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ABSTRACT

The origins and formation mechanism of annealing twin boundaries in face centered
cubic (FCC) materials has remained unclear for over a century in the material science
community. Although these interfaces are readily observable through simple means such as
optical microscopy, the appearance of these highly faceted, straight boundaries remains an open
scientific question. Annealing twins play important roles in material properties, where the low
energy structure of the unique boundary provides improved integranular properties in materials
achieved through grain boundary engineering (GBE). This enables metals exhibiting higher
corrosion resistance, higher strength, more fatigue resistance, crack propagation resistance, and
other superior properties for use in pressure vessels, turbine blades, and so forth.

Annealing twin boundaries arise with the heat treatment of low-to-medium stacking fault
energy FCC metals in both the recrystallization and grain growth regimes. While a number of
formation theories have been proposed in the past, such as the growth accident model, grain
encounter model, grain boundary dissociation model, and stacking fault packets, none have fully
satisfied the scientific community due to a lack of direct observation of a twin boundary
formation event. However, by performing ex-sifu annealing experiments over a single
recrystallization cycle as well as grain growth, new data has been generated to directly identify
the formation of a twin boundary and to better understand annealing twin formation mechanisms.

Two techniques were utilized to obtain the ex-situ information on annealing twin
formation in high purity (99.999%) FCC nickel. The first was scanning electron microscopy
coupled with an electron backscatter detector to obtain individual crystal orientations necessary
for misorientation studies. Ex-situ heat treatments were performed to monitor the growth of
grains in the same area during the recrystallization of nickel specimen cold-rolled to 25% and
annealed at 490°C. The second set of data analyzed came from high-energy x-ray diffraction
microscopy performed at a synchrotron x-ray source on a high purity nickel microstructure
undergoing grain growth at 800°C. This non-destructive technique provided the three-
dimensional crystallographic characterization of a microstructural volume and enabled the ex-
situ monitoring of the same volume with applied thermal treatments. The microstructure
evolution during both recrystallization and grain growth was observed and the formation of new

annealing twins was detected in both regimes.
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The role of the crystallographic interface(s) in the microstructure that resulted in
annealing twin formation was studied. Previous work did not have the extensive crystallographic
orientation data available nor were the stereological 2D and 3D techniques available to obtain the
full description of a grain boundary character of a material. The orientation of the grain boundary
plane that resulted in the formation of an annealing twin event was investigated, as each
proposed annealing twin formation mechanism would promote annealing twin formation on
different planes, namely {111} and non-{111}.

It was found that the processes of twin formation during recrystallization and grain
growth were different from one another. During recrystallization, annealing twins are readily
formed at the recrystallization interface and are left behind within recrystallizing grains, where
the driving force is presumably the stored energy of the deformed matrix. However, during grain
growth, annealing twins formed exclusively at triple junctions. Furthermore, the driving force for
annealing twin was the replacement of higher energy grain boundaries with lower energy grain
boundaries.

During recrystallization, annealing twin boundaries formed from migrating planes that
are close to {111}. In contrast, during grain growth, there were no unique relationships found for
the grain boundaries at the triple junction. However, the triple line was found to lie close to the
{111} plane of the parent grain that exhibits the twin. Furthermore, the effect of temperature on
annealing twin formation was studied for recrystallization at temperatures from 350 to 550 °C
and for grain growth at temperatures from 550 to 950 °C. Here it was found that temperature had
little effect on the twin content in either regime, provided the same change in grain size was
achieved. Although the crystallographic findings support the growth accident mechanism of
annealing twin formation, the absence of a temperature dependence runs counter to this idea.

The results in this dissertation are the first to show the role of crystallography in
annealing twin formation in a bulk, annealed microstructure. It is proposed that annealing twin
formation is primarily dependent on the number of appropriate grain boundaries and triple lines
for nucleation in the microstructure. More specifically, to maximize the population of annealing
boundaries in the microstructure, the focus should be on maximizing the number of {111} planes
on the recrystallization front during recrystallization and triple lines that lie in the {111} plane of

a grain during grain growth.
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1 Introduction

Metals are structural materials present in everyday products and materials in modern society.
Even as research in the material science community focuses on next generation materials of thin
films, polymers, and carbon fiber composites, metals still and will continue to retain a dominant
presence in society. The development of new diffraction techniques to understand texture and
anisotropy in metals has opened new outlets into metallurgical research. As almost all everyday
structural materials are polycrystalline microstructures, a structure made up of many grains, it
is of the utmost importance to understand how these grains behave together as a whole and how

they influence one another on the microscopic level to macroscopic responses.

1.1 Motivation
While the field of texture, i.e. the aggregate orientation of all the grains in a material, has
matured significantly in the last few decades [1], understanding the aggregate role of grain
boundary misorientation population has undergone less development. The grain boundary refers
to the interface between two grains in a polycrystalline microstructure and is dependent on the
orientation of the two neighboring grains. As a defect, grain boundaries provide diffusional
pathways in the microstructure, thereby influencing intergranular properties such as electrical or
thermal conductivity, but grain boundaries can also influence mechanical properties like creep
and strength, because they act as barriers to dislocation motion [2][3].

The energy, strength, and mobility of a grain boundary are all dependent on its structure.
For example, generally boundaries that are lower in excess volume per atom and energy have
lower diffusivity rates that can help arrest corrosion [2][4][5][6]. In the field of grain boundary
engineering (GBE) it was found that, by increasing the population of special boundaries over
other random boundaries, one can improve the intergranular properties of a material by altering

the grain boundary populations and network [7][8][9][10]. The thermo-mechanical processing
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(TMP) steps in GBE have been successful in face centered cubic (FCC) metals in terms of, e.g.,
improving the strength of the material by increasing the annealing twin boundary population and
connectivity [11][12][13][14][15]. While the phrase “special boundaries” is commonly used, for
all practical purposes it is only annealing twin and twin-related boundaries that are special for
GBE.

Although the success of grain boundary engineering has been well documented, finding
the optimal thermo-mechanical processing parameters has been largely a trial and error process.
Since the introduction of the field of grain boundary engineering in the 1980s, only a few GBE
products [16][17] have been successfully introduced into the market [18]. The success in finding
optimal processing parameters has been limited by the lack of scientific understanding behind
how these special boundaries form. Studies have generally focused on whether the TMP resulted
in a favorable grain boundary population distribution that would lead to improved intergranular
properties, represented by the large black arrow connecting thermo-mechanical processing to
improved intergranular properties in Fig. 1.1, with a secondary focus on the microstructure
development. However, understanding the formation mechanism behind the annealing twins,
shown in arrow Fig. 1.1 connecting thermo-mechanical processing to microstructure properties,
would enable the control and design of materials with enhanced properties. While additional
information is still needed on how the special boundaries alter the grain boundary network
connectivity, the arrow connecting microstructure properties to improved intergranular

properties, this is not the focus of this thesis.



Page 3 of 124

Thermo- Improved
mechanical ‘ intergranular

processing properties
Annealing twin Grain boundary
formation network connectivity

T ————— -‘
! Microstructure 1
: properties :

Figure 1.1. A schematic illustrating the traditional approach to grain boundary engineering, which
has focused on whether thermo-mechanical processes bring about improved intergranular
properties. The work presented here focuses on how thermo-mechanical processing drives

annealing twin formation
While the first mechanism for the origin of annealing twins was proposed as early as
1926 [19], to date there is no definitive explanation for the formation of annealing twins. A
number of theories have been presented, such as the accidental formation of a stacking fault
along a migrating boundary [19][20][21][22], the decomposition of grain boundaries to lower
energy boundaries [23][24], the random encounter of prior existing grains that have a twin
misorientation relationship [25][26], or the accumulation and extension of stacking faults [27].

These will be reviewed more in detail in the Background (Chapter 2). However, what is lacking

in the literature are observations of annealing twin formation during processing. Here, ex-situ

crystallographic studies have been performed to examine the process of annealing twin formation
within the microstructure during annealing in recrystallization and grain growth.

This work was a joint collaboration with Mines-Paristech CEMEF under a Materials
World Network grant and also with the Department of Physics at Carnegie Mellon University.
From the multiple collaborations, ex-situ studies at the mesosopic-scale were examined to

understand the conditions that promote annealing twin formation within the microstructure. The
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findings from this work will provide new knowledge leading to improved microstructure control
and engineering of favorable grain boundaries, and thus provide the information necessary to

better manipulate the grain boundary network for specific intergranular properties.

1.2 Hypothesis

Annealing twins are formed as the microstructure reduces its excess energy, whether in
recrystallization by reducing the overall stored energy or in grain growth by reducing the overall
interfacial energy. During this process, it is hypothesized that certain microstructural geometries
will promote annealing twin formation. More specifically, it is hypothesized that the migration
of {111} interfaces during recrystallization and grain growth creates the favorable conditions for
twin formation. As a test of this hypothesis, microstructures are characterized
crystallographically at different stage of microstructural evolution so that the annealing twin

formation can be correlated to specific interface planes.

1.3 Objectives

The primary objective of this thesis in the study of annealing twin formation in nickel (Ni) is to
measure the crystallography of the grain boundaries that form annealing twins during
recrystallization and grain growth. A second objective is to determine whether the overall
interfacial energy is lowered in the course of formation of an annealing twin.

To achieve this objectives, ex-situ heat treatment experiments coupled with microscopy
are utilized to investigate the evolution of the microstructure with annealing. Electron
backscatter diffraction (EBSD) coupled with scanning electron microscopy (SEM) is primarily
used to investigate the grain boundary character resulting in annealing twin formation in
recrystallization and grain growth. However because EBSD is a surface characterization

technique, near-field high energy x-ray diffraction (nf-HEDM) is also used to study the evolution
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of a 3D Ni microstructure undergoing grain growth. The details of these two techniques are
presented in the Experimental Background (Chapter 3).

The results are divided into four chapters. The first chapter presents the ex-situ
observations of Ni undergoing recrystallization and determines a relationship between the
migrating recrystallization front and the formation of a twin. The second chapter presents the
characterization of twin-related domains in the 3D microstructure and concludes that the twin
variant selection from recrystallization is a random process. The third chapter presents the ex-situ
observations of the 3D Ni microstructure undergoing grain growth and identifies the nucleation
of annealing twins as a result of reducing the overall interfacial energy. Finally the last chapter
addresses the (lack of) effect of temperature on the annealing twin content in both
recrystallization and grain growth for the same change in grain size.

The hypothesis is revisited in the discussion, with an examination of how the {111} plane
could influence annealing twin formation at the atomistic level. Additionally, the implications of
the {111} plane for annealing twin formation are analyzed for potential directions for the grain

boundary engineering of new, improved materials.
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2 Background

2.1 Grain Boundaries in Microstructures

The microstructure contains the arrangement of differently orientated crystals of varying sizes
and shape, referred to as grains. The interfaces between these different crystals are known as
grain boundaries and are important for intergranular properties. Where three grain boundaries
come together, they form a triple line, which is part of the grain boundary network. Finally the
intersection of triple lines forms a quadruple point. Each microstructure feature plays an

important role in material properties; for example, size plays a critical role in material hardness

[28][29].

2.1.1 Grain Boundary Characterization
The grain boundary is defined by a total of five macroscopic parameters [30] and three
microscopic parameters. Three of the five macroscopic parameters define the orientation
relationship, or the misorientation, between the two grains, which is often defined by an axis-
angle pair or a misorientation matrix. Two additional macroscopic parameters define the grain
boundary inclination, which describes the spatial orientation of the grain boundary plane by a
normal unit vector in one of the grains. The three microscopic parameters define the translation
of atoms from one crystal to another, but in the length-scales studied in this thesis is neither
observable nor quantifiable.

The identification of a grain boundary is achieved by identifying the orientation of the
two neighboring grains. The misorientation is determined by the calculating the transformation
necessary to transform one crystal frame back into the reference frame, and then into the crystal

frame of the second grain of interest. Mathematically, this is shown in Eq. 2.1, where g4 and gg
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are the orientation matrices of the two grains and Ag, is the misorientation matrix. The graphic

visualization of the math is shown in Fig. 2.1.

Agap = 995" (Eq. 2.1)

Reference |‘
Frame !
(100)[100] 1
1

Figure 2.1. Illustration of the transformation from grain A to the reference frame and then into
grain B. This overall transformation describes the misorientation between two grains.
However the misorientation matrix Ag,p is not easily interpreted. Instead, transforming
the misorientation matrix into an axis-angle scheme, calculated from Eq. 2.2 and 2.3, provides a
more accessible interpretation of the boundary. A common axis, R, between the two grains is
found, and the angle, 6, describes the rotation about that axis necessary to produce the given
misorientation. When the axis is perpendicular to the grain boundary normal, this is known as a
tilt boundary. While if the axis is parallel to the grain boundary normal, this is known a twist
boundary, shown in Fig. 2.2a and 2.2b respectively. Most grain boundaries however exhibit a

mix of twist and tilt characteristics.

= (Ag23—A9g32),(Ag31-4G13),(8g12—Ag21)
R = Eq. 2.2
V(Bg23-0932)%+(8g31—0g13)2+(Ag12—Dga1)? (Eq )

cosO = %(trace(Ag) -1) (Eq. 2.3)
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(a) - (b)

Figure 2.2. Illustration of a (a) tilt boundary and (b) twist boundary. The dashed arrow refers the
grain boundary normal and the solid arrow is the rotation axis with an associated rotation to
transform one grain to the other. In the tilt boundary, the grain boundary normal is perpendicular
to the rotation axis and in the twist boundary the two are parallel.

To simplify, however, grain boundaries are often categorized by more general means. For
example, when the misorientation angle in the axis-angle definition of the grain boundary is less
than 15°, a grain boundary will often be referred to as a low angle grain boundary (LAGB). By
contrast, grain boundaries with a misorientation angle greater than 15° are considered to be high
angle grain boundaries (HAGB). In LAGBs the misorientation can be accommodated by
describing the grain boundary as an array of dislocation. Past a misorientation angle of 15°, the
dislocation density increases such that the dislocations must overlap and this simple model no
longer applies for HAGBs. Although not invariably the case, high angle grain boundaries usually
will have a higher energy than LAGBs. However the properties of all grain boundaries vary and
can depend on the structure, which can be defined by the coincident site lattice model.

One of the early definitions for relating the crystallographic lattice of two different grains
was the coincident site lattice (CSL) model [31]. This model describes the number of
overlapping crystal lattice sites between the two grains. Lower CSL numbers (or “sigma” values)
correspond to higher degrees of overlap of the crystal lattices (a reciprocal relationship). Under
this model, one might therefore expect that low CSL boundaries correspond to low energy

boundaries and high CSL boundaries correspond to high energy boundaries, however these
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relationships have been proven to not be true [32]. Nonetheless, the CSL theory is a useful
method to classify grain boundaries and in particular is frequently used as a means to quantify

the degree of grain boundary engineering in a microstructure.

2.1.2 Grain Boundary Energy
The grain boundary is a planar defect that separates two differently orientated crystalline lattices.
In the simplest idea, the grain boundary energy, ¥;p, has an energy based on the number of
bonds (B) required to join the two free surface, y! and y2. This is given by Eq. 2.4. and is
applicable for all grain boundaries.
Yes = (s +v5) — B Eq.2.4

A LAGB, however, can be modeled by a discrete dislocation array, which considers the
density of dislocations necessary to introduce the given misorientation. The grain boundary
energy for this tilt or twist LAGB is dependent on the sum of dislocation energies necessary.
This is the Read and Shockley approach [33], but is limited to botundaries in which the
dislocations do not overlap. For general grain boundaries and CSL boundaries this approach is
non-applicable.

The relative grain boundary energy can be experimentally measured by considering the
geometry of grain boundaries at a triple junction. Assuming thermodynamic equilibrium is
achieved at the triple junction, then the Herring equation [34], Eq. 2.5, describes the balance of

forces.

Where y; is the grain boundary energy, t; is the tangential force, and 7; is the normal force of the
i"™ grain boundary, and B the rotational force. The illustration of each component with its

respective grain boundary is shown in Fig. 2.3a. The Herring equation is often simplified by
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dvi

assuming that the torque terms, the energy differential with respect to the rotation angle, 28

1c

small and can be neglected. By only considering the tensile forces, this results in the simplified

relationship of Young’s equation [34], given in Eq. 2.6.

Y1 — Y2 — Y3 Eq- 2.6

sinf,3  sinfy;3  sinfy,
The relative grain boundary energies (y;,V2,Y3) are calculated based on the geometry of the
triple junction depicted in Fig. 2.3b, by knowing the dihedral angles (8,3,6;3,0,,). This
requires a 3D microstructure in order to have a full description of the grain boundary to obtain
the correct dihedral angle. By calculating this across a given number of grain boundaries, one
obtains the grain boundary energy distribution (GBED) of a material, where the units of the
given distribution are in arbitrary units of multiples of a random (or uniform) density (MRD or
MUD). The GBED describes the energy of each boundary in 5-parameter space, where it has
been found that the population is inversely related to the energy [35][36]. That is, low energy
boundaries have higher populations than high energy boundaries, thus creating an anisotropic

distribution due to the anisotropic energy properties.



Page 11 of 124

(a) th3t3 (b)

ov,/0B)ny AL, » (0y3/0B)ny

(
hJ

ngl t1

.
.
.
‘.

. Ygb2t2
igb1*1 &

Figure 2.3. Illustrations to show the balance of interfacial energies at a triple junction (a) according
to the Herring equation and (b) according to Young’s equation. The variables shown correspond to
Eq. 2.5 and 2.6 respectively. Figure reproduced from [Rohrer 2011]

Other methods of calculating the relative grain boundary energy involve thermal
grooving according to the Mullin’s equation [37]. Additionally, by using atomistic simulations,
grain boundary energies can also be determined synthetically. Simulations of static grain
boundaries (kT = 0) have provided an absolute measurement of 388 grain boundary enthalpies
[38] across a range of FCC metals that agree reasonably with experimental observations
[39][40]. From these simulation results, more recent work has been made to fit the grain
boundary enthalpy distribution as a function of the five degrees of macroscopic freedom in grain

boundaries [41].

2.2 Microstructure Evolution during Deformation, Recrystallization, and Grain
Growth

As a material may undergo a bulk change, such as a reduction in thickness during rolling, the

microstructure undergoes a change with mechanical treatment. Similarly, as increasing

temperatures increase thermal vibrations of atoms, this leads to changes in the microstructure
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often to reduce the overall free energy. Understanding how the microstructure responds to
thermo-mechanical processing is key for controlling microstructural properties such as grain

size, orientation, or misorientation, which may influence material’s macroscopic properties.

2.2.1 Deformation

Cold-working of a metal either by compression or rolling not only permanently deforms the
material, but also introduces dislocations into the microstructure. The increasing plastic
deformation corresponds to an increasing population of dislocations and an increase in the stored
energy of the material [42][43][44]. The stored energy reflects the amount of energy that would
be released if the same volume of material was dislocation free. In the simplest assumption, the
deformation is assumed to be uniform and stored energy is assumed to be homogenous
throughout the material [45][46].

This is in fact not the case as deformation is often heterogeneous in a microstructure, with
more dislocations accumulating in particular grain orientations [47][48][49] or near grain
boundaries [50] like shown in Fig. 2.4. Here the color is “inverse pole figure” (IPFz) in relation
to the surface normal, which means that surfaces near {111} are blue, {110} are green} and
{100} are red with interpolation in the standard stereographic triangle. As deformation
increases, the stored energy may be reduced by dislocation annihilation or the formation of lower
energy dislocation arrays and sub-grain structures. During annealing the rearrangement of
dislocations is known as recovery, sometimes polygonization, which follows deformation but
precedes recrystallization [51][52][53]. The coarsening of these sub-grains are also believed to
be the origin of the recrystallization nuclei [54][55], thereby linking deformation and

recrystallization, at least in high stacking fault energy metals.
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Figure 2.4. EBSD-IPFz image of a Ni microstructure deformed to 25% with HAGB from 15-65°
colored black. In certain grains there is a lack of boundaries found in the interior of grains while
others contain a high abundance, revealing the heterogeneity of deformation in the microstructure.

2.2.2 Recrystallization

Recrystallization is the process of forming new grains in a deformed microstructure [56].
The deformed microstructure (whether by rolling, compression, or torsion), contains a certain
amount of stored energy. The deformation breaks up the grains of the original microstructure
into smaller cells, which lead to the nuclei for recrystallization. Recrystallization usually initiates
at the areas of highest deformation first, where there are the most dislocations and re-ordering
into sub-grains as well as the highest stored energy in the material [57][58]. Locally strong
orientation gradients play a role by allowing high-angle, high-mobility boundaries to form,
which are required around a nucleus in order for it to be able to grow [59]. The process of
recrystallization then introduces new defect-free grains in a strained microstructure, reducing the
overall stored energy of the microstructure.

The progress of recrystallization can be measured by the rate at which the stored energy

is removed. Experimentally however, this is taken be the volume fraction of the strain-free
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regions in the microstructure relative to the original deformed matrix. An example of a mostly
recrystallized microstructure is shown in Fig. 2.5, where the new grains have a single color
indicating one uniform orientation, whereas deformed regions, circled, show a spread due to the

dislocations causing slight crystallographic rotations.

Figure 2.5. EBSD-IPFz image of a Ni microstructure of the same region as Fig. 2.1 and partially
recrystallized with HAGB colored black and special boundaries colored red. The original deformed
microstructure has been replaced by the recrystallized regions of strain free (single color) grains.

Regions circled show the remnants of the deformed microstructure.

2.2.3 Grain Growth

Grain growth is the coarsening of individual grains in the microstructure. The larger grains
grow at the expense of the smaller ones, thereby reducing both the number of grains in the
system and increasing the average grain size. Grain growth is driven by the curvature of the grain
boundaries, where boundaries migrate towards their center of curvature to reduce their area
[60][61][62]. This reduces the overall interfacial energy in the microstructure, such that
theoretically a microstructure undergoing grain growth should ultimately end with one grain.

Because grain growth depends on the grain boundaries being mobile via atom transfer, it is
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highly temperature dependent. For most pure metals, a temperature of 0.4T,, is necessary to

achieve grain growth.

2.3 Annealing Twin Formation

In face centered cubic materials, annealing twin boundaries are unique in their appearance and
occurrence as long, faceted boundaries within the microstructure. For the purposes of this
document, an annealing twin refers to any grain that shares a twin misorientation relationship
with another grain. The term twin boundary will be used to refer to grain boundary featuring a
60°<111> misorientation. The term coherent twin boundary will be used to refer to a twin
boundary where the interface plane is (111) on both sides of the boundary, where as the
incoherent twin boundary fails this condition. In the EBSD image of a microstructure in Fig. 2.6,
the coherent twin boundaries, labeled CTB, and the incoherent twin boundaries, labeled ITB, are
shown. A X3 boundary, which is a designation that will be used sparingly in the document, has

the same definition as the twin boundary.

-

100 um

*“*

Figure 2.6. EBSD colored by IPFz of a fully recrystallized Ni specimen. The arrows with labeled
CTB point to the coherent twin boundaries of the twinned pink grain to its purple neighbor, where

the double arrow labeled I'TB point to the incoherent twin boundary segment.
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2.3.1 General Characteristics

The structure of a coherent annealing twin boundary found in FCC metals is shown in Fig. 2.7.
The segment labeled a-b is the twin plane, where either side of the boundary is a (111) plane in
the respective grain. In this illustration, to transform from the original to the twinned grain, one
can visualize the rotation of the top half by 180° twist from the bottom half, although due to the
crystal symmetry, this is equivalent to a 60° rotation about <I111>.

Annealing twins form primarily in FCC materials that have a low to intermediate (<100
mJ/m®) stacking fault energy and have undergone heat treatment in either recrystallization or
grain growth. This includes copper, nickel, and stainless steel, all of which have also been shown
to be successfully grain boundary engineered [63][64][65]. At the twin boundary, the original
stacking sequence of the FCC crystal:

ABC ABC ABC
is mirrored at the coherent twin plane of B, as shown in Figure 2.7, changing the stacking
sequence to:

ABC ABA CBA
In the ABA region, the structure exhibits a hexagonal close packed (HCP) structure. Doing so,
the twin boundary energy can be roughly approximated by taking the difference in energy
between HCP and FCC structure, which is half of the stacking fault energy. In comparison to the
general grain boundary energy, roughly 1.0 J/m?*, the coherent twin boundary energy in Ni is two
orders of magnitude less (~0.06 J/m?) based on molecular statics [38]. However the energy of
incoherent twin boundaries features a wide range of energy values from 0.2 up to 1.0 J/m’

[Olmsted 2009].
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Figure 2.7. Illustration of the change in stacking sequence found at the coherent twin plane

annealing twin boundary from a perfect FCC stacking sequence. Figure reproduced from [23].

2.3.2 Annealing twin formation theories

Carpenter and Tamura provided the earliest explanation on the nature of annealing twins. They
suggested that annealing twins form as a result of atomic rearrangements during grain growth
[19]. Atoms would slip into the “wrong” position onto the closest packed plane, and the
following atoms take up the necessary positions to produce the twinned crystal in order to
minimize energy. While there has been no direct proof of such an event occurring, this concept is
the foundation for the idea of “growth accidents”. Other theories for annealing twin formation
that have also been proposed include the grain boundary dissociation model [23][24][66], the
grain encounter model [25][26][67], and the formation of stacking fault packets on migrating
grain boundaries [27]. The chronological order and contributors to the overall framework of

these models are summarized in Table 2.1.
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Table 2.1. Timeline of Theoretical Models for Twin Mechanisms

Growth Accident

Carpenter and Tamura (1926), Burke (1950),
Fisher and Fullman (1951),
Gleiter (1969), Pande (1996)

Grain Boundary

Meyers and Murr (1978), Goodhew (1979)

Migrating Boundaries

Dissociation Kopezky (1983)
Grain Encounter Burgers (1953), Nielsen (1967), Kurzydlowski
(1991)
Stacking Fault Packets on Dash and Brown (1963)

Gleiter provided a further framework into the growth accident model by providing an

atomistic model behind the formation of annealing twins [22]. Grain boundaries are treated to

have {111} facets or steps of favorable orientations that are responsible for migration. As one

grain shrinks and the other grows, the atoms that are transferred will impinge upon the close

packed plane, or the {111} plane in a FCC material. The impinging atoms have two sites of

possible nucleation, based on the stacking previously sequence shown in Figure 2.8.

Figure 2.8. Schematic of Gleiter's growth accident model. Grain II grows into Grain I designated

by the arrows. Atoms migrating from grain I to II can go to either the improper stacking sequence

or proper sequence on a (111) ledge. This results in either the formation of a twinned cluster at the

interface,a, or a continuation of the original grain, . Figure reproduced from [22]
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The nucleation of these impinging clusters result in an increase in the free energy up until
a critical size, which will then decrease in free energy again. While retaining the original
stacking sequence provides the lowest overall energy, a twinned plane provides the next possible
lowest energy configuration. By considering the geometry of the initial cluster, Gleiter proposed

Eqn. 2.7. for determining the probability of a twin forming:

— InsE
p= exp{ mzth }exp {mzh';T } Eq. 2.7
( —l)kT 1

Qoz Qo,

The probability, p, of a twin forming is based on the absolute temperature, T, in Kelvins, as well
twin boundary energy, 6, in J / m*. Other variables related to the formation of a twin nucleus are
h, the height of the nucleating cluster in meters, and &, the energy per step height of the
nucleating cluster in J / m*. While Q is the activation enthalpy for grain boundary migration in J /
atom, and AG® is the Gibbs free energy per volume of atoms in the grain boundary in J / m®,

The growth accident model treats the formation of a twin grain using a classical
nucleation model coupled with the kinetics necessary for grain boundary migration. The effect of
temperature on the probability of annealing twin formation is plotted in Fig. 2.9. The values used
are: 6, = 0.0336 J / m?, h =2.0344 x10"° , € = 0.497 J / m*, Q = 2 x10™" J / atom, and AG®°/k to
be 0.2. The values are taken from [68]. The observed effect of increasing the temperature is
increasing the probability of forming an annealing twin in the microstructure. This implies that
more twins should be observed in the microstructure with increasing temperature, which the

previous findings will be discussed later in 2.3.3.1 and further studied in Chapter 7.
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Figure 2.9. The effect of temperature on the probability of forming an annealing twin from
Gleiter’s growth accident model. Probability of formation increases with increasing temperature.

Meyers and Murr provided a model that did not require migration of the grain boundary,
however annealing twins needed to decrease the overall interfacial free energy of the system
[23]. The grain boundary decomposition model simply follows that high angle grain boundaries,
which are usually higher in energy, can decompose into lower energy grain boundaries [24]. The
coherent boundary of the twin is immobile, while the incoherent boundary of the twin is free to
migrate and extend the twin into the original grain shown in Fig, 2.8. This should only occur if
the overall interfacial energy is reduced in the system despite the addition of an extra twin

boundary, as suggested by Eqn. 2.8:
Y1BATB + YibAth + YgbrAgbr < YgbAgp Eq.2.8

Here vy, Y, Yeb, and ygp correspond to the surface energy of the coherent twin boundary,
incoherent twin boundary, new random boundary, and the old random boundary respectively.
Similarly Artg, Aw, Ag, and Agy correspond to the areas of each boundary. Although this

equation is applicable for any two randomly orientated grains, boundaries that are close to the
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coherent twin misorientation are favored as the area of the formed coherent twin boundary is
maximized and therefore costs the least amount of energy. Additionally, it has been noted that

particular configurations can give rise to the grain boundary decomposition of a twin boundary

3 ners,
2
” )ﬂ(
{ .
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B8 c o

Figure 2.10. Schematic for the grain boundary decomposition model. The annealing twin forms

[24][69]

from by replacing the original grain boundary with three new grain boundaries, which must all be
lower in energy. The glissile nature of the incoherent twin boundary that is formed is responsible

for elongating the twin in the grain, without the need for any migration from the original boundary.

In the grain encounter model, within a given volume of material, there is a simply
probability that two spatially separated, growing grains have a twin misorientation relationship
[25]. When these two grains impinge, a twin boundary is formed and assumed to take its lower
energy configuration as shown in Fig. 2.9. In a completely randomly textured material, the
probability of finding such a relationship is only approximately 2 %. However the consideration
of texture (i.e. from cold-rolling) can alter and increase probabilities in which two grains may be
twin related [67]. However, in this model, it is generally hard to explain how more than one twin

boundary of the same misorientation can be formed.
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Figure 2.11. Schematic for the growth encounter model. Two growing grains share a twin
misorientation relationship. When the two grains impinge, the low-mobility twin boundary is
formed and the low-energy twin boundary is elongated.

In the stacking fault packet model presented by Dash and Brown, they noted the presence
of stacking faults at migrating grain boundaries with the use of transmission electron microscopy
(TEM) [27]. The accumulation of these stacking faults causes an increase of localized residual
strain, but the nucleation of a twin alleviates this. The twin grows by glide of the stacking fault
packets into the recrystallized, strain-free grain, where the additional layers of stacking fault
packets dictate the thickness of the twin shown in Fig. 2.10. Although so far, these observations

have been limited to the TEM and to the author’s knowledge have not been observed in in a bulk

POV

] c °

sample.

Figure 2.12. Schematic for the stacking fault packets at the migrating grain boundary. The
accumulation of the stacking faults results in the formation of a twin behind and perpendicular to

the migration front, which helps relieve the in the microstructure from the excess stacking faults.
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Mahajan et al. presented the most recent proposal for annealing twin formation
mechanism in FCC materials with the objective of unifying the growth accident model and
generation of stacking fault packets [70]. Based on the previous observations by Pande ef al.,
temperature was observed to play no role on the twin density, p, contrary to Gleiter’s model.
Instead, only the change in grain size, Dy to D, played a role in the annealing twin density [71].
This produced Eq. 2.9, in which the twin density could be directly calculated from the change in

grain size, agreeing with the experimental data of [72][73][74].

p DO D

a = FIOgD_O Eq 2.9

In Mahajan’s model, the following assumptions are made: the annealing twin forms from
a migrating boundary, the boundaries can be described with {111} steps or facets, where the
driving force is dependent on the grain boundary curvature [70]. In the schematic shown in Fig.
2.11, the migrating grain boundaries of grain I and II force the {111} step to move upwards,
depositing new {111} planes underneath each step via partial Shockley loops. This event still
depends on the grain growth accident model, where the width of the annealing twins depend on

the migration rate of the {111} step.

Gran 1

Grgin I

Figure 2.13. Schematic of moving {111} step during grain boundary migration and creating

Shockley partials to nucleate a twin. Figure reproduced from reference [Mahajan 1997].
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2.3.3 Developments in understanding annealing twin formation

2.3.3.1 Factors influencing annealing twin formation

Modifying the stacking fault energy has been shown to influence the twin content in the
microstructure. This was directly observed in Charnock and Nutting’s observations in adding
carbon and nickel to austenitic iron [75], as well as in the work by Rath ef al. with boron-doped
Ni [76][77], and indirectly by comparing the twin content between Cu and brass microstructures.
The general trend observed, independent of material, is that increasing stacking fault energy
reduces the twin content in the microstructure. This is explained by the increasing twin boundary
energy that is directly related to the stacking fault energy. As each reviewed model is dependent
on the cost to create a twin boundary, then the increased twin boundary energy works against the
mechanisms promoting annealing twin formation.

The other factors that have been examined in detail that influence annealing twin content
are TMP parameters for recrystallization and grain growth. Various authors have tested the
influence of prior strain on the twin content of different purity nickel undergoing
recrystallization. Increasing strains from 2.5 to 7.5% [78], 30% and 60% [79], 40%, 60%, and
80% [80] for a given starting microstructure and annealed until full recrystallization (at varying
temperatures) all showed the same trend that increasing stored energy increased the twin density
of a given grain size in each experiment respectively.

The role of temperature during annealing twin formation, in either recrystallization or
grain growth, is not clear. The growth accident model assumes the formation of a nucleus at a
heterogeneous site in the microstructure. In Gleiter’s equation [22], it is expected that changing
temperature will change the nucleation rate of new twins in the microstructure. However, only a

weak trend is observed between temperature and the twin density [71]. While the same work in
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Ni has shown that twin content does not change as a function of temperature for a given
deformation [78][79], Field et al’s work shows the opposite trend where decreasing the
temperature led to more twins per grain in Cu [81]! However all studies agreed with the general
trend that the twin content was dependent on the grain size as proposed by Pande [71].
Furthermore, Pande’s equation has been consistently shown to provide a good fit between

different material systems [68],

2.3.3.2 Observations of annealing twin formation

Two previous groups have directly observed the formation of annealing twins. Gastaldi et al.
observed the formation of annealing twins in aluminum undergoing growth utilizing x-ray
synchrotron topography [82], while Song et al. observed the formation of annealing twins in a
Pb-based alloy by in-situ heating stage in EBSD [83]. The results of both experiments supported
the growth accident model, where the migration of high angle boundaries was required for the
formation of a twin boundary. This introduces an interesting question of why are the direct
observations indicative of the growth accident model, even though the trends in temperature are
not?

Viswanathan and Bauer performed a study of twin formations in annealed copper
bicrystal samples with [100] tilt boundaries [84]. Their observations agreed with the former two
in that single twins can form as a result of growth accidents on the {111} plane on a HAGB,
replacing the original boundary with an immobile coherent twin and mobile incoherent twin
boundary. While varying temperature was tested, the data was too meager to draw any definitive
conclusions even though at increased temperatures HAGBs did twin. Furthermore, their work
also showed that twins never formed from LAGB configuration, which was presumably

energetically limited.
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2.3.3.3 Recent work investigating annealing twin formation

Recent work by Jin e al. had shown that annealing twins primarily occurred during
recrystallization, where the twin density increased during recrystallization and consequently
decreased as the microstructure underwent grain growth [85]. The justification behind this
difference was the geometric requirement of annealing twin formation, where using the growth
accident model, the authors proposed only convex boundaries migrating away from their center
of mass can be responsible for the formation of long, straight twin boundary, as shown in Fig.
2.12. Where as concave boundaries migrating towards their center of mass forming a twin would
require the formation of partial dislocations, designated by the red x’s, and is therefore
energetically costly. Due of the lack of convex fronts migrating away from their center of mass
in the microstructure during grain growth, then it is proposed there are no twinning events during

grain growth (with the possible exception of triple junctions).

000000000000 Kot rreernner ‘>>§
c0O0000000000O —_—

Figure 2.14. Annealing twin formation at a convex (a) or at concave (¢) migrating boundary. The
stacking sequence of the compact planes for the growing grain is shown along a <110> direction
and the orientation of the consumed crystal is random. The twin occurs by forming a cluster of

atoms in the wrong position (A instead of C) on a {111} facet. (b) and (d) show how the twin
boundary can evolve following the migration based on the curvature. The red lines represent
coherent twin boundaries and the red crosses represent the Shockley partial dislocations that are

necessary in the case of the concave boundary. Figure reproduced from [85]
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The twin density was recently shown to correlate strongly with the tortuosity of the
microstructure front by the same group of authors [79]. A higher tortuosity resulted in a higher
twin density, where the authors argued that this was also due to the increased number of convex
fronts. The increased number of convex segments on the recrystallization front, as illustrated by
the arrows in Fig. 2.13, provided an increased number of potential twin nucleation sites in the
microstructure, hence increasing the twin density. These two studies emphasize that there must
be a geometric relationship between the grain boundary front and the crystal plane that exhibits

twinning.
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Recrystallized grain

Figure 2.15. Schematic of a tortuous, recrystallization front (RF) with portions of the front that
close to being parallel to {111} (arrowed). The tortuosity provides additional nucleation sites for
annealing twin formation in comparison to a flat front. Figure reproduced from [79].
Beyond these two recent papers by Jin ef al. and Viswanathan’s work on Cu bicystal pairs that
exhibit annealing, little work has been done to consider the crystallographic role of the interface
that results in annealing twin formation. While twins have been assumed to nucleate from the
grain boundary, whether from stacking fault packets that extend into the grain, Shockley partials
that repel and elongate the twin boundary, or the dissociation of grain boundaries, it might

expected that different boundaries will have different responses for these mechanisms to occur.
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2.3.4 Investigating the role of crystallographic orientation

In Ashby and Harper’s experiment, an indentation was made on a copper single crystal and
annealed to form new recrystallizing grains [86]. Annealing twins were noted to form with the
migration of the recrystallizing grain boundary as shown in Fig. 2.14. What was not highlighted
was that one of the recrystallizing grains has more annealing twins than the others. The different
contrast in the optical micrograph indicates the grains are of different orientations, which implies
here that orientation plays a role. From a typical micrograph, one can observe that grains have a
range of twin content. While some of this can be attributable to taking the cross-section of a 3D
microstructure, it could also imply that texture, or more specifically the orientation of the grain
boundary, may play a role. However the techniques available in the past did not allow for

feasible, direct measurements of the grain orientations.

INDENT
—l

DEFORMED Gl
'SINGLE CRYSTAL . :
Figure 2.16. Stimulated recrystallizing grains at an indent in a deformed Cu single crystal that
feature annealing twins. The grain on the right has considerably more twins than the grain on the

right, which is presumably due to the difference in orientation and migration direction. Figure

reproduced from [86].
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Each annealing twin formation model presents a different relationship for the migrating
grain boundary plane that would exhibit the formation of a twin boundary. In Mahajan’s model,
annealing twins are formed on planes that are perpendicular to the {111}. In the grain boundary
dissociation model, annealing twins are formed off planes that are close to the {111} plane, but
not exactly the {111}. The grain encounter model would show no relationship between the grain
boundary migration direction and the formation of the twin. While Gleiter’s growth accident
model is associated to have twins nucleate from planes that are close to {111}.

To summarize, we expect higher counts of certain migrating grain boundary planes that
exhibit twinning at distinct locations in the cubic fundamental zone in the grain boundary plane
distribution depending on the twinning mechanism, as illustrated in Fig. 2.15. The growth
accident model would feature a high number of planes at the {111}. Whereas the grain boundary
dissociation model would feature a broader distribution of planes around {I111}. In contrast,
Mahajan’s model would exhibit planes that lie on the trace band of the {l111}, or directions
perpendicular to the {111} normal. Thus from studying the crystallographic orientation of the
migrating grain boundaries that exhibit twinning from electron backscatter diffraction and near-

field high-energy x-ray diffraction, this relationship is yet to be determined.

[111]

Growth Accident

Grain Boundary
Dissociation

Mahajan’s
Model

\\

[001] [101]

Figure 2.17. Illustration of expected peaks of grain boundary planes that exhibit twinning in an

FCC structure should be according to three different FCC annealing twin formation mechanisms.
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3 Experimental Background

This chapter introduces the material to be studied and summarizes the two different microscopy
techniques utilized to observe the evolution of the microstructure. The first technique is electron
backscatter diffraction, which determines the orientation of the grains in the microstructure of a
polished sample surface in scanning electron microscopy. The second technique is near-field
high energy x-ray diffraction, which utilizes x-rays to determine the orientation of grains within
the volume of a given material based on diffraction. These provide a general overview for
readers unfamiliar with either technique, while specific experimental details are provided in the

results chapters.

3.1 Material Selection and Sample Preparation

High purity nickel has been selected as the material of study for several reasons. As an FCC
metal with a medium stacking fault energy, it is a material that exhibits annealing twin formation
and is well documented [87][88]. In additional, its success as a GBE material has been well
reported [89][90][91][92]. The previous works include an extensive reports on how the final twin
fraction of the microstructure varies with TMP parameters, which will be useful for comparing
whether the evolving state of the microstructure agrees with what has been observed in literature.
For example, with each TMP iteration, the length fraction of £3 boundaries has been reported to
increase while the length fraction of the random boundaries decreases [93].

A second purpose of studying nickel is that it also serves as a model material for all other
nickel-based super alloys, which too have shown success for GBE and has more important
industrial usages [94][95]. Furthermore, the majority of GBE candidates are FCC materials, and
it has been previously been shown that different FCC materials exhibit similar grain boundary

character [96].
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One last advantage of using nickel is that its high symmetry and relatively heavy atomic
mass provides strong diffraction patterns for indexing orientations in both electron backscatter
diffraction and near-field high energy x-ray diffraction.

A high purity nickel rod (with a diameter of 5 mm) of 99.999% purity was obtained from
Alfa Aesar. The samples are homogenized by annealing at 410 °C (~0.30 Ty,) for 24 hours to
eliminate residual strain in the material while minimizing grain growth. For EBSD
characterization, nickel samples were mechanically polished starting with SiC 600 grit and
progressively finer until 1200 grit, followed by diamond abrasive suspensions of 9 /3 /1 um and
finishing with a final polish of colloidal silica of 0.05 um on a Vibromet™. The specific

polishing procedure can be found in Table 3.1.

Table 3.1. Polishing Procedure for FCC Ni

Speed Force ) )
Surface Polishing P Time (min:sec)
(rpm) (Ibs)
SiC Grit Paper 15 pm 120 6 Until Planar
MetaDi
UltraPad ? pm MetaDi Supreme 120 6 3:00
Diamond Suspension
MetaDi
TriDent 3 Hm ca Supréme 120 6 3:30
Diamond Suspension
1 MetaDi
TriDent pm MetaDi Supreme 120 6 4:00
Diamond Suspension
Microcloth Hodial sili ) 100 4 5:00
Microcloth on Collodial silica 0.02 pm | hour
. MasterMet2 N/A N/A ..
VibroMet™ (minimum)

3.2 Electron Backscatter Diffraction

Electron backscatter diffraction is a scanning electron microscope (SEM) based technique used
to measure crystallographic orientations. While the SEM uses accelerated electrons from the
primary beam as a method of imaging, the same electrons can be used to observe the diffraction

patterns from crystals. This is achieved by tilting the sample to 70° with respect to the surface
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shown in Fig. 3.1. The diffracted electrons are captured on a phosphor screen to produced visible
lines known as Kukuchi bands [97], or electron backscatter patterns, as seen on the camera. The
patterns are characteristic of the sample crystal structure and enable indexing the orientation of

the crystal they diffracted from [98].

FEG SEM

Sample,
~70° tilt

backscatter Kikuchi
diffraction pattern

Figure 3.1. Schematic of a typical EBSD setup found inside an SEM. Diffracted electrons are
produced from the incident beam against a sample tilted at 70° to produce the backscatter Kikuchi
diffraction pattern on the camera. Figure reproduced from [Sutatch 2013]

EBSD systems have become very common for microstructural characterization. These
systems provide orientation at a sub-micron resolution. The largest advantage of EBSD systems
over other crystallographic orientation tools, such as x-ray diffraction or transmission electron
microscopy, is the high throughput of local orientations. However a major limitation is that
diffracted electrons come only from the top 10 nm of the samples, and therefore all the obtained
maps are only reflective of the surface, which may be not be characteristic of the bulk. Without
the use of serial sectioning, EBSD cannot provide full information on the 5-parameter grain

boundary character, although this can be approximated with stereology.
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The electron backscatter patterns are indexed on either a square or hexagonal grid to
produce an orientation map. The hexagonal grid is useful for grain boundary reconstructions of
the orientation map to determine appropriate number and length fractions of boundaries. The
reconstructed boundaries are created by finding the triple junctions and connecting them with
line segments that best outline the grain boundary shape [99]. For segments that deviate a certain
number of pixels away, the reconstruction is broken up into several segments to best account for
the grain boundary curvature.

The misorientation is found by considering the orientation on both sides of the boundary.
This provides three of the five parameters necessary for defining a grain boundary [100]. The
trace of the grain boundary in the 2D surface provides one component of the grain boundary
normal. Without any information on inclination, the last parameter needed to complete the
description of the grain boundary normal is determined stereologically [101]. The last grain
boundary normal is the pole from a possible family of boundary planes. By observing several
hundreds of similarly orientated bicrystals in the microstructure, it is assumed that the true pole
should correspond to the largest population. The information obtained by studying the grain
boundary character distribution (GBCD) is useful in determining the distribution of planes at or

around a specific misorientation.

3.3 Near-Field High Energy X-ray Diffraction

Near field high energy x-ray diffraction (nf-HEDM) is a technique developed by a
collaboration between the Department of Physics at Carnegie Mellon University and Argonne
National Lab, and is performed at the 1-ID beamline source at the Advance Photon Source
synchrotron [102]. This is relatively new technique and falls under the category of three-

dimensional x-ray diffraction microscopy for obtaining information throughout a volume of a
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polycrystalline microstructure. The nf-HEDM technique specifically uses high energy x-rays on
the order 50-100 keV to penetrate the volume of the material [103].

The incident beam is focused to a planar beam and illuminates a planar slice of the
specimen. Diffraction patterns are collected on a near CCD detector at three different distances
to track the beams through space shown in Fig. 3.3. The specimen is rotated at one degree
intervals to collect all possible diffraction patterns from the microstructure. The diffraction
patterns obtained from this technique is shown in Fig. 3.4, where the spots correspond to the
diffraction peaks of differently orientated grains in the volume. Hence multiple detector
distances and the rotation are necessary to determine the spatial position of the given orientation

in space.

Zq

— Beam stop
Diffracting grain

Incident beam

Figure 3.2. Monochromatic high energy x-rays are focused to form a line-focused beam roughly 1 -2
microns high and about 1.3mm wide (red). This beam illuminates a thin planar section of the
sample (green). The diffraction spots from individual grains are imaged on a CCD detector; spots
have the shape of the illuminated grain cross section projected onto the detector plane at the

scattering angles 20 and ¢. Figure is reproduced from reference [103].



Page 35 of 124

Figure 3.3. Example of captured diffraction peaks from the volume of the microstructure. Bright
spots correspond to the Bragg peaks of differently oriented grains in the sample and must be fitted

to determine the orientation and spatial location of each grain. Figure reproduced from reference
[104]

After capturing all required diffraction patterns for a slice, the specimen is shifted along
the z-axis to obtain additional slices each with their own diffraction pattern to capture the 3D
details of the microstructure. The resolution of this technique depends on the CCD detectors,
which currently provides 1 pum resolution in each x-y slice, and on the thickness of the focused
planar beam, which currently provides a 4 um resolution in the z-dimension.

The raw data is the stack of images containing the diffraction spots and a forward
modeling technique is used to reconstruct the microstructure from this data [104]. This is
achieved through running a simulation of the experiment and attempting to maximize the overlap
of computed, expected diffraction pattern to the experimentally observed patterns as shown in
Fig. 3.5. An optimization scheme is utilized to find the best possible match between the
experimental peaks and simulated peaks to produce the orientation at the given point in a discrete
triangular grid. The discrete triangular grid of each planes are realigned, and by matching similar

orientations under a misorientation threshold the data reconstructed into the 3D microstructure.
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Because this is a non-destructive technique, samples can be thermally or mechanically treated

and the microstructural evolution can be observed [105][106][107][108].

(1024.0)

(0.0)

(1024.1024)
/

ample grid L

Figure 3.4. The crystallographic orientation in each voxel of the sample grid is adjusted to optimize
the overlap of simulated Bragg scattering with the experimental data. Figure is reproduced from

reference [103].
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4 Annealing twin formation observed during recrystallization

4.1 Introduction

Annealing twin formation in polycrystalline nickel during recrystallization was studied by
interrupted anneals over the same area observed by EBSD to monitor the recrystallization
progress. Throughout the recrystallization process, the appearance of new twinned grains in the
microstructure was identified in the recrystallizing regions of the microstructure. The various
crystallographic features of the microstructure were investigated to understand their role on the
observations of annealing twin formation. Here it was found that annealing twins nucleate at the

recrystallizing interface on planes that are close to the {111} grain boundary plane.

4.2 Experimental Details

4.2.1 Sample Preparation

Cylindrical samples were sectioned using a low-speed saw from the high purity (99.999%) nickel
rod (diameter 5 mm) of approximately 2 mm thickness. After homogenization, samples were
cold-rolled to 25+0.5% reduction. The samples were mounted in epoxy, mechanically ground,
and polished following the metallography procedures for mentioned in Section 3.1.

Crystal orientations of the surface in the rolling and traverse planes after deformation
were measured by EBSD using an EDAX/TSL acquisition software with a Hikari EBSD detector
on a Quanta 200 FEG SEM for ex-situ observations. Orientation maps with an area of 450 x 450
um were acquired with a 1.5 um step size. The samples were repeatedly annealed for 5 minutes
at a time at 490°C in a flowing Ar/H, atmosphere tube furnace until full recrystallization was
achieved at 40 minutes. The recrystallization progress was based on area partitioning by
assigning grains as recrystallized if their grain orientation spread (GOS) was <= 1° [109][110].
Error bars for the recrystallized fraction were generated by considering a GOS <= 0.8 ° and <=

1.2 © for the lower and upper bounds respectively. Further grain growth (although with minimal
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change) was also achieved by annealing the samples at 10 minute intervals up to a total time of
60 minutes. The progress of recrystallization based on the grain orientation spread is shown in
Fig. 4.1 as well as the change in the average grain diameter. Both the fraction recrystallized and

the average grain diameter increased with annealing time.
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Figure 4.1. The fraction recrystallized with annealing time is shown on the left y-axis and the
average grain diameter on the right y-axis . The fraction recrystallized increases with annealing
time as does the average grain diameter. Based on the area fraction of grain exhibiting a GOS < 1°,
complete recrystallization is taken to occur after 40 minutes, where the increase in the average
grain diameter also changes behavior due to the change in driving force.

The microstructure evolution captured by EBSD is shown in the sequence of orientation maps
shown in Fig. 4.2 The first column shows the change in the entire area. The second column
shows the change in the microstructure based on the grain orientation spread, which reveals the
recrystallizing regions. The third column in the microstructure is partitioned to include only
grains with a GOS < 1°, showing the recrystallizing grains. The last column in the microstructure

is partitioned with a GOS < 1° with twins excluded and colored by grain ID. This shows the

recrystallizing nuclei that reveal the multiple twinning occurring during recrystallization.
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GOS< 1° GOS < 1°+ no twins
IPF+1Q Gos+1a + IPF + grainlD
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39% Rex
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60 min
100% Rex

Figure 4.2. 450 x 450 pm EBSD maps capturing the microstructure evolution during annealing at
490 °C across time and fraction recrystallized down the columns, and in each row colored by the
IPF and image quality, the GOS and image quality, the IPF of the recrystallizing grains, and the

grain IDs identified when twins are excluded.
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The number of features in the recrystallized region based on whether annealing twin boundaries
are included or ignored was considered and the results are shown in Fig. 4.3. In the case where
twin boundaries are included, the number of features corresponds to the number of grains with
individual orientations different from its neighbors. The number of features increased steadily
throughout the recrystallization process when these twinned grains are counted as individual
features. However, when the annealing twin boundaries are excluded, essentially merging the
twins and their respective parent recrystallizing nuclei as shown in Fig. 4.2, the total number of
features was relatively constant with recrystallization. This indicated that there are a limited
number of recrystallizing nuclei that are formed in the deformed matrix [111] and as the growing
grains increase in size, they twin. The average number of twins per grain, Ng, was calculated
from Eq. 4.1 [80] where the definition of the parameters N; refers to the number of features
without considering twin boundaries and N, is the number of features by considering twin
boundaries. The average number of twins per grain exhibited a relatively linear increase with
recrystallization, as shown on the left axis in Fig. 4.3. From the observed starting microstructure
to the final recrystallized microstructure, the number of twins per grain increase from

approximately three to six.

N,—N
N; = ZN—ll Eq.4.1
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Figure 4.3. Number of grains within the area of interest observed when twins are considered as
individual grains and merged to a parent grain on the left y-axis, along with the average number of
twins per grain (referenced to the left y-axis).

The twin density, Ni, has been calculated by the Eq. 4.2, presented by Jin et al. [Jin
2013], where Ly, refers the twin boundary length in a given sample section area, S., The twin
density increased with recrystallization from approximately 10 to 50 mm™ as shown in Fig 4.4.
and agrees with the similar ex-situ heat treatment experiment performed [85]. The increase in
twin density with the fraction recrystallized emphasizes the earlier point that as grains grow
during recrystallization, annealing twins are formed, consistent with the increase in the number
of twins per grain observed in Fig. 4.2. The question to be answered is where?

L 2
NL=%”><; Eq 4.2
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Figure 4.4. Average twin density with the fraction of material recrystallized shows an

approximately linear increase with fraction recrystallized.

4.3 Results

4.3.1 Evolution of grain boundary character during recrystallization

The change in the twin boundary length fraction with recrystallization is presented in Fig. 4.5a.
Special boundaries, which include twin and high order twin-related boundaries [112], have also
been shown on the plot. The length fraction, unsurprisingly, increases over time as new twins are
introduced into the system with annealing. However, when only the recrystallized partition of
microstructure is considered, then the observed behavior changes drastically as shown in Fig.
4.5b. The recrystallized partition only takes into account the boundaries within recrystallized
grains and excludes the interface between the recrystallization front and the deformed matrix.
The twin boundaries accounts for the majority of the boundaries in the recrystallized partition.

The gradual decrease with the recrystallization process arises from the recrystallizing nuclei
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impinging on one another and forming (general) high angle grain boundaries. The independent
behavior of the entire microstructure compared to just the recrystallizing partition therefore

suggests all the newly formed annealing twins occur on the recrystallizing interface.
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Figure 4.5. Fraction of twin boundaries and special boundaries in the entire area observed as a
function of fraction recrystallized in (a), and fraction of twin boundaries and special boundaries in
the recrystallized microstructure (not considering the recrystallizing interface) as a function of
fraction recrystallized in (b). When considering the entire microstructure the overall length
fraction of twins increases but within the recrystallization partition, it is constant.

The trend for the length fraction of special boundaries tracks that of the twin boundaries, which
suggests that the twin boundaries accounts for the majority of the special boundaries’ behavior.
More discussion of the other special boundaries such as the X9 and X27 and the development in

the interconnectivity of the grain boundary network can be found in Appendix 11A.
Furthermore the length fraction of coherent to incoherent twin boundaries over a single
recrystallization process was measured and the results are plotted in Fig. 4.6. The coherency is

determined by how close the trace of the grain boundary lies to the {111} in the two crystals.

Overall there is always a higher length fraction of coherent boundaries than incoherent
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boundaries. The ratio of coherent to incoherent twin boundaries shows that during annealing,

there are more incoherent boundaries being generated over time.
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Figure 4.6. The length fraction of coherent and incoherent twin boundaries during recrystallization
is shown on the right y-axis. In the left y-axis the ratio of coherent to incoherent twin boundaries is
presented, which shows a slight decrease with recrystallization although the length fraction of
coherent boundaries is still greater.

The discrepancy between looking at the entire microstructure and the recrystallized
fraction motivated examination of the characteristics of the recrystallization interface. The
recrystallizing grains are nearly random and show no strong texture component. The 1D
misorientation distribution, Fig. 4.7, shows that the overall interface is close to random, but
exhibits a slight excess of high angle grain boundaries. The high angle grain boundaries are
mostly scatter but can also be high mobility boundaries that are necessary for the growth of

grains during recrystallization. The length fraction of twin boundaries are significantly less than

the 20-30% usually observed in FCC Ni, but this does not contradict the previous statements.
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The twin boundaries are formed at the interface, but are deposited into the recrystallized volume.
Therefore, the twin boundaries are connected to the recrystallization front, but not a part of it

more than would be expect in a random distribution.
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Figure 4.7. The grain boundary misorientation profile of the recrystallization interface is close to a
random distribution [Mackenzie] although with an excess of high angle grain boundaries; this
reflects the need for growing grains to have high mobility (and thus high angle) boundaries on their
surfaces and the twins generated during recrystallization are deposited in the recrystallized volume.

The two-parameter grain boundary plane distribution, which characterizes the grain
boundary inclination of all grain boundaries across entire recrystallization front population in the
crystal reference frame, showed an interface with a weak bias for {111}, see Fig. 4.8, with a
maximum MRD value of 1.25. The region around the (111) is also relatively diffuse based on the
MRD values. This was calculated by using a stereological approximation of the reconstructed

boundary, as detailed by Kim ef al. [113], of a recrystallization front that included over 6000 line

segments. The peak at (111) is best explained by the {111} being lowest energy plane (based on
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the Wulff shape of FCC crystals) and typically shows the highest population as well in FCC
metals [35]. Additionally, the {111} plane is also the coherent twin plane. Therefore having a
high population of {111} may assist in the formation of annealing twin boundaries. The EBSD

observations of these annealing twin formation events are presented in the following section.

(111)

0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25
Multiples of Random

(001) (101)

Figure 4.8. Grain boundary plane distribution of the recrystallization interface during annealing
shows a peak at {111} with a maximum MRD value of 1.25.

4.3.2 Local observations of annealing twin formation during recrystallization

Twins appeared in the microstructure and occurred on the migrating recrystallizing interfaces, as
shown in the sequence of images in Fig. 4.9. In this case, the first twin boundary nucleates and a
second twin boundary occurs later to form the twinned grain replacing the deformed region of
the microstructure. It was never observed that an annealing twin formed in an already existing
region of the recrystallized microstructure. There are however, three apparent mechanisms that
lead to the increase of annealing twin boundaries in the microstructure. The first is simply
repeated twin formation events trailing the recrystallizing interface as discussed. This type of

annealing twin formation was the most frequently observed throughout recrystallization.
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Figure 4.9. The migrating recrystallization front of the purple recrystallizing grain is indicated by
the arrow in the first EBSD snapshot. In the next frame, an annealing twin boundary is formed,
circled, and later a second twin boundary is formed, again circled. The area fraction
recrystallization is shown in the top left corner of each EBSD map.

After formation, annealing twins also increase in size by propagation along the
recrystallizing interface. This is clearly observed in the sequence of images presented in Fig.
4.10, where the annealing twin boundary and original parent grain both continue to extend into
the deformed matrix. Twin boundaries also form when two spatially separated, twin-related,
recrystallizing nuclei grow and impinge on one another shown in Fig 4.11. Given the coherent
nature of these twin boundaries and that both grains are ultimately part of a larger twin cluster, it
is likely that this twin nucleation event occurred in the bulk of the material and grew towards the

surface. As such, this is simply just a more complicated and disjoined process of the second

mechanism observed of annealing twin boundary elongation rather than a growth encounter

event [25].

Figure 4.10. The formation of a new twin boundary is observed in the circled region from the EBSD
images (a) to (b). The length fraction of the twin boundary increases through rapid elongation of

the twin in (b) to (c).



Page 48 of 124

Figure 4.11. In the sequence of EBSD images, the impingement of two spatially separated, twin-
related recrystallizing grains growing towards each other, designated by the arrows, result in the
formation of a twin boundary, circled. This arises from the elongation of a twin boundary that
nucleated in the bulk of the sample, below the section plane.

Within the underlying deformed matrix, no distinct behavior was observed as to when an
annealing twin would form. The first new recrystallizing grains typically appeared in the regions
of highest deformation, based on GOS, as observed in the sequence of images in Fig. 4.2. The
formation of annealing twins occured later, in regions of varying GOS. However, the twin may
be forming at a higher deformation region underneath the surface, which is not detectable.
Similarly, there do not appear to be microstructure features that specifically promote annealing
twin formation. That is, annealing twins do not seem to be forming at prior deformed grain
boundaries and triple lines, or the sub-grain structure from the prior plastic deformation,
although the latter may require higher resolution to resolve. The lack of correlation could again

be due to 2D surface observation that does not capture the true 3D evolution behavior.

4.3.3 Conditions for annealing twin nucleation from recrystallizing interfaces

Twin formation events as identified from the previous section were further analyzed to
understand if specific conditions resulted in their formation. The first was a comparison of the
migration direction relative to the twin plane. Here an assumption was made that annealing twin

formation events does not alter the migration directions of recrystallizing nuclei.
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For any coherent annealing twin segment that forms behind the recrystallization growth
front, the trace is assumed to be the direction of the {111}. The direction of the grain boundary
migration is taken to be the apex point of the convex boundary front from the twin plane trace.
The deviation angle is calculated based on the angle between the two vectors as shown in Fig.
4.12. This is a 2D approximation of an event occurring in 3D. Furthermore the underlying
assumption here is that the annealing twin formation event does not change the migration

behavior of the original grain.

Figure 4.12. EBSD maps showing a selected area between annealing intervals of 5 minutes. The
growths of two recrystallizing nuclei are identified in this series and the migration of three portions
of recrystallization fronts that have a twin boundary behind them are indicated. The white arrows
indicate the approximate direction of the twin plane and the colored arrows the approximate
migrating direction.

The result from over 50 recrystallizing interfaces in nickel (at various annealing times) is
plotted in the bar chart shown in Fig 4.13. The orientation of the majority of the migrating
interfaces that exhibit an annealing twin formation event are within 10° of <111>. This implies
that annealing twins form from migrating {111} planes during recrystallization. Qualitatively,
the observed frequency is also greater the grain boundary plane distribution obtained from
stereology, shown in Fig. 4.8. As a rough estimate, the number of counts in the < 10° fraction is

almost twice of that in the 11-20° fraction bin versus the maximum 1.25 MRD peak measured at

the (111).
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Figure 4.13. Number of occurrences binned by the angle between the observed grain boundary
migrations after an annealing twin formation and the {111} twin plane behind the migration front.
Formation events mostly belong to the < 10° bin, suggesting that annealing twins nucleate when the

recrystallization front is closest to a {111} plane.

Secondly, the evidence indicates annealing twin formation is an event that depends on the
migration of the grain boundary [82][83]. As such, the average grain boundary velocity behavior,
grain area swept, and change in grain boundary length were examined in the microstructure. The
overall grain boundary velocity, taken as the change the average grain size during
recrystallization with time, shown in Fig. 4.14a, exhibits a parabolic behavior consistent with
other reports [114]. However, the change in annealing twin content, which is found by extracting

the change in the number of new twins from Fig. 4.3, as a function of velocity is essentially a

scatter plot, Fig. 4.14b.
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Figure 4.14. The average migration rate of grain boundaries against recrystallization is shown in
(a) with a line showing the trend with the fraction recrystallized. The number of new twins against
the grain boundary velocity is shown in (b), which reveals a large scatter. This suggests that the
twin formation rate does not depend on the boundary velocity.

The change in grain area is calculated from the change in the average grain area during
recrystallization in only the recrystallized fraction of material and is shown in Fig 4.15a. While
grain boundary area swept exhibited a linear increase with time, it also does not correlate well
with the number of new twins introduced into the microstructure, as shown in Fig. 4.15b. The
increase in grain area does indeed lead to the formation of new twins in agreement with the

previous statements that new twins are introduced in the recrystallization volume as the front

migrates into the deformed matrix. However this relationship is not linear nor clear.
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Figure 4.15. (a)The average grain area as a function of recrystallization where the grain area
increases with the fraction recrystallized. (b) The number of new twins versus the change in grain
area shows no strong correlation between the two variables.

The last investigated microstructure property was the change in the length per unit area of the
recrystallizing interface. The change in specific length varies with recrystallization fraction
similarly to the velocity, where at the start it increases, but past 50 % recrystallization begins to
decrease as observed in Fig 4.16a. By using the absolute change in grain boundary length, a
reasonable correlation between the number of new twins and change in interface length is
observed. An increasing change in grain boundary length correlates to an increase in the number
of new twinned grains introduced into the microstructure as shown in Fig. 4.16b. Or, expressed
another way, the rate of formation of twins is proportional to the area of the recrystallization

front.

While the recrystallized length front and average recrystallized grain area should be both
related, this is only in the case of isolated, growing nuclei. As the growing nuclei impinge, the
relationship between area to the length is lost then. Furthermore, the stronger correlation to
length emphasizes that it is the number of planes that across the recrystallization front that are

important.
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Figure 4.16. (a) The length of the recrystallized interface with fraction recrystallized with a line to
show the increase then decrease with the recrystallization fraction. (b) The number of new twins

increases as a function of the absolute change in grain boundary length.

4.4 Discussion
Based on the evidence presented, we conclude that annealing twins form on migrating {111}
planes. Not only are there more {111} planes than other planes at the recrystallizing interface, as
shown in Fig. 4.8, but these {111} planes are selectively chosen for annealing twin formation
based on histogram in Fig. 4.13. Previous models had simply suggested that twins nucleate on
{111} ledges [22]. Here we have shown that there is a strong correlation with the formation of a
twin boundary with respect to the inclination of the boundary based on a stereological analysis.
To further reinforce this, an additional, albeit weaker correlation was found between the absolute
change in grain boundary length and the number of new twins introduced into the microstructure.
This suggests that annealing twin formation is dependent on the number of planes close to the
{111} available in the microstructure at a given time.

This agrees with the trends observed for increasing prior strain resulting in increasing
twin density [79][80]. The increased deformation would increase the number of recrystallizing

nuclei. Assuming a spherical nucleus, then each nucleus would have all possible {111} planes to
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generate an annealing twin. Similarly, because the number of possible {111} planes is dependent
on the number of nuclei, then temperature, which does not alter the number of recrystallizing
nuclei in a given volume [111], has no effect on the twin content in the microstructure.

This conclusion is also in agreement with tortuosity measurements made on the
recrystallizing interface by Jin ef al. [79], where it was proposed that increasing the tortuosity
provided additional {111} planes on the recrystallization front for twinning. Although at first this
seems contradictory, with our suggestion that flat, recrystallizing {111} grain boundary surfaces
are responsible for. However, for a front close to {111}, increasing tortuosity provides additional
sites on the recrystallization front where an annealing twin can nucleate, as previously shown in
Fig. 2.13.

The observed bias of forming twins on boundaries with the {111} orientated
recrystallization front provides support for the growth accident model [22] over what is
presented by Mahajan et al. [70]. The fact that the entire interface is {111} also means that there
are a number of nucleation sites for the formation of a twin across the entire plane. If nucleation
sites are not generated on the exactly the same plane however, then incoherent segments are
formed to join the twin nuclei as shown in Fig. 4.17a-b. Additionally if the nature of the growth
front is uneven, possibly due to residual orientation gradients, then incoherent segments can be
generated if the new twinned grain does not have a higher velocity than the original parent grain

shown in Fig. 4.18a-b.
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Figure 4.17. Schematic for annealing twin formation resulting in incoherent segments from the
generation of multiple twin nuclei across the recrystallizing interface. Two independent nuclei of
the same twin variant are formed at the interface in (a). In (b), if the nuclei grow and join together,

the original recrystallizing interface can result in an incoherent twin boundary.
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Figure 4.18. Schematic for the generation of incoherent twin boundaries in the recrystallizing
volume resulting from uneven migration rates on the recrystallization front. In (a) the formation of
a twin occurs on the recrystallizing interface on a plane close to the {111}. In (b) the twin continues

to grow into the deformed region, but so does the original grain as a faster rate than the twin,

creating an incoherent twin boundary despite starting as a coherent twin boundary.
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The formation of other special boundaries, such as X9s, can come about from intersecting twin
boundaries that arise from independent annealing twin formation events on different {111}
planes of the recrystallizing grain. The evolution of a X9 from two separate annealing twin

events can be visualized by the sequence of Fig. 4.19a-b.

(a) (b)

recrystallizing
nuclei

, Twin
variant | N~ variant Il

Figure 4.19. Schematic for two independent annealing twin formation events that results in the
formation of a 29 boundary. In (a), the two different {111} planes of the recrystallizing nuclei are
selected for nucleation and consequently leave the twin boundary behind. As these twins grow,
shown in (b), the twin boundaries of the two twin variants are extended and the geometric

constraints at the triple junction between the two results in a 29 relationship.

4.5 Summary

From the interval annealing recrystallization experiment, the change in the concentration of
annealing twins with recrystallized fraction was studied. It was determined that annealing twins
form primarily during recrystallization, and in particular form on the recrystallizing interface.
On the recrystallizing interface, twins form on interfaces that are close to a {111} plane and the

formation correlates well to the length of grain boundary available.
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S5 Annealing twin formation selection during recrystallization

From the interval heating experiments, we observe that annealing twins form primarily during
recrystallization. At times we also see that multiple twin variants are introduced during
recrystallization that are responsible for the development of other special boundaries. In this
chapter we investigate the connectivity of these twin-related grains after recrystallization and
undergone a small amount of grain growth in a 3D microstructure. The data is obtained by a
novel technique known as near-field high energy x-ray diffraction to monitor the microstructure
evolution of Ni annealed at 800°C over several anneals. The concept of twin-related domains is
introduced in this chapter and an analysis of the twin variant selection in twin-related domains
is investigated.

5.1 Experimental Details

5.1.1 Near-Field High Energy X-ray Diffraction

C.M. Hefferan prepared the sample, collected the data, and reconstructed the microstructure
using methods detailed in his thesis [115]. A short summary is provided here. A 1 mm diameter
high purity (99.999 %) nickel wire was obtained from Alfa Aesar. The initial sample was first
homogenized for two hours at 750 °C to obtain a reasonable grain size for the nf-HEDM
characterization. The same volume of microstructure was characterized in multiple anneals at
800°C in a 3% H, / 97 % N, environment detailed in Table 5.1. While a total of five
microstructure states were collected, only anneal states 1, 2, and 3 are analyzed in this and the

following Chapter.

Table 5.1. Annealing conditions of nf-HEDM Ni grain growth experiment

State Time (min) Temperature Environment Z-Layers
1 23 , 70
N
2 30 800°C 937 (; Hz’ 89
3 25 o 86

The reconstructed and cleaned microstructures, provided by Hefferan, are on a rectilinear grid
where the final resolution of each microstructure was 600 by 600 voxels and by the number of z

layers for each anneal state. Each voxel had a dimension of 2 um by 2 um by 4 pm. The data
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was not meshed and smoothed, and the discrete microstructure images of the same observed

volume are shown in Fig. 5.1.

Anneal 1 Anneal2  Anneal 3

1 mm

Figure 5.1. Reconstructions of the 3D microstructure colored by IPFz (where the z-axis points up)
showing some texture. Although the volume at each time step differs (with the objective of
bracketing the first volume measured), qualitative differences appear between anneals as a result of

grain growth.

5.1.2 HEDM Ni Microstructure Statistics

Between the three microstructure states, the average grain size increases from 68 to 72 pum, as
shown in Fig. 5.2. Similarly, by considering the number of grains per unit volume, the change is
“small”, thus indicating that grain growth has occurred, but not so much that most of the features
from previous anneals are lost. Also the overall texture, which has weak fibers with {100} and
{111} // ND, consistent with wire drawing, is unchanged with annealing. This texture is reflected

in the IPFz microstructure images shown previously in Fig. 5.1.
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Figure 5.2. Change in average grain diameter and number of grains per unit volume. Although the
change in diameter fluctuates as a result of the reconstruction, the number of grains per unit
volume decreases as expected.

The misorientation distribution is shown in Fig. 5.3 where the overall behavior follows a random
distribution with the exception of the peak at 60° indicating the presence of twin boundaries in
the material and 39° from the presence of twin-related (i.e. £9) boundaries. The lower length
fraction of twins (between 25-30 %) observed here is consistent with typical values found in Ni
[87][88], where as the previous microstructure shown in Chapter 4 reflects values found in GBE
Ni that have a length fraction of twins typically over 50 %. For the overall misorientation
distribution, there is little change with annealing, except for a minor increase at the 60° peak and

decrease at 39°.
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Figure 5.3. The misorientation distribution shows little change with annealing except for a slight
increase at 60° which is presumably due to the preferential elimination of HAGBs in favor of low
energy boundaries such as twins.

5.1.3 Definition of a twin-related domain
Twin-related grains were classified into twin-related domains (TRDs). The twin-related domain
is a measure of the twin connectivity by counting the number of neighboring grains that share a
twin misorientation relationship with one another [116]. This has often been used as a 2D
analysis of grain boundary engineered microstructures to evaluate the degree of twinning [117],
where longer twin-related domains correspond to improved integranular properties [118][119].
To avoid confusion, the number of “grains” in a TRD will be referred to as the number of
“crystallites”. One may interpret these as chains or clusters of crystallites misoriented by the twin
relation. The assumption made here is that every new crystallite in a TRD is a result of a single
annealing twin formation mechanism such as a growth accident [22]. The importance of

analyzing a 3D microstructure is shown in Fig. 5.4. The cross sectional slices in 2D, shown in
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Fig. 5.4b, may overestimate the number of crystallites in the TRD in comparison to 3D
configuration of grains in Fig. 5.4a. In this specific example, from the 3D analysis we only have
two twin-related features, but from the 2D cross sectional slice through the middle suggests that
there are four, which are actually just different sections of the same two twins. Therefore a 3D

microstructure is necessary to resolve this discrepancy and quantify the TRD structures.

(A) (B)

Figure 5.4. 3D observation of (a) two twin-related grains, but when only observing a 2D cross
section of the grains in (b), there is a discrepancy in the number of twins that would be identified.
Colors are arbitrary.

A TRD of two refers to two crystallites that are twin-related, which in terms of
morphology is often the edge twin [120] such as that shown in Fig. 5.5a. Moving up the scale,
TRDs of size 3 then may refer to complete lamellar twins [120] that bisect the parent grain
thereby generating three different features like shown in Fig. 5.5b, but also a parent grain with
two different twin-related crystallites shown in Fig, 5.5¢ (which have a X9 misorientation

relationship between them).
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Figure 5.5. 3D observations of a (a) twin-related domain of size 2 show an edge-pair relationship,

(b) a twin-related domain of size three showing a lamellar relationship, and (c) a TRD of size 3 of

two different twin variants with respect to the transparent, purple grain in the middle. Colors are
based on a Rodrigues-Frank orientation coloring scheme.

For analysis of the twin-related domains, only twin misorientation relationships,
60°<111>, within a 2° tolerance are considered. This is due to the high angular resolution of the
nf-HEDM technique, which leads to a high degree of certainty in the calculated misorientation.
Moreover using the Brandon Criterion (8.66°) resulted in much larger TRD sizes as a result of

random grain encounters [25]. Due to the lack of meshing, there was no constraint placed on the

grain boundary normal.

5.2 Results

5.2.1 Twin-related domain distributions
Converting the number of grains to twin-related domains reduced the number of features from
more than 2200 grains to just approximately 400 twin-related domains. Approximately 80 % of

all the grains in the initial state have a twin-related neighbor. The majority of TRDs across
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anneal states consisted of single digit domain sizes shown by the distributions in Fig. 5.6a. For
the given resolution and clean-up applied, the largest TRD was found to consist of 20
crystallites. Across anneals, there are increases and decreases in the relative percentage of each
TRD population as observed in Fig. 5.6b, where no obvious trends are apparent. The TRD
populations vary slightly because of the observed volume increases between each anneal (in
order to ensure that the original volume is fully contained with each subsequent one), which can
account for some of the increases. However it was also directly observed that TRDs could

increase in size by forming a new crystallite, which is the focus of the next chapter.
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Figure 5.6. Distribution of twin-related domain sizes across all three anneals based on (a) the

absolute number of counts and (b) the fraction of grains from the original microstructure. The

distributions are mostly similar in that here are many small domains and fewer large domains.
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5.2.2 Number of orientation repeats per twin-related domain

The frequency of orientation repeats, such that at least two crystallites had the same orientation,
in a given TRD was characterized. In the growth accident model, for creating a TRD of size
three, then two independent twinning events must occur. To create lamellar twin, it is assumed
that the two twinning events are necessary and that the two events must select exactly the same
twin variant from the four possibilities. Thus for a pre-existing TRDs with 2 crystallites, there is
a 25 % probability that the correct variant will be selected that is necessary to create the ideal
lamellar twin as seen in Fig. 5.5b, otherwise the result is two different twins as in Fig 5.5c. The
TRDs from the previous analysis are classified by whether they contained a minimum of two
identically orientated grains or not. The condition for identical orientations was done converting
the Euler angles of each crystallite into integers and giving a +/- 1° for all of the phil, PHI, phi2
that the two orientations are identical with symmetry considered.

The results of the partitioning for each of the three microstructure states are shown in Fig.
5.7a-c. The x-axis starts with a TRD size of 3 crystallites since the orientation of two crystallites
will always differ. From the bar graph, the fraction of TRDs with two identical orientations
increases with increasing TRD size. Across all three microstructure states, past a TRD size of 10
crystallites, then all TRDs feature at least two identical orientations. Furthermore, from Fig. 5.7,
approximately 25% of the population of TRDs of size 3 features two identical orientations in all
anneal states. This agrees with the previous statement that evolving from 2 to 3 crystallites, there
is a 25 % probability of selecting the prior twin-relationship to produce two identical orientations

in the TRD. The next step is to see if these behaviors can be predicted.
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Figure 5.7. Distribution of twin-related domains within each size that feature at least two identical
orientations colored in in (a) anneal state 1, (b) anneal state 2, and (c) anneal state 3. Past a certain

TRD size of 9, the domains will always feature two identical orientations.
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5.2.3 Modeling of twin related domains

Two models are introduced to account for the statistical probability of the growth accident model
across all TRD sizes. Note that this does not take into account any of the geometric
considerations, such as on which plane the annealing twin nucleates. The first model is a linear
model, where the addition of a twin-related crystallite is considered from a previously nucleated
crystallite. Essentially this treats the formation of annealing twins as a chain of one event after

another, as illustrated in Fig. 5.8.

Figure 5.8. Linear model of twin variant selection, where new crystallites are only added on to the
last added crystallite. The probability of returning back to the same twin variant is 25%.
In the linear model, the there is a 25 % probability that the twin variant selection of the
previously nucleated crystallite will return back to an original orientation. Therefore the total
probability for a given TRD size is one-fourth times the probability that the TRD currently has

no two identical orientations in the chain. This is expressed in Eq. 5.1.
Probability of an Orientation Repeat = Zni X(1—=P,_1) (Eq.5.1)
The second model proposed is a branching model. The new crystallite can form on any of
the pre-existing crystallites, thus at larger domain sizes the evolution is more similar to a cluster.
The schematic of a TRD evolving from 3 to 4 is shown in Fig. 5.9, which emphasizes that there

are two orientations that the new crystallite can twin from. Note that at the very first step of

going from 2 to 3, the probabilities for both models are identical.
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Figure 5.9. Branching model of twin variant selection, where new crystallites can be added on any
of the previously nucleated crystallites.
The key difference is whereas as at the ends of the chain there is still a 75 % probability to form
a new orientation, in the middle of the cluster there is only a 50 % probability to form a new
orientation. The resulting probability distribution based on this approach is a negative binomial

distribution as shown in Eq. 5.2.

n

Probability of an Orientation Repeat = 1 — (Eq.5.2)

on—1
The results from the two models are shown in Table 5.2. In the two models, because the
branching model has a lower probability of nucleating a new, independent orientation in the
TRD, it is more likely to feature a TRD at smaller sizes with at least two identical orientations. In
the branching model, at a TRD size of 12 there is a 99 % probability that the domain will feature
two like-orientated crystallites. In contrast, in the linear model until the TRD size reaches 18,

then there is a 99 % probability that the domain will feature two like-oriented crystallites.
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Table 5.2. Expected fraction of TRDs that should exhibit two identical orientations.

Probability of two identical orientations

TRD Size Linear Model Branching Model

3 0.250 0.250

0.438 0.500
5 0.578 0.688
6 0.684 0.812
7 0.763 0.891
8 0.822 0.937
9 0.867 0.964
10 0.899 0.980
11 0.925 0.989
12 0.944 0.994
13 0.958 0.997
14 0.968 0.998
15 0.976 0.999
16 0.982 0.999
17 0.987 0.999
18 0.989 0.999
19 0.992 0.999
20 0.994 0.999

5.3 Discussion

5.3.1 Comparison of twin-related domain models to experimental values

The average fraction of twin-related domains that feature at least two identical orientations in
experimental data is plotted against the two proposed models in Fig. 5.10. The average value is
the calculated from all three microstructure states, and the lower and upper bounds determined
by the highest and lowest values observed from the three anneal states. There is a general
agreement for both models and the experimental data with the trend that the fraction of domains
featuring an orientation repeat increases with increasing domain size, shown in Fig. 5.11, where

the experimental data lies somewhere between the behavior of the linear and branching model.
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Figure 5.10. A comparison between experimental data and the two models for the fraction of twin-
related domains that feature two identical orientations. The experimental data lies between the two
models, suggesting that a possible mix of the two behaviors are present.

In the experimental data, past a TRD size of 10, all TRDs will feature two identical orientations.
This convergence occurs sooner than both models predict. However past a TRD size of 10, the
statistics are also weak and only a few twin-related domains per given size, typically one, are
being sampled in the experimental data. Therefore the true experimental fraction at higher TRDs

is difficult to capture due to the statistics necessary.

In general, the experimental data appears bounded by the two models presented. This can
be qualitatively justified by the behavior of growth through recrystallization. In the initial stages
of recrystallization, the recrystallizing grains are free to grow. Therefore their growth branches
out in all directions, and all possible {111} directions are viable for nucleating an annealing twin
similar to the branching model. However, as the recrystallizing grains gradually to impinge upon
one another, then the remaining areas of deformed matrix that the recrystallizing grains can grow

into are limited in direction, where the linear model would becomes more appropriate. Therefore
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a better model in the future should take into consideration both the linear and non-linear nature

of growth during recrystallization.

5.3.2 Results in comparison to Gleiter’s growth accident model and other theories

For the given assumption, that a single twin formation event is responsible for producing a single
twin boundary, the agreement in the results of TRDs that feature two identical orientations
between the models presented and the experimental data reinforces the probability aspect of
Gleiter’s growth accident model. However, by only dealing with the connectivity, it is important
to realize that this model does not take into account shape or morphology of crystallites
[70][120].

For example, a partial lamellar twin in the growth accident theory requires two annealing
twin formation events to occur. However, because it has only a TRD size of 2, this is still treated
as single annealing twin formation event. If the partial lamellar twins were treated as complete
twins separating the parent grain, this would be seen as a TRD of size 3 with the same twin
variant selection. This implies that by considering the morphology the TRD crystallites and how
many annealing twin formation events would be necessary for the observed partial lamellar

features, then the statistics of the resulting TRDs will be different.

5.4 Summary

A high purity nickel specimen undergoing grain growth was observed by nf-HEDM. Twin-
related domains were used to measure the connectivity of twinned grains in the microstructure.
The orientations within different TRD sizes were analyzed and compared to two mathematical
models of variant selections of annealing twins. It was found that the behavior of the
experimental data was neither fully captured by linear nor branching mode presented, but did lie
within the bounds of both models. The findings also show how the characterization of TRDs

might be correlated to the annealing twin formation mechanism of the growth accident model.
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6 Annealing twin formation during grain growth

In Chapter 4, it was shown that annealing twin formation primarily occurs during
recrystallization. Furthermore, other authors have observed a decrease in twin density with
additional grain growth [85]. However, these observations are drawn from 2D cross-sections.
This suggests two possible conclusions, that (a) either annealing twins do not nucleate during
grain growth and hence the decrease in twin density, or (b) annealing twins do nucleate during
grain growth, but the elimination of twins consequently also drives down the twin density. This
chapter will present the first observed annealing formation observations in a 3D microstructure
of Ni undergoing grain growth. The energetic and geometric conditions behind annealing twin
formation during grain growth are examined in detail and compared to that observed in

recrystallization.

6.1 Experimental Details

6.1.1 nf-HEDM experiment of Ni and relevant statistics

This chapter examines the same high purity nickel 3D microstructure undergoing grain growth
obtained by nf-HEDM used in chapter 5 [115]. The importance of studying a 3D microstructure
in time intervals is that, within its spatial resolution, the formation of a twin can be observed. The
appearance of a new twin on a planar surface, as reported in Chapter 4, may simply be a growth
extension of a grain from the bulk to the surface. The same consecutive anneal states of the Ni
microstructure considered in Chapter 5 are analyzed starting from Anneal 1 to Anneal 3.

In the interest of examining the grain boundary character and grain boundary energy, it
was necessary to determine the normals of individual grain boundaries. This was achieved by
dividing the 3D microstructure along the z-axis into two-dimensional xy-slices. The trace of each
grain boundary was identified as were the triple junctions based on the intersection of three grain

boundary traces. The triple junctions on adjacent layers with the same grain orientations were
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identified and connected by a triple line. The grain boundary normal was calculated by taking the

cross product of the triple line and the grain boundary trace segment.

6.1.2 Qualifications for annealing twin formation
The identification of a new twinned grains in the microstructure was achieved by searching
between different anneal states. The process was sped up by identifying twin-related domain
between anneals followed by identifying which of the TRDs exhibited an increase in the number
of crystallites. A variety of TRD sizes, by both the number of voxels and the number of
crystallites, were found to form a new twinned feature. The event of an annealing twin formation
is considered when the following conditions are satisfied:

1. The feature is above 10 voxels and is not touching the surface or edge

2. The feature has a twin relationship, 60°<111>, with one of the prior grains

3. The feature did not spatially exist or was less than 10 voxels in the previous anneal

4. The feature continued to exist in the following anneal

6.1.3 Relative grain boundary energy measurements

The change in relative grain boundary energy associated with the formation of annealing twins
was determined by the dihedral angles from the grain boundary normals measured at the triple
line. This change in the triple junction with a formation of an annealing twin shown in Fig. 6.1,
where the grain boundary energies per area (y;;), dihedral angles (8;;), and areas (Aj), are
labeled with subscripts that denote the relevant crystals. If a part of grain 2 adjacent to the triple
line is replaced by a new grain with the twin disorientation, then a twin boundary is introduced
and assumed to be on a (111) plane. The formation of this new grain reduces the energy if the

following condition is met:
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grain1

Y13

Figure 6.1. A schematic illustration of a triple junction before (a) and after (b) a new grain, twinned
with respect to grain 2 and labeled ‘twin’, is inserted. Three grain boundaries separating grains 1,
2, and 3, meet along the triple line labeled #/. The schematic defines all of the parameters referred

to throughout this paper. Adapted from [Murr 1968].
Assuming that local equilibrium at the triple lines of the microstructure is achieved and
assuming that the torque terms at the triple line are negligible, the Herring condition [34] can be

reduced to the Young equations as shown in Eq. 6.1, with the variables corresponding to the

those in Fig. 6.2.

Y12 — Y23 — Y13 (Eq. 6.1)

sin 04, sin 6,5 sin 0,3
Equation 6.1 can be rearranged into Eq. 6.2, providing the summation of two the grain boundary
energies as a function of the last boundary. This provides a method of comparing relative grain
boundary energies if the characteristic of the last boundary does not change.

(Eq. 6.2)

sin 923+Sin 912)

sin 63

Y12 T V23 = Y13 (
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6.2 Results

6.2.1 Local Observation of Annealing Twin Formation
Ten and nine new annealing twins can be identified from anneal one to anneal two and from
anneal two to anneal three respectively. These annealing twins are noted to form along the triple
lines of the microstructures. Although some events were identified to occur close to the
proximity of quadruple points, the nucleation presumably occurred off one of the triple lines
approaching the quadruple point. The most important point is that no observed cases occurred on
a single grain boundary in the microstructure as literature has mostly suggested [22][70][71].

The formation of a new twinned grain is shown in the sequence of 3D and 2D images in
Fig. 6.2. In the initial state, no feature is detected at the triple line. In the following anneal, the
appearance of a new feature that is twin-related to the larger blue grain in the background
appears at the triple line. This feature continued to exist and grew larger in the following anneal.
The change in the dihedral angles is visibly apparent from the planar sections, implying a change

in the grain boundary energy, which will be examined later.
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10 ym

Figure 6.2. Illustration of three grains that meet at a triple line where a new twinned grain appears.
(a-c) three-dimensional representations of the three grains. The peach (1) and olive (3) colored
grains are semi-transparent to show the blue (2) grain in the rear and their line of intersection. The
viewing direction is close to the plane of the boundary between the peach and olive colored grains.
(a) Microstructure after 23 min at 800 °C, (b) after an additional 30 min at 800 °C, and (c) after an
additional 25 min at 800 °C. The red grain that appears in (b) is at the line of intersection between
the three grains and is twin related to the blue grain. (d-e) Plane sections of the same three grains
through the triple line where the twin forms.

The growth rate of the annealing twins from when the new grain first appeared to the next
measurement was monitored. The growth rate was calculated as the change in the number of
voxels between annealing steps. In nine of the cases, no distinct trend appears in Fig. 6.3, as
there are annealing twins that grow substantially and other cases where the size does not change
much. However these are long annealing times where the growth of a twin might have occurred

early on and then terminated later in time. The takeaway however is that all annealing twins

increase in size with time and the dashed arrow denotes the average increase. Without taking into
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account the energetics associated with annealing twin formation, the formation of new, growing

grains with just three neighbors goes counter to the physics of isotropic grain growth.

Growth rate of new twins

Change in voxels per minute
N

Time (minutes)

Figure 6.3. Growth rates of new annealing twins that identified in the first anneal and tracked in
the next anneal. The growth rate is determined by taking the change in the number of voxels
between the two anneals and dividing by the anneal time. A range of growth rates are observed,
with dashed arrow representing the average, all indicated an increase in size with annealing.

6.2.2 Change in energy associated with annealing twin formation

In the interest of understanding the microstructure conditions resulting in the formation of
annealing twins, only a total of nine cases from the consecutive anneals were examined. The
complications that reduced the number of cases that could be analyzed were the twin and its
resulting triple junctions must exist on multiple (at least two) layers to generate an appropriate
mesh or linear interpolation. However, the uncertainty in the grain boundary inclination was
taken account based on the size of the voxel.

The dihedral angles of the two boundaries of interest in the nine cases are plotted in Fig.

6.4a. In 17 of the boundaries, the dihedral angle increases with the formation of the annealing
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twin. Even for the grain boundary that featured a decrease in the dihedral angle, the hollow data
point, was within the range of uncertainty. However, recall that it is not necessary for every grain
boundary to reduce its energy, only the sum of the energies. The relative grain boundary energy
is determined assuming that the nature of the 1,3 grain boundary in Fig. 6.1 remains identical. By
doing so and using Eq. 6.2, the change in relative grain boundary energy before and after twin
formation at the triple line could be compared. For all nine triple junctions, the annealing twin
formation decreases the relative energy within the estimated uncertainty as all points lie under
the dashed line as shown in Fig. 6.4b. This implies that based on the interfacial energy only,

annealing twin formation is energetically favorable.
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Figure 6.4. (a) The final dihedral angles (011 and O37) after twin formation (two per new grain)
plotted against the angles before the twin formed (6013 and 053). (b) The relative grain boundary
energy after each twin formation event is compared to the relative energy before twin formation.
In both plots, the dashed line marks the positions where the two quantities are equal. In (a) the
vertical line through each data point marks the estimated uncertainty and in (b) it marks the

uncertainty that would maximize the final energy; the uncertainty in the other direction is similar.
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The grain boundary energy of the 1,3 interface can be matched to an experimental value.
This was not done for the other boundaries of interest because of the difficulty of fitting a grain
boundary normal on the new interfaces that the annealing twin forms due to the limited
resolution. The 1,3 interface on the other hand is quite large and the grain boundary normal
associated has less uncertainty. The grain boundary energy in this case was determined by the
GBED experimentally measured by Li ef al., also in high purity nickel [35].

The modified change in relative grain boundary energy based on the GBED of Ni is
shown in Fig. 6.5, where the in relative energy gain from the initial to the twinned configuration
of the nine cases are sorted in ascending order. The average and standard deviation are across all
nine cases is 0.639 a.u. and 0.511 a.u. respectively. This is skewed due to the two cases where
the change in energy is over 1.0. Excluding these two cases, the average and standard deviation
decreases to 0.389 a.u. and 0.139 a.u. The two cases that are excluded form slightly different
annealing twin morphology than what has been previously presented. The two cases both feature
an incoherent segment rather than just being a triangular wedge as shown in Fig. 6.5. The growth

rates measured in Fig. 6.3 did not correlate to the change in energies.

Gain in Relative
Grain Boundary Energy
© o o o
o N H ()] [}

Figure 6.5. Gain in relative grain boundary energy based on experimental values (in arbitrary
units) in ascending order for all nine cases. The average value, the dashed line, is 0.639 due to the
large anomaly of the last two points. Not considering the two points brings the average (solid line)

down to 0.389 with a standard deviation of 0.139 between the remaining 7 points.
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15 um

Figure 6.6. Plane section views of the two annealing twin formation cases where the change in
relative grain boundary energy was exceptionally high. In these two cases the twin is not a wedge or
triangle, but forms an incoherent segment as well.

6.2.3 Relationship of grain boundary inclination to triple line

The geometric relationship between the triple line directions during the formation of twins was
investigated. The triple line vectors are transformed from the sample frame into the crystal frame
of each of the three grains at the triple line. More specifically, the triple line vector in the crystal
frame was compared to the closest {111} plane normal as illustrated in Fig 6.7a.

The triple line directions in the crystal frame are reduced to the fundamental zone of the
crystal frame as shown in Fig. 6.7b, where the larger markers correspond to the parent grains.
The (1-11) trace has is illustrated by the dashed line in the fundamental zone. Three of the parent
grains of annealing twins lie close to the (1-11) trace and another five of the parent grains lie
within 15° of the (1-11) trace. Only one parent grain, the point to the lying farthest left and

closest to (001) is more than 15° away.
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Figure 6.7. (a) Illustration of the triple line vector in the parent grain as well as position of a
possible {111} type plane. In (b) The directions of triple lines, in crystal space, plotted in
stereographic projection, for the nine triple lines where a twin was detected. The directions of each
triple line in the reference frame of each of the three crystals are plotted; the larger circles are the
direction in the parent grain. The dashed line corresponds to the (1-11) trace.

The average of the 8 angles (excluding the anomaly) between the triple line and the [1-11]
direction was 90.2°. This suggests that for the triple line to form an annealing twin, there is
possibly a crystallographic selection criterion where the triple line should lie within 15° of the

{111} plane of the parent grain in addition to an energetic requirement as shown in the previous

section. For transparency, the anomaly point laid within 27° away of a possible {111} plane.

6.3 Discussion

6.3.1 Nucleation at the triple lines in comparison to current theory

The majority of annealing twin formation theories discusses the formation of an annealing twin
at a grain boundary. However, using a classical approach for heterogeneous nucleation, the
activation energy for grain boundary is greater than a triple line [121], such that observing an
event at a triple line is not unreasonable. The relevant theory to what is experimentally observed

is Fullman and Fisher’s proposition of the growth accident model, applied to triple junctions.
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This was tested by thermal etching measurements of grain boundaries [21] and comparing the
original widths of the parent grain boundaries to the widths of the corner twin boundaries, where
some boundaries did show a reduction in width, but not always. Additionally Murr observed
similar triple junction configurations in TEM with and without a twin to find the change in
dihedral angles indicating a reduction in interfacial energy when a twin was present. Our results
show complete and consistent agreement with the theory, but furthermore we know with
certainty that a new grain is being formed at the triple line. We conclude that every annealing
twin formation event leads to an overall reduction in grain boundary energy despite the increase
in grain boundary area.

Fullman and Fisher’s theory primarily dealt with the energetics of annealing twin
formation, with no explicit regards to the geometric considerations of the microstructure. The
new finding here is that the majority of triple lines that nucleate a twin lie within 15° of the
{111} plane of the parent grain. This again suggests that the inclination of the {111} plays an
important role as was previously observed in recrystallization. The close proximity can influence
the diffusion necessary for atoms to migrate from either the grain boundary or the triple line to
form a stacking fault sequence. Unlike the recrystallization study however, no migration study
was made. Presumably because the twin does grow, and the coherent twin interface itself is
known to be highly immobile, then the migration direction must be away from where the twin
forms. Due to the challenges of tracking the grain boundary motion between anneals, this
remains an area of open investigation.

It is also worth discussing that the observed annealing twin formation mechanism only
generates a corner or edge twin. In order for a lamellar twin, a second annealing twin must form.

From the same triple junction configuration of three grains, this is unlikely as the backwards
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configuration is unfavorable in terms of energy. Only when the 1,3 boundary is completely
consumed, then the new set of the neighbors might produce lower energetic triple junction
configuration by twinning. The change in grain size in these anneals however was not enough to

observe such an event.

6.3.2 Why are there still so few annealing twin nucleation events?
For all triple lines in the microstructure, we can calculate the energy reduction that would be
achieved by introducing a twin-related grain in one of the three prior existing grains. It is
assumed the new twinned grain would form a coherent twin interface with the parent grain.
However this calculation does not take into account the change in inclination that was
experimentally observed. Therefore the change in energy associated with this prediction is based
solely on the change in misorientation characteristics. The change in grain boundary energy is
based on the experimental values measured by Li et al. [34]. The additional condition that the
triple line of the parent grain should lay within a certain number of degrees from the {111} plane
can also be implemented. The steps to calculate the change in energy and inclination by inserting
a twin is listed below:

1. Identify a triple junction in the microstructure

2. Calculate grain boundary energies based on misorientation and inclination

3. Pick on of the three grains at the triple junction and insert a twin misorientation

4. Calculate the new grain boundary energy based on the new twin misorientation

5. Compare to the initial grain boundary energy configuration

6. Calculate the angle between the triple line vector and the{111} plane normal for the

specific twin variant selected

7. Repeat steps 4 to 6 for the other three possible twin variants
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8. Repeat steps 3 to 7 for the other two possible grains at the triple junction
9. Repeats steps 1 to 8 for all other triple junctions in the microstructure
The result is the fraction of triple lines that could nucleate a twin as a function of the
change in energy and inclination of the twin plane relative to the triple line. These results are
plotted as a 3D map as shown in Fig. 6.8. There are two trends apparent from the calculations.
First, as the change in energy necessary for the twin formation increases, then the number of
triple lines that can nucleate a twin decreases. Second, as the tolerance restriction on the {111}

plane to the triple line is reduced, the number of triple lines that can nucleate a twin also

decreases.
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Figure 6.8. Estimated fraction of triple junctions that can form an annealing twin based on the
change in energy by introducing a twinned grain and the inclination of the twin plane relative to the

triple line.
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When considering the range of energies observed in the 7 cases (excluding the two
anomalies and rounded to 0.4) and the average tolerance of the 8 cases of the inclination (15°),
the calculations suggest that only a small percentage, 8.4 %, are viable candidates for forming an
annealing twin. Out of some 20,000 triple lines, this computes to roughly 2,000 triple lines,
which is orders of magnitude greater than the 10 cases observed. The discrepancy suggests that
perhaps the conditions are too relaxed, that is, maybe a smaller tolerance than 15° should be
used, or that the change in energy values should be greater than 0.4.

Additionally, we have focused only on the “thermodynamics” for an annealing twin to
form and have not considered the kinetics or the rate of transformation. If grain boundary
migration is a necessary requirement as in recrystallization, there are two motions for triple lines.
Either the triple line moves towards the center of mass of the parent grain (parent grain
shrinking), or the triple line moves away from the center of mass of the parent grain (parent grain
growing). Assuming that approximately half of the cases grow and the other half shrink, then this
reduces our number of cases by a factor of 2. Nonetheless, this is still significantly larger than

the number of observed case and is open to investigation.

6.3.3 Formation of new grains in relation to grain growth theory

The formation of new grains during grain growth comes as a surprise. The conventional idea of
grain growth is that big grains grow at the expense of small grains. This is achieved by curvature
driven growth [60][61][62] such that both the interfacial area and interfacial energy are reduced.
Additionally the high energy grain boundaries are preferentially eliminated during grain growth
resulting in an anisotropic distribution of grain boundary energies [123][124]. In that sense, the

twinning mechanism observed here is behaving in the same manner by replacing higher energy
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grain boundaries with lower energy grain boundaries to create an anisotropic grain boundary
energy distribution.

The implication of this is that the formation of a new grain, twin-related or not, can occur
by an energetic balance. For new grains that do not include twin boundaries, this is unlikely
simply because the coherent twin boundary energy in low-medium stacking fault FCC materials
is so much lower than all others. The formation of any other special or randomly orientated grain
presumably never leads to a reduction of grain boundary energy and has so far not been reported.
In that regards, the annealing twin is indeed special due to the very low energy of the coherent

twin boundary.

6.4 Summary

In FCC nickel, new grains with a twin misorientation with one of the three prior grains at the
triple line were observed to form during grain growth. Despite the increase in the interfacial
area with introducing a new grain the, overall interfacial energy is reduced still by replacing
higher energy grain boundaries with lower energy grain boundaries. Additionally for this
twinning mechanism, it was found that the twin plane relative to the triple line may play a role as
eight of the nine triple line directions of the parent grain lie within 15° of the twin plane. By
taking into account both the necessary change in energy and triple line direction, it was found
that only a fraction of triple lines are potential sites for forming a twin. However the discrepancy

between this fraction to the actual number of observed events still requires more investigation.
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7 Effect of temperature on annealing twin content

The results of the previous chapters emphasized the role of the {111} plane on annealing twin
formation. Furthermore, in the Chapter 6, we showed that there is a possible selectivity to triple
Jjunctions that can nucleate twins. However, we still observe that only a fraction of the triple
Jjunctions result in annealing twin formation event. In this chapter, we focus on the effect of
temperature on annealing twin formation in both recrystallization and grain growth to determine
if thermal fluctuations may play a role in achieving the appropriate activation energy and

critical nuclei for annealing twin formation.

7.1 Experimental Details

7.1.1 Varying temperature of recrystallization

A sample of high purity nickel (99.999 %) was obtained from Alfa Aesar and first homogenized
similar to Chapter 4. The initial deformation however was 30 % by compression instead of 25%
by cold-rolling. Specimens were sectioned from the 30 % sample with a low speed saw, where it
is assumed that the additional damage from sectioning is negligible. Specimens were polished in
cross section following the same procedure presented in Section 3.1. The starting microstructure
is shown in Fig. 7.1a with a relatively fine grain size average of 15.7 pm and the cross section of

the deformed specimen is shown in Fig 7.1b.

Figure 7.1. EBSD IPFz of (a) the normal to compression of the initial starting microstructure and

(b) of the axial view to the compression axis of the microstructure deformed to 30 % reduction.
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Three specimens were annealed at the following temperatures: 350 °C, 450°C, and 550°C. 100°C
intervals were selected to ensure there would be a large enough difference in the kinetics. While
this implies that the 350 °C sample will undergo more recovery prior to recrystallization than the
550 °C sample, this effect was not quantified nor considered. The specimens are repeatedly
annealed until full recrystallization. While full recrystallization was nearly achieved in the first
anneal of 550°C, it was assumed that minimal grain growth occurred. The fraction of
recrystallization was observed by using EBSD again based on the grain orientation spread
threshold of < 1°. The resulting kinetics of the recrystallization experiments is shown in Fig. 7.2

and recrystallized microstructures at various stages in Fig. 7.3a-c.
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Figure 7.2. Fraction recrystallized as a function of time using a GOS threshold < 1°. The three

different annealing temperatures of 350, 450, and 550°C show different kinetics as expected.
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Figure 7.3. (a) EBSD IPFz of the microstructure annealed at 350 °C for 150 minutes, at

approximately 62 % recrystallized. (b) EBSD IPFz of the microstructure annealed at 450 °C for 60
minutes, at approximately 94% recrystallized. And lastly, (c) EBSD IPFz of the microstructure
annealed at 550 °C for 15 minutes, at approximately 98 % recrystallized.

7.1.2 Varying temperature of grain growth

A high purity nickel (99.999 %) sample was obtained from Alfa Aesar. The starting sample was
homogenized and after heat treatment had a starting grain size of 10 um with a twin length
fraction of the 50 + 2 %. The samples were annealed at five temperatures of 550 °C, 650 °C,
750 °C, 850 °C, 950 °C to ensure a wide range kinetics. The other requirement was that the
change in grain size for all examples is equal. Using the normal grain growth equation shown in
Eq. 7.1 and an activation energy of 115 kJ/mol, the appropriate annealing times were calculated

and summarized in Table 7.1.

d? — d? = kt (Eq. 7.1)

Table 7.1. Grain growth annealing times in FCC Ni

Temperature (°C) Time (hr:min:sec)

950 1:00
850 2:36
750 8:40
650 37:30

550 3:51:45
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The resulting microstructures of each annealing temperature are shown in Fig. 7.4a-f. The
original microstructure is obviously replaced with larger grains, where the average grain size has
increased from 15 um to almost 100 pm. Doing so ensures that we reduce the effects of the prior

microstructure to negligible levels.

Figure 7.4 EBSD IPFz maps of the microstructure in the (a) initial state, (b) 550 °C, (¢) 650 °C, (d)
750 °C, (e) 850 °C, (f) 950 °C annealed for the times reported in Table 7.1. Qualitatively the five

anneals produced similar grain sizes with a large fraction of twin boundaries.

7.2 Results

7.2.1 Effect of temperature on recrystallization

Although temperature increases the rate of recrystallization (and consequently the grain
boundary velocity), it did little to change the final grain size after recrystallization. The final
grain size across the three anneals is approximately 19.2 pm as shown in Fig. 7.5a.
Consequently, the final annealing twin density after recrystallization was also similar with an

average of 64 mm™. The relationship between the twin density and grain size is shown in Fig.
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7.5b, where the difference in grain size is presumably responsible for the minor difference in
twin density. Similarly, the length fraction as a function of temperature, as well as the number of
twins per grain are plotted in Fig. 7.5¢ and 7.5d respectively. The differences in the length
fraction of annealing twins and number of twins per grain are within the statistical uncertainty,
where the average is 53.2 % and 4.9 respectively. The lack of differences between the twin
content as a function of recrystallization temperature indicates that temperature plays a minor

role beyond providing the necessary kinetics for grain boundary migration.
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Figure 7.5. (a) Twin density and average grain diameter, (c) length fraction of boundaries, and (d)

number of twins per grain in the final recrystallized microstructure are plotted as a function of

recrystallization temperature. Additionally the twin density as a function of recrystallized grain

diameter is plotted in (b). No distinct trend is apparent with temperature, thus suggesting negligible

effect.
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7.2.2 Effect of temperature on grain growth

Although the intent was to achieve the same change in grain size, the final average grain size
varied from 75 pm to 110 um as shown in Fig. 7.6a. The twin content was measured a function
of temperature for the different annealing temperatures. The twin density is shown Fig. 7.6a,
length fraction of twins in Fig. 7.6c, and the number of twins per grain in Fig. 7.6d. The twin
density as a function of grain size from the starting microstructure is shown in Fig. 7.6b, where
the trend seems to suggest that the decrease in twin density is most likely attributed with the

average grain size (ignoring the 750 °C anomaly).
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Figure 7.6. (a) Twin density and average grain diameter, (c) length fraction of boundaries, and (d)
number of twins per grains in the final recrystallized microstructure are plotted as a function of

grain growth temperature. Additionally the twin density as a function of grain diameter is plotted
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in (b) starting from the initial grain diameter. Again there are no distinct trends that are apparent
with temperature, thus suggesting negligible influence of temperature.

One curious anomaly that did appear was in the twin “morphology” and connectivity. At 550 °C,

there were a number of island twin grains in the microstructure. The fraction of grains with a

number of neighbors equal to one (thus implying an island grain) is shown in Fig. 7.7. One

plausible explanation is that at 550 °C, a temperature necessary for the migration of incoherent

twin boundaries is not achieved. Therefore island grains that are eliminated at high temperatures

remain at 550 °C.
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Figure 7.7. Fraction of grains that are island grains (grains with their number of neighbors equal to
one) as a function of temperature shows that at 550 °C there are more island grains than any other
grain growth temperature.

7.3 Discussion

For approximately the same change in grain size at different temperatures for recrystallization
and grain growth, we observe a negligible effect on the annealing twin content despite the
different growth kinetics. There was no systematic change identified in the twin content as a

function of temperature. The grain growth findings agree with those presented by Pande et al.
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[71], in which twin content depended primarily on grain size despite Gleiter’s model using a
classical nucleation approach which would have suggested otherwise. Additionally, Cahoon et
al. asserts that, in the recrystallization regime, the stored energy term will primarily eliminate
any influence of temperature [68], which is in effect observed in the recrystallization findings.
However, Rath et al. has also suggested that the twin content might depend on the grain
boundary velocity [76] and has shown some correlation as well [114]. This is not observed here
as the different kinetics for recrystallization and growth resulted in the overall same twin content.
This suggests that neither the temperature nor the kinetics of grain boundary migration play a
strong role in annealing twin formation in either regime.

A lack of influence of temperature, in particular in the grain growth regime, has two
possible explanations. Assuming a lack of influence in the kinetics, then annealing twin
formation might be justified by a diffusion-less, or martensitic-type, transformation. The other
explanation is annealing twin formation is a heterogeneous nucleation event in which the driving
forces negate any effect of temperature, similar to what is observed in recrystallization.

A diffusionless transformation [125] similar to a martensitic-type transformation provides
an explanation for how the crystal lattice would transform from a FCC to HCP stacking sequence
to generate a stacking fault. The diffusion-less transformation could either be driven by the
interfacial energy (like that observed in grain growth) or stored energy (in which we treat
recrystallization similar to a phase transformation). The troubling part with this idea is where
does the strain necessary for a diffusion-less transformation come from? While there may be
some small surface tractions during annealing and recrystallization, this is mostly unclear.

The second proposition is a heterogeneous nucleation event. The experimental results

suggest that there is a crystallographic importance of the {111} plane of the grain that will
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exhibit twinning relative to the microstructural features. Based on the proximity of the {111} to
the grain boundary in recrystallization or the triple line in grain growth, this appears to influence
the formation of nucleation. Therefore in the microstructure, there are only a fraction, and not all,
grain boundaries or triple lines that can nucleate an annealing twin. Coupled with grain growth,
the absolute number of grain boundaries and triple lines decrease with time in a given volume of
material. Furthermore increasing temperature increases the rate of decrease of these
microstructural features. This may be a justification that although increasing temperature should
increase the number of nuclei, the physical number of microstructural features from which these
nuclei form are disappearing, and hence no observable effect on the twin content is made.

An experimental design would be a random, polycrystalline microstructure compared to a
textured, polycrystalline microstructure with the same starting grain size. Depending on the
texture, microstructure could have either statistically greater number of potential triple line
nucleation sites than the random microstructure and therefore produce more twins. Both samples
should be annealed to the same change in grain size and the twin content observed afterwards. At
least within recrystallization where there are some obvious differences in twin content based

presumably based on orientation [86], we might observe a similar effect here also.

7.4 Summary

For the temperatures of interest, it was observed that the twin content did not vary significantly
either during grain growth or recrystallization in nickel. This not only suggests that annealing
twin formation is insensitive to temperature fluctuations and also the grain boundary velocity.
Based on results from previous chapters, we conclude that the number of microstructural
features available for nucleation influences annealing twin formation. The conditions of
nucleation are those detailed from the earlier chapters with regards to the geometric
configuration of either the grain boundary plane (during recrystallization) or triple line

direction (during grain growth) relative to the twin plane.
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8 Discussion

The following hypothesis was presented:

“...dt is hypothesized that certain microstructural geometries will promote annealing twin

formation. More specifically, it is hypothesized that migrating {111} interfaces during

’

recrystallization and grain growth create favorable conditions for twin formation...’

In the recrystallization regime this is deemed to be true. Although the migration behavior was not
studied in the grain growth regime, we conclude that there is a measurable influence of the twin
plane in relation to the triple line. In this sense, the hypothesis is only true for grain boundaries in
recrystallization, whereas for grain growth it is incorrect because annealing twin formation only
occurred at triple lines. However, we see that there is a relationship between the triple line
direction and the {111} plane in the parent grain for nucleating the twin. This implies that some
geometric relationship may still influence annealing twin nucleation in grain growth. These

findings provide some useful discussion points.

8.1 Role of the {111} plane geometry and energy

The position of the {111} plane relative to either the grain boundary or triple junction may play a
role due to the ease of formation of a stacking fault. Stacking faults on the {111} plane cost the
least amount of energy in comparison to other low-index crystal planes (and hence are never
observed on other planes) [126][127]. Thus during grain boundary migration, forming a {111}
stacking fault is not necessarily the lowest energy state, but nor is it overly expensive as
diagramed in Fig. 8.1a. In nickel, the gap between the twin and the original grain boundary
would only be 0.06 J/m?, the energy of a twin boundary, assuming the interface formed was a
coherent {111} interface. In contrast, across a non-{111} index plane, an incoherent twin

boundary will be formed, which will increase the overall energy of the interface. This causes the
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twin stacking fault sequence in a less favorable condition as demonstrated by Fig. 8.1b. The
reason why the lowest energetic state is not ultimately achieved is due to non-equilibrium
thermodynamics. The kinetics of atomic motion is presumably limiting the migration of atoms

into the proper stacking sequence.

(b)

—_
Q
~

Grain A Grain A

Grain Boundary

Grain Boundary

Change in Gibbs Free Energy

Figure 8.1. The proposed thermodynamics of grain boundary motion for Grain B growing at the
expense of Grain A is shown for an interface (a) close to the {111} and (b) away from the {111}. The
formation of a twin on (a) {111} interface is energetically cheap due to the low energy of the
coherent twin boundary and stacking fault energy, which overall makes the possibility of creating a
stacking fault sequence more likely on a {111} plane over other migrating planes.

To address the need to form a critical nucleus with an appropriate size, the {111} plane
also has the highest number of nucleation sites to form an improper stacking sequence. In the
ABC stacking schematic, the atomically flat {111} A plane has an equal number of proper, B,
and improper, C, adsorption sites for atoms moving from one grain to the other. Some atoms will
diffuse across the boundary into the improper stacking sequence, while other atoms at the surface
can shift from a proper to an improper site and vice versa. The combined atomic motions are
presumably what might lead to the formation of the necessary nuclei. In contrast, a non-{111}
plane would have steps and ledges. These steps and ledges can promote the placement of atoms

in the proper stacking sequence, which would eliminate the interfacial energy of what would

otherwise have been an incoherent twin segment.
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Although aluminum also features a large population of {111} planes, the lack of twins is
excused by the high SFE, 160-200 mJ/m? [128]. Earlier literature presented in the background
chapter has shown that higher SFE results in lower twin content in the microstructure [71][75].
Although annealing twins are governed by the SFE, the SFE is an intrinsic material property at
the atomistic level. Therefore identifying a relationship at the microstructure level may provide a
more appropriate link for predicting the annealing twin content as demonstrated in Fig 8.2. This
should imply that for materials with low SFE but with growth that is governed by planes distant

from {111} planes, the microstructure should exhibit a lack of twins.

’
Atomistic I Microstructure : Macrostructure
Property: - property: - Property:

Stacking fault Grain boundary Annealing twin

energy " plane distribution : content

___________

Figure 8.2. Flow-chart of current, stacking fault energy, and proposed, grain boundary plane
distribution, factors for predicting annealing twin content. While stacking fault energy does
influence annealing twin content, because of the length-scale difference the two might not always
correlate well together. Therefore it is proposed by also by taking account the grain boundary
plane distribution, one can achieve better predictions of the annealing twin content.

This is the case with late-stage abnormal grain growth (LS-AGQG) in electrodeposited
nanocrystalline nickel [129]. While it is unclear exactly how abnormal grain growth proceeds,
the abnormal grains grow as facetted grains shown in Fig. 8.3a that are several times larger than
the original matrix. Despite the abnormal grains substantial size difference, which would suggest
that several twinning events should have occurred, the abnormal grains show a relatively low
twin density in comparison to recrystallized nickel. For relatively the same average grain size of
50-60 um, the twin content in this material compared to recrystallized Ni is one twin per grain

vs. the four to five twins per grain respectively. One plausible explanation is that the facets on

the abnormal grains are {100} [130], as shown in the GBPD in Fig. 8.3b, and therefore do not
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promote the formation of annealing twins unlike the GBPD of the recrystallization interface
observed in high-purity nickel from Chapter 4. Additional details on the behavior of LS-AGG

are provided in Appendix 11B.

101

08 A

1.0 12 1
Multiples of Random

Figure 8.3. EBSD of LS-AGG in electrodeposited nanocrystalline nickel of (a) a sample annealed
for 30 minutes at 500°C in a flowing H,/Ar environment and (b) the grain boundary plane
distribution of the facets of the abnormal grains. The abnormal grains show relatively few twins
which is presumably due to the fact that the facets are primarily {100} and therefore far from the
annealing twin condition.

It would be interesting to derive relationships to test for the correlation between the grain
boundary plane distribution or triple junction line distribution to annealing twin formation. The
challenge however is that both distributions are in discretely binned space and its units of
multiples of random are not readily calculated into a function. Also it is worth investigating if
lower stacking fault materials provide a “wider” distribution of migration directions for
annealing twin formation. In silver, where the stacking fault energy is 20-30 mJ/m* [131],
annealing twins are readily formed, but in a much larger abundance and not the typical lamellar

appearance [96]. The larger fraction of incoherent segments of annealing twins can be achieved

by the nucleation of more twins that are close to, but not necessarily the {111} plane. While in
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high purity nickel we have found this range to be 10° from a stereological analysis, whereas in

silver the deviation tolerated from the {111} might be greater.

8.2 {111} plane and the formation of lamellar twins and other morphologies

By showing a directional relationship between the {111} plane and the formation of a twin, it
becomes easier to explain the formation of a lamellar twin. Assuming that the migration
direction remains unchanged (although the relative environment in terms of triple line
configuration or stored energy does), then the twinning event will preferentially select the
identical twin plane. Therefore the two twinning events will create a lamellar twin. This is
schematically shown in Fig. 8.4. The same idea also applies to grain growth as well, except at a
triple line versus a grain boundary, and there is an increased selectivity with regard to the
interfacial energy requirement. This would all suggest that if the direction of migration was
constant, then all twins observed would usually be of this lamellar morphology. This is
qualitatively consistent with the indentation in a Cu single-crystal presented in Fig. 2.14 [86] as

well as in directionally annealed cold-rolled Cu rods by Baker et al. [132]

(a) (b)

111 grain boundary

N migration direction N
¢ —_— ¢

60°9111> 60°<111> 60°<{111>

Figure 8.4. The formation of a twin on a migrating {111} interface shown in (a) would continue to

preferentially select the same {111} twin variant that would produce the same twin misorientation
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relationship shown in (b). This geometric factor provides better reasoning behind the formation of
a lamellar twin that is typically observed in FCC metals.

The formation of incoherent twin segments arising from migrating {111} planes was
previously discussed in Chapter 4. The shape of “v-twins” can best be explained when the
migration direction is not constant, and therefore another {111} plane is the more optimal for
nucleating the twin plane. An illustration of this is shown in Fig. 8.5, where taking the same
starting configuration as before, selecting another twin variant produces a very different
morphology. A X9 boundary would separate the original and later nucleated twin as previously
discussed in the orientation repeat study of Chapter 5. This occurs when the migration direction
is not constant and varies with time. This has been presented and discussed by [133] in the
formation of annealing twins in gold particles that show these types of morphologies.

(a) (b)

eI

60°<q111> 60°<111>

Figure 8.5. The formation of a twin on a migrating {111} interface shown in (a) would select the
another {111} twin variant closer to the migration direction that would produce the a different twin
misorientation relationship shown in (b). This geometric factor provides better reasoning behind

the formation of v-twins that is observed in FCC metals.

The ideas presented are obvious, but emphasize the geometric role of the {111} plane and

how it can influence the typically observed twin morphologies. It was not studied here, but the
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proposed ideas suggest that there could be a systematic difference in twin morphologies based on
recrystallization conditions such as prior strain, prior grain size and shape, and temperature. This
is because the migration directions during recrystallization can be dependent on the underlying
deformed microstructure. For example, by increasing the deformation, the orientation gradients
in the deformed microstructure become larger and influence the growth behavior of new grains.
At higher deformations, the recrystallizing grains are inclined to grow along shear bands and
prior grain boundaries [111][134]. Hence these microstructures might be expected to produce
more lamellar twins, while lower deformations promote the varying twin variant selections and
network of twin boundaries that is often observed in and necessary for grain boundary

engineering.

8.3 Potential areas of investigation for grain boundary engineering

The geometric relationship found between annealing twin formation to the {111} plane suggests
that by controlling the grain boundary character or triple junction character, then the twin content
in the microstructure can be manipulated. This would be of interest in strain-recrystallization
methods of grain boundary engineering involving medium strains and the occurrence of
recrystallization. In FCC metals, the goal would be to increase the number of {111} planes on
the recrystallization interface to favorably induce the twinning mechanism.

The challenge is that the {111} planes in FCC metals are typically favored to begin with
as they are the low energy plane. This was observed in the grain boundary plane distribution in
Ni with a peak at the {111} presented in Fig. 4.8 but also in a-brass [135], aluminum [136],
copper [137], and stainless steel [138]. While higher deformations would increase the number of
recrystallizing nuclei and therefore the physical number of {111} planes for a given volume, this

limits the grain size as well as the number of twins per grain. Lower deformations would limit
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the number of recrystallizing nuclei, which would induce more twinning to replace the deformed
matrix. To increase the amount of twinning, one might manipulate the tortuosity of the
recrystallization front that has shown a positive correlation with the twin density [79]. The
tortuosity appears dependent on the starting microstructure, so this could be accomplished by
controlling the heterogeneity of the initial deformation, or the starting grain size and shape.

Additionally, annealing twin formation might hold promise for other material systems if
one can regulate the planes of interest. That is, by increasing the number of twinning planes
present in either crystal structures one might be able to increase the number of special
boundaries. In BCC metals, in which the £3 boundaries are also often low in energy, this might
be achieved by increasing the {110} planes in the material system (which is typically weakly
biased to the {100} [96]. For HCP metals this would be the {1121} plane. While a solution is not
immediately obvious, this might be possible by methods mentioned above but also by controlling
the recrystallization texture in these materials.

The same concept should be extendable to grain growth as well. During grain growth,
controlling the triple junction distribution (coupled with the grain boundary planes) could induce
more twinning. This level of microstructure control is not readily feasible in a bulk,
polycrystalline sample, but may be more readily implemented in columnar microstructures.
Through control the texture of the columnar microstructure, the types grain boundary planes and
also the triple lines can be manipulated. For example, in a recent experiment by Rohrer et al., an
aluminum thin film exhibited a 20 % length fraction of twins after annealing [139], where as in
bulk Al are twins are rarely found [74]. The nature of these twins are mostly corner type, akin to
what was observed in the grain growth of Ni and twin formation at triple lines, but distinctly

unique from nano-laminate twins that have been reported from deposition in Al [140]. While the
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starting microstructure conditions are unknown, having a perfect {111} texture would provide a

large number of {111} tilt boundaries that are high in energy to promote twin formation.

8.4 Summary Remarks

The results indicate that at the microstructure level geometric factors play a role in annealing
twin formation. Taking into account the geometric role of the {111} provides a better link
between the atomistic level occurrences to the microstructure level occurrences of annealing
twin formation in FCC materials. The possible geometric role that a {111} plane would play on
nucleating an annealing twin is discussed as well as how it would be responsible for the twin
morphologies observed. Furthermore we propose it may be possible to control annealing twin
nucleation events in materials through control of the grain boundary planes and triple junction
characteristics. While we have not provided a definitive mechanism behind annealing twin

formation, we have expanded the knowledge on factors that will influence twin formation.
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9 Conclusion

The crystallographic factor involved with annealing twin formation in FCC nickel was
studied in both recrystallization and grain growth. This was achieved by ex-situ studies of the
microstructure evolution captured by electron backscatter diffraction and near-field high energy
x-ray diffraction microscopy. Both techniques provide the spatial orientation mapping necessary
for studying the grain boundary character of the microstructure. EBSD provided a 2D map where
stereological techniques were used to study the orientation of the grain boundary plane of the
recrystallization front in nickel. nf-HEDM provided a 3D Ni microstructure in which the full
five-parameter grain boundary information was readily available during grain growth.

In recrystallization it was determined that annealing twins form on {111} planes at the
recrystallization interface growing into the deformed region. Furthermore, studying the twin-
related domains in the 3D microstructure showed that the twin variant selection is a random
process. In contrast, we identified the first, true annealing twin formation events in grain growth
in a polycrystalline sample and found that annealing twins do not form on grain boundaries.
Instead, annealing twins are formed at triple lines through reducing the overall interfacial energy
and these triple lines lie in the {111} plane of the parent grain. Testing the effect of temperature
in recrystallization and grain growth showed little change in the twin content when the change in
grain size is constant. This suggests that annealing twin formation is a heterogeneous nucleation
event that is dependent on the prior microstructure, where crystallographic factors, such as the
positioning of the {111} plane, plays a major role.

This new understanding should provide new leads to ideas about grain boundary
engineering in FCC materials as well as materials of other crystal structures. For example, it is

proposed by controlling the population of planes that exhibit twinning, is that feasible to regulate
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the population of special boundaries. This was shown in late-stage abnormal grain growth in
electrodeposited nanocrystalline nickel, where the migration of {100} planes produced fewer
annealing twins in the final microstructure.

Ultimately, these findings have provided much needed insight into annealing twin
formation mechanisms. They stress the importance of looking at the grain boundary character for
dictating behaviors in microstructure evolution. In doing so, we have found a better link from the
atomistic scale to the mescoscopic, and from the mesoscopic to the macroscopic. The

relationships between these length-scales require development, but will come with time.

9.1 Future Directions
There are three areas of immediate investigation based on the findings of this work:
* Characterizing the grain boundary migration direction during recrystallization relative to
the coherent twin plane in a 3D microstructure
* Studying the grain boundary migration behavior at triple line that form annealing twins
during grain growth in the present 3D Ni microstructure
* Testing the effect of texture on the annealing twin content for the same change of grain
size in both recrystallization and grain growth
The other primary area of interest will be the microstructure simulation of annealing twin
formation during recrystallization and grain growth. In fact annealing twins have already been
observed to form during grain growth in molecular dynamic simulations [141], but not
extensively to clarify the atomistic behaviors and mechanisms involved. Meanwhile mesoscopic
simulations, similar to [142], provide us with more accurate models of microstructure evolution
and enable the understanding of the microstructure control needed to design and introduce new,

grain boundary engineered materials to society.
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11 APPENDICES

11.A Development of X9 and X27 boundaries with recrystallization

The behaviors in the length fraction of X9 and X27 boundaries were observed similar to the
analysis of X3 boundaries in Chapter 4. Grain orientation spread was used to measure the area
fraction recrystallized and partition the microstructure into the recrystallized area and deformed
area. The behaviors of the X9 and X27 boundaries were observed both across the entire area

observed by EBSD and by just the recrystallized area. The behaviors are shown in Fig. 11.1a-b

respectively.
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Figure 11.1. Length fraction of special boundaries of interest as a function of time corresponding to
the recrystallization progress in (a) the entire area observed and (b) only the recrystallized fraction.

In both cases, the length fraction of special boundaries are observed to increase with time.

In contrast to the behavior of 3 boundaries, the length fraction of £9 and £27 boundaries
increased regardless of considering entire area or just the recrystallized area. The X9 length
fraction approaches 9%. The X27 length fraction behavior has been divided to considered both
¥27a and X27b boundaries. The X27a boundaries increase in length fraction to approximately
2%, while the X27b length fraction stays constant at approximately 2.5%. While the overall
increase in X9 and X27 boundaries is explained by the geometric interaction of X3 boundaries
that are formed from various twin nuclei during recrystallization, which is reflected in the triple

junction distribution in Fig. 11.2.
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Figure 11.2. Triple junction type distribution as a function of time corresponding to the
recrystallization progress. The most notable changes with time are the decrease in RRR triple

junctions and the increase in XXX triple junctions with recrystallization

The decrease in the RRR triple junctions is expected along with a pronounced increase of
¥¥¥ types of triple junctions. This is associated with both the increase of special boundary
fractions and the increasing connectivity as recrystallizing regions impinge on each other.
Specifically, the rise in XXX triple junctions is attributed to mostly the increase of 3 /3 /9
boundaries. This is shown in Table 11.1, where the values of the XXX increase are those from
Fig. AlL.2, the fraction of 3 / 3 / 9 boundaries as a fraction of all the triple junctions is also
increasing and accounts for the majority of the XXX. This behavior is expected as two X3
boundaries that meet must form X9 at the triple junction. Again, this behavior correlates with the

increasing fraction of X9 boundaries as observed in Fig. 11.1.

Table 11.1. XXX type triple junction with time plus 3 /3 /9 type triple junctions

Time (minutes)

0 5 10 15 20 25 30

PHHY 1.6% | 4.3% | 6.2% | 8.2% | 11.1% | 15.7% | 19.3%
- 3/3/9 1.5% [ 3.9% | 5.3% | 6.7% | 8.9% | 11.5% | 14.7%

Boundary Type
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11.B Late-stage abnormal grain growth in nanocrsytalline-nickel

Late-stage abnormal grain growth in electrodeposited nanocrystalline-nickel has been
characterized, with a special emphasis on the behavior and quantitative evolution of grain
boundaries. Results for the initial state prior to the appearance of large, facetted abnormal grains,
the bimodal state as a result of LS-AGG, and, lastly the subsequent unimodal microstructure
after LS-AGG are presented. A detailed comparison on the grain boundary character is made
among the three states. The nature of LS-AGG results in a high fraction of {100} grain boundary
planes, which also features less twins per grain than conventional Ni.

An electro-deposited nanocrystalline nickel self-standing plate was provided by Integran
Technologies Inc. (Canada). The as-received sample was quoted to have a nominal grain size
from 10 — 20 nm. Samples with dimensions of approximately 5 mm x 5 mm x 1 mm were
sectioned from the original plate and embedded in a epoxy resin and polished with the same
procedure as detailed in Chapter 3.1. Samples were subjected to various heat treatments at 500
°C in a flowing Ar/H2 tube furnace to minimize the surface oxidation. Three heat treatments
were performed : 10 minutes to achieve a sub-micron normal grain size distribution, 30 minutes
to achieve a bimodal grain size distribution, and 90 minutes to obtain normal grain size
distribution again. EBSD post-processing is similar to which has been presented in the thesis.

The EBSD scans of the three microstructures are detailed in Fig. 11.3. The unimodal
grain size microstructure after 10 minutes of annealing is shown in Fig. 11.3a with an average
grain size of 0.9 um in agreement with previous reports of the microstructure after IS-AGG. The
microstructure after 30 minutes of annealing is shown in Fig. 11.3b, where the highly faceted,
abnormal grains are distinctly larger than the initial matrix grains. These abnormal grains are
isolated from one another with an average grain size of 40-50 pum, but also occur as X3-related
pairs of crystals. The final microstructure is shown in Fig. 11.3c after annealing the
microstructure for 90 minutes such that all LS-AGG coarsen and consume the starting matrix. In
the final appearance of the microstructure, the faceted grain boundaries seen in Fig. 1b are not as
obvious due to the impingement of the LS-AGG. The final microstructure achieves a unimodal

grain size distribution with an average of grain size of 60-70 pm.
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Figure 11.3. EBSD orientation maps of electrodeposited nanocrystalline nickel annealed after (a) 10

minutes, (b) 30 minutes, and (c) 90 minutes at 500°C in flowing Ar/H2. The color code, defined in
the standard triangle, shows which crystallographic plane is parallel to the sample surface (normal
to the deposition direction). The grain boundary maps after (d) 10 minutes, (e¢) 30 minutes, and (f)
90 minutes are color coded by HAGBs as black, X1 boundaries as blue, and £3 boundaries as white.
The boxed in region in (a) shows the usual, straight X3 boundaries, while in (c) the boxed region

shows the contorted X3 boundaries.

The misorientation character was analyzed at the interface between the abnormal grain
and the matrix in the sample annealed for 30 min. On the abnormal grain, the interface borders
anywhere from 30-50 matrix grains as shown in Fig. 11.4a. For the abnormal grains, the grain
boundary plane distribution (GBPD) in Fig. 11.4b shows a bias towards the {001} within the
fundamental zone. This supports the claim that the facets overall are close to {001}, based on the
geometry of the LS-AGG [11]. Nevertheless, at higher resolutions, the interface exhibits

significant local roughness as, for example, in the regions circled in Fig. 11.4a.
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Figure 11.4. (a) EBSD orientation map of the AGG interfaces and (b) the grain boundary plane
distribution of the abnormal grains. The interface is not perfectly flat and exhibits some local

roughness and perturbations circled in (a), which spreads out the {001} peak in the GBPD.

A comparison of the GBPD of the initial microstructure compared to the final LS-AGG
impinged microstructure further supports the previous observation. The starting GBPD shows a
bias towards {111} planes as illustrated in Fig. 5a; this is due to the prevalence of coherent twin
boundaries in the material. In final LS-AGG impinged state, the {111} planes remain, but
increased intensity about the {100} also appears, Fig. 5b. Not only is the {100} grain boundary
surface characteristic of LS-AGG, but this bias is retained within the microstructure even after

the LS-AGG has terminated.
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Figure 11.5. GBPD of the (a) initial microstructure compared to (b) the final LS-AGG impinged

microstructure. Most notable difference is the {100} peak associated with the LS-AGG.

Although the LS-AGG results in a significant increase in length fraction of twin boundaries
(increasing from 20 < 33%), the average number of twins per grain is approximately constant
from the initial matrix to final microstructure at one twin per grain. Compared to conventional Ni
that has an average of four twins per grain, this value is lower. The lower value is suggested to
be a result of the lack of migrating {111}, but instead {100} that do not promote the favorable

formation of annealing twin boundaries in the microstructure.



