|rradiation Effects on Fe-
Cr Alloys

Rong Hu

St. Cross College

A Thesis Submitted for the Degree of Doctor of
Philosophy at the University of Oxford

Trinity Term 2012



Irradiation Effectson Fe-Cr Alloys
Rong Hu

St. Cross College
Abstract of a Thesis Submitted for the Degree of Doctor of Philosophy
Trinity Term 2012

Ferritic chromium steels are important structural materials for future nuclear fission
and fusion reactors due to their advantages over traditional austenitic steels,
including low swelling rates, better thermal fatigue resistance, and lower thermal
expansion coefficients. Radiation-induced segregation or depletion (RIS/RID) of
solute atoms at grain boundaries is considered to be a potentially significant
phenomenon for structural materials because of its potentially detrimental role in
affecting microstructure and furthermore mechanical properties. However, the
behaviour of Cr at grain boundaries in ferritic steels is not well understood. Both
segregation and depletion of Cr a grain boundary under irradiation have been
previously observed and no clear dependency on irradiation condition or alloy type
has been presented. Furthermore, ferritic alloys are known to undergo hardening and
embrittlement after thermal aging in the temperature range of 300-550°C and this
phenomenon is related with a and o’ phase separation occurring in the solid solution.
However the low temperature a-o’ miscibility gap in the currently used phase
diagram is extrapolated from high temperature results and conflicts with many
experimental observations.

To understand the Cr behaviour at grain boundaries in ferritic steels under
irradiation, a systematic approach combining SEM/EBSD, FIB specimen
preparation and APT analysis has been developed and successfully applied to a Fe-
15.2at%Cr to investigate the effect of pre-irradiation chemistry, grain boundary
misorientation, impurities, irradiation damage, irradiation depth, and other possible
factors to get a better understanding of RIS/RID phenomena. Both low sigma
boundaries and randomly selected high angle boundaries have been investigated in
detaill. Systematic differences between the behaviour of different classes of
boundaries had been observed, and the operating mechanisms are also discussed in
thisthesis.

The maximum separation method has been applied on APT data to study the C-
enriched clusters and Cr-enriched clusters, which were not directly visible on the
atom maps. The composition of the Cr-enriched clusters was consistent with o’
phase and the irradiation was found to accelerate the nucleation rather than the
growth of these clusters. Such results provided important information in re-

determining the a-a’ phase boundary.
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Chapter 1

| ntroduction




The dramatic increase of energy demand world-wide and the gradua depletion of
traditional energy sources have spurred international cooperative efforts for
discovering new types of energy production. Nuclear power, with its enormous
potential for meeting future energy needs while keeping the environment clean, is
considered to be the most promising future energy source and is undergoing rapid

devel opment nowadays.

With the increasing need for developing nuclear power as a major energy source,
iron-chromium alloys, which are often applied as structural materias for nuclear
reactors, have attracted a huge amount of industrial interest due to their good
properties under extreme conditions, such as high strength, low swelling rates, lower
thermal expansion coefficients and resistance to radiation damage and corrosion at
high temperature.[1] Currently, ferritic/martensitic steels are used mainly for in-core
applications in fission reactors where they face an environment characterized by
320°C temperatures with neutron doses up to 10dpa and low He production. The
same materials will be used asfirst wall and blanket structures of fusion reactors and
will be required to withstand temperatures above 500°C, doses over 100dpa and high
helium loading of plasma. [2] The next generation of fission reactors (Gen V) is
under development which will have operating conditions well beyond those of
earlier designs, such as higher operating temperatures (500-1000°C), higher doses up
to 30-100dpa, higher pressure than typical operating pressure (about 7MPa for
boiling-water reactors and 15MPa for pressurized-water reactors [3]).
Ferritic/martensitic steels are still considered to be the favorable candidate in the
design of the next generation reactors, but the new design requires more advanced
performance. Since al complex ferritic aloy systems are designed based on the

binary Fe-Cr alloy, fundamental understanding of microstructure evolution of Fe-Cr




alloys under conditions of neutron irradiation is very important, since the
mechanical properties and performance are strongly connected with the

microstructure.

Irradiation can induce changes in both microstructure and microchemistry, and
furthermore result in degradation of the mechanical properties of aloys. Point
defects can be introduced in the aloys by ion or neutron irradiation. If not
recombined, these point defects will diffuse to sinks such as grain boundaries. The
interaction between point defect fluxes and solute atoms will cause coupled
transport of solute atoms, giving rise to the non-equilibrium solute concentration
gradients near the grain boundaries. This phenomenon is recognized as radiation-
induced segregation/depletion (RIS/RID) [4]. RIS/RID of the solute atoms is
believed to be one of the most important radiation-induced mechanisms and to have
a strong link with the change of mechanical properties. The study of these
phenomena in austenitic steels has been carried out for quite a long time and a
consistent explanation has been found. The situation in ferritic/martensitic steel is
not so clear and both radiation-induced segregation and depletion of Cr in grain
boundaries have been reported as summarized by Lu et a.[5] and Was et al. [6]. The
conclusions drawn from the literature on RIS/RID of Cr in grain boundary in ferritic
steels are often based on incomplete data, for example authors often fail to take into
account al the possible factors which could affect the RIS/RID phenomenon, such
as pre-irradiation grain boundary chemistry, grain boundary misorientation, the
presence of minor elements and precipitates and so on. Therefore it is necessary to
develop a systematic approach to study the RIS/RID phenomenon in the Fe-Cr
binary alloys while considering as many factors as possible. As the high Cr

ferritic/martensitic steels are considered to be the leading candidates for advanced




nuclear applications, it is crucial to gain a better understanding of the radiation-

induced segregation/depletion of Fe-Cr binary aloys.

Furthermore, it is wel known that ferritic alloys undergo hardening and
embrittlement after thermal aging in the temperature range of 300-550°C which is
referred as ‘475°C embrittlement’, because there is a miscibility gap at low
temperature in the Fe-rich corner of the phase diagram. This leads to a and o’ phase
separation occurring in the solid solution and the phenomenon is enhanced under
irradiation conditions (details in Chapter 2) [7]. Currently the low temperature a and
o’ phase boundary on the phase diagram in the published handbook is extrapolated
from high temperature results but not based on real data, and conflicts with many
experimental observations. Many researches focus on re-determining the phase
boundary by both experimental and theoretical methods as summarized by Bonny et
al. [7], however there are still some discrepancies among them. The observations of
o’ phase separation made by TEM and other methods are also limited due to the
nature of these techniques. On the other hand, atom probe tomography has proved to
be a very efficient method in characterizing ultrafine scale microstructure evolution.
Application of this technique will make it possible to observe o’ phase, especially at
the earliest stages of phase separation, and can provide vital information for re-

determining the a-a’ phase boundary in support the needs of the nuclear industry.

In this thesis, a systematic approach for studying RIS/RID has been developed and
RIS/RID phenomena of Cr on grain boundaries with various misorientations as well
as o' phase formation has been studied in Fe-Cr alloys under different irradiation
conditions. The background information and literature review will be introduced in
Chapter 2. The experimental methods will be discussed in Chapter 3. All results will

be presented in Chapter 4, 5, 6 and 7, with conclusions in Chapter 8.
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Chapter 2

Literature Review




2.1 Review of the Iron-Chromium System

2.1.1 Technica importance and application in nuclear industry

Before the 1970s, austenitic stainless steels were the primary materials used in the
field of fission reactors because they were corrosion resistant and had good
mechanical properties, but there was some degradation due to exposure to fast
neutrons. Components which were manufactured with austenitic stainless steels and
used in water-cooled reactors included piping, pumps, core barrels and thermal
shields. Stainless steel was also the preferred fuel cladding material in sodium-
cooled fast breeder reactors, and creep was increased by neutron irradiation under
this condition. Meanwhile, low-aloy carbon steels, such as A533B (consisting of
0.25%*C, 1.5%Mn, 0.035%P, 0.04%S, 0.03%Si, 0.6%Mo, 0.7%Ni, in weight
percent), was an important reactor material for use in pressure vessels and
miscellaneous components [1]. Later on, 9-12%Cr-Mo steels were considered to be
favored candidates for in-core (cladding, wrappers, and ducts) applications for fast
reactors due to their higher thermal conductivities and lower expansion coefficients
than those of austenitic steels. The in-core application of high-swelling austenitic
steels has been limited by void swelling [2]. For example, Sandvik HT9 (consisting
of 12%Cr, 0.2%C, 0.4%Si, 0.6%Mn, 0.5%Ni, 1%Mo, 0.5%W, 0.25%V, in weight
percent) was the chosen candidate in the US fast reactor program. 2.25Cr-1Mo and
modified 9Cr-1Mo steels were aso studied as structural materials for the steam

generator of the Clinch River Breeder Reactor (CRBR) [2].

! The compositions are given in weight percentage terms in this chapter (unless stated otherwise)
because most industrial alloys are referred to in weight percentage terms in original references.
Elsewhere in this thesis, the compositions are given in atomic percentage terms (unless stated
otherwise).




In the field of fusion reactors, since large amounts of data had been collected on this
steel during the 1970s, Sandvik HT9 was the first ferritic/martensitic steel used in
the US Fusion Materials Program and it was used as the structural material for the
first wall and blanket structures of experimental fusion reactors [3, 4]. In the mid-
80s, the concept of low-activation materials was introduced into the international
fusion program [5-7]. The object was to develop materials which would either not
activate during neutron irradiation or only develop low-level radioactivity that
would decay quickly, to improve safety of operation and alow hands-on
maintenance of the reactors built using this kind of materials. Between the mid-
1980s and early 1990s, reduced-activation ferritic/martensitic steels were developed
in fusion reactor materials research programs in Japan, US and Europe. Based on
nuclear caculations, the alloying elements Mo, Nb, Ni, Cr and N in a typica steel
need to be minimized and the replacement of molybdenum by tungsten and/or
vanadium, and niobium by tantalum in conventional Cr-Mo steels is necessary for
the development of reduced-activation ferritic/martensitic steels [8, 9]. Since it was
difficult to eliminate the formation of d-ferrite, that would lower toughness and
consequently cause embrittlement [10], in 12%Cr steel without increasing carbon or
manganese for austenite stabilization, 7-9%Cr steels were favored. Eventualy,
EUROFER [11] (consisting of 8.5%Cr, 1%W, 0.05%Mn, 0.25%V, 0.08%Ta,
0.05%N, 0.005%B, 0.1%C) was selected by the European program while the
Japanese program settled on F82H [12] (consisting of 7.5%Cr, 2%W, 0.2%V,
0.04%Ta, 0.1%C, in weight percent); and the alloy with best properties in the US
was the ORNL 9Cr-2WVTa [8] (consisting of 9%Cr, 2%W, 0.25%V, 0.07%Ta,

0.1%C).




More recently, the 9-12%Cr elevated-temperature steels have been introduced into
the nuclear industry since the creep properties have been improved vastly and these
steels are far superior to HT9. Since the designs of generation IV fission reactors
will require higher operating conditions as discussed in section 1, elevated-
temperature ferritic/martensitic steels which contain high-chromium (9-12%Cr) are

the first choice for in-core and out-of-core applications.




2.1.2 Phase diagram

The Fe-Cr binary phase diagram generally used and published in handbooks is

shown in Fig.2.1[13].
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Fig.2.1 Fe-Cr binary phase diagram, from reference [13]

At low temperature, a large miscibility gap separates the Fe-rich a-phase and Cr-rich
a’-phase which both have the body-centre cubic structure. The low temperature o-o’
phase boundary is an extrapolation from the high temperature data but not based on
actual experimental results. It isin conflict with many observations and is under re-
determination by various researchers. Details will be discussed in section 2.3. A
fairly complex o-phase (containing 30 atoms in a unit cell) occurs at temperatures
between 500°C and 830°C with a Cr concentration around 47.2%. However, Babakr

et al. discovered that o-phase was prone to form along grain boundaries in 18-

10
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25%Cr alloy during prolonged exposures above 650°C [14]. A face-centre cubic y-
phase (y-loop) forms at temperatures above 846°C for Cr concentrations below
13.4%. When the Cr concentration is beyond 13.4%, the microstructure of the alloy
is a-phase (with o’-phase) from the freezing range to low temperature without
forming y-phase and the produces ferritic steel. The microstructure of the steady-
state austenitic steel is mainly y-phase with smaller amounts of a-phase and
carbides. In order to produce the martensitic phase, the steel must have been in the
form of austenite previoudly. Only steels with compositions which produce austenite
at some stage during cooling will have the possibility of becoming martensite on

further cooling.
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2.2 Radiation Induced Segregation/Depletion

2.2.1 Introduction

Interactions between solute atoms and point defects (vacancies and interstitials) can
cause coupled transport of solute atoms by point defect fluxes under irradiation
conditions, which gives rise to the non-equilibrium phenomenon of radiation-
induced segregation [15], that was first postulated by Anthony [16] and observed by
Weidersich and Okamoto [17]. Since the 1970s, a great deal of experimental and
theoretical research has been directed towards a basic understanding of this non-
equilibrium phenomenon. The segregation of aloying elements towards or away
from didlocations, grain boundaries and other types of defects has become a
commonly observed effect in a wide range of aloys after irradiation. Solute
segregation not only influences surface-composition-sensitive phenomena such as
corrosion, and preferential sputtering, but also affects severa bulk properties such as
void swelling and phase instabilities [18]. This phenomenon is affected by
temperature, irradiation dose rate, and pre-existing precipitation, as well as by grain
boundary orientation and the presence of impurities. The importance of radiation-
induced segregation is that the reduction of Cr concentration at grain boundaries is
believed to increase the likelihood of cracking and to influence fracture of
components by the mechanism of irradiation-assisted stress corrosion cracking [19,
20]. Since iron-chromium alloys are favoured as structura materials for fusion
reactors, the technological impact of solute segregation effects and other radiation-

induced properties should be of serious concern [21].

12



Anthony [16] has investigated the role played by the vacancy flux in producing
solute depletion or solute enrichment in vacancy sinks or vacancy sources during
heating, cooling, sintering or irradiation of a material. Whether the solute atoms
deplete from, or segregate to, the vacancy sink is determined by the binding energy
between a vacancy and a solute atom. In a binary system, for a dilute (< ~ 1 a%
solute [15]) solution of B in A, when the binding energy between B and avacancy is

the order of the thermal energy,

|AE/RT| < 1 2-1
The steady-state can be achieved when:

dInCg _ 0InC, D — D,
ox  0x Dg

(2-2)

Where D and Dg are the diffusivities of A and B, Cg and C, are the mole fraction
concentrations of B and vacancies. Therefore in the case of a weak binding energy
between a vacancy and a solute atom, the solute gradient in the steady-state is
generated by the reverse atom flow caused by vacancy flow and the diffusivities of
the solute and solvent atoms. When the diffusivity of solute B exceeds that of
solvent A, a solute gradient will form in the same direction as the vacancy gradient
and correspondingly lead to solute depletion of the vacancy sink. On the other hand,
solute enrichment in the vacancy sink will form when the solute diffusivity is less

than the solvent diffusivity [16].

In contrast to the case above, when the binding energy between a vacancy and a
solute atom is much greater than the thermal energy KT, the solute atom and vacancy
can form solute-vacancy pairs in which the solute atom is firmly bound to the

vacancy and may be dragged to a vacancy sink. In the steady-state:

13



VC, = (CB_CP)VC 2-3
s=~\g, =¢,) Ve ( )

Where the Cg, C; and C, are the mole fraction concentrations of solute B, solute-
vacancy pairs and vacancies. Since Cg > C, and Cy > C,, the solute gradient is
aways the opposite to the solute-vacancy pair gradient and therefore produces solute

enrichment at the vacancy sink.

Johnson and Lam [18] designed a kinetic model to investigate the conditions that
may give rise to solute segregation to a sink under irradiation, including solute
transport via free defect fluxes as well as via the migration of vacancy-solute and
interstitial-solute complexes [21]. The calculation showed that if an appreciable
binding between self-interstitials and solute atoms exists, solute segregation should
be expected under appropriate irradiation conditions when the migration energies of

the vacancy and interstitial-solute complex become comparable.

Okamoto and Rehn [21] summarized theoretical models which link solute
segregation in irradiated alloys to the formation of mobile defect-solute complexes
and/or the inverse Kirkendall effect resulting from differences in the diffusion rates
of free solvent and solute atoms when migrating via an interstitial or vacancy

mechanism.
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Fig.2.2 Schematic illustration of the inverse Kirkendall effect induced by (a)
vacancy flux, (b) interstitial flux, from reference [21]

When the components of an alloy diffuse via vacancies at different rates, a net flux
of vacancies can be induced by a composition gradient across a“marked” plane even
though the distribution of vacancies is initially uniform. This phenomenon is well
known as the Kirkendall effect. However, during irradiation, an inverse Kirkendall
effect can happen near sinks where a gradient of vacancies or interstitials can induce
a net flux of solute and solvent atoms across a “marked” plane in an initially
homogeneous aloy, as illustrated in Fig.2.2 [21]. Fig. 2.2 (a) shows the case of a
vacancy gradient near asink in abinary alloy composed of elements A and B, where
Jv, Ja and Jg” are the fluxes of vacancies, element A and element B respectively.
The vacancy flux towards the sink induces an atom flux of A and B (Ja + Jg) of
equal magnitude in the opposite direction. The atom flux transports A and B atoms
in amounts proportiona to their local atomic fraction and diffusion coefficients, Ca,
Cs, DA’ and Dg" respectively. If Dn’ # Dg’, the atom flux of the faster diffusing
component away from the sink will be proportionately greater than its concentration
in aloy. Therefore, the vacancy flux will always cause the depletion of the faster

diffusing component at the sink, as described earlier.
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The inverse Kirkendall effect can adso be induced by an interstitial gradient as
illustrated in Fig.2.2 (b), where J,, JA, J&', DA' and Dg' are the fluxes of interstitials,
element A and element B, and the diffusion coefficients of A and B by interstitial
mechanisms respectively. Because the interstitial flux and the atom fluxes move in
the same direction, when D' # Dg', preferential transport of the faster diffusing
component toward the sink will result from the different interstitia diffusion
coefficients of the A and B. Therefore, the two inverse Kirkendall effects caused by
vacancy and interstitial fluxes may aid or oppose each other in causing solute

depletion or enrichment at asink [21].
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Fig.2.3 Effect of partial diffusion coefficients on the depth distribution of A atoms,
from reference [ 21]
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Wiedersich et al. [17] derived the following equation relating the concentration

gradients of component A and vacancies in steady-state for a concentrated binary

aloy:
VC Di D VG 2—4
0( —_— —_
A DBV Dllg v ( )

The two cases of interest predicted by equation 2-4 are illustrated in Fig.2.3. When
Da’/Dg’ > DA'/Dg', component A depletes from the sink. Alternatively, enrichment
of component A at the sink occurs when DA"/Dg” < DA'/Dg'. In addition, solute
segregation to sinks can also occur when solute atoms interact with vacancies or
interstitials to form mobile vacancy-solute or interstitial-solute complexes [21]. In
genera, the contribution of defect-solute complexes to the segregation depends on
the magnitude of their binding energy and migration energy. This mechanism is
considered to be especially important for undersize solutes (those which reduce the
mean atomic volume of the aloy [22]) in dilute alloys since the undersize solutes
bind interstitials much more strongly than oversize solutes in a mixed dumbbell
configuration, leading to enrichment at the sink. In contrast, oversize solutes which
exhibit weak binding with vacancies will drift away from the sink by a vacancy

mechanism [15, 21].

Diffusion of defect-solute complexes can dominate at low temperature since the
interactions between defects and solutes are less effective at high temperature.
Meanwhile, inverse Kirkendall effects may dominate at high temperature [21]. In
general, differences between the sizes of solute and solvent atoms are expected to
result in enrichment of undersize solute atoms and depletion of oversize solute

atoms near sinks during irradiation. However, accurate quantitative predictions of
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the segregation behaviour of real alloys depends on precise knowledge of the defect-
solute binding energies, and migration energies, migration mechanisms of defect-
solute complexes, as well as the diffusivities of solutes via vacancy or interstitial

mechanisms. In many cases, thisinformation is not available [15].

In addition, the effect of irradiation on precipitation processesin alloys can generally
be described in terms of two sets of phenomena: one is the modification of phases
existing prior to irradiation, involving retardation or acceleration, changing spatial
distribution and morphology [21]. The other is the formation of new non-
equilibrium phases which are not expected after thermal treatment or appear out of
the place on the known phase diagram. The second set of phenomena can be
understood in terms of redistribution of alloying elements under irradiation caused
by radiation-enhanced diffusion, displacement cascade mixing and radiation-induced
segregation. It has been shown that the appearance of new phases can be simply
explained as the result of radiation-induced segregation to sinks such as grain

boundaries, dislocation and existing precipitation/matrix interfaces [15].
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2.2.2 Research on austenitic steels

Many studies [20, 23-32] on radiation-induced segregation have been carried out on
the austenitic Fe-Cr-Ni aloys and good correlation has been established with the
theoretical models described above. STEM/TEM combined with energy-dispersive
X-ray analysis (EDX) technique is a powerful method involving collecting spectra at
discrete points across the grain boundary, which are used to build a 1D composition
profile normal to the boundary plane. This technique provides information on the
chemistry of the grain boundary and the width of segregation or depletion. The most
accurate results can be obtained if (i) afield emission gun is used to provide enough
intensity in small electron probes (<1nm), (ii) the sample is very thin and (iii) the
grain boundary is positioned to be parallel to the beam. The width of the
concentration profiles is often similar to the diameter of electron probe [33].
However, the radial distribution of current in the electron probe is complex. 80% of
current is confined within a diameter of 1-2nm [31]. High-angle scattering of the
electrons occurring in the specimen will further broaden the effective probe and
complicate deconvolution of the real concentration profile. Furthermore, low-
atomic-number elements such as B and C which are not easily detected by EDX,
could form complexes with elements such as Cr and consequently affect
segregation/depletion as well as the concentration profile obtained by EDX.
Titchmarsh et a. [31] developed a Monte Carlo code to predict the dependence of
STEM-EDX measurement of Cr concentration profile in irradiated stainless steel
when RIS/RID are both present. Later, these authors [20, 34] applied a multivariate
statistical analysis method to improve the quantification of EDX concentration

measurement of alloying elements. This method was particularly useful due to the
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possibility of separation of the information components when trying to detect small
signals which may be obscured by artefacts or random noise. It could become a
powerful tool for analysis of complex concentration profiles and lead to an improved
understanding of RIS/'RID mechanism. Auger spectroscopy is an alternative method,
but it is difficult to detect and avoid the influence of grain-boundary precipitates in

the analysis [20].

Nakata et al. [23] conducted EDS analysis of solute distributions in the vicinity of
grain boundaries in Type 316L austenitic steel after irradiation, and discovered that
undersized aloying elements such as nickel, silicon and phosphorus segregated
toward the grain boundary while oversized chromium and molybdenum depleted
from the grain boundary after electron beam irradiation up to about 30dpa at

temperatures from 623 to 873K. One of the irradiation resultsis shown in Fig.2.4.
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Fig.2.4 The solute distribution in the vicinity of a grain boundary in Type 316L
austenitic steel irradiated to 30dpa at 723K, from reference [23]
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Allen et al. [24] compared the grain boundary compositions measured by EDS in
seven different austenitic Fe-Cr-Ni alloys (irradiated with 3.2MeV protons at
temperatures from 200°C to 600°C and to doses from 0.1 to 3dpa) with the
calculation results predicted by the inverse Kirkendall mechanism. They concluded
that radiation-induced segregation in this alloy is mainly driven by the interaction of
solute atoms with the vacancy flux and can be explained by the inverse Kirkendall

mechanism.

Fig.2.5 Dislocation free zone formation at a grain boundary in Fe-15Cr-20Ni alloy at
different temperature with 0.6dpa, from reference [27]

Watanabe et a. [27] discovered radiation-induced segregation and heterogeneous
microstructures which involved dislocation free zone formation in the vicinity of
grain boundaries under irradiation in a typical austenitic Fe-15Cr-20Ni (irradiated
with 1IMeV electrons at 523-623K with 1.0-10dpa), as shown in Fig.2.5. The authors
explained that the supersaturated point defects introduced during irradiation, such as

vacancies and interstitials, diffuse to grain boundary sinks and dislocation free zones
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form near the grain boundaries where there is no secondary defect formation. After
the radiation-induced segregation reaches a steady state, secondary defects start to
form inside the dislocation free zone and reduce its width. These authors also
applied computer simulation to compare with the experimental results on austenitic
steel in their other work [25, 28, 35] and found that the temperature dependence of
radiation-induced segregation is quite weak, and the grain boundary misorientation
should be considered as an important factor in affecting radiation-induced

segregation.
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Fig.2.6 Concentration profile at grain boundaries irradiated at 600°C (a) 3.6dpa, (b)
360dpa, from reference [30]
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However, some other researches show that the depletion of Cr from the grain
boundary does not definitely happen in all cases. Kesternich et a. [30] reported the
dose of irradiation has an effect on solute atoms depletion or segregation in the grain
boundaries of austenitic steel (Nb-stabilized steel of type DIN 1.4981 irradiated by
Ni*" ion at 600°C for 3.6 and 360dpa) and for the first time discovered the effective
inversion of radiation-induced segregation. At low doses the commonly observed
radiation-induced segregation behaviour was confirmed while at high doses the
segregation behaviour at grain boundaries completely inverted as shown in Fig.2.6.
It was proposed that the radiation-induced segregation inversion is due to formation
and growth of radiation-induced precipitates which are rich in Ni, Si and poor in Cr

content and therefore lead to Cr enrichment in the grain boundary.
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Fig.2.7 Composition profiles of Cr and Mo at grain boundaries in 304CP and 316CP
steel (a) un-irradiated, (b) 1dpa, from reference [29]

Meanwhile, Kenik et al. [29] observed a “W-shape’ Cr profile across grain
boundaries in austenitic stainless steels (304CP and 316CP irradiated by 1dpa with

protons a 360°C) by analytical electron microscopy as shown in Fig.2.7. The
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authors believed this could be explained by the depletion resistance effect of other
impurity elements such as B, C and P. Such pre-existing co-segregation of
impurities may have a positive interaction with Cr and Mo and therefore provide a
resistance to subsequent depletion of Cr and Mo from the grain boundary by

radiation-induced segregation.
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2.2.3 Research on ferritic/martensitic steals

In austenitic steels, radiation-induced depletion of Cr at grain boundaries seems to
be the dominant process [20, 23-32], though there are some exceptions [29, 30].
However in ferritic/martensitic steels, both radiation-induced segregation and
depletion of Cr in grain boundaries have been reported [36-47], which mechanism

Cr isundergoing still needsto be clarified.

Lu et al. [36] compiled literature data [37-44, 46] showing both radiation-induced
segregation and depletion of Cr in ferritic/martensitic steel irrespective of Cr content
or means of irradiation. Neklyudov et al. [37] showed that Cr depleted at neutral
sinks (mainly grain boundaries) in ferritic steel after irradiation, while the
preferential sinks (dislocation loops) were enriched in Cr. The second result was in
good agreement with the data in reference [45]. Little [15] adso showed a “W-
shape” concentration gradient for Cr on either side of a martensite lath boundary in

FV 448 stedl irradiated to 46dpa at 465°C as shown in Fig.2.8.
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Fig.2.8 Concentration gradients on either side of a martensite lath boundary in
FV448 stedl irradiated to 46dpa at 465°C, from reference [15]
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However, Kato et a. [41] investigated the solute distribution in the vicinity of grain
boundaries in ferritic Fe-10Cr-xMn-3Al (x=5, 10 or 15) irradiated by electron to
10dpa at 723K, and discovered the concentration of Cr rose sharply at the boundary.
They suggested that the enrichment of Cr at the grain boundary seemed to relate
primarily to the formation of Cr-rich precipitates at the boundary. Allen et a. [47]
conducted research on 12%Cr ferritic-martensitic steel and found that Cr was
enriched at grain boundaries prior to irradiation, possibly due to grain boundary Cr
carbides. Thisincreased further during irradiation which the authors believed was at

least partially caused by radiation-induced segregation.

Lu et al. [36] suggested an explanation for the discrepancies among these results. In
austenitic steels for nuclear applications, the major elements are Cr and Ni. Since the
atomic radius of Ni is smaller than Fe while that of Cr is dlightly larger than Fe,
generally, Cr is considered to be the oversized atom and radiation-induced depletion
is observed in austenitic steels. But in the ferritic steels, the mgjor elements are Cr
and W, Nb, Mo, Ta, V and Ti which are al larger elements than Fe and Cr and may
increase the average lattice constant. Furthermore, recent MD simulation [48]
reveals that in the body-centred cubic Fe-Cr system, nearest neighbours may relax
towards Cr atoms. All of these could result in changing Cr from an oversized atom
to an undersized atom and alter the segregation/depletion behaviour under
irradiation. Therefore whether Cr should to be regarded as an undersized or
oversized atom depends on concentration and electronic/magnetic effects.
Meanwhile, the coarsening or dissolving of pre-existing precipitation such as M3Cs
and the formation of new phases clearly have an effect on the grain boundary

microchemistry. The presence of these precipitates is believed to have an influence
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on the radiation-induced segregation/depletion behaviour, however no coherent

explanation can be deduced from current data.

Was et a. [49] conducted a series of experiments on three ferritic-martensitic alloys,
T91 (Cr concentration 8.26%), HT9 (Cr concentration 12%) and HCM12A (Cr
concentration 12%), which are al candidate cladding and structura alloys for
generation 1V fast reactors and future fusion reactors. These aloys were irradiated
from 3 to 10dpa at both 400°C and 500°C with 2.0MeV protons. Both Cr segregation
and depletion were observed as shown in Fig.2.9. A general tendency was that Cr
enrichment occurred in the aloys with lower Cr content (T91) and at lower
temperature whilst depletion occurred in higher Cr aloys (HT9 and HCM12A) and
at higher irradiation temperature. The authors also applied a Kinetic Lattice Monte
Carlo (KLMC) model to simulate the RIS behavior of Cr in BCC Fe-Cr aloy by a
vacancy-mediated mechanism, and explained that though the experimenta results
were more complicated, the KLMC simulation showed that the modeling results
were fully consistent with an inverse Kirkendall mechanism determined by the ratio

of Cr to Fe diffusion.
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Fig.2.9 Dose, temperature and alloy dependence of grain boundary segregation of Cr
following irradiation with 2MeV protons for T91, HCM12A and HT9 at 400°C and
T91 and HCM 12A at 500°C, from reference [49]

Jiao et a. [50] applied the atom probe technique to study the RIS at grain
boundaries, precipitate/matrix interfaces and dislocations in these three ferritic-
martensitic aloys, HCM12A, T91 and HT9. While Ni, Si and P were found to
enrich at al grain boundaries in HCM12A irradiated by either proton irradiation to
7dpa at 400°C or Fe?* irradiation to 100dpa at 500°C, both Cr segregation and
depletion were observed at different grain boundaries. The enrichment of Cr was
generally less than 1at% and the depletion was as high as 4at% in the Fe** irradiated

alloy. The authors explained that the large variation of Cr concentration at grain
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boundaries was not solely dependent on grain boundary type, but also on the
inhomogeneous distribution of Cr carbides in the grain boundary and the formation
of Cr-rich precipitates in the matrix. Cr enrichment at grain boundaries in proton-
irradiated T91 was aso observed. Furthermore, Cr was observed to enrich at
dislocation linesin T91 but deplete at dislocation lines/loops in HCM12A.. This was
similar to the segregation/depletion behavior at grain boundaries in these two aloys.
Cr enrichment at precipitate (Cr carbide)/matrix interfaces was aso observed in both
HCM12A and HT9 following irradiation to 7dpa at 400 °C. The authors suggested
that all three types of sinks, dislocations, grain boundaries and precipitate/matrix
interfaces should be taken into account when discussing RIS in ferritic-martensitic

aloys.

The discrepancies among the results discussed above demonstrate that further
research is needed to quantify the RIS'RID behavior of Cr and its controlling

mechanism in ferritic-martensitic stegls.
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2.3 a-a’ Phase Boundary at Low Temperature

2.3.1 Introduction

The ferritic/martensitic Fe-Cr aloys have the disadvantage of a phase separation
which causes loss of ductility and corrosion resistance due to the precipitation of a
Cr-rich phase (a’-phase). The phase separation happens at the nanometer scale and
induces hardening of the binary solid solution [51]. For example, above 12% Cr, the
alloys undergo hardening and embrittlement after thermal aging, which has been
known for decades as “475°C embrittlement” and is related to the a-o’ phase
separation [52]. At present, Fe-9%Cr has been selected as optimum for nuclear
applications due to its observed minimum ductile-to-brittle transition temperature
shift after neutron irradiation [53]. However, in principle the optimum concentration
choice should be determined by whether or not phase separation will occur at the
operating temperature, which requires a precise knowledge of the o-a’ phase

boundary.

The Fe-rich part of the Fe-Cr phase diagram has been discussed in section 2.1.2. It
essentialy coincides with the CALPHAD formula proposed in 1987 [54]. The low
temperature (<700K) solubility limit is an extrapolation but not based on actual
experiment data made in this temperature range. However, theoretical calculations at
OK made in 1983 [55] have suggested that the interaction potential in the Fe-Cr
system can change its sign when the Cr concentration varies. Also, Mirebeau et al.
[56] using diffuse-neutron-scattering and resistivity measurements observed that

partial short-range order of Cr (negative Cowley-Warren short-range order [57])
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formed in aloys with <10% Cr at 700K. These findings obviously conflict with the
low solubility limit in the standard phase diagram, suggesting much more detailed

research is necessary to establish a new a-a’ phase boundary at low temperature.
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2.3.2 Current research on re-determination of the phase boundary

The current experimental data [51, 58-77] regarding ordering and o’ precipitation
formation have mainly been obtained by MR (Mossbauer spectroscopy), TEM
(transmission electron microscopy) with EDS (energy dispersive spectroscopy),
SANS (small angle neutron scattering) and APT (atom probe tomography). In
addition to the obtained experimental results, various DFT-parameterized (density
functional theory) cohesive models [78-81] have been used to predict the

corresponding phase diagram, as discussed below.

Kuwano et a. [59] applied the MR technique to several different ferritic Fe-Cr
aloys irradiated by 16MV protons, with Cr concentrations ranging from 4.7%-
16.9%. Compositional changes were measured at room temperature after specimens
were aged for 1h at various temperatures sequentially. Depletion of Cr in the matrix
occurred in the alloys contining more than 7.4% Cr and was interpreted as o’ phase
precipitation formation, which was enhanced by the proton irradiation. The authors
concluded that a Cr concentration of 7.4% Cr alloy was outside the miscibility gap at
748K while a Cr concentration of 9.3% Cr was inside the miscibility gap at 673K
and 748K. It was obvious that the precipitation of o’ phase was accelerated during
the annealing of the irradiated alloys and irradiation enhanced precipitation at
temperatures where phase separation would not be expected in the absence of
irradiation. Meanwhile, enrichment of Cr was found in the 4.7% Cr aloy and might
be explained by the mechanism of radiation induced segregation which is discussed

in section 2.2.

Konobeev et a. [60] used TEM to observe various Fe-Cr binary aloys in both

annealed and heavily cold worked conditions after irradiation to 25.8dpa at 400°C.
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Formation of o’ phase was discovered in the Fe-12%Cr and Fe-18%Cr alloys as well
as a precipitation-free zone of less than 150nm in width along grain boundaries. The
mean precipitate diameter in annealed samples was approximately identical at
~14nm while dlightly smaller precipitates (~10nm) were found in cold-worked
alloys. Thisresult indicated that the Cr concentrations of the 12% and 18% Cr alloys
were inside the miscibility gap at 673K. However, it isdifficult to use TEM to detect
and study a-o’ phase separation because the electron scattering contrast between Fe
and Cr is quite weak [62]. For example, the total volume fraction of o’ phase
deduced from TEM in F17 steel (contenting 17% Cr and thermally aged at 450°C
[61]) was probably underestimated to be of the order of 0.5%. A value between 5%-
10% is expected from the phase diagram and confirmed by recent SANS
experiments [63]. Furthermore, the ferromagnetic character of the matrix and the
high density of interfaces also limit the possibility of fine structural analysis by

TEM [62].

The SANS technique is a much more powerful tools than TEM in some specific
cases for the study of nanoscale precipitation in ferritic/martensitic steels, for
example to detect very small particles (<5nm) or to characterize the mean size,
shape and number density of particles, due to a more favorable contrast between
matrix and precipitates. In addition, SANS can examine a much larger volume of
materials than TEM. Mathon et a. [62] studied a-o’ phase separation in several
martensitic steels with Cr contents ranging from 7 to 12% after neutron irradiation
(0.7-2.9dpa between 250 and 400°C) employing the SANS technique. Precipitation
of o’ phase was found on the nanometer scale under irradiation at temperatures as
low as 250°C when the Cr concentration was >8at%. The Cr threshold concentration

for a-a’ phase un-mixing was estimated to be 7.2at%Cr at 325°C and 8.3at% Cr at
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400°C. The volume fraction of o’ phase increased with Cr concentration and the
irradiation dose, and as the irradiation temperature was lowered. The authors also
investigated the influence of impurities on a-o” phase separation and discovered that
Mo (and perhaps Ni) could induce an unidentified secondary precipitation and/or
play arole in the phase separation while the effect of Ta and W was negligible. It
was found that the precipitation of o’ phase in the Cr-rich steel contributed

significantly to the irradiation-induced hardening.

Compiling the data discussed above [56, 59-62] and more results from Ref. [65-77] ,
Bonny et a. [64] drew a new phase boundary, comparing it with the conventional
Fe-Cr phase diagram as shown in Fig.2.10. The data selection was restricted to the
region of 5-15% Cr and 300-900K so that the issue regarding sigma phase and
spinodal decomposition could be excluded, as well as the body-centre cubic to face-

centre cubic transformation.

The determined steep phase boundary at low temperature is mainly supported by
experiments involving irradiation, which may produce non-equilibrium states.
Therefore, it is possible that o’ phase precipitates could have been induced by
irradiation and preferentialy nucleate at irradiation-induced defects. However, TEM
observations [60, 61, 65, 69, 73, 75, 77] confirmed that the fine o’ phase precipitates
were dispersed in the bulk and did not attach to radiation defects such as dislocation
loops or voids; furthermore, precipitation was equally detected under electron,
proton and neutron irradiation, showing insensitivity to the source or damage dose.
Thus, o’ phase precipitation under irradiation is probably ssmply due to radiation-

enhanced diffusion and phase separation is accelerated by irradiation [64]. In these
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conditions, the position of the phase boundary is therefore not expected to be

affected by irradiation.
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Fig.2.10 Conventional Fe-Cr phase diagram (dashed line) and experimenta points
related to Cr ordering (in green), precipitation (in black) and suggested phase
boundary (in red).The solid line represents the phase boundary based on the given
experimental data. Symbols and related reference: A [65], B [56], C [66], D [67], E
[68], F [59], G [69], H [70], | [71], J[72], K [73], L [60], M [61], N [74], O [75], P
[76], Q[62], R[77], from reference [64].

Density functional theory provides a physical explanation for the observed ordering
and precipitation phenomena, in terms of the electron-band and magnetic properties
of Fe and Cr [82, 83]. When an isolated Cr atom is present in Fe, it lowers the
density of states at the Fermi level, providing a negative heat of formation [83]. On
the other hand, BCC Fe is ferromagnetic while BCC Cr can be considered as anti-

ferromagnetic in its ground state [84, 85]. Therefore, a Cr atom in Fe has an anti-
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parallel magnetic moment to those of the surrounding Fe atoms [82, 85]. If a second
Cr atom isintroduced nearby, the most energetically favorable situation occurs when
Cr atoms distribute as far as possible from each other. By increasing the Cr
concentration, Cr-Cr interaction cannot be avoided, leading to a positive heat of

mixing and o’ phase precipitation becomes favorable.

The recent development of DFT has made it possible to perform calculations of the
energy of clusters containing several hundreds of atoms and enables the accurate
comparison of enthalpies of formation of disordered atomic configurations [78].
Although there are some quantitative differences between different DFT
approximations, the results are qualitatively similar and in agreement with current
experimental data as discussed above. For example, Caro et a. [86] carried out ab
initio calculations of formation energies for the Fe-Cr systems by making an
approximation that consisted of creating a classic potential which was developed by
the same authors [79] based on the reported Fe and Cr potential [87, 88], that
reproduced the energetic and several other quantities, and with it the author
calculated free energies with no further approximation. The authors calculated the
phase diagram at low temperature of the Fe-rich corner by this approximation
combining with thermodynamic integration techniques. These authors propose a
solubility limit above ~700K which is much less than the value in SSOL (Scientific
Group Thermodata Europe Solution Database) [89] and below ~700K a value

which is much higher.
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Fig.2.11 Phase boundary according to cohesive models for Fe-Cr, compared with the
CALPHAD [54] phase boundary and the phase boundary deduced in Fig.2.10.
Symbols: 2BM [80, 81], CDM [79], CE [78], from reference [64].

Bonny et al. [64] compiled three cohesive DFT models to re-determine the phase
boundary at low temperature. These are: the interatomic potential model which isan
extension of the embedded atom method, developed by Caro et a. [79, 86] and
Olsson et a. [80, 81] separately; and the cluster expansion developed by Lavrentiev
et a. [78]. The phase boundary predicted by each model is shown in Fig.2.11. The
steep behavior of the Fe-rich solubility limit obtained from these cohesive modelsis
considered to be the direct consequence of the negative heat of mixing. Although the
actual position of the phase boundary depends on the model used, all of the models

predict asimilar steepness of the solubility limit at low temperature (<700K).

To conclude, the steepness of the phase boundary has been predicted by all the
models and has aso been observed experimentaly. It is believed that the
experiments involving irradiation only accelerate a-o’ phase separation or partial

ordering of Cr. The combination of DFT model calculation and experimental results
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clearly suggests a much larger solubility limit of Cr in the Fe-rich corner than
predicted by the conventiona Fe-Cr phase diagram found in handbooks [13].
Therefore, the introduction of an appropriate correction to the currently accepted Fe-

Cr phase diagram is necessary.
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2.3.3 APT Study of o’ phase

There have been many studies of microstructure evolution during o-o’ phase
separation using SANS and MS, but it was not until the 1980s that real space images
were obtained using Atom Probe Field-lon Microscopy (APFIM). Initial work by
Brenner et a. [90] was carried out on Fe-32%Cr aged at 470°C up to 11,000h, and
the am was to show evidence of the early stage of the phase separation occurring
within the miscibility gap. The FIM images in Fig.2.12 show that the dark regions
increased in size as aging time proceeded and had an unusua morphology: they
consisted of thin, irregularly shaped veins threading across the bulk of the material.
These veins formed a continuous network on the imaging surface and within the
depth of the material. APT analysis showed that these dark regions were Cr-rich,
containing up to 80-90%Cr. The phase separation began after aging for 50h and the
veined structure still persisted in the longest aged samples (11,000h). This was the
first work to report APT experimental evidence of spinodal decomposition within

the miscibility gap in Fe-Cr binary alloys [91].

Fig.2.12 FIM images of decomposition in Fe-32%Cr aged at 470°C, from reference
[90]
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Later on, the most important studies were made by Miller et a. and Hyde et a [92-
94] within the framework of a large project combining Monte Carlo simulation and
3DAP reconstruction results for direct comparison. These authors studied alloys
containing 17%-45%Cr during aging at 500°C. FIM observation reveded that the
decomposition scale increased as a function of aging time in the Fe-45%Cr aloy.
Furthermore, the volume fraction of o’ phase increased as the content of Cr
increased and the morphology transformed from approximately spherical particlesto
a fully interconnected structure. Isosurface reconstruction using PoSAP (Position
Sensitive Atom Probe) analysis showed that while o’ phase formed some
interconnected regions and some isolated particles in Fe-24%Cr dloy, it only
formed percolation structures in the Fe-32%Cr and Fe-45%Cr alloys, as shown in
Fig.2.13. Such results indicated that the spinodal mechanism was achieved in these
cases and whether or not the structures were connected depended on the relative
volume fractions of the two phases. Moreover, this work focused on the
determination of evolution of a and o’ domain size, composition and their interface.
Monte Carlo simulation accurately matched the 3DAP experimental data and gave
predictions of the observed kinetics of phase separation. This work is a good
example of the advantage of APT in examining the 3D composition variation on a

sub-nano scale.
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Fig.2.13 Isosurface reconstructions from PoSAP analyses showing the morphol ogy
evolution of the Cr-rich regions as a function of Cr content after aging for 500h at
500 °C, (a) Fe-17%Cr (isosurface at 20%Cr), (b) Fe-24%Cr (isosurface at 30%Cr),
(c) Fe-32%Cr (isosurface at 30%Cr) and (d) Fe-45%Cr (isosurface at 40%Cr), from
reference [92]

As the development of APT technology has proceeded, it has become possible to
observe the very early stage of the phase separation or just the formation of clusters

even before the nucleation of a discrete second phase takes place. Novy et a. [95]
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studied the phase separation in a Fe-20at%Cr alloy thermally aged at 500°C. The
mean radius of o’ precipitates increased as a function of aging time, from
0.95+0.31nm (aged after 50h) to 2.53+0.51nm (aged after 1067h), which represented
a non-classica nucleation mechanism. The composition of precipitates evolved
temporally from 60.6+0.9at%Cr after 50h up to 83+1at%Cr after 1067h and in good
agreement with the o’ phase concentration determined by Kuwano et al. [66]
(85at%) and Dubiel et al. [67] (88+1at%). A transient coarsening region of o’ phase
was aso observed due to the overlap of the nucleation, growth and coarsening

regimes.

o’ phase is also expected to form under the condition of irradiation due to radiation-
enhanced diffusion and phase separation accelerated by irradiation [64], which is
confirmed by TEM observation [60, 61, 65, 69, 73, 75, 77]. Kuksenko et a. [96]
studied a Fe-12at%Cr alloy which was neutron irradiated at 300°C up to a dpa level
of 0.6, and used a threshold of Xc>28at% in order to detect o’ clusters and to avoid
artificial segregation appearing in arandom Fe-12%Cr alloy. The authors discovered
two different types of clusters, Cr-rich clusters and Ni-Si-P-Cr-rich clusters as
shown in Fig.2.14, and concluded that the formation of these two types of clusters
were driven by different mechanisms, enhanced precipitation and induced
precipitation repectively. As driven by enhanced precipitation, the Cr-rich clusters
were found to be distributed uniformly inside grains and had no correlation with
dislocation loops. The mean radius of Cr-rich clusters was determined to be
1.1+0.2nm while the average concentration in the core reached 58.5+1.1at%Cr.
Meanwhile, the Ni-Si-P-Cr-rich clusters were found to be distributed homogenously

in the matrix and to be independent of Cr-rich clusters.
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Ni-Si-P clusters

Cr-enriched
" clusters

Fig.2.14 3D reconstruction of Cr, Ni, P and Si atoms in Fe-12at%Cr after neutron
irradiation at 300 °C up to 0.6dpa. Red areas represent Cr-rich clusters, in which the

local Cr concentration is higher than 28at%, from reference [96].

Previous research shows that APT is very efficient in the study of ultrafine scale
microstructure evolution. While the TEM technique is limited in characterizing the
fine scale of o and o’ phase due to the high coherency of these two phases [91] and
the weak electron scattering contrast between Fe and Cr [62], APT has proved to be
avery well-suited technique to study phase separation in Fe-Cr binary aloy. With its
lateral resolution smaller than the extent of the individua phase regions, it can
provide high quality information on microstructure and chemical composition

analysis of a’ phase in three dimensional form.




2.4 Conclusion

The iron-chromium alloy system has attracted a huge amount of attention for its
great potential in the nuclear industry. The 9-12%Cr steels are considered to be
especially important for the design of the next generation of fission and fusion
reactors. Fundamental research is necessary to obtain precise knowledge for actual
application in industry. The understanding of the basic Fe-Cr binary system is the
first step before considering any more complex systems. The phenomena discussed
in this chapter are very important and affect both the microstructure and properties
of the alloy system under irradiation conditions in nuclear reactors, and more work

is necessary to clarify these crucial topics.
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Chapter 3

Experimental M ethods
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3.1 Materias

3.1.1 Asreceived dloys

Two different batches of Fe-Cr ferritic alloys have been used in this study. The first
batch was made by Metals Crystals and Oxides Ltd., Cambridgeshire, UK, and
consisted of four different materiads: Fe-10.6at%Cr (10wt%Cr), Fe-11.7at%
(11wt%Cr), Fe-12.8a%Cr (12wt%Cr) and Fe-13.9at%Cr (13wt%Cr). The
microstructure of the as-received Fe-12.8%Cr is shown in Fig.3.1 (a). Detailed bulk
concentration analysis for minor elements and impurities was not performed due to

insufficient materias.

The second batch was a ferritic Fe-15.2at%Cr (14.25wt%Cr) alloy of high purity
supplied by EFDA (European Fusion Development Agreement). The report from the
manufacturer indicates that the alloy contained 4-5 wt ppm of C, with other
impuritiessuch as S, O, N and P of less than 10 wt ppm. The aloy was produced by
induction melting in a cold crucible, under high purity hydrogen and argon. After
cold reduction of 70%, the ingot was then heat treated at 850°C for 1h under pure
argon flow followed by air cooling. The microstructure of the as-received material is

shown in Fig.3.1 (b).

100pm

S0um

Fig.3.1 SEM image of microstructure of the (a) as-received Fe-12.8%Cr in the first
batch, and (b) as-received Fe-15.2%Cr in the second batch.
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3.1.2 Cutting, heat treatment and polishing

For the first batch, thin rectangul ar-shaped samples (10x5mm with 2mm in thickness)
were cut using alow speed diamond saw. The annealing temperature and time were
carefully chosen to result in recrystallisation of the grain structure while the alloy
was still kept in the single o phase region. According to the binary Fe-Cr phase
diagram [1], at 800°C when the Cr concentration is between 10%-14%, the aloys
are in the o phase region and have a BCC structure. Therefore pre-annealing was
carried out a 800°C for 1h in vacuum followed by a water quench. The
recrystallisation produced large grains (~100 pm across) with long straight grain

boundaries which would be useful for the following FIB specimen preparation.

A similar specimen preparation route was chosen for the second batch of materials.
Thin, circular samples (12mm in diameter and 2mm in thickness) were cut from the
ingot using a low speed diamond saw. However, for these samples, a longer heat
treatment at 800°C for 6 hours in vacuum followed by a water quench was then
applied. On some occasions, a similar heat treatment was applied in argon
atmosphere or argon-filled tubes. Note that it was not possible to eliminate the
possibility of C contamination during the heat treatment. The time of heat treatment

was extended for grain growth to obtain even longer grain boundaries.

After heat treatment, the samples were then polished using 600grit, 800grit, 2500grit
and 4000grit sand paper consecutively. Fina polishing was performed using a
diamond suspension and finished by electro-polishing for 15 seconds in a solution of
5% perchloric acid in methanol at -40°C to obtain a flat surface and revea grain
boundaries. The SEM images of Fe-12.8%Cr from the first batch and Fe-15.2%Cr

from the second batch are shown in Fig.3.2.
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Fig.3.2 SEM image of microstructure of the (@) heat treated Fe-12.8%Cr in the first
batch, and (b) heat treated Fe-15.2%Cr in the second batch

56



3.1.3 Irradiation and SRIM calculation

lon implantation using Fe* was performed in the lon Beam Facility at the University
of Surrey, UK. Three different sets of irradiation conditions were chosen to allow
the specimen to be damaged at different levels and different rates, as detailed in
Table 3.1 (implantation 1 was the high dose, 2 and 3 were the same low dose). Each
set of irradiations was performed by applying severa implantations with different
energy, dose and dose rates sequentially to obtain a flat damage profile at maximum
damage range. A schematic illustration of the implantation chamber is shown in

Fig.3.3.

Table 3.1 Implantation sequence and details of three implantations.

Implantation 1 Implantation 2 Implantation 3
Sequence 1 2 1 2 S 1 2 3
Energy 2 0.5 2 1 0.5 2 1 0.5
(MeV)
Dose 3x10'®  1.5x10'® 25x10'%  7.5x10"® 5x10'3 25x10'%  7.5x10'3 5x10"%
(ions/cm?)
Doserate  2.5x10" 2.5x10" 2.28x10"  2.16x10"" 1.87x10" 1.14x10'° 1.08x10'0 9.35x10°
(ion/cm?/s)
Temperature 350450 350150 350150
(°C)
" i " " I
Lu b ol oyl -
i R el e R
4 4 § 83

Fig.3.3 lllustration of the implantation chamber
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The software "Transport of lons in Matter" (TRIM) was used to estimate the
irradiation damage. TRIM is a Monte Carlo computer program that calculates the
interaction of energetic ions with atarget. TRIM is contained in the Stopping and
Range of lons in Matter (SRIM) software package [2]. The calculation type was set
to be the ‘Detailed Calculation with Full Damage Cascades in order to calculate all
the collisional damage to the target. This methodology follows every recoiling atom
until the recoiling atom energy drops below the lowest displacement energy of any
target atom [3]. This is the formalism adopted by Norgett, Robinson and Torrens
who developed the NRT standard [4]. The displacement energy of Fe, which is the
minimum energy required to knock a target atom far enough away from its lattice
site to not return immediately, was set to be 40eV according to ref [5]. To balance
the time required for the calculation and the accuracy of simulated results, the total
number of ions calculated was set to be severa thousands. The calculation took
several hours. The value of displacement per atom (dpa) can be calculated using
equation 3-1, where ¢ is the number of displacements calculated from SRIM for a
specific energy, in the unit of displacement/A/ion, D is the dose applied at each

energy (ions/'cm?), and N, is the number of atoms per unit volume:

dpa = Dx¢ 3-1
pa = N ( )

The dpa values of three irradiations are plotted as a function of irradiation depth in
Fig.3.4. Since implantation 2 and 3 used the same energies, the SRIM calculation
would aso be the same as shown in Fig. 3.4(b). The plot for the high dose

irradiation indicates a maximum implantation depth of ~1000nm and a maximum
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damage of 8dpa. The average damage level between 100-700nm depth is about 6dpa.

For the low dose irradiations, the maximum implantation depth is also ~1000nm and

the average damage level is ~0.6dpa between 100-700nm.
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3.2 Specimen Preparation

3.2.1 Focused lon Beam

Focused ion beam (FIB) machining can provide a site-specific specimen preparation
method. The Zeiss NVision 40 is a FIB instrument equipped with dua beams
(electron beam and Ga’ ion beam) and can operate in both Scanning Electron
Microscopy (SEM) and FIB mode. At high extraction field, the Ga" beam can be
focused to form a very fine probe (less than 10nm in diameter). By controlling the
electrostatic lenses and effective aperture size, the probe current density can be
atered from tens of pA to severa nA corresponding to beam diameters ranging from
5nm to 0.5um. With a built-in micromanipulator, a small beam size and
simultaneous imaging capability in SEM view, this FIB is an ideal instrument for
preparing Transmission Electron Microscopy (TEM) and Atom Probe Tomography

(APT) specimens.

3.2.1.1 TEM specimen preparation

With FIB, TEM specimens can be directly prepared from a bulk sample (square or
circular shape, pre-cut by low speed saw) in a couple of hours [6, 7]. The FIB

methods can be described as ex situ lift-out and in situ lift-out.

Fig.3.5 shows the procedure of the in situ lift-out. As illustrated in Fig.3.5 (a), a
protective layer (Pt or W) which is several microns thick is usually deposited over
the area of interest. Two large, stair-step, FIB trenches are cut on both sides of the
area of interest separated by a distance of 1um between the trenches and the

protective layer. Line-milling is then applied to gradually enlarge the trenches, to
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attach the edges of the protective layer and to remove any re-deposited materials.

Prior to final thinning, the sampleis tilted to 45° and then the bottom, right side and

aportion of left side of the specimen is cut free as shown in Fig.3.5(b), and the built-

in micromanipulator is welded onto the right side of the specimen using Pt/W

deposition. Fig.3.5 (c) shows a cut is made to remove the remaining left side of the

specimen. The sample stage is lowered to move the specimen away from the bulk

material. A similar welding process is also performed to attach the specimen to the

centre pillar of aTEM half grid shown in Fig.3.5 (d). A final FIB cut is performed at

an angle of 1-2° with respect to the plane of the specimen surface until the specimen

is electron transparent in the SEM view, normally with electron energy of 15kV.

(a)
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Welded by W
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Fig.3.5 lllustration of FIB in situ lift-out method of preparing TEM specimen

In the ex situ lift-out method, the trenches are still cut as shown in Fig.3.5 (a).

Instead of attaching a built-in micromanipulator as in Fig.3.5 (b), the specimen is
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totally cut free from the bulk sample, and then lifted out and moved onto the a TEM
grid using a glass needle. The process is observed using an optica microscope
outside of the FIB chamber. This procedure is not reliable and has alow chance of
success, ssimply because the electrostatic forces between the glass needle and the
specimen are too unpredictable and consequently the specimen could either be
repelled and lost, or attached too tightly in which case it could not be moved onto
the TEM grid. On the other hand, with a built-in micromanipulator, the entire lift-out
procedure can be finished inside the vacuum chamber under SEM view with precise
control. The in situ lift-out method has been proved to be a much more reliable and

easily-controlled way for TEM specimen preparation.

For high resolution TEM or Electron Energy Loss Spectroscopy (EELS) analysis,
which requires even thinner specimens than conventional TEM, the specimen should
be electron transparent in the SEM view with a 5KV beam current. Furthermore,
during the preparation, Ga" ions are implanted and mix into the specimen due to the
sputtering mechanism and therefore induce damage artifacts. To remove the Ga’
contamination and ion-damaged layer, a 2KV low energy milling can be applied at
an angle of 10-12° with respect to the plane of the specimen surface for several

minutes. The procedureis similar to Fig.3.5 (e).

3.2.1.2 APT specimen preparation

An APT specimen is needle-shaped with an apex diameter of less than 100nm.
Traditionally APT specimens are prepared using a two-stage electropolishing
method (see section 3.2.2). However it is aso possible to manufacture them using

FIB techniques. The approach is similar to the in situ method used for TEM
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specimen preparation. This procedure has been described by Miller et a. [8] and

also Thompson et al. [9].

Micromanipulator

Pt deposit

Annular
milled

Pttab —

Ptcap /'

Specimen

blank Blind

milled
hole

Pt deposits

Pt deposit

) (b) © (d) (e)

Fig.3.6 Illustration of final steps of FIB in situ lift-out method of preparing atom
probe specimen, from reference [8]

First, similarly asin Fig.3.5 (a), two trenches are cut on the both sides of the region
of interest to form a thin lamella. The rest of the APT specimen manufacture
procedure is illustrated in Fig.3.6. The tip of the micromanipulator is welded by
Pt/W deposition to the edge of lamella. Instead of lifting out the entire lamella as in
TEM specimen preparation, only one small pillar with a cross section area of
2umx2um is cut free and lifted out. As shown in Fig.3.6 (a), the pillar is then
attached to a post or TEM Cu grid. A Pt/W deposit is introduced to fill the gap
between the pillar base and the post to make sure the pillar is firmly attached on the
post and the area of interest is coated with a protective layer as shown in Fig.3.6 (d).

A sequence of rectangular and annular patternsis milled to form a sharp tip having a
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sufficiently small radius of curvature (smaller than 100nm) and shank angle, as
shown in Fig.3.6 (e). Though some criteria about the shape of specimen have been
taken into account during the final stage sharpening, the diameter and shank angle
still vary from one specimen to another after finishing. However the APT specimens
prepared by FIB are much more self-consistent in shape than the ones prepared by

the traditional electropolishing method.

During the sharpening of the specimen, specia care should be taken to avoid
accidently forming secondary needles near the specimen apex. These additional
needles could reduce the region of specimen which can be analyzed by APT and

may also influence the trajectories of the evaporated ions.
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3.2.2 Electropolishing method of APT specimen preparation

Traditionally, a two-stage electropolishing method is used to prepare atom probe
specimens from conductive materials. The procedure is shown in Fig.3.7, and the

chemical solutions listed are used for Fe-Cr alloys.

Specimen anode

i I

Gold cathode

Tip movement -

+—E A drop of

Gold
Electrolyte I:',> electrolyte
cathode n Specimen anode y

Heavy liquid

(Galden) Tip movement

Active Ingredient Base

Stage 1 25% perchloric acid (60%) 75% acetic acid (100%)
Stage 2 2% perchloric acid (60%) 98% 2-butoxyethanol

Fig.3.7 Two-stage electropolishing method for preparing APT specimens, with
solution ingredients listed.

To use this two-stage method, the sample should be first cut and polished into thin
pieces (2mmx2mmx20~30mm) and generally two specimens can be made from one
piece. This method requires less time and effort comparing with the FIB technique
introduced in section 3.2.1.2. However, the FIB is capable of providing a much more
precise site-specific specimen preparation which allows APT analysis on a

designated small region of interest. Furthermore, the FIB method can provide some
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control over the shape of the specimens, such as limiting the diameter below a
certain level while the electropolishing method is unable to make any precise

adjustment to the shape of the specimen.

66



3.3 Electron Energy Loss Spectroscopy in Scanning

Transmission Electron Microscopy

Modern TEM or Scanning Transmission Electron Microscopy (STEM) instruments
are often equipped with advanced techniques for providing structural and chemical
information from the samples being examined. Electron Energy Loss Spectroscopy
(EELS) is one of them. It involves measuring the change in kinetic energy of

incident electrons as aresult of interactions with a specimen.

When a beam of electrons with aknown and narrow range of kinetic energies passes
through a specimen, they are scattered by the interaction with the atoms in the
specimen. The scattering can be divided into elastic scattering and inelastic
scattering. If the incident electron interacts with an atom nucleus, the energy
exchange due to elastic scattering is extremely small due to the massive difference
between the mass of an atom nucleus and the mass of an electron. Consequently the
resultant energy loss is often unmeasurable in the EELS system. These electrons will
form apeak at 0OeV on the EELS spectrum and be referred as the zero-loss peak. The
width of the zero-loss peak mainly reflects the energy distribution of the electron
source. Meanwhile, inelastic scattering can result from different mechanisms
including inner shell ionization which is particularly useful for EELS. When an
incident electron interacts with an inner shell atom electron, the similarity between
their masses allows the energy exchange to be measurable, typically severa eV to
hundreds of eV. The incident electrons keep moving with lower energies and are
detected by EELS to form ionization edges on the spectrum. Each edge corresponds
to an inner shell electron energy and is characteristic of a particular element, and

therefore the physical and chemical information of the specimen can be obtained
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from these features of the spectrum [10]. Fig.3.8 shows Fe and Cr low loss edges

and core loss edges from an EELS atlas [11].
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Fig.3.8 Fe and Cr low loss edges (M2, 3) and core loss edges (L2, 3) obtained from
Fe,03 thin film and slightly oxidized Cr thin film.

EELS is capable of analyzing all kinds of elements due to the fact that the energy
threshold for the ionization edge occurs at the specific binding energy of each
electron shell and these are known for al elements. Furthermore, EELS has been
proved to be useful in identifying nano-scale second phases where other techniques
such as diffraction or EDX (Energy Dispersive X-ray Spectroscopy) are difficult due

to resolution limits and difficulties of detecting light elements such as C[12].

To obtain accurate results, the specimen examined by EELS must be very thin in the
analyzed region (50-100nm for 100keV incident beam energy [13]), and the
requirement is more stringent than for conventional TEM studies. The reason arises
from the potential for plural inelastic scattering of the incident electrons. It is
possible that an electron which suffers from high energy loss will also go through

one or more low energy losses and this possibility increases rapidly with specimen
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thickness and will cause a dramatic increase in the background noise near the

ionisation edges. However, the intensity of initial rise of the ionization edge only

increases linearly with the specimen thickness. As a result, an ionization edge will

become more and more difficult to identify as the specimen thickness increases [13].

Therefore the thickness of specimen must be carefully controlled.
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Fig.3.9 Illustration of TEM-based EELS systems, (a) conventiona TEM with a

magnetic-prism spectrometer below the viewing screen, (b) TEM incorporating an

in-column imaging filter and (c) STEM system [10]

The JEOL 3000F is equipped with a field emission gun (FEG) and EELS can be

operated under both TEM and STEM modes at 300KV . Illustrations of TEM-based
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EELS systems are shown in Fig.3.9, (a) is the conventiona TEM with a magnetic-
prism spectrometer below the viewing screen, (b) is the TEM incorporating an in-
column imaging filter and (c) isthe STEM system. STEM has proved to be useful in
anayzing grain boundary structure at atomic level [14]. The JEOL 3000F working
in STEM mode is able to form a very fine probe (0.3-0.4nm). When combined with
EELS in conjunction with a spatia drift correction function, it has the ability to
analyze chemical information variation across the grain boundary with a lateral

gpatial resolution of 0.14 nm and energy resolution of 1€V in the EELS spectrum.
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3.4 Atom Probe Tomography

3.4.1 Instrument devel opment

The field ion microscope (FIM) was first designed by Muller in the 1950s. In the
FIM, asharp tip specimen is placed inside the vacuum chamber, orientated along the
centre axis and about 50mm from the screen. The tip is held a a cryogenic
temperature, and a low pressure imaging gas is admitted into the chamber. After a
high positive potential is applied on the specimen, the imaging gas atoms in the
neighbouring region of the tip apex are polarized by the strong field. These
polarised atoms are attracted towards the specimen surface and are then ionized.
These positively charged ions are then repelled from the specimen towards the
phosphor screen to create a highly magnified (about a million times), projected

image of the surface [15].

The first generation of atom probe field ion microscopes (APFIM), designed by
Muller, Panitz and McLane in the late 1960s [16], are now referred as 1D atom
probes. The second generation of atom probe is the three dimensional atom probe
(3DAP) which was introduced in the mid to late 1980s and used a variety of
position-sensitive single atom detectors. These allow the reconstruction of a three
dimension atom map with chemical composition information. Instead of using the
imaging gas to create projected images, the analysis chamber was kept at high
vacuum. If a series of high-voltage pulses with nanosecond rise-time is applied on
the tip specimen, atoms on the surface will field-evaporate and, being charged, are
accelerated towards the detector. The times of flight of ions from the tip to the
detector and the positions where the ions hit the detector are recorded. This

information is necessary in the reconstruction of the 3D atom map and the mass
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spectrum according to equation 3-2 [17], where e is the elementary charge, t is the
time of flight, Vo is total voltage and d is the total distance the ion travels from the

specimen to detector:

m _ 2eVyt?

n  d?

(3-2)

Thefirst use of laser pulses instead of voltage pulsesin 1D atom probe was reported
in the early 1980s [18], and the first use of laser pulses in 3D atom probe was
developed by Cerezo et a. [19]. Experiments performed during the 1980s had
identified the fact that field evaporation is assisted by heating of the specimen tip
[20], which led to the development of the pulsed-laser evaporation mode. After
many years of development, the latest generation of Local Electrode Atom Probe
(LEAP) was commercialy introduced by Kelly et a. in 2003 [21]. The LEAP
3000HR is equipped with a laser which has spot size (4c) less than 10um, a
wavelength of 532nm and repetition rate of 200 kHz. This atom probe can be
operated in either pulsed-laser mode or pulsed-voltage mode. In a LEAP, the
specimen is positioned nearly one aperture diameter in front of a ~10-50um diameter
aperture. The relative position of the specimen and the local electrode is aigned
while viewing from a pair of video cameras. A positive voltage is applied to the
specimen while high repetition rate negative voltage pulses are applied to the local
electrode. Once the specimen starts to field evaporate, the specimen position can be
fine-tuned to ensure that the specimen is correctly aligned with the aperture and at
the optimal distance. After the specimen is aligned, the evaporation rate can be
controlled by the computer to maintain continuous and steady evaporation of atoms.
Since the electric field strength depends on the difference in potential and the

distance between specimen apex and the electrode, the potential required at the
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specimen apex for field evaporation can be minimised by reducing the distance
between specimen and the extraction electrode. The local electrode configuration
can lower by nearly 50% the standing and pulse voltages required to generate field
evaporation [22]. A large-angle spherical reflectron is implemented to enhance the
mass resolution. The high-speed laser pulse generator [23] combined with multiple
channel plate (MCP), crossed delay line detector (DLD) [24] and fast timing system
can provide data acquisition rates of ~500,000ions/s in maximum (normally a much
lower rate of ~5,000ions/sisin use), and detect ions from a significantly larger field
of view (~100nm) than was possible using the second generation instruments [25].

Anillustration of LEAP configuration is shown in Fig.3.10.
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Fig.3.10 Illustration of the configuration of Loca Electron Atom Probe (LEAP),
based on reference [26]
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3.4.2 Atom probe principles

Successful application of this analysis technique requires a deep understanding of
the principles of field evaporation, and materia response to voltage or laser pulses

aswell as certain limitations.

3.4.2.1 Pulsed-voltage mode

Under the pulsed-voltage mode, surface ion evaporation is achieved by applying
voltage pulses lasting a few nanoseconds to the tip in addition to a significantly
larger DC standing voltage, while the specimen is kept at cryogenic temperatures
(severa tens of degree Kelvin). Typical DC voltages often range from 3000V to
10000V. The voltage pulses are usualy chosen to be a certain fraction of the DC

voltage and the value is defined as pul se fraction which typically ranges from 5%-30%

[27].
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Fig.3.11 Schematic diagram of the variation in the evaporation field of an A-B

binary alloy as afunction of temperature, based on reference [17]
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Based on the image hump model provided by Tsong et a. [28], the evaporation
fields and charge states for each element can be calculated [15]. If we study asimple
case such as an A-B binary aloy, B has higher evaporation field than A and then is
referred to as the more refractory element. From Fig.3.11, at different evaporation
rates, the evaporation fields of B decrease more slowly than A as temperature
increases [17]. Element A with alower evaporation field is more easily removed by
the standing voltage between pulses and this can result in preferential evaporation of
A. The field evaporation of atoms during the period of voltage pulses and removal
of atoms by standing DC voltage between pulses can both occur. Only atoms
evaporated during individual voltage pulses can be correctly recorded. Atoms that
evaporate between pulses are either be filtered out by the mass spectrometer or
contribute to the overall background noise in the spectrum. The V. and Vpuse Show
that temperature T; is a suitable base temperature for analysis, since the evaporation
of element A caused by V. is negligible compared with the total evaporation caused
by Vpuse If Vouse is not large enough, then the preferential removal of element A
becomes more pronounced. At temperature T,, preferential evaporation of element A
between pulses will occur resulting in a reduction in the estimated concentration of
element A from the results. Therefore higher pulse fractions are required at higher

temperatures for accurate analysis [29].

A variation of ion charge state with varying field evaporation conditions is often
observed. To explain this phenomenon, Kingham [30] developed the theory of post-
ionization. It is believed that when an atom is first evaporated from the matrix, it
will lose one or more electrons. If the electron field is strong enough, when the ion
reaches the critical distance, it is possible that the ion will be post-ionized one or

more times before reaching its final charge state. The author computed the
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possibility of post ionization for most e ements as a function of field strength. The
plots for Fe and Cr are shown in Fig.3.12. Generaly, the relative abundance of
highly charged ions increases with increasing field strength. Therefore the field
evaporation can be explained as a two-stage model with initial evaporation caused
by a charge exchange [31] or image hump model [32] and followed by a subsequent

probability of post ionization.
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Fig.3.12 Calculation of the probability of post-ionization of Fe and Cr. The relative
abundance of ions with different charge states is plotted logarithmically against field
strength [30]

3.4.2.2 Pulsed-laser mode

Under the pulsed-laser mode, evaporation of surface ions is achieved by applying a
thermal pulse lasting less than 100ps (even shorter than a voltage pulse) on top of a
standing DC potential [27]. The specimen apex is heated and the temperature
increases by up to severa hundred degrees Kelvin. The field evaporation is
promoted by the therma energy introduced by the laser [33]. Since this process is
associated with significant specimen heating, the cooling rate of the specimen
should be taken into account to minimize degradation of the mass resolution and

gpatial resolution [34]. If the cooling rate is slow, continued field evaporation after
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laser pulses will giverise to long tails in the peaks in the mass spectrum and degrade
the mass resolution. Meanwhile the surface diffusion caused by thermal effects will
also lead to the degradation of spatia resolution. However the actual cooling rate of
each specimen depends on the thermal diffusivity and aso the shape of the tip which
will vary from one sample to another and is difficult to predict. The laser conditions

such as spot size and repetition rate also need to be taken into account.
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Fig.3.13 lllustration of the concept of voltage pulse and laser pulse evaporation
mode for an A-B binary alloy, T1 is the base temperature and T2 is the peak
temperature caused by laser heating, based on the reference [17].

Fig.3.13 shows how both pulsed-voltage and pulsed-laser methods achieve field
evaporation. The pulsed-voltage method triggers field evaporation by applying a
short voltage pulse to increase field, and the pulsed-laser method reduces the field
required for field evaporation by increasing the temperature at the specimen apex.
Bunton et al. [23] introduced the concept of effective pulse fraction PFg;, which is

probably the most important instrumentation parameter in a pulsed-laser atom probe
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experiment. This enables reasonable comparison between different atom probe
instruments. PF«; is defined by the ratio of the specimen voltage V during the laser
evaporation process and the standing DC voltage Ve needed to evaporate ions from
the surface of the specimen at a certain rate, as shown in equation 3-3:
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Fig.3.14 Illustration of the concept of effective pulse fraction in pulsed-laser mode,
as modified by Gault et al, based on reference [35]

Bunton and co-workers obtained the standing DC voltage V¢ at zero laser energy.
This method has been modified by Gault et a. [35] to become a more practical
approach, since determining the V¢ at zero laser energy may cause the specimen to
fracture during calibration. Gault et al. measured the voltage necessary to field
evaporate atoms from a single specimen at a constant evaporation rate (in terms of

atoms per pulse) as a function of applied laser energy. The voltage was taken as an
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average applied potential during the evaporation of more than 500,000 detected ions
after the shape of the specimen had adopted a steady shape as reveaded by the
detector histogram. The voltage was plotted as a function of applied laser energy and
a second order polynomial fitted as shown in Fig.3.14. Vg a zero laser energy is
extrapolated from the plot and PF¢; described the drop in DC voltage with respect to

this extrapolated Ve as shown in equation 3-3.

3.4.2.3 Correlated evaporation and multiple hits

When a pulse (voltage or thermal) is triggered, atoms close to each other on the tip
surface often tend to evaporate on the same pulse. This phenomenon has been
referred as correlated evaporation and has been studied by both field ion microscopy
[17] and atom probe tomography [36]. Geuser et a. [36] observed that the
evaporation of neighbouring atomsiis strongly correlated in both space and time, and
explained this phenomenon by two facts. One is that when one atom evaporates, it
will increase the electrical field applied on its neighbours; another is that there are
definite zones where all the atoms are likely to evaporate at a given time. The
correlated evaporation is especialy drastic at the centre of alow index pole mainly
due to the fact that the electrica field increases as the pole terrace diameter

decreases.

For a position sensitive detector (PSD), difficulties arise when more than one atom
evaporates from the probed area on the same triggering pulse within a certain period
of time. This phenomenon is referred to as "multiple hits' whatever the correlation
in the arrival time of these ions. Because of the statistical nature of the field

evaporation process, a triggering pulse could give rise to the removal of several
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atoms. These ions could either reach the detector within a very short period of time
or amost simultaneously depending on their chemical nature. Strasser et a. [37]
introduced the term of multiplicity and De Costa et a. [24] further refined the
concept by defining serial multiplicities and simultaneous multiplicities to describe
the ability of the PSD detector to separate serial events and simultaneous events.
Furthermore, ions are also likely to hit the detector at places very close together if
they evaporate within a very small region and close to each other, resulting in
multiple events which are correlated in both time and space. Therefore, in addition
to high serial and simultaneous multiplicities, a high performance PSD should also
have a high spatial resolving power as well as a good specia resolution and timing
accuracy, otherwise the occurrence of multiple hits can severely limit the accuracy

of the reconstructed data.

A large amount of work has been dedicated to instrument development to overcome
these drawbacks. Equipped with a MCP and a DLD, the LEAP 3000X HR has a
lateral resolution of 0.2nm and a depth resolution of 0.1nm with high multiplicities.
Due to some innate design limitations, the detector efficiency is still only 37%. This
lossis mainly due to the fact that the open area of the channel platesis ~60% and the
transmission efficiency of the grids at the entrance and exit of the reflectron is much
less than 100%. The single hits and multiple hits which can be distinguished are all
included in the data reconstruction. It is aso possible to extract important

information just from multiple hits as discussed in Chapter 4
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3.4.3 Mass spectrum and data reconstruction

The time-of-flight spectrum is a histogram in which the numbers of ions detected are
plotted as a function of their time of flight from the surface of the specimen to the
detector. Using equation 3-2, the mass spectrum can be derived from the time-of-
flight spectrum, and the numbers of ions are plotted as a function of their mass-to-
charge ratios. The exact positions of the observed mass peaks may not perfectly
align with their theoretical positions because of the sight inconsistencies in relative
position of specimen apex and electrode and also electronic time-delays which arise
from the fact that electric signals take time to generate and travel though. This can
be simply corrected in the reconstruction process by reassigning two major peaks in
the spectrum to their expected positions and this scaling factor then applied to shift
the entire spectrum to the theoretical position. Each peak on the spectrum can then
be assigned to a specific isotope of an element according to the periodic table and
mass-to-charge ratio whilst taking into consideration the possibility that some peaks
may correspond to molecular ions. The width of each peak also needs to be defined,
which determines which events are treated as specific ions and which are treated as
noise. However to date, no standard protocol of how to range the mass peaks has
been established and accepted by the atom probe research community, which
perhaps is one reason for the discrepancies in concentration measurements between
different researchers. In this work, the width of peaks was defined as the full width
at 10% maximum for each peak in the mass spectrum. An example of defining Fe*

and Cr®* peaks can be found in Fig.3.15, with the counts axis is shown in log scale.

The concept of mass resolution has been introduced to describe the ability to

separate two mass peaks, and is defined as M/AM, where M is the value of the mass
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peak and AM is the peak width which is necessary to separate peak M. It can be
caculated as the full width at haf maximum (FWHM) or full width at 10%

maximum (FWTM). Thiswill be discussed further in Chapter 4.

In theory, the atom probe is able to detect all kinds of elements with equal
sensitivity. However this may not be straightforward if the mass-to-charge ratios of
different elements overlap. In some severe cases, accurate composition measurement
becomes impossible due to the overlap of mass peaks of major isotopes of different
elements, such as N*/?2Si%* or °0*/*S?*. In less severe case, the elements may
share identical weights for minor isotopes or have an overlap because of different
charge states. A method for peak deconvolution has been discussed in reference
[17]. A typical mass spectrum of doubly charged ions for Fe-Cr binary aloy is
shown in Fig.3.15, with the periodic table of Fe and Cr showing the relative
abundance of their isotopes. The peaks of **Fe** and >*Cr*" overlap on the mass
spectrum. According to the relative abundance, for a Fe-15.2%Cr, only 0.3% of Cr
atoms evaporate as >*Cr*" and 5% of Fe atoms evaporate as >*Fe®*, which means that
only 5.7% ions in the total numbers counted in this minor peak are Cr. The presence
of >*Cr®* ions in this peak can be taken in account, though generally this peak at 27
is marked as **Fe?*. Similarly, for singly charged ions the peak at 54 is usualy

marked as >*Fe".
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Fig.3.15 A typica mass spectrum for Fe-Cr binary aloy with tables showing the

relative abundance of isotopes

After the ranges on the mass spectrum have been defined, the data is ready to be
reconstructed to generate a three dimensional atom map. The other necessary
information such as the positions of the ion impacts on the detector and ion hit
sequences are directly recorded by the LEAP software during the data acquisition.
Data reconstruction has been studied extensively to optimize the accuracy of the
reconstructed data [38]. It can be carried out using IVAS™ 3.4.3 or 3.6.0 software
packages. The reconstruction parameters can be divided into material parameters,
specimen parameters and instrument parameters. For materia parameters, it is
necessary to indicate the primary element contained in the specimen with its

evaporation field. For a binary Fe-Cr dloy, Fe is identified as the primary element
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with its evaporation field set to be 33V/nm [17]. The specimen parameters such as
initial tip radius and shank half angle can be directly estimated by the software itself
or can be input manually if such information is available from preceding
experiments, for example TEM observation. Most of the instrument parameters are
fixed, including detector efficiency (set at 0.37), specimen to detector distance
(382mm as default), K factor (determining the relationship between specimen radius
and evaporation field, often set to be 3.3), and the image compression factor (1.2 as
default). The reconstructed three dimensional atom maps, along with mass spectra,
contain all the chemical and physical information useful for the subsequent analysis.
The quantitative chemical anaysis methods will be discussed in Chapter 5 and
cluster searching methods, such as the maximum separation method, will be
discussed in Chapter 7. Note that despite advances in reconstruction methodol ogies
there are still uncertainties resulting from effects such as local magnification,
trgectory aberrations, surface migration of atoms and evaporation of multiple

species. Theseissues are discussed in chapters 4 and 6.
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Chapter 4

Optimizing Atom Probe Analysis

Parametersfor Fe-Cr Alloys
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4.1 Introduction

The discussion in Chapter 3 argued that to accurately perform atom probe
tomography requires a thorough understanding of the field evaporation process and
the response of materials to both voltage and laser pulsing. The experimental
conditions which include instrument parameters, specimen parameters and analysis
parameters could significantly affect the behaviour of materials in terms of field
evaporation as well asin the accuracy of the analysed results. For example, APT has
been used to measure composition variation during spinodal decomposition on the
nano scale in Fe-Cr dloys [1] and it was found that the experimental conditions
affected the observations. In particular, setting appropriate experimental conditions
including the standing voltage on the specimen, the pulse fraction and a suitable
sample temperature has proved vital for avoiding preferential evaporation and/or

retention of alloy atoms and hence obtaining reliable composition measurements [2].

The development of the pulsed-laser atom probe has brought certain advantages,
including an increased data acquisition rate and the ability to analyse less conductive
materials [3]. For pulsed-laser APT, it is aso necessary to understand how the field
evaporation is triggered by laser pulses. Sha et al. [4] found that the laser pulse
energy and base temperature both have large effects on the composition
measurement of an Al-Mg-Si-Cu aloy, and that the mass resolution is sensitive to

the local taper angle near the apex of the specimen.

In the pulsed-laser mode, the instrument parameters include laser beam spot size,
wavelength and laser pulse duration. Bunton and co-workers [5] have studied the
optimum performance in a pulsed-laser atom probe and found that the mass

resolving power generaly improves as the laser spot size and wavelength are
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decreased, though some discrepancies still existed when different materials were
used in the calibration. However in the LEAP, the instrument parameters are often
fixed and unchangeable, for example the LEAP 3000X HR is equipped with a laser

which has a spot size (406) less than 10um and wavelength of 532nm.

The specimen parameters include specimen shank angle, tip radius and thermal
diffusivity. Bunton et a. [5] found that the mass resolving power increases as the
specimen shank angle, tip radius and thermal diffusivity increase in a pulsed-laser
atom probe. Cerezo et al. [6] aso confirmed that a large specimen shank angle can
improve the mass resolution and reduce the noise level and degradation in the
compositional accuracy caused by the base temperature increasing. Furthermore,
low thermal diffusivity of the specimen was found to have a negative effect on mass
resolution due to the slow cooling-down of the specimen after a laser pulse was
applied. The shape of the specimen cannot be controlled if it is manufactured using
the traditional two-stage electropolishing specimen preparing method. When the FIB
in situ lift-out method is applied, there is some control over the specimen shank

angle and tip radius, however precise control still proves to be difficult.

The analysis parameters, on the other hand, such as pulse fraction in pulsed-voltage
mode, pulse energy in pulsed-laser mode, target evaporation rate and base cryostat
temperature in the analysis chamber are adjustable and play important roles in the
guantitative accuracy of measured results. Various optimum instrument parameter
settings for analyzing different materials are presented by many researchers.
Sometimes discrepancies exist between the commonly used parameters and the
newly obtained results. Yao et a. discovered the lowest specimen temperature (20K)
and high pulse fraction (up to 30%) are most suitable for the tiny NbN clusters in

microalloyed steels under pulsed-voltage mode, which was in contrast with the usual
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temperature setting (~60K) used in previous experiments [7]. The authors suggested
that the commonly used settings were presumably due to reducing the chance of
specimen rupture, however they believe that the conditions they investigated can
provide superior data in terms of several criteria such as signal-to-noise ratio (SNR)
and the accuracy of chemica composition measurements. Such cases remind
scientists of the importance of optimizing the analysis parameters for each material
before carrying out any actual atom probe experiment. Another essential point is to
consider other parameters while determining and calibrating the optimum analysis
parameters. For example, thermal diffusivity needs to be taken into account because
it is very important in determining the actual temperature of the specimen during
field evaporation. Cerezo et a. [6] suggested using alower laser energy to minimize

tip temperature increases when analyzing a material with low thermal diffusivity.

A series of systematic calibration tests was designed and carried out on binary Fe-Cr
alloys to examine the effect of each variable analysis parameter separately under
both pul sed-voltage mode and pulsed-laser mode in a LEAP 3000X HR. The goal of
this work was to determine the optimum analysis parameters for both evaporation
modes to maximize the mass resolution and accuracy of chemical analysis, and to
obtain relative uniformity of Cr content within the field of view, while minimizing

the background noise and multiple events.
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4.2 Design of the Calibration Tests

The test materials were reference Fe-Cr aloys with Cr concentrations between 10-
13%. These were taken from the first batch of materials. Due to the limited amount
of as-received materials, it was difficult to carry out the entire calibration test on a
single specific material condition. All the specimens were prepared using the two-

stage el ectropolishing method as described in section 3.4.3.

Under the pulsed-voltage mode, the three analysis variables for optimization are
pulse fraction, target evaporation rate and cryostat temperature which is measured
on the specimen stage. Reference data and instrument specification were used to
identify suitable ranges for the testing of each parameter. To examine the effect of
one parameter independently, the other two need to be fixed at certain values. The
pulse fraction can be set in the range 5% to 30% (the maximum possible) [8]. The
previous discussion in section 3.4.2.3 has shown that the existence of multiple hits
could limit the quantitative accuracy of the measured results. To avoid significant
loss of data, one solution is to decrease the target evaporation rate to reduce the
statistic occurrence of multiple hits. Therefore the target evaporation rate was set at
0.002iong/pulse (which is close the minimum possible in the instrument). Analyses
were performed using three cryostat temperatures, 30K, 50K and 70K. 50K and 70K
were the most commonly used temperature setting for analyzing Fe-Cr aloys|[1, 9],
and 30K was to examine the evaporation behaviour at low temperature. The
calibration tests to determine the best range of pulse fraction are summarized in the
first row of Table 4.1 as Test No.1. Experiments covering all 23 of the combinations

listed in test No. 1 were performed.
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Table 4.1 Design of calibration tests under pul sed-voltage mode

10, 15, 17, 20,

. 0,
1 Fe-11.7/13.9%Cr 20 25. 30 30, 50, 70 0.002
. 30, 50, 70
- 0, ) , ,
3 Fe-12.8%Cr Optimum range 90, 110 0.002
5 Fe-13.9%Cr Optimum range Optimum range 0.002, 0.004,

0.006, 0.008, 0.01

After an optimum range of pulse fractions had been determined for the designated
temperatures (as the relationship shown in Fig.3.11), the calibration of determining
the optimum cryostat temperature setting could be carried out as shown in the
second row of Table 4.1 as Test No.3. Later, having identified optimum pulse
fraction and cryostat temperature, experiments were performed to determine a

suitable evaporation rate (Table 4.1 - Test No.5).

Under the pulsed-laser mode, there are also three parameters that need optimizing:
pulse energy, target evaporation rate and cryostat temperature. To examine the effect
of pulse energy first, the target evaporation was set at 0.002ions/pulse (to minimize
the effect of multiple hits), and the cryostat temperature was set at 50K. During the
calibration, the pulse energy was varied from 0.2nJ to 1nJ as shown in the first row

of Table4.2 as Test No. 2.

Using the same method, determination of the optimum cryostat temperature setting
was carried out after the optimum range of pulse energy been decided. The target
evaporation rate was the last parameter to be tested, as shown in Table 4.2 as Test

No. 4 and No. 6.

94



Table 4.2 Design of calibration tests under pul sed-laser mode

Base temperature LA
Test No. Material Pulse Energy (nJ) K) Evaporation Rate
(ions/pulse)
0.2,03,04,05
_ 0, L 1 1’ 1
2 Fe-12.8%Cr 06,07, 0.8, 0.9, 1 50 0.002
. 30, 50, 70
- 0 ’ ’ 3
4 Fe-10.6%Cr Optimum range 90, 110 0.002
6 Fe-10.6%Cr Optimum range Optimum range 23000,

0.006, 0.008, 0.01
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4.3 Pulse Fraction in Pulsed-voltage Mode

In Test No.1, the target evaporation rate was fixed at 0.002ions/pulse. The cryostat
temperature was set to 50K and independent data were collected at each of the seven
pulse fractions detailed in the first row of Table 4.1 between 10% and 30%. The
temperature was then increased to 70K and the experiments were repeated. About
0.6 million ions were collected after the tip had adopted a steady shape as revealed
by detector histogram for each experiment and each dataset was then reconstructed
using the same parameters. In IVAS version 3.4.3, the single hits and multiple hits
which can be distinguished are all included in the data reconstruction and it is these
data that are used to determine the chemical concentration measurement. The
multiple hits can be retrieved from the original data as well, and the reconstruction
of multiple hits can aso provide some important information. The background
information was directly provided by IVAS using the time-of-flight (TOF) spectrum
rather than the mass spectrum, and in units of ppm/ns, which means the number of
ions that contribute to the background noise compared with the total number of ions
detected per nano second. The comparison of the measured Cr concentrations,
fraction of events that are multiple hits and also the observed background count rate
isshown in Fig.4.1. The statistical errors of measured concentrations are very small,
therefore not shown on the figure. There were other errors introduced due to
imperfect detector efficiency and other reasons, however it was very difficult to

quantify these errors.

It is clearly shown that when the pulse fraction is set at 10%, with a cryostat
temperature of either 50K or 70K, the measured Cr concentrations are significantly

lower than the known bulk concentration, and the levels of background noise are
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higher than in the experiments performed using a higher pulse fraction. When the
pulse fraction is set larger than 15%, all experiments exhibit similar levels of
background noise and measured Cr concentrations are close to the bulk
concentration. The levels of multiple hits are also quite similar despite the variation
of pulse fraction at a given temperature. All experiments used the same evaporation
rate which approximately equated to the rate of data acquisition, therefore

comparing the background noise rate is a reasonabl e approach.

Analysing the data presented in Fig.4.1, it seems unlikely that multiple hits are the
reason for the underestimate of the Cr concentration at low pulse fractions since the
multiple hits fractions are similar for all the experiments irrespective of pulse
fractions. Considering the differences in the evaporation field of Fe** (33V/nm) and
Cr®* (29V/nm), it appears that the most probable explanation is that there is
preferential removal of Cr atoms during the time intervals between the voltage
pulses. As discussed in section 3.4.2.1, Cr atoms have alower evaporation field and
are therefore more easily removed by a high standing DC voltage which results in
the evaporation of Cr by the standing voltage. These atoms are detected as noise
rather than Cr atoms and hence lead to an underestimate of the Cr concentration. The
unusually high background noise when the pulse fraction was is at 10% at both 50K
and 70K as shown in Fig.4-1 is consistent with this explanation. A similar
phenomenon has been observed by Miller et a. [10] and was found to be especialy
pronounced at low pulse fractions (<10% in this case). Therefore, a minimum pulse
fraction of about 15% is required for analysis of Fe-Cr samples at a temperature of

50K or 70K.
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Fig.4.1 The comparison of Cr concentration, multiple hits and background count rate when pulse fraction is varied from 10%-30% with target
evaporation rate set a 0.002ions/pulse in pulsed-voltage mode, (a) Fe-13.9%Cr at 50K, (b) Fe-11.7%Cr at 70K, bulk concentrations are
indicated as black dashed lines.
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From Fig.3.11 shown in section 3.4.2.1, to compensate for the increase in the
relative difference of evaporation rate between two elements at higher temperature,
one solution is to increase the pulse fraction. Such a solution ensures that the field
evaporation by the standing DC voltage is still negligible compared to the amount of
atoms evaporated during the pulses. Therefore it is reasonable to predict that the
threshold of pulse fraction will be larger than 15% at even higher temperatures
(>70K). For the commonly used temperature setting of 50K and 70K, to optimize
the accuracy of chemical measurement in pulsed-voltage mode, it is best to keep the

pulse fraction between 15%-25%.

Once the optimum suitable range of voltage pulse fraction had been determined, an
additional set of 9 calibration experiments was performed using three different
temperatures 30K, 50K and 70K, and three different pulse fractions at 15%, 20%
and 25%. For each the target evaporation rate was still fixed at 0.002ion/pulse. For
a designated temperature, the calibration was started after the tip shape of the
specimen reached a stable state, and about 2.5 millions ions were collected on the
same specimen for each pulse fraction value. Even though the tip shape of the
specimens evolved during the field evaporation, the removal of 7.5 millionsions did
not cause a large alternation on the tip shape, which was confirmed using the grain
orientation on the reconstructed atom map. The detailed comparisons between Cr

concentrations, multiple hits and background count rates are shown in Fig.4.2.
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Fig.4.2 The comparison of Cr concentration, multiple hits and background when pulse fraction is varied from 15%-25% with target evaporation
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At the same temperature, each experiment demonstrated similar levels of multiple
hits and measured Cr concentration, 11.7+0.2% (at 30K), 10.9+0.1% (at 50K) and
10.4+0.2% (at 70K) respectively, showing invariance to the pulse fraction in the
range of 15% to 25%. At 30K, the background levels were similar at different pulse
fractions. Meanwhile at 50K and 70K, the highest background level appeared when
the pulse fraction was set at 15%, and it showed a tendency to decrease as the pulse
fraction is increased, which implies that preferential evaporation of Cr contributes to
the high background levels at lowest pulse fraction. As the cryostat temperature was
increased from 30K to 70K, the average level of multiple hits gradually reduced,
while the average level of background noise rose significantly. The measured Cr

concentration obtained at 50K is closest to the bulk concentration.

The lowest temperature selected (<30K) gave rise to the highest level of multiple
hits. If the correlated evaporation happens on a pair of Fe-Cr atoms, they can easily
be distinguished by the detector due to differences in the time of flight. Statistically,
there are more Fe atoms than Cr atoms in the alloy, so correlated evaporation is
more likely to happen for a Fe-Fe pair rather than for a Cr-Cr pair. Multiple hits of
Fe would reduce the measured Fe concentration and increase the measured Cr
concentration. When the temperature is too high, the measured Cr concentrations

decrease. The detailed effect of temperature will be discussed in section 4.5.

Four two-dimensiona density maps plotted with the z-axis as the analysis direction
are shown in Fig.4.3. The 2D density maps include single hits and multiple hits of
Cr and Fe with the indexes of the maor poles. These were obtained from the
experiment carried out at 50K, with a pulse fraction of 20% and a target evaporation

rate of 0.002ions/pulse.
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The poles and crystallographic zone lines are shown most clearly on the maps of
multiple hits rather than single hits, indicating that most multiple hits are detected
from these regions. As discussed in section 3.4.2.3, the electrical field increases as
the pole terrace diameter decreases. Consequently the correlated evaporation is
especialy drastic at the centre of low index poles, which explains the high density of
multiple hits of Fe observed in the centre of low index poles such as (110) and (200).
Since a large fraction of Fe atoms from the centre of the low index poles are
evaporated as multiple events, the high density of Cr and low density of Fe in the

same region are also observed on the single hits maps.
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Fig.4.3 2D Density maps of Fe-11.7%Cr obtained under puléed-voltage mode at
50K, with pulse fraction at 20% and target evaporation rate at 0.002ions/pulse, (a)
Fe?* single hits, (b) Cr** single hits, (c) Fe multiple hits, (d) Cr multiple hits
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4.4 Pulse Energy in Pulsed-laser Mode

In test No.2 shown in the second row of Table 4.1, the target evaporation rate was
fixed at 0.002ion/pulse. 9 calibration experiments were carried out on one specimen
using a pulse energy between 0.2nJ and 1nJ at 50K. About 0.8 million ions were
collected after the tip reached a stable evaporation state for each experiment and the
same parameters were used for each in the reconstruction process using IVAS 3.6.0.
The comparisons in terms of Cr concentration, multiple hits and background count

rate areshownin Fig.4.4.
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Fig.4.4 The comparison of Cr concentration, multiple hits and background of Fe-
12.8%Cr when the laser pulse energy was varied from 0.2nJ to 1nJ with target
evaporation rate set at 0.002ions/pulse in pulsed-laser mode, bulk concentration is
indicated as black dashed line.
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It is clear that when the pulse energy was varied from 0.2nJ to 1nJ, the multiple hits

were always maintained at a quite low level which is below 6%. The multiple hits

level was generally lower in comparison with all the data obtained in pulsed-voltage

mode under different conditions. The measured Cr concentrations were also self-

consistent, indicating approximately 12%Cr in each case. The laser energy did not

have a large effect on the overall measured Cr concentration. The background level

changed from 19.75ppm/ns to 3.17ppm/ns, demonstrating a tendency to decrease as

pulse energy was increased.
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Fig.4.5 The concentrations and the relative abundance of Fe and Cr ions in singly

and doubly charged states of Fe-12.8%Cr when the pulse energy was varied from
0.2nJ to InJ with target evaporation rate set at 0.002ions/pulse in laser mode, 50K
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Note that even though the measured Cr concentrations were quite similar when the
specimen was run using different laser pulse energies, the ratios between ions with
different charge states can vary a lot. Fig.4.5 shows a detailed anaysis of the
concentrations and relative abundance for singly charged and doubly charged Fe and

Crions.

As discussed in Fig.3.13, the increasing laser energy can cause an increase in
specimen temperature as well as a decrease in the evaporation field. According to
Kingham's theory [11], an increasing fraction of Fe and Cr atoms evaporate as
singly charged ions as the field decreases. When the pulse energy was set at 0.7nJ,
over 90% of the Cr atoms and almost half of the Fe atoms were observed to
evaporate in a singly charged state. Since therma heating of the specimen is
enhanced by increasing the laser energy, the abundant evaporation of singly charged
ions is an indication that the specimen was overly heated when the laser pulse
energy was high. This phenomenon is even worse in the region directly heated by
the laser. As shown in Fig.4-6, when the laser energy is 0.2nJ, most of atoms
evaporate as doubly charged ions. However when laser energy was 0.7nJ, the
reconstructed atom maps showed marked non-uniform distributions of Fe**, Fe" and
Cr*. This phenomenon became even worse as the laser energy was further increased.
A significant fraction of singly charged ions was observed in the areas directly
heated by the laser or the regions between crystallographic lines. This may be
caused by surface thermal diffusion due to the overheating of the specimen. The
map of Cr?* does not provide much information due to very limited fraction of Cr
atoms evaporated in the doubly charged state at such high laser energy. High laser
power, in our case larger than 0.7nJ, and hence high specimen temperatures must be

avoided to ensure minimal surface diffusion.
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Fig.4.6 Atom maps of Fe and Cr ions in singly and doubly charged states of Fe-
12.8%Cr with target evaporation rate set at 0.002ions/pulse in laser mode, 50K (a)
pulse energy at 0.2nJ (b) pulse energy at 0.7nJ

By studying the effective pulse fraction PF, the range of appropriate laser pulse
energy can be further narrowed down. The PF; was calculated for the laser energies
used in test No.2 using equation 3-3 discussed in section 3.4.2.2. As in the method
used by Gault and co workers [12], al the data in test No.2 were collected by
varying only the laser energy while the target evaporation rate was fixed. After the
tip of the specimen had reached a stable shape and the target evaporation rate was
maintained at a constant value, the specimen voltage V used in the calculation at
each point was taken as an average value over the detection of 500,000 ions. There
IS no satisfactory theory to suggest what form the relationship should be. However
comparing with a second order polynomial fit, a linear fit was found to be a good
first order approximation with smaller standard error. So a linear fit was chosen and

gave an equation as below:
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y = intercept + B; X 4-1)
intercept = 8384.11 B, = —4282.06

The voltage required at zero laser energy was determined by the intercept value,
which extrapolated from the linear fit. It was taken as the reference standing DC

voltage V. The linear fit plot and the PF calculation are shown in Fig.4.7.
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Fig.4.7 Specimen voltage plotted as a function of laser energy, with a linear fit and
calculated effective pulse fraction, data obtained from test No.2.

Selection of the right effective pulse fraction is very important in pulsed-laser atom
probe experiments. Insufficient effective pulse fraction could cause preferential
evaporation/retention and also will result in the application of a higher standing
potential to maintain the required rate of field evaporation. This increases the stress
on the specimen which might cause frequent specimen fracture. On the other hand,
an excessive effective pulse fraction may lead to overheating of the specimen and

introduces artifacts such as surface migration of atoms as discussed in Fig.4.6 (b) [7,
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13]. Bunton et a. [5] did a series of tests on Si dissolved in stainless steel and
suggested that an effective pulse fraction of between approximately 0.10 and 0.15 is
suitable for most materials. From this point of view, the appropriate effective pulse
fraction in our experiment can only be achieved when the laser energy is set lower
than 0.4nJ. Therefore the pulse energy should not exceed 0.3nJ to avoid overheating
the specimen, optimize the mass spectrum resolution and ensure approximately

uniform evaporation of atoms.
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4.5 Temperature

The concept of temperature discussed here, refers to the cryostat temperature which
is measured on the specimen stage in the analysis chamber, and can be directly
controlled by the LEAP computer. It is not the actual specimen apex temperature,
especially under pulsed-laser mode due to the specimen temperature rise caused by

the laser heating.

From the discussion in section 4.3, the optimum setting of pulse fraction was
defined to be between 15%-25%. Therefore, test No.3 was performed on Fe
12.8%Cr under voltage mode using 5 different cryostat temperatures between 30K
and 110K. These tests were performed using a voltage pulse fraction set at 15% and
then repeated using a pulse fraction of 20%. All experiments were performed using
atarget evaporation rate at 0.002ions/pulse as before. Fig.4.8 shows the comparison

between measured Cr concentration, multiple hits and background count rate.

When the pulse fraction was set at 15%, the measured Cr concentration gradually
decreased from nearly 14% to 10% as the temperature was increased from 30K to
110K. The multiple hits also decreased from over 20% to 11%, while the
background level increased from 8.19ppm/ns to 87.68ppm/ns. When the pulse
fraction was set at 20%, the Cr concentration also showed the highest value at 30K,
and the lowest value at around 10% at both 70K and 110K. The multiple hits
dropped from 20.4% at 30K and had the lowest value at 70K. The background level
also demonstrated a tendency to increase with temperature. The mass resolution
M/AM using a pulse fraction 15%, was 1132.2 (FWHM) and 533.4 (FWTM) at 30K,
and gradually decreased to 988.5 (FWHM) and 470 (FWTM) a 110K; at pulse

fraction 20%, the M/AM was 1132 (FWHM) and 538.9 (FWTM) at 30K, and
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decreased to 978.8 (FWHM) and 480.1 (FWTM) at 110K. Similar tendencies of

decreasing mass resol ution with temperature were found at different pulse fractions.
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Fig.4.8 The comparison of measured Cr concentration, multiple hits and background
count rate when the temperature was varied from 30K to 110K with target
evaporation rate set at 0.002ions/pulse in pulsed-voltage mode on a Fe-12.8%Cr, (a)
pulse fraction at 15%, (b) pulse fraction at 20%, bulk concentrations are indicated
as black dashed lines.

The dramatic change of measured Cr concentration obtained using different
temperatures shows that the temperature has a large effect on the accuracy of
chemical measurement. The overestimation of Cr concentration at low temperature
(30K) is considered to be caused by the higher proportion of multiple-hits.

Statistically more Fe ions are lost by multiple events than Cr ions and this
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potentially results in a decrease of the measured Fe concentration and an increase of
the measured Cr concentration. At different pulse fractions, the plots of multiple hits
show similar general tendencies to the changes in measured Cr concentration. This
also clearly demonstrates that multiple hits play an important role in chemical

concentration measurement.

Fig.4.9 shows two-dimensional density maps of Cr multiple hits and single hits
using the data obtained in test No.3, when the voltage pulse fraction was set at 20%
and with the target evaporation rate at 0.002ions/pulse. At 30K, the multiple events
occurred not only on the crystallographic features such as poles or lines, but also on
the entire evaporation surface of the specimen. As temperature was increased, the
majority of the multiple events occurred on crystallographic features such as low
index poles. Furthermore single events also have the highest density around the low

index pole. This phenomenon becomes worse with increasing temperature.
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’ Fig.4.9 (a) Two-d| mensuonal density maps of Cr multlple hits dlstrl butlon and (b)
Two-dimensional density maps of Cr single hits distribution at 30K, 50K and 70K
under pulsed-voltage mode on a Fe-12.8%Cr, at pulse fraction 20% and target
evaporation rate 0.002 ions/pul se.

As discussed above, a low cryostat temperature (30K) can provide a higher mass
resolution but it also results in an increase in the fraction of multiple hits and hence
underestimates Fe concentration. High temperature (>90K) can reduce the
occurrence of multiple hits but degrades the mass resolution and may well lead to
surface thermal diffusion. Therefore, to balance the multiple hits and mass
resolution whilst maintaining a relatively uniform evaporation, the best temperature

range under pulsed-voltage mode is between 50K and 70K.

Test No.4 was performed using pulsed-laser mode. 5 different temperatures between
30K and 110K were selected. Following the discussion in section 4.4, the pulse

energy was selected to be 0.2nJ and the target evaporation rate was set at
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0.002ions/pulse. Fig.4.10 shows the results for measured Cr concentration, multiple

hits and background level.
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Fig.4.10 The comparison between measured Cr concentration, multiple hits and
background count rate of Fe-11.7%Cr when temperature was varied from 30K to
110K, pulse energy at 0.2nJ with target evaporation rate at 0.002ions/pulse in
pulsed-laser mode, bulk concentration is indicated as black dashed line.

The measured Cr concentrations are quite similar indicating that the cryostat
temperature does not have much effect on the measurement of chemical
composition. This is reasonable because the specimen apex is heated by the laser
under the pulsed-laser mode; therefore it is therma energy from the laser energy
rather than from the cryostat temperature which dominates the field evaporation
process. The multiple hits are also maintained at relatively low values below 10%.
However, the background level rose from around 14ppm/ns to amost 74ppm/ns as
the temperature was increased from 30K to 110K, which is consistent with results
obtained under pulsed-voltage mode. The mass resolution M/AM was 1104.5
(FWHM) and 525.6 (FWTM) at 30K, and gradually decreased to 1087 (FWHM) and

470.8 (FWTM) at 110K.
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A comparison between the results obtained from test No.3 and test No.4 shows that
the mass resolution obtained under pulsed-voltage mode is dightly better than that
obtained under pulsed-laser mode, therefore this result suggests the thermal
diffusivity of Fe-Cr alloy is poor, especially at higher temperatures. A similar
conclusion was reached by Sha et a. [4] in a study of an AI-Mg-Si-Cu aloy. These
authors found that the mass resolution obtained under voltage mode was better than
laser mode and suggested this resulted from the poor thermal diffusivity of the
material. This is consistent with the reported thermal diffusivity of 304A stainless
steel, which is 0.44cm?/s at 25K, 0.138cm?/s at 50K and decreases to 0.047cm?/s at
100K [14]. At low temperature, the thermal diffusivity of the specimen is better
while the background level is lower, so it is reasonable to assume that low-
temperature analysis should have a positive effect on the mass resolution. Such a
conclusion is indeed consistent with the results obtained in test No.3 and No.4 that
the best mass resolution is always obtained at the lowest temperature (30K) under

both pulsed-voltage mode and pul sed-laser mode.
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Fig.4.11 The concentration and ratio between Cr singly and doubly charged ions,
data obtained in test No.4 on a Fe-10.6%Cr.
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Fig.4.11 shows a comparison of Cr singly and doubly charged ions collected in test
No.4, and the two-dimensional density maps of Cr atoms are shown in Fig.4.12. The
ratio between Cr* and Cr?* gradually increases with temperature, however even at
110K, the Cr* ions only contribute less than 0.2% to the total Cr concentration and
the ratio between singly and doubly charged ions is less than 0.02. This indicates
that the effect of cryostat temperature on the charge state of Cr ions can be
negligible for laser pulsing. In Fig.4.12, when the temperature was varied from 30K
to 110K, the two- dimensional density maps all demonstrate self-consistent
distributions of Cr atoms as judged from crystallographic features. Apart from the
inevitable high density of Cr at the magjor pole and in the regions directly heated by

the laser, no obvious effect of thermally induced surface diffusion is observed.

Fig.4.12 Two-dimensiona density maps of Cr distribution, at (a) 30K, (b) 50K, (c)
70K, (d) 90K and (e) 110K, data obtained in test No.4 on a Fe-10.6%Cr.
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Taking into account the discussion of pulse laser energy in section 4.4, it is very
clear that in the pulsed-laser mode it is the laser energy rather than the cryostat
temperature which dominates the actual temperature of the specimen apex and hence
the relative abundance of evaporated ions with different charge states as well as the
surface thermal diffusion. Though the effect of cryostat temperature is more limited
than that of the laser energy, alow temperature is found to have a positive effect in
reducing the background and increasing the mass resolution. Therefore it is better to
keep the cryostat temperature between 50K and 70K to lower the background level
whilst maintaining a reasonable mass resolution and reducing the risk of specimen

fracture which increases at |ow temperatures (e.g. 30K).

As the temperature was increased from 30K to 110K, the concentration of H was
also found to increase by more than 1% as shown in Fig.4.13. Fig.4.13 aso shows
two-dimensional atom maps of H distribution obtained in test No.4. As the
temperature was increased, more and more H atoms appeared in the region which is
directly heated by the laser. It is possible that H evaporates from the surrounding
area of thetip. The H ions could also evaporate with other atoms by forming hydride
molecular ions, which frequently desorb as singly charged species. For example,
FeH" molecular ions have been found in the H-rich region. For the doubly charged
Cr ions, the main peak is at 26 on the mass spectrum. Combined with one or more H
ions, some Cr hydride molecules would result in peaks at 26.5 (CrH?") or 27
(CrH,?"). A peak at 27 would overlap with one of the isotope peaks of the doubly
charged Fe ion, and therefore be interpreted as Fe. This would further reduce the
measured Cr concentration. This explanation is consistent with the lower Cr
concentration measured at high temperature (110K) in test No.4 and also the reason

to limit the cryostat temperature to the range 50K to 70K as discussed above.
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Fig.4.13 Plot of H concentrations as a function of temperature, and two-dimensional
atom maps of H distribution, at (a) 30K, (b) 50K, (c) 70K, (d) 90K and (e) 110K,
data obtained in test No.4 on a Fe-10.6%Cr.
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4.6 Target Evaporation Rate

The target evaporation rate is defined in terms of the desired average number of ions
evaporated per voltage pulse (pulsed-voltage mode) or laser pulse (pulsed-laser
mode). It depends on the shape of the specimen tip as well as the field of view,
which makes it difficult to compare with historic data obtained using different atom
probe instruments. Test No.5 and test No.6 were carried out using optimum values
for pulse fraction, pulse energy and cryostat temperature as defined in the previous

sections.

Test No. 5 was carried out on a Fe-13.8%Cr sample. 5 different target evaporation
rates between 0.002iong/pulse to 0.0lions/pulse were selected, with a pulse fraction
of 20% and a cryostat temperature of 50K. The measured Cr concentration, multiple

hits and background level obtained in test No.5 are shown in Fig.4.14.
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Fig.4.14 The comparison between measured Cr concentration, multiple hits and
background level of Fe-13.8%Cr when the target evaporation rate was varied from
0.002iong/pulse to 0.00lions/pulse, with temperature at 50K, pulse fraction at 20%
in pulsed-voltage mode, bulk concentration isindicated as black dashed line.
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As the target evaporation rate was increased from 0.002 to 0.0liong/pulse, the
measured Cr concentrations between different experiments remained quite similar,
indicating the target evaporation rate does not have much effect on the chemical
composition measurement. The multiple hits also increased dlightly, though were
still consistent with other experiments carried out under pulsed-voltage mode, such
as test No.1 and No.3. The background level dlightly decreased as the target
evaporation rate increased. In the two-dimensional density maps of Cr distribution
shown in Fig.4.15, as the target evaporation rate increased, more and more Cr atoms
were found to segregate at crystallographic lines and poles. The most non-uniform
distribution occurred when the target evaporation rate was set at 0.0lions/pulse,

though the differences were not very large.
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Fig.4.15 Two-dimensiona density maps of Cr distribution, when the target
evaporation rate was set at (@) 0.002iong/pulse, (b) 0.006ions/pulse, (c)
0.0liong/pulse, and data obtained in test No.5 on a Fe-13.8%Cr.

Test No.6 was carried out on a Fe-10.6%Cr specimen under pulsed-laser mode. 5
different target evaporation rates from 0.002ions/pulse to 0.01lions/pulse were used,
with temperature set at 50K and pulse energy set at 0.2nJ, and a similar phenomenon

was observed. Fig.4.16 shows the measured Cr concentration, multiple hits and
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background level and Fig.4.17 shows the two-dimensiona density maps of Cr

distributions from several selected data obtained in this test.
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Fig.4.16 The comparison between measured Cr concentration, multiple hits and
background of Fe-10.6%Cr when the target evaporation rate was varied from
0.002ions/pulse to 0.00lionsg/pulse, with temperature at 50K, pulse energy at 0.2nJ
in pulsed-laser mode, bulk concentration isindicated as black dashed line.

Fig.4.17 Two-dimensiona density maps of Cr distribution, when the target
evaporation rate was set at (@) 0.004iong/pulse, (b) 0.006ions/pulse, (C)
0.08iong/pulse, and data obtained in test No.6 on a Fe-10.6%Cr.

The measured Cr concentrations are also salf-consistent between different

experiments, demonstrating very little influence of the target evaporation rate on the
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chemical concentration measurement in pulsed-laser mode. A similar fraction of
atoms is evaporated as multiple hits in each experiment and this fraction is aways
observed to be quite low (less than 6%). This is consistent with other experiments
carried out under pulsed-laser mode such as test No.2 and No.4. The background
level also decrease dlightly as the target evaporation rate is increased. Furthermore,
the two-dimensiona density maps of Cr obtained from three runs with different

target evaporation rates demonstrate self-consistent spatial distributions of Cr.

Wagner et.al [15] studied the effect of field evaporation rate on quantitative analysis
carried out by atom probe, and found that as the evaporation rate increased, the
measured concentration of the less abundant species became greater than the actual
bulk concentration. The authors believed such conclusions were applicable to all
alloy systems. Very low pulse repetition rates were used in those days (typically less
than 200Hz), therefore relatively high evaporation rates per pulse were used
(typically above 0.liong/pulse). The more desirable target evaporation rates of less
than 0.0liong/pulse were unobtainable in practice. Instrument developments during
the last decade have largely improved the field of view, the pulse repetition rates and
the ability to handle high multiplicities. Taking into account the high repetition rates
(200KHz) used nowadays, the target evaporation rates we used were actually very
low comparing with Wagner's experiments, which can also explain why in our
experiment, the influence of target evaporation rate on the chemical composition

measurements was found to be quite limited.

In test No.6, it was observed that even at 0.01lions/pulse, multiple hits were still able
to be maintained at a quite low level. Therefore, generally the target evaporation rate
is best kept between 0.002ions/pulse to 0.004ions/pulse under both pulsed-voltage

mode and pulsed-laser mode to maintain a relatively uniform distribution of
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evaporated ions. However it may be necessary to increase the target evaporation rate
to around 0.008iong/pulse to satisfy the requirement of collecting large amounts of

datain arelatively short time period.
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4.7 Conclusions

As a conclusion, the optimum ranges of pulse fraction, pulse energy, cryostat
temperature and target evaporation rate discussed in this chapter are shown in Table
4.3 below. Note that this general experimental parameter range isvalid for for binary
Fe-Cr aloys for specimens prepared by two-stage electropolishing. There are some
specia requirements when running FIB prepared specimens and these will be

discussed in Chapter 5.

Table 4.3 Optimum experimental parameters for LEAP

Pulse-voltage Binary Fe-Cr alloy 15-20 50, 70 0.002-0.008

Base temperature VLS
P Evaporation Rate

(k) (ions/pulse)
Pulse-laser Binary Fe-Cr alloy 0.2,03 50, 70 0.002-0.008

Mode Material Pulse Energy (nJ)
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Chapter 5

A Systematic Approach to Analyze
Radiation Induced Grain Boundary

Segregation/Depletion on a Single Grain
Boundary
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5.1 Introduction

The concept of radiation induced segregation/depletion (RIS/RID) and the currently
established mechanisms were described in Chapter 2. Many studies [1-3] have been
devoted to understanding RIS/RID in austenitic steels, where it has been generaly
observed that Cr is depleted at grain boundaries, which isin agreement with the size
effect mechanism suggested by Okamoto et al. [4]. However, both segregation and
depletion of Cr in grain boundaries have been reported in ferritic steels with no clear
dependency on irradiation condition or aloy type, and the mechanistic

understanding is far from complete [5, 6].

Most publications on RIS/RID do not study all the potential contributing factors
which could explain the Cr variation at grain boundaries after irradiation and the
conclusions drawn from the literature are often based on incomplete data. While
grain boundary misorientation is known to affect the segregation levels and RIS/RID
behaviour, it is very rarely taken into account in the studies of austenitic steels [7-9]
or ferritic steels. For example, Watanabe et a. [9] suggested that the sink strength
variations between grain boundaries with different misorientations could affect the
RIS/RID behaviour of Cr and Ni in austenitic steel. Was et a. [6] also state that
grain boundary character should be taken into account in future research to quantify
the RIS/RID tendency in ferritic aloys. Furthermore, the chemical compositions of
the grain boundaries before irradiation are not always reported. It iswell known that
heat treatments will cause chromium segregation [10, 11] while the formation of
carbides can lead to Cr depletion at grain boundaries before irradiation [12]. The
initial state of grain boundaries is an important parameter that could affect their

subsequent response upon irradiation. Finally, the presence of impurities, such as
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carbon, silicon, nitrogen, and phosphorus has been observed to affect RIS/RID
phenomena [10, 13], however their effects are not yet fully understood. Kano et
al.[13] studied the effect of different concentrations of C on the radiation induced
depletion of Cr in SUS 304 and SUS316L stainless steels and found that C can
suppress the Cr depletion. But the distribution of C at grain boundaries was not
discussed possibly due to the difficulty of detecting C using TEM-EDX. Another
report is provided by Ohnuki et al.[14] who observed Cr segregation after irradiation
in Fe-13%Cr. However the authors applied C* ion irradiation and therefore
introduced a significant quantity of excess C which may have influenced the
segregation phenomenon since there is an interaction between Cr-C complexes and

the vacancy flow towards sinks.

RIS/RID at grain boundaries have been studied by AES and more recently by using
STEM/EDS. The limitations of these techniques have also been discussed in Chapter
2. On the other hand, atom probe tomography has already been proven to be very
useful in studying local chemical composition variations with near atomic resolution
[15]. APT has the ability to detect all elements, including those that are difficult to
detect by STEM/EDS such as minor elements and low-atomic-number el ements.
Since the data are presented in three dimensions after reconstruction, the atom
distribution and chemical composition information are also available in a three-
dimensional form. For example, the distribution of solute atoms within a grain
boundary plane can be directly observed by atom probe in three-dimensiona form,
which is much advanced than the one-dimensional line profile provided by
STEM/EDS. Furthermore when combined with FIB specimen preparation, precise

sampling and the quantitative analysis of a designated region becomes possible.
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In order to develop an understanding of the mechanism of RIS/RID as well as
irradiation behaviour of Cr in the grain boundaries in ferritic steels, a systematic
approach has been developed, combining Electron Backscatter Diffraction (EBSD),
Focused lon Beam (FIB) specimen preparation and Atom Probe Tomography (APT)
analysis. This approach enables one to consider all factors which could contribute to
the RIS/RID phenomenon, such as chemistry before irradiation, grain boundary

orientation, existence of impurities and precipitates.
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5.2 The Design of the Systematic Approach

The key feature of this systematic approach isto combine the advantages of different
microstructural techniques and make it possible to analyse the distributions of atoms
and variation in chemical composition as a function of irradiation in a selected small

region in three dimensions.

The as-received samples were first cut, heat treated and polished using the method
discussed in section 3.1 until the surfaces were flat with grain boundaries clearly
revealed under an optical microscope. EBSD was then performed on a JEOL 6300
SEM to identify several grain boundaries with specia orientations, such as low
sigma ones and high angle ones. Ideally these boundaries should be straight and long
(~100pm) which later would be useful in FIB specimen preparation. The irradiation

detailsarelisted in Table 3.1.
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5.2.1 FIB specimen preparation on asilicon coupon

The basic principle of FIB specimen preparation was introduced in Chapter 3, and
the method provided by Miller et al. [16] has been modified by Thompson et al. [17]
to be more productive. The method used in this thesis was developed based on the
discussion by Thompson et a. [17]. A silicon coupon was used as specimen holder
as shown in the SEM image in Fig.5.1, and (c) shows the top of a micro tip with a
diameter of 2um. 36 micro tips were aligned on a single silicon piece and the piece

was mounted on a T-shape stub using conductive silver glue and aclip.
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Fig.5.1 SEM images of silicon coupon, (a) 36 micro tips, (b) one micro tip viewed

from above and (c) the top of amicro tip with diameter of 2 um

FIB lift-out was performed on each selected grain boundary to obtain specimens

before irradiation. As shown in Fig.5.2, instead of lifting-out asmall pillar, the entire
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triangular-shape beam was lifted-out using a micromanipulator. Normally the beam
is about 30 microns in length and 5-7 microns in depth. One end of the beam was
attached with a micromanipulator using W deposition as shown in Fig.5.2 (a). The
beam was then cut free and lifted-out, and a cross section view is shown in Fig.5.2
(b). Fig.5.3 (¢) shows a small pillar with a 4x4um sguare area in top view was
mounted on top of the micro tip, which would be later finished by annular milling as
shown in Fig.5.2 (d). Using the same method, 5 or 6 specimens could be prepared
from one single lift-out beam. The lift-out procedure, especially the final annular
milling had to be carefully controlled to ensure that each specimen contains part of

the specified grain boundary.
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Fig.5.2 lllustration of the FIB lift-out specimen preparation technique before
irradiation
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After enough specimens containing the selected grain boundaries had been prepared,
the block samples were sent to the ion beam facility in the University of Surrey for
ion irradiation. After the samples been retrieved, a similar FIB lift-out was
performed on the same grain boundaries near the regions where a batch of atom
probe specimens had already been prepared before irradiation. It was very easy to
locate these boundaries due to the presence of trenches left on the boundaries by the
previous FIB lift-out procedure. Then another batch of atom probe specimens
containing the same grain boundaries after irradiation was prepared on the silicon
coupon using the procedure shown in Fig.5.3. Fig.5.3 (@) shows that a new lift-out
beam was cut next to the trenches left by previous cut. The procedure shown in

Fig.5.3 (b), (c) and (d) was similar as Fig.5.2.

Micromanipulator

Trenches /

(@) Trenches left from
previous cut \

Same grain boundary after Lift-out beam
irradiation
(b) (c) (d)
W protection \
layer W deposition
/
Irradiated region _ ~
Grain Boundary Micro tip on a

silicon coupon

Fig.5.3 lllustration of the FIB lift-out specimen preparation technique after
irradiation
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Idedlly the first batch of specimens should be prepared before the sample had been
irradiated; however by dlightly modifying the method, it was aso possible to
produce the first batch of specimens from un-irradiated regions even after the block
sample has been through the irradiation experiment. The SRIM calculation
discussed in section 3.1.3 demonstrated that even under the highest dose condition,
the ions only penetrate a depth of about 1 micron from the surface of the block
samples. Therefore, it was possible to perform a FIB lift-out and extract a beam
which contained the undamaged region as shown in Fig.5.4. By controlling the
length of the specimen during the final sharpening procedure, the irradiated area
could be totally removed and APT specimens which only contained un-irradiated
grain boundary could be prepared. The data obtained from this region was also

representative of the condition of the grain boundary before irradiation.

(a) Trenches Micromanipulator
Lift-out beam Grain boundary analysed by

EBSD, after irradiation

(b) (c) (d)
W protection Nee d to be
layer A
removed )
The region contained
Irradiated region in the specimen
g Gram Boundary
Wdeposmon

Mlcro tipon a

silicon coupon

Fig.5.4 Illustration of an alternative FIB lift-out method of preparing specimen

containing grain boundary in the un-irradiated region after irradiation
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After the annular milling was finished, a 2KV low energy mill was applied to
remove the Ga' contamination and to remove the unwanted top region which
contained the capping W layer or just matrix. The length of grain boundary
contained in each atom probe specimen depended on the tilt angle between the grain
boundary plane and the surface of the block samples. Specimens containing a long
grain boundary could only be prepared if the tilt angle was relatively large or the
grain boundary plane was perfectly perpendicular with the surface of the block
sample. As shown in the SRIM calculation in section 3.1.3, the dpa value was
plotted as a function of irradiation depth. Therefore, a specimen containing a straight
and long grain boundary was ideal for studying the irradiation effect as a function of
depth. If the tilt angle was relatively small (less than ~70°), it was better to control
the depth of the atom probe specimen to ensure that the grain boundary for
subsequent APT was included the maximum damage region as identified from the

SRIM calculation.
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5.2.2 Atom probe experiment and specia requirements on coupons

After the specimens mounted on the top of the micro tip had been sharpened, the
coupon could be transferred into the LEAP for atom probe experiments. The general
optimum ranges of experimental parameters have been discussed in Chapter 4,
however it is still necessary to pay attention to several extra points when using
coupon samples to ensure the best analysis conditions are used and to maximize

success of atom probe experiments.

Unlike the electropolished specimens, the FIB lift-out specimens are mounted on top
of the micro tips by W deposition. After final sharpening, the welds between
specimens and micro-tips are fragile and sometimes quite narrow. Therefore it is
better to run these kinds of specimens under pulse-laser mode rather than pulse-
voltage mode to avoid adding too much stress on specimens and frequent specimen
fracture. The distance between each tip is only severa hundred microns.
Consequently one fractured specimen could easily affect the neighboring ones since

the broken fragments can hit and destroy the neighboring specimens.

When the coupon specimens are examined using pulse-laser mode, the specimen
voltage must be kept lower than 10,000V. If the voltage is too high, it is possible to
generate sufficient field on the neighboring micro-tips due to their narrow separation
to cause field evaporation if the neighboring tips are very sharp. Since the micro-tip
specimens are sharpened by annular milling, the diameters always gradually increase
from apex to bottom. As the diameter increases during analysis, the specimen
voltage will also increase to maintain a consistent target evaporation rate. This
sometimes limits the volume of material that it is possible to anayse. An dternative

strategy is to increase the laser energy slightly by 0.05nJ which reduces the required
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potential for field evaporation. However as discussed in section 4.4, it is better to
restrict the laser energy to below 0.4nJ to avoid overheating the specimen and thus

maintain uniform evaporation and adequate mass resol ution.
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5.2.3 Reconstruction and quantitative anaysis

The collected data was then reconstructed using IVAS™ 3.4.3. The commonly used
reconstruction parameters, such as materials parameters, specimen parameters and
instrument parameters, have been discussed in section 3.4.4. To ensure that a
consistent methodology was applied, specimen parameters such as initia tip radius
and shank angle were treated as variables to take into account differences in

specimen to specimen geometry.

5.2.3.1 One-dimensional concentration profiles

A 1D concentration profile is very useful in describing the distribution and variation
of chemical composition of Cr and C atoms across a grain boundary. The method
involves sampling a cylindrical or cubical region of the data which contains the
region of interest (ROI). The concentration is then calculated as a function of
distance through the sampled volume. Composition measurements are usually taken
over 1-2nm dlices. However the initial 1D profile is only a preview intended to be
used for positioning of the ROI. For quantitative analysis, either a fixed bin width
profile or a fixed sample count profile can be computed. A fixed bin width profile
computes concentrations in constant distance increments with a given bin width
(thickness of sample dlices along the analysis axis), while a fixed sample count
profile calculates concentrations in constant ion number blocks sliced aong the
analysis axis. Due to the possible lensing effect at grain boundaries, the fixed bin
width profile is a better method to plot 1D concentration profiles across grain

boundaries.
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5.2.3.2 Gibbsian interface excess calculation

To do afurther quantitative analysis with a 1D concentration profile, a calculation of
the Gibbsian Interface Excess, as defined below, was carried out. The Gibbsian
Interface Excess method has been applied in the atomic scale studies of grain
boundaries by Seidman et al. [18, 19]. They combined this method with TEM and
atom probe field ion microscopy (APFIM) to measure quantitatively the interfacial

excess of solute atoms at grain boundaries.

The theory was established by considering a two phase system, where a heterophase
interface ¢ (Gibbs dividing surface) exists at the boundary as illustrated in Fig.5.5.
Fig.5.5 plots the cumulative number of atoms of element i as a function of
cumulative number of all atoms. Hence the gradient at any point yields the local
concentration of element i. The Gibbsian Interface Excess /" for solute i is defined
as:

excess
N i
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Where N, is the number of excess solute atoms i within the interface & and A is

vol

the interface area. N; is the number of atoms of element i in the actual system
containing the interface, and N, N?, C% C/ are the number of atoms and
concentration of element i in phases o and [ separately. Fig.5.5 shows this
calculation diagrammatically. Therefore, 5 is found by comparing the total number
of atoms of element i in the system containing the interface to a reference system

where the two phases o and B making up the interface extend to the position of ¢

[19]. However, there is one problem in defining the Gibbs dividing surface £. Since
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Ci“ does not necessarily equal C, changing the position of ¢ would also affect the
value of I;. For a simpler case such as in a grain boundary, where C;*=C#, such a
problem does not exist. The study in this thesis only involves this simpler situation

when the interface is a grain boundary.
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Fig.5.5 Hypothetical integra profile showing how to determine the excess number
of solute atom i from an APFIM analysis, reference [18]. There is a difficulty in
defining the precise position of the interface (the Gibbs dividing surface ¢&) in the

case of a heterophase interface. Thisis discussed further in the main text.

140



5.3 An Example of an Irradiated Fe-12.8%Cr Alloy

The systematic approach was applied to an irradiated Fe-12.8%Cr alloy from the
first batch of material. Several atom probe specimens were prepared by FIB lift-out
technique on a single grain boundary after irradiation. No result before irradiation
was obtained because the grain boundary was insufficiently long to extract
specimens for APT from an unirradiated region. Though unable to take the condition
before irradiation into consideration, the quantitative comparison between several
results obtained after irradiation still demonstrate the high practicality, reliability

and reproducibility of this approach.

The irradiation performed was the implantation type 1 as shown in Table 3.1.
Judging from the SRIM calculation in Fig.3.4, the average amount of damage
between 100nm to 700nm was about 6dpa, and the entire irradiated region was less
than 1 micron in depth from the surface. EBSD analysis confirmed that the selected
grain boundary was a high angle boundary with 40° misorientation and rotation axis
[331]. Four APT specimens from the irradiated grain boundary were successfully
prepared from a single lift-out beam less than 25nm long. Therefore it is reasonable
to assume that the distance between each analysed section of grain boundary was
less than 5 microns. The depths of each specimen were aso carefully controlled in
the final stage of FIB preparation to try to make sure al the grain boundary
segments contained in the specimens were from the maximum damage region.
Fig.5.6 contains several SEM images showing the FIB specimen preparation
procedure. The atom probe analyses were performed under the pulse-laser mode
using optimum experimental conditions: temperature at 50K, pulse energy at 0.3nJ

with target evaporation at 0.004ion/pulse or 0.005ion/pulse.
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200nm

Fig.5.6 SEM images showing the FIB specimen preparation procedure.

142



5.3.1 Calibrating the image compression factor

The image compression factor determines how the atom positions detected at the
detector are projected back to specimen tip space. It affects the shape of the
reconstructed volume, however it does not change the density of atoms in the
reconstructed data. The default value of the image compression factor used in the
reconstruction was 1.65 in IVAS 3.4.3. However, comparing the results with SEM
images obtained during FIB specimen preparation, it has been found that the default

valve was not suitable for the reconstruction of Fe-Cr aloys.

Fig.5.7 shows two atom maps of one specimen reconstructed using two different
image compression factors, 1.65 and 1.2. The grain boundaries are marked by black
dashed lines. The grain boundaries are at a certain angle a to the centre axis of the
specimen. When the image compression factor is set at 1.65, a is 32°. However,
when the factor is set at 1.2, a is about 16°. An SEM image of the same specimen
taken during the FIB specimen preparation is shown in Fig.5.6 (c), and the grain
boundary is again marked by a black dashed line. The estimated shape of the
finished specimen is marked with red lines. The reason for choosing an image
showing an unfinished specimen rather than a finished specimen is that during the
milling process, the contrast between two grains gradually decreases until it
becomes totally invisible when the diameter of specimen is reduced to a certain level
(less than 200nm). The SEM image shows that the true value of a is about 14°.
Therefore when the image compression factor was set at 1.2, the reconstructed
results represent the actual specimen geometry. The value 1.2 was also used as
image compression factor in al the data reconstruction of atom probe experiments

carried on Fe-Cr adloysinstead of 1.65.
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Fig.5.7 Atom maps of Cr of one specimen reconstructed using two different image
compression factors, (a) 1.65, (b) 1.2, (c) SEM image of the specimen during FIB
preparation
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5.3.2 Atom maps

The reconstructed atom maps of Cr and C from four specimens containing the same
irradiated grain boundary in the Fe-12.8%Cr alloy are shown in Fig.5.8. The grain
boundary region in specimen A is very long, about 250nm in length while the
boundary regions in specimen B, C and D are also long enough for analysis, about
150nm. The difference between the lengths of the grain boundary regions contained
in each specimen was due to the difficulty of precise control during FIB specimen
preparation. However, it is clear that the grain boundaries in four specimens are at

the same angle from the central axis of each tip.

Grain Boundary oCr

i /

Sample A Sample B Sample C Sample D
50nm 25nm 20nm 20nm

Fig.5.8 Atom maps of Cr and C of four specimens containing the same irradiated

grain boundary in the Fe-12.8%Cr alloy
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5.3.3 1D concentration profile

The 1D concentration profile was plotted along the Z axis of a cylinder with 25nm
in diameter with bin width of 0.1nm. The cylinder was positioned perpendicular to

the grain boundary plane on the atom maps.

Fig.5.9 shows typical 1D concentration profiles obtained from specimen A, B, C and
D. The shapes of concentration profiles were affected by the presence of prominent
poles, crystallographic zone lines and aso the selection of region of interests
analyzed by the analysis cylinder. Still the shape of 1D concentration profiles of Cr
and C obtained from different specimens are al quite similar. The segregation of Cr
and C at the grain boundary is observed in al the concentration profiles within a
width of less than 8nm, while Cr also shows a slight depletion in the matrix adjacent
to the grain boundary (1-2nm) to form a ‘W-shape' profile. The rest of the profiles
are quite flat with small fluctuations of composition around the bulk concentration
of 12.8%, indicating the irradiation has only affected the chemical composition

variation in asmall region across the grain boundary.

In the profiles obtained from specimen B, there are some fluctuations on the left side
of the grain boundary region. This shows that the shape of concentration profiles can
be affected by poles or crystallographic zone lines. As discussed in Chapter 4, Cr
atoms tend to segregate at the centre of the low index poles. Thereforeit is believed
that the analysis cylinder in specimen B also sampled data from a low index pole
and its position was indicated by the region where the Cr concentration was higher
than the profile average. It is adso clear that though the appearance of poles or

crystallographic zone lines in the analysis cylinder could affect the shape of the
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concentration profile, the effect on the segregation/depletion phenomenon of Cr and

C across the grain boundary region was minimal.
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Fig.5.9 1D concentration profiles of Cr and C across the grain boundary of four

specimens, from top to bottom are specimen A, B, Cand D

147



5.3.4 Gibbsian interface excess calculation

The Gibbsian interface excess calculation used in this thesis is dlightly different to

the original method of Seidman et al. [18, 19] though the basic definitions are till

the same. The method of using 1D concentration profiles to calculate Gibbsian

Interface Excessisillustrated in Fig.5.10.
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Fig.5.10 Illustration of calculating Gibbsian

concentration profile
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A typical ‘“W-shape' profileis obtained in an analysis cylinder with diameter a and z

axis is the analysis axis aong which the 1D concentration profile is plotted. It aso

indicates the direction of the profile, which is the same as the x axis in Fig.5.10.

Point C indicates the peak concentration value in the grain boundary region and

points A and B show the lowest points in the depletion regions in the adjacent

matrix of the grain boundary. If the entire region between A and B is defined as the

actual system containing the interface, by subtracting the rectangular area below line
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AB, the triangle marked by point A, B and C then can be defined as the region

which contains the total number of excess atoms of element i in the interface.

To subtract the area below line AB, two background regions are identified as
coloured green in the figure (areas below the line AE and line BF). Since the
depletion regions on either side of the boundary are less than 1-2nm, the widths of
the background regions are defined to be 1nm. The background can be calculated as
the average concentration or number of atoms of element i. However due to the
tragjectory aberrations at grain boundaries, the number of atoms in each bin in the
background may be affected by the local magnification [20]. Therefore, the
background was calculated as the average concentration of element i, and the value

C.>2%* of each point D, on line AB can be found as below:

Caver _ C aver

s b, (D, —Dg) +C&r  (5—2)

Cback —
" Da - Db

Here D, and Dy, are the distances of points A and B on the analysis axis of analysis
cylinder and C,o™* and C,*® are the average concentrations in the two background
regions. The area of the interface is calculated from the cross section area of the
analysis cylinder with diameter a. Then the 7 of element i can be calculated as.

_ Zg;%Han(Cn - Cﬁack) _ Zg;%wl Nn(Cn - Cﬁack)
A T (%)2

I (5-3)

A is the area of the cross section of the analysis cylinder. Since the detector

efficiency of the LEAP is 37%, the corrected 77" then will be:

=

I—;corr — 7 (5 _ 4)

e
W
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The Gibbsian excess caculation method applied in this thesis only considers the
excess solute atoms at the centre of a grain boundary, as in the area between points
C, A and B on the ‘W-shape' profile shown in Fig.5.10. Note that as the irradiation
temperature or dose is varied, the slope of line EA and BF on the ‘W-shape' profile
could also change. This aspect of the data may provide additiona information about

RIS/RID of Cr.

The lengths of the irradiated grain boundaries contained in each specimen were
different. For arelative long grain boundary such as in specimen A, it is possible to
calculate Gibbsian Interface Excess values at different depths. Therefore, a series of
analysis cylinders with 25nm diameter was positioned perpendicular across the grain
boundary from the top to bottom to plot a series of 1D concentration profiles.
Fig.5.11 shows the Gibbsian Interface Excess values calculated and plotted as a
function of depth along the grain boundary in specimen A. Except for the top 2
points, relatively constant Excess values were observed along the grain boundary.
This indicates that the irradiation damage on the grain boundary was relatively
uniform within this region. For the shorter grain boundaries contained in specimen
B, C and D, the average values of Excess were calculated and are shown in Table

5.1.
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Fig.5.11 Gibbsian interface excess calculated and plotted as a function of depth

along the grain boundary in specimen A

Table 5.1 Average Gibbsian Excesses Calculated in Grain Boundaries Region for
SamplesA, B, Cand D
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5.3.5 Discussion

A significant effort was devoted during the FIB specimen preparation process to try
to make sure that the grain boundaries contained in each specimen were from the
maximum damage region, and that the specimens were sharpened using the same
criteria. However it was still very difficult to identify the exact depth of the
boundary contained in each specimen during FIB milling, especialy if the grain
boundary was not perpendicular with the surface of the bulk sample (which actualy
happened in many cases). It was also impossible to judge the exact depth of the
grain boundaries using a reconstructed atom map, because the top of each tip did not
necessarily represent the surface of the bulk sample. Some depths could be lost
during the annular milling process or be intentionally removed by the final 2KV low

energy mill, and the loss is difficult to be estimated.

On the other hand, with the combination of the Gibbsian Interface Excess value and
SRIM calculation, it is possible to roughly identify the depth region of grain
boundaries contained in each specimen. For example the relatively self consistent
Gibbsian Interface Excess values in Fig.5.11 from depth 200nm to 400nm in
specimen A indicate that this region had been affected by similar irradiation damage
and was most likely from the maximum damage region. The small variation between

values obtained at different distances can be explained as follows:

First, the SRIM calculation is a simulation and only provides an average estimation.
Although SRIM indicates an average damage about 6dpa between 100nm and
700nm (maximum damage region), it is still possible that the effect of irradiation
and the level of segregation/depletion could be dlightly different at different depths

in the grain boundary, even in the 100-700nm maximum damage region. Second, the
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shape of the 1D concentration profiles, and hence the Gibbsian Interface Excess
values, can be affected by the position of the cylinder. Despite ensuring that the
centre of each cylinder was aligned on the same line inside the grain boundary plane,
some erors and fluctuations could still be introduced. Finally when 1D
concentration profiles extend to the very edge of the reconstructed atom map, fewer
sampling planes can be used in the calculation at one end of the cylinder and could

introduce certain errors aswell.

Furthermore, the average Gibbsian excess values of four APT specimens may also
suggest that the grain boundaries contained in specimen A, B, C and D were affected
by dightly different irradiation damage. It is possible that the grain boundaries
contained in these four specimens are from different depths of the original boundary;
however it is highly likely that all are in the maximum damage region. Such results
also prove the attempt to use FIB to prepare al the APT specimens containing the
grain boundaries from the maximum damage region was successful. Considering
that the distances between grain boundaries contained in four specimens were less
than 5 microns, these results provide three dimensional information that the
irradiation damage was relatively uniform not only in depth within the maximum
damage range (100-700nm), but also along a single grain boundary at least within

the analysed length (20-30um).
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5.4 Conclusions

A systematic approach combining EBSD, FIB specimen preparation, APT and data
anaysis to anayse the effect of irradiation on a single grain boundary has been
designed and successfully applied to an irradiated Fe-12.8%Cr aloy. With careful
control, it is possible to use FIB specimen preparation techniques to prepare
specimens containing a specific grain boundary within the maximum damage
region. This was demonstrated by producing four specimens from a single high
angle grain boundary. The image compression factor of 1.2 was used for consistency
with SEM data. The reconstructed atom maps show that al the grain boundary
segments are aligned at the same angle from the centre axis of each specimen.
Enrichment of Cr and C in the grain boundary and depletion of Cr in the adjacent
matrix to form a ‘W-shape 1D concentration profile had been observed separately
for each specimen. Relatively consistent Gibbsian Interface Excess values calcul ated
from each specimen demonstrated the high repeatability and reliability of this

approach.

The development of this systematic approach makes it possible to analyse RIS'RID
in a specific grain boundary with a known grain boundary orientation and to then
experimentally determine the distribution of solute elements both on the grain
boundary and within the adjacent grains. It also provides a unique opportunity to
have multiple atom probe sampling from a single grain boundary and to analyse all
grain boundary data to produce a whole picture rather than the selected snapshots

obtained by previous methods.
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Chapter 6

A Study of Radiation Induced Grain
Boundary Segregation/Depletion in a Fe-
15.2% Cr Alloy
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6.1 Introduction

The systematic approach developed in Chapter 5 is dedicated to gain a better
understanding of Cr behaviour at grain boundaries in ferritic alloys under irradiation,
while considering as many factors as possible including irradiation depth, grain
boundary misorientation, the initial grain boundary chemistry and the presence of
minor elements or impurities. An example of the successful application of this
approach was presented in Chapter 5. In this chapter, this approach has been fully

applied on a Fe-15.2%Cr alloy from the second batch of materials.

The as-received material was cut and polished as discussed in section 3.1.2. Three
irradiation experiments were performed to produce a high-dose material condition
(6dpa) and two low-dose material conditions (0.6dpa) with different irradiation rates,

asdetailed in Table 3.1. The corresponding SRIM calculations are shown in Fig.3.4.

For the high-dose irradiated sample, four grain boundaries with different
misorientations were selected as shown in Fig.6.1. These were two low sigma
boundaries, X1 with 12° misorientation and 3 with 72° misorientation, and two high
angle boundaries, £39 with 50° misorientation and a randomly selected high angle
boundary with 23° misorientation. APT specimens were produced from irradiated
and un-irradiated regions of the four boundaries by the modified method discussed
in section 5.2.3. TEM specimens were prepared using the in-situ lift-out method

described in section 3.2.1 on X3 boundary.
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Fig.6.1 EBSD map for the high-dose irradiated sample, showing four identified

boundaries with their misorientations.

For the sample irradiated by implantation No.2 (0.6dpa with fast rate), two grain
boundaries were selected. One was X1 with 10° misorientation and the other was a
randomly selected high angle boundary with 40° misorientation. For the sample
irradiated by implantation No.3 (0.6dpa with slow rate), only a random boundary
was selected, with 33° misorientation. APT specimens were prepared from both
irradiated and un-irradiated regions of these three boundaries. All APT results were

reconstructed and analyzed using the methods discussed in section 5.2 and 5.3.
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6.2 Results on High-Dose Irradiated Samples

6.2.1 Grain boundary chemistry before irradiation

APT results were obtained from the irradiated and un-irradiated regions of the
randomly selected high angle boundary, X1 boundary and X3 boundary, therefore
these three boundaries are discussed and compared here. Because no results were
obtained from the un-irradiated region of the X39 boundary, this boundary is only

discussed in the section on carbides in grain boundaries.

Before irradiation, Cr and C segregation was observed at the 1, the £3 and the high
angle boundary, which is consistent with previously reported thermal ageing results
[1, 2]. Fig.6.2 shows atom maps of Cr, Fe and C obtained from the randomly
selected high angle boundary. Since the boundary was nearly perfectly perpendicular
to the surface of the block sample, it was possible to obtain a very extensive section
of the boundary within the FIB milled APT sample. A very long and straight grain
boundary segment about 450nm in extent was successfully preserved in an APT
specimen. The X1 and 3 boundary segments were shorter than the high angle one,

about 100nm and 250nm respectively.
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Fig.6.2 Atom maps of Cr, Fe and C obtained from the high angle grain boundary

beforeirradiation.

1D concentration profiles were plotted across the three grain boundaries, in each
case sampling the composition as a function of distance through a cylinder of
diameter 25nm. The cylinders were placed carefully to avoid the concentration
artefacts associated with zone lines and crystallographic poles. The concentration
profiles of Cr and C are shown in Fig.6.3. Profiles obtained from the three

boundaries are plotted together for comparison. The measured segregation width of
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Cr on each profile is less than 8nm. The X1 boundary shows the narrowest
segregation width, about 5nm, while the high angle one shows the widest. The
segregation of C (peak concentration and width of measured enriched region) is
similar on all three boundaries. The maximum concentration of C is about 2%.
Considering the average grain size (>100um), the bulk concentration of C is higher
than the nominal as-received alloy concentration. Excess C was possibly introduced

in the furnace during the heat treatment.
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Fig.6.3 1D concentration profiles of Cr and C from high angle, X1 and X3

boundaries before irradiation.

Gibbsian excess values were calculated from the top to the bottom of each boundary,
based on the 1D concentration profiles. Fig 6.4 shows Gibbsian excess value plotted
as a function of depth from the start of analysed data of the high angle boundary

before irradiation. Both Cr and C demonstrate similar excess values with distance,
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indicating that the segregation distribution resulting from the heat treatment is
relatively uniform along the grain boundary. Table 6.1 shows the average Gibbsian

excess values of these three boundaries.
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Fig.6.4 Gibbsian excess value plotted as a function of distance along the high angle

boundary before irradiation.

Table 6.1 Average Gibbsian excess values of three grain boundaries before
irradiation

-
Average value

bt rom Sigma 1 Sigma 3
ROuUrua y
ICr (atom/nm2) 249119 17.9+3.3 225+4 4
rc (atom/nm?) 6.1+0.5 5.8+1.8 56+1.1
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6.2.2 Grain boundary chemistry after irradiation

The grain boundary chemistry after irradiation of the three boundaries was also
guantified. Again 1D concentration profiles, 25nm in diameter, perpendicular to the
grain boundaries were analysed. Fig.6.5 shows an atom map of Cr and C from the
high angle boundary (longer than 600nm in length) with severa 1D concentration

profiles plotted at different depths from the start of the reconstructed data.

All profiles show that Cr and C are locally segregated within a width of less than
8nm, but Cr is dightly depleted in the immediate adjacent matrix of the grain
boundary to form ‘W-shape profiles. The Cr distribution exhibits a dynamic
evolution that is a function of depth and therefore irradiation dose, athough the
SRIM calculation in Fig.3.4 suggests that the irradiation damage was approximately
uniform in the maximum damage region. With the black dashed line as an indication
of bulk concentration of Cr, the peak concentration in the segregation region across
the grain boundary gradually increases while the width of the vicinity depletion
region decreases from around 10nm to 5nm. Meanwhile, the width of C segregation

is about 5nm and the maximum concentration is about 2% on all profiles.

164



Cr
£ 45 gommmmmmmmmmmmmmmmmm oo -
c 3
& 10
100nm g
3 —cC
Analysis Cylinder S 0 TN
0.0 5.0 10.0 15.0 20.0 25.0 300 350 40.0
Distance (nm)
20
s 15
E
300nm 10
s
=
g s
Q
© me
0 1 -
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Grain Boundary Distance (nm)
20
k3 15
s
£10 -
I
550nm £
2 5
S m
50nm 0 m— T 1 -
0.0 50 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Distance (nm)

Fig.6.5 Atom map of Cr and C of the high angle boundary after high-dose irradiation
(6dpa) with 1D concentration profiles plotted at different depth. Three analysis
cylinders indicate the regions where the 1D concentration profiles were plotted and

the black dashed lines show the bulk concentration of Cr.
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Fig.6.6 Atom map of Cr and C of the X1 boundary after high-dose irradiation (6dpa)

with 1D concentration profiles plotted at different depth. Three analysis cylinders

indicate the regions where the 1D concentration profiles were plotted and the black

dashed lines show the bulk concentration of Cr.

For the X1 and X3 boundaries, Cr segregation still exists after irradiation. Fig.6.6

shows an atom map of Cr and C from the X1 boundary and three 1D concentration

profiles from different depths. These profiles show no sign of depletion in the matrix

adjacent to the grain boundary. No dynamic evolution of Cr distribution as a

function of depth is observed. Fig.6.7 shows a 1D concentration profile obtained

from the £3 boundary. Cr segregation is clearly present. C segregation is also found

on the two sigma boundaries after irradiation.
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Fig.6.7 1D concentration profiles of Cr and C plotted across the X3 boundary after
high-dose irradiation (6dpa).

Gibbsian excess values were also calculated from the 1D concentration profiles for
each boundary, using the method discussed in section 5.3.4. Fig.6.8 shows the
Gibbsian excess values plotted as a function of distance for the high angle boundary
and the X1 boundary. The average Gibbsian excess values of Cr and C for each

boundary arelisted in Table 6.2.
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Fig.6.8 Gibbsian excess value plotted as a function of depth for (a) the high angle
boundary and (b) the £1 boundary after high-dose irradiation (6dpa).
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Table 6.2 Average Gibbsian excess values of three grain boundaries after high-dose
irradiation (6dpa)

High angle . .

boundary Sigma 1 Sigma 3
I'Cr (atom/nm?) 10.842.9 19.8+1.8 36.9+3.5
IC (atom/nm2) 2.7+0.7 4.8+0.7 6.1+0.7
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6.2.3 Carbides

Occasionaly, thin carbide precipitates were observed at some grain boundaries. In
Fig.6.9, the green C isosurface drawn with C concentration as 8% illustrates such a
carbide particle at the £39 grain boundary. To measure the chemical composition
inside the carbide, the mass spectrum has been analyzed within the isosurface.
Different C-containing species could appear on the same position on the mass
spectrum, for example, 2C* or 2C,"™" at 12, *2C," or C,"* at 24 [3]. Even assuming
the highest value of C concentration (such as marking ?’Cs™ at 18, *C,™ a 24,
12c5" at 36, °C," at 48 and so on), the measured C concentration in the carbide is
about 14.2%, dlightly lower than in M23Cs (M=Fe, Cr). Such a result is an average
value in the entire region inside the interface, which also depends on where the
isosurface has been drawn. The concentration in the centre of the particle should be
higher, roughly about 20%, which can be confirmed from the plot showing the ratio
C/(Cr+Fe) and also the concentration of C, Cr and Fe as a function of distance in
Fig.6.9. A concentration profile plotted across the carbide is also included in Fig.6.9,

indicating two small regions of Cr depletion on both sides of the particle.
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Fig.6.9 Atom map of Cr and C of the ¥£39 boundary after high-dose irradiation
(6dpa), with the green C isosurface indicating a thin carbide particle. The isosurface
is drawn with C concentration as 8%. 1D concentration profile of Fe, Cr and C
plotted across the carbide and C/(Cr+Fe) concentration ratio plotted as a function of

distance.

Another 1D concentration profile plotted across the grain boundary immediately
beneath the carbide is shown in Fig.6.10. It still shows the ‘“W-shape’ shape for the
Cr concentration, however with much larger depletion regions in the adjacent matrix
of grain boundary than the ones observed in the high angle boundary as shown in
Fig.6.5. The C/Cr concentration ratio is aso plotted as a function of distance. The

ratio is about 0.3 in the centre of the grain boundary plane.
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Fig.6.10 Atom map of Cr and C of £39 boundary after high-dose irradiation (6dpa),
with analysis cylinder showing the region where the 1D concentration profile of Cr
and C was plotted. Black dashed line indicates Cr bulk concentration. The C/Cr
concentration ratio is plotted as afunction of distance.
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6.2.4 TEM observation on the £3 boundary

Fig.6.11 is a TEM bright field image of the FIB lift-out specimen from the 3
boundary. As observed during FIB milling, 300nm has been lost in the thinning
process and marked as the region between the two white dashed lines. The red
dashed line which is 700nm from the edge of the specimen marks the approximate
boundary between the irradiated region and the un-irradiated region. The grain
boundary is clearly revealed due to the different contrast of the two grains. The
green dashed lines mark the regions where EELS line profiles were mapped. Line 1
is in the irradiated region while line 2 is in the un-irradiated region. Carbon
contamination resulted from the absorption of the contamination aready existing in
the column when a very fine probe illuminated the specimen, and was therefore
clearly visible in the same area where an EELS spectrum or a line profile was
mapped. These features were used to monitor, and hence to correct, spatia drift

whilst obtaining line profiles.

Un-irradiated
region

Grain boundary

Fig.6.11 TEM bright field image of X3 boundary after high-dose irradiation (6dpa).
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Line 1 and line 2 are both about 80nm in length. They were positioned perpendicul ar
to the grain boundary. Using a probe size of 0.4nm, about 60 individual EELS
spectra were measured along the lines. The measuring time of each point was about
0.8s. The results are shown in Fig.6.12. The Cr concentration of each spectrum is
plotted as a function of distance across the grain boundary from both the irradiated
and un-irradiated regions. These two line profiles both demonstrate the presence of
Cr segregation at the grain boundary. They are similar in terms of width of
segregation (about 5-6nm) and peak concentration (<30%). The C content was not
included due to the C build-up on the specimen surface during the mapping process

which would have introduced large errors into the estimated concentrations.
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Fig.6.12 EELS line profiles obtained across X3 boundary after high-dose irradiation
(6dpa), (a) line 1 in the un-irradiated region and (2) line 2 in theirradiated region.
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6.2.5 Discussion

6.2.5.1 Cr and C segregation induced by heat treatment before irradiation

The observed segregation of Cr at grain boundaries before irradiation is believed to
have been accumulated by both equilibrium segregation driven by the
thermodynamic factors at 800°C during the heat treatment, and non-equilibrium
segregation caused by the supersaturations of vacancies generated during the water
guenching from high temperature [4]. Considering the closest packed plane {110}
for the BCC structure, the atom density is 17atom/nm?. However the Gibbsian
excess value calculated before irradiation was about 24.9+1.9atom/nm? for the high
angle boundary and 22.5+4.4atom/nm? for the =3 boundary. This result indicates
that there must be more than one monolayer of excess Cr atoms segregated on the
grain boundaries before irradiation. For the Fe-15.2%Cr aloy at 800°C, the
composition is very close to the a phase boundary on the conventional Fe-Cr binary
alloy phase diagram [5] or even possibly within the at+a’ two-phase region
according to several other models [6]. Even though there are some discrepancies
among the studies on the a-a’ miscibility gap, when grain boundary segregation
occurs, the alloy is clearly in a regime where the Cr-Cr interactions are strongly
favourable, therefore the local Cr concentration can build up to multi-layer levels
even without the nucleation of a discrete second phase. According to the Gibbsian
excess calculation, this phenomenon happens on every grain boundary irrespective
of its misorientation. The grain boundary misorientation appears not to have had
much effect on the level of Cr segregation. Within experimenta error, the Gibbsian

Excess values were found to be roughly similar for all three boundaries.
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C was aso found to segregate at al examined grain boundaries before irradiation.
The measured concentration of C in the region of grain boundaries was higher than
the nominal bulk concentration, probably because some C was introduced as
contamination during the heat treatment. On each boundary the widths of
segregation of Cr and C were quite similar, due to the strong binding between Cr

and C atoms.

6.2.5.2 “W-shape” Cr concentration profiles across grain boundary planes

Several observations of “W-shape” Cr depletion profiles across grain boundaries
have been reported previously [7] [8]. Little [7] proposed that the *W-shape”
concentration profiles result from the superimposed, but competing, effects of
thermal and radiation-induced segregation. However, Choudhury et a. [9] calculated
the tracer diffusion coefficients and suggested that Cr is the fastest diffusion species
at all temperatures both for vacancy and interstitial diffusion than Fe and Ni, mainly
due to the low migration barriers for Cr atoms. Therefore the observed RIS
behaviour of Cr is a balance between two opposing mechanisms. The actual balance
depends on the presence and spatia distribution of sinks as well as solute
concentration. Therefore it is possible that formation of a “W-shape” profile
observed in this thesis arises from a combination of both vacancy and interstitial

mechanisms.

Strong C segregation is observed at the grain boundary planes independent of grain
boundary misorientation. The depletion of Cr may be suppressed by the strong
binding between Cr and C. This mechanism is consistent with the previous

observations that C and N suppress the depletion of Cr at grain boundaries in
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austenitic steels [10], and hafnium addition was al so observed to reduce Cr depletion
in ferritic steels [11]. Furthermore, Ohnuki et al. [12], using C"ion irradiation of a
Fe-13wt.%Cr alloy, observed an increase in Cr segregation at grain boundaries. The
presence of interstitial carbon in this case appears to modify the point defect

behaviour and lead to Cr drag to the grain boundaries.

In the studies of austenitic stedls, “W-shape” profiles have often been observed as a
transient state before the steady state of Cr depletion isfinally achieved [13]. Nastar
et a. [14] proposed a model which suggested that the steady state should be reached
at around 1dpa or more dpa. Was et al. [15] suggested that for ion irradiation at
500°C, the steady state of Cr depletion should be established at around 10dpa. For
the relatively low temperature and dose used in our experiment, the inhibiting effect
of carbon is considered to be a plausible explanation for the “W-shape” profile and it
is aso possible that with increasing temperature and dose, the Cr profile could
gradualy evolve through the “W-shape” towards a “V-shape’ in an analogous
manner to the austenitic steels described above. Furthermore the presence of a “W-
shape” profile could also have been missed by others authors due to other reasons
such as insufficient spatial resolution or the inability to detect previously existing C
by STEM-EDS or inaccuracy of measuring C due to C build up on samples by

STEM-EELS.

6.2.5.3 Depth effect

The 1D concentration profiles obtained at different depths in the irradiated region of
the high angle grain boundary demonstrate a dynamic evolution of grain boundary

chemistry, showing that the Cr distribution is a function of irradiation dose. As
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discussed in Chapter 5, the top of the APT specimen does not necessary represent
the actual original surface of the block sample due to the removal of some material
by FIB milling. Combining the Gibbsian excess calculation with SRIM calculation,
it is possible to roughly identify the irradiation depth of the grain boundary

contained in an APT specimen as well as the irradiation damage.

In Fig.6.8 (a), the Gibbsian excess value gradually increases from around 8atom/nm?
to about 15atom/nm? from the top of the reconstructed volume to 600nm in depth.
This not only represents the small variation of irradiation damage in the maximum
damage region, but also impliesa high possibility that the bottom part of this grain
boundary in the reconstructed volume is from the tail showing on the SRIM
calculation (700-1000nm) rather than the maximum damage region, and is therefore
affected by a different level of damage. However the exact actual depth of this

section of grain boundary is difficult to determine.

Both Gibbsian excess calculations and 1D concentration profiles indicate that with
decreasing irradiation dose, the amount of Cr at the grain boundary plane increases
while the segregation level of C remains roughly constant. The increasing extent of
the depleted region in the adjacent matrix of grain boundaries as the irradiation dose
increases aso implies the possibility that the grain boundary is evolving from a *W-
shape' profileto a‘V-shape' profile at higher doses. Eventually Cr would be totally

depleted at the grain boundary.

However, for the X1 boundary, neither 1D concentration profiles nor Gibbsian
excess calculations show a clear tendency for the similar dynamic evolution
observed in the high angle boundary. This makes it impossible to identify the

location that the X1 grain boundary contained in the APT specimen was originally
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from. On the other hand, no clear tendency can be identified over an extensive
distance (600nm) which indicates that the level of irradiation damage had little

effect on the Cr distribution on this X1 grain boundary.

6.2.5.4 Effect of grain boundary misorientation

Irradiation-induced Cr depletion in the randomly selected high angle grain boundary
is observed, consistent with several previous reports[11, 16]. In contrast, irradiation
has very little effect on the £1 boundary, while it leads to increased segregation of
Cr on the X3 boundary. Although other authors reported similar segregation
phenomena, [17-19] the effect of grain boundary misorientation has rarely been
taken into account, which makes it impossible to make direct comparisons with
results presented in this work. Was et a. [20] suggested that Cr enrichment is likely
to occur in ferritic alloys with lower Cr concentration (about 9%) and at lower
temperatures (400°C), but the authors were not able to identify unambiguous trends.
The data reviewed by Was et a. are aso not completely consistent with our
experiments which show Cr enrichment observed in alloys with relatively high Cr
concentration (15.2%) and at low temperature (350+50 °C).

Watanabe et a. [21] studied the sink strength difference associated with grain
boundary misorientation, and found that RID of Cr was enhanced as the tilt angle
increased but was suppressed at coherent low sigma grain boundaries such as X9, X3
and X1 in austenitic steels. They suggested that the sink strength for point defects for
a randomly selected grain boundary is much stronger than the strength at a
coherent/or alow-energy boundary like a small tilt angle boundary. These results are
consistent with the present results that the irradiation has the strongest effects on
RIS/RID of Cr on the random high angle boundaries and the weakest effects on the

low sigma boundaries, especially £1. Combining with the calculation Choudhury et
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a. [9] provided, areasonable explanation for the high angle boundary is that the sink
strength is much stronger, therefore the vacancy mechanism works as a dominant
process; however for a coherent/low-sigma boundary such as X3, fewer sinks are

present and the interstitial mechanism is the main process which gives rise to the Cr

segregation.

6.2.5.5 Carbide interfaces

When analyzing small particles embedded in a solid solution using APT, the
aberrations of ion trgjectories and local magnification are issues which could lower
the measured solute concentrations of such particles. These effects were first
observed in the 1970s [22]. When one phase evaporates faster than the other, the
local surface will be slightly recessed at the interface. The trajectories of ions are
also affected by this recessed surface. lon trgectories from this region will be
compressed while ions from the slower-evaporation phase will be locally magnified

[23, 24].

C has ahigher evaporation field than Fe and Cr and therefore the local magnification
effect will result in the carbides appearing larger than they should. Furthermore, in
the reconstructed data some of the Fe/Cr atoms that were near the particle interface
will appear within the carbide. These effects reduce the measured C concentration in
the particle after reconstruction [25]. The C concentration could be further reduced
by surface diffusion and imperfect detector efficiency for identifying multiple events
(an instrument limitation), even though the APT experimental parameters had been
optimized as discussed in Chapter 4. Judging from Fig.6.9, in the centre of the

carbide, the highest ratio between C and M is 0.25, which is close to the ratio of

179



M23Cs (C/M=0.26). Therefore it is reasonable to assume that the carbide is M3Cs
though further TEM experiments would be necessary to prove this conclusion. Small
regions depleted in Cr are also found on both sides of the carbides in the matrix
along the grain boundary, suggesting the interface between matrix and carbide also

actsas asink for point defects, which is also consistent with previous reports [26].

At the irradiation temperature considered in this paper, there was not enough time
for the carbide to form during irradiation, therefore these carbides were aready
formed before irradiation. It iswell known that the formation of Cr-rich carbides can
cause the depletion of Cr at grain boundaries [27], which can explain the much
larger extent of depletion regions in the adjacent matrix of grain boundary on the 1D
concentration profilein Fig.6.10. This clearly indicates that the carbide increased the

overall depletion tendency of Cr in the neighbouring grain boundary and matrix.

The C/Cr ratio inside the grain boundary plane is about 0.25, which indicates the
possibility of the formation of a very fine C-rich clusters or phases within the grain

boundary plane. The observation of Cr-C clusters will be discussed in Chapter 7.

6.2.5.6 Comparison between TEM and APT

Most if not all recent research on the RIS'RID phenomena of Cr has been conducted
using STEM-EDS/EELS analyses of grain boundary chemistry. The accuracy of the
measurements (spatialy and chemically) depends on the different measuring
methods, equipment conditions, electron beam spot size, spatial drift, research
materials as well as irradiation conditions. For example, Takahashi et al. [28]
studied Fe-5at%Cr and Fe-13at%Cr irradiated at 673K at 3dpa using TEM-EDX,

with a minimum beam spot size of 10nm in diameter, and the Cr depletion regions

180



were found to be within 200nm of the grain boundary. However, Kano et a. [10]
showed a Cr depletion region within less than 20nm of the grain boundary using a
field emission TEM-EDX with the probe size of 0.5nm in severa irradiated SIS304
and SUS316L stedls irradiated at 573k to 1dpa. In the present work, with a field
emission gun and a probe size of 0.4nm, the observed Cr segregation at the X3

boundary is within about 5-6nm across the grain boundary.

The present APT-based study on the same X3 boundary shows that the width of Cr
segregation before and after irradiation is also about 5-6nm. While the results
obtained by TEM could be affected by beam broadening, trgjectory aberrations [25]
could also reduce the accuracy of APT measurement. APT can however provide the
data with sufficient spatial resolution and accuracy to describe the behaviour of

solutes.

The EELS profiles obtained in the un-irradiated region and irradiated region both
demonstrated Cr segregation at the grain boundary. However without quantitative
anaysis, it was impossible to estimate the change in the level of segregation and this
made it impossible to compare with the Gibbsian excess results calculated from APT
results. While quantification of carbon remans an issue due to specimen
contamination in the TEM experiments, the capability to quantitatively detect minor
elements such as C and provide 3D information on the distribution of solute atoms

within the grain boundary planes is unique to the APT technique.

181



6.3 Results on Low-Dose Irradiated Samples

6.3.1 Grain boundary chemistry before irradiation

As shown in Table 3.1, the same energies and implantation sequence were used for
implantations No.2 and No.3. Therefore they have the same damage profile as
shown in Fig.3.4, and the maximum damage is about 0.6dpa. Different dose rates
were applied to alow the implantation No.2 to finish in 28.5min and the
implantation No.3 to finish in 9.5h (20 times longer than implantation No.2).
Therefore, the sample which was fast-irradiated by implantation No.2 is referred to
as sample F, and sample which was slow-irradiated by implantation No.3 is referred
to as sample S. Furthermore to further reduce the C contamination introduced in the
furnace, the sample F sent to implantation No.2 was heated treated in an argon
atmosphere and the sample S sent to implantation No.3 was sealed in an argon-filled

tube during heat treatment.

Before irradiation, Cr and C were also found to segregate at each boundary observed
in al samples. Fig.6.13 shows reconstructed atom maps of Fe, Cr and C of the
random selected high angle grain boundary in sample F. Even though the grain
boundary is not perpendicular to the surface of the block sample, an APT specimen
containing a section of the grain boundary longer than 400nm was still successfully

prepared.
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Fig.6.13 Atom maps of Fe, Cr and C of the randomly selected high angle grain
boundary from sample F.

1D concentration profiles were plotted in anaysis cylinders of diameter 25nm
carefully positioned perpendicular with the grain boundaries. Fig.6.14 (a) shows
concentration profiles of Cr and C obtained from the high angle boundary and X1
boundary of the sample F, which are plotted together for comparison. Fig.6.14 (b)
shows concentration profiles of Cr and C of the high angle boundary of the sample S.
For the sample F, the measured segregation widths (about less than 5nm) and the
peak concentrations (<20%) of Cr on two boundaries were quite similar. The
measured segregation width of Cr on the sample S was dlightly larger, about 6nm.

The maximum concentrations of C on these three boundaries were all about 2%.

183



(@) 25 — Z 1 Boundary

—— High angle Boundary

§20

3

= 15

2

€

s 10

Q

o

S s

Cc
0 = - o A AMMM“_A—L_
0 5 10 15
Distance (nm)

(b) 25

~20

S

) Cr

=15

B

<

E 10

Q

c

5]

© 5

0 WMMWN

0 5 10 15
Distance (nm)

Fig.6.14 1D concentration profiles plotted across (a) the high angle boundary and
the X1 boundary from sample F and (b) the high angle boundary from sample S
before irradiation.

Gibbsian excess values were aso calculated from top (i.e. nearest the irradiated
surface of the origina sample) to bottom (i.e. further away from the irradiated
surface of the irradiated sample) for each boundary in the reconstructed volume and
the average values of three boundaries are shown in Table 6.3. The two boundaries
from sample F yielded similar average values, while the one from the high angle
boundary from sample S is higher. The differences are believed to result from

different batches of heat treatment performed in the furnace before irradiation.
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Table 6.3 Average Gibbsian excess values of three grain boundaries before
irradiation from sample F and sample S

Average value High angie boundary Sigma 1 High angie boundary
ICr (atom/nm?) 10.0£1.1 10.6+2.8 20.3+4.1
I'C (atom/nm?) 1.310.2 21x1.2 3.9+1.3
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6.3.2 Grain boundary chemistry after irradiation

1D concentration profiles were aso used to examine the grain boundary chemistry
after irradiation. Fig.6.15 shows an atom map of Cr and C of the high angle
boundary in the slow-irradiated sample S, with several 1D concentration profiles

plotted at different depths from top to bottom aong the boundary using identical

cylinders (25nm in diameter).
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Fig.6.15 Atom map of Cr and C of the high angle boundary from the low-dose

(0.6dpa) slow-irradiated sample S, with several 1D concentration profiles plotted at
different depths
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After irradiation, Cr and C were still segregated at the grain boundary region, with a
measured segregation width of about 5nm. 1D concentration profiles plotted from
different depths demonstrated similar shape. In contrast to the results obtained on
high angle boundaries of the high-dose irradiated sample, neither ‘W-shape' profiles
with depletion regions in the adjacent matrix of the grain boundary nor dynamic
evolution as a function of depth are observed. Similar phenomena are also found in
the low-dose fast-irradiated sample F. Fig 6.16 shows two 1D concentration profiles
plotted across a high angle boundary and a 1 boundary. Only Cr and C segregation
are observed, without any evidence of a depletion region, and the measured
segregation widths of Cr on two boundaries are about 5nm. As usual, Gibbsian
excess values were calculated for these three boundaries after irradiation based on

1D concentration profiles, and the average values are shown in Table 6.4.
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Fig.6.16 1D concentration profiles plotted across (@) the high angle boundary and (b)
the X1 boundary in the low-dose (0.6dpa) fast-irradiated sample F.
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Table 6.4 Average Gibbsian excess values of three grain boundaries after low-dose
irradiation (0.6dpa) of the fast-irradiated sample F and the slow irradiated sample S

_ Fast-irradiated sample F Slow-irradiated sample S

Average value High angle boundary Sigma 1 High angle boundary
I'Cr (atom/nm?2) 6.8+1.3 9.9+29 15.242.9
I'C (atom/nm?) 2.8+1.3 1.1+0.6 5.0£t0.4
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6.3.3 Discussion

Before irradiation, Cr and C were found to be segregated at all three grain
boundaries. Gibbsian excess values showed that the levels of segregation of Cr and
C were similar for the high angle boundary and the X1 boundary of the low-dose
(0.6dpa) fast-irradiated sample F, indicating that the grain boundary misorientation
has little effect on the segregation caused by heat treatment. The high angle
boundary of the low-dose dow-irradiated sample S demonstrated a higher
segregation level. This may have resulted from different batches and methods of

heat treatment as discussed below.

The samples irradiated in implantation No.1 were heat-treated in a sealed vacuum
tube and a high level of C segregation (around 6atom/nm?) was found on all
examined grain boundaries regardiess of their misorientations. Argon atmosphere
and an argon-filled tube were used during heat treatment of samples irradiated by
implantations No.2 (low-dose fast irradiation) and No.3 (low-dose slow irradiation)
respectively. Judging from the Gibbsian excess values, an argon atmosphere appears
to be the optimum method of reducing C contamination during heat treatment.
Comparing Table 6.1 and 6.3, it is reasonable to believe that a higher C
concentration at the grain boundary would give rise to a higher Cr segregation level

aswell due to the strong binding between Cr and C.

After irradiation, high angle boundaries from both low-dose fast-irradiated and
dow-irradiated samples demonstrated Cr and C segregation, without the presence of
any depletion region in the matrix adjacent to grain boundaries, which is totally
different from the observation made on the high angle boundary of the high-dose

irradiated sample. Gibbsian excess values showed that about 25% of Cr had been
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depleted from the high angle boundary in the slow-irradiated sample S, and the
depletion level of Cr in the fast-irradiated sample F was about 32%. These values are
much lower than the results from the high angle boundary of the high-dose
irradiated sample (about 57% at maximum damage region and about 39% at the
bottom). Such results indicate that the level of Cr depletion is a function of
irradiation damage, but is not affected by the irradiation rate. As long as the
irradiation reached the same damage level as simulated by SRIM, high angle
boundaries from fast and slow-irradiated samples demonstrate similar behaviour. It
also suggests that the assumption made in section 6.2.5.3 to estimate the damage
region of the bottom of the high-dose irradiated high angle grain boundary shown in
Fig.6.5 is correct. The level of depletion of Cr on this boundary gradually decreased
from 57% to 39%, which is getting closer to the value seen in the low-dose (0.6dpa)
irradiated high angle boundaries. This is correlated with the bottom of this grain

boundary lying in the tail of the SRIM calculated damage distribution.

Furthermore, no clear dynamic evolution of Cr distribution was observed in high
angle boundaries in the fast and slow-irradiated samples. Even though the grain
boundary shown in Fig.6.15 was much shorter than the one shown in Fig.6.5, the
similarity of 1D concentration profiles plotted over a distance of 150nm provides
evidence that no depth effect occurred on the low-dose irradiated samples. A
plausible explanation could be that the low-dose irradiation was more uniform in the
maximum damage region, or the damage was not heavy enough to cause the depth

effect.

Meanwhile, X1 boundaries from high-dose and low-dose fast-irradiated samples
demonstrated similar behaviour, with Cr and C segregated at the X1 grain

boundaries both before and after irradiation independent of damage level or damage
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rate. The Gibbsian excess values show that irradiations at these doses and dose rates
have very little effect on a X1 boundary; the small fluctuations of average values

before and after irradiation are al the same within the range of the error bars.
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6.4 Conclusions

This systematic approach developed in Chapter 5, combining EBSD, FIB and APT
techniques, has been applied successfully to analysis RIS'RID on specific grain
boundaries in an irradiated Fe-15.2%Cr alloy, taking into account all factors such as
irradiation depth, grain boundary orientation, microchemistry and impurities, with

sufficient chemical and spatial resolution.

Before irradiation, Cr and C both segregated at all examined grain boundaries. C
introduced during the heat treatment played a mgjor role in affecting Cr segregation
a the grain boundaries. All grain boundaries from the same sample demonstrated

similar levels of Cr segregation despite their varying misorientations.

After irradiation, segregation or depletion of Cr were found to be strongly connected
with the grain boundary orientation. In the high-dose irradiated sample, the
segregation of Cr decreased significantly on the randomly selected high angle
boundary. On the 1D concentration profile, two depletion regions appeared in the
adjacent matrix of the grain boundary and formed a ‘W-shape' profile, and dynamic
evolution of the profile was also observed as a function of irradiation depth. On the
other hand, athough the Gibbsian excess values indicated Cr depletion after
irradiation, the 1D concentration profiles plotted across the high angle boundaries in
the low-dose irradiated samples still demonstrated Cr segregation without the
presence of a depletion region. No dynamic evolution was observed in this case.
Furthermore, the level of Cr depletion was a function of irradiation dose, but not
related with irradiation rate. The variation of irradiation conditions, despite their

different damage levels and damage rates, had very little effect on the X1 boundary.
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However, increased Cr segregation was observed on the X3 boundary in the high-

doseirradiated sample.

Two mechanisms of RIS/RID were summarized by Okamoto and Rehn [29] as a
vacancy mechanism, which depletes solute atoms from the grain boundary, and an
interstitial mechanism which transports solute atoms towards the grain boundary.
Previously these two mechanisms were considered separately and most researchers
used only one of these two mechanisms to explain their experimental results.
However, the calculation provided by Choudhury et a. [9] has suggested that the
observed RIS/RID phenomenon of Cr is a balance of these two opposing
mechanisms. The contrasting behaviour of Cr observed on grain boundaries with
different misorientations presented in this thesis confirms the suggestion made by
Choudhury et a. Two mechanisms are found in both high-dose and low-dose
irradiation cases, and the balance depends on the presence and spatial distribution of
sinks and the solute concentration. For high angle boundaries, whose sink strength is
stronger, the vacancy mechanism plays the major role; while for the more
coherent/low-sigma boundaries, the interstitial mechanism appears to be the main

process.

C has been found to segregate at all grain boundaries after irradiation, and the level
of segregation was not sensitive to the damage level or damage rate. It is believed
that C may play arole in retaining Cr in the grain boundary under irradiation and
slow down the depletion process due the strong binding between Cr and C atoms.
Occasionally, thin-shape carbides had been found on the grain boundary and caused
the depletion of Cr in the adjacent matrix and also along the boundary. The chemical

composition anaysis is consistent with the M3Cs type. The examination of C/Cr
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ratio inside the grain boundary plane indicated the possibility of the formation of

very fine Cr-rich phase within the grain boundary plane.
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Chapter 7

A Study of C/Cr-enriched Clustersin a Fe-
15.2% Cr Alloy
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7.1 Clustering in Fe-Cr Alloys

7.1.1 Introduction

TEM observations [1-7] have confirmed the formation of o’ phase under irradiation
in Fe-Cr aloys of composition 5%-15%Cr within the temperature range 600K -800K .
Comparing with the literature, the Fe-Cr aloys studied in this thesis have a similar
composition and irradiation temperature. Even though no o’ phase in any shape
could be directly observed in any of the atom maps discussed in Chapter 6, it is
interesting to study the microstructural evolution to find out if there is any formation
of very early stage o’ phase or Cr-enriched clusters which were not visible on the
atom maps. Furthermore, the discussion in section 6.2.5.5 implies the possibility of
formation of a C-rich phase within the grain boundary plane. Such insight into

ultrafine scale microstructural evolution can be inferred from data obtained by APT.

In many studies reported in the literature, the microstructural features of interest are
second phase precipitates, often on the scale of a few nanometers. These are usualy
visible on the reconstructed atom maps. Due to the large amount of data provided by
LEAP (at least severa million atoms), it is necessary to apply an automatic
algorithm to identify and characterize precipitates in terms of parameters such as
size, chemical composition, volume fraction and so on, rather than using a time-
consuming manual selection method. Such agorithms are also very useful in

searching for fine scale clusters which may not be visible in the atom maps.
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7.1.2 The maximum separation method

There are many agorithms to define clusters applied by different researchers [8].
The maximum separation method has been proved to be a successful approach in the
characterization of solute clusters, and is shown schematically in Fig.7.1 [9]. It is
based on the assumption that, within a local region of high solute concentration in
the solid solution, such as a second phase precipitate, the spacing between two
solute atoms is smaller than in the matrix. Therefore, for al the shaded solute atoms
in Fig.7.1 (a), any two atoms having a distance less than a pre-defined parameter
Dnex are considered to be in the same cluster, as shown in Fig.7.1 (b). Another
parameter N is defined as the minimum number of solute atomsin a cluster. Only
a cluster with at least Nyin number of solute atoms is considered to be significant.
Furthermore, any other atoms within a distance of L of any core solute atoms are
also defined as being in the same cluster, as shown in Fig.7.1 (c). Fig.7.1 (d) shows
the last step of erosion, in which atoms which have been found within a distance of

E of any other atoms in the matrix are removed.

In summary, there are four key parameters involved in the maximum separation

method:

Drmax - Mmaximum separation distance between core solute atoms
Nrmin— minimum number of core solute atomsin a cluster

L — maximum separation distance of additional elements

E — erosion distance to remove any atoms near cluster interface
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Fig.7.1 Schematic diagrams of the maximum separation method, () solute atoms are
shown shaded, (b) solute atoms within the distance of D,u.x Of each other are
identified as core solute atoms in a cluster, shown dark shaded, (c) other atoms
within the distance of L of a core solute atom are identified in the same cluster,
shown hatched, (d) erosion of atoms within the distance of E of any other atom in

the matrix, shown dotted, from reference [9]
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7.1.3 Calibration of parameters

The successful application of the maximum separation algorithm depends on the
correct combination of these four key parameters. Dnux IS the most important
parameter in terms of identifying individual clusters. A larger Dok Will enable the
identification of more dilute solute clusters than a smaller Dpyux. A suitable Npin
needs to be defined to make sure such clusters are significant and would not be
detected in a random solid solution. Furthermore, when the solute concentration is
high, if Dy IS t0O large, it is possible to identify two neighbouring clusters as a
single large one. Hyde et a. [9] showed that for a given dataset, Ny depends on
Dmax @nd the relationship between these two parameters is not trivial. If Nyinis too
large, smaller clusters will be ignored. On the other hand, a smaller Nyin might pick
out the presence of clusters in a random solute solution. The selection of values for
these two parameters depends on the solute concentration in each dataset. L and E
are less important than Dy and Nrin. L should be less or equal to Dy to make sure
the solute atoms in the neighbouring matrix of a cluster are not included, and E
should be at least equal to L so that the solute atoms in a cluster or the cluster itself

would not be eroded.

To estimate a suitable combination of these four parameters, a smple analytical
model developed by Cerezo et a.[10] is applied in this work to search for the
possibility of finding a random cluster with a given size in a solid solution and the

procedure is described as follow:

For an atomic volume Q and an overall atom fraction X of solute atoms, the number

of neighbouring atoms Ns within a distance Dy Of @ given atom is given by:
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Ng = §75D§nax 07 7-1)

The probability of finding a number n of solute atoms among the neighbouring
atoms is given by the binomial distribution:
P(n) ="Mscxn(1 — x)Msm = L)("(1 - X)WNsm) (7 -2)
n n! (Ng — n)!
To produce amodel for acluster, it is assumed that a solute atom must have at |east

two neighbouring solute atoms to be part of a cluster. The probability is given by:

Pmn>1)=1-P(n=0)—P(n=1)
=1—(1=X)N = NX*"(1 - X)WV (7 - 3)

For a BCC Fe structure, with a LEAP detector efficiency of 37%, Q should be:

N~ = 31atoms/nm3
The probability of finding a cluster can then be plotted as a function of Dyux, When
Nmin Varies from different given sizes. Because of the statistical random nature of
even an ideal solid solution, this procedure will always lead to the identification of a
finite concentration of clusters. Fig.7.2 shows the plots from random solid solution,
using C and Cr as solute atoms separately. The Cr concentration is the nominal
value of the matrix, and the C concentration is an average measured peak value
across the grain boundary as discussed in Chapter 6. Clusters observed in this
randomized case are referred as ‘random clusters or ‘statistically insignificant

clusters'.
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Fig.7.2 Variation in predicted probability for observing clusters of at least Nmin
atoms in a random solute solution, (8) Nmin Varies from 5 to 30, 2%C as solute atom
and (b) N, variesfrom 5 to 60, 15.2%Cr as solute atom

7.1.3.1 C-enriched cluster search in the matrix adjacent to a grain boundary

C was used as the solute atom to start the search for clusters. Assuming a typical
atom probe dataset containing 1,000,000 atoms, the possible combinations of values
of the search parameters for finding one cluster in an equivalent random solid
solution can be determined from Fig.7.2 (a). The objective is to minimize the
identification of clusters in a random solid solution, but maximize the chances of
characterizing actual clusters. The figure shows that there are a number of possible
values of Npin and Dnex that need to be explored since the optimum value of Npin
depends on Dpax. Since the reconstruction of atom positions in real data is not
perfect, it is necessary to explore ranges of Dpux and Npn, to optimize the
significance of the results. Relevant combinations are shown in Table 7.1. The
selection of L and E can affect the composition measurements of the clusters. For
the extreme case, with L=0, the clusters will only contain core solute atoms. There

are many possible choices, and testing all of them would have required a large
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amount of work. The purpose here is to find a suitable combination which could be
applied later to the other datasets for comparison. Therefore L and E were selected
sothat L = E = Dppx O L = E= 0.5Dpx.

Table 7.1 Possible combinations of searching parameters based on Fig.7.2, using C

as solute atom

07 5 0.7 0.7 1 5 1 1
0.4 0.4 0.5 05
0.8 S 0.8 0.8 10 1 1
0.4 0.4 0.5 05
10 08 08 15 1 1
0.4 0.4 0.5 05
0.9 5 0.9 0.9 20 1 1
0.5 05 05 05
10 0.9 0.9 30 1 1
0.5 0.5 0.5 05
15 0.9 0.9
0.5 05
20 0.9 0.8
0.5 0.5

To choose the most appropriate combination of values for the parameters, it is
necessary to apply these parameters to a real APT dataset. A section of data
containing about 1,500,000 atoms was cut from the dataset obtained on the
irradiated 39 boundary from the high dose irradiated Fe-15.2%Cr (See Chapter 6
for further details on this dataset). The original atom map and the extracted portion
are shown in Fig.7.3. The extract also contains a section of grain boundary, and the
grain boundary region and its adjacent matrix need to be treated separately.

Therefore, a cuboid was used to cover and separate the grain boundary region so that
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the cluster searching could be performed in the grain boundary and its adjacent
matrix respectively. From Fig.6.10, the lowest points on the 1D concentration
profile indicate a width of roughly 8nm. Therefore, the width of the cuboid was
adjusted to be 4nm to cover the centre of the grain boundary. The 1D concentration
profiles plotted along the width were used to assist the positioning of the cuboid to
make it symmetrical across the grain boundary. Generally the grain boundary planes
were flat enough to be totally covered by the cuboid. The atom maps of the centre of
the grain boundary and its adjacent matrix are also shown in Fig.7.3. Without the
grain boundary region, the adjacent matrix contained about 1,300,000 atoms with a

size of 50x50x30nm.
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The combinations of searching parameters listed in Table 7.1 were first applied on
the adjacent matrix and the searching was carried out using Visualisation &
Statistical Analysis of Atom Probe Data (VSA) 1.04 [11]. The numbers of clusters
found in the data are shown in Table 7.2. The results vary from about 20 to over 400.
The atom maps of clusters were also examined as shown in Fig.7.4. In (@) about 358
separate clusters are shown and in (b) about 69 separate clusters are shown. The
results clearly indicate that certain combinations of values for the parameters
separate a large cluster into smaller ones and increase the observed number density,
while other combinations result in neighbouring clusters been identified as a single
combined cluster which reduces the observed number density. Such combinations
should not be taken into account for further exploration. Only the combinations
which gave a result between 70 and 350 were tested further, as marked red in Table

1.2,

Table 7.2 Combinations of searching parameters and the observed number of C-

enriched clusters

0.7 5 0.7 0.7 203 1 5 1 1 121
0.4 0.4 305 0.5 05 392

0.8 5 0.8 0.8 181 10 1 1 45
0.4 0.4 358 0.5 0.5 125

10 0.8 0.8 49 15 1 1 28

0.4 0.4 82 0.5 05 69

0.9 5 0.9 0.9 153 20 1 1 21

0.5 0.5 402 0.5 0.5 49

10 0.9 0.9 48 30 1 1 17

0.5 0.5 95 0.5 0.5 33

15 0.9 0.9 32
0.5 0.5 51
20 0.9 0.9 26
0.5 0.5 34
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Fig.7.4 Atom maps showing (a) 358 observed clusters and (b) 69 observed clusters.

The next step is to ‘scramble’ the data and do the search using the same
combinations again. The word ‘scramble here refers to the process of randomly
exchanging the positions of pairs of atoms in the dataset. For example, if there are
two atoms which have position information (X1, Y;) and (X2, Y2) and mass
information M,, M, separately, after exchange, the first atom has a new position
information (X2, Y ) with its original mass M1; and the second atom is on position
(X1, Y1) aso with its original mass M,. This procedure is important for examining
whether observed clusters are significant or not. If a large number of clusters till
can be found in the ‘scrambled’ data using the same parameters, it means that
clusters found in the original data are not ‘significant’” enough and these parameters

are not suitable. The search results on the ‘ scrambled’ data are shown in Table 7.3.
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Table 7.3 Comparison between the observed number of clusters in the original and
scrambled data

0.7 5 0.7 0.7 203 164 0.81
0.4 0.4 305 166 0.54

0.8 S 0.8 0.8 181 214 1.18
10 0.4 0.4 82 12 0.15

0.9 5 0.9 0.9 193 292 1.65
10 0.5 0.5 85 21 0.22

1 5 1 1 121 285 2.36
1 10 0.5 0.5 125 41 0.33

It is important to minimise the number of statistically insignificant clusters whilst
identifying as many significant clusters as possible. It should be emphasised that
there is no ‘correct’ combination of values of parameters. One has to make a
judgement and select an appropriate combination. One such combination of values

for the parameters is Dpax = 0.8nm, Nyin =10, L = E = 0.4nm.

Furthermore, since it is impossible to plot out al possible Ny in Fig.7.2, only a
limited number of plots are shown to give a general estimation of Nyin. After the
separation distance Dnox has been decided to be 0.8nm, it is also necessary to
examine possible values of Ny, to optimize this parameter. Fig.7.5 shows a plot of
the observed number of clusters in original and the scrambled data as a function of

Nninas it varies from 6 to 15 with Dpgx Set to 0.8nm and with L = E = 0.4nm.
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Fig.7.5 Observed numbers of clusters in original and scrambled data plot as a

function of Npn, With Dy = 0.8nm and L = E = 0.4nm, C as solute atom.

Fig.7.5 indicates that the number of observed clusters in the original and scrambled
data decreases as Nnin increases from 5 to 15. Setting a higher value of Ny, reduces
the number of satistically insignificant clusters, but aso removes some genuine
significant clusters. It is necessary to choose a precise value for Npin, balancing the
need to maximize the number of significant clusters whilst minimizing the
contribution from insignificant clusters. For this data, as shown in Fig7.5, with Dpex
= 0.8nm, it is reasonable to choose Nnin to be 9. The identified C-enriched clusters
have average C concentration of 24.4%, a mean diameter of 1.97nm and a volume

fraction of 0.49%.
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7.1.3.2 Cr-enriched cluster search in the matrix adjacent to a grain boundary

Using Cr as the solute atom is much more complicated since the concentration of Cr
is much higher than C. Using a similar Dy to that described above would probably
result in the identification of alarge percolated structure. According to Fig.7.2 (b), a
number of possible combinations of values of the parameters would result in the
identification of one cluster in a random solute solution containing 1,000,000 atoms.
Results are summarized in Table 7.4, as well as the search results in the original and

scrambled data.

Table 7.4 Combinations of searching parameters based on Fig.7.2 (b), using Cr as

solute atom, and the observed number of clusters in the original and scrambled data.

ste ambled

nm [ umber o
(original) (scrambled) original)

0.3 S 03 0.3 955 663 0.69
02 0.2 1025 673 0.66

04 10 04 0.4 614 502 0.82
0.2 02 1019 629 0.62

15 04 0.4 297 145 0.49

0.2 0.2 366 156 0.43

0.5 20 0.5 0.5 314 234 0.75
03 0.3 610 813 1.33

30 05 05 167 248 1.49

0.3 0.3 300 424 1.41

It is clear that even using the ‘optimum’ combination of parameters listed in Table
7.4 (Dpax = 0.4nm, L = E = 0.2nm and Npmin =15) would yield a distribution of

clusters containing a very high fraction of insignificant clusters which would exist in
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arandom solid solution. N, was then varied around 15 with Dy fixed to be 0.4nm
to examine other possible variations of Nmin. A plot showing the comparison
between the clusters observed in the original and scrambled data as a function of

Nmin isshownin Fig. 7.6.
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Fig.7.6 Observed numbers of clusters in original and scramble data plot as a

function of Npjn, With Dpax = 0.4nm and L = E = 0.2nm, using Cr as solute atom.

When Npin = 20, the ratio between the number of clusters in the scrambled and
original data is around 0.3. Such a combination of parameters is able to identify a
large number of significant clusters in the original data. Of course the ratio will
further decrease if Npin IS further increased, however a very large Npin will also
decrease the possibility of finding clusters and cause the loss of smaller clusters with
fewer core atoms, which is not acceptable. From Fig.7.6, Dmax = 0.4nm, Npin = 15,

and L = E = 0.2nm would be a proper combination only if the significance of
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clusters could be increased by other methods. Therefore due to the high
concentration of Cr, an additional ‘tagging’ method is introduced here to help to first
locate locally Cr-enriched regions. Then the maximum separation method is applied,
based on the location of such regions, to increase the probability of finding

significant clusters.

To locate these regions, the neighbouring Npe atoms around each Cr atom in the
dataset are examined. If more than Nne™" of the neighbouring N atoms are Cr, then
the centre Cr atom is tagged to indicate the existence of a Cr-enriched region around
it. Later on, such tagged Cr atoms are used as core solute atoms in the maximum
separation searching method. Since there is no genera rule for choosing Npe and
Nne™", several possible combinations were tested. Fig.7.7 shows the plots of
comparisons between observed numbers of clustersin the original and the scrambled
data as a function of Nne™"/Nne, ad Dyex = 0.4nM, Niin = 15, and L = E = 0.2nm.
The purpose is not to examine all possibilities but to find one suitable combination
which would increase the significance of clusters found by the maximum separation

method.
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Fig.7.7 Comparisons between observed numbers of clusters in original and
scrambled data as a function of Npe™"/Nre, With tagged Cr as core solute atom, and
Dnax = 0.4nm, Npin = 15, and L = E = 0.2nm.

It is clear that only a very small number of clusters was identified in the scrambled
data when the ratio between Nne™ and Ny is larger than 0.2. An appropriate
combination was found using Nne™"/Nne=2/10 With Dyax = 0.4nm, Npyin = 15, and L =
E = 0.2nm, when 117 clusters were found in the origina data and only 3 clusters in
the scrambled data. This combination causes the loss of some smaller clusters with
fewer solute atoms which are relatively unimportant. In some other cases, for
example when Nne™"/Nne=3/10, no clusters were found in the scrambled data,
however such a combination reduced the volume fraction of observed clustersin the
original data, suggesting that the algorithm had failed to identify some of the
clustering. Using Nne™"/Nn=2/10 and the other parameters identified above the

observed Cr-enriched clusters were found to have an average Cr concentration of
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66.7%, C concentration of 0.5%, a mean diameter of 1.72nm and a volume fraction

of 0.28%.
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Fig.7.8 Atom maps of observed clusters in the same dataset with the average

concentration of Cr and C, (a) C as core solute atom and (b) Cr as core solute atom.

Fig.7.8 shows two atom maps of observed clusters in the same dataset, using C and
tagged Cr as core solute atoms separately, together with the average concentration of
Cr and C of the observed clusters. It is possible that parts of these two types of
observed clusters overlap but it is clear that the majority do not. The C-centered type
indicates the presence of very fine carbides, and the Cr-centered type demonstrates

the tendency to move towards early stage formation of o’ phase.
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7.1.3.3 C-enriched cluster search in the grain boundary region

The maximum separation method was then applied to the grain boundary region as
shown in Fig.7.3 (). Using C as core solute atom and the parameters Dpax = 0.8nm,
Nmin = 9, and L = E = 0.4nm, the numbers of observed clusters in the original data
and the scrambled data were found to be 64 and 43 respectively. This provided no
evidence for clustering. The ‘tagging’ method was also applied to help to locate
locally C-enriched region. However due to the existence of multiple carbon-
containing species such as ?C,"™ or **C,", the ‘tagging’ method readily identifies
such species and therefore was not useful in increasing the significance of the
observed clusters. Therefore the only way to increase the significance of the
observed clusters is to increase the threshold of minimal number of core atoms of
the clusters, which has the side effect of sacrificing characterization of the smaller
clusters with fewer core atoms. However such loss would be acceptable if the
observed clusters could provide evidence of the formation of fine M3Cs type
carbides. Fig.7.9 plots the number of observed clustersin the original and scrambled
data as N, increases from 9 to 15, and Dy = 0.8nm, Niyin = 13, and L = E = 0.4nm
appears to be a suitable combination, which allowed the ratio between scrambled

and original datato decreaseto 0.43.
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Fig.7.9 Observed numbers of clustersin the origina and scrambled data plotted as a
function of Npin, With Dpax = 0.8nm and L = E = 0.4nm, using C as solute atom

(without tagging method).

Fig.7.10 (a) shows the atom map of the observed clusters using the parameters Dy
= 0.8nm, Npmin = 13, and L = E = 0.4nm. The number of clustersis 30. There are still
13 clusters in the scrambled data. Fig.7.10 (b) plots the frequency distribution as a
function of Cr concentration of observed clusters in the original and scrambled data.
The average C concentration of the observed clusters in the origina data is 24.2%

which is consistent with the formation of very fine M,3Cs type carbides.
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7.2 Searching for Clustersin a Fe-15.2%Cr Alloy

The maximum separation method was applied using VSA 1.04 for the grain
boundaries and their adjacent matrix before and after 6dpa/0.6dpa irradiation of the
Fe-15.2%Cr alloy. The chemical compositions of these boundaries were discussed in
Chapter 6. Due to the large sizes of these datasets, some of which contained more
than 100,000,000 atoms, it would take a lot of time to search for clusters in the full
datasets. The datasets also vary in size. To compare different datasets on a like for
like basis, representative regions were extracted from each dataset. Each region was
cylinder shaped with diameter less than 50nm, containing approximately the same
number of atoms, roughly 2,000,000, and a section of grain boundary. For some
datasets which contained very long grain boundaries, the regions were extracted
from the maximum damage region to exclude the possible depth effect on the cluster
distribution. The centre of the grain boundaries and their adjacent matrix were
separated and the widths of the boundaries were determined from the 1D
concentration profiles as discussed in section 7.1.2, generally 4-5nm. To study the
cluster distribution in the centre of the grains, one atom probe specimen was
specially prepared and analyzed from the centre of a grain after 6dpa irradiation.
Since the grain size of this alloy was intentionally enlarged by heat treatment before
irradiation and was more than 100um, it is safe to assume that the matrix contained
in this specimen was at least 50pum away from any grain boundary and had not been

affected by any boundary effect.

Exactly the same combinations of parameters were used in the searching of clusters
on each dataset as determined in previous section, and so there was no need to apply

the ‘scramble’ method. In the centre of the grain boundary, C was used as the core
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solute atoms and the searching parameters were Dpax = 0.8nm, Nyin =13, and L = E
= 0.4nm. In the adjacent matrix, which was less than about 50nm from the centre of
the grain boundary, and also for the matrix at the centre of a grain, C and Cr were
used as core solute atoms, and the searching parameters were Dynax = 0.8nm, Npin = 9,
L = E = 0.4nm and Dpax = 0.4nm, Npin = 15, and L = E = 0.2nm separately. The
tagging method with Npe™"/Nne=2/10 was first applied to locate Cr-enriched regions

before applying detailed searching using Cr as the core solute atom.
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7.2.1 High dose irradiated samples

7.2.1.1 Randomly selected high angle boundary
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Fig.7.11 Two atom maps of Cr-enriched clusters (a) before and (b) after irradiation,
with the grain boundary planes marked, together with comparisons between the

average cluster concentrations, mean diameters and volume fractions.

Before irradiation, in the matrix adjacent to the randomly selected high angle grain
boundary, very few C-enriched clusters were observed and their volume fraction
was less than 0.03%. Cr-enriched clusters were found randomly distributed on both
sides of the grain boundary as shown in Fig.7.11 (a). In addition, a local region
containing an enhanced level of Cr-enriched clusters was found to coincide with the
area directly heated by the laser pulsing. After irradiation, within about 15nm of the

grain boundary region, no clusters were observed in Fig.7.11 (b). In the rest of the
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matrix, C-enriched clusters were still very rare, while Cr-enriched clusters were
randomly distributed. A comparison between average concentrations, mean

diameters and volume fractions of the Cr-enriched clustersis shownin Fig.7.11.

Fig.7.12 shows the frequency distributions of Cr concentration and the size of Cr-
enriched clusters observed in Fig.7.11. Clearly both the concentration distribution
and size distribution were quite similar before and after irradiation, which indicates
that the irradiation had little effect in altering the concentration or the size of these

Cr-enriched clusters.
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Fig.7.12 Frequency distributions of Cr concentration and size of the Cr-enriched
clusters observed in Fig.7.11
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On the other hand, many C-enriched clusters were found in the centre of the grain
boundary before irradiation, with an average C concentration of 17.7%, and a quite
high volume fraction of 4.9%. After irradiation, only a very few C-enriched clusters
were observed in the centre of the grain boundary, and the volume fraction dropped
to around 0.05%. The Gibbsian excess calculated in Chapter 6 showed that on this
boundary, amost 60% of C had been depleted from the grain boundary region due
to irradiation, which is believed to be the reason for the significant disappearance of

C-enriched clusters.

7.2.1.2 Low sigma boundaries

In the matrix adjacent to the X1 and X3 boundaries, very few C-enriched clusters
were observed before or after irradiation, and the volume fraction was found to be
less than 0.03%. Cr-enriched clusters were found randomly distributed before and
after irradiation on both sides of the 1 and X3 boundaries. A comparison of average
concentrations, mean diameters and volume fractions of the observed clusters in
these two boundaries is shown in Table 7.5. Fig.7.13 shows an atom map of
observed clusters in X1 boundary after irradiation and a comparison of the frequency
distribution of Cr concentration and size is shown in Fig.7.14. The shape of the
frequency distribution, average size and Cr concentration, were quite similar, but the
volume fraction was substantially increased after irradiation. The same phenomenon
also happened on the X3 boundary, and the volume fraction was even higher at
0.94%, which is consistent with the highest Gibbsian excess value shown in Table

6.2.
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Table 7.5 Comparison of average concentrations, mean diameters and volume
fractions of the observed Cr-enriched clusters in the matrix adjacent to the X1 and

>3 boundaries before and after irradiation

Cr-enriched Cr Average C Average Mean Volume
Irradiation Concentration Concentration Diameter (nm) Fraction (%)
clusters
(at.%) (at.%)

Before 68.8 0 1.64 0.16

z1
After 64.9 0.1 1.66 0.54
53 Before 64.5 0 1.62 0.46
After 64.4 0.1 1.71 0.94
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Fig.7.13 Atom map of observed clusters in the matrix adjacent to the X1 boundary
after irradiation
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Fig.7.14 Comparison of frequency distribution of Cr concentration and size of the
matrix adjacent to the X1 boundary before and after irradiation

C-enriched clusters were also found on the centre of the X1 and X3 boundaries
before and after irradiation, and the details are listed in Table 7.6. A common trend
was that after irradiation, the C concentration substantially increased in contrast to
the behaviour of the randomly selected high angle boundary while the Cr
concentration decreased, with a certain fluctuation in size and volume fraction. The

highest average C concentration reached over 80%.
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Table 7.6 Comparison of average concentrations, mean diameters and volume

fractions of the observed C-enriched clusters in X1 and X3 boundary before and after

irradiation
C-enriched Cr Average C Average Mean Volume
’ Irradiation Concentration Concentration Diameter (nm)  Fraction (%)
clusters
(at-%) (at.%)
Before 17.0 16.4 2.36 2.53
21
After 9.9 53.6 2.21 2.86
3 Before 17.2 20.1 2.43 5.36
After 52 82.3 3.19 2.58
7.2.1.3 Centre of agrain

Fig.7.15 shows an atom map of Cr-enriched clusters in the centre of a grain after
high-dose irradiation (6dpa). Only Cr-enriched clusters were found, with an average
concentration of 66.1%, mean diameter of 1.66nm and volume fraction of 0.51%.
The clusters were observed to be randomly distributed in the matrix except for a
slight segregation in the region where was directly heated by the laser during

Specimen evaporation.

eFe oCr Laser direction

Fig.7.15 Atom map of observed Cr-enriched clusters in the centre of a grain after

high-dose irradiation (6dpa), with an indication of laser direction.
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7.2.2 Low dose irradiated samples

7.2.2.1 Fast-irradiated sample

In the low-dose (0.6dpa) fast-irradiated sample, no C-enriched clusters were found
in the matrix adjacent to the randomly selected high angle boundary or the X1
boundary, either before or after irradiation. Furthermore, this type of cluster was
rarely found in the centre of these two grain boundaries. As discussed in Chapter 6,
an argon atmosphere had been applied during heat treatment of this alloy to reduce
the C contamination and the Gibbsian excess calculation proved that C had been
successfully limited to ~2atoms/nm? in the grain boundary plane, which could
explain why very few C-enriched clusters were found either in the grain boundaries

or in the adjacent matrix.

Meanwhile, Cr-enriched clusters were discovered in the matrix adjacent to these two
boundaries both before and after irradiation, and a comparison of the average
concentrations, sizes and volume fractions is shown in Table 7.7. Apparently the
0.6dpa fast irradiation had not affected the average concentrations or sizes of the Cr-
enriched clusters; however the volume fraction in the matrix adjacent to the X1
boundary had doubled. Fig.7.16 shows an atom map of observed Cr-enriched
clusters in the matrix adjacent to the high angle boundary. All the clusters were

randomly distributed and no cluster free zone was found near the boundary.
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Table 7.7 Comparison of average concentrations, mean diameters and volume
fractions of the observed Cr-enriched clusters in the matrix adjacent to the X1
boundary and high angle boundary before and after irradiation of the low-dose fast-
irradiated sample

Cr-enriched Cr Average C Average Mean Volume
Irradiation Concentration Concentration Diameter (nm)  Fraction (%)
clusters
(at.%) (at.%)
Random high Before 65.3 0 1.63 0.56
angle boundary After 66.8 0 1.68 0.45
1 Before 66.6 0 1.63 0.46
After 65.2 0 1.70 0.94

width of the extracted
grain boundary region

Grain boundary plane eFe eCr «C

Fig.7.16 Atom map of observed Cr-enriched clusters in the matrix adjacent to the
high angle boundary in the low-dose fast-irradiated sample
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7.2.2.2 Slow-irradiated sample

Fewer C-enriched clusters were found in the matrix adjacent to the high angle
boundary in the low-dose slow-irradiated sample either before or after irradiation.
However, this type of cluster was found in the centre of the high angle boundary
after irradiation, with a volume fraction of 1.21% and average diameter of 2.24nm.
The average C concentration was about 21.0% which was consistent with the M3Cs

type carbide. The corresponding atom map is shown in Fig.7.17.

s Fe « Cr .

-10

=1 ]

10

15

Fig.7.17 Atom map of C-enriched clusters in the centre of the high angle boundary

in the low-dose slow-irradiated sample

As expected, Cr-enriched clusters were found in the matrix adjacent to the high
angle boundary in the low-dose slow-irradiated sample as well, details are shown in
Table 7.8. The average concentration of Cr and the mean size were not significantly
changed by irradiation, but the volume fraction was doubled after irradiation.
Fig.7.18 shows an atom map of these Cr-enriched clusters after irradiation and

Fig.7.19 shows the frequency distributions of Cr concentration and size. There was
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no evidence of a cluster free zone and the frequency distributions of Cr

concentration and size exhibited similar patterns before and after irradiation.

Table 7.8 Average concentrations, mean diameters and volume fractions of the
observed Cr-enriched clusters in the matrix adjacent to the high angle boundary in

the low-dose slow-irradiated sample before and after irradiation

Cr-enriched Cr Average C Average Mean Volume
Irradiation Concentration Concentration Diameter (nm) Fraction (%)
clusters
(at.%) (at.%)
Random high Before 65.9 0 1.59 014
angle boundary After 66.3 0.1 163 0.69

width of the extracted
grain boundary region
10 0 -i0 30 w0,

! z b~ -l 1

Grain boundary plane eFe oCr «C

Fig.7.18 Atom map of Cr-enriched clusters in the matrix adjacent to the high angle

boundary in the low-dose slow-irradiated sample after irradiation.
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Fig.7.19 Comparisons of frequency distributions of Cr concentration and size of Cr-
enriched clusters in the matrix adjacent to the high angle boundary before and after
irradiation in the low-dose slow-irradiated sample
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7.2.3 Discussion

The observations of Cr-enriched clusters and C-enriched clusters on all grain
boundaries and their adjacent matrix are summarized in Table 7.9, along with
Gibbsian excess values from Chapter 6 for comparison.

Table 7.9 Summary of Cr-enriched clusters and C-enriched clusters observed in al
grain boundaries and their adjacent matrix

Gibbsian Excess across Volume fraction of Clusters (%)
High dose irradiation (6dpa) the grain boundary

(atoms/nm?) Grain boundary

Adjacent matrix

plane
Grain boundary Irradiation cr c C-enriched Cr-enriched C-enriched
type clusters clusters clusters
Before 24.941.9 6.1£0.5 4.9 0.32 0.03
High angle
boundary
After 10.8+2.9 2.7+0.7 0.05 0.4 _
=1 boundary Before 17.943.3 5.8+1.8 2.53 0.16 _
After 19.8+1.8 4.8+0.7 2.86 0.54 =0.01
Before 22.514.4 5.6+1.1 5.36 0.46 _
23 boundary
After 36.943.5 6.1£0.7 2.58 0.94 <0.03
Centre of a grain After N/A N/A N/A 0.51 _
Gibbsian Excess across Volume fraction of Clusters (%)
Low dose irradiation (0.6dpa) the grain boundary ;
(atoms/nm?) Grain boundary Adjacent matrix
plane
Grain boundary Irradiation Cr c C-enriched Cr-enriched C-enriched
type clusters clusters clusters
Fast-irradiated Before 10.0+1.1 1.310.2 _ 0.56 _
high angle
boundary After 5.8+1.3 2.8+1.3 0.1 0.45 3
Fastirradiated Before 10.6+2.8 2.1+1.2 _ 0.46 _
21 boundary
After 9.9+2.9 1.11£0.6 _ 0.94 _
Slow-irradiated Before 20.314.1 3.9+1.3 0.2 0.14 _
high angle
boundary After 15.242.9 5.0£0.4 1.21 0.69
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Cr-enriched clusters were found randomly distributed in the matrix adjacent to every
grain boundary examined as well as in the centre of a grain. Meanwhile, slight
segregation was also discovered in the region directly heated by the laser. From the
discussion in Chapter 4, it is known that laser heating can result in local Cr surface
segregation, and such a phenomenon is related to the material thermal diffusivity
and the experimental conditions as well as the shape of the specimen. Even using the
most controllable FIB method, the shape of APT specimens varied. However since
these specimens were all prepared using the same procedure and criteria, they were
much more self-consistent in shape than those prepared by electropolishing.
Furthermore, all the APT experiments were carried out using the same experimental
parameters, which included the base cryostat temperature. Therefore it is reasonable
to assume that the laser effect on the distribution of Cr-enriched clusters was similar
for all specimens and there is no need to take such effect into account during the

comparison between different grain boundaries or irradiation conditions.

Cr-enriched clusters are believed to form during the heat treatment before irradiation.
After 6dpa irradiation, a cluster free zone of 15nm in width was found across the
high angle boundary. From Fig.6.5, the Cr depletion regions were roughly 15-20nm
in width across the grain boundary in the maximum damage region. Therefore it is
reasonable to conclude that the irradiation resulted in Cr depletion zones on both
sides of the high angle grain boundary, and hence the lack of Cr-enriched clustersin
these zones. Although the irradiation affected the distribution of Cr-enriched clusters,
it had little effect on the concentration or volume fraction of this type of clusters.
Meanwhile, in the matrix near the low sigma boundaries, although the average size
and concentration of Cr-enriched clusters remained the same after irradiation, the

volume fraction was substantialy increased. The frequency distributions of Cr
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concentration and size of these clusters demonstrate similar forms, which indicates
that irradiation did not accelerate the growth of the Cr-enriched clusters, but may
help the formation of such clusters. As discussed in Chapter 6, the chemical
distribution across the grain boundary develops as a result of the balance between
vacancy and interstitial mechanisms. For low sigma boundaries which are strongly
affected by the interstitial mechanism, it is possible that more Cr-enriched clusters
could form during the irradiation. Such an effect would be much less obvious on the

high angle boundaries which were mainly affected by the vacancy mechanism.

Similar phenomena were observed on the low-dose (0.6dpa) fast-irradiated sample.
Since the irradiation damage did not produce any Cr depletion region across the high
angle grain boundary, there was also no cluster free zone in the adjacent matrix.
However, the volume fraction of Cr-enriched clusters was found to increase in the
matrix adjacent to the high angle boundary in the low-dose slow-irradiated sample.
The Gibbsian excess calculation demonstrated Cr depletion of this boundary after
irradiation. In this case, it is necessary to take thermal diffusion during irradiation

into account.

The temperature of the heat treatment before irradiation was always kept at 800°C
for all samples, and the temperature of irradiation was aso kept at 350+50°C. As
discussed by Bonny et a. [12], dthough there are some discrepancies among
different models, the re-determination of a-a’ phase boundary by many researchers
has indicated that, for Fe-15.2%Cr aloy, the temperatures used in heat treatment and
irradiation are within in a+a’ phase region. The low dose slow irradiation was
carried out for 9 hours at 350+50°C, therefore the Cr-enriched clusters could also

form during this process driven by thermal diffusion.
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It is reasonable to conclude that the Cr-enriched clusters found in the centre of
grains and in the matrix adjacent to grain boundaries are essentially small regions of
o’ phase, with average Cr concentration of 66.1+1.3% and mean size of
1.65+0.04nm. Kuksenko et al. [13] studied a Fe-12%Cr aloy which was neutron
irradiated at 300°C to 0.6dpa. Cr-enriched clusters were observed with a mean radius
of 1.1+0.2nm and average Cr concentration of 58.5£1.1%Cr. The values are dightly
lower than the results discussed in this thesis; however it is understandable since
they studied an aloy with lower Cr concentration. Novy et al. [14] studied a Fe-
20%Cr thermally aged at 500°C, and found the maximum Cr concentration in the o’
phase is about 83+1%. In this thesis, clusters with Cr concentration reaching over 90%
were aso observed, however with much lower probability. It is aso worth noting
that there was very little C in the o’ phase, indicating that the formation of o’ phase

is independent of the binding between Cr and C.

Large quantities of C-enriched clusters were found only in the matrix adjacent to the
239 boundary. It is possible that C-enriched clusters can only form so abundantly in
such a local C-enriched region in the vicinity of the large carbide. C-enriched
clusters were also found in the centre of several grain boundaries before or after
irradiation. Generally the C-enriched clusters are consistent with M»3Cg type carbide,
occasionally clusters with higher C concentration (up to more than 80%) were aso
observed. The formation of C-enriched clusters was linked with the C concentration.
It was more likely to find C-enriched clusters in the centre of a grain boundary if the

Gibbsian excess calculation indicated C excess about 5atom/nm?,
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7.3 Conclusions

The maximum separation method has been successfully applied to search for C/Cr-
enriched clusters in a Fe-15.2%Cr aloy. The searching parameters were adjusted
according to different cluster type and an additiona ‘tagging method was also
helpful in locating local Cr rich regions to increase the significance of observed Cr-

enriched clusters.

Cr-enriched clusters were found distributed randomly in the matrix adjacent to the
grain boundaries and in the center of the grains before and after irradiation. This
type of cluster is believed to be o’ phase, with an average Cr concentration of
66.1+1.3% and mean size of 1.65+0.04nm, which formed during the heat treatment
before irradiation. Irradiation had little effect in atering the Cr concentration or the
average size of o’ phase, however the total volume fraction of o’ phase increased in
the matrix adjacent to low sigma boundaries. This indicates that irradiation promotes
the earliest stage of o’ phase formation. The results indicate that the different

irradiation doses used in thiswork have similar effects.

Large amounts of C-enriched clusters were observed only in the matrix adjacent to a
carbide aligned along the X39 grain boundary, and fewer C-enriched clusters were
also observed in the centre of several grain boundary planes with high excess C
before or after irradiation. Most C-enriched clusters were consistent with M,3Cg type

carbide, occasionally clusters with higher C concentration were a so found.
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Chapter 8

Conclusions
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The work in this thesis has focused on the study of RIS'RID phenomena at specific
grain boundaries in Fe-Cr binary aloys as well as the determination of the very early

stage of o’ phase under irradiation conditions.

A systematic approach combining EBSD, FIB and APT technique has been
developed on an irradiated Fe-12.8%Cr aloy and applied successfully to specific
grain boundaries in a Fe-15.2%Cr aloy, while considering as many factors as
possible including initial grain boundary chemistry, grain boundary misorientation,
irradiation depth and the presence of minor elements or impurities. Systematic
differences have been found between high angle boundaries and low sigma
boundaries, and between high dose irradiated specimens and low dose irradiated
specimens. The results aso help in clarifying the working mechanisms. It is the first
time that all factors which are expected to play arole in affecting RIS'RID behavior
have been taken into account in the study of ferritic alloys. Furthermore, this
systematic approach can be applied to any grain boundary of known character. It
demonstrates high reliability and reproducibility and provides a unique way to
obtain multiple atom probe specimens from a single grain boundary, to analyze all
grain boundary data in a self-consistent manner and to provide comprehensive

microstructura data.

With careful calibration of searching parameters, the maximum separation method
has been successfully applied to search for C-enriched clusters and Cr-enriched
clusters in a Fe-15.2%Cr dloy. Cr-enriched clusters, which are consistent with the
early stage of o’ phase formation, have been observed in the matrix adjacent to the
grain boundaries and also in the centre of the grain before and after irradiation.
Irradiation has been found to accelerate the formation rather than growth of these

clusters. Even though these features are not visible on the atom maps, the maximum
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separation method has been proven to be a powerful tool for extracting such
information from the APT data and can provide key knowledge on the re-
determination of the phase boundary. It also demonstrates the advantage of applying
the APT technique combined with the maximum separation method to the study of

the early stage of o’ phase.

The energy demand world-wide and the increasing need for developing nuclear
power have provided many challenges for materials science. The study of the binary
Fe-Cr dloys is of significant importance and fundamental to the development of
complex aloys systems as structural materials. Future studies on Fe-Cr alloys with
large variations of Cr concentration, for example 9%-15%, would be helpful to
provide additional knowledge regarding the completion of the knowledge of
RIS/RID phenomena. Furthermore, computer modeling would also be useful to
compare with the experimental APT data to establish a better understanding of

mechanisms.
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Appendix

During the study of the Fe-12.8at%Cr aloy from the first batch of materials, an
interesting feature on a grain boundary plane was discovered. This feature was
observed on a high angle grain boundary with a 61° misorientation (un-irradiated
material). However thisis not the same boundary as discussed in chapter 5 and so it
was not possible to determine the effect of irradiation or make direct comparison.
However this observation is aso worth recording, therefore the result is shown in

the appendix.

Fig.1 Atom maps of Cr and C on one boundary from Fe-12.8%Cr alloy before

irradiation, the C isosurface is mapped as C concentration of 3.3%.
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C concentration

Fig.2 3D contour of the C concentration distribution on the grain boundary plane

As shown in Fig.1, a dislocation array is observed on the grain boundary plane
before irradiation. The C atom map clearly indicates the location of the dislocations
due to the C segregation. The C isosurface is mapped with C concentration of 3.3%.
Each dislocation is arc shaped and the distance between dislocations is about 20nm.
Fig.2 plots the 3D contour of the C distribution on the grain boundary plane. The
distribution of C concentration is consistent with the dislocation spacing. It is very
rare to make direct observation of dislocation arrays on the atom maps of a grain
boundary plane, and the result shown in this appendix is the only one found during

the entire thesis work.
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