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ABSTRACT
This study describes an investigation into nano-indentation induced deformation
twinning in pure magnesium. The working objectives of this study were to clarify:
1. Whether deformation twinning is a statistical certainty
2. The positive effects of high stress on deformation twinning
3. Whether deformation twins in magnesium are strain-rate sensitive
4. The role of grain and pre-existing twin boundaries on deformation twinning

5. The efficacy of the Schmid criterion (CRSS) in predicting deformation twinning

Deformation twins induced by nano-indentation using a Berkovich tip on magnesium
grains were studied using a combination of optical microscopy, SEM and electron back

scattering diffraction (EBSD).

All nano-indents made on the magnesium grains in this study induced twinning, mainly
of the {10172} tension twin type. The twins induced were highly reproducible in terms of

twin type, size, shape, amount and orientation with respect to the indent.

Consistent with findings from other studies, deformation twins were found to react
positively to increasing contact pressure. The evidence shows that twin nucleation and
growth are both higher for indents made with higher stress. Moreover, deformation twins
appear to be insensitive to strain-rate. Whilst pre-existing twin boundaries play no
apparent role in promoting further twinning, grain boundaries twins were found to

promote twinning in neighbouring grains. Finally, the twin variants formed by indenting



in different crystal orientation suggested a break-down of the Schmid criterion, hence
invalidates of the CRSS evaluation for deformation twinning in magnesium. These

results elucidate existing knowledge gaps in this area.
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CHAPTER 1. INTRODUCTION

Deformation twinning in crystalline materials is a plastic deformation mechanism that
is comparable and sometimes competes with dislocation slip [1-2]. This process plays
a crucial role in determining the ductility of many otherwise brittle metals [1] and
creates a permanent microstructural change that affects many other material
properties such as fracture toughness [3]. A majority of the research thus far has
examined the nucleation [4-9] and growth process [10] alongside relevant physical
parameters influencing the critical resolved shear stress (CRSS) [2, 11], growth rate
[12], twin variant selection [11, 13-14] and maximum twin volume [15] in both single
and polycrystalline materials. These studies present a macroscopic overview of the
mechanical response, and provide the foundation for predicting material behaviour
under different service conditions. Research to date has also attempted to
characterise factors such as the twin nucleation site and the relationship between
orientation and nucleation, but the results obtained from models are somewnhat
uncertain. This thesis will attempt to evaluate nano-indentation induced deformation
twinning in magnesium, with the aim of characterising local mechanical responses

associated with twin nucleation and growth.

This chapter presents an overview of the nucleation and growth mechanisms of

deformation twins, with reference to the various mechanical parameters known to



affect twinning events. The focus will then be narrowed down to deformation twinning,
specifically in hexagonal close packed (HCP) metals, followed by a more in-depth

description of twinning in magnesium.

1.1 Defining a deformation twin

1.1.1 Formal notation

Microscopically, a deformation twin is a region in the crystal structure that orients
differently from the crystal matrix [2]. Crystal re-orientation is a result of shearing -
which is the mechanical response to stress, and subsequent shuffling at the atomic
level [2, 10, 16-17]. Figure 1 is an example of a deformation twin in magnesium
bounded at {1012} plane to the parent crystal structure. The diagram shows also
re-orientation of atoms from their original positions. A formal notation to describe the
deformation twin is shown in figure 1 (b), where the twinning plane and the shearing
vector are defined [2, 10]. A different set of K1, K2, n1 and n2 is defined for each
specific twinning mode along with the magnitude of shear, s. Examples of common

twinning modes in FCC, BCC and HCP metals are listed in table 1.
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Figure 1. (a) lattice structure at the twin boundary of {1012} twin in magnesium, (b)
formal description of a deformation twin, where K1 is the plane of shear, also known
as the twin boundary, K2 is the second undistorted plane in the twinned region, P is
the plane of shear, nl represents the direction of shear on the K1 plane and similarly,
n2 is the shearing direction on the K2 plane.

K1 nl K2 n2 S q
_ _ 1
FCC (111}  <112> {111} <112> =
__ _ 1
BCC {112} <i11> {i12} <111> -
HCP {1012} <1011> {1012} <1011> ¥%-3 4
3vy

Note: y is the axial ratio c/a for HCP metals and q refers to shuffling.

Table 1. Common twinning modes in FCC, BCC and HCP metals [2].

Since the early 1920’s deformation twins have been classified as type |, Il or
compound [2, 10, 16]. Atype I twin is where K1 and n2 lie on a lattice plane and lattice

row respectively (rational), but K2 and nl1 do not (irrational). Where K2 and nl are



rational and their conjugates K1 and n2 are irrational are characteristic of a type Il
twin [10]. A compound twin is where all four elements are rational and is the general

twinning type present in most metals [1-2, 10].

The formation of deformation twins can be accompanied by a change in physical
dimension of the sample, as observed in some single crystal experiments in the
1950s [10, 18]. Clark and Craig [18] proposed that this mechanism was governed by

the shear strain, ¢, defined by the angle between K1 and K2, (2¢) using the equation:

& = )

" tanz2g

The change in length of the twinned crystal, li is hence given by:
0

L= T+ 2¢,5in) cos(D) + eZsin?(x) @)

where X is the angle between the longitudinal direction of the crystal and K1, and A is

the angle between the projections of the longitudinal direction on K1 and n1.



1.1.2 Characterisation of deformation twinning

Metallurgical examination of a twinned metal under the optical microscope reveals
lenticular or needle like micro-features of deformation twins that are usually partial or
fully transgranular, as exemplified by the deformed magnesium sample in figure 2.
Deformation twins can also be characterised by electron back-scattered diffraction
(EBSD) [6, 13, 19], TEM [20-21], neutron diffraction [14] and x-ray diffraction [18, 22].
These four methods exploit the mis-orientation between the twinned region and the
matrix to analyze twin type, size, twin volume, distribution, propagation of twinning

and the evolution of twinning dislocations.

Figure 2. Deformed magnesium sample showing extensive twinning and double
twinning.



1.2 Material properties affected by twinning

1.2.1 Ductility

Deformation twinning has been observed to enhance ductility [2, 8, 21]. This is a
result of crystal re-orientation during twinning leading to local stress relief at the
twinning site [23-24]. This means that the twinned region has a relaxed lattice
compared to the matrix and is therefore a ‘softer’ region that can accommodate more
strain. This effect is known as ‘work-softening’ during the initial stages of twin
nucleation and growth [8, 11]. In some cases, a further contribution to ductility arises
as the crystal re-orientation activates further slip or twinning systems in the twinned

volume [18, 22, 24-25].

Work-softening by twinning is reflected in the characteristic sigmoidal tendency of the
stress and strain curve for twinned polycrystalline samples [19, 25-27]. Figure 3
shows the true stress-strain curve of pure magnesium under plane-strain
compression with characteristic curves for both slip (left) and twinning (right) [13].
Both samples were deformed close to failure and the final ductility of the twinned

sample was nearly 60% greater than the slipped sample.
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Figure 3. True stress and strain curve of plane-strain compressed pure magnesium in
the c-axis compression (left) and extension (right) directions [13].

1.2.2 Strengthening effects

Deformation twinning plays a significant role in the work-hardening stage of a material
as twin boundaries are effective at trapping dislocations - similar to grain boundaries
[8, 25]. This phenomenon is well represented using the Hall-Petch equations by
considering that the twin boundaries sub-divide a grain into smaller grains [28]. Strain
hardening with deformation twins is most noticeable at the end of stage Il prior to
fracture [20]. In the same manner by which crystal re-orientation enhances ductility,
twinning can re-orient the crystal into a ‘hard’ direction for further slip or twinning

hence hardens the material



1.2.3 Fracture and deformation twinning

Deformation twinning can either induce or reduce fracture. Studies in the late 1920s
found that cleavage crack growth in zinc is intimately associated with twin boundaries,
and therefore promote fracture by cleavage crack formation. This can be rationalised
by, again, the observation of crystal reorientation into a hard deformation orientation
with respect to stress, leading to strain incompatibility and cleavage fracture at the
twin boundary [7, 10, 23-24, 29]. It should be noted that the catastrophic mechanism
of stress relief via deformation twinning resembles in many ways the process of crack
formation. Yoo in 1981 stated that these two operate under similar conditions and that
twinning competes with crack formation [10, 24, 30]. This is further demonstrated by
Biggs and Pratt’s finding that suppressing twinning in alpha iron single crystals can

successfully eliminate brittle fracture [31].

1.3 Nucleation and growth of deformation twins

Deformation twinning, as suggested by its name, is a purely mechanical process [32].
Similar to slip deformation, it is driven by dislocation dissociation and movement
though the crystal lattice [1, 10, 12, 33]. Yet it differs in that twinning dislocation
movements cause a permanent shearing and re-orientation in the crystal lattice which

can only be undone by applying force in the opposite direction [9]. How a deformation



twin nucleates and grows through a finite thickness remains the subject of
investigation after many years of research [1, 12]. Following the previous section,
which highlights the benefits of appropriately introducing deformation twins in a
material, the following sections discuss the mechanisms behind nucleation and
growth of twins along with the physical parameters known to affect each stage i.e.
strain-rate, temperature, orientation, grain size, local stress state, composition,

pre-strain, and interstitials/precipitates [2].

1.3.1 Nucleation

Two twin nucleation mechanisms, homogeneous and heterogeneous, have been
proposed. Homogeneous nucleation involves twins nucleating from a defect-free
crystal, preceded by micro-slip [2, 8, 12]. Heterogeneous nucleation, on the other
hand, requires a local defect or pre-existing dislocation configuration at which high
stress can be concentrated, to trigger nucleation [2, 5]. Heterogeneous nucleation is
the more widely accepted model, as homogeneous nucleation requires stress levels
many times higher than what is normally observed in polycrystalline or imperfect
single crystal samples [34]. In the following section, the heterogeneous nucleation

mechanism will be described briefly with the emphasis on HCP metals.



1.3.1.1 Heterogeneous nucleation mechanism

This section describes the heterogeneous nucleation mechanism pertaining to HCP
metals. Heterogeneous nucleation begins with the gliding of Shockley partials or
zonal dislocations interacting with a glissile dislocation pile-up site [2, 4, 12, 32, 35].
Shockley partials are dislocations dissociated from an elementary twinning
dislocation or a slip dislocation, and zonal dislocations are defined as dislocations
that shear more than one lattice plane during glide [2, 12, 34]. As applied stress is
increased, the frequency of these dislocation-glides increases. Small unstable nuclei
form until a simultaneous glide of multiple partials or zonal dislocations create an
energetically stable twin nucleus [35]. Theoretically, both normal and zonal
dislocation mechanisms can successfully nucleate stable twin nuclei and the
selection is entirely dependent on the overall energy evaluation for a particular twin
mode. For example, Wang et al. concluded that nucleation of extension twins {1012}
in magnesium is more energetically favourable to the zonal dislocation mechanism
[35]. Twin nuclei in FCC and BCC are more likely to consist of three or more layers of
low energy stacking faults [2, 34]. A stable twin nucleus takes the form of a dislocation
loop that is positively dependent on dislocation pile-up and negatively dependent on
twin boundary energy [34]. Twinning dislocations can only shear the crystal lattice on
the designated twin plane in one stress sense along the overall twin dislocation
Burgers vector - a highly direction-sensitive process [2]. If stress is applied in the

opposite direction this specific deformation twin will not form.

10



Lattice stress relaxation upon nucleation is a direct consequence of this process.
When a twin nucleus is successfully nucleated, the dislocation pile-up at the glissile

site is suddenly freed and the initial twin propagation becomes self-sustained [30].

1.3.1.2 Nucleation via elastic twinning

Another rationale for heterogeneous nucleation is the formation of an elastic twin
followed by a few successive dislocation glides to build a stable twin nucleus [4].
Elastic twinning is a result of large elastic strain on the matrix, yet this twin would
shrink and gradually disappear once the matrix is unloaded. This theory of elastic
twinning is not only of great importance to heterogeneous nucleation, but also to the

shape and plastic-elastic properties of the twin tip [2].

1.3.2 Physical parameters affecting twin nucleation

Since twin nucleation is directly related to dislocation activity, physical parameters
such as CRSS, temperature and grain size should be crucial in predicting nucleation
conditions. However twin nucleation seems to depend on a different set of physical
parameters. In the following sections, the effects of strain rate, temperature, crystal
orientation, stress state and grain size on twinning will be presented.

1.3.2.1 Effect of strain rate

11



Deformation twinning is highly strain-rate dependent as observed in FCC, BCC and
HCP metals [6, 10, 12, 31]. A simple explanation can be derived from the difference in
the nature of slip and twinning. Slip requires glide of a complete Burgers vector
whereas twinning is driven by smaller, more mobile partial dislocations [27, 30]. At
higher strain-rates, when the material has limited response time to deform, twinning is
activated in preference to slip [18]. Evidence for this can be drawn from metals such
as aluminium which twins only under impact loading and not otherwise, due to its high
stacking fault energy [2]. Another example is beryllium observed by Brown et al that
when the strain rate is 1x10~%/s, twinning was inactive and deformation was purely by
slip. The material twinned more profusely at higher strain rates [27]. However, the
relationship between twinning and strain rate is not as straightforward as one might
hope. Despite Christian’s summary in 1995 stating the dependency of twinning on
strain rate for aluminium, iron, and copper alloys [2], recent studies have deduced
rate insensitivity for deformation twinning [27, 36]. The insensitivity here is defined as
there being no proportional change in twin nucleation with increase in strain rate. If,
however, strain-rate is considered instead as a threshold-type parameter for twinning,

then this insensitivity can be rationalised.

1.3.2.2 Effect of temperature

In 1954, Cahn suggested that the effect of temperature on twinning and slip differs in

12



every metal. For instance, in titanium, slip increases at higher temperatures thereby
suppressing twinning, yet in magnesium, tension twins {1012} were still found to be
active at temperatures as high as 400°C [10]. Despite such inconsistencies, the
general consensus appears to be that an increase in temperature favours slip, and
hence twinning appears suppressed [18]. As far as the process of twin nucleation
itself is concerned, temperature should be of very little or no importance. Temperature

only appears to have an effect due to its effect on slip deformation.

1.3.2.3 CRSS - orientation and stress state

Studies by Cahn [10] of elastic twins have found twin nucleation to be associated with
a stress threshold which, when surpassed, results in a spectacular development of
the twin. This stress threshold for atom re-orientation is a function of lattice structure,
impurities, crystal imperfections and temperature [5]. By referring to the notation used
to describe slip, the threshold can be perceived as some sort of CRSS [1]. In contrast
to slip, the CRSS for twinning is temperature independent [19, 37]. Surprisingly,
experimental work on twinning CRSS using Schmid’'s law has had debatable
outcomes where the scatter of the measured CRSS can be as large as 60% [1, 12,
38]. This scatter arises from the stress threshold not being a macroscopic effect but
microscopic, local to each stress concentration point, thus varying with sample

preparation, microstructure and composition [39].

13



Nevertheless, twin nucleation seems to depend, at least in part, on the Schmid
criterion, as evidenced by Jiang et al who observed that only the grains having a high
Schmid Factor were found to twin [25, 28, 40]. The Schmid Factor (SF) is a function
of the applied stress and crystal orientation on a particular twinning plane. Schmid’s

law states [41]:

T, = 0COSAcosx (3)

where 7. is the CRSS, o is the applied stress, A is the angle between the load axis
and twin plane normal and x is the angle between the load axis and twinning direction.

The SF, m, is the ratio between CRSS and applied stress, hence:

m = cosAcosx (4)

The SF by itself is insufficient to predict the nucleation event. An internal stress state
component was found to have a critical influence on twinning, when evaluated in
conjunction with the SF of the variant [3, 7, 11]. For twin nucleation to occur, this
internal stress state must exceed the theoretical CRSS threshold [12, 42]. A large
easy basal glide stress state component would enhance twinning even for variants of

lower SF, and a harder prismatic glide component would reduce the probability of

14



twinning for variants with a very high SF [11, 13, 23]. Again, this internal stress state

was found to be temperature insensitive [8].

1.3.2.4 Effect of grain size

A Hall-Petch type relationship is generally assumed for grain size and twin nucleation.
The Hall-Petch constant, k, is higher for twinning than for slip, indicating the sensitivity
of twinning to grain size to be higher than that of slip [8, 15, 26, 43]. Bell and Cahn
found that larger specimens of single crystal zinc twinned at lower strain than smaller
specimens [12]. Further experiments have shown that grain refinement significantly
suppresses twinning and that twin nucleation is therefore favoured in larger grains [10,

15, 44].

1.3.2.5 Nucleation sites
As described previously, a glissile dislocation or defect is required to accumulate the
dislocation pile-up and stress concentration necessary for twin nucleation to occur.
The three most probable areas in an engineering metal where this may happen are a
grain boundary, pre-existing twin boundary and any impurities/precipitates.

Multiple studies on twinning have attempted to elucidate the relationship between

twin nucleation and grain boundaries [8, 11, 35]. An example of this is the formation of

15



adjoining twin pairs (ATP) in bulk compression magnesium samples. These twins
form at the same location on a twin boundary and extend into the grain [40]. Wang et
al attempted to examine the nucleation criteria for these ATPs, including investigating
the grain-grain misorientation relationship, grain size and Schmid criterion, in order to
shed light on the grain boundary nucleation mechanism, but were ultimately
unsuccessful [35]. From a purely physical consideration, as equation (2) clearly
defines the necessary change in grain dimensions during twinning, neighbouring
crystals may be pressurised and trigger twin nucleation in a polycrystalline sample.
Barnett et al. studied the Liders effect on extruded magnesium samples and
observed grains of very low SF to have twinned under the stimulation of neighbouring
twinning grains. In many instances, the stimulated grain would twin at exactly the
same position on the grain boundary as its neighbouring grain’s twin. This effect is
found to be more pronounced for smaller grains [45]. Moreover, the study on the
relationship between grain boundary misorientation and twin nucleation by Beyerlein
et. al suggested that the average twins formed in relation to a grain boundary
increases as grain boundary misorientation decreases [40]. The threshold

misorientation is reported to be around 30°.

Twin boundaries are also effective dislocation barriers that may develop into a
nucleation site for new or conjugate twins [24]. Geometrically, the shape of the twin tip

will concentrate stress and therefore initiate further twin nucleation, similar to that of

16



an autocatalytic reaction [12]. Broadly speaking, twin boundaries are natural sites of
high stress concentrations. The lattice distortion associated with a twin boundary
during further plastic deformation could lead to fracture, recrystallisation, further twin
nucleation and chemical reactivity (the preferential attacking of the grain boundary
during etching) [10]. A similar rationale can be drawn for impurities and precipitates

facilitating twin nucleation [18].

1.3.3 Growth

This section provides a summary of the twin growth mechanism alongside a
discussion of the physical parameters which define the shape and magnitude of the

resulting twin.

1.3.3.1 Dislocations and the stress for twin growth

Growth is generally considered a heterogeneous process that involves a dislocation
pole mechanism, resulting in twin expansion around a dislocation ‘pole’ (screw
dislocation threading multiple planes parallel to K1) - similar to the operation of a
Frank-Read source. Figure 4 is a schematic of a stable twin nucleus presented in the

form of a dislocation loop. Under stress, the loop would expand and the matrix would

17



be re-oriented along the path of expansion [2].

Figure 4. Schematic of the dislocation loop configuration of a stable twin nucleus [2].

This loop expansion mechanism is driven by dislocations dissociating spontaneously
as they intersect with a stable twin nucleus. This interaction causes the twin to

broaden, widen and sometimes induce secondary twinning [4].

Twin growth has a catastrophic nature associated with the difference in stress levels
required for nucleation and growth — with growth requiring much lower energy than
nucleation [8, 12]. Figure 5 from Capolungo et al showing the energy evolution of the
twinning process to produce a stable twin nucleus [34]. The potential energy built up
in the form of a stress concentration prior to nucleation is rapidly depleted during the
initial catastrophic growth of the twin nucleus. Once the initial stress concentration
has been exhausted, the growth process is then governed by the stress state. This is
the external stress state rather than internal and its magnitude determines the

maximum attainable twin volume [14, 42].

18
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Figure 5. Energy evolution during dislocation dissociation and glide to produce a
stable twin nucleus. E represents the energy and d is the size of the twin nucleus [34].

1.3.3.2 Shape of a twin

A 3-dimensional study using serial sectioning revealed that a deformation twin has a
biconvex lens structure where the edge of the lens expands along the K1 plane [10].
A matrix with a lower elastic modulus would result in a more rounded edge and a
stiffer matrix would have a thinner, more needle-like twin cross-section. Twin
thickening occurs in the direction normal to K1 and the length and width expansion

follow n1 and the shear direction [5].

1.3.3.3 Effect of grain size

Similar to nucleation, the growth process is also affected by grain size. A very obvious

19



effect is that of limiting the maximum attainable twin size [43]. Twins, even when they
consume the entire grain volume, are unable to expand beyond the existing grain

boundary at room temperature.

A larger grain, however, does not necessarily equal a higher twin volume fraction.
Studies show that whilst the number of twins increases with grain size, neither their
thickness nor the overall twin volume changes/increases [14, 35]. This is because
twinning introduces boundaries that gradually refine the grain size, and as the
resulting effective grain size gets smaller, the resolved shear stress required for twin
nucleation becomes higher [12]. For metals that have twin modes with low thickening
ability, where twins cannot thicken to consume the entire grain, twinning saturates at

lower stresses than expected [3].

1.3.3.4 Effect of orientation

The relationship between growth and crystal orientation is more straightforward than
between nucleation and orientation. Twin variant selection using the Schmid Factor
has a direct relationship with the final twin dimension - highly ranked grains are

populated by larger and thicker twins and vice versa for lower ranked grains. [14]
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1.4 Deformation twinning in magnesium

Unlike with FCC or BCC metals, HCP metals often rely on twinning to maintain
general plastic flow during deformation [7, 24]. Susceptibility to twinning of HCP
metals is due to the anisotropy in the thermo-elastic-plastic properties causing an
intergranular distribution of internal stress states [5]. Twinning dislocations in HCP
metals are nonplanar and activated upon dissociation into partial dislocations. By
studying dislocation behaviour alone, one is able to explain the majority of
mechanical responses observed with the onset of twinning [4]. Twinning dislocations
in HCP metals also have a directional stress-sense and twin modes are triggered by
either tension or compression stress on the c-axis [4, 18]. The c-axis is frequently
neglected: thus ‘tension twin’ implies ‘tension along the c-axis’. Whether twinning
occurs with tension or compression stress depends on the theoretical twinning shear,
s, of each twin mode which is directly proportional to the axial ratio, vy, following the

relationship:

s=1=2 (5)

When s is positive the twin mode is triggered by compression.

The seven possible twinning systems in HCP metals are shown in figure 6.
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Figure 6. The seven twinning modes in HCP metals: (a) shows the (211x) series and
(b) shows the three (101x) modes [34].

In 1981, Yoo examined six of the seven different twin modes available for seven
engineering hcp metals and recorded their relationship with tension and compression
stress on the c-axis, as shown in figure 7 [24]. This relationship alone, however, is not

sufficient for predicting the twinning mode.
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Figure 7. The relationship between twinning shear, s and the HCP axial ratio, y. This
plot is useful for predicting the twinning mode when a HCP metal is deformed in either
tension or compression along the c-axis [24]

In general, ductility in an HCP metal depends on the number of available twinning
modes: titanium twins in all 7 modes compared with zinc which twins only via the

{1012} mod [2, 24].

Deformation of HCP metals is also highly orientation sensitive [18] and shows a

stronger dependence on temperature in terms of twin mode selection in comparison

to FCC or BCC metals [5].
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1.4.1 Magnesium

Magnesium is a relatively ductile HCP metal which deforms primarily by basal slip
and twinning. Other possible deformation modes are presented in figure 8 [46]. It
should be noted that double twinning {1013} - {1012} and {1011} — {1012} is also very
common in magnesium. The nucleation of double twins is a result of activation of two
twin modes of equivalent shear, shuffle and rotation occurring simultaneously in a

crystal lattice [4].

B

(a) basal {(a) (b) prismatic {a) (c) pyramidal 2 (d) tension twin (e) compression twin
{0001 {11207} {1010}(1120) [1122)(1123) {1012}(1011}) {1011}(1012)

Figure 8. Common deformation modes in magnesium. Occurrence with respect to the
twinning CRSS is: basal slip > tension twin > prismatic slip > compression twin >
pyramidal slip [4]

Magnesium twins profusely via the {1012} tension twin. Even when a magnesium
crystal is oriented unfavourably, a tension twin will still develop under moderate strain
rate at room temperature. Although twinning mode selection generally obeys the
Schmid relationship, the selection process depends more strongly on the energy
required for shearing and shuffling [2, 16]. In the case of magnesium, tension twins
are preferred because of the relatively low shear and simple shuffle in comparison to

compression twins. Double-twinning modes following tension twins are the preferred
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deformation mechanism under dynamic deformation. [28]. The double twinning
modes {1013} - {1012} and {1011} — {1012} are more energetically favourable than
primary {1011} and {1013} compression twins. Table 2 compiles the three primary

twinning modes in magnesium.

Twinning
mode w.r.t. K1 nl K2 n2 S q
c-axis
_ __ _ S y:-3
Tension {1012} <1011> {1012} <1011> —— 4
Vy
. — _ _ _ 4y%2 -9
Compression {1011} <1012> {1013} <3032> = 8
4y
_ _ _ _ _ 4y%2 —9
Compression {1013} <3032> {1011} <1012> T
14

Table 2. Three most common twinning modes in magnesium [2].

Tension twinning has no direct dependence on temperature and CRSS [38]. The two
primary compression twin modes activate at elevated temperatures (300°C and
above). It is observed, however, that secondary slip and dynamic recrystallisation of
magnesium at those temperatures would limit the effect of twinning on ductility which
may suggest twinning is negatively dependent on temperature [37-38, 47]. High strain
rates enhance tension twinning even at high temperatures. At lower strain rates the

effect of temperature enhancing non-basal slip modes overtakes tensile twinning at
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high temperatures during the early stages of deformation [18-19].

1.5 Final remarks and aims of this project

Many of the works reviewed in this chapter imply that twinning is a statistical process
[13-14, 27]. This means there is a distribution and a certain probability that twinning
will not occur in a grain. This distribution has been attributed to the non-uniform
nature of the initial metal solidification process. In order to separate the statistical
nature of the data due to the starting material and from the inaccuracy of the theories
and models proposed, the assumption that nucleation is a result of high local stress
concentration, strain rate and crystal orientation level will be tested in the current
study. Using the nano-indentation technique, a local stress concentration with certain
stress, strain rate and orientation will be introduced to magnesium samples. The type
(twin variant selection), number and area fraction of any deformation twins formed in
relation to the conditions under which the indents are made will be examined using
optical microscopy and EBSD. Nano-indentation will also be used in this study to
investigate the relationship between a stress concentration and the two main twin

nucleation sites proposed in the literature: grain boundaries and twin boundaries.
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CHAPTER 2. EXPERIMENTAL PROCEDURES

This chapter describes the materials and methods used in this study. It begins with
sample preparation, which is crucial to both nano-indentation and EBSD. The
procedure for pre-deformation analysis is then presented. This is followed by a
detailed description of the three nano-indentation experiments designed to examine

the effects of four physical parameters, including the post-deformation analysis.

2.1 Materials and sample preparation

Vacuum cast commercial purity magnesium (99.95%) was employed in this study.
Samples were machined from the cast using a power saw and then cut into 5~10 mm
slices using an electrical discharge machine (EDM). The slices were annealed in an
Elite BSF 12/10-2416-2116 furnace at 300°C for two hours followed by air-cooling to
remove any residual strain in the material. This was followed by the normal
metallurgical procedures of grinding and polishing: first using 400, 800, 1200 and
4000 grade SiC paper and then 1um diamond solution on a Struers NAP MD
polishing disc on a mechanical wheel. A chemical polishing solution consisting of 80%
ethanol and 20% nitric acid (70% nitric acid 30% H,0) was used between the 4000

grade sand paper and the final polishing stage, immersing the sample in the solution
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for 30 seconds. This process not only reduces the time in the polishing stages but
also removes the surface residual strains introduced during the grinding. After the
1um diamond polish the samples were again immersed in the chemical polish for

three seconds to remove the surface residual strain and reveal the grain boundaries.

Magnesium oxidises readily in normal atmosphere; the samples were therefore
prepared immediately before each nano-indentation test followed shortly after by
optical analysis and EBSD. The samples were stored in a desiccator in between tests
and analysis. Once a sample had been exposed to the atmosphere for more than
three days a gentle mechanical polish was applied to remove any oxide formed using
1um diamond on a Struers NAP MD disc, followed by immersion in the chemical

polish for 3 seconds prior to further EBSD analysis.

2.2 Pre-deformation analysis

Pre-deformation characterisation of the samples included optical microscopy and
grain orientation mapping using EBSD. Optical imaging provided a map of the sample
surface for locating suitably sized grains, while EBSD provided crystal orientation and
grain boundary information for identifying grains with the desired orientation for

indentation.
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An optical image collage was produced from each sample using the Axiovision 40
software from Carl Zeiss Imaging Solutions on a Zeiss Axiotop2 optical microscope.
Crystal orientation was measured using the Channel 5 software package from Oxford
Instruments using a Nordly’s detector in a Philips XL-30 SEM. The crystal orientations
and grain boundary angles for each grain were measured using the EBSD and then
marked on the optical image collage. Figure 9 is an example of the final grain

orientation map used during nano-indentation.

indent

Figure 9. Grain orientation map of sample 4. The normal directions for some grains
are labelled on the image.
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2.3 Nano-indentation

Three indentation tests have been designed to study the effects on twinning of —
1) varying stress and strain rate (section 2.3.1);
2) crystal orientation (section 2.3.2);

3) the relationship between twin nucleation and grain/twin boundaries (section 2.3.3).

A Nano-test 600 nano-indentation apparatus with a Berkovich tip (figure 10) was
employed. The indenter tip was fitted on a vertical pendulum controlled by a set of
capacitor plates with a functional load range between 1 and 500 mN and a loading
rate range between 0.1 and 100 mN/s. The sample was mounted onto a cylindrical
sample holder using a small amount of superglue and was then loaded onto the
sample stage as shown in figure 11. Once the sample was loaded, it was first brought
to the optical microscope section of the apparatus for alignment. Cross-hair
calibration was then conducted prior to each set of tests to ensure the indents fall
exactly on the programmed positions. When the indentation set up was aligned and
calibrated, the sample was moved to the desired location on the sample surface with
reference to the grain-map taken with the optical microscope. Indentation parameters
including position, maximum load and loading rate for each set of tests were then
input into a controlling computer programme. The indents were positioned carefully

apart (about 10 times the size of the largest indent) to prevent the interference
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between neighbouring indents. All the tests described in the following sections were
load-controlled with a prescribed constant loading rate and a dwell time of 20s. Once
the apparatus was set and programmed, the sample was then brought back to the
indentation section of the apparatus and scheduled to run, usually overnight, when

the environment was more stable.

Figure 10. Schematic of the Berkovich tip, (a) top view, (b) side view [48]
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Figure 11.The nano-indentation set up used in the study [49]

2.3.1 Experiment 1: varying stress and strain rate

The nature of nano-indentation prevents the direct measurement of overall strain
induced during indentation, as indentation causes a strain-gradient in the volume
surrounding the indent. An alternative approach is to use the following definition of

indentation strain rate (g):

(6)

where Al is the change in dimension due to deformation, 1, is the original dimension
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of the sample, P is the loading rate and P,,, is the maximum load applied. It hence
becomes possible to examine the effect of strain rate on twinning by varying the
loading rate while keeping the maximum load constant. Three loading rates over two

orders of magnitude: 0.1, 1 and 10 mN/s were used in this study.

Two maximum loads, 50 and 200 mN, were used to examine the effect of maximum
stress on twinning. Taking advantage of the indentation size effect phenomenon,
wherein indentation hardness increases with decreasing indentation depth due to
strain-gradient plasticity associated with the storage of geometrically necessary
dislocations [50-51], the volume under the 50 mN indent is expected to experience a

higher maximum mean stress than that under the 200 mN indent.

Each set of loading rate and maximum load was repeated to ensure that the twins

produced are reproducible for each test condition.

2.3.2 Experiment 2: crystal orientation

The relationship between the twin variant selection and the Schmid Factor was
examined by indenting the sample along a simple direction. Crystal orientation
(sample normal direction) mapping using EBSD effectively located grains with a

normal direction of [1120] to indent (figure 9). By marking a straight line on the sample
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near the targeted grain using a blade it was possible to orient the triangular Berkovich
indent symmetrically along the [1120], [0001] and [1100] orthogonal system, as

shown in figure 12. The orienting procedure was as follows:

[0001]
>

[-1100]

&

[11-20]

Figure 12. Proposed indent orientation for experiment 2.3.2

1. An SEM image was first taken near the blade mark and the target grain. A Kikuchi
diffraction pattern obtained from the target grain was then obtained using the
Flamenco EBSD software. By piecing the two together, the following figure was

constructed:
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50um

Figure 13. Schematic showing the relationship between the proposed triangular
indent orientation (in yellow) and the blade mark (striations on the left). The Kikuchi
diffraction pattern on the right was used to identify the [0001] direction which
becomes the axis of the triangular indent.

The yellow triangle shows the desired indent orientation with regard to the blade mark:
the base line of the triangular indent is parallel to [1100] and at 36° to the edge of the
blade mark, and a triangle symmetry axis lay along the [0001] direction of the target

grain.

2. An indent was made near the blade mark to establish the orientation of the indenter
tip.
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3. Under the nano-indenter’s optical microscope, the indenter tip orientation (base
and the symmetry axis) was examined and labelled on the microscope monitor, as

shown in figure 13 (a).

Base

Symmetry axis

Blade mark

Blade mark
(a)
(b)

Figure 14. Schematic showing steps 3 and 4 of the orienting procedure. The
triangular indent in (a) represents the indent made in step 2.

4. The sample was then moved so that the blade mark intersects with the indent
orientation marked on the microscope monitor. The angle between the blade mark

and the base-line of the indent was measured by a protractor (figure 14 (b)).

5. By calculating the difference between the angle measured in step 1 and 4, the

sample rotation angle was obtained. The sample holder was then loosened and
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rotated until the base of the indent sits perfectly at 36° to the blade mark.

6. Once the sample is aligned, three indents were made at 200mN with a loading rate
of 1ImN/s. These are labelled 00, representing indents at Q° rotation with respect to

the direction specified in figure 13.

The stress distribution underneath an indent is known to be complex [52], and it is
uncertain how the different stresses will affect twin nucleation and growth. To examine
how the indent geometry, and thus stress under the indent influences twinning, the
sample is rotated so that the three triangular sides of the Berkovich indent contact the
sample at different angles from the first orientation (with respect to the crystal). Two
more sets of indents were hence made on the same grain by rotating the sample,
using steps 4 and 5, by 45° and then another 45° clockwise labelled ‘45" and ‘90’
respectively The overall loading direction, which is along the sample normal direction,

and indentation parameters were kept the same.

2.3.3 Experiment 3: grain and twin boundaries
Using EBSD, several grain boundary misorientation angles were labelled on an
optical micrograph collage of the sample surface. The three grain boundaries

selected for indentation had grain boundary misorientation angles of 14°, 32° and 80°
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respectively. An indent was made directly on each of the grain boundaries and then a
set of three indents was made across, but not directly on the grain boundary, as
shown in figure 15. The distance between the indent closest to the grain boundary
and the grain boundary (T2) was kept to under 60 ym (average indent size is around
20 ym and the effective plastic volume is generally said to be around three times the

indent size).

Grain boundary

A"
A"
A

Figure 15. Indent positions in the grain boundary tests.
Similar tests were conducted across an annealed pre-existing twin, so that one indent

falls on top of the twin boundary and three are across the twin. These indents were

made with a maximum load of 200 mN and a loading rate of 1 mN/s.
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2.4 Post- deformation analysis

Indent analysis methods post deformation are described in the following section in
three parts — first, analysis of the indentation test data, followed by optical microscopy

and lastly EBSD.

2.4.1 Mechanical response data analysis

Results from the above three experiments were output directly as load versus depth
data that can be extracted from the nano-indentation computer in the .ind format.
Pyramidal analysis, which corrects the data for the indenter tip geometry and the
machine’s calibration, was conducted for all the data collected using the Nano-test
Platform 3 software in ‘analysis’ mode. The data points can then be accessed and
exported in a .txt format using the ‘review data file’ function. A numerical
zero-correction, for the non-zero starting depth the machine sometimes records, was
then carried out using a correction calculation spreadsheet obtained from users in
charge of the nano-indentation apparatus in the Surface Group (under Professor H.
Dong) at the University of Birmingham (Appendix). This includes inputting the starting
depth of each test and the corresponding test data. The spreadsheet computes
contact depth(h,), projected area (Ap), and other parameters which are not used in

this study such as hardness (H), and elastic modulus (E,) for each of the tests. The
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projected area is used in conjunction with the twin area measured using the optical

microscopic image analysis method to calculate twin area fraction for each indent.

The contact area of each indent (A.) was calculated using the following equation [48]:

¢ cos (24.79)

(1)
where the 24.7° corresponds to the angle between the Berkovich indenter planes with

a flat sample surface, as shown in figure 10.

The stresses underneath an indent are complex and difficult to calculate. However for
the purposes of this study, a simplified calculation based on the averaged stress
under the indent has been employed using A. and P,.,. Hence the highest stress

achieved during each indent test is calculated using the following equation:

o = tmax (8)

2.4.2 Optical microscopic analysis
Once the samples were extracted from the nano-indentation apparatus, optical
micrographs were taken to observe the indents made. If any twins had formed from

an indent, the twinned area was then measured using the image analysis function in

40



the Axiovision 40 software. By setting the programme up so that it brings out a good
contrast between the twins and the surrounding matrix, it was possible to isolate and
select the twinned area as ‘phase 1'. Under the ‘Interactive Processing of the
Measurement Mask’ tab, any twins omitted by the previous stages can be added
using the ‘Add objects’ function with a ‘curved’ line setting. Once all of the twins are
selected, the ‘Draw separation lines’ function was used to eliminate the twin area
inside the indent area by drawing a triangle connecting the three corners of the

triangular indent. An example of the results from this process is displayed in figure 16.

Automatic Measurement Program Wizard-twinarea. xml

Measurement

How the imags is measured. You can finall delste singie objects by clicking into the objects. By clicking insicls an obisct again it's reactivated,

2[Ea 2lele

= > { untitled - Paint

Figure 16. An example of the optical microscopic image analysis to measure most of
the total twinned area (in green). The red triangle represents the indent area, or in

other words the projected area, A, of the indent.
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The image analysis software outputs the area of the selected phases (i.e. twins
formed). This information is then used to calculate the area of the twins formed

relative to the projected area of the indent obtained in the previous section.

2.4.3 EBSD analysis

EBSD using Flamenco in the Channel 5 package was employed to examine the type
and variant of the twins formed from the nano-indentation tests. In each scan, an area
was selected from the sample surface that covers the indent and twins. Depending on
the indent size and the spread of the twins, magnifications of 500x, 1000x and 2000x
were used with step sizes (pixel size) of 2 microns, 1micron and 0.5 microns

respectively.

Twin type is determined by measuring the misorientation angle between the matrix
and twin across the twin boundary, as shown in figure 17. Then using the
characteristic misorientation angles of the most common twin types in magnesium in

table 3 [13], the twin type can easily be identified.
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Figure 17- Misorientation angle measurement using the Tango software in the
Channel 5 package by Oxford Instruments. (a) EBSD scan of an indent in sample 4 in
IPF-colouring. All pixels in green represent matrix and pixels in blue, orange/pink are

the twins formed from the indentation. The crystal misorientation profile (b) is
computed using the misorientation tool in the Tango package, where a line is drawn

across four twins, as seen in the lower half of (a), and the misorientations between
each pair of pixels are evaluated and displayed along the length of the line.
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Type of twin Misorientation angle/axis

{1011} 56° {1210}
{1012} 86° (1210}
{1013} 64° (1210}
{1o11}-{1012} 38°(1210)
{1013}-{1012} 22° {1210}

Table 3, Misorientations between matrix and commonly occurring twins in magnesium
[13]

For each twin type, there are six variants (36 for double twins). In order to verify
whether the appearance of a twin variant is related to the magnitude of its Schmid
Factor, each twin variant formed in the crystal-orientation indentation test was
identified using the following method. If a tension twin is identified in the previous step,
using the Mambo software in the Channel 5 package a {1012} pole figure is
constructed, as shown in figure 18 (same indent EBSD scan as figure 16). Then by
calculating the angular relationship between each of the 6 variants and the X, y, z
directions of the matrix, the 6 variants can be labelled. Since the matrix shares the
same K1 plane as the twin, a pixel in the twinned area and anyone in the matrix would
share the same position on the pole figure, and therefore identify the twin variant. The
twin represented by the colour pink/orange in figure 17 (a) is the (0112) and blue is

the (0112) variant.
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Figure 18. Pole figure of the {1012} family of planes with all six variants labelled. The
different colours correspond to the colouring on figure 17 (a).
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CHAPTER 3. RESULTS

Optical microscopy revealed the formation of deformation twins around all indents.
EBSD scans confirmed the existence of tension twins in all samples, with several
occurrences of double twinning {1012} — {1012} via intersection [13, 24, 53] and one

instance of compression twinning {1011}.

3.1 Reproducibility

To measure the reproducibility of indentation induced twinning in magnesium we
examined indents repeated under three different loading conditions. Optical
micrographs on the left hand side in figure 19 are very similar to the three on the right
hand side. This indicates that indents made with the same physical parameters are

highly reproducible.

46



() (d)

(e) (f)

Figure 19. Optical micrographs of six indents made in three different loading
conditions on grain with sample normal [1231] : (a) and (b) with loading rate of 1
mN/s and a maximum load of 50 mN, (c) and (d) with loading rate of 1 mN/s and

maximum load of 200 mN and (e) and (f) with load rate of 10 mN/s and maximum load
of 200 mN.
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3.2 Occurrence of twins

The response of pure magnesium to indentation and the subsequent twin nucleation
and growth are described in this section. Figure 20 is an optical micrograph of the
indent along the simple direction [1120] described in section 2.3.2 (figure 12
reproduced here). EBSD identified the twins formed around the indent to be of the
four variants labelled in figure 20: (1012) in pink, (1012) in red, (0112) in light blue and

(0112) in yellow.

Figure 20. Optical micrograph of the indent in simple direction: [1120]-[0001]-[1100]
with twins formed due to indentation highlighted in four colours representing four
different tension twin variants: (1012) in pink, (1012) in red, (0112) in light blue and
(0112) in yellow.

[0001] ’

[-1100]

[11-20]

Figure 12. Reproduction of indent orientation in simple direction [1120]
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The twins are formed in response to the stress applied on the magnesium underneath
the indent. The material flow under a Berkovich indent is shown in figure 21. When
the indent pushes into the magnesium, material immediately next to the indenter
moves down along the indenting direction as shown by the blue arrow in figure 21 (a).
Magnesium twins in respond to this shear. As stress builds up underneath the indent
and the material relieves this by flowing towards the strain-free surroundings in the
radial directions — some material re-surfaces a distance away from the initial indent

site, causing the further twinning by different modes.

Although the stress-strain field underneath a Berkovich indenter is often complicated
[59], it is attempted here to understand the material response to the applied stress

using a simplified Schmid factor considerations.

Let's first consider the relationship between the six tension twin variants, which
appeared in all indent tests, illustrated in figure 22, and the material shear described
in figure 21 (c). First it must be noted that the shear planes of variants (1102) and
(1102) are parallel to the loading direction [1120] and the associated shear can
therefore make no contribution to the volume immediately under the indent tip
illustrated in figure 21, and thus the two systems are inactive here. Given that
twinning is a direction sensitive process, each twin variant will operate only when

shear follows the nl direction (see figure 22). Hence at initial contact, the shears on

49



the left and right sides of the indent (in figure 21 (a) and (b)) would initiate the (0112)
and (1012) twins. Notice here the direction of material moving down with the right and
left side of the indent matches the direction shown in figures 22 (a) and (b). Material
shear on the third side (Ill) of the indent will not trigger any twin since the shear
direction contributes to non o the all four tension twin variants discussed here. As
material re-surfaces, twin variants (0112) and (1012) would form further away from
the indent on the left and right sides. Again the twinning directions in figures 22 (c)
and (d) match the direction of material movement shown in figures 21 (b) and 21 (c).

This explains the twins shown in figure 18.

Table 4 summarises the Schmid Factors calculated for all six tension twin variants

and the twin occurrence with respect to the triangular indent in figure 19.
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Figure 21. Material flow underneath the indenter: (a) material flow at initial contact in
profile view, (b) material flow at initial contact from bird’s eye view, (c) material

response to strain build-up as indentation progresses.
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Figure 22. Six tension variants and their twin shearing directions (green arrow): (a)
(1012) includes indent direction [1120], (b) (0112), (c) (1012), (d) (0112), (e) (1102)
and (f) (1102).
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Tension twin _ — _ _ _ _
variants (1012) | (0112 (1012) (0112) (1102) | (1102)
Schmid Factor
[1120] 0.374 0.374 0.374 0.374 0 0
Right Far - Immeedlat - - -
Sl'des of Left ) Far ) Immediat ) )
triangle e
Botto ) ) ) ) ) )
m

Table 4. Summary of the Schmid factor in [1120] direction of the six tension twin
variants and the twins formed as a result of the triangular indentation in the [1120]
direction and with the orientation shown. The Schmid factors were calculated using
the loading direction [1120], twinning plane normal direction following K1, and slip
direction following n1 of each variant.

3.3 Effect of varying stress and strain rate

3.3.1 Effect of varying stress

In experiment 1 (c.f. section 2.3.1), six indents each were made with maximum loads
of 50 mN and 200 mN to examine the effect on twinning of varying stresses under the
indent. Affirming to the indentation size effect phenomenon, the calculated mean
stress immediately underneath the 50 mN indents was higher than that under the 200
mN ones. The average values shown in table 5 are 329.3 MPa and 264.9 MPa

respectively.
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Mean stress Standard Deviation
(MPa) (MPa)
50 mN indents 329.3 31.3
200 mN 264.9 5.0
indents

Table 5. Average and scatter of the calculated stress using equation (8) for the six
indents in experiment 1.

The standard deviation is much higher for the 50 mN indents than the 200 mN indents.
This is because the 50 mN indents are much smaller than the 200 mN ones and thus
more susceptible to local heterogeneities such as surface roughness which cannot be

removed nor quantified during sample preparation.

Twin number, indent-twin area fraction, twin number density and normalised
individual twin size (cf. section 2.4.2) are tabulated in table 6 along with stress values
calculated from equation (8), (maximum load divided by the indenter contact area) for
all twelve 50 mN and 200 mN indents. The indent-twin area fraction is a normalised
parameter that measures the amount of twin growth at the sample surface with
respect to each individual indent. Similarly the twin number density is the ratio
between the observed numbers of twins at the sample surface and the indent area.
The normalised individual twin size measures the size of each individual twin respect

to the projected indent area.

It can be observed visually in figure 19 and numerically in table 6 that 200 mN indents
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yielded higher number of twins than the 50 mN indents. However when you normalise
this value with respect to the indent area the 50 mN indents produced much higher
twin number density. The normalised individual twin size is also higher for the higher
stressed 50 mN indent. The area fraction is more difficult to compare due to variation
in the 50 mN data. If we put side to side the most numerically consistent group — the
10mN/s loading rate, 50 mN indent set with indents at equivalent loading rate for
200mN, no significant difference in the twin-indent area fraction can be observed. On
the other hand, when we compare between the repeats for all six indent parameters,
75% of the indents show higher twin-indent area fraction for the more highly stressed

indent.
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Indent Twin- Twin number Normalised
Stress, . indent density individual
Twin 2 o
p 4 o number are.a (number/m#) | twin size (%)
(MPa) fraction
l)max (%)
0.1mN/s | A| 269.3 8 65.6 72.2 x10° 8.2
0.1mN/s |B| 318.6 6 49.0 85.8 x10° 8.2
50 | 1mN/s |A| 300.7 8 78.7 67.2 x10° 9.8
mN | 1mN/s |B| 259.4 7 56.4 70.8 x10° 8.1
10mN/s | A| 322.0 11 72.8 107.0 x10° 6.6
10mN/s | B| 325.0 8 88.6 64.6 x10° 11.1
(a)
Indent Twin- Twin number | Normalised
Stress, . indent density individual
Twin 2 i
p p 4 (o} number are.a (number/m#) | twin size (%)
max (MPa) fraction
(%)
0.1mN/s | A| 2395 17 75.7 29.6 x10° 4.5
0.1mN/s |B| 2355 16 79.8 26.0 x10° 5.0
200 | 1mN/s |A| 246.5 15 87.9 23.1 x10° 5.9
mN | 1 mN/s |B| 244.0 16 59.1 36.3 x10° 3.7
10 mN/s | A| 2427 17 89.7 25.3 x10° 5.3
10 mN/s | B| 235.8 18 76.7 30.5 x10° 4.3
(b)

Table 6 - Twin number, area fraction, twin number density and normalised individual
twin size calculated from optical microscopic image analysis with correlation to indent

stress values for (a) 50mN, and (b) 200mN indent groups

3.3.2 Effect of varying strain rate

Results for both groups suggest that both the number and the twin-indent area

fraction of twins formed were insensitive to the change in loading rate within the

scatter of results and for the two orders of magnitude range in the strain rates used
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here. This is consistent with the findings of Korla et al and Brown et al in magnesium
and beryllium, which suggest that although strain-rate may determine if the material
slips or twins, an increase in strain-rate does not affect twinning frequency and area
[27, 54]. It should be noted that strain-rate is not directly compared here, rather a

relative increase of it as loading rate increases at a constant maximum load.

3.4 Twin variant selection and Schmid factor

We have observed in section 3.2 that twinning is associated with the shear of material
underneath the indent, and that the direction components of the shear influence the
variant selection process. We observed also a correlation between twinning and the
Schmid Factor calculated using the loading direction (c.f. table 4). In the next section
we will further examine these two observations by reviewing the results of experiment
3 described in section 2.3.2 of indenting in the simple direction [1120], alongside other

indents made in more complex directions.

3.4.1 Indents in symmetrical direction [1120]
In experiment 3, a set of three indents was made following the simple direction

[1120]-[0001]-[ 1100] as represented by figure 12. Two more sets of indents were
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made by rotating the sample 45° and 90°, to examine the effect of shear direction
(independent to tip loading direction) on the variant selection process. Optical
microscopic images in figure 23 reveal similar twin propagation patterns for all three
orientations: 0°, 45° and 90°. Specifically, that twin occurred on only two out of three
sides of the triangular indent. These twins spread outwards evenly along [0001]

direction.

(a) (d)

(b)

Figure 23. Optical micrographs of indents (a)~(c) 00, (d)~(f) 45 and (g)~(i) 90.
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() (f)

(9 (h)

Figure 23. Optical micrographs of indents (a)~(c) 0, (d)~(f) 45 and (g)~(i) 90.
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The EBSD result of a 0° indent (figure 23a) is displayed in figure 24. As stated in
section 3.1 the twin variants formed are (0112), (0112), (1012) and (1012). EBSD

revealed that similar twin variants had formed in the 45° and 90° orientation indents.
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Figure 24. (a) Optical micrograph and EBSD scan of the 00a indent. Variants
corresponding to the indents are labelled on the optical micrograph. (b) The pole
figure used to identify the variants.

60



3.4.2 Variant selection for other indents

If twin nucleation is dependent on the loading direction (sample normal direction), the
Schmid factor (SF) calculation may be useful to indicate the twin variants formed in
the other indentation experiments. Here the results obtained for three loading
directions: [7 5 2 2], [1 2 3 1] and [1 3 2 2], using optical microscopy, EBSD are
presented together with SF calculations. Figures 25 to 27 display the EBSD results
and table 7 lists the SFs and twinning frequency in each indentation test. Frequency
here refers to the percentage of twin variants observed as the number of indents

made varied with direction.

Contrary to the observation in the previous section, table 7 suggests that twin

nucleation is unrelated to the Schmid criterion.

[7 5 2 2] [12 3 1] [13 2 2]
Tension twin

variants m frequency m frequency m Frequency
(10-12) 0.415 50% 0.213 40% -0.161 0
(01-12) -0.003 25% 0.359 40% 0.101 100%
(-1012) 0.393 0% 0.182 80% -0.149 0
(0-112) -0.007 25% 0.321 100% 0.158 0
(1-102) 0.279 0% -0.044 40% 0.046 50%
(-1102) 0.261 25% -0.036 100% 0.000 50%

Table 7. Schmid Factor (m) and twinning frequency for three sample normal
directions[7 5 2 2],[12 3 1],and[1 3 2 2].
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Figure 25. Optical micrograph and EBSD results obtained from the sample indented
up to 200 mN with the loading rate of 0.1 mN/s. The loading direction is along [7 5 2

2].

62

IPF calouring

0001

Pole Figume

[200mN PO1 a.cpr]
Magnesium {6/ mmm)
Complets datz =et
2840 datz points
Equal Area projection

Upper hemizphars




|PF colowing M agnesium

0001 1010

2110

Z1

H o
| I - - i |PF-2Z; Step=1 pm: Grid38x50

{102}

Figure 26. Optical micrograph and EBSD results obtained
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from the sample indented

up to 200 mN with the loading rate of 1 mN/s. The loading direction is along [1 2 3 1].
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Figure 27. Optical micrograph and EBSD results obtained from the sample indented
up to 200 mN with the loading rate of 1 mN/s. The loading direction is along [1 3 2 2]
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3.5 Effect of grain and twin boundaries

Figure 28 shows the grains and twin boundaries indented as described in section
2.3.3. The boundaries are highlighted in red. Optical micrographs of indents made on
the 14° and 80° grain boundaries in figure 29 show no effect on twin nucleation and
growth at the nearby boundaries (pre-existing indents were carefully examined and
labelled where necessary). Note that the grain boundary indents were done twice due
to calibration problems in the first run. Figure 30 shows the indents for GB-32°. Figure
30 (c) shows the presence of several grain-boundary related twins that appeared
after the indentation test, when an indent (GB-32° T3) was made near the 32° grain

boundary.
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Figure 28. Optical micrograph of grain and twin boundaries selected for indentation

(red).
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Figure 29. Indents made across GB-14° and GB-80°. Only indents made in close
proximity to the grain boundaries are shown, (a) first attempt at GB-14° indent, (b)
second attempt at GB-14° indent, (c) near boundary indent for GB-14°, (d) first
attempt of GB-80° indent, (e) second attempt of GB-80° indent and (f) trans-boundary
indent for GB-80°
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Figure 30. Optical micrographs of GB-32° indents. (a) shows location of indents with
respect to GB-32° (b) first attempt of GB-32° indent, (c) indent GB-32° T3.

EBSD analysis in figure 31 revealed that (0112) and (1102) were the two main twin
variants formed by the GB-32° T3 indent. The (1102) twin was related to both the

indent and the grain boundary surrounding the indent. Adjoining twins in the
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neighbouring grains (marked by red arrows) were also observed. The joined twins are
not of the same variant according to EBSD: shown the top red arrow in figure 31, are

joined by the top variant (1102) and the bottom variant (0112).

Twin joint
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Figure 31. EBSD results for the GB-32° T3 indent. The colour orange represent the
matrix, pink and green are the neighbouring grains, at the top red arrow, the twin in
green is the (1102) twin and in pink is the (0112) twin.
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Indenting on a twin boundary (figure 32) did not nucleate further twins near the
surrounding boundaries. In fact, the indent made produced a much smaller number of
twins around the immediate indent area in comparison to other indents made on the
same grain. The indent did however permanently alter the shape of the pre-existing
twin. This is due to the material flow mechanism under the indent as described in

section 3.1.

Pre-existing twin

Figure 32. Indent at a twin boundary.
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CHAPTER 4. DISCUSSION

4.1 Occurrence of twins

Tension twins {1012} had formed around all indents in the current study, as suggested
in the literature. This is attributed to the relatively lower energy required for shear and
shuffle in comparison to compression twinning {1011} and all other twinning modes
(c.f. table 2). The observation could also reflect on the relative CRSS difference found
between the two modes in other studies where compression twins require some three
times higher stress to activate [11, 38]. The compression twins {1011} in figure 33,
found in very small quantity at the edges of tension twins in an indent made along the
[1322] direction, were absent around other indents on the same grain. It is possible
that {1012} - {1011} double twins had formed - but since this was observed but only
once indicates it is unlikely to be the dominant mechanism. The double twins found in
this study could be the result of tension twins interacting with one another due to
geometry hence do not contribute to any increase in the strain accommodating

abilities of magnesium.
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Figure 33. EBSD scan in euler colours showing an indent containing both tension
twins{1012} in red and brown, and compression twin {1011} in grey.

In section 3.4.2 we have reported the occurrence of four twin variants which is
consistent with the SF calculation. Similar results have also been reported by Kang et
al for nanoindentating steel using a spherical indenter. However, it should be noted
that in this study, using figure 20 as an example, the four twin variants occurred in
different popularity, as well as their position relative to the indent. The twin variants
(1012) in pink and (0112) in light blue are more popular, and in closer proximity to the

indent than twin variants (1012) in red, and (0112) in yellow. This behaviour is
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consistent to the repeated indents in the same orientation. There is an evident
inconsistency between our result and the absolute Schmid behaviour - that all four
twin variants have equal likelihood to form (c.f. table 4). One may argue the validity of
the SF consideration in the case of nanoindentation using a Berkovich indenter. So far,
the SF consideration has given a good first order estimation of the twin variant
selection based on the loading direction with regards to the sample surface. Yet the
simplified approximation does not take into account the indenter geometry and
material properties that render the stress and strain distribution underneath the indent,
which is likely differ from the expected twining behaviours - e.g. the twin growth and
therefore the observed popularity and position difference of the four variants

observed.

4.2 Effect of varying stress and strain rate on twinning

4.2.1 Effect of varying stress

It has been shown in this study that stress concentration such as a nano-indent
introduces of twining in magnesium. Many studies of deformation twins previously
have discussed stress concentration to have positive effect on twin frequency and
twinning area fraction [14, 39, 42],. Yet our own observations on the effect of mean

stress (induced by the indentation size effect (reference on ISE)) show some
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discrepancy (c.f. section 3.3.1).

In the current study, the number of twins decreases with the mean stress value. This
value, in fact, has no direct relationship with the mean stress but instead should be
comprehended as the result of increase in volume of materials involved during plastic

deformation at larger indentation size.

On the other hand, the twin number density increases with the mean stress -
suggesting a direct correlation between higher mean stress (329.3 MPa) and
increase in twin nucleation. The normalised individual twin size has also increased
with mean stress. This parameter characterises the growth of an individual twin with
respect to varying load. More, and larger twins have formed on average per area unit

for the higher stress experiments.

As previously mentioned, when the indentation size is small, the mean stress applied
is much larger than that under a large indent size (ISE of mean stress/hardness). We
observe that twin nucleation and growth in the current study are both more effective
under the larger mean stress. This resembles Capolungo’s energy considerations in
figure 5, that an initial energy barrier is required before a stable twin nucleus is formed;
and that the maximum attainable twin volume is determined by an external stress

state. Higher mean stress corresponds to higher instantaneous energy exerted on the
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material and thus the energy barrier, Eaciv is satisfied for more twin nuclei to form. The
high mean stress also determines the external energy state and therefore dictates in

our case twin size, in 2-dimensions

The twin indent-area fraction accounts for the normalised total fraction of twin that
had formed as a result of indentation. Here the twin indent-area fraction is
independent from change in mean stresses. In this case the higher mean stress
attributed to indentation size effect is not comparable to a higher stress imposed on
the material in uniaxial tension or compression tests as maximum strain under any
indent is constant, at 8% [57], whereas in uniaxial tension or compression tests strain
increases proportional to stress. However, in between the repeated indents, 75% of
the more highly stressed indents showed higher indent-twin area fraction. This does
suggest a positive effect of maximum stress on twinning but the uncertainty

associated with the remaining part of the data-set allows us to draw no conclusion.

We must also consider a more fundamental limitation to our existing data-set - that
only superficial twins are considered here. Yet in fact the indents made are
three-dimensional and complex in geometry from a Berkovich tip. Time constraints
restricted 3-D mapping of the volume around the indent but this can certainly give
more accurate accounts for the twin development around the indent. Furthermore the

complexity associated with loading directions of each facet on the magnesium may
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be ameliorated by using a simple spherical or conical tip for indentation.

4.3 Twin variant selection and Schmid factor

4.3.1 Variant selection with respect to indents in [1120], [7 5 2 2],[12 3 1], and [1
3 2 2] directions.

Twin variant selection of indents on grains with sample directions [1120], follows
closely to the SF consideration. However, when different loading directions were
examined, i.e.[7 5 2 2],[12 3 1],and [1 3 2 2], twins associated with low Schmid
factor - therefore not predicted to occur, were found in abundance. It is interesting to
note that the breaking down of the Schmid criterion in twinning was also observed by
Jonas et al in the uniaxial tensile deformation of magnesium alloys AZ30 and AM30
deformed in tension [11]. They explain their findings using a numerical simulation that
calculated the accommodation strains at the grain boundaries twinning imposes due
to the length change associated with equation 2 in section 1.1.1. However in our
study we have carefully placed the indents away from the grain boundary to create a
guasi-single crystal condition at which the dislocations generated during indentation
should have no interaction with any grain boundaries and therefore the

accommodation strain theory is not applicable here.
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An attempt has been made to understand the twining behaviour using Johnson’s
cavity model [58], where the material is assumed to be isotropic and only the stresses
at the surface of the materials were considered [59]. This method produced
consistent results with the Schmid Factor calculation. However, similar to the SF
model mentioned earlier the cavity model is also over simplified in that magnesium

has a highly anisotropic hexagonal structure.

As a future work, it is worthwhile to build a physically sound numerical model to
predict the twinning induced by nanoindetation in magnesium. This can be further
incorporated with the 3D characterisation of the twins under the indent using the

FIB/EBSD technique.

4.4 Grain boundary and twin boundary

4.4.1 Effect of grain boundary

We found that a stress concentration (indent) on or near a grain boundary would
induce twinning immediately around the indent in the same way as when indenting in
the middle of the grain. We also found that indenting on or near a low angle grain
boundary (< 30°), with existing twins in the neighbouring grains would trigger twin

nucleation and growth at a grain boundary some distance away from the indent. The
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newly formed indent would associate closely to the indent in the neighbouring grain
forming an adjoining-twin-pair (ATP). This is consistent with Beyerlein’s observation
of adjoining twin pairs (ATP) and the grain-boundary misorientation threshold of 30°
[14]. Grain boundaries with existing twins are more susceptible to further twinning as
the existing twin introduces a local stress concentration where it meets the grain

boundary.

EBSD results revealed that the ATPs are of different variants which indicate that the
two twins are indirectly related to one another, and are nucleated from separate twin
embryo. This again proves that the original, pre-existing twin may act as a local stress
concentration at the grain boundary and when the neighbouring grain is stressed a
new twin may nucleate due to this stress concentration. This domino-effect like

behaviour further elucidates the catastrophic nature of twinning macroscopically.

The grain boundary effect can be further, more systematically explored given more
time, incorporating our current conclusions on the effects of ATPs. This would provide
invaluable insights into the relationship between grain boundary angles and twin

propagation, possibly opening a new process route to control twinning.
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4.4.2 Effect of twin boundary

Based on our observations, a twin boundary would be a less likely place for twins to
nucleate and grow in comparison to a grain boundary. Not only were there no twins
formed beyond the immediate area surrounding the indent, but the indent triggered
fewer twins around the indented area than expected. Twins formed due to the indent

did not penetrate into the pre-existing twin to form double twins.

Alteration to the pre-existing twin shown in figure 32 presents an opportunity further
investigate twin-boundary response to external stress using perhaps micro-scale
instead of nano-scale indentation as previous studies on grain boundary indents have

not reported the above observation.
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CHAPTER 5. CONCLUSIONS

Here we conclude the study of deformation twinning in pure magnesium using
nano-indentation. Our primary goals were to observe the effects on twinning of local
stress concentration, strain rate, crystal orientation, grain boundary and pre-existing
twins using controlled indentation. A Berkovich tip was employed and the indents

were characterised using optical microscope, SEM and EBSD.

We have successfully induced twinning with all indents made on the magnesium
samples. The dominant twinning mode was tension twin {1012} with one observation
of compression twin {1011} and some double twinning {1012} — {1012} via
intersection. This was true regardless of crystal orientation, and the magnitude of the

applied stress and strain. The induced twinning patterns were highly reproducible.

Using an indent in the simple direction [1120] as example, we described a scenario to
rationalise twin nucleation and growth process with respect to magnesium’s response
to the intruding indent tip. Material flow direction changes as the indent tip sinks into
the magnesium, promoting the growth of different twin variants as twinning is highly
directional. Twin variants (1102) and (1102) was not observed for any [1120] direction
indents as the shear planes for these two systems were parallel to the loading

direction.
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Despite twinning occurring with every indent, we have found no solid conclusion that
increasing the maximum contact stress, using the size-effect phenomenon with
nano-indentation, has an effect on twinning. Two indent groups, one with an average
contact stress of 329.3 MPa and the other lower at 264.9 MPa showed conflicting
results within group, and between groups. We believe that the indentation might not
be the most appropriate method to observe the effect of higher stress concentration

as it is not possible to increase strain beyond 8%.

One limitation to be overcome is that we have only accounted the superficial twins at
the sample surface. A three-dimensional study of the indent using a combination of
focused ion beam and EBSD would enable the entire plastic zone volume to be

analysed but this was out of the time-scope of the current study.

We have found that twinning is strain-rate insensitive which conforms to other

twinning studies summarised in section 1.3.2.1 of this thesis.

This study has again observed the breakdown of the Schmid criterion for deformation
twinning in magnesium. The Schmid criterion here predicted only twin nucleation of
indents made in the simple direction [1120]. We suspect that complex stress field
underneath the indent requires more vigorous and in-depth computing to resolve.

How twins form with respect to the stress field under the indent cannot be analysed
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until first a good understanding of the stress field under the indent. Another way to
simplify this is to use an indentor tip of simpler geometry, such as a spherical or

conical tip for further studies.

We have observed that grain boundaries with existing twins are more susceptible to
further twinning as the existing twin introduces a local stress concentration where it
meets the boundary. As one grain boundary touching twin triggers twinning in the
neighbouring grain, a domono-like effect is observed, explaining the catastrophic

nature of the macroscopic twinning process.

Lastly, twin boundaries have no apparent effect on promoting twinning. We however

observed a permanent alternation of the pre-existing twin indented which can be

further explored to understand the twin-boundary response to external stress.
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