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Abstract

An isothermal section of the phase diagram of the system Cr-Sb-O at 873 K was established by isothermal
equilibration and X-ray diffraction analysis of quenched samples. Making use of the coexistence of the only ternary
oxide CrSbOy(s) identified in the system with Cr,O;(s) and Sb,O;(s,1), the galvanic cell

Pt, Cr,05(s), SbyO5(s, 1), CrSbO4(s) |15 CSZ| air (P, = 0.21 atm), Pt

(where 15 CSZ stands for 15 wt% CaO stabilized ZrO, electrolyte tube) was designed to measure its Gibbs energy of
formation. The emf of the cell was measured over the temperature range 770-982 K. The results could be summarized
by the expressions:

E+0.5 (mV) = 87425 —0.45952 T (K) (770-920 K)

E402 (mV) = 1003.58 — 0.59859 T (K) (931-982 K).

The break in the plot of emf as a function of temperature at 930 K yielded a value of 50 kJ mol~' for the enthalpy of
fusion of Sb,Os in agreement with the literature. From the emf results the standard Gibbs energy of formation, AG?

(CrSb0O,), was calculated to be

AG? (CrSbO;) £ 4.1 (kI mol™') = —1074.84 +0.34002 T (K) (770-920 K)

and

AG (CrSbO,) £ 4.0 (kJ mol™') = —1088.32 + 0.35365 T (K)

© 1999 Elsevier Science B.V. All rights reserved.

(931-982 K).

1. Introduction

The antimony sesquioxide, Sb,Os (valentinite), en-
capsulated in AISI type 316 stainless steel (SS) is often
used in the Auxiliary Neutron Source (ANS) of liquid
metal cooled fast breeder reactors (LMFBRs). Though
it is well known that Sb,O; is not thermodynamically
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compatible with SS because of its much lower stability
compared with the oxides of the metals present in SS,
still its use in ANS was resorted to for kinetic reasons.
However, the extensive attack of the cladding by the
oxides of antimony was established earlier by out of pile
compatibility studies carried out by Swaminathan et al.
[1]. Further, antimony is also a fission product, albeit a
minor one [2] it has a deleterious effect on the SS cladding
[1]. Therefore, thermodynamic characterisation of all the
phases present in M—Sb-O systems (where M =Fe, Ni
and Cr) is of relevance to nuclear technology. As a part
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of the on going project on the characterisation of the
ternary oxides in the M—Sb-O systems, investigation of
the system Cr—Sb—O was conducted.

No reliable phase diagram information on the system
Cr-Sb-O is available in the literature. The existence of a
ternary oxide, CrSbQy,, binary oxides Sb,03, Sb,O, and
Cr,0; and intermetallics CrSb and CrSb, [3] at tem-
peratures above 800 K have been reported. The ternary
oxide CrSbOy is reported to have a tetragonal rutile-type
structure with space group P4,jmnm, Z =1 [4]. Its
thermal expansion was studied by Mohan Rao et al. [5]
by employing powder X-ray diffraction (XRD) tech-
nique. Studies on the isothermal section of the ternary
phase diagram were carried out in the initial part of this
investigation. Based on the ternary phase relations, a
solid state cell was designed to measure the standard
Gibbs energy of formation of CrSbOj.

2. Experimental
2.1. Materials

Cr (Aldrich, USA), Sb, Sb,0O; and Cr,0; (Johnson
Matthey, UK) of purity better than 99.99% were used as
the starting materials. Sb,O,4 was prepared by oxidation
of Sb,0; in air at 823 K. CrSbO, was prepared from an
equimolar mixture of Cr,O; and Sb,O, which was
compacted into cylindrical pellets of 10 mm diameter
and 5 mm thickness in a hydraulic press at a pressure of
100 MPa. These pellets were heated in air in two steps of
873 and 1173 K, for a total period of 72 h. This process
was repeated at least twice to complete the reaction.
Formation of the inter-oxide compound was verified by
XRD within 5 mass% limit of detection of a second
phase. A 15 wt% calcia-stabilized zirconia tube (Yamori,
Japan) with one flat closed end having the dimensions
12.5 mm OD, 9.5 mm ID and 305 mm length and density

better than 98% of theoretical value was used as solid
electrolyte in a two compartment cell assembly. Its he-
lium leak rate was tested by a quadrupole mass spec-
trometer based leak detector and was found to be within
specified limits.

2.2. Procedure

2.2.1. Phase equilibrium studies

Mixtures of various phases as given in Table 1 were
made by grinding the component phases in an agate
mortar. The resulting powders were compacted into
pellets as described earlier. Those mixtures which re-
quire vacuum heat treatment were encapsulated in
evacuated silica ampoules after outgassing up to 473 K
prior to vacuum sealing. Powder mixtures stable in air
were heat treated in the ambient atmosphere. All the
heat treatments were carried out at an isothermal tem-
perature of 873 K for a total period of 600 h with at least
one intermediate grinding and recompaction followed
by air quenching. The phase identification in the equili-
brated samples was accomplished using XRD.

2.2.2. Emf studies

The two compartment cell assembly for the emf
measurements used in the study was described earlier [6—
9]. The absence of asymmetric potential was ensured by
nearly null emf (£0.5 mV) obtained over the range 700—
1200 K when the cell was heated in the isothermal zone
of the furnace with both sides air (P, = 0.21 atm)/Pt as
electrodes. The emf of the cell

Pt, air (P, = 0.21 atm) |15 CSZ| O, (1 atm), Pt

was also tested in the same temperature range and was
found to deviate by less than 1 mV from the theoretical
value. Helium gas of spectroscopy purity, dried by
passing through columns of silica gel and outgassed
molecular sieve (Linde 4A) was used as inert gas cover

Table 1
Phase equilibrium studies on the Cr—Sb-O system at 873 K
S. No. Before equilibration Condition of equilibration After equilibration phases found
Phases Cr:Sb:O
1 CT203, Sb204 2:1:5 Cl"203, CerO4
2 CI‘203, Sb204 2:4:11 CerO4, Sb204
3 Crzog, Sb204 2:2:7 CerO4
4 Cr203, Sb204 2:6:15 Vacuum? CI‘SbO4, SbgOg, Sb204
5 Cr,03, Sb,04 1:1:3 Vacuum® Cr,03, Sb,04
6 CI‘203, Sb204 2:2:7 Vacuum? CI‘Sb04, Cl‘203, Sb203
7 Cr, Sb,04 1:2:3 Vacuum® Cr,0;3, Sb,03, Sb
8 Cr, Sb,04 2:2:3 Vacuum?® Cr,0;3, Sb
9 Cr, Sb, Cr,0O; 1:1:1 Vacuum® Cr,0;3, Sb, CrSb,
10 Cr, Sb, Cr,0; 4:3:3 Vacuum? Cr,0;3, CrSb, CrSb,
11 Cr, Sb, Cr,0; 4:1:3 Vacuum? Cr,0;3, Cr, CrSb

#Static vacuum in sealed silica ampoules.
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for the test electrode. The temperature of the galvanic
cell was measured by a type S thermocouple (calibrated
against the freezing point standard of high purity metals
such as Sn, Zn, Sb and Ag). The hot junction of the
thermocouple was located near the inner closed end of
the solid electrolyte tube. The test electrode pellets were
made from an equal weight ratio mixture of CrSbO,
with two binary oxides which were found to coexist with
it, namely Cr,O3 and Sb,0s. The emf of the galvanic cell
of the following configuration were measured over the
range 770-982 K

Pt, Cr,05(s), Sby,Os(s orl), CrSbOy(s) |15 CSZ|
air (P, = 0.21 atm), Pt. 0))

The reproducibility of the emf values was tested by
thermal cycling and micropolarisation. The equilibrium
at the measuring electrode was tested by a 10% variation
in the relative ratios of coexisting phases in separate
experiments designated as B and C.

3. Results and discussions
3.1. Phase equilibrium studies

The composition of phase mixtures initially taken
and phase analyses of the same after equilibration at 873
K in the appropriate environment are listed in Table 1.
The initial compositions of the mixtures are shown in
Fig. 1 by filled circles. The analyses of equilibrated
samples facilitated the determination of tie-lines which
are also shown in Fig. 1. The absence of any other ter-
nary compound in the temperature range of present
study as well as the coexistence of CrSbO, with the

1720,

Sb

Cr CrSb Crsb,

Fig. 1. Isothermal section of the phase diagram for the system
Cr-Sb-O at 873 K.

sesquioxides of Cr and Sb facilitated the choice of co-
existing phases used in making the test electrode of the
galvanic cell.

3.2. Emf measurements

The results of the emf of cell (I) are listed in Tables 2
and 3 and are plotted in Fig. 2. Within experimental
uncertainty the emf appears to vary linearly with tem-
perature with a change of slope at 930 K. The least-
square regression analyses give

E+0.5 (mV) = 874.25 — 045952 T (K) (770-920 K),
(1)

Table 2
Emf for the cell Pt, Cr,05(s), Sb,O5(s), CrSbOy(s) | 15 CSZ | air
(Po, = 0.21 atm), Pt

S. No. T (K) E (mV) Run
1 799.5 506.9 A
2 819.7 497.7 A
3 836.1 490.1 A
4 854.2 482.3 A
5 872.1 473.7 A
6 887.6 466.9 A
7 903.0 459.1 A
8 916.1 4534 A
9 820.0 498.1 B

10 836.8 490.2 B

11 854.2 481.9 B

12 870.7 474.6 B

13 887.5 466.5 B

14 769.7 520.1 B

15 785.1 513.8 B

16 800.2 507.0 B

17 819.7 497.1 B

18 837.8 488.6 B

19 854.6 481.1 B

20 871.1 473.5 B

21 887.2 466.3 B

22 902.4 459.4 B

23 920.1 451.3 B

24 786.0 513.1 C

25 802.7 505.5 C

26 821.2 497.1 C

27 836.6 490.0 C

28 854.1 481.8 C

29 870.1 474.6 C

30 778.6 516.9 C

31 794.4 509.2 C

32 810.3 501.1 C

33 829.2 492.5 C

34 846.1 485.2 C

35 863.2 477.3 C

36 879.2 469.8 C

37 895.0 463.4 C

38 909.8 456.3 C
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Table 3
Emf result for the cell Pt, Cr,0;(s), Sb,Os5(1), CrSbOy(s) | 15
CSZ | air (Po, = 0.21 atm), Pt

S. No. T (K) E (mV) Run
1 935.8 443.6 A
2 951.2 434.0 A
3 982.3 415.8 A
4 934.8 444.2 B
5 950.7 434.0 B
6 935.8 443.3 B
7 942.5 439.7 B
8 966.5 4252 B
9 981.7 415.8 B

10 931.1 446.1 C

11 942.9 439.2 C

12 959.2 429.5 C

13 974.8 420.2 C

14 982.2 415.5 C

E+0.2 (mV) = 1003.58 — 0.59859 T (K)
(931-982 K). (2)

After correcting for the standard state of oxygen in the
reference air electrode, the standard Gibbs energy
change, AGY, for the virtual cell reaction

Cr,05(8) + Sb,05(s or 1) + O,(g) — 2CrSbO4(s) (3)

could be calculated by using the Nernst equation,
AGY = —4FE (corresponding to four faraday of elec-
tricity). The expressions so calculated from Eqs. (1) and
(2) are
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Fig. 2. Variation of the emf of the cell Pt, Cr,O5(s), Sb,O;

(s or 1), CrSbOy(s) | 15 CSZ | air (Po, = 0.21 atm), Pt with
temperature.

AGY +£0.2 (kI mol™") = —337.42 +0.17735 T (K),
(4)

AGY +0.08 (kJ mol') = —387.33 +0.23102 T (K),
(5)

valid over the ranges 770-920 and 931-982 K respec-
tively. Since

AGY = 2AG)CrSbO, — AG)Cr,05 — AGYSb,0;  (6)

the standard Gibbs energy of formation AG? (CrSbO,)
from elements can be calculated by combining Eq. (4) or
(5) with literature data on Cr,O; [10] and Sb,0O; [11]:

AG? (CrSbO,) +4.1 (kJ mol ™)
= —1074.84 4+ 0.34002 T (K) (770-920 K), (7)

AG? (CrSbO,) £ 4.0 (kJ mol ')
= —1088.32 +0.35365 T (K) (931-982 K). (8)

The uncertainty limits in the values of AG? (CrSbOy)
were assessed by combining the uncertainties in the AGY
(£0.2 or £0.1 kJ) with those for Cr,O; (7 kJ mol™!)
and Sb,0; (0.8 or 0.7 kJ mol™") obtained from lit-
erature [10,11]. Solving either pair of Egs. (1) and (2) or
(4) and (5) yielded a value of 930 K for the temperature
of fusion of Sb,05. Also, solving Eqgs. (4) and (5) directly
yielded a value of 50 kJ mol~! for the apparent enthalpy
of fusion of Sb,Os;. These values are in reasonable
agreement with 929 K and 54.8 kJ mol~! respectively
reported in the literature [12]. The agreement could be
taken as absence of significant amount of terminal sol-
ubilities of coexisting phases in Sb,O;. However, this
inference could not be taken as conclusive with reference
to terminal solubilities owing to the rather limited tem-
perature span of about 51 K above the melting point in
the present measurement.

A ‘third law’ analysis could not be carried out owing
to the absence of reliable heat capacity measurements on
CrSbO,. Hence by ‘second law’ method a value of —1075
kJ mol~! could be taken for the standard enthalpy of
formation, AHY (CrSbO,), at 845 K which is the mean
temperature of emf measurement as per Eq. (7) If
Newman-Kopp’s law could be assumed to be valid in
the absence of experimental Cg data on CrSbO, then this
value would amount to be the standard enthalpy of
formation AH,s, (CrSbO,) at the standard temperature
of 298 K. Taking into account the uncertainties in the
AH?,ys for the formation of Cr,Os(s) and SbyOs(s) the
overall scatter in AH,, (CrSbO,) was estimated to be
+15 kJ mol . '

In the absence of ‘third law’ analysis of the Gibbs
energy data it becomes necessary to assess the reliability
of slope of the emf measurements apart from the enth-
alpy and temperature of fusion of Sb,O;. An examina-
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tion of the entropy term in Eq. (4) shows that the value
of 177 J K~! mol~! for the relative partial molar entropy
for one mole of O, should be considered as quite rea-
sonable. This is in view of the fact that no significant
deviation from stoichiometry was reported in the liter-
ature for the sesquioxides of Cr and Sb as well as for the
ternary oxide and that the AGY expression correspond-
ing to the solidus range of Sb,O; alone was considered
in this context. A further evaluation of the reliability of
the slope of the emf measurement was carried out by
computing the Gibbs energy change AGy o for the for-
mation of CrSbO, from a solid-solid reaction between
the two constituent oxides Cr,O; and Sb,0s(s)

AGt.ox (CrSbO,) (kJ mol™') = —14.28 — 0.02843 T (K).

)
The value of 28 J K~! mol™" for AS{ . (CrSbO,) could
be considered as reasonably small as is to be expected of
a solid-solid reaction. This upholds the reliability of the
slope of the emf as a function of temperature in the
present study.

For a comparison of the equilibrium oxygen pres-
sures in the coexisting mixtures of significance in Cr—Sb—
O system, plots of log P, against reciprocal temperature
are given in Fig. 3. This is consistent with coexistence
of CrSbO, + Cr,O; with Sb,O3, but not with Sb,O,.

..1 — \
5 0/ Sb, 0,

@
S
o~
& 3
g s,
| )
1 N\e.
Q.
i %9
_33_
T T T T T T
8 10 12 14
4
10°T/K

Fig. 3. Variation of the logarithm of oxygen partial pressure
with reciprocal of absolute temperature for some condensed-
phase mixtures in the system Cr—Sb-O.

Nevertheless the line for equilibrium oxygen pressures
for the three phase field Cr,O;+ CrSbOy+ Sb,0;
though lower is still close to that of Sb,O3/Sb,04. It may
be noted that the log Py, corresponding to Sb,Os/Sb, 04
is represented up to 798 K which is the temperature of
dissociation of Sb,Os [13] in pure O, at 1 atm. This is
consistent with Fig. 1 valid at 873 K at which temper-
ature Sb,Os is not stable and hence not marked.

4. Conclusion

An isothermal section of Cr-Sb-O system at 873 K
was established from equilibration and phase identifi-
cation study in quenched samples by XRD analysis. The
standard Gibbs energy of formation of CrSbQO,, the only
ternary oxide present in the system, was determined in
the temperature range of 770-983 K using solid state
electrochemical technique. The break in the emf-tem-
perature plot showed good consistency with the data on
the standard enthalpy of fusion of Sb,0;.

Acknowledgements

The authors are deeply indebted to Dr V.S. Raghu-
nathan, Associate Director, Materials Characterisation
Group, Dr Baldev Raj, Director, Metallurgy and Ma-
terials Group, and Dr P. Rodriguez, Director, IGCAR,
for their keen interest and constant encouragement
throughout the course of this work. The authors are
grateful to Dr R. Pankajavalli, Thermodynamics and
Kinetics Division, for her assistance in the initial part of
this work. The authors express their sincere thanks
to Professor K.T. Jacob, Department of Metallurgy,
Indian Institute of Science, Bangalore, for his useful
suggestion and for arranging some of the XRD analysis
at Indian Institute of Science.

References

[1] K. Swaminathan, A.M. Azad, O.M. Sreedharan, A.S.
Dixit, Met. Mater. Proc. 1 (1989) 207.

[2] H. Kleykamp, J. Nucl. Mater. 131 (1985) 221.

[3] T.B. Massalski, H. Okamoto, P.R. Subramanian, L.
Kacprzak (Eds.), Binary Alloy Phase Diagrams, 2nd ed.,
ASM International, Metals Park, OH, 1990.

[4] J. Amador, I. Rasines, J. Appl. Crystallogr. 14 (1981) 348.

[5] P.V. Mohan Rao, V.B. Sastry, K.S. Murthy, J. Mater. Sci.
Lett. 6 (1987) 541.

[6] C. Mallika, O.M. Sreedharan, J. Chem. Thermodyn. 18
(1986) 727.

[7] O.M. Sreedharan, M.S. Chandrasekharaiah, M.D. Kark-
hanavala, High Temp. Sci. 9 (1977) 109.

[8] O.M. Sreedharan, E. Athiappan, R. Pankajavalli, J.B.
Gnanamoorthy, J. Less-Common Met. 68 (1979) 143.



230

[9] R. Pankajavalli, O.M. Sreedharan, E. Athiappan, J.B.
Gnanamoorthy, J. Electrochem. Soc. India 30 (1981) 224.

[10] M.W. Chase Jr., C.A. Davies, J.R. Drowney Jr., D.J.
Frurip, R.A. McDonald, A.N. Syverud (Eds.), JANAF
Thermochemical Tables, 3rd ed., The American Chemical
Society and the American Institute of Physics for the
National Bureau of Standards, New York, 1985.

K. Swaminathan, O.M. Sreedharan | Journal of Nuclear Materials 275 (1999) 225-230

[11] A.M. Azad, R. Pankajavalli, O.M. Sreedharan, J. Chem.
Thermodyn. 18 (1986) 255.

[12] O. Kubaschewski, C.B. Alcock (Eds.), Metallurgical Ther-
mochemistry, 5th ed., Pergamon, Oxford, 1983.

[13] O. Knacke, O. Kubaschewski, K. Hesselmann (Eds.),
Thermochemical Properties of Inorganic Substances, 2nd
ed., Springer, Berlin, 1991.



