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CHAPTER 1

INTRODUCTION

1.1 Order-Disorder Transformations

Many solid solutions undergo long range ordering (LRO) below a critical
temperature [1, 2, 3, 4 and 5]. In a LRO state, the component atoms of the alloy system
occupy specific sets of sites in the lattice; the arrangement of atoms is regular and long
range periodical in three dimensions. This type of order occurs at simple stoichiometric
compositions. In contrast, in a short range ordered state (SRO), the structure is neither
completely random nor long range ordered; rather non-random atomic arrangements
occur statistically throughout the lattice [1, 6 and 7]. The formation of LRO is
accompanied by an increase in the lattice constant, creating a lower symmetry of the unit
cell. The fact that the symmetry of the occupied positions of the ordered phases
decreases, creates an additional split in the energy levels of the crystal, which in turn may
provide the extra energy required by the stabilization of the superstructures [8]. These
transition processes produce a change in the mutual arrangement of the atoms over the
sites of the original crystal lattice inducing the change in symmetry and a change in LRO
parameter. Changes occur also in the two, three and many particle correlation functions.
The distance dependence and the number of neighbors vary according to the particular

type of superstructure created ([9, 10, 11 and 12]. By finding the ordering parameters and
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2
the ordering energy, we can further determine the entropy of an alloy and the part of the

energy that depends on these order parameters. The LRO parameter is unique for the
phase transition and is correlated with the behavior of the other parameters.

The quantum theory of the ordered phases can explain the limited role played by
the pair interactions in alloys and the consideration of three particle contributions to the
total energy. Ordered phases in a binary alloy can form by crystallization from a liquid
phase or from a solid phase under certain conditions. Phases with the ordered
arrangements of atoms sometimes called superstructures (due to the increase in
periodicity distance) can be observed in the phase diagram of the metallic systems that
exhibit order-disorder. The binary ordered phases show most of the time a (nearly)
stoichiometric ratio of the atoms like the compositions of AB, AB;, AB3 and AB4. In the
structure of these alloys there are partially ordered arrangements of atoms divided into

different sublattices as seen in Figure 1.1.1.

1.2 Irradiation Induced Transformations

Random displacement of atoms and replacement collision sequences are known to
be important mechanisms for inducing disorder in an ordered alloy under irradiation. At
the same time, enhanced diffusion due to radiation induced point defect may cause
restoration of order under certain conditions [15, 16, 17, 18, 19, 20, 21, 22, 24 and 25].
The fact that an order-disorder transformation can be induced both ways by suitably
altering the dose rate and temperature has been established for a while [23, 26 and 28].

Radiation can be used as a tool to induce and understand phase transformations [03, 11
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3
and 17]. Bombarding by heavy particles simulates the process of radiation damage in

nuclear fuel without the inconvenience of nuclear reactions, which is accompanied by the
accumulation of radioactive hazardous materials. In nuclear fuel, the radiation damage is
an unavoidable phenomenon. The investigations related to radiation damage have as one
of the goals the study of the kinetics of the development of radiation damage in
conditions similar to those of the materials in nuclear reactors. For example, U3Si was
found to have a 5% increase its volume after irradiation in a very low flux [29, 30]. X-ray
diffraction found that an amorphous structure was formed, a fact also confirmed by
Transmission Electron Microscopy (TEM) [29 and 31]. This amorphous and brittle
structure recovers at a relatively low-temperature annealing (300°C) forming a very fine
polycrystalline ductile U;Si structure. A possible explanation is that UsSi is a product of
a peritectoid transformation and each radiation-damage event associated with local
heating results in the decomposition of U3Si to U and U3Si,. The phase mixture is
quenched back to room temperature by the rest of the material surrounding the irradiated
area. The low flux allows preservation of low temperature of the entire bulk material.
After some time the sample turns into a mixture of nano crystals of U and UsSi; with a
5% specific volume increase compared with U;Si. The main process here is the
destruction of the initial material structure, transforming a coarse structure to a fine one.
Disordering under irradiation is not very obvious at higher irradiation
temperatures because vacancies can move very fast. These effects are observed in two-
phase alloys in the formation of precipitates [22 and 32]. The defects can dissolve in
some regions near point defect sinks, but can grow in size in other regions. Irradiation

increases the ordering kinetics via the increased vacancy concentration, but can also cause
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disorder in an ordered alloy. Schulson proposed that disordering produced by atomic

rearrangements can occur in: (a) thermal spikes, (b) replacement collision sequences, (c)
collapse of cascade to vacancy loops and (d) random vacancy-interstitial recombination
[22]. He suggested that (a) and (b) dominate disordering caused by cascade producing
irradiation, while the others two dominate when cascades are not produced. Wilkes et al.
[33] modeled mathematically the disordering process and Dienes [48] modeled
mathematically the ordering rates. Dienes modified the ordering rates to include the
increased vacancy concentrations resulting from irradiation. Liou and Wilkes proposed a
model of phase stability during irradiation, but that was limited to the L1, ordered phase
[35]. During irradiation, particle size distributions characterized by a size larger than the
steady-state size is expected to decrease and the distributions that are smaller are expected
to increase. Banerjee [26 and 32] showed that in the case of Ni irradiations on NizMo
samples, the steady state structure was independent of the initial state of order. In the
process of transition of NisMo from SRO to LRO it is very likely that there is a
concentration of clusters of DOy, type and a mixture of DI, (Ni4Mo) and Pt;Mo type
clusters (Ni;Mo). It is accepted that close to the transition temperature, dramatic changes
occur in the order parameter due to a large concentration of vacant lattice sites, and high

atomic mobility. More details about the irradiation effects are given in section 2.2.
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1.3 Objectives and Approach of the Dissertation Research

The main objectives of the present study were to introduce low irradiation flux in
order to transform a large grain alloy to a fine grain structure and to observe radiation
induced order-disorder transformations in a Ni-Mo alloy. The NisMo is a good candidate
for the study because it is a peritectoid compound formed at a critical temperature T, =
868° C in a slow ordering process from a high temperature disordered structure. Above
T, the structure is phase face centered cubic (fcc) solid solution. Ordered NisMo forms
peritectoidally at the transition temperature T = 910° C. Ni-Mo system may potentially
offer the solution concerning the generality of the micro-domain concept of LRO and
SRO. The Ni-20 at. % Mo (NizMo) and Ni-25 at. % Mo (NizMo) alloys are known for
their corrosion resistance in non-oxidizing, acid chloride environments [34] used in
chemical processing industry. There are several commercially available alloys based on

this composition [30]. One example, Hastelloy B has the composition given in Table 1.1

Ni Mo Fe Co Cr Mn Si C
Balance 26-30 2.0 1.0 1.0 1.0 1.0 0.02

Table 1.1 Chemical composition of commercially available Hastelloy Ni-Mo alloy.
The units are in weight percent.

If our idea is correct then the process of decomposition under irradiation is:

Ni,Mo — Ni;Mo+ FCC solid solution. This process consists of two stages: (a)

decomposition and (b) peritectoid reaction. If the temperature is too high, even below the
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peritectoid point, the local hot spots from the radiation reach the solid solution zone and

there will be no decomposition, just disordered single-phase FCC solution. When the
material would cool, it would go through an ordering process without the peritectoid
reaction. This project was aimed at finding a solution of this problem by irradiating
samples at room temperature, followed by low temperature annealing at about 300° C.

Because NisMo would form not by recrystalization but by peritectoid reaction:

NisMo + Ni — NisMo | formation of a fine grain structure of Ni;Mo with long-range
order was expected. After the irradiation, the material was annealed in low temperature,
where the growth rate is slow but due to the irradiation, there will be a high density of
nucleation sites. This condition favors the formation of fine grain new NigMo structure.

In this way, we wanted to obtain a correlation between the annealing temperature
and the final grain size. In principle, we can end up with any desired grain size,
depending on the recovery temperature. The goal is to obtain fine grain surface that
enables better finishing (polishing, coating, painting), better wear resistance and delay
fatigue failure.

After casting and homogenization, large grains of FCC structure are formed. X-
ray diffraction will show preferred orientation. Ordering process at lower temperature
(below the peritectoid point) forms multi-domain coarse ordered structure. Any attempt
to obtain finer structure by lowering the temperature of the thermal treatments will be
associated with major slowing of the process of homogenization and ordering.

The validation of the effectiveness and the degree of control of the irradiation

procedure and parameters was made by the in-depth examination of the irradiated
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samples. Order-disorder reactions are suited for this work because they are a well-studied

phenomenon with a developed mathematical and physical model. Irradiations were
performed mainly with two different ion beams: H and Ni" at low temperature (less than
100° C for H" and less than 50° C for Ni*) with doses from 0.01 to 1 dpa. A few
irradiations were also performed with He beam for comparison effect comparison.

Although the systematic study of order-disorder transformations was undertaken
mainly to demonstrate the efficacy of the irradiation technique, the results provided a
great deal of information into the grain boundary structure and grain size of the Ni-Mo
alloys after various irradiation conditions. The results complement irradiation
experiments from previously published results [1, 4, 6, 11, 15, 22, 24, 27, 32, 33, 35, 36,
37, 38, 39, and 40] and generated experimental data for further understanding of order-
disorder transformations in particular and of phase transformation in general.

In the next chapters will be presented the behavior of NisMo and NisMo under
irradiation conditions. Some of the irradiated samples were also subject to annealing as a
post irradiation process. Chapter two will first discuss background material pertinent to
the present work with a presentation of the Ni-Mo alloys and their behavior under
different thermal or irradiation conditions. This is followed by a theoretical description
of the analysis methods that were employed and their application and benefits to the
present study. Chapter three will give a detailed presentation of the experimental
procedures and apparatus. Chapter four will present the results obtained with the X-ray
diffraction analysis, Sf:anning Electron Microscopy (SEM), Orientation Imaging
Microscopy (OIM), Rutherford backscattering and hardness testing. Chapter five will

discuss the results in terms of their support for the hypothesis of the irradiation induced
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order-disorder transformation in Ni-Mo. In addition, the final remarks, recommendations

and future directions of the work will be given also in this section.
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Figure 1.1.1 [001] cross section of ordered structures relevant to the FCC based Ni-
Mo system: (a) D1a corresponding to NisMo, (b) Ni;Mo (of type Pt;Mo), (c) DOy, is
corresponding to Ni;Mo and (d) Ni;Mo,. Open and closed circles denote Ni and Mo
atoms, and large and small circles indicate the location of z=0 and z=1/2 planes,
respectively [59].
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CHAPTER 2

BACKGROUND

2.1 Solid-Solid Phase Transformations

Phase Transformations are the basis of much of our current materials technology.
Many advances made during the last decades in high-temperature and electronic
technologies have increased the demands for more sophisticated materials and have lead
to the development of many novel processes and materials based on our understanding of
the thermodynamics and kinetics of the transformations. The ability to work effectively
with materials depends on our understanding of the basic principles of phase
transformations and the methods of analysis.

The stability of a system is determined by its thermodynamic characteristics. In a
closed system for constant temperature and pressure, the phase for which the Gibbs free
energy is the lowest, is stable. A phase transformation starts when a system is no longer
stable. Temperature, crystal defects like vacancies, dislocations and interphase interfaces
alter the stability. The atomic mechanism of the transformation is related to many atomic
processes, which must occur in a material during a transformation. The exact nature of

these processes is not exactly known, but there is a strong dependence on temperature.
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This classification of phase transformation is based on the successive
differentiation of a thermodynamic potential, usually the Gibbs free energy with respect
to an external variable such as the temperature or the pressure [41]. The order of the
transformation is given by the lowest derivative that exhibits discontinuity. In the fully
ordered binary alloys, the two kinds of atoms each occupy clearly defined sets of
positions, and the unit cell constants are propagated throughout the crystal by exact lattice
translations. In the fully disordered state, the atomic site occupancy is random with
averége composition corresponding to the bulk alloy. Two microscopic modes of
transformation in materials have been identified [42]:

A: Reconstructive transformations are initiated by the appearance of
microscopically small volumes of the product phase at identifiable locations in the initial
phase, a process called nucleation. Heterogeneous nucleation can occur at quenched-in
crystal defects or foreign particles. The rate of nucleation is temperature dependent.
When atomic configurations act as nuclei for the process, the nucleation becomes
homogenous. Progress of the transformation occurs by the migration of the interface
between the nuclei of the product base and the untransformed parent phase. This process
is known as growth. One type of growth is found in solid-solid transformations, is
temperature dependent and it may involve short-range and long-range diffusion and
transfer processes at the interface. At any time during such a transformation, a part of the
system has transformed while the rest has not.

B: There is another type of growth that yields a rate independent of temperature,

which is called displacive transformation. These transformations occur over the entire
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volume of the system simultaneously. The entire system changes and approaches the
final equilibrium state.

A phase transformation is a change in the macrostate of an assembly of interacting
atoms or molecules as a result of some variation in the external conditions [42]. This
must lead to an increase of the entropy and a variation of the thermodynamic functions of
the closed assembly. The study of phase transformations is of interest to physicists,
chemists, geologists, metallurgists and other scientists interested in states of aggregation.
The physicists are interested in the phenomena near the critical points or lambda points of
single-component fluids, superfluid or magnetic system that undergo continuous or higher
order transformations. Material scientists are concerned with changes in spatial
configuration of atoms as specified by the crystal structure, by the chemical composition
and by the long range and short-range order.

The structure of states with intermediate order and the nature of order-disorder
phase transitions are of considerable interest for the science of materials and practical

applications.

2.1.1 The Free Energy of the Phase Transitions

Thermodynamically, a compound is characterized by its Gibbs free energy G.

Irreversible decompositions are characterized by a discontinuity in G. Reversible phase

changes are characterized by dG = 0 and may be classified in terms of the lowest-order
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partial derivative of G that exhibit discontinuity at Tc [43]. A first order phase change

shows discontinuities in the entropy:

G
— 2.1
S=— 5T )p (2.1)
and volume
oG
V=—(— 2.2
(aP ) (2.2)

where P is the pressure. First order phase changes have a latent heat given by:

L=T(S"-S" (2.3)
where the superscripts h and 1 refer to the high-temperature and low-temperature states.
Higher order phase transitions have continuous first derivatives of G, so there is no
discontinuity in S or V and no latent heat associated with the transition. The latent heat
of first order phase change provides a means of maintaining a constant temperature
reservoir or a way to store energy. Changes in volume at first order phase change govern
the pressure dependence of the transition through Clapeyron’s equation. For second order

transitions, Ehrenfest equation [43] gives us:

ap_ (¢,"-¢) _(g"-g"

= = 2.4
ar Tv(g"-g¢") (K"-K") @9
where:

oS . -
Cp=T(—) 1s the specific heat

oT "

4,0V ) : ..

a=V (a—T) , 1s the thermal expansion coefficient
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K=-v" (—?)%)T is the compressibility.

Volume changes also introduce thermal hysteresis at a first-order transition. If the
nucleation energy for the new phase is large, the thermal hysteresis can be tens to
hundreds of degrees wide. Problems can be created in metamagnets for example, which
exhibit antiferromagnetic-to-ferromagnetic transitions [42].

The change in Bravais lattice symmetry at a first order transition often produces
small changes in absolute lattice constants and in atomic positions. In the case of second
order phase transitions, the point group of lower symmetry must be the subgroup of the

higher symmetry point group with small atomic displacements.
2.1.2. Lattice Wave Description of Phase Transformations

An arbitrary disturbance in a crystalline solid solution can be described as a sum
of lattice plane wave modulations. In metallic systems, the wave amplitude generally
refers to atomic displacements or to atomic replacements. The properties of crystalline
solid solutions can be studied by examining the response of the ideal solution to a lattice

wave modulation or perturbation of the type:
A (k) exp(ikx) (2.5)

where x is the lattice vector, k is the wave vector giving the direction and inverse of
wavelength of the modulation, A is the amplitude of the perturbation and j denotes the

polarization of the wave. The specification of the wave vector k, the polarization j and
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the sublattice determines the mode of the lattice wave. The nature of the amplitude A
determines the physical properties of the wave: A (k) can represent a Fourier component
of a local compositional field, a displacement field or an electric or magnetic field. A
phase transition occurs when the parent structure is unstable with respect to a particular
wave or combination of harmonic excitations. Table 2.1 shows a simple classification of
phase transformations based on the nature of the least stable wave: (long-wave denotes a
k vector near the center of Brilloiuin zone, short-wave denotes a k vector near or on the

Brillouin zone boundary) [39].

Nature of wave Long wave Short wave
Replacive Clustering Order-disorder
Displacive (acoustive) | Martensitic Omega-phase
Electric Ferroelectric Antiferroelectric
Magnetic Ferromagnetic Antiferromagnetic

Table 2.1 A simple classification of phase transformation based on the nature of the
waves.

The lattice wave formalism may be used as a convenient description of the
configuration of structural defects in the crystal. The k-space description is useful when
interpreting X-ray, neutron or electron diffraction data that are recorded in the same
space. The energy of a defect structure may be given in terms of lattice waves in an

appropriate k-space representation [44] as shown in Figures 2.2.1 and 2.2.2.
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2.2 Irradiation Effects on Materials

Microstructural changes occur with progressive doses of irradiation under cascade
forming heavy ion irradiation. Random displacements of atoms and replacement
collision sequences are known to be important mechanisms for inducing disorder in an
ordered alloy. In contrast, enhanced diffusion due to irradiation induced point defects
causes restoration of order at temperature where defects become mobile. Order-disorder
can be induced with irradiation in both ways [23, 26 and 32]. From the state diagrams we
can determine where ordering and disordering regimes dominate. The state diagrams are
expected to be strongly dominated by the nature of irradiation. Irradiation strongly affects
the hardness of materials, but no generally accepted mechanism has been formulated for
this observed increase in hardness [45]. Any type of radiation will produce hardening,
but it does not appear feasible to strengthen materials by irradiation to any greater extent
that can be accomplished by conventional techniques. Radiation effects can be annealed
out of metals and alloys by suitable post irradiation thermal treatment. The reverse of
property changes usually occurs in the same temperature region as recovery of cold-
working effects [9].

The radiation-induced changes in electrical properties are generally less thermally
stable and can be removed easier than changes in mechanical properties. = Because an
interstitial atom has greater mobility than other defects, it is expected to have major effect
on annealing at low temperatures. Vacancy migration of some type may occur at room

temperature. Above this temperature, the migration is in the accepted mode and at about
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600 K self-diffusion processes dominate. A classification of irradiation effects on
materials is given by Dienes [34]. Most physical properties of a material are affected:

o Electrical properties from the introduction of defects and by the variation of the
number of current carriers. For conductors, there is an increase in resistivity due
to the increase in electron scattering on the newly created defects. For binary
alloys the change in resistivity is due to the change in the degree of short range
order (SRO) or long range order (LRO), and not only by the creation of new
defects.

e Thermal conductivity is affected by imperfections in the crystal structure as the
thermal waves and phonons are scattered by the lattice imperfections.

o Stored energy is the energy increase of the lattice due to irradiation. Knowing the
total stored energy, and calculating the energy of the formation of defects, we
could estimate the total number of defects after the irradiation.

e Hardness changes are observed in most of the irradiated materials. The hardness
of the binary alloys can be varied by changing the phase or the degree of SRO or
LRO.

Prior to the apparition of nuclear energy, the interests of materials engineer were
concentrated with the improvement of mechanical and physical properties, increasing the
applicability of materials for higher temperatures, devising means to create corrosion
resistant materials and to predict behavior of a material from its basic structure. Today, a

nuclear engineer must add the study of the effect on properties of the bombardment of
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materials with energetic beams of particles. From the point of view of a nuclear scientist,
the following effects of radiation on materials could be considered [45]:

A. Creation of vacancies from a primary collision of an energetic particle with an
atom (PKA or primary knocked-on atoms). An energetic particle can knock on more
atoms before stopping. The first knocked-on atom can knock-on more atoms until looses
all its energy and comes to rest in an interstitial position in the lattice. Hence, vacancies
and interstitials are formed in the collision process.

B. A secondary effect of irradiation is a change in structure caused by "Thermal
Spikes" [21]. These changes occur when the energy of the knocked-on atoms dissipates
locally as a thermal pulse. This pulse can produce extremely high temperatures for a very
short period of time [41 and 50]. The area affected by such a "spike" could contain
interstitial vacancies, miss-oriented regions or dislocation loops (Fig. 2.2.5).

Russell [47] suggests the following processes as mechanisms for irradiation-
induced phase change:

A. Enhanced diffusion. At lower temperatures, with respect to phase change
temperature, the irradiation produces vacancies and interstitials much more rapid then
they can diffuse to dislocations, grain boundaries and other defects. Vacancy
concentrations are many orders of magnitude greater then the equilibrium value. In
Figure 2.2.3, we can see the effect of the irradiation on the diffusion coefficient in an
alloy. The irradiation will have little effect on D at high temperatures due to thermal
vacancy production. The activation energy for diffusion is the sum of the energies of

vacancy formation and migration. At intermediate temperatures, D takes a relative
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constant value of about 107® cm%/s, that is enough to produce a significant atomic mixing.
By studying the kinetics of the domain growth [38], was found that it was analogous to
metallurgical grain growth and could be described by the expression:

D" = kt (2.4.2)
where D is the average domain size, t is the aging time, k is the rate constant and the
exponent n is the slope of the Log (D) vs. log (t) plot as seen in Figure 2.2.3. The value
of n changes with temperature from 2.0 between 800° and 850° C to 2.9 between 600° and
700° C. Many research papers investigate the variation of diffusion coefficient with the
temperature [1, 15, 23, 39 and 48].

B. Solute Segregation. The solute flux may be induced by solute. A vacancy flux
gives rise to a solute flux with the slow diffusing species going to the defect sink. [49 and
50]. In alloys under irradiation, permanent fluxes of point defects are sustained towards
sinks such as free surfaces and interfaces. The coupling between these point defect fluxes
may induce a modification of the composition field as demonstrated by Okamoto and
Wiedersich [24]. In austenitic stainless steels, this would lead to chromium depletion at
the grain boundaries, and this is the main suspect in stress corrosion cracking in
Pressurized Water Reactors (PWR).

C. Defect Recombination at the Particle Mix Interface. Cauvin and Martin [51]
developed a theory for the effect of excess vacancies and interstitials on the nucleation of
coherent particles, where point defects are trapped at the particle-matrix interface, as

opposed to being absorbed. The effect of point defect trapping is the increase in
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recombination at the particle-matrix interface that results in an influx of solute. This way
the particle stability is enhanced.

D. Ordering and disordering. Like presented earlier, the effect of irradiation on
ordered alloy phases can be described as a balance between two conflicting processes: the
disordering produced by the atomic replacements during cascade and defect production,
and the ordering facilitated by the migration of vacancies and interstitials. According to
Liou and Wilkes [35], the rate of change of the order parameter S, is the sum of the
irradiation disordering and irradiation enhanced thermal ordering rates. Under constant
flux and temperature, S will achieve a steady state. The model presented by Banerjee and
Urban [32] is consistent with Bragg-Williams solid solution model. Most of these
theories predict that irradiation disordering will prevail at low temperatures, with some
form of order being present at intermediate temperatures. Complete disordering would
follow at temperatures higher than the critical temperature Tc.

E. Amorphization. It seems that excess vacancies may alter the phase equilibrium
by acting as a thermodynamic component in the solid solution. Irradiation of an
equilibrium alloy of two solid phases at a temperature T could raise the effective
temperature of T,” where the irradiated alloy would be composed of amorphous and
crystalline phases of different compositions or even to T,” to produce a uniform
amorphous-like alloy presented in Figure 2.2.4 [15 and 105].

F. Recoil resolution. Energetic atoms may strike atoms in precipitate particles and
propel them into the surrounding lattice. Crystals are predicted to approach an

equilibrium radius from larger to smaller sizes, smaller particles being more stable than
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larger ones [3 and 33]. This would be accompanied by an enrichment of the undersize
component at the surface and a depletion of the oversize solutes near irradiated surfaces

[39].

2.3 Temperature Effects on Ordering in Binary Alloys

In the study of irradiation effects in metals and alloys, perhaps the most important
single variable is the temperature. This is because the temperature will determine
whether the effects caused by irradiation will have sufficient mobility to interact and
bring about additional secondary effects. Thermal and mechanical properties of materials
are influenced by to the induced defects and are dependent on the amount of dislocations
[42]. The lattice waves are scattered by defects, decreasing the thermal conductivity of
the material. Dislocations can move or can be pinned because of irradiation. Pinning is
generally attributed to interstitials interacting with dislocations. The interstitials are the
only type of defect expected to have sufficient mobility to account for the observed
results in thermal properties at low temperatures [52]. Point defects can be a factor too as
the periodic structure is disturbed for several atomic distances around it, affecting this
way the thermal, electrical and mechanical properties [38 and 53]. Another thermal effect
is the energy stored in Frenkel pairs (pairs of lattice vacancies and interstitial atoms).
When the temperature of the irradiated specimen is raised, these defects can recombine

and release their stored energy of about 5 eV per pair [54].
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Upon heating, some alloys go through a phase transformation. When this happens
in a furnace, the alloy will return to its room-temperature phase with coarse
microstructure. When instead, heating is very local (as in the case of an irradiated
sample, when the bulk acts as a heat sink), the resulting microstructure will be very fine
[55]. The conditions required for the process to occur are: (a) the radiation is strong
enough to heat the spot to above the transformation temperature and (b) the rest of the
sample is kept cold enough to induce quench-like conditions on the heated zone.

Due to the presence of several competing ordering processes NizMo and NizMo
have been in the attention of a few research groups [13, 26, 32 and 56]. Okamoto and
Thomas [13] and Spruielli and Stansbury [56] aged NisMo at different temperatures and
looked at the electron diffraction patterns. They observed that for an alloy initially
quenched from 1000° C and then aged at 750° C, the ordering reaction takes place at the
surface and very fast. The intensity of the {1 1/2 0} peaks are still present but a lot
weaker than at 650° C and they disappear after a longer ageing time. Work by Tanner et
al. {57 and 58] has shown that in bulk samples the LRO D1, structure does not develop
even after annealing for 550 h at 300° C. All the experiments done with Ni-Mo alloys
emphasize how critical the temperature is in the absence of other factors (irradiation
effects) in the order-disorder process.

Figure 2.3.1 presents the temperature evolution of Ni;Mo and NizMo by means of
electron diffraction [59]. The images were obtain by TEM and indicate that the ordering

process 1s present in NizMo and NisMo specimens at temperatures a little under the
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critical temperature, but not above it. In addition, Banerjee [1] has determined the
stability ranges as depending on the temperature for the Ni-Mo alloys. This dependence
is presented in the Figure 2.4.6. In the plot of SRO and LRO vs. the temperature, we can

see the temperature ranges where each of the processes is dominant.
2.4 Ni-Mo Type Alloys

Nickel and Nickel based alloys have shown potential as structural and
containment materials in nuclear reactors. The increasing demand for high operating
temperatures and new reactor concepts created a demand for a structural material that has
strength at high temperatures and is resistant to certain media. Some examples are
Inconel-X, Hastelloy-X and Hastelloy C. Unalloyed nickel has very little use as a
construction material for reactors. However, it has been used in investigations to study
the mechanism of irradiation damage and irradiation hardening [60 and 61]. The effects
were evaluated based on changes in ultimate tensile strength, lower yield points and
ductility as measured by elongation at fracture [62]. The experimenters attempted to
separate and evaluate the effect of lattice displacement and dislocation locking as they
may have been related to irradiation hardening. They found that the lattice hardening of

pure Ni was dependent upon total neutron exposure in the following manner:

oi=JA(l—e*) (2.4.1)

where:

o; = lattice friction stress
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®= particle flux (/ cm?)

A = constant
B = constant

Makin et al. [62] observed that low exposures to irradiation (8x 10 17y part/cm~2
produced a noticeable increase in the yield strength and a decrease in total elongation at
fracture, but very little change was found in the ultimate strength. However, after a dose
of 5x10 " part/cmz, a 100% increase in the yield strength was noticed. A similar study
was made by Wilsdorf [63] with irradiation up to a dose of 10" part/cmz. He noticed that
the increased yield strength reported is not the result of vacancies and vacancy clusters
but is due to anchoring of dislocations by loops and kinks, which are nucleated at
vacancies. He also observed that once slip has occurred along a few slip planes, a large
number of existing vacancies have been eliminated from between the slip planes. The
slip path is then clear and deformation can occur quite readily. Hence, a low rate of work
hardening can be expected for irradiated materials.

Many Ni based alloys can be strengthened by fine dispersions of second phase
ordered precipitates [18 and 64]. Future breeder reactors and second or third generation
fusion reactors may rely heavily on these two-phase material for their construction. The
increase in strength caused by the precipitates will allow reductions in the mass of some
structural components and thus improve reactor performance (by increasing breeding
efficiency for example). However, the long term strength and integrity of these two phase
material depend on the precipitate morphology and that can be drastically altered by the

irradiation environment. In reactors, the service temperatures may well exceed 400° C.
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Ordered compounds, specifically of the type NizX, will remain ordered at these
temperatures and at the 10° dpa/s damage rate anticipated. —However, other
microstructural modifications can occur at these temperatures, such as void swelling,
dislocation loops and network formation. The microstructure of the precipitated phase,
i.e. the size distribution, shape, number density and volume fraction characterizing the
precipitates, may be altered by irradiation. These alterations are referred to as precipitate
restructuring. They can be: irradiation enhanced coarsening of precipitates, spatial
redistribution of precipitates and precipitate renucleation [65].

Some Ni-Mo alloys upon exposure to elevated temperatures in the range 600°-
800° C, suffer an almost complete loss of room temperature ductility as a result of LRO
[18]. It is very important to elucidate the embrittlement of ordered NigMo and NizMo in
order to better use these and similar alloys.

The structure of the disordered primary Ni-Mo solution is fcc. Diffraction
patterns of this phase exhibit diffuse peaks in all equivalent {1 1/2 0} positions in the fcc
reciprocal lattice over a wide range of compositions (8-33 at % Mo). Within this range,
several ordered structures have also been observed. In addition to the B phase (NisMo)
and gamma-phase (NizMo), a metastable phase Ni,Mo has been observed in the (§ + vy)
region, possessing a PtMo superlattice (Figure 2.4.1). None of these ordered phases
produces superlattice reflections at the {1 1/2 0} positions. The phase diagram of Ni-Mo
alloy is presented in Figure 2.4.1 and the alloys researched in the present paper are given

in Table 2.2 with their symmetry characteristics.
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Type Alloy Structure Structure Structure Characteristic Unit cell
Struchturberiht | Schonfliss | International stars content
A,B | Ni;Mo Dia Car’ 14/m 4/5(1/210) 2
A;B NisMo DO, Dan"’ l4/mmm 100:10% 2
A.B | Ni:Mo - Don® Immm 1/3(220) 2
AB NiMo "o Dan’ P4/mmm 001 1

Table 2.2 Crystallography of Ni-Mo alloys.

The structures of NigMo, NisMo and Ni,Mo belong to the family of {1 1/2 0} of
fce based structures in that they owe their stability to the minimum of the reciprocal space
(k-space) potential energy function V (k) in the point <1 1/2 0> [88]. Such a minimum
would imply a tendency for like atoms to be the third nearest neighbors (separated by <1
1/2 > fcc vectors). This would lead to a stabilization of a geometry sketched in Figure
2.4.3. The Mo atoms at the corners of these tiles are separated only by the third nearest
neighbor vectors [9 and 10]. In the as quenched fcc Ni-Mo alloys (and some Au-Cr, Au-
V alloys) the minimum in the V(k) function at <1 1/2 0> points is characterized by

intensity maxima at <1 1/2 0> and equivalent in the reciprocal space of fcc [66].

2.4.1 NiuMo

The Ni-20 at% Mo alloy is well known for its corrosion resistance in non-
oxidizing, acid chloride environments. There are several commercial alloys based on this

composition [18]. The NiyMo exists as Short Range Ordered (SRO) face centered cubic

(fcc), a-phase above 868° C (1140 K). The lattice parameter of the disordered fcc phase
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of the composition Ni 20 at. % Mo is a g = 3.6086 A. After the ordering transformation,

the lattice dimensions of the initial a—phase are preserved with only a 1.16 % contraction
in the c axis and 0.4 % expansion along a and b axes. The Long Range Ordered (LRO)
structure is body centered tetragonal (bct.) D1, (B-phase) with lattice dimensions a=
0.5731 nm, ¢ = 0.3571 nm, and c/a = 0.623. In the ordered phase, NisMo exhibits a range
of physical and mechanical properties that correlate well with the internal structure [9].
The two competing superlattice structures in NigMo are associated with the wave vectors
<l 1/2 0> and 1/5<4 2 0>. The corresponding structures can be described in terms of
stacking {420} planes of all Ni (N) and all Mo (M) in the stacking sequence MNNNNM.
The ordering process of an fcc alloy with <1 1/2 0> wave vector fulfill the symmetry
criteria for a second order transition while the 1/5<420> ordering is a first order transition
to a D1, type structure [26 and 44]. Bellon and Martin [3] were able to calculate the free
energies associated with these two structures as functions of their respective order
parameters. The D1, ordering process as a first order transition occurs by nucleation of
microdomains followed by their growth. The (001) plane of ordered phase is parallel to
the {001} planes of the fcc parent which allows six unique variants of domains from a
single fcc orientation, and two possible orientations of the bct lattice in any one of the
{001} planes. This creates three types of domain interfaces as determined by Ruedl et al.
[8]. In increasing order of surface energy, these are: antiphase boundaries (APB) (Figure
2.4.13), antiparallel twin boundary (APTB) and perpendicular twin boundary (PTB). The
APB occurs when two neighboring domains having parallel c-axes are related by a

translation mismatch. The PTB separates two domains for which rows of molybdenum
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atoms enclose an angle of 2 arctn (1/3). The structures are mirror images, twin related
and the c-axes are antiparallel. The PT results when the c-axes in adjacent domains are
perpendicular.

LeFevre at al. [67] and Okamoto [13] pointed to the fact that LRO and SRO
structures of NigMo are characterized by the occupancy of every fifth {420} fcc plane by
molybdenum atoms with the intervening planes occupied by nickel atoms. The
consequence is that superlattice reflections occur at every 1/5{420} position in reciprocal
space.

The primary driving force for the coarsening reaction in the ordered NigMo is the
reduction in interfacial energy of the system obtained by the elimination of the APB
between the small domains [9]. The heterogeneous grain boundary product consists of
groups of large domains separated by APB on planes of low energy {110} a-phase [13].
The initial difference in the degree of order between the coarse grain boundary domains
and the fine intragrain domains provides a small driving force. Thus, the progression of
the coarsening reaction has the advantage of lowering the energy of the system by
eliminating the extra interfacial energy of the intragrain APB while simultaneously
causing a small increase in the degree of order. It is a process that resembles secondary
recrystalization. This coarsening mechanism in Ni,V was discussed by Tanner [57] and
1s very similar to the reaction observed in NizMo. Ni,V is isotypic with Ni;Mo [68], and
is also classified as a [420] alloy. It was observed that the growing domains carry the
original incoherent grain boundary ahead [57]. Since the transfer of atoms require less

energy at grain boundary, this interface provides a substrate of rapid diffusion, which in
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turn, results in rapid growth. Tanner assumed the grain surface composed of ledges and
that the migration process is related to variations in the movement of atoms on these
ledges [58].

Irradiations using 1 MeV electron beam have clearly shown a continuous
transition from <1 1/2 0> ordered state to the DI, state [8] (Figures 2.4.2, 2.4.3 and
2.4.5). In the low temperature range when T < (- 500) C) both SRO and LRO are
destroyed. In the intermediate ranges (-50°%) - (+150°%) C, the structures can be maintained
to a certain level. For T > 150° C, LRO cannot be fully destroyed and SRO does not
build up. For high temperatures (200° -500° C), a sample originally in LRO will remain
in LRO with a slight reduction in LRO parameter and a mixture of LRO and SRO states
will develop in the SRO sample. In the 500°-850° C range, only the LRO structure
persists (Figure 2.4.6).  For electron irradiation, Meulanere et al. [112] propose the
following mechanisms:

1. Points defects are created

2. The point defects cluster together creating an ordered or a random defect
pattern, depending on the irradiation conditions

3. Upon further irradiation, these clusters grow to form visible defects establishing
a stable pattern.

Under 300 KeV Ni" irradiations, there are no mixed SRO - LRO states observed
[8]. The steady state structures are independent of the initial set of ordering (Figure
2.4.6). Ni' irradiations performed by Sundararaman et al. [144] yielded similar results.

Samples initially in the SRO state and irradiated at temperatures below 550° C do not
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show any tendency towards LRO. Only at the temperatures above 750° C spots for the

1/5{420} reflections start showing up. For the samples initially in LRO, the D1, structure
disappears completely in the 20° - 200° C range. For the 750° — 850° C range, there is no
significant difference in the diffraction pattern between the irradiated samples and the as-
quenched alloys from that temperature. At temperatures around 750° C LRO is not
affected by irradiation. Mixed states of LRO and SRO are observed by Bellon at all. [15]
at intermediate temperatures for samples initially in LRO state and irradiated with He"
and Ne® beams. These beams produce a smaller amount of cascades as compared with
electron irradiation [32]. This means that no reasonable conclusion can be reached on the
influence of the dose rate in case of electron and alpha irradiations due to the difference

in collision mechanisms.

2.4.2. NisMo

This alloy exhibits a SRO state characterized by diffraction intensities at {1 1/2 0}
positions above the critical temperature point [68]. A complete extinction of the
intensities of {1 1/2 0} positions of the reciprocal space is noticed below the critical
temperature. Progressive ordering in the Ni-Mo binary alloy in the vicinity of the
composition for NizMo has shown that the Ni,Mo and the Ni;Mo phases nucleate during
the early stages of the transformation. The evolution of order in NizMo has been studied
in a wider temperature ranges under electron irradiation with a displacement rate of about

5x107 dpa/s [9]. NizMo decomposes peritectoidally at 910° C to o-phase + NiMo.
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Quenching fast from higher temperatures the decomposition of NizMo to NiMo can be
suppressed [66]. Progressive changes in the [1 O 0] diffraction pattern at two
temperatures in electron irradiations are shown in Figure 2.4.2. Here a diffuse intensity
distribution develops connecting the {1 1/2 0} spots with a change towards the 1/3{4 2 0}
and the 1/5{4 2 0} positions which are the superlattice reflections of Ni;Mo and NizMo.
This can also be seen from the steady state structure developing as a function of
temperature (Figure 2.4.6). After heating above 950° C and then slowly cooling, van
Tendeloo [66] observed the diffraction patterns specific to the DO, superlattice spots, and
then at about 800° C he noticed the formations of Ni;Mo and Ni,Mo. The intermediate
phases, Ni;Mo, NizMo and NizMo (D0,,) are based on a cubic close-packed stacking and

are the direct superstructure of the disordered fcc matrix.

2.4.3 NiMo

Ni,Mo has a base-centered-orthogonal (bco) structure and like the D1, structure of
NisMo, the Ni,Mo structure can be described by stacking atoms on either {420} or {220}
planes where every third plane contains all Mo and in between al Ni atoms. This way, the
reciprocal lattice can be constructed from the original fcc lattice where the superlattice
reflections will appear at every 1/3(220) or 1/3(420) reciprocal lattice vectors [68]. This
will give rise to six orientation variants of NiMo corresponding to the six variants of

{220}[13].
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2.4.4 NiMo

According to Jin [71], NiMo alloy, also known as the 6-NiMo phase, has a
primitive unit cell with a =b = 09108 nm, c = 0.8852nmand a = =y =90 ° The
crystal can be viewed as tetragonal and belonging to the space group P4/mmm. A SEM
picture of the surface of this phase and a surface analysis is presented in Figure 2.4.9
where areas of the d-phase are seen enclosed by the Ni matrix. NiMo is one of the

decomposition product of NizMo and NizMo.

2.5 Mechanisms of order-disorder transformations

The order-disorder transformation has been the subject of numerous theoretical
and experimental investigations since the early part of this century as many solid solution
exhibit LRO below a critical temperature and SRO above. Perfect LRO is an abstraction
valid at 0 K, and perfect stoichiometry. Any deviation from perfection may be
characterized in terms of crystalline defects such as periodic distribution of antiphase
boundaries (APB) in case of long period superlattice. Statistical thermodynamic
treatments of ordering can account for diffuse scattering distribution without recourse to
any particular structural features, so they may not be essential for a description of the
equation of a disordered state. In a long range ordered state (LRO) the component atoms
of the alloy system occupy specific sets of sites in the lattice making the arrangement of

atoms regular and periodic in three dimensions. This type of ordering usually occurs at
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simple stoichiometric compositions. In a short range ordered (SRO) state, the structure 1s
neither completely random nor long range ordered, rather non-random atomic
arrangements occur statistically throughout the lattice.

There are numeroﬁs other alloys undergoing a phase change from a cubic to a
non-cubic phase, like Cu-Au, Cu-Pt, Ni,V and Ni3V. In alloys undergoing a symmetry
change upon ordering, self-deformation of the alloy, arising from volume and shape
changes of the unit cell, has a decisive effect upon strength. This is in addition to factors
such as composition, domain size and melting temperature, which also determine the
strength of a cubic superstructure.

The transformation of the high temperature phase to the lower temperature phase
involves segregation of atoms of each component of the alloy to specific sites in the array
of atomic positions of the high-temperature phase. The low-temperature ordered phase is
generated in this manner from the high temperature disordered phase. In such an order-
disorder transformation, a random distribution of atoms on a given array of atomic sites
changes into an ordered distribution leaving the array of atomic sites unaffected [72].

During an ordering reaction, the like atoms generally tend to remain as far apart as
possible from one another such that the number of unlike atomic bonds in the ordered
phase is increased. Landau and Lifshitz were the first ones to introduce mathematically
based interesting concepts regarding the process of phase transitions [73]. Initially, their
theories have made little waves into the world of materials science literature, mainly
because they were loaded with numerous abstract group theory terms. The physicists

working in the filed of phase transformations were more interested in the mathematical
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model created by Ising and Khachaturyan. The mean field model suggested by

Khachaturyan [74] is in fact a Bragg-Williams model with an arbitrary number of long-
range order parameters. In this model, the free energy is Taylor and Fourier expanded

with the essential distinction between harmonic and anharmonic terms emphasized.
2.5.1 Mean Field Free Energy Model

We start with an fcc or bee lattice where each site s can be occupied by an atom of
type A or B, and with a region consisting of N = Ni x N2 x N3 unit cells. Next we set up
a microcanonical ensemble with N lattice sides [78]. We assume that in a point s the
occupation number is 1 if there is a B atom and O if not. If we sum the occupation
number at all points and divide by the number of systems in the ensemble we get the
fractional occupancy or the concentration:

0< f(s)<1 (2.5.1)

with the overall concentration:
1
CB=c:NZC(p) (2.5.2)

a=1-c"* (2.5.3)
where the summation over p is over the N lattice points of the crystal. This is the same as
subdividing the original lattice into N equivalent sublattices (with N large). In the first
(zero) approximation, the internal energy of the crystal is obtained by assuming that the
atoms interact with pairwise forces and that the partition function can be factored into

independent vibrational and configurational parts. This function can be obtained by
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taking random distribution of A and B atoms. Considering the Helmholtz free energy

[74]:

F=Fa+Fs+ Fu (2.54)
Fa = energy of pure A crystal including vibrational energy

Fp = energy of pure B crystal including vibrational energy

Fu = configurational free energy of mixing

Fu = Nvoqo%Zv(p — POE(P)E(po)+ 1S {c(p)Ine(p) +Il-c(p)In(—c(p)]} (2.5.5)

where

&E(p)=c(p)—c is the concentration deviation and p is the pair interaction parameter
vag(r) is the pair energy of a pair separated by the lattice vector x(r)

We will also use:

g, =c,cy =c(l—c)

Vo == V(p)

t=kgT, kg is Boltzman constant, T the absolute temperature.

Using eq. 2.5.5 Khachaturyan showed that the minimalization of free energy leads to a
Fermi-Dirac distribution law for c¢(p) [74]. In our simple mean field theory there are no
singularities for the free energy so we can do a Taylor expansion about the homogenous
state c(p) =c¢

If:

F,, = Nc, (2.5.6)

with the expansion coefficients for c(p) given by:
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fo =vocacs+ T (caln ca+ csln cr)
fo(r #0)=2v(r)

r(c,, —¢,,)
|=——t 8

/ qo

_ 2T (cas~c3)

qo3

e

The zeroth order term is the regular solution model. The second order term depends only
on local concentration. If we assume cp to be less than 1/2 without loosing generality
(1/4 for NigMo) then the third order coefficient is always negative and the forth always
positive. If we put the condition that the free energy is minimum with respect with N
configuration variables ¢ (p), then we obtain the equilibrium configuration and the
average concentration. The situation can be simplified by grouping sites into a small
number of sublattices according to perfect ordering at stoichiometric compositions[75].
We can define a long-range order parameter (LRO) as a combination of concentration

deviations:

n=>Y Y(p)(p) (2.5.7)

where v (p) are the coefficients of lattice grouping and m is an homogeneous function that
must vanish above the transition temperature Tc.

&) = 0 is a homogenous state and a solution of the minimization of the free
energy [2.5.6] at high temperatures. A phase transition of the second kind is one for
which the order parameter goes to zero as the temperature approaches the critical

temperature from below [78]. Having a non-vanishing third order term in expression
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(2.5.6), F is an asymmetrical function of 1 and &(p) thus producing a phase transition of
the first order.

In the ordered phase of NisMo and NizsMo, only Ni atoms are the nearest
neighbors of Mo atoms. Therefore the number of unlike Mo-Ni atomic bonds in the
ordered structure is much higher than in the disordered structure. The Ni-Mo bond
energy may be estimated from the enthalpy of formation of the alloy and is negative.
Hence, the presence of a large number of Ni-Mo bonds in the ordered phase reduces the
free energy and renders the ordered phase more stable than the disordered phase. During
an ordering reaction, the like atoms generally tend to remain as far apart as possible from
one another so that the number of unlike bonds in the ordered phase is increased.

Ordering in the fcc lattice can be described as four interpenetrating simple cubic
sublattices of equal size. The lattice points at the cube cormers of the fcc unit cell
constitute one sublattice and each pair of points at the center of two opposite faces
generate one sublattice in combination with similar lattice points on the neighboring unit

cells.

2.5.2 Antiphase Domains

The ordering process within each grain of the disordered phase may start at a

number of locations on any one of the sublattices. Considering the two-dimensional

lattice in Figure 2.4.13, we can assume that ordering in region I starts with the black

atoms occupying the sublattice marked by the dashed lines, and in the region II starts with
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the black atoms occupying the sublattice marked by full lines. When these regions grow
and meet they are out of step at the boundary because the same sublattice contains
different atoms on both sides. Since nearest neighbors of an atom are located on another
sublattice, the same kind of atoms face each other across the boundary and the boundary
is associated with a positive energy. Such boundaries are known as antiphase domain
boundaries (APB) and the ordered regions on both sides of the boundary are called
antiphase domains. A shift or translation of the atomic arrangement on one side of the
boundary in a certain crystallographic direction in the crystal can eliminate the
misalignment across the boundary and hence the boundary itself. The domain boundary
is specified by stating the translation vector (p vector) and the plane on which the
boundary lies.

The presence of APB at regular intervals stabilizes the ordered structure. This
stability can be attributed to the decrease in electronic energy of the phase due to the
periodic presence of the antiphase domain boundaries[76]. The APB can be identified by
TEM on the basis of the relation between their contrast characteristics and specimen

orientations [77].

2.5.3 Short Range Order

Above the critical temperature (T¢) the LRO does not disappear completely and

suddenly. For temperatures not too distant from T, one can still observe superlattice

lines or spots in the diffraction figures. This condition is called short range order (SRO).
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An alloy can be “frozen” in this condition by heating it above T¢ and then rapidly
quenching it to room temperature [13 and 68]. For example, in the ordered NisMo, a Mo
atom located at (000) or at the origin, is surrounded by 12 Ni atoms at (1/2 1/2 0) and
equivalent positions. Any given Ni atom is surrounded by 8 Ni atoms and 4 Mo atoms.
Above Tc this arrangement breaks down, because a Mo atom can be found either at the
corner or in the center of a face. This kind of behavior is observed in many solid
solutions [78 and 79]. There is also a tendency of like atoms to be close neighbors —
effect known as clustering [69]. All solid solutions may exhibit SRO or clustering in a
lower or higher degree just because they are composed of unlike atoms with specific
forces operating between them.

In ordered as well as disordered structures, each atom is surrounded by a certain
number of first, second and other higher order nearest neighbors. Out of these neighbors
some are like atoms and some are unlike atoms. For example if the coordination number
in an alloy, A-B containing 25%at B is twelve, the number of nearest neighbors of each
atom becomes twelve. In the disordered structure each A atom will have on average three
B atoms as nearest neighbors. If A atoms prefer B atoms as neighbors, the average
number of B atoms, which are nearest atoms of atom A, will be greater than three. Such
ordering may not extend beyond the first nearest neighbors. The number of A-B bonds in
an alloy with SRO is greater than that in the random alloy. The short-range parameter o

may be defined as:

oo 474 (2.5.8)
P4,
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where q 1s the number of A-B pairs, q, is the average number of A-B pairs in the random
arrangement, and qn, 18 the maximum possible number of A-B pairs.

The ordered phase contains a large number of unlike atom bonds, which reduces
the bond energy and in some cases the electronic energy of the phase. At low
temperatures the ordered phase 1s stabilized since the free energy of the ordered phase
becomes lower than that of the disordered unity. Any decrease in the degree of order
raises the bond energy but simultaneously increases the configurational entropy, which
makes a negative contribution to the free energy. The entropy contribution (-TS) to the
free energy becomes appreciable at high temperatures. Therefore the degree of order
decreases with an increase in temperature. At a critical temperature, T¢, the long-range is
completely destroyed and S becomes zero. The long-range order parameter usually
changes discontinuously at T¢. The local segregation of atoms continues to exist above
Tc, and the short-range order parameter continues to decrease above T¢ with the increase
in temperature. When an alloy that has SRO is quenched to a temperature Ta below Tc,
the disordered structure with a short range order is retained at Ta. With an increase in
holding time at Ta, the ordered phase nucleates and grows into an ordered domain, which
tends to coalesce to produce larger domains. During this period, the degree of long-range
order approaches unity. Four different processes are part of the order-disorder
transformation: [1]

I. Formation of SRO above T¢

2. Nucleation and growth of the ordered phase at Ta < T¢

3. Increase in the degree of LRO of the ordered phase
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4. Coalesce of the antiphase domains.

The degree of SRO increases with the increase in the number of A-B pairs,
process that occurs homogenously. In general in an alloy, the atoms A and B change their
position by diffusional motion. If the new position results in an increase in the number of
A-B bonds, the free energy of the system is normally reduced and the atoms tend to spend
a greater fraction of the time in the new position. Consequently the degree of SRO is
increased. On the basis of this mechanism the rate of increase in the number of A-B
bonds may be expected to be proportional to exp(-Q*/RT) and (q. — q), where Q* is the

activation enthalpy for diffusion and qe is the equilibrium number of A-B pairs. Hence:

Q

% = kle—E (g, —q), where k; is a constant. (2.5.9)
do

—=k(0, -0 2.5.10
= ,(0,-0) ( )

where k; is a constant and ¢  is the equilibrium short-range order parameter.

The applicability of this equation to SRO kinetics in alpha-brass has been verified by
Damask [46]. The activation energy of 165 kJ/mole obtained for alpha-brass is close to
the energy activation for the diffusion. However it is not easy to study the SRO kinetics.
The measurement of ¢ by X-ray diffraction technique is tedious. The widely used
resistivity measurements are difficult to interpret unambiguously since short-range
ordering may either increase or decrease the resistivity. The disordered alloy quenched to
a temperature below T¢ generally contains SRO. SRO implies that ordering may extend
up to a few neighbors. Therefore as illustrated in the Figure 2.5.1, a structure with SRO

may be visualized as a disordered structure with very small ordered domains [74]. Such
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ordered domains of supercritical size act as nuclei for the ordered phase. Thus the
transformation is considered to be initiated by a constant number of nuclei Ny that is
initially present in the unit volume, and further nucleation may be taken as negligible.

There are a few good models for Short Range Ordering:

1. The statistical model: SRO is homogeneous. The occupation in any
neighboring shell around a central atom of one type fluctuates around some value. With
increasing distance of the neighboring shell the pair correlation function becomes the
function of a statistically uncorrelated arrangement [80].

2. The model of disperse order: SRO is heterogeneous. The fluctuations in
concentration and in the degree of order are no longer statistical. We can assume a less
ordered matrix with dispersely distributed particles of a long range ordered phase [81 and
82].

3. The microdomain model: SRO is of a heterogeneous type, consisting of
relatively well-defined and well-ordered regions (the microdomains — a few unit cells in
size) embedded in a random matrix. Only the degree of freedom varies between the
microdomains and the matrix, not the composition [83, 84 and 85].

We can distinguish two groups of reflection maxima in the diffraction spectra
based on the positions of the diffuse maxima. One group of maxima located at the
special points (Lifshitz points) of the first Brillouin zone, and the second group is located
at any other position. Okamoto and Thomas [13] observed a close relationship of
stable/metastable ordered structures in Ni-Mo alloys displaying the (1 1/2 0) diffuse

maxima in SRO state. These structure are built by stacking (420) planes. Okamoto
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suggested that SRO state consists of a mixture of microdomains (D1, and DO,;) [13].

Das determined that the structure of microdomains leading to (1 1/2 0) diffuse maxima
does not necessarily correspond to a LRO structure [68]. The models of microdomains
and concentration waves (real-space and reciprocal approach to the microstructure) were
considered equivalent as the microdomains may represent the materialization of the
concentration waves [86]. De Meulanere et al. [53 and 87] observed D1, and DO,, as
building elements for the SRO states. Investigation on transition stages between SRO
and LRO are of special interest because the diffuse maxima and superlattice reflections

are located differently.

2.5.4 Long-Range Order

The perfectly ordered arrangement of atoms can extend over the entire crystal. If
there are faults in the ordered arrangements like those brought about by the exchange of
positions of A and B atoms, the order is less than perfect. The parameter that measures
the degree of order is designated as the degree of long-order S. If we consider a binary
alloy with two types of atoms A and B, and two lattice positions a and B, in the ordered
state in the ideal stoichiometry a-sites are occupied by A-atoms and B-sites by a B-type

atoms. In terms of composition fractions we have:

If N is the number of atoms in a sample we should have N, =x,N and Ny =x,N . Also

lets consider y, and yg the fractions of a-sites and [B-sites with y, + yp = 1. Then the
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number of each kind of site is given by N, = y4 N, and Ng = yg N.  According to

Warren[89] we can use the following parameters:

ra = fraction of a-sites occupied by the right atom (A)

w, = fraction of a-sites occupied by the wrong atom (B)

rp = fraction of P -sites occupied by the right atom (B)

wg = fraction of P-sites occupied by the wrong atom (A)

Then we can write:

r,+w,=1 andrﬂ+wﬂ =1.

The fraction of the sites occupied by A-atoms must equal the fraction of A-atoms, and
same for B-atoms. Mathematically:

Yola t Vgls =Xgand yerg +y, 1, = Xg (2.5.11)
The long-range order parameter used in section 2.1 can be defined for a random

arrangement and is proportional to (7, +r,;) with S =0 for a completely disordered state,
and S = 1 for stoichiometric composition (7, =r; =1). Then we define:

S=a+b(r,+ r,,),)

Applying the two extreme conditions we obtain:

S:ra+rﬁ—1:ra—wﬂ=rﬂ—wa (2.5.12)

Using the equations (2.5.11) and (2.5.12):

YT X4 _ T T s

S=2= = (2.5.13)
Vg Yo
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This way the parameter S can become 1 for a perfect stoichiometry and is going to be less
than one for anything else. With this definition, the structure factors for the
superstructure reflections would be proportional to S even for non-stoichiometric
compositions. The structure factor can be written in a more elaborated way as a sum over

the o and B position [89]:

F = Z(rafA + wafB )eZm'(hx,, +hy, +lz,) _I_Z (rﬂfB + WﬂfA )eZHi(hx,, +ky, +1z,) (25 14)
@ B

Change in composition may affect the state of order-disorder. Since the ratio of
corner sites to face centered sites in NisMo must be exactly 1:3, then perfect order can be
achieved only when the stoichiometry of the alloy is very near this composition. Same is
true for Ni4Mo alloy with a ratio of 1:4.

Banerjee et al. [11] determined experimentally the values for S under electron
irradiation (Figure 2.5.2 — 2.5.3). He notes that the degree of order achieved after
irradiation, seems to be independent on dose rate and temperature. Also in spite of the
scatter in the measured values it is evident that the steady state value of S does not exceed
0.55 for the temperature ranges (350° C — 450° C) but gets as high as 0.85 in the ranges
(500° C —700° C). Mhatre et al. [12] looked at the value of S in the case of 100 MeV I’*
irradiation, when the LRO was induced in NisJMo through electronic excitation loss and

nuclear energy loss (Figure 2.5.5).
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2.6 X-ray Diffraction Studies of Ni-Mo Alloys

X-ray diffraction (XRD) is one of the best techniques used to uniquely identify the
crystalline phases present in materials and to measure the structural properties like grain
size, phase composition, preferred orientation and defect structure of these phases. XRD
also offers great accuracy in determining the atomic spacing. It is a nondestructive, no
contact procedure and more sensitive to elements to higher Z since the diffracted intensity
from these elements is larger than the intensity from elements with low Z. With the most
available instruments a sensitivity of about 50 A can be achieved. One minor
disadvantage is that XRD requires specimens to have at least a minimum square surface
size of about 25 mm®. The order-disorder transformation in binary substitutional alloys
can be successfully studied with the help vof XRD diffraction. This subject is treated in
detail in a few of the reference books [88, 90 and 91]. In Figure 2.6.1 it is shown the
basic setup for an X-ray experiment. The diffraction angle 20 is the angle between the
incident and the diffracted X-rays. In an XRD experiment, the diffracted intensity is
measured as a function of 20 and the orientation of the specimen, which yields a
diffraction pattern. The X-ray wavelength is typically 0.7-2 A, corresponding to X-ray

energies of 6 — 17 KeV.
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2.6.1 Bragg Law

Crystals consist of planes of atoms spaced at a distance d apart (Figure 2.6.2).
They can be resolved into many atomic planes each with different d-spacing. Miller
indices are used to distinguish between the planes. They are the reciprocals of the plane
intercepts with the three basic axes. So for a cubic crystal (Ni) with ag as the lattice

constant:
% 2.6.1)

R+ k2 + 1

From Fig. 2.6.1 it is easy to find the Bragg’s law:

dhkl =

A=2d,,sin6,, (2.6.2)
where 6, is the angle between the atomic planes and the incident X-ray. The detector is
placed at (26,,,) and the crystal must be oriented such that the normal to the diffracting

plane is coplanar with the incident and the diffracted beams. The integrated X-ray

intensities diffracted from the specimen are given by [158] :

Ly o |Fygle™V (2.6.3)
where the factor ¢ (Debye-Waller factor) accounts for the reduction in intensity due to
the disorder in the crystal and V is the diffracting volume and depends on the absorption
coefficient and the size of the sample. F,,, is the structure factor for the (hkl) diffraction

peak and is related to the atomic arrangements in the material. More exact is the Fourier
transform of the positions of the atoms in one unit cell. Each atom is weighted by its

form factor, which is equal to Z for small 26 but decreases as 26 increases.
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2.6.2 Phase Identification

One of the strengths of the XRD method is the phase identification capability.
This is done by comparing the d-spacing in the diffraction pattern and the integrated
intensities with known standards. The JCPDS Powder Diffraction file (Joint Committee
on Powder Diffraction Standards), provides data for random orientation. For specimens
containing several phases, the proportion of each phase can be determined from the
integrated intensities in the diffraction pattern. If there is specimen preferred orientation
then intensities need to be integrated at many different orientations. Preferred orientation
can make positive phase identification difficult. For random orientation the process is
casier as the integrated intensities will give the desired information. The structural
changes that accompany the isothermal ageing of NigMo can be revealed by XRD.
(Figure 2.6.3 — 2.6.4). Ling et al. [92 and 93] points out that the gradual changes in some
of the superlattice reflection could be traced with a careful XRD analysis. The behavior
of the superlattice reflections observed in Figure 2.6.4 is due to the increase in the domain
size and degree of order with ageing time. The broadening of the fundamental reflection

is mainly attributed to the strain accompanying the ordering process as can be seen in

Figure 2.6.5.
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2.6.3 Determination of Strain and Grain Size

Diffraction peak positions are precisely measured with XRD. This can provide
information on the type of strain, homogenous or in-homogenous in the material.
Homogenous or uniform elastic strain will shift the peak position. In the (hkl) direction,

the strain component will be:

(dhkl - dO,hkl)

(2.6.4)
dO,hkl

where d ,, is the unstrained spacing.

In-homogenous strain can vary from grain to grain or within a single grain. This will
cause a broadening of the diffraction peak that increases with (sinf). Peak broadening is
also caused by the finite size of the grain but in this case there is no dependence on (sing).
These two processes can be separated by a careful analysis of the peak shape at different
orders. If there is no strain, the grain size L is estimated from the peak width (A28 ) with
the Scherrer formula:

L=t
(A28)cos b

(2.6.5)
2.6.4 Determination of Preferred Orientation
The amount of preferred orientation can be estimated by comparing the integrated

intensities with the values given by JCPDS, or using the expression for integrated

intensity (Eq. 2.6.3). If the material has (hkl) texture then the (hkl) diffraction peak will

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



49

have a larger than expected intensity. For a more complete determination of the preferred
orientation, the intensity of the (hkl) peak must be measured at different specimen

orientations.

2.6.5 Detection of the Superlattice Lines

We consider now the case of NisMo and the equations 2.5.11 through 2.5.14. The

atomic location for Mo is in the corners of the unit cell and for Ni in the center of the

faces. There are on-average, 4 atoms in a unit cell, 3 of Ni and one of Mo and we can

write:
11 1 3 1
=000; =——0, 0——, =0—, y, =— and =—
p 2272 Ya =Y Y8 =y
F becomes:

F = (rafA + WafB)(eﬂi(h+k) +e7zi(l+k) +eﬂi(h+l)) + (rﬂfB + WﬂfA), hkl unmixed ,
F=3(r,fo+w,f5) +(rgfo +wsfs) =4(xs f5 + X, f,), Fundamental, hkl mixed (2.6.1)

F=(ryfs +wpfa) = (1, s+ W, f3) = S(fy = f,), Superstructure (2.6.2)

For perfect order

wg=0 and
wq = 0, then:
F =(fy +3f,), hkl unmixed (2.6.3)
F =(fz— f.), Fundamental, hkl mixed (2.6.4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50

Comparing equations 2.6.1 — 2.6.4, we note that only the superlattice lines are strongly
affected by the departure from the perfect order. This is because the intensity of a
superlattice line is proportional to F? and therefore to S>. For example a decrease in order
from S = 1.00 to S=.50, would cause a decrease of intensity by about 75%. By comparing
the integrated intensity ratios of a superlattice and of a fundamental line, we can
determine S experimentally. In a random alloy, there should be a larger background
extending over the range of the whole 20 [90]. This diffuse scattering is due to the
randomness of the crystals.

What are the detection limits for superlattice lines? For NisMo the relative
integrated intensities of a superlattice and of a fundamental line are proportional to their

[F]* values:

Intensity(Superlatticeline) |F|L2g (S — fu)
Intensity(Fundamental line) | Flj (Fio +3Fui)

(2.6.5)

For very low angles (close to zero) f ~ Z, the equation becomes:

I (42 -28)*

=S =~0.012
If

42+3(28))°

We can see that the superlattice lines are only about 1% of the fundamental lines, and

they can be detected only because of their known location.
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2.7 Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) is extensively used for accurate
determination of stoichiometry, elemental area density and concentration of implanted or
impurity elements in materials and thin films. This is an ion beam based analytical
technique that can give information on the atomic composition profile of the near surface
region of materials. The physical processes involved in this technique are very well
understood [94, 95 and 96]. Computer codes have been developed that provide efficient
means of performing quantitative RBS analysis [91]. The limitations reside in the current
knowledge of the stopping power of materials for a-particles of MeV energies. The shape
of the RBS spectrum can provide the energy-depth relation and yield-composition

relation but is dependent on the stopping power values.

2.7.1 The Physics of Backscattering

The backscattered spectrum (Figure 2.7.1) is determined by the energy analysis of
the backscattered ions in the detection system. The energy of a backscattered particle
detected at a given angle depends on the loss of the energy due to the transfer of
momentum to the target atoms and loss due to the transmission through the target. There
is a direct relationship between the channel number on the x axis and the energy of the
ions. The elements in the spectrum appear either as peaks or, in the case of a mixture of

elements, as peaks on top of other peaks. The peak widths are caused by energy loss in
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the materials of the ions that are analyzed. Energy straggling (fluctuations in energy loss)
limits the resolution of mass and depth in RBS. *He backscattering kinematic factor, is

defined as the ratio of the projectile energies after and before the collision [96]:

M, cosH\/M22 -M} sin29}2 fo
; for

K- M, +M,

‘He , M, =4.003 (2.7.1)

M, = atomic mass of the projectile
M, = atomic mass of the target atom

0 = scattering angle in the laboratory system

KM2 - KM =K
At 0 = 180%
Ko {22 —Miy2 2.7.2)
M,+M,
At 0 =90%
K, M=y (2.7.3)
M,+M,

For a ® = 170°, a typical lab scattering angle, with a He beam, the kinematic factors for
Nickel and Molybdenum are:

Mo: 0.8473

Ni:  0.7626

The differential cross section for scattering, in a given direction into a detecting solid
angle, is defined for a target atom:

number of particles scattered in the solid angle d<)

do
(dQ)

number of incident particles per unit area
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This expression can be written based on the Rutherford scattering formulation

transformed from center of mass to laboratory coordinates:

M sm@ 2 1/2,2
e 27 {cos&+[1 (—— i )] }
1 22 ) ; 2 (mb/str) 2.74)
dQ 2Esin<0 M~"sinf 2.1/2
[1—(72) J
M

Z;=atomic number of the projectile

Z, = atomic number of the target

e = electron charge

E= energy of the projectile immediately before scattering

The average scattering cross section ¢ is defined as:
== j 20 40

Q) = finite detector’s solid angle.
When we have compound targets, the additivity of stopping cross sections (Bragg’s rule)

must be applied in the molecular and atomic scale :

eMF = met + ne® (2.7.5)

AmBn = molecular form of a compound formed from m atoms of A and n atoms of B.
€ = the stopping cross section per atom.
€y = the stopping cross section per atom for 6= 0.

e=LdE (2.7.6)
N dx

., dE . .
with T representing the energy loss and N the atom number in the target
X
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N= N()p/M,

No= Avogadro number

p = the density of target
M = mass number of the target.
The spectrum height (counts per channel) at the surface of the element to be studied is:

H =Q0(E,)QNox/cosb, 2.7.7)
where,
Q = total number of projectiles incident to the target
N = atomic density
dx = the thickness of the target for which backscattering into 0E takes place.
If we consider:

dE =[So] 6x, where [So] is the backscattering energy loss factor near surface, then:

H =Q0(E,)QNJE, /[S,] (2.7.8)
H =Q0(E,)QJIE, /[€,] (2.7.9)
with E; the energy of one channel, and SE the channel width. If we have a mixture of
elements X and Y and the concentration of each may vary with the depth, the spectrum

may look something like in Figure 2.7.2. Using the above formulas we obtain:

H® =Q0,(E)QNSE, /[S]}" (2.7.10)
SE, N}’
H® :QJA(E)Q[g—E%—]\—/ﬁA—E (2.7T11)

where H}” is the height of the energy spectrum of particles scattered from atom A in a

mixture AB at the surface.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



55
N =N +N}® (2.7.12)

where N* is the total concentration, N,® and N’ are the atomic concentrations of A
and B in the mixture. The backscattering cross section for the mixture molecule could be

written as:

AB AB
AB_NA A NB B

£ NG N £ (2.7.13)

where the additivity rule for Ni4Mo can be written as:

NigMo

eMM = 4™ 4 M

Then:

AB AB AB
H; _ N, o, le]3
AB AB AB
HB NB O-B [E]A

(2.7.14)

If we consider the partial concentration:

NAB
_TA
- NAB

Cs

and the Bragg’s rule for additivity:

AB

_ A B
eV =c,e" +c,€

Here, £¢*® is the weighted average stopping cross section per atom with weighting factor

ca and cp in the mixture. Considering the relationship ([€],€)at8 = 0%

1
[&,]= Ke(E) +me(KEo) (2.7.15)
we obtain:
1
[ely = KA«?AB(EO)+I~CES——9—|€AB(KAEO) (2.7.16)
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[S132 = N"[e])’ (2.7.17)

We want to determine the atomic concentration from the height of the spectrum,
or, if a standard pure element is available, from the ratios of the heights. From (2.7.9) the
height of the spectrum for a pure element is :

H) =Q£20-A£€;— (2.7.18)
[e],

From (2.7.11) and (2.7.18), we will be able to determine the height ratio:

HAB NAB [g]A [8]A
= AF Ay = Ca A (2.7.19)
H{ N [€]; L]y
Then again from (2.7.11) we obtain the height ratio:
Hy Ny o, lely _c,04lely (2.7.20)

HY N o, [e]* ¢, 0, €]
The surface concentration can be determined form the equation 2.7.19. If we do an
iteration of the surface analysis we should be able to determine the concentration of an

element A contained in another element B. For this, we refer to the figure 2.7.2. The

approximate formula:

HP(Ey) _ (o LEE, 2.7.21)
HYE ) T leE)”
where:

E, , 1s the energy E before a scattering event at the depth x
E,, is the same energy E before a scattering event at the depth x’ for a pure element

H"(E,) _¢,(E) [E(B)];" Ni°(x)
H{(Ey) cy(B) [e(E)Y Ny (x)

(2.7.22)
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This equation differs from equation 2.7.20 in the fact that it 1s evaluated at energy E

before scattering from A or B. The last two equations are approximations because the
corrections due to the differences in energy width of windows inside and outside the
target were not included. This would ad about 5% error. The accepted error in an RBS

experiment is anywhere between 3 -10%.
2.7.2 Application to the Ni-Mo System

Using the tabulated values by Tesmer and Nastasi [96] for Helium, 2000 KeV we

will have the following values for the electronic stopping cross sections:

; =68.03——— evem’ atoms
10°

2
o = 91.09——— eVem atoms
10

Then we have for NiyJMo:

N14M0

= (4X68+1x91)x107" eV cm® =363 x10™ eV cm’

. dE .
To find (—d—)N “W  we have to calculate the molecular density
X

0.158 -8 x6.023x10% Molecules

NNL,Mn . NNi4M0 — p}‘];]() — cm . mole =1.69x 1023 Nl41\340
327 cm
mole

We can obtain the stopping power using:

dE N
(—C—l—)N'4M” = NMMoghuMo - NABeA 4+ NAB P = 363x107° x1.69%x10% = 613ﬂ
X
A
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The same result could be obtained by calculating the atomic densities of each element in

the molecule:

NN — 4x1.69%10% = 6.76x10" —
cm
. M.
N = [x1.69%10% =1.69x10% —
cm
and:
dE NiyMo NigMo Ni NigMo Mo 23 —15 23 —15 eV
(M = Ny e 4 N 6% =6.76x10° x68.03X10°1 + 169X107 x91.09x10™* =613~
X
A

In previous RBS analysis of Ni-Mo alloy, Sarholtz et al. [98] found little
difference between ordered and disordered alloys. However, they concluded that the
domains and the size distribution of the domains are critically influenced by the annealing
treatment. In their opinion, the conventional electropolishing treatment will leave the
surface with an enriched molybdenum layer, while annealing of a mechanically polished
crystal will produce an enriched Ni layer on the surface. A careful mechanical polishing
is preferred versus a chemical treatment. Figure 2.7.3 shows the random and aligned
spectra for implantation fluences of 10'7 cm™ and 4x10"™ cm™. An interesting behavior is
seen in the development of radiation damage with the increase in fluence. The radiation
induced damage increases until about 10™'® cm™ and then decreases a little and better
channeling in Mo part of the spectrum is observed. But the damage for 4x 10"% cm™is the
same as for 1x107"® cm™. The explanation given by Sarholtz is that some sort of radiation
induced re-crystallization mechanism takes place intermixed with radiation damage

induced by ion bombardment [98]. I believe that they were actually seeing the beginning
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of an ordering process in the NigMo surface similar to what was observed in our research.
In the samples we irradiated, we were able to see in the RBS spectra, a slight change in

surface stoichiometry with the change in irradiation dose.

2.8 Orientation Imaging Microscopy

OIM is a technique that employs the computer acquisition and indexing of
electron backscatter patterns (EBSP) or Kikuchi patterns from an array of points to obtain
orientations of a large number of grains in a specimen. Once the orientation and position
of the grains are known, direct correlations between texture and other microstructural
characteristics such as grain size and grain boundary character can be made through the
creation of orientation maps. In OIM, electron backscattered patterns formed in a SEM
are collected from points on the sample surface distributed over a regular grid and
automatically indexed. From this data, a map can be constructed displaying changes in
crystal orientation over the specimen surface. The orientation of each point in the
microstructure is known and hence the location, line length and character of all grain
boundaries. In principle, the orientation of each grain (crystal) with respect to an external
reference system can be determined by the analysis of its diffraction pattern. When the
electron beam of narrowly defined energy strikes the crystal, the electrons disperse
beneath the surface and diffract in a systematic manner such that for each set of crystal
planes there are two cones on which those diffracted electrons lie, one corresponding to

the electrons incident on the {hkl} plane at angle Gz and the other one corresponding to
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the electrons incident to the {hkl} plane at angle -3. The interaction of the cones with a
surface gives rise to lines, the Kikuchi lines. Each pair of lines forms a Kikuchi band.
The collection of all Kikuchi bands formed as described constitutes the Kikuchi pattern,
and the intersection of the Kikuchi bands designates the zone axes (Figure 2.8.1). To
asses the image quality of the individual Kikuchi patterns, an image quality (IQ)
parameter is recorded, that depends, among other factors on the OIM system parameters,
the sample surface preparation or on the alloy’s structure. The angular resolution in the
determination of the grains’ misorientation is about 1°. In OIM, a grain is a set of
connected points with similar orientations. The user defines a tolerance angle, the
maximum misorientation two neighboring points in the same grain may have. The grain-
defining algorithm then looks at the microstructure point by point. For each point in the
microstructure, the neighboring points are checked and the misorientation is compared to
the tolerance angle. If the misorientation between two neighboring points is greater than
the tolerance angle, the two points are identified as belonging to two different grains. If it
is less than the tolerance angle, they are identified as belonging to the same grain. The
neighbors of these points are then checked, and so on until the set of connected points is

bounded by points, which exceed the tolerance angle.
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2.9 Hardness of the Ni-Mo Alloys

After thermal annealing or because of irradiation exposure, Ni-Mo alloys go
through a process of strengthening and loss of ductility. The strengthening can be
attributed to a combination of small domain size and coherency stress generated during
the ordering stages [92 and 93].

Tawancy studied the ordering reactions that occur in Ni-Mo alloys and in Cr
enriched Ni-Mo alloys [99]. He looked mainly at the thermal behavior of NizMo.
Initially the specimens were heated to 1000° C. Then, to induce ordering in the
specimens, they were heat treated for up to 16000 h at temperatures in the range of 500°-
800° C. Mechanical properties were determined from room temperature tensile tests.
Electron diffraction patterns confirmed that the as cast alloys were displaying SRO.
Order was induced in the Ni-Mo alloy after heat treatment at about 700° C. Figure 2.9.1
illustrates the effect of ordering. The yield strength nearly doubles and the loss of
ductility was almost complete. Figure 2.9.1 illustrates the true tensile stress strain
diagram. Ordering resulted in the formation of NisMo (D1a superlattice). In another set
of experiments Tawancy, looked at two Ni-Mo alloys with the composition close to
Hastelloy B2, (that is commercially available) that had stoichiometries close to the
stoichiometry of NizMo and NiuMo [99]. The results are shown in Figure 2.9.3 and we
notice a considerable increase in yield strength and a decrease of ductility. Additional X-
ray diffraction analysis done on both alloys showed that after 1000 h, the ordered phase of

NisMo (D1, superstructure) and also traces of superlattice (D0y;) characteristic to the
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ordering of NizMo were found in the alloy initially in NisMo configuration. In the D1,
structure every fifth plane is occupied by Mo atoms producing superlattice reflections at
1/5<420>. For the D0O,, every forth plane is occupied by Mo atoms producing reflections
at 1/4<420>. This is in agreement with the fact that during ordering to NizMo a
superlattice D1, (Ni4Mo) could also form as an intermediate transient phase [66].
Intergranular embrittlement associated with NigMo ordering could be related with
discontinuous grain boundary ordering reaction [25, 33, and 101]. Earlier studies have
shown that the strain energy associated with intragranular ordering could be minimized
by self-generated or strain induced recrystalization resulting in a discontinuous ordering
at the boundaries [9]. Tawancy found that the coexistence of D1, and DO0,, reduced the
strain energy associated with intragranular ordering by suppressing the grain boundary
reaction [99].

In another study of the variation of hardness with temperature, Ling et al. [94],
showed that the microhardness increased with the ageing time (Figure 2.9.4 — 2.9.5).
From X-ray calculations, Ling found that the domain size increased in three different
directions (Figure 2.9.6) [93]. He concluded that the isothermal ordering in Nis;Mo
proceeded primarily by the homogenous process of short-range diffusion followed by
domain growth and the elimination of domain boundaries. The order strengthening in
the early stage was due to domain hardening and partial order. In the late stage, the
interface strain and the dislocations that are generated from the interface and appear in

large number strengthened the alloy.
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El-Shanshoury et al. [100] looked at the influence of neutron irradiation on the
ductility and tensile properties of Ni and some other Ni alloys including Ni-Mo. His
results are presented in Figures 2.9.6-2.9.7. He concluded that the differences in ductility
between un-irradiated and irradiated samples decreased with the increase in temperature
reaching a minimum at the temperatures of complete recovery from irradiation effects.
The difference in strength is removed at about 500° C and at higher temperatures the
values of the strength of irradiated specimens are generally lower than those of the un-
irradiated specimens.

In the present research, we investigated the effects of the irradiation with light and
heavy ions on the hardness of Ni-Mo alloys. This work will complete the data that is now
available on the hardness change of these alloys under thermal processing conditions. We
decided to employ two separate ways to measure the hardness. First by microhardness
using a Vickers indenter and second by nano-hardness using a nano-indenter. Nano-
indents are in the in the submicron range depth. The reason to employ nano-hardness
measurements to complement the microhardness testing was the Ni* irradiation. Due to
the high damage rate, the path of Ni beam through the alloys is less than 2 pym. I was not
able to locate in the literature any nano-indentation tests done on Ni-Mo alloys to be able
to compare my results with. More details of the experimental setup for this procedure

will be given in section 3.8.2.
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Figure 2.2.1 Concentration wave description of Ni;Mo, NizMo NisMo and NiMo
structures. The formulas are found by Fourier expansion of the concentration delta

function c; [44].
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Figure 2.2.2 Crystal structures corresponding to Ni-Mo alloys, built on the basis of
{420} concentration waves. Also shown are the positions of superstructure
reflections in the (001) plane of reciprocal space.
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v

Figure 2.2.3 Schematic plot of the self-diffusion coefficient under irradiation.
Increasing the displacement rate K, elevates the horizontal portion of the curve [47].
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Figure 2.2.4 Irradiation of a two-phase alloy at temperature T may give a
configuration found thermally at T1’ or T2’ [48].
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Figure 2.2.5 Mechanisms of irradiation effects [65].
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Figure 2.3.1 HRTEM images of: (a) NisjMo and Ni;Mo after different heat treatment
(b) Fourier power spectra, (c) and (d): digitally processed images. The differences
in diffuse intensity distribution among the specimens are pointed by arrows A and
B. The fraction p/256 in each processed image denotes the threshold value for
displaying the image contrast with 256 gray levels from 1 (black) to 256 (white). The
preferential growth of D1, type domains is observed in NisMo as pointed by arrow
C. The number of Pt;Mo type clusters is larger in Niz;Mo than in Ni;Mo [59].
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Figure 2.4.1 Phase Diagram for Ni-Mo.
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Figure 2.4.2 Sequence of diffraction patterns showing progressive changes from
SRO to LRO at 695 K and 745 K under electron irradiation in NisMo [32].

Figure 2.4.3 Steady state structures developed in Niz;Mo at different temperatures
under 1 MeV electron irradiation [26].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



£3
4 o
£ ?5‘: e
0 o
) I T s TR & TR
£3 S S T T -

73

é:"s
O
>’
a
&

i&

M i

i
M

2 L LA o i L4

Figure 2.4.4 A view of the FCC structure showing uni-molecular subunit cell
clusters of Ni;Mo, Ni;Mo (DO,;) and NigMo (Dla) in two different orientation
variants. Diamonds and circles represent locations of atoms in the upper and lower
layers respectively. Solid symbols represent Mo atoms. Open symbols represent Ni
atoms [102].
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Figure 2.4.5 Series of patterns showing progressive changes in the state of order
during electron irradiation. Top: the decay of SRO and gradual development of
LRO at 773 K. Bottom: the destruction and subsequent development of SRO
during irradiation at 570 K [32].
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Figure 2.4.6 Steady state diagrams showing the stability ranges of SRO and LRO
under electron irradiation at a dose rate of 10> dpa/s. (A): destruction of LRO; (B):
no change; (C): continuous ordering SRO to LRO; (D): similar to (C) but LRO
stronger; (E) nucleation and growth of Dla domains; (F) destruction of SRO; (G)
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