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Abstract
This investigation examines the use of instrumented indentation to extract information on the
deformation behaviour of commercial purity magnesium, AZ31B (Mg-2.5Al-0.7Zn), and AZ80
(Mg-8Al-0.5Zn). In particular, indentation was conducted with spherical indenter using a range of
spherical indenter tip radii of R = 1 m to 250.0 m. A detailed examination has been conducted
for the load-displacement data combined with three-dimensional electron backscatter diffraction
(3D EBSD) characterization of the deformation zone under the indenter after the load has been
removed.
It was proposed that the initial deviation of the load-depth data from the elastic solution of
Hertz is associated with the point when the critical resolved shear stress (CRSS) for basal slip is
reached. Also, it was observed that reproducible large discontinuities could be found in the loading
and the unloading curves. It is proposed that these discontinuities are related to the nucleation and
growth of {101̅2} extension twins during loading and their subsequent retreat during unloading.
For the case of c-axis indentation, 3D EBSD studies showed that the presence of residual
deformation twins depended on the depth of the indent. Further, a detailed analysis of the residual
geometrically necessary dislocation populations in the deformation zone was conducted based on
the EBSD data. It was found that residual basal <a> dislocations were dominant in the deformation
zone. This was consistent with crystal plasticity finite element method calculations where only
basal slip was allowed albeit with some differences that can be rationalized by the presence of
{101̅2} extension twins in the experiments. Using different spherical diamond tips, it was
concluded that the quantitative values for the RSS0.1% offset for basal slip of magnesium obtained
from the indentation test is indentation size dependent and it increases linearly with the inverse
square root of the misorientation gradient under the indent. Finally, effects of chemistry on the
CRSS for basal slip was also successfully measured by conducting the indentation tests on AZ31B
and AZ80 alloys. It was shown that the CRSS of basal slip increases linearly with c1/2, where c is
the concentration of Al.
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CHAPTER 1

Introduction

The use of magnesium as a structural material has a long history. During World War I
magnesium was one of the strategic aerospace construction metals which was used for German
military aircraft. The production of magnesium dropped significantly after the First World War,
but it increased again during the Second World War and weakened again after World War II.
Recently, there has been considerable concern in the transportation sector about fuel economy and the
need to reduce weight. Thus, a revised interest in developing magnesium and its alloys has developed.
In addition to the low density of magnesium (i.e. the lowest density of all the structural metals),

magnesium also exhibits excellent damping capacity, reasonable cost, good recyclability, and
machinability [1,2].
Recently, magnesium usage has been increased in automobiles vehicles almost entirely as die
castings [3,4]. However, the successful production of the Nd-containing alloy Elektron 717
prototype door inner panels, weighing 58% less than the original steel panels, represents a major
step forward for magnesium forming technologies [5]. However, the key difference in the
formation of magnesium compared to steel is that the deformation should be conducted at elevated
temperatures (i.e. 200-250o in the case of the door inner panels) [5].
One of the most significant challenge for current applications of magnesium and its alloys is its
low ductility at room temperature, and its highly anisotropic plastic response. To overcome these
challenges, it is necessary to improve our knowledge on the plastic deformation of magnesium and
its alloys. This will allow for magnesium to be more widely employed in various applications in
industry, so that cost effective parts can be easily manufactured and the in-service performance
meets the demands of the automotive sector [2].
According to the von-Mises criterion, five independent slip systems are required for a general
homogeneous plastic deformation [6]. In contrast to body-centered cubic (BCC) and face-centered
cubic (FCC) lattices, the hexagonal lattice does not provide a sufficient number of easily activated
slip systems to satisfy the von-Mises criterion. To achieve this, more than one crystallographic slip
mode and/or twin mode are required. This makes the mechanical response of hexagonal metals
much more complex compared to BCC and FCC metals. Further, the stress to operate these
deformation modes are widely different. For example, the critical resolved shear stress (CRSS) for
basal slip measured from single crystals is of order 1 MPa and 5-50 times greater for non-basal
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slip [7,8]. In principle, the various critically resolved shear stresses for slip and twinning could be
measured from single crystals but this is difficult and time consuming. Therefore, it would be of
interest to extract these fundamental properties from a local test, such as indentation test, that could
be conducted on polycrystalline samples. The instrumented indentation test, which is a
development of the traditional hardness test, has been finding increased applications for a broad
range of materials with heterogeneous microstructures. This technique has the ability to probe local
mechanical behavior of small material volumes (nm3-m3). In comparison with a traditional
hardness test, an instrumented indentation test is able to measure load and displacement during the
entire test [9].
Solid solution hardening of magnesium has been known for a long time. As mentioned before,
the CRSS of high purity magnesium is 1 MPa. So, the strength of magnesium on its own is too
low, and thus there is a need to develop alloys to take advantage of solid solution and/or
precipitation hardening [10]. There are many potential alloys and only a few have been well
characterized at the slip system level.
In this research, the mechanical response of individual grains in a fully annealed condition in
polycrystalline high purity magnesium will be characterized using instrumented indentation test.
This approach provides information on the heterogeneity of deformation as a function of the grain
orientation with respect to the indentation axis. Furthermore, this work seeks to investigate the
effect of solid solution hardening on the mechanical and deformation behavior of small materials
volumes (grain size scale) by conducting the indentation test on individual grains on AZ
magnesium alloys and comparing the obtained results with high purity magnesium.
This thesis begins with a review of literature on the deformation behaviour of magnesium and
its alloys, and the use of indentation to study plasticity in magnesium. Having reviewed the current
state of knowledge, the scope and objectives of the current work are presented in Chapter 3.
Chapter 4 includes the experimental and modelling methodology, used to meet these objectives.
Chapter 5 contains the experimental and simulation results obtained on the effect of
crystallographic orientation for spherical indentation. Chapter 6 shows that the CRSS obtained by
the indentation technique is size dependant. Finally, Chapter 7 describes the effect of composition
on the CRSS of basal slip in high purity magnesium by presenting the experimental results
obtained on AZ magnesium alloys, i.e. AZ31B (Mg-2.5Al-0.7Zn), and AZ80 (Mg-8Al-0.5Zn).

2

CHAPTER 2

Literature Review

2.1 Introduction
The literature review begins with a brief summary on the deformation of magnesium in which
elastic and plastic anisotropy and slip modes/twin modes are considered. After that, instrumented
indentation testing which can be utilized to investigate the local deformation behaviour of a
material at small size scale (nano/micrometer length scale), will be introduced. Following this, a
detailed review of the indentation studies conducted on magnesium using different shapes/sizes of
indenters will be presented.
In the current study, the influence of crystal orientation, indentation size, and composition on
the local deformation behaviour of magnesium has been studied. Therefore, the available literature
in this area will be reviewed. These topics will be explored with the goal of examining the
advantages and challenges of using the instrumented indentation test compared to the conventional
mechanical testing methods.

2.2 Deformation of magnesium
2.2.1 Elastic deformation in magnesium
In order to characterise the elastic behaviour of the hexagonal closed pack (HCP) lattice, five
elastic constants are required as shown in Equation (2.1) below [11]:
 1   c 11

 

c
 2   12
 3   c 13

  
 4   0
   0
5

 
 6   0

c 12

c 13

0

0

c 11

c 13

0

0

c 13

c 33

0

0

0

0

c 44

0

0

0

0

c 44

0

0

0

0

  1 
 

0
 2 
  3 
0
 
0
  4 
  
0
5
 
 c 12 ) / 2    6 
0

( c 11

(2.1)

All HCP metals are elastically isotropic in the basal plane [12]; however, the elastic properties
parallel to the c-axis can vary from those perpendicular to it, resulting in a pronounced elastic
anisotropy. As a result of this, the way in which a particular grain elastically deforms when a
polycrystalline aggregate is strained may depend on the crystallographic orientation of the grain
with respect to the stress axes. Figure 2.1 shows how the Young’s modulus of a magnesium single
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Figure 2.1: Anisotropy of Young’s modulus in magnesium. The xy-plane corresponds to the basal
plane, and z-axis corresponds to the c-axis in an HCP crystal. C11 = 33.5 GPa, C12 = 49.9 GPa, C13
= 20.8, C33 = 61.0 GPa, and C44 = 16.6 GPa were used for plotting the figure [11].
crystal varies with crystallographic direction in magnesium. As can be seen, magnesium shows
low elastic anisotropy; the percentage differences between the modulus along the c-axis and
perpendicular to it is only ~ 10%.

2.2.2 Slip systems in magnesium
According to the von-Mises criterion [6], in polycrystalline metals, five independent
slip/twinning systems are required in order to sustain a general homogeneous deformation. In
magnesium, the possible slip systems are, basal (0001), < 112̅0 > [10,13], prismatic {101̅0},
< 112̅0 > [14], 1st order pyramidal {11̅01}, < 112̅0 > [7,8] and 2nd order pyramidal {112̅2},
̅̅̅̅ > [15-17] as shown in Figure 2.2.
< 1123

4

Basal <a>

Prism <a>

1st order pyramidal <a>

2nd order pyramidal

Figure 2.2: Demonstrates the basal and non-basal slip systems (both <a> and <c+a> types) in HCP
magnesium. The Burgers vector of the dislocation is given by the solid arrow.
The characteristics of the slip systems are summarized in Table 2.1, including the critically
resolved shear stress (CRSS) measured experimentally. Since the pyramidal slip system with <a>
Burgers vector is crystallographic equivalent to the combination of basal and prismatic slip, a total
number of four independent modes are provided by dislocations with an <a> Burgers vector.
Furthermore, slip in the < 112̅0 > direction does not generate strain parallel to the <c> axis. The
strain along the <c> axis can be accommodated either by twinning on {101̅2} or {101̅1} plane or
by <c+a> slip on the 2nd order pyramidal plane ({112̅2}). The 2nd order pyramidal <c+a> slip alone
can provide the essential five independent modes. However, the value of the critical resolved shear
stress (CRSS) for the 2nd order pyramidal <c+a> slip shows a wide range magnitude but it is always
higher than that of basal slip at room temperature [17-21].
In spite of the high values of CRSS for non-basal slip at room temperature, there are a number
of research papers which report the activity of <c+a> slip in magnesium alloys at ambient
temperature. Hauser et al. [22] and more recently Keshavarz and Barnett [23] have confirmed the
significance of the non-basal slip at room temperature using slip trace analysis. Furthermore, recent
dislocation observations [24-27] using transmission electron microscopy (TEM) provide further
support for non-basal slip.
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Table 2.1. Characteristics of slip modes in pure magnesium single crystals
Mode

Plane

Direction

Crystallographic

CRSS in MPa at

Number of

elements (slip

room

independent

systems)

temperature

modes

0.49-0.8 [14,7]

Basal

(0 0 0 1)

<>

(0 0 0 1) <>

2

Prismatic

{}

<>

{} <>

45 [14]

2

Pyramidal
1st order

{}

<>

{} <>

-

4

Pyramidal
2nd order
<c+a>

{}

<>

{} <>

10[18], 42[19], 2.3 [20]
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2.2.3 Twin modes in magnesium
Generally, two types of twins are observed in magnesium alloys: extension twins and
contraction twins [28-30]. In magnesium, {101̅2} twins are expected when a grain is expanded
parallel to the <c> axis, while {101̅1} and {101̅3} twins are expected when a grain is contracted
along the <c> axis. Deformation twinning on the {101̅2} plane causes extension along the <c>
axis (extension twin), and reorients the crystal by a rotation of 85.2° around the < 112̅0 >axis as
illustrated in Figure 2.3a. Twinning on the {101̅1} plane leads to contraction parallel to the <c>
axis (contraction twin), and a reorientation of the crystal of 57° around the < 12̅10 > axis (Figure
2.3b).
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57.05o

85.22o

(a)

(b)

Figure 2.3: Schematic re-orientation of the <c> axis which results from a) {101̅2} extension and
b) {101̅1} contraction twinning in magnesium [30].
The reorientation of grains after twinning can lead to an orientation that is more favourable for
slip. Twinning may occur over a large fraction of a sample after only a small amount of
deformation and leads to sudden change in the texture of the sample [31,32]. Researchers have
modelled the deformation behavior of magnesium including twin activity [33-36]. It has been
observed, to a first approximation, that the activation of twinning can be described by a CRSS
criterion such as Schmid’s law [37]. For the case of high purity Mg, the CRSS for extension
twinning was determined as 2-10 MPa [7, 38], which shows its easy activation. However, for the
contraction twinning the CRSS ranges from 76 to 153 MPa [39]. Gharghouri et al [40], studied the
internal stresses in Mg-7.7 at.% Al alloy using in-situ neutron diffraction method. Their
observations confirm the applicability of the critical resolved shear stress criteria for extension
twinning. Also, Godet et al [41] conducted compression testing on an extruded AM30 alloy along
the extrusion direction. Using EBSD analysis, they claimed that the extension twinning satisfied
Schmid’s law. Later, Park et al [32] performed tensile tests parallel to ND and also compression
test parallel to RD on AZ31 alloy. EBSD analysis of the extension twin orientation supported the
idea that among all deformation twinning planes the ones would activate which show the high
value of Schmid factor. Finally, Jiang et al [42] have performed similar experiments on AZ31 and
AM 30 alloys. Using X-ray and EBSD, they have also reported a correlation for the activation of
twinning with the Schmid factor.
However, in contrast with these studies [32,39,40-42], some reports do not support the
applicability of Schmid’s law to predict the operation of twinning. Beyerlein et al [43], studied the
7

relationship between material microstructure and extension twinning in magnesium by conducting
a systematic, statistical analysis on EBSD data. They demonstrated that extension twin variants
which observed after the compression tests were not exclusively those which show the highest
Schmid factor. In addition, Jiang et al [44] conducted compression test on rolled Mg–3%Al–1%Zn,
and investigated the relationship between the original grain and the extension twinning variants
nucleated in the parent grain using EBSP. In agreement with Beyerlein et al [43], they also
confirmed that the Schmid factor parameter cannot always predict the activation of extension
twinning. Also, Barnett et al [45] conducted tensile tests on an AZ31 alloy and found using EBSD
analysis that the occurrence of twinning could not always be predicted based on Schmid’s law.
Moreover, in the case of polycrystal plasticity models, Agnew et al. [33] used the viscoplastic selfconsistent model to interpret the differences in the mechanical behavior of pure Mg compared with
Mg-Li and Mg-Y magnesium alloys. The VPSC simulations were utilized to model the plain strain
compression textures of different magnesium alloys by varying the CRSS of the potential
deformation modes (including basal, prismatic and <c+a> slip and extension twinning systems).
They have mentioned that, similar to the slip systems, the twinning systems are also activated
according to a CRSS criteria. In agreement with Agnew’s primary work [33], Yi et al. [35] and
later Jain and Agnew [34] have used the VPSC model to predict the deformation behaviour in
AZ31 magnesium alloy and assumed that the extension twinning can be activated based on the
CRSS criterion. Afterwards, Jain [46] showed that the CRSS criterion in the VPSC model was not
sufficient to predict twinning activation. It has been observed that twinning is sensitive to
microstructure [47]. Generally, twins nucleate at some preferential sites such as grain boundaries,
twin interfaces etc. Therefore, in the case of polycrystal plasticity models, twinning makes the
situation complex. Thus, a more sophisticated representation of twinning was required. Recently,
there has been effort to improve the twinning model. Beyerlein et al [47] have proposed a new
probabilistic theory for twin nucleation in HCP metals. They have utilized the proposed theory
into a multi-scale constitutive model. This newly developed model was validated for zirconium.
Furthermore, secondary twinning can occur within the primary twin region [48]. Generally
reported double twins are {101̅3} - {101̅2} and {101̅1}-{101̅2}, which are normally characterized
by 22.3° and 37.5° boundary misorientation around a <12 1 0> axis, respectively. Both classes
of double twins lead to a contraction along the c-axis [37]. A number of researchers [49,50] have
suggested that double twinning may lead to texture changes that reorient grains into softer
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orientations so that easier modes of slip can be activated. Also, recently the presence of double
extension twins (i.e. extension twins formed within extension twins) in an AZ80 alloy, compressed
along the 11 2 0 direction was reported [46].
In addition to primary twinning, de-twinning may also happen during unloading or reverse
loading. De-twinning leads to shrinking of twins, and does not require nucleation. Cáceres et al.
[51] and Mann et al. [52] observed the partial reversal of {101̅2} extension twins in magnesium
during unloading. According to their in-situ observations using Normarsky interference contrast
[51], they found that the existing twins may completely disappear or become narrower under
reverse loading or unloading. Gharghouri et al. [40] also reported the reversible movement of twins
during cyclic tension and compression on high purity magnesium and Mg-8%Al alloy using insitu neutron diffraction. Later, Lou et al. [53] found twinning during in-plane compression and detwinning in the subsequent tension for high purity magnesium, and AZ31B alloy, using
metallography, acoustic emission, and texture measurement. Also, Yasutomi and Enoki used insitu acoustic emission to study the detwinning process during the tensile test. Based on their insitu measurement results, they concluded that detwinning occurs during three stages which are as
follow. In the first stage, the twin boundary starts to move, and then in the second stage the twin
area shrinks, and finally in the last stage the twin area disappears. Their EBSD analysis were in
good agreement with their in-situ measurements [54]. Thereafter, other researchers studied the detwinning

behaviour

in

magnesium

with

similar

conclusions

using

conventional

tensile/compression tests [55].

2.3 Indentation tests
Measuring mechanical properties for materials on a small scale, e.g. grain size scale, cannot
be easily conducted using conventional tensile or compression tests. Consequently, techniques
measuring material "hardness" by indenting a material with an impression have been developed to
determine such properties [56]. The indentation test is quick and simple and requires only a small
sample and can be considered as a non-destructive method [57-59]. This technique has been
traditionally employed for characterizing the local hardness [17] using sharp indenters such as
Vickers or Berkovich or Knoop [60,61]. However, during traditional hardness tests loaddisplacement data is not usually measured. The development of instrumented indentation machine
primarily began in the late 1980’s. In the early 1990’s, a commercially instrumented indentation
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machine, became available [60]. However, one of the challenges associated with instrumented
indentation testing is the indirect measurement of the contact area, i.e. the area of contact between
the indenter and the specimen [62-64]. In conventional indentation tests, the area of contact is
calculated from direct measurements of the dimensions of the residual impression after the removal
of load. This can be different from the contact shape under the load, as there may have been plastic
deformation during unloading [56]. However, in an instrumented indentation test the area of
contact is determined by measuring the depth of penetration of the indenter into the specimen
surface. Because of this, instrumented indentation testing is occasionally called depth sensing
indentation (DSI) [61,62, 65-72]. The test process, typically involves an elastic–plastic loading
series followed by an unloading.
One of the important improvement in the instrumented indentation test compared with the
traditional hardness test is the continuous stiffness measurement (CSM) technique. This technique
allows direct measurement of the contact stiffness at any point during the loading and also
unloading, and can be made at even a small volume of deformation.

2.3.1 Analysis of instrumented indentation test data
Estimates of both the elastic modulus and the hardness of a specimen can be obtained in an
instrumented indentation test from the load versus displacement measurements. Rather than a
direct measurement of the size of residual impressions, contact areas are instead calculated from
depth measurements together with knowledge of the shape of the indenter. The stiffness of the
material can be calculated from unloading data using the following equation [60]:

S 

dP
dh

(2.2)

Here, S is the experimentally measured stiffness of the upper portion of the unloading data,
indicated in Figure 2.4. In order to measure the effective Young’s modulus during unloading, the
following equation has been determined for the unloading data [60]:
E eff 


2

S

(2.3)

A
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‘A’ is the projected area of the elastic contact which can be determined from the indenter tip
calibration and is a function of the contact depth (hc). The areas of contact as a function of the
depth of penetration for different types of indenters are given in Table 2.2 [56]. Figure 2.5 shows
schematic representation of different indenters. All variables that were used in Table 2.2, i.e. 
and  are defined in this figure.
In addition, the machine compliance should be considered and calibrated. During the
instrumented indentation test, the machine frame is also being loaded. Therefore, the total stiffness
obtained from the loading curve also includes very small elastic deformation of the machine frame.
However, since the machine frame is usually very stiff, i.e. > 106 N/m, the effect of the machine
compliance is only significant at relatively large loads. In order to calibrate the machine
compliance, a large indentation is conducted on a soft reference material such as aluminum. Using
a Berkovich indenter, the contact area can be approximated to 24.5hc2 (Table 2.2). Therefore, the
expected stiffness can be measured from Equation (2.3). The difference between the measured
value of the stiffness from the upper portion of the unloading curve, and the expected value is
related to compliance of the machine frame [73].

Load, P

Loading

Pmax

Unloading
Unloadin
g

hf

S

he

hmax
Displacement, h

Figure 2.4. A schematic representation of load versus indenter displacement data for an indentation
experiment. Pmax is the peak indentation load, hmax is the maximum displacement at peak load, he
is the elastic indentation depth, and hf is the final depth of the contact impression after unloading.
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Further, the hardness value can also be evaluated as:
H 

Pmax

(2.4)

A

where Pmax is the peak indentation load and A is the projected area of the hardness impression.

Table 2.2. Projected areas for various types of indenters. The semi-angles given for the pyramidal
indenters are the angles between the face with the central axis of the indenter [56]. These angles
are defined in Figure 2.5
Indenter type
Sphere
Berkovich
Vickers
Knoop

Projected area
A = Rhp
A = 3√3hp2 tan2
A = 4 hp2 tan2
A = 2 hp2 tan tan

Semi-angle (deg)
N/A
65.300
680
1 = 86.250 , 2 = 650



(a)

(b)

(c)

Figure 2.5. Schematic figures of various types of indenters: (a) Berkovich, (b) Vickers, and (c)
Knoop indenter tips.

2.3.2 Indentation stress and strain
In addition to the measurement of hardness and Young’s modulus, there is literature on
extracting indentation stress–strain curves from the measured indentation load–displacement data
using analytical methods [72-80]. In recent research it has been emphasized that the use of a
12

spherical indenter has unique advantages over sharp indentation [69,70], i.e. the stress singularity
at the contact point is avoided and for the case of loading of elastically isotropic material, the
complete stress field under the indenter can be calculated using Hertzian contact mechanics. The
lack of a stress singularity under the indenter allows one to follow the elastic-plastic transition
from the indentation load – displacement data [69,70]. Kalidindi et al. have suggested that
extracting indentation stress–strain curves is more successful with spherical indenters [69,70]
compared to sharp indenters.
According to Hertz theory for the case of spherical indentation [58,59], the indenter load P, is
proportional to the effective radius Reff, the elastic penetration depth heff, and the effective Young’s
modulus Eeff based on the equation below. Eeff can be derived from Equation (2.3).
P 

4
3

E eff R eff

1/ 2

he

3/2

(2.5)

where Reff can be expressed as:

1
R eff



1
Ri



1
Rs

(2.6)

and subscripts s and i refer to specimen and indenter, respectively. For elastic loading of a flat
sample, Rs approaches infinity, and therefore Reff = Ri.
Furthermore, for elastic indentation, the above equation can be recast as:
 ind  E eff  ind
 ind 

(2.7)

P

a

2

(2.8)

where a is the contact radius. A majority of studies have proposed a/Reff or a/Ri as a measure of
the indentation strain [70-74]. Recently Kalidindi et al [68] have shown that using a/Reff or a/Ri as
a measure of indentation strain lacks reasonable physical interpretation. They have proposed a new
definition of the indentation strain based on experiments and finite element method simulations,
and proposed the following simplified results:
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(2.9)

In order to evaluate the new definition of the indentation strain and the predicted stress and strain
fields in the indented samples, finite element (FE) simulations of the spherical indentation using
the commercial finite element code ABAQUS were conducted. The FE model which has been
proposed by Kalidindi et al [68] is composed of two three-dimensional solids: (i) an elastic–plastic
deformable sample with an initially flat surface and (ii) an elastic deformable hemi-spherical
indenter. The contact between the indenter and the sample was assumed to be frictionless. The
model was first utilized in order to predict the load–displacement curve in a purely elastic
indentation. The results were compared against Hertz’s theory (Equation 2.5). The agreement with
Hertz’s theory was within 3%. The predicted load–displacement curves and the stress fields in the
aluminum and tungsten samples are shown in Figure 2.6.

Figure 2.6. The predicted load–displacement curves and stress contours in the finite element
simulations with the two selected material properties: (a) aluminum and (b) tungsten. The
indentation zone in both cases extends approximately to a depth of about 2.4a [68].
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2.3.3

Zero-load and zero-displacement

An accurate estimation of the point of initial contact must be obtained from the raw indentation
data. The selection of the initial contact can significantly affect the estimation of the contact radius
and, consequently, the values of the indentation stress and strain [68].
Several researchers have tried to develop methods to estimate the zero-point in the indentation
test [81-74]. Kalidindi et al [68] have estimated the zero-point by conducting a regression analysis
on the initial elastic loading segment in the measured load–displacement curve and fitting it to the
expected relationships as predicted by the Hertz theory. They introduced 𝑃̃, ℎ̃eand S as the
measured load signal, the measured displacement signal and the elastic stiffness signal in the initial
elastic loading. According to Hertz theory [58], during the elastic loading, the three signals
measured in spherical indentation should be related as:

S 

3P
2 he






~

3 P P
~

2 he  h




(2.10)

where P* and h* indicate the values of the load and displacement signals at the actual point of
initial contact. From the above equation, it can be concluded that a plot of 𝑃̃ − 2/3𝑆ℎ̃e against S
will produce a linear relationship whose slope is equal to -2/3 h* and the y-intercept is equal to
P*. Therefore, the initial contact point can be estimated using the above calculation.

2.3.4 Pop-in and pop-out events during indentation test
In addition to the material’s mechanical properties mentioned thus far, such as hardness,
Young’s modulus, yield strength, it has been observed that an instrumented-indentation test can
also be employed to examine defect nucleation and propagation events happening during loading
and unloading. These events can be defined by sudden discontinuities in the load-displacement
curve, as shown in Figure 2.7 [85]. In Figure 2.7, the discontinuity illustrates the transition from
purely elastic behavior to plastic deformation and the formation of a permanent hardness
impression [85].
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Elastic

Plastic

Pop-in

Figure 2.7. A schematic figure of pop-in.
Generally, the discontinuity occurs in the loading segment of load-displacement curve, called popin, may be ascribed to dislocation nucleation, or the sudden onset of plasticity [86]. It has also been
reported that the discontinuities may also be associated with phase transformation [87] and
mechanical twinning [88,89]. Further, there is some literature that suggests a phase transformation
may happen during unloading giving rise to a discontinuity in the unloading curve, referred to as
a pop-out [90-97]. For example, it has been reported that a material expansion due to a phase
transformation in silicon may happen during unloading, causing the occurrence of a discontinuity
in the unloading segment. Further, discontinuities may also be associated with dislocation motion
or reverse plasticity of materials happening during unloading [98].
It has been illustrated for several materials that numerical first derivative analysis of loaddisplacement curves can be utilized to define the presence and the place that a discontinuity may
occur during unloading in silicon [99]. Figure 2.8 shows the occurrence of a discontinuity
happening in the unloading segment of the load-displacement curve (Figure 2.8a), and in its
corresponding derivative (Figure 2.8b). This discontinuity which occurred during unloading is
attributed to the phase transformation happening in silicon (from Si-I to Si-XII phase) [99].
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Figure 2.8: (a) The unloading segment of the load-displacement curve (b) and its corresponding
derivative. The occurrence of the pop-out can be observed [99].
Catoor et al. [100] studied discontinuities in the load-displacement curve of high purity magnesium
for the case of indentation parallel and perpendicular to the c-axis using a spherical indenter with
a radius of 3.3 m. According to their post indentation TEM analysis and theoretical calculations,
they proposed that the first discontinuity occurring in the loading segment of the indentation curve
was due to the nucleation of <a> type dislocations. Later, Guo et al [101] showed that the
occurrence of large pop-ins in the load-displacement curves during the indentation test is caused
by twinning events rather than the nucleation of basal dislocations.
Furthermore, it has been shown by Pathak et al. [102] that the occurrence of pop-ins can be
influenced by sample preparation. They have seen that a mechanically polished sample, which
might have a layer which is severely deformed, could affect the pop-in behaviour. Recent research
has illustrated that electropolishing can be used as a promising method to obtain reproducible
results. However, electropolishing should be conducted for a sufficient time to ensure that the
damaged layer is removed. Figure 2.9 shows the load-displacement data and indentation stressstrain curves obtained from the mechanically polished and electropolished samples of annealed (a)
Al, and (b) W, using a 1 m spherical indenter. As can be observed for the case of indentation on
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Figure 2.9: Indentation load-displacement and indentation stress-strain curves for mechanically
polished and electropolished samples of (a) Al and (b) W using 1 m spherical indenter [102].
mechanically polished sample, the pop-in events cannot be observed.
For the case of magnesium alloy, Guo [101] studied how the surface preparation affects the
pop-in behavior in AZ31 alloy. She prepared two sets of samples of AZ31 alloy. For the first set,
samples were mechanically polished and subsequently chemically polished using a solution of 60
% ethanol, 20 % distilled water, 5 % nitric acid and 15 % acetic acid. However, for the second set,
in addition to mechanical and chemical polishing, the samples were polished by 50 nm colloidal
silica (OPS). According to her observations, the loads and displacements at which the pop-ins
occurred were repeatable for samples which were subsequently polished by OPS.
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2.4

Influence of orientation on deformation behaviour of pure magnesium
using instrumented indentation technique
As mentioned in Section 2.2.2, magnesium deforms on a number of slip and twin systems.

However, the activation stresses for these systems are significantly different. This results in the
plastic behaviour of magnesium being strongly asymmetric and anisotropic [7,8]. In addition, the
activity of each type of slip and twin mode is dependent on parameters such as temperature, stressstate, alloying, and crystallographic texture. Consequently, in order to predict the mechanical
response and texture evolution of magnesium and its alloys accurately, knowledge of the active
deformation mechanisms and the variation in their relative contribution as a function of these
variables is necessary.
To study the influence of the grain orientation with respect to the indentation loading axis on
the mechanical response of magnesium, a number of studies have been conducted for different
crystallographic orientations of single crystals of magnesium using different shapes of indenters
[103-105]. In contrast to the conventional compression test results on HCP crystals [30,32], reports
from indentation tests on single crystals of magnesium parallel to the [0001] direction, do not show
any evidence for {101̅1} and {101̅3} compression twins [103-105]. However, Shin et al. [103]
reported the activation of {101̅2} < 101̅1 > extension twins on a single crystal of magnesium
indented along the c-axis and perpendicular to the c-axis, using a combination of a Berkovich type
indenter and transmission electron microscopy observations. They observed that in the case of
indentation parallel to the c-axis, the extension twin was observed near the edge of the contact
between the indenter and the surface. However, for the case of indentation perpendicular to the caxis, extension twins are found under the indenter. Figure 2.10 shows schematically the favourable
positions beneath the indent for extension twin activity for the case of indentation parallel and
perpendicular to the c-axis [103]. As can be observed in Figure 2.10b, indentation parallel to caxis induces compressive stress along the prismatic direction in the left and right side regions of
the indenter. Therefore, the activation of extension twinning is expected at these two regions.
However, for the case of indentation perpendicular to the c-axis (Figure 2.10c), the favourable
location for tensile twinning is under the indent, where the indenter applies the compressive stress
perpendicular to the c-axis.
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Figure 2.10: Schematic figure shows the favourable positions under the indent for extension twin
activity for the case of indentation (b) parallel and (c) perpendicular to the c-axis [103].
Recently, Kitahara et al. [104] employed a spherical indenter with a 500 m radius on a single
crystal of magnesium loaded parallel and perpendicular to the c-axis. They have used a
combination of optical microscopy, EBSD orientation mapping and crystal plasticity finite element
(CPFE) simulations to characterize the resulting deformation microstructures. Figure 2.11 shows
the optical micrographs after the spherical indentation for the case of indentation parallel and
perpendicular to the c-axis. For the case of indentation perpendicular to the c-axis, basal slip traces
and extension twins were observed around the indenter, Figure 2.11a. However, for the case of
indentation parallel to the c-axis, there was no evidence of slip traces or twins on the surface,
Figure 2.11b. On the other hand, crystal plasticity analysis of indentation parallel to the c-axis
predicted the activation of both <a> basal and <c+a> pyramidal slips systems under the indent.
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(b)

Figure 2.11: Optical micrographs of indentation (a) on 10 1 1 plane, and (b) {0001} plane of single
crystal of magnesium [104].

Further, the question of deformation modes under spherical indents has recently been
considered by Catoor [100], Selvarajou [37], and Zambaldi [106]. Catoor et al. [100] impressed a
spherical indenter with a radius of 3.3 m parallel and perpendicular to c-axis and of a magnesium
single crystal. They have shown evidence for extension twins only in the case of spherical
indentation conducted perpendicular to the c-axis. Using a spherical indenter with a radius of 663
nm on a single crystal of high purity magnesium, Selvarajou et al [39] reported the occurrence of
extension twinning under the indent in both the case of indentation along the c-axis and
perpendicular to the c-axis, using TEM analysis in conjunction with crystal plasticity finite element
modeling (CPFEM) results. Zambaldi et al [106] also studied the orientation dependant response
of magnesium by using a spherical indenter with a radius of 1 micron. Grains with different
crystallographic orientations with respect to specimen surface were studied in this work. They
have used combined EBSD orientation mapping and three dimensional crystal plasticity finite
element (CPFE) simulations to characterize the slip and twinning patterns around the indents.
According to their experimental and model results, extension twins occur in magnesium crystal of
any orientation. However, the twinning shapes around indentations are strongly dependant on the
indented orientations. Finally, R. Sanchez-Martin et al. [107] conducted sphero-conical
indentation on pure magnesium with a wide range of crystallographic orientations, and concluded
that tensile twinning is a key deformation mode in magnesium. Sanchez-Martin reported that the
observation of extension twins by EBSD on the surface around the indent for the case of
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indentation parallel to the c-axis, depended on the size of the indent, i.e. twins were not observed
for an indent of ≈2 μm but were found for indents of ≈4 μm or larger.

2.5 Indentation size effect
Material length scale and its influence on strength is a widely discussed topic. It has been
observed [108] that the properties of materials become established at large scales, i.e. above 10
m. However, the mechanical properties may change significantly when the specimen is small or
when a small volume is under deformation. For indentation tests, it has been observed that the
measured hardness or yield strength increase drastically with decreasing the indentation size or the
indenter size, this phenomenon is called the indentation size effect (ISE), [108-123].
In 1996, Poole et al [113] performed indentation tests using a Vickers hardness on annealed
and working hardened poly-crystalline copper. They observed a size dependence of hardness in
both work hardened and annealed copper, and explained this as a result of the presence of
geometrically necessary dislocations due to the presence of strain gradients under the indent. Nix
and Gao tried to bring a mechanistic theory to model the ISE [117], utilizing the Taylor dislocation
model [122]. According to their model (Figure 2.12), as the indenter is pushed into the surface of
a material, the geometrically necessary dislocations (GND) are required to accommodate the
plastic deformation of the surface. Nix-and Gao assumes that the indenter is conical, the angle
between the undeformed surface and the indenter is  the contact radius is a, and the depth of
indentation is h. They showed that the hardness can be expressed as a function of depth,

H  H 0 1

h

*

hp

(2.11)

Where, h* = 3tan2/2bs, is a length scale and H0=3 3 b  s is the macroscopic hardness
in the absence of GND.
Later Swadener et al [124] showed that the Nix and Gao’s model can be extended for the case
of a spherical indenter. Similar to the conical indenter, in the case of spherical indenter, it is
assumed that the GNDs exist under the indent in a hemispherical region (Figure 2.13). For the
conical indenter, the GND is inversely proportional to the indentation depth, h. However, for the
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Figure 2.12: Model of geometrically necessary dislocations for a conical indenter.

case of spherical indenter, they have shown that the GND is inversely proportional to the indenter
radius, R. Finally, Swadener et al. [124] illustrated that the hardness is inversely proportional to
the square root of the indenter radius, and can be expressed as:

H  H0 1

R

*

(2.12)
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Figure 2.13: Geometrically necessary dislocations for a spherical indenter.

McElhaney et al. [125] and Ma and Clarke [126], conducted indentation using a Berkovich
indenter on single crystal of Cu and Ag, respectively. They both illustrated that their experimental
results are in good agreement with Nix and Gao’s model. Later, Recent researches of Dust et al.
[127-129] also confirms the displacement dependence of the hardness as proposed by Nix and Gao
[116].
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2.6 Effect of composition on the mechanical properties of magnesium
The systematic study of strengthening mechanisms of hexagonal closed packed materials is much
more complex than for cubic metals [130]. Since, at least in principle, solute and precipitation
hardening can affect the various deformation modes in different ways. Mg alloys have slower
ageing kinetics compared to aluminum alloys and do not show natural ageing at room temperature
[131].
Work on polycrystal and single crystal of high purity magnesium has shown that addition of
alloying elements to magnesium, typically increases the hardness and the yield strength of the base
material. Basically, the strengthening of the materials occurs by three different mechanisms,
precipitation hardening, solid solution hardening, and grain refinement [133].
It has been reported that some elemental additions such as Zn, Al [134], and also rare earth
alloying elements such as, Y, Ce, and Nd [135,136], result in solid solution strengthening in
magnesium. Trinkle et al [137] used quantum-mechanical first-principles calculations to predict
the chemical effects on strengthening of magnesium. They have used their model to predict solid
solution strengthening of 29 different solutes in Mg. Also, their model was validated with the
experimental data for the case of Zn and Al solutes in magnesium.
The seminal study on single crystals by Akhtar showed that [130] the CRSS for basal and
prismatic slip in magnesium is controlled by solute addition. A variety of alloying additions
including Zn [137,138], Al, In, Pb, Bi, Cd [137, 138], may lead to the solid solution hardening of
basal slip in magnesium. The strengthening predominantly depends on the size misfit between the
solute atoms and the matrix.
Among all studied solute atoms such as Pb, Cd, In, Bi etc [135-137], addition of Al and Zn to
magnesium increases the CRSS for basal slip by an amount which is proportional to Cn, where C
is the concentration of the solute, and n equals ½ as described by Fleischer [140], or 2/3 according
to Labusch [141]. Cáceres and Rovera [139] have investigated the effect of Al additions on
strengthening of Mg-Al alloys with Al contents ranging from 1 to 8 wt%. They observed that the
more concentrated alloys show higher hardness which is due to the solid solution hardening effect.
They showed that the hardness increase with the Al concentration as Hv10

-2
(Kg mm )

= 29 + 3 Al

(wt%). Figure 2.14 shows how the Vickers hardness changes as a function of Al concentration.
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Figure 2.14: The Vickers hardness vs. Al content. The error bars show the standard deviations
[139].
They concluded that in polycrystal of Mg-Al alloys, the strengthening of the basal plane controls
the solid solution hardening.

2.7 Conclusion
As can be seen in this chapter, there is a variety of results in the literature for indentation of
magnesium parallel and/or perpendicular to the c-axis with different indenter geometries (tip
radius and shape). However, there is a lack of a consistent framework for understanding how
plasticity occurs underneath the indenter and the interpretation of load-displacement
measurements from instrumented indentation tests. Important questions remain such as how
plasticity i) is initiated, ii) spreads and iii) how the penetration of a spherical indenter is
accommodated by the operation of different deformation modes in the material under the indenter
as a function of crystallographic orientations, composition, and indenter size.
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CHAPTER 3

Scope and Objectives

The aim of this study is to demonstrate that instrumented spherical indentation can be used to
measure basic information on plasticity in magnesium alloys particularly the critically resolved
shear stress for basal slip and extension twinning from coarse grained polycrystalline samples.
This requires detailed knowledge on the deformation behaviour under and around the indent for
different loading directions with respect to the crystal axes. In this work, the indentation response
of commercially pure magnesium, AZ31B and AZ80 alloys is investigated at room temperature
using different indenters with indentation tip radii between 1 and 250 m.

The following summarizes the specific objectives of the work:

I.

Experimentally characterize the deformation zone under the indenter, and identify the
slip/twin activity in the deformation zone under the indent for different orientation
relationships between the indenter and the grain. Three principle crystallographic
orientations were studied, i.e. the indentation direction is approximately i) parallel to the
c-axis, ii) basal plane inclined at 40o-60o, and iii) perpendicular to the c-axis. The selected
grains have a range of orientations that provide a reasonable coverage of the corners of the
fundamental triangle in the inverse pole figure.

II.

Calculate the stress-state under the indent using Hertzian contact mechanics and
subsequently characterize how stresses are resolved onto the various crystallographic
slip/twin planes. This will help to understand how plasticity is initiated under the indenter
for different crystallographic orientations.

III.

Measure the indentation size effect on the mechanical behaviour of magnesium. The
purpose of this study is to determine the effect of tip radius on the yield strength and
associated deformation mechanisms of magnesium with the goal of developing a model to
convert CRSS’s measured from a given indent radius to the macroscopic CRSS one would
get on a single crystal.
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IV.

Examine the influence of solid solution hardening on the mechanical behaviour of
magnesium using instrumented indentation. In particular, this study focuses on
characterizing solid solution strengthening effects on critically resolved shear stress for
basal slip of magnesium. AZ magnesium alloys are appropriate candidates to study solid
solution strengthening, as there are existing results in the literature which can be compared
to the results from the analysis of the indentation tests.
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CHAPTER 4

Materials and Methodology

This chapter describes the experimental and modeling methods employed in this work. The
organization of this chapter is as follows. First the details on the starting materials, processing of
the as-received materials, and sample preparation techniques are described. Then, the instrumented
indentation method is described in detail, and microstructure and texture characterization methods
are explained. Finally, the methodology involved in three-dimensional crystal plasticity finite
element (CPFE) simulations is described.

4.1 Initial material
As-cast commercially pure Mg was supplied by McMaster University. ZE10 alloy was cast by
CANMET Materials Laoratory. The as-received commercially pure Mg, and ZE10 alloy were hotrolled, and annealed by Guilhem Martin at the University of British Columbia [142]. AZ80 alloy
was supplied by Timminco Inc. in the form of DC cast billets. AZ31B alloy was provided by
Magnesium Elektron in the form of a sheet with an initial thickness of 6 mm. Table 4.1 shows the
chemical composition of the investigated as-received materials.

Table 4.1: Chemical composition of investigated of as-received materials (in weight percent)
Element

Al

Zn

Mn

Si

Nd

Mg

Commercially pure

0.06

0.01

0.01

0.02

-

Bal.

AZ31B

2.5

0.7

0.2

-

-

Bal.

AZ80

8

0.5

0.2

-

-

Bal.

ZE10

-

1

-

-

0.5

Bal.
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4.2 Material characterization: sample preparation and tools
Sample preparation for optical microscopy, scanning electron microscopy (SEM), electron
backscatter diffraction (EBSD), and instrumented indentation was as follows. Samples were
ground with 600, 800, 1200, 2400 grade SiC grinding papers, followed by diamond suspension
polishing using 6μm,1μm, and 0.05 μm compound.
For the instrumented indentation test, it is crucial to have a very clean sample surface as, even
very small polishing scratches or twins may significantly affect the final results [102]. It has been
observed [143] that even a fine mechanical polish, using diamond particles of sizes ranging from
0.5–1 m, can result in a disturbed surface layer, the thickness of this layer being on the order of
the diamond particle size. The initial elastic segment in a nanoindentation experiment typically
covers the initial 10–20 nm of indentation. Therefore surface preparation can significantly affect
the indentation load-displacement curve. Particularly, the critical load for the first discontinuity
depends considerably on how much of the damaged surface is removed by electro polishing or
chemical polishing [134]. In this study, the damaged layer results from the mechanical polishing.
This layer was removed using a 10% nitric acid in 90% absolute ethanol chemical polishing
solution and subsequent electroploshing. The sample was immersed in the solution for 5 minutes.
After chemical polishing, an additional step of electropolishing was needed both for indentation
tests and also for EBSD observation. The surface of the sample was examined by high resolution
scanning electron microscopy (SEM) after the chemical polishing and subsequent
electropolishing. There were not any scratches or twins visible on the surface of the sample.
Electropolishing is performed at -20°C for 20 seconds using a stainless steel cathode and magnetic
stirring. A voltage of 20-30V is used. A solution of 20% nitric acid in 80% absolute ethanol is used
for electropolishing. After electro-polishing, samples were quickly rinsed with ethanol and dried
under a blast of air.
For optical metallography, the polished surface was etched in an acetic-picral solution (4.2 g
picric acid, 10 ml acetic acid, 10 ml water, 70 ml ethanol) to reveal the grain boundaries. The
sample was immersed in the solution until its surface turned light orange (~ 45 s) and was then
rinsed with ethanol and dried in a blast of air. A Nikon EPIPHOT 300 optical microscope was used
to examine the initial microstructure of the investigated materials.
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4.3 Processing of initial material
One of the significant concerns for investigating the local mechanical response of individual
grains is that the selected grains should be large enough (of the order of hundreds of microns) [71],
to reduce the chance of a grain boundary existing just below the surface of the indentation site.
Figure 4.1a shows an optical micrograph from the as-received commercially pure magnesium
sample. The material is fully recrystallized with an average grain size of ≈ 30 m. Figures 4.1b
and 4.1c show the {0001} and {101̅0} pole figures (measured via EBSD from 5000 grains).
{0001}

{101̅0}

Max = 16.34

100 m

TD

(a)

RD
ND

(b)

(c)

Figure 4.1: a) An optical micrograph showing the grain structure of the as-received magnesium
sheet, b) and c), respectively show the EBSD measured {0001} and {101̅0} pole figures
(stereographic), representing the texture of the same material. The RD, TD and ND
correspond to rolling direction, transverse direction and normal direction of the sample,
respectively. The intensity colour scale is given in multiples of a random distribution (m.r.d).

The average grain size of as-received ZE10, AZ31B, and AZ80 alloys were 20 m, 8 m, and
30 m, respectively. Therefore, in order to have a material with a large grain size, a heat-treatment
process was required on the as-received materials.
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4.3.1 Heat treatment of the as-received material
The annealing time and the temperature of the investigated materials were selected according
to the phase diagram. For commercially pure Mg, AZ31B, and ZE10, annealing was performed at
500 oC for 48 hours in a resistance furnace under an argon atmosphere. After the annealing, the
material was quenched in water. For the AZ80 alloy, heat treatment was performed at 420 oC for
48 hours. This temperature was selected to ensure annealing occurred in the single phase region
(Figure 4.2).

355oC

190oC

Figure 4.2: Mg-Al binary equilibrium phase diagram [144].

Figure 4.3a shows the optical micrographs of the annealed pure Mg. The abnormally large
grains, illustrated by white arrows, were selected to perform the spherical indentation tests.
Similarly, the micrographs of the annealed materials for ZE10, AZ31B, and AZ80 can be observed
in Figures 4.3b, 4.3c, and 4.3d, respectively.

31

(a)

500 m

200 m
(b)

200 m

200 m
(c)

(d)

Figure 4.3: Optical micrographs of the annealed materials (a) commercially pure Mg, (b) ZE10,
(c) AZ31B, and (d) AZ80.
Crystallographic orientations of selected grains were determined using EBSD. The inverse pole
figure (IPF) in Figure 4.4 shows the crystallographic direction parallel to the normal direction of
the sheet (the surface into which the indents are made) for several grains. The grain orientations
are colour-coded to reflect their positions in the inverse pole figure (IPF) from an EBSD map. For
example, the grains that have a (0001) crystallographic plane parallel to the sample surface are
coloured red. The selected grains have orientations that provide three principle cases, i.e. the
indentation direction is approximately i) parallel to the c-axis, ii) basal plane inclined at 40o-60o,
and iii) perpendicular to the c-axis.
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Figure 4.4. (a) Schematic drawings illustrating the orientation of the grains in the sheet sample.

4.4 Mechanical property testing, using instrumented indentation testing
Instrumented indentation was carried out using a MTS XP Nanoindentation System equipped
with a continuous stiffness measurement (CSM) attachment as shown in Figure 4.5. A schematic
figure of the nanoindenter is shown in Figure 4.6. The indenter shown in the schematic figure, can
be changed based on experimental needs. In this work, 5 different spherical diamond tips with 1
m ± 0.2 m, 3.94 m ± 0.2 m, 13.3 m ± 0.5 m, 50.0 m ± 5.0 m, and 250.0 m ± 12.0 m
radii were used. The tips were produced by Synton Company1 in Switzerland. All measurements
were conducted overnight to minimize the variations from activity in the laboratory. Temperature
in the laboratory is maintained at 21oC ± 0.5oC. Cube specimens were mounted on cylindrical
holders designed for the indentation machine. The measurements were made at a loading rate of 5
mN/sec. The data acquisition rate was 15 Hertz. The tests were carried out under displacement
control with a variety of indent depths ranging from 500 nm to 3500 nm.

1

Synton-MDP LTD, Helmstrasse 1, 2560 Nidau, Switzerland, website: info@synton-mdp.ch,
Phone: +41323329100, Fax: +41323329101
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Figure 4.5. Instrumented-indentation machine.

Coil/magnet assembly

Support springs
Capacitance gauge

Indenter tip
Test sample
X-Y-Z table

Figure 4.6: Schematic figure of instrumented-indentation machine.
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The indentation test points were chosen in the middle of a grain, well away from the grain
boundaries, to reduce the influence of grain boundaries on the test results. The orientation of each
grain was measured once prior to and again after indentation using EBSD. The indentation tests
were performed at least 20 times on a selected grain. For example, Figure 4.7 shows the loaddisplacement data for six indentation tests (Labelled Test 1 to Test 6) performed on the same grain
to an indentation depth of 3500 nm. The maximum load for an indent of 3500 nm displacement is
128 mN ± 1 mN, i.e. a variation of less than 1%.

Load (mN)

160

Test 1

140

Test 2

120

Test 3

100

Test 5
Test 6

80
60
40
20
0
0

1000

2000

3000

4000

Displacement (nm)

Figure 4.7: The load-displacement curves obtained from nanoindentation tests on one grain.

It was of interest to compare the elastic solution of Hertz for the load-displacement curve to
the experimentally measured results, that can be done by using Equation (2.5) from Section (2.3.2)
which shows the relationship between the indentation load (P) and the elastic indentation depth
(he).
In order to characterize the discontinuities occurring during unloading, the unloading portions
of the load-displacement curves were numerically differentiated. The first order derivative (dP/dh)
at a depth h=h0 was calculated as:
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(

dP
dh

) h0 

Ph0   h  Ph0

(4.1)

h

The (dP/dh) values were calculated for all points of the unloading segment without smoothing,
and were plotted versus displacement. To identify the zero-load and zero-displacement point in
the measured raw dataset, the approach of Kalidindi (Section 2.3.3) was followed [68].
Furthermore, a series of calculations were conducted using the Hertz solution for the complete
elastic stress field under the indenter [56]. First, the normalized stress tensors (i.e. r/m, /m,
z/m , and rz/m) beneath the indenter were calculated in the cylindrical coordinate system (r,

z) using the following equations [145]:
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Where m is the mean contact pressure, a is the indent contact radius, v is a Poisson’s ratio, and u
is obtained from the following equation,
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Later, the cylindrical coordinate system was converted to Cartesian coordinate system (x, y, z)
using the following formulas,
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Thus the six normalized stress tensor components beneath the indenter were obtained, i.e.
xx/pm, yy/pm, zz/pm, xy/pm, yz/pm, and xz/pm. At each location under the indent, each component
of the stress tensor was then resolved on the relevant crystallographic plane of interest for any
given crystallographic loading direction using rotation matrices. The following rotation matrices
can be used to rotate the normalized stress tensors under the indent counter-clockwise by any
arbitrary angle  about the x, y, or z axis, in three dimension,

1
0
𝑅𝑥 (𝜃) = [0 cos 𝜃
0 − sin 𝜃

0
sin 𝜃 ]
cos 𝜃

(4.10)

cos 𝜃
𝑅𝑦 (𝜃) = [ 0
− sin 𝜃

0
1
0

sin 𝜃
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cos 𝜃

(4.11)

cos 𝜃
𝑅𝑧 (𝜃) = [− sin 𝜃
0

sin 𝜃
cos 𝜃
0

0
0]
1

(4.12)
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4.5 Microstructure and texture characterization
4.5.1 Electron backscatter diffraction-based orientation microscopy (EBSD)
A Zeiss Sigma VP Field Emission Scanning Electron Microscope equipped with the DigiView
IV EBSD Camera and combined with the Orientation Imaging Microscopy (OIM) Data Analysis
software version 7.01 was used to determine the crystal orientations of grains of the initial
materials before indentation tests. The operating conditions were as follows: accelerating voltage
20 keV, sample tilt 70°, working distance 12 mm, step size 1 μm.
To experimentally characterize the deformation zone underneath the indent, 3D-EBSD at the
Max-Planck Institute tests were performed on deformed samples using a Zeiss XB 1540 dual-beam
high-resolution ﬁeld emission scanning electron microscopy equipped with an Orsay Physics
focused ion beam column. An EDAX/TSL EBSD system with a Hikari EBSD detector was used
to perform EBSD mapping. Serial sectioning for 3D EBSD was done with a Ga+ ion beam as
described in [146]. Figure 4.8 provides a brief summary of the sample preparation for 3D EBSD
using a lift-out method modified from methods described in [147]. First, the indent was covered
with a protective platinum layer (1). Next, using focuses ion beam (FIB) trenches were cut at an
angle of 45° with respect to the surface from both sides of the indent to create a wedge-shaped
material block containing the indent (2). This block was attached to a nano-manipulator using a
Pt-deposit. Finally it was cut free from the rest of the sample by cutting the front surfaces
perpendicularly into the surface. This free standing block was then extracted from the sample and
moved, using the manipulator to an edge of the sample (3). There, it was fixed using a Pt deposit
and finally cut free from the manipulator. The block was then in an ideal position for 3D orientation
microscopy. 3D EBSD was performed by milling the indent-containing block in grazing incidence
parallel to the surface as indicated by the hatched lines (4). For EBSD the sample was tilted by 36°
from the milling position (5) as described in detail in [146]. The milling for individual sections
was performed for 360 seconds with a 500 pA Ga+ ion beam accelerated at 30 kV. The acceleration
voltage used for acquisition of EBSD data was 15kV. All orientation maps were processed with
the EDAX/TSL OIM Data collection software version 7.01 using a batch processing operation.
This operation allows one to apply the same set of analysis functions to several datasets. The 2DEBSD maps were cleaned using a confidence index (CI) standardization and a CI neighbour
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Figure 4.8: A schematic figure of the sample preparation for 3D-EBSD using the lift-out method.

correlation algorithm. Finally, the resulting datasets of 2D-EBSD maps were analyzed and joined
together using the post-processing software QUBE [148].

4.5.2 Geometrically necessary dislocations (GND) calculations
In order to calculate the geometrically necessary dislocations (GND), we followed Demir’s
approach [149] for HCP crystals. GND are described by two vectors, the Burgers vector, b,
indicating the slip direction, and the normalized tangent vector, t, representing the dislocation line
direction. The <a> Burgers vector is 0.3196 nm, and the <c+a> Burgers vector is 0.6095 nm in the
case of magnesium. Details of the analysis of GND from EBSD output data is reported elsewhere
[149]. There are several sources of error that can influence the estimated GND density [149,150].
However, the orientation noise error is the most significant one [150]. Orientation noise represents
a random background to the GND signal.

4.6 Crystal plasticity finite element simulation of indentation in magnesium
In order to support the analysis of the observed deformation patterns under the indent, threedimensional crystal plasticity finite element (CPFE) simulations were performed by Dr. Claudio
Zambaldi at the Max-Planck Institute for Iron Research. Zambaldi modeled a spherical tip with a
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radius of 13.5 micron, the same tip geometry which was used in the experiments. The model was
generated parametrically in the preprocessor software MSC Mentat by a set of Python routines
which were used to generate Mentat procedure files.
An elasto-viscoplastic phenomenological crystal plasticity model was used in this simulation
[151,152]. The specific implementation which we are applying here is explained elsewhere
[153,154]. It is a predecessor of the DAMASK [155,156] code base and employs a user-defined
material subroutine to interface the constitutive law with the finite element solver, here the material
subroutine hypela2 of the commercial FEM system MARC.
In this model, only the three basal slip systems of type {0001} < 1 1 20 >, were allowed to
operate, i.e, the prismatic <a> slip, pyramidal <c+a> slip, or any deformation twinning were not
included. Based on previous work [103-105], the most probable slip systems observed during
indentation on perpendicular to the (0001) plane was basal slip. Deformation twinning was also
not accounted for in the simulations. In Chapter 5, it will be shown that including only basal slip
in the model will help to clarify the source of deformation patterns under the indent. This will be
done by comparing the 3D-EBSD results and CPFEM results.
The elastic constants c11 = 58.0 GPa, c12 = 25.0 GPa, c13 = 20.8 GPa, c33 = 61.2 GPa, c44 = 16.6
GPa and c66 = 16.5 GPa were used in the model [157]. According to extended Voce law [158], the
evolution of the threshold stress with accumulated shear strain is expressed as:

   0  ( s  a  )(1  exp(  

h0

s

))

(4.13)

An initial shear strength, 0, of 10 MPa, a saturation shear strength, s of 100MPa, an initial
hardening slope parameter, h0, of 100MPa, and a saturation hardening exponent, a, of 2.0, were
used for all simulations [154]. The reference shear rate was 10-3 s-1 and the latent hardening
coefficients between all slip systems were arbitrarily set to 0.
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CHAPTER 5

The Effect of Crystallographic Orientation on the
Local Mechanical Properties of Commercially Pure
Magnesium

5.1 Introduction
This chapter is concerned with a study of the effect of crystallographic orientation on the local
mechanical properties of commercially pure magnesium using a spherical indentation. First the
experimental results obtained on commercially pure Mg for indentation approximately parallel to
the [0001] direction will be presented. In this case, the angle between the indentation loading
direction and the c-axis is 9.3o. It will be shown that there is an advantage to choosing a grain
oriented slightly off the ideal basal orientation. In Sections 5.3 and 5.4, the experimental results
for two other crystallographic orientations, i.e. for the cases in which the angle between the
indentation direction and the c-axis are 80o and 54o will also be presented. The results section
includes optical microscopy, high resolution EBSD characterization, spherical indentation loaddisplacement data, and 3D-EBSD measurements using a combination of automated FIB serial
sectioning and EBSD orientation mapping on the individual sections for each orientation. These
results will be discussed in detail to provide a self-consistent view of the local mechanical
behaviour of magnesium.

5.2 Spherical indentation with direction close to [0001]
5.2.1 Microstructural analysis before and after the spherical indentation
Figure 5.1a shows the inverse pole figure map and its corresponding {0001} pole figure which
shows the orientation of the loading axis with respect to HCP c-axis. According to this map, for
this studied case, the angle between the indentation direction and the c-axis is 9.3o. In the following
the indented orientations are identified by an angle between the c-axis and the indentation direction
ranges between 0 to 90 degrees.
A number of indentation tests with three different depths (500 nm, 1500 nm, and 3500 nm)
were made on this grain, i.e. where the angle between the loading axis and c-axis is 9.3o. Figure
5.2 shows the load-displacement data for three indents of different depths. The corresponding
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Figure 5.1: (a) Inverse pole figure map of the studied grains before indentation tests, (b) optical
micrograph after spherical indentation.
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Figure 5.2: Indentation load-displacement curves for three different indent depths: 500 nm, 1500
nm, and 3500 nm.
depths are 500 (red curve), 1500 (blue curve), and 3500 nm (black curve). The maximum loads
for these three indents are 13 mN, 56 mN, and 143 mN, respectively. Figure 5.3 shows the inverse
pole figures (shortly named IPF map in the following) and the corresponding {0001} pole figures
for these indents.
The indentation areas (the dark roughly circular areas) are indicated by white arrows on the
EBSD maps. In these regions the orientation could not be easily indexed with the EBSD software,
possibly due to the fact that the surface is not flat where indentation has occurred. Figure 5.3a
shows the IPF map of the smallest indent, i.e. a depth of 500 nm. The size of the residual impression
on the surface is approximately 5.5 μm in diameter. Figure 5.3d shows the corresponding pole
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figure of the 500 nm indent where it can be seen that only one crystal orientation, i.e. the matrix,
was found. This is consistent with the observation in Figure 5.3a that there is no evidence of other
orientations in the IPF map. Figure 5.3b shows the IPF map of the 1500 nm indent, where the
residual size of impression on the surface is now roughly 12.9 μm in diameter. In addition, it can
be seen that an area of large misorientation can be observed around the indent. Figure 5.3e shows
the corresponding pole figure of 1500 nm indent. According to this pole figure, an additional
orientations are now present which has a misorientation of 860 with respect to the matrix. This is
consistent with this area being variants of {1012} extension twin. Finally, Figure 5.3c shows the
IPF map of the 3500 nm indent, where the size of the residual impression is ≈19.1 μm in diameter.
In this case, two different areas of large misorientation can be observed. The corresponding pole
figure (Figure 5.3f) of the EBSD map shows that this would be consistent with two variants of
{1012} extension twins. This illustrates that the presence of deformation twins on the surface after
unloading depends on the depth (or size) of the indent.

(a)

(b)

(c)

Axis 3

Axis 2

Axis 1
20 m

20 m

20 m

A2

A2

A1

(d)

A1

(e)

A2

A1

(f)

Figure 5.3: (a, b, and c) EBSD image quality maps and (d, e, and f) {0001} pole figure maps for
three different indent depths: 500 nm, 1500 nm, and 3500 nm. The white arrows on the EBSD
maps show the indentation areas (the dark roughly circular areas). Note, the sample reference
direction for A1 is close to 112̅0 , A2 is close to 101̅0 , and A3 is perpendicular to the surface
(parallel to indentation direction).
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5.2.2 Indentation load-depth curves
As mentioned in Section 4.4, spherical indentation was conducted 20 times on selected grains.
Figure 5.4 shows the load-displacement (P-h) data for three representative indentation tests
(labelled test 1, test 2 and test 3) conducted on the same grain to an indentation depth of 500 nm.
In order to make the comparison of the data easier, an offset of 2 mN and 4 mN in load was added
to these tests for test 2 and test 3, respectively, i.e the load displacement was shifted vertically to
avoid overlap of the data points. It can be observed from this figure there are 6 discontinuities in
each curve and the displacement at which these discontinuities occur is very reproducible, i.e. at
loads of 1.9 ± 0.08 mN, 2.29 ± 0.17 mN, 2.64 ± 0.09 mN, 3.88 ± 0.04 mN, 4.44 ± 0.05 mN, and
9.53 ± 0.17 mN.
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Figure 5.4: Load-displacement curve for three indentation tests (labelled test 1, test 2 and test 3).
All three tests were conducted with the same condition, i.e. indentation depth of 500 nm to
illustrate the reproducibility of the measurements. In order to make the comparison of the data
easier, the curves of tests 2 and 3 were shifted by an offset of 2 mN and 4 mN in load.
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To better understand the origin of these discontinuities, a set of indentation tests were
conducted with different maximum displacements (from 30 nm to 500 nm). In our experiments,
the displacements were chosen based on the location of the discontinuities in the load displacement
curves of Figure 5.4. Figure 5.5 shows a subset of these indentation (P-h) curves (displacements
of 30 nm, 40 nm, 100 nm, and 240 nm) which illustrate the main points. Each indent was conducted
in the same grain separated by a suitable distance, i.e. a distance of three diameters from the center
of one indentation to another, to ensure no interaction with the other indents. Figure 5.5a shows an
indentation test which was conducted up to the load below which the first discontinuity occurred.
In this Figure, the prediction from the Hertzian contact theory [65] (the red line) is shown for
comparison, i.e. Equation (2.5). It can be observed that indentation up to a load of 1 mN followed
by unloading leads to a very small level of residual plastic deformation. It is difficult to measure
this precisely but there is only a minor hysteresis between the loading and unloading curve. The
maximum difference in displacement at a given load is only 3-4 nm. This is interpreted as
indicating that the contact is essentially elastic for this depth of indent. Moving to Figure 5.5b
where the depth of the indent was increased to 40 nm, one can see that a significant deviation from
the Hertzian contact occurs at a depth of ≈34 nm. Upon unloading, the hysteresis is now much
larger (about 8 nm) suggesting that permanent deformation has occurred. The deviation from
Hertzian contact at ≈26 nm is interpreted as being associated the transition from elastic to elasticplastic deformation. If the depth of the indent is further increased to 100 nm as shown in Figure
5.5c, a large discontinuity is observed in the load displacement curve. At a load of 1.97 mN, the
displacement jumps forward by 32 nm. Apparently, this happens very quickly as no data points
can be observed during this step increase in displacement.
Upon unloading, there are two interesting observations. First, there appears to also be a
discontinuity in the unloading curve and second, the residual depth at 0 load is now ≈43 nm or
alternatively the elastic recovery is 57 nm or 57% of the total indent depth.
If the loading is continued to a displacement of 240 nm (as shown in Figure 5.5d) or 500 nm
(see Figure 5.4), it was found that 5 or 6 discontinuities were observed in the loading segment,
respectively. Further, the amount of elastic recovery as a percentage of the total indentation depth
decreases to 39% and 31%, respectively. Although, it is not that clear in this figure (due to the
large scale), there were a number of discontinuities in the unloading curve. This is further
examined in Figure 5.6 for these four cases.
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Figure 5.5: Load-displacement curves for four grains made within the same grain showing the
loading-unloading behavior for indent depths of (a) 30 nm, (b) 40 nm, (c) 100 nm, and (d) 240 nm.
Also, the prediction from Hertzian contact theory [65] (the red line) is shown for comparison.

Figure 5.6 shows an enlarged view of the unloading segment of the indentation curve (figures
5.6a, 5.6c, and 5.6e), and their corresponding derivatives (Figures 5.6b, 5.6d, and 5.6f) for
displacements of 30 nm, 100 nm and 500 nm, respectively. Here it is of interest to quantify the
discontinuities in the unloading curve which is not always clear visually. One way to differentiate
these discontinuities is to calculate the derivative, (dP/dh) of the unloading data and plot it as a
function of depth as described in Section 4.4. Figure 5.6a and 5.6b shows the unloading curve and
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its corresponding derivative, respectively, for a displacement of 35 nm. In this case, there is no
evidence of discontinuities during unloading. Further, the elastic modulus can be calculated from
the initial linear region of the unloading curve, as explained in Section 2.3.1. The Young’s modulus
value obtained was 46 GPa which is in good agreement with the modulus of magnesium, i.e. 45
GPa. The deviation of the unloading curve at low loads has traditionally been interpreted as a result
of the indenter peeling away from the surface and the resulting change in the true contact area
[159]. However, in the cases of the larger indents shown in Figures 5.6c and 5.6d, measurable
discontinuities can be observed in the unloading segment of the indentation curve. For the indent
depths of 100 and 500 nm, one and six discontinuities are observed, respectively.
The occurrence of discontinuities during unloading has been previously reported in the
literature [98]. Several possibilities have been proposed including dislocation motion or reverse
plasticity during unloading [98]. As described in the literature review, observations exist for
twinning and de-twinning after loading and then unloading in conventional tension and
compression tests [51-54]. As such, it is worth examining whether the discontinuities observed in
the current work would be consistent with reverse plasticity of the material during unloading as a
result of de-twinning. We will not be able to prove this hypothesis definitively as there are no
direct observations of the sample under load, but it will be shown to be consistent with the
experimental observations.
For example, for an indent depth of 100 nm shown in Figure 5.5c, there is one discontinuity
during loading and one during unloading (Figure 5.6c and 5.6d) while for an indent depth of 500
nm (Figure 5.4) one can observe six discontinuities in the loading curve and six discontinuities in
the unloading curve (Figures 5.6e and 5.6f) . It was found that for all other cases of indents at less
than 500 nm in depth, the number of discontinuities in the loading curves and unloading curves
matched. If it is assumed that the discontinuities during loading correspond to twinning and those
occurring during unloading correspond to de-twinning, it would suggest that no twins are left
around the indent after the load is removed. This is consistent with the observation in in Figure
5.3a that no twins could be observed on the surface for an indent depth of 500 nm.
In order to investigate this hypothesis in more detail, the volume of material under the indent
was investigated using 3D-EBSD measurements conducted on indented samples using a
combination of automated FIB serial sectioning and EBSD orientation mapping on the individual
sections as described in Section 4.5.
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Figure 5.6: (a, c, e) Unloading curves for 30, 100, and 500 nm displacements, (b,d,f) and the
derivative curves for the corresponding displacements.

48

5.2.3

3D EBSD maps

Figure 5.7 shows combined image quality/inverse pole figure maps for one section of the
volume under the indent obtained from 3D-EBSD on an indent with a depth of 500 nm. The section
shown is perpendicular to the surface of the sample and located at the centre of the indent. In this
case, no twins could be found under the indent (Figure 5.7a) or in any of the total volume examined
under the indent. This is consistent with the surface observations in Figure 5.3a where no twins
were observed.
A careful examination of Figure 5.7a shows that that there are two sharp boundaries; on the
right side a yellow/green boundary and on the left side, a red/yellow boundary. These correspond
to relatively sharp lines of low image quality can be observed, i.e. dark lines which run from top
to bottom of the image inclined at an angle of ≈10o. The two lines appear to emanate from the
boundary where the indenter was in contact with the material under load and presumably the angle
of inclination corresponds to the angle between the indentation axis and the [0001] direction which
was 9.3o. To investigate this further, a series of lines were drawn parallel to the surface at different
depths (here reported in terms of the normalized depth, z/a, where the z is the depth below the
surface and a is the diameter of the indent) and the point to origin misorientation along each line
was plotted in Figure 5.7b. Several important observations can be made from this data. If one
follows one of the lines from left to right, the misorientation is first low (i.e. the orientation
corresponds to that of the parent grain), decreases quickly to a minimum when x/a is ≈-1 (the edge
of the contact zone on the left side), then increases continuously and with almost constant slope
from one side of the indent to a maximum at x/a ≈1 (the edge of the contact zone on the right side)
and then rapidly decreases back to near zero, i.e. the orientation corresponds again to the
orientation of the parent grain.
In order to examine the associated rotation axis, the orientation for points along the line at z/a
=0.25 were plotted as 0001 and 112̅0 pole figures shown in Figure 5.7c. Here, it can be observed
that the rotation axis corresponds to 112̅0 which appears as a small point near the centre of the
pole figure.
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Figure 5.7: Observations on the deformation zone under the centre of the indenter for the 500 nm
indent, a) point to origin misorientation angle magnitude map (origin denoted by the point “a”)
with image quality superimposed, b) misorientation profiles for the horizontal lines (i) to (iv) in a)
and c) 0001 and 112̅0 pole figures for line (iii) in figure b). Note, the sample reference direction
for A1 is close to 112̅0 , A2 is close to 101̅0 , and A3 is perpendicular to the surface (parallel
to indentation direction).
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Figure 5.8 illustrates the situation for the 1500 nm indent. In Figure 5.8a, similar to the 500 nm
indent, there are two relatively sharp lines of low image quality can be observed, i.e. dark lines
which run from top to bottom of the image inclined at an angle of ≈10o. Similar to the case of the
500 nm indent, plotting the orientations in 0001 and 112̅0 pole figures shows that the rotation axis
corresponds to 112̅0 which appears as a small point near the centre of the pole figure. The only
difference between the two cases is that the magnitude of the rotations is larger for the case of the
1500 nm indent compared to the 500 nm case.
To examine the 3D topology of the structure below the indent, Figure 5.9a illustrates an
example of a plane below the surface at depth of 2 µm which comes from the 3D reconstruction
of the EBSD images. Here, it can be observed that the sharp misorientation lines seen in Figure
5.8a correspond to a circular boundary under the indenter which is similar in diameter to the
contact surface. Further, Figure 5.9b shows that the twins are outside of the indenter contact surface
and their shape conforms to the circular shape of the indenter.
To obtain a better understanding of the deformation zone under the indent, the geometrically
necessary dislocation (GND) densities have been calculated for the center cross-section of 1500
nm indent. Figure 5.10 illustrates the 3-dimensional distribution of GND’s for <a> basal screw,
<a> basal edge, <c+a> pyramidal edge, and all <c+a> type dislocations. It is clear in Figure 5.10a
that there is a high density of basal edge dislocations (>1015 m-2) distributed homogeneously
throughout the volume under the indent. Figure 5.8b shows that the density of basal screw
dislocations is highest near the circular boundary under the indent which corresponds to the highest
absolute value of the misorientation angles in Figure 5.7b and 5.8b. The density of prismatic edge
dislocations (Figure 5.10c) is generally low, however, there is evidence for some prismatic
dislocations near the indenter-sample interface and along the lines of high misorientation. Finally,
Figure 5.10d shows that there appears to be measurable density of <c+a> dislocations in the
volume under the indenter although it should be noted that the magnitude is at least an order of
magnitude lower than that of the basal <a> dislocations.
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Figure 5.8: Observations on the deformation zone under the centre of the indenter for the 1500 nm
indent, a) point to origin misorientation angle magnitude map (origin denoted by the point “a”)
with image quality superimposed, b) misorientation profiles for the horizontal lines (i) to (iv) in a)
and c) 0001 and 112̅0 pole figures for line (iii) in figure b). Note, the sample reference direction
for A1 is close 112̅0 , A2 is close to 101̅0 , and A3 is perpendicular to the surface (parallel to
indentation direction).
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Figure 5.9: 3D reconstructed microstructure for the volume under the 1500 nm indent from EBSD
maps, a) inverse pole figures and image quality surface at depth of 2 μm and b) only twins
highlighted.
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5.2.4 Analysis of stress field under indent using Hertzian elastic contact mechanics
As noted in the literature review, magnesium shows large differences in the CRSS of different
slip/twin systems. In order to examine how deformation initiates under the indent, the elastic stress
field was calculated from the solution of Hertz and then the components of the stress tensor were
resolved onto the slip systems of interest to determine the spatial variation of the resolved shear
stress. Figure 5.11a illustrates the solution for the spatial distribution of resolved shear stress (RSS)
on the basal plane normalized by the indentation pressure, pm as a function of the normalized depth,
z/a and the normalized length, x/a for indentation parallel to the c-axis. Here, one can observe that
the normalized resolved shear stress on the basal plane at the centre of the indent is zero, i.e. the
loading axis and the basal plane are almost at 90o and thus the Schmid factor is very low. However,
as one moves away from the centreline, the normalized RSS on the basal plane increases raising
the possibility for the initiation of basal slip when the RSS equals the critical resolved shear stress
(CRSS). The maximum normalized RSS on the basal plane occurs below the surface near the edge
of the contact between the indenter (at ±x/a =1) and has a value of 0.375, marked by the white
arrows. In contrast, the normalized RSS on the 2nd order pyramidal slip system (Figure 5.11b) is
maximum directly under the indenter and has a magnitude of 0.45. Finally, Figure 5.11c shows
the map of the normalized RSS for one variant of the {1012} extension twins. The maximum value
of the normalized RSS for extension twinning is 0.16 and this occurs in the subsurface region
outside of the contact zone.
Table 5.1 summarizes the maximum normalized RSS on the prismatic <a> and 2nd order
pyramidal <c+a>, and contraction twins, i.e. 0.08, 0.45, and 0.43, respectively. Table 5.2
summarizes the normalized RSS values for the 6 variants of the {1012} extension twins (here only
the RSS in the appropriate direction for the twin to operate were considered). It can be seen that
these values range from 0.16 to 0.09, again much lower RSS values than for basal slip favouring
basal slip.
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Figure 5.11: Distribution of normalized resolved shear stress (rss/pm) below the spherical indenter
for (a) basal slip, (b) 2nd order pyramidal slip and (c) extension twin.
Table 5.1: List of normalized RSS (rss/pm) for the basal, prismatic, and pyramidal slip planes
Basal slip
0.38

Prismatic slip
0.08

2nd order pyramidal <c+a> Contraction twin
0.45
0.43

Table 5.2: List of normalized RSS (rss/pm) for 6 extension twins
First twin
Second twin
Third twin
Fourth twin
Fifth twin
0.16
0.13
0.11
0.09
0.09

Sixth twin
0.09

5.2.5 Crystal plasticity finite element simulation results
Crystal plasticity finite element modelling calculations were conducted to examine how the
deformation zone under the indent develops as shown in Figure 5.12. In these simulations, <a>
type basal slip was the only deformation mode allowed, the loading direction was parallel to the
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Figure 5.12: (a) The results for a map of local misorienation under the indent obtained from the
crystal plasticity finite element method calculations. The <a> type basal slip was the only
deformation mode allowed, the loading direction was parallel to the c-axis and the simulated
indentation depth is 3500 nm. (b) The misorientation profile of four normalized distance under the
indent (z/a = 0.25, 0.5, 0.75, and 1) were extracted.
c-axis and the simulated indentation depth was 3500 nm. The misorientation profiles of four
normalized distances under the indent (z/a = 0.25, 0.5, 0.75, and 1) were extracted and are shown
in Figure 5.12b. Here, similar to the experimental results, it can be observed that the misorientation
angle zero under the centre of the indent, increases to a maximum near x/a =1 and finally decreases
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to zero outside the indent contact area. The location of the maximum misorientation is similar to
the experimental observations and, in addition, the maximum value of misorientation decreases
with depth below the surface, also consistent with the experiments. However, the rate of change
of misorientation outside of the contact zone (i.e. for x/a > 1) is significantly lower than that of the
experiment.
In order to compare all experimental and CPFEM results, the depth below the surface and the
distance from the centre of the indent were normalized with respect to the indent contact radius, a.
Figure 5.13a shows the resulting values for the maximum misorientation as function of the indent
depth / contact radius (h/a) for both the CPFEM (red circles) and the experiments (triangles). It
can be seen that the experimental results follow the same trend of increasing misorientation with
increasing indentation depth but the experimental values are approximately 10-15% lower than the
CPFEM results. Further, Figure 5.13b is a plot of the normalized maximum misorientation vs.
normalized depth under the indent, z/a from the CPFEM (red circles) and the experiments
(triangles) for different maximum indentations. It can be observed that the values obtained from
the model are in good agreement with the experimental results for the 500 nm depth indent but
they over-predict the misorientation for the larger 1500 and 3550 nm indents.

10
CPFEM results

CPFEM results

25

Experimental results

20

500 nm
1500 nm
3500 nm

Experimental results
500 nm
1500 nm
3500 nm

Log (/max)

max

30

15
y = 66x

10

1

5

(a)
0

(b)
0.1

0

0.1

0.2
h/a

0.3

0.4

0.5

0.1

1
Log (z/a)

10

Figure 5.13: (a) The maximum amplitude of the misorientation as a function of normalized
indenter depth (h/a), and (b) Maximum misorientation obtained from experiments and CPFEM for
z/a = 0.25 – 4.0.
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The model is also capable of predicting the maximum misorientation values for larger depths
under the indent than what can be obtained experimentally (due to limited FIB milling time). As
expected, the misorientation angle under the indent diminishes to zero at large depths, i.e. the
deformation due to the indenter has a characteristic depth of approximately 3-4 the indenter radius.

5.2.6 Stress-strain curve
Transforming the measured load–displacement data from spherical indentation into
indentation stress–strain curves allows a more transparent and efficient way of analyzing the local
material behavior. These indentation stress–strain curves allow a better identiﬁcation of the
different stages of material behavior under contact loading, particularly during the loading segment
of the indentation process. As explained previously in literature review (Section 2.3.2), extracting
indentation stress–strain curves has been more successful with spherical indenters.
In order to be able to compare our results with literature [68], preliminary experiments have
been performed on high purity aluminum. The first step in the analysis process is a clear
identification of a zero-point that makes the measurements in the initial elastic loading segment
consistent with the predictions of Hertz’s theory [65]. As discussed in Chapter 2, the zero-point
can be conveniently determined using Equation 2.10 for the initial elastic segment in a frictionless,
spherical indentation. The regression analysis performed on a typical dataset to identify the
effective point of initial contact is shown in Figure 5.14. The points of initial contact, as identified
by the default procedure in the MTS software (C1) and by our analysis (C2) for this dataset, are
displayed in Figure 5.15. It is noted that the load signal had to be moved by about 0.093 mN and
the displacement signal by about 15.4 nm with respect to C1 to arrive at C2. After this small shift,
the corrected load–displacement curve in the initial elastic loading segment is found. The
indentation stress–strain curve for the selected data set, computed using Equations 2.8 and 2.9, is
shown in Figure 5.16. The value of E was estimated from this data to be 71 GPa, which is with 1%
of the value expected for aluminum [160]. When a yield point for a material cannot be defined
based on the shape of the stress-strain curve, an offset yield point is arbitrary chosen. The offset is
commonly specified 0.1 or 0.2% plastic strain [161]. The yield stress value obtained here using
the 0.1% offset
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Figure 5.14: The identiﬁcation of the effective zero-point using the method described in section 24-3.
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Figure 5.15: The measured load–displacement curves.

is 110 MPa, which is in good agreement with what has been derived for high purity aluminum in
aluminum.
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Figure 5.16: The measured indentation stress–strain curves for high purity Al.
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It should be mentioned that the experimental condition of this work was similar to the
Kalidindi’s work, i.e. the same tip with the same indenter radius (13.5 micron) was used in the
literature (i.e., 114 MPa) [68]. The yield strength was also calculated using 0.2% offset which is
135 MPa. This value is larger than the yield value reported in the previous work. In order to be
consistent with the previous study [68], here 0.1% offset was chosen. Figure 5.17 shows the
comparison of the present results with those reported by Kalidindi et al. [68] for high purity
aluminum. As can be observed, the overall stress-strain curve obtained in this work (shown by
black line) is in good agreement with the stress-strain response previously reported (shown by blue
line), although with somewhat less scatter in the data.
Based on the success of the test on Al samples, the stress-strain curve was extracted from the
load-displacement data for the studied orientation, i.e. indentation on a grain which is 9.3 degrees
off from [0001] direction. Figure 5.18 shows the indentation stress-strain curves obtained from the
selected grain. The obtained Young’s modulus value of 45 GPa for this grain is in good agreement
with the theoretical value of 46 GPa [160]. Table 5.3 shows the obtained values of Young’s
modulus and yield strength for these three grains. The 0.1% offset was chosen to define the yield
stress in the indentation load-displacement curve.
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Figure 5.18. The measured indentation stress–strain curves for commercially pure magnesium for
the studied grain.
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Using normalized resolved shear stress values obtained from Hertzian contact theory described
in Section 5.2.4 combined with yield strength obtained from indentation stress-strain curves (using
the 0.1% offset), and assuming plasticity was initiated by basal slip (Section 5.2.4), the RSS0.1%
offset

values for basal slip were determined and shown in Table 5.3. Also, Table 5.4 summarizes the

RSS0.1% offset values for the first variant of the {112̅0} extension twins. This value was obtained
using normalized resolved shear stress for the first variant of the {112̅0} extension twins from
Table 5.2 combined with the stress at which the first discontinuity occurs in the indentation stressstrain curve (i.e. 299 MPa). It should be mentioned that these results were obtained based on 20
spherical indentation tests conducted on the same grain. Thus, the RSS0.1% offset values shown in
Table 5.3 and 5.4 are the mean of the 20 indentation tests plus/minus the standard deviation of the
mean.
The RSS0.1% offset values obtained for commercially pure Mg is higher than what have been
expected for magnesium from literature [14,162,163]. At room temperature, the CRSS of the basal
slip in commercially pure magnesium is reported in the range of 0.45-0.81 MPa [14,160]. This
discrepancy will be discussed in detail in Chapter 6.
Table 5.3: RSS0.1% offset values obtained from indentation test for the basal planes for the selected
grain
Normalized RSS (rss/pm)

Yield stress (MPa)

RSS0.1% offset (MPa)

0.38

181 ± 5

68 ± 3

Table 5.4: Apparent critical resolved shear stress values obtained from indentation test for the
extension twin planes for the selected grain

First twin

Normalized RSS
((rss/pm)

Pop-in stress (MPa)

Apparent CRSS (MPa)

0.16

299± 8

48± 3
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5.3

Spherical indentation on commercially pure Mg with loading nearly
perpendicular to the c-axis

5.3.1 Microstructural analysis before and after the spherical indentation
In this section, the focus will be on the response of commercially pure magnesium to spherical
indentation with an indentation direction approximately perpendicular to the c-axis. Figure 5.19a
shows the IPF map of the studied grain before the spherical indentation test. The indentation
direction is 80o away from the c-axis and approximately parallel to <1120> direction in the basal
plane. Figure 5.19b is an optical micrograph of the same grain after the spherical indentation.

o

80
c-axis

(a)

(b)

200 m

Figure 5.19: (a) Inverse pole figure map of the studied grains before spherical indentation tests,
(b) optical micrograph after spherical indentation.

In order to check the repeatability and reproducibility of the indentation result, spherical
indentation tests were performed 20 times on the selected grain with three different indentation
depths, i.e. 500 nm, 1500 nm, and 3500 nm. Figure 5.20 shows the load-displacement (P-h) data
for three representative indentation tests (labelled test 1, test 2 and test 3) conducted on the same
grain to an indentation depth of 500 nm. An offset of 2 mN and 4 mN in load was added to these
tests for test 2 and test 3, respectively, to make the comparison of the data easier. The existence of
four discontinuities in each curve can be observed from this figure, and the displacement at which
they occur is very reproducible i.e. at loads of 1.17 ± 0.05 mN, 2.51 ± 0.08 mN, 3.97 ± 0.09 mN,
4.606 ± 0.04 mN.
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Figure 5.20: Load-displacement curve for three indentation tests (labelled test 1, test 2 and test 3).
All three tests were conducted with the same condition, i.e. indentation depth of 500 nm to
illustrate the reproducibility of the measurements. In order to make the comparison of the data
easier, an offset of 2 mN and 4 mN in load was added to these tests for test 2 and test 3, respectively,
i.e the load displacement was shifted vertically to avoid overlap of the data points.

Figure 5.21 shows combined image quality/inverse pole figure maps and their corresponding
{0001} pole figures for spherical indentation of 500 nm, 1500 nm, and 3500 nm. The indentation
areas (black regions) are indicated by white arrows on the EBSD maps (Figure 5.21a, 5.21b, and
5.21c). The size of residual impressions on the sample surfaces are approximately 5 μm, 10 μm,
and 17 μm in diameter for 500 nm, 1500 nm, and 3500 nm indentation depths, respectively
(Figures 5.19a, 5.19b, and 5.19c). In order to identify accurately the number of deformation twins
which formed around the indent after unloading, the IPF maps have been rotated 30 degrees around
axis 1 in the TSL software, and are shown in figures 5.21d, 5.19e, 5.21f. For all three indents, the
presence of large misorientations around the indents can be observed. According to {0001} pole
figures (Figures 5.21g, 5.21h, and 5.21i), these areas have a misorientation of 860 with respect to
the matrix and thus they are considered as {1012} extension twins. In contrast to the results of
Section 5.2 (i.e. for the case of indentation nearly along [0001] direction), here it can be observed
that the presence of deformation twins after unloading is observed for all three studied cases.
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Figure 5.21: (a, b, and c) IPF maps, and (d, e, and f) IPF maps rotated 90o around axis 2 (the
magnified view of Figure 5.21f can also be seen), (g, h, and i) {0001} pole figures after indentation
for three different indent depths: 500 nm, 1500 nm, and 3500 nm. Note, the sample reference
direction for A1 is close to [0001], A2 is close to [101̅0], and A3 is perpendicular to the surface
(parallel to indentation direction).

However, the number of deformation twin exists on the surface depends on the depth of the
indent. For example, for the case of 500 nm and 1500 nm indent depths, two variants of {1012}
extension twin exist around the indent after unloading. This can be observed from the IPF maps
(Figure 5.21d and 5.21e), labelled as twin numbers 1 and 2, and also their corresponding pole
figures (Figure 5.21g and 5.21h). However, for the case of the 3500 nm indent, four variants of
{1012} extension twin exist around the indent after unloading. The white arrows in the magnified
view of Figure 5.21f show the presence of four extension twins around the indent. The existence
of two of the extension twins cannot be observed in the corresponding {0001} pole figure of the
IPF map (Figure 5.21i).This is due to the fact that these two extension twins are overlapping twins
numbers 1 and 2, and thus they cannot be observed separately.
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5.3.2 Analysis of stress field under indent using Hertzian elastic contact mechanics
In order to understand the material response to the applied stress for the case of indentation
perpendicular to the c-axis, the complete stress field under the indenter was calculated using
Hertzian contact mechanics for spherical indentation. As was explained earlier in Section 2.2.3, in
magnesium, for uniaxial loading, {101̅2} extension twins are expected when a grain is compressed
perpendicular to the <c> axis, i.e. similar to the current loading axis. Figure 5.22 shows the solution
for the spatial distribution of normalized RSS on the extension twin, and basal slip planes
normalized by the indentation pressure, pm as a function of the normalized depth, z/a and the
normalized length, x/a. It can be observed that the maximum normalized RSS on four extension
twin planes, i.e. (0112), (0112), (1012), and (1012) planes, occurs under the indent at x/a=0, and
have values of 0.34, marked by the white arrows. However, for the two other cases, i.e. (1120),
and (1102) extension twin planes, the normalized RSS values are zero under the indent. Therefore,
these two twinning systems are expected to be inactive. On the other hand, Figure 5.22c shows the
distribution of the normalized RSS on the basal plane. It can be observed that the maximum
normalized RSS on the basal plane occurs underneath the surface at ±x/a =1 and has a value of
0.31. In our experiment, the angle between the c-axis of the HCP crystal and the indentation axis
is 80 degrees. The normalized RSS of the basal slip, and extension twin planes for the studied grain
is shown in Figure 5.23 which shows a slight asymmetry compared to the perfect orientation
(Figure 5.22). Table 5.5 summarizes the normalized RSS values for the basal, prismatic, 2nd order
pyramidal <c+a> slip, contraction twin, and the 6 variants of the {1012} extension twins for
indentation on the studied grain. It can be observed that the maximum normalized RSS on the
prismatic <a> slip planes (i.e. 0.13), is much lower than the maximum normalized RSS on basal
slip plane (i.e. 0.37). The maximum normalized RSS on the second order pyramidal slip and
extension twins, shows higher values in comparison with the basal slip. However, based on the
literature [21,100], the activation of these two deformation modes is not expected which might be
due to the high CRSS for these two systems. For the case of extension twinning, these values,
range from 0.34 to 0.39, for four extension twin variants (i.e. (0112), (0112), (1012), and (1012)).

66

[

]

[

]

[

]

[

]

0.25
0.20

0.8

rss/pm = 0.34

0.15
0.05

1.2

-0.05

(a)

2.0
-2.0 -1.5

-0.10

-1.0

-0.5

0.0

0.5

1.0

1.5

[

]

[0001]

0.0

1.6

[0001]

z/a

[0001]

0.30

0.4

[0001]

0.0

2.0

x/a

0.15
0.10

0.8

rss/pm = 0

0.05

1.2

[

]

0.0

1.6
(b)
2.0
-2.0 -1.5 -1.0

z/a

[0001]

z/a

0.4

[0001]

0.0

-0.05

-0.5

0.0

0.5

1.0

1.5

2.0

x/a

0.0

0.30

0.4

0.20
0.10

0.8

Maximumrss/pm

0.0

1.2

-0.1
-0.2

1.6
(c)

2.0
-2.0 -1.5

-0.3

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

x/a
Figure 5.22: Distribution of normalized resolved shear stress (rss/pm) below the spherical indenter
on (a, and b) extension twin planes and (c) basal slip plane for indentation perpendicular to c-axis.
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Figure 5.23: Distribution of normalized resolved shear stress (rss/pm) below the spherical indenter
on (a, and b) extension twin planes and (c) basal slip plane. The angle between the indentation
direction and c-axis is 80o.
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Table 5.5: List of normalized RSS (rss/pm) for the basal, prismatic, and pyramidal slip planes
Deformation mode
Basal Slip
Prismatic Slip
2nd order Pyramidal <c+a> Slip
Contraction twin

(0112) twin plane
(1012) twin plane
(1012) twin plane
(1120) twin plane
(1102) twin plane

Indentation Schmid factor (rss/pm)
80 degrees from [0001]
0.37
0.14
0.45
0.42
0.38
0.34
0.34
0.16
0.15

Also, the maximum normalized RSS on basal slip plane (0.37) and extension twin plane (0.39) is
nearly similar. Therefore, it is expected that it would be a competition between basal slip and
extension twinning operations under the indent. In order to define which deformation system will
operate first, it is needed to study the critical resolved shear stress (CRSS) for both basal slip and
extension twinning. Later in the Section 5.5, this will be discussed in more detail.

5.3.3 Indentation load-depth curves
The load-displacement (P-h) data for spherical indentation on a studied grain for 500 nm, 1500
nm, and 3500 nm displacements was examined in detail. Figure 5.24a shows this data for
indentation depth of 3500 nm. Also, in this figure, the prediction from Hertzian contact theory [65]
(the red line) is shown for comparison. It can be observed that a significant deviation from Hertzian
contact occurs at small loads. Also, the occurrence of some discontinuities can be seen in the
loading segment in Figure 5.24a. However, the number of discontinuities and the loads at which
they occur is not clear from this figure. In order to have a better view of these features, Figures
5.24b, and 5.24c show the enlarged view of loading segment of the indentation curve. In Figures
5.24b, and 5.24c, the occurrence of six discontinuities can be observed during loading at loads of
1.37 mN, 2.51 mN, 3.97 mN, 4.60 mN, 15.19 mN and 26.22 mN. As explained previously in
Section 5.2, the occurrence of discontinuities during loading is proposed to be due to the twinning.
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Figure 5.24: (a) Load-displacement curve for 3500 nm displacement. The magnified view of the
load-displacement curve up to (b) 500 nm, and (c) 1500 nm.
Therefore, indentation up to 500 nm and 1500 nm depth, suggests the formation of 4 and 6
variants of deformation twins, respectively. However, this result is in contrast with our EBSD
observations (Figure 5.21), which shows the presence of two extension twins for the case of 500
nm and 1500 nm indent depth, and 4 extension twins for the case of 3500 nm indent. In order to
study the possible reasons for this result, 3D-EBSD measurements were conducted on magnesium
samples indented for 500 nm and 1500 nm depths, using a combination of automated FIB serial
sectioning and EBSD orientation mapping on the individual sections.
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Figure 25: (a, c, e) Unloading curves for 500, 1500, and 3500 nm displacements, (b,d,f) and the
derivative curves for the corresponding displacements.
71

In addition, the unloading curves of the load-displacement data have been investigated in
detail. An enlarged view of the unloading segment of the indentation curve (Figures 5.25a, 5.25c,
and 5.21e), and their corresponding derivatives (Figures 5.25b, 5.25d, and 5.25f) were studied for
displacements of 500 nm, 1500 nm and 3500 nm, respectively. In contrast to the results for the
case of loading nearly parallel to the c-axis (section 5.2), here there is no evidence of a detectible
discontinuities during unloading in both the unloading curves and their corresponding derivatives,
i.e. detwinning does not seem to occur in this case.
Figure 5.26 shows the indentation stress-strain curves obtained from the selected grain. Similar
to the previous studied orientation, for this studied case, the 0.1% offset was chosen to define the
yield stress in the indentation load-displacement curve. The Young’s modulus obtained is 45 GPa
which is in good agreement with the theoretical value, i.e. 46 GPa [160]. It can be observed that
the deviation from elasticity occurs at stress of 178 MPa, which is lower than the stress at which
the first discontinuity occurs, i.e. 203 MPa. Also, there are four discontinuities in the indentation
stress-strain curves which are proposed to be related to extension twinning.
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Figure 5.26. The measured indentation stress–strain curves for high purity magnesium for the
case of indentation nearly perpendicular to the c-axis.

If it is assumed that the presence of large discontinuities in indentation stress-strain curve, are
related to extension twin operation, it can be concluded that the deviation from elasticity is due to
the basal slip operation (considering the low value of normalized RSS of prismatic and <c+a> slip
from Table 5.4). Using normalized RSS values obtained from Hertzian contact theory for basal
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slip operation, i.e. 0.37 from Table 5.5, combined with yield strength obtained from indentation
stress-strain curves (178 MPa), the RSS0.1% offset values for basal slip were determined and shown in
Table 5.6. Also, Table 5.7 summarizes the apparent CRSS values for the first variants of the

10 1 2  extension twins. This value was obtained using normalized resolved shear stress for the
first variants of the 10 1 2  extension twins from Table 5.5 combined with the stresses at which
the discontinuity occur in the indentation stress-strain curves (Figure 5.26).
Table 5.6: RSS0.1% offset values obtained from indentation test for the basal planes for the selected
grain
Normalized RSS (rss/pm)
0.37

Yield stress (MPa)
178 ± 5

RSS0.1% offset (MPa)

66 ± 3

Table 5.7: Apparent critical resolved shear stress values obtained from indentation test for the
extension twin planes for the selected grain

First twin

Normalized RSS
((rss/pm)
0.39

Pop-in stress (MPa)

Apparent CRSS (MPa)

205 ± 7

79 ± 4

5.3.4 3D EBSD maps
The results from 3D-EBSD tests for 1500 nm indent can be observed in Figure 5.27. Figure
5.27a shows an EBSD map of the indentation area, which illustrates the presence of basal slip
traces around the indent. Figure 5.27b shows the combined image quality/inverse pole figure map
of the same area shown in Figure 5.27a. Figure 5.27c shows the combined image quality/inverse
pole figure map of the centre cross-section. This section is perpendicular to the surface of the
sample and the location of it is shown by a dashed line in Figure 5.27b. As explained previously
in Figure 5.21, two twin variants were observed on the indented surface. However, looking at the
IPF map of the center cross-section slice (Figure 5.27c), one observes the existence of six variants
of the extension twins under the indent. This is consistent with the load-displacement data (Figure
5.24c) which shows six discontinuities during loading, and also with Figure 5.25b which illustrates
the occurrence of no discontinuity during unloading.
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Figure 5.27: (a) The EBSD map of the indentation area, (b) the combined image quality/IPF map
of the same area shown in (a), and (c) the combined image quality/inverse pole figure map of the
centre cross-section. The section shown is perpendicular to the surface of the sample and the
location of it is shown by dashed lines in (b). The white arrows show the six different extension
twin variants under the indent. The black arrow in Figure (a) shows the basal slip trace. Note, the
̅̅̅̅20], A2 is close to [1̅100], and A3 is
sample reference direction for A1 is close to [11
perpendicular to the surface (parallel to indentation direction).

Figure 5.28a shows the EBSD map of the surface of the sample indented for 500 nm depth.
Figure 5.28b shows the combined image quality/inverse pole figure map of the same area. 3DEBSD test has been conducted on this sample. Figure 5.28c shows a combined image
quality/inverse pole figure maps of the centre cross-section. The section shown is perpendicular to
the surface of the sample and the location of it is shown by dashed lines in Figure 5.27b. Figure
5.27c, shows the existence of two extension twin variants under the indent on centre cross-section.
However, this result is in contrast with the load-displacement data (Figure 5.24b) which shows the
occurrence of four discontinuities during loading, and also with Figure 5.25e which illustrates the
occurrence of no discontinuities during unloading.

74

(a)

Axis 3

(b)

Axis 2

Axis 1

(c)

Figure 5.28: (a) The EBSD map of the indentation area, (b) the combined image quality/IPF map
of the same area shown in (a), and (c) the combined image quality/inverse pole figure map of the
centre cross-section. The section shown is perpendicular to the surface of the sample and the
location of it is shown by dashed lines in (b). Note, the sample reference direction for A1 is close
̅̅̅̅20], A2 is close to [1̅100], and A3 is perpendicular to the surface (parallel to indentation
to [11
direction).

However, looking at Figure 5.28c, one might see that the extension twins extended much
deeper distances under the indent than can be practically obtained (limited by FIB time). (Note:
the sample extracted by FIB had a thickness of 5 micron, and presumably the deformation twins
propagated much deeper than the sample thickness). Therefore, one possibility is that there might
be more extension twins which nucleate and propagate under the indent, but it was not possible to
detect them in the IPF map due to the FIB sample size limit.
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5.4 Spherical indentation with direction 54o away from c-axis
5.4.1 Microstructural analysis before and after the spherical indentation
The last loading direction which was selected for this study is shown in Figure 5.29a. In this
case, the spherical indentation was made on a grain which was oriented such that the indentation
direction was 54 degrees away from the c-axis. Several arrays of indents were performed on the
selected grain with three different indentation depths (500 nm, 1500 nm, and 3500 nm). Figure
5.29b shows the optical micrograph of the tested sample after the spherical indentation. Generally
the presence of twinning and slip traces can be seen around the indentation areas. These features
will be studied in detail in the following.

54.190
c-axis

(a)

(b)

200 m

Figure 5.29: Inverse pole figure map before indentation tests, and (b) optical microscopy map after
spherical indentation

Figures 5.30a, 5.30b, and 5.30c show combined image quality/inverse pole figure maps for
spherical indentation of 500 nm, 1500 nm, and 3500 nm , respectively. The corresponding {0001}
pole figures are shown in Figures 5.30g, 5.30h, and 5.30i. The indentation areas (black regions)
are indicated by white arrows on the EBSD maps and the impressions have approximate diameters
of 7 μm, 14 μm, and 20 μm for depths of 500 nm, 1500 nm, and 3500 nm, respectively. Figures
5.30d, 5.30e, and 5.30f show the magnified view of the IPF maps of the same areas shown in
Figure 5.30a, 5.30b, and 5.30c. According to the IPF map (Figure 5.30d) and its corresponding
pole figure map (Figure 5.30g), for the case of 500 nm indent, two variants of {1012} extension
twins can be observed on the surface after the unloading (labelled twin number 2and 3). For two
other cases, i.e. 1500 nm and 3500 nm indent depths (Figures 5.30e and 5.30f), four variants of
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Figure 5.30: (a, b, and c) Combined image quality/IPF maps of the indented areas for three
different indent depths: 500 nm, 1500 nm, and 3500 nm, respectively, and (d, e, and f) magnified
view of the IPF maps of the same areas shown in (a, b, and c), and (g, h, and i) the corresponding
{0001} pole figures of the IPF maps.

extension twin exist around the indent. Besides {1012} extension twins, there is another
misoriented area around the indent for all three studied indentation depths. This area (labelled 4)
is shown with green color in the IPF maps (Figures 5.30d, 5.30e, and 5.30f), and has
misorientations of 86o with extension twins number 3 (Figures 5.30g, 5.30h, and 5.30i).

5.4.2 Analysis of stress field under indent using Hertzian elastic contact mechanics
In this section, similar to Sections 5.3.2 and 5.2.2, the stress field under the indenter was
calculated for indentation with direction 54o away from c-axis using Hertzian contact theory. This
helps us to define the type of slip/twin systems which shows relatively higher value of normalized
RSS and consequently is more probable to activate under the indent. Figure 5. 31 shows the
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solutions for the spatial distribution of resolved shear stress (RSS) on the basal slip plane
normalized by the indentation pressure, pm as a function of the normalized depth, z/a and the
normalized length, x/a. It can be observed that the maximum normalized resolved shear stress for
basal slip, occurs under the indent at approximately x/a=0, and has a value of 0.46, marked by the
white arrows. It should be noted that in our experiment, the angle between the c-axis and the
indentation direction is 54o, and thus a slight asymmetry in this figure can be seen (note: the RSS
should be symmetrical around axis x/a, i.e. there should be a mirror plane at x/a = 0, for a case in
which the indentation direction is 45o away from c-axis). The maximum normalized RSS for basal
slip, prismatic slip, pyramidal <c+a> slip, and extension twin planes were also calculated and
summarized in Table 5.8. According to this Table, the maximum normalized RSS on the prismatic
<a>, 2nd order pyramidal <c+a> slip planes, and contraction twin, i.e. 0.34, 0.41, and 0.4,
respectively, are still lower than that for basal slip (0.46). Therefore, it is expected that basal slip
operates first under the indent. Also, the normalized RSS for extension twinning ranges from 0.32
to 0.28 for four extension twin variants, i.e. (0112), (0112), (1012), and (1012). However, for
the two other cases, i.e. (1120), and (1102), the maximum normalized RSS shows considerably
lower values, i.e. 0.13.

rss/pm = 0.46

Figure 5.31: Distribution of normalized resolved shear stress (rss/pm) below the spherical indenter
for basal slip for indentation along a direction 54 degrees away from c-axis.
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Table 5.8: List of maximum normalized RSS (rss/pm) for bas slip and 6 extension twins on a grain
which was oriented such that the indentation direction was 54 degrees away from the c-axis

Basal Slip
Prismatic Slip
Pyramidal <c+a> Slip
Contraction twin
(0112) twin plane
(0112) twin plane
(1012) twin plane
(1012) twin plane
(1120) twin plane
(1102) twin plane

Indentation Schmid factor (rss/pm)
54 degrees off from [0001]
0.46
0.34
0.41
0.40
0.32
0.31
0.28
0.27
0.13
0.13

5.4.3 Indentation load-depth curves
The load-displacement (P-h) data for spherical indentation for 500 nm, 1500 nm, and 3500 nm
displacements was examined in detail. Figure 5.32a shows the magnified view of the loading
segment up to 500 nm depth. Also, this figure illustrates the prediction from Hertzian contact
theory [65] (red line) for comparison. It can be observed that a significant deviation from Hertzian
contact occurs at load of 0.54 mN. As mentioned in Section 5.4.2 the deviation from elasticity may
occur by basal slip initiation. Also, the occurrence of five large discontinuities can be seen in the
loading segment at loads of 2.14 mN, 3.35 mN, 4.15 mN, 4.75 mN, and 5.10 mN. Figure 5.32b
shows the combined image quality/IPF map of the indented sample for 3500 nm displacement
which shows the presence of five extension twins around the indent. It can be seen that the number
of discontinuities appears on the loading segment is consistent with the number of twins observed
around the indent.
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Figure 5.32: The EBSD map and the load-displacement curve after the indentation on a grain which
is 54 degrees off from [0001] direction. Five extension twins around the indent are shown by white
arrows. The presence of five extension twins (labelled 1 to 5) can be seen around the indent. The
black arrow shows the basal slip trace.
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Furthermore, the unloading curves of the load-displacement data have been investigated in
detail for all three indents, the results from the 3500 nm indents can be observed in Figure 5.33.
Similar to the previous studied orientation (i.e. indentation nearly perpendicular to the c-axis), no
evidence of discontinuities can be observed in the unloading curve (Figures 5.33a) and its
corresponding derivative (Figures 5.33b) for this case. Therefore, the detwinning occurrence is not
expected for this studied orientation.
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Figure 5.33: (a) Unloading curve for 3500 nm displacement, (b) and the derivative curve for the
corresponding displacement.
The indentation stress-strain curve obtained from the load-displacement data is shown in
Figure 5.34. The 0.1% offset was chosen to define the yield stress in the indentation loaddisplacement curve. The Young’s modulus obtained is 45 GPa which is in good agreement with
the theoretical value [160]. From the stress-strain curve, it can be observed that the deviation from
elasticity occurs at a stress of 135 MPa. As explained in Section 5.4.2, it is expected that basal slip
would operate first under the indenter. This is due to the large value of the maximum normalized
RSS for basal slip operation, i.e. 0.46, in comparison with other slip systems. Therefore, the
deviation in the stress-strain curve (at ~ 135 MPa), is proposed to be attributed to basal slip
operation. Also, five significant discontinuities occur at loads of 248 MPa, 149 MPa, 161 MPa,
159 MPa, and 164 MPa, respectively, which are proposed to be related to extension twinning.
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Figure 5.34. The measured indentation stress–strain curves for high purity magnesium for the
case of indentation nearly perpendicular to the c-axis.

Using the normalized resolved shear stress value obtained from the Hertzian contact theory for
basal slip operation (Table 5.8), combined with yield strength obtained from indentation stressstrain curves (135 MPa), the RSS0.1% offset values for basal slip were determined and shown in Table
5.9. In addition, Table 5.10 summarizes the apparent CRSS values for the first variant of the
{101̅2} extension twins. This value was obtained using normalized resolved shear stress for the
first variant of the {101̅2} extension twins from Table 5.8 combined with the stress at which the
first discontinuity occurs in the indentation stress-strain curves (Figure 5.34). Note: these results
were obtained based on 20 spherical indentation tests conducted on the same grain. Thus, the CRSS
values shown in Table 5.3 and 5.4 are the mean of the 20 indentation tests plus/minus the standard
deviation of the mean.
Table 5.9: RSS0.1% offset values obtained from indentation test for the basal planes for the selected
grain
Normalized RSS (rss/pm)
0.46

Yield stress (MPa)
135 ± 5

RSS0.1% offset (MPa)

63 ± 3

Table 5.10: Apparent critical resolved shear stress values obtained from indentation test for the
extension twin planes for the selected grain

First twin

Normalized RSS
((rss/pm)
0.32

Pop-in stress (MPa)

Apparent CRSS (MPa)

252 ± 7

81 ± 5
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5.4.4 3D EBSD maps
3D-EBSD measurements were performed for a 1500 nm indent, the results being shown in
Figure 5.35. Figure 5.35a shows a combined image quality/IPF map of the indentation area, which
illustrates the presence of basal slip traces around the indent by a black line. Figure 5.35b shows
the magnified view of the IPF map of the same area shown in Figure 5.35a. Figure 5.35c shows an
IPF map of a section which is 5 m away from the center slice. The section shown is perpendicular
to the surface of the sample and location is shown by a dashed line in Figure 5.35b. Three variants
of deformation twins can be observed in this section. According to the {0001} pole figures (Figure
5.35d), twin number 4 shows 60 degrees misorientation with the matrix. However, twin number 4
shows 86o misorientation with twin number 3. Later, in the discussion section, the nature of twin
number 4 will be discussed in more detail.
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Figure 5.35: (a) The combined image quality/IPF map of the indentation(c)area, (b) the magnified
view of the IPF map of the same area shown in (a), and (c) the IPF map of a section which is 5
micron away from the centre cross-section. This section is perpendicular to the surface of the
sample and the location of it is shown by dashed line in Figure 5.35b. (d) shows the corresponding
{0001} pole figure of the IPF maps.
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5.5 Discussion
The problem of how materials flow under an indenter has a long history. Continuum plasticity
approaches such as slip field or upper bound solutions show that during indentation the material
under the indenter forms a dead zone pushing material perpendicular to the indentation direction
and then flowing up to the free surface. The “pileup” of material around the indent ensures that
volume is conserved. The role of the restriction of slip to specific crystal planes and directions in
crystalline materials has been studied in detail recently by Kalidindi [164] for aluminum. Here, the
shape of the indents and the pileups are affected by the orientation of the indentation axis relative
to the crystal axes. However, we will see that this is a relatively small effect compared to what
happens in magnesium since the high symmetry of the face centred cubic aluminum provides a
large number of equivalent slip systems. The situation in magnesium is very different due to its
low symmetry and the large differences in the CRSS of different slip/twin systems as was noted
in the introduction.

5.5.1 Proposed Sequence of events during loading and unloading
The sequence of how plasticity initiates and spreads under the indent can be rationalized based
on the analysis of the indentation load-displacement curves, the observations made by 3D EBSD,
and the results obtained from CPFEM. Figure 5.36 presents a set of schematic diagrams to illustrate
the proposed sequence of events under the indenter. Figure 5.36a shows the initial situation when
the contact is elastic, i.e. the situation shown in Figure 5.5a where the initial load-displacement
curve follows the Hertz elastic solution closely. In the background of the figure the contour plot
for the resolved shear stress (RSS) on the basal slip plane is shown. Although there is considerable
uncertainty in the value of the CRSS between basal and 2nd order pyramidal <c+a> slip as was
noted in the literature review, it is generally accepted that <c+a> slip is at least 5 times larger than
that for basal <a> slip, i.e. the higher CRSS makes 2nd order pyramidal slip less favourable than
basal slip, even though the RSS is somewhat higher, i.e. 0.45 vs. 0.375, respectively. As such, it is
predicted that basal slip will be activated first in the area of highest RSS (see Figure 5.36b) and in
order to satisfy the required material flux as indicated by the blue arrows. The deviation between
the experiments and the Hertz solution for the load-displacement data that is observed in Figure
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Figure 5.36: A set of schematic diagrams to illustrate the proposed sequence of events under the
indenter. (a) The contact is elastic at this point. In the background of the figure the contour plot for
the resolved shear stress (RSS) on the basal slip plane is shown. (b) The RSS on the basal slip
plane reaches the CRSS for basal slip and plastic deformation is initiated. (c) The twins will form
at those places where the RSS exceeds the CRSS for twinning. The distribution of the resolved
shear stress on the extension twin habit planes derived from the Hertzian stress field is plotted as
a background image. (d) The sample is unloaded and most of the twins will de-twin due to the
elastic forces acting in their surrounding and due to the ease of movement of extension twin
boundaries.
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5.5b at a displacement of ≈32 nm can, thus, be rationalized as the point when plastic deformation
is initiated by basal slip as shown schematically in Figure 5.36b. As the movement of <a>
dislocations is not sufficient to accommodate the deformation upwards around the indent (i.e. in
<c> direction), high residual elastic stresses will be built up as indicated in Figure 5.36b by the red
arrows. The distribution of the resolved shear stress on the extension twin plane may be
approximated with the Hertzian solution (although strictly speaking this solution does not allow
any plastic deformation to occur) and is plotted as a background image in Figure 5.36c. As the
indenter is pushed deeper into the material, twins will form at those locations indicated in Figure
5.36c. At this point, a discontinuity occurs in the load displacement curve from the formation of
the {101̅2} extension twin as shown in Figure 5.5c. Subsequently, the other 5 potential variants
of extension twins will form. Indeed, this is what one observes in the data of Figure 5.4 where one
sees 6 discontinuities, one for each of the {101̅2} extension twin variants. The spacing of the
discontinuities can be rationalized if one uses the Hertz solution as a qualitative guide to predict
stress at which the different variants of {101̅2} extension twin systems would operate. In Table
5.1, it can be observed that the normalized RSS on the six different twin variants ranges from 0.16
to 0.08 due to the fact that the loading axis was 9.3o away from the c-axis. This would suggest that
the activation of the different variants would occur sequentially during indentation as observed in
Figure 5.4 (there is probably also a stochastic aspect to the initiation stress for twinning and the
possible local relaxation of stresses when a twin forms).
It is worth considering whether such discontinuities could be a result of dislocation pop-ins
which have been observed by Pathak and Kalidindi [102]. In reference [102], they studied
dislocation pop-ins during indentation of carefully prepared samples of aluminum (i.e. a material
that does not exhibit deformation twinning under normal loading conditions) using a spherical
indenter with radius of 13.3 μm (i.e. the same as used in the current study). They found that the
magnitude of the displacement jump was 4-6 nm. This is much smaller than the 32 nm measured
for the first discontinuity in the current work (see Figure 5.5c). The larger discontinuity in the
current work would be consistent with the large shear strain associated with the formation of a
twin. It is, therefore, unlikely that the large displacement steps observed in the current work are
produced by dislocation pop-ins. In addition, it is worth noting that tests conducted on high purity
aluminum (99.995) using the same indentation machine by the current researchers showed no
evidence of discontinuities in the load-displacement curves (see Figure 5.15).
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The formation of these twins can be explained as follows. As the indenter is pushed into the
sample, material moves to the left and right by basal slip and then can flow to the surface by the
operation of {101̅2} extension twins. Indeed, it is observed that the location of the twins in the
larger indents on the surface and in volume below the indent (Figures 5.3 and 5.9, respectively)
corresponds to the region beside the indent.
Further, it is proposed that when the indenter is removed and the sample unloaded, most of the
twins will retreat due to the elastic forces acting in their surrounding and the ease of movement of
extension twin boundaries as shown schematically in Figure 5.36d. Evidence for de-twinning can
be found by the observations of discontinuities in the unloading curves for the 100 and 500 nm
indentations, see Figure 5.6. As discussed in the literature review, direct observations exist for
twinning and de-twinning after loading and then unloading in uniaxial tension and compression
tests [51-56] so it seems reasonable that the same effect will be found for indentation. Further, it
is interesting to note that for an indent depth of 100 nm (Figure 5.5c), there is one discontinuity
during loading and one during unloading (Figure 5.6c and 5.6d) while for an indent depth of 500
nm (Figure 5.4) one can observe six discontinuities in the loading curve and six discontinuities in
the unloading curve (Figures 5.6e and 5.6f). It was found that for all cases of indent depths less
than 500 nm, the number of discontinuities in the loading curves and unloading curves matched.
If it is assumed that the discontinuities during loading correspond to twinning and those occurring
during unloading correspond to de-twinning, it would suggest that no twins are left around the
indent after the load is removed for the 500 nm indents. This would be consistent with the
observation in Figure 5.3a and 5.7a that no twins could be observed on the surface or in the volume
under the indenter. Thus, we propose that the absence of twins on the surface and below the
indenter from the current study and previous studies [104,105,107] for some cases (e.g. the 500
nm deep indent shown in Figure 5.3a) does not necessarily mean that the twins were not present
under load. Twins may have been present under load and then retreated during unloading as
evidenced by the discontinuities in the unloading curves. Thus, one must be aware that post
indentation examination does not always provide a complete picture of what happened. On the
other hand, it appears there is a critical size above which, the de-twining process is not completely
reversible (Figure 5.3b and 5.3c). Thus, one must be careful about making conclusions on the
deformation mechanism activated during indentation when making observations after the indenter
is removed.
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Finally, Figure 5.36d schematically illustrates an array of dislocations that would be consistent
with the misorientation profiles. Here, it is envisioned that a series of dislocation loops (here seen
in cross-section) have expanded under the indent to accommodate the removal of material as the
indenter pushes into the sample. It can be seen that the number of dislocations “piled up” near a
line extending from the edge of the contact surface would be inversely proportional to the distance
from the surface, i.e. the misorientation along horizontal lines would decrease as a function of
depth as seen in Figures 5.7, 5.8 and 5.12 from the experiments and CPFEM simulations,
respectively. An additional insight that can be derived from this schematic diagram would be that
the arrays of dislocations could form low energy dislocation boundaries under the edge of the
contact point. Further, the GND calculations (Figure 5.10c) provide evidence of prismatic slip,
presumably due to high stresses in this region. This may lead to the formation of sessile
entanglements that keep the dislocation boundary at its place, even when the twins have retracted.
This could explain why these boundaries are so readily observed in the unloaded samples, i.e. the
low energy boundaries are maintained even when the load is removed. In contrast, the CPFEM
simulations which do not take the local dislocation-dislocation interactions into account predicts
that the boundaries would almost completely disappear when the load was removed.
However, for the case of indentation precisely parallel to the c-axis, the normalized RSS on
the six different twin variants will be the same, i.e. 0.16. An example where the indentation
direction only has a small deviation from the c-axis is shown in Figure 5.37. The inverse pole
figure map (Figure 5.37a), and its corresponding {0001} pole figure (Figure 5.37b) of a grain in
Mg-1 wt% Zn- 0.5 wt% Nd (ZE10) alloy loaded precisely parallel to the c-axis can be observed.
Six variants of {101̅2} extension twins can be observed around the indent in the IPF map. Also,
the indentation load-depth data for this grain can be seen in Figure 5.38. Figure 5.38b shows the
enlarged view of the indentation load-depth curve. In comparison with the case that the loading
axis was 9.3o away from the c-axis (Figure 5.4), here the magnitude of the displacement for all six
discontinuities are similar. Also, the discontinuity events spread out over a narrower range of
displacement.
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Figure 5.37: (a) Inverse pole figures (IPF) map and (b) its corresponding {0001} pole figure map
after indentation tests on Mg-1 wt% Zn- 0.5 wt% Nd (ZE10) alloy. Six variants of {101̅2}
extension twins can be observed around the indent. Note, the sample reference direction for A1 is
close to [1̅21̅0], A2 is close to [101̅0], and A3 is perpendicular to the surface (parallel to
indentation direction).
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Figure 5.38: (a) Load-displacement curve of indentation test for on Mg-1 wt% Zn- 0.5 wt% Nd
(ZE10), for indent depth of 3500 nm, and (b) An enlarged view of the loading curve, showing the
occurrence of six similar.
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5.5.2 Detailed observations on the residual deformation zone
Having sketched out a simple view of how the material flows under the indenter for this
orientation of loading, it is worth exploring the residual deformation pattern in more detail by
returning to the EBSD observations and the CPFEM simulations. In both cases of experiments
(Figures 5.7 and 5.8) and CPFEM simulations (Figure 5.12), a boundary of large misorientation is
observed near the edge of the indenter-material boundary and gradually changing misorientation
angle as one moves from one side of the indent to the other. Good agreement between the
experiments and the CPFEM simulations was observed between the magnitude of the maximum
misorientation at different depths (Figure 5.13) for the 500 nm indent but the agreement was less
satisfactory for the larger indents. Presumably, this relates to the larger effects of the extension
twins on the deformation field as the indents become deeper which was not accounted for the
CPFEM simulations. The other difference between the experiments and the CPFEM simulations
was the gradient of misorientation outside the indent contact radius, i.e. this was much steeper in
the experiments. Again, the presence of the extension twins in the experiments may explain this
difference. Further, the twins would act to block the motion of basal dislocations creating a steeper
gradient as seen in the experimental results shown in Figure 5.7 and 5.8.
The GND measurements from the 3D misorientation data suggest that it is primarily basal edge
dislocations that are left behind in cylinder-shaped volume below the indenter after the indenter is
removed (see Figure 5.10). There is also evidence of a smaller density of 2nd order pyramidal
<c+a> dislocations (less than 10% the density of basal edge) inside of this volume. Additionally,
a thin layer around this cylinder shows a high density of basal screw dislocations, together with a
significantly lower density of <a> dislocations on prism planes. The dislocations in this volume
most likely correspond to those that piled up and entangled in front of the deformation twins.
For the cylindrical volume below the indenter the analysis of the pole figures shown in Figure
5.7c and 5.8c demonstrates that the rotation axis is 11 2 0 . A look into the 3-dimensional results,
however, reveals that the situation is less simple: Figure 5.39a shows a schematic view looking
down on a plane parallel to the surface of the sample. The lateral flow of material under the indent
can be accommodated by the expansion of dislocation loops with the 3 different <a> Burgers
vectors as it is shown in the figure (note that there are 3 different Burgers vectors of type 11 2 0 ).
The result of this dislocation activity is that there are 3 different sectors centred around the 3 11 2 0
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directions where plasticity is dominated by expansion of one type of dislocation loop. In these
sectors, the rotations from the array of dislocations will be perpendicular to the Burgers vectors,
i.e. the rotation axis should be 10 1 0 . On the other hand, as the schematic suggests, there are 3
sectors where a combination of dislocations with 2 Burgers vectors would be active. These sectors
are parallel to the 3 10 1 0 directions. In the limiting case of equal numbers of the two different
dislocations, the net Burgers vector would be one of the 10 1 0 directions, e.g. -b1 + b2 = would
give an effective Burgers vector of 1 1 0 0  which is parallel to the black horizontal line in Figure
5.39a. In this case, the rotation axis would be expected to be perpendicular to one of the effective
10 1 0

Burgers vectors, i.e. one of the 11 2 0 directions.

Returning to the EBSD maps shown in Figure 5.7 and 5.8, recall that the A2 direction was
close to 1 1 0 0 and the A1 direction was close to 11 2 0 , i.e. this corresponds to a section cut through
the centre of the indent parallel to the 1 1 0 0 direction (the blue line in Figure 5.39a). The rotation
axis determined from the pole figures was the 11 2 0 exactly as expected from Figure 5.39a. In
order to further examine this geometric prediction, the 3D data obtained from the 1500 nm indent
experiment were used to generate a map indicating the direction of the rotation axes for a plane
parallel to the sample surface at a depth of 4 μm below the surface (z/a = 0.4). This map is shown
in Figure 5.39b. Here it can be seen that the experimentally determined rotation axis changes from
11 2 0

(green) to 10 1 0 (blue) with the rotation axis corresponding to the direction perpendicular

to the effective Burgers vector, e.g. 10 1 0 (blue) for directions parallel to the b1, b2 or b3 and 11 2 0
green for equal combinations of two different Burgers vectors. Further, Figure 5.39c shows the
magnitude of the misorientation in the selected plane. It can be observed that the magnitude of the
misorientation is maximum at the surface of the cylinder volume below the indent described above.
The misorientation profiles shown in Figure 5.7b and 5.8b correspond to lines across the section
close to the 1 1 0 0 direction. Finally, based on this discussion, it is now worth
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Figure 5.39: Characterization of rotations under the 1500 nm indent, a) schematic diagram of
dislocation loops for different basal slip systems. Note, the black arrow is [101̅0], and the orange
dashed line is [112̅0]. b) experimental observation on rotation axis the of crystal with respect to
the original orientation for a horizontal slice, 4µm below the surface and c) magnitude of the
misorientation angle on the same slice as shown in b). Note, solid black lines in b) and c) are
misorientations greater than 15o.

clarifying that the schematic diagram shown in Figure 5.36 displays the situation occurring on a
cross section through the indent containing the [0001] and one of the 11 2 0 directions, indicated
by the orange dashed line in Figure 5.39a.
This analysis shows that formation of the deformation pattern under the indenter is driven by
a combination of the geometric requirement that the penetration of the indenter must be
accommodated and the evolution of resolved shear stresses on the various slip systems (noting that
there are very different CRSS values for basal and non-basal slip). Further, the plastic flow
predominantly occurs by motion of <a> basal dislocations. The remnants of this deformation can
be clearly observed from the post indentation observations of GNDs (Figure 5.10) and the
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associated rotation axes (Figure 5.39b). The hypothesis that extension twins were present under
load is consistent with the fact that the misorientation change at the edge of the projected contact
surface is much sharper in the experiments than for the CPFEM, i.e. the twins blocked the motion
of basal dislocations after they formed. Though our experiments provide strong evidence, direct
proof that twins existed under load is challenging for high purity magnesium. Future experiments
on magnesium alloys where detwinning is more difficult may provide evidence to support this
hypothesis.
Returning to the second examined crystallographic orientation, i.e. spherical indentation
approximately perpendicular to the c-axis, Figure 5.24 illustrates the load-displacement behavior
of indentation on this studied orientation. According to Figure 5.24b the load-displacement curve
initially follows the Hertz elastic solution. However, the deviation from elasticity occurs at a very
small load, i.e. ~ 1.37 mN. As was explained earlier in Section 2.2, in magnesium, for uniaxial
compression perpendicular to the c-axis, {101̅2} extension twins are expected to operate. Let’s
first consider the relationship between the six extension twin variants under the spherical indent,
i.e. (0112), (0112), (1012), (1012), (1120) and (1102) planes. As the indenter is pushed into the
sample, material moves down along the indenting axis, as a result four types of extension twins,
(0112), (0112), (1012), and (1012) activate, Figure 5.22a. However, for the case of two other
shear planes of variants (1120) and (1102), the loading direction [1120] is parallel to the shear
planes, Figure 5.22b. Thus, these two shear planes require larger stresses to operate under the
indent.
Figure 5.40a illustrates a schematic diagram of the distribution of twin and basal slip regions
under the spherical indenter for the studied orientation. Figure 5.40b shows a combined image
quality/ IPF map after indentation nearly perpendicular to the c-axis, for an indentation of 3500
nm. As can be seen from Figure 5.40a, the loading direction right under the indent can be
considered as an uniaxial compression, which is favorable for extension twin operation. Therefore,
extension twinning would operate in this region and expands along the z direction within the x-z
plane. However, according to the Hertz solution, Figure 5.23c, the maximum normalized RSS on
the basal plane occurs below the surface near the boundary between the contact region of the indent
and the free surface, and its value is similar to the maximum RSS on the extension twin plane
(Table 5.5). Therefore, as explained before (Section 5.3.2), there is a competition between basal
slip and extension twin operation.
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Figure 5.40: (a) Schematic figure of indentation perpendicular to the c-axis, and (b) IPF EBSD
image after indentation nearly perpendicular to the c-axis, for indentation of 3500 nm.
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However, the result from the indentation stress-strain curve (Figure 5.26) illustrated that the basal
slip would operate first for this studied orientation, and presumably right after that four extension
twin would operate sequentially. Table 5.6 and 5.7 also show the RSS0.1% offset values obtained for
basal slip and the first extension twin plane. As can be observed the RSS0.1% offset for basal slip (67
MPa) is lower than extension twin plane (79 MPa), and thus it is suggested that the plasticity
initiates by basal slip operation for this studied orientation. The presence of both basal slip traces
and four extension twin variants can be seen around the indent (Figure 5.40b), which is in good
agreement with the schematic figure.
One more interesting observation is the presence of two more extension twins (i.e. (1120), and
(1102) extension twin planes) under the indent for indentions of up to 1500 nm. This is in contrast
with the results from Hertz calculation which suggests the operation of only four extension twins
under the indent (Figure 5.23). One possible explanation is that, when the indenter is pushed into
the material, first the initial extension twins operate under the indent and tried to move the material
to the left and right side. On the other hand, the flow of material to the left and right of the indent
will be highly constrained by the surrounding elastic material. The constraint from the surrounding
elastic material raises the local RSS on the (i.e. (1120), and (1102) extension twin variants. The
formation of these twins would relieve the stress under the indent.
A further interesting observation for this studied orientation is that, the unloading segments of
the indentation load-displacement curves and their derivatives confirm the occurrence of no
discontinuities during unloading (Figure 5.25). Therefore, we do not expect reverse plasticity of
the material during unloading as a result of no or at least very limited de-twinning. If we compare
EBSD maps obtained from 3D-EBSD tests from the center cross-section slices of both studied
orientations, i.e. indentation approximately parallel to the c-axis with the case in which the
indentation direction is nearly perpendicular to the c-axis (Figures 5.7b, and 5.7f compared with
Figures 5.27c, and 5.28c), we might conclude that the extension twins extended deeper into the
material in the latter case. For example, for the case of indentation nearly parallel to the c-axis
(Figure 5.7f), the deformation twins extended up to the depth of 4.5 m. However, looking at the
second condition (Figure 5.28c), one might see that the extension twins extended much deeper
distances under the indent than can be practically obtained (limited by FIB time). The sample
extracted by FIB had a thickness of 10 micron, and presumably the deformation twins propagated
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much deeper than the sample thickness. Therefore, it may be more difficult to observe these twins
completely after load removal.
For the third crystallographic orientation, i.e. indentation with a direction 54o away from caxis, Hertz’s elastic contact analysis confirms that the plasticity should be initiated when the RSS
on the basal slip plane reaches the RSS0.1% offset for basal slip (Table 5.8). For this orientation, basal
slip is the most favorable deformation system under the indent. Here again we have used the Hertz
solution to qualitatively predict when other deformation systems would operate. According to
Hertz (Table 5.8), the maximum normalized RSS on four different extension twin variants, i.e.
(0112), (0112), (1012), and (1012) twin variants, ranges from 0.32 to 0.27. However, for the two
other extension twins, i.e. (1120) and (1102) extension twins, the normalized RSS are much lower
(0.13). Therefore, the four most favorable extension twins are expected to be seen around and
under the indent. Similar to the previous orientation, in order to have a better understanding of
operation of slip/twinning deformation systems, the RSS0.1% offset values for basal and extension twin
planes were studied. Table 5.9 and 5.10 show the RSS0.1% offset values obtained for basal slip and the
apparent CRSS for the first extension twin plane. According to this Table, the RSS0.1% offset for basal
slip (63 MPa) is lower than the (0112) extension twin plane (76 MPa). So, it is expected that basal
slip would operate first and then four extension twins, i.e. (0112), (0112), (1012), and (1012)
twin variants, would activate under the indent sequentially.
However, as shown in Figure 5.30, and 5.35, the existence of another deformation twin can be
observed under and around the indent after the load removal. Also, looking at the {0001} pole
figures (Figure 5.30h, and 5.35d) confirms that this deformation twin formed 86o away from the
primary twin (twin number 3). As mentioned in Chapter 2, besides twinning, double twinning (retwinning inside a primary twin) was also observed as a mechanism of plasticity. Based on previous
experimental results [32,49,50], double twins of {1011}-{1012} and {1013}-{1012} types, have
been detected in magnesium. However, in our experiment, we have not observed either contraction
twinning (i.e. twinning on {1011} or {1013} planes) or double contraction extension twinning.
However, Jain [46] has previously observed the presence of double extension twin (i.e. extension
twins formed within extension twins) in AZ80 material, compressed along the <1012> direction.
Jain [46] explained the occurrence of the secondary twins as an accommodation mechanism to
help maintain strain compatibility caused due to twinning. He found the presence of 6 extension
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twin and 1 double extension twin in his experiment. He concluded that the double-extension twin,
had a misorientation of 86o with one of the primary extension twins. In our experiment, one might
see from Figures 5.30, and 5.35 that the secondary twin (twin number 4) has a misorientation of
86o with the primary extension twin (twin number 3). It is suggested that this secondary extension
twin formed in response to the local stress field associated with the primary twins.
Figure 5.41 is a summary of the load-displacement curves from the three different studied
orientations. It can be observed that magnesium is elastically quite isotropic, although it shows
high plastic anisotropy. This is clear in Figure 5.41 by overlapping of the initial elastic region of
the load-displacement curves for three different orientations. Also for all three cases some welldefined and large discontinuities can be seen in the load-displacement curves. For the case of
indentation with loading directions 10o and 54o away from c-axis (red curve, and light green curve),
there is a well-defined deviation from Hertz contact which is argued to correspond to the basal slip
operation. This deviation occurs on the load-displacement curve prior to the first discontinuity.
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Figure 5.41: Comparison between the indentation load-displacement curves for three orientations.

However, for the case of indentation nearly perpendicular to the c-axis (dark green curve), the
indentation load-displacement behavior is different from those arising from the two other
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orientations. For this case, the deviation from elasticity occurs close to the load at which the first
large discontinuity happens in indentation load-displacement curve. In order to clearly define the
exact yield point (i.e. the point at which the indentation curve deviates from elasticity), the
indentation stress-strain curve was calculated from the load-displacement data.
Figure 5.42 is a summary of the indentation stress-strain curves of all three examined
orientations. It can be observed that the deviation from elasticity occurs at stress of 135, 178, and
181 MPa for light green, dark green, and red curves, respectively. Table 5.11 is a summary of
RSS0.1% offset values obtained for basal slip, and the extension twin plane on all three examined

orientations, based on the measurement of 20 spherical indentation tests. According to Figure 5.42,
and Table 5.11, it can be summarized that the plastic deformation occurs first on a grain which is
54 degrees off from c-axis (light green line in Figure 5.42) and last on a grain which is nearly
parallel to the c-axis. Among all three studied orientations, extension twinning appears at lower
load, and consequently at lower stress on a grain which is nearly perpendicular to the c-axis
(Figures 5.41 and 5.42), which is a favorable orientation for extension twin operation.
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Figure 5.42: Comparison between the indentation stress-strain curves for three orientations.
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Table 5.11: Summary of the RSS0.1% offset for bas slip and the apparent CRSS for 6 extension twins
for three different studied orientations

Basal Slip
First twin

Critical resolved shear stress (MPa)
9.3 degrees rotated
80 degrees rotated
54 degrees rotated
from [0001]
from [0001]
from [0001]
68 ± 3
66 ± 3
63 ± 3
48 ± 3
79 ± 4
81 ± 5

Also, looking at Table 5.11, one might conclude that for the case where the indentation is
almost parallel to the c-axis, the apparent CRSS value for extension twinning is relatively lower
than the other two cases (i.e. indentation is nearly perpendicular to the c-axis, 79 MPa, and
indentation is at loading direction of 54 degrees away from the c-axis, 81 MPa). It can be observed
from Table 5.2 that for the case of indentation almost parallel to the c-axis, the normalized RSS
value for activation of extension twinning (0.16) is relatively low compared to the normalized RSS
for basal slip operation (0.38). As previously explained, when the plasticity is initiated in this
studied orientation, first basal slip operates and causes the material to flow to the right and left
sides under the indenter. However, the flow of the material is constrained by the surrounding
elastic materials and that raises the local RSS on the extension twinning variants. As a result,
extension twinning operates under the indent. Therefore, one possibility here is that after the
activation of basal slip, the Hertz solution will no longer be valid for this studied orientation, and
thus the apparent CRSS obtained in Table 5.11 is not quantitatively reliable. On the other hand,
for the other two cases, the difference between the normalized RSS values for basal slip and
extension twinning are relatively low. For example, looking at Tables 5.6 and 5.7, one might see
that the normalized RSS for basal slip and the first extension twin are 0.37, and 0.39, respectively.
Therefore, there would be competition between basal slip and extension twinning to operate under
the indent. Consequently, the elastic solution from Hertz is relatively more valid for extension
twinning operation, and thus, it is expected that the apparent CRSS values obtained in Table 5.11
for these two cases are more quantitatively reasonable.

5.6

Summary
In this chapter, it has been shown that, the indentation behaviour for near c-axis oriented grains

of magnesium has been found to be accommodated by a combination of (predominantly) basal slip
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and

{10 1 2}

extension twinning. A consequence of the confinement of basal slip into a cylindrical

volume below the indenter by extension twins is the formation of a cylindrical low angle boundary
under the indent coinciding with the contact area of the indenter on the sample surface. The
misorientation associated with this boundary increases as the indentation depth is increased but
decreases with depth into the crystal.
The initial deviation of load-displacement data from Hertz’s elastic prediction is associated
with onset of basal slip and the subsequent discontinuities are due to extension twinning. The
appearance of discontinuities in the unloading curves and the 3D-EBSD microstructure
observations following indentation suggest that twins retreat during unloading. For the smallest
indents all the twins retreat when the load is removed. This offers an explanation for contradictory
observations in the literature where post indentation microstructure examination have sometimes
shown extensions twins and other results have not.
For the case of indentation perpendicular to the c-axis, it was shown that the favorable location
for twin nucleation is underneath the indenter. That is different with the case of indentation parallel
to c-axis, in which the extension twins nucleate near the edge of the indenter-material boundary.
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CHAPTER 6

The Effect of Tip Radius on the Local Mechanical
Properties of Magnesium

6.1 Introduction
In this chapter the indentation size effect will be studied in spherical indentation for
commercially pure magnesium. The size effect in plasticity at small length scales was reported for
a range of FCC and BCC metals [124,165,166]. Here, we present experimental data on indentation
size effect obtained in commercially pure magnesium for indentation approximately parallel to the
[0001] direction. First, the results of the indentation load-displacement of five different spherical
indenters with tip radii of R= 1 m, 3.69 m, 13.3 m, 50.0 m, and 250.0 m will be presented.
Then, the indentation stress-strain curves will be derived from the load-displacement data, the
initial yield strength of magnesium will be shown to increase linearly with inverse square root of
indentation radius. This enables us to measure the uniaxial yield strength and consequently the
critical resolved shear stress (CRSS) of bulk magnesium.

6.2 Load-depth curve
In this study, a grain having an angle of 9.3o between the indentation loading direction and the
c-axis was used. A number of indentation tests with two different depths (500nm, and 3500nm)
were made on the selected grain. Figure 6.1 presents the results of spherical indentation
experiments using a range of spherical indenter tip radii of R= 1 m, 3.69 m, 13.3 m, 50.0 m,
and 250.0 m. The maximum loads for the five indents are 1.7 mN ± 0.02 mN, 7.1 mN ± 0.1 mN,
13.6 mN ± 0.2 mN, 34.2 mN ± 0.5 mN, and 80.9 mN ± 1 mN, from the smallest indenter (R= 1
m) to the largest one (250.0 m), for indent depth of 500 nm. As can be observed, the maximum
load increases with increasing tip radius.
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Figure 6.1: Effect of tip radius on the load-displacement curves for commercial purity magnesium,
(spherical indentation performed using spherical indenter tip radii of R= 1 m, 3.69 m, 13.3 m,
50.0 m, and 250.0 m).

Figure 6.2 shows EBSD inverse pole figure (IPF) maps of the sample surface after indentation
and their corresponding {0001} pole figures for indentations using a range of spherical indenter
tip radii of R = 1 m to 250.0 m. The indentation tests were conducted for 500 nm, and 3500 nm
displacements. Figures 6.2a, and 6.2b show the IPF maps obtained after the indentation tests for
indent depths of 500 nm and 3500 nm, respectively, using the indenter with a tip radius of 250 m.
Figure 6.2c shows the corresponding pole figure from these two maps. For these two indents, it
can be seen that only one crystal orientation, i.e. the matrix, was found. Looking at the IPF maps
of the smaller indenter, i.e. the indenter with a tip radius of 50 m, for the case of indentation depth
of 500 nm (Figure 6.2d), one might conclude that only one crystal orientation, which is the matrix,
was observed after the indentation. However, indentation to a larger depth, i.e. 3500 nm
indentation depth, lead to the formation of two variants of extension twins (twin numbers 1 and 2
in the IPF map (Figure 6.2e, and its corresponding pole figure (Figure 6.2f)). Figures 6.2g, and
6.2h, show the IPF maps obtained after indentation using the indenter tip with a radius of 13.3 m,
for indent depths of 500nm, and 3500 nm, respectively. Figure 6.2i shows the corresponding pole
figure map from these two IPF maps.
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Figure 6.2: Inverse pole figures (IPF) maps and their corresponding {0001} pole figure maps after
indentation tests using five different indenter tips (a, b, and c) R= 250 m, and (d, e, and f) R= 50
m, (g, h, and i) R= 13.3 m, (j, k, and l) R= 3.9 m, and (m, n, and o) R= 1 m for two indentation
depths; (a, d, g, j, and m) 500 nm indent depth, (b, e, h, k, and n) 3500 nm indent depth.
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For the 500 nm indentation depth (Figure 6.2g), there is no evidence of the existence of twins
around the indent. However, looking at Figure 6.2h, one can see the existence of two extension
twins around the indent. Note: the 3D-EBSD observation illustrated the presence of three extension
twin variants under the indent (Appendix 1). Finally, the IPF maps obtained after the indentation
using smaller indents, i.e, 3.9 m tip radius and 1 m tip radius, illustrate the presence of extension
twins even around the 500 nm indent depth. For example, Figures 6.2j show the IPF maps of the
indents using the indenter tip with a radius of 3.5 m, for indent depths of 500 nm. The existence
of two twin variants can be observed around the indent (twins number 1 and 3). Looking at the
indent with a larger depth, i.e. 3500 nm indent depth (Figure 6.2k), 5 twin variants can be seen.
Also, with 1 m indenter tip, 6 extension twin variants can be observed around the indent for both
cases of 500 nm and 3500 nm indent depth, Figures 6.2m and 6.2n, respectively. This illustrates
that the presence of deformation twins on the surface after unloading depends not only on indent
depth, which was previously illustrated in Chapter 5, but also on the indenter tip size.
Figure 6.3 shows the load-displacement curves for indent depths of 500 nm, and 3500 nm using
all five indenters, i.e. within the range of R= 1 m to 250.0 m. Also, the prediction from Hertzian
contact theory [65] (red line) for comparison, can be seen in these figures. For each curve, a
significant deviation from Hertzian occurs at a specific load and displacement. Here, it can be
clearly seen that the residual plastic deformation increases by decreasing tip radius. For example,
the residual plastic deformations for indenters with tip radii of R = 1 m, 3.69 m, 13.3 m, 50.0
m, and 250 m, are 3500 nm, 3444 nm, 3170 nm, 2500 nm, and 2000 nm, respectively, for the
case of indent depth of 3500nm. Figures 6.3a, and 6.3b, show the load-displacement curves for
indentation depths of 500nm, and 3500nm, respectively, for the case of indentation using an
indenter with tip radius of 250 m. According to Figure 6.3a, no discontinuity was observed during
loading. However, looking at Figure 6.3b, one might see the occurrence of one discontinuity during
loading. In fact, the enlarged view of the loading segment shows that this discontinuity occurs at
a displacement of 650 nm. However, using smaller indenters, i.e. within the range of 50 m to 1
m radius, leads to the occurrence of six discontinuities during loading for both indent depths of
500nm, and 3500nm, Figures 6.3c to 6.3j. It should be noted that all six discontinuities occurs prior
to 500 nm displacements.
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Figure 6.3: Load-displacement curves for commercial purity magnesium using different spherical
diamond tips, (a and b) R = 250 m, (c and d) R = 50 m, (e and f) R = 13.3 m, (g and h) R =
3.6 m, and (i and j) R = 1 m, for 500 nm, and 3500 nm displacements.

Figure 6.4 shows enlarged views of the unloading segments of the indentation curves (Figures
6.4.a, 6.4c, 6.4e, 6.4g, and 6.4i), and their corresponding derivatives (Figures 6.4b, 6.4d, 6.4f, 6.4h,
and 6.4 j) for displacements of 500 nm, using indenters with tip radii of R= 250 m, 50 m, 13.3
m, 3.5 m, and 1 m, respectively. Figures 6.4a and 6.4b show the unloading curve and its
corresponding derivative, respectively, using the spherical indenter with a tip radius of 250 m. In
this case, there is no evidence of any detectable discontinuities during unloading. Also, for this
case, no discontinuities were observed during loading (Figure 6.3a). If it is assumed that the
106

4000

1

90

Derivative (mN/nm)

80

Load (mN)

70
60
50

40
30
20

10

0

(a)

(b)

0
0

200
400
Displacement (nm)

-0.5

600

0

40

200
400
Displacement (nm)

1

Derivative (mN/nm)

30

Load (mN)

0.5

20

10

0.5

0

(c)

(d)

0

0

200

400

-0.5
200
175

600

300
275

Displacement (nm)

14

400
375

500
475

Displacement(nm)
(nm)
Displacement
1

Derivative (mN/nm)

12
Load (mN)

10
8

6
4

0.5

0

2

(e)
0

(f)
-0.5

250

350

450

550

300

350

400

450

500

Displacement (nm)
Displacement (nm)

107

550

8

Derivative (mN/nm)

1

Load (mN)

6

4

2

0.5

0

(g)

(h)

0

-0.5
300

400

500

600

400

Displacement (nm)

600

1

Derivative (mN/nm)

2

1.5
Load (mN)

450
500
550
Displacement (nm)

1

0.5

(i)
0
300

400
500
Displacement (nm)

600

0.5

0

(j)
-0.5
450

470

490
510
530
Displacement (nm)

Figure 6.4: Magnified view of unloading curves, and Magnified view of the derivative curves for
500 nm depth using different spherical diamond tips, (a, b) R = 250m, (c, d) R = 50 m, (e, f) R
= 13.3 m, (g, h) R = 3.6 m, and (i, j) R = 1 m.

discontinuities during loading correspond to twinning and those occurring during unloading
correspond to de-twinning, as was explained in details in Chapter 5, it would suggest that no
twinning occurs in this case. This result is consistent with the EBSD observation, i.e. Figure 6.2a.
However, in the case of the smaller indenters, i.e. indenters with radii of R = 50 and 13.3 m,
the occurrence of six discontinuities is observed in the unloading segments (Figures 6.4b and 6.4e)
and their corresponding derivatives (Figures 6.4d and 6.4f). As explained before, for these two
studied cases, the occurrence of six discontinuities were observed during loading, Figure 6.3d and
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6.3g. Therefore, it would suggest that six extension twins operate during loading, and all twins
retreat during unloading. Consequently, it would be expected that no twins are left around the
indents after the unloading. This is consistent with the EBSD observations, Figures 6.2d, and 6.2g.
For the indenter with tip radius of 3.5 micron, the occurrence of 4 discontinuities can be observed
during unloading (Figures 6.4g and 6.4h). For this indent, during loading six discontinuities were
observed (Figure 6.4g), and consequently, two extension twins are expected to remain after
unloading. The EBSD observation (Figure 6.2j) confirms this conjecture. Finally, for the case of
indentation using the tip with radius of 1 m, no detectable discontinuities can be observed during
unloading in both the unloading segment and its corresponding derivative (Figures 6.4i and 6.4j,
respectively). For this indent, there were six discontinuities during loading (Figure 6.3j), and thus
this would suggest that all six twins remain after the load is removed. The EBSD observation
(Figure 6.2m) shows the existence of six extension twins around the indent.
Figure 6.5 shows an enlarged view of the unloading segment of the indentation curves (Figures
6.5a, 6.5c, 6.5e, 6.5g, and 6.5i), and their corresponding derivatives (Figures 6.5b, 6.5d, 6.5f, 6.5h,
and 6.5j) for indent depth of 3500 nm, using all five indenters. Similar to 500 nm indent depth
(Figure 6.4), for this studied indentation case, it can also be seen that the number of discontinuities
in the unloading curve depends on the indenter tip size.
Tables 6.1 and 6.2 summarize the number of discontinuities that appears during loading and
unloading for the cases of indent depth of 500 nm and 3500 nm, respectively. It can be observed
that the number of discontinuities in the unloading curves, decreases with decreasing the indenter
tip radius. However, for the case of indentation using the tip radius 250 m, the scenario is
different. For this case, the maximum selected indent depth, i.e. 3500 nm, is still not deep enough
to operate the extension twins. As can be observed in Figure 6.3j, only one discontinuity occurs
during loading for 3500 nm indent depth. Unfortunately, it was not feasible to apply further
displacement, due to the upper force limit of the indentation machine.

109

800

1

700
0.5

500
Load (mN)

Load (mN)

600

400
300
200

100

0

(a)

(b)

0
0

1000

2000

3000

-0.5
1500

4000

2000

Displacement (nm)

2500

3000

3500

4000

Displacement (nm)

350

1

Derivative (mN/nm)

300

Load (mN)

250
200
150
100
50
0
2000

0

(c)
2400

2800
3200
Displacement (nm)

3600

(d)
-0.5
2300

4000

2800

3300

3800

Displacement (nm)
1

Derivative (mN/nm)

150
120

Load (mN)

0.5

90
60
30

0.5

0

(e)
0
3000

3200

3400

3600

Displacement (nm)

3800

4000

(f)
-0.5
3200

3300

3400 3500 3600
Displacement (nm)

3700

110

3800

1

60
Derivative (mN/nm)

Load (mN)

50
40

30
20

0.5

0

10

(h)

(g)
0
3000

3200

3400

3600

-0.5
3400
4000

3800

Displacement (nm)

Displacement (nm)
30

1

Derivative (mN/nm)

25
20

Load (mN)

3800

3700

3600

3500

15

10
5
0
3000

(i)
3200

3400

3600

3800

4000

0.5

0

(j)

-0.5
3400

3500

3600

3700

3800

Displacement (nm)

Displacement (nm)

Figure 6.5: Magnified view of unloading curves, and Magnified view of the derivative curves for
3500 nm depth using different spherical diamond tips, (a, b) R = 250 m, (c, d) R = 50 m, (e, f)
R = 13.3 m, (g, h) R = 3.6 m, and (i, j) R = 1 m.

Table 6.1: Summary of EBSD and indentation tests results for indent depth of 500 nm
250 m

50 m

13.3 m

3.5 m 1 m

Number of discontinuities during loading

0

6

6

6

6

Number of discontinuities during unloading

0

6

6

4

0

Number of twins expected to be seen around the 0

0

0

2

6

0

0

2

6

indent, based on the number of discontinuities
during loading and unloading
Number

of

twins

detected

by

EBSD 0

observation around the indent
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Table 6.2: Summary of EBSD and indentation tests results for indent depth of 3500 nm
250 m

50 m

13.3 m

3.5 m 1 m

Number of discontinuities during loading

1

6

6

6

6

Number of discontinuities during unloading

1

4

3

1

0

Number of twins expected to be seen around the 0

2

3

5

6

2

31

5

6

indent, based on the number of discontinuities
during loading and unloading
Number

of

twins

detected

by

EBSD 0

observation around the indent

Based on the number of discontinuities that occurs during loading and unloading, the number
of twins that operates during loading and then retreats during unloading, can be predicted. Table
6.1 and 6.2 show the number of twins expected to be observed around the indent, which is in good
agreement with the EBSD observations.
Figure 6.6 shows a graph which summarizes the number of twins left around the indent after
the load is removed using four different indenters, i.e. indenters with radii of R = 50 m, 13.3 m,
3.6 m, and 1 m. Three indent depths (500nm, 1500nm, and 3500nm) were also selected (note:
the first number in each parenthesis shows the number of discontinuities observed during loading
and the second number shows the number of discontinuities occuring during unloading for each
test indent). It can be concluded from this graph that by decreasing the tip radius or increasing the
indent depth, the number of twins which de-twins would decrease, and consequently the number
of twins left after unloading increases. Returning to Section 5.2.4, the Hertz calculation predicted
the operation of six extension twins around the indent for the case of indentation on a grain nearly
parallel to the c-axis. Also, the load-displacement curves (e.g. Figure 6.2), illustrated the presence
of six discontinuities, one for each of the {101̅2} extension twin variants, during the loading.
Thus, as mentioned before, six different twin variants of {101̅2} operate during loading. However,
depending on the indenter tip size and the indent depth, the number of twins that retreats during
unloading changes.
The number of twins for the indenter with tip radii of 13.3 m reported based on the 3D-EBSD
observations (Appendix 1).
1
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Figure 6.6: Summary of number of twins appearing around the indent for three different
indentation depths, (i.e. 500, 1500, and 3500 nm) using four indenters with radii of R = 50 m,
13.3 m, 3.5 m, and 1 m. the first number in each parenthesis shows the number of
discontinuities observed during loading and the second number shows the number of
discontinuities occuring during unloading for each test indent.

6.3 Indentation stress-strain curve
Figure 6.7 shows the indentation stress-strain curves obtained from the load-displacement data
from the spherical indentation tests using the Pathak method [68] for 5 different indenters. The
dashed line shows the Hertzian elastic response. The Young’s modulus obtained is 45 GPa which
is in good agreement with the theoretical values [160]. The 0.1% offset was chosen to define the
yield stress in the indentation stress-strain curve. It can be clearly observed that the yield value
increased with decreasing the tip size. Table 6.3 summarizes the yield stress obtained for all 5
spherical tests. It should be mentioned that for each tip radius, the test was performed for at least
10 times to check the reproducibility and repeatability.
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Figure 6.7: Effect of tip radius on the stress-strain curves for commercial purity magnesium,
spherical indentation was performed using a range of spherical indenter tip radius of R= 1, 3.69,
13.3, 50.0, and 250.0 m.
The normalized resolved shear stress value for this specific crystal orientation was calculated in
Chapter 5.1 and is used to estimate the critical resolved shear stress (RSS0.1% offset) for all five studied
conditions; Table 6.3 shows the summary of this result. Also, the apparent CRSS values for the
extension twinning for all five different conditions were calculated and the result is shown in Table
6.4. It can be seen that the apparent CRSS value decreases noticeably by increasing the tip radius.
Table 6.3: List of normalized RSS, yield stress, and RSS0.1% offset of the basal slip for five indenters
Basal slip plane (RSS/pm)

Yield stress (MPa)

RSS0.1% offset (MPa)

Tip radius of 250.0 m

0.37

55 ± 3

21 ± 2

Tip radius of 50.0 m

0.37

140 ± 5

52 ± 2

Tip radius of 13.3 m

0.37

181 ± 5

69 ± 2

Tip radius of 3.69 m

0.37

510 ± 10

193 ± 4

Tip radius of 1.0m

0.37

715 ± 10

250± 4
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Table 6.4: List of normalized RSS (rss/pm), yield strength, and the apparent CRSS of the extension
twin plane for five indenters
Extension twin plane(RSS/p m)

Pop-in stress (MPa)

Apparent
CRSS (MPa)

Tip radius of 250.0 m

0.13

87 ± 2

11 ± 2

Tip radius of 50.0 m

0.13

168 ± 5

22 ± 2

Tip radius of 13.3 m

0.13

295 ± 4

39 ± 2

Tip radius of 3.69 m

0.13

744 ± 10

97± 4

Tip radius of 1.0 m

0.13

853 ± 8

111 ± 4

Figure 6.8 and 6.9 show 1000
how the apparent CRSS for basal slip and extension twinning changes
with increasing the tip size.
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Figure 6.8: Effects of tip radius on the RSS0.1% offset for (a) basal slip for pure magnesium.
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6.4 Discussion
The indentation size effect (ISE) is a widely discussed phenomenon, wherein the hardness of
a crystalline material increases with decreasing indentation size [108-112]. This phenomenon
becomes more noticeable in the micron or sub-micron depth regime [126,167]. Although the size
effect was investigated in plasticity for a range of FCC and BCC metals [124,166,167], there is a
one study in literature on magnesium [101]. Recently, Guo [101] has studied the indentation size
effect in AZ31 magnesium alloy for indentation perpendicular to the [0001] direction. The apparent
CRSS for the initiation of basal slip in AZ31 shows a range of (200 MPa to 450 MPa). Using three

different indenters with radii of 5 m, 10m, and 50 m, it was illustrated that the apparent CRSS
decreases by increasing the indenter radius. Guo plotted the apparent CRSS of basal slip in the
AZ31 alloy as a function of the indenter radius, and she found a linear relationship between these
two variables. Fitting a line through the obtained data points, she predicted that if the indenter
radius would extend to greater than 60 µm, the CRSS values decrease to (15-30 MPa). However,
a more detailed and systematic study based on the physical concepts is required to have a more
rigorous prediction of the CRSS value for an infinitely large diameter indenter.
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The physical description of the ISE is associated with the large strain gradients produced
beneath the indenter in small indentation leading to geometrically necessary dislocations (GND)
[116,117-121,126]. Ashby [168] showed that the density of these GNDs can be expressed as:



G



1 

(6.1)

b  x1

where b is the Burgers vector, and ∂∂x is the gradient of the shear strain. The density is large if
the gradient is steep. It has also been shown by Ashby that the lattice is rotated by a gradient of
simple shear and the misorientation gradient, given by ∂∂x can be measured by using Equation
(6.2).
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(6.2)

On the other hand, it was illustrated that the yield strength of a material increases with its
dislocation density based on the following equation [169]:
 0 

 M b

(6.3)

L

where is the friction stress, the, is the material constant, M the Taylor factor,  the shear
modulus, L is the spacing between the dislocations, and  is the yield strength. Also, L is a function
of dislocation density and can be expressed as L = -1/2 [169]. By combining equations 6.2 and 6.3,
it can be concluded that the yield strength of a material can be varied as a function of the square
root of the misorientation gradient under the indent, and is expressed as,

   0   M b

1/ 2

d

(6.4)

dx

Returning to Figure 5.13a, one can see the maximum amplitude of the misorientation as a
function of normalized indenter depth (h/a). An arbitrary maximum misorientation was chosen,
which was 8.9o. The corresponding normalized indenter depth (h/a) for this specific misorientation
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angle is 0.145. Figure 6.10 shows the misorientation profile under the indent for 1500 nm indent
depth for the case of z/a = 0.75 in which 8.9o maximum misorientation can be obtained. It can be
concluded that the slope of the misorientation profile (ddx) can be calculated by dividing the
maximum misorientation (max), which is 8.9o in this case, over half of the contact radius (a/2).
Following this approach, the misorientation gradient (ddx) was derived for all five indenters, and
is shown in Table 6.5.
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Figure 6.10: The misorientation profile under the indent for 1500 nm indentation depth. The slope
of the misorientation profile can be obtained by dividing max over half of the contact radius (a/2).

Table: 6.5: The misorientation gradient (ddx) for all five indenters
Radius (m)

1

3

13.3

50

250

ddx

68.9

22.9

5.1

1.4

0.27

Finally, the RSS0.1% offset (from Table 6.3), is plotted as a function of the square root of the
misorientation gradient, Figure 6.11. It can be observed that a linear regression 𝑎𝑥 + 𝑏 can be used
to fit the data. Vertical error bars represent the standard deviation measured in the RSS0.1% offset
results. If the line is extrapolated to the ordinate, the y-intercept, i.e. b, would correspond to the
CRSS of a zero misorientation gradient. This is consistent with the case of the absence of the size
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effect/geometrically necessary dislocations. Using the least-square fit method, the optimum values
of a and b were obtained as follow: 𝑎 = 33.01 ± 0.79 and 𝑏 = 1.72 ± 3.42. The standard errors
for the slope and y-intercept are obtained using the fitting algorithms available in the Gnuplot
software [170]. 1000
Therefore, the measurement of the CRSS for basal slip from instrumented
indentation lies between 0 and 5.1 MPa (i.e. for one standard deviation). This compares to results
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in the literature from
tests on single crystals which estimate the CRSS to be 0.5-0.8 MPa [7,14].
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Figure 6.11: The RSS0.1% offset as a function of square root of misorientation gradient. A linear
regression was used to fit to the data.
However, it can also be shown that dθ/dx can be expressed as a function 1/R. Based on Figure
6.10, it can be observed:
d



dx

 max
a

(6.5)

Where, θmax can be related to h/a according to Figure 5.13, i.e. θmax = Kh/a, where K is a constant.
Thus, dθ/dx can be expressed as follows:
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d

 K

dx

where

K   K / 2 . Combining

h/a
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 K

h
a

2

h

 K
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K

(6.6)

R

Equation 6.4 with Equation 6.6, it can be concluded that the CRSS

can be expressed as a function of 1/R:

   0   M b

1/ 2

K

(6.7)

R

Figure 6.12 shows the RSS0.1% offset (from Table 6.3) as a function of the inverse square root of the
indenter radius. Vertical error bars represent the standard deviation measured in the RSS0.1% offset
1000
results. Here, the optimum
parameters obtained from the least-square fitting are 𝑎 = 274.18 ±

6.56 and 𝑏 = 1.72 ± 3.42. This result is consistent with results shown in Figure 6.11.
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Figure 6.12: The RSS0.1% offset as a function of inverse square root of indenter radius. A linear
regression was used to fit to the data.
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6.5 Conclusion
This chapter shows spherical indentation was successfully used for a systematic study on ISE
on pure Mg. The previous research on ISE of Mg [101] showed the trend of changes of RSS0.1% offset
with the indenter size. However, the results presented in this chapter show that using spherical
indentation with different indenter radii, enables us to have a reasonable prediction of CRSS for
basal slip for the case of using infinitely large indenters.
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CHAPTER 7

The Effect of Composition on the Local Mechanical
Properties of Commercially Pure Magnesium

7.1 Introduction
This chapter addresses the effect of alloying additions on the local mechanical properties of
commercially pure Mg using the instrumented indentation technique. In order to pursue this study,
spherical indentation tests were conducted on AZ31B (Mg-2.5 wt% Al-0.7 wt%Zn-0.2 wt.% Mn),
and AZ80 (Mg-8 wt% Al-0.5 wt%Zn-0.2 wt.% Mn) alloys approximately parallel to the [0001]
direction. The tests were performed using an indenter with a tip radius of 13.3 micron. First, the
indentation load-displacement data will be presented for all three investigated materials. Then, the
indentation stress-strain curves will be derived from the load-displacement data. Finally, it will be
concluded that increasing the aluminum levels results in an increase in yield strength in
commercially pure magnesium. Using the simple model from the previous Chapter, the basal slip
CRSS value for an infinitely large diameter indenter will be calculated. Also, higher aluminum
content results in a decrease in the detwinning phenomenon. It will be shown that detwinning is
less significant in AZ magnesium alloys compared to commercially pure magnesium.

7.2 Load-depth curves
In this study, grains having an angle in a range of 9o to 11o between the indentation loading
direction and the c-axis in pure Mg, AZ31B (Mg-2.5 wt% Al-0.7 wt%Zn-0.2 wt.% Mn), and AZ80
(Mg-8 wt% Al-0.5 wt%Zn-0.2 wt.% Mn) alloys were selected. A number of indentation tests with
three different depths (500nm, 1500nm, and 3500nm) were conducted on the selected grains.
Figure 7.1 presents the results of spherical indentation experiments on the three investigated
materials for indent depth of 500nm. As can be observed, the maximum load increases with
increasing aluminum content, i.e. the maximum load for pure Mg, AZ31B, and AZ80 alloys are
13.6 mN, 18.5 mN, and 26 mN, respectively. Also, the prediction from Hertzian contact theory
[65] (black line) for comparison, i.e. equation (2.5), can be seen in these figures. For each curve,
a significant deviation from Hertzian behaviour occurs at a specific load and displacement. For all
three curves, the occurrence of six discontinuities during loading can be seen.
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Figure 7.1: Effect of composition on the load-displacement curves for commercial purity
magnesium.

According to Chapter 5, these discontinuities are related to extension twinning.
Figure 7.2a shows the load-displacement data for all three investigated materials at indent
depth of 3500 nm. Figure 7.2 also shows the enlarged views of the unloading segments of the
indentation curves (Figures 7.2.b and 7.2d) and their corresponding derivatives (Figures 7.2c and
7.2e) for AZ31B, and AZ80 alloys. For these two alloys, there is no evidence of detectable
discontinuities during unloading. If it is accepted that the occurrence of the discontinuities during
unloading correspond to de-twinning as explained in Chapter 5, it would suggest that no or very
little detwinning should be observed after unloading for the case of AZ31B, and AZ80 alloys.
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Figure 7.2: (a) Indentation load-depth curve for pure Mg, AZ31B, and AZ80 alloys for 3500 nm
displacement, and magnified view of unloading curves, and Magnified view of the derivative
curves for (b and c) AZ31B, and (d and e) AZ80 alloys.
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3550

Figure 7.3 shows the image quality and EBSD inverse pole figure (IPF) maps of the sample
surface after indentation and their corresponding {0001} pole figures for indentation on AZ80
alloy. The indentation tests were conducted for 3500 nm displacements. The residual impression
from the indent (i.e. black circles) are indicated by white arrows on the EBSD maps. These are
regions where the orientation could not be easily indexed with the EBSD software. In this case,
six different areas of large misorientation can be observed. The pole figure (Figure 7.3c) confirms
that this would be consistent with six variants of {10-12} extension twins. This result is in good
agreement with the results from the indentation tests, which showed the occurrence of six
discontinuities during loading and none during unloading (Figures 7.1 and 7.2). Therefore, 6
extension twins occur during loading and all of them remain after the unloading. Li and Enoki
[171] claimed that in the AZ31 alloy, detwinning occurrence was not observed compared with
pure magnesium in which this phenomenon was detected. The result of the current work also
suggests that detwinning occurs more in commercially pure Mg in comparison with the AZ
magnesium alloy.
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Figure 7.3: (a) SEM image, (b) inverse pole figures (IPF) map and (c) its corresponding {0001}
pole figure map after indentation tests on AZ80 alloy. The indent depth is 3500 nm, and the
indenter diameter is 13.3 m. Six variants of {101̅2} extension twins can be observed around the
indent. Note, the sample reference direction for A1 is close to [1̅21̅0], A2 is close to [101̅0], and
A3 is perpendicular to the surface (parallel to indentation direction).

125

7.3 Stress-strain curve
Figure 7.4 shows the indentation stress-strain curves obtained from the load-displacement data
from the spherical indentation test using the Pathak method [68] on commercially pure Mg,
AZ31B, and AZ80 alloys. The Young’s Modulus obtained is 46 GPa which is in good agreement
with the theoretical values [160]. The 0.1% offset was chosen to define the yield stress in the
indentation stress-strain curve. It can be clearly observed that the yield value increased by
increasing the aluminum content. Table 7.1 summarizes the yield stress and consequently the
RSS0.1% offset obtained for all three studied materials. Note: The normalized resolved shear stress

value for this specific crystal orientation was calculated in chapter 5.1 and is used here to estimate
the critical resolved shear stress (CRSS).
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Figure 7.4: Effect of aluminum additions on the stress-strain curves for commercial purity
magnesium alloys.
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Table 7.1: List of normalized RSS (rss/pm), yield strength, and the RSS0.1% offset for the basal slip
using 13.3 micron indent
Basal slip plane
(RSS/pm)

Yield stress
(MPa)

RSS0.1% offset
(MPa)

Commercially pure Mg

0.38

181 ± 5

69 ± 2

AZ31B

0.38

290 ± 5

110 ± 2

AZ80

0.38

330 ± 5

125 ± 2

7.4 Discussion
Solid solution strengthening is one of the strengthening mechanisms in polycrystalline
materials. The relationship between shear stress and the alloying concentration is expressed as
ss=kc n, where k, and n are constants, and c is the alloying concentration [172,173]. Based on
previous models, n value could be 1/2, 2/3, or 1 [139-140]. Aktar and Teghtsoonian studied the
effects of Zn [14] and Al [174] additions on the CRSS of basal slip and prismatic slip of Mg using
conventional tensile tests. They showed that the CRSS of basal slip in a single crystal of
magnesium increases linearly with c1/2, where c is the concentration of alloying elements. Later
Caceres et al [139] investigated the solid solution strengthening on Mg-Al alloy. They have shown
that for Mg-Al alloys, with Al contents ranging from 1 to 8 wt%, the hardness increases linearly
with cn, where n = 1/2. They proposed that the solid solution strengthening in polycrystals of MgAl alloys is controlled by basal slip.
In order to compare our experimental results with the previous work on aluminum-containing
magnesium alloys [174], n value was selected to be 1/2 in this work. The RSS0.1% offset values
obtained for AZ31B, and AZ80 alloys in this study (Table 7.1) are higher than what would be
expected for magnesium based on the literature [46]. As explained in Chapter 6, the high values
of RSS0.1% offset is due to the indentation size effect. In Chapter 6, it was shown how it would be
feasible to predict the CRSS values for basal slip activation of bulk magnesium with a high degree
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of accuracy. By combining equation 6.2 and 6.3, it can be shown that the RSS0.1% offset can be
expressed as a function of the square root of the misorientation gradient (equation 7.1),

 0 C

d
dx

(7.1)

where C is Mb1/2. Based on Figure 6.11, C equals 33.
Having the value of C from the high purity magnesium case and assuming that the
misorientation gradient is only geometrically driven, one can calculate the 0 for the case of
AZ31B, and AZ80 alloys from equation 7.1. According to this equation, for indentation using a
tip with radius of 13.3 micron, 0 of AZ31B, and AZ80 are 33 MPa and 45 MPa, respectively.
Table 7.2 summarizes the CRSS values obtained for commercially pure Mg, AZ31B, and AZ80
alloys. Jain [46] utilized the crystal plasticity simulations to interpret slip and twinning activity
based on a systematic set of deformation experiments on AZ80 and AZ31B (note: he used the
experimental results for AZ31B from Agnew’s work [175]). For each slip or twin system, the Voce
hardening law (Equation 4.13) was used in the crystal plasticity model. With careful use of
experimental results, he was able to back calculate the CRSS for each slip and twinning systems.
He found that using a CRSS for basal slip in AZ80 and AZ31B alloys of 29 MPa and 39 MPa,
respectively, gave a good fit to the macroscopic stress-strain response of the polycrystal. Note: this
also required CRSS value for non-basal slip and extension twinning.

Table 7.2: List of normalized CRSS for the basal slip for commercially pure Mg, AZ31B, and
AZ80 alloys
CRSS (MPa)

Commercially pure Mg

1.5

AZ31B

33

AZ80

45
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The ∆CRSS is plotted as a function of c1/2 (Figure 7.5). It can be observed that a linear
regression, with a slope of 15, can be used to fit the data. Data from previous studies by Jain [46]
is also displayed (blue symbols). It can be seen that these two sets of data are in good agreement.
In addition the data from Akhtar and Teghtsoonian [176] obtained for binary Mg-Al alloys single
crystals is shown in Figure 7.5 by red symbols. As can be observed, the current work shows a
deviation from their work on Mg-Al alloys. However, it should be mentioned that in the current
study, the investigated alloys are AZ31B (Mg-2.5 wt% Al-0.7 wt%Zn-0.2 wt.% Mn) and AZ80
(Mg-8 wt% Al-0.5 wt%Zn-0.2 wt.% Mn), which contain 0.7 wt% Zn and 0.5 wt% Zn, respectively.
On the other hand, the study on Mg-Al alloys, with different percentage of Al, does not include
the effect of zinc addition on the CRSS of basal slip. Similar to Mg-Al, it has been shown that the
CRSS for basal slip in Mg-Zn alloy increases with the square root of the zinc concentration [176].
In order to have a better comparison of Akhtar’s work with the current work, the effect of Zn
addition on the CRSS of Mg-Al alloy should be considered. According to Kocks [177], the
different contributions to the CRSS is the sum of the squares of each contributors. For the case of
Mg-Al and Mg-Zn alloys, the CRSS of Mg-0.7Zn-xAl (x: different amount of aluminum) can be
expressed by the equation below. Note: 0.7 wt% Zn was selected in order to compare Akhtar’s
result [176] with the current work result on AZ31B (Mg-2.5 wt% Al-0.7 wt%Zn-0.2 wt.% Mn)
alloy.
 ( Mg  0 .7 Zn  xAl ) 



2

Mg  xAl



2

Mg  0 . 7 Zn

(7.2)

where ss(Mg-0.7Zn) and ss(Mg-xAl) can be obtained from Akhtar’s work [176]. In Figure 7.5 the green
symbols show values of CRSS for basal slip after including the contribution of zinc. Still, after
this modification, some discrepancy exists between the current work and Akhtar’s work [176].
One of the reasons of this discrepancy may be due to the fact that it is assumed that the gradient
effect (i.e. the magnitude of C in Equation 7.1) is independent of composition. For future work, it
is suggested that the CRSS be measured directly for the studied alloys by performing the spherical
indentation tests on AZ31B and AZ80 using all five different indenters to test this hypothesis.
Also, in this study the yield strength obtained based on the 0.1% offset method. As mentioned
before in Chapter 5.2.6, this offset value was selected in order to be consistent with literature [68].
However, changing the offset value may also have some effect on the yield strength and
consequently on the CRSS of basal slip.
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Figure 7.5: ∆CRSS for basal slip activation vs. c1/2 for Mg-(0, 3, and 8 wt.%)Al. Data by Jain
[46] and Akhtar and Teghtsoonian [176] are included for comparison.

7.5 Summary
It was shown that by using a simple model from the previous chapter, the CRSS of basal slip
for an infinitely large diameter indenter can be measured for AZ31B (Mg-2.5 wt% Al-0.7 wt%Zn0.2 wt.% Mn) and AZ80 (Mg-8 wt% Al-0.5 wt%Zn-0.2 wt.% Mn) alloys. Although there is still
some discrepancy between the results from the indentation test and the conventional testing
method [176], the instrumented indentation test can be considered as a promising method to predict
the CRSS of basal slip in magnesium alloys.
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CHAPTER 8

Conclusions and Future Work

8.1 Conclusion
In this work, the instrumented indentation technique was employed to study the initiation of
plasticity in commercially pure Mg, AZ31B (Mg-2.5 wt% Al-0.7 wt%Zn-0.2 wt.% Mn) and AZ80
(Mg-8 wt% Al-0.5 wt%Zn-0.2 wt.% Mn) alloys.

The key, new contributions that this work has made are summarized below along with their impacts
and significance.

i)

The technique used in this work successfully differentiated the basal slip and extension
twinning from the load-displacement curves. It has been proposed that the initial
deviation of the load-depth data from the elastic solution of Hertz is caused by the
activation of pre-existing dislocations and the subsequent large discontinuity is
associated with the onset of {101̅2} extension twinning.

ii)

It was also found that the quantitative values for the RSS0.1% offset for basal slip of
magnesium obtained from the indentation test and Hertzian contact theory is
indentation size dependent and it increases linearly with the inverse square root of the
misorientation gradient under the indent. This opens the door to quantify CRSS for
basal slip and possibly extension twinning from indentation tests on polycrystalline
samples.

iii)

The Effect of chemistry on the CRSS for basal slip was also successfully measured by
conducting the indentation tests on Al-containing magnesium alloys (AZ magnesium
alloys). Using spherical indentation test, it was shown that the CRSS of basal slip in a
single crystal of magnesium increases linearly with c1/2, where c is the concentration of
Al. Understanding of alloying effects on the CRSS for basal slip in magnesium could
be used to develop new alloys where basic knowledge on the chemistry dependence of
the CRSS is unknown.
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8.2 Future work
There are some interesting areas for further studies including:

i)

TEM analysis can be performed on slices which are underneath the indenter and
perpendicular to the surface of the sample. TEM measurements will help us to confirm
the presence of basal dislocations under the indent. Also, it can be helpful to support
the idea that there are no other dislocations such as prism or 2nd order pyramidal slip
dislocations under the indent.

ii)

In-situ indentation systems will help us to confirm the occurrence of twinning and
subsequent detwinning during loading and unloading. Therefore, coupling the
nanoindentation system with the EBSD machine will help to support the present
assumption.

iii)

Study the indentation size effect on commercially pure magnesium and AZ magnesium
alloys on the grain which is perpendicular to the c-axis to help us see how the CRSS
varies as a function of tip radius for this crystallographic orientation.

iv)

The relationship between the indentation deformation zone (size and orientation) and
the initiation of recrystallization in commercially pure magnesium, and AZ magnesium
alloys can be investigated. This study will help us to elucidate how the recrystallization
behaviour varies as a function of grain orientation, indentation size, and alloying
addition in magnesium.

v)

Finally, it would be interesting to measure the heterogeneity/stored energy of
deformation as a function of the grain orientation with respect to the tensile axis using
instrumented indentation testing. This can be done by conducting indentation tests in
fully annealed and deformed conditions in polycrystalline, commercially pure
magnesium on grains with different crystallographic orientations.
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APPENDIX A1: 3D-EBSD Measurements of Commercially Pure
Magnesium
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Figure A1: (a) The combined image quality/IPF map of the indentation area for indentation almost
parallel to the c-axis, (b) and (c) the combined image quality/IPF maps of the first slice and the
second slice, respectively, for commercially pure magnesium. The sections shown are
perpendicular to the surface of the sample and the locations of them are shown by dashed lines in
(a). (d) The corresponding {0001} pole figures of IPF maps. In this pole figure, three extension
twins can be observed (i.e. twins number 2, 3, and 4). Note: twin number 4 is a double extension
twin which has a misorientation of 64o with the parent grain. Note, the detail explanation of double
extension twinning can be found in Chapter 5.5.2. The sample reference direction for A1 is close
to [112̅0], A2 is close to [101̅0], and A3 is perpendicular to the surface (parallel to indentation
direction).
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