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ABSTRACT

The objective of this study is to determine the validity of in situ transmission
electron microscopy (TEM) micro-compression of pillars in as received and ion-
irradiated Fe-9%Cr oxide dispersion strengthened (ODS) alloy. The growing role of
charged particle irradiation in the evaluation of nuclear reactor candidate materials
requires the development of novel methods to assess mechanical properties in near-
surface irradiation damage layers just a few micrometers thick. In situ TEM mechanical
testing is one such promising method, yet size effects must be understood to validate the
technique. In this work, a micro-compression pillar fabrication method is developed.
Yield strengths measured directly from TEM in situ compression tests are within
expected values, and are consistent with predictions based on the irradiated
microstructure. Measured elastic modulus values, once adjusted for deformation and
deflection in the base material, are also within the expected range. A pillar size effect is
only observed in samples with minimum dimension < 100 nm due to the low inter-
obstacle spacing in the as received and irradiated material. By comparing the
microstructural obstacle spacing with specimen dimensions, size effects can be
understood and TEM in situ micropillar compression tests can be used to quantitatively

determine mechanical properties of shallow ion-irradiated layers.

Vi
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CHAPTER ONE: INTRODUCTION AND MOTIVATION

Compared to current fission reactors, increased temperatures and irradiation
damage doses will be reached in advanced fast fission reactors and fusion reactor designs.
In the former, higher temperatures will improve thermal efficiency, but the higher
neutron fluxes induce higher damage doses. In the latter, fusion reactions result in high
doses. As such, there is an increasing need for advanced alloys in structural and cladding
applications for both reactor types. These materials must withstand temperatures up to
700 °C and doses up to several hundred displacements per atom (dpa) [1-5]. ODS steels
are of great interest for these applications due to their dimensional stability under
irradiation and high temperature strength [6-23]. This work focuses on one such alloy, a
model Fe-9%Cr ODS martensitic steel.

To evaluate the integrity of materials, including ODS steels, in reactor
environments, they must undergo neutron irradiation testing. However, neutron
irradiation testing of materials is time-consuming, costly, and causes radioactivation of
samples. Charged particle irradiations are often used to emulate neutron damage,
speeding up testing time by at least two orders of magnitude, with little to no
radioactivity, and hence can be conducted at a fraction of the cost. However, ion
irradiation does not necessarily provide a one-to-one comparison with neutron irradiation
[22—30]. Differences in irradiating particle and temperature can cause vastly different
microstructural damage, which can manifest as different mechanical properties [23].

However, ion irradiations remain attractive for their ability to quickly and cheaply test



candidate alloys under a variety of conditions. Being able to attain meaningful
mechanical properties from ion irradiated materials is of utmost importance in improving
and validating models that allow us to then predict the behavior and performance of
materials under high temperature and high neutron irradiation dose environments.

Another notable contrast between neutron and ion irradiations — and that which
will be the motivation for this work — is the difference between their damage profiles.
Figure 1.1 shows the damage profiles for neutrons, protons, and iron ion irradiation on a
target material of Fe-9%Cr ODS as calculated using the Stopping and Range of lons in
Matter (SRIM) 2013 program in “Quick Calculation” (Kinchin-Pease) mode [31]. At 5
MeV, Fe?* ion damage exhibits a steep gradient between the surface and the damage peak
which is located approximately 1.2 pm from the surface. Damage from 2 MeV protons
reaches further into the material, with a stable damage range between the surface and the
peak, located at approximately 19 pum from the surface. Finally, neutrons create a

uniform damage profile through the specimen.
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Figure 1.1  Damage profile as calculated by SRIM for Fe?* ions, protons, and
neutrons



Due to the shallow damage layer in both Fe?* ion and proton irradiation, novel
mechanical test methods to characterize candidate alloys must be developed to probe this
shallow damage layer. Conventional scale tensile or compression specimens sample not
only the shallow ion irradiated layer but also reach far into the bulk, unirradiated
material. This can be seen in Figure 1.2a, in which the unirradiated bulk material
dominates the mechanical response, rendering one unable to discern the influence of
irradiation. However, the irradiated layer can be isolated, and the mechanical response
can probe in just that layer, by reducing the tested specimen size. An example of this
reduced specimen size is shown in Figure 1.2b, which is a microscale sample that can be
focused ion beam (FIB) milled and mechanically tested in situ TEM. Overlayed on both
is the damage profile (in orange). It is easily seen that conventional testing methods are
unable to assess just the irradiation effects, whereas micromechanical testing methods

only sample from the shallow ion irradiated layer.

A B

~5my‘

Irradiation

Figure 1.2  Example geometry and ion-irradiation damage profile overlay of (a)
conventional vs. (b) in situ compression specimens

Yet, at the small length scales necessary for micromechanical testing, especially

in situ TEM micromechanical testing, size effects are a concern. In pure metals, like



copper [32—34], nickel [35,36], or single grained chromium [37] and magnesium [38],
mechanical properties are inflated due to source truncation and exhaustion in the
dimensionally constrained small specimen volumes. However, work on materials with
more complex microstructures and even irradiated pure metals suggests that this size
effect is less pronounced due to the reduced average spacing between obstacles, which
serve as both sources and pinning points for dislocations [39-43].

We hypothesize that with reduced obstacle spacing, sample dimensions can be
reduced to TEM scale. The objective of this work is to determine if in situ TEM
micromechanical testing can be utilized to quantitatively determine yield stress and
elastic modulus of a model Fe-9%Cr ODS alloy independent of size effects. In this thesis,
Chapter 2 will provide an overview of the fundamentals of the examined ODS alloy and
size effects. Then, a published peer-reviewed journal article that addresses the objective
of this thesis will be presented in Chapter 3. Finally, conclusions and future work are

presented in Chapter 4.



CHAPTER TWO: BACKGROUND

The objective of this chapter is to give the reader a detailed understanding of the
size effects in TEM in situ testing. This will be a four-step process, starting with the
basics and moving into more refined understandings, specific to the material used in this
study, Fe-9%Cr ODS, and specific to the micro-compression technique used.

The process begins with a fundamental understanding of mechanical responses in
metals. This includes elastic deformation, dislocation motion and plastic deformation,
strengthening mechanisms, and the stress-strain relationship.

With the knowledge of mechanical responses in general metals, we’ll then step
into the specifics of Fe-9%Cr ODS behavior. The major microstructurally-based
strengthening mechanisms employed in this alloy will be discussed. Then the changes to
this microstructure, and hence to mechanical properties, due to ion irradiations will be
explained.

Next, a comparison of conventional vs. micro-mechanical testing methods will be
provided. This will highlight the major techniques used in both size regimes: tensile,
compression, and indentation/hardness testing. A more detailed look at micro-
compression testing will be undertaken.

Finally, there will be a discussion on the methods required to resolve and
understand the size effect issues seen during general in situ TEM micro-compression

testing and testing of Fe-9%Cr ODS.



2.1 Fundamentals of Mechanical Responses in Metals

2.1.1 Bond Stretching and Elastic Deformation

In a solid, atoms are bonded to each other at an equilibrium separation distance,
ro, that minimizes the energy, Eo. In Figure 2.1, the potential energy, E, is shown as a

function of atomic separation, r. It is the sum of repulsive, Er, and attractive, Ea, energies
between atoms.

+ 1|
|‘<—IL Repulsive energy Ex
L/
1
v
|
E \I\\ Interatomic separation r
|

£ Attractive energy E,
- ’
Figure 2.1

Energy-separation profile — adapted from [44]

By taking the derivative of the energy with respect to the separation distance, the force,

F, between the atoms can be found. Figure 2.2 shows this relationship.

Strongly
bonded

Force (%)r

(dE) 0 Separation r
F=(—
dr

Weakly
bonded

Figure 2.2  Force-separation profile — adapted from [44]



A nonpermanent deformation, or elastic deformation in a material is simply a
stretching (or compression) of the equilibrium bond length between atoms. The elastic
modulus, E, is a measure of the resistance to stretching of those bonds, given in Figure
2.2 as the derivative of the force with respect to the separation at the equilibrium
separation distance. As can be seen, a strongly bonded, high elastic modulus, material has
a larger slope than a weakly bonded, low elastic modulus material. As such, there is more
resistance to the stretching of the atomic bonds in high modulus materials.

2.1.2 Dislocation Motion and Plastic Deformation

In a crystalline material there are two main types of dislocations, edge and screw.
The edge dislocation arises from an incomplete plane of lattice atoms (sometimes called a
half-plane); the edge of this incomplete plane forms the dislocation line. Compression is
felt by the atoms above the dislocation line, whereas tension is felt by the atoms below
the dislocation line. A screw dislocation occurs when there is a shear in the material,
causing some of the atomic planes to slip or shift with respect to the remaining planes.
Often a dislocation will be mixed, with both screw and edge characteristics. The various

types of dislocations can be seen in Figure 2.3.
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Figure 2.3  (a) Edge, screw, and mixed dislocation — adapted from [44]

The Burgers vector, b, gives the magnitude and direction of the dislocation from
what would otherwise be a perfect crystal lattice. In edge dislocations the Burgers vector
is perpendicular to the line dislocation and in screws they are parallel. As can be seen in
the figure above, the Burgers vector stays the same throughout the mixed dislocation.

Plastic deformation in materials, or permanent deformation, occurs when a load
applied to the material begins to move these dislocations through the material. Here the
atomic bonds are breaking then re-forming with different atoms, not merely stretching as
in elastic deformation. The point at which plastic deformation begins is given by the
material property, ay, yield strength. Section 2.1.4 will discuss how this value is
measured. The important thing for now is understanding how a dislocation can move.

Figure 2.4, adapted from [44], demonstrates the simple movement of an edge
dislocation under shear. The extra half plane of atoms, plane A in Figure 2.4a,
consecutively breaks and moves an interatomic distance until it reaches the surface of the

crystal lattice at plane D.
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Figure 2.4  (a) Edge dislocation motion under shear load — adapted from [44]

This plastic deformation produced by dislocation motion is called slip. And the
plane that the slip occurs is indicated in Figure 2.4 as well. This slip plane is the preferred
plane for dislocations to move along; this direction is called the slip direction. The
combination of slip plane and direction results in the slip system. For body-centered

cubic (bcc) iron there are a few slip plane families {110}, {211}, {321} that result in a
single slip direction (111). This gives a Burger’s vector of b = %(111), where a is the

lattice parameter [44].

In a single crystal, deformation occurs along these slip planes in the material. The
load needed to start the slip motion is called the critical resolved shear stress which can
be related to the yield stress through the following equation, where the angles ¢ and 1 are
measured between the slip normal and slip direction, respectively, to the loading axis.

o = TcRrss
Y (cos @ cos N max Equation 2.1 [45]

These planes and angles can be seen in Figure 2.5a. 2.5b shows idealized macroscopic

slip events in a single crystal.
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Figure 2.5  (a) Slip and normal planes to uniaxial tensile load (b) idealized
macroscopic slip events in a single crystal — adapted from [44]

In polycrystalline materials, dislocations will move the same way they do in
single crystals, however there are grain boundaries that can hinder dislocation motion.
Some grain boundaries will be more or less favorably oriented to permit dislocations to
transmit through them [44]. This increases the strength of the material. This strengthening
mechanism, as well as a few other mechanisms, will be discussed in the following
section.

2.1.3 Strengthening Mechanisms

Now that there is a basic understanding of dislocations and their motion, we can
discuss the various methods used to slow dislocation movement in steels. By retarding
the dislocation motion we can increase the yield strength. There are three basic
strengthening mechanisms: 1) solid solution hardening, 2) dispersion or precipitate
strengthening, and 3) grain size refinement.

While discussing these strengthening mechanisms, keep in mind that there are two
constraints on a material when it comes to size effects. First, is the set of microstructural

constraints, which is defined by the microstructure of the material. The other is the
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dimensional constraints, which is determined by the specimen size; specimen sizes can
generally be classified as either bulk samples (dimensions in the m-mm range) or micro-
mechanical (dimensions in the nm-um range). Size effects occur when these two sets of
constraints, microstructural and dimensional, reach the same scales. The fundamentals of
mechanical responses begin to change. It is essential to understand the microstructure in
context of the dimensions of the tested specimens to validly utilize micro-mechanical
testing. The three strengthening mechanisms discussed here all affect the microstructural
constraints.

Further, there are two sub-categories of microstructural constraints in metals. The
first is the characteristic length; one of the most fundamental of types being a Burgers
vector of a dislocation. The Burgers vector gives the magnitude and direction of the
dislocation. It is a measure of the strength of the lattice distortion caused by the
dislocation’s presence; it characterizes the strength of the lattice distortion [45]. The
second sub-category is the size parameter; this could be grain size or obstacle spacing
[45]. The interaction of the two, characteristic length and size parameter, has a direct
relationship to the microstructural constraint on yield strength. Where applicable, these
labels will be used in the following discussion of each strengthening mechanism.

In solid solution hardening, impurity atoms introduce lattice strains on the
surrounding host atoms: compressive for larger impurities, tension for smaller impurities.
This compressive effect can be seen in Figure 2.6a for a larger impurity atom. Figure 2.6b
shows how impurity atoms tend to congregate around dislocations to reduce the lattice
strain introduced by the dislocation. This strengthens the alloy because any slip would

need to move those impurity atoms and the lattice strain would increase [44]. Here the
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microstructural constraint is defined by the interaction of the edge dislocation

(characteristic length) and the impurity atom (size parameter).
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Figure 2.6  Effect of impurity atoms in a lattice — adapted from [44]

Precipitation/dispersion strengthening occurs when small phases or particles,
respectively, act as barriers to dislocation motion [19,22,44,46,47]. As a line dislocation
attempts to move past a particle, it has an inherent line tension that resists bending around

the particle. This is given by:

Tq=—= Equation 2.2 [45]
where G is the shear modulus. The characteristic length is the diameter of a curved

dislocation (or loop), d, under a shear stress, z. This diameter is given by:

Gb
d(@) =— Equation 2.3 [45]
Now that we have the characteristic length, we must try and understand how it interacts

with the various particle types or size parameters found in advanced alloys.



The most straightforward is the Orowan mechanism. Here the dislocation must
fully bypass the obstacles to result in plastic deformation. As can be seen in Figure 2.7,
the size parameter of note is the obstacle spacing, L. As the characteristic length, d,

approaches the obstacle spacing (2.7b), the dislocation can move past the obstacles.

d>L d=L

)
) )
o ) ) —
=™
(a) (b)

Figure 2.7  Orowan mechanism relating the characteristic length, d, with the
obstacle spacing, L — reproduced from [45]

We can then adjust Equation 2.3 using the Orowan stress, zor, and the obstacle
spacing.

Gb
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Tor =7 Equation 2.4 [45]

As the dispersion of particles becomes more even throughout the alloy and there results a

‘dislocation forest,” the average obstacle spacing, Lo, can be taken on average and related

to the dislocation density, p, through:

Nopdop- Equation 2.5 [45]
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Where the dislocation density is the product of the sum number density of all obstacles,
Nob, and the weighted average diameter of the obstacles, d,,. Then substituting Equation

2.5 into 2.4 results in the classical work-hardening Taylor equation:

T = aGb /Nobdob Equation 2.6 [45]

Where « is a factor describing the penetrability of the obstacles. In steels, a can be found

through the following relationship:

1 l
*= ﬂln (Z_rc) Equation 2.7 [48]
Where r¢ is the dislocation core radius. Listed are some general values for a of different
obstacle types. In precipitates and voids that cause bowing a=1, and for cutting a=0.3-
0.5. For dislocation loops a=0.25-0.5 and for black dots «<0.2, but a values can also
vary with the size of these obstacles [48].

Grain size refinement is the last strengthening mechanism to be discussed. The
number and size of the grains is extremely important to dislocation motion. Grain
boundaries act as additional obstacles (size parameters) for the dislocations (characteristic
lengths) to interact with. The more incoherent the boundary, the more energy it takes to
move a dislocation across it. Hence the material is strengthened with an increase in grain
quantity, or reduction in grain size.

This increase in energy comes from dislocations in a material that will build up,
or pile-up, along grain boundaries. The resolved shear stress on the slip plane applied by
a dislocation is, za, and therefore the stress at the head of the pile-up is nza, where n is the
number of dislocations in the pile-up. The number of dislocations in a pile-up is related to

the length of the pile-up, Ly, and that is proportional to the grain diameter through:
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_ a'nGb
T, Equation 2.11 [49]

p

Where o' is a geometrical constant equal to 1 for screw dislocations and (1-v) for edge
dislocations. v is Poisson’s ratio. If the source of the pileup is located at the center of the
grain, then Lp = dg/2, where dg is the grain diameter. If the stress required to pass through
the grain boundary is tc, then:

o'mdg T2
Te=">5eh Equation 2.12 [49]

The friction forces required to move a dislocation without obstacles is zo so that we end

up with the Hall-Petch relationship:

1
T,=Totkd, 2 Equation 2.13 [49]

Equation 2.13 can also be modified for yield strength as shown below:
1

oy =0y +kdy 2 Equation 2.14 [44]
Where g, and k are constants of the material due to frictional forces required to move a
dislocation and the geometry of the dislocations, respectively. Additionally a reduced
grain size not only improves strength, it also increases the toughness of alloys [44]. Grain
size refinement uses the interaction between characteristic length (dislocation pile-up)
and size parameters (grain size) to improve mechanical properties of the alloy.

The Hall-Petch equation’s accuracy varies with the alloy system and the grain size
range [49]. As can be seen in Figure 2.8 below, the grain size range at which the Hall-
Petch relationship is most accurate is between 10-100 um. For smaller grain sizes, <10
um, the yield stress is limited by the maximum theoretical strength because of the
availability of a dislocation source. In the normal Hall-Petch grain size range, the yield

stress is that required to move the already existing dislocations. But at the smaller grain
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sizes — and this also holds for smaller specimen dimensions — fewer dislocations are
available within each grain, and their population is insufficient to induce plasticity. Thus,
the stress required is that needed to create dislocations that will subsequently move

through the material during plastic deformation [45].
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Figure 2.8  Hall-Petch plot for iron and low-carbon steel across grain sizes
ranging from 100 pm to 1 nm — adapted from [49]

Each type of obstacle (precipitates, voids, dislocation loops, black dots, or grain
boundaries) add to the yield stress increment, and modifying Equation 2.6 results in the

yield stress increment, Aa,, instead of the shear stress, , for any type of obstacle.

Ao, = aMGbVND Equation 2.8 [48]
Where N is the dislocation number density, D is the dislocation size (obstacle size
parameter), and M is an upper limit for the ratio of uniaxial yield strength to resolved

shear strength. M is 3.06 for bcc lattices [48].
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Altogether the total yield stress increment due to the dispersed obstacles in the
microstructure is generally a linear superposition for obstacles with dissimilar strengths
shown below:

Aoy, = Z Aoy,
7 Equation 2.9 [48]

Or a root-sum-square superposition for obstacles with similar strength.

Equation 2.10 [48]
Where the subscript i denotes each type of obstacle. Again, Equation 2.10 ultimately
describes the relationship between a characteristic length (of the dislocation forest) and
the size parameter (of the obstacles inhibiting the dislocation motion).

2.1.4 Mechanical Properties — Yield Strength and Elastic Modulus

In Section 2.1.1 we learned that elastic deformation comes from atomic bond
stretching and that the elastic modulus is a measure of this bond energy. Section 2.1.2
explains how plastic deformation comes from dislocation motion and that the accepted
measure of the onset of plastic deformation is the yield strength, oy. The various
strengthening mechanisms within the microstructure that inhibit dislocation motion and
improve yield strength were discussed in Section 2.1.3.

Now that yield strength and elastic modulus have been conceptually defined, the
actual method of calculating both will be discussed. This section will look at the

equations used to find both in mechanical testing.
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To understand yield strength and elastic modulus, an understanding of stress and
strain must first occur. Engineering stress, o, is the force, F, exerted along the initial

cross-sectional area, A, as shown in Equation 2.15.

=7 Equation 2.15
Engineering strain, ¢, is measured as the change in length, 4/, over the initial length, lo,

and where l; is the instantaneous length.

L=l Al
Ty Equation 2.16

&

Stress and strain are related through the elastic modulus, E, in the elastic region of
deformation in a material through Hooke’s Law.
o=Ee Equation 2.17

This region is linear under both load and unload and often only applies to small strains in
the material, especially in steels [44].

Yield strength, oy, signifies the onset of plastic deformation and is often measured
using the 0.002 strain offset method. This is shown in Figure 2.9. At 0.002 strain, a line
with slope given by the load curve, E, intersects the stress-strain curve resulting in the

yield stress, oy, or the point at which elastic deformation turns to plastic deformation.
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Figure 2.9  Stress-strain curve showing yield strength measurement through
0.002 strain offset — adapted from [44]

2.2 Understanding of ODS Behavior

Now that there is a basic understanding of the fundamentals of mechanical
responses of metals due to dislocations and strengthening mechanisms in the
microstructure we can take a specific look at the material studied in this work, Fe-9%Cr
ODS. This will begin by looking at the unirradiated microstructure and accompanying
mechanical properties, then work into the changes induced by ion irradiation.

Iron-chromium (9-12 wt%) ferritic/martensitic steels have long been used in
power-generation as boiler and turbine materials. The 1970’s, however, was the first time
this set of steels was considered for cladding and structural materials in nuclear reactors.
Work on this set of materials is being conducted by all the major geographical nuclear
powers: Japan, the European Union countries, and the United States [50].

These materials are attractive for nuclear applications because of their high-
temperature strength and dimensional stability under irradiation. An additional advantage

is reduced or low-activation found in these materials. As reactors are maintained and
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upgraded, waste or left-over structural materials must be disposed of or recycled and a
reduced activation is key to the safe disposal of these materials [50].

A great deal of work has been done on this class of materials to understand its
performance with different alloying elements, different processing methods, and under
different particles and levels of irradiation. In this thesis, only a model Fe-9%Cr steel is
used and as such, only prior work on this material will be discussed. For detailed
understandings of other compositions of Fe-Cr alloys see ref. [50].

Through these various hardening mechanisms, Fe-9%Cr has been tailored to
perform with minimal microstructural change within fast fission and fusion
environments. The uniform oxide dispersion, small grain size, and high dislocation
density make it ideal for a high temperature and high dose environment. In Section 2.2.2
the influence of irradiation on the as received microstructure will be discussed. Section
2.3.1 will provide the yield strength and modulus results from bulk testing of the as
received and irradiated material.

2.2.1 As-Received ODS

Nuclear-relevant ODS alloys are often based on an Fe-Cr alloy matrix, which
takes a ferrite, martensite, or a duplex ferritic-martensitic (F-M) structure. To produce
martensite, austenite (y iron) must be quenched rapidly such that diffusion does not
occur. The atoms in the austenite face-centered cubic (fcc) structure quickly shift to
body-centered tetragonal (bct) positions. This is a non-equilibrium condition and carbon
atoms sit in interstitial locations [44]. Martensite is often tempered below 650°C to relax

internal stresses formed during the transition from fcc to bct. Under these conditions, the
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resulting microstructure is a mix of residual fine ferrite (a) grains and austenite (y)
converted martensite phase [47,51].

The alloying elements, C, N, Ni, and Mn extend the y-phase field, while the
elements Cr, W, Si, and Ti contract it [50]. The latter elements also form more &-ferrite.
C is the cheapest austenite former, but reduces the toughness of the alloy and results in
coarser grain sizes [50]. A balance must be made between the two groups of alloying
elements and their accompanying resultant phases.

In this Fe-9%Cr ODS, the matrix element is iron (Fe). It is mechanically alloyed
with other elements, chromium (Cr), carbon (C), tungsten (W), titanium (Ti), yttrium
oxide (Y203), iron-yttrium intermetallic compound (Fe->Y), and iron oxide (Fe2Oz3)
powders through ball milling for 48h in an argon gas atmosphere. The resulting powder is
sealed in cans and degassed at 673K in a vacuum of 0.1 Pa. This was then hot-extruded at
1423 K and air-cooled [47]. The detailed composition of this model Fe-9%Cr ODS alloy
is listed in Table 2.1.

Table 2.1 Chemical composition of model Fe-9%Cr ODS alloy

Chemical Composition (wt.%, balance Fe)

Ex.
C Si Mn P S Ni Cr w Ti Y 0 N Ar Y,03

0.14 | 0.048 | 0.05 | <0.005 | 0.004 | 0.06 | 8.67 | 1.96 | 0.23 | 0.27 | 0.14 | 0.017 | 0.004 | 0.34 | 0.07

[Y,03] = 1.27 x [Y]

[Ex.O] = [Total O] =[O in Y,03 powder] = [0] —0.27 x [Y]

This results in a fully martensitic Fe-Cr alloy. The calculated phase diagram for this alloy

is shown in Figure 2.10, reproduced from [47].
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Figure 2.10 Fe-9%Cr phase diagram predicting a fully martensitic alloy —
reproduced from [47]

By adding in elements above their solution limits and uniformly dispersing the
Y203 oxides within the matrix, dislocation motion is retarded and the material is
strengthened. The Y203 oxides provide high-temperature stability of the alloy because it
exhibits little to no dissolution or growth under increased temperature [19,52,53].

As we know from section 2.1.3 any obstacle to dislocation motion, including
precipitates, grains, dislocation lines, dislocation loops, voids, and oxide nanoclusters,
can contribute to the strength of a material. Efforts have been made to quantify the
density of these obstacles and calculate their resultant impact on yield strength for the
exact material being used in this work [54]. A summary of the data will be provided in
Chapter 3.

Using TEM, approximately 100 grains and 36 carbide precipitates were measured.
The effective grain diameter is 0.23 um. Carbide precipitate effective diameter was 0.11

um with a density of 0.20 x 10%° m=. The density of dislocation lines was measured to be
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19.1 x 10 m. Using atom probe tomography (APT) analysis, 486 oxide nanoclusters
were measured in an analysis volume of 856,053 nm? resulting in a density of 568 x 10
m3 [54]. From these measurements, an average obstacle spacing can be calculated using
Equation 2.5. For the as received material Lop = 17.2 nm.

A TEM micrograph of the as received material is shown in Figure 2.11. Notice
the variety of microstructure adding to the strength and toughness of the alloy: oxide

nanoparticles (black small dots), grain boundaries, and dense dislocation regions.
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Flgure 211 TEM mlcrographs of as received Fe 9%Cr adapted from [23]

2.2.2 lrradiated ODS

Irradiation introduces a variety of changes in a material. As energetic incident
particles collide with atoms in the lattice, damage cascades propagate. These regions
consist of interstitial and vacancy defect clusters, often Frenkel pairs, that can cluster and

recombine to induce phenomena including: radiation induced segregation (RIS),
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irradiation induced precipitates, dislocation loops, and voids [48]. Whether these
phenomena occur, and the extent to which they occur, depends on irradiating particle,
irradiation dose, temperature, and the original microstructure of the material being
irradiated [22,23,48,51].

Irradiation induced precipitates, loops, and voids act in the same way as the
hardening mechanisms discussed above: they provide obstacles to dislocation motion.
We can measure the number, density, and diameter of each of these using the same TEM
technique as used for the as received material. The Fe-9%Cr was irradiated under two
different Fe?* conditions. The first was to a dose of 3 dpa at 500°C and the second was to
100 dpa at 500°C.

For the 3 dpa 500°C irradiation, 104 grains were measured with an effective
diameter of 0.28 um. 48 carbides were measured with an effective diameter of 0.08 pm a
density of 0.76 x 10%° m. Dislocation line density was 22.6 x 10 m. 48 dislocation
loops were measured with a density of 2.1 x 10?* m'. No voids were seen. Oxide
nanocluster density was measured to be 171 x 10%! m™. This resulted in an average
obstacle spacing of 33.7 nm. For the 100 dpa 500°C irradiation, 105 grains were
measured with a larger effective diameter at 0.37 pm. Carbide density went down to
0.29 x 10%° m=, Dislocation line density reduced at 18.4 x 10'* m, while dislocation
loop density increased to 4.3 x 10 m™. Nanocluster density was near as received
density at 513 x 10?* m'. The average obstacle spacing was calculated to be 18.9 nm.
More details about the irradiation experiments and the irradiated microstructures will be

provided in Chapter 3.
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In this Fe-9%Cr ODS, the root-sum square approach has been shown to be more
accurate in calculating the incremental strength contribution from each obstacle type [22].
The barrier strength, a, for each obstacle type can be calculated using Equation 2.7. Then
using Equation 2.10 the microstructurally predicted strength change can be calculated for
each irradiation condition. In the 3 dpa condition Acy = 15 MPa and in the 100 dpa
condition Aoy = 43 MPa. Both predicted values suggest that any strengthening added by
the irradiation-induced nucleation of dislocation loops is offset by the softening from the
decrease in size and number density of oxide nanoclusters at 500°C.

2.3 Mechanical Testing

As discussed in the prior section, the dispersed barrier strengthening model can be
used to predict strength changes in irradiated materials from the microstructure as
measured by TEM and APT. However mechanical tests are still needed to confirm
microstructural predictions. Traditionally these tests have been conducted on bulk
materials, yet due to the near-surface damage layer found in ion irradiated materials,
many different in situ micro-mechanical test methods have been developed.

Conventional bulk tests consist of tensile, compression, hardness, Charpy
fracture, bending, etc. All of these are conducted on samples in the millimeter or larger
scale range. In situ testing consists of similar methods — e.g. tensile, compression,
nanoindentation, micro-beam fracture — but can range in size from micrometer to
nanometer. Generally, the micrometer scale samples are tested in situ scanning electron
microscope (SEM). However, when testing irradiated samples using in situ SEM

approaches, it can still remain difficult to separate the influence of the unirradiated
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substrate from the mechanical performance measured due to the shallow damage layer
(Figure 1.1).

Conventional bulk testing and in situ micro-mechanical testing methods differ in
scale but are often analogous in process. Bulk and micro-scale materials testing each
utilize uniaxial tensile and compression tests; bulk hardness testing is similar in idea to
nanoindentation testing. In the following section a description of these more prevalently
used methods in both conventional and micro-mechanical testing is provided; their
application to irradiated alloys, and specifically to ODS alloys if available, are also
described.

2.3.1 Conventional Mechanical Testing

Uniaxial tensile and compression testing are amongst the most straightforward
mechanical test methods. In tensile testing a dog-bone shaped sample is prepared (mm-
scale) and installed in a tensile tester. The cross-section of the sample can be circular or
rectangular, but by using a reduced cross-section, the eventual plastic deformation can be
constrained to the gauge length. An example of a tensile sample is shown in Figure 2.12.
The load is measured with a load cell and the elongation can be measured with an

extensometer.

. Gauge length . Tensile load
I -g d .

Diameter,

2
. d
Cross sectional Area = 1t (E)

Figure 2.12  Tensile sample with cross-sectional area defined

Knowing the load, displacement, initial cross-sectional area and length, the

engineering stress and strain can be calculated using Equations 2.15 and 2.16 from



27

Section 2.1.4. Figure 2.13 shows the general shape of a tensile specimen tested to fracture

for a bcc steel.

unirradiated

increasing dose

Engineering stress

Engineering strain

Figure 2.13  General behavior of ferritic (bcc) steel — adapted from [48]

Additionally, Figure 2.13 shows the general behavior of irradiated steels with
increasing dose. Irradiation phenomena enhance the hardening effects to a point where
the material loses its desirable attributes; it becomes too brittle to use safely. As such, an
ideal material to be used in high dose environments is one that can ‘absorb’ the
irradiation induced phenomena into its existing microstructure.

Compression testing is similar to tensile testing in that the load is uniaxial.
However, failure is not as obvious to measure as samples do not cleanly fracture in
compression. Yet, the calculation for stress and strain are identical and the calculation of
yield strength and elastic modulus are readily accessed.

Hardness testing is the measure of a material’s local resistance to plastic
deformation. Hardness testing is simple, inexpensive, and nondestructive and is therefore
used more frequently than other test methods [44]. Because the hardness test is a
comparison between known material’s hardness there are multiple scales that can be

used. These include, Rockwell, Vickers, Knoop, and Brinell hardness testing, each with
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their own indentation tip material and shape. For well-studied materials hardness values
can be converted to yield strength and elastic modulus values using empirical data [44].

Bulk mechanical property testing on Fe-Cr alloys have been conducted in the
literature in both the as received [11,46,47,55-59] and irradiated [60—62] conditions. In
general, the response of an irradiated Fe-9%Cr alloy is to increase both the yield strength
and ultimate tensile strength, while reducing ductility as shown in the figure above.

Tensile testing has been conducted on a variety of different Fe-Cr alloys. Toualbi
found yield strengths between 1000 and 1200 MPa for an Fe-9%Cr-1%W-0.2%Ti-
0.3%Y203 alloy [59]. Two Fe-14%Cr alloys tested by Fournier resulted in yield strengths
of ~1100 MPa [58]. Using an Fe-9%Cr with varying Y203 wt.%, Shi found a range of
yield strengths between 1000-1200 MPa at room temperature [57]. Ohtsuka, using the
same Fe-9%Cr-0.2%Ti as in this study, found a yield strength of ~300 MPa [47].

Tensile tests on irradiated alloys show an increase in yield strength. Lucon tested
an Fe-9%Cr-1%W-0.2%V-0.1%Ta alloy and found an increase in yield strength of ~400
MPa after irradiating with neutrons to 1.73 dpa [62]. Henry tested a variety of Fe-Cr
alloys all showing an increase in yield strength with irradiation dose [61].

Ohtsuka [47], Miyata [56], and Toualbi [59] all used a Vickers hardness testing
method for their respective unirradiated Fe-Cr alloys. Toualbi found Vickers hardness
values between 300-400 Hv. Miyata, varying the ferrite wt.%, found a range of 4.2-5
GPa. Ohtuska found a range of Vickers hardness values of 340-370Hv.

Zinkle collected literature data on Fe-8%Cr and Fe-9%Cr finding a range of
elastic moduli of 192-216 GPa between room temperature and 450°C [60]. Toualbi’s

measurements resulted in a range of between 190-220 GPa [59].
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As can be seen, some of the most prevalent conventional tests in the literature are
hardness and tensile testing. This is due to their relative ease of use to perform on a
variety of shapes and sizes of bulk material. The techniques discussed in the next two
sections can further expand the valuable range of material tested by reducing the amount
of material required- a reduced activation volume for neutron irradiations or probing of
only the ion-irradiated layers.

2.3.2 Nanoindentation and Micro-Tensile Testing

Nanoindentation and micro-tensile testing are amongst the most common
miniature mechanical testing methods for both TEM and SEM in situ approaches.
Nanoindentation is a relatively simple test to conduct, but much more complicated than
uniaxial tests when it comes to analyzing the results. To start, the sample is polished and
placed into a nanoindenter. Two indenter tips are generally used: Berkovich and spherical
[22,42,63-66]. Berkovich tips directly result in hardness values and elastic modulus
(which can be found during the unload curve of the indent). Yield stress can be related to
the hardness measurements, but it is important to note that this relationship is empirical in
nature. Spherical tips allow for a more direct analysis of yield strength as shown in ref.
[67].

Nanoindentation testing of ion irradiated materials is typically done in one of two
possible configurations. The first is “top-down” indentation on the irradiated surface,
with indent directions parallel to the irradiation direction. This requires an understanding
of the deformation volume under the indent to separate the unirradiated substrate
contribution from that of the irradiated material. Another method is to indent the cross

section of an ion-irradiated sample. Here, a hardness profile can be measured as a
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function of the ion irradiation damage profile [42]. This allows for a direct comparison
between the bulk material properties and the irradiated material. An example of this

method is shown in Figure 2.14.
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Figure 2.14 (a) Nanoindentation schematic on HT-9 alloy (b) nanoindentation
results as a function of depth on proton irradiated HT-9 at room temperature with
damage profile overlayed —adapted from [68]

In the study shown in Figure 2.14, Hosemann, et al, tested HT-9, an Fe-12%Cr
alloy, irradiated with protons and helium ions at varying dose and temperature [68].
Hardness values increased with irradiation, while the magnitude of increase reduced with
increased temperature [68]. Hosemann conducted a similar study on 304 stainless steel
(SS) using 2 MeV protons to a dose of 10 dpa, with similar results — increase in hardness
with irradiation [42].

Dolph, et al, conducted nanoindentation tests on an Fe-9%Cr alloy using 5 MeV
Fe?" ions at 400°C. At a dose of 100 dpa, Dolph found strengthening of ~110-130 MPa
[51]. This is half the strengthening mentioned previously in Section 2.1.3 for a similar
alloy as predicted by microstructural changes. This difference in yield strength change
can be accounted for in the higher temperature, 500°C, in the material used in this thesis

versus 400 °C used in ref [51].
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Further reducing the sample volume and conducting nanoindentation using in situ
TEM, could provide similar capabilities without the additional complications of an
unirradiated substrate convoluting the analysis. Some of the drawbacks and
complications with such a setup were discussed in ref. [69]. Knoop and Legros used both
a pyramidal and wedge tip to indent Al on a Si film. They found that aligning the
pyramidal indenter to the film was time-consuming and difficult, the wedge shape was
much easier to align. They used a finite element model (FEM) to better understand the
stresses seen throughout the film from the indentation [69]. Figure 2.15 shows their work.
In situ TEM nanoindentation tests require additional work to understand if and how size
effects would impact the results as well as the complications that may arise using more

complicated alloys or irradiated materials.

Figure 2.15 (@) In situ TEM nanoindentation on an Al film on Si (b) FEM von Mises
stresses overlayed on TEM micrograph — adapted from [69]

Micro-tensile testing is ideal for measuring yield stress, elastic modulus, and

ultimate tensile strength. In situ TEM tensile testing [33,70,71] and in situ SEM tensile
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testing [72] have been developed. In both cases, equipment such as a push-to-pull (PTP)
system [72] or a tensile gripper microelectromechanical system (MEMS) device [33]
must be utilized to conduct the testing. Figure 2.16 shows a PTP device in use. Prior
work on this type of testing has combined the quantitative results from mechanical tests
with qualitative results from in situ TEM imaging.

Micro-tensile testing also encounters size effects in pure metals, such as copper
[33], and requires understanding of both the obstacle spacing, microstructural constraints,
and the dimensional constraints as discussed in Section 2.1.3. Yet as discussed for
conventional tensile testing in Section 2.3.1, Equations 2.15 and 2.16 can be used to
evaluate yield strength and elastic modulus. Using the SEM or TEM imaging capability,
important dimensions can be measured to calculate the cross-sectional area, in situ videos
or displacement data can be used to calculate strain in the specimen, and the TEM holder

MEMS device can measure the load applied.
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Figure 2.16 (a) SEM image of PTP device used for in situ TEM tensile testing (b) 10

dpa proton irradiated 304SS nano-whisker to be tested with PTP (c) resultant stress-
strain curves — adapted from [42]
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The work in Figure 2.16 was conducted by Hosemann on 304SS, irradiated with 2
MeV protons to a dose of 10 dpa. A yield strength of 1544 MPa was measured in the first

test (gray). Fracture occurred in the second tensile test (red). Other work on micro-tensile



33

samples includes observations of slip events in single crystal Ni [42] and Cu [71],
observations of twin boundaries in Be [73], and tensile strengths and modulus of Co
nanowires conducted in situ SEM [72]. Depending on the length scale and initial sample
structure, sample preparation time varied from large amounts for FIB-prepared samples
in [42] to quick placement of nanowires in [72]. Yet, micro-tensile testing allows for a
direct analysis of fracture, unlike micro-compression testing which will be discussed in
the next section.

2.3.3 Micro-Compression Testing

Micro-compression of pillars is one of the more prolific test methods and
geometry used for in situ testing. The geometry is relatively easy to mill in a FIB and
analysis for yield strength, elastic modulus, and qualitative information is
straightforward. In this study, micro-compression pillar testing is the sole method used to
evaluate size effects on mechanical properties in Fe-9%Cr. As such, a more detailed
explanation of the methods used in this study will be included.

Micro-compression pillars are often made in a FIB machine. Both square [32] and
cylindrical [38,42,74,75] geometries can be developed. Square geometries are favorable
for having a reduced taper, yet cylindrical geometries are still used because they are
easier to mill. Early studies compared the effect of square versus cylindrical geometries
and as would be expected, found a wider range of yield strengths with an increase in
taper angle due to the cylindrical geometry [43].

Generally, cylindrical pillars have been used for in situ SEM testing, where the

pillars are milled directly into the bulk material. For in situ TEM, a lift-out can be made
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where the square pillar geometry is readily produced. This is well described in ref. [32]

from which Figure 2.14 has been reproduced.

20
Distance [pm|

10 um i 200 nm

Figure 2.17  FIB lift-out with micro-compression pillars — reproduced from [32]

In the reproduced figure, one can see that multiple pillars can be milled out of a
single lift-out and the rectangular geometry is highlighted in Figure 2.17c. In Figure
2.14b the ‘v’-shaped TEM grid post can be seen. In the work conducted in this thesis, the
square TEM grid post was used instead to produce a more consistent modulus result
through all the pillar samples across the lamella width. As discussed in ref [32], there
were some adjustments needed to the modulus results due to their attachment design to
the ‘v’-shaped grid post (Figure 2.17b) and single side attachment (Figure 2.17a) flexing
under load. The FIB milling process used in this work will be discussed in more detail in

Section 3.2.2.
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Yield strength can be found by using the direct load-displacement data in
combination with geometry dimensions measured in situ to produce stress-strain
information [33,43,74]. The yield strength is generally found through the 0.002 strain
offset method discussed previously in Section 2.1.4. Elastic modulus can be found during
both the loading and unloading curve of the compression test. To account for any
displacement in the pillar base, FEM have been incorporated into the analysis [32].

Again, Figure 2.18 below has been reproduced from Imrich, et. al [32].
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Figure 2.18 FEM for copper in situ TEM pillar compression testing showing
normalized displacement in the pillar base — reproduced from [32]

By using Imrich’s pillar design and lift-out method, this study also has a thin
pillar base that deforms under load. However, using a finite element model to account for
the deformation in the pillar base, we can adjust the resulting elastic modulus
accordingly. In Figure 2.18, two samples, one 400 nm square (2.18a) and the other 650
nm square (2.18b), have been meshed with a triangular geometry and the displacement
has been normalized. The black and red lines show the amount of displacement occurring
below that line. In Figure 2.18a, 64% of the displacement takes place below the pillar.

Likewise, 59% of the displacement occurs below the pillar in Figure 2.18b.
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Our FEM used a 2D geometry of the various pillar and base sizes and normalized
for the displacement as well. However, a quadrilateral mesh was used to improve
accuracy. Material properties used in this FEM for Fe-9%Cr were taken were taken from
[65] where a similar analysis was run to understand the plastic deformation zone for
nanoindentation. More details on this model are discussed in Section 3.4.2.

In addition to testing only the ion irradiated layer, another major advantage of in
situ TEM compression testing is the ability to correlate visual, qualitative events with
quantitative mechanical results. In situ TEM testing provides an even closer look at
qualitative microscale phenomena during mechanical testing; such as correlating
dislocation motion or slip events with load drops or the onset of plasticity. In situ TEM
potentially allows the observer to better understand the mechanisms involved with
hardening and failure of a material under mechanical load. Slip events can be matched
with load drops [76], dislocation motion can be followed and pinning obstacles can be
identified [32], and twinning behavior can be observed [77]. There are still challenges
with optimizing frame speed, load rates, and contrast conditions [32], but this technique
uniquely allows for direct observation of the mechanisms leading to yield, hardening, and
failure.

2.4 Size Effect in Microscale Mechanical Tests

As discussed previously in Section 2.1.3. there are microstructural constraints and
dimensional constraints in a material. The microstructural constraints were described in
detail along with their effect on mechanical properties in as received and irradiated
conditions of Fe-9%Cr. The dimensional constraints will now be addressed, specifically

in the context of being drawbacks to TEM/SEM in situ testing.
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Size effects are seen when the dimensional constraints begin to reach the same
scale as the microstructural constraints. Dimensional constraints are simply the specimen
dimensions. In a bulk test this is on the order of millimeters. Any microstructural
constraints in the material are found =10° times over in that volume, suggesting that no
size effects will be seen in those samples because the microstructure dominates the
behavior in the material. Yet, in micro-mechanical testing, these dimensional constraints
range from microns to nanometers — often the same order as the microstructural
constraints. At this point, the dimensional constraints can begin to dominate the
mechanical response of the material - a size effect is realized. For example, if the grain
size is 200 nm, and the sample has a minimum dimension of 200 nm, then the average
obstacle spacing in the microstructure cannot play a role in the yield strength. The
specimen dimension dominates.

2.4.1 General Method to Resolve Size Effect

Prior studies have been conducted on micro-compression pillars to determine the
impact of size effects on the yield strength. In general, a single dimension can be the
limiting factor, e.g. thickness in a thin film [45] or the diameter of a pillar [41].

The general process to understand the interaction between microstructural and
dimensional constraints, to in fact predict the presence of size effects in mechanical
testing, is to first measure the obstacle spacing within the microstructure and compare
that to the dimensions of the specimens to be tested. Obstacle spacing on the same order
as the specimen dimensions will likely result in inflated yield strength values.

For single crystals, or simple microstructures, this obstacle spacing limit will be

larger than the specimen dimensions used in an in situ SEM or TEM test. Yet with the
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addition of irradiation induced obstacles, the spacing may be reduced enough to allow
smaller dimensioned specimens to be tested with valid and meaningful quantitative
results. In fact, this was predicted by Hosemann in [42] as seen in Figure 2.19 below.

This effect was also seen in irradiated copper in a study by Kiener, et al [41].

<

Theoretical strength
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irradiated
polycrystalline
materials
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Behavior of
polycrystalline
A materials

>

Specimen dimension
fabricated on a polycrystalline
material

Figure 2.19 Size effect in unirradiated and irradiated polycrystalline materials —
reproduced from [42]

Yet, for more complex alloys, irradiation is not always necessary to induce small
enough obstacle spacing within the microstructure to result in meaningful measurements
through in situ testing. In unirradiated Inconel MA6000, a Ni-based ODS alloy, a
dimensional constraint of 2000 nm was seen in micro-pillar compression [39].

2.4.2 ODS Size Effect Factors

Due to the oxide dispersion, Fe-9%Cr has a small average obstacle spacing
ranging between 17.2 and 33.7 nm. This allows the tested specimen dimensions to reach
<100 nm before starting to see any size effect. Because the unirradiated condition has an
even smaller obstacle spacing than the irradiated material, this dimensional constraint

holds true for both conditions. This leads to the conclusion that the in situ TEM
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micropillar compression technique is valid for this material at minimum specimen
dimensions above 100 nm.

Essentially, size effect comes down to a competition between two characteristics:
the minimum dimension and the obstacle spacing on the glide plane [45]. This work
simultaneously investigates both characteristics for Fe-9%Cr using in situ TEM
micropillar compression and proves the validity of compressive yield strength

measurements for the same technique at a minimum dimension above 100 nm.
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CHAPTER THREE: TEM IN SITU MICROPILLAR COMPRESSION TESTS OF ION
IRRADIATED OXIDE DISPERSION STRENGTHENED ALLOY
3.1 Introduction

lon irradiation is increasingly being used to scope long-term, high irradiation
damage dose behavior of advanced nuclear reactor candidate materials. Characterizing
the irradiation evolution of mechanical properties is challenging, however, because ion
irradiation produces a near-surface damage layer on the order of a few hundred nm to a
few tens of microns. Logically, small-scale mechanical tests have been utilized on ion
irradiated materials, including nanoindentation [40,63,64,78-80], SEM in situ pillar
compression [66], and cantilever bend tests [40]. However, it remains difficult to isolate
the mechanical performance of the ion irradiated layer from that of the unirradiated
substrate. TEM in situ mechanical testing may be a viable alternative technique for
evaluating the mechanics of ion irradiated layers because it is capable of analyzing even
smaller sized specimens than nanoindentation and SEM in situ approaches.

A common concern, however, with TEM in situ mechanical testing is the sample
size effect, in which the extremely miniaturized specimen size — rather than the
dispersion of microstructural obstacles to dislocation motion — controls deformation
behavior. As such, TEM in situ specimens below a size threshold often exhibit
mechanical properties that deviate significantly from bulk values. However, recent work
[41] has suggested that the high number density of irradiation-induced microstructural

features reduces the size threshold.
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We focus this study on a model ODS alloy, which is a candidate material for
structural and cladding components in advanced nuclear fission reactors and fusion first-
wall applications. ODS alloys have a fine dispersion of oxide nanoclusters, which serve
as a preexisting high number density of microstructural features. As is common for ion
irradiation experiments, we irradiate a bulk specimen of the ODS alloy. This presents a
unique set of challenges in the post-irradiation fabrication of TEM in situ specimens.

The objective of this study is to assess the validity of utilizing TEM in situ
micropillar compression tests to quantitatively measure mechanical properties of as
received and ion irradiated model Fe-9%Cr ODS alloy. We fabricate micropillars of
varying dimensions so as to observe the dependence of mechanical properties on pillar
volume and pillar minimum dimension. We measure the yield stress and elastic modulus
from each micropillar compression test. A finite element model provides a two-
dimensional visualization of the development of plasticity through the pillars and their
base material. Finally, TEM and APT characterize the irradiated microstructures, which
correlate well with the measured irradiation-induced changes in yield stress. This work
also presents a versatile specimen fabrication method for TEM in situ mechanical testing
of irradiated bulk materials.

3.2 Experiments

3.2.1 Material and Irradiation

A rod of Fe-9%Cr ODS martensitic steel material (composition provided in Table
2.1) was provided by the Japan Nuclear Cycle Development Institute (now known as the
Japan Atomic Energy Agency). The rod was processed by mechanically alloying ferritic

steel with Y203 powders, then hot extruding at 1150°C. Finally, the rod was heat treated
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at 1050°C for 1 hour, air cooled, then tempered at 800°C with subsequent air cooling.
Additional details regarding the mechanical alloying and fabrication of the rod are
available in ref. [47].

Specimens are first prepared for bulk ion irradiation by electrical discharge
machining into 1.5 mm x 1.5 mm X 16 mm bars. Each bar is mechanically polished
through 4000 grit SiC paper, followed by electropolishing for 20 seconds in a 10%
perchloric acid + 90% methanol solution maintained between -30°C and -40°C, with a 35
V applied potential between the specimen (anode) and platinum mesh cathode. The
specimens are subsequently irradiated with 5.0 MeV Fe?" ions to doses of 3
displacements per atom (dpa) or 100 dpa at 500°C using a 1.7 MV General lonex
Tandetron accelerator at the Michigan lon Beam Laboratory. The beam is rastered at 255
Hz. A combination of resistance heating and air cooling are used to maintain the
irradiation temperature at 500+10°C at high vacuum pressures below 1.3 x 10 Pa (10”7
torr). Beam current is recorded throughout the duration of the experiment to ensure
accurate dose accumulation. The irradiation dose rate is ~10* dpa/s.

The displacement damage profile for 5.0 MeV Fe?* ions normally incident on Fe-
9%Cr is calculated using the SRIM 2013 program in “Quick Calculation” (Kinchin-
Pease) mode [31] and displacements are obtained from the vacancy.txt file. The damage
profile (Figure 3.1) exhibits a steep gradient between the surface and the damage peak,
which is located approximately 1.2 um from the surface. The target irradiation dose of 50
dpa is achieved at a depth of 550 nm from the surface, which avoids both the surface sink

and the Fe implantation peak.
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| SRIM simulation of 5 MeV Fe?' ions
1 incident on Fe-9%Cr ODS
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Figure 3.1  SRIM 2013 [31] calculation of damage profile for 5 Mev Fe?* ion
irradiation normal to Fe-9%Cr in “quick calculation” mode

3.2.2 Sample Preparation

TEM mechanical testing of irradiated materials in the archival literature [41] has
been conducted on miniaturized specimens first milled by FIB, then subsequently ion
irradiated (generally in an in situ FIB or TEM environment). However, since ion
irradiation is more commonly performed on bulk materials, preparing miniaturized
specimens for TEM mechanical testing subsequent to the irradiation, presents a new
challenge. Here, we modify previous sample preparation methods published by Imrich
[32] and Legros [69] to utilize FIB machining to fabricate a TEM lamella containing
multiple compression pillar specimens for TEM in situ mechanical testing. This
technique can also be utilized to create indentation “window” specimens for TEM in situ

mechanical testing, although these windows will not be tested or analyzed in this paper.
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The versatility of this technique enables it to be utilized effectively for both irradiated and
unirradiated specimens. All FIB work herein is conducted on an FEI Quanta 3D FEG FIB
at the Center for Advanced Energy Studies (CAES).

We first adhere a three-pillar copper TEM half grid to the copper sample mount
using conductive silver epoxy (Figure 3.2). The nano-sized dimensions of the ODS and
small loads limits the amount of stress in the copper grid and epoxy to < 0.015% of the
stress seen in the ODS. Hence we can assume no deformation is occurring in the copper

grid and silver epoxy.

Attachment screw hole _
‘ Silver epoxy Bend or cut

1 grid ‘wings’

Three pillar
copper grid

Hysitron copper mount w/ grid attached

Figure 3.2  Diagram showing the TEM copper half-grid attached with silver epoxy
to the hysitron copper mount

A lamella having approximate dimensions 40 um x 20 um x 3 um is lifted normal
to the irradiated surface using focused ion beam (FIB). Throughout this procedure, the
FIB operating voltage is maintained at 30 kV, while the current is varied at each step to
control the precision of each cut. The irradiated surface is first protected depositing a 40
um X 3 um x 0.8 um platinum strip over the area of interest using a 0.3 nA beam

current. The lamella is then lifted following the conventional FIB lift-out technique for
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TEM specimens [81], using trenching around the platinum strip, freeing the lamella from
the bulk, and finally, lifting the lamella using an Omniprobe needle.

The lamella is then affixed to the TEM half-grid on the center post, which
simplifies alignment of the indenter tip to the compression pillar or indentation window.
Before attaching the lamella to the grid, the center grid post is milled to create a straight
edge >40 um wide. The lamella is then aligned such that its lower third overlaps the post
before it is brought into slight contact with the post. Subsequently, a platinum weld is
made across the bottom length of the lamella (Figure 3.3a), after which the lamella is
detached from the omniprobe. Next, the stage is rotated +45° and fillet welds are placed
along each side of the lamella (Figure 3.3b). A top-down view of all three welds is shown
in Figure 3.3c. After the lamella is securely welded to the grid, the entire sample mount is
installed onto a pre-tilted 45° stage to allow for perpendicular milling of the lamella

surface to shape the microscale compression pillars.
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Figure 3.3  SEM images showing (A) overlap of the lamella on the TEM half-grid
post with weld across the bottom edge of the lamella, (B) fillet weld along sides of
lamella at 45°, and (C) the three welds used to attach the lamella to the TEM half-
grid post

Pillars are fabricated with rectangular (as opposed to circular) cross-sections to
reduce the extent of taper along the pillar height, simplifying the evaluation of
mechanical properties [76,82]. Indentation windows, if made, should be electron
transparent to enable observation of dislocation movement during indentation. Ideal

geometries of both windows and pillars are shown in Figure 3.4a.
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Irrad]aledt A Ton beam is incident to pillar Face A

Surface L X +1.5" to account for ion beam taper and
Ton beam is incident to pillar Face A

rotated +1.5" to do cuts 4 and 5 to
+1.5° to account for ion beam taper

account for taper on Face B

Figure 3.4  (A) Ideal pillar and window geometries with SRIM damage profile for
5 MeV Fe?* overlaid; (B) first three cuts to shape pillar, with milling direction
indicated; (C) the fourth and fifth cuts clean up B faces of the pillar to final desired
dimensions

Each pillar and window is shaped to position its top surface ~300 nm below the
original irradiated surface such that the entire testing volume is located within the ion
irradiated region. This configuration also avoids any surface oxidation and sputtering
effects of irradiation. The sample preparation technique presented here accommodates 6-
8 micro-compression pillars and/or indentation windows on a single TEM lamella, spaced
2-2.5 um apart. Once the locations for pillars and windows are identified, excess material
between these locations are removed (Figure 3.5a) at a current of 1 nA to ensure the
indenter tip does not accidentally contact this excess material during testing. The sample
is rotated normal to the ion beam, then tilted +1.5° to account for ion beam spreading.

Sites of interest are now ready for thinning into windows or shaping into pillars.
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Figure 3.5  SEM images showing (A) side view of excess material removed between
pillar or window sites, and (B) top view of pillar or window sites thinned to target
thickness

Window sites need no further shaping, and can simply be thinned to electron
transparency. Pillar sites, however, are first thinned to the target thickness before the
subsequent shaping process. Thinning proceeds after rotating the sample 180° and tilting
such that the ion beam is parallel to the lamella (incident on the irradiated surface).
Cleaning cuts are made with progressively decreasing ion beam currents, beginning with
0.3 nA and decrementing to 10 pA for final thinning. Targeted pillar thicknesses vary
from 150 nm to 600 nm at the nominal dimensions with the quantity tested shown in
Table 3.1, while window thicknesses are <100 nm to ensure electron transparency. It is

imperative to not thin so deep as to compromise the weld along the reverse side of the



lamella; a depth of 0.1 um is used. Figure 3.5b illustrates a sample thinned to the target

thickness.
Table 3.1 Quantity tested of targeted nominal pillar dimensions
Width and Height Thickness (nm)
(nm) 100 | 150 | 200 | 250 | 300 | 350 | 400 | 500 | 600
150 - 1 - - - - -1 - -
200 1 - 1 - - - -1 - -
§ 250 - -] - 1 - - -1 - -
T 300 1 - | - - 1| -] - | - -
@ 350 -l -1 =1 -=-1=-111]-1-1-
< 400 2 | - 1 - 1| -2 - | -
500 1 - | - - - | - | - 1 -
600 - | - 1 - - -] -1 - 1
Width and Height Thickness (nm)
(nm) 100 | 150 | 200 | 250 | 300 | 350 | 400 | 500 | 600
2 ae Ti oo oo -
o _ [ _ R R R B _
< 9 250 | - | - [ -|1 | -]-1-1-1-
v O
® 3 300 - -] - - 2 | - -] - =
88 [ 30 | -|-|-|[-|-1=-]=-]1=-1-
(- ©
= 400 2 - 1 - - | -] 1 = =
o 500 1 - | - - - - | - 1 -
600 - -] - - - - -1 - 2
Width and Height Thickness (nm)
(nm) 100 | 150 | 200 | 250 | 300 | 350 | 400 | 500 | 600
2 150 - 1 - - - - -] - -
=1 200 - | - 1 - - - -1 - -
-6 250 - -] - 1 - - -1 - -
v O
=i 300 - -] - - 1| -] - - -
88 [ 30 | - |- |- -|-|=-]=-]=-1]-
N‘—'g 400 5 | - | -] -|l1]|-]11]-1]-
o 500 - | -] - - - - -1 - -
600 - -] - - - - -1 - 1

Once thinned, pillars are shaped to the target dimensions using cleaning cross-
section cuts at 10 pA. The sample is rotated incident on face A (as identified in Figure
3.4a) of the pillar. These shaping cuts remove what remains of the protecting platinum

layer. For cuts milled in the direction of irradiated surface (Figure 3.4b), the sample is

49
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over-tilted by +1.5° to account for taper. When shaping from the B faces of the pillar, the
sample is also rotated +1.5° to keep the pillars as square as possible (Figure 3.4c).
Completed pillars and windows are shown in Figure 3.6. It is important to note that while
we show that window preparation is easily attained using this process, window

indentation testing and analysis is not considered in this manuscript.
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Figure 3.6  SEM side view image of completed lamella containing four pillars and
four indentation windows

3.2.3 TEM In Situ Mechanical Testing

In situ mechanical testing is conducted using a Hysitron P195 Picoindenter in an
FEI Tecnai TF30-FEG STwin scanning transmission electron microscope (STEM) at
CAES. Hysitron TriboScan software is used to conduct tests and collect load-
displacement data and video; the frame grabber is used to capture the TEM charge
coupled device (CCD) screen output. In this study, pillars are tested from both Fe?*
irradiated specimens (3 dpa and 100 dpa at 500°C); the as received material is also tested
as a control.

All pillar compressions tests are conducted in displacement-controlled mode
using a flat punch diamond tip. Displacements are defined as half the height of the

original pillar to ensure yielding and plastic deformation. To reduce system creep, the
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load time is set to 20 seconds with a 5 second hold time and 10 second unload time.
Displacement depths vary from 50-125 nm using a three-segment loading curve defined
with a 20 second load period, 5 second hold period, and 20 second unload period.
Varying the displacement depth enables one to produce deformation in varying regions of
the window to observe deformation at specific microstructural features. Video
compression settings are optimized for size and quality to MJPEG compression at 30
frames per second and 0.15 second exposure.

3.2.4 Microstructure Characterization

TEM analysis is conducted to evaluate microstructure evolution under self-ion
irradiation. TEM lamellae are prepared from the as received and ion irradiated specimens
using the FIB lift-out technique [81] on an FEI Quanta 3D FEG FIB at CAES. Lamellae
are oriented perpendicular to the irradiated surfaces, providing a cross-section of the
irradiation damage profile within the TEM film. Prior to milling, all specimen surfaces
are protected with a 3 um platinum deposit to ensure that the original surface is retained
for reference. Each sample is milled at 30 kV to approximate dimensions of 15 um x 7
pm x 100 nm. The samples are subsequently milled at 5 kV to an estimated thickness of
50-100 nm, followed by cleaning at 2 kV for approximately 1 minute on each side to
reduce FIB-induced surface damage.

Microstructure analysis focuses on characterizing the size and number density of
grains, dislocations, carbide precipitates, voids, and dislocation loops. The analyzed
region is within 300 — 700 nm from the surface and the microstructural data is averaged
over this entire depth. TEM specimens are analyzed using an FEI Tecnai TF30-FEG

STEM at CAES. Grains and carbides are imaged in bright field mode. Voids (when
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present) are imaged in bright field mode using the through-focus technique [83].
Dislocation line density is determined by measuring the linear density of dislocations in
perpendicular directions and calculating an effective area density. Dislocation loops are
imaged in STEM mode following a procedure outlined by Parish et al. [83] in which
small collection (B) and convergence (acon) angles are applied to create a STEM bright
field image. For loops imaged close to an “edge-on” condition, the longer dimension
observed is taken to be the loop diameter [84]. Oxide nanoclusters are imaged in bright
field mode in areas with low dislocation contrast so that the z-contrast of the oxides is
more apparent. A limitation of this technique, however, is that nanoclusters 2 nm in
diameter are difficult to resolve [83]. Thus, APT is used to complement the TEM analysis
by enabling atomic-resolution characterization. Finally, the specimen thickness is
measured with electron energy loss spectroscopy (EELS). Image collection and analysis
is conducted using Digital Micrograph software. Additional details regarding the TEM
sample preparation and analysis may be found in reference [23].

Needles for APT are fabricated by FIB milling and are analyzed using a Cameca
LEAP 4000x HR at CAES, operated in laser pulsed mode with samples maintained at 40
K. Laser power ranges from 40-70 pJ with a pulse repetition rate of 200 kHz. Each data
set is reconstructed with the Integrated Visualization and Analysis Software (IVAS)
Version 3.6.2 using a SEM image of the needle profile and a tip radius between 3-10 nm.
Each tip rendering is visually inspected to ensure the tip volume is consistent with the
SEM image, and that the existing cluster morphology is consistent with that observed via

TEM.
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Cluster analysis is performed on each tip (excluding those volumes attributed to
carbides or grain boundaries) using the maximum separation method [85] with the cluster
analysis module within IVAS. Appropriate dmax and Nmin Values are selected for each
condition following the approach proposed by Kolli and Seidman [86] and further refined
by Williams, et al. [87], in which the selected dmax yields a minimum number of counted
clusters by the analysis. Once the parameters are selected, a visual inspection of each
cluster rendering confirms the identified clusters are consistent with those observed in the
original APT reconstruction.

The IVAS cluster analysis output file provides values for Rgx, Rgy and Ry for each
cluster, which are taken to be the respective radii of gyration in each coordinate direction.

An overall radius of gyration (Rg) for each cluster is calculated according to [88]:

— 2 2 2
Rq \/Rgx + Ry + Ry Equation 3.1

and the Guinier diameter (Dg) for each cluster is determined using [88,89]:

5
D;=2 |=R
\/; 7 Equation 3.2

The average and standard deviation is calculated over all measured clusters, and the error
propagation formula is used to calculate an overall standard deviation for the Guinier
diameter. The standard deviation of the mean is also calculated to evaluate the relative

certainty of the mean diameter. The cluster number density (Nnc) is determined by:

TN,

N )
W 7 Equation 3.3
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where XN is the total number of clusters identified in all tips from a given condition and
217 is the total analyzed volume in all tips from that condition. Additional details
regarding the APT sample preparation and analysis may be found in reference [23].

3.3 Results
3.3.1 Pillars

In this work, three material conditions are studied, and in each condition, pillars are
fabricated with various dimensions to evaluate dependencies on thickness, width/height,
and total volume. Size effects have been observed at minimum diameters [41], and the
experiment plan (Table 3.1) enables us to determine whether size effects are present
herein. Pillars range 50 nm — 600 nm in thickness, 100 nm — 600 nm in width and height,
with total volumes ranging 2.5 um? - 246 um?.

An advantage of in situ TEM mechanical testing is the ability to simultaneously
collect load-displacement data and TEM resolution video of deformation. By analyzing
these data side-by-side, one can obtain a fundamental understanding of plasticity, slip,
and relative strengths of obstacles to dislocation motion. Frames from an in situ TEM
compression test of a 400 nm x 400 nm x 100 nm pillar in the as received condition have
been extracted from the video recording and are shown in Figure 3.7. Corresponding
points in the stress-strain curve are identified for each image. Before compression (Figure
3.7a), the pillar contains no grain boundaries but does contain characteristic ODS oxides
and dislocations interspersed. After yielding, plasticity occurs in large dislocation burst
events (3.7c and 3.7d). The test concludes with a highly deformed pillar containing a

dense network of dislocations (3.7e).
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Figure 3.7  Insitu compression test of as received ODS 400 nm x 400 nm x 100 nm
pillar. (a-e) show pillar condition at each labeled point in stress-strain curve.
dislocation bursts are observed at (c) and (d), representing load drops observed on
stress-strain curve

Pillar dimensions are measured from EELS and using Digital Micrograph
software. A stress-strain curve is generated from the load-displacement data collected
during each pillar test. As there is deflection in the base material of the pillar, we must
subtract this maximum deflection (acquired from the real-time video of the compression
tests) from the transducer displacement data before calculating the strain. The effect of
this subtraction is further examined in the Discussion section below. Yield strength and
elastic modulus are extracted from these stress-strain curves. Representative curves are

shown in Figure 3.8 for each material condition. The nominal dimensions of these
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representative samples are as follows: as received — 500 nm x 500 nm x 500 nm, 3 dpa

500°C - 600 nm x 600 nm x 600 nm, 100 dpa 500°C — 400 nm x 400 nm x 400 nm.

Measured yield strengths from all pillars tested are shown in Figure 3.9; averages are

reported in Table 3.2.

Stress (MPa)

Figure 3.8

As received
4+ 3dpa, 500°C
100 dpa, 500°C

2000 ~

o

o)

o
1

0.2

03 04

Strain (nm/nm)

Representative stress strain curves from the as received, 3 dpa, and 100

dpa conditions. the nominal dimensions of these representative samples are as
follows: as received — 500 nm x 500 nm x 500 nm, 3 dpa 500°C — 600 nm x 600 nm
% 600 nm, 100 dpa 500°C — 400 nm x 400 nm x 400 nm

Table 3.2 Yield strength measurements from compression pillars
As Received Fe?* Irradiated | Fe*" Irradiated
3 dpa, 500°C 100 dpa, 500°C
Al Average yield strength (MPa) 1269 + 256 1245 + 294 1188 + 217
# of pillars 15 13 12
Minimum | Average yield strength (MPa) 1014 + 83 1266 + 383 1250 + 293
dimension ]
<100 nm | #of pillars 4 5 5
Minimum | Average yield strength (MPa) 1362 + 233 1233+ 221 1145 + 125
dimension .
>100 nm | # of pillars 11 8 7
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Figure 3.9  Measured yield strength as a function of (A) pillar volume or (B)

minimum pillar dimension. Open symbols represent pillars having minimum
dimension <100 nm; closed symbols represent pillars having minimum dimension
>100 nm. Dashed line represents the average of measurements; shaded band
represents expected values

The expected yield strength for as received Fe-9Cr ODS is 1000-1200 MPa [59].
Within the 95% confidence interval, 9 of 15 pillars tested exhibit yield strengths in this
expected range. We measure an average reduction in yield stress of ~129 + 321 MPa in
the 3 dpa condition and ~217 + 264 MPa in the 100 dpa condition (Figure 3.9). These
differences were calculated using the average yield strength of pillars with a minimum
dimension greater than 100 nm and propagating the uncertainty in quadrature. The
standard deviations being on the same order as the yield stresses suggests statistical
invariance between conditions. Dolph, et al. [65] observed minimal strengthening (~110-

130 MPa) in the same alloy irradiated to 100 dpa at 400°C, which is reasonable given the



58

higher irradiation temperature of the specimens studied herein. A possible size effect is
also observed for pillar thicknesses below ~100 nm (Figure 3.9), which are identified by
open symbols, while pillars having minimum dimension >100 nm are depicted with
closed symbols.

The expected elastic modulus for as received ODS ranges 190-220 GPa [51,59,65].
Yet the values measured by in situ TEM compression pillars (Figure 3.10, Table 3.3) are
an order of magnitude lower. This discrepancy is attributed to two factors. First,
deformation is not isolated in the pillar; the base also deforms [32]. The acquired load-
displacement curve does not adjust for the deformation in the base, resulting in lower
elastic modulus measurements. It also follows that as the pillar volume increases (here
highlighted by the thick vs thin samples), more of the deformation can be accommodated
in the pillar than in the base, resulting in more consistent modulus measurements (Figure
3.10b). Secondly, in such small volumes, the elastic modulus can be significantly affected
by microstructural inhomogeneities such as varying grain orientations and distribution of
oxide nanoclusters. These factors will be discussed in greater detail in Section 3.4.2.

Table 3.3 Elastic modulus measurements and adjustments from compression
pillars

As Received Fe?" Irradiated | Fe?" Irradiated
3 dpa, 500°C 100 dpa 500°C
Number of pillars 15 13 12
Measured elastic modulus (GPa) 40.8 £15.3 34.4+15.3 25.4+6.8
Deflection adjusted elastic modulus (GPa) 112 +92.0 41.7£18.0 51.1+12.4
Deformation adjusted elastic modulus (GPa) 253 £ 209 174+ 74.8 213+51.6
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Figure 3.10 Measured elastic modulus as a function of (A) pillar volume or (B)
minimum pillar dimension. Open symbols represent pillars having minimum
dimension <100 nm; closed symbols represent pillars having minimum dimension
>100 nm. Dashed line represents the average of measurements

TEM in situ compression pillars provide relatively consistent yield stress
measurements as bulk techniques for both unirradiated and irradiated samples as was
seen in Kiener’s work [41]. Conversely, direct elastic modulus measurements are much
lower than bulk values and other considerations must be accounted for.

3.3.2 Microstructure

In the specimens irradiated to 3 dpa and 100 dpa, average grain sizes range 0.28-
0.37 um and average carbide sizes are consistent at 0.08 um. Carbide number densities
range 0.29-0.76 x 10?° m3, and dislocation line density varies over 18.4-22.6 x 10* m™,
These features are statistically invariant from those in the as received condition, reported

in reference [23] and summarized in Table 3.4. Voids are not distinctly observed in any
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of the ion-irradiated specimens. Irradiation-induced dislocation loops are imaged in

STEM mode [83] on the [111] zone axis, and loop orientation maps [84] are used to

determine whether the loops reside on the {111} or {001} habit plane (Figure 3.11).

Loops produced by Fe?* irradiation to 3 dpa and 100 dpa have average diameter 8.5 + 2.2

nm and 10.7 + 4.2 nm, respectively, and number densities of 2.1 + 0.1 x 10 m2and 4.3

+ 0.8 x 10?%, respectively. Representative atom distribution maps from the APT analysis

are shown in Figures 3.12 and 3.13 for specimens irradiated to 3 dpa and 100 dpa,

respectively.

Table 3.4

reprinted from ref. [23]

Summary of microstructural measurements; as received data

Fe?* irradiated

Fe?* irradiated

Feature Measurement As received (3 dpa, 500°C) | (100 dpa, 500°C)
Grains/Laths # of grains measured 104 104 105
Effective diameter (x 10°m) | 0.23+0.12 0.28 £0.08 0.37+£0.19
Dislocation | # of measurements 17 21 35
lines Density (x 10 m?) 19.1+338 22.6+4.8 18.4+6.9
) # of carbides measured 36 48 34
g?er:ifiiates Effective diameter (x 10°m) | 0.11+0.07 | 0.08 +0.04 0.08 £ 0.03
Density (x 102 m) 0.20 0.76 0.29
Dislocation # .Of loops measured 0 48 182
loops Diameter (x 10° m) - 85+22 10.7£4.2
Density (x 10 m?) - 21+0.1 43+0.8
Oxide # of nanoclusters measured 486 232 1578
Diameter (x 10° m) 5.96 + 3.10 5.06 +2.0 5.35+2.80
nanoclusters 2
Density (x 10 m?) 568 171 513
Average obstacle spacing on glide plane (nm) | 17.2 33.7 18.9
Aoys calculated from microstructure (MPa) - 15 43
Aoys measured by pillar compression (MPa) - -129 + 321 -217 + 264
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Figure 3.12 Atom probe distribution maps showing oxide nanoclusters in Fe-9%Cr
ODS after Fe?* ion irradiation to 3 dpa at 500°C
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Figure 3.13  Atom probe distribution maps showing oxide nanoclusters in Fe-9%Cr
ODS after Fe2+ ion irradiation to 100 dpa at 500°C

3.4 Discussion

3.4.1 Yield Strength

It has been suggested [41] that there is a threshold pillar diameter above which
yield strength measured by TEM in situ methods is independent of size. This threshold is
lower for irradiated materials than for unirradiated materials due to the high density of
irradiation-induced obstacles [41]. Since the study herein uses a square or rectangular
pillar cross-section, the minimum pillar dimension will be used in place of diameter. By
plotting the yield strength as a function of the minimum pillar dimension (Figure 3.9b),
the size effect is apparent. In both irradiated conditions, thinner pillars (i.e. those having
minimum dimension <100 nm) exhibit a wide spread in yield strength (Figure 3.9b, Table
3.2). Although some of these pillars fall within the expected range (highlighted bands,
Figure 3.9b), some of these pillars also result in excessively high yield strength

measurements. Larger pillars (i.e. those having minimum dimension >100 nm) produce a
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narrower distribution of yield strengths closer to expected values. These results suggest a
potential size effect for irradiated materials similar to that observed by Kiener [41]:
measured yield strength plateaus to bulk values with an increasing pillar minimum
dimension above >100 nm.

For each specimen condition, the average spacing between obstacles (Lob) on the
glide plane is calculated from the microstructure measurements in Table 3.4 using [48]:

1
VNypdop Equation 3.4

in which Nop is the sum number density of all obstacles (oxide clusters and dislocation

Lob -

loops) and d,,, is the weighted average diameter of the obstacles. Calculated obstacle
spacing (Table 3.4) ranges between 17.2 and 33.7 nm and is influenced primarily by the
high density of oxide nanoclusters. These values are well below the minimum dimension
of each pillar sample studied herein, so it follows that the obstacles — not the pillar
dimensions — will be the limiting factor in determining the dislocation source size, which
is consistent with references [39,41]. However, as the minimum dimension of pillars
approach 100 nm and below (closer to the average obstacle spacing), the influence of the
pillar size on the dislocation source size becomes more relevant, leading to a likely size
effect for smaller pillars (i.e. <100 nm). A plausible explanation for why the as-received
material exhibits no size effect is that its Lop is Smaller than the irradiated steels.

3.4.2 Elastic Modulus

The size effect observed below 100 nm for yield strength can also be seen in the
elastic modulus results (Figure 3.10b). The modulus is shown as a function of minimum
dimension; pillars with minimum dimension <100 nm have moduli 10-30 GPa lower than

those measured from pillars having minimum dimension >100 nm. In addition, regardless
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of the minimum pillar dimension, the elastic modulus measured by TEM in situ
compression is approximately an order of magnitude lower than expected values. This
discrepancy is attributed to two primary reasons: (1) the deformation is not contained
only within in the pillar, but also extends into the base, and (2) the elastic modulus is
significantly affected by the inhomogeneity of the microstructure. Both of these factors
can be accounted for in our analysis.

Besides removing the visible deflection of the base (as mentioned in the Results
section), to account for deformation occurring in both the pillar and the base, we adjust
for plasticity occurring below the pillar (i.e. in the base material). First, as mentioned in
the results, we subtract the maximum deflection of the base, which is visible in the real-
time video of the compression tests, from the maximum displacement measured by the
flat punch during the compression test. This is a basic and necessary step to analyzing
any of the data. To show the difference, we have quantified the change in the results. The
measured elastic modulus increases by a factor of 0.4, to 9.4 GPa (Figure 3.14,
“Deflection adjusted”).

However, the modulus generally remains below expected values, especially for
the irradiated conditions. The second step, then, is to account for plastic deformation
occurring in the base using a FEM. This step follows the approach taken by Imrich [32],
which used finite element modeling to reconcile experimental moduli with bulk values
for copper. For the work presented herein, a two-dimensional FEM is constructed in
ANSYS® Workbench, Academic Research release 15.0 [90], with the pillar and base
supported solely along the bottom surface, restricted in the ‘Z-direction’, and using a

quadrilateral mesh. Representative FEM simulations are shown in Figure 3.15 (Figure
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3.15a for the as received pillar on a 1 um base, and Figure 3.15b for the 3 dpa pillar on a
5 um base). According to FEM calculations, the pillar base height has a strong influence
on the percent of the displacement occurring in the base relative to in the pillar (Table

3.5).

As received (B Measured
600 - M V/7Z) Deflection adjusted
i [ | Deformation adjusted
400 -
9 A
oo TATRAAT I T T T H _______
1 2 3 4 5 10 11 12 13 14 15 16 17
= ] o _
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-
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-54200-__ _ o N o
b o] 4
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E 1 2 3 4 5 6 7 8 9 10 11 12 13
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. J .@” .JT M Jl
e e T L
| 2 3 0 11 12

Plllar Number
Figure 3.14 Measured and adjusted elastic modulus values for all pillars. Gray
shaded band shows expected range (190-220 GPa). Dotted line shows average of the
deformation adjusted values in a given condition
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Figure 3.15 FEM showing normalized displacement of (A) as received pillar with 1
pm base and (B) 3 dpa pillar with 5 pm base

Table 3.5 FEM results of percent deformation occurring in pillar and base for
varying base heights

Base % %
height | deformation | deformation
(um) in pillar in base
1 43 57
3 30 70
5 24 76
6 21 79

For the irradiated conditions, a base height of 5 um is representative of our pillar
fabrication technique, and at this height, 76% of the deformation occurs in the base (and
thus only 24% of the deformation occurs in the pillar). Normalizing the measured
displacement by this fraction, the irradiated elastic modulus values now fall into closer
agreement with bulk values and range from 130 GPa to 309 GPa (Figure 3.14,
“Deformation adjusted”). For the as received ODS pillars, some of the deflection adjusted
modulus values fall within the expected range (190-220 GPa), even before deformation
adjustments are applied. It then follows that the deformation adjusted modulus values

exceed the expected range (Figure 3.14). The average difference between deflection
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adjusted and measured moduli is ~3 times greater for the as received material than for the
irradiated conditions, suggesting that the base of the as received material deforms more
than the base of the irradiated material.

Even after adjusting irradiated elastic moduli to account for deformation in the
base, modulus values span a wide range (130-309 GPa). Microstructural inhomogeneities
could explain these variations, especially for the <100 nm pillars. Since the average grain
diameter of this material is ~300 nm, only ~14% of a single grain could be contained
within a pillar of dimensions of 400 nm x 400 nm x 100 nm. Considering the
directionality of elastic modulus, the crystal orientation relative to the compressive
direction then becomes a significant factor influencing the measured elastic modulus. For
b.c.c. (body centered cubic) iron, elastic modulus calculations can range from 131 GPa in
the [100] orientation, to 284 GPa in the [111] direction and have been confirmed
experimentally [49,91]. This directionality provides a large enough variation in moduli to
explain the range measured in the irradiated moduli (Figure 3.14).

3.4.3 Microstructure Analysis

Irradiation alters the yield strength of the material by changing the size and
number density of microstructural obstacles to dislocation motion. This change in yield

stress can be predicted from the microstructure using the dispersed barrier model [48]:
Aoy VNd Equation 3.5
where Aays,i represents the contribution to strengthening of microstructural feature i, N is

the number density of feature i, and d is the average diameter of feature i. The

strengthening contribution of all features are then combined through the root-sum-square
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approach (Eq, 6), which has been shown to be more accurate than a linear sum approach

for this ODS alloy [22]

2
Adys = Z(A"ys,i) Equation 3.6

i

Using the methodology and barrier strength factors (a values) outlined in ref.
[22]to estimate the relative strength of each barrier type (dislocation loops and oxide
nanoclusters), the predicted total change in yield stress from the microstructure is 15 MPa
and 43 MPa (Table 3.4) for specimens ion irradiated to 3 dpa and 100 dpa, respectively.
Again, this magnitude of strengthening after 100 dpa is approximately half that observed
by Dolph, et al. [65] on the same alloy irradiated to 100 dpa at 400°C, which is
reasonable given the higher irradiation temperature (500°C) in this work.

This microstructure-based prediction is consistent, within experimental
uncertainties, with the changes in yield strength measured by TEM in situ pillar
compression: -129 + 321 MPa and -217 + 264 MPa for the Fe?* irradiated ODS at 3 dpa
and 100 dpa at 500°C, respectively. These results suggest that in the irradiated specimens,
strengthening added by the irradiation-induced nucleation of dislocation loops is offset by
the softening attributed to the decrease in size and number density of oxide nanoclusters.

3.5 Conclusions

This research demonstrates that TEM in situ micropillar compression tests hold
great promise for quantitatively determining mechanical properties of small volumes of
ion-irradiated materials. We present a versatile method for preparing micropillars from an
irradiated bulk specimen, and analyze the compression test results and irradiated

microstructures. We conclude:
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e Yield strengths measured directly from TEM in situ compression pillar tests
fall within expected values for the as received and ion irradiated ODS. The
high obstacle density, rather than the specimen size, governs dislocation
motion.

e Elastic modulus measured directly from TEM in situ compression pillar
tests are approximately an order of magnitude lower than expected values
for the as received and ion irradiated ODS. However, when adjusted for the
amount of deformation and deflection in the base material, elastic modulus
values fall within the expected range.

e Due to the high density of oxide nanoclusters and the resultant inter-
obstacle spacing in the as received and irradiated Fe-9%Cr ODS alloy, a
sample size effect is only observed in samples with minimum dimension <
100 nm.

« Minimal changes in yield strength following Fe?* irradiation to both 3 dpa
and 100 dpa at 500°C are consistent with observed changes in the irradiated
microstructures. Strengthening from irradiation-induced dislocation loops is
likely offset by the softening due to partial dissolution of oxide

nanoclusters.

3.6 Contributions
The work for this article began as a joint effort between fellow graduate student,
Matthew Swenson and . Matthew used it as an independent study credit and at the
beginning it was a good way for me to learn the FIB and TEM techniques. However, as

results began to come in, the work began to become my own.



70

The first half of the lab work was conducted by myself and Mr. Swenson. The
second half by myself. Mr. Swenson taught me how to use the FIB and helped develop
the FIB milling process for the pillars and together we developed the P195 Picoindenter
process. Dr. Yagiao Wu operated the P195 Picoindenter within the TEM. However, the
mechanical testing parameters were defined by myself.

| collected the load-displacement data and converted it to stress-strain for each of
the pillars. The yield strength, elastic modulus, and finite element analysis was all my
own work. Mr. Swenson had previously characterized the microstructure of the Fe-9%Cr
and his results were published here.

| was the primary author of the article, writing all sections except for 3.3.2 and
3.4.3, which were provided by Matthew Swenson. The paper was edited by Dr. Wharry
and Mr. Swenson. The review process was carried out between the Journal of Nuclear

Materials and myself.
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CHAPTER FOUR: CONCLUSIONS

Due to the unique constraints in testing ion irradiated material, i.e. the shallow
damage layer, the in situ TEM micropillar compression technique lends itself well to
quantifying the mechanical properties of the ion irradiated material. In this study a
versatile FIB milling process has been developed for ion irradiated materials. Yield
strength and elastic modulus have been found for a model Fe-9%Cr ODS alloy in both
the as received and Fe?* irradiated conditions.

Yet, concerns due to size-effects in such small specimens needs to be more fully
understood prior to utilizing this technique widely in the field. In this study, in situ TEM
micropillar compression has been shown to be valid for the ion-irradiated structural and
cladding candidate material Fe-9%Cr ODS. The major conclusions of this work are:

1) A size effect is seen in Fe-9%Cr for both the as received and irradiated

conditions under micropillar compression.

2) The relationship between the minimum dimension and the obstacle spacing in

the glide plane can be identified for any material.

3) For the model Fe-9%Cr ODS alloy used in this study, a minimum dimension of

100 nm and an obstacle spacing of =20-30 nm exists.

The relationship between minimum dimension and obstacle spacing can be seen
in Figure 4.1. The literature values for irradiated copper [41] and a Ni-based ODS alloy

[39] are compared with the results for the model Fe-9%Cr ODS used here.
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found in this work

As further work is conducted on other alloys using the in situ TEM micropillar
compression technique, Figure 4.1 will continue to be populated, such that a possible new
Hall-Petch-like relationship can be built relating the minimum dimension and obstacle

spacing with yield stress in a material.
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In Situ TEM Micropillar Compression Video Recording
Please see the online ScholarWorks archive for the electronic copy of an in situ TEM
micropillar compression test conducted on Fe-9%Cr ODS. The pillar geometry is 400 nm

X 400 nm x 100 nm and the material is in the as received condition.



