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Abstract: The behaviour of pure polycrystalline cobalt in compressive deforma-
tion is influenced by the presence of high temperature fcc phase. To investigate
this influence samples are prepared using annealing at different temperatures
(600 °C-1100 °C) with ≈ 6-10% of residual fcc phase. Additional sets of samples
are also subjected to thermal cycling around the phase transformation temper-
ature for ten or twenty cycles with the goal of stabilising the microstructure
and creating material with no fcc fraction. Samples are tested in compression
and a decrease in ductility and strength is observed after the the fcc phase is
removed using thermal cycling. The interrupted deformation experiment shows
that the transformation is rather sluggish and the main contribution of fcc grains
to deformation is their ability to accommodate shape change. The presence of
71° boundaries also suggests that the transformation is not fully stabilised and
further thermal cycling could lead to further evolution of microstructure. Ad-
ditionally the slow transformation does not seem to produce detectable acoustic
emission (AE) signal. The energies of AE events (recorded mostly around the
yield point) follow a power law distribution. This is in line with recent inves-
tigations of the collective nature of dislocation motion and the avalanche-like
behaviour of dislocation ensembles.
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Introduction
The elementary principle of plastic deformation is the creation and motion or
propagation of crystal lattice defects. The deformation mechanisms may include
dislocations, stress induced twinning and martensitic transformation, and others.
The nature of these effects and their motion or propagation is inherently hetero-
geneous and discontinuous. For example dislocations move in increments of the
atomic spacing of a given material. Yet the deformation observed on a macro-
scopic scale is continuous exhibiting a smooth deformation curve, aside from cases
of plastic instabilities (Lüders bands, Portevin-Le Châtelier effect). Macroscopic
deformation is a combination of a very large number of defects and their mo-
tion, the dislocation density can reach the order of magnitude ∼ 1010 cm−2 or up
to ∼ 1016 cm−2 in heavily deformed materials [1]. It was though that together
microscopic defects average out to create macroscopically smooth and continu-
ous deformation. This approach considers interaction between dislocations to be
negligible and the contributions of defects independent of each other. This is in-
consistent with microscale observations, that have shown dislocation organising
into structures, driven by inter-dislocation interactions [2, 3]. Further research
showed that between macro and microscale, in the mesoscale region (distances
around the magnitude of µm), plastic deformation is accommodated by coop-
erative motion of large ensembles of crystal defects [4, 5]. This motion has a
avalanche-like character where the distribution of the sizes of avalanches usu-
ally follows a power law [6]. The dislocation avalanches exhibiting a scale free
behaviour and their sizes following a power law distribution point towards the
presence of self-organized criticality (SOC) in the system [7], an idea based on
fractal behaviour arising from interactions within dynamic systems.

Metals with a hexagonal close-packed (hcp) crystal structure find many ap-
plications as engineering materials in transportation and aerospace [8, 9, 10], bio-
materials for implants [11, 12, 13] or as nanomaterials [14, 15]. Success of these
applications depends on a deeper understanding of the mechanical behaviour of
these materials and how deformation is accommodated by the deformation mech-
anisms present depending on microstructure. This subject of research is made
more complex by the unique mechanical properties of hcp metals such as the
low number of independent slip systems and subsequent frequent activation of
twinning as an additional deformation mechanism. Pure cobalt is of particular
interest as it features an almost ideal c/a ratio, low stacking fault energy and
a significantly higher melting point compared to Mg, an hcp metal with similar
c/a ratio [16, 17]. Critical to the plastic behaviour of pure cobalt is the pres-
ence of high temperature martensitic transformation. Upon heating at around
the temperature of 673 K [17] the low temperature hcp phase transforms into a
high temperature face centered cubic (fcc) phase. Upon cooling after any high
temperature processing some of the fcc phase remains in the hcp material and
does further influence its deformation behaviour [18]. How this transformation
and the presence of fcc grains influences deformation is not yet fully understood.
Additionally studying the collective defect motion a propagation phenomena in
this complex situation can provide a new perspective on how this crystal defect
behaviour manifests.
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Motivation and Aim
The existing research on cobalt is rather limited. Some studies are quite old
a thus do not utilise more modern techniques especially in investigation of mi-
crostructure [16, 19, 20]. Other more recent studies focus on thin films [21],
nanostructured materials [22, 23, 24] or deformation only in tension [20, 25, 26,
27]. Also to the knowledge of the author there is not any work that presents
observations of statistical distributions of the magnitudes of elementary plastic
events in deformation of pure cobalt.

• The aim of this work is to expand this body of work with new experimental
insight based on modern techniques such as electron backscatter diffrac-
tion (EBSD) and AE on polycrystalline samples that are observed during
compressive deformation. Thus advancing the physical understanding of
deformation processes that contribute to plastic deformation in cobalt.

• Additional goal is to test the AE data for power law distribution and con-
firm whether cobalt fits within the observation made previously with this
developing technique. Of special interest is if the observed distributions
change depending on the presence of fcc phase.

• To obtain samples with different fcc fractions, thermal processing including
annealing and thermal cycling will be used. This work also aims at studying
the microstructure produced by these techniques and their effectiveness in
engineering a desired state in the material.
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1. Theoretical Background

1.1 Plastic deformation of hexagonal metals
The hcp crystal structure is one of the two structures derived from the closest
packing of spheres in three dimensions, the other being the fcc structure. Both of
these structures are made from planes of closest packed spheres, where each sphere
is surrounded by six other spheres. These planes are then stacked with spheres of
one plane fitting above and bellow the void between spheres of the adjacent planes.
There are two different positions such a plane can be placed in, with respect to an
other plane. These are commonly denoted B and C, with A denoting the reference
plane. From this come two ways to periodically arrange these closely packed
planes in space - ABABAB... and ABCABC... respectively. The ABABAB...
arrangement results in an hcp structure with a hexagonal symmetry and the
ABCABC... arrangement results in an fcc structure with cubic symmetry. The
unit cell of the hcp structure is defined by two lattice constants commonly denoted
a and c. In the ideal scenario following the closest packed spheres the ratio of
these two constants is c/a =

√︂
8/3. In real hcp materials, this ratio deviates from

the ideal.
When a metal is subjected to stress beyond the yield point σy, the material

starts to permanently change its shape. The observed macroscopic changes are
the collected result of microscopic crystallographic changes. One of the main
mechanisms of these changes is slip. During slip parts of the crystal lattice move
with respect to each other, which is the result of dislocations moving on a given
slip plane along a slip direction. Generally the most active slip system is the one
following the most closely packed plane and the most closely packed direction on
this plane. Another mechanism, common in hcp metals is twinning. Twinning
is a plastic deformation mechanism which causes a part of the crystal lattice to
transform into a lattice mirrored with respect to the twinning plane. Unlike slip,
twinning displaces larger number of atoms simultaneously by a fraction of atomic
spacing [28].

In pure metals with hcp crystal structure the main slip modes are basal
{0001}⟨112̄0⟩, prismatic {101̄0}⟨112̄0⟩, first pyramidal {1̄01̄1}⟨112̄0⟩ and second
pyramidal {112̄2}⟨112̄3⟩ [16]. These slip systems are illustrated in Figure 1.1.
Activation of slip modes depends on the critical resolved shear stress (CRSS),
which is a constant for a given material. Resolved shear stress is an applied
stress multiplied by the Schmid factor (SF) m,

m = cos φ cos λ, (1.1)

where φ is the angle between the applied uniaxial stress axis and the slip plane
normal and λ is the angle between the applied uniaxial stress axis and the slip
direction [29]. A slip system is activated once the resolved shear stress reaches
above the CRSS value. The symmetry of the hcp structure allows only for a
limited number of independent slip systems, compared to fcc metals for example.
Due to the symmetry present, basal and prismatic system both present only three
independent slip systems. For a homogeneous deformation of a polycrystalline
material another system incorporating the ⟨c⟩ direction is necessary [30, 31]. The
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second pyramidal slip system can play this role, but in most cases its CRSS is too
large for it to be effectively activated. This leads to the activation of twinning.
The {101̄2} twinning mode (Fig. 1.2) has the lowest CRSS in all hcp metals and is
the most commonly activated one [16, 32]. Unlike slip, the activation of twinning
depends on the loading direction. The {101̄2} twinning mode is also known as
extension twin since it accommodates extension in the c direction. Because of this
the {101̄2} twinning will be likely to activate in the case of tensile load along the
c direction or compressive load perpendicular to the c direction. Other twinning
modes less frequently observed in hcp metals are {101̄1} and {101̄3} twins in
magnesium and cobalt [27, 33, 34] or {112̄1} and {112̄2} twins in titanium and
zirconium [35, 36, 37].

(a) Basal (b) Prismatic (c) First pyramidal (d) Second Pyramidal

Figure 1.1: Illustration of slip modes observed in metals with hcp structure. The
slip plane is highlighted in red with an arrow showing the slip direction.

Figure 1.2: The geometric relation of the crystal lattice in parent and twinned
grain of the {101̄2} twinning mode. Added arrows illustrate the favourable load-
ing directions – tensile along c axis and compressive along the ⟨112̄0⟩ direction.

Metals with hcp structure are often divided into two groups by their c/a ratio.
Metals with c/a close to or higher than the ideal

√︂
8/3 ≈ 1.633 include Cd, Zn,

and Mg. These metals share a lower melting point (650 °C for Mg, or lower) and
their primary slip mode is basal, since the basal plane is the most closely packed
plane in this case. The other group are metals with c/a lower than the ideal.
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These are Zr, Ti and Be and their melting points are higher (1277 °C for Be or
higher). In this case the basal plane is not the most closely packed and therefore
the main slip system is prismatic [32], with the exception of Be [38]. Cobalt is
an exception to this division. It has c/a ratio very close to Mg. On the other
hand cobalt exhibits a higher melting point of 1495 °C and a high temperature
allotropic transformation like the elements with c/a ratio bellow ideal [16].

1.2 Cobalt
Cobalt possesses certain characteristics which make it somewhat stand out among
hcp metals. The c/a ratio of pure cobalt is ≈ 1.623 which is very close to the ideal
value of ≈ 1.633. Compared to magnesium with almost identical c/a ratio cobalt
has significantly higher melting temperature and lower stacking fault energy. The
stacking fault energy in cobalt is ≈ 31 mJ m−2 [17]. This is fairly low for a hcp
metal, for example the stacking fault energy of magnesium is ≈ 125 mJ m−2 [39].
This stacking fault energy causes dislocations in the close packed basal plane to
be extended and the distance between the partial dislocations to be long. The
result is a low probability of cross-slip into other slip planes. This contributes to
a lack of non-basal slip activity, which leads to more twinning activity.

Pure cobalt exhibits a martensitic phase transformation between a fcc high
temperature phase and a hcp low temperature phase. Equilibrium temperature of
this transformation is approximately 673 K [17]. This transformation stands out
among hcp metals as other hcp metals have either no high temperature phase or
body centered cubic (bcc) high temperature phase, making this transformation
a unique case [16]. The generally accepted theory explaining the mechanism
behind this transformation is present in [40]: during cooling the transformation
is accommodated by partial dislocations moving across every other closely packed
(111) plane in the fcc phase changing the arrangement of the closely packed planes
from ABCABC... into the ABABAB... arrangement of closely packed planes of
the hcp structure. Figure 1.3 illustrates this process. Associated austenite start
temperature AS can wary between 694 K and 720 K, while martensite start MS can
be between 692 K and 661 K [40]. After cooling some amount of the fcc phase may
be retained, the exact amount depends on many factors including thermal history,
internal stresses of the material and purity. It has been shown that the fraction
of fcc phase can be stabilised after thermal cycling around the transformation
temperature [41, 42, 43]. This suggests the possibility of manufacturing cobalt
with a well defined fraction of fcc phase free of the influence of all the previously
mentioned factors. This stabilisation can then progress further. Due to the
mechanism of the transformation a single fcc grain has four systems of {111}
planes and so four orientations of hcp phase can be created during deformation.
It is observed that initially a single fcc grain transforms into multiple grains
of hcp with c axes oriented along different ⟨111⟩ directions of the original grain.
After prolonged thermal cycling the transformation eventually develops to a point
where each fcc grain transforms into a single hcp grain of a given orientation due
to the process show in Figure 1.4 [40, 41, 44].
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Figure 1.3: Illustration of how the shifting of planes changes the structure of
cobalt from fcc to hcp. This shift is accommodated by the dissociation of perfect
dislocations in the {111} plane [45].

Figure 1.4: Simplified illustration of the process that takes place during thermal
cycling. Initially (a) the grain is broken into multiple smaller grains as arrays of
dissociating dislocations form in the four different sets of {111} planes. These ar-
rays then grow independently transforming the grain into multiple smaller parts.
During thermal cycling (b) and (c) smaller arrays of dislocations are limited in
motion or even fully pushed out and incorporated into the grain boundary. With
enough cycles (d), (e) the transformation evolves toward ideally only a single
stack of dislocations transforming it completely [40].

The main slip system observed in cobalt is the basal slip system. At the same
time there seems to be little evidence of any other slip system activating [16,
32]. This might be the combination of the low stacking fault energy in cobalt
making cross-slip difficult and the fact that non-basal planes undergo more sig-
nificant rearrangements during the fcc to hcp transformation, potentially erasing
dislocations and dislocation sources on non-basal planes. In cobalt as in other
hcp metals the most easily activated twinning mode is extension {101̄2} twin [16,
46]. There is approximately 86° misorientation between the twinned grains of this
system and the parent grain. The {101̄1}, {112̄1} and {101̄3} twinning modes
have also been reported in cobalt during tension [27, 47]. The {112̄1} twinning
mode with approximately 34° misorientation was also observed during compres-
sion [46]. The almost complete lack of secondary slip system in cobalt creates a
intriguing situation, where most of plastic deformation is accommodated just by
one slip system, usually one twinning mode and potentially transformation of any
remaining fcc phase. Each grain can then experience a different amount of slip or
twinning depending on its orientation in relation to the loading direction. In the
case twinning is activated, the new twin grain may be oriented more favourably
for basal slip and thus create more opportunities for further deformation.

7



1.3 Compression Testing
During a compression test the deformation behaviour of a sample is evaluated
under uniaxial compressive loading. The sample is placed between two pressure
plates in a mechanical testing machine and compressed under increasing force as
a function of constant-rate platen displacement. During the test the force F and
shortening ∆L of the sample are measured. These values are used to determine
engineering stress σ and engineering strain ε as:

σ = F

S0
, ε = ∆L

L0
, (1.2)

where S0 represents initial cross section of the sample, L0 represents initial length
of the sample. Plotting σ versus ε results in a engineering stress-strain diagram.
Fig. 1.5 illustrates a general shape of a stress-strain curve during a test with a
constant strain rate ε̇. The stress-strain relation is linear for small strains, where
the deformation is elastic. After exceeding yield stress σy the deformation enters
the plastic regime. In the plastic regime the stress at first increases with strain
until it reaches its maximum value called ultimate compressive strength (UCS).
At higher strains the stress decreases with strain until reaching the fracture of the
specimen. Since the transition from the elastic to the plastic regime is continuous,
yield stress is not uniquely defined. Most common definition of yield stress is σ0.2,
which is the stress, where strain is 0.2 % higher than elastic strain of the given
stress.

Figure 1.5: Common features of stress-strain curves.

For plastic deformation during which high strains are attained the cross section
and the length of the sample differ greatly from the initial values S0 and L0. For
this reason true strain σt and true stress εt are defined. True strain εt is defined
in differential terms as

dεt = dL

L
, (1.3)

where L represents the current length of the sample. The relation between engi-
neering strain ε and true strain εt is

εt =
∫︂ L

L0

dL

L
= ln L

L0
= ln L0 − ∆L

L0
= ln(1 − ε). (1.4)
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True stress σt is defined as
σt = F

S
, (1.5)

where S represents the current cross section of the sample. During deformation
the volume of the sample remains constant, thus L0 · S0 = L · S. Therefore,

σt = F

S
= F

S0

S0

S
= σ

L

L0
= σ(1 − ε). (1.6)

If the focus is on the plastic region of deformation, plastic strain can be used. To
determine plastic strain, the elastic modulus E = σ/ε must first be determined
by fitting the linear region of elastic deformation. After this for any point on the
deformation curve defined by its σ and ε, the plastic strain εp is determined as

εp = ε − σ

E
. (1.7)

The same procedure can be used to determine true plastic strain by using the
true values of stress and strain.

1.4 Acoustic Emission Technique
The AE technique is a non-destructive in-situ method, which has gained great
popularity in the last decades. The AE is elastic energy released during local,
irreversible changes in the microstructure of the materials such as those that
happen during plastic deformation and phase transformation in metals. This
energy travels through the material as an elastic wave. Once this wave reaches
surface of a sample its component perpendicular to the sample surface can be
detected with a piezoelectric sensor which is in contact with the sample surface.
The electric signal from the sensor can then be captured in real time and saved
for further study. Measuring AE can thus provide information about the process
of mechanical deformation in real time.

To measure AE signal during deformation a sensor is attached to the sample.
The signal from the microphone is then amplified in the preamplifier before en-
tering the AE system, which further amplifies the signal, converts from analogue
to digital and processes it, before sending the data to a connected PC for further
analysis (Fig. 1.6).

Figure 1.6: Diagram of typical AE measuring equipment.

Two elementary categories of AE signal can be distinguished: continuous and
discontinuous. During continuous signal the amplitude of the signal does not fall
under a given threshold for a longer period of time. Discontinuous signals are
on the other hand bursts well separated in time, often of much higher maximum
amplitude and energy. Continuous signal is associated with dislocation glide and
stress relaxation [48], but also with friction or machine noise. Discontinuous
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signal can be caused by nucleation of twins, crack initiation and propagation and
corrosion processes [49]. It has been shown that continuous signal is often a sum
of random overlapping pulses [50].

Traditionally AE signal is analysed using a parameter based approach. This
approach avoids storing the full record of AE data, by identifying significant AE
events and only storing parameters of these events. Figure 1.7 illustrates the
commonly used AE event parameters:

Figure 1.7: Scheme of AE event and its parameters.

These parameters are:

• Threshold. When the detected value of voltage goes above the defined
threshold, an event starts. This way noise between events is not recorded.

• Hit definition time (HDT). End of an event is defined by HDT. Once the
detected signal stays under the threshold for the duration of HDT the event
is ended.

• Hit lockout time (HLT). After the end of an event for the duration of HLT
no new event can be triggered. It is sometimes also referred to as dead time.
This is a measure which prevents the recording of sound reflections.

• Duration. Once an event ends, the time from its start to the beginning of
HDT is recorded as its duration.

• Counts. Refers to the number of times the observed signal crossed the
threshold during the duration of an event.

• Amplitude. Maximum voltage reached during an event.

• Energy. This can be defined in multiple ways. Most common is the area
under the amplitude curve of the signal during the duration of an event.
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Analysing AE signal using a parameter based approach minimised the amount
of stored data. With newer and better AE devices and generally more accessible
high capacity data storage it is also possible nowadays to record the raw signal.
Such signal can then be analysed again using the parameter based approach later
after the experiment, even multiple times. This way it is possible to tune the
parameters (threshold, HDT, HLT).

1.5 Power law statistics
Power law distributions are of a great importance as they appear in different
phenomena in many different branches of science. A quantity x obeys a power
law if its probability distribution is

p(x) ∝ x−α, (1.8)

where α is a constant parameter sometimes referred to as scaling parameter. In
practice only the tail of the distribution follows a power law while for x smaller
than a xmin it does not apply. It is often preferable to visualise the distribution
utilising the complementary cumulative distribution function (CCDF) P (x) de-
fined as P (x) = probability of(X ≥ x) as its visual form is less influenced by
fluctuations in the data especially in the tail end of the distribution. In the case
of power law, the CCDF is [51]

P (x) =
(︃

x

xmin

)︃−α+1
. (1.9)

While it is possible to find out the α parameter by applying least-squares linear
regression to a log-log plot of the probability histogram a more suitable approach
is to use maximum likelihood estimators (MLE) method [51]. The MLE for α in
the case of n measured points is

αML = 1 + n

[︄
n∑︂

i=1
ln xi

xmin

]︄−1

, (1.10)

where xi are observed values of x such that xi ≥ xmin [52]. To fit empirical data
with a power law it is also necessary to estimate the xmin parameter. A method
proposed in [53] estimates the x̂min value by Kolmogorov-Smirnov (KS) statistic
[54] minimisation. The KS statistic is the maximum distance between the data
and the fitted model. For each possible xmin value the KS statistic is calculated
and the lowest values is chosen.

Well suited experimental technique to observe the power laws present in plastic
deformation is AE. The scale spectrum of crystal defect avalanches that can be
observed using AE is very wide and the first ever evidence of this behaviour
measured on crystal ice was detected using AE [55]. The power law distributions
are found in the distributions of the amplitude of AE events squared as the
amplitude squared is proportional to the energy of the event E ∝ A2. This is
based on the estimate of energy dissipated by a single screw dislocation E ∝
L2b2v2, where L is length of the dislocation, v the average velocity, and b its
Burgers vector [56]. At the same time the amplitude of the elastic wave generated
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by a dislocation avalanche follows the proportionality A ∝ Lbv [57]. Further
research showed the presence of power law distributions in a wide variety of
materials [6, 58, 59, 60]. The coefficients of the observed distributions seemed to
be in the range of α ≈ 1.5 − 1.8 independent of material or structure, giving rise
to a universality conjecture [61]. A change in power law coefficients outside of
this range was observed in the case of crystal ice [57, 62, 63] and during plastic
instabilities [5, 64, 65].

1.6 SEM and EBSD
Scanning electron microscopy (SEM) is an experimental method utilising a beam
of accelerated electrons to scan point by point over the surface of the sample.
Electrons that impact the sample interact with the material in an interaction
volume bellow the point of impact and then exit the sample. These electrons
are then collected to create an image. Figure 1.8 illustrates the basic structure of
SEM. Electrons are emitted from a source and accelerated by an electric field and
pass through multiple apertures and magnetic lenses to create a uniform focused
beam. The interactions between the impacting electrons and the sample cause
emission of electrons and photons that are detected in multiple different ways.
The two most commonly used modes of observation are secondary electrons (SE)
and back-scattered electrons (BSE). SE are electrons that leave an atom in the
sample after they receive energy from a beam electron inelastically interacting
with the atom. These SE have generally lower energy and can only escape from
the region closest to the surface. The SE detector is usually placed to the side
of the chamber and attracts these slower electrons using a mesh with positive
potential. BSE are beam electrons that are reflected from the sample via elastic
scattering and can escape even from deeper regions of the sample. Most BSE will
exit the sample moving in a direction close to the reverse of the beam. Because of
that detectors of BSE are often a ring around where the beam enters the specimen
chamber.

Figure 1.8: Schematic of SEM.

A more advanced SEM technique for studying the crystallographic structure
of material is EBSD. To observe EBSD the sample is rotated and the beam re-
flected from the sample to a phosphorescent screen combined with a low-light
camera. Electrons are scattered in different directions with different energies
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upon impact. Those that fulfil the condition set by the Bragg’s law will then
diffract on the crystal’s periodic lattice. The cone of diffracted electrons inter-
sects with the screen of the EBSD camera, tracing a hyperbola across the screen,
which can be approximated as a straight line. These lines are know as Kikuchi
lines. The Kikuchi pattern of lines observed by the EBSD camera can then be
further digitally processed and crystallographic orientation for each point can be
extracted. This results in an orientation map, where crystallographic orientation
is determined for each point/pixel. This can be used to determine grain size, by
defining continuous regions of almost identical orientation as grains and determin-
ing the distribution of grain sizes represented on the map. Twins can be detected
on the map by having the software detect boundaries between grains that fulfil
the geometric relations of twin and the parent grain, which are exactly defined
for each twinning mode. In the case of dislocations, unlike transmission electron
microscopy SEM in general does not have the resolution necessary to detect in-
dividual dislocations. But the kernel average misorientation (KAM) technique
can be used to infer the density of geometrically necessary dislocations, as it is
proportional to local misorientation [66, 67]. KAM of a given point is calculated
by determining the misorientation between the point and each adjacent point
and these misorientations are then averaged. It is also possible to calculate KAM
using second or further neighbours.
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2. Materials and Methods
Samples studied in this work were cut from as-drawn pure cobalt. These rods
were purchased from Goodfellow Cambridge Ltd. (Huntingron, England). The
purity of the material was 99.9 %, with quoted impurities being (in ppm): Fe -
180, Ni - 800, C - 30, S - 150. These rods were 200 mm long and their diam-
eter was 6.35 mm. The initial microstructure before any thermal processing is
captured in Figure 2.1. The as-drawn cobalt material has grain size of ≈ 9 µm,
fcc fraction of ≈ 2 %, texture commonly seen in extruded hcp materials [68]
as was determined using the methods described further in this chapter. Three
sets of six sample types each were cut from these rods, each a cylinder with a
height of 9 mm. All samples were annealed using the vertical furnace Nabertherm
RHTV 120-600 (Lilienthal, Germany) for 1 h under vacuum and water-quenched.
The annealing temperatures were between 600 °C and 1100 °C with 100 °C step
and each set contained one sample type per annealing temperature. The second
and third sets were further subjected to thermal cycling around the cobalt phase
transformation temperature in order to stabilise the transformation as discussed
in Section 1.2 and create samples with well defined fcc fraction. The thermal cy-
cling was performed using the Linseis L75 PT vertical thermodilatometer (Selb,
Germany), under an Ar atmosphere. One thermal cycle consisted of heating from
300 °C to 550 °C at the rate of 5 °C min−1 and cooling back to 300 °C at the same
rate. The second set of samples was subjected to 10 such cycles, while the third
set was subjected to 20 cycles. During cycling thermodilatometry (TD) data was
also recorded. For the remainder of this work the following naming scheme will
be used for these samples: coxxxx-yyc, where ”xxxx” is replaced by the annealing
temperature of the sample and ”yy” is replaced with the number of cycles. Sam-
ples that were not subjected to thermal cycling will just be labelled as ”coxxxx”.
An additional set of samples in the shape of small discs weighting ≈ 30 mg were
cut and subjected to differential scanning calorimetry (DSC) under the thermal
cycling conditions described above. Figure 2.2 shows the data measured during
TD and DSC. It is observed that with increasing number of cycles the heat flow
and length change profiles change. This evolution is more pronounced during
the first few cycles. With additional cycles the evolution slows down, consistent
with the stabilisation of the transformation. The cooling peak in DSC is visibly
lower and wider compared to the heating peak. This suggest that the marten-
sitic fcc to hcp transformation is slower compared to the austenitic hcp to fcc
transformation.

Microstructure of the samples was investigated using EBSD. Before any SEM
observations the samples were prepared by grinding using increasing grit emery
papers and polishing using diamond suspensions with decreasing particle sizes
down to 1 µm. The final step was ion etching performed using Leica EM RES102
(Leica Mikrosysteme, Wetzlar, Germany). The SEM used for the measure-
ments was ZEISS Auriga Compact FIB-SEM (Jena, Germany), equipped with
the EDAX EBSD camera (Berwyn, Pennsylvania, USA). Two sets of measure-
ments were performed. The first consisted of 400 × 400 µm2 area maps collected
with a step size of 0.4 µm. The purpose of this set of maps was to measure the
volume fraction of the residual fcc phase. The second set of EBSD maps was col-
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(a)

(b)

Figure 2.1: Orientation map (a) and inverse pole figure (IPF) (b) of the as-drawn
material. The map plane is perpendicular to the drawing direction of the rod
(lengthwise along the rod).

lected with area of 1000×2000 µm2 with step size of 1.5 µm to measure grain size
and texture of the hcp phase. The reason behind repeating the measurement with
different scan and step size was the difference in grain size as the hcp grains were
significantly larger than the fcc grains. The IPFs of selected thermally treated
samples are shown in Figure 2.3. The IPFs were generated from the EBSD data
using harmonic series expansion up to the rank 16. It can be seen that after
annealing at the lowest temperature of 600 °C the initial texture present in the
as-drawn material disappears likely due to recrystallization. Further thermal cy-
cling does not create any new considerable texture component either. Thus, all
the thermally treated samples exhibit a rather random grain orientation. The
EBSD data was further cleaned and processed using the EDAX OIM TSL 7 soft-
ware. The cleanup consisted of one step of confidence index (CI) standardisation,
one step of phase neighbour correlation and one iteration of grain dilatation. For
further analysis only points with CI of 0.1 and higher were chosen. For the pur-
pose of both grain size calculation and cleanup, misorientation higher than 15°
was considered a grain boundary [69]. Average grain size was weighted by area
fraction of the grains. Phase maps were generated automatically by the software
by choosing hcp or fcc depending on which fits the observed pattern better.

The compression tests were performed using the Instron 5882 (Northwood,
Massachusetts, USA) universal testing machine at room temperature and with
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(a) TD (b) DSC

Figure 2.2: The evolution of (a) TD and (b) DSC during thermal cycling. Data
captured during selected cycles are shown.

initial strain rate of ε̇ = 10−3 s−1. To lower the friction between the sample
and the testing machine and prevent barrelling, Apiezon M grease was applied.
The machine stiffness was subtracted from measured data before subsequent pro-
cessing. Several tests were performed to verify the results could be replicated.
The systematic error was determined to be 3 %. During deformation AE data
were also acquired using the PICO sensor, 2/4/6 - switch selectable preamplifier
and the PCI-2 board (Physical Acoustics, New Jersey, USA). The sensor was at-
tached to the specimen holding jaws as close to the sample as possible. The full
raw waveform was recorded to allow for more options of further processing. Event
detection and parametrization was performed using custom script in MATLAB
(The MathWorks, Inc.). For the event detection HDT of 10 µs and HLT of 500 µs
were used to optimise the data for probability distribution fitting. The low set-
ting of HDT is set to prevent multiple burst signals combining into a single event.
Threshold was set at 0.05 V to prevent background noise and continuous signal
to trigger event detection. For the samples co600 – co1000 with lower ampli-
tudes of AE events, the threshold was set lower down to 0.01 V to extract enough
events, while still avoiding the lower continuous background observed in these
samples. The distributions of amplitudes of AE events have to been shown to be
quite robust against the change of these parameters [70]. Fitting of probability
distributions with a power law was done using the powerlaw package [71]. This
package uses MLE fitting method as described in [51]. The distribution with the
fitted function are displayed as CCDF with logarithmic binning.

An additional set of interrupted compression tests combined with EBSD was
performed in order to analyse the activity of different deformation mechanisms
in relation to the microstructure of selected samples. For the purpose of these
test the samples co600, co800, co1100 and co1100-20c were chosen. Three sam-
ples were chosen to observe the effect of annealing temperature and the resulting
microstructure. The last sample co1100-20c was chosen as a representative of
thermally cycled samples. These samples were first prepared for EBSD follow-
ing the same procedure of EBSD preparation as described above. First an EBSD
measurement was performed on the initial undeformed state of each sample. Sub-
sequently a sample was removed from the SEM and placed in the testing machine,
deformed to 1 % strain and moved back into the SEM for another EBSD mea-
surement. This process was also repeated for strains of 4 %, 10 %, 20 % and
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(a) co600 (b) co600-10c (c) co600-20c

(d) co800 (e) co800-10c (f) co800-20c

(g) co1000 (h) co1000-10c (i) co1000-20c

Figure 2.3: Textures of selected samples shown on IPF.

30 %. After the initial measurement, every subsequent EBSD map was taken
from the same area on the surface of the sample. All EBSD maps were collected
with area of 400×400 µm2 and with step size of 0.4 µm. The EBSD data was fur-
ther cleaned and processed using the EDAX OIM TSL 7 software. The cleanup
consisted of one iteration of NPAR, reindexing points with CI lower than 0.1,
one step of CI standardisation and one iteration of grain dilation. Throughout
the entire process, misorientation higher than 15° was considered a grain bound-
ary [69]. Only points with CI higher than 0.1 were chosen for further analysis.
Data cleaned up using only NPAR were used for the purpose of KAM analysis.
KAM analysis was carried out with 5° misorientation between neighbours as the
cutoff. This cutoff is implemented to exclude grain boundaries from the KAM
calculation.
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3. Results

3.1 Sample Characterisation
The effect of thermal preparation including annealing and annealing combined
with thermal cycling on the microstructure of the samples was observed using
EBSD. The orientation maps and phase map acquired this way are in Figures
3.2 and 3.3 for annealed samples, Figures 3.4 and 3.5 for ten thermal cycles,
Figures 3.6 and 3.7 for twenty cycles. From these observations and the additional
larger maps the grain size and fraction of the high temperature fcc phase was
deduced. The resulting values are listed in Table 3.1. Figure 3.8 illustrates the
measured grain size for samples annealed at different temperatures. Without
thermal cycling a clear dependence on annealing temperature can be observed
together with grain size increase compared to the initial as drawn state. The
observed grain size increases from ≈ 22 µm for the co600 sample to ≈ 47 µm for
the co1100 sample. This dependence is still mostly retained after thermal cycling
for ten cycles. For this set of samples the grain size is between ≈ 50 µm for the
co700-10c sample and ≈ 70 µm for the co1100-10c sample. The co600-10c is an
outlier with grain size of ≈ 31 µm. After thermal cycling for twenty cycles there is
not a strong dependence of grain size on the temperature used during annealing
before thermal cycling. The grain size increases compared to the state after ten
cycles and is in the range from ≈ 59 µm to ≈ 68 µm. As can be seen in Figure
3.9, after annealing the samples retain between ≈ 6 % and ≈ 11 % of residual
high temperature fcc phase. There is no clear relationship between the amount
of fcc phase and the annealing temperature. After thermal cycling for ten or
twenty cycles the amount of fcc phase present in the samples is reduced to < 1 %
for all samples. The sample co600-10c is, again, an outlier with slightly higher
fcc fraction. This seems to indicate that at twenty thermal cycles a well defined
microstructure is reliably produced.

Figure 3.1: A key for the following orientation and phase maps. The map plane
in all the EBSD maps in this section is perpendicular to the drawing direction of
the rod.
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(a) co600 (b) co700

(c) co800 (d) co900

(e) co1000 (f) co1100

Figure 3.2: Orientation maps of samples after annealing acquired using EBSD.
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(a) co600 (b) co700

(c) co800 (d) co900

(e) co1000 (f) co1100

Figure 3.3: Phase maps of samples after annealing processed from EBSD.
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(a) co600-10c (b) co700-10c

(c) co800-10c (d) co900-10c

(e) co1000-10c (f) co1100-10c

Figure 3.4: Orientation maps of samples after annealing and ten thermal cycles
acquired using EBSD.
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(a) co600-10c (b) co700-10c

(c) co800-10c (d) co900-10c

(e) co1000-10c (f) co1100-10c

Figure 3.5: Phase maps of samples after annealing and ten thermal cycles pro-
cessed from EBSD.
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(a) co600-20c (b) co700-20c

(c) co800-20c (d) co900-20c

(e) co1000-20c (f) co1100-20c

Figure 3.6: Orientation maps of samples after annealing and twenty thermal
cycles acquired using EBSD.
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(a) co600-20c (b) co700-20c

(c) co800-20c (d) co900-20c

(e) co1000-20c (f) co1100-20c

Figure 3.7: Phase maps of samples after annealing and twenty thermal cycles
processed from EBSD.
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Table 3.1: Microstructural data of the samples as measured from the EBSD data.

Sample Grain size [µm] fcc Fraction %
co600 22(3) ∼6
co700 26(1) ∼10
co800 32(2) ∼8
co900 32(2) ∼11
co1000 39(8) ∼11
co1100 47(4) ∼6
co600-10c 31(2) ∼1
co700-10c 50(1) <0.5
co800-10c 51(3) <0.5
co900-10c 51(3) <0.5
co1000-10c 57(1) <0.5
co1100-10c 70(2) <0.5
co600-20c 65(2) <0.5
co700-20c 59(5) <0.5
co800-20c 59(1) <0.5
co900-20c 59(1) <0.5
co1000-20c 68(2) <0.5
co1100-20c 67(4) <0.5

Figure 3.8: Grain size dependence on thermal preparation. Annealing temper-
ature of the initial annealing is on the x axis. Subsequent thermal cycling is
indicated by the colour of the points.
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Figure 3.9: Effect of thermal preparation on residual fcc fraction. Annealing
temperature of the initial annealing is on the x axis. Subsequent thermal cycling
is indicated by the colour of the points.

3.2 Deformation tests
Figure 3.10 shows deformation curves of all annealed samples without thermal
cycling. Table 3.2 contains the values of εmax, σmax and σ0.2 for each type of tested
sample. The σ0.2 values of annealed samples decrease monotonously with higher
annealing temperature from ≈ 422 MPa to ≈ 269 MPa. Opposite trend is present
in εmax values, which increase with higher annealing temperature from ≈ 32 % to
≈ 38 %. The value of σmax varies slightly between ≈ 961 MPa and ≈ 1024 MPa
and it does not show a clear dependence on annealing temperature. The σmax of
the co600 sample is an outlier at ≈ 1091 MPa. Figure 3.11 shows deformation
curves of all samples thermally cycled for ten cycles. Already there does not
seem to be any clear dependence of mechanical properties on previous annealing
temperature. The values of εmax are between ≈ 27 % and ≈ 32 % and noticeably
lower than in the not thermally cycled samples. A decrease is also observed in
σmax with values between ≈ 885 MPa and ≈ 926 MPa. The values of σ0.2 are all
close to the σ0.2 of co1100 with values ranging from ≈ 257 MPa to ≈ 287 MPa.
Even the sample co600-10c which was an outlier in observed microstructure does
not seem to vary significantly. Figure 3.12 shows deformation curves of all samples
thermally cycled for twenty cycles. The values of εmax are again independent of
previous annealing temperature and range from ≈ 25 % to ≈ 28 %. Similarly the
values of σmax are also independent of previous annealing temperature and slightly
lower than those for samples that were subject to ten cycles. These values range
between ≈ 863 MPa and ≈ 885 MPa. The values of σ0.2 of samples that have
undergone twenty thermal cycles are in a similar range to those of samples that
have been thermally cycled ten times, this range being ≈ 254 MPa to ≈ 276 MPa.
It is observed that after twenty cycles the deformation curves of all samples are
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even more similar. The change of the observed deformation curves after thermal
cycling is illustrated on samples co1100, co1100-10c, co1100-20c in Figure 3.13.

Table 3.2: The values of εmax, σmax, σ0,2 measured from deformation testing.

Sample εmax % σmax [MPa] σ0,2 [MPa]
co600 32(1) 1091(33) 422(13)
co700 33(1) 961(29) 312(9)
co800 36(1) 984(30) 290(9)
co900 39(1) 1024(31) 283(8)
co1000 38(1) 1014(30) 274(8)
co1100 38(1) 1008(30) 269(8)
co600-10c 29(1) 918(28) 287(9)
co700-10c 32(1) 926(28) 277(8)
co800-10c 29(1) 895(27) 257(8)
co900-10c 27(1) 887(27) 261(8)
co1000-10c 31(1) 885(27) 267(8)
co1100-10c 32(1) 894(27) 276(8)
co600-20c 25(1) 879(26) 276(8)
co700-20c 28(1) 885(27) 268(8)
co800-20c 26(1) 878(26) 268(8)
co900-20c 28(1) 879(26) 259(8)
co1000-20c 26(1) 863(26) 267(8)
co1100-20c 27(1) 864(26) 254(8)

Figure 3.10: The deformation curves of all samples that have been annealed
without thermal cycling.
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Figure 3.11: The deformation curves of all samples that have been annealed and
subjected to ten thermal cycles.

Figure 3.12: The deformation curves of all samples that have been annealed and
subjected to twenty thermal cycles.
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Figure 3.13: Chosen deformation curves illustrating the effect of thermal cycling
on mechanical properties.

3.3 Acoustic emission
Figure 3.14 shows the evolution of maximum amplitude of AE events during de-
formation of annealed samples on a logarithmic scale. The graphs also show a
curve of engineering strain for comparison. Nearly all activity (aside from crack-
ing induced AE observed at the end of the experiment) is concentrated in the
early stages of deformation. The amplitudes are already high during the elastic
phase of the deformation and events continue to be detected beyond yield point.
After this active interval only a few sporadic events appear until cracking and
the end of the test. Maximum amplitude observed increases with higher anneal-
ing temperature. As can be seen in Figures 3.15 3.16, samples that were also
subjected to thermal cycling show both slightly higher amplitudes and longer
window of activity compared to the co1100 sample. As is the case with deforma-
tion curves, there is no significant dependence on previous annealing temperature
observed for these thermally cycled samples. Unlike deformation curves there is
not a significant dependence on the number of cycles. Figure 3.17 shows the
CCDF distribution of amplitude of events squared A2 fitted with a power law
for annealed samples. All of these distributions exhibit the fitted coefficient αML
from ≈ 1.87 to ≈ 1.95. The tail end of the distributions falls off the fitted curve.
This is a common feature of power law distributions, as by the definition of CCDF
the distribution ends at zero. At the same time the probability of large events
is limited by the finite size of the sample and grains in the sample. Figures 3.18
and 3.19 show the distribution of A2 for samples that were subject to ten and
twenty cycles of thermal cycling respectively. The fitted coefficients αML are lower
after thermal cycling. After ten cycles the coefficients αML range from ≈ 1.70 to
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≈ 1.87. In the case of samples subjected to twenty cycles the range is from ≈ 1.77
to ≈ 1.86, which is within the range of αML of samples cycled for ten cycles. All
of the αML values are summarised in Table 3.3.

(a) co600 (b) co700

(c) co800 (d) co900

(e) co1000 (f) co1100

Figure 3.14: Amplitude of AE events on a logarithmic scale in relation to time
with deformation curve added for comparison for each type of annealed sample.
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(a) co600-10c (b) co700-10c

(c) co800-10c (d) co900-10c

(e) co1000-10c (f) co1100-10c

Figure 3.15: Amplitude of AE events on a logarithmic scale in relation to time
with deformation curve added for comparison for samples that have been annealed
and thermally cycled for ten cycles.
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(a) co600-20c (b) co700-20c

(c) co800-20c (d) co900-20c

(e) co1000-20c (f) co1100-20c

Figure 3.16: Amplitude of AE events on a logarithmic scale in relation to time
with deformation curve added for comparison for samples that have been annealed
and thermally cycled for twenty cycles.
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(a) co600 (b) co700

(c) co800 (d) co900

(e) co1000 (f) co1100

Figure 3.17: Power law fitted distributions observed in the values of amplitude
squared of AE events for each type of annealed sample.
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(a) co600-10c (b) co700-10c

(c) co800-10c (d) co900-10c

(e) co1000-10c (f) co1100-10c

Figure 3.18: Power law fitted distributions observed in the values of amplitude
squared of AE events for samples that have been annealed and thermally cycled
for ten cycles.
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(a) co600-20c (b) co700-20c

(c) co800-20c (d) co900-20c

(e) co1000-20c (f) co1100-20c

Figure 3.19: Power law fitted distributions observed in the values of amplitude
squared of AE events for samples that have been annealed and thermally cycled
for twenty cycles.

Table 3.3: The αML coefficients obtained through fitting of the A2 distributions.

Sample αML Sample αML Sample αML

co600 1.87 co600-10c 1.80 co600-20c 1.78
co700 1.90 co700-10c 1.87 co700-20c 1.81
co800 1.92 co800-10c 1.81 co800-20c 1.83
co900 1.95 co900-10c 1.80 co900-20c 1.86
co1000 1.89 co1000-10c 1.73 co1000-20c 1.77
co1100 1.92 co1100-10c 1.70 co1100-20c 1.80
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3.4 Interrupted deformation
Four selected types of samples were also investigated using a deformation test
interrupted at several points to acquire EBSD data. During these interrupted
deformation tests, EBSD data was acquired on the initial state before deformation
and then at 1 %, 4 %, 10 %, 20 % and 30 % engineering strain. These values
of strain are shown intersecting the deformation curves of the samples in Figure
3.20. The samples selected were co600, co800, co1100 with the aim to observe
the impact of annealing temperature and the co1100-20c sample to observe the
impact of thermal cycling. The EBSD data was further utilised to determine the
evolution of fcc phase content, KAM and twin volume fraction during deformation
in order to shed more light on the effects observed in the deformation and AE
results. Table 3.4 contains a summary of these values. While EBSD was also
measured at 20 % and 30 % engineering strain, these results are less accurate
because of high number of low CI points present on those EBSD maps. In the
case of co600 the fine grain microstrucutre combined with deformation render the
20 % and 30 % engineering strain measurements unusable. The figures 3.22, 3.24,
3.26 and 3.28 show the orientation maps of the samples investigated using the
interrupted deformation method and how they evolve during deformation. All
samples tested this way show activation of {101̄2} type twinning. These twins
initially appear lenticular shaped and subsequently some of them grow during
further deformation, in some cases completely or almost completely replacing the
parent grain. The {112̄1} type twinning is also present in a few grains in the
deformed states of the co800 sample. These twins appear in a ”zig-zag” pattern
inside the parent grain, as can be seen in Figures 3.24 and 4.2. These twins only
appear from 4 % strain onward consistent with their higher CRSS, and also do
not visibly grow during the remainder of the deformation.

The evolution of fcc fraction, twin volume fraction and KAM is further quan-
tified. The evolution of fcc fraction in Figure 3.30 shows a clear decrease during
deformation. The rate at which the fcc phase fraction decreases is higher in the
case of higher initial values. During deformation the transformation slows down
and the samples still contain a part of the initially present fcc phase when the
test ends. It is important to note however that the fcc fraction is determined
using only points with CI > 0.1. Since CI deteriorates in heavily deformed areas
this could introduce a systematic error if the fcc regions were disproportionately
affected by the decrease in CI. Judging by the phase maps acquired this does
not seem to be the case, but it cannot be completely ruled out. Low CI points
however only start to appear more frequently in the data after 10 % of defor-
mation. The evolution of KAM presented in Figure 3.31 shows a rise in KAM
during deformation. The exception is the first point at 1 % engineering strain,
which shows little or no change in KAM. As KAM is closely related to dislo-
cation density this would as expected confirm minimal activation of slip before
yield point. Upon further deformation there is a clear increase, which slows down
in the later stages as the dislocation density and barriers to dislocation motion
make further slip more difficult. Figure 3.32 shows the evolution of twin volume
fraction during deformation. The first two points of measurement show very little
or no twins present. Most twin nucleation happens between the 1 % strain point
and 10 % point, with few or no new twins appearing after 10 %. The increase
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in twin volume fraction between 4 % point and 10 % point is a mix of twin nu-
cleation and twin growth and further increase can be attributed predominantly
to twin growth. Interpreting the twin data requires extra caution as the detec-
tion of twins is not fully reliable especially in smaller grains that offer few pixels
that could be used to determine the presence of the specific geometric relation
present in twin-parent grain pairs. With continuing twin growth, occasionally
twins mostly or completely replace the parent grain. Also further deformation
may lead to degradation of image quality and the precision with which the geo-
metric relations are detected. Because of this manual corrections are necessary
for the more deformed states where the automatic detection starts to fail. This
may introduce some systematic error into the observed values.

Figure 3.20: Coloured lines show deformation curves of the four samples chosen
for interrupted deformation experiment. The vertical black lines are the values
of engineering strain at which the deformation test was interrupted and EBSD
data were acquired.
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Table 3.4: Twin volume fraction, fcc fraction, KAM values resulting from EBSD
acquired during interrupted deformation. Note that the decreasing precision of
twin fraction determination with higher degree of deformation stems from the
declining CI values.

Sample Strain % Twin fraction % fcc Fraction % KAM °
co600 0 0.44(1) ∼17.6 0.41(2)
co600 1 0.63(2) ∼17.3 0.45(2)
co600 4 13.5(8) ∼15.0 0.71(4)
co600 10 21(2) ∼11.7 1.22(7)
co800 0 0.00 ∼14.2 0.39(2)
co800 1 0.04 ∼13.6 0.35(2)
co800 4 7.2(4) ∼12.8 0.55(4)
co800 10 19(2) ∼10.6 0.84(6)
co800 20 20(2) ∼8.2 1.01(6)
co800 30 20(2) ∼6.8 1.07(6)
co1100 0 0.00 ∼6.2 0.36(1)
co1100 1 0.04 ∼6.1 0.36(2)
co1100 4 10.0(6) ∼5.5 0.58(4)
co1100 10 18(2) ∼4.5 0.83(6)
co1100 20 21(2) ∼3.5 1.01(6)
co1100 30 23(2) ∼3.2 1.09(6)
co1100-20c 0 0.00 ∼0.3 0.38(2)
co1100-20c 1 0.07 ∼0.3 0.34(1)
co1100-20c 4 8.6(5) ∼0.3 0.50(4)
co1100-20c 10 19(2) ∼0.2 0.71(5)
co1100-20c 20 24(2) ∼0.3 0.91(6)
co1100-20c 30 26(2) ∼0.2 0.99(6)

Figure 3.21: A key for the following orientation and phase maps. The map plane
of all the EBSD maps in this section is parallel with both the drawing direction
of the rod and loading direction. Compressive load was applied in a direction
vertical on the page.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

Figure 3.22: Orientation maps acquired using EBSD during interrupted deforma-
tion experiment on the sample co600.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

Figure 3.23: Phase maps extracted from EBSD acquired during interrupted de-
formation experiment on the sample co600.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

(e) 20 % eng. strain (f) 30 % eng. strain

Figure 3.24: Orientation maps acquired using EBSD during interrupted deforma-
tion experiment on the sample co800.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

(e) 20 % eng. strain (f) 30 % eng. strain

Figure 3.25: Phase maps extracted from EBSD acquired during interrupted de-
formation experiment on the sample co800.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

(e) 20 % eng. strain (f) 30 % eng. strain

Figure 3.26: Orientation maps acquired using EBSD during interrupted deforma-
tion experiment on the sample co1100.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

(e) 20 % eng. strain (f) 30 % eng. strain

Figure 3.27: Phase maps extracted from EBSD acquired during interrupted de-
formation experiment on the sample co1100.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

(e) 20 % eng. strain (f) 30 % eng. strain

Figure 3.28: Orientation maps acquired using EBSD during interrupted deforma-
tion experiment on the sample co1100-20c.
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(a) Before deformation (b) 1 % eng. strain

(c) 4 % eng. strain (d) 10 % eng. strain

(e) 20 % eng. strain (f) 30 % eng. strain

Figure 3.29: Phase maps extracted from EBSD acquired during interrupted de-
formation experiment on the sample co1100-20c.
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Figure 3.30: Evolution of fcc phase content during interrupted deformation ex-
periment. Values recorded for 20 % and 30 % have to be viewed with caution as
the number of low CI points increases significantly.

Figure 3.31: Evolution of KAM during interrupted deformation experiment. Val-
ues recorded for 20 % and 30 % have to be viewed with caution as the number
of low CI points increases significantly.
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Figure 3.32: Evolution of twin volume fraction during interrupted deformation
experiment. Values recorded for 20 % and 30 % have to be viewed with caution
as the number of low CI points increases significantly.
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4. Discussion
The deformation tests described in Section 3.2 show a clear dependence of σ0.2 on
annealing temperature in samples not subjected to thermal cycling. This inverse
proportion can be explained by the well know Hall-Petch (HP) relation [72], which
states that σ0.2 is proportional to the inverse of the square root of grain size d− 1

2 .
As grain size becomes normalised independent of previous annealing temperature
after thermal cycling, so does this relation stop influencing the observed σ0.2.
This behaviour has been observed in cobalt before [26, 73]. In both the sets of
samples that were subjected to thermal cycling the further grain growth makes
the grain size fall to a narrower range and in the case of twenty cycles effectively
erases the previous thermal treatment dependence. With the variance in grain
size absent, the values of σ0.2 seem to only slightly fluctuate in these sets without
a clear dependence on the small differences in grain size present. The value of
εmax seems to increase for samples co600, co700, co800 and co900 with higher
annealing temperature and then does not change significantly for samples co900,
co1000, co1100. Likely explanation is recrystallization, which is accelerated by
higher annealing temperature. Complete recrystallization is apparently achieved
after annealing at 900 °C and higher temperature annealing does not significantly
change the value of εmax.

After thermal cycling the values of εmax and σmax drop significantly. This
may be explained as the influence of reduced residual fcc phase. While the trans-
formation from fcc to hcp brings about only about ≈ 0.4% volume change, the
abundance of slip systems present in the fcc structure can accommodate a signif-
icant shape change of the fcc grains [16]. This is supported by the interrupted
deformation tests. As shown in Figure 4.1 the fcc grains seem to severely change
shape over the course of deformation, while transformation into hcp seems more
gradual. At the same time the presence of the fcc phase can increase σmax as the
presence of intersecting slip planes leads to more strain hardening compared to
the hcp phase [74].

There is another slight decrease in εmax observed between the samples sub-
jected to ten and twenty thermal cycles, in spite of the fact that already after
ten cycles the fcc phase was shown to be mostly eliminated (Table 3.1). It has
been shown before that larger grain size in hcp materials can cause twinning to
be more easily activated [68, 75]. The high angle boundaries introduced by the
twinning then present new barriers to slip. This may contribute to the decrease
in ductility in hcp materials with larger grains [76, 77]. On the other hand higher
twinned volume can present more opportunity for easy basal slip as the crys-
tal orientation changes during twinning. This contributes to an opposite effect
of increasing εmax [78]. However the interrupted deformation tests show only a
minor increase in the twinned volume in co1100-20c compared to the annealed
samples. At the same time microstructure observations presented in Table 3.1 do
not show a significant increase in grain size between sample types co1100-10c and
co1100-20c. While the first ten cycles were shown to already mostly eliminate
residual fcc phase, the DSC and TD data shown in Figure 2.2 suggest a further
evolution of the transformation between ten and twenty cycles. This is connected
to the evolution of transformation shown in Figure 1.4. The further transforma-
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(a) 0 % (b) 1 % (c) 4 %

(d) 10 % (e) 20 % (f) 30 %

Figure 4.1: A close up from the co800 phase maps of a region containing fcc
grains and its evolution during deformation. Red colour is hcp, green is fcc.
A compressive load is being applied in a direction parallel with the map plane,
vertical in respect to the page. A percentage of engineering strain is noted under
every step. The fcc grains visibly change shape while only partially transforming.

tion evolution results in reorganisation of dislocation arrays that take part in the
transformation as well as the evolution of the size and shape of hcp grains after
transformation [40]. Consequently, such an advancing evolution of the fcc phase
microstructure can influence the deformation dynamics, including the εmax value.

Additional information about the deformation is provided by the results of
interrupted deformation. The EBSD maps show activation of twinning. In sam-
ples co600, co1100 and co1100-20c only the {101̄2} extension twin type, which is
the easiest to activate, is observed. The sample co800 also contains {112̄1} type
twinning. These twins appear in a ”zig-zag” pattern inside the parent grain as can
be seen in Figure 4.2. This was also observed in [46]. Once these twins nucleate,
they do not seem to grow significantly during the remainder of the experiment.
The {112̄1} type twinning has a significantly higher CRSS compared to {101̄2}
type twinning, although it has been observed before [46, 47]. It is unclear why
only this sample shows activation of this twinning mode and not the others. An
important factor could be the local nature of EBSD which covers only a small
surface area as opposed to the full volume of the sample. The {112̄1} twins could
just be out of the observed area on all the other samples. Counter to that is the
fact that the {112̄1} twins are observed in three separate grains within the EBSD
area, suggesting they might not be quite as rare. Comparing the microstructure
of all the samples observed in interrupted deformation and also the samples used
in [46] and [47], there does not seem to be a clear link to a specific microstructure
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either. Additionally to the special twin boundaries many grain boundaries in hcp
have a 71° misorientation as can be seen in Figure 4.2. This is the result of one
fcc grain transforming into multiple hcp grains as is described in Section 1.2. The
71° misorientation angle is a result of Shoji-Nishiyama geometric relation [45] be-
tween these grains. While the DSC and TD measurements in Figure 2.2 suggest
a stabilisation of the transformation and the transformation temperatures con-
verging to constant values, the presence of the 71° boundaries even in the sample
co1100-20c suggests the transformation is not yet fully stabilised and reversible
even after twenty cycles. It does seem however that even this partial stabilisation
is enough for all or almost all fcc phase to transform into hcp upon cooling. As
mentioned above, this continuing evolution of the transformation is likely linked
to the observed change in the values of εmax and σmax between 10c and 20c sam-
ples. As suggested in [40] further cycling should lead to these special boundaries
disappearing and the transformation evolving toward the ideal state of one fcc
grain transforming into one hcp grain. As some hcp grains become bigger dur-
ing this stabilisation pushing the smaller ones out a bimodal microstructure of
growing and shrinking grains may arise.

The twinned fraction evolution during deformation follows a pattern of fast
increase caused by nucleation up to 10% deformation followed by slower increase,
when twin nucleation is exhausted and only twin growth occurs. In all samples
some twins are observed to nucleate already at the 1 % point, which is still within
the elastic phase of deformation. This suggest, together with AE data, that some
irreversible plastic changes take place before σ0.2. It would thus be more accurate
to use the term quasi-elastic deformation. The measurements of KAM however
do not support the presence of significant dislocation activity during this quasi-
elastic phase, counter to the AE observations, which may thus reflect solely the
twinning activity. Further evolution of KAM during the remainder of deformation
shows an increase in dislocation density. This increase slows down as deformation
progresses and dislocation mobility decreases in the more deformed sample.

The interrupted deformation experiment shows that the evolution of twin vol-
ume fraction during deformation fits well to the observed AE signal. During the
part of deformation where the amplitudes of AE events are high the twin volume
fraction is increasing fast and the maps show new twins nucleating. After this
the AE is reduced to low amplitude sporadic signals. At the same time the EBSD
shows mainly further growth of existing twins, which is known to be a very weak
source of AE [49]. The fcc fraction on the other hand continues to decrease be-
yond the region of deformation in which AE is active. This observation testifies
that the transformation process might be, indeed, sluggish (at least at the condi-
tions used in these experiments). The EBSD data seem to support this, as the fcc
grains seem to gradually decrease in size during deformation. An example of this
can be seen in detail in Figure 4.1. These observations suggest that the trans-
formation is incremental and thus a weak source of AE. The KAM observation
suggest the dislocation density evolution does not slow down as much beyond the
point when AE activity mostly disappears. The increase in KAM in later stages
of deformation could be linked to higher number of smaller avalanches within the
already deformed microstructure that fall under the threshold of AE. A slight
disparity between the interrupted deformation experiment and AE appears in
the quasi-elastic part of deformation or more precisely between the 0% and 1%
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(a) co800 (b) co800

(c) co1100-20c (d) co1100-20c

Figure 4.2: Details of grain boundaries. Figure (a) shows a close up of an area
on the sample co800 at the 4 % engineering strain point. Figure (b) shows the
phase map of that area. Figure (c) shows a close up of an area on the sample
co1100-20c at the 4 % engineering strain point. Note that after twenty cycles
there are still 71° boundaries present. Figure (d) again shows the phase map of
that area. Red lines are {101̄2} twin boundaries, green lines are {112̄1} twin
boundaries and blue lines are 71° misorientation boundaries. On phase maps red
is hcp and green is fcc.
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Figure 4.3: The αML coefficient plotted against grain size.

deformation points in interrupted deformation. While some twin nucleation is
observed to take place, the measured KAM and twin volume fraction would sug-
gest overall small extent of activated deformation mechanisms. The amplitudes of
AE events on the other hand are rather high suggesting high energy of the events
taking place. The microstructure at this point contains few dislocations and twin
boundaries, presenting less barriers that would limit the size of the events. This
quasi-elastic stage of deformation has been observed before in hcp metals [79].

The αML coefficient observed in distributions of A2 of AE events in annealed
samples ranges from ≈ 1.87 to ≈ 1.95, which is somewhat at the high end or above
the generally reported range of 1.5 to 1.8 [55, 58]. Although exponents as high as
2 have been reported in the plastic deformation of single crystals [59]. The αML
coefficient observed in samples subjected to thermal cycling ranges from ≈ 1.70
to ≈ 1.87 for both ten and twenty cycles. A possible explanation for the change
would be that the larger grains with significantly less fcc grains acting as bar-
riers allow for higher probability of larger dislocation avalanches and nucleation
of larger twins [63, 70]. Figure 4.3 shows a plot of αML values plotted against
grain size. There seems to be a relation between the αML coefficient and grain
size, but it is rather weak. More measurements across a wider variety of grain
size and fcc phase fraction values might be necessary to fully interpret this rela-
tion. Nonetheless, these results confirm the presence of power law statistics in AE
events in compressive deformation of pure polycrystalline cobalt across many or-
ders of magnitude. The observed change in αML after thermal cycling and almost
completed reduction in fcc phase fraction is of special interest. Previous studies
have shown dependence of α coefficient on microstructure in polycrystalline ma-
terials, mainly focusing on grain size [63]. Influencing the α coefficient via the fcc
phase fraction in cobalt presents a new avenue for studying SOC phenomena in
polycrystalline materials.
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Conclusion
Samples of pure polycrystalline cobalt prepared under different conditions with
the aim of creating a diverse set of microstructures were investigated using EBSD
and were further subjected to deformation testing combined with the AE tech-
nique. The AE data were tested for the presence of power law probability dis-
tributions. Additionally selected samples were investigated by the means of semi
in-situ interrupted deformation experiments combined with EBSD. The EBSD
acquired during interrupted deformation was further used to determine fcc frac-
tion, KAM and twin volume fraction at every deformation step. This combination
of experiments was chosen with the goal of gaining deeper insight into the ele-
mentary mechanisms that accommodate plastic deformation in cobalt and how
they act during compressive deformation. The conclusions drawn from these
experiments are as follows:

• The general dependence of deformation behaviour on grain size observed
during deformation is in line with what is expected in hcp metals. Addi-
tionally the presence of fcc grains influences the deformation significantly.
The abundance of slip systems in the fcc structure compared to hcp al-
low the fcc grains to accommodate significant shape change, enhancing the
hardening and ductility of the material.

• While retained fcc phase might increase strength and ductility, the amount
of fcc phase the material retains at room temperature seems to be dependent
on many factors and engineering a material with a predictable fcc fraction
might be a challenge. Thermally cycling the samples does stabilise the phase
transformation. Even then further EBSD investigation show that material
where the fcc phase transforms completely has not yet reached fully sta-
ble transformation after twenty thermal cycles through the transformation
temperature. The presence of 71° misorientation boundaries observed in
this work confirms that the transformation further evolves. This evolution
also involves some grains in hcp growing at the expense of smaller grains
with further thermal cycling. Creating a procedure that would form a per-
fectly predictable and adjustable microstructure in cobalt still remains a
challenge. Further experiments using perhaps a chain of multiple annealing
and thermal cycling procedures might be necessary.

• Martensitic transformation in general is considered a rather strong source of
AE. However the transformation present in pure cobalt is shown to happen
gradually during deformation without the sudden transition of phases in
larger regions that would be a strong source of AE. A significant fraction of
fcc is even retained in the material all the way up to fracture. Hence, while
stress induced martensitic transformation is observed it is rather sluggish
and likely not the main contribution of fcc phase to deformation.

• The distribution of A2 of events measured in AE signal in annealed samples
follow a power law, but with a coefficient which is at or slightly above the
high end of what is observed in plastic deformation of polycrystalline metals.
The coefficient slightly decreases after the elimination of residual fcc phase,
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suggesting possible connection to the presence of fcc phase and the hcp
phase grain size. Further experiments involving more samples of different
microstructures and additional techniques, such as interrupted deformation
with more steps, in-situ TEM, in-situ XRD or analysing AE signals in the
frequency domain might be able to better explain the observed phenomena.
This presents a new opportunity for the study of correlated dislocation
dynamics.

• The combination of unique properties present in cobalt make it an interest-
ing subject of study. The results presented in this work expand the rather
limited existing body of work on pure cobalt and its deformation behaviour.
Further understanding of the fine details of how different deformation mech-
anisms and the martensitic transformation influence each other is crucial
to reach a deeper understanding of deformation in cobalt and hcp metals
in general.
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BOHLEN, J.; CHMELÍK, F.; KRÁL, R. Spark plasma sintered Mg-4Y-3Nd
with exceptional tensile performance. Materials Science and Engineering:
A. 2022, vol. 849, p. 143481. issn 0921-5093. Available from doi: 10.1016/
j.msea.2022.143481.

62

https://doi.org/10.1103/PhysRevE.88.042402
https://doi.org/10.1371/journal.pone.0085777
https://doi.org/10.1103/PhysRevLett.97.075504
https://doi.org/10.1080/14786435.2019.1580397
https://doi.org/10.1002/adem.200600023
https://doi.org/10.1016/j.jallcom.2014.01.100
https://doi.org/10.1016/j.jallcom.2014.01.100
https://doi.org/10.1007/s10853-018-3033-6
https://doi.org/10.1016/j.actamat.2016.03.013
https://doi.org/10.1016/j.actamat.2016.03.013
https://doi.org/10.1016/j.msea.2022.143481
https://doi.org/10.1016/j.msea.2022.143481


List of Figures

1.1 Hcp slip modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 The {101̄2} twinning mode . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Cobalt transformation mechanism . . . . . . . . . . . . . . . . . . 7
1.4 Cobalt transformation cycling evolution . . . . . . . . . . . . . . . 7
1.5 Common features of stress-strain curves . . . . . . . . . . . . . . . 8
1.6 Diagram of typical AE measuring equipment . . . . . . . . . . . . 9
1.7 Scheme of AE event and its parameters . . . . . . . . . . . . . . . 10
1.8 Schematic of SEM. . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.1 Orientation map and IPF of the as-drawn material . . . . . . . . 15
2.2 The evolution of (a) TD and (b) DSC during thermal cycling . . . 16
2.3 Textures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1 Orientation map and phase map legend . . . . . . . . . . . . . . . 18
3.2 Orientation maps of samples after annealing . . . . . . . . . . . . 19
3.3 Phase maps of samples after annealing . . . . . . . . . . . . . . . 20
3.4 Orientation maps of samples after ten thermal cycles . . . . . . . 21
3.5 Phase maps of samples after ten thermal cycles . . . . . . . . . . 22
3.6 Orientation maps of samples after twenty thermal cycles . . . . . 23
3.7 Phase maps of samples after twenty thermal cycles . . . . . . . . 24
3.8 Grain size after thermal preparation . . . . . . . . . . . . . . . . . 25
3.9 Residual fcc fraction after thermal preparation . . . . . . . . . . . 26
3.10 The deformation curves of annealed samples . . . . . . . . . . . . 27
3.11 The deformation curves of 10c samples . . . . . . . . . . . . . . . 28
3.12 The deformation curves of 20c samples . . . . . . . . . . . . . . . 28
3.13 The deformation curves cycling comparison . . . . . . . . . . . . . 29
3.14 Amplitude of AE of annealed samples . . . . . . . . . . . . . . . . 30
3.15 Amplitude of AE of 10c samples . . . . . . . . . . . . . . . . . . . 31
3.16 Amplitude of AE of 20c samples . . . . . . . . . . . . . . . . . . . 32
3.17 Power law of AE amplitudes of annealed samples . . . . . . . . . 33
3.18 Power law of AE amplitudes of 10c samples . . . . . . . . . . . . 34
3.19 Power law of AE amplitudes of 20c samples . . . . . . . . . . . . 35
3.20 Interrupted deformation stop points . . . . . . . . . . . . . . . . . 37
3.21 Orientation map and phase map legend . . . . . . . . . . . . . . . 38
3.22 Interrupted deformation co600 orientation map . . . . . . . . . . 39
3.23 Interrupted deformation co600 phase map . . . . . . . . . . . . . 40
3.24 Interrupted deformation co800 orientation map . . . . . . . . . . 41
3.25 Interrupted deformation co800 phase map . . . . . . . . . . . . . 42
3.26 Interrupted deformation co1100 orientation map . . . . . . . . . . 43
3.27 Interrupted deformation co1100 phase map . . . . . . . . . . . . . 44
3.28 Interrupted deformation co1100-20c orientation map . . . . . . . . 45
3.29 Interrupted deformation co1100-20c phase map . . . . . . . . . . 46
3.30 Evolution of fcc fraction during interrupted deformation. . . . . . 47
3.31 Evolution of KAM during interrupted deformation. . . . . . . . . 47
3.32 Evolution of twin volume fraction during interrupted deformation. 48

63



4.1 Phase map close up . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2 Grain boundaries . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.3 The αML plotted against grain size . . . . . . . . . . . . . . . . . 53

64



List of Tables

3.1 Microstructural data of the samples . . . . . . . . . . . . . . . . . 25
3.2 Results of deformation testing . . . . . . . . . . . . . . . . . . . . 27
3.3 Power law coefficients . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Values extracted from EBSD during interrupted deformation . . . 38

65



List of Abbreviations
AE acoustic emission.

bcc body centered cubic.

BSE back-scattered electrons.

CCDF complementary cumulative distribution function.

CI confidence index.

CRSS critical resolved shear stress.

DSC differential scanning calorimetry.

EBSD electron backscatter diffraction.

fcc face centered cubic.

hcp hexagonal close-packed.

HDT hit definition time.

HLT hit lockout time.

HP Hall-Petch.

IPF inverse pole figure.

KAM kernel average misorientation.

KS Kolmogorov-Smirnov.

MLE maximum likelihood estimators.

SE secondary electrons.

SEM scanning electron microscopy.

SF Schmid factor.

SOC self-organized criticality.

TD thermodilatometry.

UCS ultimate compressive strength.

66


	Introduction
	Motivation and Aim

	Theoretical Background
	Plastic deformation of hexagonal metals
	Cobalt
	Compression Testing
	Acoustic Emission Technique
	Power law statistics
	SEM and EBSD

	Materials and Methods
	Results
	Sample Characterisation
	Deformation tests
	Acoustic emission
	Interrupted deformation

	Discussion
	Conclusion
	Bibliography
	List of Figures
	List of Tables
	List of Abbreviations

