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1
xFe, + 3 02 = Fexol_ - (51)
and
AGO = - 56,053 + 11.517 ; (52)

This equation represents the partial molal free energy of
formation of liquid FeO of equilibrium composition. Thus the oxygen

pressure of oxygen saturated liquid iron is

log p02 = - -?-9’-‘-;—0-4— + 5.03 : (53)

The oxygen pressure of oxygen saturated liquid iron may be
calculated from the experimental data of Darken and Gurry (53). These
workers found the ratio of pCOZ/pCO in equilibrium with iron and iron
oxide over a wide range of temperatures. Their data of significance
in these calculations is presented in table 6.

Now the standard free energy change for the reaction

1
€O + 3 0, = CO, (43)

was found to be

60 = - 66,515 + 20.15T (4h)
for which
log K = }_LL,_%EE - b.ho (54)
where
P
log K = log 502 - -é- log Py
co 2
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Values of log K as derived from equation (54) are included

in table 6. From these data and the knowledge of the Peg /pCO ratio
2

from Darken and Gurry, a value of log P,_can be computed and compared

with the result of equation (53).

2

log p, log p,
Temp. °C Pgq /pCO log Peo /pCo log K | 2 2
2 2 Darken & Gurry| equation (53)
isn 0.282 - 0.550 b Ll - 9,98 ———
1524 0,208 - 0.682 3.69 - 8.74 - 8.61
1575 0.194 - 0.743 3.47 - 8.43 - 8.23
1600 0.187 - 0,728 3.36 - 8,18 - 8.05
Table 6

The difference between these two series of computed oxygen

pressures is very small and the present results are in good agreement

with the requirements of the oxygen solubility data of Taylor and

Chipman (52) and the equilibrium data of Darken and Gurry (53).

5. Summary
An experimental study has been made of the equilibrium in

(1)

the reaction

i,

+0 = HZO

over the temperature range 1470° to 1750°C using the levitation melting

technique.

range of temperatures than has hitherto been examined.

The primary purpose was to study the rezction over a larger

The study made




use of the advantages of levitation melting to examine the reaction
with undercooled liquid iron.

The experimental results are represented by

pa0 1
pHa (% 0)

K =

log K = 2%52 - 3,23 (36)

(ii) The free energy of solution of oxygen into liquid iron,

i.e., the standard free energy accompanying the reaction

-

‘2'02=9

was found to be

AGO = = 27,15% = 1.007 (%1)

(iii) The derived value of the equilibrium constant K for the

reaction

CO + Q = CO,

was calculated from the known free energies of the gases involved and

free energy change in the oxygen solution reaction. The result was:

log K = §%§& - 4.62 (46)

This result was found to be in good agreement with direct experimental
determinations.
(iv) Related thermodynamic quantities were derived from equation (36)

which substantiate the results of oxygen solubility obtained by Taylor



61

and Chipman and are in good agreement with the equilibrium data on the
iron-oxygen system obtained by Darken and Gurry.

p i

< et



CHAPTER VII

CHROMIUM-CXYGEN INTERACTICN IN LIQUID IRON

1l. Calculation of the Interaction Parameter e%f

The effect of chromium on the activity coefficient of oxygen

in liquid iron was determined from the reaction

H, + 0 = H,0 (25)
where
Py Y
PRy By
and
el pH20 1
pH, £, % O
so that
1]
K = %-
0

1]
log K = log K - log fO

where f. is the activity coefficient of oxygen in liquid Fe-Cr-0 solutions.

0
In this case
0 LCr
fo = fo- fo
Now if fg is unity as explained previously, then fo is equal to fi:

so0 that

L]
log K = log K + log fﬁ;
and
1 $ Cr
ogK =e, (% Cr) + log K (55)
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From equation (55) it is seen that if log K is plotted
versus weight percent chromium at fixed temperature and a straight

line is obtained then its slope will be the interaction parameter eif

and the intercept at zero weight chromium is equal to log K.

In table 7 are the results of runs in which H.0O -‘AH2 gas

2

mixtures have been equilibrated with liquid iron-~chromium alloys.

Temp. °C | Melt No. pHao/sz x 102 % O p.p.m. | %$Cr |log K'
i
1516 27 5.65 | 109 | 1.60 | 0.715
1516 31 4.76 § 129 2.44 | 0.567
1516 28 5.65 i 144 3.50 | 0.59%
1516 30 4.76 i 183 ! 4,60 | 0.415
1585 26 6.37 220 | 1.60 | 0.462
1585 17 5.14 , 198 § 2.79 | o.41k
1585 18 5.14 § 230 § 3.15 | 0.349
1585 f 19 4,28 193 % 344 0.346
1585 20 .28 181 | 3.60 | 0.374
1585 & L.28 229 % 5.00 | 0.272
» B P~ / - -
1726 | 22 6.38 377 | 1.43 | 0.229
1726 | 23 1 6.38 , kel 2.89 0.141
1726 2k 6.38 535 3.41 § 0.076
1726 25 6.38 805 6.01 }=0.101
Table 7
EQUILIBRIUM DATA FOR THE REACTION H, + Op .~ = H,0

.
pH (% 0)
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In figure 14, the data for log K and weight percent chromium

from table 7 are plotted.

¥xperimental error bars were calculated as

before. Included on the graph are the values of the true equilibrium

constant K for pure iron from equation (36).

isotherm is equivalent to the interaction parameter e

The gradient of each

Cx
OQ

The data when

analyzed Ry the method of least mean squares yield the following equations

with their probable error

At 1516°C

log B 0.074 £ (0.012) % Ccr + 0.791 £ (0.029) (56)
At 1585°C
log K = = 0.068 % (0.005) % Cr + 0.597 % (0.015) (57)
At 1726°C
log K = = 0.075 % (0.002) % Cr + 0.34% % (0.007) (58)
The experimental value of eif at 1585°C is compared with several other
investigators in table 8.
Chen and Chipman|{ Turkdogan { Charlton | Matoba and Kuwana| Present
(30) (33) (35) (20) Work
ecg' ~ 0.041 - 0.064 | = 0.059 - 0.037 - 0.068
€4 - 8.8 A3 wdn - 7.9 -14.6
Table 8

CHROMIUM-CXYGEN PARAMETERS AT 1585°C
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Cr

o &t 1585°C from this investigation

The experimental value of e
is in reasonable agreement with the work of Turkdogan (33) and the
calculated value based on Charlton's (35) work assuming regular solution

behaviour.

Cr
0

the activity coefficient of oxygen decreases as the chromium content is

The negative value of the interaction parameter e, shows that
increased. This can be attributed to the greater chemical affinity of
oxygen for chromium than for iron.

Ohtani and Gokcen (54) concluded after reviewing a number of
Fe=-0-X systems that the interaction parameter decreases with increasing
stability of the compounds formed between the solutes X and O. These
authors state that as a consequence of Mendeleef's 1a¢5%here should be

a relation between ex and the atomic number of the solute X. In figure 15

(¢
values of eg are plotted against the atomic number. In table 9 values of
eé plotted in figure 15 are presented.

S The value of eg is from the equilibrium data for 002 +C=2¢C0
by Marshall and Chipman (56). The result for eg is zero from the work of
Tankins et al. (16). For boron eg is estimated from figure 15.

The values of eg for Al and Si are from Gokcen and Chipman (57),

P from Pearson and Turkdogan (59) all from H2 +0 = HEO; for 8, from

H2 +8 = H2§ by Matoba and Uno (60). For V, the parameter eg is from
Dastur and Chipman (61), Cr from the present investigation; Mn, Co and Ni
from Thiery (62), Floridis (15) and Wriedt (63) with Chipman, all from

H2 +0 = HZO’ The value of Ti is estimated from figure 15.
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Solute X %: €& g €5 References Method
? ;

B ‘ - 27 - 0.60 fig. 15 Estimated

oo - 20 - 0.41 31, 56 C + CO, = €O,

N o - 11.5 | =o0.20 fig. 15 Estimated

: ‘

0 5 0 ; 0 16 Hy + 0 = H0
Al | =890 to -13k0 | =8 to =12 57 | H,+Q=HO
Si ‘e - 23 | =02 21, 58 H, + 0 = H,0

s | 3

5 | 0 0 60 H, + S =H,S

T ~ 157 - 1B fig. 15 Estimated
;
! e =

i - 57 0.27 61 Hy + 0 = H0
Cr - 14.6 - 0.068 Present Work H, + 0 = H,0
Mn 0 0 62 . H, + O = H,0
Co 1.7 0.007 15 Hy, + 0 = H,0
Ni 1.4 0.006 63 H, + 0 = H0
Cu - 2.5 - 0.0095 15 Hy, + 0 = H,0

Table 9
VALUES OF €% AND e} AT ABOUT 1600°C
From figure 15, it is seen that the value of eCr obtained

0

from this investigation is not inconsistent with Ohtani and Gokcen's (54)

idea of periodicity.

By means of the foregoing correlations it is

‘possible to make approximate predictions of the parameters of elements

for which there are no experimental results.
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2. The Effect of Oxygen on the Activity Coefficient of Chromium

The effect of oxygen on the activity coefficient of chromium
can be calculated from wWagner's reciprocity relation given in equation (11)

which in this case takes the form

and

2l % x (= 0.068)

(- 0.221)

so that
log féi =~ 0.221 (% 0) at 1585°C (59)

3. ‘The Effect of Temperature on the Interaction Parameter

In the temperature range examined, 1516° to 1726°C, it was
not possible in the present investigation to determine the effect of
temperature on the interaction parameter., It is probable that the
temperature effect is slight as shown by the work of Turkdogan (33)
Matoba and Kuwana (20) and the present investigation. Although the

temperature effect is small, it should not be zero and the value of

Cr
0

figure 16 a plot of e

the parameter e should decrease with increasing temperature. In

or
C

is presented, Also shown in the figure are results of several other

against the reciprocal of the absolute temperature

investigators.

The work of Bell and co~-workers (35, 36) suggests that there is
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ar reciprocal relation between eﬁf

dilute iron-chromium alloys. A possible explanation of this observation

and the absolute temperature in

is that such solutions are regular. If the solution is regular then the

entropy interaction parameter T is zero and equation (23) reduces to

0
the form
Cr
OF _ "o
"o T R575T

and a reciprocal relation between ei; and absolute temperature is the

result. This regular solution line is plotted as a dotted line in

Cr
0

4, Prediction of the Heat of Solution of Oxygen into Dilute Iron-Chromium

figure 16 through the experimental value of e, at 1585°C.

Alloys

Consider the oxygen solution reaction

it
3 02 =0 (40)
where
£, (% 0)
K = S (60)
P02

For oxygen solution into an iron~-chromium alloy
Cr
£o (%0

Ye

P
02

K =

where fg is assumed to be unity
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Now
] _
% = .(.:%;_Q% (61)
Po
2
so that
log K = log K' + log fi:
and
'
log K = log K — log fi;
= log K - ecor (% Cr) (62)
O 0 0
Now substitute the relations log K = — £;$5T = ﬁﬁ;?ST + 4[;35 and

equation (23) into (62).
Then

Cr Cr
__AHO ) As0-_hO (%Cr)+so (% Cr)
4.,5757 7 4.575 4,575T 4,575

1]
log K =
by rearrangement

: o) 0 Cr ry RIS, C 1
log K =-I"—.-5-7€']-3(AH +h0r [:’-SCI'J)"'([:IQ +Sor [%Crl )'[;.-5,-73

(63)
The heat of solution of oxygen into liguid iron-chromium alloys is Zlﬁ%r
where
o Cr
AHCr = OB + by (% Cr) (64)
and

F4N HO is the heat of solution into pure ironmn
hi; (% Cr) is, by the formalism of Corrigan and Chipman (7), the

extra enthalpy Hx(gr for a given composition,
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Similarly ASSCr is the entropy of mixing into the alloy

As, 58 ¢ scor (% Cr) (65)

where

A SO is the entropy of mixing into pure iron
sii (% Cr) is the extra entropy sx(?r for a given composition

If the regular solution line in figure 16 was assumed to be correct
then the value of hi; would be -~ 0.58 k cal. The heat of solution of
oxygen with chromium content would vary as shown in figure 17.
5. Summary

(i) Chromium lowers the activity coefficient of dissolved

oxygen and the magnitude of this interazction at 1585°C is given by

the relation

log fcor = = 0.068 (% Cr)

(ii) The reverse effect of oxygen on the activity coefficient

of chromium was calculated and found to be represented by the equation
log 22 - 0.225 (% 0)
Cr

(iii) The effect of temperature on the interaction parameter
could not be established. A method for predicting the heat of solution
of oxygen into dilute iron-chromium alloys is presented which can be

Cr

used if the effect of temperature on the interaction parameter ey is

established or can be assumed.
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