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SYNOPSIS

Liquid lead and lead-bismuth eutectic (LBE) alloy are considered as candidate
coolants for the fourth generation nuclear reactors and both a spallation neutron target
as well as coolant in accelerator driven systems (ADS) because of their favorable
thermal, physical and chemical properties [1]. These properties include high boiling
and low melting temperatures, high thermal conductivity, low viscosity, low neutron
capture cross section and moderation, and high spallation neutron yield. On the basis
of their low chemical reactivity with water and air compared to those of liquid
sodium, they are also considered as a secondary circuit coolant to be used in the fast
breeder reactors (FBRs). However, chemical interaction of these liquid metals with
structural steels is a critical issue. They are highly corrosive to steels because of the
relatively high solubility of alloying components of steels in them [2]. Past work has
shown the unsuitability of austenitic stainless steels containing nickel owing to high
solubility of nickel. Attempts have been made to minimize the corrosion by adopting
different approaches: (i) using ferritic steels containing optimum amounts of Cr, Mo,
Si, C and N, (ii) surface alloying of steel with Si and Al [3, 4], (iii) by adding
corrosion inhibitors such as Ti and Zr to the liquid alloys which leads to the formation
of passive nitride and carbide layers on the surface of the steels [5, 6]. Current
approach in different laboratories for the reduction of this corrosion focuses on insitu
formation of a passive oxide layer on the steel surface by control of dissolved oxygen
concentration in the liquid metal. It has been observed that when the dissolved
oxygen concentration is below 107 at% in the coolant, the corrosion is mainly
determined by the solubility of the alloying components of steel in the liquid metal.

The corrosion rate has been observed to decrease significantly with increase in
XVi



oxygen content and it reached a minimum when the oxygen concentration range was
107 at% by forming a protective oxide film on the steel surface [7]. Further increase
in oxygen concentration led to enhancement of the corrosion rate, indicating

instability of the protective oxide film at higher oxygen levels.

To understand the composition and thermochemical stability of the protective
oxide film formed over the structural steels, a detailed knowledge on the phase diagrams
of Pb-M-O and Bi-M-O systems (M= alloying components of steels) as well as the
thermochemical data on ternary oxygen compounds formed in these systems are
essential. Iron and chromium being the major alloying elements of candidate structural
steels, a detailed study on Pb-M-O and Bi-M-O (M= Fe, Cr) systems are required. Sulata
et al. [8-13] studied Pb-Fe-O and Pb-Cr-O systems and reported the thermochemical
properties of the ternary compounds present in these systems. In the present thesis work,

studies on Bi-Fe-O and Bi-Cr-O systems have been carried out.
The objectives set for the present thesis work are
1) Determination of ternary phase diagrams of Bi-Fe-O and Bi-Cr-O systems.

2) Measurement of thermochemical data viz., Gibbs energy of formation,
enthalpy of formation and the heat capacity of the ternary compounds in these

systems which are stable in liquid bismuth.
2. Organization of the thesis

The thesis is divided into six chapters. Chapter 1 contains the introduction to
the present work. Experimental methods and techniques used in the present study are
described in Chapter 2. Chapter 3 describes studies carried out on Bi-Fe-O ternary

system and Chapter 4 describes the studies conducted on Bi-Cr-O ternary system.
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Chapter 5 provides the summary of the results and conclusions drawn from the

present work and Chapter 6 recommends the investigations to be carried out in future.

Chapter 1

In this chapter, physical and chemical properties of various reactor coolants
are compared and factors leading to the choice of heavy liquid metals as coolants for
a nuclear reactor are briefly discussed. Characteristics of liquid Pb and LBE alloy
favoring their choice as coolant cum spallation target in ADS and also as a secondary
circuit coolant in fast breeder reactors are presented and compared with other
coolants. The compatibility problems of LBE with the structural steel are then
summarized in light of the solubility of alloying elements of steels in LBE. Different
approaches adopted to minimize this corrosion are then discussed which include: 1)
development of new structural steel material which is compatible with LBE and 2)
forming protective coatings over the steel surface by adding inhibitors or by
controlling the oxygen concentration in the coolant so as to form a passive oxide
layer. In the first approach, addition of different elements such as Cr, Mo, Si, C, N, Ti
and V in optimum concentrations to ferritic steels is recommended as a solution to
minimize corrosion. Surface alloying of steels with Si and Al is also discussed in the
view of reducing corrosion. In the second approach, various methods adopted to form
protective coatings over the steel surface such as adding inhibitors, predeposition of
protective ceramic coatings etc. are discussed. The disadvantages of these coatings
are then described and the formation of a protective oxide layer by maintaining
optimum oxygen concentration in the coolant is described as the current approach.

The thermodynamic basis of the role of dissolved oxygen in imparting corrosion

xviii



resistance and thereby the need of the present study on the phase diagrams of Bi-M-O

(M: Fe, Cr) systems is brought out.

Chapter 2

This chapter describes the experimental techniques and methods used in the
preparation and characterization of compounds in Bi-Fe-O and Bi-Cr-O systems and
in the measurement of their thermochemical data. Experimental procedures adopted
for equilibration to establish phase diagrams, construction and operation of emf cells,
calorimetry etc. are described. Theoretical details of the oxide-solid electrolytes and
their application are also discussed. Salient features of X-ray diffraction (XRD),
thermogravimetry and differential thermal analysis (TG/DTA), differential scanning
calorimetry, scanning electron microscopy and transmission electron microscopy and

their application in the present work are also briefly described in this chapter.

Chapter 3

In this chapter, a detailed review of the available literature data in Bi-Fe-O
system is presented first and the need for a comprehensive work on this system is
discussed. The details of the experiments carried out in this work on Bi-Fe-O system
and the phase diagram deduced from the results and the relevant thermochemical data

are then described in this chapter.

The literature indicates that only three ternary compounds exist in the Bi2Os-
Fe,0s system viz, BixFe4Oo, BiFeOs and BixsFeOs9. All these compounds decompose
peritectically but there is disagreement in the measured values of the peritectic

decomposition temperatures cited in the literature. No studies have so far been
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reported in the literature on the ternary phase diagram of Bi-Fe-O system. The

thermochemical data on these ternary compounds are also limited.

Ternary compounds of this system were prepared by the solid-state reaction of
B1;03 and Fe>Os in air as well as by co-precipitating the hydroxides followed by
heating them in air at appropriate temperatures for prolonged periods. The products
were characterized by XRD. It is to be pointed out that the preparation of BiFeO3
always resulted in a mixture of BiFeO3; (major phase) and BixsFeOs9 (minor phase).
Phase fields in this system were identified by equilibrating mixtures made out of
different ternary and binary oxides of this system in sealed ampoules at elevated
temperatures for prolonged periods. The resultant products were identified by XRD.
Based on the results of these experiments, the following phase fields have been

identified in the composition region bound by Bi, Fe and Bi>2Fe4Oo:

Temperature range 773 to 853 K: (1) Bi-Fe-Fe304, (2) Bi-Fe;0s-Fe O3, (3) Bi-Fe Os-
BixFesO9

Temperature range 853 to 1023 K: (1) Bi-Fe-FeO, (2) Bi-FeO-Fe304, (3) Bi-FezO4-
Fe»0s, (4) Bi-Fex03-BixFesOo

Experiments were also carried out to establish the phase fields in the
composition region bound by Bi, Bi2FesO9 and Bi2Os. Results of these equilibrations
clearly showed the existence of the phase field, Bi-BixsFeOs9-Bi2O3 in the
temperature range 773 to 1023 K. Experiments were carried out to determine the
temperature range over which BiFeOs is stable by equilibrating BiFeOs; at different
temperatures and by equilibrating phase mixtures of Bi, BizFesO9, BiFeOs and Bi,
BiFeOs, Bi2sFeOso in liquid Bi. The results of these experiments showed that BiFeO3

is metastable at low temperatures and becomes thermodynamically stable only around
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940 K. Since the temperature above which BiFeO3 becomes thermodynamically
stable could not be established, the exact temperature at which the two phase fields
that contain BiFeOs as a coexisting phase appear could not be ascertained. Hence, the
phase fields that exist in the composition region bound by Bi, BixFesO9 and Bi,O3
could not be established. Based on these results, the partial phase diagram of Bi-Fe-O
system, in the temperature range of 773 to 1023 K has been constructed. Standard
molar Gibbs energy of formation of the Bi2Fe4O9 was determined by measuring the
equilibrium oxygen partial pressures over the relevant phase fields by using a solid
oxide electrolyte based emf cell. The following galvanic cell was constructed and

used for determination of the Gibbs energy of formation BixFe4Oo:

(-)W, Bi, Fe;03, BixFe4O9 [YSZ| (02, 1atm), Pt (+) (I
Based on the data obtained from this emf cell, standard molar Gibbs energy of

formation of Bi2Fe4O9 was deduced and is given by eqn. (1):

ArG, <BirFesOo> £ 0.6 kI =-2196.2 + 0.7679 (T / K) (T:799-1023 K) (1)

Heat capacities of BixsFeO39 and Bi2FesO9 were measured by using differential
scanning calorimetry. The temperature dependence of their heat capacities was found

to be:

C,<BixsFeOs9> (J K mol) + 49.9 = 1529.9 + 200.6 x 10 T —21.6 x 106 T
(T / K: 308-818) (2)

C,<BiFes00> (J K mol ™) 11 =395.5-23.0x 10° T - 7.6 x 10° T
(T /K: 313-773) (3)
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Molar heat capacities of these compounds have also been estimated using the
Neumann-Kopp rule (NKR) and the deviation in the measured C ,values from the

estimated values is also discussed.

The standard molar enthalpies of formation, Afon(298.15 K) of BizsFeOs9 (s)

and BixFe4Oy (s) were also determined using an isoperibol acid solution calorimeter.
The enthalpies of solution of the pure compounds, viz., Bi2sFeOs39 (s) and BixFe4O9
(s) as well as the starting materials viz., BO3 and Fe>Os in HCI (8.38 mol kg™') at
298.15 K were measured. By using the values of the standard molar enthalpies of
formation of Bi20O3 (s) and Fe;Os (s) from the literature [14], the standard molar
enthalpies of formation of BixsFeOs9 (s) and BixFesOy (s) were determined as =7540.7
+256.7 kI mol™ and -2170.8 + 28.6 kJ mol™!, respectively. The internal consistency of

the experimentally determined thermochemical properties of BixFesOo, viz. Gibbs

energy, enthalpy of formation and heat capacity, has also been evaluated.
Chapter 4

A detailed review of the data reported in the literature on Bi-Cr-O system is
presented first and the need for a comprehensive work on this system is then
discussed. The experiments carried out to deduce the phase diagram and to measure
the thermo-chemical properties of the ternary oxides of this system are then

described.

Nine ternary compounds have been reported so far in the Bi-Cr-O system.
Among these eight of them lie on the Bi2O3-CrO3 pseudo binary line, viz. BizsCrOso,

Bi14CrOa4, BisgCrO1s, Bi31CrsOe1.5, Bi10Cr2021, BigCr2015, Bi2CrOs, and Bi2CrsO15 and
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one lies on the Bi03-Cr203 pseudo-binary line, viz. BiCrOs. The compound, BiCrO3

has been reported to be stable only under high pressure.

Ternary compounds of this system were prepared by the solid-state reaction of
Bi,03 and Cr,O3. These compounds were characterized by XRD. Phase fields in this
system were identified by equilibrating mixtures made out of ternary and binary oxides in
different ratios, held in sealed ampoules at elevated temperatures for prolonged periods.
The resulting products were also identified by XRD. These data show the existence of
only six compounds at 1023 K, namely Bi3sCrOgo, B114CrO24, B131Cr5061.5, B110Cr2021,
BisCr2015 and BixCrOs and only four compounds at 773 K, namely BizgCrOep,
Bi14CrO24, Bi31CrsO615 and BisCr2015 on the Bi2O3-CrOs pseudo-binary. Preparation of
Bi3sCrOso and equilibration studies show that the Bi to Cr ratio in BizgCrOgo is not
exactly 38 and it might be less than that, but in the present work, the composition of this
compound is assumed to be ‘BissCrOgo’. The existence of a new compound with the
composition, BixCrigOso falling on the line connecting Bi>O3 and Cr,O3 at 1023 K was
also identified. This compound has been characterized by XRD, SEM and TEM.
Structural analysis of this phase by TEM indicated that Cr could exist in different
oxidation states in this phase and hence the latter might exhibit oxygen nonstoichiometry.
In the absence of quantitative data in support of this phenomenon, the composition of the
new phase was also assumed to be ‘BixCrisOso’. Based on the results of all these
equilibration studies, presence of the following phase fields and lines connecting the
phases could be identified at 773 K: 1) Bi-Cr-Cr203, 2) Bi-Bi203-Cr203, 3) BiOs-
‘BizgCrOs0’-Cr203, 4)  ‘BizgCrOe0’-Cr203-Bi1aCrO2, 5) ‘BizgCrOgo’-Cr203, 6)
Bi31Cr5061.5-Cr203, 7) BigCr2015-Cr203. The phase fields and lines identified at 1023 K
are 1) Bi-Cr-Cr20;, 2) Bi-‘BinCrigO0e60’-Cr203, 3) Bi-‘BixoCrisOso’-‘BissCrOeo’, 4)

xxiii



‘Bi3sCrOe0’- ‘Bin2Crig060’-Cr203,  5) ‘BisgCrOso’-Bi1aCrO2-Cr203, 6) Biz1CrsOe 5-
Bi10Cr2021-Cr203, 7) BijoCr2021-Cr203-BisCr2015, 8) Bi1sCrO24-Cr203, 9) Biz1CrsOe 5-
Cr203, 10) BijoCr2021-Cr203. Using these data, the partial phase diagram of the Bi-Cr-O

system has been constructed.

Equilibrium oxygen potentials in the Bi-Cr203-Bi22Cr1s0¢0 phase field were
measured by employing the following emf cell based on solid oxide electrolyte in the

temperature range 929 to 1025 K:

(-)W, Bi, Cr203, Bi22Cri8060 [YSZ| (O2, 1atm), Pt (+) (I1)

From the measured oxygen potentials, the Gibbs energy of formation of

‘Bi22Cr18060° and ‘Bi3gCrOgo’ could be deduced.

Chapter 5

Summary and conclusions deduced from the present work are given in this

chapter.

Bi-Fe-O ternary phase diagram shows that on increasing the dissolved oxygen
concentration in liquid bismuth in equilibrium with iron metal, iron oxides would
precipitate first as the coexisting phases. With further increase in oxygen
concentration, BixFe4O9 would appear as the first ternary compound stable in liquid

bismuth.

The phase diagram of Bi-Cr-O system at 773 K shows that on increasing the
dissolved oxygen concentration in liquid bismuth in equilibrium with chromium,
Cr203 would precipitate first as the coexisting phase. With further increase in the
oxygen concentration, Bi would co-exist with Cr.O; and Bi2O3. No ternary

compounds would be stable in liquid Bi at 773 K. At 1023 K, on increasing the
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dissolved oxygen concentration in bismuth which is in equilibrium with chromium
metal the first phase which would appear would be Cr.O3. With further increase in
oxygen concentration, Bi2xCrigsOgo would appear as the ternary compound that would
be stable in liquid bismuth. When the oxygen concentration is further increased,
Bi3gCrOso would appear (when Bi/Cr >1, in the system). Further increase in dissolved
oxygen would lead to the disappearance of ‘Bi»CrisOso’ and the appearance of

Bi;0:s.

Based on the thermochemical data on Bi-M-O (M: Fe, Cr) systems obtained
from the present work and the data reported in the literature on Pb-M-O (M: Fe, Cr)
systems [8-13], the nature of the passive oxide layer that would be formed over the

ferritic structural steel in LBE systems is discussed.
Chapter 6
In this Chapter, scope for the future studies is discussed.

In Bi-Fe-O ternary system, Gibbs energies of formation of BiFeOs; and
BixsFeOs39 need to be determined. In Bi-Cr-O system, Gibbs energies of formation of
the ternary compounds, namely Bi14CrOas, BiziCrsOsis, BiioCr2021, BisCr2Oss,

B1;CrOeg, their enthalpies of formation and heat capacities need to be measured.

Mo containing steels such as 9Cr-1Mo steel are being considered as the
structural material for LBE. Similarly, steels surface alloyed with Si and Al is also
found to be promising candidates as structural material [3, 4]. Hence, the studies on
A—Mo-0O, A-Si-O and A-AI-O systems (where A = Pb, Bi) are suggested for future

investigations.
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Chapter 1

INTRODUCTION

1.1 Heavy liquid metal coolants

Coolants with high heat capacities and thermal conductivities are required for
heat removal in high energy density systems such as Fast Breeder Reactors (FBRs).
Liquid metals with high heat transfer coefficients are promising candidates for these
applications. These candidates are characterized by low melting point, high boiling
point, high thermal conductivity, low vapour pressure, high radiation and thermal
stability, low neutron absorption cross section, etc. The liquid metal coolant which
has been extensively studied and used for this application is sodium. It possesses
superior physical properties, compatible with the structural materials compared to
other liquid metals and is less expensive. In current generation of fast breeder
reactors, liquid sodium is the coolant used in the primary and secondary coolant
circuits. Heat from sodium of the secondary circuit is used to generate high pressure
steam at the steam generator to run the turbine and produce electrical energy. In case
of a material failure at the steam generator, high-pressure and high temperature steam
can leak into sodium in the secondary circuit and result in violent sodium-water
chemical reaction. Due to the corrosive nature of NaOH formed, the leak can
propagate leading to shut down of the reactor which is expensive. Though innovative
steam generator designs and sensitive steam leak detection techniques are being
evolved, alternate coolants such as lead and lead - bismuth eutectic (LBE), which are
chemically less reactive towards water / steam and air, are being considered for their

use in the secondary circuit of the fast reactor [1]. Thermophysical properties of Na,



Pb and LBE are compared with those of water in Table 1.1 [2, 3]. Selected properties
are compared at 773 K, typical operating temperature of fast reactor. Pb and LBE
have been considered as possible alternative coolants at least at the steam generator of
the FBRs. LBE had been successfully used as a coolant in submarine nuclear reactors

in Russia since 1950’s [4].

Table 1.1 Thermophysical properties of liquid metal coolants compared with
water [2, 3]

Provert Coolant
perty Sodium Pb LBE H,0
Melting Point (K) 371 600.6 398 273
Boiling Point (K) 1155 2021 1927 373
Density (kg m?) at 773 K 832 10452 10066 990 (at 323 K)
Thermal conductivity (W K' m™)
140 17.70 14.41 0.67 (at 323 K)

at773 K

Specific heat (J kg K™')at 773K | 1264 144.82 | 141.05 | 1.339 (at323K)

Vapour pressure (Pa) at 773 K 5.51x10% | 2.12x10° | 2.61x10° | 101325 Pa (at 373 K)

Viscosity (Pa s) at 773 K 2.36x10* | 1.81x107 | 1.31x107 | 0.89 (at 298K)

Surface tension (N m") at 773 K 0.1563 0.4386 0.3867 71.99 (at 298K)

Recently, LBE gained renewed interest as a coolant and spallation target in
Accelerator Driven Systems (ADS). ADS have been attracting worldwide attention
because of their potential to burn long lived radioisotopes present in nuclear waste
with simultaneous energy production [5-7]. Minor actinides (Np, Am and Cm) are
generated in the nuclear reactors by neutron absorption processes and form a
significant part of the nuclear waste. Because of their long half lives, these minor
actinides pose major problem for their safe disposal. By using them along with U, Pu
and Th as fuels, they can be incinerated in ADS to produce short lived radioactive or

inactive products while generating energy.



The schematics of an ADS system is shown in Fig. 1.1 [8]. ADS consists of three
main parts, namely, (i) an accelerator for producing high energy protons, (ii) a spallation
target and (iii) a sub critical core where fission reaction takes place and produces thermal
energy. High energy protons are generated in the accelerator and injected onto the heavy
metal target viz., Pb or LBE. These heavy metal atoms undergo spallation producing 15
to 20 high energy neutrons per spallation event. These high energy neutrons enter the
sub-critical core containing (U, Pu) based fuel with minor actinides resulting in their

transmutation to produce stable nucleide or those with low half lives.

Heat
exchanger

i

Linear accelerator Water

Air

Core

Aircooler
| |® ; Fan

LBE coolant

® Proton
@ Targel

Neutron

Fig. 1.1 Schematics of Accelerator Driven System [8]

1.2 Phase diagram of lead-bismuth system and lead bismuth eutectic

alloy
The phase diagram of Pb-Bi binary system is shown in Fig. 1.2 [9]. Lead melts
at 600.5 K while bismuth melts at 544.4 K. The maximum terminal solid solubility of
Bi in Pb is 22 at% (at 460 K) whereas corresponding value of Pb in Bi is estimated to
be ~ 0.5 at%. This system has no intermetallic compound with a definite composition.
When solid Pb is saturated with Bi, ¢ phase having a wide non-stoichiometry

precipitates and this phase is stable above 227 K. Bismuth content of this € phase is ~



27.5 at% at 227 K which increases to 40 at% at 398.5 K. It decomposes peritectically
at 460 K. Above the melting point of lead, both metals are mutually soluble at all
compositions. They form a eutectic with 55 at% Bi at 398.5 K. They have low vapour

pressures which can be represented by the following expressions [10]:

ForPb  log (P/Pa) = 9.7656-9544.8/T (T: 820-1250K)  (1.1)

ForBi log (P/Pa)=10.2523-9572.1/T (T: 790-1350 K) (1.2
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Fig. 1.2 Binary phase diagram of Pb-Bi system [9]

1.3 LBE — Compatibility problems with structural steel

Solubility of major alloying elements of steel, viz., Fe, Cr and Ni in Pb, Bi and
LBE are shown in Table 1.2 and in Fig. 1.3 [9, 11-15]. Of all the components of
steels, nickel has very high solubility in Pb, Bi and LBE. The solubility of iron and

4



chromium are approximately 2 to 3 orders lower than that of Ni. This high solubility
leads to the selective depletion of nickel when nickel containing steels are used as
structural material. Ni stabilizes the austenitic phase in 18-8 type stainless steels and
the selective removal of Ni would lead to the transformation of austenitic phase to
ferritic phase on the surface. If high Ni-Cr-Fe super alloys are used, the selective
dissolution of Ni would result in relative increase in chromium content in the surface
leading to precipitation of the brittle sigma phase. These phenomena would affect
their mechanical properties including their capability to withstand thermal cycles. As
solubility is temperature dependent, material will be transported from high
temperature regions where the solubility is high to low temperature regions. This
would be of serious concern at the heat exchangers and steam generators which are
thin walled and are subjected to high temperature gradients. Precipitation at low
temperature sections could lead to clogging of piping and also reduce the heat transfer
characteristics. Relatively high solubility in liquid metals coupled with high flow
velocities (5-10 m s™) over long periods of time can lead to heavy corrosion and mass

transfer phenomenon.



Table 1.2 Solubility of major alloying elements of steel in Pb, Bi and LBE

[9, 11-15]
Metal log(at%) in Pb log(at%) in Bi log(at%) in LBE
Fe 1.68 - 3006/T [9]° 2.75 - 3980/T [9] 0.5719-4398.6 / T [15]
(T: 800-1300 K) (T:973-1173 K) (T:399-1173 K)
Cr 4.30 - 6720/T [11] 2.94 -3610/T [13] -0.2757 -3056.1 / T [15]
(T: 1173-1473 K) (T: 658-901 K) (T:399-1173 K)
Ni 2.89 —2189/T [12] 1.06 - 618/T [14] 2.8717-29329/T
(T: 773-1073 K) (T: 755-1283 K) (T: 528-742 K)
0.2871 -1006.3/T
(T: 742-1173 K) [15]

4 Using the data from figure given in the reference.
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Fig.1.3 Solubility of major alloying elements of steels in Pb, Bi and LBE [9, 11-15].
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1.4 Strategies to mitigate corrosion in lead and LBE systems

Corrosion of structural steel in a circuit using Pb or LBE can be minimized by one of

the following methods:

1) Developing and using new structural steel materials which are compatible

with LBE

2) Forming protective coatings over the steel surface by adding inhibitors or by

controlling oxygen in the coolant so as to form a passive oxide layer

1.4.1 Development of new structural steels for use in heavy liquid

metal coolant systems

Because of high solubility of Ni in LBE, nickel free ferritic steels with
appropriate concentrations of Cr, Mo, Si, etc are examined as potential candidates for
LBE service. Cygan [16, 17] tested compatibility of several steel alloys with LBE and
found the low-carbon steels to be useful container material for temperatures up to
~723 K. In the 1960s, Romano et al. [18] investigated materials for loops containing
liquid Pb and LBE, and operating at temperatures up to 923 K. According to these
authors, Croloy 1-1/4 (Fe-0.15C-1.25Cr-0.5Mo) showed no signs of corrosion in the
temperature range of 573 to 773 K and up to 10000 h. Studies have shown that
addition of Si, Ti, Mo and V to stainless steel could improve its corrosion resistance.
Addition of these metals to the bulk of stainless steel can affect the mechanical
properties of stainless steel. For example, Si addition is known to improve the
corrosion resistance of stainless steel but addition of 1.5 to 2 wt% Si led to
embrittlement and decreased its resistance to radiation damage [19]. Surface alloying
of these stainless steels is considered as a better option to improve their corrosion

resistance without affecting their mechanical properties. Ruiguo et al. [20] added Si
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(11 wt%) to the surface of 304 stainless steel by laser melting to modify the corrosion
and wear resistance. The authors found the surface alloyed steel had better corrosion
resistance than 304 stainless steel. Abraham et al. [21] studied the behavior of two
iron based alloys, namely AISI S-5 containing 2 wt% Si mild steel and HT-9 steel in
molten lead-bismuth under a temperature gradient (823 to ~ 623-698 K) for 4500 h.
The test showed that the AISI S-5 alloy was attacked by the molten lead-bismuth
while HT-9 steel was not attacked. The latter was protected by a stable adherent
FeCr2O4 - type spinel layer showing its suitability for structural material for LBE
systems. A recent review by Park et al [22] on potential structural materials for LBE
suggests three candidates: 1) Croloy 2-1/4 steel (Fe-2.25Cr-1Mo), i) modified 9Cr-
1Mo steel (Fe-0.1C-9Cr-1Mo-0.5Mn-0.4Si-0.2V-0.08Nb-<0.2N1) and iii) HT-9 steel
(Fe-12Cr-1Mo-0.2C-0.4Si-0.5Ni-0.5Mn-0.3V-0.5W-0.02P-0.01S) on the basis of
material compatibility and proton irradiation tests. According to these authors, these
materials may be used only if LBE is completely deoxidized and treated with Zr or
Mg inhibitors (discussed in the next section). Long term corrosion studies with these

steels are being carried out in different laboratories in the world.
1.4.2 Formation of protective coatings on the steel surface

Inhibitors such as Zr or Ti are very effective in reducing the corrosion of steel
by forming carbide or nitride films on the steel surface. When these inhibitors are
added to the liquid metal, they react with nitrogen and carbon present in the steel to
form inert and adherent layers of ZrN, TiN, or TiN + TiC [23, 24]. These insoluble
films formed on the steel surface change the rate determining step of corrosion of the
structural steel from liquid phase diffusion of dissolving atoms to the diffusion of
dissolving atoms through the protective film. However, it is difficult to maintain the
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integrity of these films on the surfaces since scrape and cuts take place during
handling and installation. Since these coatings have no self healing ability, a fracture
or spallation of the coating would lead to direct dissolution attack of the uncovered
part of the steel by lead or LBE. The films can further lift, spall and flake during
operation due to factors like differential thermal expansion [25]. Hence, inhibitors
must remain in the coolant to ensure restoration of the film in the spalled areas. On
the other hand, if the inhibitors are used in ADS, the products formed during the
spallation reaction may react with the inhibitors in the coolant and lead to formation
of undesirable products. Pre-deposition of protective ceramic coatings over the
structural steels also helps in reducing corrosion. Coating of structural materials for
LBE service with nitride or alumina films were reported in the literature [25].
However, providing a uniform coating on the surfaces of complex components is a

challenging task.

The other way to reduce corrosion is by the in situ formation of a protective
oxide layer over the structural steels by controlling the oxygen concentration in the
liquid metal coolant [25]. Gorynin et al. [19] studied the corrosion behavior of two
different austenitic steels namely, 15Cr-11Ni-3Si-MoNb and 16Cr-11Ni-3Mo in a
loop with liquid lead at 823 K as a function of oxygen concentration. Corrosion rates
observed after 3000 h are shown in Fig. 1.4. At oxygen concentration below ~1077
at% in lead, corrosion rate is determined by the solubility of the alloying components
in liquid lead. The corrosion rate decreases steeply with increasing oxygen content.
Above ~10° at% of oxygen concentration, an oxide layer is formed on the steel
surface and this protects the steel from dissolution of its alloying components. Further

increase of oxygen concentration leads to the formation of lead oxide or a ternary



oxide depending on temperature. Gorynin et al. [19] studied the composition of the
passive oxide layer formed over steels using X-ray diffraction (XRD) and
microscopic spectral analysis and found that the external layer is made of Fe;O4 and
the internal layer contains a mixed oxide FeO.SiO; and (Fe, Cr);O4. According to
them, for long term operations, Si steels with proper oxygen concentration in the
coolant is required. They suggested a new austenitic steel with composition, 15Cr-
11Ni-3Si-MoTi for the shell and internal structures and a martensitic steel of

composition, 9Cr-1.5Ni-1.5S1-MoV for the piping system of the steam generator.
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Fig. 1.4 Corrosion behavior of steels in flowing liquid lead after 3000 h at 823 K [19]

The type of protective oxide layer formed in the case of surface alloyed steel
and steels without surface alloying are found to be different. Surface alloyed steels,
develop an oxide layer of the surface alloying element on its surface and which will
act as the protective oxide layer. Muller et al. [26] alloyed Al onto the surface of steel
by pulsed intense electron beams and found the formation of a stable alumina surface

film under low levels of oxygen in liquid lead. Weisenburger et al. [27] studied the
10



creep behavior of unmodified and Al- surface alloyed T-91 steel in LBE and found
that surface alloying of steel with Al is a promising option to reduce corrosion. They
observed that the alumina film formed on the surface of steel is very effective in
preventing the dissolution of alloying components without influencing the mechanical

properties of the base material.

Rivai et al. [28] carried out corrosion tests of several types of materials such as
Al - Fe coated steels, high chromium steels, refractory metals and ceramics in LBE
and liquid lead at 973 K. Oxygen concentrations in LBE and lead were 5x10° and
4.5x107 wt%, respectively. They found that a thin and stable oxide layer was formed
over the Al-Fe coated steel and protected it from the attack by LBE and lead. High
chromium steels were incompatible with lead alloys at 973 K. On the other hand,
refractory metals such as molybdenum and tungsten, and ceramics such as SiC and
T13S1C, exhibited high corrosion resistance to liquid lead at 973 K. Short et al. [29]
studied the corrosion behavior of F-91 and Fe-12Cr-2Si in static LBE at low (873 to
888 K) and high (973 to 988 K) temperatures while the oxygen potentials in LBE
were maintained below as well as above those required for the formation of iron
oxides. They observed that Fe-12Cr-2Si formed a protective oxide layer containing
Cr, Si and Fe at both oxygen potentials. They also observed that F-91 steel underwent
continuous internal oxidation and selective liquid metal dissolution of chromium at
high and low oxygen potentials. Recently, Roy et al [30] studied the oxidation
behavior of various austenitic stainless steels and Ni rich alloys in static LBE at 793
K with dissolved oxygen content maintained between 10° and 5x10* wt%. Their
studies showed that Si and Al rich austenitic stainless steels exhibited improved

corrosion resistance by forming adherent spinel oxide layer if the dissolved oxygen
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concentration in LBE is sufficient for its formation. The results also showed that
18Cr-15Ni-3.7Si, 21Cr-11Ni-1.6Si and 14Cr-25Ni-3.5A1 steels to be promising

candidate materials.

1.5 Thermodynamic basis of the role of oxygen in mitigation of

corrosion

Formation of the protective oxide layer over the structural steels and its stability
are determined by thermochemical characteristics of the oxide formed. Fig. 1.5 shows
the Ellingham plot for oxides of steel components along with those for ALOs, SiO»,
PbO and Bi;0s. It can be seen from the plot that the oxides of steel components and
oxides of Al and Si are more stable than the oxides of lead and bismuth. Hence, at
oxygen potentials lower than that required to form PbO and Bi>Os in the liquid metal
coolant, either the oxides of the alloying elements of the steel or the ternary oxides of
Pb-M-O or Bi-M-O systems (where M = alloying elements in steels) could be formed
at the steel-liquid metal interface. In the case of steels which were surface alloyed with
aluminium, the protective oxide formed would be Al,Os. Surface alloying with Si,
leads to the formation of SiO; layer on the surface of the steel. In the case of steels
which are not surface alloyed, the protective oxide formed would be either the oxides
of the alloying elements of the steel or the ternary oxides of Pb-M-O or Bi-M-O
systems (where M = alloying elements in steels). The nature and extent of formation of
the oxide layer on structural steels would depend on the thermochemistry of oxygen in
the coolant interface. The thermophysical and chemical properties viz., diffusivity,
activity and solubility of oxygen in Pb and LBE have been determined by Ganesan et al
[31] and the corresponding expressions are given in Tables 1.3 to 1.5. From the data on

solubility and Gibbs energy of formation of PbO and Bi>Os, the oxygen potentials in

12



the liquid metal at different oxygen levels can be calculated. The oxide film formed
above a threshold value of oxygen potential in liquid metal effectively separates the
steel surface from the liquid metal. Direct dissolution of the components of steel is
significantly reduced since the diffusion coefficients of the alloying components of

steel through this oxide layer are generally very low.
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Fig. 1.5 Oxygen potentials of various metal/metal oxide equilibria
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Table 1.3 Diffusivity of oxygen [31]

Diffusivity of oxygen Temperature range
Pb:  log (ng/ cm’ s'l) =.2.554-2384/T (T: 818-1061 K)
LBE: log (DS / em’s™)=-0.813-3612/T (T: 811-980 K)

Table 1.4 Standard Gibbs energy of dissolution of oxygen [31]

Standard Gibbs energy of dissolution of oxygen Temperature range
Pb: Gy =-121349+16.906T J (g atom)” (T: 815-1090 K)
LBE: Gy yp = -127389+27.938T J (g atom)™ (T: 812-1012 K)

Table 1.5 Solubility of oxygen [31]

Solubility of oxygen Temperature range
Pb:  log (S/at% O)=-5100/T + 4.32 (T: 815-1090 K)
LBE: log (S/at% O)=-4287/T+ 3.53 (T: 812-1012 K)

To understand the formation and stability of the passive oxide layer on the
steel surfaces, a detailed study on the interaction of Pb and Bi with the structural
components of steel in the presence of oxygen is required. This in turn requires a
complete knowledge of phase diagrams of Pb-M-O and Bi-M-O (where M = alloying
components of steel) systems and the thermochemical data of the relevant ternary
oxygen compounds of these systems. As seen earlier, because of the high solubility of
Ni in lead and LBE, nickel free ferritic steels with proper concentrations of Mo, Mn,
V, Si etc are recommended for use as structural material. Since iron and chromium
are the major alloying elements of structural steels, knowledge on interaction of lead
and bismuth with iron and chromium in steels is essential. Sahu et al. [32-37]
established the phase diagrams of Pb-Fe-O and Pb-Cr-O systems and measured the
thermochemical properties of the ternary compounds present in these systems.

According to their data, Fe3;O4 only would be formed at low oxygen concentrations
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that are generally maintained in Pb-steel systems (~ 0.0lppm). If the oxygen
concentration in liquid lead is increased, PbO would precipitate at temperatures below
900 K. ‘PbFesOsgs” would be formed at high oxygen concentrations and above 900 K
only. They also reported that no lead chromates would be stable in liquid lead.
Interaction of Bi with the structural components of steel in presence of oxygen has
not been studied. Even though, several investigations on pseudo-binary phase
diagrams of B1,03-Fe;O; and B10O3-CrO3 systems have been reported in literature,
studies on the ternary Bi-Fe-O and Bi-Cr-O phase diagrams have not been reported.
Thermochemical data available for the binary systems are also limited. In this thesis
work, detailed studies on the Bi-Fe-O and Bi-Cr-O systems have been carried out to
establish the ternary phase diagrams and determine the thermochemical properties of

the ternary compounds present in these systems.

1.6 Aim of this work

In the present thesis, a systematic work in the following has been carried out:
1) Determination of ternary phase diagrams (isothermal cross sections) of Bi-Fe-
O and Bi-Cr- O systems
2) Measurement of thermochemical data such as Gibbs energy of formation,
enthalpy of formation and the heat capacity of the ternary compounds present’
in the Bi-Fe-O and Bi-Cr-O systems by employing solid oxide electrolyte
based emf cells, solution calorimetry and differential scanning calorimetry.
In this thesis, experimental methods and techniques used in the present study
are described in Chapter 2. Chapter 3 describes the studies carried out on Bi-Fe-O
ternary system and Chapter 4 describes the studies conducted on Bi-Cr-O ternary

system. Chapter 5 provides the summary of the results and conclusions.
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Chapter 2

EXPERIMENTAL METHODS

This chapter discusses details of all the experimental methods employed in this
thesis work: (a) preparation of the compounds by different methods, (b) various kinds
of equilibration studies, (c) structural and compositional characterization by X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) and (d) thermal characterization by Thermo Gravimetry and
Differential Thermal Analysis (TG-DTA). This chapter also describes the details of
oxygen pressure measurements using solid oxide electrolyte based emf cells, heat
capacity measurements using DSC, enthalpy measurements using isoperibol solution
calorimeter and isopiestic experiments at high oxygen pressures to identify the

coexisting phases.
2.1 Preparation of compounds

Ternary compounds of Bi-Fe-O and Bi-Cr-O systems were prepared by two
different methods, namely 1) solid state reaction between oxides and 2)

coprecipitation and calcination of hydroxides.
2.1.1 Solid state reaction between oxides [1]

This method involves compacting homogeneous mixtures of the constituent
oxides and heating the compacts at a particular temperature for a prolonged duration.
The product forms initially at the interface between the particles of the reactants. For
further reaction, the reactants need to be transported to the interface by diffusion.

Since diffusion of species in the solids is slower compared to that in the liquids and
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gases, it is necessary to heat the reactant oxides to high temperatures to facilitate the
reaction to take place. Compaction and pelletization of the reactant mixture will also
help to bring the reactants into intimate contact. Because of the accumulation of the
products at the interface, a diffusion barrier develops and hinders further reaction.
Hence, one or two intermediate grindings are required to break the diffusion barrier
and to push the reaction to completion. Homogeneous mixing of the reactants is very
important for solid state reactions. Usually this is carried out by manually mixing the

reactants in a mortar and pestle or by mechanical mixing with a ball mill.
2.1.2 Coprecipitation and calcination of hydroxides [1]

This method involves the preparation of a homogeneous solution of
appropriate composition of the nitrates or chlorides of the reactant metals. This is
followed by quantitative coprecipitation of the metals as their hydroxides. The
coprecipitated hydroxides are then heated to form the ternary compound either

directly or through intermediate formation of oxides. This can be represented as:

X A(NO3)n+ y B(NO3)n—2 5 x A(OH)n+ y B(OH)n+ NH4NO3 —21 5 AR O, ¢—

l Heating

Heating

x/2 A202n + y/2 B202n

Compared to the solid state reaction method, molecular level mixing of the
reactants is achieved in the solution route which results in the increased homogeneity
of the mixture of hydroxides. This enables the formation of the compound at
temperatures lower than those required for the solid state reaction between oxides and
results in the product with fine particle size. Obviously this method would apply to

metal hydroxides having very low solubility products.
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2.2 Phase equilibration studies [2]

Phase equilibration is a simple method employed to find out the phases that
coexist in a system at a particular temperature. This involves preparing a
homogeneous mixture of appropriate quantities of the oxides, ternary compounds and
elemental metals to obtain a sample of desired composition. The mixture is
compacted into pellets and heated in suitable containers under appropriate
environment for a prolonged period of time followed by quenching in ice cold water
or in liquid nitrogen. Quenching the samples after equilibration helps to preserve the
phases that co-exist at the equilibration temperature at ambient conditions. It is
preferable to heat the samples under inert gas environment or in vacuum by placing
them in low volume and closed containers so that the composition of the samples
remain constant throughout the equilibration. To confirm the attainment of
equilibrium, samples can be quenched after a period of time, ground and
characterized by XRD. The samples can be compacted again into pellets and
equilibrated under the same experimental conditions. The presence of identical phases
after two successive long term equilibrations would prove the attainment of
equilibrium. Additional way of confirming the attainment of equilibrium is to
equilibrate samples with combination of different oxides and ternary compounds but
having the same overall composition. If the final phases after the long term
equilibrations are same in all these samples, the attainment of equilibrium and the
coexistence of the phases would be confirmed. In this present work, phase
equilibration studies were carried out to establish the isothermal cross sections of the

ternary Bi-Fe-O and Bi-Cr-O systems.
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2.3 Techniques for materials characterization
2.3.1 X-ray Diffraction (XRD) [1, 3, 4]

X-ray diffraction is the most important and widely used technique for the
characterization of materials and for the determination of their crystal structures.
Diffraction is essentially a scattering phenomenon where the atoms or ions in a
crystal scatter the characteristic X-rays (generated from a source) that fall upon it and

obey the following condition:
N\ = 2dsin6 (2.1)

where A is the wavelength of X-ray used, d is the interplanar spacing in the crystal, 0
is the angle of incidence of the X-rays and n is the order of reflection. This is known
as Bragg’s law of diffraction. An X-ray diffraction equipment consists of an X-ray

source, sample holder and a detector.
2.3.1.1 Generation of X-rays and general experimental methods

X-rays are produced when high energy charged particles such as electrons
generated by a hot filament collide a target material. Electrons emitted from the hot
filament are accelerated by application of some tens of thousands of voltage to the
target material. During the collision, the electrons are decelerated and the energy lost
by the electrons is converted to electromagnetic radiation. All the electrons would not
decelerate in identical manner. Velocity of some of the electrons reduces to zero in
one impact and release all their energy at once giving X-rays of high energy (low
wavelength). Other electrons lose their energy after multiple collisions until all of the
Kinetic energy is released as X-rays of low energy (high wavelength). This results in

the emission of a mixture of different wavelengths called ‘white radiation’ or
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continuous spectrum from the target. When the accelerating voltage is increased
beyond a certain critical value, electrons with high energy strike the metal target and
electrons from the inner shell of the target atoms are knocked out creating a vacant
orbital. Subsequently, electrons form the outer shells occupy the inner vacant orbitals

with simultaneous emission of characteristic X-rays. These characteristic X-rays are
superimposed upon the continuous spectrum. For copper, the 2p—— 1s transition

gives X-rays of wavelength 1.54184 A called K, and 3p —— 1s transition gives X-
rays of wavelength 1.3922 A called Kg. The K, transition occurs much more
frequently than Kg transition and this intense K, radiation is used in diffraction
experiments. In order to separate the white and Kp radiations from K, a Ni filter is
used in the XRD instruments. The K, radiation is, in fact, a doublet with Ky =
1.54056 A and K, = 1.54433 A because of the two possible spin states of the 2p
electron which makes the transition relative to the spin of the vacant 1s orbital. In
some X-ray instruments, Kq and K radiations are not resolved and the weighted
average of these two i.e., 1.54184 A is used. In other instruments, Ky and K
radiations are resolved using a monochromator (graphite or germanium) which filters
Kq and passes only K radiation through it. Though copper, cobalt, molybdenum etc
are used as target metals, target with copper K, radiation having a wavelength of

1.54184 A is generally used for diffraction experiments.

An arbitrary setting of a single crystal in a beam of X-rays will not produce
any diffracted beams. For this to occur, A or 0 should be varied continuously during
the experiment. Depending upon the ways these quantities are varied three main
diffraction methods exist. They are 1) Laue method 2) Rotating single crystal method

and 3) Powder method. In Laue method, with 0 fixed, A will be varied. In the other
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two methods, with fixed A value, 6 would be varied. Since A is fixed in most of the
instruments, Laue method is not used as widely as the single crystal and powder
methods. While single crystal method is used for finding the space group and for the
determination of crystal structure, powder technique is used for the qualitative
identification of crystalline phases or compounds. In this work, powder method was

used and a brief description of this technique is given below.
2.3.1.2 Powder diffraction method

In this method, a monochromatic beam of X-rays is made to fall on a finely
divided sample held in a suitable holder. Sample in the form of powder enables
random arrangement of the crystals and lattice planes in all possible orientations.
Among the randomly oriented lattice planes, some planes will be exactly oriented at
Bragg angle 0 to the incident beam and these planes will diffract X-rays. The
diffracted beams will be detected by a detector and sent to a multi channel pulse

height analyzer and the output is fed to a data acquisition system.

The most commonly used detectors for powder X-ray diffraction are
scintillation and gas filled detectors. Scintillation detectors work on the ability of X-

rays to cause certain substances to fluoresce visible light. When X-ray photon

collides with a scintillator which is usually a sodium iodide crystal activated with a
small amount of thallium, the latter produces photons in the blue region of the visible
spectrum. These photons enter into a photomultiplier tube where these photons are
absorbed by a photocathode (which is a light sensitive material) and electrons are
ejected. These electrons are multiplied by electrodes known as metal channel
dynodes. The number of electrons ejected by the photocathode is proportional to the

number of visible photons which strike it, which in turn is proportional to the energy
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of the X-ray photon. Gas filled detectors works on the principle that X-ray photons
can ionize inert gas atoms such as argon or xenon into an electron (e”) and ion (e.g.
Ar®) pair. Since the ionization energy required to eject an outer electron is low
compared to the energy of the X-ray photon, one X-ray photon can produce several
hundreds of ion pairs. It consists of a cylindrical metal shell filled with an inert gas
which acts as the cathode and a metal wire which acts as anode. A constant potential
difference say, 200 V is maintained between cathode and anode. When X-ray photons
enter the cylinder, they ionize the inert gas producing photoelectrons and positive
ions. Under the influence of the electric field, the photo electrons move towards the
anode metal wire and ions move towards the cathode shell. All the electrons and ions
will be collected at the electrodes and this results in a small constant current which is
a measure of the X-ray intensity. In the same instrument, if the voltage is increased to
1000 V, due to the high electric field, multiple ionization takes place which results in
the ionization of a large number of atoms (10 to 10° times larger than in normal case)
by the absorption of a single X-ray photon. As a result of this, an avalanche of
electrons hits the metal wire and causes a detectable current in the external circuit.
For converting the Ar* ions back to Ar atoms, a quenching gas such as methane (CHa)
is mixed with the inert gas (e.g. 90% Ar : 10% CHa). Position sensitive detectors
(PSDs) are a special kind of gas filled detectors where the anode wire is long and
curved is connected to a multi channel analyzer (MCA). When X-ray beams which
are diffracted at particular 20 angles from the specimen enter the side window of the
cathode shell at particular points, it causes pulse formation at those points. The pulses
then travel to the two ends of the wire, and the position at which the pulse originates
may be determined by comparing the amplitude or the arrival time of the pulses at the

ends of the anode. The pulses are stored in the MCA according to the pulse position
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on the wire. This enables PSDs to record data over whole range of scattering angles,

which can be useful where speed of acquisition is crucial.

Each crystalline phase has a characteristic X-ray diffraction pattern which can
be used as a fingerprint for its identification. The powder diffraction patterns of
almost all elements and compounds have been collected as Powder Diffraction Files
(PDF) and maintained by Joint Committee of Powder Diffraction Standards (JCPDS).
An unknown phase can be identified by comparing its powder XRD pattern with
these Powder Diffraction Files. Powder method can also be used for studying solid
solution formation, determination of crystallite size, study of crystal distortions by
stress, measurements of thermal expansion coefficients, determination of high

temperature phase transitions (by high temperature XRD), etc.
2.3.1.3 Source of background radiation in XRD

The main source of background radiation in XRD is the fluorescence of the
sample. Fluorescence occurs when the incident beam (emitted from the target) knocks
out electrons from the inner shell of the atoms in the sample. Then the electrons from
the outer shell drop down to occupy empty levels in the inner shells and while doing
so they emit their excess energy as X-ray. For example, the ionization potentials of 1s
electron in nickel, cobalt and iron correspond to 1.4880, 1.6081 and 1.7433A and
therefore Cu - K, radiation with a wavelength of 1.54184A may ionize 1s electron in
cobalt and iron but not in nickel. So samples containing cobalt and iron fluoresce
strongly in Cu - K, radiation. If the fluorescent radiation is weak, it can be absorbed
by using a secondary monochromator (graphite monochromator) between the sample
and the detector. If it is strong, it is better to change the primary beam ie, instead of

Cu - Kg, Mo - K, or Fe - K, can be used.
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In the present work, the phase characterization of all samples was carried out
by X-ray powder diffractometer (M/s. Inel, France) with Cu - K, and with a position

sensitive detector.
2.3.2 Electron microscopy

The smallest size of an object that can be examined through an optical microscope
is limited by the wavelength of the visible light (0.4-0.7um). For viewing sub
micrometre-sized particles, it is essential to use electron microscopy. An electron
microscope uses electrons instead of visible light and their low and variable wavelength
makes it possible to get a resolution which is several thousand times better than that is
achievable with a light microscope. Electron microscopes are of two types i.e., 1)
Scanning Electron Microscope (SEM) where electrons reflected off from the surface of
the sample are analyzed and 2) Transmission Electron Microscope (TEM) where
electrons that pass through the sample are analyzed. While SEM is used to study the
surface morphology of the samples, by using TEM, details on crystal structure and
imaging of dislocations, tiny precipitates, grain boundaries and other defect structures in

solids can be obtained.
2.3.2.1 Scanning Electron Microscopy (SEM) [1, 5 - 7]

In a scanning electron microscope, the surface of a sample is scanned using an
accelerated beam of electrons from an electron gun. When electrons interact with the
sample, several phenomena like absorption, secondary electron emission,
backscattering, X-ray emission, auger electron emission, diffraction etc can happen. In
SEM, the low energy secondary electrons emitted from the near surface layers (= 50A)

of the sample and high energy electrons backscattered from some depth in the sample
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and have energy close to the impinging electrons are measured to build up an image of
the sample. As secondary electrons are emitted from the near surface of the sample,
secondary electron imaging is more sensitive to surface topography. Backscattered
electrons have the advantage that they are sensitive to the atomic number of the nuclei
they scatter from and as a result heavier elements which backscatter more efficiently
appear as bright and lighter elements appear as dark in backscattered image. This helps
to distinguish the phases in the sample. Most of the scanning electron microscopes have
an additional facility called EDS (Energy Dispersive X-ray Analysis) for measuring the
energy of X-rays generated from the sample due to electron interaction. These X-rays
are characteristic emission spectra of the elements present in the sample. By scanning
the energy and intensity of the emitted X-rays, it is possible to identify the elements in

the sample and their composition.

In this work, the elemental composition of the sample, ‘Bi22CrigOe0’ was

studied using SEM-EDS (M/s. Philips, Netherlands, Model No. XL30).

2.3.2.2 Transmission Electron Microscopy (TEM) [7, 8]

TEM is a high resolution tool compared to SEM and enables the measurement
of sizes of nanoparticles, grains, crystallites and atomic arrangements in a material. It
also enables detection of low quantities of new phases which cannot be detected by
XRD. In TEM, a beam of accelerated electrons is transmitted through an ultra-thin
specimen. While passing through the specimen, the electron beam interacts with the
specimen and as a result, an image is formed. This image is magnified and focussed
onto an imaging device. The main components of a TEM are: a) illumination system
composed of an electron gun and condenser lenses which produce a fine electron beam,

b) an objective lens which produces the diffraction pattern and an initial magnified
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image of the specimen, c) a magnification system to produce the final image and d) a

sample chamber
2.3.2.2.1 Modes of operation

TEM can be operated in two basic modes: diffraction mode and image mode.
Schematic representations of image and diffraction modes are presented in Fig. 2.1.
In the conventional mode i.e., image mode, TEM is operated to form images by bright
field, dark field or lattice image (phase) contrast. A bright field or dark field image is
formed when only direct (diffracted) beam is used for image formation. This is
achieved with the help of an objective aperture, which prevents the passage of all
other beams to the recording system. A lattice fringe (phase contrast) is formed by the
interference of at least two beams in the image plane of the objective lens. During the
image-forming process, all the beams through the objective aperture are made to
recombine such that, their phases and amplitudes are preserved. In the diffraction
mode, the objective lens produces a diffraction pattern of the specimen in its back
focal plane. The first image is rotated 180° against the diffraction pattern. Then the
diffraction pattern and the first image are magnified using intermediate and projector
lenses. The diffraction pattern contains electrons from the whole area of the specimen
which was illuminated by the beam. Such a pattern is not very useful. Also, the direct
beam is sometimes so intense that it will damage the viewing screen or saturate the
CCD camera. Hence, in order to get diffraction pattern from a specific area of the
specimen and to reduce the intensity of the direct beam, an aperture can be inserted
above the specimen which would only permit electrons that pass through it to hit the
specimen. It is called selected area electron diffraction (SAED). Different substances

will give different diffraction patterns. For example, a single crystal generates a spot
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pattern, a poly-crystalline material produces a ring pattern and an amorphous or

glassy material generates a series of diffuse halos in the diffraction pattern.

Scanning transmission electron microscopy (STEM) which is an advanced
version of TEM combines the scanning ability of SEM with the high resolution
achieved in TEM. In STEM, the probe used is very small (10 - 15 nm) compared to
TEM. STEM can be used to study the energy losses of the transmitted electrons which
is called electron energy loss spectroscopy (EELS) or to investigate the X-rays emitted
from the specimens (by electron diffraction spectroscopy) to determine the chemical

composition of the specimen.
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Fig. 2.1 Schematic representation of (a) diffraction and (b) image modes in TEM
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2.3.2.2.2 Sample preparation for TEM

Since electrons have to be transmitted through the sample, the thickness of the
sample should be of the order of hundreds of nanometers only. When the sample
thickness is high, electrons will be completely absorbed by the sample. Sample
preparation for TEM is a complex process which includes several processes like

chemical thinning, electropolishing, ion beam thinning etc.

In this work, structure and composition of the sample, ‘Bi22CrigOgeo’ was

studied using transmission electron microscope (Tecnai G2 F30) operated at 300 kV.

2.4 Simultaneous Thermogravimetry (TG) and Differential Thermal
Analysis (DTA) [1]

Thermogravimetry is a technique for measuring the weight change of a sample
as a function of temperature or time. DTA measures the temperature difference
between the sample and an inert reference when they are subjected to identical heating
or cooling cycles and is used to detect physical or chemical processes in the sample
with absorption or release of heat energy. Usually, TG and DTA are coupled in a single
instrument and this enables the simultaneous determination of thermogravimetry and

differential thermal analysis of samples.

In a typical TG / DTA experiment, a few milligrams of the sample is taken in a
suitable crucible and is subjected to a predetermined temperature programme. From
the weight change of the sample, it is possible to find out the various processes like
decomposition, oxidation, reduction and removal of water of crystallization that occur
in the sample. Temperature of the sample and reference would be the same until a
thermal event occurs in the sample. During a thermal event, the sample temperature

either lags behind or leads the reference temperature which gives rise to endothermic
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or exothermic peak in DTA. The area under the DTA peak can be used to determine
the enthalpy change of the process by proper calibration. When an evolved gas
analyzer (EGA) is attached to a TG-DTA, qualitative information about the chemical
nature of evolved gases from the sample can be obtained and correlated with the

measured weight loss and thermal event of the sample.

In the present study, TG/DTA system (SETSYS Evolution 16/18 model, M/s

Setaram, France) was used for checking the thermal stability of BiFeOs.

2.5 Oxygen potential measurements employing solid oxide electrolytes
[9, 10]
Solid electrolytes are those solids with high conductivity and this conductivity

is mainly due to ions. The total conductivity of an ionic solid is given by
OT = Gi+ Oe+ Oh (2.2)

where oi, ce and on represent conductivities due to ions, electrons and holes,
respectively. The electronic / hole conductivity in solid electrolytes is very small and
their contribution to the total conductivity would be negligible. For a solid electrolyte to
be useful, the transport number of the ion of interest, defined as the ratio of ionic
conductivity to total electrical conductivity (oi/ ot), should be greater than 0.99. The
ionic conductivity of solid electrolytes is as high as 10 - 10“ ohm™ cm? at the chosen
operating temperature. lonic conductivity in solid electrolytes arises due to the specific
features of its crystal structure and the presence of defects. These defects can be due to
vacancies, interstitials, schottky defects, frenkel defects, impurities etc. The
temperature dependence of the conductivity of electrolytes can be represented by the

general expression as given below:

o =Aexp (-Ea/KT) (2.3)
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where ¢ is the ionic conductivity, A is the pre-exponential factor, k is Boltzmann
constant and Ea is the activation energy for ionic transport. Both activation energy

and pre-exponential factor depend upon the oxide system under consideration.

Most of the solid electrolytes which exhibit predominant oxide ion conduction
possess either fluorite or distorted fluorite structure. The fluorite structure is shown in
Fig. 2.2. It can be described as a face centered cubic arrangement of cations with
anions occupying all the tetrahedral sites. In fluorite structure, each metal cation is
surrounded by 8 oxygen anions and each oxygen anion is tetrahedrally coordinated by
four metal cations. It is important to note that large octahedral voids are vacant in this
structure and this kind of open structure permits oxide ion movement from one lattice

position to another with low activation energy (~ 1 eV).

Doped-ThO> and stabilized-ZrO, are the commonly used solid oxide electrolytes.
While ZrO.-based electrolytes with high conductivity can be used in high oxygen partial
pressure range, ThO.-based electrolytes with greater thermodynamic stability are suitable

for use in low oxygen pressure ranges.

O Oxygen @ Metal

Fig. 2.2 Fluorite structure
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2.5.1 Defect structure and conduction mechanism in oxide based

solid electrolytes

2.5.1.1 Pure MO based electrolyte

The defect equilibria and conduction mechanism in fluorite type oxides can be
described by taking ThO2 as an example. Studies have shown that the ionic defects
occurring in fluorite type structures are essentially interstitial anions and anionic
vacancies. Hence, the predominant ionic defects in thoria are oxygen vacancies and

oxygen interstitials.

Considering only fully ionized defects, the formation of an anionic Frenkel

defect in ThO; can be written as:
0, <0, +V,~ (2.4)

When the concentration of oxygen anions is large compared to the number of defects,

the equilibrium constant for the above reaction can be written as:
K, = [V;"1[0/] (2.5)

Any variation in the oxygen pressure in equilibrium with ThO: changes the
concentration of ionic and electronic defects. At high oxygen pressures, there will be
an equilibrium between oxygen in the surrounding atmosphere and interstitial oxide

ions in the solid which will lead to positive hole conduction in the electrolyte, i.e.,
1/0,(g)= 0/ +2n° (2.6)
The equilibrium constant of the above reaction can be written as:

K, =[0;]1*p** p;? (2.7)
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where p represents the number of positive holes per unit volume. If [O,] is large and

constant, equation (2.7) becomes:
pa Doyf (2.8)

which indicates a pé/j dependence of the hole conductivity.

At low oxygen pressures, oxygen vacancies are formed which are electrically

compensated by electrons dissociated from vacant oxygen sites.

0, &V, +2e +%Oz(g) (2.9)
The equilibrium constant for the above reaction can be written as:

Ky =V,"]*n? * pg? (2.10)
If [V,*] is large and constant, equation (2.10) becomes:

no pgt (2.11)

which indicates a p(;% dependence of conductivity due to electrons.

2.5.1.2 Doped ThO>

When ThO- is doped with Y203, addition of two yttrium ions creates one

oxygen vacancy. It can be represented as:
Y,0, — 2Y;, +30, +Vg° (2.12)

At a fixed oxygen pressure, increase in oxygen vacancy concentration results
in decrease in the concentration of oxygen interstitials (eq. 2.5), increase in the

electron hole concentration (eq. 2.7) and decrease in the electron concentration (eq.
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2.10). The effects of Y»0s additions on the electrical conductivity of ThO, are
schematically shown in Fig. 2.3. From the figure, it is clear that the ionic conductivity
(oion) and electron hole conductivity (on) increase and electron conductivity decreases

with increasing Y203 content.
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Fig. 2.3 Schematic representation of the variation of electrical conductivity of
ThO; and ThO: (Y2053) solid solutions with oxygen pressure at constant
temperature

2.5.2 Electrolytic Domain

The temperature and oxygen pressure regions within which the electronic and
hole contributions to the total electrical conductivity of a solid electrolyte are less
than 1% is called the electrolytic domains of the solid electrolyte. The electrolytic
domain of ZrO. (15 mol% CaO) and ThO2 (15 mol% Y Oss) electrolytes are shown in
Fig. 2.4 [10]. The upper and lower boundary lines are known as upper electrolytic
domain boundary (UEDB) and lower electrolytic domain boundary (LEDB),
respectively. Within these domain boundaries, the fraction of the ionic conductivity is
greater than 0.99 at all temperatures and oxygen pressures. For example, the

electrolytic domain of ThO2 (15 mol% YO:s) is between ~107 and 10 atm of p,, at

1273 K. At oxygen pressures above ~10 atm, hole conduction is greater than 1% and

at oxygen pressures below ~102* atm, electronic conductivity becomes greater than
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1%. For ZrO (15 mol % CaO), electrolytic domain boundaries are between 10* and

10718 atm at 1273 K.
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Fig. 2.4 Electrolytic domain boundaries of calcia stabilized zirconia and yttria-
doped thoria (reproduced from ref. [10])

2.5.3 Application of solid electrolytes for emf measurements

A galvanic cell employing oxide ion conducting solid electrolyte can be

represented as follows:

Pt,0, (14, ) Isolid oxide electrolyte| O, (, ), Pt

The quantities %2 and ygz represent the chemical potentials of oxygen at the

two electrodes and are determined by appropriate electrode reactions. Under

thermodynamic equilibrium at the electrode-electrolyte interfaces, the emf, E of the

cell is given by
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1 /12)2
E(volts) =<E>#j tionGiios (2.13)
where 4 represents the number of electrons involved in the transport of one oxygen

molecule, F is the faraday constant and tion is the transport number of the oxide ions in

the solid electrolyte. When s, < 1 and tion ~ 1,

1. RT  Po
E(Volts)=(-—=) | d = —Ih—= 2.14
oty = (o) | duox = (214)

/162
While selecting a solid electrolyte for emf measurements, the following criteria need

to be taken into consideration:

1) The oxygen partial pressure range of the system under study should fall within

the electrolytic domain boundaries of the electrolyte used.

2) The solid electrolyte should be chemically compatible with the electrode

materials at the temperature range of measurements.

3) The solid electrolyte should possess high ionic conductivity and meet the

criterion of tion > 0.99

In the present work, the Gibbs energies of formation of BixFesOs,
‘Bi22Cr18060° and ‘BissCrOeo” were determined by emf technique using yttria
stabilized zirconia based emf cells. This technique was also used to measure the
equilibrium oxygen potentials of the mixtures of i) Bi, Bi2FesOg, BiFeOs ii) Bi,

BizFe409, BixsFeO3g and iii) Bi, BiFeC)s, BixsFeOsg in quuid bismuth.
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2.6 Calorimetric techniques

Calorimetry is the technique used to measure the heat changes associated with
a chemical reaction or a physical process. This heat change can be used to derive the
thermochemical properties of compounds. Calorimetry can be classified into two
types i.e., reaction calorimetry and non-reaction calorimetry. In reaction calorimetry,
heat change associated with a chemical reaction is measured whereas in non-reaction
calorimetry, heat change associated with a physical change is measured. Calorimetric
measurements can be carried out under constant volume and constant pressure
conditions. While the heat measured under constant volume gives the change in the
internal energy of the system, heat measured under constant pressure gives the change

in the enthalpy of the system.

Based on the temperature of the calorimeter (T¢) and that of the surroundings
(Ts) calorimeters can be classified into different types: (a) isothermal calorimeter in
which Tc = Ts and is a constant; (b) adiabatic calorimeter in which Tc = Ts but they
are varying which means there is no heat transfer across the boundary; (c) a constant
heat flow calorimeter where Tc - Ts is maintained constant and (d) isoperibol
calorimeter in which temperature of the surrounding is held at constant temperature

(Ts = constant) and Tc is measured.

In the present work, an isoperibol calorimeter was employed to measure the

heat of dissolution of compounds and deduce their standard enthalpies of formation.
2.6.1 Isoperibol calorimeter [11 - 16]

The basic experiment involves determining the enthalpy of dissolution of a

substance AB by dissolving in a specified solvent, say HX taken in a calorimetric
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vessel. Corresponding amount of pure elements A and B are also dissolved in a
separate experiment in the same solvent such that the final solution in both cases is

identical. The standard enthalpy of formation of AB can be calculated as:

AB (s) + 2 HX (sIn) = (AX + BX + 2 H") (sln) AHi
A (s) + HX (sIn) = (AX + H") (sIn) AH>
B (s) + HX (sIn) = (BX + H") (sIn) AH3

AH: — (AH2 + AHs) will give the standard molar enthalpy of formation of the
compound AB from elements i.e.,, A (s) + B (s) = AB (s) (standard enthalpy of

formation of elements is taken as zero).

Similarly, consider the determination of enthalpy of formation of the ternary
oxide ABOz. This can be obtained by measuring the heat of dissolution of ABO2 and
those of the constituent oxides AO and BO in the same solvent (say, HX, where X is
a halogen) and using the values of standard enthalpy of formation of AO and BO

from literature.

ABO:> (s) + 4 HX (sIn) = (AXz2+ BXz +2 H20) (sIn) AHs  Measured data
AO (s) + 2 HX (sIn) = (AX2 + H20) (sIn) AHs  Measured data
BO (s) + 2 HX (sIn) = (BX2 + H20) (sln) AHs  Measured data
A(s) + %2 02(g) = AO (s) AH7  Literature data
B (s) + % 02(g) =BO (s) AHg  Literature data

(AHs + AHe + AH7 + AHg) — AHa will give the standard molar enthalpy of formation

of the compound ABO, from elements i.e., A (s) + B (s) + Oz (g) = ABO2 (5).
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Selection of calorimetric solvent is very important in isoperibol solution
calorimetry. It should dissolve the solute in a reasonable time (within ~ 10 minutes)
and it should have low vapour pressure. It should also give moderate heats of
dissolution for solutes so that the error in the measurement of AT is low. Liquid
metals can also be used as solvents in calorimetry. Use of mercury as a solvent for
alloys such as lead with tin, bismuth and zinc and of zinc with tin and mercury were
reported in the literature [14]. During the dissolution of the sample, the temperature in
the calorimeter rises or falls until the reaction is completed. From the temperature
change and the value of energy equivalent of the calorimeter (which can be
determined by carrying out an electrical calibration before and after the sample
dissolution), the enthalpy of reaction can be calculated. The heat leak occurs during
thermal equilibration and during the reaction process can be corrected by applying

Newton’s law of cooling:

ddltc =k (Tc—Ts) (2.15)

where t is the time and k is the constant. The error due to this correction is made
small by designing the calorimeter in such a way that the proportionality constant is
small. The cooling constant can be made as small as possible by silvering the inner
walls of the double walled Dewar and by sealing the evacuated annular gap between
them. The typical temperature-time curve obtained for an exothermic process is
shown in Fig.2.5. The type of curve depends upon the initial temperature of the inner
vessel relative to that of the outer jacket (To), which is shown in the diagram as a
dotted line. The schematics of the experimental setup used in the present work is

shown in Fig. 2.6 [15].
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Fig. 2.5 Temperature-time curve for exothermic dissolution process in isoperibol
calorimeter, (a) initial temperature higher than the temperature of the

outer jacket (T,), (b) T, is between the initial and final temperatures, (c)
final temperature below T,
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DOUBLE WALLED EVACUATED GLASS DEWAR 10 STIRRER

1

2 SOLVENT 11 NYLON SUPPORT FORMOTOR
3 SAMPLE CELL 12 MOTOR

4 GLASSPUSHROD 13 SILICONE OIL

5 TOP & BOTTOM FLANGES 14 CALIBRATION HEATER

6 ‘0" RING 15 THERMISTOR

7 BOLT & NUT 16 VACUUMSEAL

§ THINWALLED BULB 17 COMPENSATION PROBE

9 SAMPLE

Fig. 2.6 Schematics of solution calorimeter [15]

The main constituent of the isoperibol calorimeter is the vessel in which the
reaction of interest takes place. It was made up of a double walled glass Dewar of 0.3
dm?® capacity with an evacuated interspace. The top of the vessel was fitted with an
annular Perspex flange having an O-ring groove. It also had a mating top-cover flange
with leak tight fittings for introducing a stirrer, a sample bulb, a heater enclosure and
a thermistor. The Dewar with all the fittings was kept immersed into a water bath that

maintained the temperature within + 0.01 K so as to minimize the exchange of heat
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with the surroundings. The sample was taken inside a small glass tube provided with
a thin walled bulb at the bottom. The glass tube had a glass push rod, which was
sealed to the inner wall of the sample tube using a set of O-rings. This arrangement
enabled isolation of sample from surroundings. A stirrer made up of PTFE, enabled
uniform stirring of the calorimetric fluid in the Dewar. The stirrer was driven by a
motor so that the frictional heat generated by the stirring was constant both during the
experiment as well as during the calibrations. The calorimeter was calibrated by
electrical as well as by chemical methods. A PTFE coated resistance wire with very
low temperature coefficient of resistance (KARMA) was used as a calibration heater
such that the change of resistance would be negligible during the calibration. The
resistance of the heater was 14.3 Q. The heater was enclosed in a glass bulb (= 0.2
mm wall thickness) to avoid any possible interaction with the solvent. Silicone oil,
which is inert and has low heat capacity and low vapour pressure was filled in the
bulb to immerse the heater and this design enabled fast conduction of heat from the
heater to the calorimetric fluid. The temperature of the calorimetric fluid was
measured using a thermistor ( M/s. PARR Instruments Company, USA) connected to
a data acquisition system, interfaced to a personal computer and was recorded as a
function of time. The electrical calibration was performed by applying a constant
current using a stable power source, for a known period of time. The current and
duration of its passage for the calibration were decided by the time taken for the
sample to dissolve completely under the experimental conditions and the weight of
the sample taken for each experiment. The current was measured across a precision
resistor (1.000 Q) of suitable current rating, connected in series. Chemical calibration
was carried out by measuring the heats of dissolution of KCI (SRM 1655, M/s NIST,

USA) and TRIS (M/s Merck, UK) in double distilled water and 0.1 mol kg HCI,
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respectively. The sample for calibration was weighed accurately and taken inside the
sample tube. 0.300 dm® of double distilled water was transferred into the calorimetric
vessel and equilibrated at the bath temperature. The calorimeter was fitted with its
flange and all the components were allowed to equilibrate at the bath temperature
with the stirrer rotating at a constant speed. When the temperature of the calorimeter
is in equilibrium with the surrounding water bath, a steady temperature signal was
obtained. After a steady signal had been obtained from the control unit, the bulb was
broken, the sample was allowed to dissolve in the solvent and the calorimeter signal
was recorded. The system was calibrated electrically in situ before and after each of
this calibration experiment. The temperature change, AT, during electrical calibration
as well as during chemical calibration was corrected for heat exchange between
calorimeter and surroundings by the method given in ref. 12 and was used for the
evaluation of the enthalpy change of the reaction. The procedure adopted for finding
the temperature change (AT) and the corrected temperature change (ATc) from a
typical time - temperature plot of sample dissolution is shown in Fig. 2.7. As seen
from Fig. 2.7a, the temperature-time curves, AB and EF were extrapolated to BC and
ED, respectively and the initial and final temperatures i.e., T1 (temperature of
commencement of the reaction) and T. (temperature at the end of the reaction) were
determined. From this, AT was calculated as T2 - T1. Then the mean temperature, Tm
was calculated as: Tm= T1 + (0.63 x AT). A vertical line is drawn through T in such
a way that it touches DE and BC and the corrected initial and final temperatures i.e.,
Tcy and Tco were determined as shown in Fig. 2.7 b. The corrected temperature

change, ATc is given by Tco — Tc1.
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Fig. 2.7 A typical plot showing the method by which temperature change was
determined as given in ref. 12. T1 and T represent the initial and final
temperatures, respectively as shown in Fig. 2.7 a. Tc; and Tc; are the
initial and final temperatures, respectively after correction as shown in
Fig. 2.7 b. ATc is the corrected temperature change.

In the present work, enthalpy of formation of Bi2FesOg and BixsFeOsq were
determined by acid solution calorimetric technique with 8.38 mol kg* HCI as the

calorimetric solvent.
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2.6.2 Differential Scanning Calorimetry (DSC) [13, 17, 18]

DSC is a technique in which the heat flow rate (power) to the sample is
monitored against time or temperature. In this technique, sample and reference
materials, both enclosed in a specified atmosphere, are heated in a programmed way.
Both the sample and reference are maintained at nearly the same temperature
throughout the experiment and the difference in the amount of heat required to
increase the temperature of the sample and reference are measured. DSC can be used
to determine the heat capacity, temperatures of melting and crystallization, phase and

magnetic transitions, glass transition temperature etc of a sample.

DSC can be classified into two types, namely heat flux DSC and power

compensation DSC.
2.6.2.1 Heat flux DSC

In this type of DSC, the measurement signal is the temperature difference
between the sample and the reference which is proportional to heat flow rate. A
typical heat flux DSC with disc type measuring system is shown in Fig. 2.8. The
characteristic feature of this measuring system is that the major part of the heat flow
from the furnace to the sample and reference occurs symmetrically through discs of
good thermal conductivity. The sample and reference (along with their crucibles) are
positioned on these discs symmetrical to the center of the calorimeter. The
temperature sensors cover more or less the area supporting the respective crucibles.
When the sample and reference pans that are identical with respect to their mass,
material and arrangement are only placed on the discs, heat flow rates would be equal

for both and the differential signal, AT would be zero. When a sample is placed in the
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sample pan, any thermal events in the sample result in a differential signal which
would be proportional to the difference between the heat flow rates to the sample and

the reference.

Single heat source

Fig. 2.8 Heat flux DSC
2.6.2.2 Power compensation DSC

In this type of DSC, the temperature difference between the sample and the
reference is always maintained zero by decreasing or increasing an adjustable Joule’s
heat using additional micro heaters i.e., by compensating with electric energy. The
measurement signal is the compensating electrical energy supplied to the sample or
reference. A typical power compensation DSC is shown in Fig. 2.9. The measuring
system consists of two micro furnaces of the same type, each of which contains a
temperature sensor (typically Pt-resistance sensor) and a heating resistor (typically
made of platinum wire). Both micro furnaces are separated from each other
(thermally decoupled) and are positioned in a silver block of constant temperature.
During heating up, the same heating power is supplied to both micro furnaces via a
control circuit with the preset heating programme. If the thermal symmetry between

these micro furnaces is ideal, the temperatures of both the furnaces would always be
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the same. When an asymmetry arises as a result of a thermal event in the sample, a
temperature difference results between the micro furnaces accommodating the sample
and that containing the reference. The temperature difference, in this case, is both the
measurement signal as well as the input signal to a feedback circuit. The feedback
circuit tries to compensate the reaction heat flow rate by proportional control through
increasing or decreasing the additional heating power. The compensating heating
power, AP is proportional to the AT. The time integral over the compensating heating

power is proportional to the heat released or consumed in the sample.

Temperature sensors

Individual heaters
Fig.2.9 Power compensation DSC

2.6.2.3 Calibration of DSC

As DSC is not an absolute heat and temperature measuring device, the relative
data obtained must be correlated to absolute values by calibration. The calibration

procedure involves:

1. Temperature calibration
2. Heat calibration
3. Heat flow rate calibration
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2.6.2.3.1 Temperature calibration

Temperature calibration means the apparent assignment of the temperature
indicated by the instrument to the true temperature. Temperature calibration is
accomplished by using melting points of high purity metals. The thermodynamically
defined transition temperature is always the equilibrium temperature whereas DSC
measurements are dynamic. Therefore, DSC calibration results must be extrapolated
to equilibrium conditions to ensure a temperature calibration, which is independent of
the heating rate used. This is carried out by measuring the melting points of reference
materials such as In, Sn, Pb and Zn as a function of heating rate and extrapolating the

values to zero heating rate.
2.6.2.3.2 Heat calibration

Heat calibration refers to the unique assignment of the heat measured by the
calorimeter to the true heat taken up or released by the sample as a result of a
transition. The heat calibration can be carried out by using the enthalpy of melting of

NBS standards such as In, Sn, Pb and Zn.
2.6.2.3.3 Heat flow rate calibration

Heat flow rate calibration refers to the unique assignment of the heat flow rate
to or released by the sample. The materials used for heat flow rate calibration should
not undergo any phase transition in the temperature range of study. Sapphire (o-

Al>O3) is generally used for heat flow rate calibration.

2.6.2.4 Heat capacity measurement using DSC

The “Classical” three step procedure for measuring heat capacity as a function

of temperature by DSC is illustrated in Fig. 2.10 and the plot of typical heat flow
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rates are shown in Fig. 2.11. The three steps are (1) blank run, (2) calibration run and

(3) sample run.

(1) Blank run: In this run, the heat flow rate of the zero line @ (T)is determined

using empty pans of equal weight in the sample and the reference sides. The zero

line reflects the asymmetry of the DSC.

(2) Calibration run: A calibration substance (ref) of known heat capacity Crer is
placed into the sample pan (S), whereas the reference side (R) is unchanged. The
heat flow rate is measured using the same experimental parameters as for the

zero line. The following expression is valid:
Cref Mrer B = K(D (T) (Dret-Do) (2.16)

where Crer is the heat capacity of the reference material, B is heating rate, myer IS the
mass of the reference material, @ s and @, are the heat flow rates for the reference
run and the blank run, respectively and KCD(T) is temperature dependent calibration

factor.

(3) Sample run: For the measurement on sample, the calibration substance (reference) in

the sample pan is replaced by the sample (S). Similar to the above equation we get:
CsmsB=K,(T) (Ps- Do) (2.17)

where Cs is the heat capacity of the sample, ms is the mass of the sample, @5 is the

heat flow rate for the sample.

The specific heat capacity, Cs (at a given temperature) can be calculated by a
simple comparison of the heat flow rates from the sample and reference substances as

illustrated below:
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Cs=Cref (Ds-Do) Mref/ (D rer - Do) Ms (2.18)

In each of the steps, a typical three segment heating programme is used. The
first segment lasting typically for ten minutes is an isothermal segment at the initial
temperature; the second segment is a dynamic segment with a defined heating rate
and the final segment lasting for ten minutes is another isothermal segment at the
final temperature. At isothermal segments, heat flow rate from furnace to the sample
is nil whereas as soon as the dynamic heating segment starts in the DSC run, an
exponential endothermic effect is observed due to the flow of heat from the furnace to
the sample and is proportional to the heat capacity of the samples taken. The slope of
the line during the dynamic segment indicates the variation of the heat capacity of the
material with temperature. Generally, aluminium sample pans are used for the sample
and reference and are hermetically sealed with a pin hole on the lid. This is to ensure

that the measurements are done under constant pressure conditions.

The samples for Cp, measurements are usually taken in the form of a flat disc

similar to the standard material due to the following reasons:
() To get agood thermal contact between the pan and the sample
(i) To simulate the geometry of the calibration material and

(iii) To eliminate any possible errors due to temperature gradient within the

sample.

A heat flux type differential scanning calorimeter, of M/s. Mettler Toledo
GmbH (model number DSC821e/700), Switzerland was used in this study. The heat

capacities of Bi2FesOg and BixsFeOzg were measured using this instrument.
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T a ] Blank run — Empty pan on both reference (R) and
— 1 sample (S) side
1 T Calibration run — Sapphire disc in the pan on the

sample side and reference side with empty pan

——y Sample run — Sample in the form of pellet on the

r -] I ] sample side and reference side with empty pan

Fig. 2.10 Three step procedure for measuring the heat capacity of a sample

Heat flow
Temperature

Endothermic ——

Time

Fig. 2.11 Typical DSC run for blank, sample and reference
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2.7 Pseudo-isopiestic equilibrations of samples under controlled
oxygen partial pressures [19]

In an isopiestic equilibration experiment, a condensed phase sample is allowed
to attain equilibrium with a gas/vapour phase in a closed system. The composition
and pressure of the gas/vapour phase are determined by a standard substance for
which the equilibrium partial pressure of the gas/vapour is known as a function of
temperature. In fact, the isopiestic method had been used in isothermal conditions to
determine the vapour pressures of aqueous solutions where the aqueous solution to be
investigated was equilibrated with a standard solution whose water vapour pressure
was known as a function of temperature and concentration. However, to extend the
pressures to lower values, water was tried as the standard solvent whose vapour
pressure could be varied easily by changing its temperature. Thus the non-isothermal
isopiestic method, also known as pseudo isopiestic method evolved. Currently, the

pseudo isopiestic method is widely used for the study of binary metallic systems.
Principle

A sample, A (usually nonvolatile) kept at a particular temperature, Ts, is
equilibrated in a closed system with vapour from a reservoir of pure volatile
component, B kept at the reservoir temperature, Tr (Tr< Ts). The vapour pressures of
the pure components, A and B should differ by at least three orders of magnitude.
After sufficient equilibration time, the vapours of B would have reacted with the
sample in such a way that an alloy is formed with exactly that composition for which
the partial pressure of B over the sample at Ts is equal to the vapour pressure of B

over pure Bat Tri.e.,
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pe (Ts) = P (TR) (2.19)

The activity of B in the sample can be obtained using the data on the

temperature dependence of the vapour pressure of B as given below:

)= = B e

The composition of the sample after the experiment can be determined from the
weight change of the sample or by chemical analysis. The isopiestic method has been
used over a pressure range of 107° to 10 bar. Although the method is generally used

for condensable vapours of B, the method can also be used with noncondensable gases.

In the present study, this method was applied for oxide systems i.e., Bi-Cr-O
and Bi-Fe-O systems, to identify the phases that coexist at high pressures in Bi-Cr-O
system and to determine the temperature range of stability of BiFeOs. For this,
samples were equilibrated under fixed oxygen pressures in a temperature gradient
furnace. Oxygen pressure is fixed either by using Bi - Bi2Oz and PbO — Pb3O4
mixtures as the reservoir (whose equilibrium oxygen pressures are well known as a
function of temperature) or by heating the samples in air (where the oxygen pressure
is 0.21 atm) and vacuum (where the oxygen pressure is not known). Since oxygen is a
noncondensable gas, the Bi-Bi:Oz or PbO-Pb3Os reservoirs could be kept at
temperatures higher than that of the samples. A schematic diagram of the

experimental setup used in this study is shown in Fig. 2.12.
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Fig. 2.12 Schematic diagram of the pseudo-isopiestic equilibration setup in a
gradient furnace

Samples were prepared in the form of pellets. These pellets were taken in
small alumina crucibles which were in turn stacked at precisely known heights in a 45
cm long and one end closed 1.5 cm diameter quartz tube using quartz spacers. Around
10 samples were used for each pseudo - isopiestic experiment. For experiments
conducted in Bi-Cr-O system, oxygen partial pressure over the samples was fixed by
using a mixture of PbO-PbsOs in one experiment and Bi-Bi.Oz in the other
experiment. PbO-Pbz04 and Bi-Bi>O3 mixtures were also made in the form of porous

pellets. These pellets were placed in alumina crucibles which in turn were kept inside
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the same quartz tube where the samples were placed. For experiments with BiFeOs,
oxygen pressure was maintained by heating the samples in air and vacuum. The
quartz tube was then sealed under vacuum (except for samples heated in air) and
placed in a two zone furnace which provided a temperature gradient. The sample
pellets were maintained at fixed temperatures between 716 and 1089 K. A K-type
thermocouple which could move very slowly (0.38 cm min™) from bottom to top of
the furnace and close to the quartz tube with the help of a motor was used to measure
the temperatures of the samples. The samples were equilibrated for 480 h, quenched
in cold water and the products were characterized by XRD. From the known
thermodynamic data on PbO, PbsOs and Bi»Os, and the temperature at which the
reservoir was maintained, the oxygen partial pressures under which the samples were

equilibrated could be calculated.

In the present study, this method is applied to identify the coexisting phases in
the phase fields that exist above the Bi,O3-Cr.0s pseudo binary line where the
oxygen pressures are anticipated to be high. This method is also used to determine the

temperature range of stability of BiFeOz under low and high oxygen partial pressures.
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Chapter 3

THERMOCHEMICAL STUDIES ON Bi-Fe-O
SYSTEM

3.1 Introduction

As discussed in Chapter 1, liquid lead and LBE are highly corrosive towards
structural steels due to the solubility of the alloying elements of structural steel in them. This
corrosion can be mitigated by proper control of oxygen concentration in the liquid metal
thereby forming a protective oxide layer coating over the structural material. To understand
the composition of the protective oxide film and its stability, a detailed knowledge of the
phase diagrams of Pb-M-O and Bi-M-O systems (M = alloying components of steels) as well
as the thermochemical data on ternary oxygen compounds formed in these systems are

essential. In this chapter, studies carried out on Bi-Fe-O system are described.

3.2 Literature survey

3.2.1 Fe-O system

Data on Fe-O system has been reviewed by Wriedt [1]. Partial phase diagram
of this system at 1 bar pressure is shown in Fig. 3.1. Iron exists in three allotropic
forms, viz., a-Fe (bcc, < 1185 K), y-Fe (fcc, 1185-1667 K), 8-Fe (bce, 1667-1811 K).
The solubility of oxygen in iron is very low (0.58 at% at 1801 K). The three stable
oxides present in Fe-O system are FeOi+x, Fe;O4, and Fe2Os. FeOi+x has a broad
range of composition from 51.2 at% O at about 1185 K to 54.6 at% O at about 1697
K. It has face centered cubic structure and is stable in the temperature range of 843-
1697 K. Below 843 K, it decomposes to Fe and Fe3Os4, and above 1697 K, it

peritectically decomposes to liquid and Fe;Os. Fe;O4 (called as magnetite) is
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monoclinic and is almost stoichiometric below 124 K. It has FCC structure above 124
K and its composition ranges from 57.14 at% O at 843 K to a maximum of 58.02 at%
O at 1730 K. Fe3O4 is stable in the temperature range of 124-1869 K. Fe;O3

(hematite) possesses rhombohedral structure and is stable up to 1730 K.
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Fig. 3.1: Partial phase diagram of Fe-O system [1]

3.2.2 Bi-Fe system

Data on Bi-Fe system has been reviewed by Okamoto [2]. Fig 3.2 shows the
phase diagram of Bi-Fe system. No intermetallic phases exist in this system and the
solubility of Bi in Fe is very low. Solubility of iron in liquid Bi is given by the

following expression [3]:

log S (at% Fe) =2.75 — 3980/T (T: 973-1173 K)
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Fig. 3.2 Phase diagram of Bi-Fe system [2]

3.2.3 Bi-O system

Risold et al. [4] reviewed and assessed the data on Bi-O system. The phase
diagram of Bi-O system at 1 bar pressure is shown in Fig. 3.3. Bi exists in rhombohedral
form and it melts at 544 K. The solubility of oxygen in Bi at 1400 K is around 5 at% and
it increases up to 30 at% at around 1650K. The only stable oxide in the Bi-O system is
B1,03. BixO3 has four structural modifications - a, 3, ¥ and 6. Among these, o and J are
the stable modifications whereas 3 and y are metastable. 0-Bi2O3 is monoclinic and stable
up to 1002 K where it transforms to 5-Bi2Os. 0-B120s exists in face centered cubic form
and melts at 1098 K. B-Bi2O; with a tetragonal symmetry and y-Bi2O3 with base centered
cubic structure appear upon cooling 6-Bi203 from high temperature. f-Bi2O3 forms at
around 920 K and y-Bi,O3 at around 910 K. On further cooling, 3-Bi,Os transforms to o-

form between 920 and 700 K whereas y-Bi2Os3 can be preserved at room temperature.
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Miscibility gap exists between Bi and Bi,O3 rich phases from 1061 K and complete

miscibility in liquid phase occurs above 1650 K.
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Fig. 3.3 Phase diagram of Bi-O system [4]

3.2.4. Bi,O3-Fe, 05 system

Pseudo binary Bi,O3 - Fe,O3 system has been investigated by several authors
in the past [5-14]. Salient features of these investigations are listed in Table 3.1.
Levin and Roth [5] studied the effect of Fe,O3; addition on the polymorphism of
Bi,O3; and reported a tentative partial phase diagram of Bi,O3-Fe,O3; system. They
reported the existence of a phase rich in Bi,O3; and a metastable phase, BiFeOs.
Koizumi et al. [6] studied this system and reported the existence of two compounds,
viz., BiFeO; and Bi,Fe;Oq9 along with their decomposition temperatures. Based on
DTA and XRD analysis, Speranskaya et al [7] reported the existence of a new
compound of composition BisgFe,Ogs, in addition to the previously reported two
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Table 3.1 Literature data on BiO3-Fe;O3 system

No: References

Experimental
techniques

Compounds identified and
the reported temperature
range of stability

1 Levin and Roth [5]

2 Koizumi et al. [6]

3 Speranskaya
etal. [7]

4 Bruton et al. [8]

5 Craig and
Stephenson [9]

6 Ramanan and
Gopalakrishnan
[10]

High temperature x-ray

diffractometry (HTXRD)

XRD

DTA, XRD

DTA and thermo balance
technique

XRD

XRD, infrared
spectroscopy and
magnetic susceptibility

measurements

66

BiFeO; —metastable

B1,03 rich phase in which Bi :
Fe>12:1

Bi,Fe4 Og: Peritectic
decomposition at 1193 K
BiFeO; : Peritectic
decomposition at 1053 K
Bi,Fe4Og: Peritectic

decomposition at 1233 K

BiFeO; :a BiFeOQ; 1098k
B BiFeOs, peritectic
decomposition at 1203 K
BiygFe,Og;3: Peritectic
decomposition at 1068 K
BiFeO; and BisgFe,Og; form
eutectic at 1058 K

Bi,Fe,Oq: Stable at least up to
1203 K

BiFeOj;: Peritectic
decomposition at 1203 K
BisgFeyOgs: Peritectic
decomposition at 1058 K
BiFeO;-BisygFe,Og; eutectic at
1043 K

BiysFeOyg

Bi25F€O40

Bil 1_5F€14_5039 - metastable



Table 3.1 (continued)

No: References Experimental Compounds identified and
techniques the reported temperature
range of stability
7 Radaevetal. [11] Neutron diffraction BiysFeOs39
8 Maitre et al. [12]  DSC, XRD, SEM, Bi,Fe,Oo: Stable at least up to
electron probe micro 1248 K BiFeOs;: a BiFeOs
analysis (EPMA) —1098K B BiFeOs, peritectic
decomposition at 1207 K
BiysFeO.,": Peritectic
decomposition at 1073 K
BiFeOs;-BixsFeOy," eutectic at
1065 K
9 Palai et al. [13] DTA, high temperature Bi,Fe,Oq: Peritectic
polarized light decomposition at 1234 K
microscopy, high BiFeO;: o BiFeO; %% 3
temperature and BiFeOs;_ peritectic
polarized Raman decomposition at 1206 K
spectroscopy, HTXRD, Reported a cubic y-phase for
dc conductivity, optical  BjFeO; between 1198 (+5) and
absorption and 1206 (+5) K BiysFeOso:
reflectivity, domain Peritectic decomposition at
imaging 1066 K BiFeO3-BiysFeOso
eutectic at 1050 K
10 Luetal [14] XRD, SEM, EDS, Bi,Fe,Oq: Peritectic

inductively coupled
plasma-atomic emission

spectrometry, DSC

decomposition at 1210 K
BiFeOs: Peritectic
decomposition at 1125 K,

ferroelectric transition at 1098

K Bi25F€O40*I a %’Y,

peritectic decomposition at
1063 K BiF€O3-Bi25FCO40*
eutectic at 1053 K

* Maitre et al. [12] and Liu et al. [14] used the composition, BixsFeOu for the Bi»Os rich sillenite phase.
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compounds. They also reported the decomposition temperatures of these compounds.

Bruton et al. [8] reported the partial phase diagram of Bi,O3-Fe>O3 pseudo-binary
system. Craig and Stephenson [9] studied the crystal structure of Bi»Oj3 rich phase and

reported its composition as BizsFeOao (BiSIBi5+Fe3+O4O) instead of BisFe20e3 reported

earlier. Ramanan and Gopalakrishnan [10] prepared BixsFeO40 by a low temperature
wet chemical method and deduced its structural parameters which were in good
agreement with those reported by Craig and Stephenson [9]. They also reported a
metastable iron rich sillenite phase with an approximate composition of
Bii1sFei45039. Later, Radaev et al. [11], based on their neutron diffraction studies

showed the absence of Bi*" ion in Bi,Os rich phase and determined its composition as

BixsFeOs3 (Biig Fe3+039) instead of BixsFeOuso as reported earlier. Maitre et al [12]

studied the partial pseudo - binary phase diagram of Bi,03-Fe>Os3 system and reported
the decomposition temperatures of all the compounds viz., BixFe4sO9, BiFeOs and
BixsFeOas0. They used the composition, BixsFeO4o for the Bi2O3 rich sillenite phase.
Palai et al. [13] reported a refined Bi,O3 - FeoOs3 phase diagram and carried out a
detailed study on BiFeOs. They reported for the first time the existence of a cubic y-
phase of BiFeOs; between 1198 (£ 5) and 1206 (+ 5) K. Lu et al. [14] studied this
system and attributed the discrepancies in the phase diagrams reported in literature to
different impurity levels which were present in the starting materials. Based on the
experimental results carried out with high purity materials, they reported a pseudo
binary phase diagram of Bi,0s3-Fe;O3 system which is shown in Fig. 3.4. Phapale et
al. [15] reported the thermochemical properties of Bi2FesOo, BiFeO3 and BixsFeOso
based on calorimetric measurements. They also deduced Gibbs energy of formation
using the measured heat capacity and the estimated values for the entropy of
formation of these compounds. The temperature dependence of the standard Gibbs

energy of formation of BixFesOy, BiFeOs; and BixsFeOs9 were derived as
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-2459.1 +0.757 T kJ mol”, -773.3 + 0.269 T kJ mol™ and -7355.2 + 2.669 T kJ mol™,

respectively in the temperature range of 298.15 to 911 K.

1400 v T v T v T v 1 - _'_!:
100
i I
31203 % mo Fe,_,oa

Fig. 3.4 Bi2O3-Fe, 03 pseudo-binary phase diagram [14]

The reported temperature ranges of stability of BiFeOs by different authors are
not in agreement. Attempts by Achenbach et al. [16] to prepare phase pure BiFeOs by
solid state reaction of Bi;Os3 and Fe.Os; at temperatures below 973 K were
unsuccessful and they observed the reaction to be incomplete. They also reported
BiFeOs to be unstable above 1023 K. They reported the formation of Bi2FesO9 to be
energetically competitive to the formation of BiFeOs in the temperature range of 973
to 1023 K. Preparation of BiFeOs always yielded a small amount of BixFe4O9 and
corresponding amount of residual Bi,Os3. They could prepare phase pure BiFeOs; only
by taking excess Bi2O3 (Bi203:Fe;O3 = 2:1) and heating in air at 1023 K followed by
air quenching and removal of the excess Bi2Os by leaching with con. HNOs.

Experiments by De Sitter et al [17] also confirmed these observations. Morozov et al.
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[18] studied the characteristics of formation of BiFeO3 and concluded that BiFeOs
prepared by heating a mixture of Bi203; and Fe;Os always contains impurity phases
such as the phase with y-Bi,O3 structure and BixFe4sO9 presumably due to slow
kinetics. Valant et al. [19] reported that phase pure BiFeOs could be prepared by
heating together 99.9995% pure iron and bismuth oxides. Presence of impurities of
the order of 0.1 mol% could produce ~3 vol% BixsFeO3z9 and 7.6 vol% of BixFesOo.
Carvalho and Tavares [20] studied the thermodynamic stability of BiFeOs; and
reported that temperature and time were critical in the synthesis of phase pure
BiFeOs. According to them, higher BiFeO3 content could be obtained by a thermal
treatment at 873 K for 1 h. Preparations at temperatures below and above this
temperature always yielded secondary phases, BixFesO9 and BixsFeO3z9. Also, heat
treatment for longer time at 873 K resulted in the decomposition of BiFeOs to the
secondary phases. So they concluded that BiFeOs to be metastable at 873 K. Selbach
et al. [21] studied the thermodynamic stability of BiFeOs;. HTXRD experiments
performed on BiFeOs prepared by solid state route as well as by a wet chemical route
and the analysis of the isothermally heat treated Bi,O3-Fe,O3; mixtures, showed that
BiFeOs; was metastable in the temperature range of 720 to 1040 K and decomposed to
give BixFe4O9 and BixsFeOs9. At higher temperatures, these secondary phases reacted
back to form BiFeOs. Using thermodynamic data reported by Phapale et al. [15], they
deduced the standard Gibbs energy change of the following reaction to be positive in
the temperature range of 720 to 1040 K and would be negative above 1040 K

indicating BiFeOs to be stable only above 1040 K:

BixsFeO39+12 BixFesOo = 49 BiFeO3 3.1
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Lu et al. [14], based on their studies using 99.999% Bi,03; and 99.99% Fe>O3
determined the peritectic decomposition temperature of BiFeOs as 1125 K and
identified a ferroelectric transition for this compound at 1098 K. Maurya et al. [22]
studied the reactions in equimolar mixtures of BiO3; and Fe;O3 by heating them at
different temperatures for 1 h in air and recording the XRD patterns of the products
after cooling them to room temperature. The authors found that BisFeOso (the
authors represented it as BixsFeOs0) was formed at temperatures above 823 K
followed by the appearance of BiFeOs phase at 973 K. The impurity phase viz.,
BixsFeOs39 was present at all temperatures chosen for heating the samples. Activation
of the reactants by ball milling reduced the temperatures by about 100 K but the
results obtained were similar. Egorysheva et al. [23] investigated the extent of
formation of BiFeO3 when equimolar mixtures of BiO3 and Fe,O3; were heated in air
for 20 minutes at 873 K, 973 K, 1023 K, 1073 K and 1123 K. The experiments
showed that BiFeOs did not form at 873 K while BixsFeOs39 was formed as major
phase. From 973 K onwards BiFeOs was one of the phases formed and its fraction
gradually increased with increase in temperature. At 1123 K, BiFeO3s was the major
phase while BixsFeOs9 was present as a minor phase. The authors reasoned that
BisFeOs9 was formed (during the initial phase of the reaction) in large fraction
because of its wide homogeneity range and high diffusion coefficient of Bi*" in it in
comparison with the values in BiFeO3, Bi0O3; and Fe>Os. The diffusion coefficient of
Bi*" in BizsFeOs9 at 1013 K was found to be 1.5 x 10® m? s! while in BiFeOs it was
found to be 3.2 x 10 m? s’!. The corresponding values in Bi»O3 and Fe,O3; were
found to be 1.3 x 107'” m? s”!. Lomanova and Gusarov [24] studied the reactions when
samples of coprecipitated bismuth and iron hydroxides were heated in a stepwise

manner with isothermal equilibration at 753, 773, 793, 813, 833, 873 and 903 K for 5
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to 7 minutes followed by high temperature XRD measurements. Their results showed
BiFeOs and BixsFeOs9 form at 753 K. At 773 and 793 K, BixFesO9 appeared along
with BiFeOs and BixsFeOs9. At 813 K and above, the fraction of BizFesOy increased

while that of Bi>sFeOs9 decreased substantially.

To summarize, the data in the literature indicates that only three ternary
compounds exist in the Bi03-Fe2O3 system viz., Bi2FesOo, BiFeOs3 and BixsFeOso.
All of these compounds decompose peritectically. Although the composition of the
B1,0Os3 rich phase was initially reported as BisoFe2Og3 (Bi/Fe = 20), later it was shown
to be BixsFeOs39 (Bi/Fe = 25) based on XRD and neutron diffraction studies. This
compound is known to decompose peritectically and the literature data shows the
peritectic temperature lies in the range of 1058 to 1073 K. Peritectic decomposition
temperature of BixFesOo is reported to be in the range of 1193 — 1234 K. The
thermodynamic stability of BiFeO3 has been under disagreement. Even preparation of
phase pure BiFeOs; was difficult which has been attributed to the purity of chemicals
used. Obviously, kinetics of the formation/decomposition of phases are sluggish
which hinders achievement of equilibrium conditions. Although pseudo-binary phase
diagram of Bi,03-FeoO3 system has been reported, there is disagreement in the
peritectic decomposition temperatures of the ternary compounds. No studies have
been reported in the literature on the ternary phase diagram of Bi-Fe-O system. The

thermochemical data on these ternary compounds are also limited.
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3.3 Experimental

3.3.1 Materials

B1203 powder (99.99% purity on metals basis, M/s Alfa Aesar, UK), Fe;Os
powder (99.99% purity on metals basis, M/s Alfa Aesar, UK) were used as the
starting materials for the preparation of the ternary compounds. For phase
equilibration studies, Fe powder (99.9+% purity on metals basis, M/s Alfa Aesar,
USA), FeO (99.9%, M/s Cerac, USA) and Bi powder (99.5% on metals basis, M/s
Alfa Aesar, USA) were also used as the starting materials. Fe3Os was prepared by
reducing FeoOs3 at 800 K for 6 h under Ar-1% hydrogen gas mixture saturated with
water vapour. Bi,O3 was calcined at 973 K for 5 h to remove the carbonate impurity
and moisture while Fe;O3; was calcined at 523 K for 2 h to remove the moisture. Both
these oxides were stored in a desiccator before using them in experiments.
Commercial Fe>O3 powder is usually prepared by steps involving calcination at high
temperatures and as a result, its reactivity is anticipated to be low. Because of the low
reactivity, its dissolution in HCI during acid solution calorimetric experiments was
found to be sluggish. In order to increase the reactivity, finely divided Fe,Os powder
was prepared by solution chemistry route. For this, Fe (NO3);. 9H,O (mass fraction
purity > 0.9999 on metals basis, M/s Aldrich Chem. Co., USA) was dissolved in
distilled water and precipitated out as Fe(OH); by adding excess ammonium
hydroxide solution. The precipitate was filtered, dried, heated at 623 K for 12 h in air
and Fe>O3 formed was characterized using X-ray powder diffractometer (M/s INEL,
France) with Cu K, radiation. Analytical Reagent (AR) grade HCI (aq.) diluted with
distilled water to 8.38 mol kg”' was used as the calorimetric solvent. KC1 (M/s The

National Institute of Standards and Technology (NIST), USA) and tris (hydroxyl
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methyl) aminomethane (TRIS) (M/s Merck, UK) were used for chemical calibration

of the solution calorimeter.
3.3.2 Preparation of ternary oxides

The ternary compounds were prepared by solid state reaction of appropriate
molar ratios of BixO3 and Fe>Os. The starting materials were ground thoroughly and
made in the form of pellets and heated in platinum crucibles for 144 h in air at 973 K
for preparing Bi2sFeO39 and Bi2FesOo, and at 1073 K for preparing BiFeOs. All these
samples were ground at the end of 50% the total time of heating. They were
repelletized followed by heating at the same temperature. The resulting products were
characterized by XRD. BiFeO; and BixFesO9 were also prepared by a method
involving co-precipitation of the hydroxides. For this preparation, stoichiometric
amounts of Bi2O3 and Fe;O3; were first dissolved in a minimum amount of hot 35.2
mol kg™! nitric acid and the resultant nitrate solution was added to excess ammonium
hydroxide solution. The precipitate formed was then filtered, washed, dried, and
heated in air at 773 K for 24 h while preparing BiFeO3 and at 823 K while preparing

BixFesOo. The products obtained were characterized by XRD.
3.3.3. Equilibration studies

Equilibration of samples with compositions lying on the pseudo - binary line of
B1,03-Fe2O3 system was carried out to unravel the existence of any new ternary
compound other than the three reported compounds. Eight samples having different
molar ratios of BixO3:Fe O3 (7:33, 17:23, 29:11 and 39:1) which corresponded to
compositions falling between the reported ternary compounds, were prepared. For

this preparation, stoichiometric amounts of Bi2O3 and Fe;O3 were mixed thoroughly,
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made in the form of pellets and equilibrated in platinum crucibles at 1023 K in air for
480 h. All these samples were ground at the end of 50% the total time of heating and
characterized by XRD. They were repelletized followed by heating at the same
temperature. After equilibration, samples were quenched in ice cold water and the
products obtained were characterized by XRD. Similar equilibrations were carried out
at 773 K also while increasing the total equilibration time to 960 h. The compositions
chosen for equilibration are shown in Fig. 3.5 and the details of the samples are given

in Table 3.2.

Bi Fe

Fig. 3.5 Compositions of samples taken for equilibration (0) in the Bi>Os-Fe,03
pseudo-binary line
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Table 3.2 Details of equilibration of samples with composition falling on Bi>Os-
Fe;03 pseudo-binary line

Sample P.h.ases faken be.fore Phases qptain(?d thts.es ob.tained after

0. equilibration (equivalent  after equilibration equilibration at 773 K
Bi:0s: Fe;03) at 1023 K for 480 h for 960 h *

la B1,03, Fe;O03 (39:1) Bi,0;  BixsFeOso Bi,0;  BixsFeOso

L.b Bi1,03;, BiFe Oy (39:1) Bi,0;  BixsFeOso Bi,0;  BixsFeOs9

2.a Bi1,0;, Fe; 03 (29:11) BixsFeOs39, BiFeOs BisFeOs9

2.b Bi1,0;, Bi;FesO9 (29:11) BixsFeO39, BiFeOs BiysFeO39 BioFesOg

3a Bi1,03, Fe, 05 (17:23) BiFeO;, Bi,FesO9 BiysFeOs9, Fe,05

3.b BiysFeOs9, Fe,03 (17:23) BiFeOs, Bi,FesO9 BiysFeOs9, Fe,03, BiFeO;

4.a Bi,03, Fe,05 (7:33) Bi,Fe4O9, Fe,O; BiysFeOs39, Fe, O3

4.b BiFeOs;, Fe,05 (7:33) Bi,Fe4O9, Fe,O; BiFeOs, Fe, 03

* Results show equilibration time was insufficient.

To determine the phase fields in the ternary Bi-Fe-O system, equilibrations
were carried out by taking appropriate mixtures of bismuth and iron metal powders
and their oxides. After thorough mixing, the starting materials were made into pellets.
The pellets were placed in zirconia crucibles which were hermetically sealed inside
copper tubes. The photograph of a copper tube which is sealed with sample inside is
shown in Fig. 3.6. The sealing was carried out by pulsed tungsten inert gas welding
inside an argon atmosphere glove box containing < 5 ppm of oxygen and moisture.
The samples in copper tubes were then equilibrated by placing them in a stainless
steel vessel under flowing argon gas. The temperature and total duration of
equilibration were 1023 K and 480 h, respectively. Equilibrations were also carried
out at 773 K with a total equilibration time of 960 h. All the equilibrations were
carried out with one intermediate grinding at the end of 50% total duration of heating,

repelletisation and hermetic sealing in copper tubes. This was followed by heating
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again at 773 K. Initially these equilibrations were carried out in vacuum sealed quartz
tubes with samples contained in alumina crucibles. However, in most of the cases, the
quartz tubes were severely attacked. Analysis of the deposits on the quartz tubes
showed significant amounts of bismuth indicating attack due to Bi»O3 vapour. Since
Cu,0 is thermodynamically less stable than Bi»Os (AG” for the reaction: 6 Cu (s) +
Bi,03 (s) = 2 Bi (1) + 3 Cu20 (s) is 24.6 kJ mol"! at 773 K and 3.3 kJ mol ™ at 1023
K.), copper tubes were used to contain the samples taken in zirconia crucibles. The
products obtained after equilibrations were analyzed by XRD. The compositions
taken for equilibration are shown in Figs. 3.7 and 3.8. The details of these

experiments are given in Tables 3.3 to 3.6.

Fig. 3.6 Cu tube sealed under argon atmosphere with sample inside

To confirm the phases that co-exist with liquid bismuth, samples were
equilibrated with excess of liquid bismuth also. Porous pellets of samples containing
Bi metal powder as a constituent were prepared and were kept immersed in excess of
molten bismuth metal taken in alumina crucibles. The pellets were immersed in liquid

Bi with the help of alumina strips. Either two or three alumina crucibles were placed
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over the alumina strips so as to keep the pellets immersed in liquid Bi. Bismuth metal
was taken as a constituent of the sample pellet to ensure good contact between the
solid phases and the excess liquid bismuth in the crucible during equilibrations. The
entire sample preparation was carried out inside the argon atmosphere glove box. The
samples were then taken outside the glove box, vacuum sealed in quartz ampoules
and equilibrated (Since the pellets were immersed in excess liquid Bi, vapourization
of B1203 was minimum. The samples taken in alumina crucibles could therefore be
sealed in quartz ampoules.). The initial compositions of the pellets are shown in Fig.
3.7 and 3.8. The phases and composition of samples taken for equilibration at 1023 K
are given in Tables 3.3 and 3.5. The corresponding data on samples equilibrated at

773 K are given in Tables 3.4 and 3.6.
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Fig. 3.7 Compositions of samples taken for equilibration (5 to 16) as given in
Tables 3.3 and 3.4 and possible phase fields (dotted lines) of Bi-Fe-O
system

BiysFeOyy

P
<

21,22,23,27,28

Fig. 3.8 Compositions of samples taken for equilibration (17 to 28) as given in
Tables 3.5 and 3.6 and possible phase fields (dotted lines) of Bi-Fe-O
system
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Table 3.3 Details of equilibration of samples with compositions in the section
bound by Bi, Fe and Bi2Fe4O9 at 1023 K

Sample

Phases taken before

Duration of

Phases obtained

no. Composition equilibration equlh(ll):;atmn after equilibration
5 Bio.100F €0.67500.225 Fe, Fe;03, Bi2Os3 480 Bi, Fe, FeO
6 BiO.ZOOFCO.()OOOO.ZOO* Bi, Fe, FexO3 in lqul 390 Bi, FC, FeO
7 Bio.200F €0.37000.430 Fe, Fe;03, BixOs 480 Bi, FeO, Fe;Os4
8 Bigs16Fe025200402* B, Fe, Bi>Os in liq.Bi 390 Bi, Fe;0;, Fe;0s4
9 Bio.2s0F €0.26500.485 )Bi,03, Fe, FeO 480 Bi, Fe,0s,
i1)Bi»sFeOso, Fe, 480 BixFesO9
Fe;04 Bi, Fe,0s,
BizFe409
10 Bios39Fe023100430*  Bi, Fe, Bi;0s in lig.Bi 390 Bi, Fe,0s,
BizFe409

* Overall composition of the phase mixture taken in the form of pellet which was
equilibrated with excess of liquid Bi. Samples sealed in quartz ampoules.

Table 3.4 Details of equilibration of samples with compositions in the section
bound by Bi, Fe and Bi:FesO9 at 773 K

Sample

Phases taken before

Duration of

Phases obtained

o Composition equilibration equili(ll)ll)‘ation after equilibration
11 Bio.100F€0.67500.225* 1) Fe, Fe;0a, 960 Bi, Fe, Fe;04
BixsFeO39
i) Bi,O3, Fe, Fe;O3in 960 Bi, Fe, Fe;04
liq. Bi
12 Bio.200F€0.60000.200%  Bi, Fe, Fe;Osin lig.Bi 480 Bi, Fe, Fe;04
13 Bio.200F €0.33000.470 Fe, FeO, BixsFeOs39 960 Bi, Fes0s,
BizFesO9
BixsFeOso
14 Bios1s Feoss:00402*  Bi, Fe, BizOs in liq. Bi 480 Bi, Fe,0s, FesOx
15 Bio.250F €0.26500.485 Fe, FesOa, BixsFeOso 960 Fe304, BixsFeOso,
Bi, BiFesO9
16 Bio.240 Fe027500435*  Bi, BizFesOo, Fe;Osin 480 Bi, BizFesOo,
liq.Bi Fe,0s

* Qverall composition of the phase mixture taken in the form of pellet which was
equilibrated with excess of liquid Bi. Samples sealed in quartz ampoules.

80



Table 3.5 Details of equilibration of samples with compositions in the section
bound by Bi, Bi;Fe4O9 and Bi>O3 at 1023 K

Phases taken Duration of )
Sample .. e . Phases obtained
Composition before equilibration . .
no. . . after equilibration
equilibration (h)
. . Bi, BixFesOy, BiFeOs,
17 Bio2soFe0 20000520  B1203, Fe, Fe O3 480 Bi25F6203: (sninor) 3
Bi, Fe203, Bi203 1 1 1
18 Bio.213F€022200.565* 480 B%’ B12F6409’. BiFeO;,
in lig. Bi BixsFeOs3o (minor)
19 Bio_335Feo_09500_570 Bi203, Fe, Fe203 480 Bi,BiFeO3, BisteO39
. Bi, Fe, Bi203 L. .
20 Bio.470F€0.00000440® . 480 Bi,BiFe03, BixsFeOso
in lig. Bi
21 Bio.s50F €0.00s00.445 E:,CE); 2Fe4Os, 480 Bi, BizsFeOso, Bi,O3
203
. Bi, Fe;O3, BiFeO .. .
22 BiossoFeoo0sOoass* inl,liq.e2]3i3, el 480 Bi, BisFeOs, BirOs
23 Bio.550F €0.00500.445™ Bi, Fe, Bi,05 in 480 Bi, BixsFeOsg, Bi2O3

lig. Bi

* Overall composition of the phase mixture taken in the form of pellet which was
equilibrated with excess of liquid Bi. Samples sealed in quartz ampoules.

Table 3.6 Details of equilibration of samples with compositions in the section
bound by Bi, Bi:Fe4O9 and Bi,O; at 773 K

Sample Phases taken Duration of Phases obtained
P Composition before equilibration o .
no. equilibration (h) after equilibration

Bi203, Fe, FCQO3 Bi,Bi2F6409, BiFeO3,
1 %k
24 BumdFemOos™ 50 gy 480 BixsFeOso (minor)
Bi, Fe, Bi203 Bi,Bi2F6409, BiFeO3,
1 %k
25 BlowFennOua™ 4 o g 480 BisFeOso (minor)
Bi, Fe, Bi203 . .
26 Bio.470F €0.00000.440* - . 480 B%’ BiFeO;,
in lig. Bi BixsFeOs9
27 Bio.s50F€0.00500.445 Ei’g 1Fe40s, 960 Bi, BixsFeOsg, BizO;
203
Bi, F6203, BiF€O3
28 Bio.s50F€0.00500.445™ in liq. Bi 480 Bi, BixsFeOsg, BizO;

* Qverall composition of the phase mixture taken in the form of pellet which was equilibrated
with excess of liquid Bi. Samples sealed in quartz ampoules.
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3.3.4 Oxygen potential measurements using yttria stabilized zirconia

solid electrolyte

Oxygen potentials in the relevant phase fields were measured using emf cells
based on yttria stabilized zirconia solid electrolyte. The schematic of the experimental
assembly of the emf cell and its photograph are shown in Figs. 3.9 and 3.10,
respectively. One end closed yttria stabilized zirconia (YSZ) solid electrolyte tube
having a flat bottom (13 mm OD, 9 mm ID and 300 mm long) supplied by M/s
Nikkato Corporation, Japan was used. Reference electrode of the cell was prepared by
applying platinum paste (M/s Eltecks Corporation, India) over the inner bottom
surface of the electrolyte tube and heating it at 1373 K for 2 h in air which resulted in
a uniform and porous platinum film over the electrolyte surface. A platinum wire
attached to platinum mesh, co-fired with the platinum paste was used as the electrical
lead. A similar porous platinum electrode was formed on the external surface at the
bottom of the electrolyte tube. The solid electrolyte tube was fastened to a stainless
steel coupling using a high temperature epoxy seal. The stainless steel coupling had
provision for placing a K-type thermocouple very close to electrode-electrolyte
assembly so that the cell temperature can be measured accurately. The thermocouple
was calibrated prior to actual experiments against a standard calibrated thermocouple
supplied by National Physical Laboratory, India. The entire cell assembly was
surrounded by a one end closed quartz tube which was also attached to the stainless
steel coupling using an O-ring seal. It also had provision for flowing gases through
the sample and reference compartments. The performance of the emf cell was tested
by measuring the null emf by maintaining identical oxygen pressures on both sides of

the electrolyte (air-air and oxygen-oxygen).
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Fig. 3.9 Schematic of the emf cell
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Fig. 3.10 Photograph of the emf cell used

Later, the Pt electrode and the Pt lead present on the external surface of the
electrolyte tube were removed, thoroughly cleaned and used for measurements with
sample electrodes. For sample electrodes, tungsten wire was used as electrical lead
instead of platinum because platinum was not compatible with the sample electrode.
Sample electrode was prepared by mixing the starting materials in approximately
equal volume ratios and by pelletizing it. The entire cell assembly was taken inside an
argon atmosphere glove box. Appropriate quantity of Bi metal was melted in an
alumina crucible and the sample pellet was then forcibly dipped in liquid bismuth by
placing the solid electrolyte tube over it in such a way that the lower end of the
tungsten lead was dipped in liquid Bi. After slow cooling, the entire cell assembly

was taken outside the glove box. During emf measurements, high purity argon and
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oxygen gases were passed through the sample and reference compartments,
respectively. High purity argon was obtained by passing commercial argon through a
purification assembly. The purification train consisted of columns of regenerated
LINDE 4A molecular sieves and active Cu impregnated MgSiOs pellets (popularly
known as BASF catalyst) maintained at ambient temperature followed by three
columns containing metallic copper turnings held at 773 K, titanium sponge held at
1173 K and calcium metal shots held at 773 K. The gas exiting from the outlet of the
emf cell was again passed over another column containing calcium metal shots
maintained at 773 K before letting it out to the ambient air. The cell assembly was
placed in the constant temperature zone of a furnace. A 50 mm long, hollow
cylindrical stainless steel block was also placed in the constant temperature zone of
the furnace to further enhance the uniformity of the temperature in the zone. Using
this arrangement, the cell temperature could be controlled within + 0.2 K using a PID
temperature controller. The stainless steel block was grounded to avoid any a.c.
pickup in the emf signal. The cell emf was measured using a high impedance
electrometer (input impedance >10'“Q, M/s Keithley, U.S.A, Model-6514) and the
temperature was measured using a multimeter (M/s Agilent Technologies, Malaysia,
Model- 34970A Data acquisition/switch unit). Data were recorded using a computer
interface. Attainment of equilibrium was tested by shorting the two electrical leads
and testing for the restoration of the pre-test emf. The readings were recorded when

the cell emf was stable within + 0.05 mV for at least 6 h.
In the present study, emf measurements were carried out for two purposes:

(1) To determine the Gibbs energy of formation of BixFesOy, BiFeOs; and

Bi25F6039.
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(i) To determine the temperature range of stability of BiFeO3

Gibbs energy of formation of BiFesOo9 was determined by measuring the
equilibrium oxygen partial pressure in the Bi-Fe;O3-BixFe4O9 phase field employing
the emf cell and by using the data on Gibbs energy of formation of Fe;O3; from

literature. The following galvanic cell was constructed and used for this purpose:
(-)W, Bi, Fe;03, BixFesO9 [YSZ| (O, 1atm), Pt (+) (I

The sample electrode was prepared by mixing Bi, Fe;O3 and BixFesOo
powders in approximately equal volume ratios and by pelletizing it. Oxygen gas at 1
atm was used as the reference electrode. Emf was measured in the temperature range

of 773 to 1023 K.

The following three emf cells were constructed and operated to determine the
Gibbs energy of formation of BiFeO3 and BixsFeO39 and to determine the temperature

range of stability of BiFeOs:

()W, Bi, BizFe4O9, BiFeOs [YSZ| (O2, latm), Pt (+) (D)
(-)W, Bi, BixFe4Oo, BixsFeO39 |YSZ| (O2, 1atm), Pt (+) (I11)
()W, Bi, BiFeOs, BizsFeOs39 |YSZ| (O2, 1atm), Pt (+) Iv)

For cell 11, Bi, BixFe4O9 and BiFeOs (containing small amount of BizsFeOzo)
mixture was used as the sample electrode and for cell III, a mixture of Bi, BixFesOo
and BixsFeOs9 was used as the sample electrode. Two sample electrodes with
different compositions but falling within the section bound by Bi, BiFeOs and
BixsFeOs39 were used for measurements with cell IV. As in the case of cell I, 1 atm
oxygen gas was used as the reference electrode and emf was measured in the

temperature range of 773 to 1023 K.
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Before and after completion of the emf measurements (which involved

multiple heating and cooling cycles), the sample electrodes were analyzed by XRD.

The thermo emf due to dissimilar electrical leads viz., platinum and tungsten
was measured by forming a junction between the two electrical leads followed by the
measurement of the thermo emf between them as a function of temperature. The

measured data were fitted to a polynomial expression of order two and is given by:
E+0.16/mV =-1.56-7.97 x 10* T+ 1.84 x 107 T?(T: 337 - 1076 K) (3.2)

The error given is the standard deviation of the least squares fitted line. Using
the above expression for thermo EMF, the measured cell EMF values were corrected

to derive the actual EMF.

3.3.5 Investigations on thermal stability of BiFeO3

In literature, there is disagreement in the temperature range of stability of
BiFeOs; which has been discussed in section 3.2.4. Hence, various studies involving
DTA, DSC, long term equilibrations etc were carried out to determine the

temperature range of stability of BiFeOs.
3.3.5.1 DTA and DSC studies with BiFeO3

In this experiment, ~50 mg of BiFeOs taken in a crucible was heated up to 973
K in argon atmosphere at a heating rate of 10 K min™! followed by cooling at a rate of
10 K min' up to room temperature. After the experiment, the sample was
characterized by XRD for identifying any change it might have undergone during
DTA experiments. Thermal behaviour of BiFeOs3 was also studied by differential
scanning calorimetry. Approximately 150 mg of sample was used and DSC runs were

made up to 823 K at a heating rate of 10 K min"' under argon atmosphere and
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maintained at that temperature for 10 minutes. The sample was then cooled to room

temperature. Before and after the experiment, the sample was characterized by XRD.

3.3.5.2 Equilibration of BiFeO; in vacuum and air at different

temperatures

As discussed in section 3.2.4, BiFeOs has been reported to be metastable at
low temperatures (720 to 1040 K) and attains thermodynamic stability at relatively
high temperature (above 1040 K). Hence, experiments involving equilibration of
BiFeOs in air and under vacuum for prolonged periods were carried out to determine
its temperature range of stability. The schematic of the experimental setup used for
this study is shown in Fig. 3.11. For this experiment, BiFeOs prepared by co-
precipitation method described in section 3.3.2 was used. Samples of BiFeO; were
made in the form of pellets. These pellets were taken in zirconia crucibles and placed
in two 450 mm long and 15 mm dia one end closed quartz tubes at different heights
using quartz spacers. In each quartz tube, nine samples were loaded. One of the
quartz tubes was sealed under vacuum (107 torr) while the other tube was kept open
to air. A K-type thermocouple which can move vertically at a very slow speed (0.38
cm min™') with the help of a motor was inserted in another quartz tube and which was
used to measure the temperature of the samples and the data was logged using data
acquisition system. The three quartz tubes were tied together and placed
concentrically inside a temperature gradient furnace assembly. The assembly
consisted of two furnaces which were stacked one over the other. The temperature of
each furnace was maintained at different values and controlled within = 1 K. The
actual position of the samples i.e., height in the furnace assembly determined their

temperatures. The temperature of the samples varied between 716 and 1089 K.
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Samples were equilibrated for 480 h, quenched in ice cold water and the products

were characterized by XRD. The temperature

in Tables 3.7 and 3.8.

.

s

Quartz spacers used are of different

s chosen for the equilibrations are given

Thermocouple

Quartz tube, ¢ 8 mm X 450 mm long

-Quartz tube, ¢ 15 mm X 450 mm long

-Top furnace

Quartz spacer

Porous sample pellet in
zirconia crucible

Bottom furnace

heights

Fig. 3.11 Schematic of the experimental setup used for equilibrating BiFeQO3 at

different temperatures
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Table 3.7 Phases formed after equilibration of BiFeOs; (containing small
amount of BizsFeQO39) in vacuum for 480 h

Sa:lr;?le Temperature (K) Phases obtained after equilibration

1 716 BiFeOs (major phase), Bi2sFeOs9 (minor phase)

2 722 BiFeOs (major phase), Bi2sFeOs9 (minor phase)

3 726 BiFeOs (major phase), Bi2sFeOs9 (minor phase)

4 763 BiFeOs, BixsFeOsg, BizFesO9

5 805 BizsFeO39, Bi2FesOo

6 871 BixsFeOs9, BixFeaOg

; 943 BiFeOs; (minor phase), BixsFeO3z9 (major phase),
Bi2FesO9 (major phase)

o 1034 BiFeOs (major phase), Bi2sFeOs9 (minor phase),
Bi2FesO9 (minor phase)

5 1089 BiFeOs (major phase), Bi2sFeOso (minor phase),

Bi2FesO9 (minor phase)

Table 3.8 Phases formed after equilibration of BiFeOs (containing small
amount of BizsFeQO39) in air for 480 h

Sample Temperature Phases obtained after equilibration

no. (K)

10 716 BiFeOs (major phase), Bi2sFeOs39 (minor phase)

11 722 BiFeOs (major phase), Bi2sFeOs39 (minor phase)

12 725 BiFeOs (major phase), Bi2sFeOs39 (minor phase)

13 757 BiFeOs (major phase), Bi2sFeOs39 (minor phase)

14 807 BiFeOs3, BixsFeOs9, BizFesO9

15 853 BixsFeO39, Bi2FesOo

16 941 BiFeOs (minor phase), BizsFeOs9 (major phase),
BixFe4O9 (major phase)

17 1028 BiFeOs (major phase), Bi2sFeOs9 (minor phase),
BiFe4O9 (minor phase)

18 1085 BiFeOs (major phase), Bi2sFeOs9 (minor phase),
BiFe4O9 (minor phase)
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3.3.5.3 Equilibration of samples containing BiFeO3 with liquid Bi
Thermal stability of BiFeO3 was also examined by equilibrating phase mixtures
containing BiFeOs with liquid Bi. Equilibrations were carried out at 873 and 1023 K.
Starting materials were made in the form of porous pellets and kept immersed in liquid
Bi taken in alumina crucibles using alumina strips as described in section 3.3.3. The
samples were prepared in the inert atmosphere glove box. Then the samples were taken
out from the glove box, vacuum sealed in quartz ampoules and equilibrated at the
chosen temperatures for 480 h. After equilibration, the ampoules were quenched in ice
cold water and the samples were retrieved. They were then characterized by XRD. The

compositions chosen for equilibration are given in Table 3.9.

Table 3.9 Results of equilibration of Bi, Bi;Fe4s09, BiFeO3; and Bi, BiFeQO;,
BizsFeOs9 mixtures in liquid Bi

Starting materials and Temperature Phases obtained after equilibrating
their mole ratio (K) in liq. Bi for 480 h

Bi, BixFesO9, BiFeOs 873 Bi, BixFe4O9, BiFeO3 (minor phase),
(1:0.6:2) BixsFeO39

(Overall composition

within the area bound by 1023 Bi, BixFe4Oo, BiFeOs, BixsFeOs9

Bi, BizFe4O9 and BiFeOs)

Bi, BiFeO3, BixsFeOso 873 Bi, BiFeOs (minor phase), Bi>sFeOso,
(1:1.56:0.1) Bi2Fe4O9 (minor phase)

(Overall composition

within the area bound by 1023 Bi, BiFeOs3, BizxsFeOso
Bi, BiFeOs and BixsFeOso)
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3.3.6 Determination of standard enthalpy of formation of bismuth

ferrites by acid solution calorimetry

Standard enthalpy of formation of bismuth ferrites viz., Bi»sFeOso and
BiFe4O9 were determined by acid solution calorimetry. Since BiFeOs could not be
prepared phase pure (it always contained small amount of BixsFeOso), its standard
enthalpy of formation could not be measured. The details of the experimental setup
are given in Chapter 2. Prior to the actual experiments, the calorimeter was calibrated
chemically by measuring the heats of dissolution of KCI and TRIS in double distilled
water and 0.1 mol kg™! HCI, respectively. The system was electrically calibrated in
situ before and after every calibration experiment. The temperature changes (AT)
observed during the electrical calibration as well as during the chemical calibration
were corrected for heat exchange between calorimeter and its surroundings by the
method given in reference 25 which is explained in section 2.6.1 of Chapter 2. A
similar experimental procedure was adopted during the calorimetric measurements
with bismuth ferrites, FeoO3 and B12Os. In a typical experiment, about 50 to 100 mg
of sample was taken inside a small glass tube provided with a thin walled bulb at the
bottom. The glass tube had a glass push rod, which was sealed to the inner wall of the
sample tube using a set of O-rings. 300 ml of HCI (8.38 mol kg™') was used as the
calorimetric solvent. The maximum time taken for the dissolution of samples was
around 7 min. The temperature changes (AT) during the experiment were also
corrected for heat exchange between the calorimeter and its surroundings as

explained above. Experiments were repeated to confirm reproducibility.

Bi2FesO9 prepared by solid state method and commercially purchased Fe;Os

were found to dissolve slowly in the calorimetric solvent. To enhance their
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dissolution rates, Fe,O3 and BixFesO9 were prepared by solution route as described in
sections 3.3.1 and 3.3.2, respectively and used for the calorimetric measurements.
Commercially purchased Fe>O3 had a specific surface area of 13 m? g'! while that of
the Fe>Os prepared through the solution route was 67 m?> g'. Similarly, the specific
surface area of BixFesOy prepared by solid state reaction route was found to be 4.1 m?
gl and that of BixFesO9 prepared by the solution route was 7.1 m?> g’!. Increased

specific surface area of the samples resulted in their higher dissolution rate.

3.3.7 Heat capacity measurements using differential scanning

calorimetry

Molar heat capacities of BixsFeOs9 and BixFe4O9 were measured using a heat
flux type differential scanning calorimeter (Model no. HP DSC827¢ of M/s. Mettler
Toledo GmbH, Switzerland). Temperature calibration of the DSC was carried out by
using melting points of high purity metals such as In, Sn and Zn. The heat calibration
was carried out using the enthalpy of melting of high purity metals such as In, Sn, Pb
and Zn and heat flow rate was calibrated using sapphire. In addition to the heat flow
calibration by sapphire, the performance of the DSC was also verified by measuring
the heat capacity of BiOs. For measuring heat capacity of BixsFeOso, about 125 mg
of the sample was pelletized, sintered at 973 K in air for 12 h and hermetically sealed
in 40 pL aluminium pan. In the case of BizFe4Oo, nearly same amount of sample was
pelletized and sintered at 1073 K in air for 12h. A three-segment temperature
programme was used in the heat capacity measurements.The first segment lasting for
10 min was an isothermal segment at the initial temperature; the second segment was
a dynamic segment with a heating rate of 10 K min™' and the final segment lasting for

10 minutes was another isothermal segment at the final temperature. Measurements
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were carried out under ultra high purity argon maintained at a flow rate of 50 ml min™!
in the temperature range of 308 to 823 K. A disc of sapphire was used as the molar
heat capacity standard. The molar heat capacity of sapphire given by NIST, USA [26]
was used for computing those of the samples. The samples were characterized by

XRD before and after the calorimetric experiments.

3.4 Results and discussion

3.4.1 Preparation of ternary compounds

The temperature, duration of heating employed for preparing the compounds
and the phases formed by the solid state reaction between the oxides and also through

the solution route are given below:
3.4.1.1. Solid state reaction between oxides

25/2 Bix03 (s) + % Fea03 (s) — 251 5 BiysFeOso (s) (3.a)

1073K,144h

% B1203 (s) + %2 FexO3 (s) ——————> BiFeOs (s) (major phase) +

BixsFeO39 (s) (minor phase) (3.b)
Bi,0s (s) + 2 Fey0s (s) — 2514 5 BiyFeqOy (s) (3.c)

3.4.1.2 Reaction between precursors prepared through solution route

In the solution route experiments, stoichiometric ratios of bismuth and iron
hydroxides (prepared by the dissolution of a mixture of Bi2O3; and Fe;O3 powders in
nitric acid followed by precipitation by addition of NH4OH and thorough washing)

were heated in air as follows:
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Bi(OH); (s) + Fe(OH); (s) — 252, BiFeO; (s) (major phase) +

Bix5FeO39 (s) (minor phase) (3.d)
2Bi(OH); (s) + 4Fe(OH); (s) —22%2 5 Bi;Fe4Oy (s) (3.e)

The XRD patterns obtained for Bi2sFeO39 and BixFesO9 matched exactly with
the patterns reported in JCPDS files 46-0416 and 74-1098, respectively [27]. Phase
pure sample of BiFeOs; could not be prepared. XRD pattern of BiFeO3; sample
showed the presence of a small amount of Bi2sFeOs39 also. The XRD patterns of the
prepared compounds (by solid state reaction of oxides) are compared with their

PCPDF patterns in Fig. 3.12.

Intensity / a.u

20

20 / Degree

Fig. 3.12 XRD patterns of prepared compounds are overlapped with their

PCPDF patterns ( T ). (a) BixsFeQso, (b) BiFeOs; and (c¢) Bi:Fe4Oo.
Small shift of XRD pattern from the PCPDF patterns is due to the
instrumental shift.
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3.4.2 Studies involving equilibration of Bi.O3; and Fe2O3

The phases obtained after equilibrating the samples containing different molar
ratios of Bi2O3 and Fe;O3 in air at 1023 and 773 K are shown in Table 3.2. These
results clearly show that ternary compounds other than BiFesOos, BiFeOs; and
BixsFeOs39 do not exist in the Bi2O3-Fe,O3 system. Results of the equilibrations at 773
K reveal that the kinetics of the reactions is very slow at this temperature and the
equilibrium had not reached even after 960 h. For example in sample no. 3b, presence
of three phases could be identified, although only two phases could be present after
attainment of equilibrium. Similarly in sample 4b, the starting materials, BiFeO3; and
Fe>O3 were only obtained after equilibration. As seen from the table, BixsFeOs9 was
found to be formed in all samples (except in 4b) at 773 K. This could be because of
the high diffusion coefficient of Bi*" in BizsFeOj39 than in other relevant phases in this
system; a large fraction of it was formed at 773 K. It is, however, to be noted that all

expected equilibrium phases were formed at 1023K.

3.4.3 Studies with samples of composition within the section bound

by Bi, Fe and BizFe4Oo

Results of equilibration studies for the samples whose overall composition

falling within the section bound by Bi, Fe and Bi2FesOy are described below.

3.4.3.1 Long term equilibration of samples in the temperature range

of 773 to 1023 K

Details of the studies involving equilibration of mixtures of bismuth and iron
metal powders and their oxides as starting materials are given in Tables 3.3 and 3.4.
Table 3.3 gives the details of equilibrations carried out at 1023 K. The attainment of

equilibrium is confirmed by the appearance of same phases at the end of first half
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(240 h) and second half (240 h) of the total duration of equilibrations. Additional
equilibrations were also carried out in liquid bismuth. From the results obtained, the
existence of the following phase fields at 1023 K could be identified: 1) Bi-Fe-FeO,
2) Bi-FeO-Fe;04, 3) Bi-Fe3Os-Fe;O3 and 4) Bi-Fe2O3-BixFe4Oo. Equilibration of
samples containing only solid state reactants at 773 K revealed that the kinetics of the
reaction to be very slow. The presence of four phases in the final product (Sample
Nos. 13 and 15 in Table 3.4) indicated that equilibrium was not attained even after a
period of 960 h with intermittent grinding of the reactants/intermediates followed by
repelletisation and heating at the same temperature. In order to ensure equilibrium, all
further equilibrations at 773 K and 1023 K were carried out with liquid Bi as a
constituent. The presence of liquid Bi is expected to facilitate the diffusion and
reaction of constituent species by their dissolution in the liquid metal. Results of these
equilibrations are also given in Tables 3.3 and 3.4. Equilibrations with excess bismuth
at 773 K also revealed the existence of same phase fields as in the case of 1023 K,
except for the Bi-Fe-FeO phase field. Since FeO is stable only above 853 K, this

phase field did not appear at 773 K.
3.4.3.2. Gibbs energy of formation of Bi2:FesOy from emf measurements

Based on the long term equilibrations, the existence of Bi-FexO3-BixFeqOo
phase field in the temperature range of 773 to 1023 K has been confirmed. The

chemical equilibrium in the phase field can be represented as below:
2 Bi(I) + 2 Fex03 (s) +3/2 02 (g) & BixFesOo (s) (3.3)

To measure the equilibrium oxygen potentials and deduce the Gibbs energy of
formation of BixFe4Ooy, emf cells based on yttria stabilized zirconia solid electrolyte

were employed. The cell is represented as:
97



(-)W, Bi, Fe203, BixFesO0o [YSZ| (02, latm), Pt (+) )

The total duration of the emf measurement was approximately 4 months. The
XRD patterns of the sample before and after emf measurements confirmed the

presence of Bi, Fe;O3; and BixFe4Oo, as constituents before and after the experiment.

The cell emf is given by
ref
E= (%j]n ( pj;;eJ , (3.4)
Po,

where E is electromotive force in volts, R is universal gas constant (8.314 J K!

mol ™), F is Faraday constant (96485 C mol™!), pgf and pg’jeare the partial pressures of
reference and sample electrodes, respectively. Equation (3.4) can be written as

4EF =RTIn p5. —RT I pR* (3.5)

—ref —sple

4FE = AGo, — AGo, , (3.6)

—ref —sple .
where AGo, and AGc;)2 are the oxygen potentials at the reference and sample

electrodes, respectively.

The emf values measured as a function of temperature are given in the

chronological order in Table 3.10 and are shown in Fig. 3.13.

98



Table 3.10 Emf output of cell - I as a function of temperature

Temperature  Dwell Emf (mV) Temperature Dwell Emf
(K) time (h) (K) time (h) (mV)
972.5 26 542.4 914.6 67 570.7

1022.9 25 518.4 873.8 265 589.6
927.3 72 564.0 823.5 187 612.6
952.5 45 552.7 848.5 138 602.7
998.6 43 530.6 799.2 396 623.5
900.1 90 576.9 885.2 167 586.3

1007.9 24 526.2 858.0 117 597.5
985.9 50 537.7 857.7 122 598.0
968.6 16 545.9 859.4 46 597.6
963.4 45 548.2 838.7 177 606.6
939.9 75 559.8 810.6 287 618.7
640

E £ 0.9/mV=1001.5-0.4711 T (T:799 - 1023 K)
620 S
A Heating
600 - v Cooling
580
>
S
N 560
540
520
(-) W, Bi, Fe,0,, Bi,Fe,O, | YSZ | (O,, 1 atm), Pt (+)
500 T T T T T T T T
800 850 900 950 1000 1050
T/K

Fig. 3.13 Variation of emf with temperature for cell - I
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The variation of emf with temperature can be represented by the following

least squares fitted expression:
E+0.9/mV =1001.5-0.4711(T/K) (T: 799 - 1023 K) (3.7)
The error given is the standard deviation of the least squares fitted line.

Considering the equilibrium (3.3) that occurs at the sample electrode, the
Gibbs energy of formation of BioFe4Oo can be related to that of FeoO3 and equilibrium

oxygen potential.

—sple

ArG) <BixFe4sOo> =2 ArG. <Fe O3>+ 3/2 AGo, (3.8)

where ArG, <BiFe4sOo> and ArG, <Fe;Os> are the standard molar Gibbs energies

of formation of BixFe4O9 and Fe>Os3, respectively.

By substituting the value of AE;Z';“’ from eq. (3.6) in eq. (3.8), the A/G
<Bi2Fe4O9 > can be expressed as:

—ref

ArG, <BiFesOo>=2 ArG, <FexO3>+3/2 AGo, —6FE (3.9

ref

Since ps =1 atm, eq. (3.9) becomes:

ArG) <BirFesOo> =2 ArG. <Fer03> —6FE (3.10)

The maximum atmospheric pressure variation observed during the period of
emf measurement was + 0.008 atm and this deviation can result in an error of

maximum =+ 0.1 kJ in the measured oxygen potentials.

The Gibbs energy of formation of Fe;O3; was obtained from literature data as
follows: The Gibbs energy data of Fe,Os, Fe and O, were taken from Sundman [28].

After incorporating magnetic contribution for Fe from [29], the Gibbs energy data for
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Fe was recalculated. Using these data, Gibbs energy of formation of Fe.O3; was
calculated for the temperature interval of 750 to 1050 K covering the temperature
range of our experimental measurements, namely, 799 to 1023 K and is given in

Table 3.11.

Table 3.11 Calculation of Gibbs energy of formation of Fe;O;

G, +
T/K kGJanol/l kJG 1::01" me Iflglll G,,,:,Fe kJG sio:-l AfGiJ<nFl§;_(I)3>/
[28] [28] [29] / kJ mol” [28]
750 -918.574 -24.8198  -2.3057  -27.1255  -161.0729 -622.7136
800 -929.151 -27.9630  -1.9442  -29.9073  -172.8095 -610.1222
850 -940.224 -31.2017  -1.6099  -32.8116  -184.6516 -597.6234
900 -951.786 -34.5318  -1.3073  -35.8391  -196.5940 -585.2170
950 -963.840 -37.9494  -1.0422  -38.9916  -208.6319 -572.9091
1000 -976.355 -41.4513  -0.8218  -42.2731  -220.7610 -560.6673
1050 -989.247 -45.0345  -0.6561  -45.6905  -232.9773 -548.4000

Grpo,»Gr,and G, : Gibbs energy data of Fe;0s, Fe and Oy, respectively.
G : Magnetic contribution to Gibbs energy data of Fe.

mag,Fe*

ArG! <Fe;03> : Gibbs energy of formation of Fe;Os.

These values were fitted to a straight line by the method of least squares

regression analysis and is given by:
ArG? <Fe;03>+0.14 kJ =-808.2 + 0.2476 (T / K) (T: 750 — 1050 K) (3.11)

From the emf data given by eq. (3.7) and using the above value of A G of

Fe>Os, the standard molar Gibbs energy of formation of BixFe4sO9 was calculated

using eq. (3.10) and is given by:

A;G? < BiFesO0> % 0.6 kJ = -2196.2 + 0.7679 (T / K) (T : 799-1023K)  (3.12)
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Fig. 3.14 compares the Gibbs energy of formation of BizFesO9 measured in
this work with the data derived by Phapale et al. [15] from their calorimetric
measurements. The data obtained in the present work is deduced from the direct
measurement of equilibrium oxygen potentials. However, Phapale et al. derived the
Gibbs energy data from the measured enthalpy of formation data and the enthalpy

increment data from calorimetric experiments, and by using estimated value of
AS3y,s and the value of AC, .., obtained from the enthalpy increment data.
Although the exact reason for the observed deviation of their data by ~250 kJ mol!

from the value obtained by extrapolation of the data from the present work is not

known, experimental errors in their enthalpy data is a possibility.

-1300
_1400_- ®m This work
| |——— Phapale et al [15]
-1500 ~
_ -1600 -
6 E
€ -1700
- o
X
— -1800 -
o E 1
Q_. 4
P> 1900 -
-2000 -
-2100 ~
-2200 ~
-2300 T T T LI T T LI T T T — 1 T T T
200 300 400 500 600 700 800 900 1000 1100

T/K
Fig. 3.14 Comparison of the measured AsG, Bi;Fe4Oo in this work with that of

the data derived by Phapale et al. [15]
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3.4.3.3. Standard enthalpy of formation of Bi:FesO¢ from acid

solution calorimetry experiments

The results of the measurements of the molar enthalpy of dissolution of KC1
are given in Table 3.12 and a typical plot of dissolution of KCI in double distilled
water is shown in Fig.3.15. The molar enthalpy of dissolution of KCI at infinite
dilution derived in this study was found to be 17.30 + 0.43 kJ mol'. This value is in
good agreement with the value of 17.21 = 0.01 kJ mol ' reported by Venugopal et al.
[30] and the certified value quoted by NIST, 17.241 £ 0.018 kJ mol™ [31]. The results
of the measurements of the molar enthalpy of dissolution of TRIS are given in Table
3.13 and a typical plot of dissolution of TRIS in 0.1 mol kg™ HCI is shown in Fig.
3.16. The value of the molar enthalpy of solution of TRIS measured in the present
study was -29.94 + 0.37 kJ mol! which is in agreement with the value of -29.770 +
0.032 kJ mol! cited in [32]. The results obtained for KCI and TRIS dissolution are
endothermic and exothermic, respectively. These results validated the experimental

setup and procedure used in this study for calorimetric measurements.
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Table 3.12 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (AsoHm) of KCI in double
distilled water (mass of solvent = 300 £+ 0.01 g) at 298.15 K* and 0.1

M Pa pressure.?

Sample Weight (w)/ g AH/J AsotHm / kJ
KCl 0.2297 54.2833 17.6202
(Molecular mass: 0.3573 82.2140 17.1561
74.56 g mol™) 0.2860 65.2583 17.0128
0.2188 49.2092 16.7689
0.1003 24.1407 17.9455

X =17.30+0.43¢@

" Temperature stability inside the calorimeter prior to start of experiment was + 0.001K.

X : Mean value of the measurements.

*The standard uncertainties, u (w) = 0.0001 g and u (p) = 0.3 k Pa.
@ Uncertainty given is the expanded uncertainty with level of confidence 0.95.

Weight of the sample: 0.2071 g
27.60 Current and time given for
] electrical calibration: 250 mA, 50 s
27 55 Ele.ctrlc.al
calibration
o
E 27.50 Sample dissolution
=
o
8 27.45 +
S . . .
|9 — Electrical calibration
27.40
27.35
27.30 — T T T

— T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200

Time / min

Fig. 3.15 A typical plot of dissolution of KCl in double distilled water
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Table 3.13 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (AsoHm) of TRIS in 0.1 mol kg™
HCI (mass of solvent = 298.53 + 0.01 g) at 298.15 K* and 0.1 M Pa

pressure.”
Sample Weight (w) / g AH/J AsotHm / kJ
TRIS 0.0728 -17.9644 -29.8930
(Molecular mass: 0.0803 -20.0989 -30.3211
121.14 g mol™) 0.0912 -22.7999 -29.5942
0.1079 -27.0772 -30.3998
0.1013 -24.6569 -29.4861

X =-29.94+037¢
" Temperature stability inside the calorimeter prior to start of experiment was + 0.001K.

X : Mean value of the measurements.

*The standard uncertainties, u (w) = 0.0001 g and u (p) = 0.3 k Pa.
@ Uncertainty given is the expanded uncertainty with level of confidence 0.95.

26.05
Weight of the sample: 0.0803 g
Cumrent and time given for
electrical calibration: 250 mA, 50 s |
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O I —
o J"/-
T I,"
L 9595 - (
2 |
g . Sample dissolution
2 !
; |
= 25.90 !
T R
e
/
/—s Electrical calibration
/
25.85 - M_____r__j
T T T T T
500 1000 1500 2000 2500
Time /s

Fig. 3.16 A typical plot of dissolution of TRIS in 0.1 mol kg HCI
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The results of the measurements of enthalpy of dissolution for BiFesO9 and
for the starting materials Bi2O3 and Fe;O3 are given in Table 3.14. Typical plots of
dissolution of Bi,O3, FeO3 and BixFesOo in 8.38 mol kg! HCI are shown in Fig. 3.17
to 3.19. The molar enthalpies of solution of Bi2FesO9 and the starting materials Bi2O3
and Fe»0s, deduced from the experiments are -623.3 + 14.5 kJ, -381.6 + 14.2 kJ and
-99.6 + 9.4 kJ, respectively. The thermochemical reaction scheme used to derive the
standard molar enthalpy of formation of Bi2Fe4Oo is given in Table 3.15. By using the
values of the standard molar enthalpies of formation of Bi2O3 and Fe.O3 namely AH4
and AHs from ref. [33], the standard molar enthalpy of formation of BixFesO9 was

determined as -2170.8 £ 28.6 kJ.
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Table 3.14 Experimentally determined values of enthalpies of dissolution (AH)
and molar enthalpies of dissolution (AsoHm) of Bi:Fe4O9, Bi2O3; and
Fe;03 in 8.38 £ 0.01 mol kg! HCI (mass of solvent = 327.15 £ 0.01 g)
at 298.15 K* and 0.1 M Pa pressure.”

Sample Weight (w)/ g AH/J AsoHm / kJ mol™!
BixFesO9 0.0677 -52.28 -606.5
0.0408 -32.71 -629.6
0.0505 -41.49 -645.2
0.0304 -24.32 -628.3
0.0549 -41.77 -597.5
0.0545 -43.91 -632.7

X =-6233+14.5¢

B1O; 0.0573 -46.97 -382.0
0.0534 -40.65 -354.7
0.0490 -42.88 -407.8
0.0487 -38.57 -369.0
0.0530 -40.64 -357.3
0.0838 -71.10 -395.3
0.0722 -59.45 -383.7
0.1029 -89.02 -403.1

X =.381.6+14.2@

Fe20O3 0.0846 -58.72 -110.8
0.0536 -33.84 -100.8
0.0550 -38.91 -113.0
0.0427 -26.76 -100.1
0.0483 -25.61 -84.7
0.0405 -22.31 -88.0

X =.99.6+94@

" Temperature stability inside the calorimeter prior to start of experiment was = 0.001K.

X : Mean value of the measurements.

*The standard uncertainties, u (w) =0.0001 g and u (p) = 0.3 k Pa.
@ Uncertainty given is the expanded uncertainty with level of confidence 0.95.
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Fig. 3.17 A typical plot of dissolution of Bi,O; in 8.38 mol kg! HCI
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Fig. 3.18 A typical plot of dissolution of Fe;O; in 8.38 mol kg™ HCI
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Fig. 3.19. A typical plot of dissolution of Bi:Fe4O9 in 8.38 mol kg™! HCI

Table. 3.15 Reaction scheme for calculating the standard molar enthalpy of

formation of Bi;Fe4O9

Reaction

Enthalpy change

BixFesO9 (s)+ 18 HCI (sln)
= (2 BiCl3+ 4 FeCl; + 9 H,0) (sln)

Bi,0; (s)+ 6 HCI (sln)
— (2 BiCls+ 3 H;0) (sln)

Fe;03(s) + 6 HCI (sln) = (2 FeCl; + 3 H,O)
(sln)

2 Bi (s) +3/2 02(g) = Bix0s (s)
2 Fe (s) +3/2 Oz (g) = Fex03 (s)

2 Bi(s) +4 Fe (s) + 9/2 O2(g) = Bi,FesOo (s)

AH, = -623.3 + 14.5 kJ mol'®

AH, = -381.6 = 14.2 kJ mol '@
AH; = -99.6 + 9.4 kJ mol'®

AH4=-570.7 + 3.3 kJ mol from [33]
AHs=-821.3 +3.3 k] mol from [33]

AHe¢ = AH,+ 2 AHs+ AHs+ 2 AHs — AH;
=-2170.8 + 28.6 kJ mol'®

@ Uncertainty given is the combined expanded uncertainty with level of confidence

0.95.
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3.4.3.4 Measurement of heat capacity of Bi:Fe4O9 using differential

scanning calorimetry

The performance of the differential scanning calorimeter was verified by
measuring the heat capacity of Bi»O3 in the temperature range of 333 to 813 K and
shown in Fig. 3.20 and the C, data at selected temperatures are given in Table 3.16.
The experimental heat capacity values are compared with the literature data [34]
which is also shown in Fig. 3.20 and given in Table 3.16. It is seen that the measured
C, values are in good agreement with the reported C, values at temperatures between
348 and 443 K. Deviations from the literature data are observed at temperatures

below and above this range. The maximum deviation is found to be 2.5 % at 778 K.

The XRD patterns of BixFesO9 before and after the DSC measurements
remained the same indicating that it did not undergo any change during heat capacity
measurements. The experimental values of the molar heat capacity of BioFesO9 are
given in Table 3.17 for selected temperatures and are plotted in Fig. 3.21. Three
pellets of BixFesO9 were used for heat capacity measurements and for each pellet
seven measurements were carried out. Hence, each measured data is the mean of
twenty one measurements and the uncertainty expressed for each value (in Table
3.17) is the expanded uncertainty obtained from these measurements. These data were

fitted into the following eq. (3.13) using the least squares regression analysis as,

C , <BiFesO> (J K mol") +11.0 =395.5-23.0x 10° T— 7.6 x 10° T
(T /K: 313-773) (3.13)

The error given is the combined expanded uncertainty with a confidence level
of 0.95 (see Table 3.17). These fitted values are also shown in the table along with
those measured. Molar heat capacity of Bi2FesO9 reported by Phapale et al. [15]

deduced from the enthalpy increment values measured in the temperature range of
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Fig. 3.20 Comparison of molar heat capacity of Bi2O3 measured in this

work with the data reported by Knacke et al. [34]

Table 3.16  Measured heat capacity (C,) values of Bi;O3 are compared with
heat capacity values reported by Knacke et al. [34] at 0.1 M Pa

pressure.”
T/K C, /JK-1 mol-1
Measured data Data from Knacke Deviation of measured
et al. [34]* data from the data
reported by Knacke et al.
333 115.4+0.3 116.2 -0.8
353 117.0+0.2 117.4 -0.4
403 120.1 £0.2 119.9 0.2
453 122.4+0.2 121.9 0.5
503 124.6 £ 0.3 123.6 1.0
553 126.5+0.2 125.0 1.5
603 128.0+0.2 126.2 1.8
653 129.7+£0.1 127.4 2.4
703 131.4+0.2 128.4 2.9
753 132.7+0.2 129.4 3.2
778 133.2+0.3 129.9 33
813 133.5+0.1 130.6 2.9

aStandard uncertainties, u (T) = 0.4 K and u (p) = 0.3 k Pa. Measured data is the mean
of ten measurements and the uncertainty given for each measured value is the
expanded uncertainty with level of confidence 0.95. The relative expanded
uncertainty, Ur (C, ) = 0.03 with level of confidence 0.95.

*Uncertainty not reported in ref. [34].
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Table 3.17 Measured and fitted heat capacity (C,) values of Bi:FesOy are

compared with heat capacity values computed through Neumann-
Kopp rule using C, of Fe;O3 and BiO3 from [34] (C, ") and

using C, of Fe203 from [37] incorporating correction for magnetic
contribution and C, of Bi;O3 from [34] (C, <) at 0.1 M Pa

pressure.”
T/K C, /JK"' mol
Estimated using Neumann Kopp rule
Measured data Fitted values C, * C, Mo P
313 3083+ 1.2 310.8 329.7 317.6
353 3275+ 1.0 326.4 345.1 329.5
403 340.5+0.8 339.5 361.0 340.5
453 348.8+0.8 348.1 374.5 349.0
503 354.1+1.0 353.9 386.7 355.9
553 356.8 0.6 357.9 397.9 361.7
603 360.3+ 1.0 360.7 408.5 366.9
653 363.6+ 1.0 362.7 418.6 371.5
703 363.9+1.2 364.0 428.4 375.8
753 364.7+ 1.4 364.8 438.0 379.7
773 366.3+1.2 365.0 441.8 381.3

aStandard uncertainties, u (T) = 0.4 K and u (p) = 0.3 k Pa. Measured data is the mean
of twenty one measurements and the uncertainty given for each measured value is the
expanded uncertainty with level of confidence 0.95. The combined expanded
uncertainty, Ue (C,) = 11.0 J K" mol with level of confidence 0.95%.

*Uncertainty not reported in references [34] and [37].

@The combined expanded uncertainty was calculated by incorporating the relative
uncertainties of experimental data and the relative uncertainty attributed to the
instrument. The relative uncertainty of the instrument was determined from the
measured C, values of BiO3 (Table 3.16). The relative uncertainty in the measured
heat capacity of BixFe4O9 was also calculated as Ax/x where Ax is the maximum
expanded uncertainty and x is the smallest measured C, value.
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Fig. 3.21 Molar heat capacity of Bi:FesOo. C, " js the molar heat capacity

calculated using Neumann-Kopp rule and C, Y“7is after
correcting for magnetic contribution.

313 to 911 K is also shown in Fig. 3.21. As seen from Fig. 3.21, the data reported by
Phapale et al. [15] are significantly higher than the present data at lower temperatures
while it is comparable at higher temperatures. It is also to be pointed out that the
temperature dependence of the molar heat capacity data reported by Phapale et al.

[15] is lower than that of the present data.

The values of the molar heat capacity of Bi2FesO9 were also computed by
Neumann-Kopp rule (NKR) using molar heat capacities of Bi2O3 and Fe,Os [34] and

are presented in Fig. 3.21.
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3.4.3.5. Deviation of measured C, values from the estimates by the
Neumann-Kopp rule (NKR)

Comparison of the experimentally determined heat capacity of Bi2FesO9 with

those estimated by the Neumann-Kopp rule indicates a large deviation. At the mean

temperature of the present measurement (543 K), the deviation is -10 %.

The molar heat capacity of a solid at constant pressure, C,,

n

can be expressed

as the sum of several contributions [35, 36]:

C,n=C,+C,+C (3.14)

others

where C,, represents the contribution of lattice vibrations (phonons), C, stands for

lattice dilatation and C represents other contributions which include those of

others
conduction electrons, excitations of localized electrons, ordering changes upon

second order phase transitions, formation of vacancies, magnetic contribution etc.

The contribution due to lattice vibrations, Cpr can be expressed as C,, = C, + C

anh >

where C, corresponds to heat capacity with harmonic crystal approximation and
C,, represents the contribution due to anharmonicity of vibrations. When ternary
oxides are formed from the constituent binary oxides, modification in both C,, and

C, could occur because of the differences in lattice dynamics between the ternary
and the limiting binary oxides. Deviation of the NKR estimated values from the

experimental values owing to an-harmonicity term AC would depend on the

anh >

structure and the nature of these oxides.

a-Fe;O3 is antiferromagnetic with Neel’s temperature of about 950 K.

Gronvold et al. [37] had measured the molar heat capacity of a-Fe;Os and
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theoretically delineated the lattice, dilatational and magnetic contribution to the molar
heat capacity of a-Fe,Os. Their work showed the magnetic contribution to the heat
capacity of a-Fe>Os3 is around 6 to 16 % in the temperature range of 300 to 800 K and
shows an increasing trend with increase in temperature. Bi2Fe4O9 is reported to be
paramagnetic at room temperature and on cooling, it undergoes a transition to an
antiferromagnetic state at about 264 K [38]. So the large deviation of the measured
heat capacity values of Bi2FesOo9 from NKR estimated values could be due to the
contribution of magnetic properties of a-Fe,Os. Therefore, the C, of BixFe4sO9 was
recalculated by NKR by subtracting the magnetic contribution and considering only

the estimated lattice and dilatational contributions of a-Fe»O3; which is also shown in

Fig. 3.21. These values are referred to as C, Y Fig. 3.21 shows that the

deviation of the measured data for Bi2FesO9 from the C, V< is only 0.9 % at the

mean temperature, namely 543 K.

Although, the probable main factor for the deviation of measured data from C,
NKR values is the magnetic contribution from Fe;Os, other factors like lattice

vibrations, C,, and lattice dilatations, C, would also have their own contributions.

The dilatational term, C, constitutes the change in C, — C with temperature and is

given by,
C,-C,=T Vnop (3.15)

where Vi is the molar volume of the solid, a is its isobaric volume expansion, and 3
is the isothermal compressibility. The temperature dependence of the deviation of the

measured heat capacity from the NKR predicted values could be due to change in

difference in the dilatational properties, AC, with temperature. This would depend
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upon the difference in molar volumes of the constituent oxides, their isobaric volume

expansions, and isothermal compressibilities.

2 2 2
Acd”/T:Vm,AB( X s ) = XAVm,A (%) 'XBVm,B (%) (316)
A B

AB

where A and B represent the constituent oxides and AB represents the ternary mixed
oxide. Table 3.18 shows the unit cell volumes of Bi,O3 and Fe;Os3 and those of
BixFesO9 [27]. As seen from the Table, the unit cell volume of BixFe4Oo is 8 % higher
than the sum of the unit cell volumes of stoichiometric quantities of constituent
oxides. If the difference in the molar volume AV, would have contributed to the

difference in the C, values between the measured and that computed, the measured
C, values of BizFe4O9 should have been more than that estimated by using NKR
approximation. However, the deviation observed (Fig. 3.21) is much different from
what is expected based on the AV . It is presumed that the a’ / f terms and their

temperature dependence for the binary and ternary oxides significantly contribute to

this observed difference. However, these values are not available in the open

literature.
Table 3.18 Unit cell volumes of BizFe4O9
Unit cell volume/formula unit (A%) V —V
—< 2 |x100
Compound, V. Constituent oxides, V, )
201.18 (Bi203+2Fe203), 185.94 8
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3.4.3.6 Internal consistency of the measured thermodynamic data

The agreement of the standard enthalpy of formation of BirFesO9 at 298 K
obtained from the acid solution calorimetry measurements with the standard enthalpy
of its formation at the mid temperature of emf measurements was checked as given

below:

Gibbs energy of formation of Bi2Fe4Oy is given by eq. (3.12). From eq. (3.12),

the enthalpy of formation of BizFesOo at the mid temperature of emf measurements

(911 K), A HS,\x < Bi,Fe,0, > =-2196.2 + 0.6 kJ mol™ and this can be related to

A H3e < Bi,Fe,O, > by the following expression:

545
A, Hy < BiyFe,0y>=A Hj, . <Bi,Fe,0,>—| [AC,dT ~2AH , Bit+

298

Qj 1AcparT} (3.17)

545

where, AC, is the difference in the molar heat capacities of Bi:FesO9 and the

constituent elements in their standard states and in the required stoichiometric

quantities.

The heat capacity of Bi2FesO9 was taken from eq. (3.13) and those of Bi (s / ),

Fe (s) and O; (g) were taken from ref. [34] and are given below:

C, <Bi>( K'mol ') =28.033 - 24.267 x 107 T + 50.208x10°T?

(T / K: 298-545) (3.18)

C, {Bi} (J K" mol")=23.359+3.138 x 10° T+ 1.661x10° T2 - 0.720 x 10 T
(T / K: 545-1835) (3.19)
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C, <Fe>(J K mol ") = 14.954 +28.079 x 10 T + 0.155 x10° T
(T / K: 298-800) (3.20)

C, <Fe> (J K mol™) = 26.439 +20.677 x 107 T (T / K: 800-1184) (3.21)

C, (02) J K mol") =29.154 + 6.477 x 10> T - 0.184 x 10° T2 — 1.017 x 10 T2
(T / K: 298-3200) (3.22)

Hence,
545 911 545 9
. BiyFe,0, Bi Fe 0,
“Acpdr—zAHﬂ”Bﬁ [ AdeT}: | {cp -(C) +4C +2C )}dT

298 545 298

800

. i, Fe,Oy i e 9 2
~2AH ,Bi+ | [cjsz *—QC) +4C; +§c§ )}dT
545
911 ' ‘ 9
+ j [cjj’zm% —-(2C) +4C)* +ECP02 )} (3.23)
800
=-10.1 kJ mol” (3.24)

By substituting the values of A Hg), . < Bi,Fe,O, > and

298 545

545 911
{ [ac,ar—2aH , Bi+ | AdeT} in eq. (3.17), we get

A Hjyy < Bi,Fe,0, > =-2186.1%2.8k] mol " (3.25)

The difference between the values of A, HJ, < Bi,Fe,O, > obtained from

acid solution calorimetry (-2170.8 + 28.6 kJ mol') and deduced from emf

measurements is less than 1%. The agreement between enthalpy data deduced from

high temperature Gibbs energy data and the enthalpy data measured at 298 K

confirms internal consistency of the measured thermochemical data on BizFesOo.
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3.4.4 Studies with samples of composition within the section bound

by Bi, Bi2Fe4O9 and Bi203

3.4.4.1 Long term equilibration of samples in the temperature range

of 773 to 1023 K

Results of long term equilibrations of samples with composition falling in this
section at 1023 K are given in Table 3.5. Compositions of samples 17 and 18 are in
the region bound by Bi, BixFesO9 and BiFeOs. Hence, it was expected to obtain Bi,
BiFesO9 and BiFeOs as coexisting phases after equilibration of these samples. As
expected, a mixture of Bi, BixFesO9 and BiFeOs was obtained after equilibration, but
a small amount of BixsFeOs9 also formed along with these three phases. It is to be
pointed out that during the preparation of BiFeOs (described in section 3.4.1) also, a
small amount of BixsFeOs9 was formed along with BiFeOs. Samples, 19 and 20,
whose compositions were in the region bound by Bi, BiFeOs; and BixsFeOso, after
equilibration gave a mixture of Bi, BiFeO3 and BisFeOs9, indicating the coexistence
of these phases at 1023 K. Samples 21 to 23, after equilibration, confirmed the
presence of the phase field, Bi-BixsFeO39-Bi20O3. Equilibrations at 773 K also showed
the same results as in the case of equilibrations at 1023 K. Samples, 24 and 25 (in
Table 3.6) whose compositions were in the region bound by Bi, BixFe4sO9 and
BiFeOs, gave a mixture of Bi, BizFesOo, BiFeO3 and a small amount of BixsFeOso.
Sample 26, whose composition was in the region bound by Bi, BiFeOs and
BixsFeOso, after equilibration, gave a mixture of Bi, BiFeO3 and BixsFeOso, indicating
the coexistence of these phases at 773 K. Samples 27 and 28, confirmed the presence
of the phase field: Bi-BixsFeO39-BxO3 at 773 K. To summarize, the phase fields
identified by the above experiments at 1023 and 773 K are: (a) Bi-BiFeO3-BixsFeOso

and (b) Bi-BizsFeO39-B1203. In view of the literature data on the stability of BiFeOs,
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additional experiments were carried out to confirm these results which are described

in the following sections.

3.4.4.2 Experiments to determine the temperature range of stability

of BiFeOs

3.4.4.2.1 DTA and DSC experiments with BiFeQOs

The thermogram obtained by differential thermal analysis of BiFeO3 from 298
to 973 K did not show any thermal event both during heating and cooling. XRD
pattern of BiFeOs; after the DTA experiment also did not show any change from its
XRD pattern prior the experiment. The thermogram from DSC experiment in the
temperature range of 298 to 823 K also gave the same results. This could mean either
BiFeOs; is thermodynamically stable in the temperature range of study or the kinetics
of its decomposition is too slow that it did not decompose within the short dwell time

of the sample during DTA and DSC experiments at high temperatures.

3.4.4.2.2 Equilibration of BiFeO; in vacuum and air at different

temperatures

As described in section 3.3.5.2, nine samples of BiFeO3 were simultaneously
equilibrated for prolonged periods in a temperature gradient furnace in vacuum to
determine its temperature range of stability. Similar equilibrations were carried out in
air also. The results obtained are given in Tables 3.7 and 3.8. As mentioned in section
3.4.1, phase pure BiFeOs could not be prepared and it always contained a small
amount of BixsFeOszs. XRD patterns obtained after equilibrating the samples in
vacuum and air are shown in Figs. 3.22 and 3.23, respectively. The pattern of the
samples equilibrated at temperatures below 763 K in vacuum (samples 1 to 3 in Table

3.7) were identical to that of the starting material i.e., a mixture of BiFeO3 (major
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Fig. 3.22 XRD patterns obtained after equilibrating BiFeO; at different
temperatures in vacuum for 480 h
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Fig. 3.23 XRD patterns obtained after equilibrating BiFeO; at different
temperatures in air for 480 h

phase) and BisFeOs9 (minor phase). A similar feature is observed for samples
equilibrated in air at 757 K and below (samples 10 to 13 in Table 3.8). In the case of
the sample which was equilibrated in vacuum at 763 K, the intensity of XRD lines of
BixsFeOsy increased along with those of BixFesOy. Simultaneously, a reduction in the

intensity of the lines corresponding to BiFeO; was also observed. This shows the

122



decomposition of BiFeOs to the neighbouring compounds, namely BixsFeOso and
Bi2FeOo, but this decomposition was not complete even after 480 h. A similar feature
is observed in the sample equilibrated in air at 807 K. In the case of the samples
equilibrated at 805 and 871 K in vacuum (853 K in air), BiFeO3 had decomposed
completely to BizsFeOsz9 and BixFeOo. In the case of sample equilibrated at 943 K in
vacuum (941 K in air), presence of a small amount of BiFeO3 could be identified
although major phases are BixsFeOs9 and BiFesOo. In the case of samples
equilibrated at higher temperatures, BiFeO; was the major phase although small
quantities of the other two phases could be identified. These results indicate that
BiFeOs is a metastable compound at low temperatures and would become stable only
at temperatures around 940 K. These results are in agreement with those reported by
Maurya et al. [22] and Egorysheva et al. [23]. In their works, the authors observed the
formation of BiFeOs; at temperatures between 873 and 973 K. But according to
Selbach et al. [21], BiFeOs is stable only above 1040 K. They calculated the free
energy change for the reaction represented by eq. (3.1) using the data reported by
Phapale et al. [15] and found that it would become negative only above 1040 K. The
difference in the temperature from this data and that of Selbach et al. could be due to
the possible errors in the data reported by Phapale et al. It is to be noted that the

Gibbs energy of formation of BixFe4Oog derived by Phapale et al. (from the measured

enthalpy of formation data and enthalpy increment data from calorimetric

experiments and using estimated value of A §7, . and the value of AC, o, ; obtained

from the enthalpy increment data) is lower than the value reported in this work by

direct emf measurement. Further experiments are required to determine the exact
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temperature above which BiFeOs; becomes thermodynamically stable. The reaction

involving BixsFeO39, BixFe4O9 and BiFeOs can be represented by eq. (3.1):
49 BiFeOs — 12 BixFesO9 + BizsFeOs9 (3.1

Although BiFeOs could be prepared by heating the hydroxides at 773 K for
shorter periods, it is found to decompose, although partially, on prolonged heating at
763 K. This might be the reason for the presence of BiFeO3 in sample 3b in Table 3.2
and samples 24, 25 and 26 in Table 3.6 equilibrated at 773 K. Presumably because of
small Gibbs energy change for the reaction (3.1) and also because of slow kinetics of

decomposition, BiFeOs is present as metastable phase at low temperatures.
3.4.4.2.3 Equilibration of samples containing BiFeQ3 with liquid Bi

XRD patterns obtained after equilibrating mixtures of Bi, BixFesOo9 and
BiFeOs in liquid Bi at 873 and 1023 K for 480 h are shown in Fig. 3.24 and the
results are summarized in Table 3.9. At 873 K, the intensity of the lines
corresponding to BiFeOs had drastically reduced and the intensities of the lines of
BixFesO9 and BixsFeOs9 had increased. At 1023 K, the intensity of the lines of
BixsFeOs39 had decreased and those of BiFeOs had increased. This is in agreement
with the observations made during equilibrations of BiFeO; in air and vacuum

described in section 3.4.4.2.2.

XRD patterns obtained after equilibrating mixtures of Bi, BiFeOs and
BizsFeOs9 in liquid Bi at 873 and 1023 K are shown in Fig. 3.25 and the results are
given in Table 3.9. At 1023 K, BiFeOs; had not decomposed but at 873 K, it
decomposed almost completely and the other two phases i.e., Bi2FesO9 and BixsFeOso

had formed. This is again in agreement with the results of long term equilibration of
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BiFeOs3 in air and vacuum described in the earlier section. These results also confirm

that BiFeOs is metastable at low temperatures and would become stable only at high

temperatures.
(b)
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Fig. 3.24 XRD patterns of the products formed after equilibration of Bi, Bi2Fe4QOo,
BiFeOs; mixture in lig. Bi (a) at 873 K and (b) at 1023 K for 480 h
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Fig. 3.25 XRD patterns of the products formed after equilibration of Bi, BiFeOs,
Bi2sFeOs9 mixture in lig. Bi (a) at 873 K and (b) at 1023 K for 480 h

The results of the present experiments in conjunction with the data in literature
bring out the following characteristics of BiFeO3 and the attainment of equilibrium in

Bi-Fe-O system:
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BiFeO; is thermodynamically unstable at low temperatures. The rate of its
decomposition is very slow at temperatures as high as ~750 K. At temperatures above
750 K, the decomposition rate increases. On prolonged heating at ~850 K, BiFeOs3
decomposes completely to form BixsFeOs9 and BixFesOo (eq. 3.1). At a temperature
around 940 K, BiFeOs; appears as thermodynamically stable phase and remains as a
stable phase above that temperature. This would explain the presence of a small
amount of BiFeO3 in samples equilibrated in vacuum at 943 K and in air at 941 K
while it had decomposed completely at 805 and 871 K in vacuum and 853 K in air.
This is also evident from the presence of BiFeO3 as the major phase in the samples
equilibrated at 1034 and 1089 K in vacuum and in the samples equilibrated in air at
1028 K and 1085 K. Since BiFeOs is only metastable at 773 K, the phase fields that
exist in the region bound by Bi, Bi2FesO9 and Bi,0; at 773 K are: 1) Bi-BixFesOo-
BixsFeO39 and 2) Bi-Bi2sFeO39-Bi2O3. None of the equilibrations proved the existence
of Bi-BixFesOo9-BixsFeOs39 phase field at 773 K and this was because of the metastable
nature of BiFeOs;. However, the existence of Bi-BixFesOo-FexO3 and Bi-BixsFeOs3o-
B12O3 phase fields has been established by the long term equilibration studies.
Further, the equilibration of different molar ratios of Bi,O; and Fe;Os in air
(discussed in section 3.4.2) indicated that no other ternary compounds with their
composition falling in between Bi2FesO9 and BixsFeOso are present at 773 K. All
these observations lead to the confirmation of the existence of Bi-BixFesOo-BixsFeOs3o

phase field at 773 K.

The phase fields identified in the region bound by Bi, Bi2FesO9 and Bi,O3 at
1023 K are: 1) Bi-BiFeOs3-BixsFeOs9 and 2) Bi-BizsFeO39-B1203. Present experiments
have also established the thermodynamic stability of BiFeOs at this temperature. It is
to be noted that the existence of Bi-Bi2FesO9-BiFeOs phase field was not evidenced in

any of the equilibration studies at 1023 K. However, its existence can be deduced
126



since (i) the existence of Bi-BizFesOo-Fe;O3 and Bi-BiFeOs-BixsFeOsg phase fields
has been confirmed by the long term equilibrations and (ii) the coexistence of
BiFe4O9 and BiFeOs, and BiFeOs and BixsFeOs9 has been established by long term
equilibration of different molar ratios of BiO3 and Fe>Os3 in air (discussed in section
3.4.2). Based on all the above results, the ternary phase diagram of Bi-Fe-O system at
773 and 1023 K have been constructed and are shown in Figs. 3.26 and 3.27. The
results of the experiments showed that on increasing the oxygen content of bismuth
metal in equilibrium with iron metal, iron oxides would first appear as the coexisting
phases. With further increase in oxygen content in bismuth, BixFesO9 would appear

as the coexisting phase.
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Bi Fe

Fig. 3.26 Isothermal cross section of the ternary phase diagram of Bi-Fe-O
system at 773 K

Bi Fe

Fig. 3.27 Isothermal cross section of the ternary phase diagram of Bi-Fe-O
system at 1023 K
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3.4.4.3 Emf measurements

To determine the temperature above which BiFeOs appear as a
thermodynamically stable phase in liquid Bi and also to determine the Gibbs energy
of formation of BiFeO3 and BizsFeO39, oxygen potentials in liquid Bi in equilibrium
with different phases were measured. The details of the emf measurements are given
in Table 3.19 and the output of the emf cells, namely II, III, IV- a and IV- b in the
chronological order of measurements along with the dwell time at each temperature
are given in Tables 3.20 to 3.23. The variation of emf output of these cells with
temperature is shown in Fig. 3.28. As seen in Tables 3.20 to 3.23, all the cells were
first operated at temperatures above 1000 K where BiFeOs; would be
thermodynamically stable. The values of emf and its temperature dependence in all
the cells were nearly same, as seen from Fig. 3.28. As seen from Table 3.19, overall
compositions of the samples for the cells were chosen such that in cell - II and III,
they would lie in the region bound by Bi, Bi2FesO9 and BiFeOs. In cells IV-a and b,

the overall compositions would lie in the region bound by Bi, BiFeO3 and BixsFeOso.

From the results of the experiments discussed in the earlier section, it is known
that BiFeOs would appear as stable phase around 940 K. Hence, when equilibrium is
established at temperatures below about 940 K, samples in all the four cells are
expected to belong to Bi-BixFesO9-BisFeOso phase field. At temperatures above
about 940 K, cell IT and III are expected to belong to Bi-BixFe4Oo-BiFeOs phase field,
while the samples of cells IV-a and b are expected to belong to the Bi-BiFeOs-

BizsFeOs9 phase field. Since the temperature dependence of oxygen potentials in all
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Table 3.19 Details of emf measurements

Region in which

Phases obtained

Cell No. rﬁztiglil;%s overall composition Duration after emf
would lie measurement
Cell 11 Bi, Bi2F6409, Bi- 22 days Bi, BizFe409, BiFCO3,
BiFCO3 BizFC409-BiFCO3 (17 data Bi25F€O39 (rninor
(containing points)  phase)
small amount
Of BisteO39)
Cell ITI Bi, Bi- 3 months  Bi, Bi,Fe4O9 (major
Bi>FesOo, BiFesO0-BiFeOs (33 data  Phase),
BissFeOso points) BiFeOs (minor phase)
BizsFeOso (minor
phase)
Cell IV-a Bi, BiFeOs Bi- 2 months Bi, BiFeO3 BixsFeOsg
(containing BiFeO;BixsFeOs» (20 data
small amount points)
Of Bi25F6039),
Bi25F6039
Cell IV-b Bi, BiFeO3 Bi- 17 days Bi, BiFeO3,Bi25FeO39
(containing BiFeO;-BixFeOsn (12 data
small amount points)
of Bi25F6039),
Bi25F6039
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Table 3.20 Output of cell II as a function of temperature

No. Temperature (K) Dwell time (h) Emf (mV)
1 1013.3 37 504.5
2 930.0 23 541.2
3 822.3 40 594.4
4 780.0 25 615.0
5 868.0 24 572.0
6 969.5 18 522.0
7 998.8 46 510.8
8 955.7 25 529.3
9 897.8 63 557.4
10 852.4 27 579.9
11 803.5 27 603.4
12 777.9 21 615.5
13 837.4 22 586.7
14 882.3 39 564.8
15 913.6 22 549.6
16 943.4 12 535.0
17 985.5 14 515.2
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Table 3.21 Output of cell III as a function of temperature

No. Temperature Dwell Emf No. Temperature  Dwell Emf
(K) time (h) (mV) (K) time (h) (mV)
1 1023.7 179 501.8 18 773.1 28 616.7
2 1000.0 84 511.4 19 798.2 33 604.4
3 981.9 26 517.4 20 810.2 29 598.4
4 956.5 26 528.3 21 836.2 18 587.1
5 930.9 60 540.8 22 861.2 20 577.0
6 903.6 46 554.5 23 888.2 64 562.5
7 923.2 28.5 545.1 24 785.1 22 606.2
8 965.6 24 524.3 25 1018.1 48 500.2
9 939.8 48 536.0 26 998.1 49 508.6
10 1012.5 117 506.1 27 781.7 64 610.4
11 992.2 141 515.1 28 924.3 26 544.0
12 955.5 28 528.6 29 826.3 15 589.8
13 948.7 22 532.0 30 876.6 23 568.4
14 918.0 26 547.2 31 797.1 20 602.9
15 873.5 28 567.4 32 973.4 50 520.0
16 848.2 20 577.5 33 1024.6 26 498.7
17 823.2 164 589.1
Table 3.22 Output of cell IV — a as a function of temperature
No. Temperature Dwell Emf No. Temperature Dwell Emf
(K) time (h) (mV) (K) time (h) (mV)
1 1014.3 14 498.8 11 790.5 46 611.2
2 915.4 54 547.7 12 778.8 73 617.7
3 818.4 46 597.1 13 952.9 26 529.7
4 766.0 120 623.5 14 927.8 22 542.3
5 865.5 7 573.0 15 996.0 40 509.0
6 965.3 20 523.4 16 902.6 71 555.1
7 806.8 42 602.4 17 877.8 20 567.2
8 980.5 20 516.4 18 852.0 67 580.7
9 939.9 93 536.4 19 829.4 50 592.6
10 889.6 39 561.0 20 801.4 42 606.2
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Table 3.23 Output of cell IV — b as a function of temperature

Temperature . Emf
No. Dwell time (h
(K) (h) (mV)
1 1020.6 17 497.0
2 921.5 22 545.5
3 828.1 19 590.0
4 783.8 47 611.5
5 874.6 55 568.5
6 969.1 18 522.0
7 998.4 42 507.3
8 950.8 6 530.9
9 945 .4 12 533.8
10 804.2 24 601.4
11 896.0 21 557.9
12 859.6 24 576.2
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Fig. 3.28 Variation of emf with temperature for cells II, III, IV —a and IV - b
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the three phase fields are expected to be different, a slope change at the temperature
of appearance of BiFeOs as stable phase is expected. However, as seen from Fig.

3.28, no significant change in slope has been observed.

It is seen from Table 3.20 and 3.21, the final temperature of operation of cell 11
and III were 985.5 and 1024.6 K, respectively. At these temperatures, BiFeOs; is
expected to be present as a stable phase. When the cells IV-a and b were cooled to
room temperature from 801.4 and 859.6 K, respectively, BiFeOs3 is not expected to be
present. However, XRD patterns of the samples retrieved from all the four cells
showed the presence of Bi, BiFeO3 and BixsFeOs9 in them. Cells II and III contained
additionally BixFe4Oy9 as seen from Table 3.19. It is seen that metastable phases were
present in the samples. This could be due to insufficient dwell time at low operating
temperatures of the cell for the metastable phases to decompose completely, although
emf values were stable due to the ‘equilibrium’ established with these phases. Due to
the identical ‘equilibrium’ conditions in all the four cells, emf values and their
temperature dependence were same. Obviously, these data could not be used to

deduce the Gibbs energy of formation of BiFeO; and BizsFeOszo.

3.4.4.4 Standard enthalpy of formation of BizsFeQO3o9

The chemical calibration of the calorimeter using KCl and TRIS were
discussed in section 3.4.3.3. The results of the measurements of enthalpy of
dissolution of BixsFeOso is given in Table 3.24 and the results of the measurements of
enthalpy of dissolution for the starting materials, BiO3 and Fe;Os are given in Table

3.14. A typical plot of dissolution of BixsFeOso in 8.38 mol kg HCI is shown in
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Fig. 3.29. The molar enthalpy of solution of Bi2sFeO39 deduced from the experiments
is -4823.5 + 180.7 kJ. The thermochemical reaction scheme used to derive the
standard molar enthalpy of formation of BizsFeO3o is given in Table 3.25. By using
the values of the standard molar enthalpies of formation of Bi2O3 and Fe,O3, namely
AHs and AHs from ref. [33], the standard molar enthalpy of formation of BixsFeO3o

was determined as -7540.7 + 256.7 klJ.

Table 3.24  Experimentally determined values of enthalpies of dissolution
(AH) and molar enthalpies of dissolution (AseiHm) of BizsFeOs9 in
8.38 £ 0.01 mol kg! HCI (mass of solvent = 327.15 + 0.01 g) at
298.15 K* and 0.1 M Pa pressure.”

Sample Weight (w) /g AH/J AsoiHm / (kJ mol™)
BixsFeO39 0.0588 -47.22 -4741.4
(Molecular mass: 0.0706 -54.01 -4516.5
5904.306 g mol™) 0.0742 -61.73 -4912.1
0.0665 -56.79 -5041.9
0.0545 -45.28 -4905.6

X =-4823.5+180.7¢

" Temperature stability inside the calorimeter prior to start of experiment was + 0.001K.

X : Mean value of the measurements.
*The standard uncertainties, u (w) = 0.0001 g and u(p) = 0.3 k Pa.
@ Uncertainty given is the expanded uncertainty with level of confidence 0.95.
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Weight of the sample: 0.0588 g
27.42 - . .

Current and time given for

4 electrical calibration: 250 mA, 50 s
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Fig. 3.29 A typical plot of dissolution of Bi>sFeOso in 8.38 mol kg! HCI

Table. 3.25 Reaction scheme for calculating the standard molar enthalpy of
formation of Bi2sFeO39

Reaction

Enthalpy change

BixsFeO39 (s)+ 78 HCI (sln)
= (25 BiClz + FeCl3 + 39 H>0) (sln)

B1:03 (s)+ 6 HCI (sln)
= (2 BiCls + 3 H20) (sln)

Fe;0s3 (s) + 6 HCl (sln)
= (2 FeClz + 3 H20) (sln)

2 Bi(s) +3/2 O2(g) = Bi20s3 (s)
2 Fe (s) +3/2 02 (g) = Fe20s3 (s)

25 Bi (s) + Fe (s) + 39/2 02 (g)
= Bi25F6039 (S)

AH, = -4823.5 + 180.7 kJ mol'@

AH, =-381.6 £ 14.2 kJ mol'@

AH3 =-99.6 + 9.4 k] mol'®
AH4 =-570.7 £ 3.3 kJ mol! from [33]
AHs = -821.3 + 3.3 kJ mol"! from [33]

AHs = 25/2 AH>+ 1/2 AHz + 25/2 AHs+ 1/2 AHs — AH,
=-7540.7 + 256.7 kJ mol'®

@ Uncertainty given is the combined expanded uncertainty with level of confidence

0.95.
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3.4.4.5 Heat capacity measurement of BixsFeQs9 using differential

scanning calorimetry

The XRD patterns of BixsFeOso9 before and after the DSC measurements
remained the same indicating that it did not undergo any change during heat capacity
measurements. The measured values of the molar heat capacity of BixsFeOs9 are
given in Table 3.26 for selected temperatures and shown in Fig. 3.30. Three pellets of
BisFeOs9 were used for heat capacity measurements and for each pellet seven
measurements were carried out. Hence, each measured data is the mean of twenty one
measurements and the uncertainty expressed for each value (in Table 3.26) is the
expanded uncertainty obtained from these measurements. These mean values were
fitted to the following equation by using the least squares regression analysis as,

C, <BixsFeOso> (J K™ mol™) +49.9 = 1529.9 + 200.6 x 103 T —21.6 x 10° T>
(T/K:308-818)  (3.26)

The error given is the combined expanded uncertainty with a confidence level
of 0.95 (see Table 3.26). These fitted values are shown along with the measured
values in the Table. Phapale et al. [15] measured the enthalpy increment of BixsFeOso
in the temperature range of 324 to 834 K and deduced its molar heat capacity. The
data reported by them are also shown in Fig. 3.30. As seen from Fig. 3.30, the data
reported by Phapale et al. [15] are significantly lower than the values from the present
work over the entire temperature range of investigation. It is also to be pointed out
that the temperature dependence of the C, reported by Phapale et al. [15] is lower

than that of the present data.

Molar heat capacity of BixsFeO3z9 was also estimated by using Neumann-Kopp

rule (NKR) by using the values of molar heat capacity for BiO3; and Fe,Os3 [34].
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These values, represented as C,"*®, are also shown in Fig. 3.30. At the mean
temperature (563 K) of the present measurement, the experimental value of the molar

heat capacity is about 4 % lower than that estimated by NKR.

Table 3.26 Measured and fitted heat capacity (C,) values of Bi:sFeOsy are

compared with heat capacity values computed through Neumann-
Kopp rule using C, of Fe;O3 and Bi;O3 from [34] (C, "*) and

using C, of Fe203 from [37] incorporating correction for magnetic
contribution and C, of BiO; from [34] (C, ") at 0.1 M Pa

pressure.”
T/K C,/JK'mol"
Estimated using Neumann Kopp rule
Measured data Fitted values C, KR * C, NKR corr *
308 1355.9 £ 13.0 1364.0 1482.7 1479.8
353 1430.1 £13.0 1427.4 1524.6 1520.7
403 1482.3 £16.2 1477.7 1559.6 1554.4
453 1520.3 £ 16.6 1515.5 1587.2 1580.8
503 15439 + 14.4 1545.4 1610.2 1602.5
553 1563.9 £ 13.8 1570.2 1630.3 1621.2
603 1587.1+£17.2 1591.5 1648.3 1637.9
653 1610.4 + 14.4 1610.2 1664.9 1653.1
703 1628.1 £11.0 1627.2 1680.4 1667.3
753 16447+ 114 1642.9 1695.2 1680.6
803 1658.4 £ 16.2 1657.5 1709.4 1693.4
818 1662.7 + 18.0 1661.7 1713.5 1697.1

aStandard uncertainties, u (T) = 0.4 K and u (p) = 0.3 k Pa. Measured data is the mean
of twenty one measurements and the uncertainty given for each measured value is the
expanded uncertainty with level of confidence 0.95. The combined expanded
uncertainty, Uc (Cp) = 49.9 J K'! mol! with level of confidence 0.95%.

*Uncertainty not reported in references [34] and [37].

@ The combined expanded uncertainty was calculated as in the case of BizFesOo (see
Table 3.17).
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Fig. 3.30 Molar heat capacity of BixsFeOs. C, " js the molar heat capacity

calculated using Neumann-Kopp rule and C, """ is after correcting

for magnetic contribution.

3.4.4.6. Deviation of measured C, values from the estimates by the
Neumann-Kopp rule (NKR)

Comparison of the experimentally determined heat capacity of BirsFeOs9 with
those estimated by the Neumann-Kopp rule indicates a large deviation. At the mean
temperature of the present measurement, the deviation is -4 %. The reasons for this
deviation were discussed in section 3.4.3.5. Large deviation of the measured heat
capacity values of BisFeOso from NKR estimated values could be due to the
contribution of magnetic properties of a-Fe>O3 because BixsFeOso is reported to be

paramagnetic up to the temperature range of 5 to 950 K [39]. Therefore, the Cp of
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BixsFeOs9 was recalculated by NKR by subtracting the magnetic contribution and

considering only the estimated lattice and dilatational contributions of a-Fe>O3; which
are also shown in Fig. 3.30. These values are referred to as C, "*<”. Fig. 3.30
shows that in the case of BixsFeOso, the deviation of the measured data from the
C, "t did not change significantly, compared to BixFesOs i.e., it reduced from
4 % to 3% only. This is probably due to the difference in the fraction of Fe;O3 present

in BixsFeO39 (3%) and in Bi2FesOg (66%).

In addition to magnetic contribution from Fe;Os, other factors such as lattice
vibrations, C,, and lattice dilatations, C, would also have their own contributions for
the deviation of C, ™* from the measured value. The temperature dependence of the
deviation of the measured heat capacity from the NKR predicted values could be due
to change in difference in the dilatational properties, AC, with temperature and

which would depend upon the difference in molar volumes of the constituent oxides,
their isobaric volume expansions and isothermal compressibilities. Table 3.27 shows

the unit cell volumes of Bi,O3 and Fe>O3 and those of BixsFeOs39 [27].

Table 3.27 Unit cell volumes of BizsFeOs39

Unit cell volume/formula unit (A%) V —V
<2 %100
Compound, V. Constituent oxides, V, ,
1055.35 (25/2 BiO3+1/2 Fe>03), 1058.70 -0.3

As seen from Table 3.27, the unit cell volume of BixsFeOsg is 0.3% lower than
the value obtained by the linear combination of the values of the unit cell volumes of
the two binary oxides, taken in the appropriate stoichiometric ratio. If the difference

in the molar volume AVm would have contributed to the difference between the
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measured and computed C , values, then the measured C, values of BizsFeO39 should

have been very close to that of the computed one. However, the deviation observed

(Fig. 3.30) is much different from what is expected based on the AV, . Hence, the

a’ / f terms and their temperature dependence for the binary and ternary oxides

might be the contributing factors for this observed difference and these values are not

available in the open literature.
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Chapter 4

THERMOCHEMICAL STUDIES ON Bi-Cr-O
SYSTEM

4.1 Introduction

Use of lead and lead-bismuth eutectic alloy as coolants in nuclear reactors and
in ADS has received greater attention in recent years. Various aspects of corrosion of
structural materials in these coolant systems are discussed in Chapter 1. Formation of
a protective oxide layer by controlling the oxygen concentration in the coolant can
reduce the corrosion of structural material in these heavy liquid metal cooled systems.
To understand the nature of this protective oxide film, the data on phase diagram and
thermochemical properties of the ternary compounds formed in the Pb-M-O and Bi-
M-O (M = alloying elements of steel) systems are essential. In this chapter, studies

carried out on Bi-Cr-O system are described.

4.2 Literature survey

4.2.1 Cr-O system

Fig. 4.1 shows the partial phase diagram of Cr-O system [1]. Among the
several oxides reported in Cr-O system, Cr.Os and CrOs are the stable oxides under
atmospheric pressure. CrOz is extremely hygroscopic and melts at 470 K. Cr20s is
obtained as the end product on dissociation of CrOs3 at elevated temperatures in air.
All other oxides reported in this system, namely CrO, Cr30a, Cr3zOs, Cr20s, CreOss,
CrsO12 and CrO are stable either at high temperatures or under high oxygen

pressures only [2, 3].
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Gibbs energy of formation of Cr.Os has been measured by using gas
equilibration techniques and solid oxide electrolyte based emf cells [3-12]. The
literature data on Gibbs energy of formation of Cr,O3 are listed in Table 4.1 including
the experimental details. They are also shown in Fig. 4.2. Ziemniak et al. [12] carried
out a detailed review on the Gibbs energy of formation of Cr,O3. Ramsey et al. [4]
determined the Gibbs energy of formation of Cr.Oz by a microbalance technique in
which oxidized chromium sheet heated in prepared Hx/H>O atmospheres and the
dissociation pressure of Cr.O3z was determined. Toker et al. [3] and Jeannin et al. [5]
determined the equilibrium oxygen pressure over Cr/Cr20O3 by gas equilibration using

H>/CO; and H2/H.O mixtures, respectively.

Welght Percent Oxygen

2400 e AR L L T o
zam—i { _
zzm-i ! j _
:-:m-u— ,-" \ ! -
zuw—g Ly | Ly + Lz \ Lz _

1900 f
13as i, | /

Temperature °C

E i :
1800 1 ! 3

3 i E
17003 Wi E
E L W E

1600 3

lED{I—E"'_':Ul':' i _

1400 e Trrrrrrrrr [rrrrrrrrr Trrrrrrrrr Trrrrrrrrr [rfrrrrrrrr[rrrrrrrrr :

Or Atemile Percent Oxygen

Fig. 4.1 Partial phase diagram of Cr-O system [1]
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Tretjakow and Schmalzried [6], Pugliese and Fitterer [7] and Davies and
Smeltzer [8] determined Gibbs energy of formation of Cr.Osz using zirconia based
emf cells. Fig. 4.3 shows the electrolytic domain boundaries of CSZ along with the
data reported by these authors. It can be seen that the measurements were carried out
outside the electrolytic boundaries of CSZ. Mazandarany and Pehlke [9], Jacob [10]
and Holzheid and O’Neill [11], determined the Gibbs energy of formation Cr2Os
using thoria based emf cells. Fig. 4.3 shows the electrolytic domain boundaries of
YDT also and the data reported by these authors. The entire data sets fall within the
domain boundaries of YDT. Fig. 4.2, which compares the data on Gibbs energy of
formation of Cr.Oz reported by different authors clearly revealed the deviation among
them. Generally, gas equilibration techniques are employed at high temperatures
(>1000 K) and the error associated with this method are higher than those
encountered in emf methods. It is to be pointed out that the data derived using
zirconia cells are associated with error due to the contribution of electronic
conduction. However, close agreement is observed among the data derived from YDT
based emf cells viz., by Mazandarany and Pehlke [9], Jacob [10] and Holzheid and

O’Neil [11].
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Table 4.1 Literature data on the Gibbs energy of formation of Cr203

Experimental Temperature / 0
Reference techniques K At G} Cr203/ KJ
Toker et al. [3] Gas equilibration i -1092.4 +0.2379 T (£ 0.5)
with H,/CO, mixture | 17731923
Ramsey et al. [4] Gas equilibration ) -1125.6 + 0.2658 T~
with Ho/H,0 mixture | 5711427
Jeannin et al. [5] Gas equilibration -1115.9 + 0.2508 T"
with Ho/H,0 mixture | o3 - 1573
Tretjakow and CSZ based emf cell -1082.0 +0.2310 T (= 1.3)
Schmalzried [6] | with air reference 1000 - 1500
Pugliese and CSZ based emf cell ) -1134.4+0.2766 T (£ 1.5)
Fitterer [7] with air reference 1073 - 1448
Davies and CSZ based emf cell 1173 - 1373 -1101.9+0.2475T (£ 2.6)
Smeltzer [8] with Fe + FeO reference
Mazandarany and | YDT based emf cell -11155+0.2501 T (= 1.5)
Pehlke [9] with Co + CoO and Mn 1150 - 1540
+ MnO reference
Jacob [10] YDT based emf cell -1115.9 + 0.2504 T (= 0.9)
with Co + CoO 1073 - 1473
reference
Holzheid and YDT based emf cell 600 - 1800 -1113.9+0.2497 T (£ 0.3)
O’Neill [11] with Fe + FeO reference

*Error has not been reported in the publications.
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Fig. 4.2 Literature data on the Gibbs energy of formation of Cr,03
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Fig. 4.3 Measured equilibrium oxygen pressures of Cr/Cr,03 system and the
electrolytic domain boundaries of calcia stabilized zirconia and yttria-
doped thoria solid electrolytes

i) Measurements using CSZ based cells
(a) Tretjakow and Schmalzried [6]
(b) Pugliese and Fitterer [7]

(c) Davies and Smeltzer [8]

i) Measurements using YDT based cells

(d) Mazandarany and Pehlke [9]
(e) Jacob [10]
(f) Holzheid and O’Neill [11]

150



4.2.2 Bi-Cr system

Venkatraman and Neumann [13] reviewed and assessed the data on Bi-Cr
system. Data available in the literature on this system is very limited. No intermetallic
compounds exist in Bi-Cr system. Extensive miscibility occurs in the liquid state

while the metals are essentially immiscible in the solid state.
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Fig. 4.4 Phase diagram of Bi-Cr system [13]

4.2.3 Studies on Bi,03-CrOz pseudo-binary system

Pseudo-binary system of Bi»Os-CrOs has been studied by several authors in
the past [14-23]. In all these studies, the experiments involved equilibrating a mixture
of Bi2O3 and Cr20s3 in air at elevated temperatures. Upon heating in air, Cr (111) gets
oxidized to Cr (VI) and the resulting compounds lie on Bi,O3-CrO3 line. However, all
the authors had presented their results as pertaining to Bi.Os3-Cr.O3 phase diagram.

Salient results from these studies on Bi.O3-CrOgz system are given in Table 4.2.
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Table 4.2 Literature data on Bi»O3-CrOs and Bi>Os-Cr,O3 pseudo-binary systems

SI. No.  Reference Details of preparation and characterization Salient features reported

Studies on Bi>03-CrO3 pseudo binary system:

1 Masuno [14] Different molar ratios of Bi»O3 and Cr.O3 were heated at Bi1sCrOzo (tetragonal) Bi/Cr: 14.87 to 17.87
1003-1153 K in air. Characterization by XRD, DTA and (all Cr in+6 state)
potentiometric titrations BisCr2015 (orthorhombic) Bi/Cr: 3 to 9.99

(fraction of Cr in +6 state was low)
*BiCrOs (orthorhombic) Bi/Cr=1 (fraction of
Cr in +6 state was 20%)

2 Cudennec et al. A new compound prepared from saturated solution of CrO3 A new compound-Bi>Cr4O1s (triclinic)
[15] and bismuth nitrate at 293 K. Characterization by XRD and
TG-DTA- upto 473 K
3 Zhitomirskii et Different molar ratios of Bi»O3 and Cr.O3 were heated inair A new compound - BissCrOsg (Sillenite type
al. [16] at 973 K (3 h) and 1023 K (1 h) structure) — reported to be metastable
Single crystals of Bi1sCrO27 and BizsCrOgo Were prepared by — BisCrO27 (tetragonal) Bi/Cr: 11.99 to 17.87
hydrothermal method BisCr201s (orthorhombic) Bi/Cr: 3 to 6.69
Characterization by XRD, IR spectroscopy, dielectic studies ~ *BiCrOs (orthorhombic) Bi/Cr =1
4 Warda et al. [17]  Stoichiometric amounts of Bi,O3z and Cr.0O3 were heated at Based on single crystal studies, the actual
1023 K in air for 2 days with intermediate grinding composition of the tetragonal phase was
Single crystals of Bi1aCrO4 were prepared by cooling the reported as Bi1sCrO24 (earlier reported as
oxide melt from 1133 to 873 K at arate of 4.8 K/ h Bi1sCrOzo and also as BiigCrO27)

Single crystal XRD, UV-Vis spectroscopy, X-ray absorption  BiioCr.021 — structure not elucidated
near-edge structure (XANES) spectroscopy and electron

paramagnetic resonance (EPR) spectroscopy were the

characterization tools used.
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Table 4.2 (continued)

Sl. No.  Reference Details of preparation and characterization Salient features reported
5 Esmaeizadeh et  Different molar ratios of Bi-Os and Cr.O3 were heated in air Metastable solid solution Bi1xCrxO15+15x
al. [18] upto 1123-1223 K for 5 min followed by quenching to room  where 0.05 <x <0.15
temperature Bi/Cr: 5.67 to 19
XRD, SEM, TG, optical spectroscopy, IR spectroscopy and
magnetic measurements were the characterization tools
6 Grinsetal. [19]  Stoichiometric amounts of Bi2Osand Cr.Oz were heated in air  Determined the structure of BigCr.O1s as
at 923 K for 72h with three intermediate grindings orthorhombic
Characterization by XRD, time of flight neutron powder
diffraction (TOF-NPD)
7 Crumptonetal.  Stoichiometric amounts of Bi.Ozand Cr.Oz were heated at Bi1aCrOa4 structure reported
[20] 1023 K for 12 h with several intermediate grindings On cooling, undergoes phase transition from
DSC, inductively coupled plasma emission spectroscopy, tetragonal to monoclinic form below room
variable temperature X-ray powder diffraction and neutron temp.
powder diffraction were the characterization tools.
8 Kumada et al. Single crystals of BisCrO1s were prepared by hydrothermal A new compound-BigCrO:s (monoclinic)
[21] reaction using NaBiO3.nH20 and K,CrOsat 453 K for 4 days = Decomposes at 1069 K to Bi1aCrO24and an

Single crystal XRD and TG-DTA were the characterization
tools used

unknown phase (in air)
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Table 4.2 (continued)

SI. No.

Reference

Details of preparation and characterization

Salient features reported

9

10

Liu et al. [22]

Colmont et al.
[23]

Different molar ratios of Bi»O3 and Cr.O3 were heated in air
at different temperatures (from 863 to 1264 K) for 48-72 h
XRD and DTA were the characterization tools used

Stoichiometric amounts of Bi»O3 and Cr203 were heated in air

at 773 K for 12h and 1073 K for 24h

Single crystals were prepared by heating 3.1:1 mixture of
Bi203 and Cr.03 upto 1123 K in air and slow cooling of the

melt at the rate of 5 K/ h

TGA, EDS, single crystal XRD, high temperature x-ray
diffraction (HTXRD), magnetic measurements were the

characterization tools.

Considered BizsCrOeo as y-modification of
Bi2O3

Reported Bi14CrO24 (tetragonal) as a solid
solution with Bi/Cr: 13.3 to 6.1. When the
starting composition had 14 < Bi/Cr < 6, the
authors found peak splitting which was
attributed to solid solution formation and
distortion of lattice

Bi10Cr202; based high temperature solid
solution (orthorhombic)

BisCr2015 (orthorhombic)

New compound-Bi>CrOg (monoclinic)

A new compound-Biz1CrsOe15and its
structural details reported (monoclinic)
Cr oxidation state found to be +6.
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Table 4.2 (continued)

SI. No. Reference Details of preparation and characterization

Salient features reported

Studies on Bi,03-Cr,0O3 pseudo binary system:

11 Sugawara et al. High pressure and high temperature synthesis of BiCrO3
[24] (3.5-5.5 GPa, 973-1073 K). Characterized by XRD.
12 Niitaka et al. [25] High pressure and high temperature synthesis (4GPa and

993 K).Characterized by synchrotron X-ray diffraxction.
Refined the structural parameters by Rietveld analysis.
Carried out dielectric permittivity measurements and
magnetic measurements.

13 Belik et al. [26] High pressure and high temperature synthesis (6GPa and
1653 K). Determined the crystal and magnetic structures by
the Rietveld method from neutron diffraction data.

14 Goujon et al. [27] Synthesized BiCrOgz in a wide range of pressures (1 to
6GPa) and temperatures (963 to 1138 K) and optimized the
conditions for the preparation
Characterization tools used were XRD, DTA, SEM, TEM.

BiCrO; (perovskite) Bi/Cr: 1

Decomposed at 673 K under ambient
pressure

Transforms from pseudo-triclinic to pseudo-
monoclinic at 410 K

BiCrO;
Transforms from monoclinic to orthorhombic
at 440 K

BiCrO;
Transforms from monoclinic to orthorhombic
at 420 K

BiCrO3

Transforms from monoclinic to orthorhombic
at 440 K

Decomposed at 923 K under oxygen
BiCrOg3stable upto 1123 K under argon and
melted at 1313 K

*Later Liu et al. [22] proved that it is not actually BiCrOsand it is a mixture of BigCr,0O15 and Cr,03.
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Masuno [14] reported the presence of two compounds with nominal
compositions Bi1igCrOzo (tetragonal phase) and BisCr.O15 (orthorhombic phase). They
reported that the Bi to Cr ratio in the tetragonal phase varied between 14.87 and 17.86
and in the orthorhombic phase, it varied between 3 and 9.99. Masuno [14] also
reported that all chromium ions in BiigCrOso were present in +6 oxidation state while
in BisCr201s, the fraction of the chromium ions present in +6 oxidation state was low.
The author also reported the pseudo-binary phase diagram. Cudennec et al. [15]
synthesized a new compound of composition Bi.Cr4O15 from a saturated solution of
CrOz and bismuth nitrate and characterized it by XRD and thermal analysis.
Zhitomirskii et al. [16] studied the Bi,O3-CrO3 system and reported a new compound
BissCrOgo with sillenite structure in addition to the two compounds reported by
Masuno [14]. They prepared the single crystals of BizsCrOso by hydrothermal
method. According to the authors, this compound is metastable under normal pressure
and reported this as the reason for the earlier investigators not observing it when
prepared by the usual solid state method. The authors refined the homogeneity
regions of BigCrOzp and BisCr201s5 reported by Masuno [14]. Their studies showed

the tetragonal Bi1sCrOzo phase had Bi to Cr ratio varying between 11.99 and 17.87.

In fact, the authors used the composition BiisCrO27 to represent the tetragonal
phase instead of Bi1gCrOsp. They also reported the Bi to Cr ratio in BisCr201s ranged
from 3 to 6.69. Later, based on single crystal X-ray studies, Warda et al. [17]
reported the actual composition of the tetragonal phase to be Bi14CrO24. Based on
powder X-ray investigations and from single crystal studies, they also reported the
presence of a new compound with approximate composition BiioCr.0O2: in the

composition range where Bi to Cr ratio varied between 3 and 6.69. However, they
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couldn’t elucidate its structure. Esmaeizadeh et al. [18] synthesized a new metastable

solid solution, Bi, ,Cr,O,.,,, with Bi to Cr ratio of 5.67 to 19. They prepared the

solid solution by quenching Bi-Cr-O melts from high temperature (1123-1223 K) and
carried out structural investigation using electron microscopy and X-ray diffraction.
The oxidation state of chromium in this solid solution was determined to be +6. Grins
et al. [19] prepared the compound BisCr2O15 by solid state reaction between Bi>Os
and Cr03 in air at 923 K and confirmed the structure of this compound as
orthorhombic. Crumpton et al. [20] studied the structure of Bi14aCrO24 and reported a
phase transition from tetragonal to monoclinic form between 200 K and 275 K.
Kumada et al. [21] prepared a new bismuth chromate - Big(CrO4)O11 by hydrothermal
method using NaBiOz.nHO and K.CrOs at lower temperatures (453 K). The
structure of this compound was investigated by single crystal XRD and its thermal
stability was studied by thermal analysis. Results showed the compound to be
decomposing to Bi14CrO24 and an unknown phase at 1069 K but the authors couldn’t
identify the unknown phase. Later Liu et al. [22] studied the system using XRD and
DTA and reconstructed the phase diagram. The compounds reported by them are
Bi14CrO24, Bi1oCr2021, BigCr.015 and a new compound, Bi.CrOs. They didn’t report
the compound, BizsCrOso and they considered it as the y-modification of Bi,Os. They
reported that the compounds, Bi14CrO24 and BiioCr.021 had wide non-stoichiometry
range and BiioCr2021 was stable only from 1003 K. The compound, BiCrOs was
prepared by equilibrating a mixture of Bi.Osz and Cr203 (33.3%) at 1063 K for 48 to
72 h in air followed by quenching it to room temperature. Liu et al. [22] also
characterized the compounds, BiioCr.021 and Bi.CrOs and reported their XRD
patterns. They also reported that the compounds ‘BisCr2015’and ‘BiCrOz’ reported by
Masuno [14] were actually BiioCr.021 and a mixture of BisCr.O15 and Cr20g,

respectively according to their XRD patterns. Colmont et al. [23] synthesized and
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characterized a new compound Bis:CrsOs15. They have also determined the oxidation

state of Cr in this compound as +6 by thermogravimetric and magnetic measurements.
4.2.4 Studies on Bi,03-Cr.03 pseudo-binary system

Studies on Bi203-Cr.03 system, has shown the existence of only one
compound, namely BiCrOz. BiCrOs is reported as a high pressure compound in
literature [24-32]. Although, Masuno [14] and Zhitomirskii et al. [16] reported the
preparation of BiCrOs in air, later, Liu et al. [22] reported that the BiCrOz which
Masuno [14] prepared was actually not BiCrOz and it was a mixture of BigCr.0O15 and
Cr203 according to their XRD patterns. BiCrOs has been a subject of interest as a
multiferroic material since 1960s and many works have been carried out on the
synthesis and structure of this compound [24-32]. For example, Sugawara et al. [24]
synthesized BiCrOz by adopting a high temperature and high pressure synthesis
method (3.5-5.5 GPa and 973-1073 K) and they showed it to be having perovskite
structure. The authors observed that this high pressure phase decomposed on heating
at 673 K at ambient pressure. Niitaka et al. [25] also prepared BiCrOz under similar
conditions i.e., at 4 GPa and 993 K. Belik et al. [26] used higher pressure (6 GPa) and
temperature (1653 K) for the preparation of BiCrOs. Goujon et al. [27] optimized the
conditions for the preparation of BiCrOz and studied its thermal stability. Their
studies showed it to be stable under inert gas but it decomposed under oxygen at 923
K. They determined the melting point of this compound using differential thermal

analysis (DTA) as 1313 K under argon atmosphere.

It is to be pointed out that BissCrOeso, BigCrOis and BixCrsO1s were
synthesized by hydrothermal methods at low temperatures while investigation of all
other compounds was at high temperatures. Although Bi12CrO.4 was reported to have

a wide non-stoichiometry range by Liu et al. [22], later work by Colmont et al. [23] in
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the relevant composition range showed the presence of another compound
(Biz1Crs061.5) in this composition range. This indicates the non-stoichiometry range
of Bi14CrOa4, if any, would not be very wide. Bi1oCr20z: is shown to be stable only
above 1003 K and is also shown to have a wide composition range [22]. Though, the
compound, BisCr.O1s was reported to have a wide non-stoichiometry range by
Masuno [14] and Zhitomirskii et al. [16], later works by Liu et al. [22] and Colmont
et al. [23] in the relevant composition range showed the presence of two compounds
ie, Bi1oCr202:1 and Biz1CrsOe1.5 in this composition range. Liu et al. [22] and Grins et
al. [19] reported it as a stoichiometric compound with Bi to Cr ratio equal to 3:1.
Similarly, the compound, BiCrOs has been reported to be a high pressure compound
in the literature [24-32] but the studies on the thermal stability of this compound by
Goujon et al. [27] using DTA indicates it to be stable up to its melting temperature,

1313 K under argon atmosphere.

To summarize, nine ternary compounds have been reported so far in Bi-Cr-O
system: eight in Bi,O3-CrOs pseudo-binary line, viz., BizsCrOso, Bi1aCrO24, BigCrOss,
Bi31CI’5061.5, Bi10CI'2021, BisszOlS, BiszOe, and Bi>CrsO15 and one in Biz03-Cr203

pseudo-binary line, viz., BiCrOs.
4.3 Experimental

4.3.1 Materials

Bi2Os powder (99.99% purity on metals basis, M/s. Alfa Aesar, UK) and
Cr203 powder (99.99% purity on metals basis, M/s. Alfa Aesar, UK) were used for
the preparation of the ternary compounds. For phase equilibration studies, Cr powder
(99.9+ % purity on metals basis, M/s. Alfa Aesar, UK) and Bi powder (99.5% purity
on metals basis, M/s. Alfa Aesar, UK) along with ternary compounds were also used

as the starting materials.
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4.3.2 Preparation of ternary compounds

For preparing the eight ternary compounds reported in the Bi>Os-CrO3 pseudo-
binary line, viz., BizsCrOeo, Bi14CrO24, BigCrO1s, Biz1CrsOe15, Bi1oCr2021, BisCr201s,
Bi2CrOs and Bi.Cr4O15, appropriate molar ratios of Bi.Os and Cr,O3 were mixed and
ground thoroughly. They were made into pellets and heated in platinum crucibles in
air at different temperatures for 144 h with one intermittent grinding and pelletizing
followed by heating at the same temperature. The experimental details are given in
Table 4.3. Experiments were also made in an attempt to prepare BiCrOs, which was
reported to be a high pressure compound, by heating 1:1 mole ratio of Bi»Os and
Cr203 in vacuum at 1023 K. The resulting products were characterised by XRD using

X-ray powder diffractometer (M/s. Inel, France) with Cu K, radiation.
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Table 4.3

Experimental details adopted for the preparation of the ternary

compounds
. . Products obtained
Sample Starting Conditions of
No. Compound materials preparation based on XRD
analysis
1 Bi33CI’Oso Bizo;:,,crzo;:, 1023 K, 144 hin air Mixture of BisngOeo and
(381) Bi14CI’024
2 Bi14CI’Oz4 Bizo;:,,crzo;:, 1023 K, 144 hin air Matched with the JCPDS
(14:1) pattern 04-011-3851
3 Bigcrols Bi203,cr203 1023 K, 144 hin air Mixture of Bi14CI'024 and
(8:1) Bi31CI'5061_5. XRD
pattern of BiziCrsOex 5
matched with the pattern
reported in ref. [23].
4 BiziCrsOs15  Bi203,Cro03 1023 K, 144 h in air Matched with the pattern
(6.2:1) for Bi31CI’5061_5.
5 Bi10Cr2021 Bi»03,Cr,03 1023 K, 144 h in air Matched with pattern for
(5:1) Bi1oCr2021  reported in
ref. [22]
6 BisCr201s Bi»03,Cr,03 1023 K, 144 h in air Matched with the JCPDS
(3:1) pattern 04-010-4501
7 Bi-CrOs Bi»03,Cr,03 1063 K, 144 h in air Matched with the pattern
(2:1) reported in ref. [22]
8 Bi2CrsO15 Bi203,Cr.03 1023 K, 144 hin air Mixture of BigCr.01s
(1:2) and Cr,03
9 BiCrO3 Bi»03,Cr,03 1023 K, 144 hin Mixture of an unknown
(1:1) vacuum phase and Cr,0O3

4.3.3. Phase equilibration studies

4.3.3.1 Equilibrations of mixtures of Bi-Oz and Cr20z in air

Equilibration of mixtures of Bi.Os and Cr.O3 were carried out in air at 1023 K

to unravel the existence of any new ternary compounds on the pseudo-binary line of

Bi203-CrOs other than those reported in the literature. For this, 12 compositions that

fall between those of the ternary compounds in the pseudo-binary line of Bi2O3-CrOs
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were chosen. Corresponding stoichiometric amounts of Bi.Oz and Cr.Os were mixed
thoroughly, made in the form of pellets, placed in platinum crucibles and equilibrated
at 1023 K in air for 480 h with one intermittent grinding and pelletizing followed by
heating at the same temperature. After equilibrations, the samples were quenched in
ice cold water. The products obtained were characterized by XRD. Details of the

equilibrations are given in Table 4.4.

Table 4.4 Results of equilibrations of mixtures of Bi.Oz and Cr20s in air

Sample Molar ratios of Phases observed after equilibration
No. Bi20s: Cr.03 at 1023 K for 480 h in air*
1 22.6:1 ‘BizgCrOs0’, Bi1aCrO24

2 18.4:1 ‘BizgCrOs0’, Bi1aCrO24

3 17.9:1 ‘BizgCrOs0’, Bi1aCrO24

4 8.7:1 Bi14CrO2s, Bi31Crs0e615

5 5.5:1 Bis1CrsOe1.5, Bi1oCr2021

6 3.8:1 Bi10Cr2021, BisCr201s

7 1.67:1 Bi.CrOg, Cr203

8 1.58:1 Bi2CrOg, Cr203

9 1:1 Bi>CrOs, Cr203

10 0.60:1 Bi2CrOg, Cr203

11 0.33:1 Bi.CrOg, Cr203

12 0.14:1 Bi2CrOg, Cr203

* After 240 h, samples were ground, repelletized and equilibrated.

4.3.3.2. Equilibrations of mixtures of Bi.Oz and Cr.0Oz in vacuum
Samples with compositions lying on Bi.O3-Cr.O3 pseudo-binary system were
also equilibrated to check the existence of any new ternary compound other than
BiCrOs. Initially, three samples with Bi2Oz and Cr.Ostaken in molar ratios of 1:3, 1:1
and 3:1 were prepared by mixing the oxides thoroughly. They were made in the form

of pellets, placed in alumina crucibles which were then vacuum sealed in quartz
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ampoules and equilibrated at 773 K for a total period of 960 h with one intermediate
grinding. Similar equilibrations were carried out at 1023 K for a total period of 480 h.
After equilibration, samples were quenched in ice cold water and the products were

characterized by XRD. Details of the equilibrations are given in Table 4.5.

Additional equilibrations were carried out with four samples having
compositions close to 1:1 molar ratio of Bi2O3 and Cr.Oz at 1023 K in vacuum sealed
quartz tubes as described earlier. The ratios employed were 1.9:1, 1.5:1, 1.2:1 and
1:1.5. The products obtained after equilibrations were characterized by XRD. Details
of these equilibration studies are given in Table 4.5. Selected samples were

characterized by SEM and EDS using XL 30, Philips, Netherlands.

Table.4.5 Results of equilibrations of mixtures of BiO3 and Cr,O3 in vacuum

sample Molar ratios Phases obtained after Phases obtained after
Nop of Bi,Os; and  equilibration at 1023 K for equilibration at 773 K for
) Cr;03 480 h* 960 h**
1 1:3 Cr203, ‘B122Cr18060’ BizOs, CI’zOs
2 1:1 Cr203, ‘B122Cr18060’ BizOs, CI’zOs
3 3:1 ‘BiasCfOso’, ‘Bizzcrlgoeo’ BizOs, Cr203
4 1.9:11 ‘BissCrOGO,, ‘BizzCrlgOGO’ --
5 1.5:1 ‘BissCrOGO,, ‘BizzCrlgOGO’ --
6 1.2:1 ‘Bi2oCr18060’ ==
7 1:1.5 ‘Bi22Cr18060°, Cr203 -

*Samples were ground, repelletized and equilibrated again after 240 h.
**Samples were ground, repelletized and equilibrated again after 480 h.

4.3.3.2.1 Characterization by Transmission Electron Microscopy
(TEM)

Sample with 1.2:1 molar ratio of Bi.O3z and Cr.Oz was characterized by
transmission electron microscopy by direct imaging and diffraction. Electron

transparent sample was prepared by thoroughly grinding the powder followed by
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dispersing the ground powder in ethanol. The suspension was ultrasonicated for ~30
minutes and few drops of the solution were dropped onto an amorphous carbon
coated copper grid. The grid was dried in air at room temperature for ~6 hours before
it was inserted into the microscope. The powder was characterized by transmission
electron microscope (Tecnai G2 F30) operated at 300 kV. The particles were
systematically tilted through different major zone axes. Electron diffraction patterns
and images were recorded at every major zone axes. The electron diffraction patterns

were quantified by Digital Micrograph.

4.3.3.3. Pseudo-isopiestic equilibrations of samples under controlled

oxygen partial pressures

Equilibrium oxygen pressures in the phase fields with the ternary compounds
in the Bi.O3-CrOz pseudo-binary as co-existing phases are anticipated to be high.
Hence, two pseudo-isopiestic equilibrations under fixed oxygen partial pressures were
carried out to identify the coexisting phases in the phase fields that exist above Bi>Os-
Cr203 pseudo-binary line. A schematic diagram of the experimental setup used for
this equilibration is shown in Fig. 4.5. Samples containing a mixture of Bi.Oz and
Cr203 in 1:1 mole ratio were prepared in the form of pellets. These pellets were taken
in small alumina crucibles which were in turn stacked at different heights in a 45 cm
long and one end closed 1.5 cm diameter quartz tube using quartz spacers. To
maintain the fixed oxygen pressure over the samples, a mixture of PbO-PbsO4 was
used as the reservoir in the first experiment. In the second experiment, a mixture of
Bi-Bi203 was used. PbO-PbsO4 and Bi-Bi.Os mixtures were also made in the form of
porous pellets. These pellets were placed in alumina crucibles which in turn were kept
at the bottom of the same quartz tube where the samples were placed. The quartz tube

was then sealed under vacuum and placed in a two zone furnace which provided a
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temperature gradient. When PbO-PbsOs4 mixture was used as the reservoir, the
temperature of the furnace was adjusted in such a way that the reservoir is at 773 K
and the samples were at temperatures above 773 K. When Bi-Bi>Os mixture was used
as reservoir, temperature of the furnace was adjusted so that the reservoir was at 1023
K and the samples were at temperatures below 1023 K. The sample pellets were
maintained at fixed temperatures between 816 K and 1051 K. A K-type thermocouple
which could move very slowly (0.38cm/min) from bottom to top of the furnace and
closer to the quartz tube with the help of a motor was used to measure the
temperatures of the samples. Maintaining the PbO-PbzO4 mixture at 773 K prevails a
fixed oxygen partial pressure over the samples by the following equilibrium: Pb3Oa4(s)
<> 3PbO (s) + ¥ Oz (g). The equilibrium partial pressure at 773 K is 0.09 atm. The
experiment with the Bi-Bi:Os mixture is expected to maintain an oxygen partial
pressure of ~2 x10° atm over the samples. At such low pressures, molecular flow

regime exists and hence P, prevailing over the sample would vary with square root

of the temperature of the sample [33]. However, this variation would be within the
same order (i.e., 10™° atm) only, since the temperature range of the samples was low
(847 to 1014 K). In both experiments, the samples were equilibrated for 480 h,
quenched in cold water and the products were characterized by XRD. Details of the

experiments are given in Table 4.6.
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Fig. 4.5 Schematic diagram of the pseudo-isopiestic equilibration setup in a
gradient furnace

Table 4.6 Results of pseudo-isopiestic experiments

Products obtained after Products obtained after
Sample equilibration with Sample equilibration with
temperature PbO-Pb304 reservoir tempera‘ture Bi'Bi203 reservoir
/K maintained at 773 K /| K maintained at 1023 K
(i.e., P, =0.09atm) (ie., P, ~10"atm)
816 BisCI’zOlS, Cr203 847 Bi203, Cr03
874 BisCI’zOlS, Cr203 859 Bi203, Cr03
941 BisCl’zOlS, Cr203 870 Bi203, Cr03
992 BisCl’zOlS, Cr203 880 Bi203, Cr,03
1028 BisCr2015, Cr203 891 Bi»O3, Cr,03
1051 Bi1oCr2021, Cr203 956 ‘Bi22Cr18060°, Cr203
1041 Bi1oCr2021, Cr203 983 ‘Bi22Cr18060°, Cr203
1028 Bi10Cr2021, Cr203 1003 ‘Bi»2Cr18060°, Cr203
1014 ‘Bi22Cr18060°, Cr203
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4.3.3.4. Additional equilibration studies

To establish the different phase fields in this ternary system, additional
equilibrations were carried out by placing pellets of appropriate mixtures of oxides of
bismuth and chromium and either chromium metal powder or the ternary compounds.
These samples were equilibrated in a similar way as described in section 4.3.3.2.
After equilibrations, the quartz ampoules were quenched in ice cold water and the
products were characterized by XRD. The compositions chosen for equilibration at

773 and 1023 K are shown in Figs. 4.6 and 4.7, respectively.

In order to find the phases that co-exist with liquid Bi, samples of different
compositions were equilibrated with excess liquid Bi. For this, molten Bi was taken in
an alumina crucible and the sample in the form of a pellet was kept immersed in it by
forcing it in with a thin alumina strip. Either two or three alumina crucibles were
placed over the alumina strip so as to keep the pellet immersed in liquid Bi. The
preparation of the sample was carried out in an argon atmosphere glove box which is
used for handling liquid sodium. After cooling, the samples were taken out of the glove
box and vacuum sealed in quartz ampoules. They were then equilibrated at 1023 K for
384 h. After equilibration, the ampoules were quenched in ice cold water and the pellets
retrieved from liquid Bi were analyzed by XRD. The details of the equilibrations at 773

and 1023 K are given in Tables 4.7 and 4.8, respectively.
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Fig. 4.7 Compositions chosen for equilibration at 1023 K as given in Table 4.8
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Table 4.7 Results of the equilibration experiments carried out at 773 K

Sample Phases taken before equilibration Phases after equilibration at

No. (mole ratio) 773 K for 960 h under vacuum*
1 Bi-03, Cr, Cr,03(1:12.99:1.85) Bi, Cr, Cr,03

2 Bi-0s3, Cr, Cr,03(1:1.06:1.40) Bi, Bi»Os3, Cr,03

3 Bi203, Cr,0s, Bi1aCrO24 (1:2.61:0.03) Bi;03, ‘BizsCrOg’, Cr203

4 Bi>03, Cr,0s, BisCr015(1:2.45:0.04) ‘BizsCrOgo’, Cr203

5 Bi-03, Cr,03, Bi1oCr2021(1:2.74:0.06) ‘BizsCrOs0’, Cr203, Bi14aCrO24

6 Bi03, Cr.03, BisCr,015 (1:4.26:0.31) Biz:1Crs0615, Cr203

7 Bi203, Cr.0s, Bi,CrOs (1:3.39:0.46) Bi3iCrsOs1s, Cr20s

8 Bi-03, Cr.03, BiCrOs(1:13.81:4.85) BisCr,01s, Cr,03

*Samples were ground, repelletized and equilibrated again after 480 h.

Table 4.8 Results of the equilibration experiments carried out at 1023 K

Sample Phases before equilibration (mole ratio) Phases after equilibration at

No. 1023 K

1 Bi.Os3, Cr, Cr,05(1:12.99:1.85)* Bi, Cr, Cr,03

2 Bi, Cr, ‘Bi22Cris0s0’ (1:25.50:0.24) in excess Bi®  Bi, Cr, Cr,03

3 Bi,O3, Cr, Cr,03 (131.0631.40)a Bi, ‘Bi22Cri180¢0’, Cr203

4 BI, Bi,Os, Cr,03(1:1.43:3.84 ) in excess BiP Bi, ‘Bi22Cr1s0e0’, Cr203

5 ‘Bi38CI’050’ * in excess Bib Bi, ‘BisgCl’Oeo’, ‘BizzCtheo’

6 Bi31CF5061,5 in excess Bib Bi, ‘BisgCl’Oeo’, ‘BizzCtheo’

7 Bilocrzozl in excess Bib Bi, ‘BisgCl’Oso’, ‘Bi22Cr18060’

8 BisCr201s in excess Bi° Bi, ‘BizsCrOsg0’, ‘Bi22Cr1g0¢0’

9 Bi,CrOg in excess BiP Bi, ‘BizsCrOg0’, ‘Bi22Cr1g0¢0’

10  “Bix»Cris0s0’ in excess Bi° Bi, ‘Bi22Cr1s0s0’

11 Bi203, CI’203, Bi14CI'Oz4 (1:3.30:0.03)a ‘BisgCl’Oeo’, ‘Bi22Cr18060’, CI’203
12 BizOs, Crzog, Bi14CI'Oz4 (1:2.61:0.03)a ‘Bi3scr050’, ‘Bizzcrlsoeo’, Cr.03
13 BizOs, Crzog, BieCl‘zOl5 (1:2.50:0.014)a ‘Bi3scr050’, ‘Bizzcrlsoeo’, Cr.03
14 BizOs, Crzog, BieCl‘zOl5 (1:2.55:0.06)a ‘Bi3scr050’, Bil4Cr024, Cr,03
15 BizOs,CFzOg, BimCI‘zOzl (1:0.48:0.12)a Bi14Cr024, Cr,03

16 BizOs, Crzog, BieCl‘zOl5 (1:0.52:0.44)a Bi310r5061,5, Bilocrzozl, Cr,03
17 Bi»O3, Cr,03, BisCr2015 (1:0.38:0.39)? Biz1Crs061.5, Bi1oCr2021, Cr203
18 Bi>O3, Cr203, BisCr2015 (1:4.26:0.31)* Biz1Crs0615, Cr203

19 Bi,O3, Cr203, Bi>CrOg (1:3.39:0.46) Biz1Crs0615, Cr203

20 Bi,O3, Cr203, Bi>CrOg (1:4.22:0.70) Bi10Cr2021, Cr203

21 Bi,03, Cr203, BigCr2015 (1:3.98:2.29)? Bi10Cr2021, Cr203, BisCr201s

#Equilibrated for 480 h, samples were ground, repelletized and equilibrated again after 240 h.
®Equilibrated for 384 h, samples were ground, repelletized and equilibrated again after 192 h.

“BiagCrOgo’ contained small amount of Bi1sCrO24 also.
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4.3.4 Emf measurements

The following galvanic cell was constructed and used for determination of the

Gibbs energy of formation ‘Bi22Cr10e0’:
(-)W, Bi, Cr20s3, ‘Bi22Cr18060” |YSZ| (O, 1atm), Pt (+)

The schematic of the experimental assembly of the galvanic cell is shown in
Fig. 3.9 of Chapter 3. One end closed yttria stabilized zirconia (YSZ) solid electrolyte
tube having a flat bottom (13 mm OD, 9 mm ID and 300 mm long), supplied by M/s
Nikkato Corporation, Japan was used for constructing the galvanic cell. Procedures
for preparation of the reference electrode of the emf cell and the test of performance
of the emf cell using gases with identical oxygen partial pressures on both sides were
similar to those described in section 3.3.3 of Chapter 3. High purity oxygen gas was

used as the reference.

Sample electrode was prepared by mixing Bi, Cr.0z and ‘Bi>2Crig0e0’
powders in approximately equal volume ratios and by pelletizing it. Pellet had a
diameter of 12.5 mm and thickness of 5 mm. The entire cell assembly was taken
inside an argon atmosphere glove box. Appropriate quantity of Bi metal was melted
in an alumina crucible and the sample pellet was then forcibly dipped in liquid
bismuth by placing the solid electrolyte tube over it in such a way that the lower end
of the tungsten electrical lead dipped in liquid Bi. The volume around the electrolyte
tube inside the alumina crucible was filled with the powder of the phase field mixture.
This is to ensure good contact between all the three phases and avoid segregation of

the oxide phases from liquid Bi due to the large differences in their densities.
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The experimental details for measurement of EMF and the procedure adopted
to test the attainment of equilibrium were similar to those described in the study of
Bi-Fe-O system in Chapter 3. The thermo emf due to dissimilar electrical leads viz.,
platinum and tungsten was measured separately (described in section 3.4.3.2 of
Chapter 3) and was used for correcting the cell emf. Before and after completion of

the emf measurements, the sample electrodes were analyzed by XRD.

4.4 Results and discussion

4.4.1 Preparation of ternary compounds

The XRD patterns of the compounds BiisCrO24 and BisCr.O15 matched
exactly with the JCPDS patterns 04-011-3851 and 04-010-4501, respectively while
the patterns of Bi1oCr.021 and Biz1CrsOs1.5 matched exactly with the patterns reported
in references [22] and [23], respectively. Experiments to prepare BissCrOgo always
ended up in a mixture of two phases i.e., BissCrOgo and the neighbouring compound
Bi14CrO24. This could either be due to change from the starting composition by loss
of Bi2O3 or because Bi to Cr ratio in BissCrOso may not be exactly 38 but less than
that. Later, equilibration studies in liquid Bi also showed the Bi to Cr ratio in
Bi3sCrOego to be less than 38 (discussed in section 4.4.2.4). However, in the present
study, the composition of this compound is assumed to be ‘BizsCrOso’. XRD pattern
of Bi2CrOs matched exactly with the pattern reported by Liu et al. [22]. Attempts to
prepare BigCrOss yielded a mixture of BiisCrOzs and BisiCrsOs15 Whereas the
experiments to prepare Bi>CrsO15 yielded a mixture of BisCr2015 and Cr20s3. As
mentioned earlier, these compounds had been synthesized by hydrothermal methods
at low temperatures [15, 21]. Our experiments show that these compounds are not

stable at 1023 K. Goujon et al. prepared BiCrOsz at high pressure and high
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temperature and they reported it stable up to its melting point (1313 K) under argon
atmosphere [27]. However, we couldn’t prepare BiCrOs under vacuum. Our
experiments to prepare BiCrOz resulted in the formation of a mixture of Cr.Osand an
unknown phase whose XRD pattern did not match with any of the compounds
reported in Bi-Cr-O system in the literature. If the Bi to Cr ratio in any of the ternary
compounds varies and has Cr in different oxidation states, non-stoichiometry in the
compound would be wide. However, in the present work, the stoichiometry of the
compounds falling on the Bi.O3-CrOs pseudo-binary line and identified to be stable

within the temperature range of 773 to 1023 K are assumed to be stoichiometric.

4.4.2. Phase equilibration results

4.4.2.1 Equilibrations of mixtures of Bi2Oz and Cr20z in air

The results of the equilibrations are given in Table 4.4. These data show the
existence of only six compounds at 1023 K, namely ‘BizsCrOgo’, Bi1aCrO2s,
Bi31Crs0615, BioCr2021, BisCr.015 and Bi,CrOe. Even though the compound
BizsCrOgo Was not included in the phase diagram reported by Liu et al. [22], results of
our experiments show that BissCrOso is a stable compound. Though the compounds,
BisCrO15 and Bi>CrsO15 were reported to be present in Bi.O3-CrOs pseudo-binary, the
present experiments involving long term equilibrations show that they are not stable
at 1023 K. Esmaeizadeh et al. [18] reported a metastable solid solution

Bi, ,Cr,O,:., s, With Bi to Cr ratio of 5.67, 9 and 19 in the temperature range of 1123

to 1223 K. Our equilibration studies show that this metastable solid solution is not
present at 1023 K. Instead, the compounds BiioCr2021, Biz1CrsOs15, Bi1aCrO24 and
BizgCrOso are present on the Bi>O3-CrOs pseudo-binary line within Bi to Cr ratio of

5.67 to 19 at this temperature.
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4.4.2.2. Equilibrations of mixtures of Bi.O3z and Cr.0z in vacuum

Results of equilibration of samples with different molar ratios of Bi»Oz and
Cr203 in vacuum are given in Table 4.5. XRD analysis of the samples equilibrated at
773 K show the coexistence of Bi,Oz and Cr.Oz. No ternary compound exists in the
Bi,03-Cr203 pseudo-binary at this temperature. XRD pattern of the product after
equilibration of 3:1 mixture of Bi»O3:Cr.03z at 1023 K showed the coexistence of
‘BizgCrOgo” and a new phase. XRD analysis of the products obtained after
equilibration of the samples with 1:1 and 1:3 mixtures of Bi»O3:Cr.03 at 1023 K
under vacuum showed the coexistence of this new phase and Cr.Osz. The same
unknown phase was obtained during the preparation of BiCrO3z at 1023 K (discussed
under section 4.3.2). The XRD pattern of the new phase did not match with that of

any of the compounds reported in the Bi-Cr-O system.

Fig. 4.8 shows the XRD patterns of the products obtained after equilibrating
the samples of Bi.Oz and Cr.Os mixtures having molar ratios of 1.9:1, 1.5:1, 1.2:1
and 1:1.5 at 1023 K. Analysis of these patterns shows that the new phase is obtained
as a single phase at 1.2:1 ratio of Bi.Oz and Cr203. Further, this sample was analyzed
by SEM-EDS (Fig. 4.9). EDS done on different regions of the sample revealed the
composition of the sample was homogeneous throughout and the Bi to Cr ratio was
nearly equal to 1.2:1. Hence the composition of the new phase is assumed as
1.2Bi203:Cr203 i.e., ‘Bi2Cr18060’. XRD pattern of this new phase is shown in Fig.
4.10 and the peak positions and relative intensity of the lines in the pattern are given

in Table 4.9.
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Fig. 4.8 XRD patterns of the samples of compositions with Bi2O3:Cr.O3z molar
ratios of 1.9:1, 1.5:1, 1.2:1 and 1:1.5 after equilibration at 1023 K. Cu
Kok =1.54184 A.
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Fig. 4.9 SEM image of ‘Bi22Cr130¢0’
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Fig. 4.10 XRD pattern of ‘BizCrisOs0’; Cu K, A = 1.54184 A

Table 4.9 Peak positions and relative intensity of the lines of the XRD pattern

of ‘Bi2Cri18060’

20 / Degree Relative intensity / % Experimental d-spacing / A
19.20 4.0 4.6218
26.50 12.9 3.3635
28.35 11.0 3.1479
29.00 100.0 3.0788
33.00 7.8 2.7145
35.35 3.6 2.5393
39.00 11.2 2.3095
44.15 3.4 2.0514
46.80 9.7 1.9414
48.60 5.8 1.8734
50.95 4.6 1.7924
52.85 3.5 1.7324
54.55 5.8 1.6821
56.45 6.3 1.6302
60.10 9.4 1.5394
64.35 3.2 1.4477
66.70 3.2 1.4022
74.90 4.4 1.2665

CuK,r=1.54184 A
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4.4.2.2.1 TEM analysis

Low magnification and high resolution phase contrast image of the compound
particle are given in Figs. 4.11 aand b. It is observed from the Fig. 4.11a that the particles
are quite large and faceted. High resolution phase contrast images indicate that the
particles are completely crystalline and regularly spaced lattice fringes could be observed.
The spacing between the fringes as measured from the image stands out to be 0.25 nm.
This indicates that it could be high lattice parameter phase. In the particle, linear or planar
defects could not be observed. Sometimes, presence of a large number of defects in a
regular fashion may modulate the actual lattice parameter which may manifest itself in X-
ray diffraction pattern as a large lattice parameter phase. Vacancy ordered phase is a
typical example of such type. This observation sometimes may extend misleading
information. It is worth mentioning at this point that existence of quasiperiodicity was
debated for quite some time because of this reason. However, in the present case, such
type of high concentration of defects could not be observed which rules out the

possibility of having an ambiguous X-ray diffraction pattern.

In order to understand the crystallography of this phase, electron diffraction
was carried out from different zone axes. Kinematical diffraction condition was
created by converging the electron beam and the Kikuchi pattern of the crystal. The
crystal was tilted along the Kikuchi lines and the intersection of many Kikuchi lines
was used to reach to the zone axis. The electron diffraction patterns are given in Figs.
4.12 a and c. The analysis of the patterns has been overlaid. In both the diffraction
patterns a large number of spots with systematic variation of intensity could be
observed. A careful look into the diffraction pattern in Fig. 4.12a and its analysis in
4.12b indicate that there is a basic hexagonal unit in the pattern with almost uniform

distribution of intensity. It is a perfect hexagon with inter-arm angle as 60 degree and
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Fig. 4.11 Low magnification (a) and high resolution (b) phase contrast TEM
image of ‘Bi22Cr1g0¢0’

Fig. 4.12 Electron diffraction patterns of ‘Bi>2Cr180¢0’ and their analysis
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length of each arm being the same. This definitely indicates that the crystal structure
of this phase has a 3-fold rotational symmetry. This indicates that the structure
belongs to either cubic or hexagonal or rhombohedral phase. This basic hexagonal
unit extends in the two dimensional reciprocal space. On closer observation, it is
found that in every seventh repetition of the smaller unit the diffraction spot becomes
intense. The geometry and distribution of the intense spots are also perfectly
hexagonal with inter-arm angle as 60 degrees and equal arm length. The arm length
for the smaller unit is 0.25 nm and that of the larger unit is 1.75 nm which is exactly
seven times of 0.25. This 0.25 nm spacing was observed in the high-resolution image
also. The relationship and the modulation in intensity distribution definitely represent
a case of commensurately modulated structure. There is a smaller unit and the smaller
unit repeats itself after every seventh smaller unit. Each smaller unit is different in
terms of chemistry and its defects, that is how modulation is built up. In this system,
Cr can exist in different oxidation states, its presence in different oxidation states
leads to point defect formation in order to maintain charge neutrality which in turn
can alter the state of ordering in the lattice. A combined influence of some or all the
above mentioned effects leads to commensurate modulation. However, the smaller
unit, as well as the larger unit, could either be cubic or hexagonal as three-fold
rotational axis of symmetry is common to both of them. It is worth mentioning at this
point that rhombohedral lattice also has a three-fold rotational axis of symmetry.
However, the rhombohedral lattice can be represented as a hexagonal lattice by
simple axial transformation. So the discussion is being restricted to cubic or
hexagonal system. The presence of four-fold symmetry proves beyond ambiguity that
the phase is cubic. In this diffraction pattern, there is no direct evidence of four-fold

symmetry.
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In order to understand the crystallography better, the crystal was
systematically tilted to another zone axis. The Diffraction pattern and its overlaid
analysis are given in Figs. 4.12 ¢ and d, respectively. In this diffraction pattern also
the basic hexagonal unit is observed with 1.75 nm arm length and 60 degree inter-arm
spacing. However, new twofold symmetry and distorted fourfold symmetry comes
out. The angles and inter-arm spacings of the twofold symmetries as marked in the
figure matches with cubic and four-fold symmetry are slightly distorted. This
definitely proves that the smaller unit which is defect and chemically modulated has
an underlying cubic symmetry. However, for the bigger unit no such evenly distorted

fourfold symmetry could be observed.

It is imperative to say from the above analysis that there is a basic cubic unit
which has undergone extensive defect and chemical modulation which has led to the
manifestation of the pseudo-cubic symmetry. Because of the extensive defect and
chemical modulation, the basic unit repeats itself after every seventh layer. That is
why the large lattice parameter is observed. As no four-fold symmetry was observed
in the large commensurately modulated crystal, it is concluded that the large
commensurately modulated crystal is either hexagonal or rhombohedral. Such type of
distortion from cubic to hexagonal or rhombohedral phase due to chemical and defect
modulation has been observed before in bismuth containing ferrites and manganites,
lithium containing nickel oxide etc. It is possible to model such distortions and find
out lattice relationships. However, such type of modulation in Bi-Cr-O system in the
vicinity of BiCrOsz perovskite phase over such a large length scale has not been
observed before. A more detailed structural investigation on this compound needs to

be carried out to elucidate its structure.
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Although characterization of the new phase by XRD and SEM-EDS showed
that its composition is Bi22Cr1gOs0, structural analysis of this phase by TEM indicates
that Cr could be present in different oxidation states in this phase. This could lead to
oxygen nonstoichiometry in it. However, in the absence of quantitative data for this
non-stoichiometry, the composition of the new phase is assumed to be
‘Bi22Cr180s0’0only.

4.4.2.3 Pseudo-isopiestic equilibrations of samples under controlled
oxygen partial pressures

The results of the isopiestic equilibration experiments are given in Table 4.6.
When equal molar ratios of Bi>Os and Cr.Os were equilibrated under an oxygen
partial pressure of 0.09 atm, the products formed were BisCr.Os and Cr.03 at
temperatures between 816 and 1028 K. This shows that these two phases coexist in
this temperature range. At temperatures above 1028 K, BiioCr2021 and Cr.O3 were
obtained indicating their coexistence. When the oxygen partial pressure was ~1071°
atm, the ternary compound formed was ‘Bi»2Crig0e0’ along with Cr.Oz in the
temperature range of 956 to 1014 K. In samples with temperatures in the range of 847
to 920 K, only Bi>Os and Cr,Os were present showing the coexistence of these two
oxides in this temperature range. This is in agreement with the other equilibration
experiments discussed in section 4.3.3.4. The data obtained from these equilibrations
also show that ‘Bi»»Crig0e0” Would appear as a stable phase in liquid Bi at a

temperature between 891 and 956 K.
4.4.2.4 Additional equilibration studies

The results of the equilibration of samples with compositions falling within the

Bi203-Cr203-CrOs region and Bi2O3-Cr-Cr20s region at 773 K and 1023 K are shown
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in Tables 4.7 and 4.8, respectively. Results of the equilibrations of samples with

excess of liquid Bi at 1023 K are also given in Table 4.8.

Equilibrations at 773 K show that the ternary compounds, BiioCr20.1 and
Bi>CrOg are not stable at this temperature. This is in agreement with the results of Liu
et al. [22]. Since Bi>CrOg is not stable at 773 K, equilibration of sample 8 in Table 4.7
(initial composition lying in the area bound between BisCr.O15, Bi2CrOs and Cr203)
yielded products lying on BisCr.015-Cr.O3 line. Based on the results of all the
equilibration studies, presence of the following phase fields and lines could be
identified at 773 K: 1) Bi-Cr-Cr.03, 2) Bi-Bi,03-Cr203, 3) Bi203-‘BizgCrOgo’-Cr203,
4) ‘BisgCrOe0’-Cr203-Bi1aCrO24, 5) ‘BisgCrOgo’-Cr203, 6) BisiCrs0615-Cr203, 7)
BisCr2015-Cr.0O3. From these results, the ternary phase diagram of Bi-Cr-O system at
773 K has been drawn and is shown in Fig. 4.13. The phase diagram at 773 K shows
that on increasing the dissolved oxygen concentration in liquid bismuth in
equilibrium with chromium, Cr.Os would precipitate first as the coexisting phase.
With further increase in oxygen concentration, Bi would co-exist with Cr.O3 and

Bi20s. No ternary compounds would be stable in liquid Bi at 773 K.

Samples 5 to 9 in Table 4.8 which were equilibrated in liquid Bi at 1023 K
show that only two ternary compounds i.e., ‘Bi22Cr1g0s0’ and ‘BizsCrOso’ can coexist
with liquid Bi at this temperature and no other ternary compound would be stable in
liquid Bi. ‘BizsCrOeo’ (sample no. 5 in Table 4.8) after equilibration in liquid Bi
yielded Bi, ‘BissCrOso’ and ‘Bix2CrigOs0’. But according to the above equilibration
experiments, ‘BixxCrig0s0’ Was not expected to form if the starting material,
‘BizgCrOeo’ is single phase. Since ‘BizgCrOgo’ contained small amount of Bi14CrOza,

it decomposed in liquid Bi and gave ‘Bi22CrigOs0’. It is to be pointed out that the
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equilibrations of samples 3, 4 and 5 in Table 4.5 discussed in section 4.3.3.2, yielded
‘BizgCrOgo’and ‘Bi22Cr180e0” only where Bi was also expected to form according to
the above equilibration studies. Since the amount of Bi expected to be formed for
these compositions is very low, Bi might not have been detected during XRD
analysis. The phase fields and lines identified at 1023 K are 1) Bi-Cr-Cr.03, 2) Bi-
‘Bi22Cr18060’-Cr203, 3) Bi-‘Bi22Cr180s0™-‘BissCrOso’, 4) ‘BizgCrOeo’-‘Bi22Cr1g0e0’-
Cr20s, 5) ‘BissCrOeo’-Bi1aCr024-Cro0s, 6) BisiCrsOe15-Bi1oCro021-Cro03,  7)
Bi10Cr2021-Cr203-BigCr2015, 8) Bi1aCrO24-Cr203, 9) BiziCrs0e15-Cr203,  10)

Bi1gCr2021-Cr20s.

Based on these results, the ternary phase diagram of Bi-Cr-O system at 1023 K
has been drawn and shown in Fig. 4.14. Similar to the case at 773 K, on increasing the
dissolved oxygen concentration at 1023 K, the first phase which would appear in liquid
bismuth which is in equilibrium with chromium metal would be Cr.Os. With further
increase in oxygen concentration, ‘Bi22Cr180s0” Would appear as the ternary compound
that would be stable in liquid bismuth. When the oxygen concentration increases further,
‘BizsCrOgo’would appear (when Bi/Cr >1, in the system). Further increase of dissolved

oxygen would lead to the disappearance of ‘Bi»Cri80e0’ and appearance of Bi>Os.

It is to be pointed out that ‘Bi22Cr18060” and ‘BizsCrOso” appear as equilibrium
phases in liquid Bi at two distinct temperatures between 773 and 1023 K. These
temperatures were deduced from the emf measurements using solid oxide electrolyte

based emf cell (discussed in next section).
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4.4.3. Oxygen potential measurements in liquid Bi

Based on the long term equilibrations, the existence of Bi-Cr20s3-‘Bi22Cr180s0’
phase field has been confirmed at 1023 K. Hence, Gibbs energy of formation of
‘Bi22Cr18060’ can be determined by measuring the equilibrium oxygen potentials in
the Bi-Cr.03-‘Bi22Cr18060” phase field and by incorporating the data on the Gibbs
energy of formation of Cr.03. Equilibrium oxygen potentials in this phase field were
measured by employing solid oxide electrolyte based emf cell. A mixture of Bi,
Cr203 and ‘Bi22Cr18060” in the form of pellet was used as the sample electrode. Emf
was measured in the temperature range of 764 to 1025 K. After the emf
measurements, the cell was cooled from 1012 K (where ‘Bi22Cri18Os0’ coexists with
liquid Bi) and the sample electrode was analyzed by XRD. XRD patterns of the
samples before and after emf measurements confirmed the presence of Bi, Cr.Os and
‘Bi22Cr180s0°, as constituents before and after the experiment. The total duration of
the emf measurement was approximately two months.

The emf values measured at various temperatures in chronological order are
given in Table 4.10. From the emf values, equilibrium oxygen potentials were
calculated as described in section 3.4.3.2 of Chapter 3 using eq. (3.6). These values
are also given in Table 4.10 and the variation of oxygen potential as a function of
temperature is shown in Fig. 4.15. For comparison, Bi-Bi»Os oxygen potentials were
also plotted as a function of temperature in the same Figure. It is seen that the oxygen
potential versus temperature plot shows slope changes at two temperatures, one at
907 K and the other at 826 K. As discussed in earlier section, ‘Biz2CrisOe0’ and
‘BizsCrOs0’ Would appear as equilibrium phases at two distinct temperatures between

773 and 1023 K. Isopiestic experiments described in section 4.4.2.3 have indicated
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that ‘BixCri80s0’ appears as thermodynamically stable phase at a temperature
between 891 and 956 K and it is not stable below this temperature. Hence, the slope
change at 907 K is attributed to the disappearance of ‘Bi22Crig0s0’ on cooling (or
appearance of*Bi22Cr180e0” on heating).

Table 4.10 Output of emf cell as a function of temperature

_ Equilibrium oxygen
Temperature Dwell time Emf

No. (K) h) (mv) potential, AEE‘L‘E@
(kJ mol?)
1 763.7 42 620.7 -239.6
2 889.5 177 561.6 -216.7
3 885.2 197 564.2 -217.7
4 851.3 77 578.3 -223.2
5 833.1 11 585.1 -225.8
6 790.8 46 606.5 -234.1
7 870.2 75 570.0 -220.0
8 896.6 41 558.5 -215.5
9 929.2 45 545.8 -210.6
10 929.3 121 547.7 -211.4
11 801.6 90 601.1 -232.0
12 954.2 77 540.9 -208.8
13 974.2 a1 535.5 -206.7
14 999.5 26 527.6 -203.6
15 1024.6 97 517.1 -199.6
16 1011.9 48 521.9 -201.4

@ AEZ‘T =RT In p3*
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Based on the composition of the sample electrode taken in the cell, oxygen

potentials measured at temperatures above 907 K can be attributed to those in Bi-

Cr203-‘Bi22Cri18060" phase field. The slope change in oxygen potentials at 826 K on

cooling the system corresponds to the appearance of ‘BizgCrOso’. The oxygen

potentials between 826 and 907 K would correspond to the Bi-Cr20s-‘BissCrOsgo’

phase field. At temperatures below 826 K, ‘BizsCrOgo’ would be thermodynamically

unstable and decompose. The coexisting phases at temperatures below 826 K would

be Bi-Cr.03-Bi>O3 and measured oxygen potentials would correspond to that of Bi-

Bi20s equilibrium. This is seen from Fig. 4.15 that oxygen potentials measured below

826 K agreed with the oxygen potentials of Bi-Bi,O3 couple.
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The variation of emf with temperature in the temperature interval 929 to 1025

K can be described by the following least squares fitted expression:
E +1.48/mV =830.6 - 0.3045 (T / K) (T: 929 - 1025 K) (4.1)

The error given is the standard deviation of the least squares fitted line. The
chemical equilibrium existing in this temperature range at the sample electrode can be

represented as:
. 33 :
22 Bi+ 9 Cr.03 +?Oz < ‘Bi22Cr18060’ (4.2)

The Gibbs energy of formation of ‘Bi22Cr180e0’ can be written as

AtG; <‘Bi22Cr18060™> =9 AtG,, <Cr203> -66FE (4.3)

By substituting the emf data given by eq. (4.1) and by using the value of AtG.
of Cr,03 from ref. [11], the standard molar Gibbs energy of formation of

‘Bi22Cr18060° Was calculated using eq. (4.3) and is given by:

AG? < ‘BizCrig0s0’> + 9.8 kJ = -15314.4 + 4.1864 (T / K) (T: 929 — 1025 K (4.4)

Data on A:G; of Cr20sreported by Holzheid and O’Neil [11] was used since

it covered the temperature range of the present emf measurements.

Similarly, the variation of emf with temperature in the temperature interval

833 to 890 K can be described by the following least squares fitted expression:
E+0.46/mV =934.8-0.4193 (T /K) (T: 833 - 890 K) (4.5)

The error given is the standard deviation of the least squares fitted line. The
chemical equilibrium existing in this temperature range at the sample electrode can be
represented as:
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38 Bi + % Cr,03 +¥ 02 < ‘BizsCrOso’ (4.6)

The Gibbs energy of formation of ‘BissCrOso’ can be written as
AtG? <‘BizgCrOso’> = %2 AtG; <Cr203>-117 FE 4.7)

From the emf data given by eq. (4.5) and using the value of AtG? of Cr.03

from ref. [11], the standard molar Gibbs energy of formation of ‘BissCrOso’ Was

calculated using eq. (4.7) and is given by:

AG? <*BissCrOgo’> + 5.2 k = -11109.7+ 4.8582 (T / K) (T: 833 - 890 K) (4.8)

Although both the compounds could incorporate oxygen non-stoichiometry,
their Gibbs energy of formation was calculated by assuming their compositions as

‘Bi22Cr18060” and ‘BizsCrOep’.
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Chapter 5

SUMMARY AND CONCLUSIONS

The results reported in the thesis can be summarized as follows:

1) Ternary phase diagram of Bi-Fe-O system has been established by phase
equilibration studies at 773 and 1023 K. Phase fields in the section bound by Bi, Fe
and BixFesOg have been determined in the temperature range of 773 to 1023 K. Phase
fields identified in the temperature range of 773 to 853 K are: (1) Bi-Fe-Fe30s, (2) Bi-
Fe30s-Fe203 and (3) Bi-Fe203-BiFesOq. Phase fields identified in the temperature
range of 853 to 1023 K are: (1) Bi-Fe-FeO, (2) Bi-FeO-Fe30s, (3) Bi-Fez0s-Feo03

and (4) Bi-Fe203-Bi2Fe4Oo.

Experiments were also carried out to establish the phase fields in the
composition region bound by Bi, Bi2FesOs and Bi.Os. Results of these equilibrations
clearly showed the existence of the phase field, Bi-BixsFeOs39-BiOs in the
temperature range 773 to 1023 K. In order to determine the temperature range over
which BiFeOs is stable, experiments were carried out by equilibrating BiFeOs at
different temperatures and by equilibrating phase mixtures containing BiFeOs in
liquid Bi. The results of these experiments showed that BiFeO3 is metastable at low
temperatures and becomes thermodynamically stable only around 940 K. Based on
these results, the partial phase diagrams of Bi-Fe-O system valid at 773 and 1023 K
have been constructed. The phase diagrams show that on increasing the dissolved
oxygen concentration in liquid bismuth in equilibrium with iron metal, iron oxides

would precipitate first as the coexisting phases. With further increase in oxygen
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concentration, Bi.FesO9 would appear as the first ternary compound stable in liquid

bismuth.

Standard molar Gibbs energy of formation of Bi2FesOg was determined by
measuring equilibrium oxygen partial pressures in Bi-Fe.Oz-BiFesO9 phase field

using solid oxide electrolyte based emf cell and is given below:
AtG, <BiFesO¢> £ 0.6 kJ =-2196.2 + 0.7679 (T / K) (T :799-1023K)  (5.1)

The heat capacities of BixsFeOzy and BiFesOg9 measured by differential

scanning calorimetry are given below:

C, <BixsFeOgs> (J K mol?) + 49.9 = 1529.9 + 200.6 x 10° T — 21.6 x 10° T2
(T / K: 308-818) (5.2)

C, <BizFesOs> (J K mol?) + 11.0 = 395.5 - 23.0x 10° T — 7.6 x 10 T2
(T /K: 313-773) (5.3)

Deviation of measured C, values from the estimates by the Neumann-Kopp

Rule (NKR) has been analyzed.

The standard molar enthalpies of formation, A H7 o, Of BizsFeOsy and

BixFesO9 were also determined using an isoperibol calorimeter. The enthalpies of
solution of pure compounds, viz., BixsFeOszs and BiFesOg as well as the starting
materials, viz., Bi;Os and Fe2O3 in HCI (8.38 mol kg?) at 298.15 K were measured.
By using the values of the standard molar enthalpies of formation of Bi.O3z and Fe203
from ref. [1], the standard molar enthalpies of formation of BizsFeOsg and Bi2FesOg

were determined as -7540.7 + 256.7 kJ and -2170.8 + 28.6 kJ, respectively.
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The internal consistency of the experimentally determined thermochemical
properties viz., Gibbs energy, enthalpy of formation and heat capacity was also

evaluated. The experimental data are consistent within the experimental uncertainty.

2) Ternary phase diagram of Bi-Cr-O system has been established by phase
equilibration studies at 773 and 1023 K. The existence of a new compound of
composition, ‘Bi22Crig0s0’ in this system was identified. This compound has been
characterized by XRD, SEM and TEM. Presence of the following phase fields and
lines were identified at 773 K: 1) Bi-Cr-Cr.03, 2) Bi-Bi,03-Cr.03, 3) Bi.Os-
‘BizgCrOe0’-Cr203, 4) ‘BizgCrOgo’-Cr203-Bi1aCrO2, 5) ‘BisgCrOso’-Cr203, 6)
Bi31Crs0615-Cr203, 7) BisCr2015-Cr203. The phase fields and lines identified at 1023
K are 1) Bi-Cr-Cr203, 2) Bi-‘Bi22Cr18060’-Cr203, 3) Bi-‘Bi22Cr18060’-‘BizgCrOeo’, 4)
‘BizgCrOs0’-‘Bi22Cr18060’-Cr203, 5) ‘BizgCrOso’-Bi1aCrO24-Cr203, 6) Biz1CrsOe15-
Bi1oCr202:-Cr203, 7)  Bi1oCr2021-Cr203-BisCr2015, 8)  BiwaCrO24-Cr.03,  9)

Bi31Cr50615-Cr203, 10) Bi1oCr2021-Cr20a.

Pseudo-isopiestic equilibrations carried out under different oxygen partial
pressures revealed that ‘Bi»2CrigOeo’ appear as a stable phase in liquid Bi at a
temperature between 891 and 956 K. Oxygen potential measurements carried out in
the Bi-Cr203-‘Bi22Cr180e0” phase field by employing solid oxide electrolyte based
emf cell delineated the temperature of formation of ‘Biz2CrigOso’ and ‘BizgCrOgo’ t0
be 907 and 826 K, respectively. From the measured oxygen potentials, the Gibbs
energies of formation of ‘Bi22Crig0s0’ and ‘BizsCrOeo’ have been determined and are

given below:

AtG? < ‘BixnCrig0g0’> + 9.8 k] = -15314.4 + 4.1864 (T / K)
(T: 929 — 1025 K) (5.4)
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AtG, < ‘BisgCrOso’> + 5.2 kJ =-11109.7 + 4.8582 (T / K)
(T: 833 - 890 K) (5.5)
The phase diagram at 773 K shows that on increasing the dissolved oxygen
concentration in liquid bismuth in equilibrium with chromium, Cr.0s would
precipitate first as the coexisting phase. With further increase in oxygen
concentration, Bi would co-exist with Cr.O3z and Bi>Os. No ternary compounds would
be stable in liquid Bi at 773 K. Similar to the case at 773 K, on increasing the
dissolved oxygen concentration at 1023 K, the first phase which would appear in
liquid bismuth which is in equilibrium with chromium metal would be Cr,0Os3. With
further increase in oxygen concentration, ‘Biz2Cri1g0e0’ would appear as the ternary
compound that would be stable in liquid bismuth. When the oxygen concentration
increases further, ‘BizgCrOso’ would appear (when Bi/Cr >1, in the system). Further
increase of dissolved oxygen would lead to disappearance of ‘Bi22Cri80so’ and

appearance of Bi;Os.

5.1 Prediction of the nature of passive oxide layer on steel-liquid Bi

interface

Based on the results of this thesis work on Bi-Fe-O and Bi-Cr-O systems and
the data on solubility of oxygen in liquid bismuth, the oxide layer that can form at the
steel-liquid Bi interface can be predicted. The threshold concentration of the oxygen
in the molten bismuth above which a ternary compound appears in the liquid metal
system is determined by the thermodynamic stability of the compound, chemical
activity of the alloying elements of the structural material and the activity and
solubility of oxygen in the coolant. Sahu et al. [2-4] carried out a detailed study on

Pb-Fe-O and Pb-Cr-O systems and predicted the nature of the passive oxide layer
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formed on steel-liquid Pb interface. Using the data reported in this work and the data
reported by Sahu et al., the nature of the passive oxide layer formed on the steel-LBE

interface also can be predicted.

To understand the nature of the ternary compound formed on Bi-stainless steel
system, equilibrium oxygen potentials of various equilibria that would exist in this
system were computed. The following conclusions (mentioned earlier) from the

present work were taken into account for this computation:

(a) At low levels of dissolved oxygen, iron oxides only would coexist with liquid
bismuth in equilibrium with iron metal. Ternary compounds appear only at

high oxygen concentrations.

(b) At 773 K, no bismuth chromates would coexist with liquid Bi in equilibrium
with chromium metal. At low oxygen concentrations, only Cr.Os would
coexist with them. If the oxygen concentration is increased further, Bi>Oz will
precipitate with disappearance of chromium metal. At 1023 K, at low oxygen
concentrations, Cr.0s would coexist with chromium metal and liquid Bi. With
increase in oxygen concentration, ‘Bi22Cri1gOe0’ would become stable in liquid
Bi. With further increase in oxygen concentration, ‘Bi22CrigOso” would

disappear and ‘Bi3gCrOsp” would coexist with liquid Bi.

The following equilibria were considered for computation of oxygen potentials:

X [M]steel + % 02 <> MxOy (56)

Bi + S [M]seel + % 02 < BiMOt, [M = Fe, Cr, Ni, Si, Mo] (5.7)
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Bi + % 02 < [Bi2O3]gi (5.8)

[Bilse + 5 [M]seel + % 02 < BiMOy, [M = Fe, Cr, Ni, Si, Mo] (5.9)

In equilibria 5.7 and 5.9, the s and t can have different values for different
elements, viz., Fe, Cr, Ni, Si, Mo etc. In LBE, PbO is more stable than Bi»Oz. Hence,
the equilibrium considered for computing oxygen potential with different levels of

dissolved oxygen concentration in LBE is:
[Pb]Lee + % 02 < [PbO]Lee (5.10)

For these computations, data on Gibbs energy of formation of bismuth ferrate
and chromates from the present work were used. Data on lead ferrates and chromates
were from references 2 to 4. For oxides of Ni, Si and Mo, the data from reference 1,
for oxides of iron, data from references 5 and 6, and for chromium sesquioxide, data
from 7 were used. Oxygen potentials of the above mentioned equilibria were
calculated for two different types of steels, namely SS-304 and 9Cr-1Mo steel whose

compositions are given in Table 5.1.

Table 5.1 Composition of SS-304 and 9Cr-1Mo steel

Steel Composition / wt. %
Cr Ni Mo Si Mn P S C Fe
SS-304 18 8 - 1 2 0.045 | 0.030 | 0.08 | 70.85
gt(e:;lMo 9 - 1 0.625 | 0.45 | 0.025 | 0.025 | 0.15 | 88.75

The chemical activity of the alloying elements in steel was obtained by
assuming the steel to be an ideal solid solution obeying Raoults’ law. Activity of Bi
in LBE was calculated from the excess Gibbs energy of Bi in LBE, reported by

Gokecen [8]:
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GI(L)=RTIn y, = (650 - 2.302 T) (7% '~ (16200 - 5.264 T) (3% J' + (12150 -
4.2157T) (755 ) 39 - atom (5.11)

where G is the excess Gibbs energy of Bi, R is the universal gas constant, T is the

temperature, ., is the activity coefficient of Bi and ys2° is the mole fraction of Pb

in LBE.

Activity of Bi in LBE is given by, ag= 75> 25" (5.12)
LBE

where y; is the mole fraction of Bi in LBE.

Similarly, activity of Pb in LBE was calculated from the excess Gibbs energy of Pb

in LBE, reported in reference 8:

G2 (L) = RT In 7,, = (650 - 2.863 T) (% J'- (16200 - 5.994 T) (7% ' + (12150 -
4.2157T) (7€) g - atom® (5.13)

where G is the excess Gibbs energy of Pb, y, is the activity coefficient of Pb and

xs." is the mole fraction of Bi in LBE.

Activity of Pb in LBE is given by, a,, = 70, * Zro- (5.14)
where x5 is the mole fraction of Pb in LBE.

Oxygen potentials of pure liquid bismuth containing different levels (say, 1, 5

and 20 ppm) of dissolved oxygen were computed using eg. (5.8) and are given below:

o - aBIO
ACH 203> = — N ————~ .
AG? < Bi;03> RTI[ = J (5.15)
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where A:G, < Bi;Oz > is the molar Gibbs energy of formation of Bi»Os, a,, and

Bi

ag;,0, are the activities of Bi and Bi-O3z and P, is the equilibrium oxygen pressure.

Since the activity of Bi is unity, eq. (5.15) can be written as:

RTh P, = %Afeg < BirOs> + %RT I ago (5.16)

Assuming Henry’s law, ag  =concentration of oxygen in liquid Bi /

solubility of oxygen in liquid Bi at the chosen temperature T.

The solubility of oxygen in liquid Bi is given by equations (5.17) and (5.18) [9]:

log (S / ppm O) (+ 0.05) =- 4480 / T K + 6.94 (T: 753-988K) (5.17)
log (S / ppm O) (+ 0.04) =- 3800/ T K+ 6.26 (T: 988 - 1020 K) (5.18)

Oxygen potentials in LBE were calculated using eq. (5.10) as given below:

AiG? <PbO>= —RT In (&J (5.19)

apy, X Pé;z
where AtG, <PbO> is the molar Gibbs energy of formation of PbO, a,, and a,,,

are the activities of Pb and PbO and P, is the equilibrium oxygen pressure.

By rearranging eq. (5.19),

RT In P, = 2A:G, <PbO>+ 2RT In a,,, —2Inay, (5.20)
where a,,, =concentration of oxygen in LBE / solubility of oxygen in LBE at the
chosen temperature T, according to Henry’s law.

The solubility of oxygen in LBE is given by eq. (5.21) [10]:

log (S / ppm O) (£ 0.06) = - 4290 / T K + 6.42 (T: 812 - 1012 K) (5.21)
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The oxygen potentials of the different equilibria in Bi and LBE are shown in
Figs. 5.1 and 5.2, respectively. Fig. 5.1a shows the oxygen potentials of different
chemical equilibria in liquid Bi - SS 304 system. The oxygen potentials in liquid Bi
containing different levels of dissolved oxygen concentrations are also shown in the
same figure. It can be seen from the figure that at low oxygen concentrations, SiO>
and Cr203 layers would be formed on the steel surface depending upon the amount of
Si and Cr present in the steel. With increase in oxygen concentration, iron oxides
would be formed at the steel — liquid Bi interface. If the oxygen concentration in the
molten bismuth is further increased, Bi2FesOg would appear. Although the figure
shows that NiO could be one of the products, nickel would be leached away from
steel surface since its solubility is very high and hence this reaction need not be

considered.
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Fig. 5.1b shows the oxygen potentials in liquid Bi containing different
dissolved oxygen concentrations and chemical equilibria computed for 9 Cr — 1Mo
steel. In the case of this steel, MoO. layer also could be formed on the steel along
with Cr,03 layer at low oxygen concentrations depending upon the amount of Mo
present in the steel. Figs. 5.2 a and b show the oxygen potentials of different chemical
equilibria in LBE and the oxygen potentials in LBE containing different oxygen
concentrations for SS 304 and 9 Cr - 1 Mo steel, respectively. In LBE also, at lower
oxygen concentrations, SiO,, Cr.0Os and MoO- layers could be formed depending
upon the steel. With increase in oxygen concentration, iron oxides would be formed
at the steel-LBE interface. At higher oxygen concentrations, the first ternary

compound formed would be PbFesOss.
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Chapter 6

SCOPE FOR FUTURE STUDIES

As corrosion in the LBE-steel systems can be mitigated effectively by the
formation of an adherent oxide layer on the structural steels, a detailed knowledge on
the composition and the thermochemical data of this oxide layer is needed to exploit
this process. Understanding of thermochemistry of ternary compounds of the Pb-M-O
and Bi-M-O (M: Fe, Cr) systems is of considerable interest in this regard. A detailed
study on Bi-M-O (M: Fe, Cr) system has been carried out in this thesis work. Sahu et

al. [1-6] carried out the studies on Pb-M-O (M: Fe, Cr) systems.

In Bi-Fe-O ternary system, the Gibbs energy of formation of BizFesOg has
been determined in the present work. Gibbs energies of formation of BiFeOs and
BixsFeOsg need to be determined. In Bi-Cr-O system, Gibbs energies of formation of
two compounds, namely ‘Bi22Cri8Os0’ and ‘BizgCrOgo’ Which coexist with liquid Bi
have been determined in the present work. Gibbs energies of formation of other
ternary compounds, namely Bi1sCrO2s, Biz1CrsOe15, BioCr2021, BisCr201s, BiCrOs

and their enthalpies of formation and heat capacities also need to be measured.

Mo containing steels such as 9Cr-1Mo steel has been considered as the
structural material for LBE. Hence, the interaction of Mo in the structural steel with
LBE in the presence of oxygen needs to be studied. In this aspect, studies on Pb (Bi)
—Mo-0 systems deserve greater importance. Studies have shown that surface alloying
of steel with Si and Al is a promising option to reduce corrosion. It was observed that
the alumina or SiO; film formed on the surface of steel is very effective in preventing
the dissolution of alloying components without influencing the mechanical properties
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of the base material [7, 8]. Hence, studies on Pb (Bi) —Si-O systems and Pb (Bi) —Al-

O systems also need to be carried out to understand and exploit the corrosion

protection phenomena in lead and LBE circuits.
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