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Abstract
The effect of thermo-mechanical processing by deformation and annealing on the grain
boundary configuration of commercially pure Ni-200 is reported in this thesis. Ni-200 is
unalloyed, thus avoiding the complex effects associated with alloying elements on the
formation and development of different types of grain boundaries.
One step strain-recovery with strain levels in the range of 3% to 7.5% (with 1.5%
intervals) and annealing temperatures in the range of 800ºC to 1000ºC (with 100ºC
intervals) were used in processing. The effects of parameters such as strain level,
annealing temperature, annealing time and grain growth on grain boundary
configurations were studied.
Using Orientation Image Microscopy (OIM) it was found that the Fsp (fraction of
special grain boundaries) value of strained samples annealed in the range of 800ºC to
1000ºC began to increase after a critical length of time, after which the Fsp value
increased quickly and becoming a maximum in 2~4 minutes. The length of the critical
annealing time for the increase of Fsp was shorter in the material with the higher levels of
strain at a constant annealing temperature. Also the critical annealing time was shorter
when annealed at higher temperatures under a fixed level of strain. The Fsp value
increased to 80% from an as received value of about 30% in the samples with varying
strain levels. However, the Fsp values only increased from 30% to 45% in the material
without strain. Due to grain boundary migration, the Fsp values increased with grain size
and became a maximum during the heat treatment of the strained material. In the material
without strain however even when grain growth occurred, limited improvement in Fsp
values occurred showing that contribution of strain is very important to the formation of
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special boundaries. By varying the strain levels, annealing temperatures and times,
material with high Fsp values in a wide range of grain size can be obtained. Under the
present processing conditions used however, multi-cycle was not helpful to the
improvement of Fsp.
TEM observations indicated dislocation tangles occurred near the grain boundary of
the 1x6% strained samples. These dislocation tangles decreased with time at 800˚C and
were reduced considerably after 20 minutes.
Thermodynamic and kinetic models were used in the calculations of twin density-grain
size relationships. The results indicated that the contribution of strain is equivalent to the
increase of grain boundary energy, which provided an extra driving force and improved
probability of twin embryo formation.
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Chapter 1
INTRODUCTION
Grain boundary configurations in metals have significant influence on mechanical
properties, corrosion and crack resistance capabilities. The concept of Grain Boundary
Engineering (GBE), proposed by Watanabe in 1984, developed the proposal to enhance
material performance by grain boundary crystallography manipulation (type and
distribution of grain boundaries), including increasing the fractions of special boundaries
and improving the break-up of random boundaries. Since the surface energy of

∑3n

type boundaries is much lower than other types of special boundaries, it is preferred to
form Σ3 types where possible by process control.
Thermo-mechanical processing is an effective way to increase the fraction of special
grain boundaries and break up the high angle boundary (HAB) boundary connectivity,
both of which positively contribute to mechanical properties, corrosion and boundary
degradation resistance. This process has been studied for more than two decades, and can
be divided into four categories as, one step or iterative processes, involving either strain
recovery or strain recrystallization. Different researchers have placed emphasis on
different aspects of the processing, such that optimum processing parameters and
microstructures are not well defined. Even though GBE has been studied widely in
different materials, the effect of strain, annealing time and annealing temperature on the
formation and development of special grain boundaries is rarely studied in a systematic
way. In addition, during a high temperature anneal, some important changes may happen
in the heat-up process, and the details of these changes may not be completely observed.
Thus the thrust of this thesis is to study the development of the special boundary fractions
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from the beginning of annealing, to obtain a complete picture of microstructure and
boundary development.
Commercially pure nickel was used in this study to avoid the complex effects
associated with alloying elements such as precipitation and second phases on the special
boundary formation and random boundary migration. One step strain-recovery processing
with strain levels in the range of 3% to 7.5% (with 1.5% intervals) and annealing
temperatures in the range of 800ºC to 1000ºC (with 100ºC intervals) were conducted. The
effects of parameters such as strain level, annealing temperature, annealing time and
grain growth on grain boundary configurations were studied. One cycle recrystallization
effects on the special fractions were also tested in the material, processed by 1x25%
strain and 800˚C anneal, and compared to the results of the recovery anneal. The effect of
further thermo-mechanical processing on the recrystallized material was also studied. In
addition, the results of multi-cycle strain-recovery anneal with a strain level of 6% and a
temperature of 800˚C was compared to that of the one cycle route. Furthermore, the
parameters used in the processing of commercially pure nickel were transferred to the Nibased Superalloy 718, and the alloy was processed by 1x6% strain and 1100˚C anneal.
Finally, thermodynamic and kinetic models were used in simulation to establish any
relationship between twinning and grain growth.
On the basis of the above studies, the effects of strain, annealing temperature and
annealing time were analyzed and summarized in a systematic way. The key factors in
the formation of special grain boundaries were established from experimental data and
modeling, which provides guidance for process optimization of industrial alloys.

2

Chapter 2
LITERATURE REVIEW
The performance of an engineering material is determined by its macroscopic chemical
composition and microstructure, including distribution of chemical elements and crystal
defects. Within the microstructure, grain boundaries are one of the most common forms
of defects related to material properties [1]. Changes of microstructure, the production
and evolution of other types of defects, can be affected or controlled by the types and
distributions of grain boundaries. Special boundaries or Low ∑ Coincident Site Lattice
(CSL) type boundaries, which are often ∑3 types, possess properties capable of reducing
such detrimental processes as: inter-granular fracture, corrosion, cavitation and
degradation [1]. Thus increasing the percentage of special boundaries is one way to
improve material properties.
Grain Boundary Engineering (GBE), which was first put forward by Watanabe [2], is a
concept to enhance material performance by boundary crystallography manipulation,
including the type and distribution of grain boundaries. Since grain boundary corrosion
and degradation and fracture is nearly always along high angle random boundaries, the
purpose of GBE is to increase the fraction of special grain boundaries (or

∑ 3s type

boundaries) and break the connectivity of high angle random boundary networks, which
is realized by the reaction between special and random boundaries. The major part of

∑ 3s is the ∑ 3 twin boundary, so the key of the problem is how to increase the twin
density.
Techniques of GBE are based on pre-strain and anneal approach using low and high
strain routes, as well as single and multiple process cycles. During straining, deformation
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energy may be stored near grain boundaries, which is the driving force to recovery and
random grain boundary movement (low strain), or to the recrystallization and grain
growth (high strain) processes. Twin boundaries can be formed during grain boundary
migration by either of these two process routes. The probability of twinning is determined
by the twining stacking fault energies and thermal mechanical process parameters such as
strain, annealing temperature, annealing time and the number of strain-anneal cycles. The
lower strain (<10%) approach works well in some materials and higher strain works in
others, similarly with the number of cycles. During twin formation and movement, the
connectivity of high angle boundaries can be broken up resulting in low percolation
routes within the microstructure. By using different thermal mechanical processes, high
twin fraction and ideal boundary configuration can be achieved in different materials.
This chapter introduces the basic concepts, processes and theories of GBE, including
types of grain boundaries, the effect of strain on the structure and mechanical properties,
formation of twin boundaries, migration and interaction of grain boundaries, and the
properties improved by thermomechanical processing.

2.1 Theory of grain boundaries
In a perfect single crystal, the orientations of each part of the crystal matrix are the
same, and no defects or matrix distortion exists. However, if there is an orientation
difference between two adjacent parts of a crystal, a boundary will divide these two parts
into two grains, resulting in a grain boundary separating two regions with the same
crystal structure but different orientation [3]. Generally speaking, most metals are
polycrystalline materials, which are comprised of many small areas, or grains of different
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orientations. Thus the grain boundary area is one of the most important microstructure
characteristics that can affect macroscopic properties of engineering materials [4] and has
been researched extensively.
There are five freedoms of a grain boundary: 1) The magnitude of the relative rotation
θ, that would bring the two adjacent grains into perfect registry, 2) the orientation of the
axis of the rotation of θ (two of them are isolated), and 3) the orientation of the boundary
normal direction (two of the three variants are isolated) [5]. The values of these five
coordinates are used to define the types of grain boundaries and they are divided into low
angle boundary, high angle boundary and coincidence site lattice boundary (CSL). As all
these kinds of grain boundaries exist in actual materials and have influence on their
properties, it’s necessary to give a brief review of them.

2.1.1 Low Angle Boundaries
Low angle boundaries are also called sub-boundaries, including tilt, twist low angle
boundaries [1]. Schematics of tilt and twist boundaries are given in Fig.2.1.1.1 [6]. If the
grain boundary plane is parallel to the rotation axis, it is called tilt grain boundary. Since
there is infinite number of possible planes parallel to a given direction, the number of tilt
boundaries for a given rotation is also infinite. The small angle tilt boundaries include
symmetric and asymmetric ones, being comprised of a periodic edge dislocation
arrangement, which has been confirmed by high resolution electron microscope. The
symmetric small angle tilt boundaries consist of a single set of dislocations as shown in
Fig.2.1.1.2
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Fig. 2.1.1.1 Schematics of tilt and twist boundaries [6]

Fig. 2.1.1.2 Schematics of symmetric tilt boundary

[6]

The boundary is comprised of a wall of parallel edge dislocations aligned normal to the
slip plane. If the Burgers vector of these dislocations is b and the distance between two
adjacent dislocations is h, the misorientation between two adjacent grains isθ =
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b
. The
h

asymmetric small angle boundaries are comprised of at least two sets of edge
dislocations, the Burgers vectors of which are perpendicular to each other as shown in
Fig.2.1.1.3. As the fraction of the second set of dislocations increases, the boundary will
deviate more from the symmetric grain boundary that is comprised by the first set of
dislocations. If the boundary has changed to be comprised by the second set of edge
dislocations, another symmetric boundary can be formed.

Fig. 2.1.1.3 Schematics of asymmetric tilt boundary

[6]

If the grain boundary plane is perpendicular to the rotation axis, the boundary is
referred to as a twist grain boundary. Compared to tilt grain boundary, there is just one
plane that can be chosen as grain boundary plane. Small twist angle boundaries require at
least two sets of screw dislocations, one screw dislocation results in a pure shear
deformation, so the two perpendicular screw dislocations result in a pure rotation as
shown in Fig.2.1.1.4.
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Fig.2.1.1.4 Schematic of twist boundary [1]
The misorientation angle at which the type of grain boundary transits from a low
angle to high angle boundary is between 10º~15º. For rotation angles larger than about
15º, the dislocation cores tend to overlap and individual dislocations can not be
physically identified, so the structure of boundaries can not be described by the above
edge and twist dislocation models. Thus the grain boundary energy becomes independent
of misorientation as shown in Fig.2.1.1.5, and the grain boundaries changes from low
angle to high angle random boundaries.

Fig.2.1.1.5Relation between grain boundary and the misorientation of two
adjacent grains [6]
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2.1.2 High Angle Boundaries
A boundary comprised by two grains with misorientation larger than about 15º is
usually considered as a high angle boundary. According to the difference in
accommodating atoms across the boundary and distortion of the atomic boundary, high
angle boundaries are divided into Random High Angle Boundaries and Special High
Angle Boundaries.
2.1.2.1 Random high angle boundaries
Compared to low angle boundaries, high angle boundaries contain larger poorly fitted
areas and open structures with a high degree of free volume as shown in Fig.2.1.2.1,
while low angle boundaries contain better fitting areas which are separated by
dislocations and have less free-volume. The interatomic bonds are either broken or highly
distorted in high-angle boundaries, but only slightly distorted in low angle boundaries.
The difference between high angle and low angle boundaries is illustrated in Fig.2.1.2.2.
Since grain boundary energy increases with disorder and distortion, compared with
random high angle boundaries, structures with lower energy such as special high angle
grain boundaries including Twin Boundaries and Coincident Sit Lattice (CSL)
Boundaries are more stable and preferred for improved mechanical properties.
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Fig.2.1.2.1 Structure of Random High Angle Boundary [1]

Fig.2.1.2.2 Difference between high and low angle boundaries [1]

2.1.2.2 Coincidence Site Lattice Boundaries (CSL)
In a perfect crystal structure, atoms are located at the ideal crystal matrix points, which
are determined by the minimum of free energy, and any deviation from these ideal
positions will increase the energy. Thus the crystal will try to keep atoms in these ideal
points even in grain boundaries.
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At some orientation relationships, there are atomic positions in grain boundaries,
which coincide with ideal positions of both adjacent lattices and the boundary planes,
allowing excellent fitting of atoms across them. These kinds of points are called
coincidence sites and they form a new lattice, the elementary cell of which is bigger than
primitive one and it is called coincidence site lattice. Kronberg and Wilson proposed a
way to describe the CSL (coincident site lattice) boundary by misorientation between two
adjacent crystals in 1949 [7]. Since the distortions of atomic bonds for such special
boundaries are lower compared to high angle random boundaries, the lower energy
boundaries are more stable. Skidmore et al studied grain boundary energy vs.
misorientation in Inconel 600 alloy [8]. Fig. 2.1.2.3 shows those misorientation angles
with lower boundary energy [15].

Fig.2.1.2.3 “Boundary energy-misorientation angle” relation of cubic structure [15]
∑ is used as a measure of coincidence sites density of CSL which is given by equation
1-3
∑= (volume elementary cell of CSL)/(volume elementary cell of crystal lattice)
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1-3

Grain boundaries between crystallites that have an orientation relationship
corresponding to a high density of coincidence sites are called CSL boundaries or special
boundaries [1]. Smaller ∑ values result in a more ordered and higher coincident grain
boundary. In a similar fashion to

low angle grain boundaries, CSL boundaries are also

divided into twist and tilt boundaries as Fig.2.1.2.4.

Fig.2.1.2.4 Structure of twist (left) and tilt (right) CSL boundary [1]

The methods for calculating twist and tilt ∑ boundaries are different, but the
relationships between the value of ∑ and the extent of coincidence are the same, with
smaller ∑ values always corresponding to higher coincidence. There are several methods
for the calculation of ∑ of these two types of CSL gain boundaries and different methods
should give the same answer, so they can confirm each other.
For the reason of 3-dimensional symmetry, after a crystal is rotated along an axis by a
certain angle, part of the crystal may coincide with the original crystal matrix and a twist
coincident site lattice (CSL) grain boundary can be formed normal to the rotation axis. If
we choose (hkl) of the cubic crystal as a rotation plane, the unit cell on this plane should
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be the same, or larger than the original unit cell. When a point with coordination (x, -y) in
the rotation plane are rotated along normal axis at (0,0) to (x,y), it will coincide with the
two dimensional crystal point on this plane (Fig.2.1.2.5). Considering all other points
with coordination as (nx, my), where n and m are integers, a new lattice that comprises of
a larger square unit cell as shown in Fig.2.1.2.4 left is formed and it is coincident site
lattice (CSL). The edge of the CSL unit cell is x 2 + R 2 y 2 , where R is the axial ratio of
the unit cell on the rotation plane. A quantitative method to calculate ∑ of twist CSL
boundary was proposed by Ranganathan [9] as the area ratio between the unit cell of the
CSL boundary and the unit cell of the primary lattice. Since the axial ratio of original
cubic cell is 1, the area ratio between the unit cell of coincident lattice and original cell is
also equal to x 2 + R 2 y 2 . So, ∑ and rotation angle θ of the coincident site lattice (CSL)
can be expressed by 1-1 and 1-2.

∑

= x 2 + (h 2 + k 2 + l 2 ) y 2

1-1

y
⋅ h2 + k 2 + l 2
x

1-2

θ = 2 tan −1

Where (hkl) is the rotation plane, [hkl] gives the direction of rotation axis. (x,y) is the
coordinate of the nearest coincident point to the rotation axis (0,0). By changing (x,y)
and θ , one can get a CSL plane with a different ∑ value. Table 2.1.1.1 gives some of
these CSL planes and their ∑ values after the rotating operation on a basal (111) plane of
a cubic crystal structure.
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(x, y)

ORIGIN

(x, -y)

Fig.2.1.1.5 Schematic of Twist Coincident Lattice Formation [9]
Table 2.1.1 ∑ and rotation angles of CSL on cubic (111) basal plane [9]

The second definition of ∑ is “the reciprocal density of coinciding sites”. The right
half of Fig.2.1.2.6 gives an example of a ∑ calculation for a twist coincident grain
boundary. According to the first definition, ∑ is equal to the area ratio between the CSL
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unit cell and the original unit cell. Since the side length of the squared CSL unit cell
5a 2
is a 5 , its area is 5a , so Σ = 2 = 5 and the type of this CSL boundary is Σ5 . One also
a
2

can see there is one coincident point in every five circle or triangular lattice points.
According to the second definition, the boundary still is Σ5 , so the calculated results of
two different methods are the same.

Fig. 2.1.2.6 Schematic of ∑5 CSL boundary [1]
If two identical, overlapping lattices are turned symmetrically towards each other
about a common axis normal to the rotation plane as given in Fig.2.1.2.7, a tilt CSL
boundary can be formed.
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Fig.2.1.2.7 Schematic of symmetric tilt CSL boundary [1]
The boundary is normal to the paper and comprises of coincident points, which are
marked by overlapping circles and squares. The orientation of these two adjacent grains
favors the boundary running through the coincident sites; high CSL site density in the
boundary corresponds to a small ∑ value and low energy. Since the actual crystal has to
keep continuous, this kind of rotation is impossible and the crystal has to compensate for
this small misorientation by a periodic arrangement of crystal dislocations and a
symmetric step structure is formed. The structure is formed by two lines of linearly
arranged edge dislocations, with the misorientation between two grains being determined
by the distance between two adjacent dislocations in each group. The Burgers vectors of
these dislocations have to conserve the CSL boundary and the crystal lattice on both
sides. Since the elastic energy of dislocations increases with the square of the Burgers
vector ( E ∝ b 2 ), the energy of the grain boundary will increase greatly if dislocations
with large Burgers vectors are included into the grain boundary. The left part of
Fig.2.1.2.6 is a schematic of the tilt boundary. If we use M, N to stand for the height and
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length of the step, the unit of which is the basis vector of the primary lattice, then ∑ of a
tilt CSL boundary is defined as:
M2 + N2
Σ=
2

( M 2 + N 2 is even)
1-3

Σ = M 2 + N 2 ( M 2 + N 2 is odd )

The rotation angle of tilt boundary is:

θ = 2tg −1 (

1-4

N
)
M

Left half of Fig.2.1.2.6 is an example for a tilt CSL boundary ∑ calculation.
Since M = 2 , N = 1 , Σ = M 2 + N 2 = 2 2 + 12 = 5 , the boundary is a Σ5 boundary.
Besides the above criteria, the Brandon (1-5) [10] and Aust-Palumbo criterion (1-6) [11]
are used to process electron back scattered diffraction (EBSD) information to get the ∑
value between adjacent grains.
∆θ max = 15 ∑
o

∆θ max = 15 o ∑

−

1
2

1-5

−

5
6

1-6

∆θ max is the largest misorientation between two adjacent grains. By measuring the
∆θ max from diffracted electrons coming from different grains, ∑ can be calculated [12].
However, the Σ value alone is not the complete description of the structure and the
properties of CSL boundaries in actual materials. Randle proposed not only the
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misorientation between adjacent grains, but also the orientation of the boundary plane
itself is related to its properties

[13, 14].

2.1.3 Twin boundaries
Since a CSL boundary is mainly comprised of a twin (Σ3 type) boundary and the
purpose of Grain Boundary Engineering is to increase the ratio of CSL boundaries to
random boundaries, it is necessary to give a brief introduction to twin boundaries.
A twin is a form of defect occurring in some materials and it can also be considered as
a kind of stacking fault. There are two types of stacking faults in a crystal, intrinsic and
extrinsic. The intrinsic and extrinsic stacking faults can be considered as the removal and
introduction of an atomic layer in a perfect crystal as shown in Fig.2.1.3.1 a, b [5]. There
is one break in the intrinsic stacking fault (B layer), with the crystal above and under the
intrinsic fault plane keeping their original stacking sequence. There are two breaks in the
extrinsic stacking fault (A, C layer).

Fig.2.1.3.1 Stack faults in FCC materials. a) intrinsic stacking fault,
b) extrinsic stacking fault [5]
The atomic arrangement of an intrinsic stacking fault (i) and extrinsic (e) stacking fault
is given in more detail in Fig.2.1.3.2. The extrinsic stacking fault is actually comprised of
two mirror planes, which is called twin planes, with a single atom layer between them
and it is “one layer” twin. Since the interfacial energy is governed by short and long
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range interaction with lattice atoms, the energy of the intrinsic and extrinsic stacking
faults may be different, and the twin boundary interfacial free energy should be related to
both of these two types of stacking faults. A twin can be formed when a intrinsic stacking
fault occurs in every atom layer within the twinned region. From thermodynamic
considerations, it has been shown that γ SF ≈ 2γ tb . [16]

Fig.2.1.3.2 Schematic of intrinsic and extrinsic stacking fault [16]
We can also understand twinning in another way. There are two stacking positions on
any FCC (111) plane and they are shown in Fig.2.1.3.3 by upwards and downwards
triangles. If A represents the bottom atomic layer, B and C are two possible stacking
positions. If the stacking sequence of different atomic layers is changed alternately
according to ABCABC…, a FCC structure with a normal stacking order is formed. If the
stacking mode is ABAB…, then the HCP structure is formed. In FCC metals, if the atom
stacking on top of “A” layer happens to be C instead of B, which is quite possible, then
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the sequence of ABCAC can be formed. If atoms on the next layer stack on position A,
then ABCACA will be formed and the crystal structure is changed to HCP (because of
the CACA stacking mode). In order to keep the FCC stacking position on the next layer,
the stacking has to be B and the sequence is ABCACB…. With the atomic layers on both
side of A being symmetrical, the A plane is a mirror plane, and this structure is called a
twin and A is the twinning plane. It is still possible that the stacking mode changes back
again and ABCACBCA sequence is formed. In this sequence, there are two twinning
planes, which are A and B, and the structure of ACB is called twinning band, the band
can be thicker or thinner, but no less than three atomic layers. There are four kinds of
commonly observed twin morphologies, which are called one-sided twin, complete
parallel-sided twin, incomplete parallel-sided twin and central twin. They are shown in
Fig. 2.1.3.4 [19].

Fig.2.1.3.3 Stacking position of FCC (111) surface
(White circles are top layer atoms black circles are bottom layer atoms)
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Fig.2.1.3.4 Four types of commonly observed twin morphologies [19]

The boundary of the twin band can be a twinning plane or another plane with a minor
orientation difference. The first one is called a coherent twin boundary and the second is
called an incoherent twin boundary as shown in Fig.2.1.3.5 and 2.1.3.6.
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Fig.2.1.3.5 Structure of Coherent twin boundary [9]
A coherent twin boundary shown in Fig.2.1.3.5 is also defined as a ∑3 boundary [9]. It
is a <111> symmetrical tilt boundary and is characterized by a 60 o rotation with respect
to the <111> axis, and all lattice sites at twin boundaries are coherent. The reason that
twin boundaries are ∑3 instead of ∑1 is that, the CSL is a 3-dimensional lattice which
extends perpendicular to the grain boundary, and only every third plane parallel to the
coherent twin boundary is in perfect coincidence. This is evident for a {111} grain
boundary planes of the FCC lattice, since the stacking sequence of FCC is ABC and the
3-D crystal structure can produce one coincident plane on every three parallel atomic
planes.
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Fig.2.1.3.6 Structure of incoherent twin boundary [17]
The misorientation angle between a coherent and an incoherent twin boundary is ϕ .
Atoms in the coherent twin boundary match two adjacent grains perfectly. The energy of
the coherent twin boundary is lower than an incoherent boundary and is more easily
formed. However there are many defects in an actual material; incoherent twin
boundaries can still be formed, such as <112> symmetric tilt boundary in the FCC
structure. The relationship between ϕ and the surface energy of incoherent twin
boundary is given in Fig.2.1.3.7.
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Fig.2.1.3.7 Relation between misorientation angle and surface energy of twin boundary
[17]
From an energy point of view, the tendency of coherent twin formation should be
higher than other type of interface or boundaries, the reason being that more than 80% of
special boundaries (CSL) are ∑3 twin types. In practice, the actual twin boundary
morphology is much more complicated than the four basic forms. In the process of
twinning and grain growth, different types of twins (including coherent and incoherent
twins) interact with each other and interact with random boundaries, a complicated
configuration of twin boundaries, similar to high angle random boundaries can be formed
(Fig.2.1.3.8).
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Fig.2.1.3.8 Networks of random grain boundaries (dark) and
twin boundaries (grey)
2.2 The effect of low strain in metals
Straining is the first step in the GBE process and it is critical for the formation of Σ3
twin boundaries

[18]. The major part of the strain energy is given out as heat and only

a small part (~1%) [20] can be stored in the strained material, which is reflected
macroscopically as strain hardening. This small amount of stored energy can determine
the temperature and time for phase change, microstructure, boundary movement, amount
of defects and distribution, mechanical related properties etc., and it is preprocessing or
structure preparation for the subsequent heat treatment. The energy is stored in the form
of dislocations, distortion of crystal matrix, point defects, deformation twinning,
increasing of grain boundary area etc. Almost all of the stored energy of deformation is
however derived from the accumulation of dislocations and twinning [20], which is the
source of strengthening effects that occur during deformation. Thus the distribution and
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configuration of dislocations are significant before recovery, recrystallization and grain
growth afterwards, to what’s happening in the thermal processing.
Hall and Petch suggested dislocations piling up at grain boundaries during straining
[21]. However, Li [22], and Malis and Tangri [23] invoked a grain boundary dislocation
source theory, which indicates that dislocations are more likely to be formed at grain
boundaries. These newly generated dislocations form tangles adjacent to grain boundaries
during the early stages of straining. Thompson suggested a layer or region with high
dislocation density can be formed adjacent to the grain boundary area
[29]. Meyers and Ashworth interpreted the worked-hardened grain boundary layer via a
mechanical model using a rule of mixtures approach [24]. This phenomenon was
observed during TEM reaserch by Murr and Hecker [25], and Sangal and Tangri [26].
Sangal and Tangri also suggested that the dislocation density near to the grain boundary
area increases due to the continued trapping of newly created mobile dislocations by
existing dislocations and grain boundaries. These types of dislocations are visible in the
TEM and are termed as Extrinsic Grain Boundary Dislocations (EGBD’s). For this
reason, the stresses near the grain boundary region are higher than in the grain interiors as
demonstrated by Thompson
[29], Suits and Chalmers [27]. Sangal’s research demonstrated that the line width of the
EGB dislocation will increase and dissociate into partial dislocations or disappear after
annealing. This process can provide the driving energy for the movement of grain
boundaries. Some of the EGBD’s are incorporated into grain boundaries and this cause
the grains of polycrystalline metal to be changed in such a way corresponding to the
change of macroscopic shape. Ashby suggested that the geometrically necessary
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dislocation could be estimated by the relation between dislocation density ( ρ ) and true
strain ( ε ) as [20]:

ε = ρbL

1-7

Where b is Burgers vector of dislocations and L is their average moving distance. a
−

relationship between strain ( ε ) and the density of geometrically necessary dislocation
was stated by Ashby and can be expressed as:
1-8

−

ρ

G

≈

ε

4bd

Where d is grain diameter and b is Burgers vector, ρG is the number of dislocations per
unit area.
The second change in microstructure occurring during deformation is the observation
of sub-structure forming within the grains, which is related to the formation of new
boundaries such as cells and subgrains. These sub-structures also affect the fraction and
distribution of special boundaries, but they occur at higher strain levels, which are not
considered in the thesis.
As the grain boundary area can be a source of dislocations [28], at low strain levels, the
dislocation density will increase, especially at the grain boundary area and a “mantle
like” structure can be formed as proposed by Thompson
[29], and Suits [27].
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2.3 Theory of GBE (Grain Boundary Engineering)
Application of GBE ideas to improve material performance was first published by
Wantanabe in 1984 [30], by controlling the thermo-mechanical process, the types and
distributions of grain boundaries could be controlled, including special CSL
boundaries, which have low energy and diffusivity. The process can also be used to
develop strong and ductile polycrystalline material with high corrosion and fracture
resistance, and the process was called “grain boundary engineering” or “grain
boundary optimization”. The actual properties of CSL boundaries are decided by both
∑ value (which is connected to grain misorientation) and boundary plane indices.
After pre-strain, materials would be thermal treated (annealed), and this is the second
stage of GBE processing. This stage includes recovery (or recrystallization), grain
growth, CSL boundary formation and grain boundary movement processes,
interactions between different types of boundaries, and break up of random grain
boundary networks. The processes are considered in the following sections.
2.3.1 Recovery process of strained material
During a recovery process [20], defects are reduced/eliminated, including point
defects, dislocations and crystal distortions, such that the microstructure and mechanical
properties of the deformed material can be partially or completely restored to that
existing before deformation. Since point defects can be annealed out at relative low
temperatures, this process is not necessary to be considered in GBE. There are several
factors affecting the progress and extent of recovery including: nature of the material,
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purity, deformation form and extent, deformation temperature and annealing temperature.
The driving force for thermal recovery comprises of the stored energy from deformation
and the thermal energy from heating. The microstructure changes during recovery are
very small and not observable by optical microscope, however its occurrence can be
detected by changes in the mechanical properties such as yield stress and hardness, or by
observing the configuration and density of dislocations near grain boundaries areas. It can
also be measured by the change of physical properties such as heat evolution (by
calorimetry), density and electrical resistance.
The recovery process can be expressed by the relationship between one of the
characteristic physical or mechanical parameters to annealing time, and this relation is
called recovery kinetics. If XR is one such parameter, after deformation, it will return
back to the original value after complete recovery, so

dχ R
is negative. The parameter
dt

has a relationship with annealing time t and is proportional to the value of XR at t. There
are two types of such kinetics expression as

dX R
dX R
c
= − 1 and
= −c1 X Rm . After
dt
dt
t

integration, the kinetic property of recovery can be expressed as X R = c2 − c1 ln t
and X R

− ( m −1)

− X0

− ( m −1)

= (m − 1)c1t [20], where c1, c2 and m are constants.

However, to get an ideal kinetic description, the choice and measure of such
parameters is critical. During recovery of FCC metals, the stored energy of the material
is lowered by dislocation movement. In metals of low stacking fault energy, dislocation
climb is difficult and only a small amount of recovery may happen, while in metals of
high stacking fault energy, climb can be rapid and significant recovery may occur. Thus
the density and configuration of dislocations can be used to express the progress of
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recovery. There are two primary stages, annihilation and rearrangement of dislocations.
The first step is realized by a dipole annihilation mechanism, that is, nearest neighbor
dislocations with opposite Burgers vectors cancel each other out. The kinetic character of
this process can be expressed as

1

ρ

−

1

ρ0

= c1t [20], where ρ0 is the initial dislocation

density, ρ is the dislocation density at time t and c1 is a constant. In the process, more
stable dislocation configurations with lower energies may cause the arrangement of
dislocations to form low angle and CSL boundaries.
Since the stored energy of the deformed material is the common driving force for
recovery and recrystallization, the end of the recovery process is marked by the deformed
structure starting to be replaced by recrystallization. Therefore, the progress of recovery
depends on the ease with which recrystallization happens. Since recovery consumes the
driving force for recrystallization, the nature and kinetics of recrystallization may also be
affected by the recovery process.
At low strain levels, recrystallization may not happen. Kurzdylowski et al strained
316L stainless steel 2% and annealed their samples at different temperatures and different
lengths of time [31]. Their research suggested during the straining of polycrystals, that
lattice dislocations are trapped by grain boundaries and are visible in the TEM, this kind
of dislocation being called Extrinsic Grain Boundary Dislocations (EGBD’s). The region
with the highest dislocation density would be close to the grain boundary region after
straining, resulting in increased grain boundary hardness and yield stress. The progress of
recovery during annealing could be reflected by the change of yield stress. The
comparison of mechanical property and metallography indicated that the yield stress
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decreased with annihilation of EGBD’s, which is due to the incorporation of these
dislocations into migrating boundaries.

2.3.2 Recrystallization of strained material
The recrystallization process occurs by nucleation of new strain free grains, followed
by grain growth. The kinetics of this process (nucleation and growth) is represented by a
plot of Xv (volume fraction of material recrystallized) and log(time) as shown in
Fig.2.3.1.1 is the well known JMAK plot [20]. There are four stages, incubation followed
by Xv increase, then linear region and finally the saturated region.

Fig.2.3.1.1 Recrystallization kinetics [20]
There are several characteristics needed for recrystallization: a minimum initiating
deformation, longer initiation time for lower annealing temperatures (in the same way
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shorter initiation time for higher temperature), recrystallization temperatures decrease
with the increase of strain, recrystallization temperature increase with original grain size
at a fixed amount of strain. Both recovery (low strain) and recrystallization (high strain)
process are observed and analyzed in this research, with emphasis on the low strain route.
2.3.3 Grain growth
As long as the temperature is high enough, grain growth will happen. Twin and CSL
boundaries can be formed in the process of grain boundary movement, so the result of
GBE is closely related to boundary migration and grain size. There are several
thermodynamic models to describe migration of grain boundary including a single
process model, step model and boundary defects model.

Fig.2.3.1.2 Mechanism of grain boundary migration by single atom jumping process (a)
and the free energy of jumping atoms in the movement between two grains (b) [20]
The single-process model was proposed by Turnbull in 1951. In this model, atom A
from grain 1 has to be excited to overcome the energy barrier in the middle of grain
boundary to reach grain 2 (Fig.2.3.1.2(a)), the same process occurring for atom B of grain
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2 to move to grain 1. Grain boundary migration is determined by the net flux of atoms
and can be expressed by

M =

AJ AAγ 0 b
− ∆H
∆S
exp(
) exp( )
kT
kT
k

1-9

Where, AJ and AA are Geometric and Accommodation factors. ∆H is the change of
enthalpy, ∆S is the entropy change, b is interatomic spacing, γ0 is the frequency of atomic
vibration and M is the mobility of grain boundary (µms-1MPa-1). The model is easy to
understand, but the evaluation of parameters is affected by boundary structures and
configurations.
The step model was proposed by Gleiter (1969), after the boundary structure was
incorporated into the single-process model. Grain boundaries were treated as step
structures and atoms jump from steps on the parent grain to an adjacent grain, the
boundary migration velocity being calculated as 1-11.
v = bγ 0 Ψ exp(

∆G P
)
kT kT

1-10

Where γ0 is the frequency of atomic vibration, Ψ is a function containing details of the
step configuration in a boundary of thickness δ and can be expressed as 1-12.
Ψ=

c

δ

(1 +

1-11

1
b 1
( + ))
δ f1 f 2

where c is a constant, f1 and f2 are functions of the step density on either side of the
grain boundary.
Besides the consideration of atom migration and actual boundary configurations in
grain growth, the effect of crystal defects such as dislocations and excess volume or
porosity in the grain boundary were also considered in the boundary defect model.
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There are two kinetic models to express the relation between grain size and annealing
time.
1) The relation between average grain size D and annealing time t at certain annealing
temperature can be expressed as [4]:
1-12

D = Kt n

Where, K and n are temperature-dependent constant. The range of n is between
0.13~0.5 for pure nickel.
2) The relation between grain size and annealing time should be according to:
1-13

2

D 2 − D0 = Kt

Where D is the grain size, D0 and K are constants. The plot of D 2 vs. t should be a
straight line, from the slope and interception, and therefore D0 and K can be calculated.
2.3.4 Theory of twin formation
∑3 coherent twins on {111} planes have especially low “excess volume” (the principle
intrinsic feature governs boundary behavior) and they contribute much more than other
boundaries to the property improvement. The reasons for the occurrence of annealing
twinning include: 1) to decrease the overall interfacial energy, the energy of the twin
boundaries being less than that of the random or other low angle boundaries, 2) to
reorient grain boundaries so as to facilitate dislocation absorption and mobility during
recrystallization. In low SFE materials, iterative multiple twinning is the most interesting
route of grain boundary manipulation for the improvement of mechanical and corrosion
resistance properties.

34

There are five types of models for twin formation in FCC metals and their alloys; they
are: 1) Pande’s model, 2) growth accident model, 3) grain encounter model, 4) twinning
by stacking faults or fault packets, 5) grain boundary dissociation. However, none of
them can explain the twinning process completely, and at present, it is difficult to use a
quantitative model to interpret experimental results with satisfactory precision. These
models are introduced below.
1) Pande’s model
In this model, twin nucleation and growth process is a purely geometrical process
determined by topology and geometry. Twin nucleation and growth is a general process
occurring in all probability during the motion of interfaces or grain boundaries [32].
In his paper, Pande assumes that the twin growth is dependant on a) interface motion,
b) driving force. If D is grain size and N is the number of twins/grain, when a given grain
changes its size from D to ∆D and the number of twin changes from N to ∆N , then it is
reasonable to imagine,

∆N ∝ ∆DF

1-14

F is the boundary driving force. It is based on the assumption that the twin density
is proportional to the driving force for boundary movement. F can be expressed as:
F∝

γg
D

1-15

Where γ g is the grain boundary energy. Using (1-14) to substitute for F in (1-15)
and introducing a proportional constant k, ∆N can be expressed as:
∆N = kγ g

∆D
D

1-16
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After integration by the boundary condition N=0 for D ≤ D0 , where D0 is the
smallest grain size of twinning, (1-16) can be changed to:
N = kγ g log

D
D0

1-17

Since N = pD , where p is the number of twins per unit length or twin density, P
can be expressed as:
p=

1
D
kγ g log
D
D0

1-18

It can also be expressed in the form of 1-20

D
p
D
= 0 log( )
p0
D
D0

1-19

Where p 0 and D0 are constant for different systems. The conformation between
calculated and experimental results is given in Fig.2.3.1.3 for a variety of alloy
systems.
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Fig.2.3.1.3 Calculated and tested twin density vs. grain size [32]
2) Gleiter’s Growth Accident Model [34]
On the basis of electron microscopic observations of boundary migration, grain
boundaries have been observed to exhibit a step-like structure, and for the FCC lattice,
the steps are formed by {111}-planes (Fig.2.3.1.4). When a stacking fault occurs, which
is very common in crystal growth and film deposition processes, to maintain the FCC
structure, a twin structure has to be formed. The process of twinning starts with a small
nucleus and spread on the {111} face of the growing grain, this mechanism of twin
boundary formation being called ‘Two dimensional nucleation and growth model’; a
schematic of this process is given in Fig.2.3.1.5 A-D. In the beginning, two random grain
boundaries from a triple junction are migrating to the right (a), if energy can be decreased
after the formation of the stacking fault layer, a twin boundary can be formed (b) and
move to the left as the grain grows, the ‘123’ area still keeping the FCC stacking order. If
no stacking fault occurs later, a one-sided twin is formed (c). If another stacking fault
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occurs, a complete parallel-sided twin can be formed (d), and the stacking sequence of
the left changes back to that of before twinning.

Fig.2.3.1.4 Structure of FCC grain boundary [34]

Fig.2.3.1.5 Formation and growing process of annealing twin
described by Gleiter’s model [19]
Gleiter set up his model to describe microscopic twinning process on the basis of atom
migration and the change of surface energy and it is expressed in 1-20.
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∆G 0
ln
−Q
kT }
p = exp{
}
exp{
2 2
2 2
πε h
πε h
− 1)kT
−1
(
Qσ z
Qσ z

(1-20)

1
erg
For pure metals: Q = 1.2 × 10 −15 Tm [erg ] , ε ≈ δ ≈ 0.26Tm , σ z ≈ 0.11Tm [ 2 ] .
2
cm

∆G 0 =

2δ
is considered as driving energy per volume atom for recrystallization, and
r0

is supposed to be related to the stored energy of deformation [34].
From this model, one can see:
a)

Twin density depends on the energy of a coherent twin plane ( σ z ), and with an
increase in σ z , the twin density decreases.

b)

The formation of annealing twins will be impossible when σ z satisfies the
relation

σz ≥

πε 2 h 2
Q

c)

Twin density depends on driving energy ∆G 0 .

d)

When other parameters such as σ z , ∆G 0 , Q, ε are constant, the twin density
increases with increasing annealing temperature.
This model so far is the only quantitative model that gives a detailed description of

annealing twinning which includes p=twin density, Q=activation enthalpy for grain
boundary migration, ε =energy of the step (the step between {111} surfaces that compose
the grain boundary), h=height of the step, σ z =surface energy of a coherent twin
boundary, ∆G 0 =difference in the Gibb’s free energy between the growing and shrinking
grain, δ =energy of the grain boundary, k=Boltzmann’s constant, T=absolute temperature.
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Comparison between calculated twin densities to experimental results is given in
Fig.2.3.1.6.

Fig 2.3.1.6 Density of annealing twins at different grain size (80/20 brass) [34]
It can be seen in Fig.2.3.1.6 that the twin density of brass decreases with the
increasing grain size and becomes a minimum at around 1.5x10-2/µ, corresponding to the
grain size of 400µ.
3) Grain encounter model
This model was proposed by Neilsen and is illustrated in Fig2.3.1.7 a-d. The twohatched grains at a twin orientation (a) become closer during the process of grain growth.
When they touch each other, a twin can be formed. It seems that this phenomenon may
only happen by accident and the probability should be very low. However, Neilson found
it is realistic to describe twinning on the basis of his calculation.
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Fig.2.3.1.7 Schematic of Grain encounter model [19]

4) Twinning by stacking faults or fault packets
Dash and Brown made transmission electron microscope observations of partially
recrystallized specimens and observed annealing twins formed by stacking fault packets
[19]. The process is shown in Fig2.3.1.8. As the grain boundary moves from left to right,
a packet of stacking faults is formed. The packet finally coalesces and forms an annealing
twin. The transformation process is determined by the movement of non-coherent twin
boundary and random boundary (the boundary between the stacking fault packet and the
shrinking grain). A, B and C of Fig.2.3.1.8 shows the stacking fault packet and coalesced
twin structure simultaneously, and D illustrates thickening process of twin may happen
with migration of triple intersections of grain boundaries. This process was observed by
TEM as shown in Fig.2.3.1.9.
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Fig. 2.3.1.8 The formation of twin from stacking fault packet [19]

Fig.2.3.1.9 TEM observation of twin formation from stacking fault packet [19]
5) Grain boundary dissociation
The grain boundary dissociation model of twinning was proposed by Meyers and Murr
in 1978 [19]. Grain boundary dissociation may take place when the overall interfacial
energy can be decreased. The mechanism of this type of twinning is shown in
42

Fig.2.3.1.10. Theoretically, no associated grain-boundary migration is required. The
random grain boundary 12 decomposes into a coherent segment 13 and a non-coherent
section 32, without boundary migration. The non-coherent component can migrate from
the grain boundary and enter the grain on the left; an incomplete parallel-sided twin can
be formed in such a way (c). The process of dissociation and migration were called
initiation and propagation. Propagation can also proceed by grain boundary migration (d).
The

observed

dissociation

includes: ∑ 9 → ∑ 3 + ∑ 3 ,

∑ 11 → ∑ 3 + ∑ 33 ,

∑ 99 → ∑ 3 + ∑ 33 .

Fig.2.3.1.10 Schematic of twin formation by the grain boundary dissociation model
2.3.5 Boundary reactions
Boundary reactions include “special-random boundary” and “special-special
boundary” types. They are the basis for the formation of special boundary networks and
the breakup of high angle boundary networks. Since the major part of a CSL boundary is
comprised of ∑3’s, the ∑3’s reaction is more important.
When the same or different types of boundaries meet each other by accident during
growth or migration (migration mechanism of Σ3 was studied by Medin and Stobbs [35]),
interactions between or among the boundaries may occur. Since the fraction of ∑3’s type
boundaries in materials is higher than in other types of special boundaries, the reactions
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between ∑3 type boundaries is more frequent than other types which leads to “multiple
twinning” [36], and it is a key factor in the formation of special boundary networks. The
interactions of twins are governed by the following rules proposed by Randle [37]
concerning the joining and dissociation of CSLs (coincident sit lattice):

∑ A + ∑ B → ∑ ( A × B)

1-21

∑ A + ∑ B → ∑ ( A / B)

1-22

Equation 1-22 applies only when A>B and A/B is integer. So,

∑ 3 + ∑ 9 → ∑ 27
∑3

n1

or

∑3 + ∑9 → ∑3

+ ∑ 3 n2 → ∑ 3 n1 + n2 or

∑3

n1

+ ∑ 3 n2 → ∑ 3 n1 − n2

n1 ≥ n2

A schematic of this Regeneration Model is shown by Fig.2.3.1.11.

44

Fig.2.3.1.11 Schematic of “multiple twinning” and net formation process [37]

In reality, sometimes there are small deviations from these formulae. As observed by
Randle in alpha-brass [33], at triple junctions comprised by Σ3 / Σ3 / Σ9 , one {111} and
one vicinal-to-{111} Σ3 was more like to occur than two {111} Σ3 or two not-{111} Σ3 .
The reason that the mobile Σ9 boundaries encounter {111} Σ3 s, regenerates a vicinal-to{111} Σ3 at the triple junction instead of {111} Σ3 , is due to the crystallographic
constraints at the junction [39]. Investigation of many researchers have shown that the
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relative fraction of Σ3 s is higher than other types of grain boundaries, the fraction of

Σ9s being about one-fifth of the Σ3 s and the fraction of Σ 27 s is only a little higher than
that of random boundaries. The fraction of Σ3 and Σ9 boundaries in 48 investigations on
polycrystals are given in Fig.2.3.1.12 [37]. The ∑3 coherent twins have low “excess
volumes”, so it is more stable than other types of boundaries and formed more easily.
Fig2.3.1.12 gives a comparison between Σ3 and Σ9 from different studies, with the
fraction of Σ3 being always higher than the Σ9. In addition, ∑3n have relative lower
energy than other types of CSL boundaries, so the relative fraction of ∑3n type
boundaries will increase with annealing time even when there is no obvious change in
absolute total CSL boundaries fractions. The process to increase the relative fraction of
∑3n type boundaries is called “fine tuning” [43].

Fig.2.3.1.12 Proportion of Σ3 and Σ9 boundaries in 48 investigations
on polycrystals [37]

46

The methodology to increase the fraction of

∑ 3s

boundaries is at the center of GBE

practice. However, the distribution and topology of boundaries is equally important.
Since transport-related grain boundary properties are determined by connectivity of
boundary networks, the break-up of the connectivity of random boundaries networks is
also a valuable area to be studied.
Investigations of GBE show [38] that ductility is not only increased by the increase of

∑ 3s proportions,

but is also increased by the presence of larger numbers of triple

junctions. The role of triple junctions should be studied and evaluated in GBE practice. If
triple junctions themselves can hinder crack propagation, then a material with small grain
size should have higher triple junction density and have more cracking resistance. On the
other hand, larger grains can provide more twins, which is good for the improvement of
ductility. Process designing has to consider the balance of these factors.
The CSL related triple junctions can be formed by ∑3s reactions and ∑3s-random
boundary reactions, the junctions can also be formed in twinning process [19].
Fig.2.3.1.12 shows the fraction of ∑3 twin boundary in low stacking fault energy material
is much higher than other ∑3s types, so the twin-random boundary reaction is more
attractive. According to Murr’s research, there are two boundary types for this reaction,
single twin-grain boundary and parallel sided twin-grain boundary types as given in
Fig.2.3.1.13.
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(a)

(b)

Fig.2.3.1.13 Interactions between twin and grain boundaries [19]
The decrease of surface energy is the driving force for these reactions. The boundary
configuration is determined by the balance of the surface free energy (tensions)
components. The triple junction of Fig.2.3.1.13a is comprised of a twin boundary (with
surface energy γ tb ) and two random boundaries (with surface energy γ AB and γ TA B ), the
interfacial free energies and angles should satisfy equation 1-23

γ tb = −(γ AB cos Ω A + γ T B cos Ω T )
A

1-23

A

Since AB and T A B are random boundaries, their surface energy should be the same and
1-23 can be simplified as 1-24

γ tb = −γ gb cos(Ω B / 2)

1-24

This is also the condition that twin boundary ATA can nucleate from AB .
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Parallel sided twin-grain boundary reaction is more complicated and is illustrated by
Fig.2.3.1.13b, with two identical equations having to be satisfied as 1-25, 26.

γ tb + γ AB cos Ω1 + γ T B cos Ω 2 + ∑ M Ι = 0

1-25

γ tb + γ AB cos Ω 4 + γ T B cos Ω 3 + ∑ M Π = 0

1-26

A

A

Where
∑MΙ =

∂γ TA B
∂γ AB
sin Ω1 +
sin Ω 2
∂Ω
∂Ω

∑MΠ =

∂γ TA B
∂γ AB
sin Ω 4 +
sin Ω 3
∂Ω
∂Ω

The occurrence and density of the above reactions will determine the type, distribution
and network configuration characteristics of the grain boundaries.
2.3.6 The Process of Grain Boundary Engineering
The GBE process can be divided into four categories, as one step or iterative strain
recovery and strain recrystallization. Different processes are suitable to different
materials even for the same method, different parameters such as the percentage strain,
recovery, recrystallization temperature, annealing time, number of cycles etc. may also
cause a big difference of CSL fractions and distributions. Generally speaking, iterative
multiple twinning is currently more attractive and considered by some researchers as an
effective route for low SFE materials and has been used successfully to manipulate
boundary crystallography. The following is a brief introduction to some of the main
research in the literature.
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1) One step strain recovery process
This process was shown to be effective in improving the fraction of CSL boundaries in
many studies [40, 41, 42, 43]. In the work of Lim and Raj [44], 270-grade pure Ni was
strained 5% at room temperature and then annealed at 1573K for 10 minutes. About 40%
percent of all boundaries were twin boundaries, and about 51% of which were coherent
twin boundaries. More than half of CSL boundaries were boundaries with ∑ ≤ 81 , and
87% of them were ∑3, ∑9 and ∑27. Unfortunately these authors did not state the baseline
CSL values. Lee and Richards [45] used this method to improve grain boundary
characteristic of commercial pure Ni (99.5%). After the material was strained 6% and
annealed at 900 °C for 10minutes, the fraction of CSL was increased from 36.5% to
74.7%, and a large fraction of the increased CSL boundaries consisted of annealing twin
boundaries.
2) Iterative strain recovery process
Iterative strain recovery is another way to improve CSL boundary fractions [46, 57, 47,
48]. Thaveeprungsriporn and Was processed alloy 600 (Ni-16Cr-9Fe) by multiple cycle
steps of low level deformation (2~5%) followed by annealing at 890-940˚C from 1-10
hours. The processing increased the proportion of ∑3’s and ∑9’s from 6 to 12% and 5 to
12%, a marked improvement in properties over the single step processing [46]. The most
successful low strain-anneal treatment of copper was found to be 6% compression
followed by 14 hours at 275 C ° then 7 hours at 375 C ° , giving 67% of ∑3s and 9% of
∑9s. Li et al studied the effect of multi-cycle processing on the grain boundary
characteristics of 718 Superalloy. Sequentially processed samples were cold rolled 2.5%,
5%, 7.5% strain, followed by annealing at 1020˚C for 10 minutes [53]. Their results
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suggested, after two cycles of processing, the 5.0% strained samples exhibited sharp
increases in Fsp from as-received value of 26% to 65.5%.
3) One step strain recrystallization process
Medium/high level of cold work followed by a very short high temperature anneal can
result in a small grain size (brought about by recrystallization) and result in a high
fraction of twinning during the new grain formation and growth process. Romero used a
treatment consisting of 70% cold rolling followed by annealing at 1000 C ° for 1 minute
to deliberately generate a high fraction of twins in 304 stainless steel [49]. Sometimes
however, the results of the one-step deformation followed by a recrystallization treatment
is better than multi-step route, as found by Randle in copper using 50% deformation plus
1000 C ° for 1minute [37], higher proportions of twins were obtained, but the results
regarding proportions of CSL boundaries were not reported.
4) Iterative strain recrystallization process
Multi-step recrystallization treatment was the first method used by Palumbo and coworkers to process alloys with high CSL boundary fraction, small grain size, and nearrandom texture (isotropic) characters. He pointed out in his patent [50] that austenitic
stainless, iron-based or nickel-based FCC alloys could be processed by 30% of strain, 210 minutes at 900-1050˚C, and at least 3 deformation cycles, to produce a special grain
boundary fraction of at least of 60%.
Lee processed a commercial Pb-based alloy used for automobile battery plates, for the
purpose of enhancing the resistance against intergranular corrosion, cracking and creep.
Different percentages of strain from 30% to 90% and different strain annealing
combination were used, with ∑1-29 being considered to be CSL boundaries and
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boundaries with ∑ values above 29 being random [52]. Heavy cold working (90%), prior
to two cycles of thermo-mechanical process with 30% strain and 270o recrystallization
for 10minutes improved the CSL proportion from about 20% to 91%. Some 98% of these
CSL boundaries were ∑3n boundaries, which confirms the prominent contribution of
annealing twinning [52]. In a similar way, strain-recrystallization treatments in copper of
three cycle, comprising 30% strain and a 10 minutes anneal at 375˚C, increased the
proportion of Σ3s to 58% [37]; also, 5 cycles of 20% strain and 5 minutes at 750˚C gave
45% Σ3s and 7% Σ9s [37].

2.3.7 Summary of the previous research at the University of Manitoba on
commercially pure Ni
The present research is based on two M.Sc.’s completed by Sui-Lun Lee and Brendan
Guyot and a brief summary of their work is discussed below.
Lee’s research consisted of investigating the low strain route by one-step and multiplestep thermomechanical (strain-anneal) processing [54]. Commercially pure Ni-200 was
pre-strained 3% and 12%, and then annealed at 500ºC 700ºC, 800ºC and 900ºC for
10minutes. The Fsp (Fraction of Special Grain Boundaries including ∑3~∑29) values of
these samples were between 29.6%~36.6%. There was not much difference compared to
the Fsp of as-received material, which had a Fsp value of 36.5%. The Fsp values of a 1
step 6%strain-anneal, 2 steps 3% strain-anneal, 2 steps 6% strain-anneal and 4 steps 3%
strain-anneal samples annealed from 500ºC to 1000ºC were tested and the results are
given in Table 1. The CSL boundaries of the samples were mainly comprised of ∑3 twin
boundaries and the fraction of twin related ∑ 3n type boundaries was over 90%.
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Fig.2.3.1.14 indicates that multi-cycles are not effective to the improvement of Fsp, as the
Fsp values of 500, 700 and 800ºC anneal were similar to each other. The 900 and 1000ºC
values were however higher than those of lower temperatures. However the reduced Fsp
values at 1000C were attributed to rapid boundary movement possibly sweeping away
newly formed special boundaries and decreasing the Fsp values. The sample of 4 steps
3% strain-anneal at 900ºC gave the highest Fsp fraction and the lowest HAB (high angle
boundaries) network connectivity compared to other strains at this temperature. Thus
there is an optimum annealing temperature and grain boundary migration speed for the
improvement of Fsp fractions. This temperature in Lee’s research was 900ºC. Grain
growth was considered to be the basic condition for twin formation and the grain size of
his experiments increased from ~25µm (as-received material) to~120µm. Lee anticipated
that the “twin density-grain size” relation of his data should be same as predicted by
Pande’s model, but he didn’t process his data by this route.
Table 1 Fsp results of Multiple Steps Processing Annealed at 500ºC~900ºC [54]
1 step-6% strain
(Total 6%)

2 steps-3% strain
(Total 6%)

2 steps-6% strain
(Total 12%)

4 steps-3% strain
(Total 12%)

500ºC ∑sp (%)

29.2

31.5

23.6

22.1

700ºC ∑sp (%)

41.5

42.3

24.5

25.6

800ºC ∑sp (%)

31.6

42.6

21.2

23.3

900ºC ∑sp (%)

74.7

75

75.6

76.8

1000ºC∑sp (%)

56.95

39.55

60.9

54.8
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Fig.2.3.1.14 Fsp of different strain-anneal cycle [54]
[54

On the basis of the above results, Lee annealed additional samples using varying

strains (3%, 6%, 9% and 12%) at 900 ºC for 10 minutes. The results are given in
Fig.2.3.1.15. The Fsp value of the 6% strained samples can be seen to be higher than the
others. OIM images indicated that the connectivity of HAB (High Angle Boundary)
networks was not broken effectively and was not optimal to improve any property of the
material. Thus the best processing parameters to obtain high Fsp values was 1x6% strain
and anneal at 900ºC for 10 minutes.
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Fig.2.3.1.15 Fsp of different one step-strain samples annealed at 900ºC [54]
Lee also annealed 1x3% and 1x6% samples at 700ºC and 800ºC for long times, from
0.167 hour (10min) to 168 hours. The “Fsp-annealing time” and “Grain size-annealing
time” relationships of the 1x3% and 1x6% strain values at 700ºC are given in
Fig.2.3.1.16 & 17. Lee indicated in his thesis that at 700ºC, the Fsp value using 1x3%
strain increased gradually and levels off after 72 hours, which is due to the decrease in
growth rate after 48 hours. The break-up of the HAB boundary network was observed to
improve with the increase in Fsp value, which was shown in OIM images in his thesis.
There is a peak in the Fsp values at 48 hours for the 1x6% sample. The decrease
afterwards is due to the increased amount of grain growth rate, and the decreasing
tendency of the Fsp values slowing down with the decrease of growth rate after 72 hours.
On the basis of these data Lee concluded that the increase of Fsp values was due to grain
growth, but that an extra high rate of growth is not good for special boundary formation.
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700C long time anneal experiment
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Fig.2.3.1.16 “Fsp-annealing time” relation of 700˚C anneal by Lee [54]

700C long time anneal experiment
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Fig.2.3.1.17 “Grain size-annealing time” relation of 700˚C anneal by Lee [54]
“Fsp-annealing time” and “Grain size-annealing time” relationships using an 800ºC
anneal is given in Fig.2.3.1.18 & 19. The fraction of special boundaries increased with
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annealing time linearly to 48 hours (Fig.2.3.1.18), then the rate of increase slowed down
and became a maximum at a value of ~60%. The grain size of the 1x6% strained sample
was larger than that of the 1x3% sample in the early stage of annealing due to the fact
that low deformation does not initiate grain growth as quickly as higher strains
(Fig.2.3.1.19).
Long time anneal experiment at 800C
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Fig.2.3.1.18 “Fsp-annealing time” relation of 800˚C anneal by Lee [54]
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800C long time anneal experiment
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Fig.2.3.1.19 “Grain size-annealing time” relation of 800˚C anneal by Lee [54]
Guyot used the high strain-recrystallization processing route to improve the Fsp
fraction in commercially pure Ni [55]. He strained the as-received material 10%, 20%,
40%, 60%, and 90%, with the hardness of the samples increasing with strain. The
hardness measurement across the sheet thickness indicated the strain distribution. These
samples were then annealed in flowing argon at 400ºC, 500ºC, 600ºC, 700ºC, 800ºC and
900ºC for 7 minutes. Relationship between the hardness measurements and strain at
different annealing temperature is shown in Fig.2..3.1.20. The hardness of the samples
without annealing along with the samples annealed at 400ºC and 500ºC, increases with
increasing strain, indicating that recrystallization was not occurring. The samples strained
more than 40% began to soften after annealing at 600ºC, which is an indication of the
start of recrystallization.
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Fig.2.3.1.20 Relationship between hardness and strain and different annealing
temperature [55]
Guyot measured the Fsp fraction after 3x10%,1x25%, 15x10% and 6x25% strain
samples annealed at 600ºC for 7 minutes (the lowest temperature that recrystallization
occurred in his research). The Fsp values were much lower (4~6%) compared to the asreceived material (around 35% Fsp) and OIM images were shown to be distorted with
unrecrystallized elongated grains. After the annealing temperature was increased to
700ºC, OIM scans showed that the samples strained less than 40% still remained
unrecrystallized, while recrystallization occurred in the material strained above 60%.
However, neither Fsp values (8~28%) was increased compared to the as-received
material (35%), nor breakup of HAB (High Angle Boundary) network occurred. This
means that 700ºC is still not high enough in improving boundary configurations.
Six further samples (1x5%, 5x5%, 2x18%, 4x18%, 1x20%, 5x20%) were annealed at
750ºC for 7 minutes. The Fsp values of these samples are shown in Fig.2.3.1.21. Samples

59

strained 1x5% and 1x20% had almost the same Fsp value of 46% and similar grain size
around 40 microns. The 5x5% strained and annealed material had the lowest special
fraction (even lower than the as-received material of 35%), but effectively broke up much
of the random boundary connectivity, which was not understandable. The use of 18% and
20% strain resulted in an increase in Fsp value of up to about 50%, but failed to break up
the connectivity of random boundary networks to any appreciable extent.
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Fig.2.3.1.21 Relationship between Fsp and cycle number of sample
annealed at 750ºC [55]
Guyot further annealed samples strained at 10%, 18% and 25% at 800ºC with
varying numbers of cycles, and the relationship between Fsp and number of cycles is
shown in Fig.2.3.1.22. The Fsp value of the 10% strained sample increased to between
57~63% at 1~3 cycles, compared to the as received value of 35%, then decreased to 28%
at 4 cycles. This sharp decrease in the Fsp value in the 4th cycle corresponded to a rapid
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increase in grain size. Guyot suggested that an upper limit of growth rate exist, above
which special grain boundaries may be destroyed by excessive grain growth.
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Fig.2.3.1.22 Relationship between Fsp and cycle number of sample
annealed at 800ºC [55]
The Fsp values and HAB connectivity were all similar for the 18% strained samples
from the 1st to the 4th cycles and it appears that multi-cycle processing is not effective to
improve special boundary fractions and distributions under these processing conditions.
Increasing the strain to 25% and using 1, 3, 6 cycles has little effect on Fsp and HAB
connectivity.
The results of the 800ºC annealing experiment indicated that higher strain values and
an increased number of cycles may be not effective in improving the Fsp values and
break-up of the HAB network.
Using 900ºC as the highest annealing temperature, Guyot processed samples strained
5%, 10%, 20%, 25% and annealed for 10 minutes with varying numbers of cycles. The
relationship between the value of Fsp and the numbers of cycles is shown in Fig.2.3.1.23.
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Fig.2.3.1.23 Relationship between Fsp values and the number of cycles for different
strain annealed at 900ºC for 10 minutes [55]
The Fsp value of the 1 cycle, 1x5% strained sample (65%) is similar to the sample
processed by 2 cycles (64%), being higher than the 3 cycles (43%) and 5 cycles (20%).
This shows that single cycle processing is preferable for use at low strain values to obtain
high special boundary fractions. The sharp decrease of Fsp between 2 and 3 cycles
directly relates to a sharp increase of grain size, which again support Guyot’s notion that
limited grain growth is favorable to Fsp improvement, but excessive grain growth should
be avoided. OIM images indicated that the break-up of the random boundary networks
after 1 and 2 cycles is more effective than 3 and 5 cycles.
Lee and Guyot’s results indicate that the low strain route needs further research. One
cycle experiments should be used to study the effect of annealing temperature and
annealing time.

2.3.8 Properties improved by GBE

62

Grain boundary modification or thermal mechanical processing can improve some
properties of materials effectively, including: hardness and strength, fracture resistance,
crack formation and propagation resistance, corrosion and stress corrosion resistance,
oxidation resistance and creep resistance.
2.3.8.1 Hardness
Since the ∑3 boundary types form a major part of the special grain boundaries, the
contribution of ∑3 type boundaries to mechanical properties is more important than any
other boundary type. Hardness is one of the mechanical properties of a material, which
can reflect the microstructure, state of strain, state of recovery, or recrystallization.
The relation ship between twinning area and hardness of brass is shown in Fig.2.3.1.24
[37], together with the relationship between the grain boundary areas and hardness.
Increasing the numbers of ∑3 boundaries contributes at least as much to hardening as do
random boundaries, thus twinning is an effective way to increase the barrier to
dislocation slip, which should also contribute to the strength improvement of material.
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Fig.2.3.1.24 Hardness of brass as a function of both grain boundary
and twin boundary areas [37]
2.3.8.2 Intergranular fracture resistance
The effect of CSL boundaries, especially ∑3 twin boundaries on the fracture process
was researched by Watanabe and Tsurekawa. Their observation of bismuth-doped copper
polycrystals deformed at a SEM tensile stage is shown in Fig.2.3.1.25 [68].
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Fig.2.3.1.25 Successive observations of intergranular fracture in
Boron-doped copper polycrystals tensile tested in the SEM
[68]
Cracks formed and propagated along random boundaries under the tensile strain as
shown in Fig.2.3.1.25 (a), (b), with intergranular cracks being held up at the intersections
between random boundary and twins (position A and B). This suggested that the
interaction between twin and random boundaries at A and B likely have modified the
random “weak boundary” to a “strong boundary”, by changing the relative misorientation
between two the grains. This figure demonstrates that the fracture resistance of an
individual boundary strongly depends on its type, and that fracture processes in a
polycrystals can be controlled by boundary modification.
Intergranular cracks were preferentially generated at random boundaries and tended to
propagate along connecting random boundary networks, which resulted in a brittle
intergranular fracture. With the increase in the fraction of CSL boundaries and CSL-
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random boundary reactions, the connectivity of random boundaries may be broken as
shown in Fig.2.3.1.26, resulting in the improvement of fracture resistance.

Fig.2.3.1.26 Schematic illustration of fracture processes controlled by the grain
boundary microstructure in polycrystals Path A: combined fracture process of
intergranular and transgranular fracture. Path B: typical intergranular fracture leading
to severe brittleness [68]
By using unidirectional solidification, a high fraction of CSL boundaries of more than
50% was produced in Ni3Al. These boundaries, particularly ∑3 boundaries had a higher
fracture resistance than other types of boundaries
[68, 69]. It can be seen in Fig.2.3.1.27 that the fracture stress of Ni3Al is enhanced with
the increasing of special fractions.
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Fig.2.3.1.27 Grain size dependence of the fracture stress in Ni3Al polycrystals with
different levels of the frequency of low-Σ coincidence boundaries [68]
2.3.8.3 Oxidation and corrosion resistance
It was observed by Krupp et al that random boundaries are also preferential sites for
oxidation or corrosion and those CSL boundaries, particularly ∑3 boundaries, are highly
resistant to oxidation and corrosion [66]. Fig.2.3.1.28 [68] shows the distribution of
oxidized boundaries at different random boundary fractions. With the increase of HAB
boundaries, the density of oxidized boundaries was increased.
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Fig.2.3.1.28 Schematic illustration of oxidation-assisted intergranular fracture controlled
by the grain boundary microstructure [68]

The process of stress corrosion cracking is comprised of initiation and propagation.
Research by Palumbo [70] has shown that in Ni-based alloys, cracking occurs almost
exclusively along high angle random boundaries (HAB), and similar result was reported
by Gertsman and Bruemmer for alloy Ni–16Cr–9Fe [71], and by Ishibashi et al for
austenitic stainless steel [67]. Alexandreane studied both the occurrence and propagation
of cracking in Ni–16Cr–9Fe alloys. He characterized the comparison of cracking
tendency between HAB and CSL boundaries by the ratio between the fraction of cracked
HAB boundaries and the fraction of cracked CSL boundaries. It can be seen in
Fig.2.3.1.29 that the HAB/ CSL ratio of an alloy CD109 decreased with increasing strain,
which means at a low level of strain, that the majority of cracks occurred in the HAB
boundaries. At low strain levels the CSL boundaries act as barriers and a higher strain
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level is needed to cause cracking in these types of boundaries compared to the HAB
boundaries.

Fig.2.3.1.29 Ratio of the fraction of cracked HAB to cracked CSL
as a function of strain [60]
2.3.8.4 Creep resistance
An increase of CSL fraction also has a profound effect on creep or propagation of
stress induced cracking. Lehockey and Palumbo found that a 53% increase of CSL
fraction led to a 16-fold reduction in the steady state creep rate in pure Ni [56].
Thaveeprungsriporn and Was found that doubling the CSL fraction resulted in 30-fold
decrease of creep rate in Ni-16Cr-9Fe alloy, the reason stemming from the difference in
dislocation absorption at CSL and HAB boundaries [57, 58]. The relation between creep
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rate and percent of cracking boundaries from Alexandreane and Was’s results [60] is
shown in Fig.2.3.1.30.

Fig.2.3.1.30 The dependence of steady state creep percent of cracked boundaries on the
fraction of CSL in Ni–16Cr–9Fe alloys [60]
2.3.8.5 Weldability
As one of the most important properties, the performance of materials during welding
has attracted many researchers. To improve the intergranular corrosion resistance in the
heat-affected zone of austenitic stainless steels, Kokawa et al used a one-step 5% strain,
annealed at 1200-1240˚C for 72 hours, to obtain a high frequency of coincidence site
lattice boundaries of 85% in 304 austenitic stainless steel [61, 62]. After welding the
heat-affected zone was examined by orientation imaging microscopy and corrosion tests,
their results indicating that intergranular corrosion in the heat-affected zone was
significantly suppressed. Lehockey et al studied the weldability of Ni- and Fe-based
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Superalloys after GBE processing [63]. They found with the increase of CSL boundary
fractions, that the weldability of these alloys was increased by as much as 50-fold
depending on the welding technique, without destroying the tensile properties.
2.4 Scope and nature of the present study
From the above discussion, it can be seen that the resistance of intergranular
degradation, corrosion and oxidation induced crack, creep and the tendency of cracking
in welding can be improved by GBE (grain boundary engineering). Thermomechanical
processing including the recovery and recrystallization anneal at different levels of strain,
one cycle and multi-cycle treatments, are effective ways to enhance the special
percentage and distribution of grain boundaries. However, no systematic study has been
conducted on the effect of isolated and combined process parameters such as strain,
annealing temperature and time, and the number of cycles. In addition, the semiquantitative or quantitative modeling of the generation and development of special
boundaries occurring in the strained material during annealing is limited. Furthermore,
the effect of process parameters on boundary configurations of different metals and alloys
is important for the improvement of mechanical, corrosion and crack resistant
performances.
On the basis of the previous work of thermomechanical processing conducted at The
University of Manitoba and by other researchers, further studies of the effect of
individual process parameters (strain, temperature, time and number of cycles) on the
variation of the percentage of special boundaries is needed. Thus observation of the
change of microstructure during grain boundary migration, the change of hardness during
annealing, the quantitative modeling of micro and macro processes and the analysis of
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key factors contributing to the enhancement of special boundaries, is considered
imperative to understand the mechanism of the process. This is the basis to optimize the
process parameters and to obtain satisfactory mechanical and chemical performances of
different materials. Therefore, the objectives of this research were to study:
1) The effect of different annealing temperatures on the special boundary fractions at
fixed levels of strain.
2) The relationship between the progress of grain growth via grain boundary
migration and related boundary configurations, with annealing times at fixed
strain levels and temperature.
3) The effect of different strain levels on the formation and development of special
boundaries.
4) The reaction between special-special, special-random boundaries and their
influence on the special boundary configurations and the break-up of random
boundary networks.
5) TEM observations of dislocation configurations near grain boundaries before and
after strain, and the variation during annealing.
6) The effect of one cycle and multi-cycle treatment on the formation and numbers
of boundary fractions
7) The effect of recrystallization on the changes of special boundary percentage
during annealing.
8) The influence of thermomechanical processing to the boundary configurations of
recrystallized material.
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9) The use of thermodynamic and kinetic models in the calculation of twin
boundary-grain size relationships of the materials, processed by different strains
and annealing temperatures.
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Chapter3
EXPERIMENTAL PROCEDURE AND TECHNIQUES
3.1 Material
The material used in this research was 3 mm thick sheet of Ni-200 (commercially pure
(99.6%) wrought nickel) from Special Metals Corporation, U.S.A. It is a solid-solution
alloy of face-centered cubic structure with a density of 8.89g/cm3, a melting temperature
in the range of 1435-1446 ˚C, specific heat of 456J/kg.˚C and a Curie temperature of
360˚C. It has good mechanical, machining, forming, welding, forging, cold working and
magnetic properties [72]. It also has such characteristics as high thermal and electrical
conductivities, and excellent resistance to many corrosive environments. The material can
be used in maintaining product purity in the handling of foods, synthetic fibers, caustic
alkalis, corrosion resistant structures, electrical and electronic parts, aerospace and
missile components. Chemical composition is shown in Table 3.1.1.
Table 3.1.1 Element concentration (wt. %) of as-received nickel-200 sheet metal [72]
Nickel (plus cobalt)

99.0 min.

Copper

0.25 max.

Iron

0.4 max.

Manganese

0.35 max

Carbon

0.15 max

Silicon

0.35 max.

Sulfur

0.01 max.
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The tensile strength of the as-received material is 380-520 MPa, Yield strength is 105210 MPa, and maximum Hardness is 70 Rockwell B. Approximate relationships between
tensile properties and hardness of sheet metal Nickel-200 is given in Fig.3.1.1.1.

Fig.3.1.1.1 Approximate relationship between tensile properties and hardness
of Nickel 200 [72]
The microstructure of Nickel-200 is austenitic and typically contains a minor amount
of nonmetallic inclusions.
Nickel-200 may be annealed over a wide range of temperatures above its
recrystallization temperature, which can be as low as 595° to 650°C for heavily coldworked material, but batch annealing in open furnaces is usually performed in the range
of 705° to 815°C for about 30 minutes to 3 hours, depending on cross section and the
amount of cold work. Annealing is performed in a reducing atmosphere to retain a bright
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finish. Dry hydrogen, dissociated ammonia or partially burned natural gas can provide
adequate surface brightness. Manufacturers have their own empirically determined heat
treatment processes including temperature range and running trials to control grain size
and properties. The material was most likely annealed in the range 705-815˚C
The use of C.P. Nickel-200 material in the present thesis was to avoid the complex
alloying effects that occur in Ni-based Superalloys, where up to fifteen or so elements are
added for improved mechanical properties. The as-received material was a 1200 mm x
1200 mm square sheet with thickness of 3.20 mm, having been annealed at about 800C,
with equiaxed grains of about 25 microns and a fully recrystallized structure. Samples
were cut into 75 mm x 15 mm strips with long edge along the rolling direction. The
samples for metallographic analysis were taken perpendicular to the rolling direction
3.2 Thermomechanical processing
Thermomechanical processing combines straining plus annealing is a standard method
used in Grain Boundary Engineering. The optimum amount of straining, annealing
temperature and time is different for differing materials.
A Stanat rolling mill was used for cold rolling the samples, the rolls being cleaned and
lubricated with oil before rolling, and the samples were rolled along the original rolling
direction. The amount of strain was calculated as the percentage of thickness decreased in
each rolling pass. For example, if the thickness of sample before rolling is δ, the
thickness of 1x6% strained sample is 0.94δ. At least three points along the length of a
rolled sample were measured and the average thickness value was used.
A Marshall furnace was used for annealing using argon to prevent oxidation. Since
argon is heavier than the air, the furnace was tilted so samples were surrounded by a
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shroud of argon. In addition, each sample was wrapped in stainless steel foil
accompanied by a type K thermocouple for precise temperature measurement. To ensure
the same annealing process for each sample, one sample of the same size was annealed
each cycle and a heating curve was measured.
The experimental approach used in the experimental design was different from the
approach used by researchers in the literature. Many researchers focused on long
annealing times and the change of Fsp (fraction of special grain boundaries) could reflect
the effect of both special boundary formation and the interaction between special and
random boundary networks. To have a more detailed understanding of the contribution
of strain to the formation of special grain boundaries, especially twinning, and boundary
network interaction effects in the early stages of annealing (during which, grain size
changes obviously), a different approach was used. It was necessary to concentrate
attention on the change of Fsp from the moment that sample was put into furnace, and to
count annealing time and heat-up from the start. To understand the contribution of strain,
annealing temperature, annealing time, number of cycles, only one parameter was
designed to change in a set of experiments. To compare the annealing process with and
without recrystallization, different strain levels were used.
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3.3 Sample preparation
After the strip was rolled and annealed, a sample was taken across the section from the
middle using cut-off wheel and coolant. The sample was cleaned by detergent and dried,
then mounted in a metallographic press. Since the period of an OIM test is usually 3-4
hours, to avoid charging, the sample was mounted in black bakelite with a thin copper
layer on the top surface. The sample was first prepared using standard metallographic
procedures to one micron diamond and then polished using a colloidal silica finish (with
diameter of 0.05µm). To get a good quality OIM picture, the surface of sample has to be
polished very well, the best way being to check the Kikuchi pattern and to obtain a CI
(Confidence Index) value greater than at least 0.3. The sample for optical microscopy
was etched in a solution of 1:1 acetic and nitric acid for 10-20 seconds, and then
examined by Nikon Epiphot microscope and Zeiss Axiovert microscope for image
analysis and photography.

3.4 Hardness measurement
Hardness is an important macroscopic property to indicate the change of
microstructure and can be compared with optical and SEM microscopy to confirm each
other. Hardness measurements were carried on by Leitz Vickers micro-hardness testing
instrument along the rolling direction of sample surface as given by Fig.3.4.1.1.
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Rolling Direction

Fig.3.4.1.1 Hardness measurement locations
A 10Kg load was used and the diagonal length of indentation was measured and
averaged, the value then transferred to Vickers hardness by a conversion chart. At least 5
points were measured from each sample and the average was used as final results to plot
hardness curves.
3.5 Grain size measurement
Grain sizes were measured by means of the linear intercept method. At least 600 points
were counted to get reasonable precision, the average grain size value and variance being
calculated and plotted for analysis.
3.6 Scanning electron microscopy
SEM is a reflected type microscope system that uses an electron beam as illumination
source. Since the wave length of the electrons is much shorter than visible photons, the
resolution and magnification of the SEM is much greater than an optical microscope. The
SEM can also give us more information in the depth direction. A JEOL, JSM-5900LV
scanning electron microscope was used for observation in the research.
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3.7 Orientation Image Microscopy
3.7.1 Inelastic Backscattered Electron Diffraction and Bragg’s law
The working principle of Orientation Image Microscopy is based on Bragg’s Law, which
was derived by English physicists W.H. Bragg and his son W.L. Bragg in 1913. The
condition of constructive interference is given by Bragg's law as 3.7-1:
nλ = 2dsinθ

3.7-1

where
λ is the wavelength electron beam
d is the distance between crystal planes
θ is the angle of the diffracted wave
and n is an integer known as the order of the diffracted beam.
3.7.2 Formation of Kikuchi patterns
Since the incident electrons are diffusely and inelastically scattered in all directions,
the diffracted electrons from a certain lattice plane may come from both sides and the
source of electron scattering can be considered between lattice planes with two
symmetric diffraction directions being formed as shown in Fig.3.7.2.1. The diffraction of
electrons according Bragg’s Law occurs in all directions and a diffraction cone can be
formed which extends about the normal of the reflecting lattice plane, with two cones are
formed by each family of planes. Two diffraction cones of a family projected onto a
phosphor screen can form two diffraction lines and electron diffraction of different planes
can form a pattern as shown in Fig.3.7.3.1.
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Fig.3.7.2.1 The formation of Kikuchi lines [74]
This phenomenon is called electron backscatter diffraction; the pattern was first
observed by Kikuchi in 1928 and was named after him. The Bragg angle θ is found to be
around 0.5˚, so the apex angle of the cone is close to 180˚, that is to say, the cone is
almost flat and Kikuchi-lines are almost parallel to each other, the spacing of which is
proportional to the interplanar spacing.
3.7.3 Indexing of diffraction patterns
The approach to indexing a diffraction pattern is to identify the indices of intersections
of two or more diffraction bands. These intersections stand for crystal directions normal
to a plane in the sample and called zone axis. They are indexed by the point-group
symmetry around them. Fig.3.7.3.1 shows a Kikuchi pattern of cubic crystal, the [001]
direction having four-fold symmetry in a real material and also has four fold symmetry in
the diffraction pattern, the same as the [111] direction, which has three-fold symmetry.
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Fig.3.7.3.1 Indexing of Kikuchi patterns [73]
Besides indexing of crystal directions, Miller indices of crystal planes corresponding to
certain Kikuchi band can also be determined. Since the width of a Kikuchi band is
proportional to the d-spacing of the diffracting plane, by measuring the width and angle
between the Kikuchi bands and comparing them to theoretical list of d-spacing and angle
between different planes, different Kikuchi band can be indexed. Sometimes, there are
several indexing solutions and the best result is obtained by using a voting scheme which
was introduced by Wright and Adams in 1992. The most probable solution is the one
received the most votes and a parameter CI (Confidence Index) is used to evaluate how
reliably the pattern has been indexed, which is given by 3.7-1.
CI = (V1-V2)/VIDEAL

3.7-1

Where: V1 and V2 are the number of votes for the first and second solutions, and VIDEAL
is the total possible number of votes from the detected bands. A study of CI and
percentage of correct indexing for a FCC material is given in Fig.3.7.3.2. The probability
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for a plane to be indexed correctly is higher than 95% if the CI is greater than 0.1. The
ideal value of CI in this research is in the range of 0.6~0.8.

Fig.3.7.3.2 CI – Fraction Correct relation of FCC structure [73]
3.7.4 Diffraction pattern calibration
The last step to accurately index Kikuchi patterns is to calibrate them to the geometry
of the system, which includes the setting of the correct working distance and reasonable
coordination of the pattern centre. The pattern centre is defined as “the point of
intersection on the phosphor screen and a ray perpendicular to a plane containing the
electron beam and the horizontal direction of the sample” as shown in Fig.3.7.4.1. An
example of the centre in pattern calibration is given in Fig.3.7.4.2. Incorrect setting of the
pattern centre may affect the value of the Confidence Index. As an example, the picture
center (position of PC in the picture) of Fig.3.7.4.2 a) is x=230, y=316, z=270 and
CI=0.829, the coordination of Fig.3.7.6 b) is x=316, y=149, z=270 and CI=0.029. For the
present research the ideal pattern center coordination should be set around x=230, y=350,
z=270.
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Fig.3.7.4.1 Schematic showing definition of pattern center [73]

b) Unreasonable pattern center setting

a) Reasonable pattern center setting

Fig.3.7.4.2 Different setting of actual pattern centre
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3.7.5 Effect of the clean-up process and computer setting on OIM image quality
There are three routine clean-up steps suggested by TSL.
1) Gain CI Standardization
2) Neighbor Orientation Correlation
3) Grain Dilation
The clean-up procedures are used to clean up or modify individual point based on the
neighbors, which can decrease the effect of errors or background. CI standardization
changes the CI of all points in the same grain to the maximum value found among all the
points belonging to the grain. Neighbor Orientation Correlation is to check if the
misorientation of each data point to its neighbors in a grain is within a grain tolerance
angle. Grain Dilation is used to change the orientation of data points to match the
majority of its neighbors, so all the points within a grain of 2 µm will belong to that grain.
The last step may change the OIM image as shown in Fig.3.7.5.1
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a) OIM diagram before Grain Dilation

b) OIM diagram after Grain Dilation

Fig.3.7.5.1 OIM diagram before and after Grain Dilation

Another important factor that may affect results is the setting of computer. In the
Setting-Preference icon, there is a setting of Minimum Boundary Orientation; the setting
is the smallest misorientation for the determination of grain boundaries. Generally
speaking, low misorientation angles may not really be grain boundaries and probably
caused by micro-scratches from polishing and can result in erroneous data. As an
example, Fig.3.7.5.2 shows this effect. The summary of the Fsp data from Fig.3.7.5.2 a)
is 41.1% and b) is 77.8%.
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a) Minimum Boundary Orientation = 2˚

b) Minimum Boundary Orientation =10˚

Fig.3.7.5.2 Affect of Minimum Boundary Orientation setting to OIM diagram
3.8 Experimental plan
Most of the previous experiments using thermo-mechanical processing, whether one
cycle, multi-cycle, recovery-anneal or recrystallization anneal were concentrated on
relatively long annealing time from tens of minutes to hours. The lowest annealing time
used by Lee was 10 minutes and 7 minutes by Guoyt. The production of special grain
boundaries and interaction of different types of boundary networks occurs mainly during
boundary migration, and grain growth. The movement of the boundaries is faster in the
initial period of the annealing cycle and thus the present research is concentrated on this
stage. The annealing time at a given temperature is based on the continuous observation
of grain growth, and thus to obtain the effect of different process parameters on the
change of Fsp values and boundary configurations.
To have a complete understanding of thermo-mechanical processing, the experiments
were planned as follows:
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1) Effect of annealing temperature on Fsp values
On the basis of previous experimentation, 6% strain was used and samples were
annealed at 800ºC, 900ºC and 1000ºC for different lengths of time. An as-received
sample was used as reference.
2) Effect of strain on Fsp values
On the basis of 1), the annealing temperature was fixed at 800ºC, and 3%, 4.5%, 6%,
7.5%, 25% strain levels were used to evaluate the contribution of strain and the difference
of recovery-grain growth process to that of recrystallization-grain growth process.
3) Multi step thermo-mechanical processing
There are many multi-cycle experiments as indicated in the literature review. To
understand the contribution of cycle number on Ni-200, multi-cycle experiments were
designed as follows:
Three cycles of 6% strain-anneal, two cycles of 6% strain-anneal and another anneal,
one cycle of 6% strain-anneal and two other anneals, two cycles of 6% strain-anneal, one
cycle of 6% strain-anneal and another anneal, and one cycle of 6% strain-anneal.
4) Effect of thermomechanical processing on recrystallized Ni-200
To understand and confirm results of the previous steps, fine grain size samples were
made by recrystallization (25% strain with annealed at 800ºC for 8 minutes); these
sample were used as as-received samples and thermo-mechanical processing were
conducted afterwards.
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5) Research of thermo-mechanical processing on alloy 718
The processes used in the Ni-200 study will be applied to Inconel 718, which is the
most popular material used in the aerospace industry, to evaluate the results of thermomechanical processing
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Chapter4
RESLUTS AND DISCUSSION
4.1 Characterization of as receivedNi-200
4.1.1 Microstructure
A sample of as-received material was cut, mounted, polished and etched. Fig.4.1.1.1
shows an equiaxed grain structure, with twin boundaries being counted only once, the
average grain size was 25µm with error less than 10%.

Fig.4.1.1.1 Optical photomicrograph of As-Received material 50x
4.1.2 Hardness
The hardness of the as-received material is shown in Fig.4.1.2.1 with an average value
of 154 (Vickers) distributed evenly along the sample cross section.
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Hardness distribution of As-Received Ni-200
220

Hardness (Vicor)

200
180
160
140
120

Actual data
Average value

100
80
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Position (mm)

Fig.4.1.2.1 Hardness distribution of as-received Ni-200
4.1.3 Annealed material
Grain growth can occur during a heat treatment cycle whether accompanied by
recrystallization or not. During the annealing process, without recrystallization, grain
growth is still possible as long as the annealing temperature is higher than the original
annealing temperature. The as-received Ni-200 was annealed at 700ºC for 120 minutes
and 800ºC for 30 minutes respectively, with the relationship between grain size and
annealing time shown in Fig.4.1.3.1. At 700ºC there was no grain growth even with a
long annealing time, which means the original annealing temperature was higher. Grain
growth was obvious in 800ºC, thus one can determine the annealing temperature of raw
material was between 700ºC~800ºC and choose the temperature above this range in the
experiments.
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Fig.4.1.3.1 Relation between grain size and annealing time
at different temperatures of as-received material
4.1.4 Grain Boundary Configuration
An OIM image of the as-received material is shown in Fig.4.1.4.1 After setting the
picture to a non-grey scale shading, the same image is shown by Fig.4.1.4.2, Σ3 being
green, Σ9, orange, Σ27, yellow, Σ (5-7, 11-25, 29), given by red, and random grain
boundary indicated by black. The fraction of random grain boundaries can be seen to be
higher than special boundaries.
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Fig.4.1.4.1 Processed OIM picture of as-received material

Fig.4.1.4.2 Processed OIM picture of as-received material without background
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The network of special grain boundaries (Σ3, 9, 27, 5-7, 11-25, 29) is given in
Fig.4.1.4.3, comprising randomly distributed boundary segments, the fraction of Σ3 being
much higher than other types and the Σ3 network is shown in Fig.4.1.4.4. The network of
random grain boundary is shown by Fig.4.1.4.5, with its continuity being high.
The fractions of different types of grain boundaries are shown in Table 3, with 34.3%
belonging to special boundaries and the rest being random. The absolute boundary
misorientation angle distribution is shown in Fig.4.1.6, with all grain boundaries being
counted but only 0-60˚ are shown.

Fig.4.1.4.3 Image of special grain boundary network of as-received material
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Fig.4.1.4.4 Image of Σ3 type boundary network of as-received material

Fig.4.1.4.5 Image of random grain boundary network of as-received material
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Table 4.1.1 Fraction and tolerance of different special boundaries (Σ3-29)
of As-Received material
Boundary type (Σ)

Tolerance of misorientation (˚)

Fraction

3

8.66

0.266

9

5.00

0.018

27

2.89

0.003

5

6.71

0.008

7

5.07

0.007

11

4.52

0.010

13

4.16

0.006

15

3.87

0.002

17

3.64

0.002

19

3.44

0.005

21

3.27

0.005

23

3.13

0.002

25

3

0.002

29

2.79

0.005

Summary

0.343
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Fig.4.1.4.6 Boundary misorientation angle distribution in as-received material
The relative distribution of different types of special boundaries for the as-received
material is shown in Fig.4.1.4.7.
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Fig.4.1.4.7 Relative distribution among special boundaries in as-received material
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Almost 80% of special boundaries belong to Σ3 type twin boundaries, so the
generation and evolution of Σ3 is most important in thermo-mechanical processing, since
they break up the random connectivity of high angle boundaries.
4.2 Effect of annealing temperatures and time on one step thermal-mechanical
processing
4.2.1 One-step of 6% strain annealed at 1000ºC for different lengths of time
The temperature of 1000˚C was first selected on the basis of previous work by Lee &
Guyot, to get a overview and basic knowledge of the Fsp variation in the process of grain
growth. The heat-up curve of the heat treatment was measured and is shown in
Fig.4.2.1.1.
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4.2.1.1 Heating-up curve of samples at 1000˚C
As shown by Fig.4.2.1.2, the Fsp value of the 1x6% strained sample was unchanged in
the first 4 minutes of annealing, then increases significantly in the range of 4~6 minutes,
from 40% to 72%, reaching a maximum value of 77.3% after 8 minutes. An increase in
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Fsp value of the as-received material occurs after 6 minutes, compared to the 4 minutes
for the 1x6% strained samples, and becomes a maximum at around 50% in about 10
minutes.
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Fig.4.2.1.2 Comparison of Fsp-annealing time relation between
as-received and 6% strained sample
The statistical significance in the determination of fractional tolerance of special
boundaries is given by Fig.4.2.1.3, the x-axis being the fractional error and the y-axis the
number of boundaries measured [75]. The fractional errors decrease with the increase of
boundary fractions present and the number of boundaries scanned during OIM testing.
Processed material with high fractions of CSL boundaries may have an acceptable
tolerance for relatively low numbers of scanned boundaries. For example, only 500
boundaries are required for the characterization of a high fraction boundary (larger than
0.7) with tolerance less than 0.05. Error bars of Fig.4.2.1.2 were marked in this way.
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Fig.4.2.1.3 Fractional error as a function of boundary numbers and fractions [75]
A “Grain size-annealing time” curve after a 1000˚C annealing is shown in Fig.4.2.1.4,
with the grain growth of the strained samples starting slightly earlier than that of the
unstrained material. In both of the samples grain growth started to increase after about 4
minutes and became a maximum in about 5 minutes later, after which, grain growth was
slow.
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Fig.4.2.1.4 Comparison of grain size-annealing time relation between
as-received and 6% strained sample annealed at 1000˚C
Optical micrographs of the 1x6% stained samples anneal at 1000˚C are shown in
Fig.4.2.1.5. From observation of the optical images and the “Grain size-annealing time”
diagram, one can conclude that there is no recrystallization occurring in the strained
samples and the process is controlled by a strain-recovery anneal mechanism.
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a) 1x6% Ni 1000˚C 2min

b) 1x6% Ni 1000˚C 4min

c) 1x6% Ni 1000˚C 6min

d) 1x6% Ni 1000˚C 8min

e) 1x6% Ni 1000˚C 10min

f) 1x6% Ni 1000˚C 20min

Fig.4.2.1.5 Optical micrographs of 6% strained samples
annealed at 1000˚C for different lengths of time
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To see if the process of Fsp fraction improvement is temperature controlled, the “Fspannealing temperature relation” is plotted in Fig.4.2.1.6, which shows that the Fsp value
is unchanged in the temperature range of 300-780˚C. As can be seen there is a critical
annealing temperature for both the as-received and strained samples, above which the Fsp
values start to increase and then reaches a maximum quickly. The critical temperature for
the 6% strained samples is around 800˚C, being considerably lower than that of the
unstrained material (about 900˚C). Furthermore, the maximum Fsp value of the strained
samples (around 78%) is much higher than that of the unstrained (around 50%) under the
same heat treatment conditions. It can be concluded that the combined contribution of
strain and temperature to the improvement of special fraction is more effective than that
of temperature alone.
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Fig.4.2.1.6 Comparison of Fsp-annealing temperature relation between
as-received and 1x6% strained samples annealed at 1000˚C for up to 20 minutes
To understand if the Fsp value improvement is grain growth controlled, the “Fsp-Grain
size” relation is tested and shown in Fig.4.2.1.7. The Fsp values of 1x6% strained
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samples increases with the progression of grain growth from the initial value of 31% to a
maximum value of 75%, with the grain size increasing from 23 to 50 µm. In addition, the
Fsp value of the as-received samples changes slowly with grain size and reaches 49.3%
when the grain size increases to 110µm.

90
80
70

Fsp (%)

60
50
40
30

As-received Ni

20

1x6% strained Ni

10
0
20

30

40

50

60

70

80

90

100

110

120

130

Grain size (µm)

Fig.4.2.1.7 Comparison of Fsp-grain size relation between
as-received and 6% strained sample annealed at 1000˚C for up to 20 minutes
The above results indicate the improvement of Fsp value is not controlled by a single
factor, but is controlled by the combination of strain, annealing temperature, annealing
time and the process of grain growth.
The energy of a twin boundary is lower than those of other CSL boundary types [1],
which is the reason that the fraction of Σ3 was the highest. The relative fraction of Σ3
boundaries among all special grain boundaries reflects how easily twin boundary can be
formed compared to others. The relative Σ3 fraction-grain size relation is given by
Fig.4.2.1.8. The value of the Σ3 fractions vary in the range between 75% and 85%, there
being no predictable tendency and further study was not conducted.
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Fig.4.2.1.8 Σ3 relative fraction-grain size relationship of 1x6% strained material
annealed at 1000˚C up to 20 minutes
The “hardness-annealing time” relationship of the 1x6% strained samples and the asreceived material annealed at 1000˚C for different lengths of time is shown in Fig.4.2.1.9.
Both the hardness of the 1x6% strained and the as-received samples decrease with time in
the interval of 2-6 minutes to 111 and 99 Vickers respectively, becoming a minimum at
around 105 Vickers.
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Fig.4.2.1.9 Comparison of hardness-annealing time relationship between
as-received and 6% strained sample annealed at 1000˚C
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An examination of the 1x6% strained samples annealed at 1000˚C shown in
Fig.4.2.1.2 indicated that the Fsp fraction doubled from 35% to 78% within 8 minutes
stabilizing at the maximum value of ≈78%. Comparison between samples with and
without strain indicated the change of Fsp is not only determined by individual factors
such as temperature, annealing time, grain growth or strain, but by their combination.
Note that the change of hardness was also completed within 2-6 minutes of annealing
(Fig.4.2.1.9). To evaluate further the contributions of strain, annealing time and annealing
temperature, further experimentation was carried out.
OIM images of all types of grain boundaries heat treated at 2 and 20 minutes are
shown in Fig.4.2.1.10, 11 (a and f), the remaining figures are shown in Appendix A1 and
A2, which indicates that the unstrained grains started to grow at around 8 minutes
compared to 6 minutes for strained ones, which is attributed to the contribution of strain.
To see the evolution of boundary density and network configuration, Σ3 boundary images
after 2 and 20 minutes anneal are shown in Fig.4.2.1.12 and13 (others are shown in
Appendix A3 and A4), random boundary networks of 2 and 20 minutes annealing are
shown in Fig.4.2.1.14 and 15 (with others being shown in Appendix A5, A6). The Σ3
boundaries of these two groups of samples consisted of randomly distributed small
segments prior to annealing. With the increase of annealing time, small Σ3 segments
changed gradually to larger ones. The twin densities of the strained samples are higher
than the ones without strain, especially after 8 minutes annealing. The continuity of the
random grain boundaries of the as-received samples is always higher than the strained
ones, as shown in Appendix A2 and A3. Higher twin densities provide opportunities for
stronger boundary reactions, which is helpful in breaking up the continuity of random
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boundary networks. In addition, the grain size of the strained samples is larger than those
of samples without strain at a constant annealing time. The microstructure of the strainanneal recovery processed material is useful in improving mechanical properties,
boundary degradation and corrosion resistance via:
1) Improvement of special boundary fractions,
2) Formation of CSL (coincident site lattice) boundary-HAB (high angle boundary) triple
junctions,
3) The breakup of HAB boundary networks including a HAB boundary, is cut off at a
point, or a segment of a HAB boundary is substituted by special grain boundary segments
during boundary reactions, as shown in the OIM images in Appendix A2 and A6.
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a) As-received Ni-200 annealed at 1000˚C for 2 minutes

f) As-received Ni-200 annealed at 1000˚C for 20minutes
Fig.4.2.1.10 OIM maps of as-received Ni-200 annealed at 1000˚C for
different lengths of time
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a) 1x6% strained sample annealed at 1000˚C for 2 minutes

f) 1x6% strained sample annealed at 1000˚C for 20 minutes, Triple junctions between or among
HAB and CSL boundary pieces are marked by arrows
Fig.4.2.1.11 OIM maps of 1x6% strained sample annealed at 1000˚C for
different lengths of time
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a) Σ3 map of As-received sample annealed at 1000˚C for 2 minutes

f) Σ3 map of as-received sample annealed at 1000˚C for 20 minutes
Fig.4.2.1.12 Σ3 map of As-received Ni-200 annealed at 1000˚C for
different lengths of time
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a) Σ3 map of 1x6% strained sample annealed at 1000˚C for 2 minutes

f) Σ3 map 1x6% strained sample annealed at 1000˚C for 20 minutes
Fig.4.2.1.13 Σ3 map of 1x6% strained sample annealed at 1000˚C for
different lengths of time
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a) Random boundary map of as-received Ni-200 annealed at 1000˚C for 2 minutes

f) Random boundary map of as-received Ni-200 annealed at 1000˚C for 20 minutes
Fig.4.2.1.14 Random boundary map of As-Received Ni-200 annealed at 1000˚C for
different lengths of time
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a) Random boundary map of 1x6% strained sample annealed at 1000˚C for 2 minutes

f) Random boundary map of 1x6% strained sample annealed at 1000˚C for 20 minutes
Fig.4.2.1.15 Random boundary map of 1x6% strained sample annealed at 1000˚C for
different lengths of time

In Fig 4.2.1.16 the twin densities are seen to decrease with annealing time and then
become minimum values. However, the twin density of the 1x6% strained sample
decreased more slowly than the as-received sample.
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Fig.4.2.1.16 Comparison of “Twin density-annealing time” relationship between 1x6%
strained and as-received material annealed at 1000˚C for up to 20 minutes

The change in the twin densities of strained and unstrained material annealed at 1000˚C
was measured from Fig.4.2.1.12 and 13 by the linear intercept method. The effect of
grain growth on the variation of twin density is shown in Fig.4.2.1.17. From the figure it
can be seen that the twin densities of the two materials decrease with grain size, but the
twin density of the strained sample is always higher than the unstrained sample at the
same grain size, an indication of the contribution of strain to the extra twinning.
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Fig.4.2.1.17 Comparison of “Twin density-grain size” relation of 1x6% strained and asreceived material annealed at 1000˚C up to 20 minutes
4.2.2 One-step of 6% strain annealed at 900 ºC for different lengths of time
As shown by the results of the 1x6% strained samples annealed at 1000ºC for different
lengths of time, the effect of strain, annealing temperature, annealing time and the asreceived state is complex, it being difficult to see the contribution of each isolated factor.
Several groups of experiments were designed to evaluate the contribution of these
factors. On the basis of the 1000ºC heat treatment, this group of experiments was carried
out at 900ºC to see the effect of annealing temperature.
A curve of heating rate to 900˚C is shown in Fig.4.2.2.1. The “Fsp-annealing time”
relationship of the 1x6% strained samples is compared with the as-received material in
Fig.4.2.2.2. The Fsp values of the strained samples start to increase after 6 minutes and
become a maximum within a further 2 minutes, in a similar fashion to the 1000˚C anneal.
In the range of 6-8 minutes, the Fsp value doubled from 35% to 77%, being almost the
same value as the 1000ºC anneal. However, the Fsp change of samples without strain is
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more limited (from 35% to 44%). The mechanism for the increase of Fsp value is strain
controlled, but the critical time corresponding to the increase of Fsp is longer at 900ºC
than at 1000ºC, which indicates more time is needed to get sufficient energy or driving
force for boundary migration and twinning.
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Fig.4.2.2.1 Heat-up curve of 900ºC anneal
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Fig.4.2.2.2 1x6% strained samples annealed at 900ºC for different lengths of time

The “Grain size-annealing times” relationships of 1x6% strained and unstrained
material annealed at 900˚C is shown in Fig.4.2.2.3. The time to initiate grain growth of
strained material is shorter than as-received material at 900˚C compared to the time at
1000˚C. This tells us that a higher annealing temperature is likely overwhelming the
contribution of strain, and a lower temperature is preferred to observe the effect of strain
in thermo-mechanical processing.
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Fig.4.2.2.3 Grain size of 1x6% strained samples annealed at 900ºC
for different lengths of time
The “Fsp-annealing temperature” relationship of the 1x6% strained and unstrained
material annealed at 900˚C is shown in Fig.4.2.2.4. In a similar way to the 1000˚C
anneal, the Fsp values of the strained material start to increase at a temperature of around
800˚C relative to 900˚C in the unstrained material. This indicates the importance of the
contribution of strain to the improvement of boundary energy or boundary driving force
during the annealing.

118

90
80
70

Fsp (%)

60
50
40
30
20

As-Received Ni

10

1x6% strained Ni

0
550

600

650

700

750

800

850

900

950

1000

Annealing tempreature (C)

Fig.4.2.2.4 Comparison of Fsp-annealing temperature relation between
as-received and 6% strained sample annealed at 900˚C for up to 24 minutes
The Fsp values of the 1x6% strained samples annealed at 900˚C also increases with
grain size and becomes a maximum when the grain size increases from the original value
of 20 µm to 46 µm as shown in Fig.4.2.2.5. As a comparison, the change of Fsp values in
the unstrained material is limited from 32% to 45%, corresponding to the grain size
increase from 22µm to 100µm. This difference indicates that only the strain induced grain
growth is effective in improving the special boundary fractions.
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Fig.4.2.2.5 Comparison of Fsp-grain size relation between
as-received and 6% strained sample annealed at 900˚C for up to 24 minutes

The difference between the “Hardness-Anneal time” relationship of the 1x6% strained
and as-received samples at 900˚C anneal is shown in Fig.4.2.2.6, with the hardness
starting to decrease after 2 minutes becoming a minimum after 6 minutes.
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Fig.4.2.2.6 Comparison of hardness-annealing time relation between
as-received and 6% strained samples annealed at 900˚C for up to 24 minutes
OIM images including all types of boundaries of the as-received and 1x6% strained
material annealed at 900˚C for 4 and 24 minutes are shown in Fig.4.2.2.7 and 8. The
remaining images are shown in Appendix A7 and A8. These OIM images confirm the
optical observations that the grains in the strained material start to grow after 6 minutes,
and the grain size of the strained samples (about 60µm) is larger than the unstrained
material (around 30µm) after 9 minutes.

121

a) As-received Ni-200 annealed at 900˚C for 4 minutes

b) As-received Ni-200 annealed at 900˚C for 24 minutes
Fig.4.2.2.7 OIM maps of all boundary types for as-received Ni-200 annealed at 900˚C
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a) 1x6% strained sample annealed at 900˚C for 4 minutes

(e) 1x6% strained sample annealed at 900˚C for 24 minutes
Fig.4.2.2.8 OIM maps of all boundary types for 1x6% strained sample annealed at 900˚C
The twin density of the strained sample is higher than the unstrained material after 9
minutes. Comparison of the OIM images of Σ3 boundary between the 1x6% strained and
the unstrained material annealed at 900˚C for 4 and 24 minutes are shown in Fig.4.2.2.9
and 10, a complete set being shown in Appendix A9 and A10.
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(a) Σ3 map of as-received sample annealed at 900˚C for 4 minutes

(e) Σ3 map of as-received sample annealed at 900˚C for 24 minutes

Fig.4.2.2.9 OIM maps of Σ3 boundary for as-received Ni-200 annealed at 900˚C
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(a) Σ3 map of 1x6% strained sample annealed at 900˚C for 4 minutes

(e) Σ3 map of 1x6% strained sample annealed at 900˚C for 24 minutes

Fig.4.2.2.10 OIM maps of Σ3 boundary for 1x6% strained material annealed at 900˚C
The break-up of the random boundary networks of strained material is more effective
than that of strain free material as seen in Fig.4.2.2.11 and 4.2.2.12, a complete set being
shown in Appendix A11 and A12.
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(a) Random boundary map of as-received Ni-200 annealed at 900˚C for 4 minutes

(e) Random boundary map of as-received Ni-200 annealed at 900˚C for 24 minutes

Fig.4.2.2.11 OIM maps random boundary for as-received Ni-200 annealed at 900˚C
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(a) Random boundary map of 1x6% strained sample annealed at 900˚C for 4 minutes

(e) Random boundary map of 1x6% strained sample annealed at 900˚C for 24 minutes

Fig.4.2.2.12 OIM maps random boundary for 1x6% strained material annealed at 900˚C
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Twin densities were measured by the linear intercept method from the micrographs in
Appendix A9 and A10 and the comparison of “twin density-annealing time” relationships
between strained and unstrained material is shown in Fig.4.2.2.13.
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Fig.4.2.2.13 “Twin density-annealing time” relation of samples
annealed at 900˚C for different lengths of time
It can be seen from this figure that the twin density of the strained material annealed at
900˚C starts to decrease at around 6 minutes and becomes a minimum in a further 4
minutes. As a comparison, the twin density of the unstrained material also starts to
decrease after about 6 minutes but the rate is slower than that of the strained material and
becomes a minimum in about 16 minutes. The value of the minimum twin density of
strained sample (0.0115/µm) is slightly higher than the as–received material (0.091/µm),
which is due to the effect of strain.
A comparison of the twin density-grain size relationship between the 1x6% strained
and the unstrained material is shown in Fig.4.2.2.14. In a similar fashion to the 1000˚C,
the twin densities of both materials decrease with increasing grain size and become
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minimum values at the end of the anneal. However, the twin density of the strained
material is higher than that of the unstrained with a similar grain size.
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Fig.4.2.2.14 “Twin density-grain size” relation of samples
annealed at 900˚C for up to 24 minutes

4.2.3 One-step of 6% strain annealed at 800ºC for different lengths of time
The temperature-time heating curve for samples processed at 800°C is shown in
Fig.4.2.3.1. The “Fsp-annealing time” relationship of 1x6% strained and unstrained
material annealed at 800˚C is shown in Fig.4.2.3.2, which is similar to that seen at 900
and 1000˚C. In the present case the Fsp values start to increase after about 13 minutes,
which is longer than that seen at higher temperatures, and becomes a maximum in about
16 minutes. The Fsp values of the strained samples increased from 35% to 75% in this
period of time. The increase in Fsp values of the as-received material is limited (from
35% to 48%) compared to that of 1x6% strain, again showing the contribution of strain to
the temperature-time relationships.
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Fig.4.2.3.1 Heating curve of 800ºC anneal
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Fig.4.2.3.2 “Fsp-annealing time” relationship of 1x6% samples annealed
at 800ºC for different lengths of time
Fig.4.2.3.3 shows the grain size-annealing time relationship of the 1x6% strained and
unstrained material annealed at 800˚C.Grain growth in the strained samples occurs after
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about 9 minutes compared to around 16 minutes for the strain free material. Furthermore,
the rate of grain growth in the strained material is faster than that of as-received samples,
though after some 30 minutes the two gain sizes were similar. As a comparison the time
to initiate grain growth for the 1x6% strained and unstrained material annealed at 1000˚C
was around 4 minutes for them both and the rate of growth between them was similar.
The initiation time of grain growth at 900˚ was around 6 minutes for both materials, but
the rate of grain growth of the strained material is faster than the unstrained. It can be
concluded the contribution of strain to the initiation of grain growth at 800˚C is more
effective compared to that of 900 and 1000˚C.
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Fig.4.2.3.3 “Gain size-Annealing time” relationship of 1x6% samples at 800ºC for
different lengths of time
The Fsp values of the 1x6% strained samples increased with grain size until becoming
a maximum at about 78%, this variation corresponding to the change of grain size from
30 to 40µm as seen in Fig.4.2.3.4; further grain growth did not change Fsp. The Fsp
values of the as-received material however were almost unchanged in the process of grain
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growth from 25 to 56µm. The Fsp value of the strained sample is 74.4% when grain size
increase from 25 µm to 40µm compared to the as received value of 44% at a grain size of
56 µm. This indicates that grain growth is not the only reason for the increase in the
percentage of special grain boundary fractions.
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Fig.4.2.3.4 “Gain size-Fsp” relationship of 1x6% samples annealed
at 800ºC for up to 30 minutes
Fig.4.2.3.5 shows that the Fsp values of the 6% strained samples is almost unchanged,
until the increase in Fsp occurred at around 790ºC and reaching a maximum at around
800ºC. The change of Fsp values in the non-strained material is small compared to the
strained samples.
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Fig.4.2.3.5 “Fsp-anneal temperature” relationships of 1x6% strained and as-received
material annealed at 800ºC for up to 30 minutes
The hardness of the strained samples was higher and decreased more slowly with
annealing time, compared to that of as-received material as shown in Figure.4.2.3.6. The
hardness of the strained samples became maximum at a value of around 110 Vickers after
about 16 minutes, while that of the unstrained material reached 110 Vickers in about 9
minutes.
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Fig.4.2.3.6 “Hardness-annealing time” relationship of 1x6% samples annealed
at 800ºC for different lengths of time
Comparisons of the OIM images between the 1x6% strained and unstrained material
annealed at 800˚C are shown in Fig.4.2.3.7 and 8 (The remaining images are shown in
Appendix A13-A14), indicating that the grain growth of the strained samples started to
occur after about 9 minutes, with the grain growth of the as received material not
occurring even after 18 minutes.
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(a) As-received Ni-200 annealed at 800˚C for 9 minutes

(e) As-received Ni-200 annealed at 800˚C for 30 minutes

Fig.4.2.3.7 OIM maps of all boundary types for as-received Ni-200 annealed at 800˚C
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(a) 1x6% strained sample annealed at 800˚C for 9 minutes

(e) 1x6% strained sample annealed at 900˚C for 30 minutes

Fig.4.2.3.8 OIM maps of all boundary types for 1x6% strained sample annealed at 800˚C
The break-up of random boundary networks in the strained material is more effective
than the unstrained in the process of annealing as indicated in Fig.4.2.3.9 and 10 (a
complete set being shown in Appendix A17 and A18).
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(a) Random boundary image of as-received Ni-200 annealed at 800˚C for 9 minutes

(e) Random boundary image of as-received Ni-200 annealed at 800˚C for 30 minutes

Fig.4.2.3.9 OIM maps of random boundary for as-received Ni-200 annealed at 800˚C
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(a) Random boundary image of 1x6% strained sample annealed at 800˚C for 9 minutes

(e) Random boundary image of 1x6% strained sample annealed at 800˚C for 30 minutes
Fig.4.2.3.10 OIM maps of random boundary for 1x6% strained material
annealed at 800˚C
The twin density of the 1x6% strained material is always higher than that of the
unstrained with a similar grain size as shown in Fig.4.2.3.11 and 12 (The remaining
images are shown in Appendix A15 and A16). The twin densities were measured by
linear intercept and error bars were estimated by standard deviation.
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(a) Σ3 image of as-received sample annealed at 800˚C for 9 minutes

(e) Σ3 image of as-received sample annealed at 800˚C for 30 minutes

Fig.4.2.3.11 OIM maps of Σ3 boundary for as-received Ni-200 annealed at 800˚C
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(a) Σ3 image of 1x6% strained sample annealed at 800˚C for 9 minutes

(e) Σ3 image of 1x6% strained sample annealed at 800˚C for 30 minutes

Fig.4.2.3.12 OIM maps of Σ3 boundary for 1x6% strained material at 800˚C

The comparison between the twin density of the 1x6% strained and unstrained material
annealed at 800˚C is shown in Fig.4.2.3.13. It can be seen that the twin densities of the
strained samples start to decrease after about 9 minutes and that of the as-received
materials after some 16 minutes. The final twin density of the strained samples
(0.014/µm) is larger than that of the as-received material (0.008/µm), an indication of the
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positive contribution of strain to the formation of CSL boundaries during the recovery
anneal.
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Fig.4.2.3.13 “Twin density-annealing time” relationship of 1x6% strained samples
annealed at 800˚C for different lengths of time
Fig.4.2.3.14 shows that the twin density decreases with the increasing grain size and
becomes a minimum at a value of about 0.014/µm. The decrease of twin density in the
strained material is slower than in the unstrained, which indicates the influence of strain
on the annealing twinning.
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Fig.4.2.3.14 “Twin density-grain size” relationship of 1x6% strained samples
annealed at 800˚C for up to 30 minutes
4.2.4 Comparison of 1x6% strained samples annealed at different temperatures
A comparison of the “Fsp-annealing time” relationships of 1x6% strained samples
annealed at 1000, 900 and 800˚C is shown in Fig 4.2.4.1. It can be seen that the values of
Fsp started to increase earlier at 1000˚C relative to that at 900 and 800°C, with the
resultant maximum Fsp values of around 80%, which reflects the effect of temperature on
the recovery anneal.
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Fig.4.2.4.1 “Fsp-annealing time” relationships of 1x6% samples annealed
at different temperatures
The “grain size-annealing time” relationships of the unstrained and 1x6% strained
material annealed at 1000, 900 and 800˚C are shown in Fig.4.2.4.2 and 3. The increase of
grain size occurs earlier at 1000˚C relative to 900 and 800 ˚C, and becoming a maximum
within 30 minutes of heat treatment.
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Fig.4.2.4.2 “Grain size-annealing time” relationship of as-received material
annealed at different temperatures
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Fig.4.2.4.3 “Grain size-annealing time” relationship of 1x6% samples annealed
at different temperatures
The “Fsp-grain size” relationships of 1x6% strained material annealed at different
temperatures are shown in Fig.4.2.4.4. The Fsp values increased with grain size from an
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as received value of 30% and becoming a maximum at around 80%, this variation
corresponding to the change of grain size from 25 to 45 µm; further grain growth did not
increase the Fsp values. It can be seen that the Fsp values reached a maximum at smaller
grain size at the lower temperature of 800°C, thus 800˚C is preferred to obtain samples
with smaller grain size and high Fsp values.
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Fig.4.2.4.4 “Grain size-Fsp” relationships of 1x6% strained material annealed
at 800˚C , 900˚C and 1000˚C up to 38, 25 and 20 minutes

The driving force of boundary migration at a fixed strain level is determined by the
heat treatment temperature and the length of time. The “Fsp-annealing temperature”
relationships of above sections indicated that the change in Fsp values were not sensitive
to temperature. A comparison of “Fsp-Annealing temperature” relationships of 1x6%
strained material annealed at 1000, 900, and 800˚C is shown in Fig.4.2.4.5. It can be seen
that the annealing temperature did not change the maximum value of Fsp, which is
145

around 78%, an indication that the formation of special boundaries is not simply
temperature dependent. However, the Fsp reaches its maximum value earlier at the
highest temperature of 1000˚C.
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Fig.4.2.4.5 “Fsp-Annealing temperature” relationship of 1x6% strained material
annealed at 800˚C , 900˚C and 1000˚C up to 38, 25 and 20 minutes
The hardness after the 1000˚C anneal started to decrease earlier relative to heat treating
at 900 and 800˚C, and reaching a minimum value at 100 Vickers as shown in Fig.4.2.4.6.
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Fig.4.2.4.6 “Hardness-time” relation of 1x6% strained samples
recovery annealed at different temperatures

A comparison of “Twin density-annealing time” relationships of 1x6% strained
samples heat treated at 1000, 900, and 800C˚ is given in Fig.4.2.4.7. The twin density
decreases with the time and becoming a minimum with time. The decrease of twin
density started earlier at the higher temperature, a reflection of the thermal effect.
Furthermore, the minimum value of twin density at 1000˚C is lower than that of 900 and
800˚C.
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Fig.4.2.4.7 “Twin density-annealing time” relationships of 1x6% strained samples
at different temperatures
A comparison of the “twin density-grain size” relationships of 1x6% strained samples
annealed at 800, 900 and 1000˚C for different lengths of times is shown in Fig.4.2.4.8. It
can be seen that the twin density decreases with the increasing grain size in all cases.
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Fig.4.2.4.8 “Twin density-grain size” relation of 1x6% strained samples heat treated
at 800, 900 1000˚C up to 38, 25 and 20 minutes
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4.3 Effect of strain on one-step thermomechanical processing
Previous results shown in Fig.4.2.4.5 and Fig.4.2.3.4 indicated that the increase in Fsp
values was not simply temperature and grain growth controlled. The effect of strain level
was studied next. The heat treatment temperature was fixed at 800˚C, and samples
strained 1x3%, 1x4.5%, 1x7.5% and 1x25% were tested and compared to samples
strained 1x6%.

4.3.1 1x3% strain annealed at 800ºC for different lengths of time
If the deformation strain energy at low strain levels is mainly distributed near
boundaries [77], the boundary energy and the driving force of grain boundary migration
of 1x3% strained material should be lower than that of 1x6%. Thus more time should be
needed to initiate grain boundary migration in the material with the lower boundary
energy. If the shape of “Fsp-annealing time” relationship of 1x3% strain is similar to
1x6% as shown in Fig.4.2.3.2, the time for the increase in Fsp value should be longer in
the 1x3% samples than in the 1x6% material and the maximum Fsp value of the 1x3%
strain should be lower than the 1x6% material. Thus the time to initiate the formation of
special boundaries and the maximum value of Fsp are reported in this section.
The “Fsp-annealing time” relationship of the 1x3% strained and unstrained material
annealed at 800˚C is shown in Fig.4.3.1.1. It is interesting to note that the shape of 1x3%
strain is still the same as the 1x6% strained material and the maximum Fsp value is
unchanged, indicating even 3% is high enough to enhance the formation of special
boundaries. However, the heat treatment time corresponding to the increase of Fsp is
around 25 min, compared to 14 minutes for the 1x6% strained material.
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Fig.4.3.1.1 “Fsp-annealing time” relationship of 1x3% strained samples
heat treated at 800˚C
The comparison of “grain size-annealing time” relationship of the non-strained and
1x3% strained material annealed at 800˚C for different lengths of time is shown in
Fig.4.3.1.2. It can be seen that there is not a large difference in grain growth behavior
between strained and strain free material. It can be concluded that even if the strain
applied is not high enough to initiate a faster grain growth compared to the material
without strain; it can still be effective in the enhancement of Fsp, an indication that the
strain is a critical factor in the formation of special boundaries in the recovery anneal.
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Fig.4.3.1.2 “Grain size-annealing time” relationship of 1x3% strained
samples annealed at 800˚C
The “Fsp-Grain size” relationship of 1x3% and unstrained material annealed at 800˚ is
shown in Fig.4.3.1.3. The Fsp values decrease with increasing grain size and reaching a
maximum with the time. A high value of Fsp (≥70%) can be obtained at a grain size of 38
µm, which is similar to the result at 1x6% strain. Thus samples with a small grain size
and high Fsp values can be prepared by using a low strain and heat treating at 800˚C,
which may satisfy the requirements of high strength, corrosion and cracking resistance
simultaneously.
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Fig.4.3.1.3 “Fsp-Grain size” relationship of 1x3% strained
samples annealed at 800˚C for up to 30 minutes (Fig.4.3.1.1)
A comparison of the “Fsp-annealing temperature” relationship between non-strained
and 1x3% strained material is shown in Fig.4.3.1.4. These results were obtained for
samples withdrawn from the furnace as soon as the samples reached annealing
temperature and air cooled. Similar to the result of 1x6%, the Fsp values are almost
unchanged with the temperature, until they start to increase at around 800˚C.
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Fig.4.3.1.4 “Fsp-annealing temperature” relationship of 1x3% strained
samples heat treated at 800˚C for up to 30 minutes
The hardness of 1x3% strained samples reaches a minimum saturated at around 105
Vickers by heat treating at 800C, similar to the as-received material as shown in
Fig.4.3.1.5.
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Fig.4.3.1.5 “Grain size-annealing time” relationship of 1x3% strained
samples heat treated at 800˚C
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OIM images of overall boundaries, Σ3 and random HAB boundaries of 1x3% strained
samples annealed at 800˚C for different lengths of time are shown in Fig.4.3.1.6, 7 and 8
(A complete set being shown in Appendix A19, A20 and A21). Similar to that of 1x6%
strained samples annealed at the same temperature, the configurations of the Σ3
boundaries change from small segments to large ones and the connectivity of random
HAB boundaries is broken-up with the time of annealing.

(a) 1x3% strained sample annealed at 800˚C for 20 minutes

(F) 1x3% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.1.6 OIM maps of all boundary types for 1x3% strained material at 800˚C
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(a) Σ3 map of 1x3% strained sample annealed at 800˚C for 20 minutes

(f) Σ3 map of 1x3% strained sample annealed at 800˚C for 30 minutes
Fig.4.3.1.7 OIM maps of Σ3 boundary for 1x3% strained material at 800˚C
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(a) Random boundary map of 1x3% strained sample annealed at 800˚C for 20 minutes

(f) Random boundary map of 1x3% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.1.8 OIM maps of random boundary for 1x3% strained material at 800˚C
Twin densities of 1x3% strained material annealed at 800˚C were measured from
Appendix A20 by linear intercept and the “twin density-annealing time” relationship of
strained samples is compared with unstrained material and is shown in Fig.4.3.1.9. The
figure indicates that the twin density of the strained samples starts to decrease after
around 18-20 minutes, being a longer time than that of 1x6% strain (8 minutes) and close
to unstrained material (around 18 minutes), reaching a minimum in a further 5 minutes.
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The minimum value of the strained samples is larger than that of the as-received material,
reflecting the effect of strain on extra twinning during the heat treatment.
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Fig.4.3.1.9 “Twin density-anneal time” relationship of 1x3% strained material
annealed at 800˚C for different lengths of time
The “twin density-grain size” relationship of the 1x3% strained material annealed at
800˚C is shown in Fig.4.3.1.10. The twin density also decreases with grain size and
reaches the minimum value (0.012/µm) in about 45 minutes, which is larger than the
minimum value (0.008/µm) of unstrained material, an indication of the strain effect.
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Fig.4.3.1.10 “Twin density-gain size” relationship of 1x3% strained material
annealed at 800˚C for different length of time
4.3.2 One-step of 4.5% strain annealed at 800ºC for different lengths of time
The “Fsp-annealing time” relationship of 1x4.5% strained material annealed at 800ºC is
shown in Fig.4.3.2.1. The Fsp values start to increase at around 21 minutes and reaches
the maximum value in a further 2 minutes.
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Fig.4.3.2.1 “Fsp-annealing time” relationship of samples with 4.5% strain and annealed at
800ºC for different lengths of time
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Grain growth in the 1x4.5% strained samples starts from the original 24µm after 16
minutes reaching a maximum of 60µm after 30 minutes as shown in Fig.4.3.2.2, with
grain growth occurring earlier and developing quicker than in the unstrained material.
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Fig.4.3.2.2 “Grain size-Annealing time” relationship of samples with 4.5% strain and
annealed at 800ºC for different lengths of time
A “Fsp-grain size” relationship of 1x4.5% strained material annealed at 800˚C is
shown in Fig.4.3.2.3. The Fsp values of strained samples start to increase with grain size
from around 35% to 80%, corresponding to the grain size increasing from 25µm to
around 45 µm. The Fsp values of the unstrained material increased from 38% to about
45%, corresponding to the grain size increasing from 25µm to 57µm. A comparison
between as-received and strained material in this figure indicates that grain growth is not
the only factor affecting the formation of special grain boundaries.
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Fig.4.3.2.3 “Fsp-Grain size” relationship of samples with 4.5% strain and annealed at
800ºC for up to 30 minutes
The Fsp values of the 1x4.5% strained material were almost unchanged with
temperature until it started to increase at around 800˚C as shown in Fig.4.3.2.4.
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Fig.4.3.2.4 “Fsp-temperature” relationship of samples with 4.5% strain and annealed at
800ºC for up to 30 minutes
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The hardness of material strained 4.5% reached a minimum value of around 95 Vickers
in this group of experiments as indicated by Fig.4.3.2.5.
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Fig.4.3.2.5 “Hardness-anneal time” relation of samples with 4.5% strain and annealed at
800ºC for 16 to 30 minutes
OIM images including all types of boundaries for 1x 4.5% strained material annealed
at 800˚C for 16 and 30 minutes are shown in Fig.4.3.2.6 (The remaining images are
shown in Appendix A22), which indicate the grain growth occurred after 16 minutes and
illustrates the increase in CSL fraction relative to HAB boundaries with time.
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(a) 1x4.5% strained sample annealed at 800˚C for 16 minutes

(f) 1x4.5% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.2.6 OIM maps of all boundary types for 1x4.5% strained material at 800˚C
The break-up of the HAB boundary networks develops with the progress of grain
growth as shown in Fig.4.2.3.7 (A complete set is shown in Appendix A24), with random
boundary networks being broken at the intersections between HAB and special
boundaries. Some boundaries are comprised alternately of random and special boundary
segments.
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(a) Random boundary map of 1x4.5% strained sample annealed at 800˚C for 16 minutes

(f) Random boundary map of 1x4.5% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.2.7 OIM maps of random boundary for 1x4.5% strained material at 800˚C
Twin densities were measured from the OIM images of Σ3 boundary as shown in
Appendix A23 by the linear intercept method. The “Twin density-annealing time”
relationship is shown in Fig. 4.3.2.8, with one standard deviation error bars are shown in
the figure. It can be seen that the twin density of both the 1x4.5% strained and asreceived material starts to decrease after 14-16 minutes, with the strained sample
reaching a plateau around 24 minutes. The twin density of strained samples starts to
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decrease somewhat earlier and faster than that of unstrained, supporting the results of
optical observations. Furthermore, while the value of twin density of strained material
decreases faster than that of the unstrained material, the later has a lower twin density for
annealing times greater than 26 minutes.
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Fig.4.3.2.8 “Twin density-annealing time” relationship of 1x4.5% strained samples
annealed at 800˚C for different lengths of time

A comparison of the “twin density-grain size” relationship between 1x4.5% strained
and unstrained material is shown in Fig.4.3.2.9. It can be seen the twin density of strained
material decreases with increasing gain size from the original 0.025/µm to the minimum
value of 0.012/µm, corresponding to the change of grain size from 25µm to 57 µm. In a
similar fashion to the other strain values, the minimum twin density of the 1x4.5% strain
samples is larger than that without strain.
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Fig.4.3.2.9 “Twin density-grain size” relationship of 1x4.5% strained samples
annealed at 800˚C for up to 30 minutes
4.3.3 1x7.5% strain and 800ºC anneal
A comparison of the “Fsp-annealing time” relationship between the unstrained and the
1x7.5% strained material is shown in Fig.4.3.3.1. The Fsp values start to increase from
30% at around 12 minutes reaching a maximum value of 78% in a further 2 minutes. The
maximum Fsp value of 1x7.5% strain is the same as that achieved at lower strains. Grain
growth in the 1x7.5% strained samples began after 13 minutes relative to 22 minutes in
the as-received material as shown in Fig.4.3.3.2.
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Fig.4.3.3.1 “Fsp-annealing time” relationship of samples with 7.5% strain and annealed at
800ºC for different length of time
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Fig.4.3.3.2 “Grain size-annealing time” relationship of samples with 7.5% strain and
annealed at 800ºC for different lengths of time
A comparison of “Fsp-grain size” relationship of the unstrained and the 1x7.5%
strained samples is shown in Fig.4.3.3.3. The Fsp value of the strained material increases
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with grain size from an original value of 30% to a maximum of 78%, corresponding to
the variation of grain size from 23µm to 36 µm. The Fsp value of the unstrained material
only increases from around 38% to 44% with the grain size increasing from 23µm to
57µm.
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Fig.4.3.3.3 “Fsp-Grain size” relationship of samples with 7.5% strain and annealed at
800ºC for up to 30 minutes

A comparison of the “Fsp-annealing temperature” relationship between the 1x7.%
strained and unstrained material is shown in Fig.4.3.3.4, with the Fsp value being
unchanged until they start to increase from 30% at around 780˚C, reaching a maximum
value of 78% at about 790˚C. As a comparison, the Fsp values of the material without
strain start to increase at around 800˚C.
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Fig.4.3.3.4 “Fsp-temperature” relationship of samples with 7.5% strain and
annealed at 800ºC for up to 30 minutes
The hardness of the strained samples decreases with the time and reaches a minimum
at about 100 Vickers in about 14 minutes as shown in Fig.4.3.3.5.
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Fig.4.3.3.5 “Hardness-annealing time” relationship of samples with 7.5% strain and
annealed at 800ºC for 8 to 30 minutes
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OIM images of all boundaries in the 1x7.5% stained material annealed at 800˚C are
similar to other strains and the images of 8 and 30 minutes samples are shown in
Fig.4.3.3.6 (The remaining images are shown in Appendix A25).

(a) 1x7.5% strained sample annealed at 800˚C for 8 minutes

(f) 1x7.5% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.3.6 OIM maps of all boundary types for 1x7.5% strained material at 800˚C
The density of Σ3 segments of the 1x7.5% strained material annealed at 800˚C for 20
and 30 minutes are shown in Fig.4.3.3.7 (A complete set being shown in Appendix A26),
which are higher than those with lower strains, indicating that an effective way to obtain
a higher level of Fsp and increased twin density at smaller grain size is to increase the
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level of pre-deformation in the range 3 to 7.5%. The development of random boundary
networks of 1x7.5% strained material annealed at 800˚C is shown in Appendix A27.

(e) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 20 minutes

(f) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.3.7 OIM maps of Σ3 boundary for 1x7.5% strained material at 800˚C
The twin densities are measured from Σ3 OIM images in Appendix A26 by the linear
intercept method and a comparison of the “twin density-annealing time” relationship of
1x7.5% strained and unstrained material at 800˚C is shown in Fig.4.3.3.8. The twin
density of the 1x7.5% strained material starts to decrease at around 8 minutes and
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becomes a minimum at 14 minutes, which is earlier than that of strain free samples
(around 16 minutes). In addition, the minimum twin density of the strained material is
higher than that without strain.
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Fig.4.3.3.8 “Twin density-annealing time” relationship of 1x7.5% strained samples
annealed at 800˚C for different lengths of time
The “twin density-grain size” relationship of the 1x7.5% strained material annealed at
800˚C is given in Fig.4.3.3.9. The twin density of the strained material decreases with
grain size becoming a minumum at around 0.017/µm, which is more than double that of
as-received material (0.007/µm), an indication of the strain effect on the increased
twinning occurring during heat treatment.
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Fig.4.3.1.9 “Twin density-grain size” relationship of 1x4.5% strained samples
annealed at 800˚C for different lengths of time

4.3.4 One-step of 25% strain annealed at 800ºC for different lengths of time
Recrystallization may occur during the annealing of the heavily pre-deformed material,
with recrystallization being used by some researchers [37, [49, [50, [52] to induce grain
boundary modification. The comparison of “Fsp-anneal time” relationship between
unstrained and 1x25% strained samples annealed at 800˚C is shown in Fig.4.3.4.1. The
Fsp value enhancement observed in the previous experiments disappears and the “Fspannealing time” curve of 1x25% strained material is similar to that without strain.
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Fig.4.3.4.1 “Fsp-Annealing time” relationship of samples with 25% strain and annealed
at 800ºC for different lengths of time
The grain size of the 1x25% strained material increases with the time from original 26
microns to a constant value of around 38µm after about 10 minutes as shown in
Fig.4.3.4.2, which indicates driving force is not high enough for the further boundary
migration. As a comparison, grain growth started in the as-received material after about
22 minutes, supporting the assumption that the original recrystallization annealing
temperature of the as-received material was lower than 800˚C.
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Fig.4.3.4.2 “Grain size-Annealing time” relationship of samples with 25% strain and
annealed at 800ºC for different lengths of time
The “Fsp-annealing temperature” relationships of the 1x25% strain and the unstrained
material annealed at 800˚C is shown in Fig.4.3.4.3. The Fsp values of the strained
material are unchanged with temperature, being distributed in the range of 35%-40%,
similar to that of the unstrained material.
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Fig.4.3.4.3 “Fsp-annealing temperature” relationship of samples with 25% strain and
annealed at 800ºC for 9 to 30 minutes
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The “Fsp-grain size” relationship of the 1x25% strained and unstrained material
annealed at 800˚C is shown in Fig.4.3.4.4. From the data, the Fsp values can be seen to
be similar to that of the unstrained material. The Fsp values of the 1x25% strained
material do not increase with grain size.
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Fig.4.3.4.4 “Fsp-grain size” relationship of samples with 25% strain and annealed at
800ºC for up to 30 minutes

The “hardness-annealing time” relationship of the 1x25% strain and strain free
material is shown in Fig.4.3.4.5. The hardness of the strained samples has already
decreased to 110 Vickers after 8 minutes of annealing, similar to the as-received material.

175

170

Hardness (VICKERS)

160
150

As-received Ni

140

1x25% strained Ni

130
120
110
100
90
80
5

7

9

11

13

15

17

19

21

23

25

27

29

31

Annealing time (min)

Fig.4.3.4.5 “Hardness-Annealing time” relationship of samples with 25% strain and
annealed at 800ºC for up to 30 minutes
The OIM images with all boundaries of 1x25% strained material annealed at 800˚C for
8 and 30 minutes are shown in Fig.4.3.4.6 (The remaining images are shown in Appendix
A28). There is little change in the images of the strained material annealed for different
lengths of time up to 30 minutes, supporting the assumption that the recrystallization
processed material behaves in a similar way to the as-received material.
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(a) 1x25% strained sample annealed at 800˚C for 8 minutes

(e) 1x25% strained sample annealed at 800˚C for 30minutes

Fig.4.3.4.6 OIM maps of all boundary types for 1x25% strained sample
annealed at 800˚C
In addition, no enhancement is observed in the Σ3 maps as shown in Fig.4.3.4.7 (A
complete set been shown in Appendix A29).
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(a) Σ3 map of 1x25% strained sample annealed at 800˚C for 8 minutes

(e) Σ3 map of 1x25% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.4.7 OIM maps of Σ3 boundary for 1x25% strained sample
annealed at 800˚C
In addition, the break-up of HAB boundary networks is not developed effectively, as
indicated in the random boundary images of Fig.4.3.4.8 (The remaining images are
shown in Appendix A30). Thus it can be concluded that this process is not effective to
the enhancement of Fsp values and improved boundary configurations.
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(a) Random boundary map of 1x25% strained sample annealed at 800˚C for 8 minutes

(e) Random boundary map of 1x25% strained sample annealed at 800˚C for 30 minutes

Fig.4.3.4.8 OIM maps of random boundary for 1x25% strained sample
annealed at 800˚C

4.3.5 Comparison of one-cycle processed samples with different strains and
annealed at 800ºC
It can be concluded from the previous data that pre-strain is one of the important
processing parameters in the development on high fraction of Fsp. A comparison among
“Fsp-annealing time” relationships of the samples deformed at different strain levels and
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annealed at 800˚C is shown in Fig.4.3.5.1. The curves of 1x3%, 1x4.5%, 1x6% and
1x7.5% have similar shapes indicative of nucleation and growth curves, except the Fsp
values of higher strain percentages start to increase earlier than at lower strains. This
indicates that the energy of deformation is higher in the high strain samples and it is
easier to motivate grain growth and the formation of special grain boundaries.
Furthermore, the maximum Fsp value achieved (around 80%) is not changed by the
variation in strain levels.
Note however that the “Fsp-annealing time” relationship of samples with 1x25% strain
is near to that of the as-received material, an indication in heavily strained (25%) material
that retained strain energy is consumed in the process of recrystallization.
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Fig.4.3.5.1 Comparison of “Grain size-annealing time” relationship among samples with
different strains annealed at 800ºC for up to 30 minutes
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A comparison of the “Grain size-annealing time” relationships for different strain
values annealed at 800˚C is shown in Fig.4.3.5.2. Grain growth of the sample with higher
strain starts earlier than that in the samples with lower strains. The grain sizes of
materials with different strain values reach a maximum at around 60µm except for the
1x25% strained sample, which has a grain size of around 38µm. The 1x3% curve is closer
in shape to that of the non strained material than that of the other strains.
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Fig.4.3.5.2 Comparison of “Grain size-annealing time” relationship among samples with
different strains annealed at 800ºC for different lengths of time
The Fsp values increase with grain size of the samples strained in the range between
1x3% and 1x7.5%, starting from around 35% and reaching a maximum value at around
78%, corresponding to the variation of grain size from 25 to 45µm as shown in
Fig.4.3.5.3. However, the Fsp values of the 25% strained sample and that of the non
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strained material is unaffected by grain growth. The Fsp values of the samples with the
highest strain reaches its maximum value earlier (at smaller grain size) than that of lower
strained material, thus giving the best combination of high Fsp value and finer grain size.
Thus at 7.5% strain, a high Fsp value in combination with a fine grain size would have a
superior combination of strength and resistance to property degradation compared to the
other processing conditions.
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Fig.4.3.5.3 Comparison of “Fsp-grain size” relationship among samples with different
strains annealed at 800ºC for up to 30 minutes to achieve different grain sizes

The change in Fsp values is not as sensitive to annealing temperature compared to the
effect of other factors (strain, annealing time and grain size) and occurs in the range of
780 to 800˚C. Thus depending on the level of strain as shown in Fig.4.3.5.4, the increase
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of Fsp values for samples with higher strain starts earlier (at lower temperature) than that
with lower strains.
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Fig.4.3.5.4 Comparison of “Fsp-Annealing temperature” relation among samples with
different strains annealed at 800ºC for up to 30 minutes
The “hardness-annealing time” relationships of samples with different strains levels
annealed at 800˚C are shown in Fig.4.3.5.5. The hardness decreases with the time and
reaches a minimum value depending on processing conditions. However, the decrease of
hardness starts earlier in the as-received and 1x25% strained material and the hardness
values of these two conditions are close to each other. Overall, the hardness of the
strained samples reaches a minimum value at around 105 Vickers after 14 minutes to 16
minutes annealing.
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Fig.4.3.5.5 Comparison of “Hardness-Annealing temperature” relation among samples
with different strains annealed at 800ºC for different lengths of time
A comparison of “Twin density-annealing temperature” relationships for samples with
different levels of strain and annealed at 800˚C is shown in Fig.4.3.5.6. The relationships
indicate that the twin densities of samples with different level of strains decrease with the
time and become minimum values after each processing condition. The decrease of twin
density starts earlier in the sample with high strain, and the effect of strain is similar to
that of Fig4.3.5.1 (“Fsp-annealing time” relationships), where the increase of Fsp starts
earlier in the sample with higher strain. Furthermore, the lowest twin density of samples
with the higher strain levels is higher than that of lower strained samples, an indication of
the effect of strain on recovery anneal twinning.
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Fig.4.3.5.6 Comparison of “Twin density-annealing temperature” relationship for
samples with different strains annealed at 800ºC for different lengths of time

A comparison of the “Twin density-grain size” relationships of samples with different
strain values and annealed at 800˚C is shown in Fig.4.3.5.7. It can be seen that twin
density decreases with grain size, again becoming minimum values depending on
processing conditions. However, the rate of twin density decrease in the higher strained
samples is slower than that at lower strain, suggesting that the increase of strain is an
effective way to improve twin density during annealing.
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Fig.4.3.5.7 Comparison of “Twin density-grain size” relationships among samples with
different strain values annealed at 800ºC for up to 30 minutes
4.4 Thermomechanical processing after recrystallization
After the as-received material is strained by 1 x 25% and annealed at 800˚C for 8
minutes, the microstructure comprises of small 25µm equiaxed grains as shown in
Fig.4.4.1.1, an indication that recrystallization is complete. Concurrently, the hardness of
the annealed sample decreased to 115 Vickers. The as-received material was processed
by straining 1 x 25% and annealed at 800˚C for 8 minutes to obtain recrystallized
samples, and then divided into two groups, one processed by 1x6% strain followed by a
900˚C anneal, and the other was annealed at 900˚C without strain.
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Fig.4.4.1.1 Micrograph of 25% strained sample annealed at 800ºC for 8 minutes
The “Fsp-annealing time” relationship of the 1 x 6% strained samples annealed at
900˚C is compared with the non strained material in Fig.4.4.1.2. The Fsp values of the
strained material increase with annealing time from an original value of 30% reaching a
minimum at around 60% after about 4 minutes. However the Fsp values of the nonstrained material shows no increase with time.
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Fig.4.4.1.2 “Fsp-annealing time” relationship of samples 1 x 25% strained and annealed
at 800ºC for 8min, then 1x6% strained and annealed at 900ºC for different lengths of time
The “Grain size-annealing time” relationships of the 1 x 6% strained and non strained
samples in the 900˚C recovery anneal is shown in Fig.4.4.1.3, with the grain size
increasing from 30µm to about 70µm. Grain growth in the strained material begins earlier
than that of the non strained material.
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Fig.4.4.1.3 “Grain size-annealing time” relationship of samples 1 x 25% strained and
annealed at 800ºC for 8 minutes, then 1x6% strained and annealed at 900ºC for different
lengths of time
The “Fsp-grain size” relationship of the samples processed by a strain of 1x6% and
900˚C recovery annealed is shown in Fig.4.4.1.4. The Fsp values of the strained material
increases with grain size from the original value of 30% to the maximum value of about
62%, corresponding to the variation of grain size from around 28µm to 60µm. As a
comparison, the Fsp values of samples without strain do not change with the increase of
grain size.
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Fig.4.4.1.4 “Fsp-Grain size” relation of samples 1 x 25% strained and annealed at 800ºC
for 8 minutes, then 1x6% strained and annealed at 900ºC for up to 22 minutes
The “Fsp-annealing temperature” relationship of the material processed by 1 x 6%
strain and 900˚C recovery annealed is shown in Fig.4.4.1.5. The Fsp values of the
strained samples is unchanged with annealing temperature until the Fsp value starts to
increase at around 800˚C and becomes maximized at around 880˚C.
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Fig.4.4.1.5 “Fsp-annealing temperature” relationship of samples 1 x 25% strained and
annealed at 800ºC for 8min, then 1x6% strained and annealed at 900ºC
for up to 22 minutes
The hardness of the strained samples decreases with annealing time and becomes
minimum at around 105 Vickers after about 9 minutes as shown in Fig.4.4.1.6.
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Fig.4.4.1.6 “Hardness-annealing time” relationship of samples 1 x 25% strained
and annealed at 800ºC for 8 minutes, then 1x6% strained and annealed at 900º
for different lengths of time
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It can be seen from the OIM images of unstrained material annealed at 900˚C from
Appendix A31 that the grain starts to grow after 10 minutes of anneal and the further
growth of grain is limited. The OIM images of 6 and 22 minutes are shown in Fig.4.4.1.7.

(a) 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 6
minutes

(e) 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 22
minutes

Fig.4.4.1.7 OIM maps of all boundary types for recrystallized material without strain
annealed at 900˚C
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The Σ3 boundaries of unstrained material change gradually from randomly distributed
small segments to larger ones with time and the Σ3 images of 6 and 22 minutes of anneal
are shown in Fig.4.4.1.8 (A complete set been shown in Appendix A32).

(a) Σ3 map of 1x25% strained sample annealed at 800˚C for 8min, then annealed at
900˚C for 6 minutes

(e) Σ3 map of 1x25% strained sample annealed at 800˚C for 8min, then annealed at
900˚C for 22 minutes
Fig.4.4.1.8 OIM maps of Σ3 boundary for recrystallized material without strain annealed
at 900˚C
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A limited break-up of the random boundary networks in the unstrained material occurs
after 22 minutes as illustrated in Fig.4.4.1.9 (The remaining images are shown in
Appendix A33).

(a) Random boundary map of 1x25% strained sample annealed at 800˚C for 8min, then
annealed at 900˚C for 6 minutes

(e) Random boundary map of 1x25% strained sample annealed at 800˚C for 8min, then
annealed at 900˚C for 22 min

Fig.4.4.1.9 OIM maps of random boundary for recrystallized material without strain
annealed at 900˚C
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The grains of 1 x 6% strained material start to grow after 8 minutes of anneal, occurring
earlier than non strained samples of 10 minutes as shown in the Appendix A34 and
Appendix A31. OIM images of 6 and 22 minutes 900˚C anneal are shown in Fig.4.4.1.10

(a) 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6%
strained and annealed at 900˚C for 6 minutes

(e) 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6%
strained and annealed at 900˚C for 22 minutes

Fig.4.4.1.10 OIM maps of all boundary types for recrystallized material processed 1x6%
strain and 900˚C anneal
Σ3 boundaries of the 1x6% strained material annealed at 900˚C also changes from
randomly distributed small segments to larger ones with the time, but the density of Σ3
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boundaries is higher than samples without strain after 8 minutes from the comparison
between Appendix A35 and A32. Σ3 images of stained material annealed 6 and 22
minutes are shown in Fig.4.4.1.11.

(a) Σ3 map of 1x25% strained sample recrystallization annealed at 800˚C for 8minutes,
then 1x6% strained and annealed at 900˚C for 6 minutes

(e) Σ3 map of 1x25% strained sample recrystallization annealed at 800˚C for 8minutes,
then 1x6% strained and annealed at 900˚C for 22 minutes
Fig.4.4.1.11 OIM maps of Σ3boundary for recrystallized material strained
at 1x6% and annealed at 900˚C
In addition, the break-up of the random boundary networks of the strained samples is
more effective than the non-strained as shown in the comparison between Appendix A36
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and A32. The OIM images of random boundary networks for the strained material
annealed 6 and 22 minutes are shown in Fig.4.4.1.12

(a) Random boundary map of 1x25% strained sample recrystallization annealed at 800˚C
for 8 minutes, then 1x6% strained and annealed at 900˚C for 6 minutes

(e) Random boundary map of 1x25% strained sample recrystallization annealed at 800˚C
for 8 minutes, then 1x6% strained and annealed at 900˚C for 22 minutes
Fig.4.4.1.12 OIM maps of all boundary types for recrystallized material strained
at 1x6% and annealed at 900˚C
4.5 Multi step thermomechanical processing of 6% strain and 800˚C anneal
Previous researchers have used multi-cycle processing to improve the Fsp of metallic
materials. However, similar research at the University of Manitoba by Guyot showed in
certain circumstances that the contribution of multi-cycle method to the improvement of
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Fsp was limited. Multi-cycle experimentation was therefore developed to test the effect
of strain in each cycle. The processing used is shown Table 4.5.1, in which, all samples
were annealed at 800˚C for 22 minutes using a strain level fixed at 6%.
Table 4.5.1 Process parameters for multi-cycle experimentation
sample No.

Strain

anneal

Strain

anneal

1

x

x

2

x

x

x

3

x

x

x

4

x

x

x

x

5

x

x

x

x

6

x

x

x

x

strain

Anneal

x

x
x

x

The Fsp values of the multi-cycle experiment are shown in Fig.4.5.1.1. The curve of
“1 cycle with 2 extra anneal” (comprised by #1, #2, #3) gives the effect of one and two
extra anneals on the Fsp value of the one-cycle processed sample, which indicates that
the Fsp values are not affected by further annealing. The curve of “2 cycles with extra
anneal” (comprised of #1, #4, #5) shows that the Fsp value of 1 cycle processed sample is
decreased by the 2nd processing cycle. In the same way as the first curve, extra anneal
alone does not change the Fsp value. For the “3 cycles” curve (comprised of #1, #4, #6)
the Fsp value decreased with increasing number of cycles. On the basis of these
experiments, multi-cycle processing is not suggested for the improvement of Fsp in Ni200 using the present processing parameters.
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Fig.4.5.1.1 Fsp comparison of multi-cycle experiment of C. P. Ni

There was no difference in grain size between cycles 1 and 2 as shown in Fig.4.5.1.2.
However, grain growth from 75 µm to 112µm occurred during the third cycle.
6% strained multi-cycle experiment annealed at 800C for 22min
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Fig.4.5.1.2 Grain size comparison of multi-cycle experiment
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3

The hardness of the 2 cycle sample was higher than that of the 1 cycle sample, but
started to decrease in processing of the 3rd cycle (Fig.4.5.1.3), which is probably due to
grain growth as shown in Fig.4.5.1.2.
6% strained multi-cycle experiment annealed at 800C for 22min
140

Hardness (Vickers)

130
120
110
100
90

1cycle with 2 extra anneal

80

2 cycle with 1 extra anneal

70

3 cycles

60
0

1
2
Number of annealing cycles

3

Fig.4.5.1.3 Hardness comparison of multi-cycle experiment

The OIM images of 1 to 3 cycles processed samples with all types of boundaries are
shown Fig.4.5.1.4 and the complete set is shown in Appendix A37. It can be seen that
there is little difference in the appearance of the OIM images between samples processed
by one and two cycles annealed at 800˚C for 22 minutes with strain level of 6%. The
grain size of three-cycle processed sample is larger than those processed by one and two
cycles. However, the Fsp values decrease with increasing numbers of cycles, which is
another indication that grain growth is not the only reason for the increase of Fsp.
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(a) One cycle

(d) Two cycles

(f) Three cycles
Fig.4.5.1.4 OIM maps of all boundary types for multi cycle strained (1x6%)
and annealed (800˚C 22 minutes) C.P. Ni
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The Σ3 OIM images of the multi-cycle processed samples are shown in Appendix A38.
There is little difference between one and two cycles processed material. The twin
density after three processing cycles is lower than those of the other two as shown in
Fig.4.5.1.5

(a) One cycle

(d) Two cycles
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(f) Three cycles

Fig.4.5.1.5 OIM maps of Σ3 boundary for multi cycle strain (1x6%) and
anneal (800˚C 22 minutes)
It can be seen that there is little difference in the random boundary networks of
multicycle processing as shown in Fig.4.5.1.6, the complete set been shown in Appendix
A39.

(a) One cycle
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(d) Two cycles

(f) Three cycles

Fig.4.5.1.6 OIM maps of random boundary for multicycle strain (1x6%) and
anneal (800˚C 22 minutes)
4.6 TEM metallography
TEM observations of the 1x6% strained material annealed at 800˚C for different
lengths of time are shown in Fig.4.6.1.1. Fig.4.6.1.1 (a) is the micrograph of as-received
material, there are no dislocations distributed near boundaries, indicating a recrystallized
structure. A considerable number of dislocation tangles exist near the grain boundary area
after straining and before annealing, (Fig.4.6.1 (b)). From Fig 4.1.6 9 (b)-(e), it can be
seen that the densities of the dislocation tangles start to decrease after 9 minutes.
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According to the “Grain size-annealing time” relationship of Fig.4.2.2.3, grain growth
would not occur, thus the dislocation changes seen is indication of a recovery anneal. A
further decrease in dislocation density occurred after 14 minutes, accompanied by the
start of grain growth. The dislocation tangles disappeared after 16 minutes to 20 minutes
of annealing, corresponding to the middle and the end of grain growth respectively.
These observations supported the core–mantle mechanism proposed by Thompson et al
[29] and the TEM observations of Murr [76]. Thompson et al proposed the small amount
of strain from rolling would have produced non-equilibrium extrinsic grain boundary
dislocations, which were generated from grain boundary ledges, which is also in
agreement with Ashby’s 1970 proposal of geometrically necessary dislocations [77]. The
recovery anneal leads to the annihilation of these extrinsic boundary dislocations and
grain boundary movement.

(a) As-received

(b) 1 x 6% strained Ni-200
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(d) 1 x 6% 800˚C 14min

(c) 1 x 6% 800˚C 9min

(e) 1 x 6% 800˚C 16min

(f) 1 x 6% 800˚C 20min

Fig.4.6.1.1 TEM observation of 1x6% strained samples annealed
at 800˚C for different lengths of time
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4.7 Thermomechanical processing of 718 superalloy rolled 6%
The processing conditions developed in this research for commercially pure Ni were
applied to alloy 718, which is the most widely used Ni-based Superalloy. The as-received
alloy was a 3 mm sheet with a grain size of about 10 microns as measured by the mean
linear intercept method. The material was cut into 75mm x 15mm pieces and rolled along
its original rolling direction by 6%. An annealing temperature of 1020˚C was chosen
initially, this being the lowest temperature to ensure dissolution of the delta (Ni3Nb)
phase that would cause grain boundary pinning and subsequent hindrance to grain
boundary migration, which would likely affect gain boundary configurations. The
annealing time was set at 24 minutes based on the data developed on commercially pure
Ni. Further samples were then annealed at 1100 and 1200˚C for the same length of time.
The Fsp values of these samples are shown in Fg.4.7.1.1 with all the values being around
58%.
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Fig.4.7.1.1 Fsp of 1x6% strained Ni718 at 1020, 1100, 1200˚C for 24 minutes
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OIM images of 1x6% strained alloy annealed at 1020, 1100, 1200˚C are shown in
Fig.4.7.1.2-4, which indicates the effect of annealing temperature on grain boundary
configuration is small.

Fig.4.7.1.2 OIM picture of 1x6% strained Ni718 annealed at 1020˚C for 24 minutes

Fig.4.7.1.3 OIM picture of 1x6% strained Ni718 annealed at 1100˚C for 24 minutes
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Fig.4.7.1.4 OIM picture of 1x6% strained Ni718 annealed at 1200˚C for 24 minutes

An intermediate annealing temperature of 1100˚C was selected for later studies.
Consequently, the 1x6% strained samples were annealed at 1100˚C for different lengths
of time up to 30 minutes. The “Fsp-annealing time” relationship is shown in Fig.4.7.1.5.
The 718 samples processed by straining 1x6% and annealing at 1100˚C showed an
increase in special boundary fractions to 60% from the initial fraction of 25% during 4-6
minutes of annealing, while the Fsp of samples without strain increased from 30% to
45% as the annealing time increased from 6 minutes to 14 minutes. Further annealing
would not have much effect on the total special boundary proportion of either strained or
strain free materials. Considering the absolute special boundary fraction, the Ni-200
material processed straining 1x6% and annealed at 800˚C resulted in the highest Fsp
values of 79.7%, while the highest Fsp value for the 718 alloy was 60% after processing,
thus thermomechanical processing is more effective to the enhancement of special
boundary factions in C.P. Ni than in the 718 Superalloy.
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Fig.4.7.1.5 “Fsp-annealing time” relation of 1x6% strained 718 annealed
at 1100˚C for different lengths of time
OIM images of the grain boundary networks for both the as-received and 1x6% strained
718 samples annealed at 1100˚C are shown in Fig.4.7.1.6 and 4.7.1.7 (The complete set
of images are shown in Appendix A40 and A41). The grain size of the 1x6% strained
sample was larger than the unstrained sample after 6 minutes due to the strain applied,
which indicates samples without deformation do not initiate grain growth as quick as
deformed ones. Furthermore, Appendix A40 shows that the random boundary
connectivity of strained 718 decreases continuously, as the annealing time increased due
to increasing percentages of special boundaries and a reduction in the random boundaries.
It can therefore be seen that the break-up of the number of random boundary network
connectivity of strained 718 (Appendix A41) is higher than that of without strain
(Appendix A40) at the same annealing time.
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(a) As-received Ni718

(e) As-received Ni718 annealed at 1100˚C for 30min
Fig.4.7.1.6 OIM maps of as-received Ni718 annealed at 1100˚C
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(a) 1x6% Ni718 annealed at 1100˚C for 4min

(e) 1x6% Ni718 annealed at 1100˚C for 30min

Fig.4.7.1.7 OIM maps of 1x6% Ni718 annealed at 1100˚C
Multiple cycles of strain-recovery anneal processing were also carried out in this part
of the experiment. The strain level (6%) and annealing temperature (1100˚C) applied
were the same as the one step strain-anneal process performed in the previous section.
The “Fsp-cycle number” relationship of multiple cycles processed samples is shown in
Fig.4.7.1.8. Samples processed at one, two and three cycles showed similar fractions of
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special boundaries at around 60%, which indicates that multiple cycle processing is not
effective on the enhancement of special boundaries under the present processing
conditions. OIM images of multiple cycles processed samples are shown in Fig.4.7.1.9. It
can be observed that multiple cycles processed samples provided larger grain size and a
decrease in the connectivity of random boundaries.
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Fig.4.7.1.8 Multi-cycle experiments of 1x6% stained Ni718
annealed at 1100C for 6minutes
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3.5

(a) 1 cycle of 6% strain and1100˚C 6 minutes anneal

(b) 2 cycles of 6% strain and1100˚C 6 minutes anneal

(c) 3 cycles of 6% strain and1100˚C 6 minutes anneal
Fig.4.7.1.9 OIM pictures of Multi-cycle experiments of 1x6% stained Ni718
annealed at 1100°C 6 minutes
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4.8 Theoretical modeling and analysis
4.8.1 Calculation of kinetic model
Pande developed the following equation for the calculation of twin density [32]:
p=

4-1

1
D
kγ g log
D0
D

In the equation, p is the twin density (number per unit length), D is the grain size (µm),
D0 is the smallest twinning grain size (µm), γg is the energy of random grain boundaries
(mJ/m2), and k is the proportionality constant. The units of k equals m2/mJ, and if we
define k1=1/k, then k1=mJ/m2 which has equivalent units to the stacking fault energy.
Therefore Pande’s equation can be rewritten:
p=

4-1a

1 1
D
γ g log
D k1
D0

and k1 can be related to stacking fault energy.
The above equation sets up a simple relationship between grain size, boundary energy
and twin density based on TEM observations, and is thus a semi-empirical model. The
model cannot reflect atomic and structural characteristics of different materials except
grain boundary energy, and is preferred to be used for qualitative or semi-quantitative
calculations.
The grain boundary energy γg is the only adjustable parameter in equation (4-1), with
the effect of varying γg on the twin density shown in Fig.4.8.1.1. The proportional
constant k used in (4-1) was k=1x10-8 m/mJ, D0=0.038µm, and the values of γg were set as
1000, 900 and 800 mJ/m2. It can be seen from this figure that twin density increases with
increasing grain boundary energy.
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The effect of boundary energy on the calculation of
Pande's model
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Fig.4.8.1.1 The effect of boundary energy γg on the calculation of twin density-grain size
relationship in Pande’s model.
Since the grain boundary energy of the strained material is related to the amount of
deformation and there is no precise data on Ni grain boundary energies at different
strains, the boundary energy γg was adjusted in the calculation, and the suggested γgtemperature relationship by Murr is shown in Fig.4.8.1.2 [16]. It can be seen that the
grain boundary energy of Ni decreases linearly with temperature. For the temperatures
used in the recovery anneal of this thesis (800˚C, 900˚C, and 1000˚C), the values of HA
boundary energy γg are: =1000mJ/m2 at 800˚C; γg = 900mJ/m2 at 940˚C; and γg =
900mJ/m2 at 1000˚C. The values are taken from the most comprehensive data set
available in the literature [16].
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Fig.4.8.1.2 Grain boundary energy per unit area vs. temperature of pure Ni
after Murr [16]
1) Twin densities of samples processed at different strain levels and annealed at
800˚C.
Pande’s model was first used in the calculation of the “twin density-grain size”
relationships of the as-received Ni strained 1x3%, 1x4.5%, 1x6% and 1x7.5% and
annealed at 800˚C. The values of k and D0 were adjustable at the beginning of the
calculation and fixed later at k=1x10-8 and D0=0.038µm. The value of D was increased
from 10 to 200µm with a step size of 2µm. The grain boundary energy values, γg are
directly related to the deformation imposed and were adjusted with the levels of strains to
obtain a good fit.
The “twin density-grain size” relationship of the calculated and experimental data from
the unstrained Ni-200 recovery annealed at 800˚C is shown in Fig.4.8.1.3. A good fit was
obtained at K=1x10-8, D0=0.038µm, γg =1000 mJ/m2 [16].
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Pande's model-As-received Ni annealed at 800C
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Fig.4.8.1.3 Fit of twin density-grain size relationships between the experimental data and
the calculation in the unstrained material annealed at 800˚C by Pande’s model
(K=1x10-8, D0=0.038 µm, γg=1000 mJ/m2)
A comparison between the “twin density-grain size” relationship of the calculated and
experimental data of 1x3% strained Ni-200 recovery annealed at 800˚C is shown in
Fig.4.8.1.4. A reasonable fit was obtained at K=1x10-8, D0=0.038µm, γg =850 mJ/m2,
though Murr’s data would indicate a value of 1000 mJ/m2 would be more appropriate.
However, it is well known that γg is very sensitive to composition and thus a value of
850mJ/m2 is not unreasonable.
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Twin density of 1x3% strain and 800C anneal calculated by
Pande's model
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Fig.4.8.1.4 Fit of twin density-grain size relationships between the experimental data and
the calculation in 1x3% strained samples annealed at 800˚C by Pande’s model
(K=1x10-8, D0=0.038µm, γg = 850 mJ/m2)
A good fit of “twin density-grain size” relationship between the calculated and actual
data of 1x4.5% strained material was observed at K=1x10-8, D0=0.038µm, γg =1000
mJ/m2 as shown in Fig.4.8.1.5.
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Fig.4.8.1.5 Fit of twin density-grain size relationships between the experimental data and
the calculation in 1x4.5% strained samples annealed at 800˚C by Pande’s model
(K=1x10-8, D0=0.038 µm, γg =1000 mJ/m2)
A good fit of “twin density-grain size” relationship between the calculated and
experimental results of 1x6% strained material was observed at K=1x10-8, D0=0.038µm,
γg =1000 mJ/m2, as shown in Fig.4.8.1.6.
Twin density of 1x6% strain and 800C anneal calculated by
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Fig.4.8.1.6 Fit of twin density-grain size relationships between the experimental data and
the calculation in 1x6% strained samples annealed at 800˚C by Pande’s model
(K=1x10-8, D0=0.038µm, γg =1000 mJ/m2)
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It can be seen in Fig.4.8.1.7, that a satisfactory fit of “twin density-grain size”
relationship between the calculated and experimental results of 1x7.5% strained material
was observed at K=1x10-8, D0=0.038µm, γg =1000 mJ/m2. Comparison between
Fig.4.8.1.3 and Fig.4.8.1.6 indicates that the same theoretical curve can be used to predict
annealing twinning from 1x3% to 1x7.5% strain. This shows that Pande’s model is
effective in describing the trend of materials with the different stain levels annealed at
800˚C.
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Fig.4.8.1.7 Fit of twin density-grain size relationships between the experimental data and
the calculation in 1x7.5% strained samples annealed at 800˚C by Pande’s model
(K=1x10-8, D0=0.038µm, γg =1000 mJ/m2)
These calculations support the assumptions proposed by Pande that at low strain levels,
the change of twin density is proportional to grain the boundary driving force (or grain
boundary energy) being proportional to 1/D, where D is the grain size.
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2) Twin densities of as–received material and samples processed by 1x6% strain and
annealed at temperatures of 900 and 1000°C.
The values of the annealing twin density calculated from equation 4-1 for the 1x6%
strained material heat treated at different temperatures were compared with the
experimental values in Fig.4.8.1.8 - 11.
As indicated in Fig.4.8.1.8, a satisfactory fit of “twin density-grain size” relationship
between the calculation and experimental data of as-received material annealed at 900˚C
was observed at K=1x10-8, D0=0.038µm, γg =1000mJ/m2. The γg value used is near to the
predicted value of 900 mJ/m2 by Murr (16).

Twin density of as-received Ni annealed at 900C calculated by
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Fig.4.8.1.8 Fit of twin density-grain size relationships between the experimental data and
the calculation in unstrained material annealed at 900˚C by Pande’s model
(K=1x10-8, D0=0.038µm, γg =900 mJ/m2)
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A reasonable fit between the calculated “twin density-grain size” relationship and
experimental data of the 1x6% strained material recovery annealed at 900˚C was obtained
at K=1x10-8, D0=0.038µm, γg =1400 mJ/m2 as shown in Fig.4.8.1.9. The γg is much
higher than the value suggested by Murr of 900mJ/m2, and the calculation from 900
mJ/m2 value is shown in the figure for comparison.
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Fig.4.8.1.9 Fit of twin density-grain size relationships between the experimental data and
the calculation in 1x6% strained samples annealed at 900˚C by Pande’s model
(K=1x10-8, D0=0.038µm, γg =1400 mJ/m2)
The “twin density-grain size” relationship of the as-received Ni annealed at 1000˚C was
calculated by Pande’s model and compared with the experimental data. As shown in
Fig.4.8.1.10, a good fit was obtained at K=1x10-8, D0=0.038µm, γg =850mJ/m2. The γg
value used in the calculation was similar to the value of 900 mJ/m2 given by Murr [16].
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Fig.4.8.1.10 Fit of twin density-grain size relationships between the experimental data
and the calculation in unstrained material annealed at 1000˚C by Pande’s model
(K=1x10--8, D0=0.038µm, γg =850 mJ/m2)
A good fit between the calculated “twin density-grain size” relationship and
experimental data of the 1x6% strained Ni-200, recovery annealed at 1000˚C was
obtained at K=1x10-8, D0=0.038µm, γg =1400 mJ/m2, as shown in Fig.4.8.1.11. The γg
value is much higher than the predicted value of 940mJ/m2, and the calculation using this
data is also shown in the figure for comparison.
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Twin density of 1x6% strained and 1000C annealed material
calculated by Pande's model
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Fig.4.8.1.11 Fit of twin density-grain size relationships between the experimental data
and the calculation in 1x6% strained samples annealed at 1000˚C by Pande’s model
(K=1x10-8, D0=0.038µm, γg =1400 mJ/m2)
It can be concluded that Pande’s model can be used to describe twinning of the
material with different strain levels annealed at 800˚C and the as-received material
annealed at 900 and 1000˚C, but cannot accurately predict the twinning process of 1x6%
stained material annealed at 900 and 1000˚C. In these cases, higher boundary energies
have to be used to get a reasonable fit, indicating the contribution of strain. However, at
900 and 1000˚C it is necessary to increase the grain boundary energy due to strain to
conform to the experimental results.
4.8.2 Evaluation of the thermodynamic model to Experimental data
The author of this thesis discusses Gleiter’s model for the calculation of twinning
probability, p, that any {111} plane is a coherent twin plane as below:
In the case of a crystal with a FCC lattice, consider a nucleus with the height of one
atomic layer being formed. To keep the surface energy low, the nucleus should be formed
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by a spherical {111}nucleus (which has the smallest side surface area) as shown in
Fig.4.8.2.1.

Fig.4.8.2.1 Nucleation of annealing twin nucleus by Gleiter’s model [34]
(Grain ІI is growing upwards)
1) The number of nuclei with the orientation of the crystal matrix can be expressed as:

− ∆G
n = n 0 exp(
)
kT

4-2

Where, ∆G = Gibbs free energy for the formation of a critical nucleus with a matrix
orientation.
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The energy of formation of such nuclei is given in (4-3), where h is the distance
between adjacent {111}-planes, r=step radius, ε=side surface energy of step, ∆G v =Gibbs
free energy per volume of the atoms in the boundary.

∆ G = π r 2 h ∆ G v + 2 π rh ε

∂∆ G
= 2 π rh ∆ G
∂r

v

4-3

+ 2π h ε

4-4

At a critical nuclei radius:

∂∆ G
= 0
∂r

4-5

2 π rh ∆ G v + 2 π h ε = 0
∆ G

v

= −

ε

4-7

r

∆ G = πr 2h(−

∆G =

4-6

π rh ε ∆ G v
∆Gv

ε
r

) + 2 π rh ε = π rh ε

=

π rh ε ( −
∆Gv
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ε
r

)

= −

4-8

πε h
2

∆Gv

4-9

n = n0 exp{

πε 2 h
∆Gv kT

4-10

}

2) The number of nuclei with the twin orientation is:

n = n0 exp{

− ∆G
}
kT

4-11

Where, ∆G =Gibbs free energy for the formation of a critical nucleus with twin
orientation.

∆ G = π r 2 h ∆ G v + 2π rh ε + π r 2 (σ z + σ 1 − σ 1 )

4-12

Where σ z = surface energy of a coherent twin boundary, σ 1 =surface energy of a
{111} grain boundary before twin nucleation, σ 1 =surface energy of a twin nucleus on
the top face.

∂∆ G
= 2π rh ∆ G v + 2π h ε + 2π r (σ z + σ 1 − σ 1 )
∂r

4-13

At a critical nuclei radius:

2 π rh ∆ G v + 2 π h ε + 2 π r ( σ

∆Gv = −

ε
r

−

(σ

z

+σ

1

− σ 1) = 0

+ σ 1 − σ 1)
h

ε (σ z + σ1 − σ1)

∆G = πr 2h{− −
r

z

h

} + 2πrhε + πr 2 (σ z + σ1 − σ1)
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4-14

4-15

4-16

∆ G = π rh ε

∆G =

4-17

π rh ε { −

ε
r

−

(σ z + σ 1 − σ 1 )
}
h
∆Gv

4-18

From

2 π rh ∆ G v + 2 π h ε + 2 π r ( σ

z

+ σ 1 − σ 1) = 0

4-19

r can be expressed as:

r { h ∆ G v + (σ
That is:

r =

z

+σ

1

− σ 1 )} = − h ε

− hε
h ∆ G v + (σ z + σ 1 − σ 1 )

− πhε 2 − πε (σ z + σ 1 − σ 1 ){
∆G =

4-20

4-21

− hε
}
h∆Gv + (σ z + σ 1 − σ 1 )

4-22

∆Gv

πh 2ε 2
∆G = −
h∆Gv + (σ z + σ 1 − σ 1 )

4-23

So we have:

πε 2 h 2
n = n0 exp{
}
(h∆Gv + σ z + σ 1 − σ 1 )kT

4-24

If we assume that the number of nuclei having the matrix orientation is much higher
than the twin orientation, the twinning probability can be expressed as:
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p=

n
− ∆G + ∆G
}
= exp{
n
kT

4-25

n
− πhε 2 (σ z + σ 1 − σ 1
p = = exp{
}
n
∆Gv (h∆Gv + σ z + σ 1 − σ 1 ) kT

4-26

If n {111} planes are formed per second, then the boundary should move a distance nh.
Since v can be expressed as:
4-27

∆G 0
−Q
v = n0 h
exp(
)
kT
kT

∆G 0 is the difference in the Gibbs’ free energy between the growing and shrinking

grain. We have:

∆G 0
−Q
πε 2 h
exp(
) = n0 exp{
}
v = n0 h
∆Gv kT
kT
kT

4-28

and

∆Gv =

Putting

πε 2 h
∆G 0
− Q + kT ln
kT

∆Gv

4-29

into 4-26, twinning probability can be expressed as:
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∆G 0
(Q − kT ln
)(σ z + σ 1 − σ 1 )
kT
}
p = exp{
2 2
πε h
(σ z + σ 1 − σ 1 +
)kT
∆G 0
− Q + kT ln
kT

4-30

According to Gleiter’s assumption: kT<<Q, and p can be expressed as:

∆G 0
(Q − kT ln
)(σ z + σ 1 − σ 1 )
kT
}
p = exp{
2 2
πε h
(σ z + σ 1 − σ 1 +
)kT
−Q
∆G
The reason for considerating only the denominator is unclear, since kT ln
kT

4-31

0

has

about the same value as Q and can’t be neglected. If the difference between σ 1 and σ 1
are neglected, equation 4-30 can be expressed by 4-31.
In equation 4-30, p is the probability that any {111} plane is a twinning plane, Q is the
activation enthalpy for grain boundary migration, h is the height of the step formed by
twin nucleus (which is taken as the distance between adjacent {111}planes), ε is the side
surface energy of twin embryo, ∆G 0 is the difference in Gibbs’ free energy between the
growing and shrinking grain, σ z is the surface energy of a coherent twin boundary
(which is the top face of the step with the height of h), k is the Boltzmann constant, T is
the absolute temperature. The twin embryo was assumed to be in the shape of circular
disk of height h.
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Considering that the difference between σ 1 and σ 1 is very small, the term (σ 1 − σ 1 )
can be subtracted from the equation to give:

∆G 0
(Q − kT ln
)(σ z )
kT
}
p = exp{
2 2
πε h
(σ z +
)kT
0
∆G
− Q + kT ln
kT

(4-32)

The values of the parameters used in the calculation are important, since the value of p
is very sensitive to the values of some of the variables. The data used for this calculation
were: melting point Tm=1726[K], lattice constant = 3.520 Ångstrom = 3.5x10-8 cm,
h={111} spacing=2.02x10-8 cm, k=1.38x10-16 ergs/K, Q≈1.2x10-15Tm ergs = 1.2x10x1726 = 2.071x10-12ergs, ε =

15

δ
2

ergs / cm 2 , and r0 (grain size) was increased from

10x10-4cm to 200x10-4 by step size of 5x10-4cm. Units have to be converted appropriately
in the calculation and an example is given below. The grain size used in the calculation
was fixed at 10 µm.
∆G 0 =

2δ 2 × 1045erg / cm 2
= 2.09 × 10 6 erg / cm 3 ;
=
−4
r0
10 × 10 cm

kT = 1.38 × 10 −16 erg / K × 1073K = 1.481 × 10 −13 erg ;
To calculate ln(

∆G 0
∆G 0
),
has to be a unit free value, so ∆G 0 (ergs/cm3) and kT (ergs)
kT
kT

should have the same unit. The unit of ∆G 0 was converted from ergs/cm3 to ergs as
shown below:
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∆G 0 = 2.09 × 10 6 erg / cm 3
=(

2.09 × 10 6 erg / cm 3
× 58.7 g / mol ) ÷ (6.02 × 10 23 / mol ) = 2.290 × 10 −17 erg
3
8.9 g / cm

Where 8.9 g/cm3 is the density of Ni, 58.7 g/mol is the atomic weight of Ni, 6.02x1023 is
the Avogadro constant. Then,
∆G 0
2.290 × 10 −17 erg
) = −8.774
ln(
) = ln(
kT
1.481 × 10 −13 erg

πε 2 h 2 3.14 × ε 2 (erg 2 / cm 4 ) × h 2 (cm 2 )
=
is an unit free term. If δ, ε and σz are set as:
Qσ z
Q(erg ) × σ z (erg / cm 2 )
δ = 1045erg / cm 2 , ε =

δ
2

σ z =33.5erg/cm2,

= 522.5erg / cm 2 ,

and

the

twinning

probability can be calculated as p = 1.963 × 10 −5 by the following equation:

∆G 0
(Q − kT ln
)(σ z )
kT
p = exp{
}
2 2
πε h
(σ z +
)kT
0
∆G
− Q + kT ln
kT
Gleiter noted that kT << Q and removed the entire term kT ln

denominator

of Q − kT ln

term

of

− Q + kT ln

∆G0
kT

(but

from

not

the

∆G0
kT

from the

numerator

term

∆G0
) of equation 4-30. The “reduced” equation for the probability of a
kT

{111} plane to be a coherent twin plane then becomes:
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∆G 0
ln
−Q
kT }
p = exp{
}
exp{
2 2
2 2
πε h
πε h
− 1)kT
−1
(
Qσ z
Qσ z

(4-33)

Gleiter and others have used the reduced form of the equation 4-33 for nearly 40 years.
Note that kT and Q used in the above calculation was kT = 1.481 × 10 −13 ergs and
Q≈2.071x10-12erg, the value of kT being almost 1/10th of the value of Q. However, the
value of the entire term kT ln

∆G0
= −1.299 × 10 −12 ergs is equal in magnitude the value
kT

of Q≈2.071x10-12ergs and therefore this term should not be ignored in the denominator of
equation 4-30.
The twinning probability, p was transferred to an experimentally measured data of twin
density (/µm) by using the lattice constant and {111} plane spacing of Ni as the follow
calculation:
From the lattice constant of Ni=3.520 Ångstrom=3.5x10-8 cm, {111} spacing d of FCC
Ni can be calculated: d =

3
3
× 3.5 × 10 −8 cm =
× 3.5 × 10 − 4 µm , the number of FCC
3
3

{111} plane per µm can be expressed: Density {111} = 1 / d = 4949 / µm , the twin density =
the number of {111}plane/µm × twinning probability and the twin density is
4949/µm×1.963×10-5=9.717×10-2/µm.
As mentioned earlier, the value of twin boundary energy σ z is different from one paper
to another and the suggested value varied considerably in the range between tens to
hundreds of ergs/cm2 (mJ/m2), and σ z was set as an adjustable parameter. It is difficult to
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establish a reasonable twinning energy σz in the calculation, and Murr’s data was used as
reference for the data as shown in Fig.4.8.2.2.

Fig.4.8.2.2 Temperature dependence of twin boundary energy in Ni [16]
Thus, σ z , δ and T were adjustable in the modeling until a satisfactory fit was obtained.
As mentioned above, the three parameters having an effect on the modeling results:
coherent twin boundary energy, σ z , random grain boundary energy δ , and annealing
temperature T: thus two values were fixed and the third one was changed to see its
influence on the calculation of “twin density-grain size” relationship. The influence of T
is shown in Fig.4.8.2.3, with σ z and δ fixed at σ z = 30.9mJ / m 2 and δ=1010 mJ/m2,
and the temperature was changed from 800 to 1000˚C in intervals of 100˚C.
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Fig.4.8.2.3 Influence of annealing temperature to “twin density-grain size”
calculated by Gleiter’s model
The influence of δ is shown in Fig.4.8.2.4, with T and σ z fixed at T = 800°C
and σ z = 30.9mJ / m 2 , and δ was adjusted from 1015 to 1040 mJ/m2 (ergs/cm2).
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Fig.4.8.2.4 Influence of grain boundary energy to “twin density-grain size”
calculated by Gleiter’s model
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The influence of σ z is shown in Fig.4.8.2.5, T and δ were fixed at T=800ºC and
δ=1010 ergs/cm2, σ z was adjusted from 11.3 to 13.3 ergs/cm2 (mJ/m2).
The effect of "σz" to the twin density calculation of Gleiter's model
0.1
0.09

Twin density (/mm)

0.08

σz=11.3ergs/cm^2

0.07

σz=12.3ergs/cm^2

0.06

σz=13.3ergs/cm^2

0.05
0.04
0.03
0.02
0.01
0
20

30

40

50

60

70

80

90

100

110

120

Grain size (mm)

Fig.4.8.2.5 Influence of twin boundary energy to “twin density-grain size”
calculated by Gleiter’s model
The comparison of these figures indicates that the influence of the recovery annealing
temperature on the twin density is less than the random and twin boundary energy values.
Furthermore, the calculation is very sensitive to twin boundary energy, a shortcoming of
this model. Since the grain and the twin boundary energies vary with temperature, the
above figures simply illustrate changing only one term in the equation reflecting a
mathematical effect rather than the real one.
1) Samples annealed at 800˚C
The experimental effect of strain level on the formation and development of special
boundaries during heat treatment has already been summarized in Chapter 3. The effect
of strain and random boundary energy on twinning probability was calculated by
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Gleiter’s model. The “twin density-grain size” relationships of the as-received material
and samples with different levels of strain, annealed at 800˚C are shown in Fig.4.8.2.610.
(a) As-received material
Gleiter’s model accurately predicted the twin density of the as-received material
annealed at 800˚C. A good fit of the “twin density-grain size” curve to the experimental
data was obtained by using a value of σz =45 mJ/m2 using Murr’s data (16) and δ=1015
mJ/m2 as shown by Fig.4.8.2.6. Murr’s data of δ at this temperature is 1000 mJ/m2. The
result indicates the mechanism proposed by Gleiter is reasonable to model the twinning
of strain free samples at this temperature.
Simulation of as-received Ni annealed at 800C
by Gleiter model

0.04

Twin density (/mm)

0.035
0.03

Experimental data

0.025

Theoretical data

0.02
0.015
0.01
0.005
0
20

30

40

50

60
70
80
Grain size (mm)

90

100

110

120

Fig.4.8.2.6 Fit of twin density-grain size relationships between the experimental data and
the calculation in the as-received material annealed at 800˚C by Gleiter’s model
(σz =45 mJ/m2, δ=1000mJ/m2)
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(b) 1x3% strained samples
Since the strain level of 3% is a small value, the value of σz and δ used in the
calculation was σz =45 mJ/m2 (Murr’s data), δ=1195 mJ/m2. A good fit between
calculation of Gleiter’s model and experimental data is obtained as shown by Fig.4.8.2.7.
S imulation of 1x3% strained samples annealed at 800C
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Fig.4.8.2.7 Fit of twin density-grain size relationships between the experimental data and
the calculation in the 1x3% strained samples annealed at 800˚C by Gleiter’s model
(σz =45 mJ/m2, δ=1195 mJ/m2)

c) 1x4.5%, 1x6% and 1x7.5% strained samples
It can be seen from Figures 4.8.2.8 - 10 that a good fit between the calculated “twin
density-grain size” curves and the experimental data of 1x4.5% strain was obtained by
using: σz =45 mJ/m2, δ=1200 mJ/m2, 1x6% strain by σz =45 mJ/m2, δ=1205 mJ/m2 and
1x7.5% by σz =45 mJ/m2, δ=1205 mJ/m2.
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Twin density of 1x4.5% strain and 800C anneal calculated by
Pande's model
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Fig.4.8.2.8 Fit of twin density-grain size relationships between the experimental data and
the calculation in the 1x4.5% strained samples annealed at 800˚C by Gleiter’s model
(σz =45 ergs/cm2, δ=1200 mJ/m2)
S imulation of 1x6% strained samples annealed at 800C
by Gleiter's model
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Fig.4.8.2.9 Fit of twin density-grain size relationships between the experimental data and
the calculation in the 1 x 6% strained samples annealed at 800˚C by Gleiter’s model
(σz =45 mJ/m2, δ=1205 mJ/m2)
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S imulation of 1x7.5% strained samples annealed at 800C
by Gleiter model
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Fig.4.8.2.10 Fit of twin density-grain size relationships between the experimental data
and the calculation in the 1x7.5% strained samples annealed at 800˚C by Gleiter’s model
(σz =45 mJ/m2, δ=1205 mJ/m2)

The above simulations indicate that Gleiter’s model reasonably predicted the “twin
density-grain size” relationship of the as-received and strained material annealed at
800˚C. The value of the HAB boundary energy used at higher strain values increased
with strain, an indication of the contribution of deformation.
The “grain boundary energy-strain” relation from the above calculation is shown in
Fig.4.8.2.11. The HAB boundary energy changes only slightly with the level of strain,
increasing almost linearly in the range between 3% and 6%, and maximizing at about
7.5% strain.
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Grain boundary energy δ used in the fit of samples strained at
differect levels and anealed at 800˚C by Gleiter's model
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Fig.4.8.2.11. “Grain boundary energy-strain” relationship
from fitting results to Gleiter’s model
2) Simulation of as-received material and samples with 1x6% strain annealed at
different temperatures
The calculated “twin density-grain size” relationships of the strained and unstrained
material annealed at 1000˚C and 900˚C, along with the experimental data are shown in
Fig.4.8.2.12&14.
Values of σz =42 mJ/m2 (Murr’s data) and δ=1175mJ/m2 were used to get a good fit
between the calculated “twin density-grain size” relationship and the experimental data of
the as-received material recovery annealed at 900˚C as seen in Fig.4.8.2.12. The γg value
of 1175 mJ/m2 used in the calculation compared to Murr’s data of 940 mJ/m2 .
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S imulation of as-received Ni annealed at 900C
by Gleiter model
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Fig.4.8.2.12 Fit of twin density-grain size relationships between the experimental data
and the calculation in the as-received material annealed at 900˚C by Gleiter’s model
(σz =42 mJ/m2, δ=1175 mJ/m2)

A good fit between the calculated “twin density-grain size” relationship and
experimental data of the 1 x 6% strained material recovery annealed at 900˚C was
obtained at σz =42 mJ/m2 (Murr’s data), δ=1185 mJ/m2, as shown in Fig.4.8.2.13. The
higher γg value used in this calculation compared to the as-received material is due to the
effect of strain.
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S imulation of 1x6% strained samples annealed at 900C
by Gleiter model
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Fig.4.8.2.13 Fit of twin density-grain size relationships between the experimental data
and the calculation in the 1x6% strained samples annealed at 900˚C by Gleiter’s model
(σz =42 mJ/m2, δ=1185 mJ/m2)

A good fit between the calculated “twin density-grain size” relationship and
experimental data of the as-received material recovery annealed at 1000˚C was obtained
at σz =40 mJ/m2 (Murr’s data), δ=1155 mJ/m2 as shown in Fig.4.8.2.14. The γg value is
higher than the value of 900mJ/m2 suggested by Murr for non-strained Ni.
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Calculation of as-received Ni annealed at 1000˚C
by Gleiter model
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Fig.4.8.2.14 Fit of twin density-grain size relationships between the experimental data
and the calculation in the as-received Ni annealed at 1000˚C by Gleiter’s model
(σz =40 mJ/m2, δ=1155 mJ/m2)

It can be seen in Fig.4.8.2.15 that a good fit between the calculated “twin density-grain
size” relationship and experimental data of the 1 x 6% strained material recovery
annealed at 1000˚C was obtained at σz =40 mJ/m2, δ=1175 mJ/m2. Again the γg value
used is higher than the calculation of as-received material, which is due to the effect of
strain.
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S imulation of 1x6% strained samples annealed at 1000C
by Gleiter model
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Fig.4.8.2.15 Fit of twin density-grain size relationships between the experimental data
and the calculation in the 1x6% strained samples annealed at 1000˚C by Gleiter’s model
(σz =40 mJ/m2, δ=1175 mJ/m2)

4.8.3

The calculation of “Fsp-annealing time” relationship by JMAK equation

The “Fsp-annealing time” relationships of thermo-mechanical process are calculated by
a modified JMAK equation 4.8.3-1.
Fsp=A(1-exp(-Btn))

4.8.3-1

This model is used to describe the process of nucleation and grain growth, mainly
during recrystallization. Where A is proportionality constant, t is time, and B and n are
exponents.
Calculated results are compared with experimental data as below:
1) 1 x 6% strained samples annealed at 800, 900 and 1000˚C
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The calculated “Fsp-annealing time” relationships of 1 x 6% strained material annealed
at 800, 900 and 1000˚C are shown in Figure4.8.3.1-3. It can be seen that JMAK model
can predict the change of Fsp with the annealing time at different temperatures. Constant
A and n were fixed at A=0.6 and n=11.3. A good fit between the calculated and
experimental data was obtained by using B = 5 x 10-14 at 800˚C, B=6 x 10-11 for 900˚C
and B=5 x 10-9 at 1000˚C.
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Fig.4.8.3.1 The Fit of “Fsp-annealing time” relationship of 1 x 6% strained
material annealed at 800˚C (A=0.6, n=11.3, B=5 x 10-14)
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1x6% strain and 900C annealing
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Fig.4.8.3.2 The Fit of “Fsp-annealing time” relationship of 1 x 6% strained
material annealed at 900˚C (A=0.6, n=11.3, B=6 x 10-11)
1x6% strain and 1000C annealing
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Fig.4.8.3.3 The Fit of “Fsp-annealing time” relationship of 1 x 6% strained
material annealed at 1000˚C (A=0.6, n=11.3, B=5 x 10-9)
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The“-logB-annealing temperature” relationship of 1 x 6% strained material annealed at
different temperatures is shown in Fig.4.8.3.4. It can be seen that “-logB” changes
linearly with temperature.
The effect of annealing temperature on B at 1x6% strain
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Fig.4.8.3.4 “-logB-annealing temperature” relationship of 1 x 6% strained
material annealed at dfferent temperatures
2) 1 x 3%, 1 x 4.5%, 1 x 6% and 1 x 7.5% strained samples annealed at 800˚C
The calculated “Fsp-annealing time” relationships of, 1 x 3%, 1 x 4.5%, and 1 x 7.5%
strained samples annealed at 800˚C are shown in Fig.4.8.3.5-7. The constant A and n
were again fixed at A=0.6 and n=11.3. A good fit between calculation and experimental
data of 1 x 3% strained samples annealed at 800˚C was obtained by using B=1 x 10-16, 1
x 4.5% by using B=8 x 10-16 and 1 x 7.5% by using B=8 x 10-14.
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Fig.4.8.3.5: The Fit of “Fsp-annealing time” relationship of 1 x 3% strained
material annealed at 800˚C (A=0.6, n=11.3, B=1 x 10-16)
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Fig.4.8.3.6: The Fit of “Fsp-annealing time” relationship of 1 x 4.5% strained
material annealed at 900˚C (A=0.6, n=11.3, B=8 x 10-16)

250

1x7.5% strain and 800C annealing
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Fig.4.8.3.7 The Fitof “Fsp-annealing time” relationship of 1 x 7.5% strained
material annealed at 800˚C (A=0.6, n=11.3, B=8 x 10-14)
The effect of strain level on –logB is shown in Fig.4.8.3.8 and it can be seen that “logB” changes linearly with the level of strain.
The effect of stain on B at 800C annealing
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Fig.4.8.3.8 The “-logB-strain level” relationship of samples strained
at different levels and annealed at 800˚C
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The results indicate that the recovery anneal processing occurring with the strain levels
and heat treatments used in the thesis, may also be described by nucleation and growth
process.
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Chapter 5
CONCLUSIONS
The following conclusions were achieved relative to the Objectives outlined on page
72:
1) At a fixed strain level and temperature, the Fsp value of processed material was
increasing with annealing time and became nearly saturated in the end. As long as
the level of strain was higher than 3% and temperature higher than 800˚C, the Fsp
value of processed material would increase from original 30% to 80%. However,
there is no obvious increase in Fsp value of unstrained material annealed at the
same temperature.
2) At a fixed level of strain (1x6%), the Fsp values of samples annealed at 1000, 900
and 800˚C increased with annealing time and became a maximum with time. The
increase in Fsp values occurred and became a maximum earlier at higher
temperatures. The effect of temperature on the maximum Fsp value (always
around 77-79%) was small.
3) The material was strained in the range of 3~7.5% with 1.5% strain intervals and
annealed at 800˚C. The increase of Fsp value in 800˚C anneal occurred earlier at a
strain of 1x7.5% than at lower levels of strain and became a maximum
irrespective of the strain values.
4) The reaction between special-random boundaries accentuated the break-up of
random boundary networks in the strained material, compared to the unstrained
samples.
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5) TEM observations indicated there were considerable amount of dislocations
distributed near the grain boundary area after the Ni was strained at 6%. The
density of dislocations decreased with time during the 800˚C anneal.
6) On cycle of 6% strain and 800˚C anneal was effective in the increase of Fsp value
(from 30% to 80%). However, the multi-cycle (each cycle comprised of 1x6%
strain and 800˚C anneal for 22 minutes) processing did not result in an increase in
the Fsp value of Ni
7) Recrystallization occurred in the 1x25% strained samples annealed at 800˚C for 8
minutes. Further grain growth after recrystallization did not contribute to the
improvement of special boundary fractions and the break-up of boundary
networks.
8) Using the samples strained 1x25% annealed at 800˚C for 8 minutes as raw
material, conducting 1x6% strain and 900˚C anneal, the “Fsp-annealing time”
curve was the same as the other thermo-mechanical processed materials. This
leads considerable support to the proposal that strain induced grain growth is
critical to the formation of CSL boundaries..
9) Calculations by Gleiter’s model indicated that larger values of grain boundary
energy had to be used in the fit between data and theoretical curve, with the
increase of strain levels
10) The processing combination was obtained for the 1x7.5% strain, annealed at
800˚C for 14 minutes resulting improvement in Fsp to 75% and a small grain size
of 38µm.
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11) At strain values less than about 10%, the grain boundary migration energy during
thermomechanical processing comprised of a strain energy (distributed near grain
boundaries after deformation and within the grains) and thermal energy (provided
by the heat treatment process). The grain boundary dislocations were called
“geometrically necessary” by Ashby and the dislocations within the grain,
“statistically stored”. The thermal energy is the major driving force for grain
boundary migration, but its effect on the improvement of special boundary
fractions is limited. Strain energy is also important to the formation of CSL
boundaries, especially twin boundaries. High fractions of special grain boundaries
can be obtained when the contribution of these two energies are combined.
12) Note that the Fsp value is not only related to the grain growth but is related to the
combination of strain, temperature, time and grain growth. The contribution of
grain growth in the materials without strain to the improvement of Fsp is limited.
Only grain growth initiated by the combination of strain, thermal energy and time
is effective to the improvement of Fsp.
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Chapter 6
SUGGESTIONS FOR FUTURE WORK
1) Comparison of the tensile strength of thermo-mechanical processed materials
should be compared to the material without strain; the effect of a high special
grain boundary fraction combined with the change of corresponding grain size to
strength is worthwhile to be studied.
2) Process Ni-200 by the strain-anneal method and evaluate the affect of special
boundary fractions and grain size on welding properties.
3) Study the effect of particles, second phases and alloying elements on the rate of
grain boundary migration relative to the change of Fsp value and grain boundary
configurations. Set up theoretical models to describe experimental phenomena.
4) Conduct systematic research on the effect of thermo-mechanical processing
parameters including strain level, annealing temperature and annealing time to
grain boundary configurations and related process of grain growth to such more
popular used alloy such as alloy 718.
5) Study the effect of grain boundary configurations on mechanical, corrosion &
cracking resistance, welding, creep and fatigue properties of thermo-mechanical
processed Superalloys.

256

REFERENCES
[1] Gottstein G., Shvindkerman L. S., Grain boundary migration in metals,
CRC Press, 1999
[2] Wantanabe T., An approach to grain boundary design for strong and ductile
ploycrystals, Research Mechanica, Vol.11, 1984, pp. 47-84
[3] Watanabe T., Grain boundary design and control for high temperature
materials, Material Science and Engineering A166, 1993, pp. 11-28
[4] Watanabe T., The Potential for Grain Boundary Design in Materials
Development, Materials Science Forum, Vol.11, 1988, pp.284-303
[5] Hull Derek, Introduction to Dislocation, Pergamon Press, 1968
[6] http://mse-p012.eng.ohio-state.edu/~fraser/mse565/Grain_Boundaries.pdf
[7] Kronberg M.L. and Wilson F.H., Secondary recrystallization in copper,
Metals Transactions, Vol.185, 1949, pp.501-514
[8] Skidmore T., Buchhelt G., Juhas C., Grain boundary energy vs.
misorientation in Inconel 600 alloy as measured by thermal groove and OIM
analysis correlation, Script Materialia 50, 2004, pp.873-877
[9] Ranganathan S., On the geometry of coincidence-site lattices, Acta Cryst.,
21, 1966, pp.197
[10] Brandon, D.G., The structure of high-angle grain boundaries, Acta
Metallurgica, Vol.14, 1966, pp. 1479-1484,
[11] Palumbo G., Aust K.T. Lehocky, On a more restrictive geometric criterion for
“special” CSL grain boundaries, Script Materialia, Vol.38, No.11, 1998
pp.1685-1690
[12] Lee D.S., A grain boundary engineering approach to promote special boundaries
in Pb-based alloy, , Material Science and Engineering A354, 2003, pp.106-111
[13] Randle V., A methology for grain boundary plane assessment by singlesection trace analysis, Scripta mater. 44, 2001, pp. 2789–2794,
[14] Randle V., Paul Davies, Belinda Hulm, Grain-boundary plane reorientation
in copper, Philosophical Magazine A, Volume 79, February 1999, pp. 305-316
[15] http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_7/backbone/r7_1_2.html#_4

257

[16] Murr L.E., Interfacial phenomena in metals and alloys, AddisionWesley Publish Company, 1975
[17] http://mse-p012.eng.ohio-state.edu/~fraser/mse565/Grain_Boundaries.pdf
[18] Meyers M. A., Vohringer O. and Lubarda V. A., The onset of twinning in metals:
A constitutive description, Acta mater. 49, 2001, pp. 4025-4039
[19] Meyers M.A., Christian McCowan, The formation of annealing twins:
Overview and new thoughts, Proceedings of an International Symposium held in
conjunction with ASM’s Metals Congress and TMS/AIME Fall Meeting, Sept.
1984, pp.99,
[20] Humphreys J.F. and Hatherly M., Recrystallization and Related Annealing
Phenomenon, Elsevier Ltd, 2004
[21] Lawrence H. Friedman, Chrzan D. C., Scaling theory of the Hall-Petch relation
for multilayers, Physical review letters, Vol.81, No.13, 28 Sept.1998, pp. 27152718
[22] Li J. C. M., Petch relation and grain boundary sources, Transactions of the
metallurgical society of AIME, Vol.227, 1963, pp239-247
[23] Malis T., Tangri K., Grain boundaries as dislocation sources in the
premacroyield strain region, Acta Metallurgica, Vol.27, 1979, pp.25-32,
[24] Mayers M.A., Ashworth E., A model for the effect of grain size on the yield
stress of metals, Philosophical Magazine A, Vol. 46, No.5, 1982, pp.737-759
[25] Murr L. E. and Hecker S. S., Quantitative evidence for dislocation emission from
grain boundaries, Scripta Metall., Vol.13, 1979, pp.167
[26] Kurzydlowski K.J., Sangal S., and . Tangri K, The effect of small plastic
deformation and annealing on the properties of polycrystals: Part1, Experimental
observations, Metallurgical Transactions A, Vol.20A, Mar.1989, pp.471
[27] Suits J.C. and Chalmers B., Plastic microstrain in silicon-iron, Acta metal.,
Vol.12, 1961, pp.854
[28] Field D.P., Eames R.C., Lillo T.M., The role of shear stress in the formation of
annealing twin boundaries in copper, Scripta Materialia 54, 2006, pp.983-986
[29] Thompson A. W., The dependence of polycrystal work hardening on grain
size, Acta Metallurgica, Vol. 21, 1973

258

[30] Wantanabe T., Grain Boundary Design to develop strong and ductile
polycrystals, Acta Mater. Vol.47., No. 15, 1999, pp. 4187-4196
[31] Kurzydlowski K.J., Sangle S., Tangri. K., The effect of small plastic deformation
and annealing on the properties of polycrystals, Metallurgical Transactions A,
Vol. 20A, 1989, pp.471-477
[32] Pande C.S., Imam M.A, and Rath B.B., Study of annealing twins in FCC
metals and alloys, Metallurgical Transactions A, Vol.21A, 1990, pp.2891-2895
[33] Randle V., Hu Yan, The role of vicinal Σ3 boundaries and Σ9 boundaries in
grain boundary engineering, Journal of Materials Science 40, 2005
pp.3243-3246
[34] Gleiter H., The formation of annealing twins, Acta Metallurgica, Vol.17, 1969,
pp. 1421-1428
[35] Medlin D.L., Stobbs W.M., Weinberg J.D., Migration dynamics of A Σ3 (112)
boundary in aluminum, Mat. Res. Soc. Symp. Proc. Vol.319, 1994, pp.273-278
[36] Randle V., The influence of annealing twinning on microstructure evolution,
Journal of Materials Science 40, 2005, pp. 853-859
[37] Randle V., Mechanism of Twinning-Induced Grain Boundary Engineering
in Low Stacking-Fault Energy Materials, Acta Matialia, Vol.47, No.15, 1999,
pp.4187-4196
[38] Thomson C.B. and Randle V, The effect of strain annealing on grain boundary
and secure triple junctions in nickel-200, J. Mat. Sci., 1997, pp.1909
[39] Randle V., Hu Yan, The role of vicinal Σ3 boundaries and Σ9 boundaries in
grain boundary engineering, Journal of Materials Science 40, 2005
pp.3243 – 3246
[40] Randle V., The effects of thermomechanical processing on interfacial
crystallography in metals, Material Science Forum, Vol. 294-296, 1999, pp.5158
[41] Horton D., Thomson C.B. and Randle V., Aspects of twinning and
grain growth in high purity and commercially pure nickel, Materials Science
and Engineering, A203, 1995, pp.408-414,
[42] Thomson C.B., Randle V., A study of twinning in nickel, Script Materialia,
Vol.35, No.3, 1996, pp.385-390

259

[43] Thomson C. B. and Randle V., “Fine Tuning” at Σ3n boundary in nickel, Acta
Mater., Vol.45, No.12, 1997, pp.4909-4916
[44] Lim, L.C. and Raj, R., On the distribution of Σ for grain boundaries in
ploycrystalline nickel prepared by strain-annealing technique, Acta
Metalllurgica. Vol.32, No.8, 1984,1177-1181
[45] Lee S.-L., Richards N.L., The effect of single-step low strain and annealing
of nickel on grain boundary character, Material Science and Engineering A 390,
2005, pp.81-87
[46] Was, G.S., Thaveeprungsriporn V., and Crawford, D.C., Grain boundary
misorientation effects on creep and cracking in Ni-Based Alloys,
JOM, 1998, pp.44-49
[47] Kumar M., King W.E., Schwartz A.J., Microstructure evolution during
grain boundary engineering of low to medium stacking fault energy FCC
Materials, Acta Materialia, Vol.50, 2002, pp.2599-2612
[48] Kumar M., Wayne E. King and Adam J. Schwartz, Modifications to the
microstructural topology in F.C.C. materials through thermomechanical
processing, Acta Mater. Vol.48, 2000, 2081-2091
[49] Romero R.J., Murr L.E., Toque-related lamellar carbide growth associated
with annealing twins in 304 stainless steel, Acta Metall. Mater.Vol.43, 1995,
pp.461
[50] Palumbo, United States Patent 5817193, Oct, 1998
[51] Lee D.S., Ryoo H.S., Hwang S.K., A grain boundary engineering approach to
promote special boundaries in Pb-base alloy, Materials Science and Engineering
A354, 2003, pp.106-111
[52] Lee D.S., A grain boundary engineering approach to promote special boundaries
in Pb-based alloy, Material Science and Engineering A354, 2003, pp.106-111,
[53] Li Qiangyong, Guyot B.M., Richards N.L., Effect of processing parameters on
grain boundary modifications to alloy Inconel 718, Materials Science and
Engineering A 458, 2007, pp. 58–66

[54] Lee Sui-Lun, The effect of small strains & heat treatment processing sequence
on the formation of special grain boundaries in commercially pure nickel,
Master’s thesis, University of Manitoba, 2003

260

[55] Guyot B.M., Effect of cold working and isochronal annealing processing
parameters on special grain boundary fractions in commercially pure nickel,
Master’s thesis, University of Manitoba, 2003
[56] Lehockey, E.M., Palumbo, G., On the creep behaviour of grain boundary
engineered nickel, Materials Science & Engineering A, Vol 237, No.2, 1997,
pp. 168-172
[57] Thaveeprungsriporn, V., Was G.S., The role of coincidence-site-lattice
boundaries in creep of Ni-16Cr-9Fe at 360°C, Metallurgical and Materials
Transactions A, Vol.28A, No.10, 1997, pp. 2101-12
[58] Thaveeprungsriporn, V., Was, G.S., Grain boundary properties of Ni-16Cr-9Fe
at 360°C, Scripta Materialia, Vol.35, No.1, 1996, pp.1-8
[59] Watanabe, T., and Sadahiro T., The control of brittleness and
development of desirable mechanical properties in polycrystalline systems by
grain boundary engineering, Act materialia. Vol.47, No 15, 1999, pp.4187-4196
[60] Alexandreane B. and Was G. S., The role of stress on the efficacy of
coincident site lattice boundaries in improving creep and stress corrosion
cracking, Script Materialia 54, 2006, pp1047-1052
[61] Kokawa H. , Shimada M., Michiuchi M., Wang Z.J., Sato Y.S., Arrest of welddecay in 304 austenitic stainless steel by twin-induced grain boundary
engineering, Acta Materialia 55, 2007, pp.5401–5407
[62] Kokawa H., Weld decay-resistant austenitic stainless steel by grain boundary
engineering, Journal of Materials Science Vol.40, 2005, pp.927– 932
[63] Lehockey E.M., Palumbo G., and Lin P., Improving the weldability and
service performance of nickel and iron-based superalloys by grain boundary
engineering, Metallurgical and Materials Transactions A, Vol.29A, 1998,
pp.3069-3079
[64] Shvindlerman L.S., Gottstein G., Unexplored topics and potentials of grain
boundary engineering, Script Materialia, Vol.54, 2006, pp1041-1045,
[65] Gottstein G., Shvindlerman L.S., Grain boundary junction engineering, Script
Materialia Vol.54, 2006, pp1065-1070

261

[66] Krupp U., P. Wagenhuber E. G., Kane W. M. and McMahon C. J., Improving
resistance to dynamic embrittlement and intergranular oxidation of nickel based
superalloys by gain boundary engineering type processing, Material Science and
Technology, Vol21, No.11, 2005, pp.1247
[67] Ishibashi R., Horiuchi T., . Watanabe T, Effect of grain boundary character
distribution on stress corrosion cracking behavior in austenitic stainless
steels, Materials Science Forum Vol.475-479, 2005, pp.3863-3866
[68] Watanabe T., Tsurekawa S., Toughening of brittle materials by grain
boundary engineering, Material Science and Engineering A 387-389, 2004,
pp.447-455
[69] Watanabe T., Tsurekawa S., The control of brittleness and development of
desirable mechanical properties in polycrystalline systems by grain boundary
engineering, Acta mater. Vol.47, No.15, 1999, pp. 4171-4185
[70] Palumbo, G., King, P.J., Aust, K.T.Grain boundary design and control for
intergranular stress-corrosion resistance, Scripta Metallurgica et Materialia,
Vol.25, No. 8, 1991, pp.1775-80
[71] Gertsman V. Y., Bruemmer S. M., Study of grain boundary character along
intergranular stress corrosion crack paths in austenitic alloys, Acta Mater.
Vol.49, 2001, pp.1589–1598
[72] www.specialmetals.com
[73] TSL Operators Training Course, Mahwah, NJ, 2002
[74] Adam J. Schwartz, Mukul Kumar, and Brent L. Adams, Electron Backscatter
Diffraction in Material Science, Kluwer Academic/Plenum Publishers, 2000
[75] Alexandreanu Bogdan, and Was Gary S. A prior determination of the sampling
size for grain-boundary character distribution and grain-boundary analysis,
Philosophical Magazine A, Vol. 81, No. 8, 2001, pp.1951
[76] Murr L.E., Some observations of grain boundary ledges and ledges as dislocation
sources in metals and alloys, Met. Trans. 6A, 1975, pp.505
[77] Ashby M.F. The deformation of plastically non-homogeneous materials,
Philosophical Magazine, 1970, pp.399

262

APPENDIX A
OIM Grain Boundary and Connectivity Maps of
Processed Materials

263

Appendix A1 (a)-(f)-OIM maps of all boundaries-as-received material-1000˚C

(a) As-received Ni-200 annealed at 1000˚C for 2 minutes

(b) As-received Ni-200 annealed at 1000˚C for 4 minutes

(c) As-received Ni-200 annealed at 1000˚C for 6 minutes
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(d) As-received Ni-200 annealed at 1000˚C for 8 minutes

(e) As-received Ni-200 annealed at 1000˚C for 10 minutes

(f) As-received Ni-200 annealed at 1000˚C for 20 minutes
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Appendix A2 (a)-(f)-OIM maps of all boundaries-1x6%-1000˚C

(a) 1x6% strained sample annealed at 1000˚C for 2 minutes

(b) 1x6% strained sample annealed at 1000˚C for 4 minutes

(c) 1x6% strained sample annealed at 1000˚C for 6 minutes
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(d) 1x6% strained sample annealed at 1000˚C for 8 minutes, break-up of HAB network by
CSL boundaries are marked by arrows

(e) 1x6% strained sample annealed at 1000˚C for 10 minutes, boundaries comprised by HAB and
CSL boundaries alternately are marked by arrows
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Appendix A3 (a)-(f)-OIM maps of Σ3 boundaries-as-received material-1000˚C

(a) Σ3 map of As-received sample annealed at 1000˚C for 2 minutes

(b) Σ3 map of As-received sample annealed at 1000˚C for 4 minutes

(c) Σ3 map of As-received sample annealed at 1000˚C for 6 minutes
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(d) Σ3 map of as-received sample annealed at 1000˚C for 8 minutes

(e) Σ3 map of as-received sample annealed at 1000˚C for 10 minutes

(f) Σ3 map of as-received sample annealed at 1000˚C for 20 minute
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Appendix A4 (a)-(f)-OIM maps of Σ3 boundaries-1x6%-1000˚C

(a) Σ3 map of 1x6% strained sample annealed at 1000˚C for 2 minutes

(b) Σ3 map of 1x6% strained sample annealed at 1000˚C for 4 minutes

(c) Σ3 map of 1x6% strained sample annealed at 1000˚C for 6 minutes
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(d) Σ3 map of 1x6% strained sample annealed at 1000˚C for 8 minutes

(e) Σ3 map of 1x6% strained sample annealed at 1000˚C for 10 minutes

(f) Σ3 map 1x6% strained sample annealed at 1000˚C for 20 minutes
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Appendix A5 (a)-(e)-OIM maps of HAB boundaries-as-received material-1000˚C

(a) Random boundary map of as-received Ni-200 annealed at 1000˚C for 2 minutes

(b) Random boundary map of as-received Ni-200 annealed at 1000˚C for 4 minutes

(c) Random boundary map of as-received Ni-200 annealed at 1000˚C for 6 minutes
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(d) Random boundary map of as-received Ni-200 annealed at 1000˚C for 8 minutes

(e) Random boundary map of as-received Ni-200 annealed at 1000˚C for 10 minutes

(f) Random boundary map of as-received Ni-200 annealed at 1000˚C for 20 minutes
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Appendix A6 (a)-(f)-OIM maps of HAB boundaries-1x6%-1000˚C

(a) Random boundary map of 1x6% strained sample annealed at 1000˚C for 2 minutes

(b) Random boundary map of 1x6% strained sample annealed at 1000˚C for 4 minutes

(c) Random boundary map of 1x6% strained sample annealed at 1000˚C for 6 minutes
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(d) Random boundary map of 1x6% strained sample annealed at 1000˚C for 8 minutes

(e) Random boundary map of 1x6% strained sample annealed at 1000˚C for 10 minutes, arrows
show break-up of random boundaries
(f)

(f) Random boundary map of 1x6% strained sample annealed at 1000˚C for 20minute, arrows show
break-up of random boundaries
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Appendix A7 (a)-(e)-OIM maps of all boundaries-as received material-900˚C

(a) As-received Ni-200 annealed at 900˚C for 4 minutes

(b) As-received Ni-200 annealed at 900˚C for 6 minutes

(c) As-received Ni-200 annealed at 900˚C for 9 minutes
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(d) As-received Ni-200 annealed at 1000˚C for 13 minutes

(e) As-received Ni-200 annealed at 900˚C for 24 minutes
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Appendix A8 (a)-(e)-OIM maps of all boundaries-1x6%-900˚C

a) 1x6% strained sample annealed at 900˚C for 4 minutes

(b) 1x6% strained sample annealed at 900˚C for 6 minutes

(c) 1x6% strained sample annealed at 900˚C for 9 minutes
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(d) 1x6% strained sample annealed at 900˚C for 13 minutes

(e) 1x6% strained sample annealed at 900˚C for 24 minutes
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Appendix A9 (a)-(e)-OIM maps of Σ3 boundaries-as-received material-900˚C

(a) Σ3 map of as-received sample annealed at 900˚C for 4 minutes

(b) Σ3 map of as-received sample annealed at 900˚C for 6 minutes

(c) Σ3 map of as-received sample annealed at 900˚C for 9 minutes
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(d) Σ3 map of as-received sample annealed at 900˚C for 13 minutes

(e) Σ3 map of as-received sample annealed at 900˚C for 24 minutes
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Appendix A10 (a)-(e)-OIM maps of Σ3 boundaries-1x6%-900˚C

(a) Σ3 map of 1x6% strained sample annealed at 900˚C for 4 minutes

(b) Σ3 map of 1x6% strained sample annealed at 900˚C for 6 minutes

(c) Σ3 map of 1x6% strained sample annealed at 900˚C for 9 minutes

282

(d) Σ3 map of 1x6% strained sample annealed at 900˚C for 13 minutes

(e) Σ3 map of 1x6% strained sample annealed at 900˚C for 24 minutes
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Fig.A11 (a)-(e)-OIM maps of random boundaries-as-received material-900˚C

(a) Random boundary map of as-received Ni-200 annealed at 900˚C for 4 minutes

(b) Random boundary map of as-received Ni-200 annealed at 900˚C for 6 minutes

(c) Random boundary map of as-received Ni-200 annealed at 900˚C for 9 minutes
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(d) Random boundary map of as-received Ni-200 annealed at 900˚C for 13 minutes

(e) Random boundary map of as-received Ni-200 annealed at 900˚C for 24 minutes
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Appendix A12 (a)-(e)-OIM maps of random boundaries-1x6%-900˚C

(a) Random boundary map of 1x6% strained sample annealed at 900˚C for 4 minutes

(b)Random boundary map of 1x6% strained sample annealed at 900˚C for 6 minutes

(c) Random boundary map of 1x6% strained sample annealed at 900˚C for 9 minutes
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(d) Random boundary map of 1x6% strained sample annealed at 900˚C for 13 minutes

(e) Random boundary map of 1x6% strained sample annealed at 900˚C for 24 minutes
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Appendix A13 (a)-(e)-OIM maps of all boundaries-as received material-800˚C

(a) As-received Ni-200 annealed at 800˚C for 9 minutes

(b) As-received Ni-200 annealed at 800˚C for 14 minutes

(c) As-received Ni-200 annealed at 800˚C for 18 minutes
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(d) As-received Ni-200 annealed at 800˚C for 26 minutes

(e) As-received Ni-200 annealed at 800˚C for 30 minutes
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Appendix A14 (a)-(e)-OIM maps of all boundaries-1x6%-800˚C

(a) 1x6% strained sample annealed at 800˚C for 9 minutes

(b) 1x6% strained sample annealed at 800˚C for 14 minutes

(c) 1x6% strained sample annealed at 800˚C for 16 minutes

290

(d) 1x6% strained sample annealed at 800˚C for 20 minutes

(e) 1x6% strained sample annealed at 900˚C for 30 minutes
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Appendix A15 (a)-(e)-OIM maps of Σ3 boundaries-as received material-800˚C

(a) Σ3 image of as-received sample annealed at 800˚C for 9 minutes

(b) Σ3 image of as-received sample annealed at 900˚C for 14 minutes

(c) Σ3 image of as-received sample annealed at 800˚C for 18 minutes
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(d) Σ3 image of as-received sample annealed at 800˚C for 26 minutes

(e) Σ3 image of as-received sample annealed at 800˚C for 30 minutes
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Fig.A16 (a)-(e)-OIM maps of Σ3 boundaries-1x6%-800˚C

(a) Σ3 image of 1x6% strained sample annealed at 800˚C for 9 minutes

(b) Σ3 image of 1x6% strained sample annealed at 800˚C for 14 minutes

(c) Σ3 image of 1x6% strained sample annealed at 800˚C for 16 minutes
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(d) Σ3 image of 1x6% strained sample annealed at 800˚C for 20 minutes

(e) Σ3 image of 1x6% strained sample annealed at 800˚C for 30 minutes
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Appendix A17 (a)-(e)-OIM maps of random boundaries-as received material-800˚C

(a) Random boundary image of as-received Ni-200 annealed at 800˚C for 9 minutes

(b) Random boundary image of as-received Ni-200 annealed at 800˚C for 14 minutes

(c) Random boundary image of as-received Ni-200 annealed at 800˚C for 18 minutes

296

(d) Random boundary image of as-received Ni-200 annealed at 800˚C for 26 minutes

(e) Random boundary image of as-received Ni-200 annealed at 800˚C for 30 minutes
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Appendix A18 (a)-(e)-OIM maps of random boundaries-1x6%-800˚C

(a) Random boundary image of 1x6% strained sample annealed at 800˚C for 9 minutes

(b) Random boundary image of 1x6% strained sample annealed at 800˚C for 14 minutes

(c) Random boundary image of 1x6% strained sample annealed at 800˚C for 16 minutes
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(d) Random boundary image of 1x6% strained sample annealed at 800˚C for 20 minutes

(e) Random boundary image of 1x6% strained sample annealed at 800˚C for 30 minutes
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Appendix A19 (a)-(f)-OIM maps of all boundaries-1x3%-800˚C

(a) 1x3% strained sample annealed at 800˚C for 20 minutes

(b) 1x3% strained sample annealed at 800˚C for 22 minutes

(c) 1x3% strained sample annealed at 800˚C for 24 minutes
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(d) 1x3% strained sample annealed at 800˚C for 26 minutes

(e) 1x3% strained sample annealed at 900˚C for 28 minutes

(F) 1x3% strained sample annealed at 900˚C for 30 minutes
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Appendix A20 (a)-(f)-OIM maps of Σ3 boundaries-1x3%-800˚C

(a) Σ3 map of 1x3% strained sample annealed at 800˚C for 20 minutes

(b) Σ3 map of 1x6% strained sample annealed at 800˚C for 22 minutes

(c) Σ3 map of 1x3% strained sample annealed at 800˚C for 24 minutes
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(d) Σ3 map of 1x3% strained sample annealed at 800˚C for 26 minutes

(e) Σ3 map of 1x3% strained sample annealed at 800˚C for 28 minutes

(f) Σ3 map of 1x3% strained sample annealed at 800˚C for 30 minutes
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Appendix A21 (a)-(f)-OIM maps of random boundaries-1x3%-800˚C

(a) Random boundary map of 1x3% strained sample annealed at 800˚C for 20 minutes

(b) Random boundary map of 1x3% strained sample annealed at 800˚C for 22 minutes

(c) Random boundary map of 1x3% strained sample annealed at 800˚C for 24 minutes

304

(d) Random boundary map of 1x3% strained sample annealed at 800˚C for 26 minutes

(e) Random boundary map of 1x3% strained sample annealed at 800˚C for 28 minutes

(f) Random boundary map of 1x3% strained sample annealed at 800˚C for 30 minutes
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Appendix A22 (a)-(f)-OIM maps of all boundaries-1x4.5%-800˚C

(a) 1x4.5% strained sample annealed at 800˚C for 16 minutes

(b) 1x4.5% strained sample annealed at 800˚C for 20 minutes

(c) 1x4.5% strained sample annealed at 800˚C for 24 minutes
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(d) 1x4.5% strained sample annealed at 800˚C for 26 minutes

(e) 1x4.5% strained sample annealed at 800˚C for 28 minutes

(f) 1x4.5% strained sample annealed at 800˚C for 30 minutes
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Appendix A23 (a)-(f)-OIM maps of Σ3 boundaries-1x4.5%-800˚C

(a) Σ3 map of 1x4.5% strained sample annealed at 800˚C for 16 minutes

(b) Σ3 map of 1x4.5% strained sample annealed at 800˚C for 20 minutes

(c) Σ3 map of 1x4.5% strained sample annealed at 800˚C for 24 minutes
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(d) Σ3 map of 1x4.5% strained sample annealed at 800˚C for 26 minutes

(e) Σ3 map of 1x4.5% strained sample annealed at 800˚C for 28 minutes

(f) Σ3 map of 1x4.5% strained sample annealed at 800˚C for 30 minutes
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Appendix A24 (a)-(f)-OIM maps of random boundaries-1x4.5%-800˚C

(a) Random boundary map of 1x4.5% strained sample annealed at 800˚C for 16 minutes

(b) Random boundary map of 1x3% strained sample annealed at 800˚C for 20 minutes

(c) Random boundary map of 1x4.5% strained sample annealed at 800˚C for 24 minutes
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(d) Random boundary map of 1x4.5% strained sample annealed at 800˚C for 26 minutes

(e) Random boundary map of 1x3% strained sample annealed at 800˚C for 28 minutes

(f) Random boundary map of 1x4.5% strained sample annealed at 800˚C for 30 minutes
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Appendix A25 (a)-(f)-OIM maps of all boundaries-1x7.5%-800˚C

(a) 1x7.5% strained sample annealed at 800˚C for 8 minutes

(b) 1x7.5% strained sample annealed at 800˚C for 12 minutes

(c) 1x7.5% strained sample annealed at 800˚C for 14 minutes
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(d) 1x7.5% strained sample annealed at 800˚C for 16 minutes

(e) 1x7.5% strained sample annealed at 800˚C for 20 minutes

(f) 1x7.5% strained sample annealed at 800˚C for 30 minutes
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Appendix A26 (a)-(f)-OIM maps of Σ3 boundaries-1x7.5%-800˚C

(a) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 8 minutes

(b) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 12 minutes

(c) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 14 minutes
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(d) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 16 minutes

(e) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 20 minutes

(f) Σ3 map of 1x7.5% strained sample annealed at 800˚C for 30 minutes
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Appendix A27 (a)-(f)-OIM maps of random boundaries-1x7.5%-800˚C

(a) Random boundary map of 1x7.5% strained sample annealed at 800˚C for 8 minutes

(b) Random boundary map of 1x7.5% strained sample annealed at 800˚C for 12 minutes

(c) Random boundary map of 1x7.5% strained sample annealed at 800˚C for 14 minutes
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(d) Random boundary map of 1x7.5% strained sample annealed at 800˚C for 16 minutes

(e) Random boundary map of 1x7.5% strained sample annealed at 800˚C for 20 minutes

(f) Random boundary map of 1x7.5% strained sample annealed at 800˚C for 30 minutes
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Appendix A28 (a)-(f)-OIM maps of Σ3 boundaries-1x25%-800˚C

(a) 1x25% strained sample annealed at 800˚C for 8 minutes

(b) 1x25% strained sample annealed at 800˚C for10 minutes

(c) 1x25% strained sample annealed at 800˚C for 14 minutes
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(d) 1x25% strained sample annealed at 800˚C for 22 minutes

(e) 1x25% strained sample annealed at 800˚C for 30minutes
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Appendix A29 (a)-(f)-OIM maps of Σ3 boundaries-1x25%-800˚C

(a) Σ3 map of 1x25% strained sample annealed at 800˚C for 8 minutes

(b) Σ3 map of 1x25% strained sample annealed at 800˚C for 10 minutes

(c) Σ3 map of 1x25% strained sample annealed at 800˚C for 14 minutes
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(d) Σ3 map of 1x25% strained sample annealed at 800˚C for 22 minutes

(e) Σ3 map of 1x25% strained sample annealed at 800˚C for 30 minutes
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Appendix A30 (a)-(f)-OIM maps of random boundaries-1x25%-800˚C

(a) Random boundary map of 1x25% strained sample annealed at 800˚C for 8 minutes

(b) Random boundary map of 1x25% strained sample annealed at 800˚C for 10 minutes

(c) Random boundary map of 1x25% strained sample annealed at 800˚C for 14 minutes
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(d) Random boundary map of 1x25% strained sample annealed at 800˚C for 22 minutes

(e) Random boundary map of 1x25% strained sample annealed at 800˚C for 30 minutes
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Appendix A31 (a)-(e)-OIM maps of all boundaries-1x25%-800˚C 8 minutes 900˚C

(a) 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 6
minutes

(b) 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 8
minutes

(c) 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 10
minutes
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(d) 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 16
minutes

(e) 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 22
minutes
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Fig.A32 (a)-(e)-OIM maps of Σ3 boundaries-1x25%-800˚C 8minutes-900˚C

(a) Σ3 map of 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for
6 minutes

(b) Σ3 map of 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for
8 minutes

(c) Σ3 map of 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for
10 minutes
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(d) Σ3 map of 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 16
minutes

(e) Σ3 map of 1x25% strained sample annealed at 800˚C for 8min, then annealed at 900˚C for 22
minutes
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Appendix A33 (a)-(e)-OIM maps of random boundaries-1x25%-800˚C 8minutes-900˚C

(a) Random boundary map of 1x25% strained sample annealed at 800˚C for 8min, then annealed
at 900˚C for 6 minutes

(b) Random boundary map of 1x25% strained sample annealed at 800˚C for 8min, then annealed
at 900˚C for 8 minutes

(c) Random boundary map of 1x25% strained sample annealed at 800˚C for 8min, then annealed
at 900˚C for 10 minutes
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(d) Random boundary map of 1x25% strained sample annealed at 800˚C for 8min, then annealed
at 900˚C for 16 minutes

(e) Random boundary map of 1x25% strained sample annealed at 800˚C for 8min, then annealed
at 900˚C for 22 min
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Appendix A34 (a)-(e)-OIM maps of all boundaries-1x25%-800˚C 8 minutes 1x6%
900˚C

(a) 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6% strained
and annealed at 900˚C for 6 minutes

(b) 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6% strained
and annealed at 900˚C for 8 minutes

(c) 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6% strained
and annealed at 900˚C for 10 minutes
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(d) 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6% strained
and annealed at 900˚C for 16 minutes

(e) 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6% strained
and annealed at 900˚C for 22 minutes
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Appendix A35 (a)-(e)-OIM maps of Σ3 boundaries-1x25%-800˚C 8minutes-1x6%900˚C

(a) Σ3 map of 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6%
strained and annealed at 900˚C for 6 minutes

(b) Σ3 map of 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6%
strained and annealed at 900˚C for 8 minutes

(c) Σ3 map of 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6%
strained and annealed at 900˚C for 10 minutes
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(d) Σ3 map of 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6%
strained and annealed at 900˚C for 16 minutes

(e) Σ3 map of 1x25% strained sample recrystallization annealed at 800˚C for 8minutes, then 1x6%
strained and annealed at 900˚C for 22 minutes
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Appendix A36 (a)-(e)-OIM maps of random boundaries-1x25%-800˚C 8minutes-1x6%900˚C

(a) Random boundary map of 1x25% strained sample recrystallization annealed at 800˚C for 8
minutes, then 1x6% strained and annealed at 900˚C for 6 minutes

(b) Random boundary map of 1x25% strained sample recrystallization annealed at 800˚C for 8
minutes, then 1x6% strained and annealed at 900˚C for 8 minutes

(c) Random boundary map of 1x25% strained sample recrystallization annealed at 800˚C for 8
minutes, then 1x6% strained and annealed at 900˚C for 10 minutes
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(d) Random boundary map of 1x25% strained sample recrystallization annealed at 800˚C for 8
minutes, then 1x6% strained and annealed at 900˚C for 16 minutes

(e) Random boundary map of 1x25% strained sample recrystallization annealed at 800˚C for 8
minutes, then 1x6% strained and annealed at 900˚C for 22 minutes
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Appendix A37 (a)-(f)-OIM maps of all boundary types 1x6% 800˚C 22 minutes
multicycle

(a) One cycle

(b) One cycle and an extra anneal

(c) One cycle and two extra anneals
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(d) Two cycles

(e) Two cycles and an extra anneal

(f) Three cycles
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Appendix A38 (a)-(f)-OIM maps of Σ3 boundaries-1x6%-800˚C 22 minutes-multicycles

(a) One cycle

(b) One cycle and an extra anneal

(c) One cycle and two extra anneals
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(d) Two cycles

(e) Two cycles and an extra anneal

(f) Three cycles
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Appendix A39 (a)-(f)-OIM maps of random boundaries-1x6%-800˚C 22 minutes
multicycle

(a) One cycle

(b) One cycle and an extra anneal

(c) One cycle and two extra anneals
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(d) Two cycles

(e) Two cycles and an extra anneal

(f) Three cycles
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Appendix A40 (a)-(e)-OIM maps of all boundaries types for the strain free 718 alloy
annealed at 1100˚C

(a) As-received 718 before anneal

(b) As-received 718 annealed at 1100˚C for 6 minutes

(c) As-received 718 annealed at 1100˚C for 10 minutes
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(d) As-received 718 annealed at 1100˚C for 14 minutes

(e) As-received 718 annealed at 1100˚C for 30 minutes
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Appendix A41 (a)-(e)-OIM maps of all boundaries types for the 718 alloy processed by
1x6% strain and 1100˚C anneal

(a) 1x6% strain 718 alloy annealed at 1100˚C for 4 minutes

(b) 1x6% strain 718 alloy annealed at 1100˚C for 6 minutes

(c) 1x6% strain 718 alloy annealed at 1100˚C for 14 minutes
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(d) 1x6% strain 718 alloy annealed at 1100˚C for 24 minutes

(e) 1x6% strain 718 alloy annealed at 1100˚C for 30 minutes
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