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Synopsis
Nuclear energy is one of the very promising sources of energy among others to play an
important role in future energy crisis. It has the capability of producing vast amounts of
energy and its most beneficial point is that it produces energy without greenhouse effect. A
large research initiative over several decades has focused on developing inherent safety and
economic pathways for nuclear energy production. There are currently 438 nuclear power
plants in operation around the world, producing 16% of the world’s electricity. In order to
make India more technologically and economically advanced nation, an adequate growth in
energy generation is essential. This emphasizes the role of nuclear energy in India’s plans
for energy security. India's domestic uranium reserve (~ 52,000 tons) is small and the
country is dependent on uranium imports to fuel its nuclear power industry.
Natural U

PHWR

12 GWe,
30y

Depleted U
Pu

Th

Fast Breeder
Reactor

300 GWe,
30y
U-233

Pu

Th

U-233 fuelled
Breeder
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U-233

Stage-1

Stage-3

Stage-2

Schematic of Indian Three Stages Nuclear Programme
The three-stage nuclear program effectively utilizes the existing resources of uranium and
thorium. India has entered into the second stage of the nuclear program successfully, with
the design and construction of 500 MWe prototype fast breeder reactor (PFBR) at
Kalpakkam. Improved designs of nuclear power reactors are currently being developed in
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several countries. The focus is on making designs to reduce capital cost and to make them
more fuel efficient and inherently safe. In the year 2000, the Generation IV International
Forum (GIF) was introduced to develop future-generation nuclear energy systems with six
Generation IV reactors concepts. To advance the nuclear energy to meet future energy
needs, the Generation IV International Forum (GIF) has defined a set of priority goals:
improved safety and reliability, efficiency and economic competitiveness, sustainability,
i.e., efficient use of the resources, nuclear waste minimization and protection of the
environment, enhanced proliferation resistance and physical protection [1-5]. To reach these
goals, six preferred reactor systems have been selected, namely
 Very High Temperature Reactor (VHTR),
 Gas cooled Fast Reactor (GFR),
 Sodium cooled Fast Reactor (SFR),
 Lead cooled Fast Reactor (LFR),
 Super Critical Water Reactor (SCWR)
 Molten Salt Reactor (MSR).
Accelerator-Driven Systems
Accelerator-driven sub-critical reactor systems (ADS) address the two important issues like
transmutations of long-lived components of the spent fuel and nuclear energy generation
utilizing thorium as fuel.
Among different heavy liquid metals (HLM), lead (Pb) and lead-bismuth eutectic (LBE)
44.5 wt.% Pb + 55.5 wt.% Bi, are considered as potential candidates for the coolant of new
generation fast reactors (critical and subcritical) and as liquid spallation neutron sources
(SNS) in accelerator driven systems (ADS). Heavy liquid metals are found to offer
important advantages for future missions in terms of plant simplifications, heightened
inherent/passive safety due to their low vapour pressure, chemical inactivity towards water
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and air, very high boiling point, good natural circulation capability and a large heat capacity.
But compatibility of LBE with clad materials is an important issue that needs to be
addressed.
Studies of lead-bismuth and lead-cooled fast reactors are being carried out in the Russian
Federation (RF) organizations [6,7]. However, LBE was chosen as the coolant for a number
of alpha class submarine reactors in the former Soviet Union, which led to very extensive
research and development of the coolant technology and materials, with particular emphasis
on the chemistry control of the liquid metal to avoid plugging due to slag formation and to
enhance corrosion resistance of the steels specifically developed for such services.
It has been reported that the corrosion by liquid metals/alloys can change the microstructure,
composition and surface morphology of the structural materials. This affects the mechanical
and physical properties of the structural materials, leading to system failure. Liquid metal
corrosion has been recognized as an important case for failure of structural materials for
advanced nuclear reactor systems due to their high temperature physical and chemical
interactions with liquid metals/alloys. Extensive knowledge of thermodynamic and phase
diagram data of different binary and multi-component systems of Bi-Ni-Pb-U is essential for
proper design and safe operation of liquid lead/LBE heat transfer circuits.
An understanding of thermochemical interaction of liquid lead, bismuth and LBE with clad
is needed to predict thermal and compositional conditions that result in clad embrittlement.
To understand the interaction of stainless steel – structural materials with Bi-Pb, it is
important to know the thermo-physical properties of alloys / compounds formed by the
interaction of Pb and Bi with all the major elements of steel. In addition, clad failure /
breaching can lead to interaction of coolant elements with fuel components. In case of
metallic fuel, it means interaction of U with Pb/Bi. Uranium makes many stable compounds
with Pb and Bi. Therefore, thermodynamic investigations of Pb-U system were carried out
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using calorimetric techniques. In addition, phase diagram and thermodynamic calculations
of binaries and higher component systems of Pb-Bi-Fe-Cr-Ni and U-Pb-Bi, have been
carried out using CALPHAD methods.
This thesis mainly deals with the research and development associated with the synthesis
and characterization of alloys and compounds formed due to interaction of Pb/Bi with Ni.
‘Ni’ is the only major component of Stainless steel (SS) that makes compounds with Pb/Bi.
The results obtained for different systems investigated in the present research program have
been presented and discussed in this thesis, to be submitted to the Homi Bhabha National
Institute (HBNI) for the Ph.D. degree. For convenience of presentation, different aspects of
the present work have been discussed in a systematic manner in five different chapters of
the thesis. Brief descriptions of the content of these chapters in the thesis are given below.
Organization of the thesis
The thesis comprises of five chapters that are listed below.
CHAPTER 1: Introduction
CHAPTER 2: Experimental Techniques
CHAPTER 3: Calphad Method
CHAPTER 4: Result and Discussion
CHAPTER 5: Summary
A brief overview of individual chapters is presented below.
Chapter-1: Introduction
This chapter presents a general introduction to the importance of energy in world economy
with a particular emphasis on nuclear energy. The advantages of nuclear energy over other
source of energy are also discussed. Various components of nuclear reactors and types of
reactors are discussed. The heat removal ability of coolant plays an important role in a
nuclear reactor for the generation of electricity. A comparison of important properties of
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various nuclear coolants is given to high light the advantage of lead-bismuth coolant. A
brief description of Generation-IV reactors system and its goal has been discussed. In the
framework of Generation-IV nuclear energy systems initiative, a class of Pb/LBE is being
explored as coolant due to its favorable physical, chemical and nuclear properties. In
Accelerator Driven Subcritical (ADS) systems, LBE is used as coolant and spallation
targets, with the aim of producing low cost energy and burning/transmuting the minor
actinides and long lived radioactive fission product to decrease the radiotoxicity. This is
followed by a discussion on possibilities and challenge on the use of the LBE in the ADS
and fast reactors. The compatibility problem of LBE eutectic with clad material and
solubility of clad material into the Bi/Pb is described. For better clarification, the reported
phase diagram of binary system is redrawn in this chapter. Finally, the aim of the work of
present study is highlighted.
Chapter 2: Experimental Techniques
This chapter describes the experimental techniques and materials employed in the present
investigations. The preparation of intermetallics was carried out by melting the metals in
resistance furnace (Bi-Pb), arc melting furnace (Bi-Ni) and induction heater (Pb-U). The
compounds were annealed ~20% below their melting temperature and furnace cooled to
room temperature. Then fundamentals of X- ray diffraction technique for characterization of
solid sample are also presented in this chapter [8]. The principles of secondary electron
microscopy and Energy Dispersive X-ray analysis method used for phase analysis have been
described here. The differential thermal analysis method for determination of phase
transitions is also discussed along with its principles. Then description and principle of
different types of calorimeter have been summarized along with details of Calvet
calorimeter and differential scanning calorimeter. A brief description of vapor pressure
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measurement techniques followed by discussion on the Knudsen effusion mass loss
technique is given [9-13]. Finally experimental procedure for data acquisition is discussed.
Chapter 3: Calphad Method
This chapter gives an introduction to the traditional thermodynamic assessment methods and
emphasizes their importance and usefulness. Description of four principal components of
thermodynamic optimization such as models and software is presented. Finally, different
fundamental models for excess Gibbs free energy and their usage are summarized in this
chapter.
Chapter 4: Result and Discussion
This chapter is written in three parts. Each part describes the experimental and
computational results followed by discussion of binary system. In the first part, it describes
the preparation, characterization and thermodynamic investigation of Bi-Pb system with a
special emphasis on BiPb3 compound. Enthalpy increments of Bi0.29Pb0.71 compound and
enthalpy change associated with its peritectic decomposition were determined, using high
temperature Calvet calorimeter. The heat capacity of the compound was determined in the
temperature range 230–440 K using heat flow DSC. The enthalpy of decomposition reaction
of the compound at peritectic temperature, 457 K, was found to be 984 J/mol. The heat
capacity values obtained from DSC were in reasonably good agreement with the values
calculated from enthalpy increment equation and both were slightly higher than the heat
capacity values calculated using Neumann–Kopp’s rule. The enthalpy of formation of the
Bi0.29±xPb0.71±x, was determined at 448 K by successive precipitation method. The enthalpy
of formation of Bi0.29 Pb0.71 was determined by tin and lead solution calorimetry. By
successive precipitation method, the enthalpy of formation of Bi0.29±xPb0.71±x from Pb(l) and
Bi(l) at 448 K was -3.85 ± 0.05 kJmol-1. From this value, the enthalpy of formation of the
compound from Pb(s) and Bi(s) at 298 K was calculated as 2.7 ± 0.15 kJmol-1. The
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enthalpy of formation of Bi0.29Pb0.71 at 298 K, by tin solution calorimetry was 2.7 ± 0.15
kJmol-1and by lead solution calorimetry was, 2.75 ± 0.15 kJmol-1. Finally, the optimization
of Bi-Pb system was carried out using our own experimental data of heat capacity, enthalpy
of formation of BiPb3 compound and enthalpy of mixing of liquid solution along with
thermodynamic and phase diagram data from literature. Enthalpy of mixing and heat
capacity values of Bi0.29Pb0.71 calculated from optimized thermodynamic parameter were
found to be in reasonable agreement with the present experimental data.
In the second part, preparation, characterization, calorimetric investigations and
optimisation results of the Bi-Ni system are discussed. In Bi-Ni system, two intermetallic
compounds exist, Bi0.75Ni0.25 and Bi0.5Ni0.5, which melt peritectically, at 737 K and 919 K,
respectively. Bi0.75Ni0.25 is a stoichiometric compound, whereas, Bi0.5Ni0.5 is a nonstoichiometric compound. These two compounds were prepared by arc-melting method.
These compounds were characterized by XRD. Enthalpy increments of these compounds
were measured using high temperature calorimeters. The enthalpy increment data near their
peritectic temperatures were used for determining enthalpies of their decomposition. The
enthalpies of decomposition of Bi0.75Ni0.25 and Bi0.5Ni0.5 were found to be 3.51 kJmol-1, at
equilibrium temperature, 737 K, and 9.22 kJmol-1, at equilibrium temperature, 919 K,
respectively. The enthalpies of formation of these two compounds were measured by
solution calorimetric method and successive precipitation method and were also calculated
from experimentally determined enthalpies of peritectic decomposition. For solution
calorimetric method, liquid 'Bi' was used as solvent and enthalpies of solution of 'Ni' and
intermetallic compounds in liquid 'Bi' bath were measured. Enthalpies of formation of
Bi0.75Ni0.25 and Bi0.5Ni0.5 by solution calorimetry were -2 kJ.mol-1 and -3.7 kJ.mol-1,
respectively, at 298.15 K. The enthalpy of mixing of Bi(l) and Ni(l) determined at 716 K,
746 K, 878 K, 898 K and 919 K . Using the Heat capacity and enthalpies of formation of
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Bi3Ni and BiNi and enthalpies of mixing (Bi,Ni)liq solution; acquired in the present work,
the Bi-Ni system was reoptimized. The calculated enthalpies of formation of Bi0.75Ni0.25 and
Bi0.5Ni0.5 using our optimized parameters for these compounds are found to be -1.9 kJ·mol-1
and -3.7 kJ·mol-1, which are in good agreement with the experimentally determined values 2.0 kJ·mol-1 and -3.7 kJ·mol-1 respectively. The calculated values of enthalpies of mixing at
800 K using our optimized interaction parameters are reasonably good agreement with
experimentally determined enthalpy of mixing values and the values obtained from
Miedema model.
To understand different phases formed by interaction of Bi/Pb and Ni, phase diagrams of
LBE-Ni system were assessed. Finally, multi-component Bi-Cr-Fe-Ni-Pb database was
prepared and it was used for computation of LBE-SS316 (Fe=0.8, Cr=0.12, Ni=0.08)
pseudo binary phase diagram as part of the study of Clad-Coolant interaction.
The results obtained for Pb-U system from different experimental measurements and
computational results are highlighted in the last part of this chapter. The Pb-U system
consists of two intermetallics compounds Pb0.75U0.25 and Pb0.5U0.5. Pb0.75U0.25 compound
was prepared by induction melting. This sample was wrapped in tantalum foil, encapsulated
in a quartz ampoule and annealed in a furnace at 973 K, for a week. After that, calorimetric
study of Pb0.75U0.25 including enthalpy increment and heat capacity measurements were
carried out. Enthalpy of formation of the compound was measured by direct reaction
calorimetry, involving insitu precipitation of the compound. The advantage of this method
was that handling of pure Pb0.75U0.25, could be avoided, which gets easily oxidized when
exposed to air. The enthalpy of formation of Pb0.75U0.25 compound was estimated using
Miedema model and compared with experimental determined values.
The preparation of Pb0.5U0.5 using arc-melting is very difficult as the liquid of this
composition segregates into ‘U’ and ‘Pb’ rich liquids, due to the presence of miscibility gap
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in liquid phase. This compound is highly pyrophoric in nature compare to Pb0.75U0.25. A
biphasic mixture of (U+ Pb0.5U0.5) was prepared and the sample was studied employing
Knudsen effusion mass loss technique. The mass loss due to loss of ‘Pb’ was used to
determine Gibbs energy formation of Pb0.5U0.5. The Pb-U system was re-optimized with our
new experimental measurements, heat capacity and enthalpy of formation of Pb3U
compound and Gibbs energies of formation of PbU, along with experimental
thermodynamic and phase diagram data of the system available in literature. The interaction
of Bi/Pb with uranium was carried out.
Chapter 5: Summary
In this concluding chapter, the thesis is summed up by highlighting the main findings and
results of the present study. The present findings have provided a deep insight into the
interaction between Stainless steel (SS) and Bi/Pb; suggesting that nickel content in SS is
detrimental for such interaction. These results were then combined with the studies and
observations of other studies reported in literature. Based on these combined investigations,
some suggestions are made that can effectively reduce corrosion of cladding elements by
lead-bismuth coolant. This chapter is therefore devoted to exploring the further avenues of
research, which can be profitably continued from data accrued in this study.
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CHAPTER‐1
INTRODUCTION

1.1 Energy and Economy
Energy is the most fundamental requirement of every society or nation as it progresses
through the ladder of development. The energy demand of the world is increasing every year
due to population growth and increasing standard of living. Developing countries like India
need to exploit all the available resources to produce energy to meet the ever-increasing
demand of power. The major energy sources of India are fossil fuels such as oil, coal and
natural gas. In this context, nuclear power will be called upon to play a crucial role in
meeting the projected demand for electricity generation. After thermal, hydro and renewable
sources of electricity, nuclear power is the fourth largest source of electricity in India [1-5].
The nuclear power appears to be an inevitable option, by which electricity generation can be
expanded. At present, there are 20 nuclear power reactors in operation with a gross capacity
of 4560 MWe and 4 reactors with a capacity of 2720 MWe at an advanced stage of
construction [6,7]. Department of Atomic Energy aims to contribute 25% of electricity from
nuclear power by considering the demand and the available energy resources in India by
2050. India has a flourishing and largely indigenous nuclear power program and plans to
achieve this target by setting up nuclear reactors based on both indigenous technologies of
pressurized heavy water reactors (PHWRs), fast breeder reactors (FBRs) and light water
reactors (LWRs).
1.2 India’s Nuclear Energy Programme
India has embarked on a three-stage nuclear power programme (as shown in the Fig.1.1),
which is based on utilization of indigenous nuclear resources of modest uranium [6] and
abundant thorium (~ 3,19,000 tons) [7]. The first stage is based on pressurized heavy water
reactors (PHWRs) which uses natural uranium (235U 0.007 ,238U 0.993 )O 2 as fuel to produce
electricity.
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Fig. 1.1: Schematic of Indian nuclear programme
In the second stage of nuclear programme, fast breeder reactors will be producing energy by
utilizing

239

Pu produced in the first stage. At the same time these reactors will also be used

for converting another naturally occurring fertile isotope,232Th into fissile isotope 233U. In the
third stage, 233U-Th based reactors are proposed to be set up for utilizing the vast resources of
thorium [8, 9]. At present, most of the power reactors are first stage reactors. Fast Breeder
Test Reactor (FBTR, Kalpakkam), is second stage test reactor and Prototype Fast Breeder
Reactor (PFBR, Kalpakkam) is a power reactor of this category that will be soon operational
to achieve second stage of Indian Reactor Programme. Another reactor that is in advance
stages of planning, AHWR, will be able to achieve the target of third stage of this
programme. But, there are many other advanced reactor designs that are being explored as
future reactors due to their energy efficiency and inherent safety features.
1.3 Nuclear Reactors
The operating nuclear power units have been found to be safe and reliable, but they are being
superseded by better designs. The world's first nuclear reactors operated naturally in a
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uranium deposit about two billion years ago. These deposits were rich in uranium ore and
were moderated by percolating rainwater [10]. The demonstration of the first fission chain
reaction in graphite-moderated natural uranium ‘pile’ was constructed in the ‘University of
Chicago’ in 1942. The USA was first to construct an operational fast reactor, with
Clementine becoming critical in 1946. Eventually, the first kilowatt-hours of nuclear
electricity were produced in December 1951 by a fast reactor, EBR-I in Idaho. Today,
nuclear reactors generate about 11% of the world’s electricity[7].The nuclear power industry
has been developing and improving reactor technology for more than five decades and is
starting to build the next generation of nuclear reactors to fill new orders [11].
1.4 Key Components of Nuclear Reactors
Nuclear reactor is a device in which the fission chain reaction is allowed to occur in a
controlled way to generate energy or neutrons. The components of nuclear reactors are
 Fuel
 Clad
 Coolant
 Moderators (for thermal reactors)
 Control rods
 Radiation shield
Fuel: Nuclear fuel is the heart of the nuclear power reactor. The fuel may be metallic,
ceramic or salt depending on the type of reactors. Usually high density pellets of UO 2 ,
(U,Pu)O 2 , (U, Pu)C, (U, Pu, Zr) alloy etc. in the form of rods are used. Fuel materials are
encased in the cladding to prevent the release of fission products to the coolant system. The
coolant removes energy produced in the fuel element, from the outer surface of the clad [11].
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Clad: Fuel rods are contained inside the clad. The clad prevents the direct contact of fuel
with coolant. Aluminium alloys are often used to clad fuel in research reactors. In thermal
reactors, zircaloy tubes are used as clad materials. Stainless steels are used for fast reactor
clad.
Moderators: They are used only for thermal reactors, not for fast reactors. They slow down
the neutrons released from fission so that the probability of absorption of neutron by the
fissile nuclide is increased. Commonly used moderators include light water, heavy water and
graphite in various thermal reactors. Beryllium is also a good moderator but has been used
only in some reactors because of its toxic nature.
Coolant: A fluid circulating through the core so as to transfer the heat from it. In light water
reactors the water moderator functions also as primary coolant. In most of the existing
reactors, water or a liquid metals such as liquid sodium or gases such as CO 2 are used as
coolant.
Control Rods: The nuclear chain reaction that produce tremendous amount of energy needs
to be controlled in a predictable manner. These are made with neutron-absorbing material
such as cadmium, hafnium or boron, and are inserted or withdrawn from the core to control
the rate of reaction, or to halt it. In some PWR reactors, special control rods are used to
enable the core to sustain a low level of power efficiently. Secondary control systems involve
other neutron absorbers, usually boron in the coolant; its concentration can be adjusted over
time as the fuel burn.
Shielding Component: A nuclear reaction is a source of intense radiation apart from the heat
generated during fission reactions. These radioactive radiations are very harmful for
mankind. In order to prevent the radiation dose, shielding is required. Concrete and steel are
very good at absorbing radiation and they are equally strong as structural material, hence

4

used in forming the shielding material. Due to special relevance of coolant in the present
work, different aspects of coolant will be discussed in details in the following section.
1.5 Nuclear Coolants
Heat energy generated in a nuclear reactor core during nuclear fission reaction, needs to be
transported to run the conventional turbine. A coolant plays an important role in a nuclear
reactor by removing heat from the reactor core and transferring it to electrical generators.
During normal reactor operation, cooling is an intrinsic aspect of energy transfer. In a nuclear
reactor, cooling has a special importance, because radioactive decay causes continued heat
production even after the reactor is shut down and electricity generation has stopped. It is still
essential to maintain cooling to avoid melting of reactor core. Most of the reported major
reactor accidents, e.g., Three Mile Island, Chernobyl, Fukushima were associated with lack of
sufficient cooling in the reactors. Absence of sufficient cooling resulted in decomposition of
H 2 O to produce H 2 . The high hydrogen pressure resulted in chemical explosion, which
resulted in explosion and subsequent disbursement of radioactive materials to the surrounding
atmosphere. Three mile was a fuel melt down, resulting in migration of fuel to ground water.
The choice of coolant determines the main design approaches and the technical and economic
characteristics of a nuclear power plant. Evidently, coolant is a very important component of
nuclear reactors. It also helps to maintain the working temperature of the core within
acceptable limits for the materials used in the construction of the reactor. An ideal coolant
should have the following specifications [12, 13]:
 Materials properties
 Low melting point
 Acceptable corrosion and mechanical degradation of structural and containment
materials
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 High thermal stability and high heat capacity
 High Radiation stability
 No reaction with turbine working fluid
 Low chemical activity on exposure to atmospheric air
 Neutronics
 Small capture cross section (for small parasitic loss of neutrons)
 High scattering cross section (for small leakage of neutrons from the core)
 Small energy loss per collision (for small spectrum softening moderating effect)
 High boiling temperature (for prevention of reactivity effect due to coolant voiding)
 Thermal –hydraulics
 Low pumping power for circulating the liquid metal
 High heat transfer coefficient and small size of heat exchanger
In reality, no single coolant has all these properties, and as a result choice of coolants has
been diverse and depends on types of nuclear reactors. In the 1950s and 1960s, scientists and
engineers considered the various types of following coolant materials.
 Water (light- H 2 O, heavy-D 2 O)
 Liquid-metal (NaK, Na, Li, Pb, Bi, Pb-Bi, etc.)
 Gas (air, Ar, CO 2 , He, H 2 , N 2 )
 Organic (polyphenyls/terphenyls, kerosene, Santowax)
The coolant can be either a liquid or a gas. A comparison of various properties of different
coolant system is listed in the Table 1.1.
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Table 1.1: Basic characteristics of reactor coolants [13]
Relative

Neutron

Neutron

Melting

Boiling

Chemical

moderating

Absorption

scattering

point

Point (K)

reactivity

Power

cross section cross

Coolant

(1Mev)

section

(mbarn)

(barn)

(K)

(with air &
water)

Pb

1

6.001

6.4

600

2010

Inert

LBE

0.82

1.492

6.9

398

1943

Inert

Na

1.80

0.230

3.2

371

1156

Reactive

H2O

421

0.1056

3.5

-

373

Inert

D2O

49

0.00021

2.6

-

373

Inert

He

0.27

0.0079

3.7

-

-

Inert

The fast reactor coolant is appropriately chosen in order to provide an effective heat transfer,
without a significant thermalisation of the neutron spectrum. In order to achieve this goal,
liquid metals (Na or Pb, Pb/Bi) can be used. Heavy liquid metals (HLM) such as Pb and PbBi eutectic (LBE) were proposed and investigated as coolants for fast reactor systems as early
as the 1950s [14]. On the other hand, LBE was chosen as the coolant for a number of ‘alpha
class’ submarine reactors in the former Soviet Union, which led to a very extensive research
and development of heavy liquid metal coolant (HLMC) technology and associated materials.
1.6 Pb/ LBE as Coolant and spallation target in Gen IV reactor system
In the framework of the Generation-IV Nuclear Energy Systems [15] initiative, Pb/LBE is
being explored as coolant for compact high temperature reactor (CHTR) and fast breeder
reactor due to its favourable physical, chemical and nuclear properties. High temperature
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nuclear reactors have a large potential for sustainably supplying energy for these hydrogen
production processes at required high temperature conditions [16]. In Accelerator-driven subcritical reactor systems (ADS) [17-20], LBE is also considered as coolant and spallation
targets, with the aim of producing low cost energy and burning/transmuting the minor
actinides and the long-lived radioactive fission product. Other than being inherently safe as
they generate power in subcritical condition, the main advantage of ADS is their application
to decrease the radio toxicity load on nature by disposing long-lived radioactive wastes
produced in other nuclear reactors. The concept of accelerator-driven systems (frequently
called hybrid systems) combines a particle accelerator with a sub-critical core (see Fig. 1.2)
[20].
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Fig. 1.2: Schematic of ADS reactor system [20]
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1.7 Comparison between LBE and Sodium as coolant
Though liquid sodium has been the coolant of choice for fast reactors, Pb/LBE coolant has
some positive aspects as alternative coolant for fast reactors. The main aspects are [21-23]:
 Absence of aggressive exothermic reactions between lead/LBE and water or air.
 High boiling point of LBE (1943K at 1 bar) eliminates the risk of core voiding due to
coolant boiling.
 The low vapor pressure of LBE at operating temperature (573-1073 K) allows the
operation of primary system at sub-atmospheric condition. It simplifies the plant
design and leads to reliable system construction.
 High thermal capacity of LBE allows a significant grace time in case of loss-of-heatsink accidents.
 LBE appears to form compounds with iodine and caesium at temperatures up to 873
K. This reduces the release of volatile fission products from the fuel matrix during
accidents
 LBE shields gamma-rays effectively as it consists of high Z element.
 The low moderation effect of LBE permits a greater spacing between fuel pins,
resulting in a low core pressure drop and in low temperature difference along the core
height.
 High density of LBE favours fuel dispersion phenomena when compared to fuel
compaction phenomena in case of core destruction. In addition the fuel dispersion
inside the coolant provides also an intrinsic shut down mechanism of the chain
reaction. The requirement of a core catcher is not necessary.
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 The combination of a simple flow path and the low core pressure drop enhances the
establishment of natural convection of the coolant in the primary system for heat
removal from the core, thereby reducing the risk of overheating during loss-of-flow
accident. This fact permits to design simple and passive components for decay heat
removal.
The choice of LBE, as coolant for fast reactor and as candidate spallation target and coolant
for ADS, has a number of positive aspects especially with regard to safety and strong
implication on design simplification, which implies obvious advantages in terms of
economics. However, there are some significant scientific and technological challenges
related with the use of LBE as a coolant in nuclear application. The main disadvantages of
LBE coolant are as follows:
 Requires high pumping power compared to sodium
 Low heat transfer coefficient compared to liquid sodium
 Incompatible with austenitic stainless steel (structural material)
 Production of α-active, volatile, 210Po, produced from (n,β) reaction of 209Bi
 Relatively high cost of bismuth and lead
One of the important challenge of LBE as coolant is its compatibility with structural
materials, stainless steel [24]. This issue is addressed in the present thesis. Besides this, some
work is also carried out on compatibility of LBE with metallic uranium fuel. In this work,
experimental and computational analysis of these systems was carried out to understand and
predict their compatibility issues at different temperatures and compositions.
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1.8 Chemical Aspects of Compatibility Problems of LBE
The chemistry of LBE is a critical issue for its use as a coolant in nuclear systems or as liquid
spallation target and coolant for ADS. Compared to corrosion by aqueous media which has
been found to be primarily an electro-chemical process, corrosion by liquid metal such as
liquid lead and lead–bismuth alloy is a physical or physico–chemical process involving
dissolution of material constituents, transportation in the two phases (liquid and solid)
and reactions between corrosion products and impurities [24-27]. It has been reported
that the corrosion by liquid metals/alloys can change the microstructure, composition,
and surface morphology of the structural materials, which in turn affects the mechanical
and physical properties of the structural materials, leading to system failure [27-39].
Therefore, liquid metal corrosion due to high physical and chemical interactions between
liquid metals/alloys and containments has been recognized as main cause of failure of
structural materials. Full knowledge of thermodynamic and phase diagram investigation of
different binary and multi-component systems of LBE-SS system is essential in the proper
design and safe operation of liquid lead/LBE heat transfer circuits.
1.9 Scope of the Present Work
To understand the clad-coolant interaction, i.e, the interaction of stainless steel – structural
materials with Bi-Pb, it is important to know the thermo-physical properties of alloys /
compounds formed by interaction of Pb and Bi with all major elemental component of steel,
i.e., Fe, Cr, Ni. Among Fe, Cr, Ni, the former two elements, Fe and Cr, have very slight
solubilities in Pb /Bi, whereas the solubility of Ni in Pb /Bi is maximum. Nickel also makes
two intermetallics compounds with Bi.
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Thermodynamic properties of these compounds affect behaviour of the coolant during
normal and off normal reactor operation condition. It is therefore important to carry out a
systematic study

on

the

thermodynamic

properties

of

these

compounds

from

experimental approach. These data can also be used in the development of multicomponent phase diagrams. Thermodynamics data of these intermetallics compounds is
essential

for

the

thermodynamic assessment of these multicomponent systems.

From the phase diagram of Bi-Pb system, it has been seen that BiPb3±x and (Bi) are the
co-existing phases of LBE upto eutectic temperature. The reported thermodynamic data of
BiPb3±x compound are limited in literature. Therefore, for appropriate assessment of Bi-Pb
system, thermodynamic parameters of BiPb3±x compound were determined. In case of Bi-Ni
system, there are two intermetallics exist, Bi0.75Ni0.25, and Bi0.5Ni0.5. The thermodynamic
data on these compounds is scarce in literature.
In addition, clad failure / breaching can lead to interaction of coolant elements with
fuel components. In case of metallic fuel, it means interaction of U with Pb/Bi. Uranium
makes many stable compounds with Pb and Bi. Therefore, to know the Fuel – Coolant
interaction, Pb-U system was investigated.
In view of the above discussion, the following works were carried out
1) Investigation of the thermodynamics properties of Bi-Pb system, viz., enthalpy
increment, heat capacity of the BiPb3±x compound and standard enthalpy of formation
of BiPb3±x, enthalpy of mixing of Bi-Pb liquid alloy.
2) Investigation of the thermodynamic properties of Bi-Ni system, viz., standard
enthalpies of formation of Bi0.75Ni0.25 and Bi0.5Ni0.5. Measurement of heat capacities
of Bi0.75Ni0.25 and Bi0.5Ni0.5 compounds, and enthalpy of mixing of (Bi,Ni) liquid alloy
at different temperatures.
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3) Investigation of the thermochemical properties of Pb-U system, viz., enthalpy
increment, heat capacity of Pb0.75U0.25 and standard enthalpy of formation of
Pb0.75U0.25 by successive precipitation method. The Knudsen effusion mass loss
technique was employed to study the Gibbs energy formation of Pb0.5U0.5 compound.
4) Assessment of Bi-Pb, Bi-Ni and Pb-U system was carried out using experimental data
acquired in the present dissertation, along with experimental data reported in
literature.
5) Assessment of LBE-Ni isopleth and optimisation of Bi-Cr and Cr-Pb system were
carried out.
6) Interaction of LBE with SS and solubility limit of different steel components in Bi,
Pb and LBE were also calculated to understand coolant-clad interactions in normal
and off normal conditions.
7) Bi-Pb-U isopleth were calculated to understand the interaction of uranium fuel with
LBE coolant.
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CHAPTER‐2
EXPERIMENTAL
TECHNIQUES

2.1 Introduction
This chapter deals with the basic principles of the instrumentation or techniques and their
usage to carry out the experimental work performed during the present study. In the section
2.2, the basic principles of different apparatuses used for sample preparation and annealing of
as-cast samples have been discussed. Then fundamentals of X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM) and EDAX characterization techniques, along with a
depiction of Differential Thermal Analysis (DTA) are summarized briefly in the section 2.3
This is followed by a short description of different types of calorimeter, their working
principle, calibration and discussion on vapour pressure measurement employing Knudsen
effusion mass loss apparatus, in section 2.4 and 2.5, respectively. Finally in section 2.6,
experimental procedure for data acquisition is discussed.
2.2Apparatus for Sample Preparation
The alloy preparation is a key step for the investigation of thermodynamic parameters of a
multi-component system. The purity of the starting materials is also very important as very
small amount of extraneous components may render significant modifications in the results.
The alloy samples were prepared under high purity argon atmosphere in an arc-melting
furnace and induction furnace. A brief description of arc-melting furnace and induction
furnace is given to understand the whole process thoroughly.
2.2.1 Arc-Melting Furnace
An arc-melting furnace converts the electrical energy into the thermal energy, which is in
turn utilized to melt the charge of constituent metals to form an alloy. Arc-melting unit
consists of three main parts: power source, chiller and vacuum unit. The power source is used
to generate the arc between a tungsten electrode and a copper hearth (crucible holding
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constituent metals) by applying a low voltage and high ampere current, which results in large
tension between two electrodes. The temperature of melt needs to be optimized to achieve
melting, but prevent evaporation loses of the low melting metal. Temperature of the arc is
controlled by changing current of the electrical power supplied to the electrodes. The vacuum
unit attached to this arc-melting unit consists of a diffusion pump backed by rotary vacuum
pump and a vacuum of 10-6 mbar can be attained by this unit. This is used to evacuate the arc
melting chamber and then back fill it with inert gas like argon or helium. Evacuation and
filling of chamber with inert gas avoids oxidation of molten metal and alloys. The cold water
is circulated from the chiller unit to cool both the copper hearth and the electrode. Before
melting the desired sample, a piece of zirconium metal was melted by striking arc to remove
any possible oxygen impurity from the chamber. Then the arc was struck on the metals in
required weight ratio to form the alloy. The tungsten electrode was moved around and over
the alloy in order to obtain a uniform melt. The alloys obtained after melting were in the
shape of buttons. In order to achieve a homogeneous distribution of the constituent elements
in the alloys, the alloys were flipped over and melted again. This process was repeated
several times in order to achieve maximum homogenization. The weight of each sample was
measured before and after melting to keep a record of the weight losses during sample
preparation. In most of the cases, the weight loss during melting was less than 1 %.
2.2.2 Induction Furnace
Induction heating is a form of non-contact heating for conductive materials. The principle of
induction heating is mainly based on two well-known physical phenomena
A) Electromagnetic induction
B) The Joule effect
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Any electrically conductive material placed in a variable magnetic field is the site of induced
electric currents, called eddy currents, which will eventually lead to joule heating. The main
advantage of induction melting is that it can give a strong stirring action resulting in
a homogeneous melt. The material to be heated was sealed in a quartz capsule under slight
vacuum condition because negative pressure in the quart capsule is required to keep
it

intact

at

high

temperatures. Under high vacuum, quartz capsule will collapse

when the temperature exceeds softening temperature of quartz. If sealed at ambient
pressure, at high temperature the capsule will burst due to increase in pressure. To
achieve the required induction affect, the quartz capsule was placed inside graphite felt.
Due to high electrical conductivity of graphite, it is a good receptor for induction heating.
2.2.3. Homogenization Heat Treatment
The alloy ingot formed by arc-melting / induction heating methods is not perfectly
crystalline in nature due to the irregular cooling of sample when the arc is broken off
or induction heating is stopped. Fast cooling of the liquid melt by chilled water /air causes
quenching of sample, resulting in presence of multiple phases and amorphous solidified
liquid. Therefore, to attain an equilibrium ambient temperature phase, the samples were heattreated. For which, the samples were encapsulated in quartz after wrapping it in tantalum
foil and heated at desired temperature for considerable duration and then quenched to
get the desired phase, homogeneity and crystallinity.
2.2.4 Preparation of Alloy Sample
a) Preparation of Bi 0.29 Pb 0.71 Compound
The compound, Bi 0.29 Pb 0.71 , was prepared by melting weighed amounts of lead (purity
99.9%) and bismuth (purity 99.9%) in a quartz ampoule sealed under high purity argon
atmosphere. The ampoule was first heated in a resistance heating furnace to 650 K for 72 h,
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above the melting points of both the elements, to ensure complete mixing. The ampoule was
then slowly cooled to 450 K, below the peritectic decomposition temperature of the
compound. The alloy was maintained at this temperature for 240 h, to attain complete
equilibrium in the solid phase and to anneal the compound. Then it was very slowly cooled to
the ambient temperature to avoid any built-in strains of quenching. There was no visible
interaction between the quartz ampoule and the compound.
b) Preparation of Bi 0.75 Ni 0.25 and Bi 0.5 Ni 0.5 Compounds
These compounds were prepared by arc melting nickel (purity 99.9 %) and bismuth (purity
99.9999 %) granules in ‘He' atmosphere. The buttons of the alloys were turned and melted
four to five times to get complete homogeneity. However, due to high vapour pressure of
bismuth above the melting temperature of nickel metal, some mass loss of the prepared alloys
was observed. This mass loss was assigned to the weight loss of bismuth during arc melting.
The mass loss was compensated by adding equivalent weight of bismuth during annealing of
the alloy which was carried out by breaking the arc-melted alloy button and adding bismuth
equivalent to lost weight and sealing them in quartz ampule under argon atmosphere. The
quartz capsule with Bi0.75Ni0.25 was heated at 773 K for 48 hrs, above its peritectic
decomposition temperature (737 K). Then it was slowly cooled to 673 K and annealed at
this temperature for 72 hrs, then cooled to 523 K and maintained at this temperature for
another 48 hrs before slowly cooling it to room temperature. There was no visible interaction
between the quartz capsule walls and the compound. In case of Bi0.5Ni0.5,the quartz
capsule was heated at 973 K for 48 hrs, above its peritectic decomposition temperature
(921 K). Then it was slowly cooled to 773 K and annealed at this temperature for 72 hrs,
then cooled to 623 K and maintained at this temperature for another 48 hrs before slowly
cooling it to room temperature.
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c) Preparation of Pb 0.75 U 0.25 Compound
The Pb-U system consists of two intermetallics compounds Pb 0.75 U 0.25 and Pb 0.5 U 0.5 . The
Pb 0.75 U 0.25 compound was prepared by induction melting reactor grade uranium metal and
lead of 99.99 % purity in a vacuum sealed quartz ampoule. The ampoule was loaded with
pure metals and it was evacuated and flushed with high purity argon 3-4 times. It was
evacuated and filled with He, but the pressure in the ampoule was maintained just below the
ambient pressure before sealing. During induction melting, the ampoule was shaken few
times with the help of a pair of tongs. At 1373 K, the ampoule was quickly removed from
the induction coil and shaken, it was observed that the material inside was a mixture of
translucent fluid (Pb) and dark solid pieces of (U). Then the temperature of the induction
heater was increased to 1408 K, above the melting temperature of uranium. When again
the ampoule was quickly removed to check the status of dark-solid pieces observed earlier,
it was found that the solid-pieces had started reducing in size and the mixture was in
semi-solid state. To ensure complete mixing of uranium and lead, the temperature was
increased to 1433 K and was shaken a few times while being held in the induction coil.
At this temperature, the ampoule was again quickly removed from the coil and shaken. The
dark solid pieces had disappeared completely and the whole material looked homogeneously
translucent. However, shaking the ampoule at this stage showed absence of fluidity,
indicating formation of the compound. The whole process was completed within 10-15
minutes.
d) Preparation of (U+ Pb 0.5 U 0.5 ) Sample
The preparation of pure Pb 0.5 U 0.5 using arc-melting is very difficult as the liquid of this
composition segregates into ‘U’ and ‘Pb’ rich liquids, due to the presence of miscibility gap
in liquid phase. This compound is highly pyrophoric in nature compare to Pb0.75U0.25.
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A biphasic mixture of (U+ Pb0.5U0.5) was prepared by arc melting techniques and the sample
was studied employing Knudsen effusion mass loss technique.
2.3 Analytical Techniques for Characterization of Alloys
After annealing, investigated alloys’ compositions and phases were characterized with the
help of different characterization techniques and given in the following section.
2.3.1 X-Ray Diffraction (XRD)
The X-ray diffraction technique is used for characterization of different solid crystalline
materials. The identification of phases present in equilibrium, determination of their lattice
parameters and structural characterization can be carried out employing XRD measurements.
X-ray diffraction is a non-destructive, solid-state technique for characterization of the
crystalline materials. This technique is used to get insight about the phase composition of
materials and crystallographic information of different solid phases. In X-ray diffraction,
electromagnetic radiation, monochromatic X-rays, with wavelength of the order of inter
atomic spacing are elastically scattered by the electron cloud of the atoms in a crystal.
Scattered X-rays are completely in-phase if the path difference is equal to an integer multiple
of wavelength of the X-ray (λ). This increases the intensity of the scattered X-ray. Similarly,
out-of-phase X-rays result in reduction of intensity. This change in intensity of the scattered
X-rays gives a diffraction pattern, which is related to lattice parameters. This phenomenon
produces the diffraction peaks at angles defined by the Bragg’s law [40,41]

nλ

= 2d

hkl

Sinθ

(2.1)

Where, n is an integer and corresponds to the order of diffraction
λλ is the wavelength of the incident beam of light
d hkl is the distance between two planes of miller indices h, k and l
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θ is the angle between surface of the sample and the incident beam
In the present study, the STOE XRD was employed to record the X-ray patterns for the
compounds. The samples were cut from the center and polished before subjecting them to the
XRD measurements). The CuKα radiation (λ= 1.5406 Å) was used for recording room
temperature XRD patterns. The alignment and the calibration of the goniometer were
performed using Silicon standard. Scanning speed of 2θ =10 per min was used. The room
temperature powder XRD patterns were recorded in the 2θ range of 20-80º with a step of
0.02º and 3 seconds counting time.
2.3.2 Scanning Electron Microscopy (SEM) and EDX

The scanning electron microscope (SEM) is one of the most advanced imaging tools for
microstructural analysis. The electrons interact with atoms in the sample, producing various
signals that contain information about the sample's surface topography and composition.The
focused beam of electrons is generally scanned in a raster scan pattern and the signals emitted
from the surface are collected. Thereafter, the beam's position is combined with the detected
signal to produce an image [42]. In the present study, the microstructure and surface
morphology of all Pb 3 U were analyzed by Scanning Electron Microscope (SEM, SERON
INC South Korea, Model ATS 2100). The characteristic X-rays generated by the electronmatter interaction are used for chemical analysis of the sample. Chemical composition of the
sample is determined by comparing the intensities of characteristic X-rays from the sample
material with intensities from a standard sample containing same elements, but of known
compositions. In the present study, the homogeneity of all Pb 3 U alloy was investigated by
compositional analysis at different morphological positions of the alloy by EDS (Oxford
Instrumentation, UK, Model Number INCAE350) and by elemental mapping.
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2.3.4 Differential Thermal Analysis (DTA)
Differential thermal analysis is a technique in which the difference in temperature between a
substance and reference material is measured as a function of temperature while the sample
and reference are subjected to controlled temperature program. Any physical or chemical
changes accompanied by the enthalpy change (evolution or absorption of heat) of the sample
can be investigated by DTA [43]. The schematic diagram of a differential thermal analyzer is
as shown in the Fig. 2.1.

Fig. 2.1: Schematic diagram of DTA
As illustrated in the Fig. 2.1, the DTA assembly contains two crucibles. One of the crucibles
is used for holding the sample whereas other is used as a reference crucible. In this study the
reference crucible was kept empty. During the present study, indigenously fabricated DTA
instrument was used for data collection. Our DTA assembly contains two alumina crucibles;
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one of the crucibles is used for holding the sample whereas other is used as a reference
crucible. Kanthal heating elements were used in furnace for heating purpose. K-type
thermocouple was used for temperature measurement and placed between the sample and
reference crucible. Other two thermocouples were placed at the bottoms of the sample and
reference crucibles. They were connected in differential mode to give the difference in the
temperature between sample and reference crucibles. The temperature difference between
sample and reference crucible was recorded as a function of time/temperature. The
temperature calibration of DTA is similar to temperature calibration of DSC. The details are
given in the temperature calibration of DSC. During phase transformation, due to
endothermic or exothermic heat effect, the temperature of the sample is changed compare to
blank crucible in reference side. This results in a peak on the differential temperature vs.
temperature/time plot. Heating / cooling rate is one of the important parameter which affects
the DTA results. During the present study, the Pb 0.45 Bi 0.55 Ni x alloy composition (where,
x=0.39 to 0.45) was investigated using our indigenously fabricated DTA instrument at the
heating rates of 5 K/min, in the temperature range, 298-1273 K. The temperature was
calibrated by determining melting points of NIST standards.
2.4 Calorimeter
The calorimeter is an instrument to measure any type of heat change: calori-meter, i.e.
metering the calories or the heat change. It has unique ability to measure heat capacity as well
as heat associated with any chemical or physical change in the system.
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2.4.1 Different types of Calorimeter
Calorimeters can be classified based on the nature of measurements made by them: heat
content and heat capacity, enthalpy of fusion and transformation, and enthalpy of formation
and reaction [44]. Based on the type of the heat measured by the calorimeter they are called,
solution calorimeter, mixing calorimeter, scanning calorimeter or reaction calorimeter.
However, a most widely accepted and meaningful classification of calorimeters is based on
three main variables: the temperature of the calorimeter (Tc), the temperature of its
surroundings (Ts), and the heat change (Q). According to this classification there are four
different types of calorimeters, which are described below.
(i) Isothermal Calorimeter
Isothermal calorimeter is the one in which temperature of the system is maintained constant
and equal to the calorimetric block, Tc = Ts = constant. The heat change, Q, is measured by
measuring change in the physical property of some other material acting as surrounding to the
system being investigated e.g. ice calorimeter and diphenyl ether calorimeter. Change in
volume of the surrounding material due to heat exchanged with the system, is used to
measure the heat change of the system. Hultgren et al. [45] used this calorimeter for
measuring the heat contents of metals and alloys. However, these calorimeters put limitation
on temperature of measurement.
(ii) Adiabatic Calorimeter
In an adiabatic calorimeter temperature of the surrounding and the system are maintained
equal i.e. Tc = Ts, but Tc and Ts vary. Physical or chemical changes of the system change
temperature of the calorimeter [46]. In order to maintain Tc = Ts, a measured quantity of
heat is given either to the system or to the calorimetric block around the system
acting as surrounding. The compensated heat is the measure of heat change of the
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system under investigation. To minimise heat losses both system and surrounding are
thermally insulated. Such calorimeters have mainly been built for the determination of heat
capacities, but they are also used for measuring enthalpies of transformation and reaction.
(iii) Isoperibol Calorimeter
In an isoperibol calorimeter the surrounding is maintained at a constant temperature, and the
change in temperature of the system is monitored. Heat exchange between the system and the
surrounding is prevented by thermally insulating the system. The temperature variation of
the system reflects the heat changes taking place in the system [47].
(iv) Heat Flow Calorimeter
In case of heat flow calorimeter, instead of measuring the temperature of the system, the heat
flow between the system and the surrounding due to temperature difference between them is
measured. Initially the temperature of system and surrounding are same. The surrounding
temperature Ts is maintained constant but Tc varies because of the heat change taking place
in the system. In this calorimeter there is a deliberate heat exchange between the system and
the surrounding, which is channelized through a thermopile. Thermopile develops a
voltage difference due to this heat flow and the electrical signal due to this voltage
difference is a measure of the heat changes occurring in the system. A specific example
of the heat flow calorimeter is the Calvet calorimeter used in this study. The heat flow
calorimeter was developed by Calvet and Pratt [48]. All the calorimeters, including
Differential Scanning Calorimeter (DSC), used in the present studies were heat flow
calorimeters and they are discussed in detail here.
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2.4.2 Calvet Micro-Calorimeter
Enthalpy increment measurements on all the compounds have been carried out in a
high-temperature Calvet micro-calorimeter (SETARAM, model HT-1000)[48]. A schematic
layout of the Calvet micro-calorimeter is shown in Fig. 2.2. The calorimeter is based on the
heat flow principle. The Calvet calorimeter is an isothermal calorimeter with massive blocks
of alumina to maintain constant temperature. It consists of two cavities in the middle
surrounded by identical Pt/Pt–Rh thermopiles capable of detecting heat change. Two
identical one-end-close alumina tubes are placed in these cavities. The top ends of these
alumina cells are connected to thermostatic dropping mechanism where the samples are
maintained at 298.15 K, using a water bath. The Pt / (Pt + 10% Rh) thermopiles are
connected in opposition to give a null signal when both cells are at the same temperature.
However, as soon as heat is released or absorbed in one of the calorimetric cell by dropping
a sample, a net emf will be observed. If the heat effect is of short duration, this emf will
rise quite fast and then decay exponentially to a near zero value in a period ranging from 20
to 40 min depending on the temperature and heat changes involved in the system. The total
area between the e.m.f–time curve and the zero baselines is proportional to the total
heat effect associated with the process in the calorimeter. The electrical signal in
nanovolt range is amplified by a nanovolt amplifier, to read it on micro or milivoltmeter.
Since these amplified signals represent the instantaneous amount of thermal energy
absorbed or evolved due to reaction in one of the cells, the total energy over a given
period of time can be determined by integrating the signals over that time period. The main
characteristics of the Calvet micro-calorimeter are described in Table 2.1. The accuracy of
calorimeter obtained by using enthalpy increment values of high purity molybdenum
(99.997 wt.%) and NBS standard synthetic sapphire (SRM-720)[49,50] was better than
±2%.
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Sample holder
attached to bath
circulator

Fig. 2.2: Schematic of Calvet calorimeter
Table 2.1: Characteristic features of the Calvet calorimeter
Ambient to 1273 K
Temperature limit
Temperature stability

± 0.3 K

Cell height, diameter and volume

80 mm,17 mm and 15 cm3

Programming rate in ascending direction

Maximum 20-50 K/h, Minimum 0.5 K/h

Maximum detectable heat effect

100 J

Reproducibility

0.2 % + threshold value

The precision and accuracy of the temperature measurement of the calorimeter was tested by
determining the phase transition temperatures of NIST reference materials [49,50] (Indium:
Tfus = 429.748 K; Tin:Tfus = 505.078 K; Lead: Tfus = 600.60 K; Aluminium: Tfus = 933.47 K)
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The sensitivity factor of Calvet calorimeter can be determined by carrying out the caloric
calibration. Synthetic sapphire (SRM 720) was used as a standard reference material [49, 50].
In order to calibrate the calorimeter, drop experiments using these single crystal rod of
alpha alumina were carried out at all individual experimental temperatures at which
samples were investigated. Alumina was dropped from the reference temperature (298 K) to
the isothermal zone of the calorimeter.
2.4.3 Differential Scanning Calorimeter
There are several modifications of the above mentioned classifications of calorimeters,
among which the Differential Scanning Calorimeter (DSC) is a versatile and widely used
calorimeter for determination of heat capacity of materials. Differential Scanning Calorimeter
(DSC) is a thermo analytical technique, where the difference in heat flow rate (power) to a
sample and reference is monitored against time or temperature while the temperature of the
sample, in a specified atmosphere, is programmed. It enables determination of a number
of parameters connected with the physical or chemical processes in condense
phases. Temperatures of phase transitions of first and second order, enthalpies of phase
transitions, polymorphism in food and pharmaceuticals, liquid crystalline transitions,
phase diagrams, thermoplastic polymer phase changes, glass transition temperatures,
purity measurements, phase diagram evaluation and kinetic studies can be mentioned as
examples where DSC is highly efficient. DSC allows reaction heats and heats of transition
to be quickly measured on small sample masses (milligram range), in wide temperature
ranges and with high accuracy. DSC is very frequently used for measurement of heat
capacities [44].
There are two basic types of Differential Scanning Calorimeters: (i) heat flux DSC and (ii)
power compensated DSC. The fundamental design of both types of DSC is distinctly
different and a full discussion is out of the scope of the present work. However, a full
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description of heat flux DSC is essential because it is used in the present study for heat
capacity measurement.
A schematic diagram of a heat flux type DSC is given in Fig. 2.3. In the heat flux DSC, a
defined quantity of heat exchange takes place between the sample and its environment via a
well defined heat conduction path with known thermal resistance. The sample containers are
positioned on this disk symmetrically to the centre. The temperature sensors are integrated in
the disk.

Fig. 2.3: Schematic diagram of a heat flux DSC
In symmetrical arrangement (samples of same kind and mass), same amount of heat flows
into sample and reference material, from the furnace. In this case, both the sample and
reference see the same temperature and hence the differential temperature signal (∆T), which
is measured in the form of an electrical potential difference (ε), becomes zero. If this steadystate equilibrium is disturbed by a sample transition or reaction, a differential signal is
generated which is proportional to difference in the heat flow rates to the sample (ϕ s ) and
reference material (ϕ R )
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∆𝑇𝑇 ∝ 𝜀𝜀 ∝ (𝛷𝛷𝑆𝑆 − 𝛷𝛷𝑅𝑅 ), where, ∆T = T S -T R

(2.2)

The ideal thermal symmetry of the measuring system cannot be practically attained at all
operating temperatures. Therefore, a heat flow signal is always observed in DSC, whose
value changes with temperature.
Calibration of DSC
“Calibration means the set of operations that establish, under specified conditions, the
relationship between values of a quantity indicated by a measuring instrument and the
corresponding values realized by standards”[44].
In DSC measurements, mostly, two types of calibrations are important;
 Temperature calibration.
 Caloric calibration or heat flow calibration.
Temperature Calibration
Temperature calibration means the unambiguous assignment of the temperature “indicated”
by the DSC to the “true” temperature. The “true” temperature is defined by fixed points with
the aid of calibration substances.
For temperature calibration in heating mode, the following procedure was followed:
1) Selection of at least three calibration substances covering the desired temperature
range as uniformly as possible. Three calibration substances are required to detect
possible non-linear temperature dependence.
2) The transition is to be measured with each calibration sample at a minimum of three
different heating rates in the range of interest.
3) The extrapolated peak onset temperature T e for each melting or transition peak is
calculated.
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4) If there is no significant difference between the characteristic temperatures (T e )
obtained at identical heating rate, then extrapolation of T e to zero heating rate is
determined T e (β=0).
5) The difference ∆T corr = T e (β=0) - T fix (or T lit ) is calculated for each sample with all
different heating rates.
6) The calculated temperature correction terms ∆T corr are finally plotted as a function of
T e (β=0)
7) The true temperature T true =T e (β=0)+ ∆T corr
8) The correct temperature is obtained as: T=
Te ( β → 0) + ∆Tcorr=
( β 0) .
true
Caloric Calibration
The measurement signal corresponding to temperature difference, ∆T, is obtained as electrical
voltage. The measured heat flow rate, Φm, is assigned to this signal by calibration factor (K).
The calibration factor, K, is determined by measuring the steady-state heat flow rate into a
sample of known heat capacity C with a constant heating rate β = dT/dt.
C·β = ϕtrue = K·ϕm

(2.3)

A known heat Qtrue consumed or dissipated during phase transformation process is compared
with the area of the resulting peak. Then the calibration factor is found out from the following
relation:
t2

Qtrue = K . ∫ [φ m − φbl ] dt

(2.4)

t1

Where, ϕbl represents the heat flow rate corresponding to the base line. hTe calibration factor
K depends on temperature, systematic uncertainties due to shape of the DSC curve and
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uncertainties arising due to shape of the baseline.

Hence the following procedures are

generally followed to avoid such problems.
1) Selection of calibration substance which covers the desired temperature range and
whose thermophysical characteristic data are similar to those of the sample
2) Mass which generates a heat effect in the range of normal measurements
3) Finding out the calibration constants at different heating rates and measurement of the
repeatability of the errors of calibration factor
At least five standards are chosen for accurate calibration. Let m i be the mass and Q i (J/g) be
the transition heat content of the standard ‘i’. If A i be the area of the transition peak (in µV⋅s),
then the calibration factor K i is given by:

K i (µV / W ) =

Ai 1
.
Qi mi

(2.5)

This value of K i is expressed in µV/mW and a functional relationship is derived by
polynomial expression:
K = a0 + a1T + a2T 2 + a3T 3 + .....

(2.6)

The calibration factor calculated in this way is used to convert the DSC signal into heat flow
rates.
Procedures for Measurement of Heat Capacity
The use of normal crucibles (not hermetically sealed) in DSC always gives the heat capacity
at constant pressure Cp. The heat capacity in heat flux DSCs are generally measured by the
following two methods.
 The “classical” three-step method
 The “absolute” dual step method
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In the present investigations the classical three-step method has been used to measure the heat
capacity of all the samples and is discussed below.
The ‘Classical’ Three-Step Method
The procedure is illustrated in Fig. 2.4. It requires three different steps.
Step-1: In this step, the heat flow rate of the zero-line (ϕ0) is determined. This is done by
measuring the heat flow rate as a function of temperature using two identical empty crucibles
(equal weight and same material) in the sample and reference sides.
Step-2: A calibration substance (reference material) of known heat capacity (Cp)ref is placed
into the sample crucible, whereas the crucible on the reference side is kept empty. Using the
same experimental conditions as for step-1, the heat flow rate is measured. The following
relation is valid.
C (reference) ⋅ m(reference) ⋅ β= K ⋅ {Φ (reference) − Φ 0 }

(2.7)

Fig. 2.4: The “classical” three-step technique
Step-3: The calibration substance in the sample crucible is replaced by the sample material.
Under the same conditions as above, the heat flow rate is measured. It follows that:
Csample· msample·β = K·{ϕsample - ϕ0}

(2.8)
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The specific heat capacity of the sample is then calculated by a simple comparison of the
heat flow rates into the sample and into the calibration substance as illustrated in Fig. 2.4.
The following relation is used for the calculation of specific heat capacity of the sample.
C p,sample
C p,ref

=

{φ sample − φ 0 }
{φ ref − φ 0 }

⋅

mref
msample

(2.9)

In this method the calibration factor K, need not be known explicitly.
In the present study a heat flux DSC (Model DSC 131) supplied by SETARAM
Instrumentation, France, is used to measure the heat capacity of all the samples. The DSC
131’s transducer has been designed using the technology of the plate-shaped DSC rods made
of chromel–constantan (E-type) thermocouple. It is arranged in a small furnace with a metal
resistor of low-thermal inertia so as to produce high heating and cooling rates, thereby
providing for high-speed experiments. The DSC 131’s transducer (Fig. 2.5) also possesses
very good sensitivity over the whole temperature range (-150°C to 700°C).
Temperature calibration of the calorimeter was carried out in the current study by the phase
transition temperatures of NIST reference materials (indium: T fus = 429.748 K; tin:T fus =
505.078 K; lead: T fus = 600.600 K; and potassium nitrate: T trs = 400.850 K; silver
sulfate: T trs = 703.150 K). Heat calibration of the calorimeter was carried out by using the
transition heats of the above mentioned materials. For the determination of heat capacity,
NIST synthetic sapphire (SRM 720) in the powdered form was used as the reference sample
material. Heat capacities of all the intermetallic compounds were determined by the Classical
three-step method in the continuous and step heating modes. The technical characteristics of
DSC 131 are given in Table 2.2.
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Table 2.2: Technical characteristics of DSC 131
: –170 to 700°C
Temperature range
Resolution

: 0.4 µW

Crucible volume

: 30 to 130 µL

Specific noise (RMS)

: 0.008 µW/µL

Time constant

:3s

Heating rate

: 0.01 – 99.9 K⋅min-1

The accuracy and reproducibility of measurements were checked by measuring the heat
capacity of Fe 2 O 3 (mass fraction 0.998) and Ni (mass fraction 0.999).

Fig. 2.5: The DSC 131 transducer
2.5 Vapour Pressure Measurement Technique
2.5.1 Vaporisation Process
All the substances, both organic and inorganic in nature evaporate, but the degree of
vaporization varies with the nature of the reaction and types of bonds in condensed and
vapour phases. The condensed phase may be a solid or a liquid substance or a compound or a
mixture of them. Similarly, the vapour phase may contain one or more simple or complex
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species. Vaporization study gives thermodynamic information about condensed phase, if
equilibrium exists during the measurements. The best way to understand the vaporization
property of a material is to measure its vaporization under the required condition or evaluate
it from the suitable thermodynamic quantities. Vaporization is a heterogeneous process
involving equilibrium between the condensed and vapour phase. Hence, properties of both
phases determine the vaporization mode. The complexity is reduced a lot when we do the
experiment with permanent gaseous species such as O 2 , N 2 , CO, CO 2 etc. For this, we have
to realize a reaction which can produce these gaseous species in equilibrium condition. A
wide variety of techniques is available for the vaporization studies at high temperatures and is
categorized as follows:
 Absolute methods like static manometer and boiling temperature method
 Non absolute methods like Knudsen effusion, isopiestic and transpiration techniques.
Excellent monographs and reviews on different types of vapour pressure measurement
techniques, the methodology and the problems encountered in each technique are available
[51-53]. In this work, Knudsen-effusion mass loss technique was used to determine the
thermodynamic parameters, hence, only detail of the effusion technique is given below.
2.5.3 Knudsen Effusion Mass Loss Method
In this method, the sample, whose vapour pressure is required to be measured, is placed in a
suitable Knudsen cell maintained at constant temperature inside an evacuated chamber. The
weight loss is measured using calibrated micro-balance. In the simplest case, one has a single
kind of vapour species in equilibrium with the condensed phase effusing from an isothermal
container through a thin orifice of area, A, into vacuum. The vapour pressure, p, of the
condensed phase can be expressed as:
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p = 
 Kc

  1   dw 
2πRT
 ×   × 
×
M
  A   dt 

(2.10)

Where, Kc is the Clausing factor [54], (dw/dt) is the rate of mass-loss or rate of effusion, R is
gas constant, M is the molecular mass of effusing species and T is the temperature near the
Knudsen cell. If p is measured in atmosphere then (dw/dt) should be expressed in gram per
second, A in cm2, T in Kelvin and M in gram per mole. The Eq. (2.10) is known as Hertz Knudsen equation [55]. In actual experiments, the sample is contained in an inert, leak
tight Knudsen cell. The cell is heated to required temperature by a suitable furnace. The
rate of vaporization is continuously monitored by using a thermo-balance (SETARAM,
Model B24). Knowing A, (dW/dt), M and T, vapour pressure of the particular species can be
evaluated using Eq. (2.10).
Knudsen Effusion Mass Loss Apparatus
A schematic drawing of Knudsen effusion mass set-up, used in the present study, is given in
Fig. 2.6.

Fig. 2.6: Schematic of Knudsen effusion mass loss apparatus
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The sample was placed in a suitable Knudsen cell maintained at a constant temperature. The
temperature of the Knudsen cell was measured by a calibrated Pt and Pt-13%Rh
thermocouple placed near the Knudsen cell in the isothermal zone of the furnace. The weight
loss in a known period of time at a known constant temperature was measured. Knudsen
effusion cell was made of machinable 304 stainless-steel. The cell had a diameter of 2 mm
and height 3 mm with a central knife-edge orifice diameter of 0.5 mm on the lid. Within this
Knudsen effusion cell, the sample was kept in a small tantalum cup made from tantalum foil.
The cup was kept over a tripod stand inside the Knudsen cell. The requirement of holding
sample in tantalum cup is due to eutectic reaction of uranium and stainless-steel components,
Fe, Cr and Ni. The cell was heated under vacuum in the isothermal zone of a Pt resistance
furnace whose temperature was maintained to within ±1 K. The weight change of the sample
in isothermal condition was monitored with the help of thermo balance (M/S Setaram
instrumentation, France Model, B24)). The temperature calibration of the instrument was
done following the drop method [56]. Melting points of high-purity metals were measured by
suspending a thin strip of metal from the hook of thermo-balance, in the setup used during the
present measurement. Under slow and programmed heating, sudden mass change was
observed due to detachment of sample due to melting. High purity metals, i.e., In, Sn, Sb, Ag
and Au as standards were used for this purpose. The accuracy of temperature measurement
was ± 2 K. A Pt, Pt–10%Rh thermocouple used for measuring the sample temperature was
located about 1 mm away from the sample, but it was well within the isothermal zone of the
chamber.
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2.6. Experimental Procedure
2.6.1 Enthalpy Increment Measurements
Enthalpy increments of Pb0.75±xBi0.25±x, Bi0.5Ni0.5 and Bi0.75Ni0.25 were measured using high
temperature Calvet calorimeter (Setaram HT-1000). The details of the instrument are given in
experimental section 2.4.2. Small pieces of samples were maintained at ambient temperature,
298.15 K, in the sample holder. The closed end of the alumina tubes in the furnace were
maintained at experimental temperature, T K. Identical thin walled quartz tubes kept in long
alumina tubes of the calorimeter were used as the reaction crucibles. The enthalpy increments of
TK
o
) were measured by adding them from ambient
the compounds ( H 298 K  HTo K  H 298
K

temperature into the crucible at experimental temperature. Three to four additions of the
compound and alumina were made at each temperature to confirm reproducibility of the data. The
experiments were carried out under high purity Ar(g) atmosphere, at ~ 0.101 MPa. The associated
heat changes were measured by heat flux observed by thermopile.
The enthalpy increments of Bi0.5Ni0.5 were also determined using two other calorimeters, Setaram
MHTC-96 and an indigenously fabricated high temperature mixing calorimeter. The Setaram
MHTC-96 is in principle similar to HT-1000, discussed in section 2.4.2. The main difference is
that it has open type drop crucible, so the thermopiles are exposed to sample atmosphere. Unlike
HT-1000, which has identical twin crucibles, where the sample drop experiments can be carried
out in any of the two crucibles, in MHTC-96, reference counter-crucible is located right below the
sample crucible, therefore, this crucible is not accessible to carry out measurements. The
advantage of MHTC-96 is that it can achieve higher experimental temperature, (1773 K) than
Calvet calorimeter (1273 K). The indigenous calorimeter was a single crucible assembly with Ktype thermopile sensor at the bottom of the crucible.
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Pb 0.75 U 0.25 compound oxidizes quickly at high temperatures. The enthalpy increment of the
compound was measured by high temperature Calvet calorimeter, Setaram HT-1000 (see
experimental section 2.4.2), under steady high purity Ar atmosphere. To further purify the
atmosphere in the crucible, small pieces of uranium metal were dropped in the crucible at the
measurement temperature, just before starting enthalpy increment measurements of the
compound. Addition of compound was carried out only when stable baseline was achieved
after addition of pure uranium. The high purity Ar was passed through the heated uranium
getter before its entry into the calorimeter. This process resulted in less oxidizing atmosphere
during measurement; moreover, new samples of Pb 0.75 U 0.25 were used for every new
measurement. Each enthalpy increment measurement lasted approximately 20-30 minutes.
The slight shift in base line observed at high temperatures, due to small continuous oxidation
of the previously added samples, was corrected by carrying out a separate set of experiments
to measure heat flow for equivalent amount of compound kept in the calorimeter, at
respective temperatures.
2.6.2 Heat Capacity Measurement
The heat capacity of all the compounds (Bi0.29Pb0.71, Bi0.5Ni0.5, Bi0.75Ni0.25 and Pb0.75U0.25)
was determined by heat flow method, using Setaram DSC-131.
Heat capacity of the Bi0.29Pb0.71 compound was determined by the Classical three-step
method, in the continuous and step heating mode, discussed in Section 2.4.3. In the
continuous heating mode the heat flow was measured as a function of temperature, at
heating rate of 5 K.min-1. In step heating mode, the heat flow was measured as a function of
temperature where heating rate was 5 K.min-1 and isothermal condition was maintained for
10 min in two different temperature ranges: (i) 230–320 K & (ii) 300–440 K. In the first
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temperature range, heat flow was measured with high purity helium as a carrier gas with a
flow rate of 2 dm3.h-1. For the second temperature range, high purity argon was used as a
carrier gas with the same flow rate as that of helium. Two flat bottom aluminium crucibles of
identical masses, of capacity ∼100 µL, with covering lids were used as containers for sample

and reference materials. About 300–350 mg of the sample was used for the heat capacity
measurements. Heat capacities of the compound Bi 0.5 Ni 0.5 and Bi 0.75 Ni 0.25 were determined

by the classical three-step method, in step and continuous heating mode. In step heating
mode, the heat flow was measured as a function of temperature at an interval of 10 K, where
heating rate was 5 K.min-1 and isothermal condition was maintained for 2 min., in the
temperature range, 300-723 K (Bi 0.75 Ni 0.25 ) and 300-823 K (Bi 0.5 Ni 0.5 ), with HP-Ar as a
carrier gas, with a flow rate of 2 dm3.h-1. In continuous mode, the measurements were carried
out at a constant heating rate of 2 K.min-1. The heat capacity values of the compound were
obtained using different DSC crucibles and by varying the reference materials (Al 2 O 3 alphasapphire, Cu and Mo). Aluminium crucibles were used at low temperatures (< 540 K) as they
have better thermal conductivity and lower heat capacity than most of other crucible
materials. However, to avoid any Bi-Al eutectic formation at high temperatures, SS-304
crucibles were used for higher temperature measurements. At low temperatures, thermal
conductivity of stainless steel is poor, which compromises the sensitivity of the instrument.
But it improves with increase in temperature, thus accuracy of the measurement is not
compromised by high temperature measurements using SS-304 crucibles. It was also
observed that in the overlapping temperature range, the measured values using these two
types of crucibles agreed with each other. Stainless steel crucible was also used for
measurements from ambient temperature to 823 K, in continuous mode.
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Heat capacity of the Pb 0.75 U 0.25 was measured directly using DSC131 (M/S Setaram, France).
The measurements were carried out using step mode (10 K interval), in aluminium crucible,
in the temperature range 303-623 K. All the measurements were carried out under flowing,
high purity argon atmosphere. The argon was further purified by purging the gas through
uranium turnings held at 423 K. It was observed that above ~ 610 K, oxidation of the
compound starts affecting the highly sensitive heat flow signal. Due to a much purer
atmosphere in DSC measurements, the extent of oxidation was significantly reduced during
heat capacity measurement, but the kinetics of oxidation still supported higher oxidation rate
> 600 K. As the exothermicity of oxidation is much higher than the endothermicity due to
heat capacity, the heat capacity data by this method was not reliable above ~ 600 K,
therefore, all the differential scanning calorimetry data above 604 K was discarded.
2.6.3 Solution Calorimetry
Lead and Tin Solution Calorimetry for Bi-Pb System
The enthalpy of formation of Bi 0.29 Pb 0.71 was measured by lead solution calorimetry and tin
solution calorimetry. For these experiments, a large amount of Sn/Pb was taken in a thin
walled quartz reaction crucible, kept in the twin alumina crucibles of HT-1000, maintained at
623 K. The calibration of the calorimeter was carried out by adding small pieces of the bath
material (Sn/Pb) from ambient temperature into reaction crucible, maintained at 623 K. After
calibration, heat changes associated with dissolution of the Bi 0.29 Pb 0.71 compound added from
ambient temperature into the bath were measured. Heat change measurements for a few
successive additions of Bi 0.29 Pb 0.71 , were done to determine the composition dependence of
enthalpy of solution of the compound. Similar set of experiments were carried out for the
enthalpy of solution of bismuth metal into lead bath. In case of tin solution calorimetry, heat
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change for dissolution of both bismuth and lead in tin were measured. For each solute, three
to four sets of solubility experiments were carried out to establish consistency of the
experimental data.
Bismuth Solution Calorimetry for Bi-Ni System
Bismuth solution calorimetry experiments of Bi-Ni system, were carried out using high
temperature Calvet calorimeter. At steady state, isothermal condition, weighed amount of
bismuth was added in the crucible for bath material. The calibration of heat flow signal was
carried out by comparing the area of the heat-flow signal with enthalpy increment of pure
bismuth metal from ambient temperature to the experimental temperature. After the
calibration, heat of solution of nickel and intermetallic compounds (Bi 0.5 Ni 0.5 and
Bi 0.75 Ni 0.25 ) were determined by adding small, weighed pieces of nickel pellets in the
bismuth bath. Nickel pellets were prepared by pressing fine nickel powder with the help of
die-n-plunger, at ~ 1 MPa. The pellets thus prepared were checked while breaking into small
pieces that they don’t powder easily during their drop from the sample-holder to the reaction
crucible. To determine enthalpy of solution of nickel and intermetallic compounds, special
care was taken to add only small amounts of the solute so as to maintain infinite dilution. The
weight of bismuth in the reaction crucible was in the range of 2.9 - 3.3 gm and the weight of
nickel metal added for enthalpy of solution measurements was in the range of 6 to 10 mg
each. For similar experiments of measuring enthalpy of solution of intermetallic compounds
of Bi-Ni system, the compounds pieces of 10-30 mg each were added in bismuth bath of
similar weights (2.9 - 3.3 gm). In each set of experiment, five to six additions of the solute
were made to determine the composition dependence of enthalpy of solution. All these
experiments were repeated three to four times to establish consistency of data.
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2.6.4 Successive Precipitation Method
Enthalpy of Formation of Bi 0.25±x Pb 0.75±x
Weighed amounts of lead pieces were added from the sample holder maintained at 298.15 K,
into a quartz crucible at the experimental temperature, 448 K. The heat changes associated
with these additions were used for calibration of precipitation experiments. Then the system
was heated to 623 K, a temperature above the melting point of Pb. At this temperature some
more pieces of weighed amount of lead were added for calibration of the experimental set-up
at 623 K. Then small amounts of Bi pieces were added to determine enthalpy of mixing of
(Bi,Pb) liq at 623K and to attain a near eutectic composition of the alloy. After the required
composition of x Pb = 0.5 was attained, the calorimeter was cooled to 448 K, the temperature
required for precipitation experiment. At this temperature the alloy of composition x Pb = 0.5
is stable in liquid phase and this temperature is below the decomposition temperature of the
compound (457 K). The enthalpy of mixing of this composition, at 448 K, was determined by
partial enthalpy of mixing method. For this, heat changes for very small alternate additions of
lead and bismuth pieces added from ambient temperature to the liquid alloy in the crucible, at
448 K, were measured to get partial enthalpies of mixing of lead and bismuth. The amounts
of lead and bismuth added in the solutions were very small compared to the amount of
solution in the reaction crucible, such as not to change the composition of the solution. After
few such partial enthalpy measurements, enthalpy changes for successive additions of
weighed amounts of lead pieces from ambient temperature to the alloy in the crucible,
maintained at 448 K, were measured. After the alloy composition crossed over from the pure
liquid phase field to a (liquid + Bi 0.25±x Pb 0.75±x ) biphasic field, the measured heat changes
448 𝐾𝐾
corresponded to enthalpy increment of added lead pieces (∆𝐻𝐻298
𝐾𝐾 ) and enthalpy of

precipitation of the compound. Similar set of experiments were carried out by starting from
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the bismuth side of the alloy system, by adding bismuth pieces for calibration first at 448K
and then at 623 K. Then lead pieces were added into the crucible from ambient temperature
to 623 K, to determine the enthalpy of mixing of (Bi,Pb) liquid system for bismuth rich
region. When a composition, x Pb = 0.5 was attained, the temperature was decreased to 448K
and lead pieces were added for the precipitation experiment. After each set of experiments,
the final samples were analyzed using XRD and the absence of lead peak was an indication
that the reaction was complete.
Enthalpies of Formation of Bi0.5Ni0.5 and Bi0.75Ni0.25
For the precipitation experiments, small pieces of nickel pellet (prepared from fine nickel
powder) were added in liquid bismuth. Due to significant difference in the atomic weights of
nickel and bismuth, composition of the alloy changes quickly even for small additions of
nickel. However, with increase in total number of moles of alloy in the crucible, considerable
weight of nickel had to be added to get reasonable change in composition. Due to this
considerable difference in weights of nickel pieces added during same set of experiment,
calibration of heat flux signal was carried out by adding small and large weights of bismuth at
the beginning of the experiment. During the initial additions of nickel in bismuth, a liquid
solution, (Bi,Ni) liq , was formed. But subsequent additions resulted in saturation of nickel in
the liquid solution. After reaching the liquidus composition, further additions of nickel
resulted in the precipitation of compound. At that stage the system entered in the biphasic
region (liquid + compound) from the single phase region (liquid). The temperature of the bath
was kept slightly below the peritectic decomposition temperature of the compound. For
successive precipitation experiment, the temperature of bath was 716 K for Bi 0.75 Ni 0.25 and
878 K for Bi 0.5 Ni 0.5, respectively.
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Enthalpy of Formation of Pb 0.75 U 0.25
Pb 0.75 U 0.25 compound oxidizes quickly at high temperatures; therefore, successive
precipitation method is the most suitable method to determine its enthalpy of formation. In
this method the compound is prepared in-situ. Thus it is not present in pure form, instead it
coexists with lead-rich liquid solution. The enthalpy of formation of the compound and
enthalpy of mixing of (U,Pb) liquid solution in lead rich region were measured by modified
Setaram HT-1000. The modifications in the calorimeter were carried out to add a mechanical
stirrer in the crucible. To prevent vapour loss of ‘Pb’ during calorimetric measurements, an
experimental temperature (843 K) was selected such that the partial pressure of ‘Pb’ was
reasonably low (< 10-2 Pa). However, this temperature was much below the melting point of
‘U’ metal, therefore, mechanical stirring of the solution was essential to ensure homogeneous
mixing of liquid ‘Pb’ and solid ‘U’. To further enhance dissolution of ‘U’ metal in liquid lead
bath, very thin turnings of uranium metal were added. As thin turnings get oxidized quickly,
therefore, precautions were taken to clean them in dilute nitric acid, then with distilled water
and acetone successively, just before each addition. These pieces were pat dried and
transferred to mini-vials, which were closed after purging with high purity argon. After
weighing, the vials were placed in water bath for ~ 5 minutes, maintained at 298.15 K. This
process ensured that uranium metal was in shining silvery form before each addition. For
successive precipitation experiment, first the calorimeter was heated to 843 K, while
evacuating and flushing it with high purity argon, alternatively. When the calorimeter
attained equilibrium temperature, the process of evacuation and flushing with argon gas was
again repeated 2-3 times to ensure inert atmosphere inside the calorimetric vessels and then
the system was maintained under steady argon atmosphere of ~ 100 kPa. Once the steady
thermopile signal was attained, small pieces of lead were added and corresponding heat
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changes were used for calorimetric calibration. After adding required weight of lead metal in
the reaction crucible, small cleaned pieces of uranium turnings were added in succession.
First few additions of uranium resulted in formation of lead-rich, (Pb,U) liquid solution.
However, solubility of ‘U’ in lead-rich liquid solution is very limited at 843 K. Therefore,
after couple of additions of uranium, Pb 0.75 U 0.25 compound starts precipitating. The heat
changes in this biphasic region (liquid+Pb 0.75 U 0.25 ) were used to calculate enthalpy of
formation of the compound. The alloys obtained after each set of experiments were carefully
examined for inhomogeneity and signs of oxidation.
2.6.5 Knudsen Effusion Mass Loss Experiment for U+Pb 0.5 U 0.5
In this study, a cylindrical SS304 Knudsen cell was hung from the balance with a flexible
platinum wire into the uniform temperature zone. The whole system was closed in a vacuumtight, imperviously recrystallized alumina tube of diameter 30 mm. The balance was attached
to a high-vacuum system. An ultimate vacuum of 10-8 bar was achieved under dynamic
conditions. A stability of ±0.1 µg in the Thermo-gravimetric (TG) signal was achieved. The
mass calibration of the microbalance was done using standard weights at room temperature.
The biphasic mixture of (U+Pb 0.5 U 0.5 ) was placed in a SS-304 Knudsen cell maintained at
constant temperature. The sample mass was ~ 20 -30 mg. The temperature of the Knudsen
cell was measured by a calibrated Pt and Pt-13%Rh thermocouple placed near the Knudsen
cell in the isothermal zone of the furnace
The mass loss of Pb vapor over the biphasic mixture of (U+Pb0.5U0.5) was monitored in the
temperature range of 1260 -1370 K. The vapor pressure of lead over (U+Pb0.5U0.5) at a given
temperature was calculated from the observed mass loss for a given time interval (10 min),
under isothermal condition. Mass loss measurements were taken at different temperatures in
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increasing as well as decreasing orders of successive isotherms. The observed reproducibility
in the mass loss rate in each isothermal run confirmed the absence of kinetic hindrance in the
evaporative loss.
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CHAPTER‐3
CALPHAD METHOD

3.1 Calphad Method
Phase diagrams are visual representations of the state of materials as a function of
temperature, pressure and composition of the constituent components [57]. It can be
considered as a graph that is used to understand the equilibrium conditions between the
thermodynamically distinct phases. The information obtained from phase diagrams can be
utilized for alloy design, development and processing.
Experimental determination of phase diagrams is a time-consuming and expensive task.
Sometimes it becomes extremely difficult to achieve the equilibrium conditions. This is even
more complicated for a multicomponent system. The calculation of phase diagram reduces
the effort and time required to determine the equilibrium phase diagram. It also enables to
compile and compare data obtained from different experimental facilities, in different
temperature and composition zones.
CALPHAD is a mathematical way of optimizing polynomials of experimental data in
equilibrium. It is based on minimization of the Gibbs free energy of the system and is thus,
not only completely general and extensible, but also theoretically meaningful. The calculation
of phase equilibrium provides information not only about the phases present and their
compositions, but also provides numerical values for different thermodynamic properties i.e.
enthalpy, entropy, activity etc.
Important application of thermodynamic optimization in many different areas include the
reduction of the alloy development time, the development of Pb-free solders, investigating
fuel- clad interaction, fuel development and many more [58-66].
Thermo-Calc is software for thermodynamic calculations of phase equilibrium of
multicomponent systems and is used for all phase diagram and thermodynamic computation
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in this thesis. It is based on simultaneous assessment of thermodynamic and phase diagram
data using Calphad technique and minimization of Gibbs energy.
3.2 Thermodynamic Optimization
The correlation between thermodynamics and phase equilibria was established in the 19th
century by Gibbs [67]. Calculation of phase diagrams from thermodynamic properties of
phases was first initiated by Van Laar [68,69] in 1908. In the early seventies, Dr. Larry
Kaufman [70] started computational thermodynamics, based on the concept of deriving the
thermodynamic functions of a system from all available experimental data. He was the first
person to lay the foundation for the present day thermodynamic optimization called
CALPHAD technique. The essence of his approach was summarized in the monograph [70].
Following Kaufman’s landmark work, many research groups worked on developing phase
diagram calculating software packages. Enormous progress has been made in the calculation
of phase diagrams during the past 40 years. This progress will continue as model descriptions
are improved and computational technology advances.
The phase stability or lattice stability concept in CALPHAD approach was first introduced by
Larry Kaufman [70]. The Calphad method is based on the principle of plotting Gibbs energy
vs. composition curves for all the structures exhibited by the elements right across the whole
alloy system. It requires extrapolation of Gibbs energy vs. composition curves of many
phases in the regions where they are either unstable or metastable. Therefore, relative Gibbs
energies for unstable or metastable crystal structures of pure elements are required, while
referring to stable phases of multicomponent system. By convention, these are called as
‘lattice stabilities’ [70]. For example, the Stable Elemental Reference (SER) state of the
element B is fcc. However, we may need the energy of this element when it is present in the
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hcp state. The difference between the Gibbs energy of two states of the element B (SER state
and hcp state) is the lattice stability of B (hcp).
The CALPHAD technique consists of four main components (i) models for phases (ii)
databases (iii) Gibbs energy minimization tools and (iv) software packages.. The discussion
on first component is little detailed to understand how an alloy system is defined.
3.2.1 Models for Phases
Thermodynamic modelling of solution phases is the core of the CALPHAD method. In
thermodynamic assessment of a system, modelling of all the phases that may exist in the
system is a crucial task. Solution phases will be defined here as any phase in which there is
solubility of more than one component.
Therefore, modelling of phase implies an analytical description of the Gibbs energy of a
phase as a function of temperature, composition, and if necessary, pressure. That is,
G = G(T,P,n)

(3.1)

The reason to model the Gibbs energy and not any other thermodynamic function is that,
from Gibbs energy all other thermodynamic properties can be derived. For example, Eq. (3.23.10).

 ∂G 
MolarVolume (V ) = 

 ∂P  T , n

(3.2)

 ∂G 
Entropy ( S ) = − 

 ∂T  P , n

(3.3)

 ∂G 
Enthalpy ( H ) = G − T 

 ∂T  P , n

(3.4)

 ∂G 
 ∂G 
Internal Energy (U ) = G − T 

 − P
 ∂P  T , n
 ∂T  P , n

(3.5)
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 ∂ 2G 
Heat Capacity (C P ) = −T  2 
 ∂T  P , n

(3.6)

 ∂G 

Chemical Potential ( µ i ) = 
 ∂ni  P ,T , n j

(3.7)

Thermal Expansion Coefficient (α ) =

Compressibility (κ ) = −

1
V

 ∂ 2G

 ∂P∂T





n

1  ∂ 2G 


V  ∂P 2  T ,n

(3.8)

(3.9)

1
Bulk Modulus ( K ) = κ

(3.10)

In an alloy system one could find the following two types of phases:
(a) Phases with fixed composition (e.g. a pure element, a stoichiometric compound)
(b) Phases with variable compositions (e.g. a solution, a non stoichiometric compound)
It is important to consider physical and chemical properties of a phase, such as
crystallography, types of bonding, and magnetic properties during modelling. For condensed
phases (liquids and solids) the pressure-dependent properties such as volume and thermal
expansivity are often ignored due to their insignificant contribution to the Gibbs energy. In
the present calculations also pressure dependence of Gibbs energy parameters of different
phases are ignored and all the systems are evaluated at ambient pressure.
Models for Fixed Composition Phase
A phase with fixed composition can be a pure element, a stoichiometric compound or a
solution phase whose composition is kept constant externally. The molar Gibbs energy of
such a phase depends only on temperature [71].
For pure elements,

51

Gmo (T ) − H mSER = a0 + a1T + a 2T ln(T ) + a3T 2 + a 4T −1 + a5T 3 + ....

T1 < T < T2

(3.11)

For stoichiometric compounds, the following model is most commonly used:
Gmϕ (T ) − ∑ bi H iSER = a0 + a1T + a 2T ln(T ) + a3T 2 + a 4T −1 + a5T 3 + ..., T1 < T < T2

(3.12)

Where, b i is the stoichiometric factor of ith element in phase φ and ∑b i H i SER indicates the sum
of the enthalpies of the element in their reference states; Gm0 ( T ) − H mSER is the Gibbs energy
of an element relative to its standard element reference state (SER), H mSER is the enthalpy of
the element in its stable state; at 298.15 K and 105 Pascal (1 bar). This term is required
because there is no absolute value of the enthalpy of a system, thus a reference state must be
selected. The above power series of Gibbs energy is valid for a limited temperature range as
given by T 1 and T 2 . This form of expression is useful for storing thermodynamic information
in databases. Using the relations given in Eq. (3.2) to Eq. (3.10), one can obtain other
thermodynamic parameters:
H mϕ − ∑ bi H iSER = a0 − a 2T − a3T 2 + 2a 4T −1 − 2a5T 3

(3.13)

S mϕ = − a1 − a 2 (1 + ln(T )) − 2a3T + a 4T −2 − 3a5T 2

(3.14)

C ϕp = − a 2 − 2a3T − 2a 4T −2 − 6a5T 2

(3.15)

i

From the expression for the heat capacity, it can be seen that the coefficient for the Tln(T)
term in Eq. (3.11) and Eq. (3.12) originates from the temperature independent heat capacity
coefficient. The Gibbs energy description in Eq. (3.11) and Eq. (3.12) is adequate for phases
with fixed composition, if pressure dependence and magnetic ordering are not taken into
account.
Several diverse physical phenomena may contribute to the thermodynamic properties of a
phase. These include magnetic transition, lattice vibration, electronic heat capacity, short
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range order etc. Most of them are complex function of composition. In some cases such
contributions do not depend smoothly on the composition, but rather on some property that
may itself vary with composition e.g. Curie temperature for ferromagnetic transitions. In
paramagnetic materials there is no polarisation of electron spins and therefore it is
unnecessary to consider a magnetic contribution to the Gibbs energy if this condition is taken
to be the standard state. However in ferromagnetic, anti-ferromagnetic and ferri-magnetic
materials, there is also competition between different spin arrangements.
The Eq. (3.11) and Eq. (3.12) are valid for a hypothetical element or compound that does not
undergoes a second order transition. For modelling a second order transition it is necessary to
start with its contribution to the heat capacity of the system.
The heat capacities cannot be integrated to give a closed expression for Gibbs energy unless
it is expanded into a power series. Thus the following simplified model proposed by Hillert
and Jarl [72] has been used most widely:
Gmagnetic = nRTf (τ )ln(β +1)

(3.16)

Where, n is the number of atoms per formula unit that have the average magnetic momentum β
in Bohr magnetrons and β =(T/Tc), TC is Curie or Neel temperature. The f(τ) is calculated from
Cp model suggested by Inden [73].
Models for Phases with Variable Compositions
For modelling composition dependence, it is convenient to use the molar Gibbs energy and
relate it to total Gibbs energy of the phase as
Gm=G/N

(3.17)
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N is the total mole of components, G m is the molar Gibbs energy and G is the total Gibbs
energy of the phase. The amounts of components (n i ) are often expressed by the mole
fractions of components (x i ) which is defined as:
xi= ni/ N

(3.18)

where, n i is the moles of the ith component in that phase.
Gibbs energy per mole of a solution phase, φ can be divided into three parts:
Gmϕ = ∑ xi Gio + ∑ xi Giid + ∑ xi Giex
i

i

(3.19)

i

Gmϕ = molar Gibbs energy for phase φ
th
Gi0 = standard molar Gibbs energy of i species in its pure state
0

∑ xi Gi

= Gibbs energy contribution due to mechanical mixing or sum of Gibbs energy of pure

i

component.
x i = mole fraction of the ith species in the phase φ for a particular composition
id

= Total Gibbs energy contribution due to ideal solution model

ex

= Excess Gibbs energy contribution

∑ xi Gi
i

∑ xi Gi
i

Gibbs energy of formation of phase φ
∆Gmϕ = ∆Gmid + G ex

(3.20)

∆Gmϕ = Gmϕ − ∑ xiGi0

(3.21)

i

∆Gmid = ∑ xi Giid = RT ∑ xi ln xi

(3.22)

Gmex = ∑ xi Giex = RT ∑ xi ln γ i

(3.23)

i

i

i

i
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In the above Eq. (3.19), crystallographic structure of pure state of individual species is same
as that of solution phase crystal structure. The following scheme (Fig. 3.1) represents the
formation of a binary solution from its individual component having same phase structure as
that of the solution phase. If the crystal structure of individual species is different from
solution phase structure, then transition of Gibbs energy from one crystal structure to other
form has to be added in the above Eq. (3.19).and it can be written as
Gmϕ = ∑ xi Gio + ∑ xi ∆ tr Gi(ϕ − SER ) + ∑ xi Giid + ∑ xi Giex
i

i

i

(3.24)

i

ΔGid

(1-x) Aφ at temperature Ts

Ideal solution

+
(x) Bφ at temperature Ts

ΔG

Gex

mix

(Real solution)
[A(1-x)Bx]φ at Ts

Fig. 3.1: Formation of a real solution [A (1-x) B x ]φ of structure φ at T s

(1-x) A

BCC

at temperature TS

(1-x)ΔtrGABCC-FCC
+ (x)ΔtrGBSCC-FCC

+
(x) BSCC at temperature TS

(1-x)AFCC at temperature Ts
+
(x)BFCC at temperature Ts
ΔGid

ΔGmix
[A(1-x)Bx]FCC(Real solution)

Gex

Ideal solution

Fig. 3.2: Formation of a real solution [A (1-x) B x ]FCC from A(BCC) and B(SCC) at T s
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The reason for the extra term in Eq. (3.27) is explain schematically in Fig. 3.1 and Fig. 3.2.
Fig 3.1 explains ΔGmix for formation of solution from pure elements in the phase as that of
solution, whereas, Fig. 3.2 gives energetic changes to be considered when phases of pure
elements are different from that of solution.
Redlich-Kister polynomial [74] is used to describe the excess Gibbs energy. For a binary
system, excess Gibbs energy in the form of Redlich-Kister polynomial is written as:
k

(

G ex = xi x j ∑ v Lij xi − x j
v =0

)

v

(3.25)

In Eq. (3.28) the Redlich-Kister binary interaction parameter Lij is frequently a linear
function of temperature:
v

Lij = vAij + vBijΤ

(3.26)

For A-B binary system
n
G Aex = x B2  L0AB + ∑ k L AB ( x A − x B )k −1 [(2k + 1)x A − x B ]
k =1



(3.27)

n
G Bex = x A2  L0AB + ∑ k L AB ( x A − x B )k −1 [x A − (2k + 1)x B ]
k =1



(3.28)

One of the advantages of using Redlich-Kister polynomials to describe the excess Gibbs
energies is that they can be easily extended to multi-component systems without changing the
shape of the excess Gibbs energy of the binary system in the multi-component system [7576].
Sublattice Model
When modeling a solid solution, one could use models that describe its structural
information. For example, the Sublattice model uses the crystallographic information of the
solid solution to introduce Sublattice. Let us take a simple example where the solid phase, φ
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is assumed having two sublattices and two different constituents on each one. In this case, the
sublattices of the phase, φ is represented by the formula, (A, B) m (C, D) n
Where, ‘m’ and ‘n’ give the ratios of sites on the two sub lattices. In a crystalline solid m and
n are fixed numbers. The constituents A, B, C, and D can represent atoms, ions, anti-site
atoms, vacancies, etc. The most general formalism for describing thermodynamic properties
of phases with two or more sub-lattices is the Compound Energy Formalism (CEF)[77].
Models for Liquid Phases
Generally liquid phase in many metallic systems is modeled by random substitutional model
with Redlich-Kister excess Gibbs energy. When liquids tend to exhibit short-range order
(SRO), i.e., the local arrangement of atoms, the associate solution model is mostly used to
describe their Gibbs energy functions. This model is valid for liquid phases, close to the
melting temperatures of compounds. The atoms in liquid phase continue to show a preferred
short range ordering of few atom-layers size. This results in an increased enthalpy of mixing
value of liquid at that composition. It is especially valid for the composition near the most
stable compound of the system. Validity of the model can be checked by temperature
dependence of enthalpy of mixing of liquid. Deviation from ideality decreases with increase
in temperature. Other models for handling SRO are quasi-chemical model, and clustervariation method (CVM) [78-80]. An discussion on different models can be found in [71].
3.3 Extrapolation to Ternary System
Extensive experimental investigation of a ternary or a higher order system is a difficult task.
There are various geometric extrapolation methods available to calculate ternary Gibbs
energy from binary Gibbs energies. Among these, most common are the Kohler, Muggianu,
and Toop models. Some of these are symmetric and some are asymmetric. The Kohler [81]
and Muggianu [82] are well known symmetric models while Toop [83] is an asymmetric
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model. The Kohler model treats the contributions from the three binary systems in the same
way. If one of the three elements behaves differently and other two are identical then
asymmetric Toop model is good one. The choice of the asymmetric component is a matter of
experience. For systems with strong interactions, different models (or extrapolation
techniques) can give quite different results. In particular, asymmetric models can give better
results for some systems, while symmetric models can be better for other systems. Different
opinions, on the choice of the asymmetric component for the asymmetric models, can also be
found in the literature [84-87]. The excess Gibbs energy for different extrapolation
method are given below:
Muggianu method
ex
Gmix
= x A x B (a1 + b1 ( x A − x B )) + x A xC (a2 + b 2 ( x A − xC )) + x B xC (a3 + b 3 ( x B − xC ))

(3.29)

Kohler method
 x − xC 
 x − xB 
ex
= x A xB {a1 + b1  A
} + x A xC {a2 + b2  A
Gmix
}

 ( x A + xB ) 
 ( x A + xC ) 

(3.30)

 x − xC 
+ xB xC {a3 + b3  B
}
 ( xB + xC ) 

Toop method
ex
Gmix
= x A xB (a1 + b1 ( x A − xB − xC )) + x A xC (a2 + b 2 ( x A − xB − xC ))

+ xB xC (a3 + b3 {( xB − xC ) +

( xB − xC ) x A
)}
( xB + xC )

(3.31)

Fig. 3.3 gives geometrical correspondence between ternary composition P and binary
composition a, b and c..
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Fig. 3.3: Different geometric model for ternary extrapolation of binary interaction
parameters
In all these geometrical extrapolation of binary to ternary interactions, the Gex for
composition a, b and c are used for ternary composition P. The choice of extrapolation
technique sometimes become vital for the thermodynamic calculation of a ternary system
since each of them is unique in their approach. In the present calculation Muggianu model
was chosen for extrapolation from binary to multi-component system.
3.4 Software for Thermodynamic Optimization
To perform a thermodynamic optimization one should be able to link the models of phases,
the minimization engines and the databases together. This is made possible through
many available software packages such as Thermo-Calc [88], FACTSAGE [89],
PANDAT [90], MTDATA [91], Lukas programme [71] etc.
Thermo-Calc is one of the widely used phase diagram calculation softwares. Thermo-Calc
was built by Jansson [92] and Sundman [93]. The relation among the models of phases, the
minimization engines, and the databases in Thermo-Calc package are shown together in Fig.
3.4. The functions of different modules used in Thermocalc are listed and shown in Fig. 3.4:
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• TDB – for database retrieval and management
• GES – for thermodynamic model handling and data treatments for various phases
• TAB – for thermodynamic property tabulations of phases and reactions
• POLY – for multi-component heterogeneous equilibrium and stepping/mapping calculations
• POST – for post-processing of various phase diagrams and property diagrams
• PARROT – for parameter optimizations in data assessments
• ED_Experimental – for experimental points editing and equilibrium calculations

SYS
Utilities

Literature
data
TDB
Databases

PARROT
Optimization

POST
Graphics

ED_EXP
Experiment
Experimental
TD data

TC
Database

TAB
Phases/Reaction

POLY
Equilibrium
Calc

GES
Models

BIN, TERN, POT, SCHEIL, POURBAIX, REACTOR etc

Phase
Diagram and
Property
Diagram

Fig. 3.4: General structure of the Thermo-Calc package [94]
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CHAPTER‐4
RESULT
&
DISCUSSION

4.1:‐ Bi‐Pb System

4.1.1 Characterization Bi 0.29 Pb 0.71 Compound
The sample of Bi 0.29 Pb 0.71 was prepared and then characterized by X-ray diffraction method.
The X-ray diffraction pattern (XRD) of Bi 0.29 Pb 0.71 sample is shown in Fig. 4.1. The
formation of Bi 0.29 Pb 0.71 was confirmed by comparing the recorded XRD patterns of the
sample with the JCPDS (Joint Committee on Powder Diffraction Standards) patterns [95, 96].

Fig. 4.1: X-ray diffraction pattern of Bi 0.29 Pb 0.71 compound
4.1.2 Enthalpy Increment and Heat Capacity
The average enthalpy increment data of Bi 0.29 Pb 0.71 compound at each temperature is given in
Table 4.1, along with corresponding measurement errors. The experimental errors of the
enthalpy increment values were less than ±2%. The following Shomate [97] equation was
obtained by least square fitting the enthalpy increment data of Bi 0.29 Pb 0.71 compound with
constraints:
(i) Enthalpy increment value is zero at 298 K and
(ii) Heat capacity of the compound is 29 J·mol-1·K-1, at 298 K. This value was obtained from
DSC measurement
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∆HTK298K (J ⋅ mol−1) = -6492.2+21.28×T+0.00919×T2-199341/T

(298 - 457 K)

(4.1)

The experimental enthalpy increment values were compared with the values calculated using
Eq. (4.1). The percentage of relative difference (% RD) of the two values given in the Table
4.1 was calculated using the following relation:
%RD =

(∆H

)

(

)

TK
TK
298K Experimental − ∆H 298K Calculated
TK
∆H 298K
Experimental

(

)

× 100

(4.2)

The enthalpy increment values determined experimentally are plotted in Fig. 4.2 along with
the ones calculated from Eq. (4.1).

Fig. 4.2: Comparison of measured enthalpy increment data of Bi 0.29 Pb 0.71 compound
with calculated values at various temperatures.
The heat capacity of the compound, Bi 0.29 Pb 0.71, calculated by differentiating enthalpy
increment Eq. (4.1) with respect to temperature is as follows:

Cp(J.mol−1.K−1 ) = 21.3 + 0.01838×T +199341/T2
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(298 - 457 K)

(4.3)

Table 4.1: Experimental and calculated enthalpy increment values of Bi 0.29 Pb 0.71
T(K)

TK
∆H 298K
(Exp.)(J.mol-1)

TK
∆H 298K
(calc)(J.mol-1)

% RD

323

711

726

2.17

333

1030

1018

1.11

341

1259

1252

0.57

348

1451

1457

0.44

356

1636

1692

0.25

363

1874

1898

1.29

373

2190

2193

0.13

383

2482

2489

0.30

393

2795

2786

0.30

403

3032

3085

1.74

413

3380

3385

0.15

423

3691

3686

0.15

433

3998

3988

0.23

443

4240

4292

1.22

448

4448

4444

0.07

453

4597

4597

0.01

457

4713

4715

0.03

The heat capacity values of the compound obtained in the temperature range 228–457 K by
DSC were fitted in the following equation:

Cp (J.mol−1.K−1 ) =23.49 + 0.01482×T + 97338/T2
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(228 – 457 K)

(4.4)

The following equation was used to calculate Neumann–Kopp’s [56] heat capacity values
for the compound. They were obtained from the heat capacity coefficients of pure elements
given in Dinsdale data bank [98]:

Cp(J.mol−1.K−1 ) = 25.65 - 0.001961×T + 1.561322×10-5×T2

(298 - 457 K)

(4.5)

A comparison of all the experimental heat capacity data obtained from enthalpy increment
(Eq. (4.3)), DSC (Eq. (4.4)) and Neumann–Kopp’s values (Eq. (4.5)) is given in Fig. 4.3.

Fig. 4.3: Comparison of heat capacity data of Bi 0.29 Pb 0.71 compound from DSC with the
Neumann–Kopp’s additivity values and temperature differential of enthalpy increment
data.
It can be seen that the heat capacity values calculated from enthalpy increment data is in good
agreement with the heat capacity data obtained directly from DSC. However, both of them
are slightly higher than the values calculated using Neumann–Kopp’s rule of additivity.

64

The Bi 0.29 Pb 0.71 compound undergoes peritectic decomposition at 457 K and melts
completely above 500 K (phase diagram Fig. 4.8). The enthalpy increment of Bi-Pb system
containing 71at.% Pb was determined above peritectic decomposition temperature of the
Bi 0.29 Pb 0.71 compound and also above its liquidus temperature.
The enthalpy increment values determined above liquidus temperature were least square
fitted in the following linear equation:
TK
−1
∆H 298
) =-5675.3
K ( Bi 0.29 Pb 0.71 )(l )( J ⋅ mol

+ 30.41×T

(T > 500 K)

(4.6)

At the liquidus phase boundary, the enthalpy increment values of the two equilibrium phase
fields, i.e., {((Pb) + l) and liquid} are same.
Therefore, enthalpy increment of liquid solution calculated using Eq. (4.6) at the liquidus
temperature, 500 K, was used as a constraint while calculating the following polynomial least
square fit equation for enthalpy increment of ((Pb) + liquid) phase field from experimental
data.
TK
−1
∆H 298
K (( Pb ) + l )(J ⋅ mol ) = 142130 - 652.7×T + 0.775×T

2

(457 - 500 K)

(4.7)

The enthalpy increment data above and below the peritectic transition temperature were used
for calculating the enthalpy of peritectic decomposition(∆Hperitectic) of the compound at
invariant temperature. The difference in the enthalpy increment values calculated from Eq.
(4.1) and (4.7), at 457 K, gave the enthalpy change of the following reaction:
Bi0.29Pb0.71 = (Pb) + l

(4.8)

The two phases formed on decomposition of the compound [99], (Pb) and liquid, have 75
at.% Pb and 62 at.% Pb, respectively, where (Pb) represents solid lead phase with dissolved
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bismuth in it. Enthalpy of reaction calculated from Eq. (4.1) & Eq. (4.7) was 984 J·mol-1 at
457 K.
The enthalpy increment data obtained at temperatures above peritectic decomposition till
liquidus temperature indicate enthalpy increment of ((Pb) + l) system and enthalpy of partial
decomposition and melting of (Pb). Above liquidus temperature, the observed enthalpy
increment values are due to enthalpy increment of the liquid phase. All these changes can be
seen by the inflections in enthalpy increment values. Interestingly, the enthalpy increment
data above the liquidus temperature (T > 500 K) shows a good agreement with the values
500 K
TK
TK
obtained by adding ( 0.71∆H 500
K ( Pb (l )) + (0.29∆H 500 K ( Bi(l )) + ∆H 298.15 K (compound ), calculated

using the following equation:
TK
−1
(T > 500 K)
∆H 298
K (J ⋅ mol )

= -3659.47 + 25.651×T - 9.804×10-4×T2 + 5.208×10-6×T3 + 3.598×10-18×T7

(4.9)

This shows that the system shows no short range ordering and behaves like an ideal solution
above 500 K. It also indicates that Neumann–Kopp’s rule can be used to calculate heat
capacity of liquid solutions of lead–bismuth above liquidus temperature if the liquidus
temperature is reasonably higher than the peritectic temperature. In fact, Gokcen [99] has
made a similar observation while comparing heat capacity values of eutectic liquid
composition reported by Douglas and Dever [100] with Neumann–Kopp’s values (Fig. 4.4).
Gokcen, however, concluded that the estimated heat capacity values of Bi(l) below its
melting point (544.45 K) was not reliable. The heat capacity values of liquid lead–bismuth
system calculated by Neumann–Kopp’s additivity rule below 544.45 K are not reliable, but
are in reasonable agreement with the experimental values above this temperature. The present
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enthalpy increment data for liquid solution of composition (Bi 0.29 Pb 0.71 ) follows additivity
rule reasonably well in the temperature range 500–544.45 K. The heat capacity values of
(Bi 0.29 Pb 0.71 ) liquid calculated from the present enthalpy increment measurements in the narrow
temperature range in liquid phase are also shown in Fig. 4.4. This value is reasonably close to
the Neumann-Kopp’s values. The slight difference can be assigned to the unreliability
associated with heat capacity of Bi(l) below its melting point as pointed out by Gokcen [99].

Fig. 4.4: Comparison of heat capacity of liquid solution of eutectic composition with
Neumann–Kopp’s values and heat capacity of Bi 0.29 Pb 0.71 .
4.1.3 Enthalpy of Mixing of Pb(l) and Bi(l)
The enthalpy of mixing of Pb(l) and Bi(l) were measured at 773 K and 623 K. These
enthalpies of mixing values were found to be similar at both temperatures. Therefore, it can
be assumed that in this temperature interval the system shows regular solution behavior. The
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enthalpy of mixing values of Pb(l) and Bi(l) calculated using regular solution interaction
parameter of -4400 J·mol-1, gave reasonably good agreement with the experimental data.

Fig. 4.5: A comparison of experimental mixing data of Pb(l) & Bi(l) at 623 K and 773 K
with Regular solution model and calculated enthalpy of mixing of liquid from our
optimized parameter.
4.1.4 Partial Enthalpy of Mixing
To determine enthalpy of formation of BiPb3±x compound by successive precipitation
method partial enthalpy of mixing of (Bi,Pb)liq was measured at 448 K. The partial
enthalpy of mixing of Pb and Bi at this temperature were measured by alternatively adding
small amount of solid Pb and Bi in the solution, such that the composition of the solution
remains almost constant. The partial enthalpy of mixing of the liquid solution of
compositions 44, 49 and
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52.5 at.% Pb, at 448 K, was measured as, ∆ H Bi (l ) = -1800, -2000 and -3000 J·mol-1, and
-1

∆ H Pb (l ) = -6000, -5500 and -4500 J·mol , respectively.

The integral enthalpies of mixing of liquid solution of these compositions were thus
calculated to be -3648, -3715 and -3787 J·mol-1, respectively. As expected, the interaction
parameter, -4400 J·mol-1 calculated for enthalpy of mixing values at 773 and 623 K was not
valid at this temperature. The deviation from ideality is expected to increase with decrease in
temperature. The liquid solution is expected to show high deviation from ideality at 448 K, as
this temperature is very close to eutectic temperature and the only intermetallic compound of
this system is stable at this temperature, thus some degree of close range interactions in liquid
solution are expected at this temperature. Therefore, enthalpy of mixing values of Bi(l) and
Pb(l) at 448 K were much lower than the minimum enthalpy of mixing value of -1200 ± 100
J·mol-1, determined at 623 K and 773 K.
4.1.5 Enthalpy of Formation by Successive Precipitation Method
Once the enthalpy of mixing of the liquid of desired composition was established at 448 K,
the successive precipitation method was used to determine the enthalpy of formation of
Bi 0.32 Pb 0.68 . In precipitation method, lead pieces were successively added into liquid solution.
The system moved from a single phase to a biphasic region corresponds to the enthalpy of
mixing of the melt and lead rich end corresponds to the enthalpy of formation of the limiting
composition, Bi 0.32 Pb 0.68 . Due to linear relation in enthalpy change and composition in the
biphasic region, enthalpy of formation of the compound could be obtained without carrying
out measurements till the composition of x Pb = 0.68. Instead the value could be obtained from
a few enthalpy change measurements in the biphasic region, by linear extrapolation of the
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values to x Pb = 0.68. For this purpose, knowledge of exact composition of the melt was also
not required. It is generally not possible to carry out the measurement till the compound
composition, because with increase in the solid component of the biphasic region, the
reaction becomes increasingly sluggish and the measurement error increases. The heat change
observed due to addition of lead pieces from ambient temperature to the reaction crucible was
due to combined effect of enthalpy increment of Pb(s) at 298 K to Pb(l) at 448 K and
0
enthalpy of formation of the compound( ∆ f H 448
K ) at 448 K, from Pb(l) and Bi(l). By

subtracting the heat changes corresponding to enthalpy increment and melting of lead from
the total heat change observed, heat change due to formation of Bi 0.32 Pb 0.68 compound was
obtained as per the following reaction scheme:
z(Bi y Pb 1-y )(l)(448 K)+(1-z)Pb(s)(298 K) →
x(Bi y Pb 1-y )(l)(448 K)+(1-x) Bi 0.32 Pb 0.68 (448 K)

∆H obs (4.10)
448 K
448 K
( ∆H 298
K + ∆ fus H Pb ) (4.11)

(1-z)Pb(s)(298 K) → (1-z)Pb(l)(448 K)

0
z(Bi y Pb 1-y )(l)+(1-z)Pb(l) → x(Bi y Pb 1-y )(l)(448 K)+(1-x)Bi 0.32 Pb 0.68 (448 K) ∆ f H 448 K (4.12)

The enthalpy increment values of lead and bismuth metals from their solid states at 298.15 K
to their liquid states at 448 K, below their melting points, was calculated using Dinsdale data
448 K
448 K
448 K
448K
bank [98]. The values ( ∆H 298
) of Pb and ( ∆H 298
) of Bi, were
K + ∆ fus H Pb
K + ∆ fus H Bi

calculated to be 8787 J·mol-1 and 15187 J·mol-1, respectively. The enthalpy of mixing Pb(l)
and Bi(l) in the biphasic region is plotted as a function of composition in Fig. 4.6. The
enthalpy of formation of the precipitating compound of composition Pb 0.68 Bi 0.32 at 448 K,
from Pb(l) and Bi(l) was obtained by a linear extrapolation of the enthalpy of mixing values
in biphasic region to x Pb = 0.68. This extrapolated value was found to be (-3.85 ± 0.05)
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kJ·mol-1. By assuming that the enthalpy increment values of Bi 0.32 Pb 0.68 composition of this
compound were similar to that of Bi 0.29 Pb 0.71 , the enthalpy of formation of Bi 0.32 Pb 0.68 from
Pb(s) and Bi(s), at 298.15 K, was calculated to be 2.7 ± 0.15 kJ·mol-1.

Fig. 4.6: Enthalpy of mixing Pb(l) & Bi(l) at 448 K in biphasic region during successive
precipitation method.
4.1.6 Enthalpy of Formation by Tin and Lead Solution Calorimetry
The enthalpy of formation of the compound, Bi 0.29 Pb 0.71 , was determined by tin solution
calorimetry, using the enthalpies of solution of the compound and its constituent elements in
liquid tin.
Tin Solution Calorimetry
o

0.71Pb(298 K) → 0.71(Pb) Sn (T K )

∆ H sol ,∞ ,Pb
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(4.13)

o

0.29Bi(298 K) → 0.29(Bi) Sn (T K )

∆ H sol ,∞ ,Bi

Bi 0.29 Pb 0.71 (298 K) →0.71(Pb) Sn (T K)+ 0.29(Bi) Sn (T K)

∆ H sol,∞ ,Bi0.29Pb0.71 (4.15)

o

o
∆ f H 298
K

0.71Pb(298 K)+ 0.29Bi(298 K) → Bi 0.29 Pb 0.71 (298 K)
0

0

(4.14)

0

o
Hence, ∆ f H 298K(Bi0.29Pb0.71) = 0.7 ∆H sol,∞,Pb +0.29 ∆H sol,∞,Bi - ∆H sol,∞,Bi0.29Pb0.71

(4.16)

(4.17)

Enthalpies of solution of Pb(l) and Bi(l) in tin bath under the condition of infinite dilution are
reported in literature [101] as 5.586 kJ·mol-1 and 0.5054 kJ·mol-1, respectively, at 623 K.
Enthalpies changes for reactions given in Eq. (4.13) and Eq. (4.14) were obtained by adding
623K
enthalpy increments (∆H 298
K ) of lead and bismuth in these values. In the present

experiments, enthalpy of solution of the compound in tin at infinite dilution was calculated by
extrapolating the partial enthalpies of solution of the compound measured for few successive
additions to infinite dilution, i.e., x Sn = 1.0, as shown in Fig. 4.7.

Fig. 4.7: Partial enthalpies of solution of Bi 0.29 Pb 0.71 (s) in Sn(l) at 623K
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The enthalpy of solution of compound in tin thus obtained was 17.2 ± 0.1 kJ·mol-1. Using Eq.
(4.17), the enthalpy of formation of the compound Bi 0.29 Pb 0.71 at 298 K was calculated to be
2.7 ± 0.15 kJ·mol-1.
Lead Solution Calorimetry
The reaction scheme for lead solution calorimetry was similar to the one used for tin solution
calorimetry discussed above. The only difference was that the lead being one of the
components of the compound, the enthalpy change associated with the equivalent of Eq.
(4.13) was due to enthalpy increment of lead.
0.71Pb(298 K) → 0.71(Pb) Pb (623 K )

623 K
∆H 298
K

0.29Bi(298 K) → 0.29(Bi) Pb (623 K)

∆ H sol,∞ , Bi

Bi 0.29 Pb 0.71 (298 K) →0.71(Pb) Pb (623 K)+ 0.29(Bi) Pb (623 K)

∆ H sol,∞ ,Bi 0.29 Pb 0.71 (4.20)

o

(4.19)

o

o
∆ f H 298
K

0.71Pb(298 K)+ 0.29Bi(298 K) → Bi 0.29 Pb 0.71 (298 K)
0

(4.18)

(4.21)

0

o
623 K
Hence, ∆ f H 298
K (Bi 0.29 Pb 0.71 ) = 0.71 ∆H 298 K +0.29 ∆H sol,∞ , Bi − ∆ H sol ,∞ , Bi 0.29 Pb 0.71

(4.22)

The enthalpy of solution of Bi(s) added from 298 K in a lead bath maintained at 623 K was
determined as 16.82 kJ·mol-1. Roy et al. [102] have reported enthalpy of solution value, 14.9
kJ·mol-1, for Bi(s) added from ~ 400 K to a lead bath at 654 K. On adding enthalpy increment
of Bi(s) from 298.15 K to 400 K in this value the enthalpy of dissolution of Bi(s) added from
298.15 K to a lead bath at 654 K was obtained as 17.4 kJ·mol-1. This value is in reasonable
agreement with the enthalpies of solution value 16.82 kJ·mol-1 at 623 K, obtained in the
present experiments. The enthalpy of solution of Bi 0.29 Pb 0.71 in lead bath was determined as
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12 kJ·mol-1. Using Eq. (4.22), enthalpy of formation of Bi 0.29 Pb 0.71 by lead solution
calorimetry was calculated as 2.75 ± 0.15 kJ·mol-1.
Comparison of Experimental Results with Literature
Roy et al. [102] have reported enthalpies of formation of Bi 0.3 Pb 0.7 , Bi 0.35 Pb 0.65 and Bi 0.4
Pb 0.6 at 400 K. They measured the enthalpies of dissolution of these compounds added from a
furnace maintained in the temperatures range, 391 K to 398 K, into a lead bath maintained at
temperature 654 ± 0.5 K. The enthalpies of formation of Bi 0.3 Pb 0.7 , Bi 0.35 Pb 0.65 and Bi 0.4
Pb 0.6 at 400 K were reported as 2.09 kJ·mol-1, 2.4 kJ·mol-1 and 2.9 kJ·mol-1, respectively.
Using the enthalpy increments of the compound and elements, the enthalpies of these
compounds at 298.15 K were calculated as 1.9 kJ·mol-1, 2.2 kJ·mol-1 and 2.6 kJ·mol-1,
respectively.
Tiwari et al. [103] determined enthalpy of formation of ε-compound, Bi 0.42 Pb 0.58 , by an
indirect method. The compound of composition Bi 0.42 Pb 0.58 is reported to be in equilibrium
with liquid phase and Bi phase at eutectic temperature. They measured heat change involved
during dissolution of samples of eutectic composition, Bi 0.563 Pb 0.437 held at 373 K into a bath
of same composition held at 408 K. At 373 K, the eutectic composition alloy was a mixture
of ε-compound and almost pure Bi. Heating this alloy to the eutectic temperature, the
biphasic system changed into three phase system, (Bi 0.42 Pb 0.58 + liquid + Bi). Therefore,
some of Bi 0.42 Pb 0.58 compound reacted with bismuth to form a liquid of eutectic composition
and compound became richer in Bi than that in the original sample. Using the knowledge of
equilibrium compositions of different phases and heat content of the eutectic liquid, they
calculated the enthalpy of formation of the compound. The enthalpy of formation of the
compound at 408 K, reported by Tiwari et al. is, 2.57 kJ·mol-1. The enthalpy of formation of
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the compound, at 298 K, was recalculated from this value using the enthalpy increment
values of pure elements and compound using the following relations:
0.58Pb(s, 408 K)+0.42Bi(s, 408 K) →Bi 0.42 Pb 0.58 (s, 408 K)

o
∆ f H 408
K (Bi 0.42 Pb 0.58 ) (4.23)

0.58Pb(s) (298 K) →0.58Pb(s)(408 K)

408 K
∆H 298
K ( Pb)

(4.24)

0.42Bi(s)(298 K) → 0.42Bi(408 K)

408 K
∆H 298
K ( Bi)

(4.25)

Bi 0.42 Pb 0.58 (s, 298 K) → Bi 0.42 Pb 0.58 (s, 408 K)

408 K
∆H 298
K ( Bi 0.42 Pb 0.58 )

(4.26)

The enthalpy increment of Bi 0.42 Pb 0.58 in Eq. (4.26) was calculated from the enthalpy
increment data of Bi 0.29 Pb 0.71 compound as given below
408 K
408 K
408 K
408 K
∆H 298
K ( Bi 0.42 Pb 0.58 ) = ∆H 298 K ( Bi 0.29 Pb 0.71 ) − 0.13[ ∆H 298 K ( Pb ) − ∆H 298 K ( Bi)]

(4.27)

This enthalpy increment values obtained using Eq. (4.27), was used to calculate enthalpy of
formation of Bi0.42Pb0.58, by rearranging Eq. (4.23) to Eq. (4.27).
0.58Pb(s, 298 K) + 0.42Bi(s, 298 K) →Bi 0.42 Pb 0.58 (s, 298 K)

0
(Bi 0.42 Pb 0.58 ) (4.28)
∆ f H 298K

0
∆ f H 298
K ( Bi 0.42 Pb 0.58 )

o
408 K
408 K
408 K
= ∆ f H 408
K ( Bi 0.42 Pb 0.58 ) + 0.58∆H 298 K ( Pb) + 0.42∆H 298 K ( Bi ) − ∆H 298 K ( Bi 0.42 Pb 0.58 )

(4.29)

The enthalpy of formation of the compound, Bi 0.42 Pb 0.58 was 2.35 kJ·mol-1 at 298 K. Roy et
al. [102] had shown a compositional dependence of enthalpy of formation of compound.
Roy et al. [102] have reported enthalpies of formation of lead solutions of different
compositions, at 400 K. Enthalpies of formation for different compositions of (Pb) were
recalculated using enthalpy increment values of Bi(s) and Pb(s) from the literature [98] and
heat changes reported by Roy et al., observed due to addition of alloys from 400 K in Pb(l) at
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654 K. Roy et al. have reported this data for (Pb) phase containing up to 15 at.% Bi. The
enthalpy of formation of (Pb) phase with 25 at.% Bi was calculated by extrapolating the
recalculated enthalpy of formation values for (Pb) as a function of composition using a least
square polynomial fit. This value was found to be 2.9 kJ·mol-1 at 400 K and it was assumed
to be valid at 457 K by using Neumann–Kopp’s additivity rule.
This data was used for calculating enthalpy of mixing of Bi 0.38 Pb 0.62 (l), at 457 K, using the
following reaction scheme:
Bi 0.29 Pb 0.71 (s,457 K) →
0.698 Bi 0.25 Pb 0.75 (s,457 K) + 0.302 Bi 0.38 Pb 0.62 (l,457 K)

∆H obs

0.75Pb(s,457 K) + 0.25Bi(s,457 K) → Bi 0.25 Pb 0.75 (s,457 K)

0
∆ f H 457
K (Bi 0.25 Pb 0.75 ) (4.31)

0.71Pb(s,457 K) + 0.29 Bi(s,457 K) → Bi 0.29 Pb 0.71 (s,457 K)
Pb(s)(298 K) → Pb(l)(457 K)
Bi(s)(298 K) →Bi(l)(457 K)

0
∆ f H 457
K (Bi 0.29 Pb 0.71 )

(4.30)

(4.32)

457 K
457K
∆H 298
K ( Pb ) + ∆ fus H Pb

(4.33)

457 K
457K
∆H 298
K ( Bi ) + ∆ fus H Bi

(4.34)

0.62 Pb(l) + 0.38 Bi(l) →Bi 0.38 Pb 0.62 (l)

∆ mix H 457 K

(4.35)

The enthalpy of mixing of liquid alloy containing 38 at.% bismuth, heat change associated
with Eq. (4.35), can be calculated using the following relation:
457 K
457K
457 K
457K
+ 0.38 (∆H 298
0.302 (∆ mix H 457 K + 0.62 (∆H 298
)
K ( Pb ) + ∆ fus H Pb
K ( Bi) + ∆ fus H Bi
0
0
= ∆H obs + ∆ f H 457
K ( Bi 0.29 Pb 0.71 ) − 0.698∆ f H 457 K ( Bi 0.25 Pb 0.75 )

(4.36)

The enthalpy of mixing of Pb(l) and Bi(l) to form a liquid solution, Pb0.62Bi0.38 at 457 K from
the above relation was calculated as -3.6 kJ·mol-1, which is comparable with enthalpy of
mixing of liquid solution reported at 448 K, by our own experiment.
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4.1.7 Thermodynamic Assessment of Bi-Pb System
The Bi-Pb system has only one non-stoichiometric compound, BiPb3±x. The solubility of Bi in
Pb-FCC is ~20-24 at% Bi. The solubility of Pb in Bi-Rhombo is negligible. The phase
diagram was optimized by Boa et al.[104] and Yoon et al. [105]. It was found that the
optimized parameters of Boa et al. and Yoon et al. [105] did not have any excess heat capacity
coefficients for BiPb3. Moreover, the enthalpy of formation values of the compound did not
match the present experimental results; therefore, Bi-Pb system was re-assessed. The
optimization was done with the help of Thermocalc software based on Calphad approach,
using our own experimental data of heat capacity, enthalpy of formation of BiPb3 compound
and enthalpy of mixing of liquid solution along with thermodynamic and phase diagram data
from literature [104-111]. The calculated phase diagram of the Bi-Pb system and all
experimental phase diagram data [104-111] used in the present optimization are shown in
Fig. 4.8. The phase boundaries calculated from previous optimizations reported in literature
are also drawn in the Fig. 4.8 [104,105]. It is seen that the present assessment is in reasonable
agreement with previously reported assessments and experimental data. A complete set of the
present assessed thermodynamic descriptions of this system is given in Table 4.2. The
enthalpy of formation of Bi0.32Pb0.68 from Bi(l) and Pb(l) calculated from assessed
parameters was -4.4 kJ·mol-1 at 448 K, is comparable with the present experimental value,
-3.85 ± 0.05 kJ.mol-1 at the same temperature reported in section 4.1.5.
Similarly, heat capacity values of Bi 0.29 Pb 0.71 calculated from optimized thermodynamic
parameter were found to be in reasonable agreement with the present experimental data (Fig.
4.3). The enthalpy of mixing of liquid solution was calculated at 623 K, using our optimized
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interaction parameters given in Table 4.2. These calculated values of enthalpy of mixing at
623 K and the experimental enthalpy of mixing data are shown in Fig. 4.5.

Fig. 4.8: Calculated phase diagram of Bi-Pb system with experimental data [107,
108, 109, 110, 111].
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Table 4.2: The optimized parameters of the Bi-Pb system
The lattice stabilities of Bi and Pb were taken from Pure4 [112].
Phase and Model

Thermodynamic Parameters (J·mol-1)
0

LLiq
Bi : Pb =-5050.202 + 1.85×T

LIQUID [Bi, Pb] 1
1 Liq
LBi : Pb

0

=-1050.01 + 1.18×T

LBiPb3
Bi : Pb =-3450.04 + 9.781×T - 2.5001×T×ln(T) - 496987.01/T

BiPb3±x [Bi, Pb]1
1 BiPb3
LBi : Pb

=-1.801×T

Pb-FCC [Bi, Pb] 1

0

LFCC
Bi : Pb =-3550.05 + 1.11×T

Bi-Rhomb [Bi, Pb] 1

0

LRhomb
Bi : Pb =3461.56

All invariant reactions in the Bi-Pb system are summarized in Table 4.3, with the calculated
data from previous assessment.
Table 4.3: Comparison of invariants in Bi-Pb system between previous assessment and
this study.
Reaction
L+Pb-FCC=BiPb3±x

L=BiPb 3 +(Bi-Rhomb)

Type

T/K

Composition, x(Pb)

References

Peritectic

457.5

0.62 0.78 0.719

[104]

457

0.64 0.769 0.72

[105]

457

0.63 0.819 0.719

This Study

Eutectic

398.5

0.446 0.58

0.005

[104]

398.5

0.446 0.58

0.005

[105]

399

0.446 0.58

0.005

This Study
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4.2:‐ Bi‐Ni System

4.2.1 Characterization Bi o.75 Ni 0.25 and Bi 0.5 Ni 0.5 Compound
The characterization of Bi o.75 Ni 0.25 and Bi 0.5 Ni 0.5 was accomplished by X-ray diffraction
method. The formation of pure compounds of Bi o.75 Ni 0.25 and Bi 0.5 Ni 0.5 were confirmed by
XRD analysis as shown in Fig. 4.9 and Fig. 4.10, respectively [113, 114].

Fig. 4.9: XRD pattern of Bi o.75 Ni 0.25

Fig. 4.10: XRD pattern of Bi 0.5 Ni 0.5
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4.2.2 Enthalpy Increment and Heat Capacity of Bi 0.75 Ni 0.25
The mean experimental data for Bi 0.75 Ni 0.25 and Bi 0.75 Ni 0.25 are given in Table 4.4 and Table
4.5, respectively. The precision of these experimental data is better than ± 2%. Two types of
polynomial equations were used to least square fit the experimentally determined enthalpy
increment data of Bi 0.75 Ni 0.25 compound, with the constraint that the enthalpy increment
value is zero at 298 K and heat capacity of the compound is 27.3 J·mol-1·K-1 at 298 K. The
heat capacity of the compound was taken from the present DSC data of the compound. % RD
was calculated using the relation given in Eq. (4.2) in section 4.1.2.
Two polynomials fits for enthalpy increment experimental data at T < 737 K were obtained as
given below:
2
-5
3
TK
−1
∆H 298
K ( Bi 0.75 Ni 0.25 )( J. mol ) = -8339+29.86×T-0.0104×T +1.37×10 ×T (298-737 K) (4.37)
TK
∆H 298
K ( Bi 0.75 Ni 0.25 )( J. mol

−1

) = -3028+11.49×T+0.0162×T2-547512/T (298 - 737 K)

TK
Table 4.4: Comparison of experimental & fitted ∆H 298K
data of Bi 0.75 Ni 0.25.

T (K)

Exp.

Eq. (4.37)

% RD

343

1268

1234

2.68

363

1705

1786

4.75

393

2669

2622

1.76

423

3341

3468

3.80

439

3893

3924

0.80

454

4163

4356

4.64

464

4782

4645

2.86

473

4823

4907

1.74

81

(4.38)

503

5565

5791

4.06

533

6642

6694

0.78

555

7135

7369

3.28

575

8154

7993

1.97

585

8551

8309

2.83

596

8779

8660

1.36

606

8958

8981

0.26

616

9189

9306

1.27

625

9857

9601

2.60

637

9950

9997

0.47

656

10558

10635

0.73

657

10804

10669

1.25

677

11549

11353

1.70

686

12020

11666

2.95

708

12395

12442

0.38

718

12527

12801

2.19

728

12921

13164

1.88

733

13310

13346

0.27

737

13396

13530

1.00

∆H TK298K (J·mol-1) (Bi0.75Ni0.25) T ≥ 737 K

T (K)

Exp.

Eq. (4.41)

% RD

737

16820

16708

0.67

753

18208

18088

0.66

82

758

18602

18535

0.36

770

19504

19591

0.45

780

20468

20452

0.08

877

27928

27927

0.00

Of these two equations, the most suitable equation for enthalpy increment data of Bi 0.75 Ni 0.25
compound is Eq. (4.37). The enthalpy increment data also gave reasonable fit with ‘A + B T +
CT2 + D/T’ i.e Eq. (4.38). However, heat capacity equation derived from its temperature
derivative showed anomalous behavior, therefore, Eq. (4.38) was discarded. The calculated
enthalpy increment values from both types of fits are compared with experimental enthalpy
increment values in Fig. 4.11. The experimental enthalpy increment values are slightly higher
than the estimated Neuman-Kopp’s values. This difference increases slightly with increase in
temperature. The elemental heat capacity and enthalpy increment values of solid nickel and
bismuth were taken from Dinsdale data bank [98]. For comparison of heat capacity and
enthalpy increment of intermetallic compounds with their constituents elements, it is
important to consider these parameters of solid phases of the elements, even if stable
phase of elements in the temperature range of stability of the compound is liquid phase.
Nickel is in solid state at all the experimental temperatures, but bismuth is in liquid state
above 545 K. As the compounds were in the solid state, therefore, values of solid bismuth
were used for Neuman-Kopp’s estimation for compounds in the whole temperature range of
the experiment.
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TK
Fig. 4.11: Comparison of experimental & calculated ∆H 298K
data of Bi 0.75 Ni 0.25.

The Neuman-Kopp’s estimated enthalpy increment and heat capacity equations in the
temperature range (298K-1000K) are as follows:

(

)

TK
∆H 298K
J. mol −1 = x Bi (-7818+28.4096×T-1.234×10-2×T2+1.676×10-5×T3)

+ x Ni (-5179+22.096×T+4.8407×10-3×T2)

(4.39)

C p (J. mol −1 . K −1 )

= x Bi (28.4096×T-0.02468×T+5.028×10-5×T2) + x Ni (22.096+0.00968×T)

(4.40)

The enthalpy of decomposition of the compound, Bi 0.75 Ni 0.25 , was determined graphically
from enthalpy increments of the compound measured at 5 K temperature intervals, below and
above its decomposition temperature of 737 K. The enthalpy increment data of Bi 0.75 Ni 0.25
compound above the peritectic decomposition temperature, 737 K, was fit into the following
equation:
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(

)

TK
−1
= -97560 + 217.27×T -0.0846×T
∆H 298
K J. mol

2

(T > 737 K)

(4.41)

The enthalpy of reaction of the following peritectic decomposition (ΔHperitectic), calculated
from the difference of enthalpy increment values calculated from Eq. (4.37) and (4.41) at the
equilibrium temperature, 737 K, was found to be 3.51 kJ·mol-1 (Fig. 4.11).
Bi 0.75 Ni 0.25 (s) → Bi 0.5 Ni 0.5 (s) + (Bi,Ni) liq

(4.42)

The heat capacity values of the compound obtained from different sets of data using DSC in
step mode, in the temperature range 300 K to 723 K, were fitted together in different types of
equations to get the best fit. It was observed that the following equations gave the most
appropriate fit with the experimental data.
C p (J.mol −1 .K −1 ) =15.74 + 0.02418×T + 386683/T
C p (J.mol −1 .K −1 ) =28.92 - 0.014×T + 3.048×10 ×T
-5

2

(300 - 723K)

(4.43)

(300 - 723K)

(4.44)

The heat capacity values obtained from enthalpy increment data, DSC and Neuman-Kopp’s
rule are compared in Fig. 4.12. A comparison of experimental heat capacity data indicates
that the polynomial Eq. (4.44) shows a better fit than Eq. (4.43). The heat capacity values
calculated using Eq. (4.43) show an anomaly near 300 K, because the heat capacity values
calculated using this equation decrease slightly with increase in temperature. Interestingly,
similar anomalous behavior is observed for similar heat capacity ‘A + B T + C/T2’ equation
derived by temperature differentiation of Shomate [97] enthalpy increment fit, given in Eq.
(4.38). Therefore, Eq. (4.37) is the recommended for enthalpy increment and Eq. (4.44) for
heat capacity values of Bi 0.75 Ni 0.25 compound.

85

Fig. 4.12: Comparison of experimental and calculated heat capacity values of Bi0.75Ni0.25.
Another important observation made from these polynomial fits is the sensitivity of enthalpy
increment and heat capacity values on polynomial fits. As seen in Fig. 4.12, enthalpy
increment is not very sensitive to the polynomial equations used for least square fitting.
Experimental enthalpy increment data agrees well with values calculated from polynomial
fits Eq. (4.37) and Eq. (4.38) obtained directly from enthalpy increment data or calculated
from temperature integration of heat capacity Eq. (4.43) and Eq. (4.44). However,
comparison of experimental heat capacity data with polynomial equations was found to be
sensitive to the type of equation used and it does not show good agreement with equations
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derived from enthalpy increment data. In the present case, the heat capacity values derived
from enthalpy increment equation are ~ 3 % higher than the experimental values at high
temperatures. As heat capacity equation calculated from enthalpy increment data is a
differential equation, a small difference in the slope of enthalpy increment data can result in
reasonable deviation in heat capacity values. A comparison of the experimental heat capacity
values with the Neumann-Kopp’s values showed that the compound shows higher heat
capacity values at low temperatures than expected from the additivity rule but the trend
reverses near the decomposition temperature of the compound.
4.2.3 Enthalpy Increment and Heat Capacity of Bi 0.5 Ni 0.5
The enthalpy increments of Bi 0.5 Ni 0.5 compound were measured both below and above its
peritectic decomposition temperatures. The experimental data below and above the transition
temperatures were least square fitted separately in polynomial equations. The least square
fitting of data below the transition temperature was carried out with constraints that
the enthalpy increment value is zero at 298 K and heat capacity of the compound is
25.8 J·mol-1·K-1 at 298 K. The heat capacity value at 298 K was obtained from DSC data.
The error (% RD) was using the similar relation, Eq. (4.2), stated in section 4.1.2.
−1
TK
∆H 298
.15 K (Bi 0.5 Ni 0.5 )(J ⋅ mol )

= -5580.48 + 16.04×T + 0.0139×T2-130616/T

(298 - 921 K)

(4.45)

(298 - 921 K)

(4.46)

(T > 921 K)

(4.47)

−1
TK
∆H 298
.15 K (Bi 0.5 Ni 0.5 )(J ⋅ mol )

=-6663.93 + 19.9037×T + 0.00888×T2 + 2.254×10-6×T3
−1
TK
∆H 298
.15 K (Bi 0.5 Ni 0.5 )(J ⋅ mol )

= -270632.6 + 570.098×T - 0.26478×T2
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TK
Table 4.5: Comparison between experimental & calculated ∆H 298K
data of Bi 0.5 Ni 0.5.
T (K)
Exp.
Eq. (4.45)
% RD

343

1199

1180

1.58

363

1681

1719

2.26

393

2613

2543

2.68

423

3515

3388

3.61

439

4043

3848

4.82

454

4220

4284

1.52

464

4571

4579

0.18

473

5092

4846

4.83

503

5742

5750

0.14

533

6640

6678

0.57

555

7382

7374

0.11

564

7437

7662

3.03

585

8106

8343

2.92

596

8471

8704

2.75

606

9441

9035

4.30

617

9575

9402

1.81

625

9858

9672

1.89

637

10430

10079

3.37

657

10623

10765

1.34

668

11096

11148

0.47

673

11132

11323

1.72

88

677

11406

11463

0.50

686

11756

11781

0.21

697

11756

12171

3.53

706

12079

12494

3.44

708

12530

12566

0.29

716

13165

12855

2.35

717

13385

12891

3.69

718

13061

12927

1.03

738

13163

13658

3.76

748

14073

14027

0.33

757

14933

14362

3.82

777

15685

15114

3.64

798

16068

15915

0.95

814

16816

16533

1.68

819

17413

16728

3.93

834

17906

17316

3.29

844

18138

17712

2.35

859

18795

18310

2.58

878

19084

19077

0.04

905

19610

20184

2.93

908

19892

20308

2.09

921

20845

20807

0.18

∆H TK298K (J·mol-1) (Bi0.5Ni0.5) T ≥ 921 K

T (K)

Exp.

Eq. (4.47)

89

% RD

921

29852

29830

0.07

934

31376

30868

1.62

939

31261

31238

0.07

940

30555

31311

2.47

944

31805

31595

0.66

945

32141

31665

1.48

949

32261

31939

1.00

950

31060

32007

3.05

954

32265

32270

0.02

964

32638

32892

0.78

973

33227

33406

0.54

974

33875

33504

1.10

984

34092

33976

0.34

989

34373

34214

0.46

1011

34849

35104

0.73

1020

35449

35395

0.15

1036

35849

35805

0.12

The experimental data is plotted along with the calculated values in Fig. 4.13. As seen from
this figure, all the polynomials show reasonably good agreement with the experimental
enthalpy increment data. Therefore, to assess the most appropriate enthalpy increment
equation below the transition temperature, their temperature differential equations were
compared with the experimental heat capacity data.
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The difference in enthalpy increment of the compound at 921 K calculated from Eq. (4.45)
and Eq. (4.47), was found to be 8.97 kJ·mol-1 for the enthalpy of peritectic decomposition of
Bi 0.5 Ni 0.5 , given in the following reaction:
Bi 0.5 Ni 0.5 (s) → Ni(s) + (Bi,Ni) liq

(4.48)

Fig. 4.13: Comparison of experimental and calculated enthalpy increment of Bi 0.5 Ni 0.5 .
All the experimental DSC data are plotted in Fig. 4.14 along with different polynomial fits
and Neumann-Kopp’s estimated values for heat capacity. All the heat capacity data obtained
in step mode was least square fitted together in the following equations:
C p (J·mol-1·K-1) = 20.247 + 0.0208×T – 57660.18 / T2

(300-800 K)

(4.49)

C p (J·mol-1·K-1) = 17.974 + 0.02802×T – 6.006 ×10-6×T2

(300-800 K)

(4.50)
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Though both heat capacity Eq. (4.49) & Eq. (4.50) give similar values, Eq. (4.49) is more
acceptable because, the molar heat capacity, C p , of solids at high temperatures is generally
expressed by the following formula:
C p = - (R/20)q2/T2 + BT + A

(4.51)

Where, R is molar gas constant, q is the characteristic temperature corresponding to the
harmonic lattice vibrations. The first term of Eq. (4.51) is the approximation of Debye
function. The term BT is related to the dilatometric and other residual anharmonic lattice
vibrations, and/or electric contribution, and the constant ‘A’ is the excess heat capacity
related to the defect formation or formation of electron-hole pairs. Therefore, all the terms of
C p = A + BT + C/T2 expression are associated with characteristic contributions to the heat
content of the material [115].

Fig. 4.14: Comparison of experimental and calculated heat capacity values of Bi 0.5 Ni 0.5 .
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A comparison of heat capacity values obtained from DSC, with the Neumann-Kopp’s values
shows that Bi 0.5 Ni 0.5 compound has higher heat capacity than expected from the additivity
rule. As seen from Fig. 4.14, heat capacity values derived from two different polynomial fits
of enthalpy increment data give similar values. These values show very good agreement with
experimentally determined heat capacity values for temperatures below ~ 550 K. But at
higher temperatures, the heat capacity values derived from enthalpy increment data are higher
than directly measured heat capacity values. A comparison of the present heat capacity data
measured in step mode of DSC with that of Perring et al, shows that the heat capacity values
of later are lower. Moreover, Perring et al. [116] observed a second order transition at ~ 400
K, whereas, the present experiments showed transition at ~ 550 K. This temperature is much
lower than the Curie temperature of nickel, 627 K. The present transition temperature is
closer to the transition temperature of ~ 600 K, reported by Yoshida et al. [117]. They have
determined the magnetic transition of Bi-Ni alloys of different compositions by studying
magnetization as a function of temperature. According to their observation, magnetic
transition temperature decreases with increase in ‘Bi’ content of the alloy and they did not
observe any transition for Bi 0.75 Ni 0.25 alloy. Bi 0.5 Ni 0.5 has a hexagonal structure of NiAs-type
crystal structure. In most of the intermetallic compounds of NiAs type crystal structure (NiSe,
NiTe, NiAs), it is observed that ‘Ni’ atoms lose their magnetic moment. However, NiS with
hexagonal symmetry is antiferromagnetic with Neel temperature T N = 263K [118,119]. No
ferromagnetic Ni compound with a NiAs-type crystal structure was known till Yoshida et al.
investigated magnetic properties of Bi 0.5 Ni 0.5 . They found that Bi 0.5 Ni 0.5 and other alloys of
Bi-Ni with lower fractions of ‘Ni’ show ferromagnetic behavior upto ~ 650 K while heating.
But, these alloys show thermal hysteresis during cooling cycle. They observed that the
reverse transition, from paramagnetism to ferromagnetism, shifts to lower temperature during
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cooling. The Curie temperature during cooling (T Ccooling ) is lower than the Curie temperature
observed during heating (T Cheating ). They also observed a systematic relationship between this
shift (T Cheating - T Ccooling ) and maximum measurement / annealing temperature (Tmax) and ‘Bi’
content of the alloy. The shift (T Cheating - T Ccooling ) increases with increase in Tmax. The shift is
also more prominent for alloys with lower ‘Ni’ content. In fact, Bi 0.6 Ni 0.4 alloy did not show
any transition back to ferromagnetism on cooling. This alloy is biphasic with ~ 60 mol.%
Bi 0.5 Ni 0.5 and 40 mol.% Bi 0.75 Ni 0.25 . The lattice parameter analysis of hexagonal Ni 0.5 Bi 0.5
compound showed that ‘c’ parameter does not change with maximum experimental or
annealing temperature. But ‘a’ parameter of the compound increases linearly with maximum
annealing or experimental temperature. Therefore, reversibility of magnetism of the
compound is related to expansion of ‘a’ parameter. The heat capacity contribution due to
second order magnetic transition in Bi 0.5 Ni 0.5 compound was computed from the
experimental DSC data by integrating the areas under the transition peaks in Fig. 4.15.
Though conventionally, magnetic contribution to heat capacity of a material is computed
from absolute zero, but the significant contribution is observed near the transition
temperature. In Bi 0.5 Ni 0.5 compound, the base lines of the heat capacity curve below and after
the transition, meet smoothly. Therefore, in this case, areas under the heat capacity peaks,
corresponding to magnetic transitions, are good estimation of enthalpy of magnetic transition,
which was found to be 190±30 J·mol-1 for Bi 0.5 Ni 0.5 . Bi 0.75 Ni 0.25 has an orthorhombic
structure of CaLiSi 2 -type in which ‘Bi’ atoms form octahedral array and ‘Ni’ atoms form a
linear chain. Bi 0.75 Ni 0.25 is an intermetallic alloy with a CaLiSi 2 -type orthorhombic structure
and space group P nma [120,121]. In this structure, bismuth atoms are located on octahedral
sites and nickel atoms form linear chains. Bi 0.75 Ni 0.25 is a superconducting material with a
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critical temperature ~ 4.05 K [121]. According to Yoshida, Bi 0.75 Ni 0.25 is diamagnetic in the
temperature range of 300 – 870 K. Pineirro et al. [122] also measured magnetism of
Bi 0.75 Ni 0.25 compound as a function temperature. They have carried out M-H measurements
of Bi 0.75 Ni 0.25 alloy in the temperature range 100 K to 750 K, to determine its coercive field,
h C . According to them, M-H measurement in isothermal mode at 750 K indicated that
Bi 0.75 Ni 0.25 is contributing magnetically and pure nickel does not play any role in these
measurements. They have prepared and characterized their samples very carefully to establish
that the samples were of pure Bi 0.75 Ni 0.25 with no impurities of Bi, Ni or Bi 0.5 Ni 0.5 . But they
ignored the fact that the compound Bi 0.75 Ni 0.25 decomposes at 738 K into (Bi,Ni) liquid and
Bi 0.5 Ni 0.5 compound. Therefore, the isothermal magnetization measurements at 750 K
reported by them correspond to the magnetization of Bi 0.5 Ni 0.5 compound instead of
Bi 0.75 Ni 0.25 compound.

Fig. 4.15: Magnetic transition observed in heat capacity data of Bi 0.5 Ni 0.5
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However, at 750 K, even Bi 0.5 Ni 0.5 compound becomes diamagnetic as discussed above. This
justifies the absence of any sharp change in coercive forces calculated from M-H
measurements near the peritectic decomposition temperature of Bi 0.75 Ni 0.25 . In the present
experimental measurements several attempts were made to establish the second order
magnetic transition in Bi 0.75 Ni 0.25 compound at 300 K, as reported by Pineiro et al. For this,
heat capacity of the compound was measured by DSC-131 using step and continuous mode
for the low temperature range, 173 K to 323 K. But no second order transition corresponding
to magnetic transition reported by Pineiro et al. was observed. Therefore, authors agree with
Yoshida et al. [117] that Bi 0.75 Ni 0.25 is a paramagnetic compound in the present experimental
temperature range and the magnetic transition observed at ~750 K by Pineirro et al. [122] was
not due to magnetism in Bi 0.75 Ni 0.25 compound.
4.2.4 Enthalpy of Mixing of Liquid Alloy
The enthalpy of mixing of Bi(l) and Ni(l) determined at 716 K, 746 K, 878 K, 898 K and 919
K are given in Fig. 4.16. These values were determined from heat changes observed during
successive precipitation experiments at different temperatures. In successive precipitation
measurements, the heat changes associated with addition of nickel in liquid bismuth were
determined. The successive precipitation measurements were carried out from pure liquid
region, x Ni = 0.0, till sufficient data was acquired in the biphasic region ‘liquid+compound’.
The starting heat change measurements corresponded to the single phase liquid region
corresponded to the enthalpy of mixing of Bi(l) and Ni(l). After the liquidus composition was
achieved, the system becomes biphasic on further additions of nickel. The enthalpy of mixing
of Bi(l) and Ni(l) were obtained from the heat changes observed during addition of nickel
metal from ambient temperature into liquid bismuth bath at experimental temperature.
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Fig. 4.16: Enthalpy of mixing of Bi(l) and Ni(l) at indicated temperatures
The enthalpy increment and enthalpy of fusion of nickel metal, required for calculating
enthalpy of mixing of Bi(l) and Ni(l), were obtained from the Gibbs energy coefficients of
nickel given in Dinsdale data-bank [98]. In Fig. 4.16, enthalpies of mixing values obtained
from experimental observation are shown till the liquidus composition, when the system is in
single phase liquid region.
4.2.5 Bismuth Solution Calorimetry
The enthalpies of formation of the compounds, Bi 0.75 Ni 0.25 and Bi 0.5 Ni 0.5 , were determined
by solution calorimetry using the enthalpies of solution of the compound and its constituent
elements in liquid bismuth. The enthalpy of solution of Ni or compound used for the present
calculations, were partial enthalpy values calculated at infinite dilution. Hess’s reaction
scheme used for calculating the enthalpy of formation of Bi 0.5 Ni 0.5 from enthalpy of solution
method is as follows:
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Ni(s, 298 K)

(Ni) Bi(l) ( T K)

Bi(s, 298 K)

(Bi) Bi(l) ( T K)

Bi 0.75 Ni 0.25 (s, 298 K)

0
∆H sol
,∞ , Ni

T
∆H 298
K (Bi)

0.25(Ni) Bi(l) ( T K) + 0.75(Bi) Bi(l) ( T K)

0
∆H sol
,∞ , Bi 0.75 Ni 0.25

(4.52)
(4.53)
(4.54)

Adding Eq. (4.52) and (4.53) and then subtracting Eq. (4.54), we get
0.75Bi(s, 298 K) + 0.25Ni(s, 298 K) = Bi 0.75 Ni 0.25 (s, 298 K)

o
∆ f H 298
K

TK
0
Hence, ∆ f H 298 K (Bi 0.75 Ni 0.25 ) = 0.25 ∆H sol ,∞ , Ni +0.75 ∆H 298
K - ∆H sol ,∞ , Bi

o

0

0.75 Ni0.25

(4.55)
(4.56)

0
o
Where, ∆ f H 298 K is enthalpy of formation at 298 K, ∆H sol ,∞ , Ni represents enthalpy of
TK
dissolution of Ni in liquid Bi at infinite dilution and ∆H 298
K (Bi) is the enthalpy increment of

‘Bi’ [98]. As one of the components of the intermetallics compounds, Bi, was taken as bath
material, therefore, enthalpies of dissolution of only ‘Ni’ and compound were required for the
calculation. According to this reaction scheme, enthalpies of dissolution of nickel and
compound added from 298 K into the liquid bath of bismuth (at any temperature) directly
gave enthalpy of formation of compound at 298 K, without considering the enthalpy
increment of nickel or that of compound. Only constraint was that the temperature of liquid
bismuth bath should be same for the measurement of enthalpy of dissolution of nickel as well
as that of the compound. The stability or instability of the compound at the liquid bath
temperature also does not affect the calculations because the product of the addition of the
compound into the liquid bath is a liquid solution, (Bi,Ni) liq , which is very dilute with respect
to ‘Ni’. The determination of enthalpy of dissolution of Bi 0.75 Ni 0.25 compound and Ni(s) was
carried out at 718 K.
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A similar reaction scheme was used for determining the enthalpy of formation of Bi 0.5 Ni 0.5 .
Enthalpies of dissolution of Bi 0.5 Ni 0.5 in liquid ‘Bi’ were determined at 878 K. Enthalpy of
dissolution of ‘Ni’ was also determined at that temperature. The Hess’s scheme for
determination of enthalpy of dissolution of Bi0.5Ni0.5 compound at 298.15 K is given below:
Ni(s,298 K)

∆H 0sol,∞,Ni

(Ni)Bi(l)(T K)

Bi(s,298 K)

TK
∆H 298
K (Bi)

(Bi) Bi(l) (T K)

Bi 0.5 Ni 0.5 (s,298 K)

0.5(Ni) Bi(l) (T K) + 0.5(Bi) Bi(l) (T K)

0
∆H sol
,∞ , Bi 0.5 Ni 0.5

(4.57)
(4.58)
(4.59)

Adding Eq. (4.57) and (4.58) and then subtracting Eq. (4.59), we get
0.5Bi(s,298 K) + 0.5Ni(s,298 K) = Bi 0.5 Ni 0.5 (s,298 K)

o
∆ f H 298
K

TK
0
0
Hence, ∆ f H 298 K (Bi 0.5 Ni 0.5 ) = 0.5 ∆H sol
,∞ , Ni + 0.5 ∆H 298 K (Bi) - ∆H sol ,∞ , Bi

o

0.5 Ni 0.5

(4.60)
(4.61)

To assess the composition dependence of enthalpies of dissolution of ‘Ni’ at 718 K and 878
K, the enthalpy change observed for different compositions were plotted in Fig. 4.17. As seen
from the Fig. 4.17, the enthalpy of dissolution of nickel in bismuth shows very small
composition dependence. The enthalpy of dissolution values when extrapolated to x Bi = 1.0,
0
gave enthalpies of dissolution at infinite dilution ( ∆H sol
,∞ , Ni ). These enthalpies of dissolution
o
values at infinite dilution ( ∆H sol
,∞ , Ni ) were used for the calculations of enthalpies of

formation. The enthalpy changes for addition of ‘Ni(s)’ from 298 K to ‘Bi(l)’ bath at 718 K
and 878 K were taken as 11.0±0.5 kJ·mol-1 and 16.0±0.7 kJ·mol-1, respectively.
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Fig. 4.17: Composition dependence of enthalpy of dissolution of Ni(s) added from 298 K
in Bi(l) at 718 K and 878 K (solution calorimetry).
The enthalpies of dissolution of the compounds added from 298 K into liquid bismuth were
taken as 22.0±0.5 kJ·mol-1for Bi 0.75 Ni 0.25 , at 718 K and 25.5±0.7 kJ·mol-1 for Bi 0.5 Ni 0.5 , at
878 K (Fig. 4.18).

Fig. 4.18: Composition dependence of enthalpies of dissolution of Bi0.75Ni0.25(s) and
Bi0.5Ni0.5(s) added from 298 K in Bi(l) at 718 K and 878 K, respectively.
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The enthalpy increments of Bi from 298.15 K to 718 K and 879 K were 23.07 kJ·mol-1 and
27.57 kJ·mol-1, respectively [98]. Using these values, enthalpies of formation of Bi 0.75 Ni 0.25
and Bi 0.5 Ni 0.5 from Ni(s) and Bi(s) were calculated as (-2.0±0.7 kJ·mol-1) and (-3.7±1.0
kJ·mol-1), respectively at 298 K.
The enthalpies of dissolution values reported here are for direct addition of metal in solid
phase from ambient temperature into bismuth bath at experimental temperature, therefore,
they do not need any corrections for enthalpy increment or enthalpy of fusion of added metal.
4.2.6 Successive Precipitation Method
The enthalpy of formation by successive precipitation was obtained by adding small pieces of
nickel pellet (prepared from fine nickel powder) in liquid bismuth. These experimental sets
were same as enthalpy of mixing experiments. The initial addition of Ni(s) in liquid Bi
resulted in formation of pure liquid solution phase .thus the resulting heat changes gave
enthalpy of mixing of (Bi,Ni) liq . On subsequent additions when system entered liquid +
compound phase field, the corresponding heat changes were used to determine enthalpy of
formation of compound. In the biphasic region the reliable data is closer to the liquidus
composition. On entering the biphasic region, this two-component system had zero degree of
freedom, at constant temperature and pressure. Thus, the partial thermodynamic parameters
were constant and integral thermodynamic parameter, e.g. enthalpy of mixing changed
linearly. Hence, few data points in this region were sufficient to extrapolate the value to
compound composition. The extrapolation of enthalpy of mixing of Bi(l) at experimental
temperature, T (K), with Ni(s) at 298 K, gave enthalpy of formation of the compound at T (K)
from Bi(l) and Ni(s). The temperature of the bath was kept slightly below the peritectic
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decomposition temperature of the compound (737 K for Bi0.75Ni0.25 and 921 K for Bi0.5Ni0.5).
The following Hess’s scheme was used to calculate standard enthalpy of formation of the
compound at 298 K, from Bi(s) and Ni(s).
0.75Bi(l,716 K) + 0.25Ni(s,298 K)
Bi(s,298 K)

Bi0.75Ni0.25(s,716 K)

716K
H 298
K (Bi)

Bi(l,716 K)

Bi0.75Ni0.25(s,298 K)

H cal

Bi0.75Ni0.25(s,716 K)

0.75Bi(s,298 K)+ 0.25Ni(s,298 K)= Bi0.75Ni0.25(s,298 K)

(4.62)
(4.63)

716K
H 298
K (Bi0.75Ni0.25) (4.64)
o
 f H 298
K

716 K
716K
o
 H cal + 0.75 H 298
Hence,  f H 298
K (Bi0.75Ni0.25)
K (Bi) - ∆H298
K (Bi0.75Ni0.25) =

(4.65)

(4.66)

Where, ΔHcal is the enthalpy of mixing value at xNi = 0.25, obtained by extrapolating enthalpy
of mixing of Ni(s) added from 298 K in Bi(l) at 716 K, in the biphasic region. The enthalpy
increment of the compound Bi0.75Ni0.25(s), 12.7 kJ·mol-1, was taken from our own enthalpy
increment measurement of the compound. Enthalpy increment of Bi, 23.0 kJ·mol-1, was taken
from Dinsdale databank [98]. ΔfHo298K (Bi0.75Ni0.25) in Eq. (4.65) is enthalpy of formation of
Bi0.75Ni0.25, at 298 K, from Bi(s) and Ni(s) at same temperature. With small modification of
the above reaction scheme, enthalpy of formation of the compound was determined at 716 K,
from Ni(s) and Bi(l), using the following reaction scheme:
0.75Bi(l,716 K) + 0.25Ni(s,298 K)
Ni(s, 298 K)

Bi0.75Ni0.25(s,716 K)

Ni(s, 716 K)

0.75Bi(l, 716 K)+ 0.25Ni(s, 716 K)= Bi0.75Ni0.25(s, 716 K)
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H cal

(4.67)

716K
H 298
K (Ni)

(4.68)

o
 f H716
K

(4.69)

o
716 K
Hence, ∆ f H 716 K (Bi 0.75 Ni 0.25 ) = ∆H cal - 0.25 ∆H 298
K (Ni)

(4.70)

The enthalpy of mixing of Ni(s) added from 298 K in Bi(l) at 716 K to form Bi 0.75 Ni 0.25
compound is given in Fig. 4.19. The extrapolated enthalpy of mixing (∆H cal ) of Ni(s) added
from 298 K in Bi(l) at 716 K, for reactions in Eq. (4.62) and Eq. (4.67), at 25 at.% Ni for
Bi 0.75 Ni 0.25 is -6.1 ± 0.5 kJ·mol-1. The enthalpy of formation of Bi 0.75 Ni 0.25 compound at
298.15 K is -1.6 ± 0.7 kJ·mol-1. The enthalpy of formation of Bi 0.75 Ni 0.25 at 716 K from Bi(l)
and Ni(s) is -9.4 ± 0.5 kJ·mol-1.

Fig. 4.19: Enthalpy of mixing and precipitation of Bi 0.75 Ni 0.25 for the reaction between Bi(l)
and Ni(s) at T = 716 K.
Reaction scheme similar to Bi 0.75 Ni 0.25 was used for determining enthalpy of formation of
Bi 0.5 Ni 0.5 compound at 298 K, 746 K and 878 K, by successive precipitation method. The
enthalpy of mixing of Ni(s) added from 298 K in Bi(l) at 746 K and 878 K to form Bi 0.5 Ni 0.5
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compound is given in Fig. 4.20. The enthalpies of mixing (∆H cal ) of Ni(s) at 298 K and Bi(l)
at experimental temperatures, extrapolated to 50 at.% Ni were 1.3 kJ·mol-1 (878 K) & -1.7
kJ·mol-1 (746 K), respectively.
The enthalpy increment values of Bi, Ni and Bi 0.5 Ni 0.5 compound at two temperatures used in
these calculations were, 23.87 kJ·mol-1 (746 K), 27.57 kJ·mol-1 (878 K), 14.00 kJ·mol-1 (746
K), 17.95 kJ·mol-1 (878 K), 13.95 kJ·mol-1 (746 K) and 19.0 kJ·mol-1 (878 K) respectively.
The enthalpies of formation of Bi 0.5 Ni 0.5 at 298 K were -4 kJ·mol-1 (from experiments at 898
K) and -3.7 kJ·mol-1 (from experiments at 746 K). The enthalpies of formation of Bi 0.5 Ni 0.5
from Bi(l) and Ni(s) were -8.7 kJ·mol-1 (at 746 K) and -7.7 kJ·mol-1 (at 878 K).

Fig. 4.20: Enthalpy of mixing and precipitation of Bi0.5Ni0.5 for the reaction between
Bi(l) and Ni(s) at specified temperatures.
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4.2.7. Peritectic Reaction
The enthalpy of formation of Bi 0.5 Ni 0.5 and Bi 0.75 Ni 0.25 were also calculated from enthalpy of
peritectic decomposition of two compounds. The enthalpy increments of Bi 0.5 Ni 0.5 and
Bi 0.75 Ni 0.25 from 298 K to their respective peritectic decomposition temperatures were, 30.3
kJ·mol-1 (921 K) and 17.3 kJ·mol-1 (737 K), respectively. These values include the enthalpy
increments of solid phases and their enthalpies of decomposition. These values were
determined from our enthalpy increment data. Enthalpy of formation of Bi 0.5 Ni 0.5 was
determined using the following reaction scheme:

Bi 0.5 Ni 0.5 (s, 298 K)
Bi(s, 298 K)

921K
0.35 Ni(s, 921 K) + 0.658 (Bi 0.76 Ni 0.24 )(l, 921K) ∆H 298
K

921K
∆H 298
K (Bi) (4.72)

Bi(l, 921 K)

Ni(s, 298 K)

Ni(l, 921 K)

Ni(s, 298 K)

Ni(s, 921 K)

(4.71)

921 K
921K
∆H 298
(4.73)
K (Ni) + ∆ fus H Ni
921K
∆H 298
K (Ni)

(4.74)

0.76Bi(l, 921 K) + 0.24Ni(l, 921 K) → Bi 0.76 Ni 0.24 (l, 921K)

∆ mix H 9o21K

(4.75)

0.5Bi(s, 298 K) + 0.5Ni(s, 298 K) → Bi 0.5 Ni 0.5 (s, 298K)

∆ f H 2o98K

(4.76)

921K
Where, ∆H 298
K ( Bi 0.5 Ni 0.5 ) is the enthalpy increment of Bi 0.5 Ni 0.5 from 298 K to its peritectic

decomposition, as per Eq. (4.71), at peritectic temperature 921 K. ∆ mix H 9o21K is the enthalpy
of mixing of Bi(l) and Ni(l) for the liquidus composition at 921 K i.e, (Bi 0.76 Ni 0.24 ). From this
reaction scheme, enthalpy of formation of Bi 0.5 Ni 0.5 was calculated, at 298 K, using the
following relation:
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921K
921K
o
921K
] + 0.76 ∆H 298
∆ f H 2o98K (Bi 0.5 Ni 0.5 )= 0.658{0.24[ ∆H 298 K (Ni) + ∆ fus H Ni
K (Bi) + ∆ mix H 921K }
921K
921K
+ 0.35 ∆H 298
K (Ni) - ∆H 298 K (Bi 0.5 Ni 0.5 )

(4.77)

-1
921K
Where, ∆H 298
K (Bi 0.5 Ni 0.5 ) was taken as 30.3 kJ·mol , from our experimental enthalpy

increment data. ∆ mix H 9o21K (Bi 0.76 Ni 0.24 ) was taken as -3.6 kJ.mol-1, using the interaction
parameters for liquid given in Table 4.7. The enthalpy increment values for ‘Bi’ and ‘Ni’
used in these calculations were 28.93 kJ·mol-1and 19.46 kJ·mol-1 respectively, and enthalpy
of fusion of nickel at 921 K was taken as 16.41 kJ·mol-1, from Dinsdale data bank [98]. The
enthalpy of formation of Bi 0.5 Ni 0.5 was calculated as -5.7±2.6 kJ·mol-1, at 298 K. This
indirect method to calculate enthalpy of formation uses difference between large enthalpy
values associated with enthalpy increment and enthalpy of fusion of pure elements and
compound. The resulting enthalpy of formation value is very small, but the error being
additive is large.
Similar reaction scheme was used for the peritectic decomposition of Bi 0.75 Ni 0.25 , at 737 K:
Bi 0.75 Ni 0.25 (s, 298 K) →
737K
∆H 298
K (Bi 0.75 Ni 0.25 )

0.34Bi 0.5 Ni 0.5 (s, 737 K) + 0.66 Bi 0.88 Ni 0.12 (l, 737 K)

737K
∆H 298
K (Bi)

Bi(s, 298 K) → Bi(l,737 K)
Ni(s, 298 K) → Ni(l,737 K)

737K
737K
∆H 298
K (Ni)+ ∆ fus H Ni

0.5Bi(s, 298 K) +0.5 Ni(s, 298 K)→ Bi 0.5 Ni 0.5 (s, 298 K)
Bi 0.5 Ni 0.5 (s, 298 K) → Bi 0.5 Ni 0.5 (s, 737 K)

o
∆ f H 298
K (Bi 0.5 Ni 0.5 )

737K
∆H 298
K (Bi 0.5 Ni 0.5 )

0.88Bi(l,737 K) + 0.12 Ni(l,737 K) → Bi 0.88 Ni 0.12 (l,737 K)

(4.78)
(4.79)
(4.80)
(4.81)
(4.82)

∆ mix H 7o37K

(4.83)

0.75 Bi(s, 298 K) + 0.25 Ni(s, 298 K) → Bi 0.75 Ni 0.25 (s, 298K) ∆ f H 2o98K

(4.84)

The enthalpy of formation of Bi 0.75 Ni 0.25 , can be calculated using the following relation:
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737K
737K
o
737K
] + 0.88 ∆H 298
∆ f H 2o98K (Bi 0.75 Ni 0.25 ) =0.66{0.12[ ∆H 298 K (Ni) + ∆ fus H Ni
K (Bi)+ ∆ mix H 737K }

737K
737K
o
+ 0.34[ ∆H 298
K (Bi 0.5 Ni 0.5 ) + ∆ f H 298K (Bi 0.5 Ni 0.5 )]- ∆H 298 K (Bi 0.75 Ni 0.25 )

(4.85)

737K
Where, ∆H 298
K (Bi 0.75 Ni 0.25 ), the enthalpy increment of Bi 0.75 Ni 0.25 from 298 K to its

peritectic decomposition temperature, 737 K, was taken as 17.3 kJ·mol-1. ∆ mix H 7o37K of Bi(l)
and Ni(l) for the composition (Bi 0.88 Ni 0.12 ), at 737 K, was found to be -2.1 kJ.mol-1, using our
optimized interaction parameters for liquid given in the Table 4.7. The liquidus compositions
at the peritectic temperatures for both reaction schemes were calculated from our optimized
o
parameters. The enthalpy of formation of Bi 0.5 Ni 0.5 at 298 K, ∆ f H 298K (Bi 0.5 Ni 0.5 ), was taken

as -3.7 kJ·mol-1 and enthalpy increment of the compound was taken as 13.9 kJ·mol-1. The
enthalpy increment values for ‘Bi’ and ‘Ni’ used in these calculations were 23.81 kJ·mol-1
and 13.94 kJ·mol-1, respectively, and enthalpy of fusion of nickel at 737 K was taken as 16.42
kJ·mol-1, from Dinsdale data bank [98]. The enthalpy of formation of Bi 0.75 Ni 0.25 calculated
using this scheme was +0.9±3.1 kJ·mol-1. The large error in this value is mainly associated
with enthalpy increment data of the two compounds and error on enthalpy of mixing value of
liquid solution.
4.2.8 Miedema Model
Miedema model [123-126] is a reasonable method to estimate the enthalpy of formation of
alloys of transition metals. It is more suitable to assess whether enthalpy of formation of alloy
will be exothermic or endothermic and it also gives a general idea of the trend of enthalpy
change with composition. The enthalpy of formation of alloys is related to the difference in
1/ 3
work function (Δφ) and electron density ( ∆η ws
) of the Wigner-Seitz cell of the constituent

metals.
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 2( x V 2 / 3 + x BVB2 / 3 ) 
C
∆ f H mo = x As x Bs [1 + 8( x As x Bs ) 2 ] ×  A A −1A/ 3
B −1 / 3 
+ (η ws
)
 (η ws )


Where, C = P  − (∆φ ) 2 +


(4.86)

Q
R
(∆η 1ws/ 3 ) 2 − 
P
P

(4.87)

xis and Vi 2 / 3 are surface concentrations and molar volumes of the constituent metal ‘i’,
respectively. They are related to the atomic fraction composition (x i ) of the compound as per
the following relation:
x As =

x AV A2 / 3
x AV A2 / 3 + x BVB2 / 3

(4.88)

P, Q and R are empirical constants applicable to a large group of metals and in case of Bi-Ni
alloy system the values are:
P=12.3, Q/P = 9.4 eV2.(d.u.)-2/3 and R/P = 2.3 eV2.
1/ 3 3
The values of φ, η ws
, V2/3 for Bi and Ni are given in Table 4.6. Using these values and Eq.

(4.89) to Eq. (4.91), the enthalpies of formations of Bi 0.75 Ni 0.25 and Bi 0.5 Ni 0.5 were calculated
as -1.9 kJ·mol-1 and -3.7 kJ·mol-1, at 298 K. These calculated values are in good agreement
with experimentally determined values.
Table 4.6: Input parameters for calculation of ΔfHo of intermetallic compounds of Bi-Ni
system by Miedema model
1/ 3

Φ/(V)

η Ws /(d.u)

V2/3/(cm3.mol-1)

Ni

5.2

1.75

3.52

Bi

4.15

1.16

7.2

For the calculation of enthalpy of mixing of liquid alloys, the above Eq. (4.89) was modified
as follows:
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∆ mix H mo

=

2( x AV A2 / 3 + x BVB2 / 3 ) 
C
A −1 / 3
B −1 / 3 
(
η
)
(
η
)
+
ws

 ws


x As x Bs 

(4.89)

The values for enthalpies of mixing thus obtained are plotted in Fig. 4.16 along with
experimentally determined enthalpy of mixing data of Bi(l) and Ni(l). As this method is not
sensitive to temperature, therefore, it is not clear at what temperature these values could be
valid. A comparison of experimental and calculated values (Fig. 4.16) shows that the
calculated values are much lower than the experimentally determined values. A modification
in ‘R’ by multiplying it with a factor 0.73 further reduces estimated enthalpy of mixing
values. Instead, it was found that multiplying ‘R’ with 1.07 (modified Miedema estimate)
brings the estimated values in reasonably good agreement with the experimental value at 898
K. A multiplication factor of 1.1 was required to get reasonable agreement with experimental
values at 716 K. This may indicate that the estimated values calculated without any multiplier
may be good for the temperatures where the liquid solution follows regular solution model,
i.e., above the melting temperatures of both the elements and all the intermetallic compounds.
In Bi-Ni system, some contribution due to short range ordering in liquid phase is expected, at
898 K and 716 K.
4.2.9 Thermodynamic Assessment of Bi-Ni System
There are two intermetallic compounds, Bi 3 Ni and BiNi present in the Bi-Ni system. The
solubility of Bi in Ni-FCC is very limited. Some publications indicate a narrow nonstoichiometric region for both compounds. But due to lack of experimental data on nonstoichiometric range of stability of Bi 3 Ni, only BiNi is assumed to be non-stoichiometric in
the present assessment calculations.
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In light of new calorimetric data of the system; acquired in the present work, the Bi-Ni
system was reoptimized. The thermodynamic assessment was carried out by optimizing
experimental phase diagram and thermodynamic data available in literature [127-133] and
our experimental data of (i) heat capacity, (ii) enthalpy increment, (iii) enthalpy of formation
of compounds and (iv) enthalpy of mixing of liquid phase. The calculated phase diagram of
the Bi-Ni is shown in Fig. 4.21. It is seen that the calculated results are in agreement with
previous assessments [131] as well as experimental phase diagram data [127-133]. The
calculated phase boundaries by Vassilev et al. [131] are in good agreement with the presently
calculated one.

Fig. 4.21: Calculated phase diagram of Bi-Ni system with experimental phase diagram
data point from literature [127, 128, 129, 130].
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A complete set of the thermodynamic parameters describing the Gibbs free energy of each
phase is given in Table 4.7.
Table 4.7: Optimised thermodynamic parameters of the Bi-Ni system
(Parameters are in each phase (J·mol-1) with T in Kelvin). The lattice stabilities of Bi and Ni
are given by Pure4 [112].
Phase and Model

Thermodynamic Parameters

LIQUID [Bi, Ni] 1

0 Liq
LBi: Ni

= -19992.628 + 99.11350×T - 10.0574×T×ln(T)

1

LLiq
Bi : Ni =1.2944 – 191.9533×T + 25.5048×T×ln(T)

2

LLiq
Bi : Ni =12521.6048 - 1.5602×T

Bi 3 Ni

0

[Bi] 3 [Ni] 1

+0.75GBi-Rhom + 0.75GNi-FCC

BiNi

0

BiNi
G Bi
: Ni:Bi =0.667G

[Bi] 0.3334

0

BiNi
GBi
: Ni:Va = -4250.004 + 13.3701×T – 1.8×T×ln(T)

[Ni] 0.3333 [Bi,Va] 0.3333

Ni-FCC [Bi,Ni] 1

Bi3Ni
GBi
: Ni =-2450.002 + 9.1195×T – 1.9×T×ln(T)

Bi-Rhom

+ 0.333GNi-FCC

+ 0.333GBi-Rhom + 0.333GNi-FCC
0

LBiNi
Bi : Ni:Bi, Va =-1647 + 1.434×T

0

LFCC
Bi : Ni =-20000 + 12.5×T

The calculated enthalpies of formation of Bi 0.75 Ni 0.25 and Bi 0.5 Ni 0.5 using our optimized
parameters given in Table 4.7, are found to be -1.9 kJ·mol-1 and -3.7 kJ·mol-1, which are in
good agreement with the experimentally determined values -2.0 kJ·mol-1 and -3.7 kJ·mol-1,
respectively.
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The enthalpies of formation of Bi 0.5 Ni 0.5 compound obtained from our own experiment and
optimized parameter are in very good agreement with the value (-3.9 kJ·mol-1) given by
Predel and Ruge [132]. The calculated heat capacities of Bi 0.75 Ni 0.25 and Bi 0.5 Ni 0.5 are
compared with experimental data in Fig. 4.11 and Fig. 4.13, respectively. It can be seen that
calculated values are reasonably good agreement with experimental data obtained from DSC.
All invariant reactions in the Bi-Ni system are summarized in Table 4.8, with the calculated
data from previous assessment for comparison. The calculated values of enthalpies of mixing
at 800 K using our optimized interaction parameters (Table 4.7) are also plotted in Fig. 4.16
and the values are reasonably good agreement with experimentally determined enthalpy of
mixing values.
Table 4.8: Comparison of invariants in Bi-Ni system
Reaction

Type

T/K

Composition, X(Ni)

References

BiNi=(Ni-FCC)+Liq

Peritectic

920.7

0.759 0.515 0.00485

[131]

919.0

0.762

[133]

921.0

0.76

737.2

0.881

738.0

0.877

737.0

0.878

0.75

0.52

This work

542.8

0.75

0.993

1.0

[131]

543.0

0.75

0.993

1.0

[133]

543

0.75

0.991

1.0

This work

Bi 3 Ni=BiNi+Liq

Liq=Bi 3 Ni+(Bi-Rhomb)

Peritectic

Eutectic
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0.510 0.022
0.517 0.005
0.75
0.75

0.52
0.515

This work
[131]
[133]

4.3:‐ Compatibility Analysis
of Bi/Pb with Steel

4.3.1 Interaction of Bi/Pb with Ni
As was discussed previously, in section 1.9, nickel is the main component of stainless-steel
structural material that will show strong interactions with lead, bismuth or LBE coolants.
Therefore, it is important to assess this ternary system and find out solubility limits of nickel
in these coolants at different temperatures. It is also of great significance to know what solid
phases may precipitate out at different temperatures. Precipitation of a compound in coolant
can be detrimental to its performance as it can be carried to different parts and its
accumulation in certain sensitive areas can obstruct smooth flow of coolant, thus causing
local heating and swelling. In addition to this, these interactions thins down the clad due to
chemical abrasion. In extreme conditions this can cause burst of coolant channels and loss of
coolant accident. In addition, thermodynamic properties like heat capacities, enthalpies of
formations and enthalpies of transitions of these precipitating phases at different temperature
can affect the thermal performance of the coolant which goes through different thermal
conditions while heating and cooling of the reactor. Depending on its location, even in an
operating nuclear reactor, coolant can see very different temperatures. Thus to understand
different phases formed by interaction of Pb/Bi and Ni, Bi-Ni-Pb ternary was computed. As
discussed in sections 4.1.7 and 4.2.9, respectively, Bi-Pb and Bi-Ni binaries of this ternary
were re-optimized using the experimental data acquired during this work. The third binary
required for computing Bi-Ni-Pb ternary is Ni-Pb. This binary system does not have any
intermetallic compound and its thermodynamic assessment can be reliably obtained from
thermodynamic description of unary elements and binary phase diagram data available in
literature. Therefore, no new experimental data was acquired for this system. The phase
description for Ni-Pb system was taken from Ghosh et al [134]. For the sake of clarity, the
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Ni-Pb system is shown in the Fig. 4.22. The Ni-Pb binary has liquid phase miscibility gap
and does not have any intermetallic compound.

Fig. 4.22: Calculated phase diagram of Ni-Pb system
In absence of experimental thermodynamic or phase diagram data for Bi-Ni-Pb ternary,
computation of this system was based on the following assumptions:


As crystal structures of all the intermetallic compounds, Bi 3 Ni, BiNi and BiPb 3 , are
quite different, they were assumed to be present as pure binary compounds in ternary
system.



The liquid phase and end member solubilities were modeled by using only binary
interaction parameters
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In absence of any experimental data to indicate the presence of stable ternary
compounds, no new ternary phase was considered.

To get a clear idea of Ni interaction with LBE at different temperatures, a pseudo binary
diagram along the isopleth LBE-Ni was computed, Fig. 4.23. As there was no available
experimental data in the literature on this ternary system, therefore, it was decided to study
transition temperatures of this pseudo-binary system, using DTA. For this purpose, alloys
with different compositions of Ni in LBE (0.38 < x(Ni) <0.46) were prepared. The alloys
were prepared by melting desired ratios of lead, bismuth and fine powder of nickel metal.
The liquid mixture was slowly cooled in a furnace to ambient temperature. DTA analysis of
these alloys was carried out using indigenously fabricated DTA instrument, discussed in
section 2.3.4. The temperatures of phase transitions were obtained from the extrapolated peak
onset temperature during heating of alloys at 5K/min. The present DTA results of selected
compositions are plotted in Fig. 4.23 of pseudo-binary phase diagram of LBE-Ni system. Our
experimental data shows reasonably good agreement with the computed pseudo binary
diagram. It proves that the above listed assumptions used for the computation of ternary
system were acceptable. Hence, inferences based on the ternary database, generated using
binary interactions should be reliable.
The pseudo-binary phase diagram of LBE-Ni is given in Fig. 4.23. This pseudo-binary phase
diagram has generic similarity to Bi-Ni phase diagram. This is mainly due to the presence of
high melting nickel metal in both the diagrams and low temperature decomposition of BiPb 3
compound. However, the prominent difference in these two diagrams is the solubility limit of
nickel in bismuth liquid is much higher than in LBE, as the liquidus of Bi-Ni is richer in
nickel than of LBE-Ni system. The solubility of nickel is almost negligible in LBE as
compared to solubility of Ni in bismuth liquid. For example, solubility of Ni in bismuth
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liquid at 600 K is 2 at.% Ni and in LBE is 0.6 at.%, whereas at 770 K, 14 at.% Ni dissolve in
Bi(l) and 2.6 at.% Ni in LBE and at 1273 K, 35 at.% Ni dissolve in Bi(l) and 16 at.% Ni in
LBE. The latter temperature (1273 K) is seen by the coolant of High Temperature Compact
Reactor (HTCR). At temperatures below 770 K, longer erosion of Ni by LBE will result in
formation of BiNi/Bi 3 Ni compound. At room temperature, LBE has BiPb 3 compound in
equilibrium with ‘Bi-Rhomb’. Due to interaction of LBE with ‘Ni’ at high temperature, Bi 3 Ni
compound will also precipitate out in addition to BiPb 3 +Bi. At ambient temperature Pb-FCC
phase will not be observed as it interacts with bismuth to form BiPb 3 . So bismuth metal will
react with both Ni and lead and form compounds, BiPb 3 and Bi 3 Ni. The remaining unreacted
bismuth will precipitate out as pure phase. Therefore, when nickel is in contact with LBE
liquid coolant, slowly nickel will start getting dissolved in LBE liquid. After, reaching
solubility limit of nickel in LBE at that temperature, further erosion of nickel will result in
formation of Bi 3 Ni / BiNi solid-phase(s) and proportional amount of bismuth will be
removed from the coolant. According to reported results of diffusion couple studies of Bi-Ni,
formation of BiNi is kinetically favoured than formation of Bi 3 Ni [141]. Hence, if the coolant
is cooled at a fast rate then there are chances of observing BiNi intermetallic and absence of
Bi 3 Ni.
During cooling of liquid coolant, a lot of heat will be generated due to enthalpy of fusion of
Pb/Bi and formation of intermetallic compounds, BiPb 3 , Bi 3 Ni and BiNi. Heat capacity of
these intermetallic compounds is slightly higher than that of pure elements. Therefore,
coolant temperature will decrease at a slower rate in presence of intermetallic compounds. A
similar effect will be seen when heating coolant to liquid phase, as coolant containing these
compounds will need more heat to melt completely.
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Fig. 4.23: Calculated isopleth for pseudo binary of LBE-Ni (Bi 0.55 Pb 0.45 -Ni) and
comparison with DTA results.
4.3.2 Interaction of Bi/Pb with Stainless Steel
In the previous section interaction of lead-bismuth eutectic with nickel metal was discussed
in details. As nickel shows strong interactions with bismuth metal, Bi-Ni-Pb-ternary
warranted separate discussion. However, it is also important to understand how the dilution
of nickel, when alloyed with iron and chromium to make stainless-steel, will affect its
interaction with LBE. Due to dissolution of nickel in SS, its activity is expected to reduce,
hence reducing its corrosion by LBE. On the other hand, though Fe/Cr do not form any
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intermetallic compounds with Pb/Bi, but they can still be eroded from the structural material
by dissolution in the LBE melt.
To know the interaction of Pb/Bi with steel, a multi-component Bi-Cr-Fe-Ni-Pb database was
constructed. In this multi-component system, Cr-Fe-Ni is a well defined ternary system with
sufficient experimental data available to define ternary interaction parameters. Therefore, the
interaction parameters for Cr-Fe-Ni system were taken from steel database given in literature
[142]. In absence of any experimental data to indicate ternary interactions in solutions or
presence of any ternary compounds, it was considered appropriate to compute remaining
systems using binary interactions. The binary interaction parameters of Bi-Fe [143], Fe-Pb
[144] and Ni-Pb [134], were taken from literature. The interaction parameters of Bi-Pb (Table
4.2) and Bi-Ni (Table 4.7), re-optimized using the present dissertation experimental work,
were used. The optimized interaction parameters of the remaining two binaries, Bi-Cr and CrPb, were not available in literature; therefore, these two binaries were optimized in the
present work.
Bi-Cr and Cr-Pb System
Interaction parameters for these two binaries were calculated using Parrot module of
Thermocalc software [94]. The compilation of phase diagram data of Cr-Pb and Bi-Cr binary
systems were published by Venkatraman and Neumann [145-146]. The experimental data
available on these two binaries is very limited. In both binaries, there are no measureable
solid-state solubility of elements in each other. Liquid solutions of both binaries show large
miscibility gaps. The interaction parameters of Cr-Pb and Bi-Cr liquid solution were
calculated using sub-sub-regular solution model. All the solid phases were computed using
regular solution model. The optimization of these two systems is based on: (i) experimental
data on invariant equilibrium temperatures and corresponding compositions, (ii) experimental
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data on solubility of elements in liquid phase, (iii) absence of solid-state solubility of one
element in other (iv) experimental and assessed data on miscibility gap in liquid phase. All
the optimized binary interaction parameters for this system are given in Table 4.9.

Table 4.9: Assessed interaction parameters of Bi-Cr and Cr-Pb system
(Parameters in each phase (J·mol-1) with temperature T in Kelvin)
Phase and Model

Thermodynamic Parameters

Bi-Cr system
LIQUID:[Bi, Cr] 1

0 Liq
LBi : Cr =

1 Liq
LBi: Cr
2

821431.241- 367.5×T

= -31479.6

LLiq
Bi:Cr = -747866.9+278.3×T

Cr-BCC:[Bi,Cr] 1

0 BCC
LBi: Cr =

Bi-Rhomb:[Bi,Cr] 1

0

− Rhomb
=100000
LBi
Bi:Cr

0

LLiq
Cr:Pb =51415.969 - 236.1043×T

100000+10×T

Cr-Pb system
LIQUID:[Cr, Pb] 1

1 Liq
LCr:Pb

=-110313.932 + 43.8117×T

2

LLiq
Cr:Pb = -1073071.74 + 3873.50407×T - 45.048×T ln(T)

Pb-FCC:[Cr,Pb] 1

0

LFCC
Cr:Pb =100000

Cr-BCC:[Cr, Pb] 1

0 BCC
LCr:Pb

= 100000 + 10×T
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The optimized phase diagram of Bi-Cr and Cr-Pb system are shown in the Fig. 4.24 and Fig.
4.25, respectively. The calculated invariant reactions are compared with the data in the Table
4.10 and Table 4.11, respectively, for Bi-Cr and Cr-Pb system.

Fig. 4.24: Optimised phase diagram of Bi-Cr with experimental data [147,148].
Calculated partial phase diagram of Bi rich region is compared with experimental
data from literature in the inset figure.
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Table 4.10: Calculated invariant point in the Bi-Cr system and literature data
Reaction

Type

Liq=Liq1+Liq2

Critical

Liq2=Cr-BCC+Liq1

T/K

Composition,

References

x(Cr)

2407

0.5

[145]

2374

0.5

This study

1826

0.95

1

0.09

[145]

1830

0.93

1

0.088

This study

544.4

0

1

0

[145].

544.5

0

1

0

This study

Monotectic

Liq1=
Eutectic
Cr-BCC+Bi-Rhomb

Fig. 4.25: Optimised phase diagram of Cr-Pb with experimental data [149,150].
Calculated partial phase diagram of Pb rich region is compared with experimental
data from literature in the inset figure.
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Table 4.11: Calculated invariant point in the Cr-Pb system and literature data
Composition,
Reaction

Type

T/K

References
x(Pb)

Liq=Liq1+Liq2

Liq1=Cr-BCC+Liq2

2360

0.5

[146]

2400

0.5

This study

1743

0.09

0

0.97

[146]

1744

0.09

0

0.97

This study

Critical

Monotectic

Liq2=

Probably

600

1

0

1

[146]

Cr-BCC+Pb-FCC

Eutectic

595

1

0

1

This study

Agreement between the experimental data and the assessed phase diagram is reasonably
good. The slight difference in assessed critical temperature values given by Venkatraman and
Neumann [145-146] and optimized values obtained in the present work are within the
experimental error limits. It is well known that at high temperatures, partial pressures of lead
and bismuth are very high (Tb Pb = 2013 K, Tb Bi = 1833 K). This results in compositional
change of the liquid alloys at very high temperatures during experimental measurements.
Additionally, large vapour losses result in heat changes due to heat of vaporization, thus
adding significant errors on temperatures of measurement. Therefore, miscibility gap data of
the Bi-Cr and Cr-Pb systems above their respective monotectic temperatures 1829 K and
1743 K , respectively, may have significant experimental errors.
After assessment of all the binaries of this multi-component system, the optimized parameters
of individual phases were merged to get Gibbs energy description of this five component
system. The interaction parameters of this multi-component system are compiled together in
Table 4.12. Depiction of phase diagram of five-component system on two dimensional paper
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is difficult to comprehend. Due to our interest in understanding interaction of LBE with SS, it
was decided to calculate pseudo-binary phase diagram along the isopleth SS-LBE. The
composition of SS was taken as, Fe=0.8, Cr=0.12, Ni=0.08, corresponding to the major
elements molar ratios. An isopleths of LBE-SS316 (Fe=0.8, Cr=0.12, Ni=0.08) is shown in
Fig. 4.26.

Fig. 4.26: Calculated phase diagram of LBE-SS
A comparison of LBE-Ni (Fig. 4.23) and LBE-Ni(SS) (Fig. 4.26) pseudo-binary phase
diagrams, shows some generic similarities between the two systems. The main difference
between the two diagrams is absence of Bi 0.5 Ni 0.5 phase in LBE-Ni(SS) diagram; which can
be explained by the reduced activity of Ni in SS-316. The most important difference between
the two pseudo-binaries is near absence of pure liquid phase in LBE-Ni(SS) diagram. This
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indicates significant reduction of solubility of SS components, including nickel, in LBE
compared to solubility of Ni in LBE when it interacts in pure form. The solubility of pure Ni
and Ni (SS) in LBE are compared in Table 4.13. In the present calculation it was assumed
that Ni composition of SS is 8 at.%. As can be seen from the Table 4.13, the solubility of
Ni(SS) in LBE is ~4 times lower than its compositional availability in SS. This indicates that
thermodynamic stability of Ni due to its dissolution in SS is more than its dissolution in
liquid solution.
Table 4.12: Assessed interaction parameters of Bi-Cr-Fe-Ni-Pb system
(Parameters in each phase (J·mol-1) with temperature T in Kelvin)
Phase and model

Thermodynamic parameters

Liquid:

0 Liq
LBi : Cr =

[Bi,Cr,Fe,Ni,Pb] 1

821431.241- 367.5×T

1 Liq
LBi:Cr =-31479.6
2 Liq
LBi:Cr

= -747866.9+278.3×T

0 Liq
LBi:Fe

= 62327.74-4.3931×T

1 Liq
LBi:Fe =
0

=
LLiq
Bi : Ni

-3362.48
-19992.628 + 99.11350×T - 10.0574×T×ln(T)

1 Liq
LBi: Ni

=1.2944 – 191.9533×T + 25.5048×T×ln(T)

2 Liq
LBi : Ni

=12521.6048 - 1.5602×T

0 Liq
LBi:PB

1 Liq
LBi : PB

=-5050.202 + 1.85×T
=-1050.01 + 1.18×T
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0 Liq
LCr :Fe =

-17737+7.996546×T

1 Liq
LCr :Fe =

-1331

0 Liq
LCr :Fe:Ni

= +130000-50×T

1 Liq
LCr :Fe:Ni =

+80000-50×T

1 Liq
LCr :Fe:Ni =

+60000-50×T

0 Liq
LCr : Ni

= +318-7.3318×T

1 Liq
LCr : Ni =

0

=51415.969 - 236.1043×T
LLiq
Cr:Pb

1 Liq
LCr:Pb

2

+16941-6.3636×T

=-110313.932 + 43.8117×T

LLiq
Cr:Pb = -1073071.74 + 3873.50407×T - 45.048×T×ln(T)

0 Liq
LFe: Ni =

-16911+5.1622×T

1 Liq
LFe: Ni =

+10180-4.146656×T

0 Liq
LFe:Pb =

+110114.85-9.1142×T

1 Liq
LFe:Pb =

+27699.55-6.7433×T

0 Liq
LNi:Pb

= +20506.2970+4.9289×T

1 Liq
LNi : Pb

= +7353.4737-1.9517×T

2 Liq
LNi:Pb

= 2966.2970+0.8579×T
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3 Liq
LNi:Pb =-1792.38+0.9434×T

4 Liq
LNi : Pb =

BiPb 3 :[Bi, Pb] 1

Bi 3 Ni:[Bi] 3 [Ni] 1

-3781.4910

0

= -3450.04
LBiPb3
Bi : PB

+ 9.781×T - 2.5001×T×ln(T) - 496987.01/T

1

=-1.801×T
LBiPb3
Bi : PB

0

Bi3Ni
=-2450.002
GBi
: Ni

+ 9.1195×T – 1.9×T×ln(T)

Fcc
+0.75 GBiRhom +0.25 GNi

BiNi:[Bi]0.3334

0

[Ni]0.3333[Bi,Va]0.3333

0

Rhom

BiNi
=+0.667 GBi
GBi
: Ni:Bi

BiNi
= -4250.004
GBi
: Ni:Va

Fcc
+0.333 GNi

+ 13.3701×T – 1.8×T×ln(T)

Fcc
+0.333 GBiRhom +0.333 GNi

0

=-1647
LBiNi
Bi : Ni:Bi, Va

+ 1.434×T

BCC_A2:

0

LBCC
Bi : Cr

[Bi,Cr,Fe,Ni,Pb] 1

0

= 39295.21+3.388×T
LBCC
Bi : Fe

0

=100000
LBCC
Bi : Ni

0

=100000
LBCC
Bi : Pb

0

=20500-9.68×T
LBCC
Cr : Fe

=100000

0 BCC
LCr :Fe: Ni

=6000+10×T

1 BCC
LCr :Fe: Ni

=-18500+10×T

2 BCC
LCr :Fe: Ni

=-27000+10×T

0

=17170-11.8199×T
LBCC
Cr : Ni
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1 BCC
LCr : Ni

0

=100000
LBCC
Cr : Pb

0

=-356.63-1.28726×T
LBCC
Fe: Ni

1 BCC
LFe: Ni

=108.2473+88.995×T
LBCC
Fe: Pb

0

=87025.84-0.0302×T
LBCC
Ni :Pb

2

[Bi,Cr,Fe,Ni,Pb] 1

=1789.03-1.92912×T

0

1 BCC
LNi:Pb

FCC-A1

=34418-11.8577×T

=60450.64-39.2345×T

=-8604.342
LBCC
Ni :Pb

0 FCC
LBi: Ni

=-20000+12.5×T

0 FCC
LBi:Cr

=100000

0 FCC
LBi: Fe

=44480

0 FCC
LBi: Ni

=20000+12.5×T

0 FCC
LBi: Pb

=-3550.05+1.11×T

0 FCC
LCr : Fe

= +10833-7.477×T

1 FCC
LCr : Fe

= 1410

0 FCC
LCr : Ni

= +8030-12.8801×T

1 FCC
LCr : Ni

=+33080-16.0362×T

0 FCC
LCr : Fe:Ni

= +10000+10×T

1 FCC
LCr : Fe:Ni

=-6500
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2 FCC
LCr : Fe:Ni

0 FCC
LCr:Pb

=100000

0 FCC
LFe : Ni

=-12054.355+3.27413×T

1 FCC
LFe: Ni

= +11082.1315-4.4507×T
= -725.8052

2 FCC
LFe: Ni

HCP_A3:

= 48000

0 FCC
LFe: Pb

= +7.0644+90.0518×T

0 FCC
LNi : Pb

= +15235.3889+24.1891×T

1 FCC
LNi : Pb

= -6641.6489+4.4906×T

0

= +10833-7.477×T
LHCP
Fe : Ni

CR,FE,NI : VA
RHOMB
[Bi,Cr,Fe,Ni,Pb] 1

SIGMA

0 Rhomb
LBi:Cr

=100000

0 Rhomb
LBi:Cr

=22800

0 Rhomb
LBi:Ni

=100000

0 Rhomb
LBi:Pb

=3461.56

0 Rhomb
LCr:Fe

=100000

0 Rhomb
LCr:Ni

=100000

0 Rhomb
LCr:Pb

=100000

0 Rhomb
LFe:Ni

=100000

0 Rhomb
LFe:Pb

=100000

0

BCC
LSigma
Fe:Cr:Cr =92300 - 95.96×T + 8 GFe
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+22 G CrBCC

[Fe,Ni] 8 [Cr] 4 [Cr,Fe,
Ni] 18

0 Sigma
LNi:Cr:Cr

FCC
=180000+170×T + 8 G Ni
+4 G CrBCC +18 G CrBCC

0 Sigma
LFe:Cr:Fe

=117300-95.96×T + 8 GFeBCC +4 G CrBCC +18 GFeBCC

0 Sigma
LNi:Cr:Fe

FCC
=8 G Ni
+4 G CrBCC +18 GFeBCC

0 Sigma
LFe:Cr:Ni

=8 GFeBCC +4 G CrBCC +18 GNiBCC

0 Sigma
LNi:Cr:Ni

FCC
=175400+8 G Ni
+4 G CrBCC +18 GNiBCC

Table 4.13: Comparison of Solubility of Ni in Liquid
x(Ni) in liquid when

x(Ni) in liquid LBE

(X/(0.08×Y))

Ni in pure form (Y)

when Ni in SS (X)

950

7.15×10-2

1.24×10-3

0.217

1050

9.41×10-2

1.85×10-3

0.246

1150

1.21×10-1

2.61×10-3

0.270

1250

1.54×10-1

3.49×10-3

0.283

1350

1.98×10-1

4.50×10-3

0.284

1450

2.58×10-1

5.62×10-3

0.272

1550

3.56×10-1

6.82×10-3

0.239

T(K)

Due to relatively high solubility of the major alloying components of steel, LBE is severely
corrosive to steel, especially at high temperatures (> 1000 K). In aqueous media, corrosion of
structural materials takes place by electrochemical process. But, in Pb/Bi/LBE, it is a
physical/physical-chemical process that involves dissolution of constituent elements of
structural material in coolant. Since solubility is temperature dependent, transport processes
take place due to enhanced dissolution at higher temperature. Due to continuous flow of
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coolant, the dissolved constituents also get transferred to various locations. This may lead to
precipitation of the corrosion products in lower temperature regions. As it is already pointed
out that precipitation at cold walls is catastrophic because severe precipitation may lead to
clogging of piping and degradation of heat transfer. In long period of operation, especially at
high temperature, corrosion of structural material can change its composition, microstructure
and strength, which can be detrimental to its safe operation. Hence it is important to know the
solubility of components of steel in pure liquid Pb, Bi and LBE. Solubility limits of Fe, Cr
and Ni were calculated in Pb(l), Bi(l) and LBE(l). The calculations were carried out using the
multi-component interaction parameters given in Table 4.12. Calculated and experimentally
determined solubilities of major alloying elements of steel [134, 143, 144, 145, 146, 24], viz.,
Fe, Cr, Ni in Pb, Bi, LBE are compared in Fig. 4.27.
As can be seen in Fig. 4.27, there is an excellent agreement between experimental data
reported in literature and values calculated from present thermodynamic assessment of this
multicomponent system. Solubility of Ni in LBE is more than that in Lead. Among major
steel components, solubility of Ni is highest in Bi, LBE or Pb. At most of the reactor
operation temperatures, Bi is not a suitable coolant as it is more corrosive than Pb and LBE.
In absence of Ni, LBE is a better coolant than Pb /Bi, as it dissolves lowest amount of Fe/Cr.
To tackle corrosion problem by lead based liquid coolants, the nickel free steel alloys are
being investigated. In addition, some corrosion inhibitor, e.g, oxygen, Zr or Ti, and alloying
elements, e.g., aluminium and molybdenum are being tested, but, that is beyond the scope
this work.
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Fig. 4.27: Solubility of major steel elements in Pb, Bi and LBE. Dotted lines are
calculated values from the present assessed interaction parameters and solid lines
indicate the experimentally determined values taken from literature [131, 134, 143, 144,
145, 146, 24].
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4.4:‐ Pb‐U System

4.4.1 Characterizaations of Pb
b0.75U0.25 Compound
Pb0.75U0.25 compouund was prrepared by induction melting
m
reacctor grade uuranium metal
m
and
lead off 99.99 % purity in a vacuum sealed quaartz ampouule as discuussed in deetails in
experim
mental chappter. Duringg powderingg of Pb0.75U0.25 to colllect XRD ddata, it gets oxidize
rapidly.. The samplles Pb0.75U0.25 was diffiicult to be characterizedd by X-ray diffraction method.
The purrity and hom
mogeneity of
o the Pb0.75U0.25 compo
ound were analyzed
a
byy Scanning Electron
E
Microsccope (SEM
M) techniquee and the piictures are presented in Fig. 4.288. The SEM
M picture
shows presence
p
off single phaase only and the ratio of Pb:U inn that phasee is 3:1, con
nfirming
formation of Pb0.775U0.25 phasse. The ED
DS analysis as shown in Fig. 4.229, confirm
med that
Pb0.75U0.25 compouund prepareed by the innduction meelting technniques is puure and the oxygen
and nitrrogen conteent were bellow the dettectable lim
mit of the ED
DS instrumeents over th
he entire
portion of the sampple.
Microsstructure off Pb0.75U0.255

Fig. 4.28: SEM Picture of as prepared Pb0.75U0.25 sample after heat treatment
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Fig. 4.29: EDS Picture of as prepared Pb0.75U0.25 sample
4.4.2 Enthalpy Increment and Heat Capacity of Pb0.75U0.25
The enthalpy increments of Pb0.75U0.25, measured using Calvet calorimeter were least square
fitted into a polynomial Eq. (4.90) using constraint that enthalpy increment at 298 K is zero.
The heat capacity data acquired using DSC-131 was fit into a polynomial Eq. (4.91).
2

TK
1
H 298
K (J.(at.mol) ) = -8055.5 + 26.03×T + 0.000464×T + 75929/T

C p (J.(at.mol )  1 .K  1 ) =

26.04 + 0.00072×T + 64493/T2

(298-918 K)

(4.90)

(300-604 K)

(4.91)

Another set of enthalpy increment and heat capacity Eq. (4.92) and Eq. (4.93) for Pb0.75U0.25,
was obtained by simultaneously fitting experimental enthalpy increment and heat capacity
data into a polynomial fit, with a constraint that enthalpy increment is zero at 298 K.
TK
 H 298
K ( J.(at.mol)

1

2

) = -7423.7 + 24.80×T + 0.00119×T -23119/T

C p (J.(at.mol ) 1 .K 1 ) = 24.80 + 0.00238×T + 23119/T2
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(298-918 K)

(4.92)

(298-918 K)

(4.93)

Enthalpy increment values of Pb0.75U0.25 calculated using Eq. (4.90) and Eq. (4.92), along
with experimental data and enthalpy increment values calculated from that of pure uranium
and lead using additivity rule are given in Fig. 4.30. For additivity calculations, enthalpy
increment values of Pb(s) were taken even above its melting point (600 K). In Fig. 4.31,
experimental heat capacity of the compound is plotted along with heat capacity values
calculated from Eq. (4.91) and Eq. (4.93) and heat capacity values calculated from
temperature differentiation of enthalpy increment Eq. (4.90). These values are compared with
Neuman-Kopp’s values, obtained by adding heat capacities of U() and Pb(s), taken from
Dinsdale data bank [98].

Fig. 4.30: Enthalpy increment of Pb0.75U0.25 compound
As seen from these figures, additivity values are higher than experimental heat capacity or
enthalpy increment values of the compound.
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Fig. 4.31: Heat capacity of Pb0.75U0.25 compound
Yuen et al. [151, 152] have reported low temperature heat capacity of Pb0.75U0.25, measured
using heat pulse technique with a 4He heat capacity probe for temperatures below 20 K and
using closed cycle 4He refrigerator for temperatures above 15 K. They also measured
magnetic susceptibility of this compound in the temperature range 1.8 K to 400 K using
SQUID magnetometer. Pb0.75U0.25 magnetic susceptibility showed a sharp transition at 31 K,
corresponding to Neel’s Temperature (TN). A second order -transition was also observed in
Cp vs. temperature measurement at same temperature
An earlier work, reported by Marshall et al. [153] using neutron diffraction measurement
reported this antiferromagnetic transition (TN) at 32 K. The low temperature data of Yuen et
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al. was used to calculate electronic (Cpel) and phononic (Cpph) heat capacity contributions and

D value. The low temperature heat capacity values were fitted into 0.173T+ 0.00435T3
(J·mol-1·K-1), where the first term was used to calculate the electronic heat capacity values
(Fig. 4.32). In low temperature range (up to 10 K), a plot of Cp/T vs T2 was used to find
intercept (el) and slope (ph). Yuen et al. [152] have given electronic heat capacity
coefficient (el) value, 173 mJ·mol-1·K-2. This value was obtained by calculating the intercept
at 0 K, of the linear equation obtained by extending the experimental Cp/T data from the
temperature range ~ 3 - 10 K.

Fig. 4.32: Low temperature Cp (left side axis) of Pb0.75U0.25 compared with calculated
Phononic and electronic components and a plot of D values (right side axis).
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Interestingly, the experimentally measured Cp/T at temperatures < 3 K indicated that the
electronic heat capacity coefficient (Somerfield’s coefficient of heat capacity) of Pb0.75U0.25
decreased to as low as ~ 120 mJ·mol-1·K-2, at ~ 0 K. At such low temperatures (< 3 K) the
system approaches magnetic ordering, with complete magnetic ordering achieved at ~0 K
[152].
From the plot of Cp/T vs T2, the slope value corresponding to phononic heat capacity
coefficient was calculated to be 4.35 mJ·mol-1·K-4. Using this slope value, the Debye
temperature calculated from the relation D = (41944/ph)1/3, is equal to 121 K. Other
method of calculating Debye temperature for individual temperatures is to calculate phononic
heat capacity by subtracting electronic heat capacity from experimentally observed heat
capacity at each temperature. Then Debye temperatures at those experimental temperatures
were calculated using relation, D = (41944/Cpph)1/3T. Though the Debye temperatures
calculated using this method are low at temperatures < 5 K, but at higher temperatures the
values become almost constant at ~ 121 K. It is also apparent that the electronic heat capacity
contribution is significant near 0 K, but becomes increasingly insignificant with increase in
temperature. Even at temperature as low as 10 K, Cpel contribution is less than 50% of lattice
vibration contribution. Electronic heat capacity coefficient is proportional to magnetic
susceptibility, whereas, lattice heat capacity coefficient is proportional to Debye temperature.
To calculate entropy and Gibbs energy of formation of the compound, the low temperature
heat capacity data of Yuen et al. [151,152] was used. The experimental data was taken from
the figures given in their publications. In the temperature range 0 K to 10 K, heat capacity
equation 0.173×T + 0.00435×T3 (J·mol-1·K-1), equivalent to 0.043×T + 0.00109×T3
(J·(at.mol)-1 K-1) was used. In the intermediate temperature region, 10 K to 25 K, a
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polynomial fit of experimental data in the form (-2.083 + 0.218×T + 0.0128×T2) (J·(at.mol)-1
K-1) was used. The heat capacity data in the temperature range 25 - 35.7 K involved magnetic
transition. Therefore, the Cp data in this region was treated with cubic-spline fit method to get
closest fit to the experimental data. The calculated heat capacity values at equal temperature
intervals in this temperature range were then used to calculate H 0TKK and  S T K by trapezoidal
rule of approximating integrals. Based on these calculations, thermodynamic quantity, Cp,
∆H 0TKK and ∆S TK at 35.7 K are, 16.85 J·(at.mol)-1.K -1, 252.19 J·(at.mol)-1 and 10.51

J·(at.mol)-1.K -1, respectively. Above Neel’s transition region, low heat capacity data (35.7 –
55 K) of Yuen et al. were fitted along with the present DSC data (316 - 604 K) and
experimental enthalpy increment data. The combined data gave reasonable fit in modified
Haas-Fisher polynomial [154] for heat capacity of Pb0.75U0.25:
Cp (J·(at.mol)-1 K-1)
= 19.67+ 0.0089×T–3.9510-6×T2 + 68.54 /T0.5 –19175 /T2

(35.7 – 918 K)

(4.94)

As seen from Fig. 4.33, Cp values calculated from Eq. (4.94) show reasonable agreement with
experimental data. The heat capacity values obtained from Eq. (4.93) were combined with
low temperature values to calculate thermodynamic parameters of the compound Pb0.75U0.25,
K
H 0TKK and  S T K . The H 2T98K
values calculated by subtracting H 02K98 K from H 0TKK values,

at T > 298 K, are plotted in Fig. 4.32 along with experimental enthalpy increment data. These
two set of values are in good agreement with each other. The entropy values of the compound
calculated using third law of thermodynamics were used to calculate entropy and Gibbs
energy of formation of the compound at 298 K, which will be discussed explicitly in later
section.
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Fig. 4.33: A combined fit of low temperature and high temperature heat capacity data
of Pb0.75U0.25 with Haas-Fischer polynomial .
A comparison of enthalpy increment values calculated from different heat capacity
equations and experimental data (Fig. 4.31) clearly indicates that enthalpy increment data
has a higher source tolerance than heat capacity data (Fig. 4.32). On the other hand, heat
capacity is very sensitive to instrumental technique and polynomial fit. This is also
reflected in errors given for enthalpy increment fitting and heat capacity fitting. Though
the enthalpy increment equations are indistinguishable from each other and from
experimental data, the fit error is reasonable. On the other hand, fit errors are almost
negligible for heat capacity data, but different polynomials are reasonably separated
from each other, especially at low temperatures. According to Hill rule for UX3
compounds, given by Onuki et al. [155], in an intermetallic compound with actinideactinide spacing of 34 to 36 nm, 5f electron overlap of two actinide atoms is sufficient to
delocalize 5f electrons and suppress stable magnetic moment. When the distance between
two actinide elements is greater than 36 nm, 5f-spd hybridization results in stable magnetic
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distance between two actinide elements is greater than 36 nm, 5f-spd hybridization results in
stable magnetic moment and such compounds show long-range magnetic order. In UX3
(X=Si, Ge, Sn, Pb), the U-U spacing is larger than 36 nm, thus these Cu3Au structure
compounds show different types of magnetic ordering. USi3 and UGe3 show Pauli
paramagnetism, USn3 and UAl3 show spin fluctuation (paramagnetic), UPb3, UGa3 and UIn3
are antiferromagnetic. Electronic structure of USn3 is similar to UPb3 [156], therefore, their
electronic heat capacities are expected to be similar. Electronic heat capacity coefficient
(Somerfield’s coefficient) of USn3 is given as 169 mJ·mol-1·K-2 [157], while Somerfield’s
coefficient for UPb3 is ~ 120 mJ·mol-1·K-2, at ~ 0 K, where the compound has complete
magnetic ordering. However, in a plot of Cp/T vs. T2 in the temperature range 0 to 10 K,
extrapolation of Cp/T values from temperature range 5 – 10 K gives an intercept of 173
mJ·mol-1·K-2, at 0 K, corresponding to electronic heat capacity coefficient (el). In Table 4.14
some thermophysical parameters of UX3 compounds are compared [157-159].
Table 4.14: A comparison of some of the relevant thermo-physical parameters of Cu3Au
structured UX3 compounds [157-159]
Lattice
Parameter

el



(D)

(memu·mol-1)

(Å)

(mJ·mol-1·K-2)

(mJ·mol-1·K-4)

(K)

USi3

0.66

4.0353

14

0.125

397

UGe3

1.15

4.2062

20.4

0.455

255

UAl3

1.48

4.2651

41.6

0.144

378

UGa3

2.34

4.2567

52

0.321

288

UIn3

3.24

4.6013

49.9

1.47

174

USn3

9.35

4.626

169

1.04

195

UPb3

12.0

4.7915

173

4.35

155

UX3

Compound

120(mag.ordered)
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A plot of Somerfield’s coefficient (log(el)) vs. magnetic susceptibility (log()), for UX3
compounds, shows almost linear relation Fig. 4.34.

Fig. 4.34: A comparison of Somerfield’s coefficient of UX3 compounds as a function of
magnetic susceptibility
The ratio of log(el)/log() for free electrons is the limiting value, but most of the heavy
Fermion intermetallics have larger magnetic susceptibility than that of free-electrons for the
same electronic heat capacity. The same is true for UX3 intermetallic compounds as these
entire compounds lie below the free-electron line as seen in Fig. 4.34.
4.4.3. Enthalpy of Formation
The enthalpy of formation of Pb0.75U0.25 (s) was measured by successive precipitation
method, by measuring enthalpy of mixing of U(l) and Pb(l) (Fig. 4.35). The experimentally
observed enthalpy change for mixing of U(s) added from 298.15 K into Pb(l) held at 843 K
was converted into enthalpy of mixing of two liquids, U(l) and Pb(l), by subtracting enthalpy
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increment of U(s) from 298.15 K to U(l) at 843 K. The enthalpy of formation was calculated
from extrapolation of enthalpy of mixing data of U(l) + Pb(l), acquired in the biphasic region
(Pb0.75U0.25 (s)+Pb(l)), at 843 K, to xU=0.25. As uranium is stable in its orthorhombic form
(U()) upto 923 K, therefore, when uranium from 298 K was added into Pb(l) held at 843 K,
the uranium first absorbed heat corresponding to enthalpy increment of U() from 298 to 843
K. However, on dissolution in Pb(l), it underwent melting at 843 K, after absorbing more heat
equivalent to enthalpy of fusion of U() at 843 K. As this is a non-equilibrium transition,
therefore, this value was calculated from extrapolated enthalpy polynomials of U() and U(l),
obtained from Dinsdale data-base[98]. On further addition of uranium, when xU exceeded the
liquidus composition, one more heat change started taking place. This was due to
precipitation of Pb0.75U0.25 (s) from a liquid solution of uranium and lead. As per the phase
rule, the composition of this liquid solution remained fixed in this biphasic region, even on
further addition of uranium metal in the crucible. All further additions of ‘U’ resulted in more
precipitation of Pb0.75U0.25 (s) and reduction in the amount of liquid solution. Therefore,
observed heat changes on further additions of ‘U’ showed linear dependence on composition.
The extrapolation of integral heat of mixing to compound composition, xU=0.25, corresponds
to its enthalpy of formation. The extrapolation of enthalpy of mixing of U(l) and Pb(l), at 843
K, to xU=0.25, gave enthalpy of formation of the compound from U(l) and Pb(l), both held at
843 K. By adjusting enthalpy changes of pure elements to desired phases, enthalpy of
formation of the compound were calculated from different phases of pure elements. The
experimental enthalpy of mixing of U(l) and Pb(l) at 843 K is shown in Fig. 4.35. A
simultaneous fit of all enthalpy of mixing data and its extrapolation to xU=0.25 gave enthalpy
of formation of Pb0.75U0.25 as -28.9±0.7 kJ·(at.mol)-1 from U(l) and Pb(l), at 843 K.. By
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adjusting enthalpy increments for pure components enthalpy of formation of compound was
found to be -25.9 ± 0.7 kJ·(at.mol)-1 from U() and Pb(l) and -22.2±0.7 kJ·(at.mol)-1 from
U() and Pb(s) at 843 K.

Fig. 4.35: Experimental enthalpy of mixing of U(l) and Pb(l) at 843 K.
The enthalpies of transition of elements from stable to unstable states at 843 K, Pb(l) to Pb(s)
and U() to U(l), were calculated using Dinsdale data bank. To calculate enthalpy of
formation of compound at 298 K, enthalpy increment of the compound, acquired in the
present work was used. After adjusting enthalpy increments of elements and compounds, the
enthalpy of formation of Pb0.75U0.25 from U() and Pb(s), at 298 K, was found to be -20.0±1.0
kJ·(at.mol)-1.
At this temperature, the liquid phase in equilibrium with Pb0.75U0.25 (s) is almost pure Pb(l),
therefore, partial enthalpy of mixing of lead with reference to Pb(l) in this biphasic region can
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be considered as ∼0.0. Hence, enthalpy of formation of Pb0.75U0.25 (s) , a t 843 K, f r o m
U ( l) and Pb(l) can be approximated to one fourth of the partial enthalpy of mixing of uranium
in this region. As small heat change for each addition gets divided by even smaller value for
number of mole of the additive, partial enthalpy values are highly sensitive to the amount of
uranium added and uncertainty in individual heat measurements. Still the enthalpy of
formation of Pb0.75U0.25 (s) from U(l) and Pb(l), at 843 K, calculated from partial enthalpy of
mixing, was found to vary between -28 to -30 kJ.(at.mol)-1. This value is in reasonable
agreement with the value, -28.9 ± 0.7 kJ.(at.mol)-1 calculated from extrapolation of
integrated enthalpy of mixing.
Except enthalpy of formation value given by Alcock and Grieveson [160], other literature
values are calculated from temperature dependence of Gibbs energy data. Therefore, enthalpy
value given by Alcock and Grieveson was considered more reliable. Alcock and Grieveson
measured enthalpy of formation by taking the difference of enthalpies of solution of
compound and mixture of its constituent metal in same ratio and almost exactly same weight.
These experimental results, at ~ 298 K with (1:1) dilute aqua-regia solvent, also have some
problem. The enthalpies of formation of the compound calculated from given heats of
solution of mixture and compound do not match the values given by them. If it is assumed
that there was error in listing of their experimental data of heat of dissolution, but the
enthalpy of fermion values, -19.2, -16.2 and -20.0 kJ·(at.mol)-1 o f P b 0.75U0.25 obtained
by them are correct. Then the average enthalpy of formation value of Alcock and Grivenson
is - 18 ± 2 kJ·(at.mol)-1, which is in reasonable agreement with the present value. However, if
we accept their enthalpy of solution values to be correct, then the experimental data: -14.2,
-15.9 and -20.0 kJ·(at.mol)-1 for 0.00698, 0.0129 and 0.0142 moles, respectively, indicates
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composition dependence of dissolution, thus increasing the error on their recommended
average value.
Lebedev et al. at [161] measured partial Gibbs energy of uranium in (liq+ Pb0.75U0.25) system
by emf cell, in the temperature range 933 K - 1143 K. In this temperature range, liquid can be
assumed to be nearly pure Pb(l), then the Gibbs energy of formation of the compound is
equal to 0.25 GU . With this assumption fGo (Pb0.75U0.25) = -29.2+18.210-3T kJ·(at.mol)-1,
gives fHo of compound as -29.2 kJ·(at.mol)-1 from U() and Pb(l) at an average temperature
of 1038 K. After adjusting the enthalpy of transition of pure metals, fHo of compound
becomes -23.8 kJ·(at.mol)-1 from U() and Pb(s), at 1038 K.
Earlier, Johnson and Feder [162] had also reported activity of uranium over (liq+ Pb0.75U0.25)
system by emf, in the temperature range 648 – 1227 K. In this large temperature range of
their measurement, the Gibbs energy equation had a non-linear dependence on temperature.
The enthalpy of formation of the compound at 1038 K from U() and Pb(s) was calculated as
-21.1 kJ·(at.mol)-1, which is less negative than that of Lebedev et al. The high temperature
data of Johnson and Feder may have significant error introduced due to considerable vapour
losses of lead at such high temperatures. This can result in reasonable error in the polynomial
fit of the experimental data. This point was also hinted by Chiotti et al. [158]. Gibbs energy
data of Alcock and Grieveson gave the lowest enthalpy of formation of the compound from
U() and Pb(s), -15.6 kJ·(at.mol)-1, at 935 K, from their Gibbs energy fit obtained from
measurement of partial pressure of Pb(g) over Pb0.75U0.25 + Pb0.5U0.5 mixture. Chiotti et al.
have compiled literature data available till year 1981, and gave a list of Gibbs energy,
enthalpy and entropy of formation of compound as a function of temperature. As per this list
enthalpy of formation of the compounds is -19.6 kJ·(at.mol)-1 at 900 K, from U() and Pb(s).
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The values given by Chiotti et al. are based on Gibbs energy data. Though obtained by an
indirect, second law method, these enthalpy of formation values are in reasonable agreement
with the present enthalpy of formation obtained by reaction calorimetry, -22.2 kJ·(at.mol)-1 at
843 K, from U() and Pb(s). As heat capacity values of the compound were not available at
that time, they have considered Neuman-Kopp’s values, thus enthalpy and entropy of
formation of compound were assumed to be independent of temperature. The change in these
parameters with temperature above 600 K was only due to consideration of enthalpy of
melting of lead. The present results clearly indicate a reasonable deviation from NeumanKopp’s value.
Miedema model [123,124] is a reasonable method to estimate the enthalpy of formation of
alloys of transition metals and is also successfully applied for enthalpy of formation of
compounds of actinides and lanthanides. According to this model, enthalpy of formation of
alloys is related to the difference in work function () and electron density (Δη1/3) of the
Wigner-Seitz cell of the constituent metals. The values of empirical constant P, Q and R in
case of Pb-U alloy system are given as P = 12.3, Q/P = 9.4 eV2.(d.u.)-2/3 and R/P = 2.1 eV2.
The values of  , nws1/3, V2/3 for U and Pb are given in Table 4.15.
Table 4.15: Input parameters for calculation of ΔfHo of intermetallic compound of Pb-U
sytem by Miedema model
Element

/(V)

nws1/3/ (d.u.)

V2/3/ (cm3)

Pb

4.1

1.15

6.94

U

3.9

1.51

5.57
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Using these values in Eq. (4.86) to (4.88), the enthalpy of formation of Pb0.75U0.25 was
found to be -19.9 kJ.(at.mol)-1 at 298.15 K. This value is in excellent agreement with the
present enthalpy of formation value, -20 kJ.(at.mol)-1. Based on this observation, it was
assumed that these empirical constants are reliable for Pb-U system, thus the model was
extended to calculate enthalpy of formation of Pb0.5U0.5 and the value was found to be -34
kJ.(at.mol)-1. Though enthalpy of formation of Pb0.5U0.5 is not available in literature, it can be
expected that the enthalpy of formation of Pb0.5U0.5 should be more exothermic than
Pb0.75U0.25, because the former compound is stable up to higher temperature.
It is also evident from Gibbs energy of formation equations given by Chiotti et al.
[158], where the enthalpies of formation of Pb0.75U0.25 and Pb0.5U0.5 at an average temperature
of measurements, ~ 950 K, from U(α) and Pb(s), are -15.4 and -18.8 kJ.(at.mol)-1,
respectively. The enthalpy of formation of the compound, Pb0.75U0.25, determined in the
present work was used in combination with entropy of the compound obtained using
third law, to calculate enthalpy, entropy and Gibbs energy of formation of the
compound as a function of temperature, given in Table 4.16.
Most of the literature thermodynamic analysis of this compound is limited to Gibbs energy of
formations. Therefore, the literature values were compared with the presently calculated
Gibbs energy of formation values in Fig. 4.36. The values, given in Fig. 4.36, are for reaction
between U(α) and Pb(l) and show reasonable agreement with literature data in high
temperature range beyond the present experimental temperature for enthalpy increment. This
indicates that Eq. (4.94) for heat capacity of the compound can be used reliably even above
918 K.
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Fig. 4.36: A comparison of experimental and calculated Gibbs energy of formation of
Pb0.75U0.25 from Pb(l) and U() as a function of temperature.
Table 4.16: Thermodynamic parameters for formation of Pb0.75U0.25 compound
T

Cp

fSo

fHo

fGo

(K)

J.(at.mol)-1.K-1

J.(at.mol)-1.K-1

J.(at.mol)-1

J.(at.mol)-1

0.25 U()+ 0.75 Pb(s)  U0.25Pb0.75(s)
298.15

-1.51

-3.91

-19980

-18814.2

300

-1.52

-3.97

-19983

-18792

350

-1.85

-4.17

-20067

-18607.5

400

-2.26

-4.45

-20169

-18389

450

-2.73

-4.74

-20293

-18160

500

-3.27

-5.05

-20443

-17918

550

-3.85

-5.39

-20621

-17656.5
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600

-4.48

-5.75

-20829

-17379

0.25 U()+ 0.75 Pb(l)  U0.25Pb0.75(s)
650

-5.58

-12.15

-24682

-16784.5

700

-5.83

-12.57

-24967

-16168

750

-6.12

-12.99

-25266

-15523.5

800

-6.44

-13.39

-25580

-14868

850

-6.8

-13.79

-25911

-14189.5

900

-7.19

-14.19

-26260

-13489

To compare enthalpy of formation of homologous UX3 compounds (X = In, Al, Ga, Pb, Sn,
Ge, Si, Sb), enthalpy of formation of compounds, other than Pb0.75U0.25 were taken from
literature [161-165]. Enthalpy of formation of USn3 was reported earlier by Alcock and
Grieveson [160], measured by ambient temperature acid solution calorimetry -22.6 kJ.
(at.mol)-1. However, a more recent work by Colinet et al. [166] gave much m o r e
exothermic enthalpy of formation of USn3, -35.3 or -34.95 kJ.(at.mol)-1 at 298 K. There is
some doubt on the validity of the data given by Colinet et al. They carried out tin and
aluminium bath solution calorimetry experiments at 1145 K and 986 K. In tin solution
calorimetry experiments they have themselves raised doubts on the solubility of compound in
Sn. This aspect is understood from the phase diagram of U-Sn system as at their experimental
temperature, 1145 K, the liquidus is almost pure tin, so it cannot fulfill the condition of
infinite dilution. Aluminium bath solution calorimetric data should be more reliable method
for this measurement; however, these experiments were done at 10-4 Pa vacuum, at 986 K. At
986 K, the partial pressure of pure aluminium is ~3×10-6 Pa, resulting in considerable vapour
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losses of solvent during the measurements. How the authors made correction on associated
heat changes and shift in composition is not clarified. In addition to this error, they did not
indicate whether they annealed the alloy after arc-melting. While cooling, arc-melted liquid
will have a mixture of glassy liquid phase along with a mixture of U3Sn5 and USn3, as the
later melts peritectically. As U3Sn5 is a more stable compound, it will have a higher enthalpy
of formation than USn3. Presence of small fraction of this compound can also add error to
their measurement. Hence, Alcock and Grieveson data was considered more reliable and was
used for analysis of enthalpy of formation in homologous series of UX3.The empirical
parameter, R/P, of Miedema model classifies IIIA and IVA elements in two groups (i) Al, Ga
and In (ii) Si, Ge, Sn, Pb. The enthalpy of formation of these compounds show direct relation
with electron surface density of the elements in their respective groups Fig. 4.37.

Fig. 4.37: Comparison of enthalpy of formation of analogous UX3 compounds of
IIIA and IVA elements, as a function of their electron density .
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4.4.4 Gibbs Energy of Formation of PbU Compound
The Knudsen effusion mass loss experiment was carried out to measure the mass loss over
pure Pb(l) and (PbU+U) biphasic sample. The mass loss from the sample was measured in
the temperature range of 1260-1370 K. The vapor pressure of lead over the (PbU+U), at a
given temperature, was calculated from the observed mass loss for a given time interval
under isothermal condition. The ratio of the sample surface area to the area of the orifice was
kept high in order to achieve the equilibrium condition inside the cell. The equilibrium vapor
pressure derived from mass loss for the system was used to calculate the thermodynamic
stability of PbU(s). The compound PbU(s) decomposes to U(s) and Pb(g) according to the
reactionPbU(s) = U(s) + Pb(g)

(4.95)

The rate of effusion of Pb vapor from the orifice was obtained from the total mass loss
recorded using the micro-thermo-balance over a time (t). The relation between vapor pressure
of Pb and measured mass loss with time can be written according to the Eq. (2.35) given in
section 2.5.3 in chapter 2.

2RT
 1   1   mPb 

p Pb     


M Pb
 A   KC   t 

(4.96)

Where ‘'A' is the orifice area, Kc is the Clausing correction factor, T the absolute temperature
in K. The orifice area 'A”' was calculated for the orifice diameter (0.5 mm) and the Clausing
factor was taken as 1 for knife edge geometry. The partial pressure of Pb in the Knudsen cell
calculated using Eq. (4.99) is plotted as a function of temperature. The values of vapor
pressure of Pb(g) over and Pb(l) and Pb0.5U0.5(s) were least square fitted and are given in Eq.
(4.97) and Eq. (4.98) respectively.
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o
ln( p Pb
/ Pa )( 0.03)  

20961 304 
 20.6( 0.3)
T

(1260-1370 K)

(4.97)

ln( p Pb / Pa )(0.05)  

27272 578 
 21.3( 0.4)
T

(1260-1370 K)

(4.98)

The mass change observed for pure Pb(l) was used for measurement of partial pressure of Pb
at different temperature. These values were compared with literature values [56]. The
calculated enthalpy of vaporisation (174 kJ.mol-1) using second law method (lnp vs 1/T), was
also in reasonable agreement with literature values (178 kJ.mol-1) [56]. Fig. 4.38 gives the
plot of lnp(Pb) versus 1/T for the vaporization of lead over UPb(s)+U(s). The free energy of
formation of PbU(s), ΔfG0(PbU), can be expressed in terms of the vapor pressure of lead over
the sample and over pure lead Pb(l) by the relation∆fGo(PbU,s) =RT[lnp(Pb(g)) −lnp0(Pb(g))]

(4.99)

The Eq. (4.100) for ΔfG0(PbU) derived using the measured vapor pressure of lead over the
pure Pb(l) and PbU(s)+U(s), was obtained by substituting the values of lnp(Pb) and lnpo(Pb)
from Eq. (4.97) and Eq. (4.98) into Eq. (4.99) to get the following relation:
ΔfGo (PbU, s)(±653)(J ⋅mol −1 ) = -52469.6 (±653) + 5.8(±0.5) ×T

(4.100)

Fig. 4.38: lnp(Pb) as a function of raciprocal of temperature, over (PbU+U) system
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The Second-Law Method
The method of obtaining enthalpies of reaction from equilibrium measurements is known as a
“second-law” calculation. According to well-known Van’t Hoff equation, the slope of ln K
against 1/T plot is equal to ∆rHo/R . Due to narrow temperature range of measurements, in
this method Cp is assumed to be zero. The slope and intercept of the plot ln Kp vs 1/T gives
the values of ∆rHo and ∆rSo respectively. The average standard enthalpy and entropy of
formation of PbU (s) from U(s) and Pb(l) at the mean temperature of measurement (1300 K)
are therefore, -52.5 kJ.mol-1 and -5.8 J.K-1.mol-1, respectively.
Using Hess's law of constant heat summation, the value of enthalpy of formation of PbU
from U(s) and Pb(s) was calculated to be -47 kJ.mol-1. The enthalpy of formation of this
compound calculated using Miedema model was found to be -68 kJ.mol-1. However,
Miedema model value is calculated at 298 K, whereas, second law calculation of enthalpy of
formation of PbU is valid at 1300 K. These two values can be compared only if the
compound follows Neumann-Kopp’s additivity rule [56]. However, heat capacity of
Pb0.75U0.25 did not follow additivity rules as per our own experiment. Thus, it can be expected
that PbU will also follow the same trend.
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4.4.5 Thermodynamic Assessment of Bi-Pb-U System
In the accidental condition of clad breach, Pb/LBE will come in direct contact with the
metallic uranium if metallic fuel is being used. To understand interaction of uranium metal
with Pb or LBE, phase diagram calculations of Bi-Pb-U system were carried out using
thermodynamic interaction parameters of the binary systems, Bi-U, Pb-U and Bi-Pb. The PbU system was optimized earlier by Li et al. [167]. However, in view of the present
experimental data, it was important to re-optimize the system using new thermodynamic data
in combination with reported phase-diagram and thermodynamic data. The prominent
features of Pb-U system are: (i) large miscibility gap in U-rich liquid solution, (ii) two
intermetallics compound, Pb3U and PbU and (iii) negligible solubility of U in solid-Pb and
limited solubility of Pb in /-U. The method of optimization is discussed in details in
chapter 3. The thermodynamic description of the elements, Pb and U, was taken from
Dinsdale data bank. Both compounds, Pb3U and PbU, were assumed to be stoichiometric. All
the elemental phases were treated with regular solution model, with Pb and U making
substitutional solution on the same lattice site.
The Pb-U system was re-optimized with our new experimental measurements, heat capacity
and enthalpy of formation of Pb3U compound and Gibbs energies of formation of PbU, along
with experimental thermodynamic and phase diagram data available in literature. The
optimized interaction parameters of Pb-U system are given in Table 4.17. In Fig. 4.39, the
phase diagram calculated using new interaction parameters is compared with experimental
phase diagram data and previously assessed phase diagram. The Gibbs free energy functions
for pure elements were taken from the Pure4 database [112]. The thermodynamic assessment
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for the Bi-U system was taken from Wang et al. [170]. The interaction parameters for Bi-Pb
were also taken from the present assessment, given in Table 4.2.

Fig. 4.39: Optimised phase diagram of Pb-U system with experimental data[168,169].
In Table 4.18, invariant compositions and temperatures calculated using optimized
parameters given by Li et al. [167] are compared with the ones calculated using the present
assessment.
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Table 4.17: Optimised thermodynamic parameters of the Pb-U system
Phase and Model

Thermodynamic Parameters

LIQUID: [Pb,U]1

0

L Liq
Pb : U

1

=-53257.256
L Liq
Pb : U

– 16.465×T

2

=-49969.119
L Liq
Pb :U

+ 24.0906×T

3 Liq
LPb:U

Pb3U: [Pb]3 [U]1

0

=124413.081 – 86.0931×T

=38028.543
2

Pb3U
GPb
:U = -19876.01+1.4424×T + 0.0047×T – 1.3×T×ln(T)

+0.75GPb-FCC + 0.25GαU
+ 8.5×T + 0.5GPb-FCC + 0.5GαU

PbU: [Pb]0.5[U]0.5

0

PbU
=-31450.9
G Pb
:U

αU : [Pb,U]1

0

αU
G Pb
=20000 +G

Pb-FCC

0 αU
LPb:U

 0.0

βU : [Pb,U]1

0 βU
LPb:U

=-1130256.001 + 7.072×T

γU : [Pb,U]1 [Va]3

0

FCC:[Pb,U]1 [Va]1

0 FCC
LPb:U

LγU
Pb :U =-11608.114 + 102.2523×T

 0.0
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Table 4.18: Comparisons of invariants in Pb-U system between previous assessment and
this study.
Reaction

Type

T/K

Composition, x(U)

References

L=L1+L2

Critical

2760

0.8

[167]

2730

0.805

This work

600

0.00

0

0.25

[167]

599

0.00

0

0.25

This work

1491

0.25

[167]

1494

0.25

This work

600

0.286

0.25

0.5

[167]

599

0. 288

0.25

0.5

This work

1399

0.991

0.5

0.996

[167]

1401

0. 992

0.5

0.995

This work

1556

0.38

1567

0.39

0.5

0.975

This work

1037

0.995

0.5

0.987

[167]

1033

0. 996

0.5

0.979

This work

923

0.999

0.5

0.992

[167]

923

0. 998

0.5

0.995

This work

L=(Pb)+Pb3U

L=Pb3U

L=Pb3U+PbU

L=PbU+γU

L1+L2=PbU

γU =βU+PbU

βU =αU+PbU

Eutectic

Congruent

Eutectic

Eutectic

syntectic

Eutectoid

Eutectoid

0.5

0.972

[167]

The calculated binary phase diagram of Bi-U is shown in Fig. 4.40. The intermetallic
compounds, Pb3U, PbU, BiU, Bi4U3 and Bi2U were treated as stoichiometric compounds,
with two sub-lattice model. Allotropes of U were described using substitution solution model.
Liquid, Pb-FCC and Bi-Rhomb phases were modeled using random substitutional solution.
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The experimental data on thermodynamic or phase equilibria of ternary Bi-Pb-U system are
not available in literature. Therefore, it was assumed that no ternary intermetallic compound
is stable in this system and solubility of third element in the binary compounds is negligible.
All binary intermetallic compounds were taken as pure compounds. All the interaction
parameters used for the prediction of phase equilibria in the Bi-Pb-U system are listed in
Table 4.19. Interaction parameters in each phase are given in J.mol-1 and T is in K.
Table 4.19: Binary interaction parameters in the Bi-Pb-U System
Phases and Model

Thermodynamic Parameters

LIQUID:

0

=
LLiq
Bi : Pb

[Bi,Pb,U]1

1

LLiq
Bi : Pb

0 Liq
LBi:U

-5050.202 + 1.85×T

= -1050.01 + 1.18×T

= 53859-43.351×T-4.8×T×ln(T)

Ref.
[This Study]
[This study]
[This Study]
[170]

1 Liq
LBi:U

= -59756-36.498×T

2 Liq
LBi:U

= -44800+5.80×T

[Bi,Pb,U]1

[170]

0

L Liq
Pb : U

1

=
L Liq
Pb : U

-53257.256 – 16.465×T

[This Study]

2

=
L Liq
Pb :U

-49969.119 + 24.0906×T

[This Study]

3 Liq
LPb:U

αU :

=124413.081 – 86.0931×T

[170]

0

[This Study]

=38028.543

αU
FCC
G Pb
=20000 + 0 G Pb

0 αU
LPb:U

 0.0

[This Study]
[This Study]

0

αU
GBi
=6500+ 0 G BiRhomb

0 αU
LBi:U

[This Study]

[170]
[170]

 10000
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βU :
[Bi,PB,U]1

0

βU
GBi
=5000+ 0 G BiRhomb

0 βU
LBi:U

γU : [Bi,PB,U]1[Va]3

FCC:
[Bi, Pb, U]1

0 γU
LBi:U

[170]

=15000

0 βU
LPb:U

=-1130256.001 + 7.072×T

[This Study]
[170]

=50000

0

LγU
Pb:U =-11608.114 + 102523×T

0

LFCC
Bi : Pb =-3550.05 + 1.11×T

0 FCC
LPb, U

[170]

[This Study]
[This Study]

= 0.0

[This Study]

=3461.56

[This Study]

Bi-Rhomb:

0

LRhomb
Bi : Pb

[Bi,Pb,U]1

0

LRhomb
= +5000
Bi:U

BiU:

0

BiU
0 Rhomb
G Bi
+0.5 0 G UU
:U = -45050 + 0.45×T + 0.5 G Bi

[170]

0

Bi4 U3
GBi
:U =-45350 + 0.65×T +0.571c

[170]

0

Bi 2 U
0 Rhomb
GBi
+ 0.333 0 G UU
:U =-38205-2.767×T + 0.667 G Bi

[170]

0

2
Pb3U
GPb
:U = -19876.01+1.4424×T + 0.0047×T

[This study]

[170]

[Bi]0.5 [U]0.5
Bi4U3:
[Bi]0.571 [U]0.429
Bi2U:
[Bi]0.667 [U]0.333
Pb3U :
[Pb]0.75 [U]0.25

– 1.3×T×ln(T) +0.75GPb-FCC + 0.25GαU

PbU: [Pb]0.5[U]0.5

0

PbU
G Pb
: U =-31450.9

BiPb3:

0

LBiPb3
Bi : Pb

+ 8.5×T + 0.5GPb-FCC + 0.5GαU

= -3450.04 + 9.781×T

[This Study]
[This study]

- 2.5001×T×ln(T) - 496987.01/T

[Bi,Pb]1
1

LBiPb3
Bi : Pb =

-1.801×T

[This study]
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Fig. 4.40: Calculated phase diagram of Bi-U system with experimental data [171].
Uranium interaction with lead and bismuth results in formation of reasonably stable
intermetallics compounds. The exothermicity of these interactions is quite high for metallic
interactions. Therefore, if LBE will come in contact with Pb, Bi or LBE coolants it will result
in release of large amount of heat along with formation of unwanted precipitates. Uranium
can react with LBE to form different intermetallic compounds Pb3U, PbU, Bi2U, Bi4U3 and
BiU. As seen from pseudo binary phase diagram of LBE-U (Fig. 4.41) energetic favour
formation of Bi2U over Pb3U compound. However it should be highlighted that solubility of
uranium in LBE is closure to its solubility in Pb. At 1000 K uranium has negligible solubility
in liquid Pb) and LBE, but 10% solubility in liquid Bi.

160

2000
1800
1600

Liq1+Liq2
Liq+PbU+ BiU
BiU+PbU+ U

800
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1200
Bi4U3+Bi2U+Liq
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1400

BiU+PbU+ U
L+Bi2U+Pb3U
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Bi2U+Bi4U3+Pb3U

400
0.0

 U+PbU+U
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BiPb3+Bi2U+Bi Bi Pb+Bi U
3
2
Bi3Pb+Pb+Bi2U

0.6

0.8

1.0

X(U)

Fig. 4.41: A calculated pseudo-binary phase diagram along LBE-U isopleth.
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CHAPTER‐5
SUMMARY

5.1 Summary and Conclusion
Liquid lead and lead-bismuth eutectic (LBE) alloys are currently being explored as spallation
target and coolant in accelerator driven systems (ADS) and as a candidate coolant in
advanced nuclear reactors. The present dissertation focuses on the understanding of the
interaction between Pb-Bi coolant with stainless-steel clad (SS316) and uranium metallic
fuel. In this thesis, the thermodynamic parameter of intermetallics formed as a consequence
of these interactions between Fe, Cr and Ni (major elemental constituents of SS316) and U
with Bi/Pb coolant component were evaluated.
1. The thermodynamic parameters of BiPb3 compound were determined calorometrically.
Enthalpy of peritectic transition of BiPb3 was calculated from enthalpy increment data. The
enthalpy of mixing of liquid alloy was modeled using regular solution model. The enthalpy
increment, heat capacity and enthalpy of formation were determined using calvet calorimeter.
2. Bi0.75Ni0.25 and Bi0.5Ni0.5 are the only intermetallics compounds formed on interaction of Bi
with stainless steel. Thermodynamic parameters such as enthalpy increments, standard
enthalpies of formation of compounds, enthalpies of mixing of liquid alloy and the heat
capacities were determined. The enthalpies of peritectic decomposition of these two
compounds were also determined. Thermodynamic tables for these compounds were
constructed for better understanding of their stability as a function of temperature.
3. Analysis by CALPHAD method and experimental DTA techniques of Bi-Ni-Pb system
were carried out. Bi-Pb and Bi-Ni systems were reassessed, based on experimental data
acquired during this work. LBE-Ni pseudo-binary phase diagram was calculated from ternary
database. DTA analysis of LBE-Ni in the present dissertation was carried out to
experimentally confirm the invariants temperature computed from ternary database. This
work shows that solubility of Ni is higher in Bi than in Pb or LBE.
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4. To assess SS-LBE interaction, thermodynamic assessments of all its binaries were
compiled. As Bi-Cr and Cr-Pb binary assessment was not available in literature therefore,
calculation of Bi-Cr and Cr-Pb were carried out. A multicomponent database of Bi-Cr-Fe-NiPb was constructed and used to generate a pseudo binary phase diagram between LBE and
SS316. From this diagram, it can be conclude that Ni from SS316 can interact with Bi of
LBE and form intermetallic compounds, Bi0.75Ni0.25 and Bi0.5Ni0.5. This corrosion of nickel
from stainless-steel clad can cause its embrittlement. However, it was found that activity of
Ni in SS316, for dissolution in LBE, is 4 times lower than its composition.
5. To understand the interaction between Pb/LBE coolant and metallic uranium fuel, the
calorimetric investigation of Pb3U compound was studied. The enthalpy increment, heat
capacity and enthalpy of formation of this compound were determined. The Gibbs energy of
formation of PbU compound was carried out using KEML techniques. The Pb-U system was
reoptimized using our experimental data. An isopleths was constructed between LBE and U.
It can be seen from the computational results that the interaction of U with Bi is stronger than
with Pb. The pure lead will be a better coolant than LBE in terms of fuel –coolant
compatibility. However, lower melting point of LBE (398 K) compared to that of Pb (600 K)
gives an advantage that has to be considered from reactor operational convenience and safety.
5.2 Future Scope
1. Experimental thermodynamic and phase diagram studies of Bi-Ni-Pb, Bi-Fe-Pb and Bi-CrPb ternaries should be carried out to determine
a) Ternary interaction parameters,
b) To establish absence/ presence of ternary compounds,
c) Third element solubility in binary compounds.
2. The optimization of ternary system should be carried out with ternary experimental data.
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3. The experimental data of Bi-Pb-U, Bi-Pb-Pu, Bi-Pu-U and Pb-Pu-U ternary systems
should be acquired to understand (U,Pu) metallic fuel interaction with Pb/Bi.
4. To establish the fuel coolant interaction completely, the phase diagram of Bi-Pb-U-Pu and
Bi-Pb-U-Pu-Zr system should also be studied.
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