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PREDICI’ION OF THERMODYNAMIC PROPERTIES OF OXYGEN IN 
LIQUID TRANSITION WZETALS 

ABSTRACT 

Two correlations between the heat of solution of oxygen In hquld metals and the standard heats of 
formatlon of the respectlvc oxxdcs. and between the heat of solution and the CYCCSS entropy of solcltlon Jrc 

proposed tn the form 

4S~=[-22X10-s(h&)-4 141x10-3](4~0)2+60 

A&=[1 6~10+(AH~.&-5 252~10-~](AN;&’ 

The above equations enable predlctlon of the actiwy coefflclent of oxygen m hquld transItion metals for 
systems m which expenmental data IS not av;ulablc 

INTRODUCT7ON 

Technological importance of interaction between gases and liquid metals and 
alloys resulted in the development of a number of theoretrcal models, winch describe 
the thermodynanuc behavior of non-metallic solutes such as 0, S, N, etc. m the 
liquid phase [l-5]. All of them, however, share the same weakness: a knowledge of 
the thermodynamic properties of the solute in pure liquid metals 1s necessary to 
apply any of them. 

Despite the fact that experimental evidence on the thermodynamic properties of 
oxygen in liquid metals has increased recently, there 1s still little known about 
oxygen behavior in liquid transition metals. In fact, only three systems were studied 
carefully, viz. Fe-O, M-0 and Co-O. In this situation, one is forced to estimate the 
Gibbs free energy of the reaction of dissolution 

l/2 0, (g) 4 CJ atom pet) (1) 

for a number of metals, and an empirical correlation suggested between the heat of 
solution of oxygen, entropy of solutron of oxygen and the standard heat of 
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formation of the most statre oxide calculated per g-atom 0 can be very useful [6,7]. 
This correlation was supported by coulometric titration studies on Bi-0. Sb-0 and 
In-O systems [S-lo]. The trend was generally confirmed by Otsuka and Kozuka 
[I 1 J. Moreover. Seetharaman and Staffansson [ 121 observed that the ratio of the 
expertmental and theoretical interaction parameters, measured in liquid copper. 
seems to decrease as the d-shells of respectrve transition metals get filled up 
successively. which supports a previous suggestion about different oxygen behavior 
[6] in liquid transition metals. 

Takmg these facts into account. one can assume that withm expenmental uncer- 
tamties. there exist functions between Age vs. AS? and A& vs. A&,, which can be 
represented by mathematical formulae. If such an approach may reproduce existing 
data. there is strong evidence that it is possible to use this dependence for the 
predlction of oxygen thermodynamic propertres in unknown systems. 

CORRELATION BETWEEN J rTO ASD JST 

Experimental information gathered to date encouraged a look fcr AHo vs. AS% 
dependence among data for metals wrth full d-shells. This plot shown in Fig. 1 looks, 
at first srght. hke a parabolic-type curve, and one may seek the correlation between 

AHO heal/g-atom 0 

Fig I Correlauon between the partial excess entropy of solution AS2 
J fiO of oqgen m hquid metals ~th full cl-shells 

and the pamal heat of solutton 
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these two parameters using the relattonship 

[ A@/(AH,)‘] = 0 + ~(Az~) (2) 

Indeed, a straight line was obtained for the plot described by eqn. (2) (Ftg. 1) wtth 
the folIowmg parameters a and b 

[ A~I( AH,)=] x 10’ = -0.0022 (AN,) - 0.4141 (3) 

After rearrangement of eqn (3), one can arrive at the expresston 

A% =[-2-2X lo-‘(A&)-4.141 x 10-3](AIj0)2 (4) 

where AS? is given m entropy units and AR0 in kcal */g-atom. Equatton (4) allows 
the calculation of the excess partial entropy of oxygen in liquid metals wtth a full 
d-shell. In the previous study [6] tt was observed, that the partial excess entropy of 
oxygen in lrqutd transition metals with unfilled d-shells appears to be significantly 
different. Despite rather large uncertainties in the partial entropies of oxygen in 
these metals, it can be estimated that the shift toward htgher entropy values is 
approximately equal to 6.0 entropy untts, which may be connected with the change 
in bondmg. 

Indeed, if one assumes that oxygen enters the hquid as an mterstttial ion with 
coordination number Z = 4, there are two possibihties of acqutrmg electrons m the 
case of transition metals (from s, p or d band) but only one in case of metals with 
full d-shell (from s, p band). The corresponding entropy change between these two 
states can be calculated 

AS bond = Z k ln[ (2) 7 = 6.0 e-u. (5) 

This kind of entropy change due to change in bonding states was first calculated by 
Van Vechten [13]. Therefore, it IS suggested, that the partial excess entropy of 
oxygen in hqurd transition metals can be estimated from 

AS: = A.?&, + 6.0 e-u. (6) 

CORRELATION BETWEEN A co AND A W’19x 

At this stage, it is clear that as long as AH0 is known, the partial excess entropy of 
oxygen can be esttmated either from eqn. (4) or eqn.(6). Now, one can recall 
Richardson’s suggestion [ 141 about the correlation between the heat of solutton of 
oxygen A& and the heat of formation of the correspondmg oxide per gram atom of 
oxygen. It has been shown previously [7] that such a plot yields apparent parabolic 
dependence, especially, m the case of metals with a full d-shell, which is shown m 

l As the correlations are based on the value of AH&,. whxh In most thermochemuxl tables IS gven m 

kcal, 1 kcal=4 184 kJ IS used throughout the paper 



Ftg 2 Corrclatmn bctucen the partm! heat of solution AIT, and the standard heat of formatton of 
rtipcLtI\c oxldcb A F&, for mctnla Htth full cl-shells (cunc a) and unflllcd tl-shells (tune b) 

Fig. 2. Agam. it was assumed there is a shift between the correlation for transltion 
metals and those Lvlth full d-shells. Experimental results were described usmg the 
equation 

[Ag0/(4~&8)2] =a+b(AH&) (7) 

Consequently. the following formulae were obtained 

for metals with fuil d-shells 

[AH,/(AH&)*] X 10’ = -0.0050 (AH&) - 1.2964 

for metals with unfilled d-shells 

(8) 

[ AH,/( 4H&)‘] x 10’ = 0.0016 (AH,“,,) - 0.5251 (9) 

u here A iY:& is taken in kcal per g-atom 0 for the most stable oxide. 
After necessary rearrangement of eqn. (9), the following expression is given III the 

case of transltion metals. 

AH, =[ 3.6 X lo-‘(AH&) - 5.252 x lo-3](AH;g,)2 (10) 

Using the standard heat of formation values available in literature [15,16] the terms 
AH, and A.$$ were calculated respectively, and the corresponding equations for AG,O 
of reaction (1) for a number of transition metals are given in Table I. 
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TABLE I 

Prcdictcd cquatlons for the Gibbs free energy of reactmn (I) 

TI-0 

v-o 

c-r-o 

Mn-0 

Zr-0 

Nb-0 

Mo-0 

Tc-3 

Ru-0 

Rh-0 

Pd-0 

HI-O 

Ta-0 
w-o 
RI+0 

OS-O 

Ir-0 

Pt-0 

-l177.200+1546 T 

-73.500 +764 T 

-54.200 +2 66 T 

-56.900 13 36 T 

-128,300+1570 T 

-64,ooO +5 19 T 

-31.200 -2-64 T 

-16.300 -50 T 

-7.700 -5 76 T 

-4.800 -5 90 T 

-22,300 -5.98 T 

-139700+1484T 

-65.200 t551 T 

-32.200 -244 T 

-16.200 -501 T 

-7.200 -5 79 T 

-5500 -5XST 

-500 -60 T 

VERIFICATION OF SUGGESTED %,o EQUATIONS 

Generally, It is impossible to check the estrmated equations given in Table 1 as 
there is vrrtually no data on the thermodynamic properties of oxygen in hqurd 
transition metals over the range of dilute solutions. However, in the case of a few 
systems, the predicted formulae can be confirmed mdirectly. 

O-0 system 

Using the oxygen potentials calculated from phase equilibria in this system by 
Ban& et al. [17] as well as the reported Cr-Cr,O, phase diagram, the Gibbs free 
energy of reaction (1) was calculated for three cornpositrons. Comparison of these 
results with the predicted equatron is shown in Fig. 3 (a) revealing fairly good 
agreement. 

TI-0 system 

By fitting available experimental data on the solubility of oxygen in hquid 
iron-titanium alloys, Liang [18] arrived at the most probable equation for the Gibbs 
free energy of the reaction of dissolution of oxygen m liquid titanium, wluch is 
shown in Fig. 3 (b) together with the predicted values. 



Nb-0 mid Ta-0 systems 

Fromrn and Gebhardt [ 191 reported Nb-0 and Ta-0 phase diagrams. As the 

thermodynamic properties of oxygen in solid Nb and Ta are known, it is possible to 
estlma!e the activity of oxygen in liquid niobium at 2188 K and 40.5 atom SO, and 
the activity of oxygen in liquid tantalum at 2153 K and 43 atom SO. Results are 
shown m Figs. 4 (a) and (b) together with predicted values. Fairly good agreement 
has been reached. and the revealed difference of the order of 3 kcal can be attributed 
to the deviations from Henry’s law, which had to be assumed for calculations. 

The solubllity of oxygen m hquid manganese was measured by Schenck et 21. [20] 
by the equilibration of the hquid metal with a MnO crucibie. Recalculated from 
their data AG&,,, values are shown in Fig. 5 (a) in comparison with the predicted 
equation. Again. within experimental scatter, a reasonable agreement was found. 
Moreover. if the predicted equation for AG,O of reaction (1) 1s taken for the 
calculatron of part of the Mn-1MnO phase diagram. a more piausible liquidus line 1s 
obtamed than that suggested by Sche.lck et al. [Fig. 5 (b)]. 

, I I I 

L I I I 
7000 PPOO 2Bop T K 

2000 2400 ?K 

Fig -7 Gibbs free cncrgj of rcacnon (I) for olqgcn dtssolution m hqutd chromium (a) and hqtud titanium 
(b) Q. calculated from the Cr-0 phsc dtagram (ref 17). - - - - - -. Llang (rcf IS). . predlcted 

(thts stud}) 

Fig 4 Gltbs free energy of renctlon (I) for oxygen dusolutton m hquld tantalum (a) ard hquld mobmm 
(b) e. calculated from the ph‘lrc diagram (rcf 19). . predtcted (this study). 
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V-O system 

Using the predicted equation for AGG,, the solubility of oxygen in the liquid 
iron-vanadium alloys in equihbrium with different vanadium oxides was calculated 

F:g 5. Gibbs free energy of reaction (1) for oxygen dlssolutlon m hqmd manganese (a) e, Calculated 

from the solublhty data (ref 20): I predxted (&us study) Part of Mn-0 phase diagram (b) 
. suggested by Schenck et al (ref 20). - - - - - -, predlcted (&us study) 

VO, V203, FEV-204 RT 1873 K 

Q 
-1 

l- 

: 
-1 

c 
3 

5 -2 

-2 

-3 

Ll3G WT PCT V 

Fig 6 Oxygen solublhty m the lrquld iron-vanadmm alloys A, expenmental va!ues (ref 21) Calculated 

ulth the ad of AGo Rv, equation from Table I for eqmhbnum with s vo(+ - - -. v*o,,,,. 
- - - - - -, FeV,C&,, 
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and compared with Fruehan’s experimental data [Zl]. Results obtained at 1873 K 
are shown in Fig. 6. 

Taking into account experimental difficulties on the one hand and assumptions 
made during calculations on the other, a reasonable agreement was reached. The 
calculated interaction parameter E: = - 15.2 corresponds reasonably well with the 
measured value C: = -29, which was reported by Fruehan [21]. 

The Gibbs free energies of reaction (1) were calculated using AH& values taken 
from refs. 14 and IS. If the difference in AH& values from these two sources was 
larger than 2 kcal, the average value was taken. While correlations (4) and (8) were 
established. the silver-oxygen system was not taken into accottnt. The small temper- 
ature range covered by the experiments as well as the small free energy value did not 
guarantee that the split into AH, and AS: terms was correct, even if the free energy 
itself was measured precisely. Application of the suggested equations to such 
dlZcrent systems as Cr-0, Mn-0, Nb-0, Ta-0, Ti-0 and V-O showed fatrly 
good agreement m comparison with available data. Moreover, the number of AG: 
values for Cr-0. Mn-0. MO-O. Nb-0, Ti-0 and V-O systems at the constant 
temperature 1873 K was estimated by Chang and Hu [22]. Comparison revealed very 
good agreement m the case of Cr-0 and MO-O systems (about 1 kca! difference), 
while there are differences for other metals of as much as 17 kcal m the case of V-O 
solution. This is not surprising since the first two estimates were adjusted to 
measured interaction parameters, where the other values were obtained by the 
authors with the aid of the equation 

%A) RTln - 
[ 1 k3 

= A~~A~o -AH~,o) ( (12) 

which IS only an approximation and does not take the entropy effect into account. It 
is beheved that the range of suggested correlation should not exceed the value of 
Ag, for the Li-0 system (or AH&,98,L,20). The function obtained does not represent 
a linear equation but the higher order dependence and calculations performed 
outside the range of values covered by experimental data are expected to be 
erroneous. Moreover, the value of AG&,, itself 1s not measured directly but calcu- 
lated from the solubihty of oxygen in liquid hthmm. 

It seems that stiil more experimental data on oxygen behavior in liquid metals is 
needed, especially for systems exhibiting higher affinity to oxygen. Such experimen- 
tal evidence may help to prove the validity of suggested correlations or to bring 
about their change. A similar approach can be worked out for sulfur-metal systems. 
Because of the fact that sulfur behavior in liquid metals is much more difficult to 
investigate, the existence of this kmd of dependence would be very useful for 
predict ions in mul tlcomponen t sys terns. 
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