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Chapter 1

Introduction

Instabilities in fossil fuel commodities and their production of green house gases has pushed

investigations into new and existing energy technologies which have a stable market and sig-

nificantly reduce carbon emissions. Nuclear energy is one of these technologies. Currently, the

global nuclear reactor fleet produces 20% of the world’s electricity with limited production of

green-house gases [1]. As the global appetite for electricity keeps increasing, so too will the

demand for nuclear energy. To meet these demands, a road map for nuclear energy has been

developed [2]. The road map stresses new goals for nuclear power systems including increased

thermal efficiency by utilizing high-temperature reactors, improved fuels and coolants, utiliza-

tion of process heat for industrial applications, improved safety, reduced waste, and increases

in proliferation resistance.

The current generation of commercial light water nuclear reactors cannot satisfy these goals

without major reconfigurations. Due to this, new nuclear reactor designs are being devel-

oped. These new reactor designs will operate at higher temperature, have more intense ra-

diation fields, and have more corrosive environments over the current global fleet of nuclear

reactors [2]. Core internals, including cladding and structural components, must use materials

capable of operating within these very aggressive environments. Many conventional materials,

including ones already in-service in light water reactors, will not meet the requirements set by

the new reactor designs. The result is many non-traditional materials have become interesting

candidate materials for new advanced fission and fusion nuclear reactor designs.

One candidate material class is high chromium ferritic/martensitic (F/M) steels. The high Cr

F/M steel class is broad but most alloys share some common characteristics and heritage. Most
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of the F/M steels for nuclear applications were developed by the fossil fuel industry for high

temperature applications and then adopted and adapted by the nuclear industry. High Cr F/M

steels are typically Cr-Mo steels with a body-centered-cubic (BCC) crystal structure and 9-12

% Cr, 1-2 % Mo, 0.1-.2 % C (in weight percent) and minor element additions. A summary of

several of the candidate F/M steels and their compositions are in Table 1.1 [3]. These steels

have the high temperature strength and thermal properties to resist failure under thermal stresses

[3]. The creep strength of F/M steels has continuously improved over the past several decades

and most recently seen a significant increase with the development of nano-featured oxide dis-

persion strengthen (NF-ODS) steels. Beyond their excellent elevated temperature mechanical

properties, F/M steels main advantage for nuclear applications is their resistance to swelling

compared to austenitic stainless steels.

The vast majority of advanced F/M steels research comes from research conducted by the

fossil fuel industry over the last 40-50 years. Due to this, a comprehensive materials properties

database exists for F/M steels in the unirradiated state within the available literature. The same

cannot be said about the irradiated state [3]. F/M steels were first widely used in the United

States in fast fission experimental reactors, including the Fast Flux Test Facility (FFTF) and

Experimental Breeder Reactor II (EBR-II), in the 1970s. The void swelling resistance was

an attractive property in these applications as these reactors pushed the obtainable dose above

the acceptable total volumetric expansion of core internals comprised of austenitic stainless

steels. In the late 1970s, F/M steels were also considered for fusion reactor programs. As

these programs started to decline in the 1990s, so did the motivation to continue research on

irradiated F/M steels. Recently, renewed interest has lead to continuing the original research

conducted in the 1970s and 1980s on steels irradiated within these programs. Unfortunately,

the result is a non-comprehensive database on the performance of F/M steels within a nuclear

reactor environment.

Nowhere are the gaps in understanding irradiated F/M steels more evident than understanding

the primary mechanism for radiation-induced segregation (RIS). RIS occurs during irradiation
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due to certain alloying elements coupling with the vacancy and/or interstitial flux to a defect

sink leading to segregation at the sink. The majority of RIS studies have been carried out

on austenitic stainless steels with a face-centered-cubic (FCC) crystal structure. The result

of these studies have been reviewed in several publications and textbooks and show RIS can

significantly change the distribution of alloying elements within the microstructure leading to

microstructural variations and precipitation of embrittling phases [4–6]. As a result, under-

standing RIS in F/M steels has seen increased focus to develop the same understanding in the

F/M steel system as austenitic stainless steels to determine if embrittlement can occur in F/M

steels during nuclear reactor service conditions.

The lack of continuity in conducting RIS studies in F/M steels and advances in materials sci-

ence over the past 40 decades has led to a highly disjointed database. Most importantly, pre-

vious work lacks details on the segregation behavior of Cr, a matrix strengthening contributor

and corrosion inhibitor in high Cr F/M steels [7]. A review of fifteen publications indicated

Cr can enrich or deplete at interfaces in F/M steels but only hypothesized an answer to why

[8]. The studies reviewed and ones not reviewed were performed with a wide range of doses,

temperatures and irradiation species. Some of the early quantitative analysis were conducted

using Auger Electron Spectroscopy (AES), which has been demonstrated to overestimate av-

erage segregation levels due to fracture occurring at embrittled boundaries which tend have

higher levels of segregation [9]. Other studies were conducted on early Scanning Transmission

Electron Microscopes (STEM) with poor spatial resolution. More recent studies have utilized

Field Emission Gun Scanning Transmission Electron Microscopy (FEG-STEM) coupled with

Energy Dispersive X-Ray Spectroscopy (EDS) or Atom Probe Tomography (APT) to provide

more quantitative information on the Cr behavior in irradiated F/M steels. Furthermore, obser-

vations were conducted on a wide range of microstructural features including prior austenite

grain boundaries, martensite lath boundaries, across precipitate interfaces, dislocation loops,

across voids or some failed to report the interface investigated. Models suffer from having lim-

ited experimental data to benchmark against and seem to lack sufficient detail to capture the

complexity of RIS in F/M steels.
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This work seeks to understand the primary mechanism of RIS in F/M steels at grain boundaries

and makes the first steps towards removing the ambiguity of RIS in F/M steels. A systematic

study was conducted using a model 9 wt. % Cr model F/M steel and a complex nano-featured

oxide dispersion strengthened steel with modern materials characterization techniques to ac-

complish the goal of furthering the state of the field. Both microstructural variations and irra-

diation conditions were explored including influences on RIS from grain boundary structure,

trends with irradiation temperature, trends with increasing irradiation dose, the influence of

microstructure and the influence of alloying additions.

Ion irradiations have been demonstrated to simulate the RIS response created by neutrons [10].

Ion irradiations have the added benefit of being able to achieve significantly higher dose rates,

precise temperature control, and leaves specimens with little to no residual activity following

irradiation. Proton and heavy ion irradiations are an excellent method to fully characterize

the RIS response over a wide range of irradiation conditions. Given this, a need still exists

to confirm findings seen from ion irradiations with neutron irradiated F/M steel specimens.

The result is an extensive study using ion irradiations which is compared with a select neutron

irradiation experiment to assure the knowledge gained on ion induced RIS can be transferred

for use in understanding neutron induced RIS in F/M steels.

Limited studies have been conducted on how grain boundary structure alters the capture and an-

nihilation kinetics of radiation induced point defects and how this effects the solute segregation

at grain boundaries in F/M steels. Investigating different grain boundary structures provides a

method to determine how variations in the interfacial structure of grain boundaries alters the

point defect kinetics at grain boundaries and ultimately how this affects the sink efficiency

of the boundary. Within the irradiation campaigns, different grain boundary structures were

observed to determine if structure is a significant factor in the RIS response of F/M steels.

A systematic proton irradiation campaign was conducted to determine the effects of dose (ef-

fective radiation damage accumulation) and temperature on the same model F/M steel heat.

Increasing dose creates a higher concentration of point defects within the matrix, provides
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more time for defect diffusion if the dose rate is held constant, and should increase the magni-

tude of segregation to grain boundaries given other irradiation induced microstructural features

do not influence the point defect migration until steady state conditions are achieved. Varying

the irradiation temperature alters the diffusion rate of point defect solute complexes migrating

to the boundary and assists in determining if vacancy and/or interstitial mediated mechanisms

are dominant for RIS in F/M steels. Comparing experiments with modeling results, where the

model assumes a specific segregation mechanism, allows for the primary mechanism of RIS to

be further confirmed. Here, the experimental observations are compared to recent theoretical

work to expand the knowledge of RIS in F/M steels. All variables in the proton irradiations

are compared including grain boundary structure, dose, and temperature. The same heat of the

model F/M steel was also irradiated using neutrons at the Advanced Test Reactor National Sci-

entific User Facility (ATR-NSUF) at similar doses and temperatures to extend the knowledge

gained from ion irradiations to real world reactor environments.

The newest class of F/M steels includes nano-sized oxide particles embedded in the matrix

which increase the high temperature creep strength of the material. Recent work was completed

to understand the stability of these nanoclusters under irradiation [11] but the influence of

nanoclusters on the RIS response has not been investigated. A systematic heavy ion irradiation

campaign was conducted to determine the affects of nanoclusters on the RIS response in F/M

steel, as well the temperature dependence of RIS in the NF-ODS steel. High doses and dose

rates were utilized in an attempt to create unstable nanoclusters and understand the performance

of the steel under extreme environments. The theoretical work conducted and the experimental

studies on the two alloy systems serve as the critical first steps to a fully predictive model and

thorough understanding of RIS in F/M steels.

In Chapter 2 F/M steel metallurgy, grain boundary structure, point defect interactions at grain

boundaries, precipitate stability under irradiation and RIS in F/M steels, are reviewed. The

proposed RIS models and experiments performed on F/M steels are presented and contrasted to

the state of knowledge of RIS in austenitic stainless steels. Chapter 3 outlines the experimental
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procedure used to irradiate the 9 wt. % Cr model F/M steel and the NF-ODS steel and how the

measurement of RIS was performed. In Chapter 4 the results of RIS at grain boundaries in the

both F/M steels are given. Chapter 5 discusses and analyzes the RIS data and relates the data

to modeling work. Chapter 6 presents conclusions and future work needed to fully close the

knowledge gap on F/M steels RIS response.

Table 1.1: Compositions of common commercial high Cr F/M steels for nuclear applications.
Adapted from [3].

Steel C Si Mn Cr Mo W V Nb B N Other

9Cr-1Mo (T9) 0.12 0.6 0.45 9.0 1.0

Mod 9Cr-1Mo (T91) 0.10 0.4 0.40 9.0 1.0 0.2 0.08 0.05

E911 0.11 0.4 0.40 9.0 1.0 1.0 0.20 0.08 0.07

NF616 (T92) 0.07 0.06 0.45 9.0 0.50 1.8 0.20 0.05 0.004 0.06

12Cr-1MoV (HT91) 0.20 0.4 0.60 12.0 1.0 0.25 0.5 Ni

12Cr-1MoWV (HT9) 0.20 0.4 0.60 12.0 1.0 0.50 0.25 0.5 Ni

HCM12 0.10 0.3 0.55 12.0 1.0 1.0 0.25 0.05 0.03

TB12 0.10 0.06 0.50 12.0 0.50 1.8 0.20 0.05 0.004 0.06 0.1 Ni

TB12M 0.13 0.25 0.50 11.0 0.50 1.8 0.20 0.06 0.06 1.0 Ni

HCM12A (T122) 0.11 0.1 0.60 12.0 0.40 2.0 0.25 0.05 0.003 0.06 1.0 Cu, 0.3 Ni

NF12 0.08 0.2 0.50 11.0 0.20 2.6 0.20 0.07 0.004 0.05 2.5 Co
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Chapter 2

Background

2.1 High Chromium Ferritic/Martensitic (F/M) Steels Basic

Metallurgy

2.1.1 General Overview

High chromium F/M steels can be fully ferritic, fully martensitic, a duplex of δ -ferrite and

martensite, or a triplex of δ -ferrite, martensite, and retained austenite. Altering the chemistry

and/or the heat treatment of the steel results in the different microstructures. These microstruc-

tures can be custom tailored for a desired balance of strength, ductility, and toughness. The

constitution of the steel after cooling can be predicted by knowing the composition and the

use of a Schaeffler-Schneider diagram in Figure 2.1 [12]. Alloying elements are determined

to be either Ni or Cr equivalents and assigned a biasing factor which is used to determine the

final structure using the diagram [12]. Chemistry also controls the martensite start (Ms) and

martensite finish (M f ) temperatures. For modern high Cr steels, the chemistry is controlled

to maintain the Ms temperature above room temperature to prevent the formation of retained

austenite. A fully martensitic structure is desired as retained austenite decreases strength. The

fully austenitic structure is cooled to form the martensitic structure. Upon quenching the parent

austenite grain breaks down to several packets. These packets are further subdivided by laths

which are characterized as being long narrow grains with widths in the sub-micrometer range

and lengths several micrometers long [13]. Martensite laths are the finest grain structure in

martensite and can easily be observed using transmission electron microscopy (TEM). Figure



8

2.2 is a schematic of the normal grain structure of a fully martensitic steel while Figure 2.3

is a bright field TEM micrograph of a fully martensitic lath structure. The crystallographic

orientation difference between laths within the same packet boundary tend to be small due to

their orientation relationship during the transformation of the parent austenite grain into the

lath structure [14]. Lath structures contain dislocation networks, coarse M23C6 precipitates on

prior austenite grain boundaries and finer precipitates intra-lath and on lath boundaries which

is illustrated in Figure 2.2 as well [3]. M2X precipitates with elevated chromium content also

precipitate out within the martensite laths. The morphology and distribution of precipitates and

dislocations greatly affects the dislocation pinning characteristics during an applied stress. The

result is a highly complex, highly engineered material where chemistry and heat treatments are

optimized to obtain the desired constitution and structure, increase the stability of the marten-

site dislocation structure, and maximize the solid solution and precipitation hardening [13].

Figure 2.1: Schaeffler-Schneider diagram [12].
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Figure 2.2: Typical microstructure of fully martensitic high chromium ferritic/martensitic steel.
Microstructure contains different grain boundary types, multiple precipitate phases,
and a high dislocation density. Schematic not to scale.

Figure 2.3: TEM bright image of HT9 (12Cr-1MoWV) in the a) normalized and b) normalized
and tempered conditions [3].
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2.1.2 Nano-featured Oxide Dispersion Strengthened (NF-ODS) F/M steel
metallurgy

Nano-featured oxide dispersion strengthened (NF-ODS) steels are a complex alloy system

which is typically fully ferritic or martensitic with a dispersion of nano-sized complex ox-

ides within the matrix. These complex oxides are typically referred to as nanoclusters. These

nanoclusters are a non-equilibrium phase in the BCC Fe matrix but remain stable even at high

temperatures [15]. The fine dispersion of nanoclusters within the Fe-matrix serve as point

defect annihilation sites and pinning sites for dislocation motion and serve to improve the high-

temperature tensile and thermal creep properties over more traditional F/M steels [16–19]. An

electron micrograph series, which shows the beneficial nanoclusters within the steel matrix, is

presented in Figure 2.4 [20].

Most NF-ODS steels follow the same mechanical alloying fabrication route as seen in Figure

2.5 [21]. In the mechanical alloying step, the yttria is dissolved in the ferritic matrix to form

new oxides during the subsequent processing steps. Ti additions reduce the cluster size and

decreases cluster spacing within a NF-ODS steel. Y, Ti and O agglomerate during the hot

extrusion processing step to form the small nanoclusters. The mechanical alloying and powder

metallurgy technique lends to a fine grain ferritic microstructure as well as the dispersion of

nanoclusters throughout the BCC Fe matrix.
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Figure 2.4: Energy filtered transmission electron micrograph (EFTEM) series where regions
of Fe depletion (dark regions in Fe-M jump ratio map) and Ti enrichment (bright
regions in Ti− L23 element map) shows nanoclusters embedded in steel matrix
(unfiltered map) [15].

Figure 2.5: Standard fabrication process for nano-featured ODS steel cladding. Hot isostatic
pressing (HIP) can be substituted for hot extrusion [21].
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2.2 Atomic Structure and Properties of Grain Boundaries

Grain boundaries are a major microstructural feature in polycrystalline metals. Grain bound-

aries can dictate the properties of many polycrystalline metals including corrosion resistance,

fracture, recrystallization, and diffusion behavior [22–24]. A grain boundary is the region

where the atomic structure of a material is disordered due to the intersection of two grains. The

structure, or the amount of atomic disorder, at the grain boundary is dependent on the crystal

orientations of the grains which intersect to form the grain boundary.

Two general types of grain boundaries exist: a twist boundary and a tilt boundary. Figure

2.11 shows schematically a twist and tilt boundary. A twist boundary is described as when

two grains are rotated about the normal to the boundary, resulting in only screw dislocations

comprising the boundary. A tilt boundary is described by rotating the grains about an axis in the

plane of the boundary, resulting in an array of edge dislocations, which comprise the boundary.

Most grain boundaries have mixed characteristics and contain both twist and tilt characteristics.

An arbitrary grain boundary can have five degrees of freedom. Two degrees of freedom arise

from the plane of the boundary rotating in respect to the two grains, two more from the axis of

rotation and one for the rotation angle for the second grain.

A full five parameter determination of a grain boundary requires knowledge of the boundary

in 3-dimensions which requires techniques such as serial sectioning via focused ion beam or

systematic polishing [25]. These techniques are time intensive and typically a one or three

parameter characterization of the boundary is sufficient to characterize the boundary. A known

exception is characterizing twins where grain boundary plane is needed to characterize the

boundary. The misorientation axis and angle is a common classification scheme used to de-

scribe three out of the five parameters. Grain boundaries can be classified as low angle grain

boundaries (LAGB), general high angle grain boundaries (HAGB), or a special grain bound-

aries by determining the misorientation angle and axis. A LAGB is typically classified as a

boundary with a misorientation angle (θ ) less than ~15º while a general HAGB is classified



13

as having a misorientation higher than ~15º. A special grain boundary is a HAGB having

a specific axis/angle pair identified to having higher than normal coherency at the boundary

compared to general HAGBs and is typically identified using the coincident site lattice (CSL)

convention. LAGB, general HAGB and special grain boundaries exhibit different behaviors,

including grain boundary energy, due to variations in their local structure [26].

Figure 2.6: Schematic representation of a) twist boundary and b) tilt boundary.

2.2.1 Low Angle Grain Boundaries

A low angle grain boundary (LAGB) consists of an array of dislocations to accommodate the

misfit between two grains with a misorientation below 15º. A LAGB can consist of a twist, tilt,

or mixed character. The cores of the dislocations in a LAGB do not overlap. The dislocation

spacing (d) at a grain boundary can be approximated by:

b
d
= 2sin

θ

2
' θ (2.1)
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where b is the Burgers vector and θ is the misorientation angle between two grains [27]. An

increase in misorientation between the two grains results in an increased density of disloca-

tions on the boundary. As the misorientation angle approaches 15º, the cores begin to overlap

resulting in HAGBs. LAGBs have highly localized regions of disorder and are generally char-

acterized as having a good degree of ‘fit’ or coherency at the boundary. Due to LAGB being

modeled as an array of dislocations, the free energy of the LAGB can be determined using

dislocation theory. The Read-Shockley model states the energy (γb) per unit area of a boundary

varies with the misorientation angle (θ < 15º) according to:

γb = θ

(
Ec

b
− µb

4π (1−ν)
· lnθ

)
(2.2)

where θ is the misorientation angle, Ec is the energy of the dislocation core, b is the Burgers

vector, µ is the shear modulus, and ν is Poisson ratio [27]. The fit of the Read-Shockley model

to experimental data is illustrated in Figure 2.7. The model only applies to boundaries where

the dislocation cores are discrete. As the cores begin to overlap the model is insufficient and

the boundaries begin to exhibit HAGB behavior. The transition between LAGBs and HAGBs

exists at a misorientation angle between 10º to 15º.
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Figure 2.7: Comparison between model and experimental relative grain boundary energies of
[100] tilt boundaries versus misorientation angle in Fe-Si [27].

2.2.2 High Angle Grain Boundaries

2.2.2.1 Coincident Site Lattice Grain Boundaries

A high angle grain boundary (HAGB) is classified as a boundary with a misorientation an-

gle greater than 15º, and the dislocation cores in the grain boundary are no longer discrete.

Overlapping of dislocation cores leads to Eq. 2.2 no longer being applicable. The current un-

derstanding of HAGB structure arises from geometrical concepts based on those laid out for

LAGBs. For HAGBs it is assumed the material will maintain atomic positions across the grain

boundary which coincides with ideal positions of both adjacent crystal lattice sites. This cre-

ates a new theoretical lattice, with the points which coincide called coincident sites and the
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new lattice a coincidence site lattice or CSL. The concept of coincidence between two grains

is illustrated in Figure 2.8. For cubic materials, the crystal lattice is periodic and therefore the

CSL is also periodic. The unit cell for the CSL is larger than the unit cell of the crystal lattice.

To quantify the density of coincidence sites we define [26]:

Σ =
Number o f coincidence sites in an elementary cell

Total number o f all lattice sites in an elementary cell
. (2.3)

Grain boundaries where the grain orientations lead to a high density of coincidence sites are low

Σ CSL boundaries, also known as special boundaries. The axis/angle pairs which correspond

to special grain boundaries for Σ < 30 is given in Table 2.1 [28]. It can be seen in Table

2.1 that the CSL occurs only at specific axis/angle pairs and is not continuous as a function

of misorientation angle. Grain boundaries which do not fit specific CSL orientations within a

certain degree of tolerance are considered a general HAGB. The most commonly used threshold

for acceptable tolerance away from the CSL reference structure is the Brandon criterion [29]:

νm = νoΣ
− 1

2 (2.4)

where νm is the maximum deviation from the exact CSL in degrees and νo is a proportionality

constant based on the upper threshold misorientation for a low angle grain boundary, typically

15º. The Brandon criterion implies a low-angle grain boundary can be described as Σ1. Use of

the CSL convention, the Brandon criterion (Eq. 2.4), and the Read-Shockley relationship (Eq.

2.1) the highest possible density of dislocations in an exact CSL boundary can be calculated

using:

b
d
= νm = νoΣ

− 1
2 . (2.5)

Therefore, the density of dislocations which can be accommodated in a CSL is directly related

to its periodicity [25].
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Figure 2.8: Schematic showing the coincidence site lattice (CSL) and structure of a Σ = 5 CSL
grain boundary.
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Table 2.1: Axis/Angle pair and twinning planes for cubic CSL up to Σ≤ 30 [29].

Σ Twinning Planes θmisorientation Axis Distinct Forms
1 {100} and {110} 0º any 1
3 {111} and {211} 60º <111> 4
5 {210} and {310} 36.87º <100> 6
7 {321} 38.21º <111> 8
9 {221} and {411} 38.94º <110> 12

11 {311} and {332} 50.48º <110> 12
13a {320} and {510} 22.62º <100> 6
13b {431} 27.80º <111> 8
15 {521} 48.19º <210> 24
17a {410} and {530} 28.07º <100> 6
17b {322} and {433} 61.93º <221> 12
19a {331} and {611} 26.53º <110> 12
19b {532} 46.83º <111> 8
21a {541} 21.79º <111> 8
21b {421} 44.40º <211> 24
23 {631} 40.45º <311> 24
25a {430} and {710} 16.25º <100> 6
25b {543} 51.68º <331> 24
27a {511} and {552} 31.58º <110> 12
27b {721} 35.42º <210> 24
29a {520} and {730} 43.61º <100> 6
29b {432} 46.39º <221> 24

2.2.2.2 General High Angle Grain Boundaries

For general HAGBs the long range coincidence at the grain boundary is lost. To minimize the

free energy at the boundary it is assumed crystals will utilize dislocations to try to maintain

ideal fit at general HAGBs. These dislocations are called secondary grain boundary disloca-

tions (SGBDs). The distinction between primary grain boundary dislocations and SGBDs is

primary grain boundary dislocations are crystal lattice dislocations with periodic arrangement

and a Burgers vector corresponding to the crystal lattice while SGBDs are confined to grain

boundaries and have Burgers vectors corresponding to a shift in the local CSL. SGBDs have
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Burgers vectors much smaller than that of primary grain boundary dislocations and displace the

CSL. Just as primary dislocations serve to accommodate misorientation of a perfect crystal in a

LAGB, SGBDs serve to compensate an orientation difference to the CSL while still conserving

the CSL. Therefore, the larger the misorientation to an exact coincidence rotation, the higher

density of SGBDs exists on the grain boundary as given by [27]:

dGB =
bB

∆θ
(2.6)

where bB is the SGBD Burgers vector which is much smaller than primary dislocation burgers

vectors, ∆θ is the change in misorientation angle to the reference CSL and dGB is the SGBD

spacing on the grain boundary. Eq. 2.2 can be modified to accommodate the SGBD structure

and the energy of a periodic SGBD arrangement is given as:

γb = γ
CSL
b +∆θ

(
Eb

c
bB
− µbB

4π (1−ν)
· ln∆θ

)
(2.7)

where γCSL
b is the grain boundary energy of the reference CSL and Eb

c is the energy of the

SGBD core [22]. When the grain boundary reaches the exact orientation of a reference CSL

structure Eq. 2.7 becomes γb = γCSL
b . When the grain boundary misorientation angle does not

meet the exact CSL orientation the energy of the boundary increases depending on the distance

away from the reference misorientation. The result is distinct cusps in the grain boundary

energy plots at specific CSL orientations while maintaining the near asymptotic nature of the

free energy of general HAGBs.

2.2.3 Determination of Misorientation Axis/Angle Pair

The determination of a grain boundary’s misorientation axis and angle is based on the adjacent

grain’s orientation and crystal symmetry operators. For cubic materials there are 24 symmetry
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elements due to any coincidence relationship being described by 24 equivalent axis/angle pairs

[30]. Through the application of the appropriate symmetry operator the minimum rotation axis

and angle can be calculated. To calculate the minimum rotation axis and angle the orientations

of both adjacent grains must be determined. The crystal orientations of these grains, gA and gB

are typically given in Euler angles. The Euler angles are converted into a 3 x 3 rotation matrix,

UA and UB respectively. A 3 x 3 rotation matrix (R) which describes rotation θ about an axis u

to bring the two rotation matrix into coincidence can be determined by [31]:

R = UAU−1
B (2.8)

The rotation axis and angle can be calculated from the rotation matrix by:

u = [R32−R23,R13−R31,R21−R12,] (2.9)

and,

θ = cos−1
(

R11 +R22 +R33−1
2

)
. (2.10)

The orientation of each grain, and hence the axis/angle pair of a grain boundary can be read-

ily determined with transmission electron microscopy (TEM). Kikuchi patterns generated by

TEM have been used for orientation determination due to their high degree of accuracy and

spatial resolution [32]. Kikuchi lines are formed when the electron beam from a TEM becomes

divergent by inelastic scattering and then electrons in the exact Bragg diffraction conditions are

elastically scattered on crystallographic planes. Knowledge of the crystallographic plane spac-

ing and crystal structure allow one to utilize the Kikuchi lines in a pattern to index the pattern

and determine the orientation of the crystal to the electron beam. The process for indexing and

determining the orientation of a grain is analogous to the process utilized in electron back scat-

ter diffraction (EBSD) patterns generated on a scanning electron microscope (SEM). Recent

advances in software have automated the steps required to index patterns making the process

of determining the crystal orientation via TEM routine.
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2.3 Radiation Damage in Materials

Knowledge of the radiation damage event is critical to understanding the materials challenges

of nuclear materials. A radiation damage event occurs when an energetic particle collides with

atoms in a bulk material. If the incident particle has sufficient energy when it collides with a

lattice atom it will displace the atom from its lattice site. This displaced atom is known as the

primary knock-on atom (PKA). The PKA will come to rest within the crystalline lattice in an

interstitial site and leave behind a vacancy site. A simplified schematic of the displacement

process is illustrated in Figure 2.9. The vacancy and interstitial form a Frenkel defect pair.

The displaced atom and incident particle can displace other lattice atoms creating a cascade

of Frenkel defect pair production as they come to rest in the material. The cascade of defects

is known as a damage cascade. Many of the point defects generated in a damage cascade

recombine during the cascade quench but a small fraction do not, causing a higher concentration

of point defects over the equilibrium concentration of point defects for the material at a given

temperature. These point defects can become mobile and migrate throughout the material.

Radiation damage can be quantified by solving the damage rate equation (Rd):

RD = N

Ê̂

Ě

φ(Ei)σD(Ei)dEi (2.11)

where N is the lattice atom density, φ(Ei)is the energy-dependent particle flux and σD(Ei) is

the energy dependent displacement cross section. The probability for the displacement of a

lattice atom by incident particles is determined by the displacement cross section:

σD(Ei) =

T̂̂

Ť

σ(Ei,T )ν(T )dT (2.12)

where σ(Ei,T ) is the probability that a particle of energy E i will impart a recoil energy T

to a struck lattice atom, and ν(T ) is the number of displaced atoms from a collision of this
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type [33]. The energy transfer cross section, and hence the damage rate, is dependent on the

type of particle and the incident particle’s energy. The hard-sphere approximation which treats

the collisions as purely ballistic is used for neutron collisions. For ion-atom or atom-atom

collisions, the hard-sphere model is invalid due to electron and nuclear interactions between

an ion-atom or atom-atom collision. Depending on the minimum separation between particles

during a collision, a Coulomb, screened Coulomb, or Born-Mayer potential can be utilized.

The result is different ion types and energies lead to different cascade physics. Neutrons and

heavy ions tend to produce large-scale and dense damage cascades that result in significant

recombination during the cascade quench. Protons, due to the Coulomb interaction of the

charged particle, tend to produce more localized and widely spaced cascades resulting in a

higher number of freely migrating point defects. The variation in the cascade process can be

seen schematically in Figure 2.10 for protons, heavy ions, and neutrons.

Quantification of radiation damage is inherently sophisticated. For experimental work, Eq.

2.11 and Eq. 2.12 are utilized to quantify damage in neutron irradiation environments. For ion

irradiations, a program utilizing kinetic Monte Carlo calculations called Stopping Range of Ions

in Matter (SRIM) is utilized to determine the damage rate in a material for a given experimental

condition [34]. The program utilizes inputs such as material composition, incident particle,

and incident particle energy to determine a value for the number of displaced lattice atoms per

incident particle per unit length traveled (DSRIM). Displacements per atom (d pa) is often used

to describe radiation damage as it is a normalized unit. Dpa is defined as the average number

of times an atom is displaced from a lattice site for a given fluence of energetic particles. One

dpa means on average each lattice atom has been displaced from its lattice site once. The unit

can be misleading, as even though each atom has been displaced once from its lattice site most

atoms return to their original lattice site and a Frenkel defect pair is never created. DSRIM can

be used to convert to the displacement rate (Ko) by:

d pa
s

= Ko =
Φ ·DSRIM

N
(2.13)
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where F is the particle flux and N is the lattice atom density of the irradiated material. The

flux in Eq. 2.13 can easily be calculated knowing the current imparted into the samples and

the irradiation area. For neutron-induced damage, a simplification to Eq. 2.11 can be made to

provide a rough estimate of radiation damage. By assuming isotropic scattering and neglecting

inelastic scattering, Eq. 2.11 becomes

RD = Nσs

(
γĒi

4Ed

)
Φ (2.14)

and

γ =
4M1M2

(M1 +M2)2 (2.15)

where Ei is the average neutron energy, Φ is the total neutron flux above energy Ed/γ, Ed is the

displacement energy for a lattice atom, M is the particle mass and the bracketed term is the

number of Frenkel pairs produced per neutron.

The elevated concentration of point defects caused by damage cascades can significantly change

a material’s properties over time. During irradiation the mobile defects can diffuse through the

bulk lattice creating various extended defects within the crystalline material. Two-dimensional

and three-dimensional extended defects can be created. These defects include but are not lim-

ited to dislocation lines, dislocation loops, stacking faults, voids and bubbles. The formation

of this highly defective structure leads to many irradiation induced phenomena including: void

swelling, irradiation growth, irradiation hardening, irradiation creep, and helium embrittlement.

A generalized schematic of changes in material’s properties due to extended defect formation

from irradiation is in Figure 2.11.

The production of long-range defects is dependent on the materials structure. Point defects can

be annihilated at microstructural features, such as grain boundaries, dislocations, precipitates

and free surfaces. Capture and annihilation sites such as the ones described are known as
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defect sinks. With the exception of radiation-induced segregation and precipitation, if point

defects are annihilated at defect sinks, extended defects will not be produced in large quantities

and the production of a highly defective structure will be arrested. Therefore, the creation

of defects, and the resulting amount of damage imparted into a material from the radiation

damage event, is an overall balance between the defect production, recombination kinetics,

sink strength/efficiency and the density of defect sinks.

a

b

c

a

Figure 2.9: Production of a vacancy (b) and interstitial (c) due to a lattice atom being displaced
by an energetic incident particle (a).
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1 MeV Neutrons

1 MeV Protons

Tave = 200 eV
ε = 25%

Tave = 35 keV
ε = 2%

1 MeV Heavy-ions

Tave = 5 keV
ε = 4%

Figure 2.10: Schematic of damage cascade morphologies for different incident particles with
the same incident energy. Tave is the average energy transferred per PKA and ε is
the production efficiency of freely migrating defects. Adapted from [35].
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Figure 2.11: Schematic representation of radiation effects on material’s properties: a) void
swelling, b) irradiation induced hardening leading to reduced ductility and in-
creased strength, c) irradiation embrittlement leading to decreased ductile to brittle
transition temperature and reduction in upper shelf energy. Adapted from [13].
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2.4 Grain Boundaries as Sites for Point Defect Annihilation

Grain boundaries are important sites for the destruction of point defects produced by irradia-

tion. The annihilation of defects at grain boundaries is complex and may involve a sequence

of mechanisms including the diffusion of defects to the sink and ultimately their destruction

at the sink. Given this, two limiting types of sink action exist. Grain boundaries may destroy

defects rapidly enough to maintain the point defect concentration at the thermal equilibrium

near the grain boundary. In this case, the defects are destroyed at the maximum possible rate

corresponding to the rate at which they are able to diffuse to the sinks. The grain boundaries

operate as perfect sinks and the annihilation rate is bulk diffusion limited. Under other condi-

tions grain boundaries may destroy point defects slowly, resulting in the defect concentration

remaining uniform through the lattice and the grain boundary. In this case the grain boundary

would not be operating as a perfect sink and the process becomes sink reaction limited [36].

Grain boundaries may also operate in an intermediate situation where the point defect annihi-

lation mechanism is neither explicitly diffusion nor sink reaction limited but behaves with a

mixed nature [37].

In general, point defects are annihilated at dislocation jogs, including primary grain boundary

and secondary grain boundary dislocations, within the grain boundary. Point defects may reach

these jogs by jumping into the dislocation core and then diffusing along the core to the jog or

by direct jumps from the lattice to the jog. The mechanism is illustrated schematically for a

low-angle symmetric tilt boundary in Figure 2.12. This results in the sink efficiency of a grain

boundary to be determined by: (1) binding energy of point defect to grain boundary dislocation,

(2) diffusivity of point defect along the grain boundary dislocation, (3) concentration of jogs,

and (4) defect capture probability at the jog [38]. As there are many variables in determining

the sink efficiency of a grain boundary wide variations are expected. The mechanisms for point
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defect absorption at grain boundaries also show the importance of the grain boundary atomic

structure. In particular, as discussed in Section 2.2 the grain boundary structure dictates the

concentration of dislocations and hence jogs at the grain boundary.

The defect sink mechanism for grain boundaries has been observed either explicitly through

high resolution transmission electron microscopy or inferred in a wide range of experiments on

irradiated material systems. The direct climb of grain boundary dislocations as a result of point

defect absorption in special grain boundaries was observed by Konem et al. in irradiated Au

[39]. S. Zinkle has used defect denuded zones near grain boundaries to determine the interstitial

diffusion coefficient in ion irradiated polycrystalline spinel and alumina [40]. More recently,

dislocation loop denuded zones along grain boundaries in irradiated 316 and 304 stainless steel

was observed by Bruemmer et al. indicating the grain boundaries in austenitic stainless steels

act as efficient sinks for interstitials during irradiation [41]. Kaoumi et al. has observed similar

results on the same heat of 9 wt. % Cr model F/M steel used in this study. Denuded zones were

observed at grain boundaries irradiated with 1 MeV Kr++ ions at specific crystallographic

orientations [42]. Recent results are purely qualitative but indicate the mechanisms mentioned

above are active for irradiated materials.
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Figure 2.12: Low-angle symmetric tilt boundary, composed of parallel edge dislocations acting
as a sink for point defects. Excess point defects are destroyed at jogs on the dis-
locations causing them to climb. Dashed lines indicate diffusion paths for point
defects for destruction at the jogs [36].

2.5 Precipitate Stability Under Irradiation

2.5.1 Overview

A precipitate is considered to be in thermal equilibrium when there is no net flux between the

diffusion of solute atoms to the precipitate and the migration of precipitate atoms into matrix.

In the absence of irradiation, precipitates tend to dissolve into the matrix at high temperatures

to maintain the bulk concentration, but at low temperatures coarse particles tend to grow at the

expense of fine particles to reduce the interfacial energy between the particle and matrix. The

growth of coarse particles is known as Ostwald ripening.
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If a displacement cascade occurs within a precipitate it may eject atoms from the particle into

the matrix. The atoms can then back-diffuse to rejoin the original precipitate, diffuse and join

another particle, help to nucleate a new particle, or remain in solution within the matrix [43].

The first model which investigated particle resolution in the presence of irradiation was by Nel-

son et al. [44]. The model accounted for recoil and disordering dissolution, radiation enhanced

diffusion, and equilibrium conditions. The model predicts coarsening of small particles and

shrinking of large particles until a stable particle size is achieved. The process is known as

inverse coarsening and shown in Figure 2.13.

The model presented by Nelson has limitations and a modified model which takes into account

a gradient of solute atoms which exist until the particle reaches an equilibrium size or disap-

pears completely was developed [43, 45, 46]. The modified model is represented schematically

in Figure 2.14. The model assumes a particle under irradiation will have surface dissolution

due to ballistic ejection of atoms from the precipitate. The dissolution causes a local solute su-

persaturation near the particle resulting in a continuous loss of solute atoms to the matrix down

the outer concentration gradient seen in Figure 2.14b. The dissolution occurs until steady-

state is reached where the dissolution is matched by back diffusion. If the precipitates are

widely spaced, the matrix may not reach steady state and the precipitates will dissolve as in

Figure 2.14e. If steady state is achieved and low solubility of solutes in the matrix exists, re-

nucleation away from the original particle could occur. The re-nucleation process is shown in

Figure 2.14d.

The modified model explains the need to study the original size and number density of precipi-

tates as it will play a role in the growth or dissolution of the particle under irradiation. If coarse

and widely dispersed particles are in equilibrium before irradiation, the model predicts they

will shrink. Fine particles which are closely dispersed will tend to grow with increasing dose.

The rearrangement of lattice atoms and enhanced diffusion caused by the radiation damage

event can also cause the formation of incoherent and coherent precipitates to nucleate during

the irradiation event. The evolution of precipitates under irradiation is governed by the rates of
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re-solution, re-precipitation and the amount of radiation induced disordering.

r

rpi

+

-

0

Figure 2.13: A schematic of the Nelson model for radiation-induced precipitate dissolution.
Smaller particles coarsen at the expense of larger particles. After Ref. [44] .
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Figure 2.14: A schematic of a modified model for radiation-induced precipitate dissolution and
precipitation as a function of dose where a) unirradiated equilibrium, b) surface
dissolution at low doses, c) steady-state leading to d) nucleation of new precipi-
tates because of matrix supersaturation, or e) precipitation continues to dissolve
until it disappears. From Ref [45] .

2.5.2 Nanocluster Stability in NF-ODS F/M Steels

Nanocluster stability in NF-ODS steels has been investigated by a range of techniques including

transmission electron microscopy, atom probe tomography, and scanning transmission electron

microscopy [47–60]. Many of the studies were small in scope with only a limited dose and/or

temperature range examined. These studies have been inconclusive in determining whether

nanoclusters are stable under irradiation with reports of nanoclusters remaining stable, shrink-

ing, or increasing in size after irradiation. Many of the studies were purely qualitative and
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little information exists using quantitative analysis. A full literature review and discussion of

nanocluster stability in NF-ODS steels can be found in Ref. [11].

Recent work was completed by A. Certain on studying nanoclusters in a quantitative manner

over a wide range of temperatures and several doses [11]. The study was conducted on the

14YWT alloy system, which is used in this study. Results indicated at cryogenic temperatures

nanoclusters were completely dissolved in the bulk matrix when irradiated to 100 dpa using

heavy ions. At such low temperature and high dose rate, nanoclusters were unstable due to

ballistic resolution and the reduced energy for back-diffusion of ejected atoms from the cluster.

At intermediate temperatures, nanoclusters were present but many areas examined showed a

highly reduced population of nanoclusters versus the unirradiated condition when using energy-

filtered transmission electron microscopy (EFTEM). Atom probe tomography (APT), which is

skewed towards studying small sized nanoclusters population, showed no change in the number

density of nanoclusters from the unirradiated to irradiated state in the intermediate temperature

range at 100 dpa. For heavy ion irradiations conducted at high temperatures (450-600 °C), no

disconcernable change in the cluster population was observed using both EFTEM and APT

indicating sufficient energy for back diffusion of ejected particles was in the system and aided

in nanocluster stability. Figure 2.15 shows examples of the observed nanocluster population at

each irradiation temperature by A. Certain while Table 2.2 summarizes the results for both the

EFTEM and APT analysis of nanoclusters in irradiated 14YWT using heavy ions [11].
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Figure 2.15: Fe-jump ratio images of 14YWT-SM10 with irradiation conditions indicated. Ir-
radiations completed using Ni2+ ions with a dose rate of ~2x10−3 d pa

s . Dark areas
correspond to area of Fe depletion indicating the location of nanoclusters. Larger
regions of Fe depletion correspond to titanium oxides or other precipitates. From
Ref. [11].
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Table 2.2: Summary of nanocluster stability in 14YWT irradiated using Ni2+ ions. From Ref
[11].

Analysis
Technique

Dose
(dpa)

Temp.
(°C)

Avg.
Radius
(nm)

St. Dev
(nm)

Num.
Density
(1/nm3)

St. Dev.
(1/nm3)

EFTEM 100 - 1.3 0.7 4.0x10−5 2.0x10−5

APT-Voltage 100 - 1.0 .4 5.0x10−4 -
EFTEM 100 -75 2.0 0.7 1.0x10−7 3.0x10−7

APT-Laser 100 -75 - - - -
EFTEM 100 100 3.4 0.2 3.0x10−8 8.0x10−8

APT-Laser 100 100 0.8 0.3 7.0x10−4 -
EFTEM 100 300 1.5 0.6 2.0x10−5 1.0x10−5

APT-Laser 100 300 0.8 0.3 7.0x10−4 -
EFTEM 100 450 1.4 0.6 6.0x10−5 2.0x10−5

APT-Laser 100 450 0.9 0.3 7.0x10−4 -
EFTEM 100 600 1.4 0.6 3.0x10−5 2.0x10−5

APT-Laser 100 600 1.0 0.4 7.0x10−4 -

2.6 Radiation Induced Segregation (RIS)

2.6.1 Overview

RIS is a non-equilibrium process of alloying elements in a material segregating to or away

from defect sinks during irradiation. RIS occurs when the mobile point defects created by a

radiation damage event migrate towards defect sinks within the material. When a particular

type of point defect (vacancy or interstitial) is associated more strongly with various chemical

elements, these elements will redistribute within the bulk material as the point defects migrate

towards a defect sink. This process is illustrated schematically in Figure 2.16 for a simple 50%

A atoms - 50% B atoms binary alloy system. Figure 2.16a shows the vacancy concentration

gradient near a sink, such as a grain boundary, where the net flux of vacancies towards the

boundary is counteracted by the flux of A and B atoms away from the boundary. Here, the
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A atoms are preferentially coupled to the vacancy flux resulting in the enrichment of B atoms

at the sink interface. In Figure 2.16b, the interstitial concentration gradient is plotted near a

sink. The B atoms are preferentially coupled to the interstitial flux resulting in enrichment of

B atoms to the sink. RIS is therefore dependent on both the vacancy and interstitial flux to

the defect sink and the net balance between them determines the RIS response. The result of

RIS can be a significant change in the material’s overall properties, including the material’s

corrosion resistance and fracture properties.

RIS is dependent on the irradiation environment, the material composition, and the microstruc-

ture of the material of interest. At low temperatures, the point defects created by the damage

cascade have low mobility due to insufficient energy for long-range diffusion. At intermediate

temperatures, the diffusion is fast enough that point defects generated by radiation diffuse to

defect sinks. Intermediate temperatures are typically described as temperatures ranging be-

tween 30-50% of the melting temperature of the material [6]. If there is preferential diffusion

of defects of certain atoms to sinks, depletion or enrichment of alloying elements at a sink

may occur due to the coupling of the motion between atoms and defects and hence atom fluxes

being associated with defect fluxes. At very high temperatures, the equilibrium thermal defect

concentrations are sufficiently large and the back diffusion of vacancies tends to prevent the

development of RIS. Temperature can also change the RIS response by modifying which point

defect-solute complex migrates faster for a given system.

Dose rate is also a significant factor in determining the RIS response of materials. Typically,

increasing the dose rate will shift the temperature dependence of RIS to higher temperatures.

The generalized regime for RIS as a function of temperature and dose rate is depicted in Figure

2.17. The dose rate dependence is due to the competition between the recombination rate

of point defects and the probability of defects finding sinks. Lower point defect generation

rates (Ko) results in point defects being generated more slowly in the matrix. If temperature

is held constant, than the thermal mobility of the point defects is not modified and therefore

the probability of the point defect finding a defect sink over finding another point defect to
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recombine is increased. The result is at low dose rates the probability of a defect finding a

sink dominates resulting in an increased RIS response as seen in modeling results presented in

Figure 2.18.

Distance Distance

a) b)

Figure 2.16: Mechanisms for radiation-induced segregation due to point defect and solute cou-
pling in a binary alloy where a) enrichment of B occurs if dv

B < dv
A and b) enrich-

ment of B occurs if di
B > di

A . Arrows represent the magnitude of the flux.
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Figure 2.17: Temperature and dose rate effect on radiation induced segregation [61].

Figure 2.18: Dose rate dependence on chromium depletion at grain boundaries as predicted by
modified inverse Kirkendall (MIK) model. Modified from [35].
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2.6.2 Radiation Induced Segregation in Steels

RIS has been most prominently studied in austenitic stainless (FCC) steels. In these FCC alloys

it has been shown that Cr is depleted near grain boundaries under irradiation. The depletion

of Cr at boundaries leads to reduced corrosion resistance at the boundary. The result is an in-

creased susceptibility to irradiation-assisted stress corrosion cracking [62]. Substantial work

has been conducted to develop a predictive model of RIS in austenitic stainless steels to predict

and therefore limit failure while in-service. Initially, the Perks model [63] was used to model

RIS at grain boundaries. The Perks model assumes the segregation is based on the differences

in the atom-vacancy jump rates of the solute atoms. This mechanism is the inverse Kirkendall

effect. The Perks model was later refined resulting in the development of the modified inverse

Kirkendall model (MIK). The MIK model includes effects of local composition on the diffu-

sivities of alloy species and concluded the RIS response in FCC steels can be modeled using

only the vacancy flux. The result is the most widely accepted model for RIS in FCC steels is

the modified inverse Kirkendall (MIK) model as it captures the composition, dose, and tem-

perature dependence of RIS in a wide range of FCC steels. A representative diagram of the fit

between the Perks and MIK model and experimental findings in an irradiated FCC steel is given

in Figure 2.19 and 2.20 [5]. Recent first principles based modeling has demonstrated both the

vacancy mediated and the interstitial mediated mechanisms could be active in austenitic alloys

although the contribution from interstitials can be significantly smaller than the vacancy con-

tribution [64]. Given this, these models still predict Cr depletion near grain boundaries in FCC

alloys.

For F/M steels, no conclusive trends or dependencies have been drawn. Experiments have

shown that Cr can enrich, deplete, or not segregate to grain boundaries and internal interfaces

in F/M steels [65–83]. Cr enrichment has been seen in neutron irradiated HT9 [71] and FV448

[68, 74, 75], and in carbon ion irradiated Fe-Cr-Si alloy while a Fe-Cr-Ti alloy in the same



39

experiment showed Cr depletion [66]. Electron irradiations and Ni ion irradiations have shown

enrichment or depletion can occur on a wide range of alloy systems [68, 72]. Recent, more

systematic work by Wharry et al. using protons and Fe ion irradiations have shown Cr en-

richment is observed in T91 up to a ~530 °C and then depletion occurs while the magnitude

of segregation increases with dose [82]. Marquis et al. have shown Cr enrichment or deple-

tion can occur at different boundaries within the same Fe ion irradiated model oxide dispersion

strengthened steel specimen [80]. A summary of experimental literature on the Cr behavior in

F/M steels at internal interfaces can be seen in Figure 2.21. It is important to note that much of

the experimental results on RIS in F/M steels is fragmented with only Wharry et al. completing

systematic ion irradiation studies [81, 83]. The result is broad conclusions can not be made on

RIS behavior using solely the experimental data.

Little work has been completed on modeling RIS in F/M steels and the well established theo-

ries for FCC systems appear to not directly transfer to the BCC system. Recent ab-initio and

molecular dynamics studies of Cr in BCC-Fe have shown the RIS behavior in F/M steels to be

complex, with both the interstitial-Cr and vacancy-Cr complexes diffusing faster than BCC-Fe

under typical reactor conditions [84–87]. Figure 2.22 shows a plot of the diffusivity ratios for

these complexes as functions of temperature as calculated using first principles by Choudhury

et al. [86]. Work by Terentyev et al. have shown the interstitial diffusion could be strongly

dependent on Cr composition in concentrated Fe-Cr alloys [87]. Wharry et al. has had success

applying the MIK model to capture the experimental composition and temperature dependance

for RIS in T91 with interstitial contributions included [82] but the model lacks sufficient details

to predict the dose dependence. The lack of modeling work benchmarked against experimental

findings has also made it difficult to conclude the primary mechanism for RIS in F/M.
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Figure 2.19: Comparison of model calculations using the Perks and the MIK model to experi-
mental measurements using AES as a function of temperature for a Fe-20Cr-24Ni
FCC alloy [5].



41

Figure 2.20: Comparison of model calculations using the Perks and the MIK model to exper-
imental measurements using AES as a function of dose for a Fe-20Cr-24Ni FCC
alloy [5].
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Figure 2.22: Cr and Fe diffusivity ratios for interstitial and vacancy mechanisms as determined
from first principles by Choudhury et al. [86].

2.6.3 Model for Radiation Induced Segregation and Grain Boundary

Structure

Recently, more systematic experimental studies have shown variation in the RIS response of

different grain boundaries within the same sample for BCC steels [80, 81]. Similar behavior has

also been observed in FCC systems and has been suggested the variation could be attributed to
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differences in grain boundary structure [6, 88–90]. These results suggest that not only does de-

pendencies on composition, dose, dose rate, and other experimental conditions exist for RIS in

F/M steels, but a dependence on the fundamental differences between specific grain boundaries

and more generally different interfaces may also exist.

Most models for RIS treats grain boundaries as a perfect sink, or a sink which can capture and

absorb every point defect which migrates to the boundary. The result of this assumption is

every grain boundary with the same irradiation history should have identical RIS behavior. A

perfect sink would also exhibit the largest possible RIS response. Significant variability within

a material for constant irradiation conditions in both austenitic and F/M steels indicate the

assumption that every boundary acts as a perfect sink is possibly invalid. Recent theoretical and

experimental studies on austenitic stainless steels has demonstrated the perfect sink condition

is not universally applicable [88, 90, 91]. The magnitude of the RIS response at the grain

boundaries in austenitic stainless steels was shown to change as a function of the grain boundary

structure as seen in Figure 2.23. The findings predict the grain boundary structure alters the

defect flux behavior, and hence the solute flux behavior at the grain boundary.

The work of Duh et al. and Sakaguchi et al. was extended by L. Barnard1 in concert with

the efforts presented in this text to determine the primary mechanisms for RIS in F/M steels in-

cluding grain boundary structure dependence. The model is modified from a version of a model

used to study RIS in Ni-Cr model alloys by Barnard et al. [92]. The theories of Wiedersich et

al. are employed to develop a rate theory model which solves the coupled diffusion equations

for defects and alloy components as the defects diffuse toward the sink [93]. A complete model

description and derivation for the boundary conditions are provided in Appendix A. The model

is detailed briefly in this section for clarity.

The following coupled equations are used to obtain one dimensional concentration profiles of

elemental species and single vacancies and single interstitials near a grain boundary for a model

system [93],
1Results courtesy of Leland Barnard, Computational Materials Group, University of Wisconsin - Madison (lm-

barnard@wisc.edu)
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∂C j

∂ t
=−

∂J j

∂x
(2.16)

∂Cv

∂ t
= εKo−RRCvCi−RV DCV −

∂Jv

∂x
(2.17)

∂Ci

∂ t
= εKo−RRCvCi−RIDCI−

∂Ji

∂x
(2.18)

where C j is the site fraction of species j, J j is the flux of species j,RR is the rate coefficient

for recombination of vacancies and interstitials, RV D and RID are the rate of vacancies and

interstitials loss to dislocations respectively, Ko is the dose rate in dpa/s and e is the damage

efficiency which is dependent on the radiation species. Typically used damage efficiencies are

provided in Figure 2.10. The rate of vacancy and interstitial loss to dislocations, RV D and RID,

can be determined using the following equation (where d = vacancy or interstitial) [4]:

Rd = ZdD4πrrD
ρD

δ
Dd (2.19)

where ZdD is the bias factor, rrD is the radius of capture for defect species d, ρD is the dislo-

cation density, δ is the interplanar distance, and Dd is the diffusivity of defect species d. The

dislocations are assumed to be unbiased and ZdD is set equal to 1.

The modified boundary conditions for point defect migration established by Duh et al. are in-

cluded within the model. The boundary condition alters the sink efficiency and hence the flux

of point defects at the grain boundary. The model assumes boundaries with high interfacial

coherency, such as low angle and low S CSL boundaries, have a low point defect capture effi-

ciency under irradiation. The result is the concentrations of point defects near a grain boundary

are not constrained to the thermodynamic equilibrium.
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The theory predicts the grain boundary efficiency and hence the resulting RIS response is highly

dependent on both the diffusion of point defects to and along a grain boundary and the number

of point defect annihilation sites. Using classical grain boundary structure and energetic theo-

ries these concepts have been applied based on grain boundary misorientation angle. The work

of Duh et al. only applied the modified boundary conditions towards the vacancy migration

as it assumes the mechanisms in the MIK model. For F/M steels, the boundary conditions are

applied for both the vacancy and the interstitial migration. Therefore, the flux of defects into

the grain boundary is determined by the grain boundary diffusion coefficient for point defects

defined by (where d denotes a vacancy or an interstitial) [91]:

dGB
d = gda2Z f GB

d νo∑
k

Ck exp

−
(

Ek,d
a −a2γ

)
kbT

 (2.20)

where gd is a dimensionless constant based on the structure which is taken to be equal to 1 for

F/M steels, a is the lattice parameter, Z is the BCC coordination number, f GB
d is the correlation

factor for defect type d in the grain boundary, νo is the attempt frequency, and γ is the specific

grain boundary energy. For a multicomponent system, Ck is the fraction of component k near

the boundary and Ek,d
a is the migration activation energy of component k for defect type d. In

Equation 2.20, the structure dependence of the grain boundary diffusion coefficient is captured

in the grain boundary energy term. The theory assumes the dislocations contained within grain

boundaries play the primary role in the point defect interactions. The result is the classical

grain boundary energy equations based on the dislocation model of point defects from Section

2.2 can be applied and Equation 2.20 can be cast in terms of the grain boundary misorientation.

The model predicts grain boundaries which have very high energy due to large misorientations,

such as general high angle grain boundaries, will have diffusion fast enough that the boundary

will act as an ideal sink. For boundaries with high coherency and hence low energy, the grain

boundary will have slower diffusion of point defects to point defect annihilation sites at the

boundary. In similar fashion, the number of point defect annihilation sites for a given grain

boundary can be determined by the misorientation angle as given in the following expressions:
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ρHAGB =
4δ

b
sin
(

∆θ

2

)
(2.21)

for high angle grain boundaries where ∆θ is ∆θ = θ−θCSL and δ is the thickness of the bound-

ary which is assumed to be one atomic layer and the density for low angle grain boundaries is

given by:

ρLAGB =
θ

b
. (2.22)

From Eqs. 2.21 and 2.22 it can be seen the model predicts that low angle grain boundaries

will have a lower density of annihilation sites compared to general high angle boundaries due

to differences in structure. The resulting predicted concentration gradient of point defects at

a grain boundary using modified boundary conditions for a F/M steel can been seen in Figure

2.24 [94].
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Figure 2.23: Variation in Cr segregation at grain boundaries as a function of misorientation
angles for a 304 irradiated stainless steel, where a) is the measured and b) is cal-
culated results [91].
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2.7 STEM-EDS Measurements for Solute Segregation to

Interfaces

Scanning transmission electron microscopy coupled with electron dispersive spectroscopy (STEM-

EDS) has been widely used to study segregation of solute atoms to grain boundaries. STEM-

EDS is widely used as it provides concentration profiles along a grain boundary, or more re-

cently 2D concentration maps within reasonable time frames. Recent advances in EDS detec-

tors and STEM systems has significantly reduced the time required to investigate a boundary

making it possible to study several boundaries within a typical microscopy session. The small

volume of sample needed to do STEM-EDS investigations also lends itself to work on acti-

vated samples as a smaller and hence lower activity sample can be used. Another advantage is

STEM-EDS data interpretation is fairly straightforward compared to other techniques such as

APT.

Several considerations must be made when using STEM-EDS to investigate segregation. The

measured segregation profile is sensitive to many experimental factors including: accelerat-

ing voltage, STEM probe diameter, specimen thickness, specimen tilt, sample drift, surface

contamination and specimen composition [95]. Thickness of the specimen is a significant con-

tributing factor to the measured segregation profile. As the electron beam passes through the

specimen it will broaden resulting in the interaction volume of the beam with the specimen

being larger than the incident probe width and effectively reduce the measured boundary con-

centration. This phenomena is shown schematically in Figure 2.25. The interaction volume

also increases for heavier specimens and lower accelerating voltages. Reducing the specimen

thickness reduces beam broaden effects driving the measurement closer to the actual compo-

sition value but results in fewer X-rays produced resulting in reduced statistical precision in

the composition quantification. Increasing the specimen thickness also increases the sensitivity

of the measurement to the grain boundary misorientation to the electron beam. A specimen

100 nm thick requires a misorientation of ~20° to see a 50% reduction in the relative measured
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intensity in the segregant EDS peak where a specimen 300 nm requires only a misorientation of

~5° of the grain boundary to the incident probe to have the same reduction in measured intensity

[96]. Reducing the electron probe results in increased spatial resolution but also degrades sen-

sitivity to the measurement and increases the sensitivity of the measurement to grain boundary

inclination to the probe. Overall, the acceleration voltage is the least significant factor affect-

ing the measured composition for interfacial segregation. Recent advances in control and data

acquisition software has allowed for advanced drift correction and drift prediction algorithms

which compensate for drift of specimens during long acquisition times. These advances have

reduced the contributions of drift in the error of the STEM-EDS measurement. The result is for

interfacial segregation, where the solute is confined to the first few atomic layers to the grain

boundary, STEM-EDS experimental factors typically combine to reduce the measured segre-

gation compared to the actual interfacial segregation and the reduction can be fairly significant

if the measurements are not executed with care.

The result of the experimental factors contributing to the reduced measured segregation profile

means STEM-EDS is most effective in measuring relative changes in segregation due to pro-

cessing such as thermal mechanical treatments or irradiation than absolute segregation within

one condition, especially when STEM conditions such as accelerating voltage and probe size

are held constant. The ideal experiment would involve conducting all STEM-EDS experiments

within one session on one specimen to limit variations in the measured segregation profiles

due to changes in probe size and specimen thickness. In practice, for a large scale experiment

with multiple specimens, the ideal experiment can not be conducted. Therefore, some error

will be introduced into the experiment due to session to session STEM condition variations and

specimen to specimen thickness variations which manifests itself as experimental scatter.
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Chapter 3

Experimental

3.1 Specimens

3.1.1 Model F/M Steel

A 9 wt. % Cr model steel designed to approximate the microstructure of commercially avail-

able F/M steels, such as T91 and NF616, was utilized to study general segregation trends and

affects of grain boundary structure. A model steel was used due to the simplified chemistry and

low precipitate density which facilitated both experimental and modeling investigations. The

composition of the steel is 0.015 wt. % O, 0.72 wt. % C, 8.68 wt. % Cr, and balance Fe. The

model steel was austenitized at 950 °C for 60 minutes in an argon atmosphere and cooled to

room temperature. The steel was then tempered at 750 °C for ~60 minutes and air-cooled to

room temperature. The steel was received as 1 mm plate. The resulting microstructure con-

sisted of tempered martensite with inter-dispersed ferrite throughout the matrix. This study

focused only on the martensite phase of the model steel. The as-received martensite phase of

the steel has a complicated microstructure including prior-austenite grain boundaries, packet

boundaries, lath boundaries, Cr-rich carbides, and dislocation networks. A bright field TEM

micrograph of the as-received microstructure is presented in Figure 3.1. This study focused on

the segregation of Cr to lath boundaries, as the high density of lath boundaries compared to

other internal interfaces ensured numerous boundaries for investigations.
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Figure 3.1: Bright field transmission electron microscopy (TEM) micrograph of the as-received
microstructure of the 9 wt. % Cr model F/M steel

3.1.2 NF-ODS F/M Steel

A 14 at. % Cr nano-featured oxide dispersion strengthened (NF-ODS) F/M steel was used

to investigate the relationship between nanocluster stability and radiation induced segregation.

Twelve specimens of 14YWT-SM10 ferritic steel were provided by Oak Ridge National Lab-

oratory (ORNL). Specimens had a nominal dimension of 10 x 3 x 1 mm and a nominal com-

position of 14 at. % Cr, 3 at. % W, 0.4 at. % Ti, 0.35 at. % Y2O3, and balance Fe. 14YWT

variants are manufactured using powder metallurgy. The precursor powders were ball milled

for 40 hours and transferred to a mild steel can, degassed in a vacuum of ~10−2 mbar at 400

°C and sealed. The can containing the powder was then extruded at 850 °C. The as-received

specimens had a complex microstructure with a fully ferritic structure and Y-Ti-O nanocluster

dispersions within the grains and on grain boundaries.
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3.2 Proton Irradiations

Protons were utilized due to their higher damage rates, relative low cost, and simplicity of

logistics over neutron irradiated samples [10]. The 2.0 MeV protons used in this study created

an almost flat damage profile up to ~15 µm deep from the sample surface within the 9 wt. % Cr

model F/M steel specimens as seen in Figure 3.2. Damage rates were calculated using SRIM

2006, stopping power version - 2003 [34]. Electron microscopy samples were fabricated from

the flat damage profile region. Samples irradiated to 400 °C were irradiated at the University

of Wisconsin Ion Beam Laboratory (UW-IBL) while the 500 °C specimens were irradiated at

the University of Michigan Ion Beam Laboratory (MIBL). Table 3.1 summarizes the resulting

dose, dose rate, and temperature for each condition irradiated.

0

2

4

6

8

10

12

14

0 5 10 15 20 25

D
am

ag
e 

(d
pa

)

Distance From Surface (µm)

Figure 3.2: Damage profile for a binary homogeneous Fe-9Cr alloy using 2.0 MeV protons
with a fluence of 1.1×1019 protons

cm2 .
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Table 3.1: Summary of irradiation conditions for proton irradiated samples

Temperature °C Dose (dpa) Dose Rate (dpa/s)
400 1 5.9x10−6

400 2 4.4x10−6

400 3 4.8x10−6

500 1 1.2x10−5

500 2 1.2x10−5

500 3 1.2x10−5

3.2.1 400 °C Irradiations of a Model F/M Steel

Samples for irradiation were fabricated from the as-received 9 wt. % Cr model F/M steel bulk

material. Electrical discharge machining (EDM) was utilized to create 1 x 3 x 20 mm bar

specimens. All samples were mirror polished using standard metallographic techniques prior

to irradiation. Samples were mounted to the irradiation stage using strapping bars. Care was

taken to minimize the stress applied to the samples from the retention device. The irradia-

tion temperature was controlled by controlling the stage temperature using heating and cooling

elements. The stage can be heated using a resistively heated cartridge heater and/or cooled

using air cooling lines which run near the surface of the irradiation stage. Sample tempera-

tures were monitored with both thermocouples and thermal imaging equipment. Three k-type

thermocouples were spot welded to the surface of sacrificial samples to determine the irradi-

ation temperature. An infrared pyrometer, which was calibrated for the temperature range of

the irradiation and the emissivity of the material, was used to measure temperature uniformity

across the samples during irradiation. The stage surface is constructed of molybdenum due to

its high thermal conductivity and sputtering resistance. Indium was placed between the samples

and stage to provide efficient heat transfer between the samples and stage and provide precise

temperature control. The temperature was maintained within±20 °C during the experiment by

controlling the back heating and cooling elements.
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An aperture system was placed in front of the irradiation stage to define the irradiation area and

determine the beam distribution. The full stage configuration including the aperture system is

shown in Figure 3.3. The ion beam is rastered across the irradiation area and aperture system

to assure uniform beam distribution. The stage is electrically isolated to calculate the beam

current as a function of time. A National Instruments LabVIEW system was developed which

monitored the beam current and temperature while calculating the total fluence in the material.

The system allowed for continuous monitoring during the experiment while providing a history

of the irradiation. Alarms were also built in to alert the operator when experimental parameters

were outside of predefined acceptable limits. From the experiment history the dose, dose rate,

and temperature distribution were calculated which is provided in Table 3.1 .

Figure 3.3: Fully assembled sample stage for proton irradiations.

3.2.2 500 °C Irradiations of a Model F/M Steel

Sample preparation and experimental configuration for the 500 °C was almost identical to the

400 °C samples. Specimens were 1 x 1 x 20 mm bar specimens fabricated using EDM from
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the same heat of the 9 wt. % Cr model steel specimens used in the 400 °C proton irradia-

tions. Samples were mirror polished using standard metallographic techniques. Both k-type

thermocouples and an infrared pyrometer where used to monitor temperature. Specimens were

maintained at 500 ±10 °C during the experiment. The configuration of the ion source at the

MIBL at the time of this study allowed for a higher current of protons to be placed on the stage

and for the flux to be more accurately controlled over long exposures. The result is a slightly

elevated dose rate over the 400 °C specimens and a nearly uniform dose rate over all doses as

seen in Table 3.1 .

3.3 Neutron Irradiations of a Model F/M Steel

The same heat of the 9 wt. % Cr model steel specimens used in the proton irradiations were

irradiated to 3 dpa at a nominal temperature of 500 ºC in the Advanced Test Reactor (ATR)

at the Idaho National Laboratory (INL). Specimens were loaded into a non-instrument lead,

inert gas filled rodlet-capsule enclosure and placed in ATR East Flux Trap where the maximum

fast flux is 9.7x1013 neutrons
s·cm2 (E > 1 MeV). Dose calculations assumed a dose of 3 dpa in a

stainless steel is approximately equivalent to a neutron fluence of 2.1x1021 neutrons
cm2 . Based on

this assumption, the average dose rate was 1.0x10−7 d pa
s with the reactor operating for 250

Effective Full Power Days (EFPD). The rodlet containing the samples did not have instrument

leads or passive temperature monitors and therefore the exact average temperature cannot be

determined. Simulations calculated the average temperature to be expected between 523-526

ºC, but an adjacent rodlet during the irradiation campaign was determined to be ~100 ºC lower

than the simulated temperature as determined by passive SiC temperature monitors. Another

adjacent rodlet did show excellent agreement between predicted and observed temperatures

[97].

The SiC temperature monitors have several limitations in determining the irradiation tempera-

ture. The SiC monitors work on the principle that neutron irradiation induces a lattice expansion
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of the SiC and the expansion can be annealed out when the post-irradiation annealing temper-

ature exceeds the irradiation temperature. Errors in determining the irradiation temperature in

SiC monitors has been quoted to be as low as 12 ºC and as high as 100 ºC [98, 99]. SiC temper-

ature monitors work best when the monitors are irradiated at a constant temperature. Errors are

introduced when the monitors are irradiated at variable temperatures during the irradiation. If

the irradiation temperature rises during the end of an irradiation the early onset defects will be

annealed out resulting in the quoted temperature to be skewed towards the higher end irradia-

tion temperature. If the temperature decreases during irradiation the higher temperature defects

will be frozen-in while still accumulating lower temperature defects resulting in the quoted

temperature indicating the lowest irradiation temperature [100]. The lack of SiC temperatures

in the exact rodlet where the samples used for this irradiation and the relative uncertainty in

the exact average irradiation temperature quoted by the adjacent SiC temperature monitors re-

sults in the large uncertainty of the average irradiation temperature for the neutron irradiated

samples.

3.4 Heavy Ion Irradiations of a NF-ODS Steel

Heat SM10 of the 14YWT bulk specimens were irradiated using Ni2+ ions. The heat of the

14YWT alloy is important as heat to heat variations in the nanocluster distribution exist. Heavy

ion irradiations were used due to their high dose rate compared to proton or neutron irradia-

tions. High dose rates were needed to drive the system towards unstable nanoclusters to de-

termine the effect of nanoclusters on RIS is NF-ODS steels [11]. Heavy ion irradiations have

the disadvantage of shallow irradiation depth, typically on the order of 1-2 µm and requires

focused ion beam (FIB) lift out TEM samples for post irradiation examination. Specimens

were irradiated at the Environmental Molecular Sciences Laboratory (EMSL) at Pacific North-

west National Laboratory (PNNL). Ni2+ ions were produced using a source of negative ions

via cesium sputtering (SNICS) ions source and accelerated to 5.0 MeV using a NEC Pelletron

tandem accelerator. The beam was rastered across the sample for uniform beam distribution
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and irradiation temperature was maintained through beam heating and/or coupled with a rear

mounted filament heater or liquid nitrogen cooling. Specimens were irradiated to 100 dpa at

-75 ºC, 100 ºC, 300 ºC, 450 ºC, and 600 ºC. The dose and dose rate for the 14YWT specimens

were calculated using SRIM2006. The damage rate was calculated to be ~2x10−3 d pa
s . The

SRIM damage profile as well as the implanted Ni atomic percent profile can be seen in Figure

3.4.
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Figure 3.4: Damage profile for a binary homogeneous Fe-14Cr alloy using 5.0 MeV Ni2+ with
a fluence of 1.5×1017 ions

cm2 .
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3.5 Scanning Transmission Electron Microscopy (STEM)

3.5.1 Sample Preparation

3.5.1.1 As-Received and Proton Irradiated Samples

Samples for scanning transmission electron microscopy (STEM) investigations were fabricated

using FIB lift-out techniques. Magnetism of F/M steels creates electron beam aberrations dur-

ing STEM investigations. FIB lift-out samples were needed to reduce the volume size of the

samples to minimize these effects. The majority of cross sectional FIB lift-out samples were

fabricated using a Hitachi NB-5000 FIB/SEM at Oak Ridge National Laboratory. A small sub-

set of samples were fabricated on a Zeiss 1540XB Crossbeam FIB/SEM at the University of

Wisconsin – Madison or a FEI Quanta 3D FEG DualBeam FIB/SEM housed at the Center for

Advanced Energy Studies (CAES) at the Idaho National Laboratory.

As-received samples were lifted out from a mirror polished surface in cross section. Irradiated

FIB lift-out samples were extracted less than 20 µm deep from the irradiated sample surface

to maintain a relatively even dose throughout the FIB lift-out foil. The use of FIB lift-out

samples eliminated all noticeable aberrations caused by the magnetism of the samples during

STEM investigations. The lift-out procedure followed the standard procedures for specimen

fabrication except for a few alterations that improved the fabrication process and aided the

alignment of the transmission electron microscope.

The first departure from standard sample fabrication techniques was to mount the lifted out

lamella within a chevron instead of the normal ‘flag’ mount. Figure 3.5 shows a schematic

of the two different mounting configurations on commercially available Omniprobe FIB TEM

specimen grids. Locking the lamella on both sides of the sample prior to thinning prevented the

sample from warping or bending during thinning. Bending, particularly as the samples reach

thicknesses below 200 nm, is prominent in F/M steels due to the residual stress in the sample.
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Preventing the sample from relieving this stress resulted in uniform thickness throughout the

entirety of the FIB lift-out and minimized FIB induced damage.

Another unique aspect utilized in the FIB lift out procedure was a two-step deposition in the

protective top cap of lamella before the ‘hog’ or bulk cutting process. Typically, only a one step

deposition of either C or Pt is deposited which provides a protective cap and minimizes the FIB

damage. C caps have the benefit of quick deposition rates and the ability to be applied using

an electron beam deposition while Pt caps are more resistant to damage from the Ga ion beam.

Samples for this study were first capped using C followed by a subsequent Pt cap on top of the

C cap. This provided the benefit of both types of protective caps while also giving an excellent

amorphous area of electron transparent C after thinning to perform alignment procedures during

TEM and STEM investigations. The C cap assisted in using a fast Fourier transform (FFT)

method for objective lens stigmation and the use of a Ronchigram for condenser lens stigmation

and condenser aperture centering while in STEM mode. All FIB lift-outs were finished using

a low energy (keV), low current (pA) beam to remove Ga contamination from the surface and

reduce the observable FIB induced damage during STEM investigations. An SEM micrograph

of a finished FIB lift-out is provided in Figure 3.6.

e- Transparent
Sample

Weld

Pt Cap

C Cap

TEM 
FIB Grid

Flag Mount Chevron Mount

e- Transparent
Sample

Weld
Pt Cap

C Cap

TEM 
FIB Grid

Figure 3.5: Schematic of FIB lift out sample mounting and preparation technique. Chevron
mounting prevented sample warping during the thinning process.
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Figure 3.6: SEM micrograph of an electron transparent FIB lift-out 9 wt. % Cr model as-
received specimen for STEM investigations. Specimen mounted using the chevron
mounting technique.

3.5.1.2 Neutron Irradiated Samples

The same process for the proton-irradiated samples was used for the neutron irradiated sam-

ples. The FIB lift-out techniques had the added advantage of significantly reducing the activity

level of the neutron irradiated specimens. A FEI Quanta 3D FEG DualBeam FIB/SEM housed

at the Center for Advanced Energy Studies (CAES) at Idaho National Laboratory was used.

The CAES facility was used as it is only one of a few laboratories equipped to handle radioac-

tive samples available to university researchers. Standard procedures for handling radioactive

samples were followed during the specimen fabrication process.
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3.5.1.3 Heavy Ion Irradiated Samples

The same TEM specimens used by A. Certain for EFTEM studies [11] was used here for

STEM investigations. The shallow damage region in the heavy ion irradiated samples required

planar focused ion beam lift out samples. A Hitachi NB-5000 FIB/SEM at Oak Ridge National

Laboratory was used to perform the focused ion beam lift out procedure. A 12 x 5 µm Pt

deposition was performed on the irradiated surface. The sample was then milled around the

platinum cap and undercut to release the specimen from the bulk sample. The sample was

then lifted out and mounted to the chevron posts on Omniprobe FIB TEM specimen grids. The

mounting procedure was identical to the chevron mount in Figure 3.5. Mounted lift-outs were

then thinned using the same thinning techniques for neutron and proton irradiated specimens.

3.5.2 Microchemical Mapping

3.5.2.1 As-Received and Proton Irradiated Samples

Specimens of interest were investigated using a Philips CM200-FEG operated in scanning

transmission electron microscopy (STEM) mode with an accelerating voltage of 197 kV and

equipped with an EDAX energy dispersive X-ray spectroscopy (EDS) detector. The Philips

CM200-FEG is housed within the Shared Research Equipment User Facility (ShaRE) at Oak

Ridge National Laboratory (ORNL). Acquisition was accomplished using Gatan DigiScan soft-

ware. 2D EDS spectrum imaging techniques were used as it provides a detailed map of the

microchemical inhomogeneities at lath boundaries and limits sample integrity loss compared

to more traditional 1D profile line scans [101]. A few lath boundaries where investigated using

both spectrum images and profile line scans. The resulting quantification for spectrum images

and profile line scans from the same region of interest were equivalent within the experimental

error.
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STEM investigations were performed using annular dark field (ADF) imaging. The predomi-

nantly diffraction contrast image formation of ADF over the mass contrast dominated imaging

provided by high angle annular dark field imaging resulted in clear imaging of the lath bound-

aries of interest and gave enough features near the boundary for drift correction. 48 x 96

nm drift corrected spectrum images were acquired from lath boundaries that were orientated

edge-on to the electron beam and free of nearby on-boundary precipitates. Spectrum images

contained 32 x 64 pixels, an incident probe size of ~1.5 nm at FWHM, a 1 second dwell time

per pixel, and ~1 nA incident probe current. Spectrum images were drift corrected every 32

pixels during acquisition. Drift was minimized to lower than the 1.5 nm pixel spacing per drift

correction to limit position errors during scans. The ADF signal was also recorded at each pixel

simultaneously with the EDS signal. Total acquisition time was approximately 40 minutes for

a typical spectrum image.

Spectrum images were saved in Gatan’s Digital Micrograph DigiScan raw format (*.dat) and

proprietary *.dm3 format after acquisition. The raw *.dat format records the number of x-

ray counts per channel at each x-y position during acquisition while the *.dm3 format records

tagging information, such as magnification, time constant, and energy per channel, along with

the raw spectrum image. The raw *.dat format is also easily importable into other software,

including the MATLAB programming environment. ADF images were saved in uncompressed

*.dm3, *.tiff, and *.dat formats. Contrast images in the raw *.dat format record the detector

intensity at each x-y position during acquisition and is importable into standard programming

environments.

3.5.2.2 Neutron Irradiated Samples

A FEI Tecnai F30-FEG S-TWIN operated in STEM mode with an accelerating voltage of 300

kV and equipped with an EDAX energy dispersive X-ray spectroscopy (EDS) detector housed

at Center for Advanced Energy Studies (CAES) at Idaho National Laboratory was utilized

in this study to investigate microchemical variations within the neutron irradiated specimens.
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Spectrum image acquisition was handled using FEI’s TEM Imaging and Analysis software

(TIA). Spectrum images were acquired using ADF imaging. Lath boundaries were investi-

gated using 2D EDS spectrum imaging. Spectrum images used similar settings to the proton

irradiated samples with a region of interest size of 48 x 96 nm containing 32 x 64 pixels, an

incident probes size of ~1-2 nm at FWHM, a 1 second dwell time per pixel, and drift correction

after every 32 pixels. The probe current was not directly measured. Spectrum images were

drift corrected every 32 pixels during acquisition. Drift was minimized to lower than the 1.5

nm pixel spacing per drift correction to limit position errors during scans. The ADF signal was

also recorded at each pixel simultaneously with the EDS signal acquisition. Total acquisition

time was approximately 40 minutes for a typical spectrum image. Spectrum images were saved

in TIA’s tagged *.emi format and raw *.ser format. The raw *.ser format is easily importable

into other software and programming environments for data analysis. The ADF signal was

saved in TIA’s tagged *.emi format and in the uncompressed *.tiff format.

3.5.2.3 Heavy Ion Irradiated Samples

Heavy ion irradiated and as-received 14YWT-SM10 specimens were investigated using a FEI

Titan S-Twin D2080 CEOS Cs corrected (S)TEM operated in STEM mode with an acceler-

ating voltage of 200 kV housed at the Materials Science Center (MSC) at the University of

Wisconsin - Madison. The FEI Titan is equipped with an EDAX energy dispersive X-ray spec-

troscopy (EDS) detector and spectrum image acquisition is handled using FEI’s TEM Imaging

and Analysis software (TIA). The CEOS probe aberration corrector was not utilized during

acquisition as high resolution imaging was not required for microchemical analysis. Edge on

ferritic grain boundaries were investigated for microchemical variations using spectrum imag-

ing techniques. 2D EDS spectrum images were acquired with a region of interest size of 50

nm x 50 nm containing 50 x 50 pixels, a 500 ms dwell time per pixel, drift corrected every

50 pixels, and with simultaneous ADF signal acquisition turned on. Drift was minimized to

reduce position error over the duration of the scan. Total time for a typical acquisition was
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approximately 25 minutes. Spectrum images were saved in TIA’s tagged *.emi format and raw

*.ser format. The ADF signal was saved in TIA’s tagged *.emi format and in the uncompressed

*.tiff format.

3.5.3 Spectrum Imaging Data Analysis

3.5.3.1 Model F/M Steel

The same quantification algorithm was used for data generated from the as-received, proton and

neutron irradiated samples in the 9 wt. % Cr model F/M steel. The algorithm was built using

the MATLAB programming platform. Raw data files from TIA and Digiscan were imported

and processed to determine the microchemical composition at each pixel resulting from the

spectrum imaging technique. Samples were assumed to adhere to the thin film criterion during

elemental quantification. The script assumes a normalized Fe-Cr binary alloy system. The

script calculates the integrated characteristic X-ray intensities at each pixel for the Cr Ka and

Fe Ka peaks. Once the integrated X-ray intensities are known the composition is quantified at

each pixel using the Cliff-Lorimer equation [102]:

CCr

CFe
= kCrFe

ICr

IFe
(3.1)

and

CCr +CFe = 1 (3.2)

where C is the concentration of Cr and Fe, I is the integrated characteristic X-ray intensities

and kCrFe is the correlation factor between C and I. The correlation factor, or k-factor, was

calculated experimentally by measuring the concentration far away from the grain boundary
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segregation. Once the composition of Cr and Fe was calculated, quantitative 2D concentration

maps can be generated. Figure 3.7 shows a representative concentration map generated using

the custom script and the ADF image acquired during the EDS acquisition. Concentration maps

revealed the general microchemistry around the boundary. Several boundaries investigated

exhibited small Cr-rich precipitates which were not revealed using standard TEM or STEM

contrast imaging. Boundaries which contained these low-contrast precipitates were removed

from the overall analysis as it is hypothesized the precipitates may change the mechanism for

RIS at the boundary.

2D concentration maps are difficult to interpret for quantitative data analysis including the

width and magnitude of the Cr segregation to grain boundaries. To overcome this deficiency,

spectrum images were also post processed to generate 1D concentration profiles. Each spec-

trum image was binned 32 pixels along the boundary direction. The total counts in the Cr Ka

and Fe Ka were summed over the 32 pixels resulting in increased total counts in each peak over

the pixel by pixel quantification used in the concentration maps. The Cliff-Lorimer equation,

Eq. 3.1, was used to calculate the concentration of each binned pixel in weight percent. The

error at each point in the 1D concentration profiles was calculated based on the total counts in

each binned x-ray peak and the error associated with the k-factor calculation. It is assumed the

majority of the error in the quantification is based on the counting statistics of the EDS tech-

nique and it obeys Gaussian statistics [103]. The relative error is calculated for the summed

x-ray intensity by:

Rel. Error =
3
√

N
N
×100% (3.3)

where the error is based on 99.7% confidence and N is the number of counts in the peak above

background. Error in the k-factor measurement is calculated using the student’s t distribution

as it is assumed the measurements are made in a single phase region. The k-factor error is given

by,
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Rel. Error =
tn−1
99 S
√

N
/N (3.4)

where tn−1
99 is the Student T value, S is the standard deviation, N is the number of measure-

ments made to determine the k-factor value. The total error at each binned pixel is calculated

summing the errors in quadrature. From Eq. 3.3 and Eq. 3.4, it can be seen the best way to

minimize the total error in the measurement is by increasing the number of counts in each peak

and increasing the number of measurements made for each k-factor calculation. Practically, the

best way to increase the number of counts while still using the same microscopy instrumen-

tation and spectrum imaging conditions is to increase the thickness of the sample. Increasing

the thickness of the sample increases the count rate but has the disadvantage of making mea-

surements more prone to boundary inclination and beam broadening effects as discussed in

Section 2.7. Therefore, a delicate balance must be struck to increase count rate but limit other

sample-induced errors during the measurements.

1D concentration profiles were fitted using a non-linear optimization algorithm to fit a single

Gaussian peak function to the profiles. From the calculated Gaussian peak function the peak Cr

and Fe content at the boundary, the full-width at half maximum, and area under the segregation

profile were calculated. Figure 3.8 shows the 1D concentration profile for Cr calculated from

the raw data presented in Figure 3.7 and the resulting fit using the Gaussian peak function.
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Figure 3.7: Quantitative concentration maps from a LAGB (θ = 3.7° <2̄ 1̄ 6̄>) irradiated to 3
dpa at 400 °C. The ADF STEM image (a); Cr map (b); Fe map (c).
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Figure 3.8: 1D Cr concentration profile from a LAGB (θ = 3.7° <2̄ 1̄ 6̄>) irradiated to 3 dpa
at 400 °C. The measured on-boundary Cr concentration was 11.4 wt. % while the
Gaussian fit calculated a Cr concentration of 11.3 wt. %. Segregation peak FWHM
calculated as 15.0 nm with an area of 41.2 nm ·wt.%.

3.5.3.2 NF-ODS Steel

The complicated microchemical nature of the 14YWT-SM10 alloy required a more complex

data analysis algorithm for determining microchemical variations near grain boundaries com-

pared to the model F/M steel. The analysis algorithm for the model F/M steel was expanded

to include microchemical species not observed in the model F/M steel including Ni, W, Y and
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Ti. Raw data files from TIA were imported and processed to determine the qualitative and

semi-quantitative composition at each pixel. The script calculated the integrated characteristic

X-ray intensities at each pixel for the Fe Ka, Cr Ka, Ni Ka, W La, Y Ka, and Ti Ka peaks. From

the integrated X-ray intensities, qualitative concentration maps were generated. Contrast in the

maps were normalized. Figure 3.9 shows representative concentration maps generated using

the custom script. Qualitative concentration maps revealed the spatial dependence and relative

concentrations of alloying species near the grain boundary. To further examine the relationship

between microchemistry and microstructure, a RGB color overlay map was used to determine

the relative concentration of Fe, Cr, and Ti at the boundary. Fe and Cr serve as markers for

matrix contributions while the Ti overlay serves as a marker for nanocluster distribution near

and on the boundary. An example of the RGB color overlay map is in Figure 3.10 where Cr,

Fe, and Ti are depicted in red, blue, and green respectively.

The script assumes Ti, Y, and O are solely contained within the nanoclusters and do not con-

tribute to the matrix or grain boundary EDS signal. This assumption is supported by APT

results [11]. The result of the assumption is the bulk and grain boundary composition can be

computed assuming a normalized ternary system of Fe, Cr, and W, but the results are only

semi-quantitative as mixing of other solutes within the matrix and the addition of Ni atoms

within the matrix could be present. The composition of nanoclusters was not calculated due

to limitations in deconvoluting the chemistry of embedded particles from the matrix signal.

The k-factors used in quantification using the Cliff-Lorimer equation were calculated experi-

mentally by measuring the concentration far away from the grain boundary. Semi-quantitative

2D concentration maps were generated from the calculated compositions at each pixel using

the Cliff-Lorimer equation in atomic percent. 1D concentration profiles were also generated

by binning the entire 50 pixel map along the boundary direction. An example of a concen-

tration profile is in Figure 3.11. Error was calculated based on the counting statistics of the

EDS technique with a 68% confidence. 1D concentration profiles were fitted using a non-linear

optimization algorithm to fit a single Gaussian peak function to the profiles. From the peak

function, the peak Cr and Fe concentration at the boundary and the FWHM at the boundary
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was calculated. For profiles exhibiting ’w-shaped’ concentration profiles, an example of which

is in Figure 3.11, the on-boundary Cr concentration was determined from the experimental data

at the boundary and not from the peak fitting function.

Figure 3.9: Qualitative concentration maps from an as-received grain boundary in 14YWT.
Each map is 50 x 50 pixels corresponding to a region of interest of 250 nm2.
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Figure 3.10: Qualitative RBG overlay map of Fe, Cr, and Ti from an as-received grain boundary
in 14YWT. Overlay generated from maps calculated and shown in Figure 3.9. Cr,
Fe, and Ti are depicted in red, blue, and green respectively. Map is 50 x 50 pixels
corresponding to a region of interest of 250 nm2.
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Figure 3.11: 1D Cr concentration profile from general high angle grain boundary in 14YWT
irradiated to 100 dpa at 300 °C. The profile shows a typical ’w-shaped’ profile
observed at lower irradiation temperatures in 14YWT.

3.5.4 Kikuchi Pattern Analysis

Lath boundary misorientation axis/angle pairs were determined in STEM mode immediately

following the acquisition of each spectrum image for all specimens and irradiation conditions.

Diffracted Kikuchi patterns were captured for each lath that comprised a lath boundary using a

post column CCD camera. Patterns were post processed using a logarithmic filter to improve

the contrast of the Kikuchi lines with the background signal. An example of a Kikuchi pattern
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with a logarithmic filter applied obtained from an as-received 9 wt. % Cr model sample is

presented in Figure 3.12. Laths were considered to have a body-centered cubic (BCC) crys-

tallography. Diffracted Kikuchi patterns were indexed using a specialized software program,

Euclid’s Phantasies v1.1 (EP v1.1), developed by J.J. Fundenberger et al. [104]. The pro-

gram can quickly index Kikuchi pattern orientations with minimal user input and output lath

orientations in Euler’s angles. Kikuchi patterns were indexed in EP v1.1 by manually select-

ing Kikuchi bands. The indexed output from EP v1.1 of Figure 3.12 is presented in Figure

3.13 as an example. Calculated lath orientations from EP v1.1 were then used to calculate the

axis/angle pair of each lath boundary investigated. A freeware program, TexTools v3.3, was

utilized to calculate the grain boundary axis/angle pair [105]. Calculated axis/angle pairs where

compared with tabulated values of the axis/angle pairs for all possible low Σ-CSL boundaries

for cubic systems.

Figure 3.12: Example diffracted Kikuchi pattern from an as-received 9 wt. % Cr F/M model
steel lath. The vertical band extending from the undiffracted beam is an artifact
due to over saturation in the CCD camera. The calibrated camera length is 119
mm.
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Figure 3.13: Example of fully a indexed Kikuchi pattern of the Kikuchi pattern presented in
Figure 3.12 using EP v1.1. The lath orientation was determined to be ϕ1: 283.02,
Φ: 32.6, ϕ2: 220.12.
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Chapter 4

Results

4.1 Model F/M steel

A complete database of all lath boundaries investigated including the on-boundary Cr content,

the misorientation angle, misorientation axis, calculated full-width at half maximum (FWHM)

of the segregation profile, and the integrated area under the segregation peak is found in Ap-

pendix B for the 9 wt. % Cr model F/M steel. Table 4.1 summarizes the number of observations

made for each boundary type at each irradiation condition. The misorientation angles of the

investigated lath boundaries provides insight into the general grain boundary character dis-

tribution of lath boundaries in the model F/M steel. Figure 4.1 is a grain boundary character

distribution plot generated from Table 4.1. Figure 4.1 includes only eighty eight lath boundaries

in the total analysis, which is statistically too low to provide confidence in the overall bulk lath

boundary character distribution, but does indicate the majority of lath boundaries in the 9 wt.%

Cr model steel are high coherency boundaries with either a low angle or S3 grain boundary

structure. This is an expected result as the orientation relationship during the transformation

of the parent austenite grain into lath martensite constrains the laths into specific orientations

preventing the formation of a large fraction of low coherency boundaries [14].

The as-received material was investigated for prior Cr segregation at lath boundaries. No Cr

or Fe segregation was detected at all lath boundaries investigated in the as-received condition.

Figure 4.2 shows a representative quantitative concentration map of Cr and Fe and the cor-

responding ADF STEM image. 1D concentration profiles of the as-received lath boundaries

showed no variance in the microchemistry near the boundaries within the error of the exper-

iment. All lath boundaries investigated in the as-received condition, as seen in Table 4.1 and
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Figure 4.1, were determined to be low-angle grain boundaries. No information exists on the Cr

and Fe distribution at lath boundaries at general high angle or special grain boundaries in the

observed samples in the as-received state; however, it is assumed no prior segregation exists at

these boundaries. This assumption is supported by Wharry et al. who found no prior segre-

gation to grain boundaries in T91 on prior austenite grain boundaries which are preferentially

general high angle grain boundaries [81]. A wide range of RIS responses were observed at lath

boundaries in the model F/M steel. The overwhelming qualitative response observed, as seen

in Appendix B, is Cr enrichment and corresponding Fe depletion. Due to the assumption of

a binary Fe-Cr system in the quantification algorithm and the inability of standard EDS tech-

niques to accurately detect low-Z elements, no information on the C behavior after irradiation

is known.

The database generated on the RIS response revealed a large amount of experimental scatter at

all conditions observed. A detailed discussion of the accuracy and efficiency of using STEM-

EDS to measure interfacial/planar segregation is provided in Section 2.7. Experimental scatter

in trends where the misorientation angle is the independent variable was expected due to the

random nature in the selection of the grain boundaries which allows for all five degrees of

freedom to be available for grain boundaries while the present results use only a three parameter

representation to determine the grain boundary structure. Some concentration profiles revealed

non-symmetric Cr enrichment around the lath boundary origin which also contributes to the

experimental scatter observed. An example of a non-symmetric profile is provided in Figure

4.3. Tailing of the profile can be the result of several factors including boundary inclination

to the beam during acquisition, grain boundary motion during irradiation due to point defect

capture, or due to the differences in diffusivity of defects and solutes along close packed or more

open planes due to non-symmetric misorientation of grains [90, 106–108]. Deconvolution of

which factor(s) contributed to the asymmetric concentration profiles would require knowledge

of the experimental system not available during this investigation. Other experimental factors,

including the sample thickness and probe size variation from session to session only serve to

increase the observed scatter in the experimental database. The scatter in the data dictated the
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large data set summarized in Table 4.1 and Appendix B to verify overall trends in the RIS

response.

Given the experimental scatter, the largest variation in the Cr segregation after proton irradia-

tion was due to variances in the grain boundary structure. The proton irradiation parameters,

including dose and temperature, also altered the RIS response but the grain boundary structure

was the most significant contributing factor to the RIS response. On-average, grain boundary

structure resulted in variances up to ~3 wt. % in the on-boundary Cr concentration for bound-

aries irradiated under the same conditions while changes in dose or temperature for the same

grain boundary type were on the order of 1-2 wt. %. The variations seen in the RIS response

due to grain boundary structure were also reflected in the neutron irradiated samples. Three

distinct regimes were identified based on grain boundary structure and energetics described in

Section 2.2. The three regimes were: low angle grain boundaries (LAGBs), special (low-S

CSL) grain boundaries, and general high angle grain boundaries. Grain boundaries adhered

to the same trends within these three regimes over all irradiation conditions including dose,

temperature, and incident particle except trends in the segregation width for neutron irradiated

samples.
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Table 4.1: Irradiation conditions and grain boundaries observed in each experimentally deter-
mined regime. Average on-boundary Cr content is not provided as it varies greatly
for low angle and special grain boundaries.

Temperature
(°C)

Incident
Particle

Dose
(dpa)

Dose Rate
(dpa/s)

# of LAGBs
Meas.

# of Σ3
GBs Meas.

# of Gen.
HAGBs
Meas.

- - - - 5 0 0
400 Protons 1 5.9x10−6 15 2 2
400 Protons 2 4.4x10−6 14 0 2
400 Protons 3 4.8x10−6 9 4 1
500 Protons 1 1.2x10−5 4 1 1
500 Protons 2 1.2x10−5 8 1 0
500 Protons 3 1.2x10−5 5 1 2
500 Neutrons 3 1.0x10−7 3 4 4
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Figure 4.1: Grain boundary misorientation distributions for all lath boundaries observed in the
model F/M steel. A significant portion of boundaries where high coherency bound-
aries including very low angle grain boundaries and S3 grain boundaries.
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Figure 4.2: Quantitative concentration maps showing no segregation to the lath boundary in an
as-received LAGB (θ = 8.9° <61̄ 2̄>). The ADF STEM image (a); Cr map (b); Fe
map (c).
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Figure 4.3: 1D Cr concentration profile from a LAGB (θ = 3.7° <1̄ 1̄4>) irradiated to 2 dpa at
400 °C. The profile shows asymmetry around the origin with tailing of the profile
for positive distances from the boundary origin.

4.1.1 Low Angle Grain Boundary RIS Response

LAGBs exhibited the largest variation in the maximum on-boundary Cr content and width of the

segregation profile from boundary to boundary. Cr enrichment increased with increasing mis-

orientation angle with very low angles (θ . 5°) showing almost no segregation to the boundary

and larger angle low angle grain boundaries having Cr enrichment of several weight percent

to the boundary. Figure 4.4 shows 1D concentration profiles for select grain boundaries in the
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LAGB regime irradiated using protons to 2 dpa at 400 °C. The increase in the Cr enrichment

is consistent with the increase in the primary grain boundary dislocations and grain boundary

energy increasing with misorientation. The scatter in the calculated on-boundary Cr content

resulted in difficulties in determining the exact relationship between the misorientation angle

and peak segregation as both a linear or logarithmic regression fit to the data showed similar

coefficients of determination; although, both fits did indicate the trend of increasing segregation

with misorientation. The width of the segregation profiles in the LAGB regime decreased with

misorientation angle for proton irradiated boundaries in the low angle grain boundary regime.

Typical segregation profiles were quite broad in proton irradiated specimens with the FWHM

being on the order of tens of nanometers and decreased with increasing misorientation angle.

This behavior is seen for LAGBs irradiated using protons to 2 dpa at 400 °C in Figure 4.5.

Neutron irradiated lath boundaries had lower FWHM values compared to the proton irradiated

specimens. The limited observations of LAGBs in the neutron irradiated specimen prevents the

determination in trends as a function of misorientation in the LAGB for the neutron irradiated

specimen.
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Figure 4.4: 1D Cr concentration profile for select LAGBs irradiated to 2 dpa at 400 °C using
protons. The measured on-boundary Cr concentration increases with increasing
misorientation.
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Figure 4.5: Calculated FWHM of 1D Cr concentration profiles for LAGBs irradiated to 2 dpa
at 400 °C using protons. Dashed line indicates linear regression with the outlier at
θ = 2.7◦ removed from the regression analysis.

4.1.2 High Angle Grain Boundary RIS Response

4.1.2.1 Coincident Site Lattice Grain Boundaries

The only CSL boundaries observed in the data set were S3 or near S3 grain boundaries in both

the proton and neutron irradiated samples. The S3-CSL boundaries in the proton irradiated

condition exhibited similar amounts of Cr segregation including the amount and width to the
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boundary as LAGBs. A comparison between a proton irradiated LAGB and a S3 grain bound-

ary is presented in Figure 4.6. S3 boundaries have boundary coherency similar to LAGBs

which can be described as S1 boundaries. The similar coherency between LAGBs and S3

boundaries supports the RIS response observed between the two boundary types. Distinct

cusps in the on-boundary Cr enrichment as a function of misorientation were observed near the

S3 criterion. The minimum Cr segregation was seen at the exact S3 θ = 60° <111> condition.

This behavior can be seen for neutron-irradiated boundaries in Figure 5.3. Similar responses

were observed in the proton-irradiated boundaries but were not as well defined as seen in Fig-

ure 4.8. The cusps seen in the RIS response as a function of misorientation are similar to

the cusps seen in grain boundary energy plots due to a loss in boundary coherency the further

a grain boundary structure deviates from the reference S3 structure. Several boundaries that

fit the criterion of being a S3 or near a S3 did not trend with the majority of the data. S3

boundaries can be classified as twin boundaries. Twin boundaries have been shown to change

significantly depending on if the boundary is symmetric or non-symmetric where the symmetry

is determined by the grain boundary plane [109]. Determination of the grain boundary plane

using transmission electron microscopy can be determined by considering directions of grain

boundary traces and specimen surface using trace analysis, obtaining the specimen thickness,

and measuring the width of the projected grain boundary plane, followed by an angle between

specimen surface and grain boundary plane to obtain the grain boundary plane normal direction

[110]. Specimen thickness can be determined several ways including convergent beam elec-

tron diffraction (CBED) and energy filtered transmission electron microscopy (EFTEM) for the

grain boundary plane determination but was not conducted as the process is prohibitively time

consuming for large data sets and the analysis can have errors on the order of several percent

which propagate through the grain boundary plane calculation.



88

8.5

9.0

9.5

10.0

10.5

−15 −10 −5 0 5 10 15

● ●
●

●

●

●

●

●
●

●
●

●
●

●

●
●

●

●

● ●

●
●

● ●

● ●
●

●

●

C
r 

C
on

ce
nt

ra
tio

n 
(w

t. 
%

)

Distance From Lath Boundary (nm)

Protons
T = 400 ºC
Dose = 3 dpa

●

θ = 1.4º <221>
Σ3

Figure 4.6: 1D Cr concentration profile for a select LAGB (θ = 1.4° <2̄21>) andS3 lath bound-
ary irradiated to 3 dpa at 400 °C using protons.
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Figure 4.7: On-boundary Cr concentration as a function of misorientation for high angle grain
boundaries near the Σ3 orientation irradiated to 3 dpa at 500 °C using neutrons.
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Figure 4.8: On-boundary Cr concentration as a function of misorientation for high angle grain
boundaries near the Σ3 orientation irradiated to 3 dpa at 500 °C using protons.

4.1.2.2 General High Angle Grain Boundaries

General HAGBs exhibited the highest magnitude of Cr enrichment and narrow segregation

profiles compared to LAGBs and special grain boundaries. Concentration profiles for HAGBs

were sharp with the average FWHM below 7 nm for both the proton and neutron irradiated lath

boundaries. The low number of general HAGBs observed in the proton irradiated conditions,

as seen in Table 4.1, makes it difficult to present trends on Cr enrichment versus misorientation

angle in the proton irradiated conditions. Conversely, sufficient observations where made for
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general HAGBs in the neutron irradiated material. Neutron irradiated general HAGBs in the

misorientation range of 45° - 58° showed a gradual linear decrease in on-boundary Cr content

as the misorientation approached the S3 condition. The overall trend of the Cr enrichment

as a function of misorientation was presented in Figure 4.7 and Figure 4.8, while Figure 4.9

shows the concentration profiles of select boundaries in the general HAGB regime for neutron

irradiated boundaries. Figure 4.10 shows concentration profiles for general HAGBs irradiated

to 2 dpa at 400 °C for protons which shows a similar FWHM value as the neutron irradiated

general HAGBs.
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Figure 4.9: 1D Cr concentration profile for general HAGBs irradiated to 3 dpa at 500 °C using
neutrons.
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Figure 4.10: 1D Cr concentration profile for general HAGBs irradiated to 2 dpa at 400 °C using
protons.

4.1.3 RIS Response with Irradiation Dose

Another contributing factor to variation in the RIS response of the 9 wt. % Cr model steel was

irradiation dose. The dose dependence is only determined from proton irradiated specimens

as neutron irradiations were only conducted at one irradiation condition. Low angle grain

boundaries with misorientation angles below 5 degrees proton irradiated to 1 dpa at 400 ºC and

several in the 1 dpa at 500 ºC condition showed no segregation of Cr or Fe. The magnitude
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of the Cr response increased with dose at boundaries with similar structure and irradiated to

the same temperature. Select segregation profiles of low angle grain boundaries with similar

structure and irradiated to the same temperature, but different dose are in Figure 4.11. The

dose sensitivity of the proton induced RIS response over the entire LAGB regime is illustrated

in Figure 4.12. The significant amount of scatter in the FWHM data prevents any conclusions

to be drawn on the influence of dose on the width of segregation profiles. Qualitatively, no

evidence of extended radiation induced defects influencing the RIS response were observed up

to 3 dpa.

Several specimens were investigated to determine more quantitatively if dislocation loop and

defect cluster denuded zones were present near grain boundaries to determine if radiation in-

duced defects influenced the RIS response. Weak beam dark field imaging techniques were

used to image the dislocation loops and defect clusters. An example of a resulting bright field

and weak beam dark field transmission electron microscopy micrograph is shown in Figure

4.13. The ’black dot’ damage seen in Figure 4.13 is indicative of small defect clusters de-

veloped under ion irradiation [111]. Given this, the results can be misleading as FIB sample

preparation has been shown to produce similar defect contrast as ion induced radiation damage

[112, 113]. FIB sample preparation was needed to mitigate magnetic aberrations caused by the

magnetic samples during STEM investigations. To fully support the observation of radiation

induced defects at low doses not influencing the RIS response a more quantitative characteri-

zation of radiation induced defects on electropolished foils would be needed.
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Figure 4.11: 1D Cr concentration profiles for low angle lath boundaries with similar structure
showing the dose sensitivity of the RIS response for the irradiated model steel at
a temperature of 400 °C using protons.
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Figure 4.12: On-boundary Cr concentration as a function of misorientation angle for low angle
lath boundaries showing the dose sensitivity of the RIS response for the irradiated
model steel at a temperature of 400 ºC using protons. Dashed lines indicate linear
regression calculated from each data group. Positive slope in 1 dpa condition due
to data point at θ = 9.2º. Significant scatter is the result of experimental factors.
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Figure 4.13: Bright field and Weak Beam Dark Field (WBDF) image of a lath and lath boundary
showing the defect structure in a FIB lift-out specimen irradiated to 1 dpa at 400
ºC. Micrographs taken in the (g,3g) condition near the [113] zone axis imaged
using g110.

4.1.4 RIS Response with Irradiation Temperature

The RIS response also varied with temperature when dose and structure were held constant in

the proton irradiated samples. The magnitude of the Cr RIS response decreased with increas-

ing temperature between 400 ºC and 500 ºC. The FWHM did not significantly change for RIS

induced at different temperatures. Figure 4.14 illustrates the typical experimentally measured

RIS profiles from low angle grain boundaries irradiated to the two temperature set points. Fig-

ure 4.15 shows the reduced RIS response in the LAGB regime due to the increase in irradiation

temperature. The reduced RIS response was also seen for the special grain boundary regime.

The limited data in the HAGB regime prevents any conclusions on the temperature response

within this regime.
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Figure 4.14: 1D Cr concentration profiles for low angle lath boundaries with similar structure
showing the temperature sensitivity of the RIS response for the irradiated model
steel at a dose of 3 dpa using protons for the 400 ºC and 500 ºC conditions.
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Figure 4.15: On-boundary Cr concentration as a function of misorientation angle for low angle
lath boundaries showing the temperature sensitivity of the RIS response for the
irradiated model steel at a dose of 2 dpa using protons for the 400 ºC and 500
ºC conditions. Dashed lines indicate linear regression calculated from each data
group. Significant scatter is the result of experimental factors.

4.1.5 RIS Response with Incident Particle

A variation in the RIS response for neutron and proton irradiated grain boundaries was ob-

served. Neutron irradiated grain boundaries had sharp profiles over all grain boundary regimes
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as seen in Figure 4.16, while proton irradiated boundaries varied depending on the grain bound-

ary type. Neutron irradiation also resulted in a significant increase in the Cr enrichment ob-

served at all grain boundary types. Figure 4.17 shows a comparison between Cr concentration

profiles of proton and neutron irradiated boundaries with similar structure with the same ir-

radiation temperature while Figure 4.18 shows a comparison of profiles between a boundary

irradiated to 400 ºC using protons versus a boundary with similar structure which was neutron

irradiated. The proton data at 400 ºC is presented against the neutron data due to the uncer-

tainty in the neutron irradiation temperature. Figures 4.17 and 4.18 also shows distinct regions

of Cr depletion near the enrichment peak in the neutron irradiated boundaries. These regions

were not observed in proton irradiated boundaries but this could be the result of the resolution

limit of the experimental analysis techniques. Figure 4.19 summarizes the differences in the

measured on boundary Cr content between proton and neutron irradiated boundaries at a dose

limit of 3 dpa.
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Figure 4.16: Calculated FWHM of 1D Cr concentration profiles for lath boundaries irradiated
to 3 dpa at 500 °C using neutrons. Dashed line indicates linear regression.
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Figure 4.17: 1D Cr concentration profile for LAGBs with similar structure (θ = 50.9º ± 0.9º)
irradiated to 3 dpa at 500 ºC using protons and neutrons. Proton irradiation re-
sulted in a reduced Cr enrichment over neutron irradiation.
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Figure 4.18: 1D Cr concentration profile for LAGBs with similar structure (θ = 7.4º ± 0.1º)
irradiated to 3 dpa at 400 ºC using protons and 3 dpa at 500 ºC using neutrons.
Proton irradiation resulted in a reduced Cr enrichment over neutron irradiation.
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steel at a dose of 3 dpa.
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4.2 NF-ODS F/M steel

A complete database of all grain boundaries investigated including the on-boundary Cr content,

the misorientation angle, misorientation axis, calculated FWHM of the segregation profile, and

the shape of the segregation profile is found in Appendix C for the 14YWT-SM10 alloy. Table

4.2 summarizes Appendix C and indicates the number of grain boundaries observed at each

irradiation condition. The majority of all grain boundaries observed in 14YWT were low co-

herency, high energy, general high angle grain boundaries. The as-received material showed

prior enrichment of Cr and W to the grain boundaries with Fe depleting. Nanoclusters were also

detected near and on grain boundaries in the 14YWT as-received specimens using STEM-EDS.

Figure 4.20 shows a representative overlay map showing the microchemical distribution near

grain boundaries in the as-received material. The presence of nanoclusters on grain boundaries

is supported by EFTEM and APT results on the same NF-ODS steel alloy [11]. The average

on-boundary Cr enrichment in the as-received state was significant with the average Cr con-

centration at 21.1 ± 1.1 at. % with the width of the segregation profiles being less than 3 nm.

As-received concentration profiles had an inverted ’v-shape’ as seen in Figure 4.21.

Table 4.2: Irradiation conditions and grain boundaries observed in each experimentally deter-
mined regime.

Temperature
(°C)

Dose
(dpa)

Dose Rate
(dpa/s)

# of GBs
Meas.

- - - 5
-75 100 2.3x10−3 2
100 100 2.3x10−3 4
300 100 2.3x10−3 5
450 100 2.3x10−3 5
600 100 2.3x10−3 4
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Figure 4.20: Qualitative RBG overlay map of Fe, Cr, and Ti from an as-received grain boundary
in 14YWT. Cr, Fe, and Ti are depicted in red, blue, and green respectively. Map is
50 x 50 pixels corresponding to a region of interest of 250 nm2.
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Figure 4.21: 1D semi-quantitative Cr concentration profile from a general high angle grain
boundary in the as-received 14YWT alloy. The profile indicates significant Cr
enrichment in the as-received state to grain boundaries.

4.2.1 Low Temperature RIS Response

Heavy ion irradiation resulted in a wide response in the segregation behavior to grain bound-

aries in 14YWT at different temperatures. Spectrum imaging revealed an almost homogenous

distribution of solute and solvent within the matrix in the 100 dpa, -75 ºC Ni2+ irradiated

samples as seen in Figure 4.22. Overlay maps and concentration maps revealed no detectable
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nanoclusters distributed within the matrix in the 100 dpa, -75 ºC irradiated samples which cor-

responds with the nanocluster distributions presented in Table 2.2. Segregation was observed

in the 100 ºC irradiated samples, with both Cr and Fe depleting at the grain boundary. The

enriching species to the grain boundary was revealed to be Ni through the qualitative concen-

tration maps as seen in Figure 4.23. 1D concentration profiles along 100 ºC irradiated grain

boundaries revealed a complex Cr segregation profile with a defined depleted region around the

grain boundary and possible enrichment at the exact grain boundary location. The change in Cr

concentration between the area around the boundary and the boundary itself is quite small and

within the error of the experiment but was present in two out of the four boundaries observed.

The two boundaries which exhibited minor ’w-shaped’ profiles were near high coherency, Σ3

and Σ11 special grain boundary orientations indicating a possible grain boundary structure de-

pendance for boundaries irradiated to 100 ºC although more boundaries would be need to be

investigated to verify this conclusion. Figure 4.24 is an example of the one of the boundaries in-

dicating the minor ’w-shaped’ profile observed in the 100 dpa, 100 ºC condition. Nanoclusters

were not detected on or near grain boundaries using spectrum imaging in the 100 ºC samples,

although exceedingly small nanoclusters (. 3 nm) could be under the detection limits of the

experiment.

Similar responses were observed in the 100 dpa, 300 ºC irradiated specimens compared to the

100 ºC irradiated specimens. Both Cr and Fe were depleted and Ni enriched after irradiation to

100 dpa at 300 ºC. Figure 4.25 shows representative concentration maps from a grain boundary

irradiated at 300 ºC. As seen in Figure 4.25, no clearly detectable nanoclusters were observed

within the spectrum images obtained from the 300 ºC samples. The 300 ºC samples clearly

indicated a region of depletion around the boundary with retention of the prior Cr enrichment

on the grain boundary resulting in a pronounced ’w-shaped’ segregation profile as seen in

Figure 4.26. The average on-boundary Cr concentration for the 300 ºC grain boundaries was

higher than the 100 ºC samples, with the segregation in the 300 ºC samples being 12.9 ± 0.5

at. % and the 100 ºC at 11.2 ± 0.5 at. %. The higher concentration is due to the pronounced

’w-shaped’ profiles observed in the 300 ºC samples.
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Figure 4.22: STEM-ADF image and qualitative RBG overlay map of Fe, Cr, and Ti from a
grain boundary irradiated to 100 dpa at -75 ºC using Ni2+ ions in 14YWT. Cr, Fe,
and Ti are depicted in red, blue, and green respectively. Grain boundary runs top
to bottom in the map. Map is 50 x 50 pixels corresponding to a region of interest of
250 nm2. Map indicates a homogenous microchemistry near the grain boundary.
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Figure 4.23: Qualitative concentration maps from a grain boundary irradiated to 100 dpa at 100
ºC in 14YWT. Each map is 50 x 50 pixels corresponding to a region of interest of
250 nm2.
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Figure 4.24: 1D semi-quantitative Cr concentration profile from a grain boundary irradiated to
100 dpa at 100 ºC using Ni2+ ions in the 14YWT alloy.
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Figure 4.25: Qualitative concentration maps from a grain boundary irradiated to 100 dpa at 300
ºC using Ni2+ ions in 14YWT. Each map is 50 x 50 pixels corresponding to a
region of interest of 250 nm2.
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Figure 4.26: 1D semi-quantitative Cr concentration profiles from a grain boundary irradiated to
100 dpa at 300 ºC using Ni2+ ions in the 14YWT alloy. The profiles show a ’w’
profile shape.

4.2.2 High Temperature RIS Response

14YWT specimens irradiated to 450 ºC and 600 ºC showed a distinctly different segregation

response compared to the low and intermediate irradiation temperatures. Both irradiation con-

ditions showed limited variation in the segregation response compared to the as-received con-

dition with Cr and W enriching to the boundary and Fe depleting. Ni segregation was less

pronounced at higher temperatures. Figure 4.27 shows qualitative concentration maps of a
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grain boundary from a specimen irradiated to 100 dpa at 600 ºC, showing the typical high tem-

perature segregation response of grain boundaries. Segregation was constrained to only several

nanometers compared to wider profiles observed at intermediate irradiation temperatures. Pro-

files were also less complex, with the Cr, W, and Fe profiles exhibiting an inverted ’v’ shape

profile. Figure 4.28 shows the typical Cr segregation profiles observed from the high tempera-

ture regime. The average on-boundary concentration in the 450 ºC condition was 19.3± 1.5 at.

% and 18.3 ± 0.9 at. % in the 600 ºC condition. Both conditions had detectable nanoclusters

near and on-grain boundaries as seen in the overlay maps in Figure 4.29 for a grain boundary

irradiated to 100 dpa at 450 ºC and another boundary irradiated at 600 ºC. The limited num-

ber of grain boundaries observed in each condition prevented fully investigating segregation

response as a function of grain boundary structure in the 14YWT specimens.
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Figure 4.27: Qualitative concentration maps from a grain boundary irradiated to 100 dpa at
600 ºC using Ni2+ ions in 14YWT. Each map is 50 x 50 pixels corresponding to a
region of interest of 250 nm2. Clusters on and near the grain boundary as indicated
by the concentrated regions in the Ti and Y maps.
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Figure 4.28: 1D semi-quantitative Cr concentration profiles from grain boundaries irradiated to
100 dpa using Ni2+ ions in the 14YWT alloy. The profiles indicates significant Cr
enrichment in grain boundaries irradiated to 450-600 ºC.
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Figure 4.29: Qualitative RBG overlay maps of Fe, Cr, and Ti from a grain boundary irradiated
to 100 dpa at 450 ºC and 600 ºC using Ni2+ ions in 14YWT. Cr, Fe, and Ti are
depicted in red, blue, and green respectively. Grain boundary runs top to bottom
in the map. Map is 50 x 50 pixels corresponding to a region of interest of 250 nm2.
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Chapter 5

Discussion

5.1 Radiation Induced Segregation (RIS) in Traditional F/M

Steels

5.1.1 Ab-initio Based Rate Theory Model to Predict RIS at Different

Grain Boundary Structures in F/M Steels

The ab-initio based rate theory model with modified boundary conditions developed by L.

Barnard and described in Section 2.6.3, Appendix A, and Refs. [86, 94] was used to simulate

radiation induced segregation in the 9 wt. % Cr model F/M steel investigated experimentally

in this study. The rate theory model calculations were conducted by L. Barnard1. The am-

biguity in the experimental conditions, including the dose, dose rate, temperature, and defect

production efficiency of free migrating point defects in the neutron irradiated specimen pre-

vented creditable comparisons between the experiment and the rate theory model. The complex

microstructure and chemistry due to nanocluster inclusions in the 14YWT specimens also pre-

vented a direct comparison to the simple rate theory model. The proton-irradiated specimens

were irradiated at a much higher degree of control compared to the neutron irradiation and the

simplified chemistry allows for an accurate comparison between the experimental results and

the simulation results in the proton irradiated model F/M steel.

1Results courtesy of Leland Barnard, Computational Materials Group, University of Wisconsin - Madison (lm-
barnard@wisc.edu)
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5.1.1.1 RIS Modeling Parameters and Electron Probe-Concentration Profile

Convolution Model

The dose, dose rate, and temperature were selected based on the experimental conditions in

Table 3.1 while the defect damage production efficiency, ε , was selected as 20% which is con-

sistent with 2.0 MeV incident protons into Ni and widely used for rate theory models on RIS

for proton irradiated steels [114]. The model assumed a binary BCC Fe-Cr system which re-

sults in the effect of C content on the system not being captured within the model. The relevant

species dependent diffusivities for both vacancy and interstitial mechanisms were determined

using first principles by Choudhury et al. for the dilute Fe-Cr system and provided in Table

5.1 [86]. It is recognized the diffusivities could be dependent on composition and could be

different in the concentrated BCC Fe-Cr system. The dilute case was selected due to simplicity

in the ab-initio calculations and provides an initial starting point for understanding diffusion

and RIS in BCC Fe-Cr alloys. A plot of the ratios dv
Cr/dv

Fe and di
Cr/di

Fe as functions of temperature

were depicted in Figure 2.22. The first principle study by Choudhury suggests Cr should be

enriched at defect sinks as interstitial-Cr diffusion is dominant in the temperature regime in-

vestigated [86]. The necessary physical constants to use the modified boundary conditions are

also provided in Table 5.1.

The spatial resolution of the STEM-EDS acquisition system used within this study prevents

a direct correlation between the outputted 1D concentration profiles of the rate theory model

and the experimental results as discussed in Section 2.7. The large detection probe compared

to the narrow predicted concentration profiles results in ‘smearing’ or exaggerating the width

and under-estimating the magnitude of 1D concentration profiles and 2D concentration maps.

To better correlate experimental results to simulation a simple convolution model was used

[115, 116]. Doig et al. showed an electron probe of a STEM-EDS system can be assumed to

maintain Gaussian behavior and be defined as:
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I(x, t) =
Io

πσ2 +β t3 exp
(
− x2

(2σ2 +β t3)

)
(5.1)

where,

β = 500
ρ

A

(
4Z
E

)2

(5.2)

and

σ =
r

2.35
(5.3)

and I is the total electron flux, r is the measured FWHM of the incident electron probe size in

nm, t is the specimen thickness in nm, Z and A are the mean atomic number and weight of the

specimen, ρ is the specimen density, and E is the electron accelerating voltage in volts. Here,

the experimental STEM conditions were utilized as inputs. The electron probe function was

then convolved with the concentration profile to determine the estimated observed concentra-

tion profiles based on the modeling results using:

I =

∞̂

−∞

tˆ

0

Cx · I(x, t)dt dx (5.4)

where Cx is the solute concentration as a function of distance from the grain boundary and I(x, t)

is the electron probe function in Eq. 5.1. Section 2.7 indicated experimental STEM conditions

tend to reduce the measured segregation compared to the real grain boundary segregation. The

convolution model captured this affect as seen in Figure 5.1 for two different segregation pro-

files using the same STEM conditions within the model. Figure 5.1 also illustrates the effect

of beam broadening on the predicted STEM-EDS profile measurement is more significant for

sharp segregation profiles such as those measured in the general HAGB regime experimentally.
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Table 5.1: Physical parameters used in the Fe-Cr RIS model. Diffusion parameters obtained
from an Arrhenius fit to the values calculated by Choudhury et al. [86] from first
principles. Table from [94].

Basic RIS model parameters
Parameter Notation Value

Pre-exponential factor for Fe interstitial diffusivity dInt
0,Fe 6.59x10−7 m2

s
Pre-exponential factor for Cr interstitial diffusivity dInt

0,Cr 6.85x10−7 m2

s
Pre-exponential factor for Fe vacancy diffusivity dVac

0,Fe 5.92x10−6 m2

s
Pre-exponential factor for Cr vacancy diffusivity dVac

0,Cr 5.46x10−6 m2

s
Activation energy for Fe interstitial diffusivity EFe,Int

a 0.36 eV
Activation energy for Cr interstitial diffusivity ECr,Int

a 0.27 eV
Activation energy for Fe vacancy diffusivity EFe,Vac

a 0.77 eV
Activation energy for Cr vacancy diffusivity ECr,Vac

a 0.68 eV
Dislocation density ρd 5x1013 m−2

Grain boundary model parameters
Grain boundary attempt frequency νo 5x1012 sec−1

Burgers vector b 2.48x10−10 m
Shear Strength µ 86.0 GPa
Poisson’s ratio ν 0.3

Grain boundary correlation factor f gb
Int , f gb

Vac 0.5
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Figure 5.1: Simulated 1D Cr concentration profiles using rate theory modeling and predicted
STEM-EDS measurement based on the simulated profiles assuming a specimen
thickness of 75 nm for two different grain boundary types. Rate theory model
used a dose of 3 dpa and temperature of 400 ºC to determine the amount of Cr
segregation.

5.1.1.2 Sensitivity of Electron Probe-Concentration Profile Convolution Model

As discussed in Section 2.7, experimental variables including specimen thickness, incident

probe FWHM, and boundary tilt to the incident probe (αtilt) affect the measured segregation

profile using STEM-EDS. These factors must be taken into account when using the convolu-

tion model in Section 5.1.1.1 to compare experimental results to the simulated profiles. The
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sensitivity of the electron-probe-concentration profile convolution model can be determined

using sensitivity analysis. The model sensitivities, ∂X/∂Pinput (where X is the model-calculated

output and Pinput is the model input variable), are calculated assuming a reference STEM con-

dition based on the experimental studies. Here, only the specimen thickness, electron probe

size, and grain boundary tilt are assumed to vary from measurement to measurement with the

reference case considered to be t = 75nm, r = 1.5nm, and αtilt = 0º. The model sensitivity can

be approximated by,

∂X
∂Pinput

∼=
∆X
∆P

=
X ′−Xre f erence

P′input−Pre f erence
(5.5)

where X ′ is either the model calculated on-boundary Cr concentration or the model calculated

FWHM. The input parameter P′input was assumed to vary by +30% of the reference case for

t and r while the grain boundary tilt was assumed to vary 5º from edge on. The normalized

significance of each input parameter (SP
X ) can be determined from the calculation in Eq. 5.5 by,

SP
X =

X ′−Xre f erence

P′−Pre f erence
·

Pre f erence

Xre f erence
(5.6)

Calculations were performed using the outputted concentration profiles from the rate theory

model assuming an irradiation at 400 ºC to 3 dpa for a general high angle grain boundary with

a misorientation angle of 50º. The resulting calculations of the significance analysis is provided

in Figure 5.2.

Changing the input parameters had the largest affect in changing the simulated FWHM of the

segregation profiles compared to the calculated on-boundary Cr concentration. The analysis

shows the convolution model is most sensitive to the grain boundary tilt to the electron beam.

The specimen thickness and electron probe size are also significant but had very little influence

on the measured on-boundary Cr concentration where a 30% change in thickness or probe size

resulted in a change of less than 0.5 wt. % at the boundary which is within the error of typical
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spectrum imaging analysis techniques. The thickness and electron probe size become even

more insignificant as the concentration profiles calculated via the rate theory model become

broader with reduced intensity, such as the simulated profiles in the low angle grain boundary

regime. This is due to the resolution of the electron probe function closely approaching the

resolution of the concentration profile providing a more accurate, direct representation of the

concentration profile.

The sensitivity analysis of the idealized system also reveals a potential cause for a portion of

the scatter in observed experimental results. The large variance in the measured concentra-

tion profile due to very small inclinations of the grain boundary to the electron probe could

be contributing to the observed scatter. The determination of the grain boundary inclination to

the beam during STEM-ADF imaging is non-trivial and some misalignment could occur in the

experimental setup. Other scatter in the experimental data could arise from variations in the

specimen thickness and electron probe. Care was taken during the microscopy sessions to uti-

lize the same imaging conditions for each spectrum image, but other factors such as hysteresis

in the lenses or the quality of the electron beam focus could vary the probe size from specimen

to specimen. The FIB specimens most likely reduced the variation in the specimen thickness

from sample to sample compared to wedge polishing or electropolishing techniques. Given

this, some variation in the specimen thickness was still present. The analysis of the comparison

of the rate theory model to the experimental results assumed the model adhered to the reference

case in the sensitivity analysis but with a lower and upper bound in specimen thickness of 25

nm to 125 nm respectively. The input parameters could be modified on a case by case basis to

develop a better fit between the experimental results and the rate theory model but this process

was not conducted as it would introduce undue bias to the analysis.
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Figure 5.2: Significance of different input parameters into the electron-probe-concentration
profile convolution model used to compare simulated profiles using rate theory to
experimental results on the 9 wt. % Cr model alloy. Analysis based on a 400 ºC to
3 dpa irradiated general HAGB with a misorientation angle of 50º.

5.1.1.3 Comparison of Proton Irradiation Results to RIS Modeling

Overall, the model showed reasonable agreement with the measured segregation profiles of

proton irradiated grain boundaries in the model F/M steel. The general, qualitative trends in the

RIS response due to changes in grain boundary structure, dose, and temperature were captured.

The model predicted the Cr enrichment coupled with Fe depletion seen in the experimental

results. This response has also been observed experimentally and accurately predicted using a

similar rate theory model in the more complex T91 F/M steel at prior austenite grain boundaries

by Wharry et al. [81, 83]. These results indicated both the vacancy and interstitial mediated

mechanisms are significant with the interstitial diffusion dominant in F/M steels.
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Figure 5.3 plots the segregation in the model F/M steel as a function of misorientation in the low

angle grain boundary regime for the 400 ºC, 2 dpa condition. The model accurately predicts

the trend of increasing Cr segregation with increasing misorientation in the low angle grain

boundary regime. Figure 5.4 plots the segregation width as function of misorientation in the

low angle grain boundary regime. The model shows good agreement with the trends observed

in the experiment for the measured segregation profiles, especially when considering the width

of the measured profile is significantly impacted by the convolution model input factors as well

as experimental factors.

Figure 5.5 plots the segregation as a function of misorientation for S3 grain boundaries in the

F/M model alloy for the 400 ºC, 3 dpa condition. The reduced RIS response observed near the

S3 grain boundary condition was captured by the rate theory model. The boundary conditions

within the model utilized a simplified view of the grain boundary structure. The result is the

model assumed all boundaries are symmetric and therefore the effect of grain boundary plane

is not explicitly determined. The addition of grain boundary plane could be included into the

rate theory model in the grain boundary energy term for the low S grain boundaries as grain

boundary plane has been well established to modify the grain boundary energy. Inclusion

of the grain boundary plane might confirm the experimental outliers observed in Figure 5.5

are the result of variances in the grain boundary plane without directly determining the plane

experimentally.

Figure 5.6 plots the segregation profiles for general high angle grain boundaries in the 400 ºC, 2

dpa condition. The model captured the reduced profile width and increased magnitude of the Cr

segregation profiles for general high angle grain boundaries when compared to the other grain

boundary regimes. The agreement for general high angle grain boundaries was not as good as

those in the low angle and special grain boundary regimes. As discussed in Section 5.1.1.2,

the calculated segregation profiles using the convolution model are more sensitive to the model

input parameters for sharp concentration profiles such as those in Figure 5.6. For example,

adjusting the convolution model to assume a specimen thickness of 40 nm and an electron
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probe width of 1.1 nm brings the model within the error of the experimentally determined

segregation profiles in Figure 5.6. These adjustments are not outside of reasonable values

for the experiment. In contrast, the adjustment in values results in a 0.1 wt. % in the Cr

concentration and 0.8 nm difference in the profile width for a low angle grain boundary (θ = 5º).

Figure 5.7 plots the segregation in the model F/M steel as a function of dose and misorientation

angle in the low angle grain boundary regime. The low angle grain boundary regime is selected

for dose and temperature comparisons due to the limited sensitivity in the input parameters for

the convolution model. The model captured the experimental response of increasing segrega-

tion with dose although the agreement is not accurate in predicting the magnitude. The model

showed better agreement at higher doses and fails to predict the negligible RIS response at low

angle boundaries in the 1 dpa condition. The discrepancies observed based on irradiation dose

indicate the model lacks sufficient detail to capture the experimentally determined low dose

response of the alloy such as early on-set irradiation induced defects.

The segregation in the model F/M steel as a function of temperature and misorientation angle

in the low angle grain boundary regime is plotted in Figure 5.8. The model accurately predicted

the qualitative reduced RIS response with increasing irradiation temperature. On average, the

model showed the best agreement to experimental data at the 400 ºC. At 500 ºC, the model

over predicted the magnitude of the Cr enrichment to the boundary by several weight percent

which can be seen in Figure 5.8. The poor agreement indicates a refinement is needed in the

temperature contributions within the rate theory model. Refinements could include both the

pre-exponential factor and activation energy used to calculate the diffusivity of each species as

these values were derived in the dilute limit and the modeling values are benchmarked against

experiments conducted on a concentrated alloy.
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Figure 5.3: On-boundary Cr concentration as a function of misorientation angle for low angle
lath boundaries for the irradiated model steel at a temperature of 400 ºC and a dose
of 2 dpa using protons. Dashed line indicates calculated values from the ab-initio
based rate theory model with the center line indicating a specimen thickness of 75
nm bounded by ±50 nm.
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5.1.1.4 Limitations of Predicting RIS Using an Ab-Initio Based Rate Theory Model

The ab-initio based rate theory model showed reasonable agreement with the experimentally

determined RIS response across different grain boundary structures. The qualitative trends with

dose and temperature were also captured by the model. The agreement between the model and

the experiment in this work as well as the similar rate theory model proposed by Wharry et
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al. [82] indicates rate theory models can be utilized to simulate RIS in F/M steels. The mod-

ified boundary conditions in the model presented here which accounts for differences in grain

boundary structure is an improvement over previously proposed RIS models which assume an

ideal sink behavior. Given this, further refinements are needed to improve the model.

In the low angle grain boundary regime the model consistently predicted the upper limit in the

magnitude of the segregation profiles. The model assumes an idealized symmetric 1D diffusion

directly normal to the close packed planes within the F/M steel. The idealized nature of the rate

theory model could be a contributing factor to the upper limit prediction as non-symmetric or

diffusion along other plane directions could alter the rate of migration of point defects to the

boundary. A more accurate prediction would account for differences in the grain orientations to

the grain boundary plane providing a better alignment between the experiment and the model.

Inclusion of this parameter would also better determine if the non-symmetric profiles observed

experimentally, such as the one provided in Figure 4.3, is the result of non-symmetric diffusion,

grain boundary inclination, and/or grain boundary migration under irradiation.

The experimental data suggests a delayed on-set of RIS as a function of dose which was not cap-

tured by the model. One possible explanation is at low doses the radiation induced microstruc-

ture is still evolving and has not reached steady-state. Changes in the irradiation-induced mi-

crostructural evolution could alter the flux of point defects to the grain boundary resulting in

a delayed RIS response. Topbasi et al. has shown defect cluster density increases with dose

with a saturation point around 6 dpa at low temperatures in NF616 [117]. Wharry et al. have

shown coarsen of precipitates and increased coverage of precipitates to grain boundaries with

increasing dose up to 3 dpa in T91 [81]. These complex responses are not captured by the

model as it assumes a constant dislocation density over all doses based on limited experimental

data in the 9 wt. % Cr model alloy and would not account for any early on-set matrix sinks. The

experimentally determined dislocation density was based on determining the specimen thick-

ness using EFTEM techniques and weak beam dark field imaging in focused ion beam lift-out

specimens, resulting in a non-idealized semi-quantitative assessment of the dislocation density.
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The precipitate evolution was not studied as surface contamination after irradiation and long

term storage prevented standard TEM replica sample preparation; a technique typically used

for precipitate studies in F/M steels. A more rigorous analysis of the dislocation density and

precipitate evolution could lead to better parameterization of the model and greater agreement

between the model and the experiment. A more detailed study in the irradiation-induced mi-

crostructure evolution may also serve to improve the predicted magnitude of the segregation

profile. Increased in-matrix sink density results in more point defects lost to matrix sinks re-

ducing the RIS response at the boundary and could push the predicted magnitudes closer to the

average measured on-boundary concentration.

The rate theory model determines the rate of segregation of each species can be described by a

diffusivity in an Arrhenius form of:

dx
Cr = dx

0,Crexp

(
−ECr,x

a

kT

)
(5.7)

dx
Fe = dx

0,Feexp

(
−EFe,x

a

kT

)
(5.8)

where d is the diffusivity of each element, d0 is the pre-exponential factor, and Ea is the acti-

vation energy for either Cr or Fe, k is the Boltzmann factor, and T is the temperature. The pre-

exponential factor and activation energy are calculated based on ab-initio calculations where the

activation energy is determined using the multi-frequency framework developed by LeClaire

[118]. The activation energies are calculated based on the jump events of a point defect in close

proximity to a solute. For Fe-Cr vacancy activation energies, these values were calculated to

range from .62 eV to .69 eV by Choudhury et al. and .57 to .66 eV by Wong et al. [85, 86].

These calculations were completed in the dilute limit and therefore can only be used as guide-

lines and not definitive values for modeling RIS in non-dilute alloys such as the work presented

here. Similar variations in calculated values for the interstitial migration have been reported in

literature [86, 119–121]. Allen [6] showed rate theory models including the modified Inverse
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Kirkendall and Perks model are significantly impacted by the migration energies utilized com-

pared to model inputs such as the pre-exponential factor. As an example, a change of the BCC

Cr vacancy activation energy by .01 eV lowers the diffusion coefficient by a factor of .84 at 400

°C and .86 at 500 °C.

The sensitivity of these models to the inputted activation energy indicates the possible explana-

tion for the limited agreement between the model and the experiment as a function of tempera-

ture. Changing the activation energy within the rate theory model can significantly impact the

calculated output, especially when considering temperature variations. The model and activa-

tion energies utilized have only been compared to experimentally determined segregation data

within a very small temperature window. A reasonable test of the activation energies utilized

in this study would be to compare the model against a larger temperature regime and determine

if the small adjustments in the activation energy, within the variance in the reported literature,

provides better agreement over a large temperature window.

The model assumed a simplified Fe-Cr system. Impurities and minor alloying elements which

are present in commercial and NF-ODS steels, such as T91 or 14YWT, are not considered

within the model. Minor alloying elements could interact with the point defect flux resulting

in an altered RIS response in complex alloy systems. Further development would be needed

to understand the role of minor alloying elements on the Cr segregation response to utilize the

model for commercial F/M steels.

The ab-initio based rate theory model was consistent with the experimental results on the model

F/M steel. Specifically, the general trends in the grain boundary structure were demonstrated

to accurately predict both the magnitude and the width of Cr enrichment to irradiated grain

boundaries further strengthened the observation that RIS is affected by the interfacial structure

of grain boundaries. The model demonstrated some limitations, specifically in determining the

magnitude of dose and temperature effects, but it is the first step towards developing a model to

predict RIS at different interfacial structures in F/M steel alloys over a wide range of irradiation

conditions.
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5.1.2 Vacancy and Interstitial Diffusivity

The direction of radiation induced segregation is dependent on the relative magnitude of the

vacancy and interstitial diffusivities. Choudhury et al. predicted that Cr enrichment at the tem-

perature ranges investigated should be the prominent RIS response due to di
Cr/di

Fe > 1 and dv
Cr/dv

Fe

< di
Cr/di

Fe [86]. This finding is supported by recent work on commercial alloys [81], and was

the prominent response of the results presented here for the model F/M steel. Furthermore, the

values for the diffusivity ratios used in the rate theory model benchmarked to the results used

here were derived from the study of Choudhury et al. The agreement between experiment and

theory presented in Section 2.6.3, as well as in recent literature, suggests both the vacancy and

interstitial mediated mechanisms are significant for RIS in F/M steels. The strong contribution

of the vacancy and interstitial flux in F/M steels could be a possible explanation for the ob-

servation of both Cr enrichment and depletion to the boundary within the reported literature.

The balance of vacancies and interstitials migrating to grain boundaries could be altered by a

complex microstructural evolution under irradiation or minor alloying elements preferentially

interacting with a specific defect flux.

5.1.3 Temperature and Dose Rate Dependence

In this study, both the temperature and dose rate changed between the 400 °C and 500 °C proton

irradiated samples. The variation in dose rate is due to differences in the equipment used to

irradiate the samples at 400 °C and 500 °C. The largest variation in the dose rate was between

the 400 °C and 500 °C, 2 dpa proton irradiations. The reported dose rate was nearly 2.75 times

faster for the 500 °C condition. RIS is sensitive to changes in both dose rate and temperature.

Lower dose rates lead to more RIS at a fixed temperature due to reduced recombination effects.

For F/M steels, reducing the irradiation temperature increases the Cr-interstitial contribution

leading to more RIS as determined by the ab-initio rate theory model. Both affects combine to

lead to the reduction in the RIS response in the specimens irradiated at 500 °C versus 400 °C.
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The reduced RIS response seen in the model alloy at 500 °C is similar to results on T91 [83]

shown in Figure 5.9. The T91 irradiations were conducted with a fixed dose rate and the

dose rate was identical to the 500 °C model F/M samples used in the this study. The similar

RIS response in the model alloy to T91 indicates the dominant effect in the variation of the

RIS response was most likely due to changes in irradiation temperature. To fully deconvolute

what mechanism is dominant in the reduction of the RIS response with increasing temperature

further irradiations and analysis would be needed. Specifically, irradiations conducted over a

wide temperature window with a fixed dose rate would provide sufficient information on the

temperature contributions to the RIS response.
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Figure 5.9: On-boundary Cr concentration as a function of dose for T91 and the 9 wt. % Cr
model steel. T91 measurements obtained from prior austenite grain boundaries
while the model steel measurements acquired from low angle lath boundaries. All
specimens irradiated using 2.0 MeV protons. From [81].
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5.1.4 Dose Dependence

The experimental results in the model F/M steel indicates the segregation at the grain bound-

aries are increasing with dose at the low doses observed as illustrated in Figure 5.9. This

response has been observed in T91 at similar doses irradiated using protons [83]. The results

presented here and on T91 are consistent with RIS seen in austenitic alloys at lose dose [122].

The continuous increase in the model F/M steel at low doses indicates the attainment of steady

state conditions was not met. The decreasing segregation rate with increasing dose, which is

also predicted via the rate theory model, suggests the system is approaching saturation. Higher

dose irradiations are needed to verify the dose to steady-state for the model F/M steel.

5.1.5 Comparison of Neutron to Proton Irradiation Experiments

Neutron irradiated grain boundaries at a nominal temperature of 500 °C had Cr segregation to

the boundary on the order of 1.25-1.5 times higher than proton irradiated grain boundaries at

either 400 °C or 500 °C at the same dose and similar misorientation angles. The change in

the magnitude in segregation is consistent with trends seen in austenitic stainless steels where

neutron irradiations with significantly lower dose rates irradiated at the same temperature typ-

ically resulted in higher segregation levels compared to proton irradiations, even when the

efficiency of freely migrating defects between the two incident particles are taken into consid-

eration [123]. Although the magnitude of the segregation changed between the neutron and

proton irradiations, the trends with segregation and misorientation angle were similar between

the two experiments. Figure 5.10 shows the RIS response as a function of misorientation for

the two irradiation conditions in the high angle grain boundary regime. The reduced segrega-

tion at Σ3 grain boundaries compared to general high angle grain boundaries in both conditions

suggests the mechanisms which affects the sink efficiencies of grain boundaries is independent
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of the incident particle. Given this, the measured difference between the two incident particle

irradiation indicates incident particle does affect other processes which leads to RIS at grain

boundaries.

Proton and neutron irradiations have fundamentally different damage processes which affect

the damage cascade and the dose rate. Was et al. have shown the differences in the damage

process can be accounted for by using a higher irradiation temperature for proton irradiations

to achieve similar freely migrating point defect migration processes [10]. Was et al. showed an

85 °C higher irradiation temperature for protons reasonably matched the complex RIS response

of neutrons where the proton irradiation dose rate was 7.0x10−6 dpa/s and the neutron dose

rate was estimated at 7.6− 10.0x10−8 dpa/s in two 300 series austenitic stainless steels. The

results presented here did not show the same type of agreement between neutrons and protons

seen in austenitic stainless steels for the irradiations conducted at 3 dpa. The dose rate for

the F/M steel was two orders of magnitude higher when comparing the 500 °C condition and

half that for the 400 °C proton irradiation. The direct comparison between the neutron and

proton irradiations conducted on F/M steels is complicated because of the ambiguity in the

determination of the neutron irradiation temperature [100]. It is probable the correct proton

irradiation temperature to capture the dose rate-temperature-incident ion correlation was not

observed and better agreement between proton and neutron experiments could be developed.

The comparison of the proton and neutron irradiations is further complicated when considering

dose equivalence between the two irradiations. Light ions are typically considered to be more

effective in producing the freely migrating defects which contribute to RIS compared to neu-

trons. Protons have been quoted to have a production efficiency of ~20% while neutrons are

significantly lower at ~2% [114]. The dose equivalence is further complicated when consider-

ing neutron irradiations as the nuclear reactors have a range of incident neutron energies while

ion irradiations are typically highly mono-energetic. The dose of the neutron experiments was

calculated assuming an average neutron energy and the damage processes of the entire neu-

tron energy spectrum was not explicitly determined. The proton irradiations were conducted
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by rastering the proton beam which results in the beam only interacting with the specimen for

very short fractions of time which results in a high local displacement rate and hence greater

point defect recombination [10]. Neutrons will also cause transmutation of alloying elements

in the irradiated model steel which could interact with the point defect fluxes to grain bound-

aries, an effect which cannot be simulated using solely protons [10]. The ambiguity in the

dose rate, temperature, as well as defect production kinetics makes drawing any conclusions

on comparing neutron irradiations to proton irradiations difficult. The clear indication is more

controlled neutron experiments are needed, such as those which utilize temperature instrument

lead capsules to provide greater information on the specimen temperature history.
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Figure 5.10: On-boundary Cr concentration as a function of misorientation angle for lath
boundaries showing the incident particle RIS response for the irradiated model
steel at a dose of 3 dpa. Dashed line indicates calculated values from the ab-initio
based rate theory model with the center line indicating a specimen thickness of 75
nm bounded by ±50 nm.
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5.1.6 Role of Grain Boundary Structure on RIS

RIS at grain boundaries is directly related to the flux of point defects to grain boundary, the

capture of the point defect flux by the boundary, and ultimately their destruction. RIS can be

used to imply the grain boundary point defect sink efficiency and mechanisms related to the

efficiency. The experimental RIS results show the grain boundary point defect sink efficiency

changes depending on the grain boundary misorientation angle, with three distinct regimes:

low angle grain boundaries, special grain boundaries, and general high angle grain boundaries.

The ab-initio based rate theory model agreed with the trends observed in the experimental

results based on the misorientation angle. The modified boundary conditions within the model

indicate the grain boundary annihilation mechanisms outlined in Section 2.4 are active,

specifically the density of annihilation sites at the grain boundary and the diffusion of point

defects to the annihilation site. The result is the structure or coherency of the boundary is

directly related to the sink efficiency of the boundary and the RIS response at the boundary.

Results indicate the Cr enrichment at the lath boundary rapidly increases with increasing mis-

orientation angle for LAGBs for all doses investigated. Therefore, assuming no mechanistic

change as a function of local composition, the total number of vacancy and/or interstitials ab-

sorbed at the grain boundary at a fixed dose must also increase with increasing misorientation

angle in the LAGB regime. As discussed in Section 2.2.1, LAGBs are comprised of an array

of primary grain boundary dislocations and the dislocation density increases with increasing

misorientation. The increased density of dislocations provides a higher concentration of dislo-

cation jogs where point defects can diffuse through the lattice and be absorbed. The observed

trends indicates the probable mechanism for point defects annihilation rates at the boundary is

either a sink reaction or mixed behavior of sink and bulk diffusion reaction limited. A sink reac-

tion limited or mixed behavior mechanism would result in the concentration of point defects to

be uniform or near uniform across grain boundaries during irradiation, driving the limited RIS

response observed experimentally over the wide range of irradiation conditions. The higher
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RIS at higher misorientation angles in the LAGB regime indicates a possible shift towards a

stronger bulk diffusion reaction limited process and the grain boundaries approaching the per-

fect sink condition, although the limited data in the range of 10°-15° prevents any concrete

conclusions to be made.

The high coherency across the interface at Σ3 grain boundaries resulting in low grain boundary

energy suppresses the RIS response in traditional F/M steels. The higher coherency at the

boundary lends to a structure similar to those of low angle grain boundaries which can be

classified as Σ1 grain boundaries. Therefore, a large portion of the grain boundary exhibits

bulk like behavior with limited fast diffusion paths along the boundary and minimum point

defect annihilation sites. The result is the sink efficiency at very low sigma grain boundaries is

lower than general high angle grain boundaries and the point defect concentrations are higher

at the boundary for special grain boundaries. The results presented here were for Σ3 grain

boundaries but the theory for special grain boundaries in F/M steels could be extended to other

high coherency CSL grain boundaries, such as Σ9 or Σ11. The cusps observed in the RIS

response when the boundary structure deviates from the exact CSL reference structure is due

to the increase in the density of secondary grain boundary dislocations as given in Eq. 2.6 to

accommodate the misfit from the exact CSL structure (∆θ = θ −θCSL). Distinct cusps in the

RIS response at Σ3 grain boundaries have also been observed in 304L stainless steels irradiated

with protons at 450 °C to 1 dpa by Duh et al. [88]. The special grain boundary RIS response is

similar to that of low angle grain boundaries where with an increase in misorientation a increase

in primary grain boundary dislocations is needed to accommodate the minor misfit between the

two grains as given in Eq. 2.1. The similar RIS response between low angle grain boundaries

and low Σ boundaries supports the theories on the point defect capture and annihilation rates

for both boundary types.

The enrichment of Cr at general HAGBs was significantly higher than boundaries in the LAGBs

or for S3 boundaries over all irradiation conditions. This result suggests that the destruction

of defects at general HAGB is unrestricted. The ease at which a general HAGB can absorb
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point defects is due to the SGBDs and high density of dislocations at the boundary [37]. As in

the low angle grain boundary case, point defects are annihilated at jogs on dislocations. The

difference between HAGBs and LAGBs is the method for which point defects can diffuse at the

boundary and the density of dislocations at the grain boundary. For general HAGBs, diffusion

of lattice point defects to SGBD can occur via bulk diffusion through the adjoining grains as in

the LAGB case for primary grain boundary dislocations but can also diffuse to SGBDs through

rapid short-circuit diffusion along the boundary [37]. The faster diffusion path coupled with

the higher density of dislocation jogs for general HAGBs leads to the boundary acting in the

near perfect sink condition. HAGBs which act as a perfect sink should exhibit the largest RIS

response when compared to LAGBs or special grain boundaries, as supported in the results for

the HAGBs presented here.

The results presented here with coupling to the rate theory modeling indicates a direct rela-

tionship between interfacial coherency, interfacial energy, point defect annihilation rates at the

interface, and the resulting RIS response of the interface. The inter-relationship between these

factors has been proven to be quite complex. Given this, a generalized-simplified view of the

mechanisms can be made. A simplified schematic of the role of coherency at grain boundaries

in the point defect flux is presented in Figure 5.11. The difference in the structure and result-

ing grain boundary point defect concentration gradients is illustrated schematically in Figure

5.12. The simplified view of the RIS-interface structure based on the results in lath boundaries

for F/M steels could possibly transfer to other defect sinks and internal interfaces, including

matrix-precipitate interfaces.
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Figure 5.11: Schematic of point defect interactions with relationship to different grain boundary
structures and RIS: a) high coherency; point defect diffusion along the boundary
is near bulk diffusion values and the annihilation sites are discrete and limited
resulting in low sink efficiency and b) low coherency; point defect diffusion along
the boundary is rapid and the annihilation sites are non-discrete resulting in high
sink efficiency.
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Figure 5.12: Point defect concentration gradients for radiation-induced segregation where a)
an interface has a high coherency leading to low sink efficiency resulting in the
boundary being a poor sink for point defects, b) an interface has moderate co-
herency leading to a moderate sink efficiency and an effective sink for point de-
fects and c) the interface has low coherency leading to the perfect sink condition
and CGB

v,i ≈CEq
v,i .
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5.2 Radiation Induced Segregation (RIS) in NF-ODS F/M

Steels

The model F/M steel had predictable RIS responses based on standard theory for RIS in Fe-

based systems. The NF-ODS steel exhibited a complex and unexpected response over the wide

temperature range observed. The model F/M steel is a simple ternary Fe-Cr-C system with

no minor alloying elements influencing the irradiated grain boundary chemistry. The NF-ODS

steel contains minor alloying elements with some not typical in F/M steel systems as well

as the presence of nanoclusters within the matrix. These microchemical and microstructural

features compound to generate the atypical RIS response in the 14YWT NF-ODS steel. The

RIS response and the role of microstructure and microchemistry are discussed in the following

sections.

5.2.1 Evolution of Segregation Profiles

The Cr segregation profiles exhibited a large variation in the shape and sign of the segregation

as a function of temperature in the irradiated 14YWT specimens. At cryogenic temperatures

no segregation of Cr was detected. Other alloying elements including W and Fe did not have

detectable segregation after cryogenic irradiations as well. At such low temperatures, the solute

atoms are placed into solid solution due to ballistic mixing and there is insufficient energy for

back-diffusion of solute atoms to diffuse back to grain boundaries. The ballistic resolution of

solute atoms at grain boundaries is similar to ballistic resolution of nanoclusters under cryo-

genic irradiation temperatures at high doses [11]. At high temperature (450-600 °C), Cr and W

were enriched at the boundary and Fe depleted and profiles exhibited an inverted ’v-shape’ pro-

file. The magnitude and width of segregation remains nearly unchanged from the as-received

state. The difference between an irradiated grain boundary at 450 °C and an unirradiated grain

boundary is presented in Figure 5.13. This RIS behavior is different than the 9 wt. % Cr model

steel where a change in the grain boundary chemistry was observed at both 400 °C and 500 °C
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after proton irradiation. The arrested RIS responses suggests a reduced flux of point defects at

the grain boundary in NF-ODS steels compared to the more traditional model F/M steel.

At low to intermediate temperatures (100-300 °C), the Cr segregation profile showed the forma-

tion of ’w-shaped’ profiles while W and Fe enriched with typical inverted ’v-shaped’ profiles.

At 100 °C, the ’w-shaped’ Cr profile had almost completely transformed to a ’v-shaped’ profile

and significant Cr depletion was observed. Even at low temperatures first principle modeling

suggests Cr interstitials should be a fast diffuser and qualitatively Cr enrichment at the bound-

ary should occur after irradiation. The retention of pre-segregation of Cr at grain boundaries

irradiated to high temperature and the formation of ’w-shaped’ profiles and eventual depletion

of Cr at the boundary at low to intermediate temperatures indicates the mechanisms proposed

for the model F/M steel are an over simplification for complex alloy systems and segregation

behavior must be driven by either prior segregation to the grain boundary, binding of Cr to

minor alloying elements, the high density of nanoclusters in the NF-ODS steel or the a combi-

nation of several factors.
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Figure 5.13: 1D semi-quantitative Cr concentration profiles from an as-received grain bound-
ary and a grain boundary irradiated to 100 dpa using Ni2+ ions at 450 °C in the
14YWT alloy. The profiles indicates little change in the microchemistry of grain
boundaries after irradiation at 450 °C.

5.2.2 Cr Vacancy and Interstitial Diffusivity

The NF-ODS alloy showed a driving force for Cr depletion at grain boundaries when irradiated

to 100-300 °C. Several factors could be contributing to Cr depletion at grain boundaries in

the NF-ODS steel. One factor would be a crossover in the Cr-Fe diffusion coefficient ratios,

dv
Cr/dv

Fe and di
Cr/di

Fe, at low temperature. If the vacancy diffusion dominates over the interstitial
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diffusion, dv
Cr/dv

Fe> di
Cr/di

Fe, Cr would deplete at the boundary. According to the calculated ratios

in Figure 2.22, a crossover in the diffusion coefficient ratios is not observed at the irradiation

temperatures performed experimentally. The reasonable agreement between the model F/M

steel and the rate theory model which utilizes the diffusion coefficient ratios in Figure 2.22

suggests the calculated values are within reason, at least in the temperature range of 400-500

°C. On the other hand, Wharry et al. suggested a cross over at 530 °C, where vacancy diffusion

is predicted to dominate resulting in Cr depletion above 530 °C using the inverse Kirkendall

(IK) model for 9 wt. % Cr steels [82]. The significant depletion even at 100 °C in the 14YWT

alloy indicates the study of Wharry et al. is not in agreement with the findings here. Both

studies were focused on RIS in 9 wt. % Cr steels. Terentyev et al. investigated the migration

of single self-interstitial Cr atoms based on composition in BCC Fe-Cr alloys and suggested

above ~10 wt. % Cr, Cr cannot diffuse via interstitial mechanisms due to trapping and therefore

the vacancy diffusion would dominate leading to Cr depletion at the grain boundary [87]. The

possibility of an insignificant interstitial diffusion to the grain boundary due to the significantly

higher Cr content in 14YWT is further supported by Wharry et al. as reasonable agreement

between experiment and the IK model for several F/M steels with varying Cr concentration

was only achieved when a composition-dependent interstitial migration energy was used. Given

this, Ohnuki et al. found Fe-13 wt. % Cr ferritic alloys irradiated using C+ ions up to 118 dpa at

525 °C showed Cr enrichment to the grain boundary indicating other factors not accounted for

via modeling can contribute to the sign of the segregation. The complexity of the 14YWT alloy

system and idealized nature of typical RIS models and first principle simulations combine to

make it difficult to determine if the key driving force behind Cr depletion at 100-300 °C is due to

a crossover in the Cr-Fe diffusion coefficient ratios. The results on 14YWT, comparison to the

model steel, and literature does indicate both the interstitial and vacancies play a significant role

and the dominating mechanism can be easily changed based on both the irradiation condition

and alloy.
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5.2.3 Role of Nanoclusters on the RIS response

The NF-ODS alloy showed a limited RIS response in specimens irradiated to 450-600 °C while

boundaries at low and intermediate temperatures showed significant variation in the micro-

chemistry at boundaries as compared to the as-received state. At 450-600 °C, back diffusion

or point defect recombination effects should be limited and segregation would be anticipated

at high doses and temperatures, particularly based on the results presented for the model F/M

steel alloy and those within the literature. The limited RIS response at high temperature could

be the result of a reduced flux of point defects to the boundaries. Wharry et al. showed the

RIS response is highly dependent on the sink density within the material in F/M steels where

the change of Cr at the boundary changes by several atomic percent depending on the density

of sinks within the material using the IK model [82]. The inclusion of nanoclusters within the

matrix could serve as point defect sinks and the very high density within the material in the as-

received state could significantly reduce the total net flux of point defects to grain boundaries.

The nanocluster density, typically on the order of 1021−1023 m−2, in 14YWT is significantly

higher than the dislocation density typically quoted at 1013− 1014 m−2 suggesting the nan-

oclusters are the dominate sink compared to dislocations within the matrix [124, 125].

At low temperature the nanoclusters are unstable due to ballistic resolution, but the motion of

Cr and other solutes within the matrix are still high enough for migration to grain boundaries

resulting in the segregation seen in the 100-300 °C samples. At cryogenic temperatures migra-

tion of all species is effectively frozen out creating the flat segregation profiles observed. The

APT and EFTEM data provided in Table 2.2 presented conflicting results on the number density

of clusters as a function of temperature where APT showed no change and EFTEM analysis

showed significant change. Three mechanisms are proposed which includes the discrepancies

in the number density but links the behavior of nanoclusters to RIS: 1) coherent nanoclusters

remain stable under irradiation at low temperature but are less effective sinks than unstable,

semi-coherent or incoherent clusters which are more stable at high temperature, 2) small nan-

oclusters act as biased sinks and are the dominant nanocluster population at low temperature
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and 3) the RIS behavior is dependent on the effective average surface area of nanoclusters per

unit volume which reduces as clusters become unstable at low temperature.

14YWT alloys have two populations of nanoclusters of interest which could be effective sinks

for point defect capture. The first is particles on the size of ~10-20 nm which are semi-coherent

or coherent precipitates while the other is much smaller particles on the size of ~2 - 4 nm which

have been hypothesized to be highly coherent with the matrix [59, 125–128]. The first popu-

lation of particles is easily detectable using energy filtered transmission electron microscopy

(EFTEM) while the clusters with the size of 2-4 nm can be detected using APT. The skew-

ness in the sampled particle size population can be seen in Table 2.2. Based on the results

presented on the model F/M steel, the coherency of an interface strongly determines the sink

efficiency of said interface. Therefore, any population of precipitate which is incoherent or

semi-coherent with the matrix would interact more strongly with point defects than a coherent

precipitate. Figure 5.14 plots the change in Cr concentration as a function of temperature with

the change in number density of nanoclusters for the two populations sampled using EFTEM

and APT from Table 2.2. Figure 5.14 reveals a strong correlation between the number density

of particles within the matrix as detected by EFTEM to on-boundary Cr concentration change

as a function of temperature. The relationship between number density and Cr concentration

at the boundary seen at 600 °C is of particular interest. The reduction in the number density

could be the result of coarsening of larger particles at the expense of smaller ones which re-

duces the number of nanoclusters and hence the number defect sink sites which limit RIS to

the grain boundary. The data only suggest this mechanism at higher temperature but further

work would be needed, particularly observing the relationship at even higher temperatures as

the number density may remain stable at high temperature and the effect observed in the data

here is due to experimental error. APT did not show any correlation as the nanocluster number

density remained constant over all temperatures while the Cr concentration varied. The strong

dependence between the EFTEM nanocluster stability results and the RIS results suggests the

larger particles could be acting as more efficient sinks for point defects compared to very small

nanoclusters within the matrix due to their potential difference in coherency with the matrix.
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Another way the nanoclusters could be altering the RIS response is by altering the balance

of vacancy and interstitial fluxes to the grain boundary. If the small nanoclusters sampled by

the APT technique were to exhibit a biased nature, for example an infinity for Cr-interstitials, it

could reduce the overall flux of Cr-interstitials reaching the boundary and result in the Cr deple-

tion observed at the boundary in the 100 - 300 °C irradiated samples. At higher temperatures

the larger nanoclusters could be the dominate sink for point defects limiting the biased sink

effect of the small nanoclusters seen at lower temperatures. Other sinks have been observed

as biased sinks such as dislocations preferentially absorbing and annihilating interstitials while

voids tend to absorb vacancies [129–131]. It is unclear whether the size of nanoclusters is a

factor in the affinity of the nanocluster to absorb one defect species versus another. The pro-

posed biased sink mechanism for nanocluster-RIS relationship would also be predicated on the

observation that on average APT is sampling only one type of nanocluster population while

EFTEM is sampling another, similar to the number density theory proposed prior.

The coherency of nanoclusters within the matrix as a function of their size is still highly de-

batable with only a few studies conducted and very few of them being in agreement with each

other and the nature of the nanoclusters interacting with the defect flux is yet to be determined.

Furthermore, EFTEM and APT may sample from both populations limiting the validity of the

analysis of the results. The coherency of the nanoclusters and their stability within the matrix

after irradiation and the biased sink affect are only proposed as two potential mechanisms for

limiting the RIS response at high temperature. Another possibility is the change in available

effective surface area of nanoclusters under irradiation at the different temperature set points. A

reduction in the total surface area available for point defects to interact with could alter the total

defect flux which reaches grain boundaries and contributes to RIS. Using the information from

Table 2.2, Figure 5.15 plots the effective average surface area of nanoclusters per unit volume

of area as a function of irradiation temperature for both the EFTEM and APT determined nan-

ocluster populations as well as the average change in Cr concentration at the boundary. Figure

5.15 shows similar trends in the effective surface area of nanoclusters as a function of temper-

ature where the average surface area per unit volume of nanoclusters is significantly increased
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at high temperature compared to low and intermediate temperatures. If EFTEM and APT were

sampling both coherent and incoherent nanoclusters populations, which is very likely, or nan-

oclusters do not exhibit a interfacial coherency dependency with size, the available surface area

hypothesis could be likely.

To fully deconvolute what mechanism plays a significant role further analysis would be needed,

particularly using APT where 3D reconstructions can determine the exact effective surface area

of nanoclusters using isoconcentration surfaces, to provide fully conclusive evidence on the

relationship between nanocluster effective surface area and the RIS response in NF-ODS alloys.

Also, further work would be needed using high resolution transmission electron microscopy to

determine the coherency of different nanoclusters after irradiation to different temperatures.

Finally, in-situ experiments would be needed to be determined if different sized nanoclusters

exhibit a biased defect nature. It could also be plausible that several mechanisms combine to

determine an effective sink efficiency for the particle and hence the RIS response. Independent

of whether the change in surface area, the biased nature of the nanoclusters, or the loss of

incoherent particles influences the RIS response, the results indicate a very strong dependence

on nanoclusters and RIS. A simplified cartoon of this proposed interaction is seen in Figure

5.16.

The interaction of nanoclusters with the defect flux would also suggest segregation should be

observed at the nanocluster interface (core-shell) or a change in the bulk chemistry of the nan-

ocluster irradiated at 450 °C or higher. Several attempts were made to investigate the chemistry

of the nanoclusters using STEM-EDS to determine if the irradiated nanoclusters exhibited a

core-shell microchemical morphology without success. The unknown thickness of the matrix

material above and below a nanocluster which contributes to the EDS signal prevents a simpli-

fied deconvolution technique to determine the exact chemistry of the interface and nanocluster.

Advanced data processing techniques, including principle component analysis were also in-

conclusive in examining core-shell morphologies. Furthermore, particles under ~5-10 nm were

investigated in very thin areas of the TEM specimen to limit matrix contributions to the EDS
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signal but limited Cr, Ti, and Y counts could be observed and using longer dwell times to

increase counts only created significant beam damage during acquisition. Use of APT to inves-

tigate the RIS at the interface currently includes pitfalls which prevents the determination of a

core-shell morphology as well. The main concern using APT is the difference in evaporation

rate between the matrix and the nanoclusters leading to non-uniform evaporation of the matrix

and nanoclusters and generates overlap between the matrix and cluster during standard APT

reconstruction techniques. The overlap prevents an accurate determination if RIS is occurring

at the interface of the nanoclusters.
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Figure 5.16: Schematic of nanocluster and point defect interactions with relationship to grain
boundaries and RIS: a) low temperature; nanoclusters become unstable and have
limited interactions with point defect migration to grain boundaries and b) high
temperature; nanoclusters remain stable during irradiation and interact with point
defect flux preventing significant RIS to the grain boundary.

5.2.4 Influence of Minor Alloying Elements on RIS

Minor solute atoms may interact with the flux of major solute atoms near the grain boundary

altering the RIS response of the 14YWT specimens. Ti could be contributing to the depletion at

low temperatures. At low temperature the nanoclusters become unstable and a small fraction of

the Ti originally retrained within the nanocluster could go into solution due to ballistic mixing

near the precipitates. Parish et al. found evidence of Ti being injected into the matrix around

nanoclusters in 14YWT irradiated using Pt3+ ions irradiated to a temperature of -100 °C indi-

cating Ti could sit within the matrix when nanoclusters become unstable [132]. As discussed

in Section 5.2.2, Ohnuki et al. found Cr enriched to grain boundaries in an irradiated Fe-13 wt.

% Cr ferritic alloy [66]. When the composition of the alloy was modified to include 1 wt. %
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Ti, Cr depletion was observed at grain boundaries irradiated to 118 dpa at 525 °C. The study

also found a reduction in void swelling in the Fe-Cr-Ti alloy over the Fe-Cr binary alloy. The

difference in the RIS response as well as void swelling rate in ferritic alloys with Ti addition

suggest the migration behavior of Fe and Cr can be affected by the presence of Ti in the matrix.

The complex nature of the Cr-Fe vacancy and interstitial diffusivity, as well as the limited data

on how Ti is altering the Cr migration near defects sinks prevents verifying if the depletion

seen near grain boundaries in the 14YWT specimens is due to the Cr-Fe diffusion coefficient

ratio changes as a function of temperature discussed previously or the presence of Ti within the

matrix.

The development of ’w-shaped’ profiles in the NF-ODS at low temperature and very high dose

indicates a strong binding of Cr within the grain boundary plane preventing diffusion of Cr out

of the boundary into the matrix during the defect flux under irradiation. The formation of ’w-

shaped’ profiles have been observed in FCC steels with pre-segregation of Cr to the boundary at

low doses [133]. J. Busby demonstrated the ’w-shape’ profile in FCC steels could not be fully

accounted by the pre-irradiation Cr enrichment seen in several 300 series austenitic stainless

steels [134]. The work indicated the modified inverse Kirkendall model for FCC alloys over

estimated the rate of transition from fully enriched to ’w’ profiles to fully depleted profiles with

increasing dpa with experimentally determined depletion rates. Similar work was demonstrated

by Simonen and Bruemmer in neutron-irradiated FCC steels [135]. These findings suggests the

delayed onset of depletion in the experiment was the result of binding of the Cr and Mo within

the boundary plane and possible interactions of Cr with co-segregating elements during irradi-

ation. With the significant pre-irradiation enrichment of W to grain boundaries in 14YWT a

Cr-W interaction at the grain boundary causing the ’w’ profile could be feasible. Cr-W binding

is supported by the Cr and W concentrations at the grain boundary following the same trends

as a function of temperature as seen in Figure 5.17. It is recognized the measured segregation

profiles are only semi-quantitative due to the quantification algorithm used. To overcome this
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deficiency several grain boundaries were analyzed using atom-probe tomography (APT)2. Se-

lect segregation profiles of Cr and W are provided in Figures 5.18-5.20. APT showed good

agreement with profiles determined using STEM-EDS. Atom probe measurements further sup-

ports Cr-W interactions. At 100 °C, APT revealed full depletion of Cr to the grain boundary

which corresponds to depletion of W at the boundary. At 300 °C, W was enriched while Cr dis-

played the ’w-shaped’ profiles, inline with results obtained using STEM-EDS. At 450 °C and

600 °C, W and Cr were both fully enriched in the boundary as determined using both STEM-

EDS and APT. The relationship between Cr and W as determined using both STEM-EDS and

APT strongly suggests a Cr-W interaction retarding the RIS response at low temperatures and

very high doses at the grain boundary plane which results in the observed ’w-shaped’ profiles

in the NF-ODS steel.
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Figure 5.17: Change in on-boundary W and Cr concentration as a function of temperature after
100 dpa irradiation using Ni2+ ions.

2Results courtesy of Alicia Certain, Pacific Northwest National Laboratory (Alicia.Certain@pnnl.gov). Results
to be published.
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Figure 5.18: 1D Concentration profiles of Cr and W determined using APT from a grain bound-
ary irradiated to 100 dpa at 100 °C using Ni2+ ions.
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Figure 5.19: 1D Concentration profiles of Cr and W determined using APT from a grain bound-
ary irradiated to 100 dpa at 300 °C using Ni2+ ions.
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Figure 5.20: 1D Concentration profiles of Cr and W determined using APT from a grain bound-
ary irradiated to 100 dpa at 450 °C using Ni2+ ions.

5.2.5 Influence of Implanted Ni Ions on RIS

Ion irradiation introduces a small concentration of implanted ions into the specimen and their

concentration profiles are dependent on the irradiation conditions and target material. Figure

3.4 showed the depth and concentration of Ni ions implanted in the 14YWT specimens with a

max concentration around ~2.75 at. % at the end of the ion range. These implanted Ni ions are

at a high enough concentration to be detected using standard STEM-EDS analysis. The results

showed Ni ions were observed to diffuse to grain boundaries after irradiation and qualitatively

the highest at 100-300 °C. The exact concentration is difficult to determine as the extraction

depth of the TEM specimens after final thinning and hence the exact bulk concentration of Ni
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ions is unknown after TEM specimen fabrication. The depth would be needed to determine the

exact bulk concentration of Ni ion to use experimentally determined k-factors which is used

in the quantification algorithm. APT is capable of quantify the amount of Ni in the system as

correlation factors are not needed for reconstruction. APT has the capability to quantify the

Ni concentration, but the volume analyzed is large enough that signification variations in the

local dose can occur along the specimen axis or parallel to the specimen axis depending on

the sample preparation technique and significant variations in the local Ni concentration are

possible [136].

The small concentration of Ni implanted into the system could alter the RIS response especially

when compared to neutron irradiations. In the results presented here, Ni was implanted to the

same concentration over all irradiation temperatures and therefore the mechanisms for nan-

oclusters and minor alloying elements affecting the RIS response as a function of temperature

is most likely not affected by the Ni ions. Given this, Ni has been shown to be a slower diffuser

interstitially compared to Cr and Fe while slower than Cr and faster than Fe under vacancy

mechanisms in a BCC dilute limited system [86]. The result is the Ni ions could be affecting

the sign of the Cr segregation when compared to neutron or proton irradiations.



162

Chapter 6

Conclusions

6.1 Summary

Radiation induced segregation is a complex process which occurs in F/M steels. Several under-

lying mechanisms for RIS in F/M steels were investigated. A model F/M steel and advanced

NF-ODS steel were investigated using a variety of irradiation parameters to determine the RIS

response under different conditions. Experimental results were compared with recent modeling

work to further develop the current understanding of RIS in F/M steels.

The RIS response in F/M steels was shown to be an intricate process with many variables

responsible for determining the sign and magnitude of the segregation at grain boundaries.

Enrichment of Cr to the grain boundary in the model F/M steel indicated the conclusions of

recent modeling work that predicted interstitial and vacancy fluxes to grain boundaries are

both significant under irradiation with Cr enrichment occurring due to Cr interstitials being the

fastest diffuser within the matrix are within reason. The observed Cr depletion in the NF-ODS

indicates the ratio of point defect fluxes could be altered by either interstitial trapping due to

the high Cr matrix concentration or the addition of minor alloying elements interacting with the

point defect flux. The complex nature of the point defect flux and close balance of the vacancy

and interstitial flux to grain boundaries could be a reasonable explanation to the inconsistent

observations within the open literature.

The dose dependence within the model F/M steel indicated that F/M steels have a traditional

dose response with non-steady state conditions occurring at the low doses observed in the study.
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Results indicated the RIS response is also dependent on the temperature and the dose rate es-

pecially when comparing segregation across different incident particles. Comparisons between

ion and neutron irradiations was difficult due to the limited amount of temperature control

provided for neutron irradiation. Other factors including the differences in damage processes

further complicate the matter. The large variation within the results indicates a strong need to

complete highly systematic studies to verify trends with F/M steels due to high sensitivity to

factors such as dose, dose rate, temperature, and irradiation ion.

Results of the investigation found the RIS response was dependent on the local structure present

at the grain boundary. The RIS behavior at different grain boundary types can be attributed

to how the point defects generated via radiation damage migrate to and annihilate at grain

boundaries. Grain boundaries in the low angle regime performed as inefficient sinks for point

defects due to highly localized regions of disorder which can annihilate point defects along the

boundary. The RIS behavior at LAGB is therefore determined by the rate at which the atoms

can be absorbed at the sinks. Special grain boundaries showed similar responses to LAGBs

indicating the RIS response is also driven by the slow rate at which defects are annihilated at

the boundary due to the high coherency and low energy at the boundary. Grain boundaries in

the general HAGB regime have a high distribution of dislocations and dislocation jogs at the

boundary. The high density of dislocation jogs resulted in the HAGBs ability to perform as

efficient sinks for point defects leading to a higher RIS response over LAGBs. HAGBs seems

to be controlled by how rapidly the atoms can diffuse to the local interface region resulting

in the RIS response to be rate limited by the point defect diffusion to the boundary, therefore

performing in the near perfect sink condition.

The RIS response in NF-ODS steels is impacted by the presence of nanoclusters under irradi-

ation. At low temperatures the nanoclusters are unstable and a significant change in the grain

boundary chemistry was observed. At high temperature the nanoclusters remained stable under

irradiation leading to an arrested RIS response. The nanoclusters act as sites for point defect

trapping which reduces the point defect flux to grain boundaries under irradiation. The exact
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property of the nanoclusters which drives the point defect capture including number density,

available surface area, interface coherency, or biased sink capture of point defects remains to

be determined. Given this, the unstable clusters at low temperature indicate a loss of effective

sink density resulting in significantly higher RIS at low temperature.

The dependence of the RIS response on the structure and density of internal interfaces estab-

lishes important concepts for RIS in F/M steels. Recent advances in grain boundary engineering

techniques which alter the grain boundary character distribution of a material through differ-

ent thermal and mechanical treatments may provide an avenue to make F/M steels which are

highly resistant to RIS. Processing the steels to avoid the production of a high fraction of gen-

eral HAGB will lead to steels which are more resistant to RIS. Also, the observation made here

that the RIS response is reduced in the presence of high density point defect annihilation sites,

such as the nanoclusters in the 14YWT specimens, shows the benefits of nanoclusters within

the the F/M steel matrix. Further development of NF-ODS steels might lead to the development

of steels which are RIS resistant over a broad temperature range.

6.2 Future Work

The work presented here has established the first steps towards understanding the fundamental

mechanisms for RIS in F/M steel. A solid foundation has been formed, but gaps still exist to

fully understand RIS in F/M steels. RIS in F/M steels has been proven to be highly complex

and no one body of work will fully capture all aspects of RIS in F/M steel. Given this, there

are some clear extensions of the work presented here.

This study showed a dependence on both the dose rate and temperature of RIS in F/M steels.

The behavior over a wide range of dose rates and temperatures was not fully explored. Further

work into investigating RIS over a wide range of temperatures, particularly for the model F/M

steel would be highly beneficial. A large temperature window will allow for the determination

if the modeling input values used are applicable over a wide temperature range. It will also
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provide insight into whether there is a cross-over temperature which results in Cr depletion to

grain boundaries, a possible effect observed in the NF-ODS steel.

A systematic study of dose rate would further develop the understanding of RIS in F/M steels.

Dose rate is widely known to influence the RIS response but very few studies exist which

vary dose rate while keeping other conditions constant. Recent developments in ion beam

systems allows for orders of magnitude differences in achievable dose rates using the same ion

which could be utilized to complete the proposed work. Coupling of dose rate and temperature

studies would also be advantageous to further the knowledge of how different incident particle

irradiations influence the RIS response in F/M steels. By understanding the dose rate and

temperature effects, a more focused analysis on the differences in the damage processes of

incident ions could be studied, particularly the production of free migrating defects after a

damage cascade quench.

Structure played a large role in determining the RIS response at grain boundaries. An ex-

tension of this work would be to investigate other interfaces. Precipitates can be coherent,

semi-coherent, and incoherent each with a unique interfacial structure. Research could be com-

pleted investigating whether the coherency-RIS dependency observed at grain boundaries can

be transferred to precipitate-matrix interfaces. This study would significantly impact the devel-

opment of using nanoclusters dispersions with different interfacial structures in F/M steels.

APT can provide 3D microchemical maps of different structures. APT could be potentially

leveraged to obtain information on not only the segregation across the grain boundary but

within the grain boundary plane. The theories proposed in this work indicate the dislocations

and dislocation jogs within the grain boundary plane act as preferential sites for point defect ab-

sorption. APT might reveal the distribution of segregates within the plane is non-uniform with

solute atoms sitting on the grain boundary dislocations. The homogeneity of the segregation

within the plane could be studied over all three grain boundary regimes.

The structure was shown to influence the concentration gradient of points defects. An annealing

study of the RIS at these different structures would provide more information about the rate
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of point defect annihilation at the boundary. A very high dose irradiation at different grain

boundary structures would assist in determining if there is different RIS saturation limits at low

angle versus high angle grain boundaries. Both these experiments could be linked to further

understand the relationship between grain boundary structure and point defects.

The Ti additions or high Cr content was speculated to interact with the point defect fluxes

resulting in the depletion at the grain boundary. The composition dependence of Cr to point

defect mobility is still not well understood. A study using irradiated model alloys with varying

Cr content, along with Ti additions within solution could be conducted. Varying the Cr concen-

tration would help determine if the proposed interstitial trapping mechanism is reasonable. Ti

additions would indicate if composition refinements could be made to reduce the RIS behavior

at F/M steel grain boundaries.

Only one neutron irradiation condition was observed at the time of this study for the model

F/M steel. Further work in understanding the RIS process under neutron irradiation would be

beneficial to verify the trends observed with ion irradiation experiments. With this, the effects

of ion beam scanning have only be speculated. Experimental investigations into the effects of

rastered versus non-rastered irradiations would assist in bridging the gap between neutron and

ion irradiation experiments.
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Appendix A

The RIS model for a binary Fe-Cr system with modified boundary conditions is based on the
Wiedersich et al. model for RIS in a binary alloy [93] and Duh et al. [91] derived boundary
conditions. In the Wiedersich model the segregation is due to the diffusion of point defects and
their rate equations are:

∂CFe

∂ t
=−∂JFe

∂x
(A-1)

∂CCr

∂ t
=−∂JCr

∂x
(A-2)

∂Cv

∂ t
= εKo−RRCvCi−RV DCV −

∂Jv

∂x
(A-3)

∂Ci

∂ t
= εKo−RRCvCi−RIDCI−

∂Ji

∂x
(A-4)

where C is the site fraction, J is the flux of the species of interest, RR is the rate coefficient
for recombination of vacancies and interstitials, RV D and RID are the rate of vacancies and
interstitials loss to dislocations respectively, Ko is the dose rate in dpa/s and e is the damage
efficiency which is dependent on the incident particle. The rate of vacancy and interstitial
loss to dislocations, RV D and RID, can be determined using the following equation (where d =
vacancy or interstitial):

Rd = ZdD4πrrD
ρD

δ
Dd (A-5)

where ZdD is the bias factor, rrD is the radius of capture for defect species d, ρD is the dislo-
cation density, δ is the interplanar distance, and Dd is the diffusivity of defect species d. The
dislocations are assumed to be unbiased and ZdD is set equal to 1.

The conservation equations for alloying elements Fe and Cr are:

∂CFe

∂ t
=−∇JFe (A-6)

∂CCr

∂ t
=−∇JCr (A-7)

The model assumes all diffusion of vacancies and interstitials occurs with Fe and Cr atoms and
the fluxes of defects and atoms to the grain boundary can be written as:
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Ji = Ji
Fe + Ji

Cr (A-8)

Jv =−(Jv
Fe + Jv

Cr) (A-9)

JFe = Jv
Fe + Ji

Fe (A-10)

JCr = Jv
Cr + Ji

Cr. (A-11)

Knowing the partial diffusion coefficients for each species the fluxes can be rewritten as:

JFe =−(dv
FeNFe +di

FeNFe)α∇CFe +dv
FeNFe∇Cv−di

FeNFe∇Ci (A-12)

JCr =−(dv
CrNCr +di

CrNCr)α∇CCr +dv
CrNCr∇Cv−di

CrNCr∇Ci (A-13)

Jv = dv
FeNvα∇CFe +dv

CrNvα∇CCr− (dv
FeNFe +dv

CrNCr)∇Cv (A-14)

Ji =−di
FeNiα∇CFe−di

CrNiα∇CCr− (di
FeNFe +di

CrNCr)∇Ci (A-15)

where dv
Fe, di

Fe, dv
Cr, and di

Cr are the partial diffusion coefficients, N is the number density of
each species, and α = (1+∂ lnγFe/∂ lnNFe) = (1+∂ lnγCr/∂ lnNCr) is the thermodynamic fac-
tor which accounts for the difference between the chemical potential gradient and the concen-
tration gradient. The terms γFe and γCr are the activity coefficients for Fe and Cr, respectively.
Only three of the four flux equations in Eqs. A-12 - A-15 are independent according to:

Ji− Jv = JFe + JCr (A-16)

because the atom and defect fluxes must balance. Eqs. A-12 - A-15 can then be used in the
original concentration rate equations obtaining:
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∂Cv

∂ t
= εKo−RCvCi−∇ [dv

FeNvα∇CFe +dv
CrNvα∇CCr− (dv

FeNFe +dv
CrNCr)∇Cv] (A-17)

∂Ci

∂ t
= εKo−RCvCi−∇

[
di

FeNiα∇CFe−di
CrNiα∇CCr− (di

FeNFe +di
CrNCr)∇Ci

]
(A-18)

∂CCr

∂ t
= ∇

[
−(dv

CrNCr +di
CrNCr)α∇CCr +dv

CrNCr∇Cv−di
CrNCr∇Ci

]
(A-19)

and the concentration of Fe can be found by CFe = 1−CCr. Typical applications of the model
assume the grain boundary acts as a perfect sink and the concentration of interstitials and va-
cancies are fixed at their thermal equilibrium values by:

Ci(t,0) = exp

(
−H f

i
kT

)
(A-20)

and,

Cv(t,0) = exp

(
−S f

v

k

)
exp

(
−H f

v

kT

)
(A-21)

where H f
i and H f

v are the formation energies of interstitials and vacancies in the alloy and S f
v is

the effective entropy for vacancy formation.

The model was further developed by Duh et al. to capture the structure dependence of a grain
boundary on the point defect flux [91]. The modified model assumes the grain boundary dis-
locations act as perfect sinks for defects and explicitly determines the flux of point defects to
the dislocations. The flux of point defects near a grain boundary in Eq. A-14 and Eq. A-15
are partitioned into two fluxes, J0

v,i, which is the flux of defects within the interaction distance
of the grain boundary, and J1

v,i, which is the flux of defects outside the interaction distance of
the grain boundary. The model assumes point defects leaving the region within the interaction
distance of a boundary is due to the diffusion of point defects along secondary grain bound-
ary dislocations for general high angle grain boundaries and direct diffusion to primary grain
boundary dislocations for low angle grain boundaries. This is shown schematically in Figure
A-1. The flux, J0

v,i, can be related to the flux along a grain boundary, Jgb
v,i , using:

J0
v,i =

2Jgb
v,i δ

d
(A-22)

for general high angle grain boundaries and,
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J0
v,i =

Jgb
v,i

d
(A-23)

for low angle grain boundaries, where d is the distance between grain boundary dislocations
and δ is the grain boundary thickness. The distance between grain boundary dislocations can
be defined using Eqs. 2.1 and 2.6. The flux along the grain boundary mimics the definition for
the flux through the bulk to the grain boundary in Eq. A-8 and Eq. A-9 where:

Jgb
i = Ji,gb

Fe + Ji,gb
Cr (A-24)

Jgb
v =−

(
Jv,gb

Fe + Jv,gb
Cr

)
(A-25)

where Jv/i,gb
Fe/Cr is the flux of vacancies or interstitials via Fe or Cr atoms in the grain boundary.

The model assumes the flux of the defects via Fe or Cr atoms in the grain boundary can be
described using an effective partial grain boundary diffusion coefficient and sink strength using
the form:

Ji,gb
Cr =

Sdi,gb
Cr CCr(Ci−Ceq

i )

Ω
(A-26)

Jv,gb
Cr =

Sdv,gb
Cr CCr(Cv−Ceq

v )

Ω
(A-27)

Ji,gb
Fe =

Sdi,gb
Fe CFe(Ci−Ceq

i )

Ω
(A-28)

Jv,gb
Fe =

Sdv,gb
Fe CFe(Cv−Ceq

v )

Ω
(A-29)

where Ω is the average alloy atomic volume, S is the sink strength of the grain boundary dislo-
cations and dv/i,gb

Fe/Cr is the effective grain boundary diffusivity coefficient for vacancies or inter-
stitials of a specified element. The sink strength, S, can be written as [137]:

S = gozm (A-30)

where go is a geometrical parameter based on grain boundary structure, z is the sink capture
efficiency and m is a multiple sink correction factor. For simplicity, z and m are set to equal one
as the grain boundary dislocations are considered perfect sinks and interactions between grain
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boundary dislocations are ignored. The geometrical parameter, go, can be related to the grain
boundary structure by:

go =
1

(d/2−αb)
(A-31)

for general high angle grain boundaries and,

go =
1

ln(d/2αro)
(A-32)

for low angle grain boundaries where α is a constant assumed to be equal to one and b is
the Burgers vector of the grain boundary dislocations which comprise the grain boundary. To
solve each defect-atom grain boundary flux, the partial diffusion coefficients of each defect-
atom must be defined. The grain boundary diffusion coefficients are assumed to follow an
Arrhenius-type temperature-dependence based on empirical evidence [138]:

dv/i,gb
Fe/Cr = dv/i,gb

Fe/Cr,0exp

Ev/i,gb
Fe/Cr

kT

 (A-33)

where Ev/i,gb
Fe/Cr is the activation energy for grain boundary diffusion of a specific defect-atom

species, dv/i,gb
Fe/Cr,0 is the pre-exponential factor for a specific species , k is Boltzmann constant

and T is the temperature. Eq. A-33 can be rewritten assuming the diffusion along a grain
boundary is proportional to the rate of a characteristic jump of a marked defect within the
boundary. Therefore, the partial diffusivity is proportional to the jump distance squared, the
rate of jumping, and the partial correlation factor of its characteristic jump [37]. The result is
Eq. A-33 can be written as [37]:

dv/i,gb
Fe/Cr = gv/ia

2Z f GB
v/i νoexp

Ev/i,gb
Fe/Cr

kT

 (A-34)

where gv/i is a dimensionless constant based on the structure, a is the lattice parameter, Z is
the coordination number, f GB

v/i is the correlation factor for the specific defect type, and νo is the
attempt frequency. The quantities are adjusted to represent the average effect of all jumps pos-
sible in the boundary core of a specific defect which contribute to the grain boundary diffusivity
of an atom-defect in the boundary. For grain boundary diffusion in metals the activation energy
for grain boundary diffusion is typically lower than the activation energy for lattice diffusion
[138]. The activation energy of a defect in a grain boundary was not explicitly used within the
model. The assumptions of Aleshin et al. was used to find an approximate value [139]. Aleshin
assumed the bulk and boundary diffusion differ by the grain boundary energy where:
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Ev/i,gb
Fe/Cr ≈ Ev/i,bulk

Fe/Cr −a2
γgb (A-35)

where γgb is the grain boundary energy based on dislocation theory. This approximation is not
explicitly based on physical values and the grain boundary diffusivities are only a first-order
approximation of the realistic value. Substituting Eq. A-35 into Eq. A-34 the grain boundary
diffusivity can be determined by:

dv/i,gb
Fe/Cr ≈ gv/ia

2Z f GB
v/i νoexp

Ev/i,bulk
Fe/Cr −a2γgb

kT

 . (A-36)

The grain boundary diffusivity for each species can then be substituted into the Eqs. A-26 -
A-29 to get the grain boundary flux as a function of the grain boundary dislocation separation
and grain boundary diffusivity. Simple analysis shows general high angle grain boundaries
diffusivity coefficients are very large compared to the bulk lattice value. This results in J0

v,i being
much higher than J1

v,i under irradiation resulting in the general high angle grain boundaries
absorbing defects rapidly and meeting the perfect sink condition. For low angle or special grain
boundaries the defect flux in the boundaries is lower than general high angle grain boundaries
due to the lower defect diffusivity in the boundary and the defect concentration is not strictly
maintained at the thermal equilibrium value. The defect concentration gradients for specific
misorientation angles can be seen in the main text in Figure 2.24.

The derivation for the grain boundary diffusivities have some limitations. First, the grain
boundary diffusivities are not well known and an approximation is used based on bulk values.
Any errors in the calculation in the bulk values, such as the bulk activation energies, would
propagate to the values used in the grain boundary approximations. Also, the single degree of
freedom description of the grain boundary energy has well known issues. In the model, the
grain boundary misorientation angle is solely used to describe the grain boundary energy. As
discussed in the main text, the grain boundary is dependent on all five degrees of freedom for
the boundary. This is particularly problematic when considering grain boundary twin structures
as coherent twins energy are very different to those of incoherent twins. Furthermore, the grain
boundary dislocations are treated as perfect sinks but the absorption of point defects in itself is
a complex process and the behavior of grain boundary dislocations could deviate from the ideal
sink condition [36].
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Figure A-1: Schematic showing the partitioning of defect fluxes at grain boundaries used in the
RIS model. (a) The defects interacting with a general high angle grain boundary.
(b) Defects interacting with a low angle grain boundary and diffusing directly to
grain boundary dislocations. From [91].
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