figure, it will
be seen that the equi-
librium amount of alumi-
nium in the melt increases
with the increase of art
carbon content at a con-
stant temperature and

with the rise of tempera- 0 25 0 75 20
ture at a constant carbon Pertentage of carbon

content. Accordingly, a Fig. 4. Equilibrium relation of carbon and aluminium
great attention must be at various temperature.

paid to these problems in practical steelmaking. It was, therefore, concluded
that aluminium should not be used as a deoxidizer at comparatively high
temperatures.

a4

a3t

0zf

Percentage of aluminium

Next, the experimental values concerning the fundamental reaction (2) will be
compared with the present results computed from the data obtained by the
indirect method.
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H.(g) + 0 2 H,0(g) 4F° = —45714 + 21.67T*(9 (5)
Hz(g) + 1/20,(g) 2 H,0(g) 4F° = —60200 + 13.977 (5 (6)
CO(®) + 1/20,(g) 2 COx(g) d4F° = —66500 + 20.167 (15 (7)
OREXOER()
0 + CO(g) 2 COy(® 4F° = —52014 + 27.86T (8)
C + COx(g) 2 2C0(®) 4F° = 41980 — 34.45T (15 (9
@+ @
0+ C 2 CO(g 4F° = —10034 — 6.59T ao
From Eq. (10), the equilibrium constant of Eq. (2) will be obtained as follous :
log Kc = log - %OZCE’%C 7= 212,3'4 + 1.436 (11)

Fig. 5 shows the results calculat-
ed from the above equation and
the experimental results. It will
be seen that the latter are ir-
regularly distributed due probably
to the difficulty of measurement.
Although the gradients of the
lines I, II and III are reverse to

§ R those of the calculated value and
T of Geller and Dicke, the avarage
2k value of the experimental results
N obtained by Vacher and Hamilton
------------------------------ . seems to be represented by our

20 YA T 35 3 straight line. In this case, the

YT X107 values of Geller and Dicke are so

Fig. 5. Relation between log[—%bljj% and f}ilff?rent from the others that
reciprocal of temperature. €ir measurement may be con-

I logKc =—1T$50 +3.392 U. Matoba (1934) Experi sidered to be the least reliable.
11 logKc ==9883.. 6123 7. Sibata (1935) Experi From these results, it was con-
T cluded that Eq. (11), which was

111 log Kc =‘4T586+5.075 Sibata & Ichihara(145)Experi  obtained by combining a few
IV log Kc = 17281138 Geller & Dicke (1942) Experi  thermodynamical data with the
V logKc =%34.11 436 T. Yagihashi & Sibata Calew ~ €XPerimental value of H,H,0-Fe
o U. Matoba system having no sub-reaction,

+

. was most adaptable to the present
® mean Value}Vacher & Hamilton (1931~1933)

Experi  study. The calculation of the

(14) T. Yagihashi, Journal and Japan Institute of Metals, Tokyo Meeting (1946).
(15) J. Chipman and A.M. Samarin, A.I. M.E., 125 (1937), 338, 340. .
* This measurement was made during 1933 to 1944 in the laboratory of J. Chipman and Z.
Shibata and the most reliable 38 experimental values were selected from these results. Then,
the authors obtained the following equation by the method of least squares.

Hy(g) + 0 & H;0(g)

PH,0 _9992.2 —4.738. From the above constant, the value of 4F° was calculated.
He [%O] T

log K= logP
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equilibrium constant Kai-o is as follows:

2A1 + 3C0O(g) < 3C + AlLO3(8)sat
6094.9

logKarc= —7 — 1452
30 + 3C 2 3CO(®)
3log Kc = @5_3‘0_2 + 4,308
30 + 2A1 2 Al,03(S)sat
1 12675

+ 2.85 12)

log Karo =108 FormrgeRie = 1

The above reaction shows the deoxidizing equilibrium of molten iron by alumi-
nium metal. From the equation, the free energy change in the above reaction
is given by .
4F° = —57988 — 13.03T as)

The equilibrium of Eq. (1) was studied first thermodynamically and then experi-
mentally by the direct or indirect method. To calculate Kai-o thermodynamically,
J. Chipman first established tke partition law of aluminium between molten iron
and silver and then calculated the activity coefficient of aluminium in iron and
finally obtained the following ecuation by combining some thermodynamical
values as to aluminium and alumina :

log Ka1-o= 6—27]99 ~ 1939,

W. Schumacher® investigated this reaction with the sample containing 0.6 per
cent of aluminium in metal and 60 per cent of alumina in slag at 1,700°C by the
direct method and obtained the following results:

log Kai-o= 4@03? 0 _ 14.71.

Geller and Dicke® studied it in the same way as the present writers except that
the value of the oxygen in molten iron was determined not from the actual
analysis but from the following expressions:

0+C 2 Co®

Pco 1758 \

log %0 %C) = T + 1.138,,
from which the following equation resulted :
58600

T

On the other hand, H. Wentrup and G. Hieber reported the most reliable results
by the direct method. They melted the sample in an induction furnace by means
of the vacuum fusion method under the mercury pressure of 8 to 10 mm at the
given temperature for 15min., and then added aluminium to it and poured part
of it into the mould after 10 min., the rest being cooled in the crucible. They
made the oxygen analysis of the sample by the vacuum fusion method and

log Kar-o= —189.
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obtained the analytical values of aluminium and alumina in the same way as
we did, but their experimental values were scattered within the following extent :

_ 1,700°C
K'A1-0 max = 1.9x 1078
K'A1-0 mean= 75%x107°
K'A1-0 min = 3.0x107°

1,600°C
K’ A1-0 max = 2.8x1071°
K’ A1-0 mean= 9.0x 1071
K'71-0 min = 3.0x1071,

in which all K’a1-o are the reciprocal of the equilibrium constant Kaj-0. It seems
that the cause of these scatterings may be attributed to the error in oxygen

analysis. From these values, the equilibrium constant Kai-o can be expressed by
71200
log Kar-o= —(— — 27.78
T
The values of log Ka1-o at various temperatures calculated by the above equations
e are plotted in Fig. 6. It seems that
N Chipman’s values are the largest of
1s0F I all, while Schumacher’s results are
718N \\\ small, both being less reliable. The
2 J N, present authors experimental values

agree with those of Wentrup and
Hieber at the temperature near 1,630°C,
but the equilibrium constant becomes
considerably small in the case of
higher temperature. Also, our values
fairly agree with those of Geller and
Dicke at about 1860°C, though the
latter is generally higher than the
former. Although the results of the
above three studies show almost the
same temperature gradients, the pre-
sent authors’ results are somewhat
smaller. So, it may be said that the
deoxidizing power of aluminium is not
strongly affected by the change in
temperature. In Fig, 6, the values of

®
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Fig. 6. Relation between log 1/(%0J3(%Al}?
and reciprocal of temperature.

_ 62700 .

I log Karo=—7—~-19.39 <Ch‘pmé§1§§§4ﬁon> log Kai-o shown in Column 12 of
I log KAI—O—E)S—,;@ _189 (Geller, Dicke 1943  Table 1 are plotted, which were cal-
71200 e (W E’;’er;meggg culated from the analytical value of
HI logRar-o= ¢ entuﬁxpfnirlent) aluminium in column 7 and that of
IV logKai-o= 12,_(,5,75 +2.85 (T. Yagihashi 1942 oxygen in colum 8 obtained by Eq. (11).
40390 Experiment) It will be seen that they are dis-

V logKal-0=-5r= —1471 (W. Schmacher 1953 . ) i R
Experiment) tributed almost in a straight line, in

—®— Calculated value

® Al high side

which symbols ® and O indicate
O Al low si de} Experimental Value

respectively the oxidizing reaction
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and the reducing reaction of aluminium, while
the calculated values by Eq. (12) are shown by
the symbol &.

Next, some considerations will be added as to
the value of K'a1-0=09%03(% Al ?=1/Kai-0, which
has been used conveniently as the measure of the
practical operation in steel-making. The data of
K'a10 at various. temperatures are summarized
in Table 2. In particular, the deoxidizing reaction
was first studied by C. H. Herty® and it was found
that his result was in the lower part of the
deoxidizing isotherms of silicon at 1,600°C obtained
by Korber® and that it was inconsistent with
the fact that the aluminium metal is a strong
deoxidizer. On the other hand, the experimental

7

0
W0t
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Kuo=l%OP (AP
S

1

107

wt

60 38 36 4 s2 50 48 46 w4 w0
v x10°

Fig. 7. Relation between K’'Al1-0 = (%032 [%A1)2 and
reciprocal of temperature,

Experimental value, Geller, Dicke (1943)

Experimental value .

Calculation value } Judkin

Experimental value Herty (1930)

G Results of Open Hearth steel

P. Bardenheuer, A Ranfft (1931)

Al high side

Al low side

Caculation value

$§z}1{n o¥1alr§?n Value} Wentrup, Hieber (1939)

Experimental value

orp+

} T. Yagihashi (1942)

+ ®®©O0

K’ a0 at various temperatures.

Table 2.
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results of Judkin® almost agreed with those of C.H.Herty. Their results, how-
ever, seem to be less reliable due to the inaccuracy of experimental method. H.
Schenck obtained K’ai-o from the dissociation pressure of the oxygen in FeQ
and Al,0; by using the following equation :

P3?IA1,05 CAl Prnax

3/2
D FeO

Moreover, he reported the values calculated on the basis of the experimental
values of D.W. Murphy and co-workers, which are also shown in Table 2. The .
summary of these results is illustrated in Fig. 7, in which the respective values
obtained by Wentrup and Hieber and Geller and Dicke besides ours are shown
for the comparision of the accuracy of experimental method with one another.
From the above results, it will be seen that the results of Geller and Dicke show
the largest irregularity, the range being from K’a1-0 max=54%X10"2 t0 K’A1-0 min
=14x10""* at 1,620°C, and that Wentrup’s values at 1,600°C lie in the range
K710 max = 28X 1079~ K A1-0 min = 3.0x10~", which is still of a considerable
irregularity, showing the difficulty of the direct method. On the other hand, the
present authors’ results converge in the range A’A1-0 max = 9X10°~K’A1-0 min
=4x107" in the neighborhood of 1,700°C. The figure also shows the calculated
value of K’a1-0 based on the experimental values of P. Bardenheuer and A. Ranfft ©
in the actual open hearth process. In their experiment, the molten steel was left
in the ladle for a while after having been tapped, and the steel was sampled at
the opening of the ladle or in the neighbourhood of the boundary surface
between the molten steel and slag at the time just before casting. The time
from the complete tapping to the sampling is recorded in the subsequent table.
This steel, however, was slightly deoxidized by aluminium and silicon. These
results are shown in Table 3. Judging from the rapid reaction rate of aluminium,
these values mostly seem to have reached the equilibrium and to have had
enough time for almost perfect separation of Al,0;. Though the considerable
lowness of casting temperature appears to be a defect of this experiment, it
seems generally to be excellent standard data in the actual operation. The
theoretical values by H. Schenck and J. Chipman are considerably different from
the experimental values due to some hypothese in the theory. The calculated
values of deoxidizing isotherms at various temperatures obtained from the ex-
pression K'ar-o =[%0JF(%Al) are shown in Fig. 8, in which the values of

Kyo=

Table 3. Results of Open Hearth steel obtained by P. Bardenheuer

and A Ranfft.
Reciprocal . r
Temperature| Absolute Time K A0
P oo S | (S | (00 | o) | A0 | g
1490 1763 56.80 46 0.00149 ’ 0.09 0.0063 0.272x 10710
1470 743 57.40 82 0.00250 | 0.05 0.0095 0.390 x 1010
1430 1703 58.80 92 0.0090 ‘ 0.02 0.0317 0.2905 x 10—

(16) P. Bardenheuer and A. Ranfft, Mitt. K. W. L. Eisenforsch., 13 (1931), 291.
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silicon at 1,600°C by Korber and Ozlsen are taken together with those by several
other workers. Results of Wentrup and Hieber and of the present authors showed
approximate deoxidizing isotherms and it was found that this metal was far
better than silicon as a deoxidizer. In the present case, for example, the amount
of oxygen equivalent to 0.014 per cent of aluminium was only 0.01 per cent, but,

when silicon was used as a deoxidizer, 0.35 per cent of silicon was necessary.
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Fig. 8. Equilibrium relation of oxygen and alumium at various temperature.

The values by Geller and Dicke as well as the calculated values by H. Schenck,
which show a stronger deoxidizing power than ours seem to be less reliable.
Concerning the influence of temperature, it can be shown that the deoxidizing
power of aluminium becomes stronger proportionally to the fall of temperature.
According to the experiment of Wentrup, the amount of the inclusion Al,Q; in
molten iron decreases with the fall of temperature and such an operation must
be carried out at as low temperature as possible. It is commonly recognized
that when a large amount of deoxidizer is used, the quantity of residual oxygen
in steel may fairly be decreased. For example, from the deoxidizing isotherms
of aluminium in Fig. 8, it will be seen that the residual oxygen will be decreased
almost to zero, in case a large amount of aluminium is used. On the contrary,
it was found from our experimental results that aluminium could not completly
take away residual oxygen in molten steel, when some amounts of carbon still
existed in the metal. Therefore, when the amount of carbon in it is determined,
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that of aluminium may recessarily te limited by it. The calculated values of
the equilibrium relation concerning tte ternary system O-C-Al in molten iron at
various temperatures and its space diagram are shown in Fig. 9. From this
diagram, the following problems may be considered :
(1) The change of aluminium along an isothermal line
(A

For example, it can be seen from Fig. 9 that at 1,600°C the metal in equilibrium
with 0.6 per cent of carbon contains 0.06 per cent of aluminium and 0.00425 per
cent of oxygen. When the melt contains 0.6 per cent of carbon and 0.05 per cent
of aluminium, the decaobonization is carried out by the reaction C+0— CO and
this reaction is made to proceed with the content of 0.55 per cent of carbon,
which is in equilibrium with aluminium content. Therefore, the amount tof
oxygen to be in equilibrium with aluminium naturally becomes higher than
0.0045 per cent.
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Fig. 9. Ternary equilibrium diagram of aluminium-carbon-oxygen in molten iron.
€:))

When the melt contains larger amount of aluminium than that in the equi-
librium, say, 0.07 per cent, this metal will be carbonized by the reaction CO—> C+0
up to 0.68 per cent carbon which is in equilibrium with the above amount of
aluminium, while the amount of residual oxygen decreases to 0.00375 per cent in
proportion to the increase of aluminium.
(2) The deoxidizing phenomena outside the furnace

When the steel deoxidized by aluminium is tapred from an open hearth or an
electric furnace into a ladle, it is always exposed to the oxidation of air. In
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such a case, to manufacture a standard steel of 0.6 per cent of carbon content
not oxidized by air at 1,600°C, the amount of aluminium-in equilibrium with the
carbon must be greater than 0.06 per cent. It may, however, not be less than
the equilibrium quantity of 0.00425 per cent of oxygen,

(3) Influence of temperature :

(A)

When the temperature of the melt was raised from 1550° to 1800°C with the
same amount of carbon. as that shown in Fig, 9, the amounts of aluminium and
oxygen in equilibrium with carbon both increased. Therefore, in order to decrease
the oxygen in steel and to economize the amount of aluminium, the deoxidizing
operation must be done at a low temgerature sufficient to float easily deoxidation
products.
®

When the temperature was raised from 1,550° to 1,800°C with the same amount
of aluminium, the amount of carbon in equilibrium with aluminium decreased,
while that of oxygen in the melt increased. Accordingly, the decrease of carbon
content in proportion to the rise of temperature make it difficult to keep the
desired amount of carbon in the steel and at the same time it gives an un-
favorable influence due to the increase of oxygen. Thus, the present authors
have improved the old conception on the deoxidation and proposed a new notion
based on the experimental results.

Summary

The equilibrium among aluminium, oxygen and carbon in molten iron was
studied by an indirect method. Using a carbon crucible, the equilibrium of the
following reaction was studied under a saturated condition of carbon in the
temperature range from 1,650° to 2,000°C:

2A1 + 3CO(g) 2 3C + (AlO3)sat
(%CPp 6094.9
[%AL? T
Then, by combining the expression deduced from the basic study of the H,-H,0-Fe
system in molten iron with some thermodynamical data, the following equation
was obtained :

log Kal-o = log — 1.452

0+ C 2 COog

1 2193.4
log %037%C] ~ T + 1.436

By combining these equations, the so-called equation of the deoxidation equi-
librium was deduced as a function of temperature, namely,

30 + 2A1 2 (ALOs)sat

o 1 12675
E g0 %A~ T
AF° = —57988 — 13.03T .

log Kar-o= + 2.85
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From the above ejuation, it was found that the present exparimental values-
were between those of Geller and Dicke and those of wentrup and Hieber, having’
small temperature gradients in .comparison with others. Next, by comparing the’
present results with those .of the deoxidation by aluminium in the actual opén
hearth operation, it was seen that they agreed fairly well with the ac¢tual data.
Further, from the consideration of the space diagram of the ternary system
AI-C-0 in molten iron, it' was concluded that the deoxidizing power of aluminium
Wwas not so great as usually supposed in case a certain amount of carbon is given,’
and that the amounts of aluminium and residual oxygen in equilibrium ‘with’
carbon must be limited. Therefore; the molten metal must be deoxidized at a
properly low temperature, because the rise of témperature causes undesirable’
increases of both aluminium, as the deoxidizer, and the residual oxygen in metal.
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