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Abstract

For many decades zirconium alloys have been commonly used in the nuclear power
industry as fuel cladding material. Besides their good corrosion resistance and acceptable
mechanical properties the main reason for using these alloys is the low neutron
absorption.

Zirconium alloys are exposed to a very severe environment during the nuclear
fission process and there is a demand for better design of this material. To meet this
requirement a thermodynamic database is useful to support material designers.

In this thesis some aspects of the development of a thermodynamic database for
zirconium alloys are presented. A thermodynamic database represents an important
facility in applying thermodynamic equilibrium calculations for a given material
providing: 1) relevant information about the thermodynamic properties of the alloys e.g.
amount and composition of phases, oxygen activity, heat capacity etc, and 2) significant
information for the manufacturing process e.g. heat treatment temperature.

The basic information in the database is first the unary data, i.e. pure elements;
those are taken from the compilation of the Scientific Group Thermodata Europe (SGTE)
and then the binary and ternary systems. All phases present in those binary and ternary
systems are described by means of the Gibbs energy as a function of composition and
temperature. Many of those binary systems have been taken from published or
unpublished works and others have been assessed in the present work. The elements
included in the databse are: C, Fe, Cr, Nb, Ni, Mo, O, Si, Sn, and Zr + H, and the
assessment performed under this thesis are: Cr.Sn, Mo-Zr, Sn-Zr, Fe-Nb-Zr and Nb-O-Zr.
All the calculations have been made using Thermo-Calc software and the representation
of the Gibbs energy obtained by applying Calphad technique with some use of ab initio
calculations.

Key Words: Zirconium alloys, thermodynamic equilibrium, thermodynamic properties,
binary system, ternary system, Gibbs energy, Thermo-Calc, Calphad, binary system,
ternary system
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Chapter 1 Introduction

Chapter 1

Introduction

The knowledge of equilibrium phase diagram for multicomponent systems is
very helpful for processing advanced materials. Since phase diagrams are defined from
the thermodynamic properties, computer aided modelling of theses properties constitute
the basis of the thermodynamic database in alloys design. The models describe the
thermodynamic properties of many types of phases, by parameters that uniquely
determine the properties of various phases and are then stored in databases. Such
parameters must be assessed using the available theoretical and experimental data. A
thermodynamic assessment makes use of the CALPHAD (CALculation of Phase
Diagram) technique, where the models are expressed in term of mathematical
expressions, with parameters that are optimised to reproduce the reality by comparing the
available experimental information with the same information calculated from the
models. The experimental information includes both the phase equilibria ( phase diagram
information ) and thermochemical data. However, themodynamic data is often not
available in literature, in such case other sophisticated methods have to be consulted in
order to replace the missing information. Such methods are based on Quantum Mechanic
Calculation [60,61] or Miedema approach [62] for the enthalpy of formation of
intermetallic compounds.

The great advantage of the CALPHAD techniqe is that it is able to predict
thermodynamic properties of higher order systems from those of lower order binary and
ternary systems. Such an approach provides a powerful tool as information from binaries
and ternaries can be directly used to predict multicomponent alloys behaviour.

In this thesis the basis for a thermodynamic database for Zirconium alloys has
been developed with the following components: C, Fe, Cr, Nb, Ni, Mo, O, Si, Sn, and Zr
+ H, and the thermodynamic description of following binary and ternary systems: C-Zr,
Cr-Sn, Cr-Fe, Cr-Nb, Cr-Ni, Cr-Zr , Fe-Nb , Fe-Ni , Fe-Sn, Fe-Zr , Ni-Sn, Ni-Zr, Mo-Zr,
Mo-Ni, Mo-Si, Nb-Sn, Nb-Zr, Si-Zr, Sn-Zr, Fe-Nb-Zr, Cr-Ni-Zr, Cr-O,Ni-O, Cr-Ni-O,
Cr-Fe-O, Fe-O, Fe-Ni-O, O-Sn, O-Nb, O-Nb-Zr ,0-Zr and H-Zr. Those systems have
been taken either from literature, from unpublished works or assessed by this author. In
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this thesis thermodynamic assessment of Cr-Sn, Mo-Zr, Sn-Zr, Fe-Nb-Zr has been
performed using the Parrot module of the Thermo-Calc software. The thermodynamic
description of the Nb-O-Zr was verified from binary extrapolations. Additionally, a
contribution to improve the thermodynamic knowledge of the Sn-Zr binary system has
been done by experimentally studying some aspect on the phase equilibria in this system
and theoretically creating data (quantum mechanic calculations) on the enthalpy of
formation of the intermetallic compounds.

The aim with this work is to provide a database for prediction of thermodynamic
properties of the Zr multicomponent and multiphase alloy in order to reduce the amount
of experimental work necessary to test and develop new alloy compositions, helping for
example to select temperatures for heat treatment. However, this task can not be
completely achieved without further work on the thermodynamic description of other
important ternary systems where Zr is the third component interacting with the alloying
elements, for example Cr-Fe-Zr, Fe-Ni-Zr, Fe-Sn-Zr, O-Sn-Zr etc.

1.1 Introduction to Zirconium and its alloys

Zirconium is a transition metal found in group IVB (Ti, Zr and Hf ) of the
periodic table and has atomic number 40. In nature it is commonly found associated with
hafnium. The main sources of zirconium are the minerals zircon (Zr,Hf)SiO, and
baddeleyite, (Zr,Hf)O,. Pure Zirconium is very reactive but corrosion resistant as it reacts
with oxygen in the atmosphere to form a protective oxide film that prevents further
corrosion of the metal as well it alloys. Zirconium in the form of metal dust can ignite in
air at high temperature, even some of its alloys behave likewise

Zirconium has wide industrial applications at the due to the fact that it is un-
attacked by any acid except hydrofluoric acid, hence chemical industry take advantage of
this property for piping in corrosive environments. In vacuum tubes, it can be used as a
purifier i.e. a getter due to its high affinity to oxygen. In metallurgy zirconium oxide
(Zr0Oy) is used as furnace lining material and as electrolyte. In other fields like medicine it
is used for artificial joints and limbs in human bodies.

However the main application field of Zirconium and its alloys is the Nuclear
Power Industry. They have been used for the last 50-60 years as design materials for
structural components in diverse nuclear reactors, mainly due to their low neutron
absorption cross section. A few zirconium alloys has been designed for nuclear
application, some of them are shown in Table 1.

The most harmful trace elements found in zirconium alloys are Hf, H and N.
Hafnium is an impurity coming from the raw material and increases the neutron capture
cross section of the alloy, hence it has to be removed from the raw material before alloy
manufacture. Nitrogen may come from the ore processing zirconium/hafnium separation.
Hydrogen pick up by the material leads to formation of hydrides which results in
hydrogen embritlement. The hydrogen content specifications in the raw material are very
strict, however it is easily picked up by Zr during the metallurgical processing of the
tubes (fuel containers) and also inside the nuclear reactor.



Chapter 1 Introduction

1.2 Main application field of Zirconium alloys

Nuclear reactors are of various types, among them the Light Water Reactors
(LWR), are most common in Europe including Sweden. In LWRs both the moderator'

Table 1- Composition range of zirconium alloys, from ASTM (American Society for
Testing Materials standards)

Alloying Zircaloy-2  Zircaloy-4 Zr-Nb Zirlo
element
( mass %)
Sn 1.2-1.7 1.2-1.7 - 0.96-0.98
Fe 0.07-0.2 0.18-0.24 - 0.0094-0.015
Cr 0-05-0.15 0.07-0.013 - 0.0079-
0.0083
Ni 0.03-0.08 - - -
Nb - - 24-2.8 1.02-1.04
O * * 0.09-0.13 0.09-0.12

* Usually 1000-1400 ppm

and the coolant’ are water. Depending on whether water is allowed to boil or not the
LWRs are divided in boiling water reactor (BWR), Fig 1, and pressurised water reactor
(PWR), Fig 2. Other variants of water reactors exist, like for example the Canadian
CANDU (CANadian Deutrium Uranium), in which both coolant and moderator are heavy
water. Other kind of reactor systems are for example the graphite moderated reactors
which use water as coolant, for example the Russian RBM ( boiling water reactors . Core
structural parts in PWRs and BWRs are fabricated from zircaloy-2 or zircaloy-4. In
BWRs Zircaloy-2 is used for example in fuel cladding and for calandria® tubes in CANDUS
while Zircaloy-4 is used for both fuel cladding and fuel channels in PWRs and for fuel cladding
in CANDUs. The binary alloys Zr-2.4Nb are mainly used for pressure tube materials in the
Russian RBMK reactor design.

In order to meet better in-reactor performance, due to their superior corrosion
and irradiation stability [1,2] the niobium bearing multicomponent Zr alloy Zirlo *, and

! Moderator is a material used to slow down the extremely energetic neutron produced during nuclear
fission. A characteristic moderator materials are, water, heavy water and in some kinds of reactor use
graphite.

% The coolant is the substance used to remove the heat generated in the reactor, usually light water is used
as coolant but depending on the power plant design also heavy water, liquid metals ( Na and K ) or even
gases ( C0,) are used.

* The pressure-tube-tank design in CANDU
* Zirlo is a registered trademark of Westinghouse Electric Corporation
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its Russian equivalent E-365° were developed as an alternative cladding material for
Pressurized Water Reactor (PWR) and for the Russian RBMK pressure tubes [1]
respectively.

The nuclear fuel UO; is placed in a long zirconium alloys tubes forming the fuel
rods, but depending on the reactor type the fuel rods are either loaded individually in the
reactor or grouped together to form a fuel assembly, see Fig 1.1 for details. Nuclear
fission occurs in this part of the reactor and the fuel cladding has the function to hold
back the radioactive fission products. Thus, the severe conditions in a nuclear reactor
demand very high requirements concerning cladding material properties. Those are
summarised as follows:

e Good corrosion resistance (mechanical and chemical stability with the nuclear
fuel and the coolant, for example, water in BWR).

e Good high-temperature mechanical strength, e.g. high resistance to deformation
caused by the thermally expanding UO,

e Favourable nuclear properties (low neutron absorption cross section, from
neutron efficiency point of view this is the most important of all).

The fuel assembly in boiling water reactors (BWR),
Designed by Westinghouse Atom A B.

SVEA-96 Optima

Fuel’lmd

bundles

Spacer grid

FIG.1.1 Fuel Assembly in BWR, designed by Westinghouse Electric Sweden...

Regarding reactor core materials LWR presents some similarities, however
environmental differences between these two kinds of reactors leads to distinctive
behaviour of the Zirconium alloys. In the BWR steam is generated inside the reactor,
water is allowed to boil, then it goes directly to the generator, see Fig 1.2. In the PWR the

SE-365 design in Russia, Certificate, USSR,No. 64815
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steam is generated outside of the reactor in a secondary heat transfer, see Fig 1.3. In this
type of reactor boiling is suppressed due to the high in-reactor pressure.

Fig 1.2 BWR, in Ref. [3] 1 Reactor pressure vessel; 2 Fuel rods; 3 Control rod; 4
Circulating pump; 5 Control rod drive; 6 Fresh steam; 7 Feedwater; 8 High pressure
turbine; 9 Low pressure turbine; 10 Generator; 11 Exciter; 12 Condenser; 13 Cooling
water; 14 Preheater; 15 Feedwater pump; 16 Cooling water pump; 17 Cooling water

pump.

FIG 1.3 PWR in Ref. [3] 1 Reactor vessel; 2 Fuel elements; 3 Control rods; 4 Control rod
drive; 5 Pressurizer; 6 Steam generator; 7 Main circulating pump; 8 Fresh steam; 9
Feedwater; 10 High pressure turbine; 11 Low pressure turbine; 12 Generator; 13 Exciter;
14 Condenser; 15 Cooling water; 16 Feedwater pump; 17 Feedwater pre-heater; 18
Concrete shield; 19 Cooling water pump.
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1.3 Alloying elements and microstructure

Zirconium has two allotropic modifications, the o-Zr phase with hexagonal
closed-packed structure (HCP) which is stable up to 863 °C. Above this temperature the
B-Zr phase with a body centered cubic structure (BCC) is stable. The alloying elements
have different solubility in the a-Zr and B-Zr. Oxygen is an a-Z stabilizer, i.e. expands
the a-Zr phase field. Oxygen dissolves interstitially in the a-Zr phase and in controlled
amounts it increases the yield strength by solution hardening. According to the ASTM
standard the oxygen content in zircaloy must not exceed 1400 ppm. Tin is also an o-Zr
stabilizer. It dissolves substitutionally in the matrix and the purpose of its addition is to
achieve a solution hardening. The rest of alloying elements have larger solubility in B-Zr,
they are B-Zr stabilizers. Due to their low solubility in a-Zr, they precipitate as secondary
phase particles (SPP) in the matrix material. Addition of Nb are believed to have an effect
in the corrosion resistance [1,2,4] as well the creep strengh [15].

The main steps in the Zr alloys fabrication are summarised in the following
schema:

Stage Operation
Multiple Melting Vacuum-arc melting
Hot working Heating to § range— quench
Hot extrusion in upper o range
Cold working and annealing Cold rolling
Annealing in upper o range
Cold rolling
Annealing in upper o range
Final cold rolling
Final annealing ~575°C
Final Stress realise annealing

During the fabrication multiple arc meltings is carried out in order insure
homogeneous distribution of the alloying elements. Due to zirconium’s high affinity to
oxygen vacuum has to be conserved during melting as well as in the annealing furnaces.
Heating to the  phase range and quenching has the purpose to dissolve coarse SPP in
order achieve a fine precipitate. The size distribution of these particles is important for
strength as well as for corrosion resistance [5]. Hot extrusion in the in upper o range does
not give significant particle growth and after the final rolling the particle are a few pum in
size. During cold rolling (in pillger mills) the material grains acquires preferred
orientation (texture).

The microstruture of the Zircaloys depend on the heat treatment. The
recrystallized matrix of theses alloys consist of equiaxed grains of a-phase with SSP
precipitated both within the grain and at the grain boundaries. The microstructure of the
Zircaloy transformed from the P-phase consists of Widmanstitten o plates. However
depending on the quenching rate and B-grain size prior to quenching this microstructure
can exhibit several morphological differences, for example the basket-weave (intersecting
short plates within the grains and parallel plates [6] growing from the grain boundary of
the parent B phase). The basket weave microstructure has been associated with the
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presence of impurities in the material, for example C and Si [7] and small grain size of
the parent phase. The parallel plates are associated with larger grain size. The matrix of
the zircaloys contains Sn and O in solution e.i. a-Zr. The secondary phase particles are
the ternary compounds: Zr(Cr,Fe), and Zr,(Fe,Ni). The Zr(Cr,Fe), particles belong to
Laves phase family. They crystallize into three modifications: the MgZn, (C14) or the
MgNi, (C36) type structure, both with a hexagonal lattice and MgCu, (C15) type
structure with a cubic lattice. The laves C15 and C14 are common in Zircaloy-2 and
zircaloy-4. Those compounds are based on the binary compounds ZrFe; and ZrCr;, see
Fig 1.4 and Fig 1.5.

2000 1 1 1 1 1 1 1 1 1
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FIG 1.4 Fe-Zr binary phase diagram by Servant et al. [74]

The precipitation of the SPP depends on the alloys composition, at certain Fe/Cr
ratio the Laves phase forms, as this ratio increases a Zr richer phase FeZr; precipitates
besides laves phase.
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FIG 1.5 Cr-Zr binary phase diagram by [71]
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It has the BRe; orthorombic prototype structure The ternary compound
(Fe,Ni)Zr, C16 has the Al,Cu tetragonal prototype structure and belongs to the family of
Zintl compounds. This tetragonal C16 phase precipitates as SPP in zircaloy-2 and is also
found in the binary Zr-Fe and Zr-Si.

Zirlo® (Zr-1Nb-1Sn-0.5Fe ) and M5’ together with the similar Russian alloys
E635 (Zr-1.2Sn-0.4Fe-1Nb) and E110 respectively [8,9,10], are the new generation of Nb
modified alloys. These alloys have shown superior properties, for example better
corrosion resistance and lower irradiation growth. This makes longer exposure possible
and satisfies the demanding operation conditions for higher fuel burn up. The
microstructure of fully recrystallized Nb containing multicomponent Zirconium alloy
Zirlo and E365 consist of very small B-Nb particle of ~50nm that precipitated in the o-Zr
matrix. The secondary phase particles are the ternary Fe,(Nb,Zr) C14 an the Fe (Nb,Zr,),
with a structure of TiNi, cubic prototype structure [1,2, 8-10, 11-14]. In the matrix, some
Nb is dissolved in the a-Zr- solid solution.

1.4 Texture

The pure Zirconium has a hexagonal crystal lattice with a characteristic
direction, the basal plane normal (the basal pole) [0001]. This special feature in the metal
results in a marked anisotropy and deformation occurs both by slip and twinning.

& ROGH> DIRECTHON {BASAL POLE)

ACDOIT PLANE { BASAL PLANE

{ioTo} eLaNE (PRISM PLAN
SLIP PLANE

£ <0001 > BIRECTION

SIOTOs DIRECTION

{1200 TWIN PLARE |
(TENSIONY

AUIZITWIN PLANE
{TENS oMY

P

FIG. 1.6 Deformation system in Zr

¢ Westinghouse trade Mark
7 ZrINbO alloys (French Trade Mark )
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At room temperature slip occurs mainly on prism plains in the a direction:
{IOi 0} <1 210> system or on the basal plane {1011} (0001). A higher deformation and

higher temperature c+a (pyramidal) types is activated on {1121} or {1011} planes. At
low temperatures and under ¢ axis compression Zr deforms by twinning: {1011} <1123>.
On tension the {1012} <1012> system operates [15], see Fig. 1.6. Thus under stress or
compression the [0001] is a strong direction of the crystal, this preferred orientation
(texture) of the grains brings the anisotropy of single crystal into the polycrystalline Zr
alloys. Since the matrix of Zr alloys is the hcp phase a-Zr, the material has the same
peculiar characteristics as the pure metal. During manufacturing of the zircaloy rod the
basal pole of the hexagonal lattice is tilted ~30° from the normal of the tube towards the
tangential direction which develop the pronounced crystallographic texture.
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Chapter 2

“In-reactor” Zirconium alloys performance

Nuclear reactors are very powerful and complex engines, within which many
parameters have to be taken care of to insure high security levels. Some of the important
physical properties of nuclear reactor components, for example creep and growth,
corrosion, fracture toughness, hydrogen uptake can change as a result of microstructure
evolution during materials in-reactor performance.

Inside the nuclear reactor, zirconium alloys are exposed to a very complex and
harmful environment that jeopardise the integrity of the material. First of all, irradiation,
due to neutron flux, cause micro-structural changes, for example irradiation growth and
creep on the cladding material. The SPP undergo amorphization and eventually dissolve.
The type of SPP morphology and their distribution affect the materials “in reactor”
performance, especially the corrosion resistance. Hydrogen, which arises from the water
used to remove the heat of the fuel rod, causes hydrogen embritlement. Hydrogen may
also pick up during the manufacturing of the tubes. Stress corrosion cracking, is another
serious problem. All this together contribute to the degradation of the materials
properties.The purpose of this chapter is to give an idea of some thermodynamic
influences of the material behaviour during operating conditions.

2.1 Secundary phase particles (SSP ) in- reactor behaviour

Due to the low solubility of Fe, Cr, Ni and Nb in o-Zr, they precipitate as
secondary phases particles (SPP) in Zr alloys. Some of these SPP undergo substantial
changes in reactor such as size distribution, composition and crystal structure. Irradiation
causes the atoms to leave their place in the crystal lattices by nuclear collisions, and a
crystalline to amorphous transformation is induced. It has been commonly observed that
the intermetallics (Fe,Cr),Zr and (Fe,Ni),Zr in Zircaloy-2 and Zircaloy-4, became
amorphous and lose a large fraction of Fe. Depending on the irradiation type (neutron,
ion or electron) and conditions (temperature and irradiation doses) and the particle type,
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they behave differently. The SPP may become completely amorphous, develop a duplex
structures (crystalline core surround by an amorphous ring) or even remain crystalline. In
the second case amorphous transformation begins at the particle matrix interface and
advance inwards until complete amorphization is accomplished [16,17,18]. Dissolution
and re-precipitation of the particles may take place [23]. The crystalline to amorphous
transformation of intermetallic compounds under neutron, ion and electron irradiation has
been widely studied. It has been observed that doses to amorphization increases with
temperature and that there is a critical temperature above which amorphization can not
occur due to the effect of thermal annealing (materials self-repair) [19,20,21]. In Ref.
[22] the relevance of the irradiation conditions on tendency for amorphization in
intermetallics was studied and it was pointed out that amorphization depends on the
materials properties as well on the irradiation condition and the total irradiation dose
received by the material. Others factors like compound stoichiometry (the deviation from
it), the presence of defects (dislocations, stacking faults, anti-phase boundaries) were also
discussed. Regarding dislocations and stacking faults, in the work by [16,18,19] it has
been observed in material with such defects the tendency for amorphization is high.

The crystalline to amorphous transformation has been defined as the complete
loss of long range crystallographic order, observed in the X-ray diffraction or electron
diffraction by the replacement of the spots pattern by ring pattern. Among the many point
defects in crystalline solids like intermetallic compounds, anti-site defects play an
important role on their stability. Intermetallic compounds often exist in a narrow
composition range, deviation from the stoichiometry can be accommodated by anti-site
defects or by vacancies, at expense of energy and stability. Under irradiation a great
amount of energy is stored in the lattice by the nuclear collitions neutron-atoms, thus the
intermetallics are driven away from their equilibrium configurations. A model for
amorphization process due to irradiation has been proposed and it states that after
amorphization a new meta-stable equilibrium exist between the amorphous phase and the
irradiated zirconium matrix. The Fe equilibrium concentration between the amorphous
SPP and the irradiated matrix is different from the Fe equilibrium concentration outside
irradiation [22,24]. A driving force for this transformation, is given by the contribution
due to ballistic mixing between the Fe and zirconium atoms across the matrix-
precipitated interface [24] and it was formulated by the modified free-energy criterion in
Refs. [22,25].

The amorphization conditions is

AGirr 2 AGca (1)

where AGq, is the difference in Gibbs energy between the amorphous and unrradiated
crystalline state
AGyy =G, =Gy @)

and the AG;i is the difference between the free energy of the irradiated and unrradiated
crystals considering all kinds od defects in the lattice ( poin defect, increase in chemical
disorder, stacking faults etc.

In this model is considered that the irradiation induced free energy has two
contributions, due to defects increase and the contribution due to the chemical disorder.
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Considering the Bragg-Willians description of long-range order, it is possible to evaluate
AG;,, as the change in free energy due to irradiation as:

AGirr = AGdef + AGdis (3)

D (CiE;) =TAS;) + AC uy NQ = TAS 4. = AGy, “)

J=i,v

where, C; is concentration of the defect i, E; is the defect formation energy, N total
number of lattices sites per mol, Q is the energy associated with ordering, AS; is the
configuraional entropy change due to point defects ( in the crystalline phase) and AS; is
the chage in the configurational entropy due to anti-site defects ( in the crystalline
phase). AC, is the change of the A-B pairs bonds per lattice site, it is given by:

AC gy = N(A(L-S?)+ B(1-5)) )

where A and B are constants depending on the crystall structure and S is the Bragg-
Willians long-range order parameter [26]

In Fig 2.1 a very simple example is shown to illustrate the presence of anti-site
defects in the lattices, and the Gibbs energy of the Fe,Zr (C15 phase) under usual
thermodynamic equilibrium (outside irradiation ). The thermodynamic modelling of this
phase is made using the Compound energy formalism, CEF, [27,28,29]. It basically
defines different crystallographic sites i.e. sublattices , and the Gibbs energy of the phase
is determined by the site occupation of the constituents in different sublattices. The C15
phase at reactor operating temperatures is stoichiometric, this mean that Fe and Zr
occupied certain fixed sites but at higher temperature the compound is not stoichiometric,
which means that a deviation from the stoichiometry can be defined by anti-site defect or
vacancies. So the model to represent the Gibbs energy of the C15 phase is schematically
written as:

(Fe,Zr)y(Fe,Zr),

The Gibbs energy of the phase arises from different contributions, the reference
Gibbs energy for the pure constituents, the ideal Gibbs energy due to random mixing and
the excess Gibbs energy (deviation from the ideal behaviour ) as:

Glﬂ :re/ Glﬂ + G:ﬂd +ex Glﬂ (6)

where "/ G, 1is the reference Gibbs energy which represents a combination of all

stoichiometric compounds with one constituent in each sublattice.
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re 1 20 1 20 1 20 1 .20
me = YFeVFe OFeFet VFeYZr GFezr + YzrVEe OzrFet YzrVzr Gzrze (1)

where y; is the site fraction of i on the sublattice 5. The el Fe:7» Tepresents the Gibbs
energy of formation of the stoichiometric compound Fe,Zr and it is multiplied with the
site fractions of Fe in first sublattice and Zr in the second. The parameter OGZr: Fe

represents the Gibbs energy of formation of the compound Zr,Fe (metastable) where each
constituent occupies the wrong sublattices (anti-site phase). The first and last term
represents the fictitious compounds formed having the same constituent in all sublattices.
The site fraction is defined by

y; =N;/N° (8)

where N is the number of atoms of the constituent i on the sublattices s and N* is the

total number of sites on the sublattice s. G is related to the molar configurational

entropy, and represents the contribution to the molar Gibbs energy assuming random
mixing in each sublattice and summing these contributions considering the number of
sites as follows:

G = RT(y ke In(yk) + ¥h L )+ R I E) + 93, 0% ©

where the superscripts denote the sublattices, not a power. Finally, the “G, is the excess

contribution to the molar Gibbs energy due to interaction between Fe and Zr in the C15
phase, described by the regular solution parameter as in chapter 3.
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FIG 2.1 Gibbs energy of the Fe,Zr Laves_C15 (continuous line) and the anti-site phase
Zr Fe (Laves_C15) the dashed line. (calculated using the Fe-Zr binary system
contained is the database presented in this thesis by Servant et al. [74]
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The Gibbs energy of the C15 phase according to the model at varying Fe
content is shown in Fig 2.1. The stability is maximum at the composition x(Fe)=0.67
where the Gibbs energy of the Laves C15 has its minimum. A decrease on Fe content of
this phase implies an increases on the Gibbs energy. If an external energy is input, the
anti-site phase Zr,Fe starts to appear at lower iron content. The dashed curve represents
the Gibbs energy of a C15 anti-site phase. As more and more energy is input, the lattice
will accommodate more and more defect until the spacial configuration of the atoms on
the original C15 (long range order) is lost.

Amorphization of the secondary phase particles has been reported also in the
E365 alloy and it is dependent on the temperature, irradiation doses and the alloy
composition. However, irradiation has much lower detrimental effects than that observed
in zircaloys-2 and 4 [8,9,30]. In the previously mentioned works on E365 alloy, it was
observed that at low irradiation doses and temperatures between 330-350 °C the
precipitates B-Nb and the hexagonal Laves phase (Fe,Nb),Zr were not affected. However,
both particles loose Nb and Fe respectively, and at lower temperature amophization
occurs when the irradiation dose increases. The depletion of iron in the Laves particle
results in an increase of the Fe content in the matrix. It was suggested that the Fe
departure from the SPP causes a transformation of the Laves phase and promote the
formation of the thermodynamic stable f-Nb. In the case of the Fe(Nb,Zr), irradiation
damage was not observed however the particles tend to be coarsed [8].

2.2 Irradiation Growth

The growth due to irradiation induce a deformation of the Zircaloys and is a
matter of significant technological interest. It results in a distortion of the fuel assemblies
and other structural components of the core, and consists of an elongation of the Zircaloy
tube. In all Zr alloys the neutron irradiation induces dislocation loops of both interstitial
and vacancy characters, during irradiation they change and evolve developing a network
structure. Their density mainly dependent on the irradiation temperatures and micro-
structural characteristic like existence of dislocations prior to irradiation, grain
boundaries [16]. In Zircaloy-2 and and Zircaloy-4 dislocation loops of <a>and <c> type
are found. The irradiation produces <a> type dislocations loops, as the irradiation causes
higher damage, an accelerated growth is observed, in connection to the appearance of the
<c> type loops [44]. The <c> component dislocation loops are those with the Burger’s
vector in the [0001] direction i.e. the basal pole, these kinds of dislocations are observed
to be of vacancy type and nucleated in a region adjacent to the intermetallic particles
(Cr,Fe),Zr [16, 34, 44]

The supersaturation of interstitial solute atoms or cluster of atoms in the matrix
due to irradiation and the differences in their mobility, mainly between Fe and Cr [33]
may enhance the Zr self diffusion [35] and probably contribute to nucleation of the
dislocation <c> type loops by solute defects interaction.

In the E365 type alloy the irradiation growth is lower. This materials shows
lower susceptibility to <c> evolution [8] and according to [8,9] the key factor that
promote the delay in the accelerated irradiation growth in the Nb containing
multicomponent Zr alloys are the composition of Nb, Fe and Sn in solid solution and the
Fe/Nb ratio.
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2.3 Hydrogen embritlement

The solubility of H in zirconium and its alloys is low, see in Fig 2.2. The
solubility of H increases with increasing temperature. In an enlarged Zr-rich portion of
the phase diagram, Fig 2.3 it is shown that at 500 °C Zr is able to dissolve up to 463 ppm
H (calculated) and at 300 °C the solubility decreases rapidly to 55 ppm H (calculated).
However hydrogen levels in Zr-alloys are very strict, according to the ASTM
specification the alloy contains ~10 ppm H. This is due to the fact that, inside the reactor,
the aqueous medium promote the formation of oxidising species, and H from the
corrosion process can diffuse into the matrix material, subsequently when the solid
solubility limit is reached, the precipitation of a brittle hydride occurs, see Fig 2.3.
zirconium hydrides are known to precipitate as plates or as elongated groups of platelets.
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FIG 2.2 H-Zr phase diagram Dupin ef al . [90]

The presence of a hydride has an embrittling effect on the Zr alloys due to their
different properties compared with Zr alloy. On the other hand the volume fraction of the
precipitated hydrides, their orientation and morphology has a pronounced impact on the
severity of the embrittlement, in particular the fuel cladding. Two orientations of hydride
are found in the zirconium alloys tubes: circumferential and radial.

The hydride orientation can be affected by the following factors: firstly, the
crystallography, since the preference for certain plains has been observed, for example

plate shape hydride was observed to precipitate on {1017} [36] in zircaloy 2. Secondly,
the hydrides tend to orientate parallel to the direction of rolling (the longitudinal direction
of the tube) in annealed material. Thirdly, under stress the hydrides tend to align
perpendicular to the tensile stress axis. Since the circumferential direction is the principal
stress direction during operating conditions, for example during fuel-cladding interaction,
radial oriented hydrides may serve as path for crack propagation. Hence radial hydrides
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are detrimental. In order to minimize the reorientation of the hydride under stress, during
the final stage of the fuel rods manufacturing process, the desired strain orientation is
controlled by applying a large amount of compressive stress in the radial direction.
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FIG 2.3 Zr rich region of the H-Zr phase diagram Dupin ef a/ [90]
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2.4 Corrosion (general aspects)

Corrosion and hydrogen ingress in zirconium alloys are considered directly
related to in each other, due to the fact that as a result of the oxidation of the rods the
hydrogen can ingress into the matrix material.

In contact with the aqueous environment, Zr alloys develop a protective dense
oxide film ZrO, (tetragonal oxide) which later transforms into a porous oxide
(monoclinic form). Microstructural changes in the ZrO, are believed to be an important
factor to determine the corrosion resistance of the material. The microstructural changes
of zirconia have been observed often to occur at the surroundings of the SPP [31] in
Zircaloy 4. The oxidation of the alloying elements Fe and Cr, their incorporation into the
oxide film and their tendency to dissolution will determine the corrosion resistance.
According to [31,32] the SPP are incorporated into the oxide film then oxidised
gradually. The oxidation of the SPP results in a volume expansion according to the
Pilling-Bedworth ratio [45] producing a high local stress in the oxide. This will induce a
transformation on the oxide film to balance the compressive stress created in the
substrate.

The corrosion resistance of the Zircaloy-4 and Zircaloy-2 used in BWR and
PWR has been found to be effected by the alloying elements: Fe, Cr, Ni (with the
formation of intermetallic phases SPP) and annealing conditions in the fabrication
process. Moreover the size number density and composition of the second-phase particles
has a great impact in corrosion [37-41]. In the B-Zr domain, these particles are in
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solution, and a treatment in the  region and quenching serves to control the size of the
SPP.

During the manufacturing process a standard parameter has been commonly
used for evaluation of the corrosion resistance and microstrucutre, called accumulated
annealing parameter £A; eq. (10), The XA; parameter links the influence of the SSPs size
to corrosion resistance.

DAy =Y e ORI (10)

where

Y A; represents and index of the total amount of heat received during annealing in the o-
phase region after the last B or (a+f ) quenching.

T;= annealing temperature in i Process, K

T;=annealing time in ; Process, h

(O/R= is the activation energy taken as 40000 K

According to this, the microstructure and the SPP distribution will be affected by
the heat input at the processing route. In the work by Charquet [43] it was pointed out the
that the reduction of the cumulative annealing parameter A (conserving Fe/Cr constant
) have beneficial effects on the corrosion resistance at 500 °C in steam and the important
metallurgical factor is the number of precipitates per unit rather their size.

In general, the corrosion of the Zircaloys depending on the environment has
different characters. For instance in boiling water reactor steam is generated inside the
reactor, while in the PWR the steam is generated outside of the reactor due to the high in-
reactor pressure. The BWR operates at about 290° C and 7 MPa while the PWR at about
300°C and 15 MPa. This causes dissimilar corrosion in the two reactor systems due to
different water chemistry. In the boiling reactor water decomposes due to radiation,
known as radiolityc decomposition, this results in production of H, and O,. Consequently,
an increase of oxygen in the liquid phase and hydrogen in the gas phase, in comparison to
the PWR. In pressurized systems hydrogen additions between 2-4 ppm suppresses the
free oxygen to very low levels ~1 ppb. In boiling water reactors the Zircaloy-2 and 4
suffer a localise surface corrosion attack, known as nodular while in PWR the surface
attack has a uniform character.

The nodular corrosion occurring in BWRs (oxygenated environments) is
characterized by the formation of white spots, which appears in metallographic cross
sections as lense-shaped oxide. In BWRs such corrosion has been shown to depend on
the coolant chemistry (water) and cladding conditions. The latter is related to the
fabrication route that had been followed for a specific set of cladding. It has been
generally observed that in PWR a large number of very fine SPP precipitated distribute
uniformly in the matrix degrade the uniform corrosion of the Zircaloy-4 while in BWR
small particle are harmless. The optimum corrosion resistance of the Nb containing
multicomponent Zr alloy has been reported dependent of a uniform distribution of fine
SPP (B-Nb and Fe-Nb-Zr particles) and controlled levels of Sn [42].

The composition of the matrix with O and Sn in solution have an effect on the
corrosion behaviour also. The development of Zirlo see for axample [2] has shown that
the corrosion resistance of zirconium alloys can be improved by decreasing the Sn
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content. However a decrease in Sn has negative effects on the strengthening [45], but this
has been compensated by adding oxygen.

Due to Zr high affinity to oxygen phase equilibria on the the O-Zr binary system
is important. In solid solution oxygen dissolves in a-Zr phase ( hcep ) and in B-Zr. In the
hep lattices the oxygen atoms occupy the octahedral interstitial sites. At high
temperatures, the oxygen distribution in the octahedral interstices of the sublattices
defines the disorder hep or o-Zr. The maximum solubility of O in o-Zr is 32 at. % and
occurs at the eutectic T=2357 K. This solution is stable up to its congruent melting point
at 29 at % O and 2400 K. At low temperature there is a transition from the disorder hcp to
several ordered structures, the ordered phases are obtain by stacking a series of O atom
layer parallel to the hcp basal plan in the octahedral interstices. It has been reported that
below 1270 K the ordered hcp, o’-Zr is formed by a second order transformation. Other
ordered hep has been reported but in the Zr-O assessment by [91], the ordered o’-Zr has
been modelled only. The order-disorder transition line a-Zr—a’-Zr is represented by the
dashed line in the phase diagram, see Fig 2.4.

The compound ZrO, has three stable modifications: the low temperature
stoichiometric compound a-ZrO; with monoclinic structure stable up to 1478 K, the
tetragonal structure B-ZrQO, is stable up to 2625 K and the non-stoichiometric y-ZrO,,
which has a cubic structure ( CaF, prototype ), and melts congruent at 2995 K.
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FIG 2.4 O-Zr phase diagram by Liang et al. [ 91 ]

2.5 Pellet-cladding Interaction

This represents a serieous problem that may lead to cladding breakdown, on one
hand the fuel UO, deforms adopting a hour-glass form due to radial thermal gradient . In
addition to these facts corrosion may also take place, caused by release of the aggressive
nuclear fission product i.e. the iodine. As the fuel deforms a stress is induced on the
radial direction of the claddings wall together with the cladding creep down reducing the
gap between the fuel pellet and the cladding interaction results in a failure known as
stress corrosion cracking SSC. In order to reduce this problem some years ago a barrier
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cladding was developed which consists of an inner zirconium thin layer on the surface of
the zircaloy-2 tube.
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Chapter 3

Thermodynamic Database in alloy design

Computer aided phase diagram calculations based on mathematical descriptions
of thermodynamic functions have became a powerful tool to predict phase behaviour in
multicomponent alloys. This is the well known technique called CALPHAD
(CALculation of PHAse Diagram) [46,47]. The Calphad technique has shown that
reliable phase equilibria can be calculated for multicomponent alloys using assessed
databases, see for example application in Al alloys by Sunders [48], in steel by Frisk and
Selleby [49] and Ni alloys [50].

The energetic state of a closed system containing a great number of particles,
e.g. atoms and molecules in thermal equilibrium at fixed composition, temperature and
pressure, is characterised by the thermodynamic function G, i.e. Gibbs energy. The main
idea of the Calphad technique is to describe the Gibbs energy of all phases in a system as
a function of temperature and composition through thermodynamics models. These
models are expressed in term of mathematical functions taking into account
crystallography, defects and other physical properties of the phase. Once the
thermodynamic description of all the phases is known, the equilibrium state can be found
by minimising the total Gibbs energy of the system.

In general, all binary and ternary systems in a database are assessed from
experimental data and from these realistic calculations of thermodynamic properties of
higher order systems are possible. The assessment requires a detailed information about
both phase equilibria ( phase diagram information ) and thermochemical data. Phase
diagram information can include measurements on the phase equilibria for example
solidus and liquidus lines. Thermochemical data consist of enthalpies, heat capacities,
activities or chemical potentials. Thermodynamic descriptions of binary and ternary
systems are obtained by the computerised assessment of the available experimental data.
In the assessment the same data are calculated from the thermodynamic models and the
difference is minimized, by varying model parameters. This step is very complex but
important since the models are used to make extrapolations to higher order systems. Such
calculations can be for example, the amount of stables phases, their compositions and the
activity of the components.

What concerns applications for industrial alloys design at manufacturing and
working temperatures, is not only the equilibrium phases but also non-equilibrium phases

21



Chapter 3 Thermodynamic Database in alloy design

that are important. The thermodynamic database also provides the possibility to
extrapolate outside the stable range provided that such experimental information is
available, because the modelling is done for the entire system.

In general, the models for the solid phases are based on the Compound energy
formalism CEF [50]. The fundamental basis of the CEF makes use of the crystallographic
information of a phase, although in some cases simplification of the structure is
necessary.

3.1 The Zr Database

A database represents a collection of thermodynamic model parameters which
are able to reproduce a large amount of experimental information by a small number of
parameters. The basic information in the database is the unary data, i.e. the
thermodynamic description of the pure elements. Those are already evaluated and
compiled by the Scientific Group Thermodata Europe ( SGTE ). SGTE compilations are
available in Therm_Calc [52] database library and can also be found in Ref. [53].

In the Zr database, the information concerning binary systems consists, partially
of a collection of assessments from different sources published or unpublished. The
following system were assessed in this work: Cr-Sn (paper I), Mo-Zr (paper II), Sn-Zr
(paper VI) and two ternary systems Fe-Nb-Zr (paper IV) and O-Nb-Zr (paper V,
extrapolated from the binaries).

The elements included in the zirconium database are: C, Cr, Fe, Mo, Nb, Ni, O,
Si, Sn. The large amount of elements gave rise to 45 binary systems. This combined with
the lack of experimental information in the ternary systems of the type Zr-M-M, where M
represent any alloying elements, complicated the database creation task. Thus some
simplifications where made taking into account priority systems. For the binary case it
was decided to include the description of all the binary systems of the type Zr-M (M= C,
Cr, Fe, Mo, Nb, Ni, O, Si, Sn. Systems of the type M-M were included either because
they will be necessary to describe the ternary systems or for the relevance of the case, for
example Sn-Nb, Fe-Nb, Mo-Zr. The binary Zr-H was added, due to the importance of the
hydrogen embritlement. For the ternary case, the list of systems became much larger than
the binary list. The lack of experimental information related to ternary systems made the
assessment task impossible without new experimental information. Priority criteria was
used to choose significant ternary systems. Thus, considering the fact that zirconium
alloys interact strongly with oxygen both during manufacturing of the alloys and in-
reactor performance, the O-Sn-Z is considered very important for Zircaloy-2 and
Zircaloy-4 and for the same reason the Nb-O-Zr in Nb containing multicomponent alloys:
Zirlo, and E635. The phase equilibria in the ternary Fe-Nb-Zr makes a very good
representation of the relative new generation of zirconium alloys: Zirlo and E635. The
intermetallic compounds present in this ternary system are important precipitates in those
alloys, see chapter 1. For the same reason the phase equilibria in the Zr-Fe-Cr and Zr-Fe-
Ni are also important in Zircaloy-2 and Zircaloy-4.

3.2 Thermodynamic Modelling
3.2.1 Pure Elements
The Gibbs energy, G, of the pure constituents i at temperature and physical

state of interest is given relative to the enthalpy of the element in its stable state at 298.15
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K and the entropy at 0 K. It is expressed using the power series in T shown in eq.(11)
SGTE [53] has evaluated the Gibbs energy expression of pure elements in all stable and
many meta-stable states for the temperature range 293-6000 K.

°G,—H™ =a+bT+cTInT+) dT" (11)
where n=2,3,-1...

3.2.2 Solution phases

The thermodynamic models for the Gibbs energy of a phase can be represented
by the general eq.(12)

ngrqf'Gg_’_ing;_’_exG’ﬁ+magGm 12)

In metallic systems, solution phases ( liquid, bce, bet, fee, hep ) are modelled
assuming random mixing of the atoms. For each phase the molar Gibbs energy of
formation is expressed by the eq. (12)

Gf = Y x¢G? + RTY 2 Inxf +GP +7G (13)

In the first term, °G? represents the Gibbs energy for the pure element i in the
phase¢ ( liquid, bee, hep.. ), always given relative to the pure element reference state

SER. The second term, RTZ x/ Inx? represents the contribution due to random mixing

of the atoms and x; is the mole fraction of the component. The third term, “"sz , 1s the

excess Gibbs energy. It represents the deviation from the ideal behaviour. For a
multicomponent system the excess term contains binary, ternary and higher order
interactions. A general formula for the binary contribution is given by the sum over all
interactions:

exGm = . Zn: (xixj)l‘ij (14)

to:

exGm - . (xixjxk )Ll'/k (15)

and each binary L;; term can be expanded by Redlich-Kister polynomial:

L= xx, 'L+ (x, —x )L+ (x, —x,)°L.. (16)

i*Jj
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the L; can be linearly temperature dependent, the temperature dependence of the
parameter is represented as:

"L, = A+BT (17

For a binary, the excess Gibbs energy takes into account the chemical interaction
between the constituents i and j (L;) in thegd phase The coefficients "L?j. are obtained

from the least-square optimisation fitting of experimental data. In the eq. (16) when n=0,
it corresponds to the regular model. When 7 takes values 1 and 2 the model is called sub-
regular and sub-sub regular model respectively. It is desirable to evaluate as few
parameters as possible in order to keep the physical meaning of the modelling and to
have more realistic extrapolations of the phases.

The fourth term in eq. (18), "*®G represents the magnetic contribution to the
Gibbs energy for elements which displays magnetic ordering. This contribution is treated
with an additional empirical formula according to the model by Hillert and Jarl [54] and
Inden [55]. Thus for pure elements and solutions phases the magnetic contribution is
given by:

MG = RTIn(B+1)f(z) (18)

where, T=T/T* and T* the critical temperature for magnetic ordering in ferromagnetism
known as T, (Curie Temperature ) for anti-ferromagnetism as Tx (Neel temperature), 3
denotes the average magnetic moment per atom given in unit of Bohr magnetons. The
function f (1) for different phases is given in Ref. [55]. The composition dependence of T,
or Tyand P in alloys is described in the same way as the excess Gibbs energy

3.2.3 Stoichiometric Compounds

The Gibbs energy of a stoichiometric compound ¢ at temperature T is given as
the Gibbs energy of the compound ¢ relative to the pure constituents in their stable state
of reference and multiplied by the stoichiometric coefficient a; of the constituents 7.

'G* =Y a,"H* = A+ BT +CTInT +....... (19)

Usually during the optimization the first two term are evaluated. Additional
terms are possible to evaluated if thermo-chemical data is available, i.e. Cp. Otherwise
the Neumanm- Kopp rule [103] can be used for the Cp, extrapolating this property from
the pure elements.

3.2.4 Compound Energy Formalism CEF

The CEF also called the sublattice model, was introduced by Hillert and
Staffansson [49], and later extended by Sundman and Agren [50].

CEF basically defines different crystallographic sites i.e. sublattices in which
various constituents can mix. Hence, in CEF the molar Gibbs energy of a phase is
determined by the site occupation of the constituents in different sublattices This
fractional site occupation is known as site fraction and it is defined by eq. (20):
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¥ =N I (20)

where, N is the number of atoms of the constituent i on the sublattices s and N* is the

total number of sites on the sublattice.

This formalism is employed to describe solution phases like hcp, bee or fec with
interstitially dissolved atoms, like O, C or H mixed with vacancies and for intermetallic
compounds that show composition variation.

Many intermetallic phases do not have a fixed composition but they appear in a
composition range. In general, this can be explained by the fact that crystals are not
perfect and defects can occur in the lattice structure. In this particular case point defects,
vacancies and anti-site atoms (substitutional or interstials atoms) are the interesting ones.
When developing the models, the crystallographic information of the phase is important,
for example, site occupancy of the atoms can provide a guide for the choice of sublattice
model.

When modelling a compound A,By, in a binary system with anti-site atoms on
both sublattices, the sublattice model is represented as follows:

(A,B).(A,B),
The Gibbs energy of this phase is also expressed by the eq. (14 ), Thus, having

only one constituent in each sublattice defines a compound and reference surface for the
Gibbs energy is obtained by random combination of all such compounds.

re 1.20 1.20 1.20 1.20
me =VaVs Cua ¥ YV Gup TV GoitVsyy Guy (21)
where, the subscript represent the sublattice, not the power.
It is assumed that the constituents i and j mix randomly on each sublattice and

the total entropy of mixing depends on the number of sites, @ and b. Thus, the ideal
entropy contribution to the Gibbs energy is expressed as follows:

Gy = RT[a(y} In(v}) + v} In(v}) + b(v7 In(y3) + v3 In(v ) (22)
The excess contribution to the molar Gibbs energy G, is described by the
interaction between at least two constituents in the same sublattice, in this way the

substitutional or interstitial defects are considered. Vacancies can also be taken into
account if such a defect is supported by experiments.

1.1(.2 2 2 2(1 1
“G,, =y ,vB (y 4LaBa+VBLypa )+ YiVB (y aLaap+ yBLB:A,B) (23)

This method to model phases with composition variation becomes more
complex when a component is added i.e. a ternary system. If two such binary phases, like
(A,B)a(A,B)p and (A,C)a(A,C)y, dissolve each other the model becomes

(A,B,C)(A,B,C).
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1.20 1.0 1.20 1.20 1.20
" Gy = v 935G 44 + 94y G up + ¥ 9E G uc + vbyi°Gas + vy 'Gap +

1.20 1.20 1.20 1.20
ypyc Gpc +ycya Gea +ycyg Gep +yeye Gcec
(24)

In this case parameters like "G, are needed, representing a compound on the
B-C binary which may not be stable.

3.2.5 The ionic model ( liquid phase )

When dealing with oxide systems a special variant of the sublattice model is
used to describe the liquid phase.

In the Zr-base database, the substitutional model used to describe the liquid in
some of the original assessed binaries has been replaced by the two sublattice model for
ionic liquid. This was done in order to make the models that describe the metal-metal and
metal-oxygen systems compatible. Those two models are identical for binary systems
[56] hence no reassessment is required.

In the two sublattices model for the ionic-liquid, cations ( C ) with valence V¢
occupy the first sublattice and anions ( A ) with valence Va, hypothetical vacancies ( Va )
and/or neutral species ( M ) occupy the second sublattice as follows:

(C"), (AVA,Va,?])Q

This model can describe the liquid from the pure liquid metal to the liquid oxide
in equilibrium with the oxygen gas. Since the sublattices are occupied by charged species
and the electroneutrality in the phase must be kept, the stoichiometric coefficients P and
Q vary with composition [85Hil]. P and Q represent the average charge in each sublattice
and Vy,an “ induced “ charge in the vacancies:

0= V.y.=V, (25)

P==3Vy,+0, (26)
3.3 The assessments

The assessments were performed using the optimisation module Parrot of
Thermo-Calc. In this module experimental data on phase equilibria and thermo-chemical
properties are optimised simultaneously by means of a least square method.

During the optimisation the CALPHAD technique is employed. It is summarised
in the following steps:

1. Selection of a suitable model for each phase.
2. Critical analysis of the available experimental data.
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3. Computerised evaluation of the experimental data in terms of model
parameters.

In step one, an appropriate model is chosen in order to describe the individual
properties of each phase. This step is very important because the thermodynamic
properties of a higher order system are extrapolated from the binary and the accuracy of
these extrapolations depends strongly on the selected model.

In the second step the experimental data are analysed and inconsistent set of
measured values are excluded from the optimisation. A reasonable procedure to do that is
to carefully go through the experimental techniques used for the measurements to find
possible sources of error. Especially, for reactive materials like in our case Zr, problems
due to impurities and oxidation may lead to complications in the experimental data.
Reactions with crucible are also of concern. Sometimes the sources of error are not
obvious, this problem can be tackled by direct calculations. This means that all available
experimental data is used in the beginning of the optimisation. If a set of conflicting data
can be identified by the fact that it is more difficult to fit than all the rest. It may then be
rejected for the final optimisation. Preferably, both phase diagram information and
thermochemical data are used. Phase diagram information can include measurements of
phase equilibria for example solidus and liquidus lines. Thermochemical data include
enthalpies, activities or chemical potentials. However, this experimental information is
not always available. It is therefore of great help to make use of quantum mechanics
which allows to calculate properties of well defined materials with high levels of
accuracy. In particular the information one wishes to extract from these calculations is the
total energy for different arrangement of atoms on different lattices for pure elements and
compounds and from this the enthalpy of formation of the compounds of interest.

In the second and third step which often has to be iterated several times, the
calculations from the thermodynamic models are compared with the experimental
information using the least square method. Final values for the model parameters are
obtained by minimising the statistical error between calculated and measured values,
considering the uncertainty for each experiment.[57]

The least square optimisation make use of the best fit criterion which is derived
from the maximum likelihood principal. Tt states that “the set of available experimental
observation should appear to be the most likely when taken as a whole”[58]. In the least
square method it is assumed that the experimental errors are random and uncorrelated and
the distribution of measured values about their true value follows the normal Gaussian
distribution.

The files with the binary systems are merged in a single file using MERGER
software [59]. This program has been developed for the construction of databases with
Thermo-Calc structure.

3.4 Contributions to phase diagram calculations: Quantum mechanic
and Miedema’s semiempirical macroscopic model.

The lack of thermodynamic information like enthalpy of formation of
intermetallic compounds is a problem of big concern for the assessor of binary or ternary
phase diagram. Many have solved these problems by replacing the lacking data using
either Miedema’s model [62] estimated values or the ab initio calculated values [104].
For instance in several alloys systems thermodynamic properties have been described by
combining quantum mechanical calculations ( ab-initio ) and CALPHAD method
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[5,60,61]. Both Miedema estimated values and ab initio calculation offer valuable help
when experimental information is missing and when dealing with experimental
difficulties, for example, if reactive materials are involved. However there exists a
substantial difference between these two methods. The ab initio method makes use of
quantum mechanical electronic band calculation to describe the chemical bonding of the
elements in consideration. This implies solving the Schrédinger equation for electronic
wave-functions in the unit cell. In order to perform such calculations, specific
information is needed on the atomic numbers of the constituents and on their arrangement
in space (atomic positions and translation vectors in the unit cell of the structure). Then
lattices structures which possess the lowest total energy are obtained. The minimization
of the total energy is found with respect to volume (volume relaxation), the unit cell (for
internal relaxation) and the position of the atoms within the cell (cell internal relaxation)
for the atoms which has deviated from their positions (high-symmetry imposed by the
space group). These calculations are done for pure elements and compounds in solid state
at 0 K.

The enthalpy of formation, A¢H, is extracted from the total energy minimum by
subtracting the concentration weighted total energy minimum of pure element.

form _ pymin _ _ min _ min
AHAl—xBx = HAl—xBx (1-x)H 4 xHpg 27)

Miedama’s method represents a parametrized atom model which systematizes
the data base available for alloys formation [62,63,64]. In this model it is assumed that
the atoms have the same macroscopic properties as the corresponding elements. Hence
electronic properties like density and chemical potential for electron are estimated from
the ratio bulk modulus K and molar volume V,, and enthalpies are derived from them. In
the Miedema’s method the structure-dependent contributions to phase stability is not
considered. Despite this fact in certain cases Miedema’s model is capable of predicting
enthalpy of formation with relatively good accuracy compared to experimental values,
see for example Refs. [63,65].

On the other hand, it is also important to point out that in ab initio calculations
the electronic-ion interactions are described by different methods and the potential
obtained for this interactions are either truncated ( Pseudopotential method ) or not (Full
potential method). The advantage of the Pseudopotential method in relation to the full
potential methods is the decrease in computing time but the degree of accuracy is
decreased too. Nevertheless the increasing computer power through the years has
contributed to achieve more reliable results.

28



Chapter 4 Description of the Zr Database

Chapter 4

Description of the Zr Database and its further
development

The basis for a thermodynamic database for zirconium alloys has been
developed. This project was carried out at the Department of Materials Science and
Engineering in KTH under the supervision of Prof. Bo Sundman at the division of
computational thermodynamics. The work was sponsored by the Swedish Nuclear Power
Industry: OKG Aktiebolag, Forsmarks Kraftgrupp AB Ringhalsverket, SKI, Barsebick
Kraft AB and Westinghouse Electric Sweden.

The aim with this work is to reduce the amount of experimental work necessary
under the manufacturing process for the design of new alloy composition by using
thermodynamics to perform equilibrium calculations in multicomponent and multiphase
systems.

The purpose of this chapter is to provide a guide for future users of this database
as well as to provide facilities for its further development. The present database
constitutes a combined work which includes thermodynamic assessment from various
sources and performed assessment.

4.1 Zirconium alloys database content

Is a database for fuel cladding application and contain 9 elements:
C, Cr, Fe, Mo, Nb, Ni, O, Si, Sn, Zr + H

It includes the following assessed system: C-Zr [66], Cr-Sn [67], Cr-Fe [68,92],
Cr-Nb [69], Cr-Ni [70,93], Cr-Zr [71], Fe-Nb [72], Fe-Ni [70,29], Fe-Sn [73], Fe-Zr [74],
Ni-Sn [75], Ni-Zr [76, zircobase] Mo-Zr [77], Mo-Ni [78], Mo-Si [79], Nb-Sn [80], Nb-
Zr [81], Si-Zr [82], Sn-Zr [83], Fe-Nb-Zr [84], Cr-Ni-Zr [85], the assessed oxide systems:
Cr-0 [86,29] , Ni-O [86,94], Cr-Ni-O [86], Cr-Fe-O [87], Fe-O [88,94], Fe-Ni-O [89], O-
Sn [90], O-Nb [90], O-Nb-Zr ¥, O-Zr [91] and H-Zr [90].

8 The O-Nb-Zr is extrapolated from the binaries

29



Chapter 4 Description of the Zr Database

In the database the Gibbs energy of all the components and all phases of the
system are described as functions of temperature and composition. With this
thermodynamic description the equilibrium state is calculated by minimizing the total
Gibbs energy of the system.

4.2 Method

The main technique is to use experimental information on phase diagram and
thermo-chemistry and analyse it using mathematical models which describe the
properties of the phases, this is also referred to as the Calphad technique. Consistent
models must be used for the pure elements and for the phases ( binary ternary or higher
order ) in order to combine results from independent assessments in a common database.
Those models are able to describe a large amount of experimental information by small
amount of model parameters.

4.3 Description and recommendations

In Table 1 all phases present in the database are listed. For some of the
intermetallic phases the corresponding prototype structure is given. In some systems a
miscibility gap can occur, in that case the system is given in a footnote.

4.3.1 The hcp phase

Some adjustments were done in the hep phase in order two merge the files with
metal-metal ( M-M ) where the model is (M), (Va)os . (M= Cr, Fe, Ni, Nb, Mo, Si, Sn
and Zr) systems and H-Zr and O-Zr where the models are (Zr ); (Va)i(H); and (Zr )
(O,Va)(Va,); respectively.

In the model the second sublattice represents the octahedral interstitial occupied
by O and Va and the third represents the interstitial occupied by hydrogen. Note that the
C-Zr system is included in the database but the model is not compatible for hcp. In order
to avoid problems in the calculations when having both C and O , this problem must be
corrected. In the database the hep is modeled as follows:

(M )] ( C,O,Va)1(H,Va)1

4.3.2 The liquid phase

In the Zr-base database, the substitutional model used to describe the liquid in
some of the original assessed binaries has been replaced by the two sublattice model for
ionic liquid. This was done in order to make the models that describe the metal-metal and
metal-oxygen systems compatible. These two models are identical for binary systems. In
the two sublattices model for the ionic-liquid, cations ( C ) with valence V¢ occupied the
first sublattice and anions ( A ) with valence V4, vacancies ( Va ) and/or neutral species
(m) occupy the second sublattice as follows:

(C")p (4" Va,n),
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The stoichiometric coefficients P and Q vary with composition P and Q
represent the average charge in each sublattice.

4.4 Database extensions

In the appendix of this thesis is provided a list of older references on phase
equilibria information for some ternary systems of the type M-M-Zr and M-O-Zr. In key
systems like Cr-Fe-Zr, Fe-Ni-Zr, Fe-Nb-Zr, O-Sn-Zr the experimental information is very
scarce.

The Cr-Ni-Zr ternary system has been extracted from the assessment published
in Ref. [85]. This assessment is based on the experimental work on the Laves phase
domain extension across the ternary composition triangle at 1273 K publish in ref [95].
The Zr rich corner is extrapolated from the binaries, and in order to verify the accuracy of
the extrapolations, new experiments are desirable.

The Fe-Nb-Zr system is a preliminary assessment performed at 1073 K, which
can be improved with more experiments. Fe-Zr binary has to be reassessed, according to
the experiments by Stain ef al. in [96], the Laves_C36 is stable in this binary, FeZr, C16
is a high temperature phase stable between 1048-1247 K, and the Fe»;Zrs is not an
equilibrium phase in this system. Nevertheless, a new assessment of this binary system
will soon be available [97].

The O-Nb-Zr ternary system included in this database consist of extrapolations
from the binary system. The accuracy of the extrapolations have been tested and
compared with the experimental data on the ternary system, see paper V in this thesis. In
Appendix 1, references on O-Nb-Zr experimental data are given.

The secondary phase particle SPP, present in Zr alloys: (FeNi)Zr, C16
(tetragonal C16) and (Cr,Fe),Zr (Laves C14 or C15 ) in Zircaloy-2 and Zircaloy-4 and
Fex(Zr,Nb) Laves _c14 and Fe(Zr,Nb), (Cubic C16) in Zirlo and E-365, have provided a
guide for selection of more important ternary systems, for example: Fe-Nb-Zr, Cr-Fe-Zr,
Fe-Ni-Zr, Cr-Ni-Zr. Regarding Fe-Ni-Zr and Fe-Cr-Zr new experimental data have been
published by Barberis ef al. [5] and can be used with older data (appendix 1) for the
assessment.

Due to the fact that zirconium alloys interact with oxidant environments in the
manufacturing process and with H,O during in service operation oxygen and hydrogen
are two very important element in this database. Binary systems of the type M-O (C, Cr,
Fe, Mo, Nb, Ni, Si, Sn, Zr) are essential for further study of the phase equilibria in higher
order systems like Zr-M-O or M-M-O. A better understanding of the phase equilibria
including oxygen are important not only for the effect of this element on the a-Zr—p-Zr
transition temperature but it can also, give valuable information on the thermodynamic
stability of the phases forming after the oxidation of the SPPs.

Moreover, phase diagram calculation can be useful on modelling of severe
industrial accidents. As an example the Fe-O-Zr and U-O-Zr ternary system are important
for modelling the high temperature equilibria in the quaternary system Fe-O-U-Zr which
represents hypothetical accidents involving core melting. The thermodynamic assessment
of those systems are available in the literature. However the compatibility of the models
has to be checked, specially the liquid phase, the hep and the oxides.

31



Chapter 4 Description of the Zr Database

4.4.1 The O-Sn-Zr

The experimental data in the O-Sn-Zr ternary system are limited. The zirconium
rich corner has been investigated using metallographic studies, X-ray diffraction and
electron probe micro- analysis (EPMA) by Aricé ef al. [99], and Aric6 and Gribaudo
[100]. At 1287 K [36Ari] found a three phase equilibrium between: o-Zr(O,Sn)+ZrsSn;
+0ZrO,. They found the same equilibrium at 1587 K and the equilibrium compositions
were almost the same. In Fig 4.1 the phases in equilibrium at the zirconium rich corner
are shown. [100] measured the phase compositions of an isothermal annealed sample at
T=1287 and 1573 K and proposed a tentative boundary for the o-region. No ternary
intermetallic compound was reported. According to [99] and [100] the only ternary phase
is this system is the solid solution a-Zr(Sn,0).
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FIG 4.1 Zirconium rich corner of the O-Sn-Zr ternary system, isothermal section at 1287
K [99]

Fig. 4.2 shows in more detail the equilibria surrounding the o-Zr phase (a-
Zr(Sn,0) ) and the B-Zr phase ( B-Zr(Sn,0) ).
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FIG. 4.2 Equilibria surrounding the a-Zr phase in O-Sn-Zr at 1287 K according to [100]

In X-ray studies [100] found some variation of the lattices parameters of the
ZrsSn; and according to them it is due to the interstitial dissolution of oxygen in the
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intermetallic. The proposed boundary is show in the Fig 4.3 where the solubility of Sn in
a-Zr also has been drastically reduced compared to [99]. It has been mentioned that
Kwon and Corbett [101] studied the influence of impurities (O, Fe etc) in Sn-Zr binary
system. In these studies they contemplate a possible compound ZrsSn;Ox for x=0.1 and
0.5. However, [99] and [100] did not mention any dissolution of oxygen in this phase.
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FIG. 4.3 Isothermal section at 1323 K (O-Sn-Zr) [100]

There is a large difference in the o-Zr phase field in Ref. [100] and in Ref. [101].
The reason for this is not explained in the papers, hence new experiments on the O-Sn-Zr
ternary system were designed. Since those experiments are a collaboration between KTH
and CEA (France), they will be soon available for an assessment of O-Sn-Zr ternary
system.

Table 1 Phase present in the database

Phase Prototype structure System Comments
Tonic-Liq - This phase contains: C, Cr,
Fe, H, Mo Nb, Ni, O, Si,
Sn, Zr
Miscibility gap °
BCC_A2 This phase contains: C,Cr,
Fe, Mo, Nb, Zr
Miscibility gap '’
BCT_AS Sn
FCC_Al This phase contains: C, Cr,
Fe, N1
HCP_A3 This phase contains: C, Fe,
Mo, Ni, Nb, O, Si, Sn, Zr
Al5 Cr;Si Nb-Sn Nb;Sn
(cubic) Sn-Zr SnZry
B35 CoSn Fe-Sn FeSn
NaCl C-Zr Carbide CZry

® Fe-Sn, O-Sn, Cr-Sn
Y Nb-Zr, Fe-Cr

33



Chapter 4 Description of the Zr Database

Cl

Cl4

CI15

Cl6

C21

C36

OQZI'
Ozzr
Ozzr

C49
C54
D0y
D5,

Ga4T15
E1A

Fe 5Sn3
F63 Sl’lz
Mo3Si
MoNi; _gamma
MoNi, beta

(cubic)
C3F2

ThH,
MgZr,
(Hexagonal laves)

Clleg
(Cubic Laves )

NiTi;,
(Cubic)

AlLCu
(Tetragonal )

TiO»

(Hexagonal Laves)

Can

cubic

HgIz
tetragonal

SiZZr
TiSi,
Ni3 Sn
Si,Us
Ml’l5 Sl3
(Hexagonal)
Hexagonal

BR€3
(orthorhombic)

Fe-Nb-Zr

Cr-Ni-Zr
Fe-Nb-Zr

H-Zr

H-Zr
Cr-Nb
Cr-Zr
Fe-Nb
Fe-Zr

Cr-Nb
Fe-Zr
Mo-Zr
Fe-Zr
Ni-Zr

Fe-Zr
Fe-Sn
Si-Zr

O-Sn

Cr-Zr
Fe-Zr

O-Zr

O-Zr

O-Zr

Si-Zr
Sn-Zr
Ni-Zr
Si-Zr
Si-Zr
Sn-Zr
Sn-Zr

Fe-Zr

Fe-Sn
Fe-Sn
Mo-Si
Mo-Ni
Mo-Ni

(fcc_Al)
H,Zr-6 hydride
(fce_C1)
szr -&

metastable
(Nb,Fe),Zr

metastable
NiZI‘2
(Cr,Ni)Zr,
Fe(Nb,Zr),
Called in the database
MZr,_cub
FeZr,
FeSn,
Sinz

OZSn
( Brookite )
CryZr
metastable

0,Zr_cubic
O2Zr_tetr
OyZr-monocl.

SizZI'
SnyZr
Ning
SiQZr 3
Si3ZI‘5 ?
Sn3Zr 5
Sl’l4ZI'5

FeZr;

Fe 5Sn3
F63 Sl’l2
Mo3Si
MoNi;_gamma
MoNi, beta
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MoNi_delta Mo-Ni MoNi_delta
MoSi, Mo-Si MoSi,
MO5Si3 Mo-Si MO5Si3
Nb5Sl’15 Sl’lsTi5 Nb-Sn Nb5Sl’15
NbSn; CuMg, Nb-Sn NbSn,
Nb5Sl’15 Sl’lsTi5 Nb-Sn Nb5Sl’15
NisZr AuBe;s Ni-Zr NisZr

NizsSn_HT Ni-Sn Ni3Sn high temperature
NizSn_LT Ni-Sn NizSn low temperature
NizSn_LT Ni-Sn Ni3Sn low temperature
Ni35n4 Ni-Sn Ni3Sn4
NiZr BCr Ni-Zr NiZr
SiZr Si-Zr SiZr
Ni7ZI'2 Ni7ZI‘2 Ni-Zr Ni7ZI'2
Cr-Ni-Zr (Cr,Niy;Zr,
Called in the database
Ni7ZI'2
Nl 1 ()ZI'7 Nl 1 QZI'7 Ni-ZI’ Nl 1 ()ZI’7
NimZI‘g Hngiz] Ni-Zr Ni21ZI'3
Ni] 1ZI'9 Pt| 1ZI’9 Ni-ZI’ Nl] 1ZI’9
NbO Nb-O NbO
NbOz NbOz
szo 5 NbZOS
SiZI'3 PT13 Si-Zr SiZI'3
Si4ZI‘5 Si4ZI‘5 ? Si—ZI‘ Si4ZI’5
Sigma Fe-Cr,
Fe-Cr- Ni
Diamond_A4 Si
Corundum Cr-0O, Cr-Ni O
Cr-O CI'304
Halite Fe-O, Ni-O,
FeNi-O
Spinel Fe-O, Ni-O,
Fe-Ni-O
The gas phase contains the following species
Species System
H, H, BZr Zr, Zr» H-Zr
02 Ni-O, Zr-O, Cr-O,
Fe-O
0, 02 03, Zr, Zr0, 7Zr-O
Nb,NbO,NbO,,0,0,,0; Nb-O
0,0,,0,51n,03,051n,Sn,Sn; | Sn-O
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Chapter 5

Concluding Remarks
5.1 The papers in this work

5.1.1 Summary of paper 1

Thermodynamic assessment of the Cr-Sn binary system
Rosa Jerlerud Pérez and Bo Sundman

In this paper the thermodynamic description of the Cr-Sn binary system was
obtained by means of the Calphad technique. In order to compensate the lack of
thermodynamic information of this system, the estimated enthalpy of mixing from
Miedema was used as supplementary information. The phases in equilibrium in this
system are: the solid solution phases Cr-bce ( body centered cubic ) the Sn-bet ( body
centered tetragonal ) and the liquid. The miscibility gap was difficult to reproduce and
more experimental data is required in order to judge the accuracy of the assessment of
this system.

5.1.2 Summary of paper 11

Thermodynamic assessment of the Mo-Zr binary phase diagram
Rosa Jerlerud Pérez and Bo Sundman

In this assessment fairly good agreement is observed between the calculated
phase diagram and the available experimental data ( phase diagram data ). Nevertheless
the calculation disagrees with some of the experiments at the zirconium rich side. It is
suspected that the experimental liquidus has been contaminated due to the high reactivity
of zirconium. The lack of thermodynamic information (enthalpies, activities) in this
system was compensated by estimated enthalpy values: the enthalpy of formation of the
Laves phase and the enthalpy mixing of the liquid.
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5.1.3 Summary of paper I11

Structural stability of intermetallic phases in the Zr-Sn system
V.I. Baykov, Rosa Jerlerud Perez, P.A. Korzhavyi, Bo Sundman and B.Johansson

In this paper, the thermodynamic properties of the intermetallic compounds in the
Zr-Sn binary system were obtained by first principle calculations of the total energy of
the compound at 0 K, using the Vienna ab initio code VASP. The method used in VAPS
is based in the local density functional (LDF) theory [104]. The calculated lattice
parameters of the equilibrium phases in this system are reported, as well as the estimated
formation energy of these compounds by means of Miedema’s method. All theses
quantities are compared with the available experimental data.

In the theoretical study presented in this paper, two problems were treated: the
thermodynamic stability of ZrsSn, compound in this system and the determination of the
type of structural defects in the ZrsSn compound which cause the deviation from the ideal
stoichiometry suggested by its structure A15 (Crs;Si prototype). Two possible structures
derived from A15 were studied :vacancies on the Sn sublattice Zr3(Sn7s Vass) and Zr
substitution on the Sn sublattice Zr; (Sng Zr5).

The ZrsSns compound was found to be a stable phase in this system. The ZrsSn;
ZrsSny compounds both with a hexagonal lattice shown the most negative energies. The
results of the calculations of the density of state (DOS) for both compounds revealed that,
the hybridisation of the Sn 5p with Zr 4d electronic states is the reason of their high
stability.

In the case of the ZrsSn phase, for the vacancy model, it was calculated the
formation energy of the Zr;(Sng75,Vag,s) compound using a supercell with 64 sites, i.e.
Zr43(SnpVay), arranging the four vacancies in the structure of the supercell of the fcc
lattice. For the Zr substitution on the Sn sites was considered 4 model alloys, described
by supercells of various size, Zrug(SnsZr), Zryg(Sn3Zr3), and Zrug(Sn ,Zry). The alloy
with the configuration Zrsg(Sni;Zr;) was found to be the most stable and has the
stoichiometry (79.687 at % Zr) closest to that of the Zr,Sn (80.0 at % Zr).

5.1.4 Summary of paper IV

Contribution to the study of phase equilibria in Fe-Nb-Zr and preliminary
thermodynamic assessment at 800 °C
R. Jerlerud Pérez and Bo Sundman

The niobium bearing multicomponent zirconium alloy Zirlo (Zr-1Nb-1Sn-0.5Fe), and
E-365 (Zr-1.2Sn-0.4Fe-1Nb), represent the new generation of material for fuel cladding
and other structural part in the nuclear reactor, due to their better corrosion resistance and
irradiation growth compared with Zircaloy-2 and 4. Since the intermetallic compounds in
the Fe-Nb-Zr ternary system are also present in the Zr multicomponet alloy and the fact
that the composition of these intermetallic phases change during in- reactor performace a
better knowledge of this ternary system is needed. On the basis of the CALPHAD
(CALculation of PHase Diagram) technique, a tentative thermodynamic assessment of
the Fe-Nb-Zr ternary system was performed at 800 °C and the optimising module (Parrot)
of Thermo-Calc software was used. The thermodynamic models based on the Compound
Energy Formalism (CEF) has been used to describe the Gibbs energy of the intermetallic
phases stable at 800 °C: Laves_C15, laves_C14, Laves C36 and the Fe(Nb,Zr), Cubic
phase. Despite the lack of experimental data it was possible to calculate several
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isothermal sections at 800°C and even at 570 °C, 680 °C and 900 ° and to explore the
use of the Zr alloys thermodynamic database on industrial applications, for example the
effect of oxygen addition to the Fe-Nb-Zr system.

5.1.5 Summary of paper V

Thermodynamic evaluation of the Nb-O-Zr system
R. Jerlerud Pérez and A.R. Massih

The Zr rich Zr-Nb binary alloys are employed in water cooled nuclear reactors in
fuel and core components. Due to the fact that these alloys interact strongly with oxygen,
which acts as a-stabilizer affecting mainly the o+f—f transition temperature, detailed
knowledge of the phase equilibria is important for the manufacturing of the alloys as well
as for the material’s in-reactor performance.

In this paper the thermodynamic description of the O-Nb-Zr ternary system consists
of extrapolations from the binary system which means that any ternary excess energies
have been evaluated. The accuracy of the extrapolations have been tested and compared
with the available experimental data. The phase diagram data in the O-Nb-Zr ternary
system are reviewed and presented in Figs. 1-12. The thermodynamic calculations with
the Zr alloys database using Thermo-Calc software are presented and include: the binary
phase diagram of Nb-Zr, O-Zr and Nb-O, isothermal section at 1273,1473 and 1773 K for
the entire ternary system and compared with the experiments, thermodynamic properties
of the Nb-O oxides, isoplethal sections for a given oxygen or Nb content in Zr rich
ternary alloys, Figs. 13-27. The results indicate that the models describe the zirconium
rich portion of the ternary phase diagram satisfactorily. However in the niobium rich part,
the calculations differ from the experiments, for example the calculations at 1273 K
describe better the phase boundaries between B-Nb+ ZrO, monoclinic and o-Zr+f-
Nb+ZrO,.monoclinic than the experimental data which are inconsistent with each other.
Moreover the calculated solubility of O in -Nb phase does not agree with some of the
experimental data. It is not clear if the experimental data reported really represent the
oxygen content in B-Nb phase or the overall oxygen composition in the two-phase field
B-Nb phase+ZrO; at some unknown oxygen potential. The calculated Nb rich corner is
plotted with logarithmic composition axes and the decrease of oxygen solubility with
increasing zirconium content is a straight line, representing the constant solubility
product x,x, =2.0.107", determined using the chemical potential of the component for

the phases in equilibrium. It was conclude that the calculated results would be verified
with new experiments.

Since the thermodynamic assessment of the Nb-O by Dupin ef al. [90] has not been
published, the calculated thermodynamic properties of the oxides in this system were
compared with the available experimental information and the agreement was good.

In the review of the experimental data additional information about order-disorder
transition temperature in Nb ;5 ZrxO, is given.
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5.1.6 Summary of paper VI

The Sn-Zr Binary System: experiments and thermodynamic assessment
R. Jerlerud Pérez, C. Toffolon_Masclet, J.M.Joubert and B. Sundman

In this paper an experimental study on the Sn-Zr system to conform the theoretical
result by first principle calculations presented is presented in paper III. The experiments
consist of: X-ray diffraction, EPMA, mass-density and calorimetry measurements and
isothermal annealing. The chemical composition of Zr4Sn phase was determined: at 81.2
at %Zr i.e. non-stoichiometric, at 1273 K and its crystallographic structure was identified
as cubic A15 (Cr;Si prototype). The results indicated that the Zr substitution on the Sn
sublattice explained the non-stoichiometry of this phase, two possibilities were studied:
vacancies on the Sn sublattice Zr;(Sn7s Vas) and Zr substitution in the Sn sublattice Zrs
(Sng Zr,). This conformed the ab inifo results.

In order to conform the ZrsSn, and to explore the possibility of a miscibility gap in t
the m phase (ZrsSn3x 0< x< 1) below 1100 °C previously reported, three alloys were
annealed at 1273 K for 9 days: 66 at% Zr located on the Zr rich side in the two phase
domain ZrsSn+ZrsSnj, at 59 at. % Zr in the middle of the possible composition range and
at 51 at % on the Zr rich side in the two phase domain, ZrsSns +ZrSn,. The phase n with
two composition sets ZrsSny (with TisGay structure) and ZrsSn; (with MnsSis structure)
was conformed. The analysis for the alloy with 59 at % Zr indicated the coexistence of
the compounds: one richer in Sn, refined at composition ZrsSnss with larger lattice
parameters, one poorer in Sn (ZrsSns). Our results indicated that the miscibility gap is
between ZrsSns and ZrsSnszs and not between ZrsSnsz and ZrsSng as proposed in the
literature. The temperature of the peritectoid reaction B-Zr + ZrsSne o-Zr was
determined at 1216 £5 K, 40 degrees below the previously reported value.

The reassessment of the Zr-Sn binary system presented in this paper was performed
using new experimental information together with previous data and with first principle
calculated enthalpies of formation of all the intermetallic compounds in this system. Both
theoretical and experimental data could be used within the Compound Energy Formalism
(CEF) in order to describe the composition range of the A15 phase and the stability range
of the n phase. The 1 phase was modelled assingle phase including the miscibility gap at
low temperature. The liquid, bee, hep and were treated as substitutional solutions. The
assessment was performed using the Parrot module of the Thermo-Calc software.
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