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Chapter 1 : Introduction

1.1 Background

Ni-Mo-Cr based alloys have extensive applications in different sectors such as
petrochemical industries, hydropower, space technology, nuclear energy program, etc. [1-4] owing
to their excellent high temperature mechanical strength, superior resistance against oxidation and
corrosive attack in various media and acceptable radiation stability [1-5]. With the inclusion of
molten salt reactors (MSR) and supercritical water reactors (SCWR) in Generation IV reactors [3-
4, 6-8], there is a renewal of interest in examining the properties of Ni-Mo-Cr alloys which have
emerged as a potential candidate for use as structural materials in these reactors where high

temperature, corrosive environment and extensive radiation fields are prevalent.

Ni-Mo-Cr alloys considered for applications in MSR are solid solution strengthened alloys.
One of them named Hastelloy N with low Mo (15-16 wt.%), Cr (6-8 wt.%) content was developed
by Oak Ridge National Laboratory (ORNL) in 1950s for the molten salt reactor program [9-10].
This Ni-based alloy was chosen over the conventional Fe-based alloys as pure nickel shows good
resistance to stress corrosion cracking (SCC) in chloride environments and is also fairly compatible
with fluorides [9-11]. Due to the lack of required high temperature strength in Ni, Molybdenum
(Mo) is added for solid solution strengthening, high temperature creep resistance and resistance to
corrosion in reducing media such as fluoride melt [9-11]. Chromium (Cr) also imparts solution
strengthening as well as provides oxidation resistance. The Mo and Cr contents are thus limited to
<20 wt.% and <10 wt.%, respectively, to limit spalling of mixed oxide NiMoO4 and void formation

due to Cr depletion by fluoride melt [9-11].



For the long-term service of this structural alloy in a nuclear reactor, it is necessary to
understand the phase transformation mechanisms in the alloy at the operating temperatures (~923-
1123 K). A study of binary Ni-Mo and Ni-Cr alloys as well as Ni-Mo-Cr ternary phase diagrams
(Fig. 1.1(a)-(b)) suggest quite a few interesting possibilities of phase transformations, namely,
precipitation of long range ordered (LRO) precipitates [12-16]. In both Ni-Mo (8-33 at.% Mo) and
Ni-Mo-Cr alloys, the phenomenon of short range ordering (SRO) has been observed. The
characteristic features of the SRO state have been identified to be the weak diffused diffraction
spots at {1 ¥ 0} positions and their absence at {210} positions in the selected area diffraction
(SAED) patterns. The marked difference between the SAED patterns from the SRO and the long
range ordered (LRO) structures, which develops upon prolonged ageing, attracted the attention of
several investigators [13-14, 17-22]. These alloys are often designated as {1 %2 0} type alloys. In
these alloys, several competing superlattice structures having close symmetry relationships with
the parent disordered face centered cubic (fcc) structure and, possibly, nearly equal formation
energies are present. For example, in the Ni-Mo system, the equilibrium NizsMo shows an ordered
D1, structure with ordering transition at ~1140 K [20, 23]. At the Ni-33 at.% Mo composition, the
ordered Ni2Mo with Pt2Mo type structure appears as a metastable structure. While in Ni-Cr alloys,
formation of the equilibrium Ni>Cr (0P6 phase) occurs at temperatures ~873 K [24-25], but NisCr
is not observed experimentally. In ternary Ni-Mo-Cr system, with high Cr+Mo content (> 30
wt.%), Pt2Mo type Ni2(Cr,Mo) and/or topologically close packed (TCP) phases, viz., ¢, 6 and P
are formed at temperatures < 900 K [26-27]. The formation of different LRO structures in this

system is dependent on the Mo/Cr ratio [28].

The isothermal section of ternary Ni-Mo-Cr phase diagram at 1473 K (Fig. 1.1(b)) shows
that the austenite y-phase field extends upto ~75 at.% Ni on Mo side and ~45 at.% Ni on Cr side

[15, 29] and most of the commercial alloys including Hastelloy N fall in this region. These alloys
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are mainly designed with the objective that the alloy remains in a single phase for extended periods
at operating temperatures and is, therefore, not expected to show any ordering transition or
precipitation reaction. However, taking the cue from the studies on binary Ni-20 at.% Mo alloy
[18-20], the prolonged exposure of these alloys in the medium to high temperature regime in a
radiation environment, may lead to the formation of coherent ordered precipitates. With the ternary
addition of Cr, along the tie line of Mo+Cr~20 at.%, the stabilities of competing ordered phases
may change depending on the Mo/Cr ratio. Though the binary counterpart of this alloy, Ni-20 at.%
Mo has been extensively studied over past fifty years [18-20, 30-32], no such exhaustive study is

performed on the ternary alloys especially in the composition range of Cr+Mo ~20 at.%.
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Fig. 1.1: Phase diagram for (a) Ni-Mo [12] and (b) Ni-Mo-Cr system [15].

In addition to high temperature, the alloy is subjected to an intense field of high-energy
neutrons (neutron flux~10*n cm? s, damage ~100 dpa) [3-10, 33-34], fission product build-up
particularly, tellurium, temperature (650-850 °C) [3-10, 35-36], corrosive environment of fluoride
salts (UF4 containing fuel salt and LiF-NaF-KF type candidate coolant salt) [3-10, 37-41] in a
reactor environment. Degradation of Ni-Mo-Cr alloy in this environment can lead to reduced

performance, and in some cases, sudden failure. Thus, the safe operation and operating life of a
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nuclear power reactor rely to a great extent, on the service performance of structural materials. The
alloy, earlier used for experimental MSR was meant for operating temperatures < 973 K. However,
MSR in Gen IV initiative aims at operating temperatures of ~1123 K and also in the environment
of new salts. Hence the compatibility of Ni-Mo-Cr alloy with fluoride salt and Te fission products
need to be re-assessed. The effect of temperature mainly in terms of the ordering transformations,
corrosion and fission product interactions in Ni-Mo-Cr alloys chosen for MSR are briefly

discussed in the sections 1.2-1.5.

1.2 Brief overview of molten salt reactors

Molten salt fuelled reactors commonly known as molten salt reactors (MSR) (Fig. 1.2) uses
molten fluoride- based salts as fuel, e.g., UF4, PuFz and fluorides of minor actinides and/or fertile
elements such as ThF; are dissolved in LiF solvent/primary coolant in suitable concentration [3-
10, 40-42] depending upon the desired application, viz., breeder, burner, etc. The blanket salt if
any, and fuel salt are circulated through individual heat exchangers. Heat generation in reactor
vessel is controlled by circulating a secondary coolant which is also a molten salt through the

intermediate heat exchangers [42].
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Fig. 1.2: Schematic diagram of a MSR [6].

The initial research on MSR started with 2.5 MWth aircraft reactor experiment (ARE) operated
in 1950’s at Oak Ridge National Laboratory (ORNL) [7-11, 42] followed by 8 MWth Molten salt
reactor experiment (MSRE) in a test thermal reactor which was operated from 1965 to 1969 using
fuel salt LiF-BeF2-ZrF4-233UF4/2°UF4/%°PuF; (65-29-5-1 mol.%), pyrolytic graphite moderator,
molten 2LiF-BeF; salt (66-34 mol.%) secondary coolant and a low Cr - high Mo containing Ni
based alloy (INOR 8) as structural material. MSRE showed that the actinide fission products are
stable in molten salt and established the feasibility of uranium recovery [7-11, 42-43]. The
favourable experience gained with ARE and MSRE led to the design of a prototype 1000 MWe
molten salt breeder reactor (MSBR) with a thermal spectrum graphite moderated core, and
thorium—uranium fuel cycle with operating temperatures < 973 K [7-11, 42] using LiF-BeF,-ThFs-
UF4 (72-16-12-0.4 mol.%) as fuel salt and NaF-NaBF4 (8-92 mol.%) as the secondary coolant
[42]. However, the applicability of molten salts for use at extreme temperatures was not explored
extensively during that time and the program was stopped abruptly in favour of fast breeder reactor

program. Nonetheless, a marked resurgence of interest in MSR is observed in recent years [2-3, 7-



11, 42] as indicated by its inclusion in the Gen IV initiative. A schematic roadmap of MSR research

with time is presented in Fig. 1.3.
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Fig. 1.3: Roadmap of development of MSR [3].

The principal advantages of MSR over solid fuel element system are that it is inherently safer
as the fuel can easily be cooled by draining it in criticality safe dump tanks at ambient pressure
without any possibility of core melt down or radiation damage. The fission products generated are
less in quantity and can be reprocessed online. MSR can achieve higher thermal efficiency due to
higher operating temperatures, negative temperature and void coefficients [7-10, 42-43]. One of
the attractive features of the molten salt system is that a variety of reactor types can be considered
to cover a range of applications such as breeders, transuranic waste burners or provide energy for
industrial applications like hydrogen production [42-43] and desalination. MSR can be operated

with different types of fissile elements, and/or neutron spectrum (Table 1.1).



Table 1.1: Different types of MSR concepts [3].

Class Concepts Fuel cycle Comments
MSR MSBR U-233/Th BR >1.05
Breeder
AMSTER-B U-233/Th BR >0.95
REBUS U/Pu
FUII U-233/Th
TMSR U-233/Th BR >1
MSR- AMSTER-I U-Pu-MA
Burner ..
SPHINX/ Pu-MA Feedback reactivity
MOZART coefficient <0

1.3 Indian program on MSR

Indian molten salt breeder reactor (IMSBR) is an attractive option for thorium utilization

in the third stage of Indian Nuclear Power program with the goals of enhanced safety, efficient

resource consumption and high efficiency power conversion (~35%) [44-46]. #*°Pa, an

intermediate isotope formed during conversion of 232Th to 23U [44-46] is mostly lost in solid fuel

reactors by neutron absorption (Fig. 1.4). Online removal of *3Pa in MSR allows it to decay to

233U thus ensuring a self-sustaining thorium utilization in third stage [9].
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Fig. 1.4: Conversion of 2Th to 23U [9].



Two reactor concepts — Loop-in-tank and pool type concepts are being developed for a power
level of 850 MWe. The major advantages of such breeder reactors are that breeding is possible
over a wide range of neutron spectrum and self-sustaining thorium reactor possible with minimal

fissile inventory [45]. A schematic of proposed loop-type IMSBR is given in Fig. 1.5.
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Fig. 1.5: Preliminary layout of the proposed loop-type IMSBR [45].

1.4 Ni-Mo-Cr based alloys for MSR applications

The potential candidate for use as structural materials must satisfy the criteria of high
temperature strength, stability against thermal creep and high temperature oxidation, radiation
stability upto displacement damage of ~ 100 dpa, good neutronic properties and a high degree of
chemical compatibility with molten salt [7-10]. In general, the structural alloy is compatible
(noble) with the salt if the difference in the Gibbs free energy of formation of the salt and the
container material is >20 kcal mole*°C-1 [47]. The tendency for corrosion in molten fluoride salts
is increased in the following order: Ni, Co, Fe, Cr, Al; while the refractory metals Nb, Mo, and W
could be expected to be relatively free from attack. The corrosive environment can be aggravated
by presence of impurities and the structural alloy must be able to withstand such harsh operating

conditions [38, 47].



The Zr-based alloys though have low neutron capture cross-section, acceptable mechanical
and corrosion resistance in aqueous environment but an increased susceptibility to hydrogen
embrittlement, allotropic phase changes at elevated temperatures (a—f3 phase) as well as poor
creep and oxidation properties render them unfit for use in MSR [48-49]. Similarly, stainless steels
considered for fast reactors have unacceptable long term chemical compatibility with the molten
fluoride salt [50]. ORNL research on the material selection for their aircraft experiment lead to the
development of INOR-8 (Hastelloy N) with an optimized composition of Ni-16 wt.% Mo-7 wt.%
Cr-5 wt.% Fe suitable for operations in the range of 973 K [46-49]. With the renewed interest in
MSR, the interest in candidate alloys has resurfaced and the various Ni-Mo-Cr based alloys that
are being considered for present day applications are summarized in Table 1.2.

Table 1.2: Chemical composition of selected candidate Ni-based alloys considered for use in
different types of MSR [39].

Elemental Composition (wt.%0)

Alloy Name -

Mo Cr Fe Mn C Ni
Hastelloy N 15.7 7.1 3.7 0.6 <0.05 Balance
GH3535 17.1 7.0 4.0 0.8 <0.02 Balance
MONICR 17.4 6.8 0.7 0.06 <0.002 Balance

1.5 Phase transformations in Ni-Mo-Cr based alloys

Binary and ternary Ni-Mo based alloys under the service conditions of high temperature
show interesting phase transformations, namely, precipitation and chemical ordering which
influence the microstructure as well as the mechanical and the corrosion properties of the alloys
[18-30] such as improved hardness, reduced fracture toughness, increased hydrogen embrittlement
susceptibility and SCC [18-30]. Moreover, the transformation mechanism as well as the kinetics
is governed by the alloy composition and ageing temperature. The binary counter part of Hastelloy

N (Mo+Cr ~20 at.%) is NisMo (Mo-20 at.%) alloy which forms coherent LRO precipitates of D1,
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(NisMo) structure. Depending upon the Mo content (8-33 at.%), the binary Ni-Mo alloys undergo
different type of transformations controlled by a competition between several fcc based
superlattices and a SRO characterized by the presence of intensity maxima at {1 %2 0} positions in
the SAED pattern [22-24]. Commercial Ni-Mo-Cr alloys with high Cr+Mo content (> 30 wt.%)
lead to the formation of coherent LRO precipitates of Pt2Mo type (Ni2Mo; Ni2(Mo,Cr)) structures
upon ageing [25-29]. However, ordering transformations in Hastelloy N is not being investigated
at all. The order-disorder phase transformations in Ni-Mo and Ni-Mo-Cr alloys are briefly

discussed below.

1.6 Ordering reactions in binary Ni-Mo alloys

Ni-Mo alloys (8-33 at.% Mo) exhibit several competing first order ordering processes resulting
in stable and metastable fcc superlattice structures, viz., D1a (NisMo), stable DO, and metastable
D022 (NisMo), PtzMo (Ni2Mo) type configurations as well as a short wave length concentration
modulated structure with wave vector, k= <1%20> which is a candidate for second order transition
[14,18-20,23,30-32]. The crystallographic properties of various Ni-Mo intermetallics are

summarized in Table 1.3 [14].

10



Table 1.3: Properties of stable and metastable intermetallics in Ni-Mo system [14].

Phase ela  Moconc. Crystal Lattice Parameter (A) Space group

(at.%0) structure

a b C

a-Ni 10 0 FCC 3524 3524 3524 Fm3m (225)
NigMo 9.55 4/m2/m2/m
B-NisMo 92 20 BCT 5727 5.727 3566 14/m (87)
v-NisMo 9.0 25 HCP 5.064 4.224 4.448 Pmmn (59)
(DOs)
3-NiMo 80 51-525 Orthorhombic  9.108 9.108 8.852 P4/mmm (123)
(L1o)
Mo 6.0 98.9-100 BCC 3.147 3.147 3.147
Ni2Mo 8.67 20-52.5 BCO 2492 7475 3524 Immm (71)
NizsMo 90 25 Cubic Pm3m (221)
(L12)
NisMo 9.0 25 Tetragonal [14/mmm (139)
(DO22)
Ni2Mo> 8.0 Tetragonal [41/amd (141)
NiMo (L1;)) 8.0 51-52.5 Rhombohedral R3m (166)

The quenched-in state of SRO in binary Ni-Mo shows the intensity maxima at only

{1%0}+cc positions and complete absence of intensity at {210} and its equivalent positions. Thus,

the state of SRO is significantly different from a structure which contains micro-domains of any

of the competing LRO structures, namely, D022, PtzMo or D1, [20]. The atomic structure of such

a state of SRO has been a subject of considerable controversy. The development of LRO structures

from SRO often proceeds via intermediate stages. In case of an alloy of NisMo composition, LRO

can evolve either continuously (a lower aging T) via the SRO state or by the first order

transformation mode (predominant at higher aging T) yielding six different variants of D1, [18-

20, 30-32]. An alloy of NisMo composition, on the other hand, initially separates into a coherent
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phase mixture of NisMo (D1s) and metastable NioMo (Pt2Mo-type) ordered phases which on
prolonged ageing results in the formation of y-NisMo. The stoichiometric DO2; structure is formed
under special conditions when Mo is substituted by a ternary element such as Ta or Al and ageing
treatment is carried out below 900 K [32]. All these competing superlattice structures, viz., SRO
state, D022, Pt2Mo or D1, can be described in terms of periodic stacking of pure Ni layers and pure
Mo layers along {420}y atomic planes [20] (a) {1 %2 0} structure Ni2Mo2: 2 Ni layers followed by
2 Mo layers (b) NisMo (DOz2. structure): 3 Ni layers followed by 1 Mo layer (c) Ni2Mo (Pt2Mo
structure): 2 Ni layers followed by 1 Mo layer and (d) NizsMo (D1a structure): 4 Ni layers followed
by 1 Mo layer. Alternatively, each of these ordered structures can be generated by introducing the

tiles as indicated in Fig. 1.6.

f—‘ - —‘;,:““\9\\\ ° 0
° @ o @y o B>e
S-SR v Sog °c 0

Ni,Mo,

Fig. 1.6: [001], projection of the competing fcc superlattice structures for Ni-Mo system. Dashed lines
show the unit cells while the tiles in the sub unit cell clusters are marked by dotted lines [20].
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1.6.1 Atomic description of SRO

Several structural descriptors are proposed [14] to explain the nature of SRO which are briefly
discussed as follows

(a) Static concentration wave (SCW) model

In this model, the distribution of atoms over the alloy lattice is described in terms of
superposition of static concentration waves of different wavelengths and amplitudes along specific
crystallographic directions [51]. The amplitudes are represented by the Fourier transformation of
the local composition variation. Any ordered structure is then represented by a specific set of
concentration waves whose wave vectors are given by the reciprocal-lattice vectors of the
superlattice reflections localized within the first Brillouin zone of the disordered matrix [14, 23,
25].

The SCW model was first used by de Fontaine [52-53] to explain the <1%20> spots in
NisMo alloy where the free energy of the system expressed in terms of SCW amplitudes expanded
in Taylor series around disordered state by considering pair interaction energies V(r). For small
amplitudes, the free energy minimum was obtained from the extrema of V(r) and one of the
solutions for the fcc solid solution was {1%20}. The SRO was then described in terms of low
amplitude static concentration waves (SCWSs) with k-vectors ending at (1%20) and equivalent
positions in the reciprocal space. Khachaturiyan [51, 54] and de Fontaine [52-53] further proposed
that these wave vectors are associated with the hypothetical ordered structure N2Mo. This N-N-M-
M stacking of atom along the <420> planes gives rise to the observed SRO state. Similarly, the
concentration wave with wave vector either k =1/5<420>, k =1/4<420> or k =1/3<420> are
respectively associated with D1,, DO, Pt:Mo in the y-fcc lattice [55-57] as shown in Fig. 1.7.

The amplification of the amplitudes of the concentration waves is driven by supercooling (Ts-T)
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where Ts is the spinodal ordering temperature. Since, Ts is highest for the N2M> structure, hence

formation of SRO structure is favoured the most amongst all the competing superlattices [55].

N AN AN

{4 2 0} planes
Fig. 1.7: Different types of SCW in fcc lattice along the {420} planes generating Pt:Mo, DO, and
D1, structures [25].

N,M,

(b) Microdomain Model

In this model, the existence of SRO state is associated with the presence of perfectly
ordered microdomains of different equilibrium and metastable LRO structures with sharp
interfaces in the disordered matrix. These microdomains can form continuous array or may remain
dispersed in the disordered matrix [31-32]. Experimental evidences by Hata et al. [31-32, 58] and
Monte Carlo (MC) calculations by Kulkarni et al. [59-60] suggest that these microdomains or sub-
unit cell clusters are mainly a mixture of, Pt2Mo, DO2; and D1, structures in case of NisMo and
NisMo alloys [19]. This is plausible since Arya et al. [61] showed that the free energies associated
with these different LROs are nearly equal. Banerjee et al. [14, 20, 62] treated microdomain model
as the atomistic analogue of the SCW model thereby showing the equivalence between two
models.
(c) Change in chemical interaction:

Ustinovshikov et al. [63] suggested that the <1¥20> SRO state is attributed to the phase
separation taking place at high temperature in which precipitates of highly dispersed Mo atoms

occurs at temperatures above the liquidus of Ni-Mo system. This phase separation occurs mainly
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due to the change in sign of chemical interaction between the dissimilar atoms and varies with
temperature and/or solute concentration.
1.6.2 Crystallographic aspects of LRO in NisMo

The equilibrium NisMo phase (D1a structure), which has an order—disorder transition
temperature of 1140 K, has a body-centered tetragonal (BCT) structure having space group 14/m
and c/a ratio of 0.986 (Fig. 1.8). The unit cell of D1, has 8 Ni atoms and 2 Mo atoms having the

following fractional coordinates as follows

111,,,..1 3 5.2 6 .3 95 42 .68 .7 15 84_. 975
___’ NI'___’__11___’__1’__11___’__11___
222 101010’ 1010 ' 101010’ 1010 1010 ' 101010’ 1010 ' 1010 10

Mo: 000:;

From the atomic positions, the expressions for structure factor corresponding to the fcc matrix and

superlattice lines are obtained as
FP' = 2(fuo + 4fw:) for H-K+L =2n; (n=0,1,...) 1.1
FP% = 2n(fuo — fui) for HYK+L =2n; (n=0,1,...) and 2H+K# 5n 1.2

Where fy, and fy; are atomic scattering factors for Mo and Ni, respectively and n is the long
range order parameter. HKL and hkl are the Miller indices for the planes corresponding to D1.and
fcc matrix, respectively.

The relationship between the H,K,L planes of D1, and h,k,l planes of the fcc matrix is expressed

in terms of matrix equation [60]

h] 1[3 -1 O][H
kl=g[t 3 o||k
l 1 o ollL
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Fig. 1.8: Unit cell of D1, structure showing its orientation relationship with the parent fcc matrix and
its simulated diffraction pattern along [001] zone axis.

The c-axis of D1a unit cell is either parallel or anti parallel to the any one of the axes of
disordered fcc matrix and the a-axis of the D1, unit cell consequently aligns itself along the
appropriate <120> directions [64] resulting in six variants of the D1, structure which can nucleate

with equal probability.

1.7 Ordering reactions in Ni-Mo-Cr alloys

Numerous study on ordered Ni>(Cr,Mo0) precipitates in commercial alloys propose
substitution of Mo atoms by Cr in this structure [14, 25, 65]. The transformation proceeds by a
mechanism of continuous ordering at low temperature (< 973 K), but changes to first order
nucleation and growth process at higher temperature (> 1023 K) in Haynes Alloy 242. Aged C-
22HS alloy show only the presence of superlattice spots at every 1/3{220} and 1/3{420} fcc
reflection positions, characteristic of LRO Ni2Mo phase [65-66]. Studies on Ni—-Mo—Cr ternary
alloy having about 70 at.% Ni, 24 at.% Mo and 6 at.% Cr show that ageing at temperatures upto

873 K produces coherent domains of PtzMo type (Ni2Mo) and D1a (NisMo) structures from diffuse

SRO{1 1/2 0} intensities. Ageing at 973 K results in the formation of DO plates which partially

consume the Pt2Mo and D1a domains formed initially and complete decomposition of the {11/20}
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SRO y matrix into a mixture of y+DO2, plates results at 1073 K [21]. Another study, however,
suggests that with a Ni-Mo—Cr alloy containing 8 wt% Cr, Ni2(Mo,Cr) phases are unlikely to form
when the Mo content is below 22 wt% (Mo/Cr =2.75) [67]. The formation mechanism and kinetics
of development of PtMo type Nix(Mo,Cr) is thus dependent on the Mo/Cr content and is

schematically presented in Fig. 1.9.

Commercial SRO {1 /2 0}

Ni-Cr-Mo alloys maxima
. - T>700C T<700C
Servire conditions Nucleation l l Continuous
) . & Growtl deri
. Orthorhombic rowi ordenng
LRO Ni2(Cr,Mo) Pt2Mo type structure LRO

Ni2(Cr,Mo)

Haynes 242 (Mo -rich)
Deteriorates Faster kinetics Slow kinetics

mechanical and
corrosion properties SRO {1 ¥2 0}

maxima

——

I Alloy 625 (Cr-rich)

Fig. 1.9: Effect of temperature on the formation mechanism and kinetics of ordered precipitate
Ni2(Cr,Mo) in various Ni-Mo-Cr alloys.

1.7.1 Crystallographic aspects of Ni2(Cr,Mo) LRO phase

The ordered Ni,(Cr,Mo) phase is body-centered orthorhombic structure with space group
Immm. The prototype of this structure is a Pt;Mo type (N2M structure) and contains 6 atoms per
unit cell. The unit cell of PtzMo structure with respect to disordered fcc unit cell is presented in
Fig.1.10. The fractional coordinates for Ni and Mo atoms are as follows:

A1, ~,2.,111 151,
Ni: 0-0;020; === ~==;
3 3 262 262

111,
222’

Mo: 00 0;

Substituting these values in the formulae for structure factor calculation, the expressions deduced
for principal and superlattice lines are [25]

FFPM0 = 2(fyo + 2fyy) for H-K+L =2n; (n=0,1,...) and K=3,6,... 1.3
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Fig. 1.10: Unit cell of Ptz2Mo structure showing its orientation relationship with the parent fcc matrix
and its simulated diffraction pattern along [001] zone axis [25].

FPt2Mo = 28 (fui — fuo) for HFK+L =2n; (n=0,1,...) and K# 3.6,... 1.4

FPt2Mo — ( for H+K+L= odd 1.5

The relationship between the H,K,L planes of Pt2Mo and h,k,I planes of the fcc matrix is

expressed in terms of matrix equation

13 -3 0
[H K Ll=[h k z]*§[1 1 0]
0 0 1

The c-axis of the Pt2Mo unit cell can align itself along any one of the three axes of the
disordered fcc (A1 structure) unit cell. While the remaining two axes will align themselves along
appropriate <110> fcc directions resulting in the formation of six orientational variants of the

ordered phase [64].

1.8 Performance of Ni-Mo-Cr alloy under simulated service conditions
In addition to high temperature, the performance and hence service life of Hastelloy N in
is also affected by corrosion from fluoride melt and inter-granular embrittlement caused by fission

product tellurium (Te) [7-10]. Different candidate fluoride salts are chosen for coolant applications
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in MSR, but LiF-NaF-KF salt having eutectic composition 46.5-11.5-42 mol.% [7-10] also known
as FLiNaK salt has emerged as one of the most promising candidate material. Over past 60 years
investigations have been carried out to study the compatibility of Hastelloy N with molten fluoride
salts especially FLiNaK salt though the study still remains inadequate. The microstructural
evolution of the alloy under these service conditions is briefly outlined below.
1.8.1 Compatibility of Hastelloy N with fluoride melt

Fluoride induced material corrosion is a thermodynamically driven dissolution process
[47]. The corrosion of a pure metal Me (Ni, Fe or Cr) in an alkali fluoride MF (M=Li, Na, K) is
given by

xMe + yMF — Me,F, + yM 1.6

Comparing the Gibbs free energy of formation of the fluorides for different elements, the
dissolution tendency of different elements in fluoride melt FLiNaK salt is found to follow the
order: W (Least prone)<Mo<Ni<Co<Fe<Cr<Al<Na (Most prone). In the case of a pure salt in
contact with the alloy, the alloy is corroded by the salt till the equilibrium is reached and the alloy
does not corrode any further. However, in actual service conditions, the salt may contain impurities
including oxidants, thermal gradients, salt flow rate, and galvanic coupling which will alter the

reaction rate and the effect of each is briefly discussed as follows:

(a) Impurity driven corrosion: Oxidant impurities, such as H20, HF, residual metal oxides of

metals, and other reducible ions present in salt easily accelerate the initial stages of corrosion, but
once the impurities are exhausted, the linear relationship between time and corrosion is observed
[69-70]. In this later stage of the process, corrosion is governed by the thermal gradients (Fig.

1.11).
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Fig. 1.11: Effect of Cr® ions and moisture in FLiNaK salt on the corrosion properties of Hastelloy N
[69, 70].

Moisture is a deleterious contaminant which reacts with the salt fluorides to release corrosive
HF that further aggravates the corrosive attack by reacting with alloy metals (M) according to
following reactions:
MF(1) + H,0 (g) » MOH (1) + HF(g) 1.7
xM +yH,0 - M, 0, + yH, 1.8
Similarly, the metallic impurities are incorporated as fluorides in the salt and can react with Cr in

the alloy since Cr is most prone to attack
MeF, + Cr —» CrF, + Me 1.9

The effect of moisture and impurities on the corrosion of Hastelloy N is studied by Ouyong
et. al [69] Kondo et al. [50] and Yin et al. [70] reveals that higher moisture content, FeF, additions

and Cr3*in salt aggravated pitting and intergranular attack (Fig. 1.11).

(b) Thermal gradient driven corrosion: In Li, Na, K, U/F solvents, the equilibrium constant for

reaction with Cr is temperature dependent and due to thermal gradient, the diffusivity and
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solubility of alloying elements at different regions are different. These two effects lead to removal
of chromium from the alloy in regions of highest temperature and formation of dendritic chromium
in the cold regions. Voids are formed in the alloy with uniform distribution due to selective

dissolution of Cr. Rate of Cr diffusion into melt governs the rate of corrosive attack [38].

(c) Galvanic corrosion: Presence of dissimilar metals in contact with melt or thermal gradients

with the melt can lead to a change in the corrosion potentials and lead to galvanic corrosion, e.g.,
Ye et al. [68] reported that the M1.C carbides in Hastelloy N severely corroded due to Cr and Mo
concentration gradient amongst the carbides. Similarly, the crucible element used for performing
the experiments can also enhance the corrosion attack [38].
1.8.2 Compatibility of Hastelloy N with fission product tellurium

It is essential to study the fission product compatibility in this case since the fission product
is directly exposed to the containment vessel which is different from the conventional scenario
where the fission products remain confined within the solid fuel element. Early studies by ORNL
on MSRE materials showed formation of surface cracks in the alloy after four years of operation
which were attributed to fission product tellurium [6-12]. Such Te-induced cracking has been
observed for other cladding materials such as stainless steel 316 L and Zircaloy 4 [7-10]. Though
corrosion studies on Ni-based alloys caused by fluorides are widely studied, but a limited

knowledge is available on the Te induced microstructural degradation of Ni-Mo based alloys.

Preliminary studies indicated that Te diffuses from the fuel salt into the alloy and resulted
in grain boundary embrittlement [71-73]. The total fluence of Te deposited on the alloy surface
was calculated based on the assumption of 30 years reactor operation life and it was estimated to
be 2.9 x 10 2 at/m? (60 g/m?) [72-73]. Recent studies on Hastelloy N exposed to Te vapour at

different temperatures indicate that Te diffuses mainly along the grain boundaries when T<1173
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K and by lattice diffusion when T > 1273 K [74]. Te leads to formation of intergranular precipitates
mainly in the form of brittle tellurides and/or low melting eutectic phases [57-59]. These
precipitates, identified to be Ni-, Cr- and/or Mo- tellurides lead to crack formation and
intergranular corrosion (IGC) (Fig. 1.12). Computational and Extended X-ray Absorption Fine
structure (EXAFS) studies indicate weakening of Ni-Ni bonds by Te segregation along the grain
boundaries and elongation of Ni-Te bonds as compared to Ni-Ni bonds [71, 75]. However, no
study has been carried out to estimate relative stabilities of various Ni-Te phases. The available
study on exact morphology, crystal structure and chemical composition of the tellurides formed is

still ambiguous particularly with respect to the formation of nickel tellurides.

Fig. 1.12: Te induced corrosion in Hastelloy N [74].

1.9 Motivation

From the above literature review, it is evident that there are certain gaps in the existing
study on Ni-Mo and Ni-Mo-Cr alloys, mainly, in terms of the ordering phase transformations
which is limited only to the ordering characteristics of Ni>(Cr,Mo) phase. The LRO formation in
binary Ni-Mo system with Mo=20 at.% is well studied, but an exhaustive study correlating the
experimentally determined local structure with theoretically predicted structures along with the
calculation of pair and multisite interaction energies dictating these ordering tendencies is lacking.

Similarly, Hastelloy N, Mo+Cr~20 at.% is ternary equivalent of NizMo and thus by studying the
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ordering characteristics of the ternary alloy one can elucidate the role of Cr in altering the
crystallography, stability and formation of LRO phases. Moreover, compatibility studies of Ni-
Mo-Cr alloy with the molten fluoride shows selective Cr depletion and grain boundary attack.
However, there appears no report which correlates the observed property of Cr depletion in
impurity containing salt with the surface film characteristics which may alter the migration of
elements between salt and the alloy. Similarly, the mechanism of grain boundary attack of the
alloy by tellurium is still inconclusive and ambiguous in terms of the crystallography of the
precipitates. Present study attempts to address these issues (Fig 1.13) and correlate the observed

microstructure with the properties of the alloy.

Radiation Damage (10'3n/cm?/s, damage ~100 dpa)
Fission product attack by tellurium (yield: 4.4%; Conc.:60 g/m?)

LiF-ThF,-UF, fuel si

Fig. 1.13: Schematic of the operating environment in a molten salt reactor as seen by Ni-Mo-Cr
based Hastelloy N assuming 30 y of reactor operation.
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1.10 Broad Objectives of the present study

The present work, with the goal of comparing the ordering tendencies in binary Ni-20 at.%
Mo and the ternary Ni- 16 wt.% Mo- 7 wt.% Cr alloy, has been taken up against the backdrop
summarized above. Furthermore, the behaviour of the alloys in the simulated nuclear reactor
environment has been investigated with an aim of establishing the correlations between observed
properties under extreme environments with the microstructure, and addressing the following

questions:

1. What is the nature of nearest neighbour configurations around Ni and Mo atoms in SRO, and
LRO structure of Ni- 20 at.% Mo alloy? Is it possible to rationalize the observed ordering
transformation sequence in terms of the nearest neighbour interaction energies?

2. To investigate the phase transformation behaviour of Ni-Mo-Cr alloy and address the specific
issues: a) Is it possible to suppress the formation of ordered structures in the ternary alloy and, if
so, can this be rationalized in terms of near neighbour interactions of the atomic species present?
b) What is the effect of Cr addition in Ni-Mo alloys on first nearest neighbour configurations?

c¢) Can the SRO structure which has earlier been characterized by X-ray, electron and neutron
diffraction, and high resolution electron imaging be captured by the extended X-ray absorption
fine structure (EXAFS) technique?

3. What is the role of surface films in altering the corrosion compatibility of Ni-Mo-Cr alloy, Alloy
690 and Alloy 693 with oxygen containing FLiNaK salt at elevated temperature? How the Mo

atom alters the surface structure which mitigates the fluoride attack?

4. What is the nature of chemical compatibility of Ni-Mo-Cr alloy with simulated fission product
tellurium? What is the phase evolution and crystallography of the Ni-rich tellurides and their

subsequent role in degrading the alloy microstructure?
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1.11 Thesis Layout

The thesis of present work comprises seven chapters. Chapter 1 provides introduction and a
detailed literature review pertaining to ordering transformations in Ni-based alloys and their
behaviour in simulated service conditions, such as, fluoride melt and fission product tellurium,
gaps in the existing study on the Ni-based alloys as candidate materials for MSR, motivation and
objectives of the present study. Chapter 2 lays out the details of experimental methodology being
followed to fulfill the objectives of present study and describes the theoretical methodology
adopted to study the ordering transformations. Chapter 3-6 gives a detailed account of the results
and their discussion in the light of available literature. Furthermore, the results obtained
experimentally were correlated with the results obtained from theoretical calculations. Chapter 7
presents an overall summary and conclusion for the present thesis and also provides a scope for

further research based on this work.
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Chapter 2 : Experimental and Theoretical Methodologies

2.1 Synthesis and treatments of Ni-Mo and Ni-Mo-Cr alloys
2.1.1 Alloy melting

The binary Ni-Mo (20 at.% Mo) and ternary Ni-16 wt.% Mo-7 wt.% Cr alloy buttons
(henceforth named as NisMo and Ni-Mo-Cr alloy, respectively), each having a weight of 20 g were
prepared in an arc melting furnace under high purity argon atmosphere with a non-consumable
tungsten electrode and a water cooled hearth. The alloy buttons sealed in steel jackets were hot
rolled at 1223 K to break the as-cast structure and reduce the alloy button thickness (~50%
thickness reduction). For investigating the effect of fluoride melt on the surface film
characteristics, commercially available Alloy 690, Alloy 693 both of which were in mill annealed
condition and the solution annealed (SA) Ni-Mo-Cr alloy specimens cut into rectangular pieces of
dimensions 1 cm x 1 cm x 1 mm were used. In addition, commercially available Hastelloy N
specimens cut into dimensions of 1 cm x 1 cm x 1 mm were used to study the microstructural
evolution during exposure to the simulated service conditions of fission product Te. The nominal

compositions of the alloys used in present study are given in Table 2.1.

Table 2.1: Nominal composition of the alloys used in present study.

Alloy Elemental Composition (wt.%0)
Ni Mo Cr Fe Mn Al Si others
NisMo Balance 29.5 - - - - - -
Ni-Mo-Cr Balance 16 7 - - - - -
Hastelloy N Balance 15 72 37 053 248ppm - Ti:287 ppm
Alloy 690 Balance - 310 110 05 0.5 0.5 C<0.05
Alloy 693 Balance - 29.3 396 0.09 3.19 0.04 Nb:1.86,Ti: 0.42
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2.1.2 Heat treatments and hardness measurement

The rolled NisMo and Ni-Mo-Cr alloys were sealed in quartz capsules filled with helium
gas at 160 mm Hg pressure and solution annealed at 1223 K for 2 h and 1450 K for 1 h,
respectively, followed by water quenching. The annealing treatments were chosen so that both the
alloys in as-quenched condition remain in y-phase [13, 29]. Compositional homogeneity of the as-
quenched NisMo, Ni-Mo-Cr alloy, Alloy 690, Alloy 693 and Hastelloy N was analyzed using X-
ray fluorescence (XRF) spectroscopy and are found to be in agreement with the nominal
composition of the alloy.

Both the NisMo and Ni-Mo-Cr alloy after solution annealing (SA) were given ageing heat
treatments at temperatures 873-1073 K for different time durations in the range 15 min-50 h and
water quenched (WQ) to observe the development of ordered phases. To remove the non-
uniformity of the alloy surface, the alloys were mechanically ground and polished upto mirror
finish using the standard metallographic procedures optimized for Ni-based alloys.

Microhardness measurements on the as-quenched and aged samples were made with a
Vicker’s microhardness tester by applying a constant load of 300 gf for a dwell time of 15 s. A
total of 10 measurements at different locations on the polished alloy specimens were recorded and
the average value was calculated.

2.1.3 Microstructural characterization by transmission electron microscopy

JEOL 2000FX transmission electron microscope (TEM) equipped with tungsten (W)
filament and charge coupled device (CCD) camera operated at 160 kV was used for the electron
microscopic investigations. Thin foil TEM specimens were prepared by punching 3 mm disks from
the alloy coupons grounded to 0.1 pum thickness and then jet thinned in a dual jet Tenupol
electropolishing unit using 90% ethanol (CoHsOH) and 10% perchloric acid (HCIOa) electrolytic

solution at 233K/25 V. Bright field (BF) and dark field (DF) imaging was carried out to study the
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ordered phase growth with heat treatments and the SAED patterns along different zone axes were
recorded to study the development of superlattice reflections and different variants of the ordered
phases.
2.1.4 Extended X-ray Absorption Fine structure (EXAFS) study

The atomic arrangements in NisMo and Ni-Mo-Cr alloys in their SRO and LRO states were
investigated by EXAFS technique which measures and analyzes the fine structure oscillations
observed in the range 50 -700 eV above the absorption edge of the chosen element. The Energy
Scanning EXAFS beamline (BL-9) facility at INDUS-2 Synchrotron Radiation Source (2.5 GeV,
100 mA) at the Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India was
utilized in fluorescence mode within photon energy range 4-25 keV to carry out measurements
[76-77]. The beamline optics comprises of a Rh/Pt coated pre-mirror with meridional cylindrical
curvature for higher harmonics rejection and vertical focussing, a Si (111) (2d =6.2709 A) based
double crystal monochromator (DCM) having a resolution of 10* at 10 keV and a bendable post
mirror placed upside down for vertical collimation. The first crystal of DCM has indirect water-
cooled arrangement for cooling and temperature remains stable within = 0.1°C while the second

crystal has a cylindrical crystal bent sagittally used for horizontal focusing (Fig. 2.1).

Synchrotron

Radiation Double I,Detector
Crystal
Monochromator Slits/Filter | A :
Fluorescence
X-ray Beam
BL-9 line
> I, Detector

Sample

Analysis chamber

Fig. 2.1: Schematic of EXAFS facility operated in fluorescence mode.
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For recording measurements in fluorescence mode, the sample and Si-drift detector were
placed at 45° and 90° angle, respectively, to the incident beam. A ionization chamber detector

placed prior to the sample stage measures the X-ray flux of the incident beam (lo) and the

absorbance of the sample («) determined by the relation u = j—fas a function of energy (50 — 700

eV) is obtained by scanning the Si-DCM. Three spectra were recorded for each absorption edge
with 10 s integration time for each scan and then averaged. The self-absorption corrections for
finite thickness of the specimen are checked using the Booth algorithm provided in the ATHENA

fitting software and were found to be insignificant [76-78].

For background removal, the EXAFS data u(E) was converted to EXAFS function y(E) by

defining it as

U(E) — to(E)
= KE) Zto(B) 21
x (B) == 5

where uo(E) is the background due to bare atom. y(E) is normalized and transformed to EXAFS
oscillations y(k) as a function of wavenumber k using the standard relation between wave vector k
and energy E [78-80]. The EXAFS oscillations, y(k) is weighted by k?to amplify the oscillation at
high k and the functions y(k) *k?are Fourier transformed using k range of 2-10 A? to generate the
x(r) versus r (or FT-EXAFS) spectra. The data analysis program ATHENA and ARTEMIS
available within the IFEFFIT software package has been used for data processing and data fitting
of the experimental EXAFS data [81-82]. Fitting program ARTEMIS generates theoretical paths
based on suitable input crystalline structure models which are then fitted against the experimental
x(r) versus r curve in suitable k range (0.5-3.5 A™%). From the fitting results, the average bond
lengths (r) corresponding to first coordination shell, co-ordination numbers (N) and disorder

(Debye-Waller) factors (%), which give the bond length fluctuations are evaluated. The number
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of free variables during each fitting cycle were kept below a maximum value dictated by Nyquist

theorem (Ngyee = 2*Akw) [81-82]. The goodness of fit, R obtained was in the range 0.001-0.0009.

A

2.2 Interaction of Ni-Mo-Cr alloy with molten fluoride salt
2.2.1 Salt preparation and experimental design

Analytical grade LiF, NaF and KF salts taken in eutectic composition (46.5-11.5-42 mol.%;
FLiNaK salt) were mixed thoroughly and vacuum dried at 393 K for 8 h following the procedure
mentioned by Ouyang et al. [69] to reduce the residual moisture. At 973 K the solubility of oxygen
in FLiNaK salt is estimated to be ~ 3.2 wt.% [69]. The salt was immediately transferred into the
vacuum de-gassed alumina crucible containing the alloy specimens. The crucible was then placed
in a box type resistance furnace maintained at 973 K at ambient pressure, held for 3 h and furnace
cooled (Fig. 2.2). The ambient atmosphere was chosen for present study to simulate the accidental
ingress of oxygen in the salt and promote oxide film growth. A time period for only 3 h is chosen
for the present study as the impurity driven corrosion (HF, oxide, other ions) is dominant during
initial exposure [38, 69-70]. The exposed samples were cleaned with 1 mol/L solution of
aluminium nitrate (Al(NOz)3), acetone (CH3COCHz3) and de-ionised water for excess salt removal

at surface [69-70].

973 K, 3 hrs

Furnace

LiF-NaF-KF

Alloy c«dp_o;ﬂ

Alumina crucible

Fig. 2.2: Schematic of experimental set up used for molten salt interaction study.

30



2.2.2 X-ray diffraction

For phase identification, room temperature X-ray diffraction (XRD) measurements on the
polished specimens were carried out in a Bruker’s make D8 advance X-ray diffractometer in
Bragg-Brentano geometry. The diffractometer uses a Ni-filtered Cu K, radiation (A =1.54 A) as
X-ray source operated at 40 kV/40 mA. The scans were recorded in the 26 range 20°-80° at a scan
speed of 1 deg/min. The peak positions were matched with the data available in JCPDS database
to identify the phases.
2.2.3 Characterization by scanning electron microscopy

Carl Zeiss Auriga Cross Beam make field-emission scanning electron microscope
(FESEM) was used for analyzing the morphology and microstructure of the exposed coupons
surface as well as cross-sections. Secondary electron (SE) and backscattered electron (BSE)
imaging modes were used to observe the surface morphology and the Z-contrast, respectively and
quantitative elemental analyses were carried out using Energy dispersive spectroscopy (EDS).
2.2.4 X-ray Photoelectron Spectroscopy (XPS)

The XPS measurements were carried out using monochromatic Al Ka (hv =1486.74 eV)
X-ray radiation at pass energy of 11 eV and base pressure of < 1 x 10 *® mbar. Survey scan in the
binding energy (BE) range 0-1000 eV with step size = 0.1 eV to identify the surface elements was
recorded in the fixed analyser transmission mode of the PHOIBOS HSA3500 DLD 150 R7
analyser using the SPECSLAB2 software. Subsequent high resolution energy spectra for major
elements were recorded at a step size of 0.005-0.008 eV, dwell time of 0.1 ms/data point followed
by necessary baseline subtraction, binding energy referencing with respect to C 1S peak occurring
at 284.6 eV and flood gun corrections. Binding energy peaks were deconvoluted using Shirley
background and fitted with Voigt peak profile [83] and the quantification was carried out using

the CASA-XPS software.
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2.3 Interaction of Ni-Mo-Cr alloy with simulated fission product tellurium
2.3.1 Design of experiment

Mechanically polished Hastelloy N specimens were electropolished in an electrolytic
solution (90% CH30H+10% HCIO4) at 243 K operated at 20 /20 s to remove the damaged surface
layer formed during mechanical polishing. 10 mg/cm? Te was deposited on Hastelloy N surface
by thermal evaporation technique. The Te concentration chosen corresponds to estimated Te that
will accumulate on the MSR fuel salt container after 50 years of reactor operation. For thermal
evaporation, Te flake (purity 99.9%) cleaned ultrasonically in acetone was taken in a Mo boat
connected to a high voltage power supply and maintained at a vacuum of 5x10° mbar. The heat
was generated in the Mo boat by adjusting the current which leads to the evaporation of Te flake
that subsequently was deposited on the alloy surface (Fig. 2.3). All the Te coated specimens were
subsequently sealed in evacuated quartz capsules, annealed at 973 K and 1073 K for 96 h and

furnace cooled or WQ.

=2 Substrate holder
=7 Glass substrate

2::QCM

Hastelloy N ——-Ci—

specimen
Tellurium chunk 4z

Mo boat

To diffusion pump
Power Supply

) ) Te coating ~200 nm
Tellurium Coating 973K/1073 K

Alloy

_______ Uneven Te/alloy

Alloy interface

(10 mg/cm?), 96h
TE method Unmodified Alloy

Fig. 2.3: Schematic of experimental set-up for Te interaction studies.
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2.3.2 Microstructural characterization

The microstructure and nominal composition of the precipitates formed after interaction
between alloy and Te were characterized using a 5-20 keV electron beam from a FESEM (Carl
Zeiss Auriga Cross Beam®) equipped with EDS. Regions in the alloy cross-section suitable for
TEM examination were identified under SEM observations and subsequently TEM lift outs were
prepared by Auriga Carl Zeiss Focused lon Beam (FIB) sectioning using 30 keV Ga?* at milling
current 150-600 pA [84]. The high angle annular dark field (HAADF) images, SAED patterns and
point EDS analyses were carried out using 200 kV LIBRA 200 FE instrument having a CCD

camera.

2.4 Theoretical basis for analysis of ordering transformations
The Helmholtz free energy (A) of any solid solution can be expressed in terms of the

electronic, vibrational, magnetic, configurational degrees of freedom [14]
A= Ael + Avib + Adis + Amag + Aconf 2.2

de Fontaine [52-53] showed that the configurational degree of freedom can be separated from the
rest of the degrees of freedom and under certain solid-solid phase transformations such as the
coherent order-disorder phase transformations, the change in the free energy is mainly governed
by the change in configurational energy. In such cases the effect of change in the other degrees of

freedom is neglected.

2.4.1 Configurational variables
A description of the configurational energy for the alloy was proposed by Sanchez et al.
[14, 85] where the lattice of the alloy having n sites is represented by an Ising model (Fig. 2.4).

The configuration of the alloy can then be described by a set of variables known as occupational
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variables {o1, 02, 63,...} where each site ‘i’ is associated with an occupational variable oi. For a

1 if the site is occupied by atom A

binary alloy A1-xBx, ci is defined as o; = {_1 if the site is occupied by atom B

For n-site lattice, 2" number of configurations are possible and the search for ground state
energies in such cases becomes difficult and hence the cluster formulation was developed as a

robust technigue to achieve the same [85-88].

Alloy Lattice Lattice Model

00000 OODIDOD
00000 (HOHODD
0000 6~V DID D
00000 OHOODD
00000 (OODIOD

E (r;..1) E (o;...6,)
R=atomic coordinate for sitei o==lis occupational variable
A, B=Atomic species

Fig. 2.4: Correspondence between alloy lattice and the lattice model/Ising model.

2.4.2 Cluster expansion formalism

As mentioned earlier, due to large number of possible configurations in N site lattice, it is
advisable to use clusters in place of the point lattice [86-88]. The clusters are configurations of
smaller units such as point cluster, pair cluster, triplet, etc. The energy Hamiltonian of the
configuration ¢ is then expressed in terms of the generalized Ising Hamiltonian given by

E =Jo+ XiJioi + Xi2j)ijoio; + Xi Xj Xk ]ijk0i0jo) + - 2.3

where 0, 0;, 0,0 , 0;0;0,... denote occupational variables of empty, point, pair and triplet clusters.
The clusters which are symmetrically equivalent have same coefficient. All the terms with equal

coefficients can be grouped together and the above equation can be re-written as

E(O’) = Z(p D(p](p <l_[i€(p O; ) 2.4
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The coefficients J, are known as the effective cluster interaction (ECI) parameters and
possess the symmetry property of the parent lattice [87-89]. These are defined as the interchange
energy averaged over all atomic configurations and are concentration independent, but depend on
the volume. D, is the cluster multiplicity and the correlation function ([];, o;) is the average
taken over the symmetrically equivalent clusters of the product of spin or occupational variable

over all the sites in the cluster ¢" and is defined as
([licp 0: } = 1/N X 0y0;0y ... 25

When all clusters ¢ are considered in the sum, the cluster expansion is able to represent
any function E(e) of configuration ¢ by an appropriate selection of the values of J,. The cluster
expansion converges rapidly and thus compact clusters (e.g., short-range pairs or small triplets)

are sufficient for phase diagram calculations with desired accuracy.

2.4.3 Determination of ECls

The ECIs can be either determined experimentally or by fitting the equations by energies
of ordered intermetallics obtained by ab-initio density functional theory (DFT) calculations.
Connolly et al. [90] proposed a structure inversion method (SIM) in which the ECI values were
fitted to the energies of relatively small number of ordered binary alloys calculated via first
principles method. The energy of any ordered intermetallic/ superstructure is written in terms of

the cluster expansion (CE) Hamiltonian as

E@) =%, & 2.6

where E (&) is the energy calculated by first principles method and ¢ is the clusters chosen which

forms a basis. & is related to the configurational variables as ¢ = ([1;e, 0 ), i.e., the point

correlation and pair correlation functions are, respectively, expressed as ¢; =< o; > and ;; =<
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o;0; >. The summation is considered only upto a maximum cluster Ymax beyond which the EClIs

become negligible [14]

. _ (finite & <Y < Yiax
e Jy =10 Yiax <Y < o0

Writing the equation (2.6) in matrix form one can correlate the energy in terms of the ECIs with

the cluster functions as the basis

Epi] [E2 3’1\ To

Eor| [ €2 &2 ||h
Eq;n k g’n ]‘/Dn) n
The energies are obtained from the DFT calculations of the selected ordered intermetallics. By

formally inverting the equation we get the expression as

Jy = 2o (&) E@) 2.7
The predictive power of the CE expansion and also the accuracy of the ECIs depends on the
goodness of fit of the DFT energies and is expressed in terms of cross-validation score (CV) [91]
defined as
(CV)? = 23 (Ebpr — Elg)? 2.8

Where EL, is the first principles calculated energy of the structure ‘i’ while El; is the CE
predicted energy of the same structure obtained by least square fitting of the (n-1) structural
energies.

The flowchart of the cluster expansion formalism [91] is presented in Fig. 2.5. In present
study MAPS (MIT Ab-initio Phase Stability) code of Alloy Theoretic Automated Toolkit (ATAT)
based on CE formalism [92] was used to generate clusters for Ni-Mo, Mo-Cr and Ni-Cr system.
The details of input parameters are given in Table 2.2. Using Vienna Ab-initio Simulation Package

(VASP), which will be discussed in section 2.4.4 [93], energy calculations were carried out for
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each known structure. The effective cluster interaction parameters (ECIs) as a function of cluster
diameter were obtained from the VASP calculated energies by employing eqgn. 2.7 and choosing a
suitable cluster basis.

Table 2.2: Input parameters for ATAT calculations of Ni-Mo, Mo-Cr and Ni-Cr system.

Parameter Description
Input crystal lattice fcc
K-points per reciprocal space atom 2500
Potential used PAW-PBE

[Fil energy to get ECI ] N
Calculate E. of '
structure 1 I

1 error

- r

Find Best Cluster ~ [&}rrermrmrmsmrnsenens !
: Cluster structure,

]

Expansion Out, EZI{ 1 |
i

Fig. 2.5: Flowchart of cluster expansion formalism used in the present study [91].
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2.4.4 First principles calculations of phase stability

The first principles calculations on Ni-Mo and Ni-Mo-Cr systems for ECI determination
were performed using (VASP) [93]. The pseudopotentials used are projector-augmented wave
(PAW) with the exchange-correlation potential as parameterized by Perdew-Burke-Ernzerhof
(PBE) functional [94]. The Brillouin zone sampling was done by Monkhost-Pack scheme [95]
using a high quality k-point mesh upto 12 x 12 x 12 grid. To observe the effect of Cr addition on

D1, structure of NisMo, the VASP calculations were also carried out on Cr doped NizsMo system
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with D1, structure with Cr substituting Mo site in a 2 x 2 x 2 supercell. The enthalpy of formation
of the compound at zero temperature and zero pressure is obtained from the minimum total energy
of the compound (expressed per atom) by subtracting the composition-weighted minimum total
energies of pure elements in their standard state.
2.4.5 Evaluation of Warren Cowley parameters

The ordering reaction originates from the stronger attraction between unlike atoms as
compared to like atoms. This preference for unlike atom in the first few neighbouring shells or the
local ordering of atoms for any binary alloy Ai1.xBx or ternary alloy AxByC: can further be

quantified using Warren Cowley parameters defined by following expressions [96]

AB p{'8
al =1 —+— 2.9
ij ca

where Pi(AB) is the probability of finding an A atom in the neighbourhood of B in the it"
shell when B is present at j™" site. ca and cg are the atomic fractions. Similarly, in case of ternary
alloy, these parameters are defined for different atomic pairs at 1" shell where the atomic species

are occupying i and j" site, and expressed as [97]

pAB —Cp
SAB

2.10

a’B(l) =

e

Where §48 is the Kronecker delta having a value of 1 when A=B and zero otherwise. The
Warren Cowley parameters, a(l) (where | denotes the coordination shell considered and the atomic
species A resides at i" site and B is located at j" site, i.e., a;; = a(l) = a#® for A-B pair) for
ordered NisMo phase with D1, structure at 300 K were calculated from the correlation functions

using the following expression [92]

_ §yj=(2c-1)?
Ai-j = 1 2e-1)2

2.11
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where ¢ being the concentration of Mo and §;; = 1/N ¥, o;0; is the pair correlation obtained from
CE method. The sign of «a(l) determines whether the atoms prefer to order (a<0) or cluster (>0).
The temperature dependence of ai.j, where i-j stands for the distance between the lattice positions
i and j [87] is determined from the point (i) and pair (cioj) configurational variables as [87]

<0'i0'j>—<0'i><0']'>

ai_j = 2.12

1—<0'l><0-]>
Similarly, for ternary system, the Warren Cowley parameters is expressed in terms of the

correlation functions as [87]

2 2 2 2
AB _ <00} >+<0{0;>+<0{ 0] >—4cyq(1-cp)

afB = 2.13
J 4cpcp
2 2
—<oj0;>+<0joi>t+4chcc
all = — : 2.14
J 4cpcc
2 2 2 2
AB _ ~<0{0j>—-<0;0; >+2<0{ 0} >—4cc(1-cp) 21
ai”; = 15
J 4cgce

2.4.6 Modelling of disordered fcc structure using Special Quasi-random Structure
algorithm

The disordered or random configuration of any alloy A1xBx is characterized by multisite
correlation functions defined as

EMm = (2c —1)? 2.16

where y, m, respectively, denote the number of atoms considered in cluster and separation distance
e.g., y =2 corresponds to pair of atoms whose vertices separated by an m™ neighbour distance and
c is the solute concentration. The most convenient toolkit for generation of disordered
configuration is the use of Special Quasirandom Structure (SQS) approach [98-99] where special
periodic structure with a small unit cell is built whose correlation functions for the first few nearest-

neighbour shells are as close as those of a target random alloy. The Monte Carlo Special
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Quasirandom Structure (mcsgs) module and the Correlation Dumper (corrdump) module in ATAT
has been used for generating SQS.
2.4.7 Determination of Gibbs free energy as a function of temperature

Once the EClIs are known, then standard statistical mechanics approach of semi grand
canonical ensemble Monte Carlo method (MC) can be applied to study the thermodynamic
properties of the material. In this approach, the solute concentration (ci) and total energy of the
ensemble (G) is allowed to change under an externally specified temperature (T) and chemical
potential (w) keeping the total number of atoms (M) fixed [92,100]. The energy is calculated using
the expression

® =G -Aoc=U-TS- Anc 2.17

Where @ is the Grand thermodynamic potential, U is the internal energy, S is the entropy
and 4o=wni-wwmo. The @ is obtained from the partition function (Z) which in turn is evaluated from
the Metropolis algorithm incorporated in the MC approach. The equation used for the evaluation

of Zand @ is

-InZ -1
P=——"=
MKgT MKgT

In(E; exp(— MK, T (E; — ucy)) 2.18

where E; is the formation energy of any configuration obtained using the ECI values obtained from
CE approach, Kg is the Boltzmann constant (8.617 x 10° eV K1),

Modelling of the order-disorder phase transformations in NisMo, is carried out by the Easy
Monte Carlo Code (EMC2) module of ATAT. MC simulations were performed on supercell made
by 25 x 25 x 25 expansion of the unit cell in the temperature range 400-1200 K while specifying
chemical potential. The change in configuration was achieved by changing the Mo and Ni occupied
sites and accepting the flip on the basis of Metropolis algorithm. Detailed algorithm of EMC2 is

provided in [100-101].
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Chapter 3 : New Insights to ordering in NisMo alloy

3.1 Background

Ni-Mo alloys (8-33 at.% Mo) without and with ternary additions of elements like Al, Cr, Ta,
W exhibit a sequence of ordering transformations when quenched from high temperature and/or
aged for longer times as discussed in section 1.5.1. These transitions are mainly dictated by the
interaction energies between the near neighbours of different atomic species and the
configurational entropy of the ordered arrangements. Thus, these pair and multisite interaction
parameters give an insight to the complex ordering processes. In present study, the evolution of
D1, structure of NisMo from the fcc matrix of the same composition is studied in-depth using the
transmission electron microscopy and EXAFS. Furthermore, Cluster expansion methodology is
adopted to concisely determine the configuration dependent alloy Hamiltonian. The EXAFS and
CE results are correlated to quantify the structural order in NizsMo alloy. The composition of the

alloy studied is presented in Table 3.1.

Table 3.1: Composition of the alloy studied.

Alloy Theoretical Experimentally determined composition (wt.%0)
composition (wt.%) EDS XRF
Ni Mo Ni Mo Ni Mo
NisMo  70.5 29.5 70.8(x0.1) 29.2(x0.1) 70.4(+0.1) 28.7 (+0.1)

3.2 TEM investigations on Evolution of the Long Range Order (LRO)
3.2.1 The As-Quenched alloy

The SAED patterns recorded along the [001] zone axis for the NizsMo alloy in the as-
quenched condition (SA at 1223 K for 2 h and WQ) as well as in the aged (at 873 K for 2 h) (Fig.

3.1 (a)-(b)) showed presence of diffused intensity maxima at {1 %2 O} positions in addition to the
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fundamental fcc reflections. The complete absence of the (210)¢ reflections is also consistent with
the observations, made earlier [14, 20] revealing the presence of expected short range ordering
(SRO) The bright field images show a homogeneous microstructure marked only by the presence
of twins (Fig. 3.1 (c)-(d)). The state of order in the as quenched condition is referred as “Short

Range Order” (SRO) and is described in terms of

(a) Diffused spots # [001]

»
020,,
S220,
-
B

Bend

/ contours

1 pm

. B

Fig. 3.1: Bright field images (a)-(b) and diffraction pattern recorded along [001] zone axis (b)-(d), for
as quenched NizMo and NisMo aged at 873 K for 2 h +WQ, (e) N2M type stacking in the fcc matrix.
The dotted lines show the Mo tile while the solid line shows the unit cell.

i) static short wave length concentration wave or wave packets with <1 %2 0>, wave vectors,
k, ii) sub unit cell clusters made up of motifs or tiles of competing superlattice structures and iii)
microdomains of multiple superlattice structures of sub-unit cells of type Pt2Mo, D1a, DO2
coherently distributed in the disordered fcc matrix, all of which are equivalent [14, 31, 32]. The

structure having the stoichiometry of N2My, as shown in Fig. 3.1 (e), can be produced by
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amplification of such concentration waves in the fcc structure and such a transition qualifies to be
a candidate for a second order transition. Since a long range ordering resulting in the N2M>
structure has never been encountered in the quenched Ni-Mo alloys or in analogous systems, the

<1 % 0>, ordered state is generally referred to as a “Short Range Ordered” (SRO) state.

3.2.2 Alloy aged at 1073 K for 4 h as well as 50 h
The NisMo alloy, after ageing at 973 K for 4 h showed weak spots at %{4 2 0} positions

and complete disappearance of {1 ¥2 O} spots in the SAED pattern indicating an early stage of
the formation of ordered domains with D1, structure (Fig. 3.2 (a)). However, these domains could
not be observed in the bright field images (Fig. 3.2 (b)) as well as in in the dark field images using
{1 ¥% O} spots due to their small size and volume fraction. The intensity of these superlattice
reflections in the SAED patterns increased significantly for the NisMo alloy aged at 1073 K for 4
h (Fig. 3.2(c)). The increase in the intensity of the superlattice spots is mainly attributable to the
increase in the volume fraction and size of ordered domains (Fig. 3.2 (d)-(f)) when the ageing time
is increased from 4 h to 50 h. The dark field images also confirm the presence of ordered domains
and increase in their number density and area fraction with increase in the ageing temperature and

time.
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Fig. 3.2: Diffraction pattern recorded along [001] zone axis, bright field image for NisMo aged at (a)-
(b) 973 K for 2 h +WQ, (c)-(d) 1073 K for 4 h+WQ and (e)-(f) 1073 K for 50 h+WQ.

There are six different variants of D1a. ordered domains possible which orient among
themselves either in antiparallel (c-axes in antiparallel orientation in adjacent domains) or in

perpendicular (c-axes perpendicular to each other) twin configurations. Fig. 3.3 (a and b) show
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complementary dark field images of two variants of D1, with ¢ axis antiparallel to each other for
the alloy aged at 1073 K for 50 h. The BF image in Fig. 3.3 (c) shows a pair of perpendicular twins
and anti-parallel domains within them. By DF imaging using selected super lattice reflections
different variants of ordered domains could be imaged in bright contrast (Fig. 3 a and b) and their
relative orientations with respect to the parent disordered fcc structure could be established (Fig.
3d). After 50 h ageing at 1073 K, these domains were mostly seen to be continuous with no parent
disordered phase in between (as is shown in Fig. 3 (a)-(b)). Many of these microdomains are cuboid
shaped with domain boundaries along {100}, for anti-parallel twins, and {110}, for
perpendicular twin boundaries, The domain size showed a large scatter, primarily because of their
joining up in one direction. On an average each unit domain was found to be ~105 nm after 50 h

of ageing at 1073K.

From the analyses of the SAED patterns, the orientation relationship between the fcc matrix
and the D1, structure is also obtained as (420)tcc // (110)b1a; [001]tcc // [001]p1a , as shown in Fig.

3.3 (d).
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Fig. 3.3: (a)-(b) DF images taken along %[420] showing two variants of ordered domains with c-axis

antiparallel to each other and (c) BF image showing domains with c-axis perpendicular to each other
for alloy aged at 1073 K for 50 h. (d) Orientation relationship between fcc matrix and D1, phase. (e)
Hardness variation of the alloy as a function of ageing temperatures for a constant ageing time of 2
h.

Furthermore, Vicker’s microhardness was measured at different ageing temperatures to
observe the effect of ordering on hardness of the alloy. The variation of microhardness with ageing
is presented in Fig. 3.3(e). It is evident from the plot that the long range ordering of the alloy
NisMo results in an increase in average micro hardness value from 307 (+10) Vickers hardness
number (VHN) to 873 (£15) VHN. The increase in hardness is mainly attributed to a substantial
increase in the bond strength due to ordering and the presence of coherent interface strains between
adjacent domains [102-104]. The high resolution TEM images show a sharp interface indicating
that the ordering transition at 1073 K is a first order transition (Fig. 3.4) and the ordered domains

grow by the conventional nucleation and growth process.
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Fig. 3.4: (a) High resolution image of NisMo aged at 1073 K for 50 h recorded along [112] zone axis
and the regions are correlated with the schematic showing the compositional fluctuations during
nucleation and growth process. (b) Crystal projections of region marked as “A” and “B” in ().

3.3 EXAFS study

The normalized absorption coefficient as a function of energy corresponding to Ni K, and
Mo K, edges for both the as-quenched and the aged Ni-20 at.% Mo alloy (ageing treatment given
at 1073 K for 4 h and WQ) is plotted in Fig. 3.5. The plots for the magnitude of EXAFS oscillations
as function of radial distance for the as-quenched and the aged specimen corresponding to both Ni
and Mo K edges are given in the insets of Fig. 3.5 (a) and (b), respectively. It is evident that there
is an increase in amplitude of the peak near 2.2 A in EXAFS oscillations (y()) in the Ni K,

absorption edge after ageing suggesting an increase in structural order on ageing. However, there
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is no change in the absorption edge of the as quenched and aged alloy wrt standard Ni foil

indicating no change in oxidation state which is expected for an alloy system.

@ O e
Ni K edge 0 Ih edge
—_
—_ .
=.
< =
= =
E 2.0 —=— As quenched — 4h@1073 K \-:5/_ 2 o-Aged for 4h @ 1073 K - 4h @ 1073 K
-:* 16] o Aged for éh @ 1073K = 24]-mAs-quenched o 1674 — As quenched
20 ;
e A —As quenched = 21 ' — Mo foil
210 —Ni foil s 2
E B ] P 4
=) 2 %5 10 15 20 25 30 35
4 Lot w72 26 30 rd)
i

8300 8400 8500 8600 8700 8800 19900 20100 20300 20500
Photon Energy (eV) Photon Energy (eV)

Fig. 3.5: Experimental normalized u(E) versus E EXAFS plots for Ni-foil, NizMo as quenched and
NisMo aged at 1073 K for 4 h corresponding to (a) Ni edge (b) Mo edge. The insets show the
experimental |y(r)| versus r plots for the same.

EXAFS data for as quenched and aged NisMo alloy was modelled by the disordered fcc
configuration and D1, structure, respectively, using the Ni-Ni, Ni-Mo and Mo-Ni paths. The path
corresponding to Mo-Mo bond was not included in the fitting as it leads to non-plausible fitted
parameters. The experimental L(E) versus E plots, |y(7)| versus r curves along with their simulated

best fit curves are plotted in Fig. 3.6. The fitting results are summarized in Table 3.2.
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Fig. 3.6: Experimental [x(r)| versus r plots along with their simulated fits for (a)-(c) Ni-edge, (b)-(d)

Mo edge corresponding to as quenched Ni:Mo alloy and alloy aged at 1073 K for 4 h and WQ,
respectively.

Table 3.2: Results of EXAFS fitting for as quenched and aged (4h at 1073 K and water
guenched (WQ)) Ni-20 at.% Mo alloys. The input crystal structures for EXAFS fitting are
the fcc structures for as quenched alloy and D1a structure for the aged alloy. The values r, N
and o? correspond, respectively, to the bond distances, coordination number and Debye

Waller factor which is a measure of the fluctuations in the bond lengths in the first
coordination shell.

Bond Ni-20 at.% Mo as quenched Ni-20 at.% Mo aged at 1073 K/4 h
(fce structure) (D1a structure)
r (A) N c2(A?) r (A) N 6%(A?)

Ni-Ni  2.57+0.01 8.95+0.19 0.0149 +0.0002 2.59+0.01 8.9+05 0.0119+0.0009

Ni-Mo 2.64+0.01 2.91+0.17 0.0098+0.0005 2.62+0.01 2.7+0.64  0.0025+0.0012

Mo-Ni 2.48+0.02 10.8+0.7  0.0048+0.0009 2.52+#0.03 9.9+0.9 0.0048+0.0011

In a completely disordered Ni-20 at.% Mo alloy the number of Mo atoms surrounding a Ni

atom as its first near neighbour will be 2.4, which is a product of the average Mo-atom fraction
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and the co-ordination number. An increase in this number will indicate an ordering tendency (SRO
/LRO). In as quenched alloy, Mo and Ni show preference for the unlike atoms as its first nearest
neighbours since the number of Ni-Mo and Mo-Ni bonds is > 2.4. The mismatch in Ni-Mo and
Mo-Ni bond lengths (Table 3.2) is also attributed to SRO induced local structure change around
the Mo atoms which is also reflected in the decrease in the value of Debye-Waller factor for the
Ni-Ni and Ni-Mo bonds for the aged sample consistent with the TEM observations showing

ordering transition in the aged specimen.

3.4 Cluster expansion (CE) based calculations

The cluster expansion of Ni-Mo alloys was carried out upto 10 atoms/cell. Comparison of
energy per atom for several stable and metastable phases across the composition range calculated
using VASP calculations and back calculation using CE show that they are in good agreement.
The root mean square error in the CE fit is very small (£ 28 meV/atom) and distributed evenly

over the whole range of calculations.

3.4.1 Ground state cohesive properties

The convex hull showing the energy as a function of Mo concentration is presented in Fig.
3.7. The configurations which lie along the line of convex hull are the mainly the ordered structures
of Ni-Mo system, viz., L1, type-NiMo, Pt2Mo type -Ni2Mo, L1, type -NisMo, D1 type -NisMo.
All these ordered ground states have negative formation enthalpy suggesting that the phases are
stable at 0 K. Amongst these, NiMo is the most stable structure in Ni-Mo system as compared to
the other configurations since it has the lowest formation energy (-0.966 eV/atom). In addition to
known ground state structures, the CE approach predicts energy of possible metastable states at
different compositions at 0 K. The cohesive energies for selected ordered structures (Mo: 0-50

at.%) along with their lattice configurations projected along [001] is also shown (Fig. 3.5 (e)).
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Fig. 3.7: Output of MAPS algorithm for Ni-Mo binary system showing (a) Calculated energies of
different stable and metastable phases as a function of Mo concentration, (b) Energies calculated by
VASP as well as by CE fitting plotted as a function of Mo concentration, (c) Actual energy (by VASP)
versus energies calculated by CE model and (d) residual of fitting of VASP calculated energies with
those obtained from CE (e) [001] projection of selected ordered structures along with their cohesive
energies.
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3.4.2 Nature of EClIs obtained

The clusters generated were pair, triplets and quadruplets. The pair clusters generated had
a maximum diameter of 7.42 A (upto 9" NN). Few selected clusters are presented in Fig. 3.8 (a)
along with the cluster multiplicity (Fig. 3.8 (b)). The ECI values are diminished for multi-body
(triplets and quadruplets) clusters as compared to pair clusters indicating a good convergence of
CE model. Additionally, it was observed that for each type of cluster the magnitude of the ECI
decreases with increase in cluster diameter which indicates that only the first few nearest neighbour

interactions play a crucial role in the configurational energy of the alloy.
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Fig. 3.8: (a) The truncated set of clusters generated for Ni-Mo system considering 10 atoms/cell (CV
score=28 meV/atom). The J;jare the ECIs where i denotes the type of cluster (O=empty, 1=point, 2
=pair and so on) while j denotes the j" nearest neighbour, (b) Cluster multiplicity, (c) ECls for pair,
triplet and quadruplet clusters as a function of cluster diameter.
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The positive values of pair ECIs denote tendency for ordering while negative values suggest
clustering [91-92, 105]. From the sign of the normalized ECIs, it is evident that Mo prefers Ni as
its first and third nearest neighbour. The ECIs for smallest triplet is positive suggesting ordering.
Kulkarni et al. [56, 59, 62] and Hata et al. [31-32, 58, 106] have calculated the pair interaction
energies for calculating the stability of different Ni-Mo phases which are compared with the ECIs
and are presented in Fig. 3.9. The variation in the values could be attributed to the fact that in other
studies the multisite contributions are ignored while in present study both pair as well as multisite
interactions are considered to describe the energetics of the system. The Tight-binding linear
muffin-tin orbital (TB-LMTQ) approach [14] calculates the composition dependent ECIs while
the ECI obtained in the cluster expansion method is valid over the whole range of the Ni-Mo
composition. The ECIs obtained using CE approach is volume dependent but is assumed to remain

constant with respect to temperature.

0.4+

0.3

J201

0.2

0.1

0.0-
Ni Mo Ni,Mo Ni, Mo NiMo 2 point ECI

Fig. 3.9: Comparison of compositionally dependent and compositionally independent EClIs [102].

3.5 First principles calculations on disordered fcc

SQS algorithm was used to generate cells of disordered NizMo comprising 20, 25, 30 and 35
atoms/unit cell. Of these, the cell modelled using 25 atoms/unit cell resulted in the best pair and
multisite correlation match with that of a perfectly random alloy. The SQS with 30 and 35

atoms/cell did not give best correlation match as the objective function, which is a measure of
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matching of correlation functions between those of an ideal disordered solid solution and the
simulated one, could not be minimized. This indicates that the set of clusters considered for present
case (upto 4™ nearest neighbour) was sufficient to minimize the correlation functions for a cell
with 25 atoms. To minimize the cell with 30 and 35 atoms, number and diameter of the clusters
considered would have to be increased. However, doing so will only increase the computational

time as the SQS with 25 atoms efficiently describes the disordered alloy and its energetics.

The structural data for 25 —atoms SQS fcc structure is given in Table 3.3. The maximum
diameter considered for pair, triplet and quadruplet cluster are 5.1 A, 5.1 A and 3.6 A, respectively.
The optimized disordered fcc configuration for NisMo along with the D1a ordered structure is

presented in Fig. 3.10.

o & 8§ o o

Fig. 3.10: Ordered and disordered configuration of NisMo.
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Table 3.3: Correlation functions for the disordered configuration of fcc NisMo.

Cluster Cluster Calculated Actual correlation Mismatch
type Diameter (A) Correlation (pa) (p-pa)
Na la P
2 2.55 0.36 0.36 0
2 3.61 0.36 0.36 0
2 4.42 0.36 0.36 0
2 5.11 0.36 0.36 0
3 2.55 -0.24 -0.216 -0.024
3 3.61 -0.226 -0.216 -0.0106
3 442 -0.226 -0.216 -0.0106
3 4.42 -0.187 -0.216 0.029
3 442 -0.200 -0.216 0.016
3 5.11 -0.226 -0.216 -0.010667
3 5.11 -0.220 -0.216 -0.004
3 5.11 -0.200 -0.216 0.016
4 2.55 0.200 0.129 0.0704
4 3.61 0.17 0.129 0.043
4 3.61 0.146 0.129 0.017

The enthalpy of formation for the D1, as well as fcc configuration of Ni-Mo alloy was calculated

from the equation

AH(NiosMoo.) = E (NiosM0o2) — 0.8E(Ni) — 0.2E(Mo) 3.1

where E(Ni) and E (Mo) are the reference energies of the pure components in their
respective ground states. The spin polarized calculations were performed only on ferromagnetic
fcc Ni and not for becc Mo as it is non-magnetic [14]. Using the values E(Nitc)=-5.51 eVV/atom and

E (Monce)= -9.84 eV/atom, the enthalpy of formation of disordered phase was calculated to be -
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0.289 eV/atom. The enthalpy of formation for D1. ordered phase was calculated to be -0.298
eV/atom which is in close agreement with the value reported by Arya et al. [14] and Zhou et al.
[30]. The values are slightly overestimated as Moxcc Structure was used to calculate energy in
present case. The ordering energy is estimated to be E= E ord-E 4is=-0.01 eVV/atom also matches
closely with the value of 0.012 eV/atom [14] as reported by Arya et al. For the disordered NisMo,
Ni had both Mo and Ni as the nearest neighbour at a distance of 2.55 A. Similarly, Mo also had
both Ni and Mo as nearest neighbour situated at 2.55 A which are matching closely with bond
lengths obtained via the EXAFS analyses of the as-quenched alloy. The disordered fcc NisMo is
different from the case of ordered NisMo structure where Mo does not have Mo as its nearest

neighbour.

3.6 Monte Carlo simulations
Monte Carlo simulations were performed to evaluate Warren Cowley parameters a(i) as a
function of temperature, for different neighbouring shells “i”. For NisMo, the negative values of

a(1), a(4), a(6) shell suggest Ni prefers Mo as its first, fourth and sixth NN (Fig. 3.11).
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Fig. 3.11: Calculated Warren Cowley parameters corresponding to different coordination shells for
D1, structure of NisMo alloy at 300 K. The calculated values are compared with those reported by
Hata et al. [32].
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These values match well with those reported by Hata et.al. [31-32]. Similarly, positive values of

a(2), a(3) and o(5) suggest that Ni prefers Ni as its second, third and fifth nearest neighbour.

3.7 Discussion of results

The comparison between theoretically evaluated bond lengths and nearest neighbour
configurations for the as-quenched alloy with the values obtained experimentally from EXAFS fit
are presented in Table 3.4. It is evident that Ni-Ni, Ni-Mo and Mo-Ni bond lengths as well as the
coordination numbers obtained experimentally and by first principles calculation on SQS model
match reasonably well. The difference observed in Ni-Mo and Mo-Ni bond lengths could be
attributed to SRO characteristics of the alloy which causes a local structural change around Mo
and Ni atoms. No Mo-Mo bonds were observed indicating that Mo is surrounded by only Ni atoms
in the first coordination shell.

The value of Pi(BA) (formulae and symbols have been discussed in section 2.4.5) is
calculated from EXAFS fit by calculating the number of A-B bonds [96,97]. From the number of
bonds in EXAFS fit, the Warren Cowley parameter for the first coordination shell of as — quenched
alloy was calculated to be -0.228 (£0.004). The value was found to be in close agreement with the
reported value of -0.22 by Chakravarty et. al [107]. The negative value indicates the preference of
Ni atoms for Mo atoms which is in accordance with the extensive reports available on Ni-Mo
system [4-16, 36]. The rigorous EXAFS analysis clearly establishes the preference for unlike atom

at first nearest neighbour position in the as-quenched alloy.
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Table 3.4: Comparison of bond lengths for Ni-Ni and Ni-Mo as obtained from EXAFS fit,
DFT-GGA calculations on the SQS structure, N2Mz structure (LRO as well as cluster in the
fcc matrix) and the theoretical fcc structure corresponding to as-quenched Ni-20 at.% Mo
alloy. The error in the estimation of number of unlike bonds is <0.2.

Bond Lengths (A)

Bond EXAFS fit N2M; SQS (DFT-  Theoretical
type As quenched As gquenched alloy ?égsgfgt:,?x GGA) fee
Alloy (fcc (fcc based Non-
structure) stoichiometric N.M,
LRO)
Ni-Ni 2.57+0.01 1.89 2.47 2.51+0.08 2.51
Ni-Mo 2.64+0.01 1.85 2.47 2.60 0.2 2.51

Number of unlike bonds

2.9 8.6 2.6 2-3 3

st
Warren Cowley Parameter (for 1 NN)

-0.249 (Present study)
-0.224 [Ref. 106]

Furthermore, fitting of EXAFS oscillations with theoretical paths generated from LRO
N2M2 structure leads to non-plausible parameters (extremely low values of the bond lengths)
indicating that the SRO is not a manifestation of LRO type N2M structure, but could be due to
localized sub-unit cell sized N2M; type stacking. The calculations performed on SQS model
though do not provide information on the ordering tendency of the alloy, but provide a reasonably
good estimate of the bond lengths and enthalpy of formation.

Similarly, EXAFS fit in case of alloy aged at 1073 K for 4 h and WQ is shown in the Table
3.5 along with the theoretical calculations. The LRO parameter for the alloy is calculated to be
0.85. The difference between the bond lengths calculated from first principles calculations on D1,
structure and those evaluated from EXAFS fit is attributed to the presence of untransformed fcc

matrix. In case of aged specimen also, Mo had only Ni as its first nearest neighbour. The preference
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for unlike atom at first nearest neighbour distance in both as-quenched and aged condition is due
to the ordering tendencies in the alloy. These ordering tendencies are stabilized by the enthalpy
which in turn depends on the ECI values. As discussed in sec. 3.3.2, the ECI value corresponding
to first NN distance are positive for the Ni-Mo system which show the ordering tendency and

corroborates well with the EXAFS and TEM study.

Table 3.5: Comparison of the number of bonds (Ni-Ni, Ni-Mo and Mo-Ni type), bond lengths
obtained from EXAFS fit for NisMo alloy aged at 1073 K for 4 h and WQ with D1a structure
and first principles calculations performed on SQS structure.

Coordination number

Element /Bond EXAFS fit VASP calculations
Ni 11.6 12
Mo 10 12

Bond lengths(A)
Ni-Ni 2.59+0.01 2.47
Ni-Mo 2.62+0.01 2.47
Mo-Ni 2.52+0.03

From the MC simulation, the estimated value of Gibbs free energy for the ordered NisMo
(D1 structure) phase was found to change from -0.62 eV/at 300 K to - 0.39 eV/at 1000 K. At
~1000 K, the calculated Warren Cowley parameters for first seven coordination shells for NisMo
approach values close to zero, which correspond to the disordered fcc phase with no preference
for like or unlike atom indicating initiation of order (D1a) to disordered (fcc) phase transition above
~1000 K (Fig. 3.12 (b)). Similarly, the LRO parameter () (Fig 3(c)) is found to change from -0.99
at 300 K to -0.72 at 1000 K, indicating the tendency of dis-ordering at temperature higher than
1000 K. On extrapolating the plot, the temperature at which is n=0 is found to be 1155 K. It is to
be noted that the order-disorder transition in NizsMo alloy occurs at 1140 K while the calculations
show that the transition can occur at a lower temperature. This is owing to the fact that the vibration

effects are neglected in the calculations.
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Fig. 3.12: Variation of (a) Warren Cowley parameters for the first four coordination shells with
temperature and (b) LRO parameter of ordered NisMo with temperature. (c) Plot showing Gibbs
free energy of ordered NisMo as function of temperature and order parameter.

3.8 Summary

On the basis of present work following conclusions can be made:

(i) In the SRO structure of the alloy, the local environment around the Ni and Mo atoms are
different as indicated by unequal values of Ni-Mo and Mo-Ni bond lengths. Moreover, Mo has all

Ni atoms as its first nearest neighbour, but no Mo atoms.

(if) The LRO structure of the alloy is described by the D1, phase which grows coherently with the

fcc matrix. The NN configuration around Mo atom shows that it has all Ni atoms at the first nearest
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neighbour distance, but no Mo atoms. Also, the bond lengths obtained experimentally were in

close agreement with the theoretically evaluated bond lengths.

(iii) The CE approach was used to evaluate the ECIs as a function of nearest neighbour distances.
The positive values of ECI indicate the preference for unlike atoms at first NN distance and hence

facilitates the formation of ordered precipitates (both SRO and LRO).

(iv) Warren Cowley parameters for both as quenched and aged alloy were evaluated from CE
method and found to be in concordance with the experimentally observed values. The CE approach
was further used to evaluate the change in free energies as a function of temperature (T) and order

parameter (1) for NisMo system.
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Chapter 4 : Ordering in Ni-Mo-Cr Alloy

4.1 Background

Ni-16 wt.% Mo-7 wt.% Cr (Mo+Cr =20 at.% ) based alloys, viz., Hastelloy N, GH3535
alloy are solid solution strengthened single phase alloys which are being considered as potential
candidates for use in MSR as structural materials [2, 17]. The selection of these alloys has been
with the expectation that a prolonged use of these alloys in the service condition in the medium to
high temperature regime will not lead to formation of coherent ordered precipitates. In order to
confirm this conjecture, it is important to investigate the ordering characteristics in Ni- 16 wt.%
Mo- 7 wt.% Cr alloy for evaluating its performance at high temperatures for prolonged time as
well as for gaining an understanding of the role of Cr in influencing the ordering characteristics of

this ternary system (Fig. 4.1).
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Fig. 4.1: Schematic diagram showing LRO transitions in Ni-Mo alloys with Cr addition.
In present study, the ordering tendencies in Ni-20 at.% Mo and Ni- 16 wt.% Mo- 7 wt.%

Cr alloys (Mo+Cr ~20 at.%) are characterized using the EXAFS technique and TEM studies. The
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observed microstructure and nearest neighbour configurations obtained from the experimental
investigations are correlated with the nearest neighbour interaction configurations and ground state
energies evaluated from cluster expansion based approach coupled with first principle energy
calculations for ordered and disordered systems. Based on experimental and simulation results, the

role of Cr in altering the ordering characteristics of the alloy is rationalized.

Table 4.1: Composition of the alloy used in the present study.

Alloy Nominal composition Experimentally determined composition (wt.%0)
(Wt.%) EDS XRF
Ni Mo Cr Ni Mo Cr Ni Mo Cr
Ni-Mo-Cr 77.0 16.0 7.0 76.4+ 155+ 7.1+ 76.79+ 16.22+ 6.94%

0.3 0.3 0.3 0.09 0.05 0.01

4.2 Microstructural evolution in aged alloy
4.2.1 TEM investigations

SAED patterns recorded along the [001] zone axis for Ni-Mo-Cr alloy in as quenched
condition show <1 % 0>, type SRO similar to the case of the binary NisMo alloy (Fig. 4.2 (a)).
The {1 ¥ 0}, spots for the ternary system are observed to be weaker in intensity as compared to
the binary NisMo alloy. Such a result is not unexpected as the atomic scattering factors for
electrons in Ni and Cr are very close, unlike the high contrast in the case of Ni-Mo. The presence
of the SRO structure in Ni-Cr alloys has been unequivocally established by using neutron
diffraction [108] and scattering experiments [109], where a large contrast between the scattering

factors is present [110].
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Fig. 4.2: (a) BF image and (b) diffraction pattern recorded along [001] zone axis for as quenched
structure of Ni-Mo-Cr alloy and (c) a schematic showing SRO tendencies in alloy.

Ni-Mo-Cr alloy when subjected to same heat treatments as NisMo alloy, viz., ageing at
1073 K for 4-50 h did not result in formation of any long range ordered phase of either PtoMo or
D1, type (Fig. 4.3 (a)-(b)) indicating that addition of Cr plays a major role in altering the nearest
neighbour interaction energies and hence alters the ordering sequence. The EDS analysis of both
the as quenched and the aged (at 1073 K for 4 h and 24 h) alloy samples match well with the
composition chosen for the ternary alloy. In addition, fine inter-granular precipitates were
observed in the aged alloy which are of type (NixMo1x)sC, in agreement with the extensive
literature reports [111-114]. No Cr23Cs type precipitates were observed in aged alloys. Han et al.
[115] have shown that the type of carbide formed after ageing is dependent on relative

concentrations of alloying additions and defined a quantity CR expressed as [114-115]

Cr (at.%
CR = (—")
(Cr+Mo)in at.%

4.1

It was stated that when CR> 0.72, Cr23Cs type carbides dominate while when CR< 0.72, Mo rich
MeC type carbides form. For the Ni-Mo-Cr alloy, Cr and Mo contents are, respectively, 9 at.% and
10.8 at.% and hence, the quantity CR is evaluated to be 0.432 indicating that Mo rich MeC carbides

will form in the alloy after ageing. However, the phase fraction of these precipitates was not
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appreciable (<5wt.%) as they could not be observed in the XRD patterns and hence are expected
to have minimal effect on ordering tendencies in the Ni-Mo-Cr alloy. Since electronic structure
factors for Ni and Cr are very similar due to close atomic numbers, EXAFS study was undertaken
to investigate the local structural change in Ni-Mo and Ni-Mo-Cr alloy under different heat
treatments. Similarly, the measurement of Vicker’s hardness for the alloy aged at 973 K as a

function of ageing time indicate that there is no appreciable change in the hardness values as no

LRO precipitates have developed after ageing.

Ipm

(d) (e) 30 :
(220)  Aged for 24h & Ageing at 973 K
at973 K g
@311) <
111 b _
~ ( )(200) 2 250
Z g
& = *
g e = ]
<> . . = _
= As- quenched = 200 i
= =
‘M
| 3
] A =
r T T T T T T T - T .h T v : . > 150 T T T T T T T T T T T T T
20 30 40 50 60 70 80 90 100 0 50 100 150 200 250 300
2 theta Ageing time (h)

Fig. 4.3: Diffraction pattern recorded along [001] zone axis for Ni-Mo-Cr alloy aged at (a) 973 K for
4 h and WQ, and (b) 973 K for 24 h and WQ. (c) Bright field image of the alloy aged for 24 h and
WQ, (d) XRD patterns for as quenched and aged alloy, and (e) Variation of Vicker’s hardness
number as a function of ageing time.
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4.2.2 EXAFS study

The experimental EXAFS spectra (L(E) versus energy (E) plot) for as quenched NizsMo and
as quenched Ni-Mo-Cr alloy corresponding to Ni K, edge is presented in Fig. 4.4. The inset shows
the FT-EXAFS spectra (| x|mag (1) versus r plot) which provide information about the distances
of the neighbouring atoms from the centre of the absorbing atom Ni. From the figure, it is evident
that a prominent peak occurs at~ 2.2 A for both the binary and the ternary alloy. There is no
appreciable change in the peak positions but the peak heights are decreased in the as quenched Ni-
Mo-Cr alloy as compared to the as quenched NisMo alloy. Since the peak height in EXAFS
oscillations depends on the surrounding atoms, it indicates that addition of Cr leads to changes in
the local atomic structure around the Ni atoms at the first near neighbour distance. After Cr
addition, the structural disorder around the Ni atoms is increased as indicated by the decrease in
the peak amplitude for the ternary alloy. Similar observations were recorded in case of Al-Si-Sr

and Al-Sr alloys where Si addition changes the local atomic environment around Sr atoms [116].

Ni K edge —%= Ni- 20 at.% Mo
—@— Ni-16Mo-7Cr

Ni K edge As quenched

Normalized p(E) (a.u.)
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Fig. 4.4: Plot of normalised u(E) versus E for as quenched NisMo and Ni-Mo-Cr alloy. The inset shows
a plot of | ¥|mag (1) versus r for the same.
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The EXAFS spectra corresponding to Ni, Cr and Mo K, edge is shown in Fig. 4.5. There is no
change in the absorption edges of Ni, Cr and Mo for the as-quenched and aged alloy indicating

that that there is no change in the chemical state of the element as expected.
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Fig. 4.5: Experimental EXAFS spectra recorded at (a) Ni, (b) Cr and (c) Mo K absorption edges for
as-quenched Ni-Mo-Cr alloy and Ni-Mo-Cr alloy aged at 1073 K for 4 h (and WQ). The spectra
recorded for standard Ni, Cr and Mo foils for calibration are also shown for comparison.

The experimental FT-EXAFS spectra are fitted with the theoretically simulated |x|,,q4 (1)

versus r plots. The theoretically simulated spectra were modelled from an fcc lattice having a lattice
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parameter of 3.58 A with Cr/Mo concentration set equal to the experimental alloy composition.

The lattice parameter was calculated from the modified Vegard’s relationship expressed by [117]
alloy= ani+(20-x) Vcr+X Vo 4.2

where ai is the lattice parameter of pure nickel (= 3.525 A) [117, 118], Vcr = 0.0022 A/at.% and
Vmo=0.0051 A/at are Vegard’s coefficients for Cr and Mo, respectively [119]. The experimental
plots of |ymag(r)| versus r along with their theoretical best fitted curves for both as quenched and
aged Ni-Mo-Cr alloy are presented in Fig. 4.6. From the fit, the values of bond lengths (r),
coordination number around the atoms (N) and Debye Waller factors (¢2) corresponding to the

corresponding to the first coordination shell are evaluated, and, are presented in Table 4.2.
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Fig. 4.6: Experimental |ymag(r)| versus r plots for (a)-(d) Ni K edge, (b)-(e) Cr K edge and (c)-(f) Mo K
edge for as the quenched and the aged alloy samples (ageing treatment given at 1073 K for 4 h and

WQ).
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It is evident from Fig. 4.6 that there is no significant change in the bond lengths or Debye
Waller factors for Ni, Cr and Mo atoms with the ageing treatment. Both Cr and Mo are coordinated
with 12 Ni atoms in the first shell with slightly different bond lengths indicating that ageing
treatment did not induce any appreciable change in the local structure around Ni, Cr and Mo atoms.
In addition, no Cr-Mo bonds were observed. The Ni-Mo bond length obtained from the EXAFS
measurements are in close agreement with the values reported by Li et al. [120]. The slight
difference in the observed value of Ni-Cr bond length and those reported in literature is mainly
attributable to the fact that the Ni-Ni bonds are considered for the fitting in present study while it
is not considered by Li et al. [120] in their analyses which results in the overall minor difference

between the Ni-Cr bond lengths.

Table 4.2: EXAFS fit for as quenched and aged (1073 K/4 h+WQ) Ni-Mo-Cr alloy showing
the values of the bond lengths (r), average coordination number around the atom (N) and
the Debye Waller factor (¢?) corresponding to the first coordination shell. The values in the
parenthesis are the reported values in literature [120,121].

Ni-Mo-Cr as quenched (fcc str.) Ni-Mo-Cr aged at 1073 K /4 h
(fce str.)
Edge Bond r(A) N o}(A?) r(A) N c}(A?)
type
Ni Ni-Ni 2.49+0.01 9.9+0.8 0.00099 2.49+0.01 8.7+0.6  0.0097+0.0010
edge +0.0008
Ni-Mo 2.51+0.02 1.9+0.5 0.0048+ 2.53+0.03 1.5+0.5 0.0038+0.0013
0.0006
Ni-Cr 2.47+0.01 1.4%0.3 0.0015+  2.48+0.02 1.1+0.3 0.0011+0.0008
0.0007
Mo 2.50+0.01 12.3+0.7 0.0061+ 10.2+0.8 0.0049+0.0019
Mo-Ni (2.53) (11.6 £0.7)  0.0004 2.51+0.01
edge [120]
Cr Cr-Ni 2.45+0.03 11.6%0.6 0.0070+ 2.47+0.01 9.3+0.9 0.0053+0.0010
edge (2.50) (11.2+0.7)  0.0011
[120,121]
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4.3 First principles calculations

The structural parameters obtained from EXAFS were further compared with the results of
the first principles calculations performed on the disordered fcc matrix of the Ni-Mo-Cr alloy
generated by the SQS approach as developed by Zunger et al. [98]. To observe the effect of Cr
addition on the stability D1, structure, which forms in case of binary Ni-Mo alloys, but could not
be found in Ni-Mo-Cr alloys, first principles calculations were performed on Cr-doped D1,

structure with Cr occupying Mo site.

4.3.1 Generation of optimized SQS configuration

In the present study the SQS structure for the fcc configuration of Ni-Mo-Cr alloy was
generated using 20 atoms/unit cell. The optimized SQS structure is shown in Fig. 4.7 and the
corresponding lattice vectors and atomic positions are summarized in the Table 4.3. The maximum

diameter considered for pair and triplet cluster are 4.4 A and 3.59 A, respectively.

Table 4.3: Atomic positions of Ni, Cr and Mo in 20-atom/unit cell SQS structure.

Lattice Vectors Atomic Positions (Fractional Coordinates)
(11 -3 Ni 05 1.0 1.0
&=(-17,7) & Ni 1.0 10 1.0

Ni 06 02 02

_31 Ni 075 05 1.0
ay_(E’E'l) 2o Ni 0.0 02 0.2
Ni 0.5 0.50 1.0

3. -3 Ni 05501 06
:=(5,2,~") @ Mo 070 0.4 0.4
Ni 08507 0.2

ao Is the lattice parameter of the fcc m: 8:(2)5 8:}1 8:2
Mo 035 0.7 0.2

structure Ni 065 03 08
Cr 08 06 06

Ni 095 09 04

Ni 015 03 08

Ni 03 06 06

Cr 04509 04

Ni 09 08 08

Ni 04 08 08
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The generated pair and triplet correlation functions are compared with the theoretical
correlation functions for completely random alloy to verify whether the SQS structure embodies
the short-range statistics of the random alloy (Table 4.4) or not. From the table, it is observed that
the pair and triplet correlations match well with the actual correlations with a small mismatch in
the range -0.00625 to 0. 025. The SQS can mimic the actual disordered fcc configuration of the
alloy up to third nearest neighbour with reasonable accuracy.

Table 4.4: Pair and triplet correlation functions for the 20 atom/unit cell SQS structure and
completely random fcc solid solution with Mo0=0.1 and Cr=0.1 atomic fraction.

Cluster Cluster Calculated Actual correlation ~ Correlation

type Diameter (A)  Correlation (pa) Mismatch
lo () (p-pa)

Na

2 2.54 0.49375 0.49 0.00375

2 2.54 0 0 0

2 2.54 -0.00625 0 -0.00625

2 3.59 0.475 0.49 -0.015

2 3.59 0 0 0

2 3.59 -0.025 0 -0.025

2 4.40 0.49375 0.49 0.00375

2 4.40 0 0 0

2 4.40 -0.00625 0 -0.00625

3 2.54 -0.339 -0.343 0.00394

3 2.54 (2) 0 0 0

03 2.54 0.00156 0 0.00156

3 3.59 -0.3625 -0.343 -0.0195

3 3.59 (3) 0 0 0

3 3.59 0.625 0 0.00625

3 3.59 0.025 0 0.025
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O Ni

Fig. 4.7: Optimized 20-atom/unit cell SQS for disordered fcc configuration of Ni-Mo-Cr alloy.

4.3.2 Enthalpy of mixing and bond length analysis
The enthalpy of mixing for the Ni-Mo-Cr alloy was calculated from the equation
AH (NiogM00.1Cro.1) = E(Nio.gM00.1Cro.1) — 0.8E(Ni) — 0.1E(M0)-0.1 E(Cr) 4.3

where E(Ni), E(Mo) and E(Cr) are the reference energies of the pure components in their
respective ground states. The spin polarized calculations were performed on the ferromagnetic fcc
Ni and the anti-ferromagnetic bcc Cr, but not for the bcc Mo as it is non-magnetic. All the Ni-Mo-
Cr phases are non-magnetic [122]. The first principles calculations on bulk Ni, Mo and Cr yields
the respective energy values -5.51 eV/atom, -9.84eV/atom and -9.46 eV/atom. The enthalpy of
formation for the SQS Ni-Mo-Cr alloy is found to be -0.32 eV/atom. The negative value of
enthalpy of formation for SQS Ni-Mo-Cr alloy shows that the disordered fcc phase is stable at 0
K. Furthermore, this value is higher than the enthalpy of formation of SQS fcc Ni-20 at.% Mo
structure (-0.28 eV/atom) which suggests that the addition of Cr in Ni-Mo alloys stabilizes
disordered fcc structure.

The bond lengths for the optimized SQS structure were analyzed and it was observed that
the average Ni-Ni, Ni-Mo and Ni-Cr bond lengths are equal having a value of 2.50+0.1 A. The

value is close to the value obtained from the EXAFS fit (Table 4.5). However, the SQS model
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could not detect the minute variations in the Ni-Cr, Ni-Ni and Ni-Mo bond lengths which are easily

observable in EXAFS analysis which emanates from the SRO structure present in the alloy.

Table 4.5: Ni-Ni, Ni-Mo, Ni-Cr bond lengths for the first coordination shell obtained from
EXAFS fit of the spectra for as quenched and aged Ni-Mo-Cr alloy compared with the
predicted values from VASP calculations on SQS structure and theoretical fcc structure.

Bond type Bond lengths (A)
As quenched Alloy aged at 1073 K fordh  SQS structure Theoretical
alloy EXAFS EXAFS Result FCC
Result
Ni-Ni 2.49+0.01 2.49+0.01 2.5+0. 1 2.51
Mo-Ni 2.51+0.02 2.53+0.03 2.5+0. 1 2.51
Cr-Ni 2.47+0.01 2.48+0.02 2.5+0.1 2.51

4.3.3 Cr substituted D1a phase

VASP calculations performed on ordered NisMo phase (D1, structure) with Cr substituted
at Mo site show that the enthalpy of formation for the binary D1, phase with no Cr addition (-
0.298 eV/atom) is more negative that of Cr substituted at Mo site in D1, phase (-0.13 eV/atom).
This indicates that with Cr addition the stability of D1, phase decreases which is consistent with
the present results and those reported earlier by Arya et al. [14, 123]. On the other hand, the
enthalpy of formation for disordered fcc NisMo is found to be -0.289 eV/atom; while that of
disordered fcc Ni-Mo-Cr alloy (with Mo+Cr concentration) was obtained as -0.325 eV/atom
indicating that the disordered phase is stabilized with Cr addition. The evaluated trend in Gibbs

free energy is in accordance with the study carried out by Song et al. [124]
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4.4 Cluster expansion based calculations

Rigorous EXAFS analysis and first principles calculations show that the Cr addition leads
to a change in the local structural environment around Ni/Mo atom. This may result in the variation
of the nearest neighbour interaction energies which dictate the ordering tendencies. Based on the
EXAFS studies on Ni-Mo-Cr alloys, we observe that Cr and Mo are surrounded by 12 Ni atoms
i.e., Cr and Mo preferentially bonds with Ni. Hence, we can qualitatively observe the change in
ordering tendencies by comparing the effective interaction parameters for Ni-Mo and Ni-Cr
system. The comparison is expected to be valid since Mo and Cr concentration is low and these
atoms can have all Ni atoms as their first nearest neighbour.
4.4.1 Ni-Cr system

The DFT energies calculated by VASP as a function of solute concentration for Ni-Cr
system based on the fcc lattice is generated from the pure Ni, Cr and known Ni-Cr intermetallics.
The convex energy hull obtained for Ni-Cr system is presented in Fig. 4.8. The DFT energies are
then fitted with CE model to extract the pair and multisite interaction energies (ECIs) upto 11%"
nearest neighbour duplets, 4" nearest neighbour triplets and 1% nearest neighbour quadruplet. The
empty cluster interaction defines the total energy of the disordered state at equiatomic
concentration; while the point cluster interaction energy depends on the concentration of solute in
a linear fashion [88, 91, 100]. The fit between DFT and CE energies is a straight line with a small
deviation distributed evenly over the whole range of calculations given by a small value of cross
validation score of (+ 27 meV/atom). The representative clusters considered in present study and

their multiplicity is plotted in Fig. 4.8 (c)-(d).
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Fig. 4.8: (a) Formation energies of different stable and metastable phases present in Ni-Cr system.
The black squares correspond to the energies of the structures calculated by VASP, the red dots show
the energy obtained from the fitted CE energy functional and triangles in the convex hull line indicate
ground states, (b) Fit between VASP calculated energies and the energy of same structure obtained
by CE fit, (c) Cluster multiplicity versus cluster diameter and (d) representative clusters (pair, triplet
and quadruplets).

The ECI values calculated for the Ni-Cr system is plotted in Fig. 4.9. The ECIs are
generated by pair clusters upto 11™ nearest neighbour (NN) distance (7.82 A), triplets upto 4" NN
(4.94 A) and one quadruplet cluster (2.47 A). The ECI parameter for the pair cluster corresponding
to the first nearest neighbour has a positive value indicating the tendency for ordering. The values

of ECI parameters for the multi-body (triplets and quadruplets) clusters were much smaller as

75



compared to 2-point or pair clusters indicating a good convergence of CE model [88-92].
Additionally, it was observed that for 2-point cluster, the magnitude of the ECI decreases with
increase in cluster diameter which indicates that only the first few nearest neighbour interactions

play a crucial role in the configurational energy of the alloy.
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Fig. 4.9: Effective cluster interaction parameters corresponding to pair, triplet and quadruplet
clusters calculated for fcc Ni-Cr system.

4.4.2 Cr-Mo system

Cluster expansion calculations to evaluate the ECI parameters were carried out for Cr-Mo
system based on the fcc lattice. The convex energy hull (Fig. 4.10) shows that there are no
intermetallics formed between Cr and Mo consistent with the experimental observations. A good
match between the VASP calculated energies and the energies of the structure obtained by cluster

expansion fit was obtained as indicated by a low value of the CV score of + 1 meV/atom.
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Fig. 4.10: Output of MAPS algorithm for Cr-Mo binary system showing (a) Formation energies of
different stable and metastable phases present in fcc Cr-Mo system calculated by VASP and
predicted by CE fit, and (b) Fit of actual energy (by VASP) versus energies predicted by CE model.

The ECls are generated by pair clusters upto 5" nearest neighbour distance (6.09 A), one triplet

(3.51 A) and one quadruplet cluster (3.51 A). The ECI for the nearest neighbour distance has a

small negative value suggesting a slight tendency for clustering between Cr and Mo atoms. The

cluster diameter, multiplicity and corresponding ECIs are summarized in Table 4.6.

Table 4.6: Summary of ECIs, cluster diameter, cluster multiplicity for Cr-Mo system based
on fcc lattice. Cluster diameter is defined as the longest distance between the vertices of any
cluster. The cluster type 0, 1, 2 and 3 denote empty, point, pair and triplet clusters.

Cluster type Cluster Diameter (A) Multiplicity ECI (eV/atom)
0 0.013384
1 -0.003940
2 3.045000 4 -0.004377
2 3.516063 3 -0.000325
2 4.972464 6 0.000306
2 5.830731 12 0.000075
2 6.090000 4 0.000465
3 3.516063 12 0.000329
4 3.516063 6 0.000085
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The ECI values for Ni-Cr system was compared with Ni-Mo [105] and Cr-Mo system. It was
observed that both Ni-Mo and Ni-Cr has higher magnitude of ECI values as compared to the Cr-

Mo system.

4.5 Discussion of results
4.5.1 Role of Cr in changing stability of D1a phase

The enthalpy of formation for D1, phase with Cr substituted at Mo site is -0.13 eV/atom
However, comparison of the enthalpy of formation for pure D1, phase (-0.298 eV/atom) with that
for Cr substituted D1, phase, indicates that with Cr addition the stability of D1, phase decreases
which is consistent with the TEM and EXAFS analyses where the D1, phase was not observed in
case of aged specimen.
4.5.2 Role of Cr in changing the relative stability of Ni-Mo and Ni-Mo-Cr disordered fcc
alloy

As shown in previous sections, the enthalpy of formation becomes more negative for the
disordered Ni-Mo-Cr fcc (-0.32 eV/atom) as compared to disordered NisMo (-0.289 eV/atom).
The configurational entropy in the limit of high temperature or for completely random alloy is

expressed as
Srandom = —kg > cilnc; 4.4

Where kj is the Boltzman constant having a value of 8.617x10° eVK™ of and ¢; is the atomic
fraction of the i constituent element. The calculated entropies for disordered fcc NizMo and Ni-
Mo-Cr alloy are given in Table 4.7. It is evident from the table that the entropy increases with
ternary element addition thereby making the resultant Gibbs free energy more negative for the

ternary alloy.
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Table 4.7: Calculated entropy for the disordered NisMo and Ni-Mo-Cr alloy.

Alloy Elemental concentration (atom fraction) Entropy
(ci)
Ni Mo Cr
NisMo 0.8 0.2 - 0.50 kg
Ni-Mo-Cr alloy 0.8 0.1 0.1 0.64 kg

4.5.3 Effect of Cr on ordering tendencies in Ni-Mo-Cr alloy
The ordering in any binary alloy A1.xBx or ternary alloy AxByC; can further be quantified
using Warren Cowley parameters [96]. From EXAFS fit, the probability is calculated by

calculating the number of A-B bonds and total number of bonds N is taken to be equal to the
coordination number 12 for present study (P4 = %) [125]. « is calculated to be -0.228

(£0.004) for as quenched NisMo which is close to the reported value of -0.2 [106] as discussed in
chapter 3. Similarly, for ternary Ni-Mo-Cr alloy the Warren Cowley parameters corresponding to
the first neighbouring shell are deduced and presented in Table 4.8. The negative values of
aVi=Mo and a¥=CTindicates a preference for the formation of bonds between unlike atoms, Ni-
Mo and Ni-Cr. The value a®"~™° = 1 arises due to Ncr-mo =0, indicating that Cr-Mo do not prefer
each other as the nearest neighbour. The EXAFS analysis clearly establishes that the SRO tendency
is prevalent in Ni-Mo-Cr alloy even after ageing which could not be resolved by the conventional

electron microscopy images.
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Table 4.8: Warren Cowley parameters for the first NN shell calculated from EXAFS fit.

Warren Cowley parameters

As quenched amo-Ni = -0.22 +0.03 acr-Ni = -0.35+0.03 ocr-mo =0

Aged alloy amo-Ni = -0.14 +0.01 acr-ni = -0.25+0.01 ocr-mMo =0

In case of Ni-Mo-Cr alloys, the absence of Mo-Cr bonds in EXAFS fit indicates the
bonding of Cr and Mo atoms with Ni atoms. This bonding is preferential rather than random as the
number of Mo atoms around Cr atom is not equal to its atomic concentration in the alloy (Table
4.9). This indicates that the Cr substitutes Mo in the fcc lattice. Similar preferential bonding
between Si and Sr atoms in Al-Si-Sr type alloys is observed using EXAFS analysis [116]. Though
Crand Ni have similar atomic radius, EXAFS study as well as previous work carried out by Arya
et al. [5, 14], Verma et al. [12-13, 37-38, 126] and Vasudevan et al. [21, 22], suggest that Cr
replaces Mo in place of Ni in the fcc lattice as it changes the chemical interaction energies which

govern ordering characteristics of Ni-Mo-Cr alloys.

Table 4.9: Number of Ni-Ni, Ni-Mo and Ni-Cr bonds in as quenched and aged Ni-Mo-Cr
alloy, and their comparison with the SQS structure as well as theoretical fcc structure.

Number of bonds

Element EXAFS fit EXAFS fit SQS Theoretical
As Quenched alloy 1073 K+4 h structure dis. fcc
Ni-Ni 9.9+0.8 8.7+0.6 9-10 9.6
Ni-Mo 1.9+0.5 1.5+0.5 2-3 14
Ni-Cr 1.4+0.3 1.1+0.3 1-2 1

If Cr were distributed randomly in the fcc lattice, then Cr would have occurred in positions
of both Ni and Mo atoms resulting in decrease in Ni-Mo bonds and presence of Cr-Mo bonds, but

absence of these bonds excludes the possibility of Ni substitution by Cr (Fig.4.11). The EXAFS
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study along with first principles calculations clearly establish that Cr substitutes Mo and

destabilizes the LRO phase of D1, type.

(001) Cr at Mo site Cr at Ni site

+No Mo-Cr bond™,

Fig. 4.11: Schematic showing the first NN shell around Mo atom in binary Ni-Mo alloy and
subsequent Cr atom substitution in the fcc lattice.

Furthermore, the EClIs obtained from CE calculations on Ni-Cr, Ni-Mo and Cr-Mo systems
reveal the relative ordering tendencies in the alloy. Cr-Mo interaction energies are very less and
can be neglected as compared to Ni-Mo and Ni-Cr systems. Also, the ECI values for Ni-Cr and
Ni-Mo system are appreciable till 4" NN distances indicating that the interactions upto 4" NN play
a dominant role in determining the configurational energy of the alloy consistent with the reported
literature. The values of pair ECI for the first and third nearest neighbour for both Ni-Mo and Ni-
Cr systems are positive indicating ordering tendencies, but the magnitude decreases for Ni-Cr
system indicating that the strength of first NN interaction decreases (Fig. 4.12). Similarly, the sign
for the triplet ECls also change for first nearest neighbour triplet (Fig. 4.12). Overall, the pair and

multisite interaction energies are such that the ordering tendency is reduced after Cr addition.
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Fig. 4.12: Comparison of (a) pair interaction parameters and (b) triplet interaction parameters for
Ni-Mo and Ni-Cr system.

The addition of ternary element, Cr thus changes the thermodynamic driving force for
ordering (both SRO and LRO) by suitably altering the entropy as well as the enthalpy. In enthalpy

part, the ternary element addition leads to a change in the pair and multisite interaction energies.
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This is opposite to the case of irradiation where kinetics of phase formation is altered and many
metastable states are also observed [6]. The disordered fcc phase of Ni-Mo-Cr alloy is more stable
as compared to fcc NisMo alloy since Cr stabilizes the disordered phase by lowering the formation
energy. A similar trend is observed with Fe addition [6, 42]. The D1a configuration, however, is
destabilised with Cr addition since Cr is known to promote the formation of Pt2(Mo,Cr) type phase
over Nis(Mo,Cr) phase and Ni4sCr is not thermodynamically stable. Mo on the other hand stabilises
both SRO and LRO [6]. Chan et al. [127] and Hu et al. [128] suggested that the formation energy
of Ni2(Cr, Mo) is lowered by Mo addition upto 8.3 at.% Mo. However, in the present study no
PtoMo type precipitates were observed as Mo+Cr content was < 33 at.% and Mo content was > 8.3
at.%. Furthermore, Mo addition results in lowering of diffusivity of Cr in a Ni-base alloy [6]. Thus
the thermodynamic driving force as well as kinetics both are not favourable for the formation of
the ordered Ni2(Cr,Mo0) phase. The absence of Ni>(Mo,Cr) in the ternary alloy can thus be
rationalized.

A schematic Gibbs free energy diagram depicting the effect of Cr addition on Ni-Mo alloys
is presented in Fig. 4.13 which shows that the disordered fcc phase of Ni-Mo-Cr alloy is more
stable as compared to the binary fcc NisMo alloy because of the additional configurational entropy
due to the ternary Cr addition, while the formation energy (or enthalpy) of the ordered D1, structure
increases with Cr addition. The net result is that, at a certain level of Cr content, the disordered fcc
solid solution becomes more stable than the ordered D1. phase. Results from the present
experiments show that the substitution of Mo by 7 wt.% Cr in Ni-20 at.% Mo alloy definitely
makes the disordered solid solution thermodynamically more stable than the corresponding

ordered (D1,) structure.
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Fig. 4.13: Schematic diagram showing the effect of Cr concentration on Gibbs free energies of
ordered and disordered phases of Ni-Mo and Ni-Mo-Cr alloys. The dashed vertical line marked Co
corresponds to 20 at.% Mo or Mo+Cr and that marked C; corresponds to 50 at.% Mo or Mo+Cr in
the diagram.

4.6 Summary

Present study investigates the ordering tendencies in NizsMo and Ni-Mo-Cr alloy (Mo+Cr
content =20 at.%) using experimental and simulation techniques and elucidates the role of Cr
addition on the ordering characteristics of the Ni-Mo-Cr alloy. The binary Ni-20 at.% Mo shows
formation of long range ordered precipitates upon ageing while the formation of the long range
ordered D1. phase is suppressed in the ternary alloy when given the same heat treatments. This is
attributed to the change in local chemical environment around the Ni atoms caused by Cr atoms
which replace Mo atoms in the fcc lattice. As a result, the sign of nearest neighbour chemical
interaction energies which govern the ordering tendency is reversed and the tendency for the
formation of D1, phase is suppressed.
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Chapter 5 : Microstructure property correlation in the Ni-Mo-Cr alloy
exposed to FLiNaK salt

5.1 Background

The resistance of any material to severe corrosive attack is determined by the stability of
protective surface films and the efficacy of their acting as a diffusion barrier against the outward
diffusion of the constituent elements from the alloy matrix [129]. In most of the Ni-based alloys,
Crand Al are added in the alloy to promote the formation of alumina (Al.O3) or chromia (Cr203)
in high temperature oxidizing environment thereby providing the required oxidation resistance
[130, 131]. However, in a molten salt environment the formation of protective surface films is

precluded and the alloy under goes a corrosive attack [38, 132].

Corrosion of the structural alloys by fluoride melts is thermodynamically driven where
selective dissolution of alloying elements occurs into the molten fluoride [38, 133-134]. The
dissolution tendency of different metals in fluoride melt is dictated by the Gibbs free energy of
fluoride formation. Other mechanisms of corrosion include (a) impurity driven corrosion due to
the presence of moisture, HF and high valence ions such as Cr®* [38, 134], (b) galvanic corrosion
between the elements in molten salt and a chosen structural alloy [38, 134], (c) temperature
gradient-driven corrosion due to temperature dependent elemental solubility in molten salt and (d)
salt redox potential [38, 132] which are discussed in section 1.6.1. As outlined in chapter 1, oxygen
in molten fluoride either as an impurity or an accidental ingress will lead to the formation of surface
films which may or may not be protective in fluoride environment. Compatibility studies between
the structural alloys such as GH3535 alloy [135], stainless steel 316 [136], Hastelloy N [137] with
molten fluoride salt are mainly addressed to the issue of Cr dissolution in fluoride melt [38, 135-

136]. However, no detailed study has been carried out on the surface films formed.
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Present study is carried out with the objective of identifying the surface film formed on Ni-
based alloys with varying Cr contents when exposed to oxygen containing fluoride melt and the
possible role of different films in enhancing or prohibiting the migration of various elements from
alloy to melt, and vice-versa. Such a study is important since alloys with different Cr contents will

form different surface films which can have different stability towards fluoride attack.

5.2 Microstructural characterization of unexposed alloy coupons
The Ni-based alloys used in the present study are Alloy 690, Alloy 693, commonly used in
melter pots in nuclear waste vitrification plants [138-139] as well as the Ni-Mo-Cr alloy. The

standard compositions of these alloys are presented in Table 5.1.

Table 5.1: Elemental composition of Alloy 690, Alloy 693 and Ni-Mo-Cr alloy used in the
present study.

Alloy/Wt.% Ni Cr Mo Fe Al Others
Ni-Mo-Cr alloy 77 7 16
Alloy 693 Balance 29.2 - 3.96 3.19 Nb: 1.86
Ti: 0.42
Alloy 690 Balance 30.8 - 10.3 <0.50 Cu+Mn< 1.0

Microstructural examination of coupons of the Ni-Mo-Cr alloy (solution annealed at 1450
K for 2 h and WQ) shows that the alloy matrix is devoid of any precipitates containing only
equiaxed grains (Fig. 5.1(a)). This observation is consistent with the composition of the alloys
studied and the fact that the laboratory melted Ni-Mo-Cr alloy contains a much lower carbon level.
The microstructures of alloys 693 and 690 have revealed a distribution of precipitates in the matrix
of equiaxed grains of the fcc matrix. EDS analyses of these precipitates have identified these
precipitates to be carbides of type Cr23Ce (in both Alloy 690 and Alloy 693) and aluminides of

NizAl type (in Alloy 693) (Fig. 5.1). In addition, Alloy 693 showed formation of isolated blocky
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precipitates of NbC while Alloy 690 contained randomly distributed isolated precipitates of Ti(C,
N). Detailed microstructural aspects of Alloy 693 and Alloy 690 are summarized by Halder et al.

[138] and Dutta et al. [139].

(@)

Equi-axed grains

Fig. 5.1: As received microstructure of (a) Ni-Mo-Cr alloy (solution annealed at 1450 K for 1 h and
WQ), (b) Alloy 693 in mill-annealed condition and (c) Alloy 690 in mill annealed condition.

5.3 Microstructural studies on alloy coupons after exposure to molten salt environment

After exposure to FLiNaK melt at 973 K for 3 h in ambient atmosphere, patches of reaction
products (oxide layer were formed on alloy surfaces. It has been noticed that the areas from where
the reaction layer were spalled off are those on which extensive local corrosion attack has taken
place. The presence of pits and grain boundary attack in these areas are evidences of such localized
corrosion. Micro-analyses of the pits and affected grain boundaries of different alloys are carried
out in depth by EDS and the surface film is characterized by XPS. The observations are discussed
in detail as follows.
5.3.1 Ni-Mo-Cr alloy

The Ni-Mo-Cr alloy, after exposure to FLiNaK melt developed an inhomogeneous
microstructure with a patchy oxide layer on the surface having a non-uniform coverage. The alloy
surface devoid of oxide patch showed grain boundary attack and extensive pit formation within
the grains (Fig. 5.2). This pitted microstructure results from the selective dissolution of Cr into

melt which is consistent with the previous observations made on Hastelloy B3, N etc. [133-137].
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This selective depletion of Cr from various alloys under fluoride attack is attributable to negative
Gibbs free energy of formation of Cr-fluoride (-160 Kcal/mol F2) [133]. The formation of pits is
mainly attributed to the coalescence of vacancies generated by outward diffusion of Cr through
lattice diffusion [69, 140]. The grain boundary is rich in Cr and oxygen which show formation of

Cr-rich oxide at the grain boundary.

25 um Ni Ko

25 um O Ka

Fig. 5.2: (a) Microstructure of exposed surface of Ni-Mo-Cr alloy showing formation of pits within
grain along with the X-ray maps for (b) Ni K,, (¢) Cr K, (d) OK and (e) Mo L, showing Cr and O
enrichment along grain boundary.

Microstructural analyses of the alloy cross-section after exposure show that an oxide layer
rich in Ni and Cr (~3 pum) is formed at the surface (Fig. 5.3(a)-(b)). Below the surface oxide layer,
a pitted microstructure depleted in Cr is observed (~6 um) (Fig. 5.3 (a)-(b)) which was followed
by a modified region of the alloy comprising Mo-rich precipitates (Fig. 5.3(c)). EDS analyses
identify these precipitates to be Mo2C type carbides (Fig. 5(d)) which are thermodynamically
favoured at this temperature as they have a negative value of Gibbs free energy ~ -54.55 KJ/mol

[141-142].
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Fig. 5.3: (a) SE image along the alloy cross section, (b) X-ray maps of Ni Ka, Mo La, Cr Ka, O Ka
and F Ka showing formation of Ni and Cr rich oxide at surface in Ni-Mo-Cr alloy, (c) BSE image

and (d) EDS line scan of the alloy cross-section after exposure to molten FLiNaK salt showing
formation of Mo-rich carbides.
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XRD analysis of the post-corroded alloy reveals that a mixed oxide of type NiO and Cr20s is

developed at the surface in concordance with the SEM-EDS results (Fig. 5.4).

b
(@) 2000 1 4 « NiO (0) 1400 Cry03
1800 ACr0,
| # Alloy 1200 -
1600 -
=z 1400 ] - 1000 -
% 1200+ z
E 1000 £ 8004
1 Alloy
800 6004
600 A
200 :

53

80 100 50

60 51 52
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Fig. 5.4: (a) XRD pattern recorded for the exposed Ni-Mo-Cr alloy, (b) shows the de-convoluted peaks
corresponding to region marked as “1” in (a).

5.3.2 Alloy 693

Alloy 693, after exposure to FLiNaK melt formed a patchy black surface layer. Detailed
examination of the alloy surface and cross-section containing the surface layer (Fig. 5.5) by SE
imaging and elemental X-ray maps reveal that the surface layer formed is rich in O, Cr and Al (~2
um). The Alrich type surface oxide developed over the grain matrix, but remained depleted in
grain boundaries. This suggests that the grain boundary diffusion mechanism is responsible for

dissolution of Al into the melt in case of Alloy 693.
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Fig. 5.5: (a) SE image of exposed alloy surface and the corresponding elemental X-ray maps for (b)
Ni K, (c) Al K¢ (d) Cr K, (e) O K.

Beneath the oxide layer, an Al and F enriched layer (width ~2 pum) followed by a Cr
depleted and F enriched region (~ 8 um width) containing pits was observed (Fig. 5.6). Both the
Cr depletion and subsequent pit formation are attributable to selective removal of Cr from the alloy

and consequent coalescence of vacancies to form voids/pitted structure [69, 133].
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Fig. 5.6: (a) Cross sectional SE image, (b) EDS line scan along the line marked as “AB” in (a), and (c)
SE image of the alloy cross-section along with the corresponding elemental X-ray maps (Ni Ka, O
Ka, F Ko and Cr Kao) of exposed coupon of Alloy 693.

XRD analysis confirms that the surface layer is predominantly Cr,Os and Al;Os3 type

consistent with the SEM observations (Fig. 5.7).
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Fig. 5.7: XRD pattern for exposed Alloy 693 coupon.
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5.3.3 Alloy 690

Alloy 690 after exposure, showed microstructural features similar to those obtained for Ni-
Mo-Cr and Alloy 693. A Cr-rich oxide layer is formed over the surface with incomplete coverage
and the surface devoid of oxide layer showed grain boundary attack and a pitted grain interior,
both attributable to Cr dissolution (Fig. 5.8 (a)-(b)). Detailed EDS analyses and X-ray maps for
the alloy cross-section reveal formation of Cr-oxide (~4 um) at surface followed by a pitted region
depleted in Cr and enriched in F (~12 pm width) (Fig. 5.8(c)). XRD measurements confirm that

the oxide layer formed on Alloy 690 after exposure to FLiNaK salt is mainly Cr.0z and NiO type

(Fig. 5.8(d)).
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Fig. 5.8: (a) Surface morphology, (b) SE image of the alloy region devoid of oxide layer (c) Cross-
sectional microstructure and X-ray maps of different elements and (d) XRD pattern of Alloy 690
after exposure to FLiNaK melt.

It is thus evident from the microstructural characterization that all the three alloys undergo
intergranular attack and pit formation due to selective dissolution of Cr. The depth of Cr depletion
is observed to follow the trend Ni-Mo-Cr alloy< Alloy 693<Alloy 690. Similarly, elemental
quantification of the exposed FLiNaK salt show that Cr concentration is highest for the salt

interacted with Alloy 690 while lowest in the salt interacted with Ni-Mo-Cr alloy (Table 5.2).

Table 5.2: Quantitative elemental analysis of the alloying elements present in the FLiNaK
salt before and after interaction with Ni-based alloys.

Molten salt Al (%) Cr Fe (%) Mo Ni
(ppm) (ppm) _ (ppm)
LiF-NaF-KF mixture - 47 0.10 8 <5
Salt-reacted with alloy 690 4.97 72 0.24 57 <5
Salt-reacted with alloy 693 3.37 67 67ppm 6 <5
Salt-reacted with alloy Ni-Mo-Cr 3.14 40 0.13 56 <5
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5.4 XPS study of the exposed alloys
5.4.1 Ni-Mo-Cr alloy

The XPS measurements were carried out on an area of the alloy where no oxide layer was
observed. The survey spectrum and the subsequent high energy resolution scans reveal that Ni is
present in Ni° and Ni?* state having 2ps» peak binding energies at 852.5 eV and 858.5 eV,
respectively (Fig. 5.9 (a)-(b)) [143-144]. For molybdenum, binding energy (BE) peaks
corresponding to 3ds;> and 3ds were observed at 232.0 eV and 235.1 eV, respectively (Fig. 5.9
(c)) which correspond to Mo in +6 oxidation state [143-144] (Table 5.3). O 1s peak was
deconvoluted to two peaks at BE values 528.3 eV and 529.9 eV indicating its presence in the form
of oxides of nickel (NiO) and molybdenum (MoOs) ((Fig. 5.9 (d)). Semi-quantitative analyses
using CASA XPS indicate that contribution to O 1s peak from MoOs is higher (69.54%) as
compared to that from NiO (30.46%). Presence of metallic state of Ni and Cr along with MoO3
and NiO suggest that these oxides are either porous or discontinuous exposing metallic islands at

places (Fig. 5.9(e)).

Table 5.3: Result of XPS analysis for the oxide scale formed on exposed alloy Ni-Mo-Cr alloy.
The peaks are obtained with an energy resolution of 0.5 eV.

Spectrum Peak position (eV) Chemical state FWHM (eV)
Ni 2par 852.6 Ni° 3.4
858.5 Ni2* 4.4
Mo 3dsp 232.03 Mo®* 1.3
Mo 3ds2 235.15 Mo®* 1.7
0 1s 528.3 O?% (from Ni oxide) 1.6
530.0 0% (from Mo oxide) 2.2
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Fig. 5.9: (a) Survey scan and (b)-(e) High resolution XPS spectra for Ni 2p, Mo 3d, O 1s and Cr 2ps

T
526

T
528

T T
530 532
Binding energy (eV)

T
534

Cr ZpyZ

T
572

T T T
574 576 578

Binding energy (eV)

580

peaks, respectively, corresponding to Ni-Mo-Cr alloy surface exposed to FLiNaK salt.
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5.4.2 Alloy 693

XPS measurements on the exposed alloy surface devoid of oxide patches (as observed by
SEM) revealed that Ni, Cr, Fe and Al were present in their metallic states. On the other hand, the
XPS analyses of the oxide patch (Fig. 5.10) indicate that Ni and Al are mainly in their +2 and +3
states, respectively (Table 5.4). The O 1s binding energy peak on deconvolution shows peak
positions at 528.4 eV (corresponding to oxide of Ni) and 530.4 eV (corresponding to oxide of Al)
indicating that the surface film comprises oxides of Ni and Al mainly Al.Oz and NiO [145].
Furthermore, contribution to O 1s peak from the oxygen in Al>Os is higher (73%) as compared to
the O from NiO (17%). Formation of surface layer of Al>Osz in Alloy 693 is also observed when
the alloy is subjected to high temperature borosilicate melt [131] or oxidizing environment [146]

for providing diffusion barrier coating. No iron was identified in the surface layer.

Table 5.4: Result of XPS analysis for the oxide scale formed on exposed Alloy 693. The peaks
are obtained with an energy resolution of 0.5 eV.

Spectra Peak Chemical state FWHM
position (eV)

Ni 2pss 853.6 Ni° 2.51
859.0 Ni2* 4.45

Cr 2pss 574.7 Cr° 2.53

Al 2p3p2 74.8 ARt 2.32

O 1s 528.4 O? (from Ni oxide) 1.31
530.4 0% (from Al oxide) 2.34
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Fig. 5.10: (a) Survey spectrum and high resolution XPS spectra for (b) Ni 2pss, (¢) Al 2psp, (d)
Cr 2pszand (e) O 1s for exposed Alloy 693 surface.
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5.4.3 Alloy 690

XPS measurements on the oxide patch developed on the alloy indicate Cr is present in both
Cr3* and Cr° states (Table 5.5). Ni is also observed to be in +2 state as well as the elemental state
with its 2ps2 peaks occurring, respectively, at 858.8 eV and 853.2 eV [143]. The deconvoluted O
1s binding energy peaks occur at a 528.0 eV (corresponding to oxide of Ni) and 530.0 eV

(corresponding to oxide of Cr) indicating that the surface film comprises oxides of Ni and Cr

mainly of type Cr.0Oz and NiO [143-145].
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Fig. 5.11: High resolution XPS spectra for (a) Ni 2p3/2, (b) Cr 2p3/2 and (c) O 1s for exposed Alloy
690 surface.

Furthermore, from the area percentage of the deconvoluted O peaks, it is evident that
contribution to O 1s peak from the oxygen in Cr20s is higher (83.6%) as compared to the O from
NiO (16.4%). No iron was identified in the surface layer. Presence of metallic state of Ni and Cr

suggest that these oxides are either porous or discontinuous exposing metallic islands at places.
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Table 5.5: Result of XPS analysis for the oxide scale formed on exposed 690.

Spectra  Peak position (eV) Chemical state FWHM

Ni 2pas2 853.2 Ni° 2.89
858.8 Ni%* 3.81

Cr 2p3p 574.3 Cr° 2.2
575.5 cr* 3.0

0 1s 528.0 O?% (from Ni oxide) 1.54
529.9 O?% (from Cr oxide) 2.23

5.5 Discussion of Results
5.5.1 Effect of Cr concentration in alloy on the surface films characteristics

The Ni-based alloys developed mixed oxide scales on the surface, viz., NiO and Cr.0O3 for
Alloy 690, NiO + Al20s+ Cr203 for Alloy 693 and MoOs + NiO + Cr.03 for Ni-Mo-Cr alloy after
interaction with the molten fluoride salt (Table 5.6). These oxide scales do not form fully on the
alloy surfaces due to fluxing of molten fluoride as well as competitive diffusion of fluorine. Such
partially protective oxide scales of Cr are also observed when Ni based alloys are exposed to
molten sulphates in contrast with exposure to nitrate and nitride media where the oxide scales
formed remain passive [131,143].

Cr203 and Al>O3 are known to provide passivity to the alloy at high temperature and the
diffusivity of various elements such as Ni, Cr, Fe is reported to have magnitudes four order lower
in these oxides than in pure Ni [131]. Though Al,O3 and Cr203 are very stable under high
temperature corrosive environments as compared to NiO and MoOs, they offer very little
resistance to selective dealloying of Cr and Al in present case. Both Alloy 690 and 693 show
internal penetration of F beneath the oxide layers. This results from a competitive diffusion of F
and O in the alloys. The activation energy required for diffusion is 118.6 KJ/mol for fluorine while
it is 182.0 KJ/mol for O in pure nickel. The diffusion coefficient at 973 K for F in pure Ni is ~4.03

x 10" cm?/s [142] as compared to O diffusivity which is ~0.94 x 10° cm?/s [147]. Hence fluorine
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forms corrosion products rich in Al and Cr. In case of Ni-Mo-Cr alloy, the surface layer is mainly
NiO and MoOs type, but enrichment of F beneath the oxide layer is not appreciable indicating the

resistance of Mo against fluoride attack.

Table 5.6: Oxide layers formed on Ni-based alloys as identified by XRD and XPS.

Alloy XRD XPS Possible configuration

Alloy 690 Cr203 NiO, Cr.03 NiO

Cr,04

Alloy

Alloy 693 Al,O3, Cr,03 NiO, Al,O3 Nio

ALO,

Cr,04
Alloy

Alloy Ni-Mo-Cr NiO, Cr203 NiO, MoO3 MoO,

NiO

Cr,04
Alloy

5.5.2 Mechanism of interaction
To quantify the susceptibility of the alloys to molten salt corrosion, a corrosion

susceptibility index (CSI) expressed by the following equation was used [148],

= XAl+ XCr+ XTi+ XNb+ XHf + XTa
CSI = ! 5.1

- XNi+ XFe+ XCo + XMn + XMo + XW + XRe + XRu

where X refer to molar fraction of elements present in the alloy. An alloy with lower CSI should
possess better corrosion resistance in molten salts. The CSI was found to be highest for alloy 693
(0.58) followed by Alloy 690 (0.47) and Ni-Mo-Cr alloy (0.19). However, the depth of Cr
depletion was more in case of Alloy 690 as compared (~12 pm) to Alloy 693 (~8 um). Similar
observations with CSI were made in case of Ni cladded GH3535 alloy where the cladding bottom
layer showed severe corrosion in-spite of having a CSI of 0.06, while GH3535 alloy had a CSI

value of 0.09, but showed relatively less corrosion [148]. Thus instead of CSlI, one should consider
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Wee+cr (Wt%) to assess the corrosion susceptibility of the alloys [142] which is a measure of
corrosion resistance i.e., lower the value of W, lower is the susceptibility of the alloy to corrosive
attack. Were+cr (Wt%) was found to show the trend WNLMo~CT(7 wt%) < W3, (33%) <
WE? - (38%) in consistency with the observed trend in Cr depletion. The depth of fluorine attack
was in the order as follows: Ni-Mo-Cr alloy (~ 6 um) < Alloy 693 (~8 um) < Alloy 690 (~12 pm)
indicating the resistance of Mo against fluoride attack.

From the microstructural and spectroscopic analyses of the alloys, a reaction mechanism
is proposed for the alloy corrosion. In absence of oxygen, the corrosion occurs via dissolution of
alloy elements into salt and penetration of F. The electrochemical corrosion reaction between alloy

and molten salt [68,143,149] is as follows:
F +2e = F? 5.2
Cr > Cr3*+2e” 5.3

However, in presence of oxygen both F and O diffuse into the alloy with F having slightly
higher diffusivity as compared to O. Hence both oxygen and fluorine (from molten salt, HF)
penetrate the alloy surface resulting in the formation of oxide patches along with the formation of
fluorides. From the comparison of Gibbs free energy for fluoride formation of Ni, Al, Cr and Mo,
it is observed that Cr can easily form fluorides. These Cr rich fluorides formed at the surface
dissolve into the molten salt (the solubility of CrFs in FLiNaK salt at 700 °C is reported to be 0.96
wit% [150]). Thus, dissolution of Cr rich fluorides sets up a concentration gradient of Cr between
the alloy matrix and surface resulting in an alternate path way for faster Cr diffusion. Similar
mechanism was proposed for depletion of Cr in Cr23Cs type carbides at high angle boundaries by

Dai et. al [142].
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The diffusivity of Cr in all the three alloys in presence of FLiNaK salt, is estimated from

the Cr depletion depth (from SEM) using relation [142]
X = (ZDefft)l/z 54

where x is the depth of Cr depletion known as characteristic diffusion distance, D.sf is the
diffusion coefficient and t is the exposure time.

The calculated diffusion coefficients for Cr are observed to follow the trend Dego
>Dgg3>Dni-mo-cr (Table 5.7). In presence of FLiNaK salt, diffusivity of Cr is increased at least by
two orders as compared to diffusion of Cr in pure Ni (Dcrni) without salt [151]. On the other hand,
the diffusivity of Cr?* ion in molten salt (Dcr2+/FLiNaK) is reported to be 2.9 + 0.8 x 10719 m?sec™?

at 973 K [142-143].

Table 5.7: Estimated diffusion coefficients of Cr in Alloy 690, 693 and Ni-Mo-Cr alloy at 973
K under FLiNaK environment.

Alloy Dett (X 10 5> m?/s) Error in estimation of
Dest (X 10 1> m?/s)

690 6.67 0.09

693 3.0 0.1

Ni-Mo-Cr alloy 1.67 0.06

The oxide layers formed on the alloy surfaces are ineffective in mitigating the diffusion of
Cr. In fact, Cr diffusivity from alloy matrix to surface was found to increase with Cr concentration.
The depth of Cr depletion region in the alloys and Cr diffusivity is higher when oxygen is present
in molten salt as compared to the case where the salt is free from oxygen [143]. This indicates that
Cr diffusivity is increased in the presence of an incomplete oxide layer. The incomplete oxide layer
leads to the formation of galvanic micro-cell between oxide layer (more noble) and exposed alloy
surface [152]. The exposed surface now becomes more active than the oxide layer and a higher

concentration gradient of Cr between alloy matrix and alloy surface is set up as compared to the
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case where the molten salt is free from oxygen. The mechanism of interaction is depicted

schematically in Fig. 5.12.

Oxide
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Fig. 5.12: Schematic representation of alloy corrosion in molten salt in (a) absence of oxygen and (b)
presence of oxygen.

The lower Cr depletion and Cr diffusivity in case of Ni-Mo-Cr alloy as compared to Alloy
690 and 693 can be attributed to the fact that MoO3 layer, also formed over the areas devoid of
oxide patches, may prevent the formation of galvanic micro-cell between oxide and exposed
surface or reduce galvanic coupling between Ni-, Cr-rich oxide and the exposed surface.

In order to predict Cr concentration profile under long term corrosive attack, solution of

Fick’s second law of diffusion having the following form is used [141]

d
2 Defft

Cor(d, 1) = Cocr(d, t)erf( ) 5.5

where d is the distance from alloy surface (the oxide layer is not considered), Des is the effective
diffusion coefficient of Cr in alloy under FLiNaK environment and t is the exposure time.
Cer(x,t) and C, ¢ (x, t) represent the Cr concentration at distance d from the alloy surface at any
time t and at t=0, respectively. Fig. 5.13 shows the simulated Cr depletion profile after 20000 hrs

of exposure for the three different alloys used in present study. Alloy 690 shows the highest depth
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of Cr depletion followed by Alloy 693 and Ni-Mo-Cr alloy. The calculated Cr diffusion profile for
Ni-Mo-Cr alloy matches well with the profile for Hastelloy N calculated from the diffusion

coefficients reported by Ye et. al [68].

u— GE0
3[]_ ':::::::::IlIIIIIII‘IIIIIIIIIII . 503
L G0000000000000000000 | —a— Ni-Mo-Cr]
. l'.

25 - .
_ * .
-] P
T . u
=204
= |
= .
= |m
E 154 J/
£ .
] /
ﬁ I
S 10 oF
-
- 1 u “w

S5 A

o ¥
[~
0 T T T T T T T 1
0 | 2 3 4 5

Distance to surface (mm)

Fig. 5.13: Cr diffusion profile calculated for 10000 h exposure of Ni-Mo-Cr alloy, Alloy 693
and Alloy 690 to FLiNaK salt.

The observations suggest that for use in reactor environments, strict redox control and
purification of salt/alloys is needed as diffusivity of elements is enhanced in fluoride melt. The

oxide layers developed are partially protective and also do not mitigate the internal penetration of

F.

5.6 Summary

Microstructural and surface characterization of Ni-based alloys, viz., Alloy 690, Alloy 693
and Ni-16 wt.% Mo- 7wt.% Cr exposed to molten fluoride salt of FLiNaK at 973 K under
atmospheric pressure was carried out with the aim of assessing the efficacy of the protective layers

in different alloys against the corrosion attack of the fluoride. Patches of mixed oxide layers of the
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types: a) NiO +Cr203, b) NiO + Al>03 +Cr203 and ¢) MoO3s + NiO+Cr.03 were observed for a)
Alloy 690, b) Alloy 693 and c) the experimental Ni-Mo-Cr alloy, respectively. The corrosion
susceptibility index and the diffusivity of Cr in these alloys followed the order: Alloy 690 > Alloy
693 > Ni-Cr-Mo alloy. The oxide layers developed were found to be patchy resulting in the
formation of galvanic micro-couples with exposed areas, the consequent corrosion attack and the
dissolution of Cr into the molten salt. The lower Cr depletion in case of Ni-Mo-Cr alloy as
compared to Alloy 690 and 693 can be attributed to the fact that MoOg layer is also formed over
the areas devoid of oxide patches which may prevent/reduce galvanic coupling between Ni-, Cr-

rich oxides and exposed surface.
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Chapter 6 : Tellurium induced microstructural degradation in Ni-Mo-Cr
alloy

6.1 Background

Present study is aimed at investigating the microstructure of Te coated Hastelloy N
subjected to annealing treatments at 973-1073 K, to identify the B2 type nickel rich tellurides.
Since behaviour of Te in salts containing both fissionable and non-fissionable isotopes is the same
and the cracks generated by tellurium attack are not related to the corrosion attack by fluoride melt,
laboratory scale experiments, not involving any radioactive substances, can provide accurate
insights on the tellurium attack on Ni based alloys [71-74]. In addition, cluster-expansion based
formulation in conjunction with first principles calculations on the Ni-Te system has been
performed to analyse the phase stabilities of possible nickel tellurides. Based on microstructural
and theoretical studies a mechanism for formation of nickel tellurides with preferred crystal
structure is proposed.

Table 6.1: Crystallographic data for 2 phase obtained in Ni-Te system [153].

Phase Formula Space Space Lattice parameter (A)
group  group a b c B
No.
B2 Nisz:xTe2  P2i/m 11 7.54 3.79 6.09 91.16
High Ni side
B2 NisxTe2  Pma2 28 7.54 3.79 6.09
High Te side

6.2 Microstructural characterization
6.2.1 Surface Morphology

The microstructure of as received Hastelloy N shows that the alloy is precipitate free, but
contains numerous twins (Fig. 6.1(a)). The composition of the alloy measured by XRF is given

in Table 6.2.
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Table 6.2: Nominal composition of Hastelloy N used in the present study.

Element Cr Mo Fe Mn Ni

Concentration (wt. %) 7.2 15.0 3.7 0.5 Balance

The Te-coated alloy specimen reveals a homogeneous coating of Te on the alloy surface
(Fig. 6.1(b)). The X-ray diffraction (XRD) pattern shows Bragg peaks for Te indicating that the

deposited Te is in crystalline phase (Fig. 6.1(c)) and no intermetallic compound is formed.
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Fig. 6.1: (a) SEM micrograph of as received Hastelloy N, (b) SEM micrograph and (c) XRD pattern
for Hastelloy N coated with 10 mg/cm? Te.

SEM observations on Te coated alloy samples annealed at 973 K for 96 h followed by
water quenching have shown the presence of irregularly shaped inter- and intra-granular

precipitates mainly in the size range 1-3 um (shown in Fig. 6.2(a)) which are identified as tellurium
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rich precipitates from backscattered electron (BSE) images (Fig. 6.2(b)) and detailed X-ray
mapping as shown in Fig. 6.2((c)-(g)). Detailed elemental analysis by EDS indicate that the
nominal composition of this precipitate is 58.7 at.% Ni - 35.7 at.% Te - 4.1 at.% Cr - 1.5 at.% Mo
while the alloy matrix has a composition 78.2 at.% Ni - 10.9 at.% Mo - 5.3 at.% Cr-5.5 at.% Mo.
From the Ni-Te phase diagram [153], it is evident that Te concentration in Ni matrix in the range
36.8 - 43.3 at.% correspond to the beta (B2) nickel telluride NisTe> type phase. These NisTe:
precipitates can have different crystal structures depending on the Te content such as monoclinic
structure and orthorhombic structure [72-75], but are extremely difficult to differentiate owing to
very close lattice parameters (Table 6.1). Owing to small size of the Te rich precipitates and signals
from the surrounding Ni-Mo-Cr alloy matrix [72], it is possible that the Te concentration measured
by EDS is slightly under-estimated and hence it is most likely that the Te rich phase formed in
present case is NizTe2 which is the stable telluride formed at this temperature and is reported in
several studies [72-75]. The exact stoichiometry, however, could not be confirmed due to small
precipitate size and limitations of EDS quantification [73] and hence subsequent TEM

investigations were carried out.
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Fig. 6.2: (a) Surface morphology, (b) BSE image and X-ray maps for (c¢) Ni Ka (d) Mo Lo (e) Cr Ka
(f) Te La (g) Fe Ka and (h) Mn Ka for Te coated alloy annealed at 973 K for 96 h and WQ.

Additionally, it was observed that the Te rich precipitate boundaries are often detached
from the alloy matrix creating a void/free space between them. This space indicates decohesion of
the precipitates from the alloy matrix which probably results from the volume change associated
with the formation of these precipitates. Few Mo rich precipitates having composition 74.4 at.%
Ni- 12.1 at% Mo-8.9 at% Cr - 4.1 at% Fe were also observed (not shown in fig.) and are possibly

carbide phases which are also extensively studied and reported in literature [114]. Detailed
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analyses on the characteristics of these carbides are described elsewhere [114] and hence are not
repeated in present study. No Cr or Mo rich telluride was identified on the surface.

Similar reaction products were observed in case of Te coated alloy annealed at 973 K and
furnace cooled. SE images of the alloy surface indicate the formation of Te rich islands and the
possible tellurides formed are NizTe> type precipitates with a composition approximately Ni: 59.8

at.% -Te: 38.5 at.% -1.7 at.% Cr (Fig. 6.3).
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Fig. 6.3: SE image of Te coated alloy annealed at 973 K for 96 h and (a) WQ (b) Furnace cooled.

6.2.2 Microstructure along the alloy cross-section

Fig. 6.4 shows the extent of tellurium attack in the alloy. With the ingress of tellurium into
the alloy, the surface of the alloy no longer remains uniform and develops a reaction layer. Since
the solubility of Te in nickel is extremely low (<0.25 at.% at room temperature), it results in the
formation of nickel rich tellurides. The reaction layer has a depth of ~27.7 um from the alloy
surface and shows the formation of crack along grain boundary as well as decohesion of tellurides

from the alloy matrix.
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Fig. 6.4: (a)-(b) BSE micrograph for the cross-section of Te coated alloy annealed at 973 K for 96 h
and WQ.

6.3 Crystallography of precipitates

High resolution HAADF images of the alloy cross-section presented in Fig. 6.5 show the Z-
contrast. The reaction layer is weakly attached to the alloy matrix and mainly consists of the
tellurides. The HAADF image in conjunction with the X-ray mapping show that the interaction
layer comprises reaction products of type Mo-rich carbides (region marked as “A” in Fig. 6.5(b))
as well as Ni-rich tellurides (region marked as “B” in Fig. 6.5(b)). The tellurides are formed
adjacent to Mo-carbides indicating that the MoC carbides act as nucleation site for the tellurides.

Furthermore, a faulted structure was also observed which was identified to be Ni-rich telluride.
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Fig. 6.5: (a)-(d) High angle annular dark field image, X-ray maps for (¢) Ni Ko (f) Cr Ka (g) Mo La
(h) Te La for Te-coated Ni-Mo-Cr alloy annealed at 973 K for 96 h and WQ.

The SAED patterns from the precipitate marked “A” in Fig. 6.5 (a) along the zone axes
[111] and [012] is presented in Fig. 6.6. This Mo rich carbide is identified to be MoC type with a
cubic structure having lattice parameter a=b=c= 4.30 A and space group Fm3m (space group no.
225).

(a) . [111] (b)
(202) (022)
Ganp DT 20

(022)  (202)

3 nm*

Crystal along [012] Projection

Crystal along [111]
Projection

Fig. 6.6: SAED patterns for MoC precipitates recorded along [111] and [012] zone axis along with
the corresponding projections of the crystal lattice.
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From the TEM-EDS analysis of Ni-rich tellurides (including the faulted structure) the
composition is found to be Ni: 56.91 at.%;Te: 42.15 at.% Rest: Mo which correspond to that of
Ni 315 Tez2. Since the monoclinic and orthorhombic structures for Niz4sTe2 phase have same
lattice parameters, hence the ambiguity regarding the crystal structure can be removed by
considering the structure factors for different planes of each phase, computing the theoretical
Bragg peak intensity and matching with the observed SAED patterns recorded at different zone
axes. From the TEM analyses (Fig. 6.7), it is confirmed that the Ni rich precipitate is B2 type
NizTez type precipitate. The details of the structure factors as obtained from the standard crystal
structures of orthorhombic and monoclinic NizTe> type structure for comparison is presented in

Table 6.3.

(@)

Fig. 6.7: (a) SAED pattern for NissTe, type precipitate along [010] zone axis and (b) the projection
of orthorhombic unit cell of the same phase along (010) direction.
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Table 6.3: Structure factors for the Ni 3, 5Te2 orthorhombic and monoclinic structures.

Plane (hkl) Magnitude of structure factor |F| for Ni 3 sTe2
Orthorhombic Monoclinic
001 14.9 30.4
101 65.3 375
200 1154 5.98
111 61.5 19.5

6.4 Effect of temperature on alloy microstructure

The Te coated alloy sample annealed at 1073 K for 96 h and WQ also show formation of
Te rich phases within the size range 1-4 um, distributed throughout the alloy matrix. A
representative image showing such irregularly shaped precipitates is shown in Fig. 6.8(a). The
composition of this precipitate as obtained by EDS point scan (Table 6.4) suggests that the
precipitate is enriched in Mo and Te. This is further confirmed by the detailed X-ray mapping of

the elements (Fig. 6.8 (b)-(f)).
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Fig. 6.8: (a) Surface morphology and (b) Te Lq (c) Ni Kq (d) Mo Lgand (e) Cr K, elemental X-ray
mapping for Te coated alloy annealed at 1073 K for 96 h (and WQ).

Table 6.4: EDS analysis of the precipitate formed in the Te-coated alloy after annealing
treatment at 1073 K for 96 h and WQ.

Element Ni Cr Mo Fe Te
Concentration 22.2 16.2 45.3 0.8 154
(wt.%0)

Due to the small size of the precipitate and limitation imposed by the interaction volume
of incident electron beam with alloy it is difficult to ascertain if MoTe is formed or Mo rich
carbides alongside pure Te. Formation of such Te or /and Mo rich phases in Hastelloy N when
subjected to Te vapour at 1073 K is reported earlier by Cheng et al. [72]. Another study by ORNL
[35-36] and Lu et al. [71] suggest that the Nickel tellurides NisTe2 which is prominent phase at
973 K undergoes disintegration through the following reaction [71-75]

NisTez (¢) — 3Ni (c) + Tez (g) + 128.9 kd/mol; T= 1073 K 6.1
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In present case, no nickel rich tellurides were identified which could be attributed to

disintegration of tellurides into Te and Niat T > 1073 K.

6.5 Cluster Expansion results

From the convex hull in Fig. 6.8 (a), it is observed that all the NiTe and NisTe;
phases are thermodynamically stable at 0 K owing to negative heat of formation. For NisTez phase,
the stability sequence obtained for different crystal structures for same phase is Orthorhombic (-
2.83 eV) > Tetragonal (-2.74 eV) > Monoclinic (-2.41 eV).

The effective pair, triplet and quadruplet interaction energies (ECIs) for Ni-Te system for
the solute concentration range Te: 0-100 at.% were deduced. The first nearest neighbour
interaction energy was calculated to be 0.28 eV/atom and was found to have the highest magnitude
amongst all. The positive value indicated that Te prefers Ni as its first nearest neighbour. With the
increase in cluster diameter the magnitudes of ECIs decrease and for a cluster diameter of 7.42 A,
the magnitude of ECI becomes almost negligible with a value of 0.001 eV/atom. Additionally, the
magnitudes of ECIs for multi-body (triplets and quadruplets) clusters were much smaller as
compared to the 2-point or pair clusters, indicating a good convergence of cluster expansion based
model. Moreover, higher magnitudes of ECIs for pair clusters than those for triplets or quadruplets
suggest that nearest neighbour pair interactions are dominant and play a crucial role in determining

the configurational energy of the Ni-Te alloys.
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Fig. 6.9: (a) Convex hull showing energy as a function of Te concentration plot, (b) Fit between VASP
calculated and CE fitted energies, (c) ECIs as a function of cluster diameter, (d) cluster multiplicity,
and (e) Representative clusters. The CV score for the calculation was 0.04 eV/atom.
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6.6 Discussion of Results
6.6.1 Formation of precipitates

The tellurium attack of the alloys is expected to occur in a manner analogous to internal
oxidation of alloys since Te has same valence electronic configuration as oxygen. Te has a melting
point of 722 K and hence at the annealing temperature of 973 K Te will melt and form droplets
nearly of spherical shape due to a high surface tension. The Te liquid then reacts with the surface
Ni, Cr and Mo atoms to form tellurides and Te rich islands as observed in the appearance of
clusters/islands of tellurides on the alloy surface.

The formation of Ni-rich tellurides in Hastelloy N occurs via the following reaction
3Ni + 2Te — Niz_gTe, 6.2
Ni+ Te — NiTe 6.3

The CE calculations indicate the tendency for ordering in the Ni-Te system which results
in the formation of ordered intermetallic compounds/precipitates. The positive value of ECI
indicates the tendency for ordering and hence facilitates the formation of ordered precipitates. Of
several tellurides possible, the calculations show that NiTe phase is most stable phase in the Ni-
Te system. However, in the temperature range of 873 K-973 K, the Ni;_gTe, is found to be the
most stable phase [154]. It appears likely that the NiTe phase which forms at first decomposes to
Ni;_sTe, at 873 K by the following reaction [71]. The observed decohesion of telluride
precipitates, as observed in TEM studies, appeared to have resulted from the evolution of gaseous
phase.

6NiTe — Niz_gsTe, + Te,(g) 6.4

Due to the formation of these precipitates, the modified alloy matrix gets supersaturated

with other elements [155] such as Fe and C etc. This facilitates the formation of MoC type carbides

which further act as the heterogeneous nucleation sites for nickel tellurides.
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Upon increasing temperature above 1073 K, the nickel tellurides disintegrate into Te and
Ni by the equation 6.1 and hence for the Te coated Hastelloy N annealed at 1073 K, no nickel rich
tellurides were observed.
6.6.2 Diffusion of Tellurium into the alloy

Tellurium diffuses into the alloy by both lattice and grain boundary diffusion mechanism.
The grain boundary diffusivity of Te in Hastelloy N at 973 K is estimated to be 2.08 x 10 cm?/s
by Cheng et al. [154] while the lattice diffusivity of Te in Ni-Mo-Cr alloy at 833 K is estimated is
estimated to be 1.0 x 10 cm?%/s. T
he effective diffusivity (D, ) of the tellurium in the alloy is expressed by the following equation
as given by Jiang et al. [155]

2x6xDgp

Alloy grain size
where § is the grain boundary width 6=0.5 nm. The effective diffusivity D, can also be estimated
from the Te penetration depth as calculated from SEM investigations on the alloy cross sections
annealed at 973 K for 96 h using the equation [143],
x = (2Dgsst)M/? 6.6
where x=27.7 um is the characteristic diffusion distance which is a measure of Te penetration
depth and t=96 h is the exposure time. Using the value, the effective diffusivity of Te in the Te
coated alloy annealed at 973 K for 96 h and WQ is determined to be ~1.11 x 103 cm?/s which
indicates that Te predominantly diffuses into the alloy by grain boundary diffusion mechanism.
6.6.3 Role of precipitates in microstructural degradation of the alloy
From the electron microscopy results it is evident that the nickel tellurides are completely
incoherent with the alloy matrix with no orientation relationship. The c-axis is reduced in height

while a and b lattice parameters are enhanced during the process of telluride formation resulting
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in a volume change and hence the precipitates detached from the alloy matrix (Fig. 6.10).
Furthermore, it is observed that the 5-unit cells of Ni (20 atoms) will have the same number of
atoms as 2-unit cells of NisTe2 (20 atoms) and comparing the volume change associated with per
unit atom is calculated to be ~53.8%.
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Fig. 6.10: Schematic of the 001 projection of Ni and Nis.; Te; unit cell.

The overall mechanism of Te attack on Ni-Mo-Cr alloy and its subsequent microstructural

degradation is summarized in Fig. 6.11.
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Fig. 6.11: A flowchart depicting the tellurium induced degradation of the Ni-Mo-Cr alloy.
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6.7 Summary

Microstructural evolution of Ni-Mo-Cr based alloy Hastelloy N coated with Te and annealed
at 973 K for 96 h reveal presence of irregularly shaped fine inter- and intra-granular Ni rich
tellurides (size in the range of 1-3 um) of NissTe2 type having orthorhombic structure. These
precipitates have low adhesion with the alloy matrix which is attributed to a large volume change
per atom (~53.8 %) associated with precipitation and hence are easily detached from the alloy
matrix. A mechanism for formation of telluride formation and its subsequent decohesion from the

alloy matrix is proposed.
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Chapter 7 : Conclusions and Scope for further research

7.1 Conclusions

The main aim of the present thesis was to make some assessments on the suitability of Ni-Mo-Cr

alloys as the main structural material in a molten salt nuclear reactor. Such an assessment has

several components, out of which those dealt in the present thesis are as follows:

a)

b)

Studies for gaining an understanding of the stability of different chemically ordered
structures in the ternary Ni-Mo-Cr alloys have been conducted with a view to examine the
possibility of formation of brittle ordered intermetallic phases during an extended exposure
of this structural material at an elevated operating temperature. This part of the study has
been supplemented with basic studies on the nature of the short range and long range ordered

structures in both binary Ni-Mo and ternary Ni-Mo-Cr alloys.

Studies related to the assessment of the compatibility of a Ni-Mo-Cr alloy and several
commercial nickel base alloys with molten fluoride salts containing oxygen, in the operating

temperature range have been carried out.

As fission products come in contact with the structural containment material during the
operation of molten salt reactor, the degradation of this material by the ingress of tellurium,
a fission product, may be its life limiting factor. The mechanism of interaction of tellurium
with the Ni-Mo-Cr alloy, resulting in its microstructural changes and degradation, has been

studied in detail.

The major outcomes of the investigations made and reported in the present dissertation are

summarized below.
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7.1.1 Ordering transformations in Ni-20 at.% Mo alloy

(i) Complementary diffraction, imaging and EXAFS studies show that the as-quenched (quenched
from the dis-ordered fcc phase) structure of binary Ni-20at% Mo alloy, characterized by the
presence of diffuse {1 %2 0} reflections truly correspond to a Short Range Ordered (SRO) structure
in which there is a clear preference for unlike atoms at the first nearest neighbour distance. EXAFS
studies performed for the first time give evidence that no Mo-Mo bonds exist at first NN distance,
and also, Ni-Mo and Mo-Ni bond lengths differ due to the presence of SRO in the as quenched
alloy. Furthermore, the Warren Cowley parameters, evaluated using EXAFS fit have been found
to be in close agreement with the previously reported parameters deduced from XRD patterns. The
local atomic configurations of the SRO structure, obtained from the EXAFS studies have been
found to be consistent with the earlier proposed static concentration wave packet model which is
also a statistical description of the presence of clusters or motifs representing competing ordered

structures.

(ii) Diffraction experiments have shown that the Long Range Ordered (LRO) structure of the aged
(at a temperature below the reported ordering temperature) alloy is described by the D1, structure
which grows coherently with the fcc matrix. EXAFS studies, additionally, establish that the Mo-
Mo bonds in first coordination shell are absent and Mo has all Ni atoms as the first NN. The
adjacent LRO domains are found to have either an anti-parallel twin or a perpendicular twin

relationship, as expected from the crystallography of the ordering transformation.

(i) Evaluation of the ordering tendency of the alloy was rationalized in terms of the interaction
parameters. Evaluation of the pair interaction parameters (related to pair interaction energies) using
Cluster Expansion (CE) approach indicates that there exists a preference for unlike atoms at first

NN distance which facilitates the formation of both SRO and LRO structures. The multisite
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interaction parameters for the Ni-Mo alloy were evaluated for the first time and the triplet

interactions were observed to stabilize the ordering tendency.

(iv) From the Monte Carlo simulations, the order-disorder phase transition temperature (T¢), high
temperature Warren Cowley parameters up to fourth NN distance and LRO parameter for NizMo
system have been evaluated. The value of T has been found to be in close agreement with the

transition temperature reported from experimental investigations.

It is thus established that the diffraction and EXAFS measurements in conjunction with the
CE based calculations can be applied with reasonable accuracy to demonstrate the order-disorder

phase transformation behaviour of the Ni-Mo alloys.

7.1.2 Role of Cr in altering the ordering characteristics in Ni-Mo alloy

(i) The SRO structure characterized by diffuse {1 %2 0} reflections could not be observed in ternary
Ni-Mo-Cr alloys with the conventional electron microscopy. However, the presence of SRO in the
chosen alloy has been detected from the EXAFS measurements. It has been shown that both Cr
and Mo preferentially bond with Ni atoms and there is no Mo-Cr bond at the first NN distance.
The EXAFS analyses provide direct evidence that Cr replaces Mo in the fcc lattice, thereby,

conclusively validating the previous models for the Ni-Mo-Cr alloys.

(i) The addition of Cr is found to stabilize the disordered fcc configuration and destabilize the D1,
phase. This is supported by the detailed first principles calculations which show that the enthalpy
of formation for D1, phase becomes less negative with Cr addition while the entropy of the
disordered fcc phase of the ternary alloy becomes more negative thereby increasing the stability

of the later.
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(ii1) The change in the enthalpy of formation of the fcc and D1. phases with Cr addition was
rationalized in terms of the pair and multisite interaction parameters. The ECIs for Ni-Mo and Ni-
Cr system were compared since both Mo and Cr had Ni as its first NN. The calculations show that
the sign and the magnitude of ECIs for pair and multisite interactions are changed for the two
systems confirming the experimental observations that the ordering tendency is less in case of the

Ni-Cr system as compared to the Ni-Mo system.

(iv) The absence of PtoMo type ordered structure in the chosen ternary alloy has been rationalized
in terms of the Mo+Cr concentration (~20 at.%) which was considerably less than that required
for satisfying the stoichiometry (33 at.%) of the Pt2Mo type structure. Moreover, the tendency of
Mo to destabilize the Pt;Mo structure is likely to reduce the thermodynamic force for Pt:Mo type

precipitation.

Thus, during the long-term exposure of the chosen ternary Ni-Mo-Cr alloy in the high
temperature environment, no ordered intermetallic phase is likely to form and the alloy is expected

to remain in the disordered fcc phase.

7.1.3 Microstructural evolution of Ni-Mo-Cr alloy in molten fluoride

(i) Ni-Cr based alloys, devoid of Mo, (as in cases of Alloy 693 and Alloy 690) upon exposure to
the molten FLiNaK salt containing oxygen results in the formation of fluorides as well as oxides
at the surface. These oxide layers (primarily, Cr oxide) are found to be partially covering the alloy
surface, forming galvanic micro-couples with the exposed surface. As a result, the fluoride attack
on the exposed alloy surface is further aggravated. The consequent Cr dissolution from the exposed
alloy surface to the molten salt is thus increased. The elevated temperature of operation allows Cr
diffusion from the bulk to the exposed surface and aids to the dissolution of Cr from the alloy to

the molten salt.
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(if) The present work has clearly shown that in the case of the Ni-Mo-Cr alloy, presence of Mo-
rich oxide layer over the areas devoid of oxide patches in Ni-Mo-Cr alloys reduces the galvanic
coupling between Ni-, Cr-rich oxides and exposed surface. This results at lower Cr depletion from
the alloy as compared to Alloy 693 and Alloy 690 which could not develop a continuous adherent

oxide layer on the surface.

It is also shown that the oxygen impurity in FLiNaK salt is highly deleterious even in small
concentration since the Cr depletion is enhanced in the presence of oxygen and remains so, even

after the dissolved oxygen in the salt is used up due to the micro-galvanic couple formation.

7.1.4 Microstructural evolution of Ni-Mo-Cr alloy under tellurium attack

(i) Te- coated Hastelloy N annealed for 96 h at 973 K and WQ has shown that incoherent
precipitation of nickel tellurides occurs at the surface owing to the reaction between Te and surface
Ni atoms. Diffraction experiments establish the precipitates formed are 2 type NisTe2 precipitates.
It is further concluded that the formation of Ni-rich tellurides causes super-saturation of Mo in the
alloy. This leads to the formation of cubic MoC type precipitates that act as sites for the Ni-

tellurides nucleation thereby causing further degradation.

(i) Effective diffusivity of Te in the alloy was evaluated and its comparison with the available
literature reports show that the diffusion of Te in the alloy is predominantly through the grain

boundaries.

(iii) The observed decohesion of the precipitates from the alloy matrix is explained on the basis of
volume change associated with precipitation and Te gas evolution which lead to cavity formation
at the interface between the matrix and the telluride precipitates which eventually lead to surface

cracks.
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(iv) The formation of Ni-Te type precipitates can be explained on the basis of low solubility of Ni
in tellurium as well as nearest neighbour interaction energies. The pair and multisite ECIs
evaluated for the Ni-Te system by CE approach show that there is a preference for unlike atoms
around Te atoms in the first coordination shell. This ordering tendency favours the formation of

Ni-rich tellurides.

7.2 Scope for further research

In present thesis, the ordering phase transformation behaviour of the Ni-Mo and Ni-Mo-Cr alloys,
their microstructural evolution when exposed to the simulated service conditions has been
investigated. The study has provided insights to an understanding of phase transformation
mechanisms as well as the microstructural stabilities of the alloy in reactor environment indicating
that the alloy possesses favourable properties for use at operating conditions. The dissertation work

can further be elaborated along the following directions.

(i) Ordering in Ni-Mo-Cr alloys:

(a) The cluster expansion approach can be used to study the interaction energies for the ternary Ni-
Mo-Cr system and investigate the variation of Gibbs free energy as a function of order parameter
and temperature for the Ni2(CrxMo1-x) stoichiometry. Such a study can predict the stabilities of

Ni2(Mo,Cr) precipitates commonly observed in Ni-Mo-Cr alloys with high Cr content.

(b) Precession electron microscopy can be carried out to observe the nature of SRO and LRO in

NisMo and Ni-Mo-Cr alloys and identify the atomic sites where Cr replaces Mo.

(c) Determining the critical concentration of Cr at which the Ni-Mo-Cr alloy with Mo+Cr~20 at.%

destabilizes the D1a phase.

(if) Behaviour of Ni-Mo-Cr alloys under simulated service conditions:
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Radiation damage in Ni-Mo-Cr alloys by high energy electrons and ions at elevated temperatures
IS an important aspect which can be looked into with a view to assessing the possibility of

formation of ordered precipitates in a radiation environment.
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