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Abstract

In this thesis, work hardening and latent hardening behaviours of pure Mg single
crystals were mainly studied under uniaxial deformation tests at room temperature,
298K. By uniaxial tensile/compression tests, work hardening behaviours of Mg single
crystals with different orientations favoured for single and double basal < a > slip,
{1012} < 1011 > twin, 2" order pyramidal < ¢ + a > slip and basal < a > slip
+ {1012} < 1011 > twin were studied. In order to investigate latent hardening
behaviours among slip and twin systems, the Jackson-Basinski type latent hardening
experiments in Mg single crystals at room temperature have been carried out under
different types of dislocation interactions, which included: (i) the self-interactions, (ii)
the co-planar interactions on the basal plane, (iii) basal < a > slip/{1012} < 1011 >
twin dislocation interactions, (iv) {1012} < 1011 > twin/basal < a > slip dislocation
interactions and (v) basal < a > slip/2™® order pyramidal < ¢+ a > slip dislocation
interactions. The microstructure and micro-texture of the deformed single crystals
was observed by optical microscopy (OM), scanning electron microscopy (SEM), and
SEM/EBSD methods. In addition, micro- and nano-indentation measurements were
performed on adjacent matrix and {1012} < 1011 > twin regions of deformed Mg
single crystals and the hardness values were analyzed by the Oliver-Pharr method.

The results from the Ph.D. work provided framework for the discussion of the
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plastic flow in Mg single crystals and quantitative values for hardening parameters

used in the crystal plasticity modelling.
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Chapter 1

Introduction

Due to favourable combination of physical properties, the utilization of Mg and its
alloys has been continuously increasing in particular in aircraft and automobile in-
dustries. The important properties of Mg and Mg-based alloys, which make them

attractive materials for structural applications, are (Kainer, 2003):

Lowest density of all construction metals at 1.8¢g/cm?;

High specific strength i.e., highest strength to density ratio;

Excellent castability and suitability for pressure die casting;

Easy machining with high cutting speeds;

Highly improved corrosion resistance;

Recyclability, including possibility of integrated recycling.

However, Mg and its alloys due to their HCP structure, are characterized by

intrinsically poor formability, limiting a range of applications for wrought products,
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which often require a complex processing path. Low critical resolved shear stress
(CRSS) makes {0001} < 2110 > basal < a > slip the dominant deformation mode
in Mg. In general, homogeneous deformation in polycrystalline material requires five
independent slip systems to accomplish an arbitrary change of the shape, which is
known as the Von Mises criterion (Von Mises, 1928). However, basal < a > slip
provides only two independent slip systems with the Burgers vector contained in the
basal plane, thus incapable of executing a shear perpendicular to the basal plane.
This gives rise to poor ductility and formability of polycrystalline Mg and Mg alloys
at room temperature, limiting their processing power. This feature is illustrated in
Fig.1.1 (a). A rolled Mg alloy sheet develops a strong basal texture. Since the basal
plane is aligned parallel to the rolled-sheet surface, basal < a > and prismatic < a >
slip systems can provide shear components parallel to the rolling and width directions
of the sheet, but they cannot operate parallel to the thickness direction (Fig.1.1 (b)).
Therefore, rolled Mg alloy sheets hardly deform in the thickness direction, resulting
in a fracture at an initial stage of press-forming process. It has been recognized that
press-forming of Mg alloy sheet is extremely difficult at room temperature. Many
researchers have attempted to understand how to prevent formation of the strong
basal texture and how to improve the ductility and formability of Mg and Mg-based
alloys at room temperature. The methods typically used include grain refinements,

additions of alloying elements and processing at elevated temperatures (Kainer, 2003).
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Figure 1.1: Schemiatic illustrations of: (a) basal texture formation in a rolled Mg alloy,
(b) effect of texture on press-forming (Advanced industrial science and technology

(AIST), 2008).

To be able to use more Mg alloys as structural materials, a better understanding
of the plastic deformation mechanisms, which govern the behaviour of these materials
during processing is required. The first step is to understand the interactions between
various slip and twinning modes and the effect of these interactions on the strength
and ductility of Mg. This can be done through systematic studies of the work harden-
ing behaviour on model materials systems such as Mg single crystals in a well-designed
experiments which test the hardening effect produced by different slip and twinning
systems. The term “work hardening” refers to the phenomenon in which, due to
the activity of various slip systems, an ever denser and more complicated network of
defects is produced, such that increasingly larger stresses are required to deform the
specimen in a process known as work hardening. During work hardening on one slip

system, other potential slip systems are largely inactive (latent). However, the latent

3
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(inactive) slip system is also hardened by dislocations’ arrangements and dislocation
movement on active slip system, which is known as “latent” hardening.

The latent hardening of HCP crystals has rarely been studied and there is not
much data available in the literature on this subject. Previous studies in our research
group by Bhattacharya (2006) have focused on the work hardening behaviour of Mg
single crystals oriented for single basal < a > slip, 2" order < ¢+ a > pyramidal slip,
and {1012} < 1011 > twinning in continuous experiments. In subsequent studies
Hiura (2010) carried out the Jackson & Basinski type latent hardening tests on Mg
single crystals. This work proved to be the first step in understanding the latent
hardening behaviour in Mg single crystals and it has been subsequently developing
to understand the orientation dependence of the work hardening and the latent hard-
ening in Mg single crystals under the conditions of the interactions between various
slip and twinning systems.

The current work deals with the studies of the mechanisms of plastic flow in Mg

Single Crystals at 295K and includes following aspects:
e orientation dependence of the work hardening for (section 5.2):

— single < a > slip;

— double basal < a > slip;

— {1012} < 1011 > twin; and

— 2™ order pyramidal < ¢+ a > slip orientations.

e latent hardening experiments under the conditions of:

— basal < a > slip/basal < a > slip dislocations interactions (section 5.3);
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— basal < a > slip/{1012} < 1011 > twin dislocations interactions (section

5.5);

— basal < a > slip/2™ order pyramidal < ¢+ a > slip dislocations interac-

tions (section 5.6); and

— {1012} < 1011 > twin/basal < a > slip dislocations interactions (section

5.7).

e intermittent deformation/annealing experiments of deformed and annealed sam-

ples at 295K and cyclic unloading/reloading tests at 295K (section 5.4).

e the microstructure and micro-texture analysis of deformed single crystals by op-
tical microscopy (OM), scanning electron microscopy (SEM), and SEM/EBSD

methods.

The format of the thesis is as follows. In the first part of chapter 2, overview of
the elastic and plastic deformation of Mg single crystals is given. In the second part
of chapter 2, a general characteristics of latent hardening behaviour in FCC single
crystals and a crystal plasticity modelling incorporating latent hardening effects in
FCC crystals are reviewed. Chapter 2 includes also a description of the studies related
to the latent hardening experiments in HCP crystals. Based on the considerations of
the literature data, research objectives of the present work are described in chapter
3. The experimental procedure, results and discussion of the results are presented in
chapter 4 through chapter 6. Finally, the conclusions and summary of major findings

of this work are given in chapter 7.



Chapter 2

Literature Review

2.1  Elasticity of HCP crystal system

The stress state at a point in a body is defined by nine components of the stress tensor,
0;; in Eq.(2.1). The indexes ¢ and j define a direction and a plane normal for a given
t,7 component of the stress tensor. When ¢ = j, 0;; represents a normal stress and
when i # j, 0;; represents a shear stress. When a body is in statical equilibrium, o;; =

0ji, 1.e., the stress tensor is symmetrical and it has only six independent components.

011 012 013
Oij = | 012 022 0923 (2.1)

013 023 033

This is also true of the strain tensor, €;;. One must however distinguish between

the relative displacement tensor e;;, the strain tensor and the rotation tensor, w;;.
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The relative displacement tensor is the sum of symmetrical strain tensor ¢;; and anti-

symmetrical rotation tensor w;:
1 1
eij = a(eij + Bji) + 5(6@' — eji) = Ez‘j + wij (22)

Components of both tensors are defined in terms of the components of displacement

tensor as per Eq.(2.3) and Eq.(2.4) below:

€11 €12 €13 €11 %(612 + e21) %(613 + e31)
€ij = | €21 €22 €23 | = %(621 + e12) €22 %(623 + €32) (2.3)
€31 €32 €33 %(631 + e13) %(632 + €23) €33
Wil Wiz Wig 0 %(612 - 621) %(613 - 631)
Wij = | w21 Wog Wiz | = %(621 — e12) 0 %(623 — e3) (2.4)
W3l Ws2 W33 s(es1 —e13) (€2 — eas) 0

The engineering shear strain, v;; (for ¢ # j) differs from the shear components of
the strain tensor. The relationship between the engineering shear strain, the strain

tensor and the relative displacement tensor components is:

VYij = 2€ij = €;; + €ji (25)

In a strained crystal, the stress at any point is linearly related to the strain at that
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point, which is known as Hooke’s law. The general Hooke’s law can be expressed as:

045 = Cijki€kl (2-6)

The constants ¢;;; are called the stiffness constants and the ¢;;; in above Eq.(2.6)
represents a four-rank tensor with eighty-one components.

The equation (2.6) is extended to nine independent equations describing unique
relationship between the components of strain and stress tensors. In practice, the
equations have much simpler forms. The symmetry of the stress and strain tensors

when the body is in static equilibrium implies that:

Cijkl = Cijik = Cjikl = Cjilk- (2.7)

The conditions above reduces the number of independent constants in c¢;jp from
eighty-one components to thirty-six. In view of this symmetry, a matrix notation
can be employed:

Tp = Cpe€q (2.8)

in which p and ¢ run from one to six, i.e.

01 C11 Ci2 €13 Ci14 Ci15 Cig €1
02 Co1 C22 C23 C2q4 Co5 Cop €2
03 C31 C32 (€33 C34 C35 C36 €3
- (2.9)
04 Cq1 C42 C43 Cqq4 C45 Cyp Y4
Os C51 Cs52 C53 Csa Cs5 Csp V5
O¢ Ce1 Ce2 Cp3 Cea Co5 Cop Ve
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where
011 012 013 01 0Og Op
012 0922 0323 | — | Og O2 04 (2'10)
013 023 033 05 04 O3
and
1 1
€11 €12 €13 €1 5€ 3¢5
_ 1 1
€12 €22 €23 | — [ 366 €2 €4 (211)
1 1
€13 €23 €33 565 564 €3

Alternatively, the Hook’s law can be written as set of stress - strain equations:

€ij = SijklOkl (2'12)

The constants s;j,; are called the compliance constants and a similar reduction to
matrix notation:

¢ (2.13)

p = SpqUq

can be carried out, with additional conversion factors such that:
Spq = Sijki When both p and ¢ are 1, 2, or 3,
Spq=25;j When either p or ¢q are 4, 5, or 6,

Spq=45;ji when both p and ¢ are 4, 5, or 6.

Finally, the thermodynamic considerations relating to elastic strain energy lead
to (Nye, 1985) :
(2.14)
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and

Spg = Sqp- (2.15)

which reduces, the thirty-six to twenty-one independent compliances in the stress -

strain relationships for elasticity.

The most general matrix of elastic constants with twenty-one independent con-
stants is characteristic of triclinic crystals that have only a centre of symmetry. In
materials of higher symmetry, the number of independent elastic constants is further
reduced and the compliance matrix is simplified. For hexagonal crystals, the matrices

of elastic constants can be expressed as:

sin si2 si3 0 0 0
S12 s11 s13 0 0 0
s13 s13 sz 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 2(811 — 512>
or _ -
ci ci2 ¢z 0 0 0
ci2 c11 c3 0 0 0
Cc13 Ci13 C 0 O 0
ey = 13 €13 C33 . (2.17)
0 0 0 Cqq 0 0
0 0 0 0 Cy4 0
0 0 0 0 0 %(CH — 012)

10
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Fig. 2.1 shows the form of the matrices for hexagonal symmetry and indicates
that hexagonal crystals have five independent elastic constants, sq1, S33, S44, S12, and
513 (OI" C11, €33, Ca4, C12, and 013)7 where: S = s11, S23 = 513, and S¢6 = 2(811 - 522) (Ol”

1
C22 = C11, Co3 = C13, and cgp = 5(011 - 012))-

-5=0, c=0

.\; . e 520, c#0

e—e cqual values of s and ¢

+ + 2(s;, = 55,) OF (¢;, —¢;,) /2

Figure 2.1: Matrix of elastic constants for hexagonal system (Nye, 1985).

The compliance constants for crystals with hexagonal symmetry can be expressed

in terms of the stiffness constants and vice versa (Kelly et al., 2000):

S11 + S12 = C—Zg (2.18)
1
S11 — S12 — ﬁ (219)
11 — €12
S13 = —%3 (2.20)

11
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C11 + C12

533 = —— (2.21)
Sas = 6%4 (2.22)

where
c = csz(cry + crp) — 2¢3, (2.23)

Slutsky and Garland (1957) have measured the elastic constants of Mg in the tem-
perate range between 4.2K to 300K by ultrasonic pulse technique. The five stiffness
tensor values at 0K, 80K, and 300K are listed in Table 2.1.

Table 2.1: The adiabatic constants, ¢;; of magnesium in the unit of dynes/cm?x10'?
(Slutsky and Garland, 1957).

T (K) €11 C33 Cy4 C12 C13
0 0.6348 0.6645 0.1842 0.2594 0.2170
80 0.6300 0.6595 0.1820 0.2591 0.2168
300 0.5940 0.6160 0.1640 0.2561 0.2144

2.2 Plasticity of Mg single crystals

2.2.1 Orientation dependence

Fig. 2.2 shows the standard stereographic triangle indicating regions of possible slip
systems for basal < a > slip metals such as Be, Mg, Zn, Cd and etc. under an
uniaxial tensile deformation (Munroe et al., 1997). The triangle is divided into four

regions, A — D. Region A corresponds to the orientation where the crystals deform

12
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primarily by pyramidal < ¢+ a > slip and prismatic < a > slip systems. Twinning is
the most favourable deformation mode in region B. Region C is the region of double

basal < a > slip and region D represents the region of single basal < a > slip.

When the basal < a > slip metals are subjected to an uniaxial compression
test, the deformation behaviour is different from that of the crystals under a tensile
deformation. In Fig. 2.2, the favourable deformation modes under the compressive
stress are as follows: (i) Region A: brittle fracture in basal < a > slip metals with
c/a > /3 (Zn, Cd), {1012} < 1011 > twinning in basal < a > slip metals with
c/a < /3 (Be, Mg); (ii) Region B: {1012} < 1011 > twinning and < ¢ + a > slip
(c/a > +/3), brittle fracture after some degree of < ¢+ a > slip (¢/a < V/3); (iii)

Region C: double basal < a > slip; and (iv) Region D: single basal < a > slip.

Figure 2.2: Orientation dependence of plastic deformation of basal < a > slip metals

at room temperature (Munroe et al., 1997).

13
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2.2.2 Single basal < a > slip orientations

In Mg single crystals, basal < a > slip: {0001} < 2110 > is activated dominantly at
room temperature. Tensile deformation behaviour of Mg single crystals with single
basal orientations was widely reported by various researchers (Burke and Hibbard,
1952; Asada and Yoshinaga, 1959; Basinski, 1960; Yoshinaga and Horiuchi, 1962;
Sharp et al., 1965; Hirsch and Lally, 1965; Bhattacharya, 2006; Bhattacharya and
Niewczas, 2011; Sutkowski et al., 2011; Sutkowski and Mikulowski, 2012). Burke and
Hibbard (1952) reported that when the basal plane is within 6° to 72° of the tensile
axis, the basal < a > slip is the main deformation mechanism in Mg. When the
Schmid factor for basal < a > slip is close to 0.5, homogeneous deformation by single
basal < a > slip occurs. According to Hirsch and Lally (1965), the angle between the
slip direction and the tensile axis should be between 40° to 60° to avoid geometrical

softening and inhomogeneous deformations.

Fig. 2.3 shows the typical shear stress-shear strain curve for single basal < a >
slip obtained from the Hirsch and Lally’s experiments. The flow stress characteristic
was divided into two stages of deformation according to the similar work hardening

rate: Stage A (low work hardening range) and Stage B (rapid work hardening range).

14
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Figure 2.3: Typical shear stress-shear strain curve of Mg single crystal oriented for

single basal < a > slip, deformed at 295K (Hirsch and Lally, 1965).

The main features and the mechanism of deformation in these two stages of de-
formation based on the early works are as follows:

Stage A

e The dislocations from the sources operating simultaneously trap one another

and form dipole bands for edges and screws.

e The screw dislocations cross-slip and annihilate leaving the edge dislocation and
the excess of the screws of the same sign. The flow stress in this stage is con-
trolled by the internal stress field from edge clusters, residual screw dislocations

and dislocations with non-primary Burgers vectors.

e The work hardening rate in stage A is very low because most of the dislocations

15
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annihilate or form dipoles, which have relatively small interaction radii with the

mobile dislocation and therefore contribute little to the hardening effect.

e The density of the obstacles in this stage rises very slowly as the deformation

proceeds.
Stage B

e Stage B is characterized by formation of twinning, the production of dislocation
tangles and the dislocation network in which three basal Burgers vectors are

equally represented.

e The hardening is mainly due to the interaction between the dislocations in the
basal plane. The glide of non-primary dislocations with Burgers vectors in the
basal plane gives rise to the formation of hexagonal networks of dislocations on

the basal plane.

e A high density of twins is observed near the fracture surface of the samples.

2.2.3 Double basal < a > slip orientations

When tensile axes are located between < 0001 > and < 1010 >, the {0001} < 1210 >
basal < a > slip system, coplanar to the primary basal < a > slip system {0001} <
2110 >, is activated by reason of symmetry and the double coplanar basal < a >
slip will occur. Unlike stress-strain characteristics of Mg single crystals with single
basal < a > slip orientations, there is little data available about the single crystals
oriented for double basal < a > slip. The only data available in the literatures reports

the increase of CRSS for basal < a > slip and larger work hardening in Zn single

16



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

crystal with the double basal < a > orientation (Edwards et al., 1953). The present
author studied double basal < a > slip in Mg single crystals with the tensile axis of
< 101(1.14) > by uniaxial tensile tests and the mechanical behaviour of these Mg

single crystals is reported in the thesis.

2.2.4 Inhomogeneous deformation with deformation bands

As described above, there is relatively a narrow range of orientations in which the
homogeneous plastic deformation occurs by single basal < a > slip system. In Mg
single crystals, inhomogeneous deformation with kink bands and deformation twin-
ning occurs when a single basal < a > slip becomes difficult (Burke and Hibbard,
1952; Yoshinaga and Horiuchi, 1962). Deformation starts locally, typically in the
middle part of the sample, with bending and twisting components of the stress being
developed due to inhomogeneous deformation. In this case, {1120} type kink bands
are formed along the boundary of the inhomogeneous deformation. As the inho-
mogeneous deformation proceeds further, the kink bands are accompanied by many
{1012} < 1011 > twins. From the perspective of strain hardening, it is very impor-
tant to understand whether the kink bands are mobile or immobile. At the beginning
stage of inhomogeneous deformation, the kink bands are relatively mobile. The kink
bands form symmetrical tilt boundaries composed of parallel edge dislocations. It is
well known that those dislocations are highly mobile (Washburn and Parker, 1952).
In the early stage, the kink bands show little effect on the strain hardening. The kink
bands filled up with {1012} < 1011 > twins do not migrate during further deforma-
tion. Pile-ups of basal dislocations are believed to be sources of {1012} < 1011 >

twins. However, once the kink bands are locked with the {1012} < 1011 > twins,
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the kink bands tend to become immobile and act as strong obstacles against gliding
dislocations. Fig.2.4 shows the schematic illustration of the kink bands filled up with

twins. Formation of kink bands and twins is responsible for rapid hardening stage
under conditions of inhomogeneous deformation.
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Figure 2.4: Schematic illustration of [1120] kink bands with many {1012} < 1011 >

twins (Yoshinaga and Horiuchi, 1962).

2.2.5 2" order pyramidal < ¢+ a > slip: [0001] compression

and [2110] tensile tests
The activation of 2" order pyramidal < ¢ + a > slip: {1122} < 1123 > has been

reported in Mg and Mg-Li single crystals under the a-axis tensile tests (Ando et al.,
1992) and the c-axis compression tests (Stohr and Poirier, 1972; Obara et al., 1973;

Ando and Tonda, 2000; Syed et al., 2012).
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Fig. 2.5 shows stress-strain curves for Mg single crystals deformed in compres-
sion along the c-axis at various temperatures between 293K and 773K (Obara et al.,
1973). Unlike basal < a > slip orientations, the flow curves do not exhibit easy glide

274 order

stage i.e., rapid hardening stage starts after the yielding by the multiple
pyramidal < ¢+ a > slip. The crystals fracture after a few percent of strain in the
range from 293K to 473K, which is related to the role of {1011} < 1012 > twinning
(see section 2.2.7). Above 573K, the work hardening decreases rapidly with increasing
temperature and the crystal shows unlimited ductility and stress recovery. Yoshinaga
(2009) explained the increase of the work hardening at evaluated temperatures by so

called Johnston mechanism (Johnston, 1962) attributed to the rapid increase in the

{1011} < 1012 > twinning and mobile dislocation densities.

The stress-strain curves for Mg single crystals deformed in tension along the a-axis
at 77K - 573K show very similar mechanical behaviour to the c-axis compression tests,
discussed above (Ando et al., 1992, 2010). However, the small difference between the
c-axis compression tests and the a-axis tensile tests can be seen in some aspects of the
mechanical properties, e.g., in the value of CRSS for 2"¢ order pyramidal < ¢ + a >
slip and in terms of ductility at lower temperatures (Ando et al., 2010). Ando et al.
(2010) explained these differences by the effect of sample size between both tests and
argued that the activity of 2"® order pyramidal < ¢ + a > slip systems depend on

aspect ratio of the specimens.
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Figure 2.5: Stress-strain curves of the c-axis compression tests in Mg single crystals

(Obara et al., 1973).

As seen in the Fig. 2.5, the CRSS for 2" order pyramidal < ¢ + a > slip in
Mg is strongly temperature and it is also strain rate dependent. Fig.2.6 shows the
temperature dependence of the CRSS for 2"¢ order pyramidal < ¢ + a > slip (Yoo
et al., 2002). Ando et al. (1992) and Ando and Tonda (2000) observed that the yield
stress due to 2"¢ order pyramidal < ¢+ a > slip in Mg single crystals and Mg-Li alloy
single crystals follows the same decreasing trend in the low temperature range 77K
to 293K. However, the c-axis compression tests on Mg single crystals between 298K -
673K by Obara et al. (1973) and 77K - 470K by Stohr and Poirier (1972) have shown
that the yield stress due to 2"¢ order pyramidal < ¢ + a > slip tends to decrease at

higher temperatures after reaching the maximum CRSS at around T/7,,~0.3-0.4.
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Figure 2.6: CRSS for 2" order pyramidal < ¢ + a > slip system vs. temperature
plots in Mg single crystals (Stohr and Poirier, 1972; Obara et al., 1973; Ando et al.,
1992; Yoo et al., 2002).

Fig. 2.7 shows a typical TEM micrograph of Mg single crystals deformed in com-
pression to 2.3% strain in the [0001] direction at 423K (Obara et al., 1973). The
analysis have shown < ¢+ a >, < a >, and < ¢ > types of dislocations in the mi-
crostructure. According to another TEM study by Ando et al. (1992), < ¢+ a >
dislocations with edge component tend to decompose into < a > and < ¢ > per-
fect dislocations by thermally activated process. The dissociated < a > dislocations,
which have extremely high mobility, can slip easily. However, the dissociated < ¢ >
dislocation cannot slip by applied stress in the a~axis tension and is left as sessile dislo-
cations on the pyramidal plane. This suggests that the sessile < ¢ > dislocations can
act as strong obstacles to other dislocations and influence the mechanical behaviour

of the sample. On the other hand, < ¢+ a > dislocations with screw component can
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cross-slip onto new slip plane. In comparison to lower temperatures, immobilization
of < ¢+ a > dislocations becomes more frequent with increasing temperature. At the
same time, < ¢+ a > screw dislocations are forced to double cross slip and propagate

in slip bands with the assistance of an applied stress.

Figure 2.7: Typical dislocation substructures in Mg single crystals deformed in com-

pression to 2.3% strain in the [0001] direction at 423K (Obara et al., 1973).

Ando et al. (1996) have studied the core structures of < ¢+ a > edge dislocation
by molecular dynamics (MD) simulation based on Lennard-Jones type inter-atomic
potential in order to support the mechanism obtained from their TEM observation.
As shown in Fig. 2.8, the < ¢ + a > edge dislocation has two stable core structures
at OK: one type is the perfect dislocation and the other is two % < ¢+ a > partial
dislocations. However, the core of < ¢ 4 a > edge dislocation becomes sessile due to
the core structure change, in which the core extends parallel to the basal plane, as
temperature increases, resulting in very low mobility of the < ¢+a > edge dislocation.
The TEM study of Mg single crystals compressed along the c-axis compression by

Obara et al. (1973) supports the mechanism that Ando and his group have suggested.
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They also observed the dissociation of < ¢+ a > edge dislocations into the < a >
and < ¢ > perfect dislocations in the c-axis compression sample. However, Stohr and
Poirier (1972) observed other kind of partial dislocations in the c-axis compression

sample and suggested that they are formed by following dislocation reaction:
1. - 1. 1.
5[1123] — 6[2023] + 5[0223]. (2.24)

Frank and Nicholas (1953) showed the Shockley type reaction on the 27¢ order
pyramidal plane given by eq. (2.24) based on a hard-sphere model and they also

recognized that this dissociation may be sessile due to the corrugated nature of the

slip plane.
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Figure 2.8: Energy potential model of < ¢+ a > edge dislocation immobilization

suggested by Ando et al. (1996).
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2.2.6 Other non-basal slip deformation

Non-basal < a > slip, prismatic < a > slip and 1% order pyramidal < a >

slip

When the tensile axis of a single crystal is located between [2110] and [1010], the
Schmid factors for prismatic < a > slip: {1010} < 1120 > and 1% order pyramidal
< a > slip: {1011} < 1120 > systems have higher values, than basal < a > slip
systems. The activation of prismatic < a > slip and 1! order pyramidal < a > slip
is expected to occur in single crystals deformed in tension with these orientations of

the tensile axis.

Fig. 2.9 shows stress — strain curves for non-basal < a > slip in Mg single crystals
deformed at various temperatures (Yoshinaga and Horiuchi, 1963c). The tensile axis
of the single crystals studied by Yoshinaga and Horiuchi (1963c) was 5° off {2110}
pole towards {1010} pole, i.e., paralleled to ~ [7430]. As discussed in previous section,
Ando et al. (1992) found the activations of 2"¢ order pyramidal < c¢+a > slip systems
in the [2110] tensile deformation. Although there has been no report which deforma-
tion mechanisms occur predominately in the [1010] tensile test, the activations of the
non-basal slip systems are currently thought to occur in Mg single crystals deformed
in tension when the tensile axis is located between [2110] and [1010], excluding exact

[2110] orientation.

The flow curves of Mg single crystals with non-basal < a > slip orientations are

2nd

similar to that of order pyramidal < ¢ 4 a > slip. Rapid hardening starts after

the yielding without easy glide stage. The crystals fracture is observed after a few
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percent of strain deformed at 293K and 373K, while above 473K, the crystals showed

excellent ductility and deformation approaching few hundred percent.
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Figure 2.9: Stress-strain curves for non-basal < a > slip in Mg single crystals (Yoshi-

naga and Horiuchi, 1963c).

Linear patterns corresponded to the prismatic < a > slip, in Mg single crystals
in non-basal orientation deformed at 295K are shown in Fig. 2.10(a) (Yoshinaga and
Horiuchi, 1963b). At the same time, the slip bands corresponding to the basal plane
were observed. One observes that the non-basal slip patterns are very wavy due to
the frequent cross-slip of < a > dislocations between {1010}, {1010}, and (0001)
planes, as seen in Fig.2.10(b) (Yoshinaga and Horiuchi, 1963c). The slip markings
show a very similar morphology to < 111 > pencil glide in BCC metals (Gilormini
et al., 1988).

The observations can be explained by the formation of the super jogs by cross-slip

of the screw < a > dislocations between the non-basal planes and the basal plane
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(Yoshinaga and Horiuchi, 1963c). Couret and Caillard (1985a,b) performed in — situ
TEM as shown in Fig. 2.11 (a) and suggested kink-pair mechanism based on their
observation of prismatic dislocations (Fig.2.11 (b)). The dislocations are assumed to
glide by jumps between adjacent valleys through the thermally activated nucleation
of a pair of kinks with opposite signs, as shown in Fig. 2.11 (b). The movement
of screw dislocations is controlled by the kink-pair mechanism. A dislocation loop

formed at a pinning point expands by the rapid movement of its edge parts.

(a)

Figure 2.10: Prismatic < a > slip bands in Mg single crystals deformed to fracture (a)
at 295K (Yoshinaga and Horiuchi, 1963b) and (b) at 673K (Yoshinaga and Horiuchi,
1963c).
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Figure 2.11: (a) TEM observation of prismatic < a > slip in Mg at 300K, and (b)

kink-pair mechanism (Couret and Caillard, 1985a).

2.2.7 Higher temperature deformation of Mg single crystals

High temperature deformation behaviour of Mg single crystals in various crystallo-
graphic orientations has also been extensively studied (Yoshinaga and Horiuchi, 1962,
1963c; Onaka et al., 1995; Miura et al., 2005). Fig.2.12 shows mechanical properties
data of Mg single crystals deformed in tension between 473K and 673K (Miura et al.,
2005). Since the CRSS for non-basal slip rapidly decreases in the higher tempera-

2nd grder

tures, slip traces corresponding to prismatic, pyramidal < a > slip and
pyramidal < ¢+ a > slip were observed in addition to basal < a > slip, even when
the tensile axes were located at basal < a > slip orientations such as the A2 and A5
samples in the Fig.2.12.

Miura et al. (2005) has argued that dynamic recrystallization (DRX) occurring

during high temperature deformation of single crystals plays a very important role in

the ductility of the material.
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Sample Elongation to fracture Active
no. Tensile direction true strain (nominal strain) Fractured DRXed slip planes
A-1 27 -1 =26 1 0.65 (92%) Yes Yes Pr + 2Py
A-2 4 -5 1 =3 1.2 (230%) Yes Yes B+Pr
A-3 -1 -1 2 =5 0.48 (62%) Yes Yes B+ —
A-4 15 9 -24 =2 0.68 (97%) Yes Yes -
A-5 1 5 -6 5 0.87 (140%) Yes Yes B+Pr
B-1 -11 3 8 -1 1.8 (500%) No No Pr
B-2 25 5 =30 9 1.5 (350%) No No B
B-3 15 21 =36 —14 1.5 (350%) No No B
B-4 -3 2 1 =5 1.5 (350%) No No B
B-5 10 =2 -8 9 1.6 (400%) No No -

Figure 2.12: Crystallogrpahic orientations of tensile directions of Mg single crystals
deformed at 573K with the corresponding tensile tests results. The letters ‘B’, ‘Pr’,
‘Py’, and 2Py’ indicate basal, prismatic, pyramidal < a > slip and 2 order pyramidal
< c+a > slip, respectively. ‘DRX’ stands for dynamic recrystallization (Miura et al.,

2005). Deformation temperature between 473K and 673K.

1%t order pyramidal < ¢+ a > slip

1% order pyramidal < ¢ + a > slip, {1011}<1123> is rarely observed in Mg single

crystals, because the magnitude of the Burgers vector is large and the planes are
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atomically rough. This is also true in low-index crystal orientations or at higher
deformation temperatures, where other non-basal slip systems such as prismatic <
a > slip, 1°* order pyramidal < a > slip, 2"¢ order pyramidal < ¢ + a > slip system
are more favourably activated. However, very recently, the activation of the 1%¢ order
pyramidal < ¢+ a > slip was reported in the a-axis tensile test of pure Mg and Mg-
Al-Zn ternary alloy single crystals at 473K (Ando et al., 2014). According to their
report, the CRSS for the 1% order pyramidal < ¢+ a > slip systems had also strongly

temperature dependence, as well as other non-basal slip systems.

2.2.8 Twin deformation
{1012} < 1011 > twin

{1012} < 1011 >, c-axis extension twin is the most favoured deformation twin-
ning mode in Mg single crystals, because the critical resolved shear stress CRSS for
{1012} < 1011 > twin is the second smallest among all deformation modes regardless
of deformation temperatures and strain rate. According to Koike (2005), CRSS for
{1012} < 1011 > twin is ~2-3MPa, second lower after the basal < a > slip. The rea-
son {1012} < 1011 > is the most active twinning mode in Mg is that (i) the amount
of shear, s=0.130, is significantly smaller compared to other twinning modes and (ii)
the shuffling of the layers at the completion of the twinning is very small (Mendelson,
1970). Therefore, {1012} < 1011 > twin is an important deformation mode and it
assumes many different roles in Mg single crystals” and poly-crystals’ plasticity, such

as:

e {1012} < 1011 > twin introduce additional interfaces and the twin boundaries
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can act as barriers to dislocation motion and contribute to ductility and plas-
ticity of Mg through “dynamical Hall-Petch effect”, i.e., grain refinement and

reduction of mean free path of dislocations.

e The interface act as the origin of fracture (Ando et al., 2006; Somekawa et al.,

2009), because the twin interface energy is significantly high.

e {1012} < 1011 > twin induces tensile strain parallel to the c-axis and compres-

sive strain perpendicular to the c-axis.

e {1012} < 1011 > twin accompany a rotation of the c-axis by 86.3° along the

a-axis, which is a major mechanism of deformation-induced texture.

e Basal < a > dislocation with a screw component in the matrix can cross-slip
into the basal plane in the {1012} < 1011 > twin. Fig. 2.13 shows one example

of the cross slip from matrix into twin regions.

e {1012} < 1011 > twin can accommodate the stress concentration caused by

anisotropic dislocation plasticity due to single basal < a > slip (Yang et al.,

2004).
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Figure 2.13: Optical microscopic observations of (a) basal < a > slip traces visible
inside {1012} < 1011 > twin region and (b) the interface of basal < a > slip lines

both matrix and twin boundaries (Yoshinaga and Horiuchi, 1963b).

Three independent hardening mechanism due to the {1012} < 1011 > twin in
Mg have been suggested in the literature. These include: (i) texture strengthen-
ing/weakening, (ii) Dynamical Hall-Petch effect, and (iii) the Basinski mechanism
(Céceres et al., 2008; Bhattacharya and Niewczas, 2011).

(i) Texture strengthening/weakening: {1012} < 1011 > twinning in Mg reorients
the lattice to harder crystallographic orientations. To illustrate concept of texture
strengthening/weakening Fig. 2.14 shows flow curves of random and textured Mg
polycrystals tested in (a) uniaxial tension and compression tests, and (b) channel-die
compression tests cited from several papers by Céceres et al. (2008). Fig. 2.14 shows
an example of texture strengthening/weakening in Mg, using compression tests lc, I,
and IL. Tt is well known that there is a high activity of {1012} < 1011 > twinning
in the first 6-8% of strain of compression tests in Mg and the initial texture affects
the total volume fraction of {1012} < 1011 > twins. According to Céceres et al.

(2008), the final twinned fraction for textured Mg polycrystals is generally larger
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than random texture. As seen curves in Fig. 2.14, textured-Mg (curves I and II)

exhibit higher work hardening than random-Mg (curve 1c).

(a) (b)
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Figure 2.14: Flow curves of random and textured Mg polycrystals tested in (a) uni-
axial tension and compression tests, and (b) channel-die compression tests (Caceres
et al., 2008). Curves 1 and 1c represent random Mg polycrystals tested in tension
and compression (Céceres and Blake, 2007); curves I and II represent intense and
weak fibre textured Mg polycrystals tested in compression (Klimanek and Potzsch,
2002) and curve RN represents random Mg polycrystals tested in plane-strain com-
pression (Kelly and Hosford, 1968a); curves ZT, TZ, RZ, RT are textured Mg poly-
crystals tested in plane-strain compression (Kelly and Hosford, 1968a) (ZT: ‘through
thickness’ compression parallel to the c-axis; TZ and RZ: ‘in-plane’ compression, per-
pendicular to the (unconstrained) c-axis, across and parallel to the rolling direction,

respectively; RT: compressed perpendicular to the constrained c-axis.)
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(ii) Dynamical Hall-Petch effect: the grain refinement and the reduction of the
dislocation mean free path due to twins’ nucleation and growth during deformation.

The Hall-Petch relationship can be expressed as:

o =o0¢+ kD2 (2.25)

where o is the flow strength, oy the friction stress and k the stress intensity constant.
Fig. 2.15 shows Hall-Petch relationsip for polycrystalline Mg with different textures
(Céceres et al., 2008). According to Caceres et al. (2008), the dynamical Hall-Petch
hardening has a relatively small effect on the strain-hardening behaviour of Mg poly-
crystals. In textured polycrystals, this is due to the small value of the Hall-Petch
constant, k. For random polycrystals, on the other hand, the k-value is several times
larger but, since the fraction of grains undergoing twinning is small, so is the overall

hardening effect.
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Figure 2.15: Hall-Petch relationship for textured polycrystal Mg determined by ten-
sion tests (Céceres et al., 2008). References to line 1-3 (Wilson and Chapman,
1963), line 4 (Sambasiva Rao and Prasad, 1982), line 5 (Hauser et al., 1956), and line
6 (Andersson et al., 2003).

(iii) The Basinski mechanism: the transformation of dislocations as the twinning
front passes through them can lead to the establishment of high hardening rates
within the twin interior.

New hardening mechanism proposed by Basinski et al. (1997b) predicts that an
increment in strength/hardness develops as a result of dislocations transformation
from glissile to sessile configurations within twins. Consequently, twins formed in a

lightly strained matrix are expected to be harder than the adjacent matrix region.
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The micro-hardness values from matrix and twin regions in Cu-8at.% Al single crystal
(Basinski et al., 1997b) and o-Ti (Kalidindi et al., 2003; Salem et al., 2006), shown in
Table 2.2, indicate that twin is harder than matrix in these materials. In Cu-8at.%
Al single crystal, the value of micro-hardness in twin area is almost twice higher than
the adjacent matrix region. The micro-hardness measurements in adjacent matrix
and twin regions of a-Ti polycrystalline sheet having HCP structure indicate that

the twin regions is almost 30% harder than the matrix region.

Table 2.2: Experimental data of micro-hardness tests in matrix and twin regions in
the literatures (Basinski et al., 1997b; Kalidindi et al., 2003; Salem et al., 2006).

Materials Hardness (HV) Remarks
Matrix Twin
Cu-8at.% Al single crystal 16-19 41-43  The onset of twinning was
(FCC) 70% elongation.
a-Ti polycrystalline sheet 9349 123+15 5% strain compression.
(HCP)

It is very important to determine whether the character of dislocations incor-
porated to the mechanical twin is sessile or glissile in consideration of the Basinski
hardening mechanism. In the case of twinned Cu-8at.% Al crystals (Basinski et al.,
1997b), TEM observations of dislocation configurations at the twin boundaries showed
much complex dislocation substructures. The dislocation transformation to the twin
lattice were classified into five groups based on the corresponding matrix method:
(i) glissile-to-sessile, (ii) sessile-to-glissile, (iii) glissile-to-glissile, (iv) sessile-to-sessile,

and (v) formation of three dimensional structures in the twin including dislocation
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loops, jogs and refined debris by conventional TEM works (Niewczas, 2007). Among
the dislocation reactions, the sessile dislocation created in twin regions has thought
to be the origin of hardening. In contrast, the situation of the incorporation of basal
< a > dislocation into {1012} < 1011 > twin in pure Mg is different due to HCP
structure. The correspondence matrix method proposed by Niewczas (2010) indicates
that basal plane in matrix should transform to prism plane in {1012} < 1011 > twin.
Céceres et al. (2008) assumed that basal < a > dislocation would lie on the harder
prism planes whereas prism < a > dislocations would lie on softer basal planes as a

result of {1012} < 1011 > twinning shear, without any proof from TEM studies.

{1011} < 1012 > twin

The CRSS for {1011} < 1012 >, c-axis contraction twin is much higher than that
of {1012} < 1011 > twin and the reported values are: 76-153MPa (Wonsiewicz and
Backofen, 1967) and 114 MPa (Yoshinaga and Horiuchi, 1963a). Unlike {1012} <
1011 > twin, the CRSS for {1011} < 1012 > has higher temperature and strain rate
dependence (Yoshinaga and Horiuchi, 1963a).

The role of the c-axis contraction twin is different from the extension twin and
the contraction twins is believed to be responsible for the fracture (Yoshinaga and
Horiuchi, 1963a), although there are exceptions from this rule. Very recently Ando
et al. (2014) reported results of Mg-Al-Zn ternary alloy single crystals deformed by
{1011} < 1012 > twins in the a-axis tensile test at 298K. The authors observed that
additions of Al and Zn elements increases CRSS for 2"¢ order pyramidal < ¢ + a >
slip and decreases for {1011} < 1012 > contraction twin.

Strong activity of {1011} < 1012 > twins was observed in the c-axis compression
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tests of Mg single crystals by Yoshinaga and Horiuchi (1963a); Obara et al. (1973);
Yoshinaga et al. (1973). At 295K the crystal fractured in twinned regions, just after
a small number of thin twins were nucleated. Many {1011} < 1012 > twins were
accompany by fine {3034} and {1013} habit twins developed during deformation
at 373K-473K. Fig. 2.16 shows optical micrograph of {1011} < 1012 > twins in
Mg single crystals in the c-axis compression tests at 373K (Yoshinaga and Horiuchi,
1963a). The activation of 2" order pyramidal < ¢+ a > slip prevailed above 573K

and the amount of {1011} < 1012 > twin was decreased.

Figure 2.16: {1011} < 1012 >, c-axis contraction twins observed in Mg single crystals

in the c-axis compression tests at 373K (Yoshinaga and Horiuchi, 1963a).
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2.3 Latent hardening

Latent hardening experiments have been used to investigate the anisotropy of the
flow stresses produced by the corresponding anisotropy of dislocation substructure
and properties. Fig. 2.17 shows schematic illustration of a combined uniaxial load-
ing type latent hardening experiment. In this test, two consecutive deformations are
carried out on a single crystal. Firstly, an annealed large single crystal termed “par-
ent” crystal, is axially loaded in an initial single slip orientation and is deformed to
some predetermined stress levels. After unloading, differently oriented “secondary”
samples, are cut from the pre-deformed parent crystal by spark cutter and then sub-
jected to the secondary tensile test or compression test. The orientations of these
secondary samples are chosen such that a single slip system is activated during the
secondary test and the dislocations of this slip system interact with the dislocations
of the slip systems that operated in the parent sample. In order to describe latent
hardening behaviour, a latent hardening ratio (LHR) was introduced by Jackson and
Basinski (1967) and have been widely used by many researchers. If a parent crystal is
predeformed to a flow-stress 740 . and the initial flow-stress on the secondary system

is Téj), as shown in Fig. 2.17(c), the LHR is defined as:

)
0)

Tmax

LHR = (2.26)

2.3.1 Latent Hardening behaviour of FCC crystals

Latent hardening tests have been extensively studied in FCC single crystals and al-

loy single crystals such as Cu (Jackson and Basinski, 1967; Franciosi et al., 1980),
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Figure 2.17: Experimental procedure and notation of Jackson and Basinski type
latent hardening tests: (a) deformation of parent crystal in tension, (b) deformation
of secondary samples in tension and compression, and (c¢) the definition of latent
hardening ratio.

Al (Kocks, 1964; Kocks and Brown, 1966; Lake and Craig, 1972; Miyamoto et al.,
1977; Franciosi et al., 1980), Ag (Kocks, 1964; Ramaswami et al., 1965), Cu-Al alloy
(Wessels and Jackson, 1969; Wessels and Nabarro, 1971), Ag-Au alloy (Ramaswami
et al., 1965), and Al-Mg alloy (Wu et al., 1997). In the following, the latent harden-

ing experiments in FCC crystals and the conclusions arising from these studies are

reviewed.
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Types of dislocation interactions

To describe the dislocation interactions between the primary and secondary deforma-
tion tests and the strength of these interactions, the literature describing the latent
hardening behaviour of FCC crystals has used mostly the Schmid and Boas nota-
tion (Schmid and Boas, 1935). As well known, in FCC crystals there are four {111}
slip planes and three < 110 > directions in each slip plane, giving in total twelve
{111} < 110 > slip systems. The Schmid and Boas notation (Schmid and Boas,
1935) for the slip systems in FCC crystals and the corresponding crystallographic

planes and directions is shown in Fig. 2.18 and Table 2.3.

010

Figure 2.18: (001) stereographic projection with the description of slip systems oper-

ating in different standard triangles (Schmid and Boas, 1935).

In this notations, the capital letter denotes the slip plane normal and the number

40



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

Table 2.3: Schmid and Boas notation for slip systems in FCC lattice (Schmid and
Boas, 1935).

number Schmid and Boas slip system

notation

1 B4 (111)[101]

Primary system 2 B5 (111)[110]
3 B2 (111)[011]

4 C1 (111)[011]

Conjugate system 5 C5 (111)[110]
6 C3 (111)[101]

7 D4 (111)[101]

Cross-glide system 8 D1 (111)[011]
9 D6 (111)[110]

10 A3 (111)[101]

Critical system 11 A6 (111)[110]
12 A2 (111)[011]

denotes the slip direction. For the orientations inside the standard [001] —[011] —[111]
triangle, B4 (111)[101] slip system has maximum Schmid factor and is called the
primary slip system. Crystallographic symmetry of cubic crystals reduces the number
of possible types of dislocation interactions to six and these types are schematically
depicted in Fig. 2.19. The self-interactions (Fig. 2.19(a)) are interactions between two
dislocations of the same Burgers vectors gliding in parallel slip planes. The coplanar
interactions (Fig. 2.19(b)) occurs between two dislocations of different Burgers vectors

in parallel slip planes. Collinear interactions (Fig. 2.19(c)) stand for the reactions
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between two dislocations of parallel Burgers vectors gliding in two planes intersecting
each other along the direction of the Burgers vector of dislocations. Non-coplanar
(forest) interactions (Fig. 2.19(d)) are defined as the reactions between dislocations
with different Burgers vectors moving on intersecting planes. Furthermore, three
possible types of dislocation reactions exist between non-coplanar slip systems in FCC
crystals, producing glissile junctions, the Lomer-Cottrel locks and the Hirth locks
(Hirth and Lothe, 1992). Fig. 2.20 shows the part of the [001] standard stereographic
projection illustrating possible dislocation reactions that can occur with the primary
slip system B4 (Kubin, 2013). “LC”, “H”, and “G” denote the Lomer-Cottrel locks,

the Hirth locks and glissile junctions respectively, formed during these interactions.

Self-interaction Coplanar interaction
(c) Collinear interaction (d) Non-coplanar interaction
(cross-slip interaction) (forest interaction)

Figure 2.19: The examples of six elementary short-range interactions of perfect dislo-
cations in FCC crystals: (a) Self-interaction; (b) Coplanar interaction; (¢) Collinear

interaction and (d) Non-coplanar interaction (Kubin, 2013).
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Figure 2.20: [001] stereographic projection illustrating possible interactions of the
primary slip system with other slip systems in neighbouring stereographic triangles,
having maximum Schmid factors. “LC”, “H”, and “G” denote the Lomer-Cottrel
locks, the Hirth locks and glissile junctions formed during these interactions (Kubin,

2013).

In the following part we review seminal studies of the latent hardening for various
coplanar and forest systems in Cu single crystals performed by Jackson and Basinski
(1967). Fig. 2.21 is the (001) stereographic projection showing the initial and the
final axis orientations of the parent crystal “G,” strained in tension (7%21;,;20245)
and the tensile axis orientations of the secondary specimens in triangles B2, A2, and
D1, cut from the parent crystals. Shear stress-shear strain curves for intersecting

slip systems B4/A2 and B4/D1 and coplanar systems B4/B2 are shown in Fig. 2.22.

When the slip plane in the secondary test is the same as in the primary test, defined
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as coplanar interactions, the flow stress is almost unchanged. However, when the slip
plane of the secondary slip system is changed, defined as a non-coplanar (forest) slip
system, the flow stress is increased, illustrating the effect of the forest interactions on

the flow stress and the latent hardening effect arising from these interactions.
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Figure 2.21: Tensile axis positions of Jackson and Basinski’s parent and secondary

crystals (Jackson and Basinski, 1967).

Other similar type latent hardening experiments published in the literature en-
abled to obtain general understanding of the strength between different types of dis-
location interactions in e.g., Cu (Jackson and Basinski, 1967; Franciosi et al., 1980),
Al (Kocks, 1964; Kocks and Brown, 1966; Lake and Craig, 1972; Miyamoto et al.,
1977; Franciosi et al., 1980), Ag (Kocks, 1964; Ramaswami et al., 1965), Cu-Al alloy
(Wessels and Jackson, 1969; Wessels and Nabarro, 1971), Ag-Au alloy (Ramaswami
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Figure 2.22: Subsequent resolved shear stress-strain curves in secondary crystals of
parent crystal G4. The pre-strain of G4 crystal was in stage II (Jackson and Basinski,
1967).

et al., 1965), and Al-Mg alloy (Wu et al., 1997). It is revealing that all types of dislo-
cation interactions do not have exactly the same strength and they can be categorized
into six groups in terms of the geometrical arrangement of the Burgers vectors of the

interacting dislocations, as follows (Franciosi et al., 1980):

1. formation of sessile junction (the Lomer-Cottrell sessile locks) between systems

B4/A6 and B4/C1;

2. formation of glissile attractive junctions between systems B4/A2, B4/C5, B4/D1

and B4/D6;
3. formation of the Hirth lock between systems B4/A3 and B4/C3;

4. cross-slip or collinear interactions between system B4/D4;
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5. coplanar interactions between systems B4/B2 and B4/B5; and

6. self-interactions between system B4/B4.

Above observations pertinent to the strength of different type dislocation interac-
tions were in good agreement with the forest theory of the flow stress in FCC single
crystals. The strength of dislocation interactions and the strength of dislocation
junctions was analytically calculated by Baird and Gale (1965) and recent disloca-
tion dynamics (DD) simulations by Kubin et al. (2008) confirm the results of latent

hardening experiments.

Effect of dislocation density on latent hardening

The anisotropic latent hardening behaviour does not result solely from the type of
dislocation interactions between two systems, but also from the anisotropy of the
respective dislocation densities of these slip systems. Jackson and Basinski (1967)
found that the LHRs on forest systems varied from 2.5 in stage I to 1.4 in late stage
IT in Cu single crystals, depending on the pre-strain as shown in Fig. 2.23. On the
other hand, the LHRs on coplanar system B4/B2 is close to 1.0, regardless of the
pre-strain.

In classical forest hardening theories, the flow stresses of both the primary and

latent systems were described by:
=Ty + ozpbp;p (2.27)

and

7 =7y + apb(p, + ps)'? (2.28)
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Figure 2.23: Latent Hardening Rations (LHRs) versus shear stress on the primary
slip system, after Jackson and Basinski (1967).

respectively (Basinski, 1959; Jackson and Basinski, 1967; Wessels and Jackson, 1969).
py and p, are the density of dislocations of the intersecting and coplanar slip systems,
1 is the shear modulus, b is the Burgers vector, and « is the interaction coefficient. The
values of the interaction coefficients have been estimated from theoretical calculations.

From egs. (2.27) and (2.28), one can obtain the relative rate of increase of the two

1/2
dry _ (L> / <1 + %) . (2.29)
drpy  \pp+ s dpy

When forest hardening starts to operate between multiple slip systems, the term

flow stresses:

Zl% should become of the order of unity. Wessels and Jackson (1969) suggested that

when the primary shear strain is large enough, the values of LHRs are approximately
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expressed as:

1/2
LHR=" ~ (1 + @) . (2.30)
Tp P

From eq. (2.30), the LHR is proportional to the square root of the ratio of the
dislocation density in the primary system to that in the latent system. The saturated
value of about 1.4 in late stage II in Cu single crystal (Jackson and Basinski, 1967)

has proved that the approximation in eq. (2.30) is valid.

Effect of stacking-fault energy on latent hardening

The stacking-fault energy of crystals has also and influence on the latent hardening
behaviour. An equilibrium separation of an extended screw and edge dislocations,

dserew and degge is given by approximate relations derived based on isotropic elasticity

theory:
2

Ha 2 —3v
Aserew = 2.31
167TFSFE (3(1 - V)) ( )

2

na 24+ v
deqge = 2.32
49 487TF5FE (1—V> ( 3 )

where I'sgr is the stacking-fault energy and v is the Poisson’s ratio. The width of
the partial dislocations is inversely proportional to the stacking-fault energy.

Fig. 2.24 shows the LHRs as a function of primary shear strain for different FCC
crystals, Al, Cu, Cu-4%Zn and Ag (Franciosi, 1985). It is clear that the LHRs depend
on the type of dislocation interactions and on dislocations densities, as discussed
above. However, the maximum anisotropy amplitude observed at small primary shear
strain, i.e., maximum values of the LHRs, depend on the type of the material. The
LHRs maxima for Ag are about 3.5, while the maxima for Al are about 1.5 or so.

The different anisotropy amplitude can be interrpretted in terms of the influence of
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the stacking fault energy on LHR. Fig. 2.25 shows the LHRs maxima versus the
parameter E/ub, where E is the material stacking fault energy, u the shear modulus
and b the Burgers vector. As seen in Fig. 2.25 representing the LHRs for the forest
systems as a function of the stacking-fault energy, the lower the stacking-fault energy
of the crystal (i.e., the wider width of dissociated dislocations ), the higher is the
latent hardening effect. The stacking-fault energy in some selected materials is given

in Appendix C (Hirth and Lothe, 1992).

Al PR

Cu —
" Ag ——
\ B Cuda%Zn -

Figure 2.24: LHRs versus primary shear stress plots on forest system in Al, Cu,

Cu-4%7Zn, Ag single crystals (Franciosi, 1985).
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Figure 2.25: LHRs maxima versus the stacking fault energy in Al, Cu, Cu-4%Zn, Ag

single crystals (Franciosi, 1985).

2.3.2 Crystal plasticity modelling in FCC single- and poly-
crystalline metals

The latent hardening effect is recognized as an important concept required to develop
crystal plasticity based hardening models and to predict the texture development
during plastic flow (Kocks, 1970; Kocks et al., 1998). In order to describe the latent
hardening effects quantitatively, most researchers have assumed a rate-independent

hardening rule in the form:

7 = " haady® (2.33)
B

Here, ch(a) is the current yield strength on the « slip system, and h,p are the hard-

ening rates. The off-diagonal terms in the matrix h represents latent hardening.
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In a pioneering crystal plasticity modelling of the flow stress of FCC polycrystalline
materials by Taylor and Elam (1925), the authors assumed that the latent hardening
rates were equal to self-hardening rates, i.e. hos = h (for all @ and ). Later, a
number of crystal plasticity models in FCC single- and poly-crystalline metals with
latent hardening parameters were proposed. For example, in Zhou et al. (1993) model,

the h,p matrix of the hardening rate in Eq. (2.33), has the following form:

hag = h(I)qas, (2.34)
C Ly Ly Ly
Ly C L; L,
Ly, Ly C I
Ly Ly L, C
I ¢ q @ A q de @ @ @ O G
C=1lq¢ 1 ¢ |- Li=|q ¢ a | L=|a ¢ a|:LIs=|a ¢ a
e qe 1 a a4 Qo @ q G @ a@ 9
(2.36)

The coefficients, q., ¢,, and ¢, are the latent hardening ratios (¢. < g, < ¢;) directly
obtained from the latent hardening experiments on single crystals. q. is the LHR on
the coplanar and collinear (cross-slip) systems and its value is closed to unity. ¢, is
the LHR on the non-coplanar (forest) system responsible for formation of attractive
junctions such as the Hirsh lock; ¢; is the LHR on the forest system responsible for

creating glissile or sessile junctions, such as the LC locks.

Fig. 2.26 shows the difference between true stress-strain curves of Al polycrystal
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with latent hardening (curve (1) and curve (2)) and that obtained assuming isotropic
hardening (curve (3)). Experimental data was taken from Kocks (1970). From the
calculations it is found that the latent hardening model (curve (1)) fits the best the
experimental data. In the curve (1), the latent hardening parameters in stage I are
higher than in the other stages, while in the curve (2), the latent hardening parame-

ters in stage I are equal to the parameters during other stages.
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Figure 2.26: True stress-strain curves for pure polycrystalline Al with (1) latent
hardening (the LHRs in strain stage I are higher than those in the other stages), (2)
latent hardening (the LHRs in strain stage I are equal to those in the other stages),
and (3) isotropic hardening. The experimental data are from ref. (Kocks, 1970).

Another strain hardening model was proposed by Franciosi (1985) and it is written

0 = pib |3 higpt. (2.37)
J

o2

in the general form:
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In Eq. (2.37), 7D is the critical stress for active slip system 4 and p¥) is the dislocation
density in slip system j. The coefficients \/h_” represent the dislocation interaction
strength between slip systems ¢ and j directly obtained from latent hardening tests.
Similar to Zhou et al. (1993) model, the interaction coefficients h;; are described
by 12x12 matrix. The matrix is diagonal and includes six different coefficients, hy
(k=0,1,2,3,4,5) representing each dislocation interaction, as shown in Fig. 2.27. In
this model, both mobile dislocation density on primary system ¢ and non-mobile
dislocation density on latent system j were taken into account. This approach has
successfully given more accurate hardening law in the multi-slip deformation tests

than the classic Schmid law (Franciosi and Zaoui, 1982).

A2 | A3 A6 | B2 B4 | B5|C1|C3|C5|D1|D4|D6
A2 h,() h,1 h1 ]7;; hg h{, hg h/5
A3 h,l h,() h,l hg }7/5 ]I;; ]7,5 hg
A6 h/l h,l h,o h,,1 }7/5 h2 h,5 h2 ]1;;
B2 ]I;; }L() hl hl hQ 11,5 hg 11,5
B4 hQ }L5 }Ll }L() }Ll }L5 h2 ]l;;
B5 }L5 hg }Ll }Ll }l() /1;; ]Ls }L4 h2
C1 }LQ }L5 hg }1,5 }L() ]Ll /’Il /1;;
C3 /1;; }1,5 hg /14 }1,1 h() /11 hQ h:,
C5 115 hg /1;), ]'1,1 h] }l() }15 h2
D1 hg 115 hg }15 /13 }I,U }Z] hl
D4 }75 hg ]7,4 Il;g, h2 }7,5 hl ho }11
D6 ]7;}, h,g h2 h; h2 hl h1 hro

Figure 2.27: Interaction coefficients, h;; for FCC crystals (Franciosi, 1985).

2.3.3 Latent Hardening behaviour in HCP crystals

In HCP crystals, one have to consider self-interactions, coplanar, collinear, non-

coplanar and non-collinear dislocation interactions between these slip and twinning
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systems. There are total fourteen possible dislocations interactions when one con-
siders the basal < a > slip, the prismatic < a > slip, and the 2" order pyramidal

< ¢+ a > slip systems and two different Burgers vectors (Capolungo, 2011):

1. self-interactions in the basal plane;

2. self-interactions in the prismatic plane;

3. self-interactions in the second-order pyramidal plane;

4. coplanar interactions in the basal plane;

5. non-coplanar prismatic interactions;

6. collinear basal/prismatic interaction;

7. non-collinear basal/prismatic interaction;

8. pyramidal/basal forest interactions type I;

9. pyramidal/basal forest interactions type II;
10. pyramidal /prismatic forest interactions type I;
11. pyramidal/prismatic forest interactions type II;
12. collinear pyramidal interactions;
13. non-collinear pyramidal interactions type I; and

14. non-collinear pyramidal interactions type II.
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Fig. 2.28 shows geometrical relationship of each dislocation interactions (Capolungo,

i R e A=
| | | =
w L “
| \ , \
\‘—b i b
Prismatic—prismatic Prismatic-basal Pyramidal-prismatic Type I Pyramidal-prismatic Type 11
r/( = \ r/"ﬁ B (‘ﬁ ﬁ\‘ —"),
| — o | = _ 7 | —
| | | |
\ ‘ | | \ \ t ‘7
= \ ‘ “ | y : ‘
u/ = 4 \—p i
Pyramidal-basal Type I Pyramidal-basal Type II Pyramidal-pyramidal I Pyramidal-pyramidal II

Figure 2.28: Schematic illustrations of different types of dislocation interactions for

Mg (Capolungo, 2011).

Furthermore, since the activation of other non-basal slip systems such as 1%
order pyramidal < a > and < ¢ + a > slip systems and deformation twinning
modes including the c-axis tensile {1012} < 1011 > twin and the c-axis contrac-
tion {1011} < 1012 > twin modes have been commonly observed in deformed Mg
alloys, their interactions must also be considered in theoretical models.

HCP single crystals exhibit strong plastic anisotropy due to the hexagonal symme-
try and very low critical resolved shear stress (CRSS) of dominant deformation modes
at 295K. In Mg single crystals, basal < a > slip is known as the most favored deforma-
tion mode from very low to elevated temperatures (Burke and Hibbard, 1952; Asada
and Yoshinaga, 1959; Basinski, 1960; Yoshinaga and Horiuchi, 1962; Sharp et al.,
1965; Hirsch and Lally, 1965; Bhattacharya, 2006; Bhattacharya and Niewczas, 2011;
Sutkowski et al., 2011; Sutkowski and Mikulowski, 2012). However, the activation

of non-basal slip systems and deformation twins were reported in Mg single crystals
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with low-index orientations of the tensile axis even at 295K, where the Schmid factor
for the basal slip systems is zero. In particular, the literature reports the activation
of 2" order pyramidal < c+a >: {1122} < 1123 > slip system in the c-axis compres-
sion (Stohr and Poirier, 1972; Obara et al., 1973; Syed et al., 2012) and in the a-axis
tension (Ando et al., 1992); prism < a >: {1010} < 1210 > slip system (Yoshinaga
and Horiuchi, 1963b); {1012} < 1011 > twinning in the c-axis tension; and twinning
on {1011}, {1013} and {3034} planes and {1011}-{1012} double twinning in the late
stage of deformation of the c-axis compression tests (Stohr and Poirier, 1972; Obara

et al., 1973; Syed et al., 2012).

Thus, the results suggest that it is possible to determine the strength of dislocation
interactions between two interacting slip or twinning systems including collinear and
non-coplanar systems, by well-designed experiments on Mg single crystals, where the
interactions between slip and twinning systems can be realized during uniaxial tensile
tests of specific orientation single crystals. However, in reality, the HCP structure is
characterized by highly anisotropic mechanical properties and the ease of the activa-
tion of basal < a > slip have made it difficult to measure the strength of interactions
between forest systems. Stofel and Wood (1967) attempted to determine the depen-
dence of the flow stress on a basal slip system as a function of the final flow stress
on the second pyramidal planes in Zn single crystals. The experimental results were
however inconsistent with experimental data for latent hardening on forest systems

in FCC crystals and have been considered rather doubtful.
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Due to these experimental difficulties, practically no data is available in the liter-
ature concerning latent hardening effects in HCP crystals except a few reliable results
on the coplanar interactions between two basal slip systems by means of combined
pure shear tests in Zn single crystals (Edwards et al., 1953; Edwards and Washburn,
1954; Phillips, 1961), Cd (Edwards et al., 1953) and Mg (Phillips, 1961)and plane-
strain compression tests of Mg and Mg alloys (Wonsiewicz and Backofen, 1967; Kelly
and Hosford, 1968b). The single crystal samples cut from the sheet were deformed
in one of the slip directions in the primary plane and then, shear deformation was
continued in other slip directions at 60°, 120° and 180° with respect to the shear
direction of the primary deformation. Fig. 2.29 shows that LHRs increase up to 1.24
when shear direction changes to 60° and 120° in the secondary shear test. On the
other hand, LHRs are lower than 1.0, when the shear direction changes to 180°, i.e.
the crystals shows softening response in the fully reversed shear direction.

Phillips (1961) reported the primary stress (strain) dependence of latent harden-
ing in Mg single crystals. Fig. 2.30 shows increase in shear stress as a result of shifting
shear direction to the new direction. Unlike the LHRs behaviour in FCC crystals,

the LHRs on coplanar systems are linearly proportional to the primary shear strain.
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Figure 2.29: Latent hardening characteristics for coplanar slip systems in Mg single
crystals obtained from combined pure shear type experiments: (a) represents BI/BII

interactions and (b) represents BI/BIII coplanar interactions (Phillips, 1961).
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Figure 2.30: Increase in shear stress in Mg as a result of shifting shear direction to

the new direction marked on the graph (Phillips, 1961).
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Latent hardening experiments have been carried out also by means of plane-strain
compression test on Mg and Mg alloy single crystals by Wonsiewicz and Backofen
(1967) and Kelly and Hosford (1968b). The authors attempted to measure latent
hardening parameters among different interacting systems. Table 2.4 shows experi-
mental conditions including compression direction, direction of forbidden flow and the
crystallographic direction of the plastic flow together with the activated slip systems

observed in the plane-strain compressive deformation (Kelly and Hosford, 1968b).

Table 2.4: Plane-strain compression tests carried out on Mg single crystal by Kelly and
Hosford (1968b) showing the activated systems during the plane-strain compressive
deformation. The crystallographic directions of the load axis, forbidden flow direction
and extrusion direction are given in the table.

#  Comp. Constraint  FElong. Active

direction  direction  direction systems

basal prism py. 1012 T. 1011 T.

<0001 > < 1011> <1210 > X X

X v

<0001 > <1210 > <1010 > X

X v

<1010 > < 0001 > < 1210 > X X

»

<1210 > < 0001 > < 1010 > X

<1010 > < 1210 > < 0001 > X

S NG NG S NG A

\/
\/

<1210 > <1010 > < 0001 > X

Q| E | "H || Q|T| >
S NG G SO NG
RSN e

<1212> <1010 > <1122> /

v Vv

x Comp. direction represents the crystallographic direction of the applied compressive
load. Elong. direction represents the direction of the plastic flow of the single crystal.
Constraint directions represents the crystallographic direction of the forbidden flow
for single crystal. py. and T. represent pyramidal and Twin modes respectively.
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Graff et al. (2007) derived the constitutive law for modelling the plastic flow of Mg
and Mg alloys, based on Kelly and Hosford (1968b) results with the latent hardening
parameters, ¢, given in Table 2.5. Fig. 2.31(a) shows the experimental results of
channel die test of Mg single crystal by Kelly and Hosford (1968b). Fig. 2.31 (b)

reveals that the simulation results matched the experimental results quite well.

(a) o (b)“m'|'|'|'|°'l

Mg single crystal

TRUE STRESS (KSI)

6 __ ;
0 2 4 ¢ 8 I 0.00 0.02 0.04 0.06 0.08 0.10 012
TRUE STRAIN (PERCENT) e i

1L

Figure 2.31: (a) True stress-true strain curves of Mg single crystals deformed in plane-
strain compression at 295K (Kelly and Hosford, 1968b) and (b) the corresponding

simulation results by Graff et al. (2007).

Although there have been much research efforts directed to develop various crystal
plasticity models for HCP materials, there is still a lack of fundamental understanding
of the role of various slip and twinning modes in determining the plastic low behaviour
of HCP materials. The important aspect of it is the understanding of the nature of
the interactions between different slip and twinning systems and their effect on the

strength and ductility. This work provides an experimental data that helps to gain
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Table 2.5: Latent hardening parameters, ¢, calibrate using experimental data (Kelly
and Hosford, 1968a,b).

o B

Basal Prismatic Pyramidal Tensile

<a> <a> < c+a> twinning

Basal < a > 0.2 0.5 0.5 0.5
Prismatic < a > 0.2 0.2 0.2 0.5
Pyramidal < ¢+ a > 1.0 1.0 0.2 0.25
Tensile twinning 1.0 1.0 0.2 0.25

insight into dislocation interaction processes in Mg and can be used in developing

better models of the plastic flow of HCP materials.
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Chapter 3

Research Objectives and

Justification

In HCP materials slip and twinning modes operate simultaneously during deformation
and the interactions between different slip and twinning dislocations determine the
behaviour of HCP materials during plastic flow. Understanding the role of these
interactions in the work hardening process is important from both fundamental and
practical point of view.

The objective of the present work is to study plastic deformation and work hard-
ening behaviour of Mg single crystals with different crystallographic orientation at
room temperature to understand the relationship between the mechanical properties
and the mechanism of plastic flow and the role of different modes in strength and
ductility of these materials. Four different orientations of single crystals (basal < a >
slip, 2" order pyramidal < ¢+ a > slip, {1012} < 1011 > twin orientations) were

selected in this study. To obtain an insight into the effect of interactions between
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different deformation modes on the plastic flow and the work hardening, the Jackson-
Basinski type latent hardening experiments were carried out under the conditions of:
(i) basal < a > slip/basal < a > slip, (ii) basal < a > slip/{1012} < 1011 > twin, (iii)
{1012} < 1011 > twin/basal < a > slip dislocations and (iv) basal < a > slip/2™
order pyramidal < ¢+ a > slip dislocations interactions in Mg single crystals at room
temperature. The results of these studies provide a framework for the discussion of
the latent hardening effects on the plastic flow in single and polycrystalline Mg and
provide a quantitative values for hardening parameters that can be used in the crystal
plasticity models. SEM/EBSD analysis and indentation measurements were carried
out to observe {1012} < 1011 > twin evolutions with plastic deformation and eval-
uate the strength of the matrix and the {1012} < 1011 > twin regions in deformed

Mg single crystals.
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Chapter 4

Experimental Procedures

4.1 Growth of Mg single crystals and sample prepa-
ration

High purity 99.995% Mg single crystals were produced by modified Bridgeman tech-
nique. The crystals were grown using a split mold made of high purity graphite coated
uniformly with boron nitride. Thin boron nitride layer on the mold surface prevents
reaction of liquid Mg with the mold surface. Fig. 4.1 shows picture and schematic
illustration of the graphite mold. Single crystal nucleus with known orientation was
placed at the bottom of the mold and was used to grow a predetermined orientation
of the crystals for the experiments. The dimension of nucleus was 3 x 3 x 20mms3.
High purity Mg ingot obtained from Timminco Metals (Ontario, Canada) was placed

at the top part of the mold.
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Channels for crystal growth

Nucleus

Figure 4.1: Picture of the grown Mg single crystal and schematic illustration of the

graphite mold used for the crystal growth.

Fig. 4.2 shows pictures of the crystal growth system consisting of a vertical furnace
with platinum heating coil, rotary and diffusion vacuum pumps, a thermal controller,
an argon gas cylinder and an alumina tube. The temperature in the furnace was
controlled by K type thermocouples and the whole heating and cooling cycles of the
furnace was controlled by 2416 programmable temperature and process controller
(Eurotherm). The system is equipped with a copper stage, the height of which can
be adjusted vertically with a screw driven device. The carbon mold was mounted
on the height adjustable copper stage and was placed inside a high purity alumina
tube. The temperature profile of the furnace was recorded by thermocouples placed
in between the inside wall of the furnace and the alumina tube. The height of carbon
mold was adjusted to ensure that the middle-height of the nucleus was at 933K, the
melting point of Mg. Water-cooling system was used for cooling various elements of

the system such as the diffusion pump during heating. The amount of water flowing
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in the system can be controlled by a valve attached to the water line.
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Figure 4.2: Furnace along with the crystal growth unit used for growing Mg single

crystals.

Before heating the furnace, the alumina tube was evacuated to a pressure of 1076
torr using rotary and diffusion pumps. The furnace was switched on and the system
was heated to 717K at the rate of 1.5K/min and kept at this temperature for 30min.
Then, the diffusion pump was switched off and a high purity argon gas was flown into
the chamber till the pressure of the system reached 0.5-0.7 atmosphere. The system
was heated to 1070K at the rate of 3K/min and maintained at this temperature
for 80min. Following this, the system was cooled to 773K at the rate of 0.3K/min

and then cooled to room temperature with the natural furnace cooling rate. The
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program for heating and cooling cycles with 2416 programmable temperature and

process controller (Eurotherm) is shown in Table 4.1.

Table 4.1: Program for heating and cooling cycles with 2416 programmable temper-
ature and process controller (Eurotherm).

Segment Program Comments
No.1 Type rmp.r tGt 444°C Heating to 717K
Rate 1.5°C/min at the rate of 1.5K/min.
No.2 Type dwell due 30.0min Keep 717K during 30min.

T Stop diffusion pump and flow
in Ar gas in the end of this stage.

No.3 Type rmp.r tGt 797°C Heating to 1070K
Rate 3.0°C/min at the rate of 3.0K/min.
No.4 Type dwell due 80.0min Keep 1070K during 80min.

T Stop rotary pump in the
end of this stage.

No.5 Type rmp.r tGt 500°C Cooling to 773K
Rate 0.3°C/min at the rate of 0.3K/min.

No.6 Type tmp.r tGt 20°C Cooling to 20°C.

No.7 Type END END one cycle.

One large single crystal of dimensions 3 x 26 x 120 —150mm? was produced per one
cycle. Fig. 4.3 shows schematic illustration of a grown Mg single crystal, where marks
1, 2, and 3 indicate tensile axis face normal, wide face normal, and side face normal,
respectively. The orientations of the parent crystals were determined by X-ray back

refection Laiie technique. X-rays were generated by Philips PW1729 X-ray generator
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with 40kV voltage at 30mA current. Latie patterns were taken from three parts on
the wide side of the parent crystal, 3cm apart, and then the patterns were matched
with each other to evaluate the missorientations that could develop within one long
crystal. The crystals whose misorientations among three Laiie patterns were less than
2° were selected for the experiments. The Laiie patterns from parent crystals were
indexed using OrientExpress 3.4 and stereographic projections indicating the initial
orientations of parent crystals were made with OrientExpress 3.4 and WinWulff 1.1.0

softwares.

Tensile axis

- =
Q'&é\ // /'/
/\cj < R Wide face
\} R
2 N AR
1 s
// e
[ L Side face
3 /’ R
Ve d

A, L

3mm

Py
/
‘// 26mm

Tensile axis face

Figure 4.3: Schematic illustration of a Mg crystal with relevant dimensions. 1, 2, and
3 coordinate system marked on the graph show directions of the tensile axis, wide

face and side face normal, respectively.

To remove any internal stresses generated during growing and handling, all parent
crystals were chemically etched with 10% nitric acid and then annealed in a vacuum of

1.021073 Pa for 72hrs at 623K. Annealed crystals were cooled very slowly over 12hrs to
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room temperature. All the heating and cooling cycles during annealing the crystals
were automatically controlled by TEMPSTARTM (Thermo Electric Instruments).

The program with TEMPSTARTM is shown in Table 4.2.

Table 4.2: Program for heating and cooling cycles with TEMPSTAR.

Segment  Programs Comments
Set point 0 373K Heating to 373K.
Time 1 3h Heating to 623K at
Set point 1 623K the rate of 83K/h.
Time 2 72h Keep 623K
Set point 2 623K during 72h.
Time 3 12h Cooling to 295K (R.T.)
Set point 3 295K at the rate of 27.5K/h.
Time 4 0 END one cycle.

Mirror surfaces of single crystals were prepared by electropolishing just before
mounting it to an Instron machine for deformation experiments. The solution of
diluted nitric acid (~10-15%) in water was used for electropolishing. The conditions
of electropolishing were selected empirically after performing several electro-polishing
with Mg samples, where voltage, temperature and electrolyte concentration were
varied to get the best conditions of electropolishing. Selection of electropolishing
voltage was crucial for Mg, use of higher voltage leads to formation of pits on the
surface. On the other hand, too low voltage would etch the sample. The electrolyte
was constantly stirred with a glass rod to avoid formation of bubbles on the surface

of the sample, which could lead to the formation of uneven surface or in some cases
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micro voids. The samples after polishing were quickly cleaned with methanol and
dried to avoid formation of oxide layer on the surfaces.

Samples were spark-cut, ~1mm /h, by electron spark cutting machine, using 30m
molybdenum wire. The surface layer exposed to the spark operation was removed by

mechanical and chemical polishing (orthophosphoric acid).

4.2 Deformation tests

All the crystals used in current studies were deformed in tension or in compression
at 295K by the Instron deformation test machine. The strain rate was 107%s~!. Fig.
4.4 and Fig. 4.5 show photographs of tensile and compression test setup. Special jigs
to hold the samples were used in both tension and compression tests. In compression

tests, boron nitride powder was spread on the friction surface as lubricant.

Figure 4.4: Experimental setup for tensile deformation tests.
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Figure 4.5: Experimental setup for compressive deformation tests.

Mechanical behaviour of Mg single crystals were evaluated by means of (i) true
stress-true strain, (ii) work hardening-true stress, (iii) resolved shear stress-shear
strain, (iv) work hardening-shear strain, and (v) work hardening-shear stress rela-
tions. Engineering stress, og, engineering strain, €g, true stress, o, and true strain, €

are given by:

F
gg — A_O (41)
€) = % (42)
lo
F

e=1In li) (4.4)

0
where F' is the measured load, Ag is the initial cross-sectional area of the specimen,
A is the instantaneous cross-sectional area of the specimen, [y is the initial specimen

length, and [ is the instantaneous specimen length.
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The resolved shear stress and resolved shear strain curve was computed from raw
data, assuming the rotation of the tensile axis and taking into account the reduction
of cross-sectional area with strain. The resolved shear stress, 7 and the resolved shear

strain, 7 were calculated from the geometrical relation shown in Fig. 4.6:

1
F l 2 2
T= %% {1 - (70> sin )\0} (4.5)

COSA  COS g

(4.6)

cos¢ oSy

Figure 4.6: Schematic illustration of extension of a single crystal under conditions of

a single slip (Kelly et al., 2000).

For compression tests, the resolved shear stress, 7 and the resolved shear strain,

~ were calculated from the following equations:
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4.3

N|=

2
T = A£0 (hﬁ()) cos g {1 - (%) sin® %} (4.7)

y = Cos¢  €os gy (4.8)

COSA  COS Ag

Intermittent deformation/annealing cycle ex-

periments

Intermittent deformation/annealing cycle experiments were carried out on the Mg

single crystals oriented initially for basal slip. The tensile axis of the specimens

was paralleled to [2112] direction, as shown in Fig. 4.7. These experiments were

done by deforming the specimen in tension at 295K to a given stress level, unloading

and resting (annealing) it for 0 and 24 hours at 295K and then continuing tensile

deformation to the next stress level. The deformation and annealing cycles were

repeated several times until the specimen reached the fracture. All uniaxial tensile

deformation tests were carried out at 295K in an Instron tensile testing machine, with

the strain rate of 1.0 x 10745~ 1.
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Figure 4.7: Initial orientation of the Mg single crystals under in the intermittent

deformation/annealing cycle experiments.

4.4 Surface observations

The slip bands and twinning surface patterns formed on the surfaces of parent crystals
and secondary samples during deformation were observed with an optical microscopy
with interferential Normarski contrast and Philips SEM515 scanning electron mi-

croscopy, operating at 20 kV.

4.5 SEM/EBSD analysis

In order to identify crystallographic nature of twins formed in the single crystals and
to measure the orientation of the crystal samples after deformation, deformed single
crystals were analyzed by SEM/EBSD technique. A scanning electron microscope

LEO, 1455 SEM and Carl ZEISS, NVision40 Crossbeam Workstation equipped with

field emission gun and OIM Data collection were used. The surface of the sample was
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chemically polished with a solution containing: 60ml of ethanol, 15ml acetic acid, Hml
nitric acid and 20ml of distilled water, for about 10-15 seconds. After the chemical
polishing the samples were quickly cleaned in pure ethanol and dried with an air
blower. The orientation maps were recorded with a beam step of 0.10-0.20pum. OIM
analysis software 5.3 (EDAX-TSL) was used to analyze EBSD results.

Recent developments of SEM/EBSD technique allows not only analysis of the
texture but also allows to identify crystallographic nature of deformation twinning
based on the determination of a micro-scale orientation of a specimen. There exists
well-known crystallographic relationship between matrix and twin regions. {1012} <
1011 > twin is associated with the rotation of the c-axis by 86° around < 2110 >
axis. {1011} < 1012 > twin accompanies the rotation of the c-axis by 56° around
< 2110 > axis. The {1011}-{1012} and {1013}-{1012}double twin are associated
with the rotation of the c-axis by 38° and 22° about < 2110 > axis, respectively. In
addition, Fig. 4.8 shows the crystallographic orientation relationship of three pairs
of {1012} < 1011 > twin planes in HCP metals. This geometrical relations are also
determined by EBSD technique. All the geometrical relationships between matrix

and various types of twins in Mg are summarized in Table 4.3.
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Figure 4.8: The orientation relationship of three pairs of {1012} < 1011 > twin planes
in HCP metals (Roberts and Partridge, 1966).

Table 4.3: Geometrical factors of twinning in Mg.

Twin type Crystallographic notation Rotation axis Misorientation

Single {1012} < 1011 > <2110> 86°
Single (1011} <1012> <2110> 56°
Double {1011}-{1012} <2110> 38°
Double {1013}-{1012} <2110> 220
i (1012)-(1012) <1210> 7.4°
i (1012)-(0112) <1010> 60.0°1
- (1012)-(0112) <8170 60.4°11

T Actual axis is 3.7° off <1010>, 1T Actual axis is 0.2° off <8170>.
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4.6 Indentation tests

4.6.1 Micro-indentation

The term micro-hardness test usually refers to static indentations made with loads
not exceeding 1kgf. The indenter is either the Vickers diamond pyramid or the
Knoop elongated diamond pyramid. The procedure for testing is very similar to
that of the standard Vickers hardness test, except that it is done on a microscopic
scale with higher precision instruments. The surface being tested generally requires a
metallographic finish; the smaller the load used, the higher the surface finish required.
Precision microscopes are used to measure the indentations; these usually have a
magnification of around X500 and measure to accuracy of £0.5um. Also with the
same observer, differences of +0.2um can usually be resolved. It should, however, be
added that considerable care and experience are necessary to obtain this accuracy.
The Vickers Diamond Pyramid harness number is the applied load (kg f) divided

by the surface area of the indentation (mm?):

HY = —QFS;I; =y 1.854% (4.9)
where F' is load (kgf) and d is the arithmetic mean of the two diagonals, d1 (mm)
and d2 (mm). The Vickers Diamond Pyramid indenter is in the form of a squared
pyramid with an angle of 136° between faces. The depth of indentation is about 1/7
of the diagonal length. When calculating the Vickers Diamond Pyramid hardness
number, both diagonals of the indentation are measured, the mean of these values

and the load are used to determine the value of HV by above formula. A more

convenient way to look-up HV values is to inspect appropriate Tables.
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Figure 4.9: Schematic illustration of the geometry of Vickers pyramid diamond in-
denter.

4.6.2 Nano-indentation

Nano-indentation measurements were carried out on selected single crystals contain-
ing matrix and twin regions by a TRIBOINDENTER (HYSITRON Corporation)
equipped with a diamond cube corner tip with a tip radius of 50nm. During the
nano-indentation measurements, the loading force was increased at a rate of 90N /s to
a maximum load of 500N, held for 2 seconds, and then decreased at an unloading rate
of 90N /s to ON/s. 30 measurements in 5 X 6 rectangular arrays geometry separated
by 5um were carried out at one location, as shown in Fig. 4.10. The indentation
curves that deviate from the behaviour of the majority of indentation curves were
rejected for the accuracy and reliability of the calibration.

For evaluation the data sets, the Oliver-Pharr method (Oliver and Pharr, 1992,
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Twin boundaries

Indentation

Figure 4.10: Optical microscope (OM) observation at the indentation area.

2004) was used to calculate the hardness of the samples. During an indentation,
an indenter probe is driven into a sample and then withdrawn by decreasing the
applied force. The applied load P and depth of penetration into the sample h, are
continuously monitored. The contact area is determined from a probe area function,
A(h.), where h, is the contact depth calculated from Eq. (4.10).

Praz

he = Rimae — €E——. 4.10
= (110

To account for edge effects, the deflection of the surface at the contact perimeter
is estimated by taking the geometric constant, ¢ as 0.75. Fig. 4.11 illustrates the

relationship of P, A, h., and h.
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The hardness, H is defined as:

(4.11)

where P is the indentation load and A is the projected contact area of the indenter
tip at that load.

The reduced modulus is defined as:

B, = VT

v (4.12)

where S is the stiffness of the unloading curve and A is the projected contact area.
The initial unloading contact stiffness, i.e. the slope of the initial portion of the

unloading curve is defined as:
_dap

S=n

(4.13)

Here, the reduced modulus is related to the Young’s modulus, £ through Eq. (4.14);

1 (1 - 1/2) (1 - 1/2)
— = + . (4.14)
E” E sample E indenter

The diamond indentor probe, Ej,genter is 1140GPa and the poisson ratio, V,genter 1S

0.07. For pure magnesium, Ey, is 45GPa and vy, is 0.29. Rearranging Eq. (4.12)

A:%(%>2 (4.15)

To determine the area function, a series of indents at various contact depths are

yields

performed in a sample of known elastic modulus sample and the contact area, A is

calculated from Eq. (4.15). A plot of the calculated area as a function of contact
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Figure 4.11: Schematic illustration of indentation showing various quantities used in
the Oliver-Pharr method (Oliver and Pharr, 1992).

depth is created and the Hysitron software fits the A vs. h. curve to a sixth order

polynomial in Eq. (4.16);

A = Coh? + Cyhe + Cohl/? 4+ CshY* + CyuhY®E + C5h /1S, (4.16)

Cp for an ideal Berkovich probe is 24.5 while a cube corner probe is 2.598 with C}

through Cj set equal to 0. To better fit the shape of a real probe, C; through C5 will

vary depending on the exact shape of the probe.
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Figure 4.12: Schematic illustration of applied load vs. indenter displacement (Oliver
and Pharr, 1992). P,,..: the peak applied load; A4, the indenter displacement at
the peal load; hy: the final depth of the contact impression after unloading; and S:
the initial unloading stiffness.

82



Chapter 5

Experimental Results

5.1 Notation for slip and twin systems in Mg

At the beginning of this section, the notation for the slip and twin systems activated
during deformation is discussed with reference to (0001) stereographic projection
shown in Fig.5.1. In this work, we assume that operating slip systems and twin
modes are basal < a > slip and {1012} < 1011 > twin, respectively. In Mg single
crystals, the basal < a > slip is known to be a dominant deformation mode at room
temperature, regardless of the crystallographic orientation of single crystals, because
of its lowest CRSS among all slip and twinning systems available. The basal < a >
slip systems are expressed in terms of the Schmid and Boas notation (Schmid and
Boas, 1935), i.e., a combination of slip plane and slip direction. In Fig.5.1, the letter
“BI” indicates that the slip occurs on the basal (0001) plane “B” in [2110] direction
denoted as “I”. Similarly, the letters “BII” and “BIII” represent two other basal
< a > slip systems: (0001)[1210] and (0001)[1120], respectively. Fig.5.1 shows the

(0001) stereographic projection with the Schmid and Boas notation for basal < a >
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slip systems in Mg single crystals.

1010

1120

111

II

1210

0110

1010

Figure 5.1: Schmid and Boas notation for three basal < a > slip systems in Mg single

crystals.

Similar representation for the operating twin modes during deformation is re-
quired to systematically evaluate latent hardening characteristics between active slip
and twin systems. A new notation for {1012} < 1011 > twin systems in HCP crystals
is proposed, which involves a combination of twinning planes, A’ - F’ and twinning
directions, 1’ - 6”. Here, A’1’ represents (1012)[1011] twin system, B’2’ represents
(0112)[0111] twin system, C’3’=(1102)[1101], D’4’=(1012)[1011], E’5’=(0112)[0111],
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and F’6’ represents (1102)[1101] twin system, respectively. Fig. 5.2 shows the (0001)
stereographic projection depicting the Schmid and Boas notation for the twinning
systems in HCP crystals where black dots (e) and white dots (o) indicate twinning
planes normal and twinning directions, respectively. Note that the relation between
the crystallographic plane (hkil) and its normal [uvtw] for hexagonal system is given:
[uvtw]=[hki(l/N\?)] or (hkil)=(uvt(A\*w)), where \2=2/3(c/a)?=1.75T for Mg (see ap-
pendix A for other crystallographic relationships in HCP crystal in details). There-
fore, [1011] direction (depicted 1°) lies on the trace of (1012) plane, whereas (1012)
plane normal (depicted A’) is located on the trance of (4047) because [1011] direction

is perpendicular to (101(1/1.757))=~(4047) plane, as shown in the figure.

Fig. 5.3 (a) shows contours of the Schmid factors for F’6”: (1102)[1101] twin
system on the stereographic projection. When the tensile axis of the sample is par-
allel to the c-axis, [0001] direction, the Schmid factor for F’'6’ system assumes the
maximum value of 0.50. As the axis rotates from [0001] pole to the middle of the
stereographic projection, the Schmid factor decreases and reaches zero at the traces
of (1102) and (4407) planes. When the axis rotates further towards neighbourhood
of [1100], the Schmid factors assume negative values. Positive and negative val-
ues of the Schmid factor indicate that the (1102)[1101] twin system: F’6’ is active
under the tensile or compressive deformation, respectively. The domains of the op-
erating {1012} < 1011 > twinning systems, A’l’ - F’6’ under uniaxial tension or
compression are represented on the standard stereographic triangle surrounded by

[0001] — [1210] — [1100] poles (Fig. 5.3 (b)).
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0110

AN [1101]
1102 \6
1210

N 7

Figure 5.2: Schmid and Boas notation for {1012} < 1011 > twin systems with six

different variants in Mg single crystals.
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Figure 5.3: (a) Contours of the Schmid factors for F'6’: (1102)[1101] twin system and

(b) standard stereographic triangle indicating orientation dependence of the operative

{1012} < 1011 > twinning systems under uniaxial tension or compression.
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Other slip systems such as, prism < a > slip, 1% order pyramidal < a > slip,
1%t order pyramidal < ¢ 4 a > slip, and 2"? order pyramidal < ¢ + a > slip systems
and twin modes such as {1011} < 1012 > c-axis compressive twin, have rarely been
reported to be active at room temperature deformation of Mg single crystals because
of their extremely high values of CRSS, as described in chapter 2. However, above
rule does not apply to single crystals with special (low index) orientation of single
crystals, such as the c-axis compressive deformation at 295K, where some of these slip
and/or twin systems have been observed to be active and contribute to the plastic

flow of crystals.

5.2 Work hardening behaviour of Mg single crys-
tals under tension and compression at room

temperature

5.2.1 Initial orientations

Figure 5.4 shows orientation of initial tensile and compressive axes of Mg single crys-
tals on the standard stereographic triangle considered in this study. In the figure,
contour lines depict the maximum Schmid factor for basal < a > slip systems. Ten-
sile and compressive deformation of Mg single crystals with four different orientations
of the axes, labelled as crystals #1 — #4, have been studied.

For the initial orientation of the tensile and/or compressive axis [2112] of crystal
#1, the Schmid factor for basal < a > slip system BI, (0001)[2110], is 0.50 and

deformation under both uniaxial tension and compression at room temperature should
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proceed in the single basal < a > slip on the BI system.

Crystal #2 represents double coplanar basal < a > slip orientation, with the
orientation of the axis [101(2/A?)]* and the Schmid factors for basal < a > slip
systems BI and BII have the same values, 0.42, as shown in Fig. 5.5.

The initial orientation of crystal #3 predicts deformation in both basal < a >
slip systems and {1012} < 1011 > twin system, because the Schmid factor for basal
< a > slip systems BI and BII is relatively small, 0.19.

The tensile and/or compression axis of crystal #4 is aligned along [0001]. In the
c-axis tension, {1012} < 1011 > twin mode is the main deformation mode, whereas
274 order pyramidal < ¢+ a > slip system is favoured deformation mechanism in the

c-axis compression.

2The relation between the crystallographic plane (hkil) and its normal [uvtw] for hexagonal
system is given by: [uvtw]=[hki(l/)\?)] or (hkil)=(uvt(A\?w)), where \>=2/3(c/a)?=1.757 for Mg.
See appendix A for other crystallographic relationships in HCP crystal in details. In this thesis, the
tensile axes of all the specimens were represented in terms of the crystal plane index (hkil) and the
constant value, A.
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Initial tensile/compressive axes

Figure 5.4: Initial tensile and compressive axes of Mg single crystals #1 — #4 on the

standard stereographic triangle.

-a, 1210 0001

ouble basal slip
T.A. /] [1-10(2/A\?)]

Single basal slip
T.A. Il [2-1-12]

1100

Figure 5.5: A part of standard stereographic projection indicating initial tensile and

compression axis for single and double basal < a > slip orientations.
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5.2.2 Crystal #1: single basal < a > slip orientation
[2112] tensile deformation

For the tensile axis parallel to [2112], the Schmid factor for BI slip system is 0.50.
Figures 5.6 - 5.8 show mechanical properties of Mg single crystals oriented for single
basal < a > slip deformed in tension at 295K, which include: (i) resolved shear stress
versus resolved shear strain curve 7 — v (Fig.5.6), (ii) work hardening versus resolved
shear strain 6(= dr1/d~y)—~ plot (Fig.5.7) and (iii) the normalized with respect to the
sheer modulus 6/ — 7/p plot (Fig.5.8), where u = 17GPa is the shear modulus of
Mg. The resolved shear stress and shear strain characteristics were recalculated from
raw data, assuming that only single basal < a > slip on the primary BI slip system
activates during the plastic deformation. The CRSS for the primary slip system BI
was determined by the intersection of the elastic and plastic region of the 7 — v curve
and the CRSS value found was 0.70MPa. After the yielding in single basal < a >
slip, the plastic flow curve exhibits two stages: easy glide stage (stage I) and rapid
hardening stage (stage II). A transition from stage I to stage II occurred gradually
and it was difficult to determine a clear transition point. In the present thesis, the
transition range was defined by drawing the tangential lines to the stage I and stage
IT regions and by determining the intersection with the 7 —~ curves, as shown in Fig.

5.6 and Fig. 5.7.
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Figure 5.6: Resolved shear stress - shear strain curve of Mg single crystal #1 deformed

in tension at 295K.

In Fig. 5.7, the stretch AB represents work hardening of stage I with the almost
constant values between 0.60 — 1.50MPa. The stage I extends until shear strain of ~
1.2. Then, the work hardening gradually increased by a factor of about 15, identified
as the transition region BC in the range of shear strains between 1.2 — 2.3. The
stretch CD represents stage II of work hardening with the value about 14 — 15MPa.

The stage II proceeded until shear strain of ~ 2.3 — 2.7.
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Figure 5.7: Work hardening as a function of shear strain plot for Mg single crystal

#1 deformed in tension at 295K.

The work hardening normalized with shear modulus, plotted as a function of nor-
malized shear stress is shown in Fig. 5.8. The rate of work hardening in stage I,
O;/p (the stretch A’B’) was approximately in the range of 4.70x107° — 8.302107°.
After the initial stage the work hardening increases linearly with the shear stress and
approaches 0;7/p values in the range8.352107% — 9.05210~* during stage II defined as
the stretch B’C’ in the figure. It has been observed that the work hardening during

stage II was a factor of ~20 higher than that of stage I. Stage III of work hardening in
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FCC singe crystals is characterized by dynamic recovery and have not been observed
during tensile deformation of crystal #1. Instead the fracture of the crystal occurred

suddenly after the relatively short deformation during stage II.
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Figure 5.8: Normalized work hardening as a function of normalized shear stress plot

for Mg single crystal #1 deformed in tension at 295K.

So far, the work hardening behaviour was represented in terms of resolved shear
stress and resolved shear strain on the basal plane, assuming that the only basal

< a > slip system BI was activated during the onset of plastic deformation. Since

94



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

other deformation modes can also contribute to the plastic low and can play an
important role in the work hardening, it is useful to discuss the mechanical properties
of single crystals in terms of global properties represented by true stress - true strain
data. In the flowing section the properties related to ductility, material strength and
fracture stress are discussed in terms of true stress and true strain characteristics.

Figure 5.9 shows true stress - true strain, ¢ — € curve and work hardening - true
strain, ©(= do/de) — € plot of Mg single crystal #1 deformed in tension at 295K on
the same graph. In theory, the necking of a specimen occurs when the work hardening
is equal to the plastic flow stress i.e., do/e = o, which is well known as the Considere
criterion. However, in the work it was observed that the fracture of crystals occurred
at a much higher level of work hardening than predicted by the the Considere point,
as shown in Fig. 5.9.

Basinski et al. (1997a) introduced Considere ratio (CR) to represent such a sudden

onset of instability:

dop
©
de F
R = U; = (5.1)

In Fig. 5.9, the appearance of instability is indicated by the sudden drop of
the work hardening however, the precise measurement of the Considere ratio were
difficult and subjected to an error. The stress at the point of fracture was estimated
~65.7TMPa and the value of work hardening at this point was ~201MPa. Therefore,
the Considere ratio (CR) of crystal#1 oriented for basal < a > slip deformed in

tension at 295K was ~3.06.
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Figure 5.9: The Considere plot (true stress versus true strain and work hardening
rate versus true strain characteristics combined on one plot) of Mg single crystal #1

oriented for single basal < a > slip deformed in tension at 295K.

SEM/EBSD analysis was carried out on twin areas developed during tensile de-
formation of crystal #1 with initially single basal < a > slip orientation. Fig. 5.10
shows low magnification SEM image of crystal #1 deformed in tension until 60% true
strain at 295K, which represents the transition range from stage I to stage II. In this
stage, the crystallographic orientation rotated out of a single basal < a > slip orien-
tation and the slip traces originally corresponding to the basal (0001) planes assumed

the wavy character. Due to the lattice rotation during the tensile test, the basal
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Schmid factor decreases and inhomogeneous deformation is induced in the transition
from stage I to stage II. As result of it, a certain amount of deformation twinning was

observed.

Fig. 5.11 shows inverse pole figure (IPF) maps and pole figures (PFs) constructed
from EBSD analysis of locations A and B in Fig. 5.10. From the EBSD analysis,
deformation twinning was characterized as {1012} < 1011 > extension twinning,
corresponding to 86° rotation around < 2110 > orientation relationship.

The orientation of the tensile axis after 60% true strain, as estimated by the PFs
in Fig. 5.11 (b) and (d), is close to [10640]. Although other slip traces corresponding
to non-basal planes could not be detected in the SEM micrographs, coplanar basal
< a > slip and non-basal < a > slip are also believed to be activated, in addition to
basal < a > slip and {1012} < 1011 > twin, since the tensile axis position is located
at non-basal < a > slip area.

Note that local hardness measurements by nano-indentation were carried out on
deformed matrix and twin regions: area I-VI in Fig. 5.11 (a) and area I-IV in Fig.
5.11 (c¢). Experimental results for the nano-indentation will be described in section

5.8.
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Location A

Location B

Figure 5.10: Low magnification SEM image of crystal #1 deformed in tension until
60% true strain (transition range from stage I to stage II) at 295K.

98



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

1(T.A)

b2y

Indentation

2 3 0001 2110 e Indentation

Indentation

Figure 5.11: (a) Inverse pole figure (IPF) map, (b) pole figures (PFs) constructed
from EBSD analysis of location A, (¢) IPF map, and (d) PFs of location B in Fig.

5.10.
99



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

Fig. 5.12 shows low magnification SEM image of crystal #1 deformed in tension
until fracture at 105% of true strain at 295K. The observations were carried out
near the fracture surface. In the fracture stage, the crystal was locally twisted and
bent due to inhomogeneous deformation accompanied with kink bands formation and
deformation twinning. Fig. 5.13 shows IPF maps and PFs constructed from EBSD

analysis of locations A and B in Fig. 5.12 near the fracture surface.

Location A

Figure 5.12: Low magnification SEM image of crystal #1 deformed in tension until

fracture at 295K.
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Figure 5.13: (a) Inverse pole figure (IPF) map, (b) pole figures (PFs) constructed
from EBSD analysis of location A in the Fig. 5.12, (c¢) IPF map, and (d) PFs of
location B in the Fig. 5.12.
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A line misorientation profile along the line A-A’ in Fig. 5.13 (a) is presented in
Fig 5.14. The misorientation angles were somewhat deviated, maximum of about 15°,
from the point A and the accommodation {1012} < 1011 > twins were developed in
the locally heterogeneous areas. Even in a fractured sample, the volume fraction of

{1012} < 1011 > twins was not very large.
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Figure 5.14: misorientation profile along the line A-A’ in Fig. 5.13 (a).

Fig. 5.15 shows (a) SEM micrograph, (b) Inverse pole figure (IPF) map, and (c)
pole figures (PFs) constructed from EBSD analysis in crystal #1 deformed in tension
until fracture at 295K, where the observed location was relatively flat and far from
the fracture surface. Accommodation {1012} < 1011 > twins of one variant, were

developed in this area.
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Figure 5.15: (a) SEM micrograph, (b) Inverse pole figure (IPF) map, and (c) pole
figures (PFs) constructed from EBSD analysis in crystal #1 deformed in tension
until fracture at 295K. The location area was relatively flat and far from the fracture

surface.
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Note that local hardness measurements by nano-indentation were carried out on
deformed matrix and twin regions: area I-1I in Fig. 5.13 (a), area I-IIT in Fig. 5.13
(c), and area I-IIT in Fig. 5.15 (b). Experimental results of the nano-indentation will

be described in section 5.8.2.

[2112] compressive deformation

For the compressive axis of the crystals paralleled to [2112], the Schmid factor for BI
slip system is 0.50. Fig. 5.16 shows resolved shear stress - shear strain characteristic of
Mg single crystal #1 deformed in compression at 295K. As it was done for the tensile
deformation test, the resolved shear stress and shear strain on the basal plane was
computed from raw data, assuming that only basal BI slip system operates throughout
the onset of deformation under compression. During an uniaxial compression, the
lattice rotation associated with activated slip systems occurs towards the normal
to the slip plane, i.e., towards [0001] direction, the resolved shear stress and the
resolved shear strain has been calculated from eqs. (4.7) and (4.8). The CRSS
for the primary slip system, Bl was determined by the intersection of the elastic
and plastic region of the plastic flow curve. The CRSS for the basal < a > slip
system in the compression test was found to be 0.92MPa, which was slightly higher
than in the tensile test, 0.70MPa. After the yielding, the compressive deformation
characteristics of the crystal #1 exhibited different behaviour, compared to the tensile
deformation. Easy glide stage (stage I), transition range from stage I to II and
rapid work hardening stage (stage II) were common characteristics in both tensile
and compressive deformation tests. In the tensile test, abrupt fracture occurred after

very short stage II, while in the compression test, stage III characterized by decreasing
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work hardening with shear strain was observed after the stage II. The compression

test was stopped just after the work hardening assumed a negative slope.
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Figure 5.16: Resolved shear stress - shear strain curve of Mg single crystal #1 de-

formed in compression at 295K.

In Fig. 5.17, the stretch AB represents work hardening of stage I with almost
constant values at the level 1-TMPa. The stage I extended until shear strain of ~0.2.
Then, the work hardening gradually increased by a factor of about 6, identified as the
transition region in the range of 0.2-0.57 shear strain, depicted as the stretch BC. The

stretch CD represents stage I in compression with the hardening rate value of about
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38-53MPa. The stage I extends until ~0.57-0.80 shear strain. Beyond the point D,
the work hardening rate gradually decreases in the range of sheer strain 0.8-1.4, down
to the level of about 8-38MPa represented by point E in Fig. 5.17. The stretch DE

corresponds to the stage I1I in compression.
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Figure 5.17: Work hardening versus resolved shear strain plot of Mg single crystal

#1 deformed in compression at 295K.

The work hardening normalized with shear modulus is plotted as a function of
normalized shear stress in Fig. 5.18. The work hardening in stage I, 6;/u was approx-

imately in the range of 0 — 5.22210™* (the stretch A’B’). After the stage I, the work
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hardening increases with shear stress, defined as the stretch B’C’. The stage II is rep-
resented by the stretch C’D’ with the rate of work hardening 67 /p ~ 2.13—3.2221073,
a factor of ~4-6 higher than in the stage I. The rate of work hardening in stage III,

represented by the stretch D’E’, was in the range of 077 /p ~ 3.60210~* — 2.1321073.
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Figure 5.18: Normalized work hardening-normalized shear stress plot with the shear

modulus of Mg single crystal #1 deformed in compression at 295K.

Fig. 5.19 shows true stress versus true strain and work hardening rate versus true
strain plots of Mg single crystal #1 oriented for single basal < a > slip deformed in

compression at 295K, representing the Considere construction of neck instability. It
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is seen that the work hardening rate © falls below the flow stress o at the stain level
of about 0.65, much before any flow instability was observed in the sample. At about
82% of true strain corresponding to the end of compression test, the work hardening
was below the flow stress and the Considere ratio (CR) calculated from Fig. 5.19 was

1.0.
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Figure 5.19: The Considere plot encompassing true stress versus true strain and work
hardening rate versus true strain characteristics of Mg single crystal #1 oriented for

single basal < a > slip deformed in compression at 295K.
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5.2.3 Crystal #2: double basal < a > slip orientation
[101(2/A\?)] tensile deformation

The tensile axis in crystal #2 was paralleled to [101(2/)?)] direction and the Schmid
factor for BI and BII systems calculated from the initial orientation was 0.42, indicat-
ing that deformation should occur by double basal < a > slip systems. The resolved
shear stress and shear strain on the (0001) plane were recalculated from raw data,
assuming that only single basal < a > slip on the primary BI (or BII) slip system
operates during the onset of plastic deformation. Fig. 5.20 shows Resolved shear
stress versus resolved shear strain curve of Mg single crystal #2 deformed in tension
at 295K. The CRSS for the primary slip system, BI (or BII) was determined by the
intersection of the elastic and plastic region of the plastic flow curve. The CRSS for
basal < a > slip was 1.27MPa, slightly higher than the CRSS of crystal #1, 0.70MPa,
oriented for single basal slip. The small increase in the CRSS is attributed to the
activation of double basal < a > slip on BI and BII systems and their mutual interac-
tions. After the yielding, the plastic flow curve exhibits two stages: easy glide stage
(stage I) and rapid hardening stage (stage II). Stress serration due to deformation
twinning was observed at the end of stage I and during the transition stage, as shown

in the insert in Fig. 5.20.
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Figure 5.20: Resolved shear stress versus resolved shear strain characteristic of Mg

single crystal #2 deformed in tension at 295K.

Fig. 5.21 shows work hardening - shear strain plot of Mg single crystal #2 de-
formed in tension at 295K. The stretch AB represents stage I with almost constant
work hardening rate in a range 0-2MPa. The stage I extends until shear strain of
~0.68. The stage I for the double basal < a > slip orientation is about half long
as for the single basal slip orientation. This is attributed to the influence of double
basal < a > slip on the dislocation storage, arising from the interactions between BI

and BII slip systems. After stage I, from 0.68-1.8 shear strain, the work hardening
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gradually increases during the the transition region between stage I and stage II (the
stretch BC). The stretch CD represents stage II with the hardening rate between

9-15MPa. The stage II proceeds until ~1.8-2.3 shear strain.

The work hardening rate normalized with shear modulus as a function of normal-
ized shear stress is shown in Fig. 5.22. The work hardening in stage I, 6;/p is in the
range 0 — 1.75210~%. After the stage I, the work hardening increases linearly with
the shear stress, depicted as the stretch B’C’, followed by stage II. The rate of work

hardening in stage IT (the stretch C’D’), is in the range of 0r;/u ~ 5.55 — 8.30210~%.
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Figure 5.21: Work hardening rate versus shear strain characteristic of Mg single

crystal #2 deformed in tension at 295K.
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Figure 5.22: Normalized work hardening rate versus shear stress plot of Mg single

crystal #2 deformed in tension at 295K.

Fig. 5.23 shows the Considere plot encompassing the true stress versus true strain
and work hardening rate versus true strain characteristics of Mg single crystal #2
oriented for double basal < a > slip deformed in tension at 295K. Due to the fluctu-
ations of the work hardening the Considere ratio (CR) for the tensile deformation of
crystal #2 cannot be determined precisely however it is in the range of values between

3-9.
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Figure 5.23: The Considere plot, including true stress versus true strain and work
hardening rate versus true strain plot characteristics of Mg single crystal #2 oriented

for double basal < a > slip deformed in tension at 295K.

[101(2/A\?)] compressive deformation

As in the case of tensile deformation, the Schmid factor for BI and BII systems in
the crystal [101(2/A?)] oriented for double basal slip assumes maximum value of 0.42.
The resolved shear stress and resolved shear strain were recalculated from raw data,

assuming that only single basal < a > slip on the primary BI (or BII) slip system
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operates during plastic deformation. Fig. 5.20 shows resolved shear stress-resolved
shear strain curve of Mg single crystal #2 deformed in compression at 295K. The
CRSS for the primary slip system, BI (or BII) was determined by the intersection
of the elastic and plastic region of the plastic flow curve. The CRSS value was
1.38MPa. After the yielding, the flow curve exhibits two stages: easy glide stage and
rapid hardening stage. Stress serrations due to deformation twinning was also seen
in the middle of easy glide stage at ~0.25 shear strain. The compression test was

stopped before the work hardening rate developed a negative slope.
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Figure 5.24: Resolved shear stress versus resolved shear strain characteristic of Mg

single crystal #2 deformed in compression at 295K.

Fig. 5.25 shows the work hardening - shear strain plot of Mg single crystal #2
deformed in compression at 295K. The work hardening rate in stage I is low and
almost constant in the range 0 — 3.7MPa (stretch AB). The stage I extends until
shear strain of ~1.12, followed by the gradual increase of the work hardening rate in
the transition region (the stretch BC), between 1.12-1.80 shear strain. The stretch
CD represents stage 11 of work hardening with the work hardening rate at the level

about 4MPa. The stage II proceeds until ~1.8-2.75 shear strain.
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Figure 5.25: Work hardening rate versus shear strain plot of Mg single crystal #2

deformed in compression at 295K.

Fig. 5.26 shows the work hardening normalized with shear modulus as a function
of normalized shear stress. The work hardening in stage I is in the range of 0;/u ~
0 — 2.95210%. In stage II of work hardening, represented by the stretch C’D’, the
crystal exhibits the hardening rate 6;7/p ~ 2.50x107%,

Fig. 5.27 shows true stress-true strain and work hardening-true strain charac-
teristics of Mg single crystal #2 oriented for double basal < a > slip deformed in

compression at 295K, representing the Considere plot. The Considere ratio (CR)
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calculated from Fig. 5.27 was 1.0.
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Figure 5.26: Normalized work hardening rate versus normalized shear stress charac-

teristic of Mg single crystal #2 deformed in compression at 295K.

118



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

120 ‘ ‘ ‘
Double basal orientation
£ 100 C.A.//[1-102/\] i
=
= W
£T 80 !
s 8 v
ST
)
ig o
% g
é T 40 | |
=
Y /
3
= 204 ' //
0

' . I . . .
0.0 0.2 0.4 0.6 0.8 1.0

True strain, € (-)

Figure 5.27: The Considere plot for Mg single crystal #2 oriented for double basal

< a > slip deformed in compression at 295K.

5.2.4 Crystal #3: basal < a > slip & {1012} < 1011 > twin
orientation
[101(8/\?)] tensile deformation

Crystal #3 with tensile axis paralleled to [101(8/A?)] has relatively low Schmid factor,

0.19, for basal < a > slip systems BI and BII. On the other hand, the Schmid factors
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Table 5.1: Schmid factors for basal < a > slip systems,

2nd

order pyramidal < c+a >

slip systems and {1012} < 1011 > twin systems in crystal #3.

Deformatin modes Notation Miller-Bravais index Schmid factor

BI (0001)[2110] 0.19

Basal < a > slip BII (0001)[1210] 0
BIII (0001)[1120] 0.19
IL.Pyl (1122)[1123] 0.32
[1.Py2 (1212)[1213] 0.42
2 order IL.Py3 (2112)[2113] 0.49
pyramidal II.Py4 (1122)[1123] 0.49
<ct+a>slip  ILPy5 (1212)[1213] 0.42
IL.Py6 (2112)[2113] 0.32
AT (1012)[1011] 0.46
B2 (0112)[0111] 0.47
(1012} < 1011 > O3 (1102)[1101] 0.46
twin D4’ (1012)[1011] 0.43
E'5 (0112)[0111] 0.46
B (1102)[1101] 0.47

for all {1012} < 1011 > twin modes are high, as shown in Table 5.1. According

to the Schmid factors, the crystals should exhibit inhomogeneous deformation with

basal < a > slip and {1012} < 1011 > twinning being the dominant modes. Due

to the multiple slip and twin activity, there is no reason to analyze the mechanical

properties of in terms of resolved shear stress and resolved shear strain characteristics

crystal #3. Instead, the tensile deformation of crystal #3 will be characterized in

terms of true stress and true strain representations.
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Fig. 5.28 shows true stress versus true strain characteristic of Mg single crystal #3
deformed in tension at 295K. Fig. 5.29 shows the Considere plot, which includes o —¢
and work hardening - true strain, ©(= do/de)—e, curves of single crystal #3 deformed
in tension at 295K. The yield stress, og~3.51MPa, was slightly higher than in single
and double basal < a > slip orientations. After the yielding, deformation occurs by
basal < a > slip and {1012} < 1011 > twins. Serrated flow curve accompany the
deformation twinning was seen from the early stage of deformation. Work hardening
rate in the early stage of #3 single crystal was ~2-3 times higher than for single and
double basal < a > slip orientations (section 5.2.2 and 5.2.3). On the other hand,
homogeneous elongation was about half as long as #1 and #2 tensile samples. The
Considere ratio (CR) for the tensile deformation of crystals #2 and #3 cannot be
calculated exactly because of the fluctuations of the work hardening rate before the

rupture, but rough estimates give CR ~ 3 — 3.5.
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Figure 5.28: True stress versus true strain characteristic of Mg single crystal #3

deformed in tension at 295K.
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Figure 5.29: The Considere plot of Mg single crystal #3 deformed in tension at 295K.

[101(8/\?)] compressive deformation

Schmid factors for slip and twin systems of crystal #3 are given in Table 5.1. Asin the
case of the tensile deformation, the analysis of the stress strain and work hardening
properties of crystal #3 is carried out in terms of the true stress and true strain
characteristics.

Fig. 5.30 shows true stress versus true strain curve of Mg single crystal #3 de-

formed in compression at 295K. The corresponding Considere plot, which includes
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true stress - strain, ¢ — € curve and work hardening - true strain, ©(= do/de) — €
plot is shown in Fig. 5.31. After the yielding, at oy ~ 2.38MPa, the crystal deforms
with almost zero work hardening between 2-10% strain. In this stage, one observes
step-like stress increase. After about 9% strain, an onset of rapid hardening stage is
observed with the work hardening increasing dramatically to about 300MPa, followed
by the gradual decrease to the level of ~ 50MPa. The compression test was stopped
before the work hardening developed a negative slope and the the Considere ratio

(CR) for the sample #3 was not determined.
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Figure 5.30: True stress versus true strain curve of Mg single crystal #3 deformed in

compression at 295K. Note a step-like stress increase in various deformation stages.
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Figure 5.31: The Considere plot of Mg single crystal #3 oriented for basal < a > slip

& twinning, deformed in compression at 295K.

5.2.5 Crystal #4 oriented for: {1012} < 1011 > twin (tension)
& 2" order pyramidal < ¢ + a > slip (compression)

The Schmid factors for basal < a > slip, 2"¢ order pyramidal < ¢ + a > slip, and
{1012} < 1011 > twin systems calculated for the initial [0001] orientation of the axis
of crystal #4 are listed in Table 5.2. The Schmid factors for three basal < a > slip

systems, BI, BII, and BIII are zero. In the contrary, the Schmid factors for 2" order

126



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

pyramidal < c+a > slip systems, I1.Py1 - IL.Py6, and {1012} < 1011 > twin systems,
A’1’-F’6’ have high values, because [0001] is the highest symmetrical axis. It is well
known that {1012} < 1011 > twin deformation occurs predominantly in the c-axis
tension test of Mg single crystals, while it was reported that 2" order pyramidal
< ¢+ a > slip system was activated as primary deformation modes when Mg single
crystal was deformed in compression paralleled to [0001] direction, as reviewed in

section 2.2 of chapter 2.

Table 5.2: Schmid factors for for basal < a > slip and 2"¢ order pyramidal < ¢+ a >
slip systems in crystal #4.

Deformatin modes Notation Miller-Bravais index Schmid factor

BI (0001)[2110] 0
Basal < a > slip BII (0001)[1210] 0
BIII (0001)[1120] 0
[L.Pyl (1122)[1123] 0.45
I1.Py2 (1212)[1213] 0.45
274 order pyramidal  II.Py3 (2112)[2113] 0.45
<c+a > slip IL.Py4 (1122)[1123] 0.45
I1.Py5 (1212)[1213] 0.45
IL.Py6 (2112)[2113] 0.45
AT (1012)[1011] 0.50
B2’ (0112)[0111] 0.50
{1012} < 1011 > 3 (1102)[1101] 0.50
twin D4 (1012)[1011] 0.50
E'5 (0112)[01T1] 0.50
76 (1102)[1101] 0.50
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[0001] tensile deformation: {1012} < 1011 > twin orientation

Fig. 5.32 - Fig. 5.34 show mechanical properties, which includes: 7 —~, 8 — v
and 0/ — 7/ plots of Mg single crystal with the initial orientation of the tensile
axis [0001] deformed in tension at 295K. The resolved shear stress and shear strain
characteristics were recalculated from experimental raw data, assuming that {1012} <
1011 > twinning mode was the only deformation mechanism during plastic flow.
Profuse twinning deformation associated with serrated plastic flow was observed due
to twins’ nucleation and propagation. The onset of {1012} < 1011 > twinning was
determined as the point of flow stress in which the first stress drop occurred, marked
as arrowhead in Fig. 5.32 at the stress value about 2.72MPa.

The work hardening behaviour of Mg single crystal deformed by {1012} < 1011 >
twin can be divided into two stages. After the yielding, profuse twinning was observed
until about 6% shear strain (stage I). After the transition region from stage I to stage
II, a rapid hardening stage was observed during stage II, characterized by gross plastic
deformation. It can be inferred that the sudden lattice reorientation during twinning
would caused the rapid hardening due to dislocation interactions between basal < a >
slip and {1012} < 1011 > twin systems.

In Fig. 5.33, the stretch AB represents work hardening regime during profuse twin-
ning deformation with the almost constant work hardening rate about 75-150MPa.
The profuse twinning stage extends until 7% shear strain. Following the twinning
stage, the work hardening rapidly increases by a factor of 3-6, recognized as the tran-
sition region between 7-11% shear strain depicted as the stretch BC. The stretch CD
in the figure shows rapid work hardening region, with the work hardening ~ 470MPa.

The stage II extends from 11-15% shear strain.
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Figure 5.32: Resolved shear stress versus resolved shear strain curve of [0001] Mg

single crystal #4 oriented for c-axis tension twinning, deformed in tension at 295K.
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Figure 5.33: Work hardening rate versus shear strain plot of [0001] Mg single crystal

oriented for c-axis tension twinning, deformed in tension at 295K.

Fig. 5.34 shows the work hardening normalized with shear modulus plotted as
a function of normalized shear stress. During twinning deformation, Or,/1 was
approximately in the range of 4.482107% — 8.7021072, denoted by A’B’ in the figure.
After the twinning, during B’C’ stretch, the work hardening increases approximately
linearly with the shear stress until the maximum level of a constant work hardening
rate 077 /p ~ 2.8021072, depicted as the stretch C’D’. It should be mentioned that the

Stage 11 of decreasing work hardening rate due to dynamic recovery characteristic of

130



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

FCC singe crystals, has not been observed in the present Mg single crystal and the

fracture occurred suddenly after a relatively short stage II, as shown in Fig. 5.34.
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Figure 5.34: Normalized work hardening rate versus normalized shear stress plot of

Mg single crystal oriented for c-axis tension twinning, deformed at 295K.

Fig. 5.35 shows true stress - true strain, 0 — € curve and work hardening rate
versus true strain, ©(= do/de) — € curve of Mg single crystal #4 deformed in tension
at 295K, representing the Considere plot. It has been observed that the fracture
occurred at a much higher level of work hardening rate than predicted by the the

Considere point and the CR was about 16.9 (In Fig. 5.35).
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Figure 5.35: The Considere plot of Mg single crystal #4 oriented for {1012} < 1011 >

twin, deformed in tension at 295K.

[0001] compressive deformation: 2"? order pyramidal < ¢+ a > slip orien-

tation

Fig. 5.36 shows resolved shear stress - resolved shear strain characteristic of Mg single
crystals oriented for 2" order pyramidal < c+a > slip in the c-axis compression test at
295K. The resolved shear stress and shear strain on the (1122) plane were recalculated

from experimental raw data, assuming that the 2"¢ order pyramidal < ¢ + a > slip
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systems were the only deformation mechanisms during the compression test. The

CRSS for 2"¢ order pyramidal < c+a > slip observed in this test was 30 MPa. Unlike

in basal < a > slip orientations and in {1012} < 1011 > twin orientation (crystal #4

tension test), easy glide stage I was not observed in the [0001] compression test. After

the yielding, rapid hardening occurred abruptly and it was followed by the sample

failure after only 26% shear strain.
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Figure 5.36: Resolved shear stress versus resolved shear strain curve of Mg single

crystal deformed in the c-axis compression at 295K.

Fig. 5.37 and Fig.

5.38 show work hardening rate versus shear strain and
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normalized work hardening rate versus normalized shear stress plots of Mg single
crystal #4 deformed in compression at 295K. The work hardening rate during the
rapid hardening stage, €77, was approximately in the range of 400 — 1050MPa or
4.4821073u — 8.70210 2.
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Figure 5.37: Work hardening versus resolved shear strain plot of Mg single crystal

#4 deformed in the c-axis compression at 295K.
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Figure 5.38: Normalized work hardening-shear stress plot of Mg single crystal #4

deformed in the c-axis compression at 295K.

Fig. 5.39 shows the Considere plot including true stress - true strain, o — € curve
and work hardening - true strain, ©(= do/de) — € curve of Mg single crystal #4
deformed in compression at 295K. Unlike during compressive deformation of crystals
#1, #2, and #3, present crystal #4 deformed in compression fractured by shear with
the CR ~ 3.82 (Fig. 5.39).
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Figure 5.39: The Considere plot of Mg single crystal #4 oriented for 2" order pyra-

midal < ¢+ a > slip systems deformed in compression at 295K.
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5.3 Latent hardening behaviour under basal - basal

dislocation interactions

5.3.1 Orientations of primary and secondary specimens

Fig. 5.40 shows (0001) standard stereographic projection indicating the tensile axis
positions of both parent crystals and secondary samples and traces of the wide faces
of the parent crystals. Open circles in the figure presents the tensile axis of the parent
crystals #a - #e. Maximum Schmid factor for basal < a > slip calculated from the
initial orientations was 0.47-0.50 in all the parent crystals #a - #f, whose values were
considered to be high enough for homogeneous deformation of the specimens by basal
< a > slip only. The secondary samples can be selected along the trace of the wide
sides of the parent crystals, labeled as “a - a” to “e - €’ on the stereographic pro-
jection. In this study, the secondary samples were cut to examine latent hardening
behaviour under the conditions of self-interactions, where dislocations with the same
Burgers vector are activated in the secondary and primary samples, and under con-
ditions of coplanar interactions, where dislocations of two basal slip systems interact
during primary and secondary deformation tests. In Mg single crystals, basal < a >
slip is a dominant deformation mode at 295K, regardless of the crystal orientation,
because of the lowest CRSS. However, one must note that homogeneous deformation
by single basal < a > slip is limited to specific areas of the orientation space. (Hirsch
and Lally, 1965) have pointed out that the angle between the slip direction and the
tensile axis should be between 40° — 60° for the initially single basal < a > slip defor-
mation. If the angle between the tensile axis and the slip direction is too large or too

small, inhomogeneous deformation associated with kink bands and deformation twins
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occurs in addition to the basal < a > slip. Therefore to conduct the latent hardening
experiments under the condition of pure basal < a > dislocation interactions, “safe”
regions for the orientations of the crystals were selected with the value of the basal

Schimd factor within 0.40 — 0.50, except the orientations on the symmetry line.

To investigate the hardening effect under conditions of self-interactions between
dislocation of the same basal slip system, secondary samples #al, #bl, #cl, #d1
and #el were cut at 0° from the pre-deformed parent crystals #a - #e, as shown in
Fig. 5.40. On the other hand, to inspect the latent hardening effect under conditions
of coplanar dislocation interactions, secondary samples #a2, #b2, #c2, #d2 and #e2
were cut at 90° from the pre-deformed parent crystals #a - #e. It should be noticed
that in Fig. 5.40, the tensile axes of all primary and secondary samples are located
within ”safe zones” of high basal Schmid factor, marked by dashed areas, and they

are predicted to deform homogeneously by single basal < a > slip.

138



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

R
BHIRR
Hala i\ 0170
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Figure 5.40: The standard (0001) stereographic projection indicating the orientations
of the tensile axes of both parent crystals #a - #e and secondary samples (#al - #el,
#a2 - #e2) used in latent hardening experiments. Open circles indicate orientations
of primary samples, dark circles represent orientation of secondary samples. The

traces of the wide surfaces of parent crystals are depicted by dashed great circles

(a-a) - (e-e).

Fig. 5.41 shows the variations of basal Schmid factors against the cutting angle
on the parent crystal #c¢ and the secondary sample #cl and #c2, where clockwise
direction with respect to the tensile axis of the parent crystal is defined as +6 and
anti-clockwise direction is —6 angle. In Fig. 5.41, the basal Schmid factor on BI slip
system assumes maximum value, -0.48 at 0°. As the cutting angle increases in the
clockwise direction, the Schmid factor for BI slip system decreases and alternatively

the Schmid factor for BIII slip system increases. At 90°, the Schmid factor for BIII
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slip system is 0.49. More detailed data for crystallographic orientations, the Schmid
factors and possible interaction types between active slip systems are summarized in

Table 5.3 and 5.4 with experimental results discussed in next subsection 5.3.2.

Crystal #c —e— BI=(0001)[2-1-10]
—a— BIT=(0001)[-12-10]

B B RUTIERED

Ue™ T

90 0

-0.2 4

Schmid factor, cospcosA (-)

Cutting angle, 6 (Deg)
} }
#cl#c #c2

Figure 5.41: Schmid factors variations for basal < a > slip systems, BI, BII, and BIII

as a function of cutting angle in crystal #c.

5.3.2 Latent hardening behaviours

The tensile axis of the parent crystal #c was [523(8/A?)] with the Schmid factor for

basal BI system S.F.2L = 0.49. Secondary sample #cl was cut paralleled to the

basal
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tensile axis of the parent crystal #c, while secondary sample #c2 was cut perpen-
dicular to the tensile axis of the parent crystal #c from middle parts of the parent
crystal, as shown in Fig. 5.45 (a). The tensile axis of the secondary sample #cl
was the same as the parent crystal i.e., [523(8/A?)] (S.F.2L , = 0.49), which induced
self-interactions of basal dislocations of systems Bl and BI on the basal plane. In con-
trast, the tensile axis of the secondary sample #c2 was [347(9/\?)] (S.F.BLL = (.48),

basal

which induced co-planar interactions between systems Bl and BIII on the basal plane.

Fig. 5.42 - Fig. 5.44 show typical tensile characteristics of the parent crystal #c
and the secondary samples #c1-no.1 and #c2-no.1 including 7 —~ and € — plots and
normalized work hardening rate versus normalized shear stress, 6/u — 7/u plot. As
previously, the 7 — « characteristics were recalculated from raw data, assuming that
only single basal < a > slip on the primary BI slip system operates during primary
deformation. The plastic flow curve shows an easy glide stage by single basal < a >
slip after the yielding. The CRSS for the basal < a > slip was determined by the
intersection of the elastic and plastic region of the 7 — v curve and the value was
0.70 MPa, showing good reproducibility with the results reported in section 5.2.2.
The work hardening rate for parent crystal #c was in the range 1.0 — 2.5MPa or
5.02107°u — 1.52107*y. The uniaxial tensile deformation of the parent crystal was
stopped at about 22% shear strain, in the middle of easy glide stage and the secondary
samples were cut from the crystal.

The CRSS values of sample #cl-no.1 and #c2-no.1, were 1.04MPa and 1.35MPa
respectively. The range of work hardening for the secondary samples was between

0.5—2.25MPa or 4.0210~°u—1.3210~*p for crystal #£c1-no.1 and between 0.5—2.5MPa
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or 5.02107°u—1.4210*p for the secondary sample #c2-no.1. The initial flow stress for
co-planar system was somewhat higher than that for self-interaction system. However,

the work hardening for both specimens was almost at the same level.

2.0
o)
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z —
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g
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E 1'0 ; /-—/l—‘—-
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3 — T=295K I
-
n
=
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— 2
% #el, [5-2 -3 8/A7)
~ #c2, -3 -4 7 9/\))
0.04 . . . ‘ v ‘

0.00 0.05 0.10 0.15 0.20 0.25

Resolved shear strain, y (-)

Figure 5.42: Resolved shear stress versus resolved shear strain curves of parent crystal

#c and secondary samples #cl and #c2 deformed in tension at 295K.
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Figure 5.43: Work hardening versus resolved shear strain plots of parent crystal #c

and secondary samples #cl and #c2 deformed in tension at 295K.
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Figure 5.44: Normalized work hardening-normalized shear stress plots of parent crys-

tal #c and secondary samples #cl and #c2 deformed in tension at 295K.

Fig. 5.45 (a) shows a macroscopic view of the parent crystal #c deformed to
22% shear strain. The figure reveals that macroscopic deformation of the crystals
is homogeneous and no formation of kink bands or deformation twins is observed.
An optical microscopy observations of slip traces on the wide surface of deformed
parent crystal shows slip traces form homogeneous basal < a > slip, as visible in
Fig.5.45(b). It is clear that there is no evidence of any inhomogeneous deformation

due to kink bands or deformation twining and the plastic flow occurs by single basal
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slip. Therefore, the analysis of mechanical properties of parent crystals based on the
resolved shear stress and the resolved shear strain data for the BI slip system is valid
on the assumption that this slip mode is the only mechanism operating during crystal

deformation.

(b)

T.A.

Figure 5.45: OM observations of parent crystal #c deformed in tension to 22% shear

strain at 295K.

Fig. 5.46 (a) shows a macroscopic view of secondary samples #cl-no.1 and #c2-
no.l deformed in tension to ~20% shear strain at 295K. The observations reveal
that the crystals deform homogeneously without formation of kink bands or defor-
mation twins. An optical microscopy observation of slip traces on wide surface of
the deformed parent crystals in Fig. 5.46(b) shows homogeneous basal < a > slip.
No other surface patterns corresponding to kink bands and deformation twins was
found in entire surface area. Therefore, the analysis of the mechanical properties of
secondary samples based on the resolved shear stress and the resolved shear strain

characteristics for the BI slip system was valid based on the assumption that this slip
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mode is the only mechanism operating during the crystal deformation.

(@)
#c #c2

2
\001 00pm

Figure 5.46: OM observations of secondary samples #c1 and #c2 deformed in tension

to another 10% strain at 295K.

Latent hardening behaviour are usually characterized by latent hardening ratios
(LHRs), which is defined as the ratio of the initial resolved shear stress of secondary

)

sample, Téj over final resolved shear stress of parent crystal, Tr(,izm, ie.,

O
LHR = (0—) (5.2)

Tmax

Latent hardening experiments were carried out with parent samples pre-deformed
to the different amounts of primary deformation: 0%, 6%, 11%, 22%, 35%, and 49%
shear strain, respectively. Table 5.3 and 5.4 summarizes all the experimental results on
the latent hardening tests, which include: crystallographic orientations, Schmid factor
of dominant slip system, latent hardening type, pre-deformed strain amount, final flow

stress of parent crystals, yield stress of secondary samples, work hardening and latent
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hardening ratio (LHR). Latent hardening characteristics with respect to the primary
strain and the primary stress are plotted based on the mechanical characteristic data
of the parent crystals #a - #e and the secondary samples #al - #el and #a2 - #e2,
listed in Table 5.3 and 5.4. Fig. 5.47 shows LHRs plots as a function of the primary
strain, Téj ) / T —~ plots, showing latent hardening behaviour under the interaction
with self- and coplanar slip systems. Fig. 5.47 shows LHRs plots as a function of the
normalized primary stress, Téj )/ - (Trsszm — Téi)) / Téi) plots, where Téi) represents
the CRSS on system ¢ during the primary deformation. Each data point is a mean

value of several measurements and the experimental error is indicated by the standard

deviation.
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Figure 5.47: LHR values as a function of primary shear strain for self- and coplanar

interactions on the basal plane in Mg single crystals.
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Figure 5.48: LHR values as a function of normalized primary shear stress for self-

and coplanar interactions on the basal plane in Mg single crystals.

The results in Figs. 5.47 and 5.48 indicate that three equivalent basal < a >
slip systems in well-annealed Mg single crystals have initially the same strength and
therefore the LHRs are close to 1.0 in annealed and non-deformed crystals. For
all latent hardening tests, coplanar interactions between BI and BIII slip systems
induce more hardening than the self-interactions between primary slip system BI and
BI. In other words, the LHR in the self-hardening process where the dislocations of

the latent slip system BI in the secondary tensile test interact with stored parent
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Table 5.3: Primary deformation tests data.

No. Initial m /YT()?ax T, éi) U TS;L,Z‘LCE 60
orientation -] (%] [MPa] [MPa] x10~°u [MPa]
a  [T34(8/A%)] 047 (BI) 6  0.68  0.82 8.0-13
b [4I3(7/A?)] 047 (BI) 11 074 091 8.0-30
¢ [523(8/A%)] 049 (BI) 22 070  1.09 5.0-15
d  [734(9/X?)] 048 (BI) 35 0.2 121 7.0-10
e [734(9/X%)] 048 (BI) 49  0.67 126 6.0-10
£ [633(10/X%)] 049 (B) 0 070 - ;

T m is Schmid factor; %%m [%] is the maximum shear strain of parent crystals; Téi)

[MPa] is the critical resolved shear stress (CRSS) of parent crystals; Tame [MPa] is the
maximum shear stress of parent crystal; §®) (=d7 /dy®) [MPa] is the work hardening
of parent crystals.

dislocations of slip system BI, induce no hardening and LHR is close to unity. On
the other hand, when dislocations of latent slip system BIII in the secondary sample
interact with stored dislocations of primary slip system BI, these interactions lead to
the hardening and the LHR for the latent slip direction is higher than that of the
self-hardening. Figs. 5.47 and 5.48 reveal that the LHRs for co-planar system BI/BIII
increases from 1.0 to 1.6 with increasing the primary shear strain, whereas the LHR

for self-interaction between BI/BI slips systems is independent on the pre-strain.
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Table 5.4: Secondary deformation tests data.

No. Initial m Interaction T(gj ) o0 LHR
orientation ] type [MPa] x1075u [MPa]  [-]

al-no.1 0.81 6.0-20 0.99
al-mo.2  [734(8/A2)]  0.47 (BI) BI/BI 0.85 6.0-43 1.04
al-no.3 0.84 8.0-30 1.02
a2-no.1 0.84 7.0-23 1.03
a2no.2 [123(3/A%)] 0.46 (BIII) BI/BIII  0.89 9.0-43 1.08
a2-1n0.3 0.86 4.5-23 1.05
bl-no.1 0.92 8.0-40 1.01
bl-no.2 [413(7/A?)]  0.47 (BI) BI/BI 0.87 9.0-23 0.96
bl-no.3 0.81 7.0-13 0.89
b2-no.1 1.03 5.0-25 1.13
b2-no.2  [336(8/A?)] 0.49 (BIII)  BI/BIII 0.98 7.0-33 1.08
b2-no.3 1.07 6.0-23 1.18
cl-no.1 1.04 4.0-13 0.97
cl-mo.2  [523(8/A%)]  0.49 (BI) BI/BI 1.17 5.0-25 1.09
cl-no.3 0.91 5.0-30 0.85
c2-no.1 1.35 5.0-14 1.26
c2mo.2  [347(9/)%)] 0.48 (BIII)  BI/BIII 1.29 5.0-40 1.21
c2-n0.3 1.07 5.0-45 1.00
dl-no.1 1.29 5.0-35 1.07
dl-no.2  [734(9/A2)]  0.48 (BI) BI/BI 1.23 4.0-55 1.02
d1-no.3 1.20 6.5-45 0.99
d2-no.1 1.67 5.0-35 1.38
d2-no.2 [347(13/A\%)] 0.49 (BIII)  BI/BIII 1.74 6.0-35 1.44
d2-no.3 1.57 6.0-40 1.30
el-no.1 1.07 6.0-30 0.85
el-no.2  [734(9/\?)]  0.48 (BI) BI/BI 1.35 5.0-35 1.07
el-no.3 1.29 5.0-37 1.02
e2-no.1 1.96 8.0-35 1.56
e2-no.2 [347(13/)?)] 0.49 (BIII)  BI/BIII 2.04 9.0-40 1.62
€2-n0.3 1.97 8.5-40 1.56
fl-no.3  [633(10/A\%)]  0.49 (BI) - 0.70 - 1.00
f2-n0.3  [336(8/\%)] 0.49 (BIII) - 0.70 - 1.00

t 77 [MPa] is CRSS of secondary samples; 00)(=dr() /dy@) [MPa] is the work
hardening of secondary samples; LHR=7") /75t [-] is the latent hardening ratio.
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5.4 Intermittent annealing experiments and un-
loading/reloading cyclic tests in Mg single crys-
tals

Intermittent annealing experiments at room temperature were carried out to deter-
mine effect of unloading and sample resting on the flow stress and work hardening
behaviour after unload. These data are critical to understand the amount of stress
relaxation due to dislocations’ rearrangements occurring in the sample on the flow
stress. The crystals were oriented for basal < a > slip with the tensile axis parallel to
[2112] direction. Fig. 5.49 shows true stress-true strain curves for samples deformed
to a given strain, unloaded and subjected to intermittent annealing at 295K, with
the resting time of 24 hours. The intermittent stress-strain curve exhibit behaviour
typical for tensile deformation of Mg single crystals with single basal < a > slip ori-
entation (crystal #1), which exhibits easy glide stage (stage I), transition range from
stage I to 11, and short rapid hardening stage (stage II). From Fig. 5.49 it is seen that
certain amount of stress recovers after each annealing treatment, depicted by points
A-F.

In order to quantitatively evaluate the stress recovery Ao, stress - strain curve of
single crystal is processed as explained in Fig. 5.50. A crystal is strained to the point
A on the stress - strain curve and is unloaded. After a certain resting (annealing)
time at 295K, a smaller value of the yield stress is observed on reloading. The yield
stress o9 is determined by the intersection of the elastic and plastic region of the o —¢
curves (Fig. 5.50). The stress recovery, Ao is expressed as the difference between

the final flow stress of (i — 1) tensile deformation test and the yield stress of i‘"
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deformation test such that:

Ac® = gl — 50, (5.3)

Using above definition, the stress recovery was calculated for every intermittent de-
formation and is summarized in Table 5.5. The table reveals that Ao increases with
flow stress o throughout the deformation.

Fig. 5.51 shows true stress versus true strain curves of Mg single crystal after cyclic
unloading/reloading tests at 295K, without additional annealing at room tempera-
ture. Even if the crystal was reloaded without any annealing process, a similar stress
recovery was observed during after each unloading/reloading cycle, i.e., at points A-
E. However, the extent to stress recovery in large deformation stage was somewhat

smaller than the intermittent deformation/annealing tests.
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Figure 5.49: True stress versus true strain curve for the intermittent deforma-

tion/annealing test on Mg single crystal with single basal slip orientation at 295K.
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Figure 5.50: The definition of stress recovery effect, Ag() = O'Yil) — O'éi).

Table 5.5: Stress recovery data.

Points oy [MPa] oy [MPa] Ao [MPa] Ac/oy [-]

A 2.432 2.263 0.169 0.0695

2.762 2.515 0.247 0.0895
C 3.184 2.972 0.212 0.0666
D 4.271 3.992 0.279 0.0653
E 7.324 6.758 0.566 0.0773
F 15.083 13.834 1.249 0.0828
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Figure 5.51: True stress versus true strain curve for the unloading/reloading test

without annealing, on Mg single crystal with single basal slip orientation at 295K.

A large number of intermittent deformation/annealing experiments and unload-
ing /reloading cyclic tests were carried out on Mg single crystals with the same con-
ditions and they have been represented in terms of Ao as a function of 0. Fig. 5.52
shows Ao — o plot obtained from many intermittent deformation/annealing experi-
ments and unloading/reloading cyclic tests of Mg single crystals oriented for single

basal slip at 295K. When the flow stress o is low, within stage I, the stress recovery
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Ao assumes a constant value ~0.2MPa. However, when the deformation of the pri-
mary sample enters the stage II of work hardening, Ac increases roughy parabolically
with substantial rate. Similarly, the stress recovery Ao for the unloading/reloading
tests was approximately constant ~0.2MPa, when the deformation was limited to
the stage I and the flow stress o was low. However, for more advanced deformation
when the flow stress o increases, Ao increases quadratically, but a rate of increase
is considerably smaller, in comparison to the samples subjected to the intermittent

deformation/annealing experiments.
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Figure 5.52: Aoc-o; plots obtained from several intermittent deformation/annealing

cyclic deformation tests of Mg single crystal with single basal slip orientation at 295K.

Fig. 5.53 shows normalized with respect to the reference flow stress, stress re-
covery as a function of reference stress, Ao/o — o plots obtained from intermittent
deformation/annealing and unloading/reloading cyclic tests on Mg single crystals,
which permit to determine if the Cottrel-Stokes law (Cottrell and Stokes, 1955) is
obeyed or not. It is seen that as the reference stress o increases, Ao /o for intermit-
tent deformation/annealing test decreases, reaches a minimum value of about 0.06,

and then gradually increases throughout deformation, following response predicted
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by the Cottrell-Stokes law. On the other hand, the unloading/reloading cyclic tests
seems to violate the Cottrel-Stokes law through entire onset of plastic flow; the values

of Ao /o decrease continuously from 0.08 to 0.02, where some kind of saturation is

observed.
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Figure 5.53: Ao/o1-01 plots obtained from several intermittent deforma-
tion/annealing cyclic deformation tests of Mg single crystal with single basal slip

orientation at 295K.
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5.5 Latent hardening behaviour under basal < a >

slip/{1012} < 1011 > twin interactions

5.5.1 Orientations of primary and secondary specimens

Fig. 5.54 shows (0001) stereographic projection indicating tensile axis of parent crys-
tal #x and secondary sample #x’. The tensile axis of the parent crystal #x was
close to [51415/)?], with the Schmid factor for BI system 0.37. Secondary samples
has been cut along the trace of wide face of the parent crystals, labeled as x-x on the
stereographic projection in Fig.5.54. The secondary sample #x’ was selected at —30°
with respect to the tensile axis of the parent crystal #x. The Schmid factors for basal
< a > slip, 2" order pyramidal < c¢+a > slip, and {1012} < 1011 > twin systems in
parent crystal #x and secondary sample #x’ are listed in Table 5.6. The tensile axis
of secondary sample #x’ is exactly parallel to [0001] and {1012} < 1011 > twining
should be the operating deformation mode when the crystal is deformed in tension.
As a result, latent hardening behaviour due to basal < a > slip/{1012} < 1011 >

twin interactions has been evaluated.
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1210

Figure 5.54: The (0001) standard stereographic projections indicating tensile axis of

the parent crystal #x and the secondary sample #x’ (#x7).

5.5.2  Mechanical properties of parent #x and secondary
sample #x’

Fig. 5.55 - Fig. 5.57 show typical mechanical behaviour of the parent crystal #x and
the secondary sample #x’-No.4 (fractured) deformed in tension at 295K represented

by 7 —, 8 —~ and 6/u-7/p plots.
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Table 5.6: Schmid factors for basal < a > slip, 2" order < ¢ + a > pyramidal slip,
and {1012} < 1011 > twin systems in parent crystal #x and secondary sample #x’

(#x7).

Deformatin modes Notation Miller-Bravais index Schmid factors

#x #x’
BI (0001)[2110] 0.41 0
Basal < a > slip BII (0001)[1210] 0.08 0
BIII (0001)[1120] 0.33 0
[L.Pyl (1122)[1123] 0.42 0.45
I1.Py2 (1212)[1213] 0.30 0.45
274 order pyramidal  II.Py3 (2112)[2113] 0.05 0.45
<c+a > slip IL.Py4 (1122)[1123] 0.13 0.45
I1.Py5 (1212)[1213] 0.37 0.45
ILPy6 (2112)[2113] 0.42 0.45
AT (1012)[1011] 0.30 0.50
B2 (0112)[0111] 0.35 0.50
{1012} < 1011 > 3 (1102)[1101] 0.34 0.50
twin D4 (1012)[1011] 0.28 0.50
E'5 (0112)[0111] 0.37 0.50
PG (1102)[1101] 0.30 0.50

In the parent crystal, the plastic flow after the yielding initiates by single basal
< a > slip. The CRSS for the basal < a > slip was determined to be 0.47 MPa. The
work hardening rate of parent crystal #x was in the range 8.0210 %y — 1.6210~44.
The uniaxial tensile deformation of the parent crystal was stopped at 22% shear
strain, in the middle of easy glide stage and the secondary samples were cut from the
deformed parent crystal.

In the secondary sample, the resolved shear stress and shear strain on the (1012)
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plane were recalculated from experimental raw data, assuming that {1012} < 1011 >
twinning was the only deformation mechanism operating during the deformation.
Twinning deformation is associated with stress instabilities resulting from repeated
twin nucleation and propagation. The onset of {1012} < 1011 > twinning was deter-
mined as the point of flow stress in which the first stress drop occurred, marked as
arrowhead in Fig. 5.55 with the CRSS value of 3.01MPa. Similar to the tensile defor-
mation of crystal #4, profuse twinning deformation was observed after the yielding
until 8-9% shear strain, followed by the transition stage and rapid hardening stage.
The crystal was fractured at around 20 % shear strain, as visible in Fig. 5.55.

The stretch AB represents work hardening rate during profuse twinning deforma-
tion (stage I) at the almost constant values about 50MPa. The stage I was extended
until about 6% shear strain. Following the twinning stage, the work hardening rapidly
increased by a factor of about 6, recognized as the transition region between 7% —11%
shear strain, depicted as the stretch BC. The stretch CD in the figure shows rapid
work hardening stage characterized by gross plastic deformation and the § ~ 300MPa.
The stage II proceeded from 14% to 16% shear strain.

During twinning deformation, the curve was quite noisy due to the stress serration
with Oppin/p ~ 1.721072 —4.021073, denoted as stretch A’B’ in the figure. With rising
shear strain, the work hardening rate increases linearly defined as the stretch B’C’,
achieving the maximum value 07;/p ~ 1.821072 during the stretch C’D’. Fracture of

the crystal occurred suddenly after the relatively short deformation in stage II.
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Figure 5.55: Resolved shear stress versus shear strain curves of parent crystal #x and

secondary sample #x’ deformed in tension at 295K.
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Figure 5.56: Work hardening rate versus shear strain plots of parent crystal #x and

secondary sample #x’ deformed in tension at 295K.
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Figure 5.57: Normalized work hardening rate as a function of normalized shear stress

characteristic of parent crystal #x and secondary sample #x’ deformed in tension at

295K.

5.5.3 {1012} < 1011 > twinning stress

In this section, we analyze the mechanical behaviour of the secondary samples #x’
with respect to the behaviour of crystal #4 oriented for {1012} < 1011 > twin
to understand better the interactions of basal dislocations with mechanical twins

and the effect of basal dislocations on twinning in Mg. Fig. 5.58 shows resolved
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shear stress versus resolved shear strain curves of [0001] tensile test (crystal #4) and
secondary samples #x’-No.1-4 deformed at 295K. All secondary samples yielded by
{1012} < 1011 > twinning, as evident by the stress drops associated with twin for-
mation. However, basal dislocation configurations and the lattice rotation due to the

primary deformation influenced the twin formation during the secondary deformation.

Table 5.7 summarizes the CRSS for {1012} < 1011 > twinning in [0001] tensile
sample #4 and secondary samples #x’-No.1-4. The twinning stress is plotted as
a function of the primary stress in Fig. 5.59. Evaluation of the latent hardening
tests under the conditions of basal < a > slip/{1012} < 1011 > twin dislocation
interactions in Mg single crystals, permitted to determine a new latent hardening
ratio (LHR*, Table 5.7), where LHR* was defined as the ratio of {1012} < 1011 >

twinning stress of a secondary sample over final flow stress of a parent crystal i.e.,

(T twin)

% T
LHR - m. (54)

max

As seen in Fig. 5.59, the {1012} < 1011 > twinning stress in the secondary
samples varied in the range between 1.28 — 3.01MPa depending on the state of the
initial substructure and the orientation of the crystals. The corresponding LHR*s

were between 1.24 — 2.92.
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Figure 5.58: Resolved shear stress versus resolved shear strain curves of [0001] single

crystal #4 and secondary samples #x’-No.1-4 deformed in tension at 295K.
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Table 5.7: Twinning stress and LHR* for the secondary samples #x’ and [0001] single
crystal #4 during tensile test.

crystal #x' No.2

Sample # #x’-No.1  #x'-No.2 #x’-No.3 #x-No.4 #4T.
Primary shear strain (-) 27% 27% 27% 27% 0%
Primary shear stress (MPa) 1.03 1.03 1.03 1.03 0
Twinning stress (MPa) 2.66 1.28 1.82 3.01 2.72
LHR* (-) 2.58 1.24 1.77 2.92 -
£
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=
L~ 4
=3
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£ % y ° v
£ f 25
-
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Figure 5.59: {1012} < 1011 > twinning stress as a function of primary stress obtained
from Fig. 5.58.
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5.5.4 OM observation and SEM/EBSD analysis

The analysis of slip traces and deformation twins on wide (2) and side (3) surfaces
of the secondary sample #x’-No.1 to No.4 were carried out by an optical microscopy
(OM) with interfacial Nomarski contrast, as shown in Fig. 5.60 and Fig. 5.61. The
slip bands corresponding to the basal plane can be seen almost perpendicular to the
tensile axis. Schmid factor for basal < a > slip system calculated from Laiie pattern
after the primary deformation was ~0.10 and the tensile axis of the secondary samples
was ~ b — 6° tilted from the c-axis. The activation of basal < a > slip was confirmed
in spite of a low Schmid factor value ~0.10, in all the secondary samples. Relatively
large twins with preferred one variant were developed as primary twins in 2% strain
sample (No.1), although all six {1012} < 1011 > twin variants, A’1’-F’6’ had largest
Schmid factors 0.50 in the c-axis tensile deformation. With increasing strain, many
twins with five variants nucleated and developed, e.g., see the OM micrograph after
7% (No.3) and 11% (No.4) strain. Observations by an optical microscopy at higher
magnifications revealed that much smaller twins of higher order, nucleated and grew
inside the primary twins. The activation of basal < a > slip in both matrix and twin
regions, interpreted as the cross-slip of basal < a > dislocations from matrix to twin

lattice, were also observed (Fig. 5.62).

In Fig. 5.60 and Fig. 5.61, the traces of (0001) plane and all six {1012} planes
are included to facilitate analysis of the deformation modes. These have been con-
structed from X-ray Laiie patterns obtained after the primary deformation of the
crystal #4. Note that the direction of observed traces from slip and twin variants

was slightly different compared to the predicted trace of (0001) plane and six {1012}
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twin planes, due to the change of local crystallographic orientation during the sec-
ondary deformation. Laiie analysis from the secondary samples were not available
because of the difficulty to solve these patterns due to the diffuse character of the
matrix-twin mixture. Instead, the local crystallographic orientations in the crystals

after the secondary deformation were determined by SEM/EBSD technique.
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100pum

Figure 5.60: OM images from wide surface of the secondary samples #x’ stretched

to: (a) 2%, (b) 4%, (c) 7%, and (d) 11% strain.
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(@) (b)

Figure 5.61: OM images from side surface in the secondary samples #x’ stretched to:

(a) 2%, (b) 4%, (c) 7%, and (d) 11% strain.
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Matrix

Figure 5.62: OM images from side surface in the secondary samples #x’ stretched to:

(a) 2%, (b) 4%, (c) 7%, and (d) 11% strain.

SEM/EBSD analysis was carried out on the secondary sample #x’-No.2 (4%
strain), No.3 (7% strain), and No.4 (11% strain (fracture)). The side surface with
normal (3) (Fig. 6.15) had better surface qualities than other surfaces and it was used
for SEM/EBSD analysis and nano-indentation measurements as discussed in section
5.8.

Fig. 5.63 shows low magnification SEM images of the side surface (3) on the
crystals #x’-No.2, deformed to 4% of strain in stage I, where profuse twinning de-
formation occurs. Fig. 5.64 shows inverse pole figure (IPF) maps and pole figures
(PFs) constructed from EBSD data in the area A and B in Fig. 5.63. SEM/EBSD
analysis revealed that the twinning developed during the secondary deformation was

{1012} < 1011 > type. Since the tensile axis of the secondary samples #x’ was a few
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degree off from the c-axis, dense {1012} < 1011 > twins developed from the beginning
of deformation. Although Schmid factors for all six {1012} < 1011 > twin variants,
A’1’-F’6” had the highest values of 0.49, it was observed that {1012} < 1011 > twins
with only four variants were developed. Fig. 5.64 shows three different types of
{1012} < 1011 > twins, Twin(), Twingy, and Twing;p), with relatively large size.
At different locations, another twin variant was found, but {1012} < 1011 > with
remaining two variants could not be found in the analysis, suggesting that only four

out of six {1012} < 1011 > twin variants was formed.

100pm

1(TA)

X

2 3 Indentation

100pm

Figure 5.63: Low magnification SEM images of the side surface (3), in the secondary

sample #x’-No.2, deformed to 4% strain.
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Figure 5.64: (a) Inverse pole figure (IPF) map, (b) pole figures (PFs) constructed
from EBSD data in the area A of Fig. 5.63, (¢) IPF map, and (d) PFs in the area B
of Fig. 5.63.
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Fig. 5.65 shows low magnification SEM images of the side surface (3) in the
crystal #x’-No.3, deformed to 7% strain in the transition stage from stage I to stage
II. Fig. 5.66 shows IPF maps and PFs constructed from EBSD data in the area A
and B of Fig. 5.65. In this sample, the observed twinning type was {1012} < 1011 >.
{1012} < 1011 > twins with all six variants, Twinl - Twin6, were observed, as shown

in Fig. 5.65.

No2 Top

Tmm

1(TA.)

2 3 Indentation

Figure 5.65: Low magnification SEM images of the side surface (3) on the secondary

sample #x’-No.3, deformed to 7% strain.
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Figure 5.66: (a) Inverse pole figure (IPF) map, (b) pole figures (PFs) constructed
from EBSD data in the area A of Fig. 5.65, (¢) IPF map, and (d) PFs in the area B
of Fig. 5.65.
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Fig. 5.67 shows low magnification SEM images of the side surface (3) in the
crystals #x’-No.4, deformed to fracture. Fig. 5.68 and Fig. 5.69 show IPF maps
and PFs constructed from EBSD data in the area A, B, and C of Fig. 5.67. In this
sample, the observed twinning type was also only {1012} < 1011 >. Higher order
twins with much finer size were developed inside/around the primary twins in the

secondary sample #x’-No.4.

1(T.A)

X

Indentation

Figure 5.67: Low magnification SEM images of the side surface (3) in the crystal
#x’-No.4.
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Figure 5.68: (a) Inverse pole figure (IPF) map, (b) pole figures (PFs) constructed

from EBSD data in the area A of Fig. 5.67, (¢c) IPF map, and (d) PFs in the area B

of Fig. 5.67.
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Figure 5.69: (a) Inverse pole figure (IPF) map, and (b) pole figures (PFs) constructed
from EBSD data in the area C of Fig. 5.67.

5.6 Latent hardening behaviour under basal < a >
slip/2"? order pyramidal < ¢+ a > slip interac-

tions

5.6.1 Orientations of primary and secondary specimens

The initial crystallographic orientations and the corresponding Schmid factors for
single crystals used to investigate latent hardening behaviour under conditions of
basal < a > slip/2"? order pyramidal < ¢ + a > dislocation interactions have been

described in section 5.5 in Table 5.6 and Fig. 5.54. Secondary compression samples,
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denoted as #x”7, were cut at —30° from the pre-deformed parent crystal #x with
dimensions of ~3x3x5mm?® such that the compression axis of the secondary sample
#x” was exactly paralleled to [0001] direction. As discussed in section 5.2.5, the

274 order pyramidal

c-axis compression deformation of Mg single crystals induces the
< c+a > slip. Thus, a combination of [2112] tensile test and [0001] compression test
permits to study the latent hardening characteristics under interactions of pre-existing

basal < a > dislocations with 2"¢ order pyramidal < ¢ + a > dislocations.

5.6.2 Mechanical properties of the secondary sample #x”

Careful SEM/EBSD analysis revealed that {1012} < 1011 > twins and basal < a >
slip were activated during the secondary compression test. One expects that the
crystallographic rotation during the primary tensile deformation of crystal #x may
influence the mechanical behaviour of the secondary compression sample #x”. In
order to investigate which deformation modes were primarily activated during the
crystal #x” compression test, OM and SEM observations and SEM/EBSD analysis
of the lateral surfaces of deformed sample were carried out. Fig. 5.70 and Fig. 5.71
show (a) SEM micrographs, (b) inverse pole figure (IPF) maps and (c) pole figures
(PFs) constructed from EBSD data of the matrix and twin regions developed during
the secondary compression tests of #x” sample. Colours in the IPF map and PFs
relate to the crystallographic orientations in the standard triangle. Twinning with
several variants and slip traces almost perpendicular to the compression axis, 2 — 3°
off from the compression axis, are observed in the SEM micrographs. Misorienta-
tions between matrix/twin I, matrix/twin II, matrix/twin III, and matrix/twin IV

were found to be 86° around [2110] axis, as seen in Fig. 5.70(b) and (c¢) and Fig.
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5.71(b) and (c).This indicates that the twins developed during compression test are
{1012} < 1011 > extension type twins.

However, both OM and SEM observations have not revealed the presence of slip
marking patterns form 2"¢ order pyramidal < ¢ + a > slip systems, suggesting that
< c¢+a > slip is not a primary deformation modes in the secondary compression tests
of crystal #x”, despite the fact that sample had favourable orientation for < ¢+ a >
slip. Instead, the results indicated that the extension twins were the dominant mode

of deformation.

In order to investigate the effect of pre-strain on the onset of twinning deformation
under compression, the resolved shear stress and resolved shear strain characteristics
were recalculated from the raw data, assuming that the {1012} < 1011 > twin system
is the only deformation mode.

Fig.5.72 and Fig.5.73 show resolved shear stress versus resolved shear strain and
work hardening rate versus resolved shear strain plots for the crystal #x” deformed
in compression at 295K. The data reveal that the crystal deforms with zero work
hardening stage until ~0.35 of shear strain. In this stage, the stress increases in a
step-like way due to the {1012} < 1011 > twin nucleation and growth, as shown by

arrowheads in Fig. 5.72. The CRSS for the twinning was around 1.75 — 1.9MPa.
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Figure 5.70: (a) SEM image, (b) IPF map, and (c) pole figures constructed from
EBSD data of the matrix and twin region 1 developed during secondary compression
tests in Mg single crystal #x”.
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Figure 5.71: (a) SEM image, (b) IPF map, and (c) pole figures constructed from
EBSD data of the matrix and twin region 2 developed during secondary compression

tests in Mg single crystal #x”.
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Figure 5.72: Resolved shear stress versus resolved shear strain curve on {1012} <

1011 > twin system for secondary sample #x” deformed in compression at 295K.
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Figure 5.73: Work hardening rate versus resolved shear strain plot for the secondary

sample #x” deformed in compression at 295K, under conditions of operating {1012} <

1011 > twin system.
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5.7 Latent hardening behaviour under {1012} <

1011 > twin/basal < a > slip interactions

5.7.1 Orientations of primary and secondary specimens

Fig. 5.74 shows the standard (0001) stereographic projection indicating the initial
orientations of parent crystal #y and final orientations of secondary samples #y’1
and #y’2. Secondary samples #y’l and #y’2 were cut at 0° and 90° angles with
respect to the tensile axis of the parent crystal #y. Schmid factors for basal < a >
slip, 2" order pyramidal < c+a > slip and {1012} < 1011 > twin systems calculated
from the initial orientation of the parent crystal #y and the secondary samples #y’1
and #y’2 are summarized in table 5.8. Schmid factors for BII and BIII systems for

crystal #y are relatively low ~ (0.19, as seen in table 5.8.
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Figure 5.74: The (0001) stereographic projection indicating initial and secondary

tensile axes positions of parent crystal #y and secondary samples #y’1 and #y’2.

5.7.2 Primary deformation

The tensile axis of parent crystal #y was paralleled to [101(8/)A?)] and it had a
relatively low basal Schmid factor of 0.19 for basal slip systems. Consideration of the
Schmid factor suggest the the crystal should deform by inhomogeneous deformation
involving {1012} < 1011 > twinning and kink bands’ formation in addition to basal

slip. Therefore, the mechanical properties of parent crystal #y are characterized in
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Table 5.8: Schmid factors for basal < a > slip, 2" order pyramidal < ¢ + a > slip
and {1012} < 1011 > twin systems in parent crystal #y and secondary samples #y’1
and #y’2. Crystals #y and #y’l have the same crystallographic orientations of the
tensile/compression axis.

Deformatin modes Notation Miller-Bravais index Schmid factor

#y (#y'1)  #y2

BI (0001)[2110] 0.19 0
Basal < a > slip BII (0001)[1210] 0 0.10
BIII (0001)[1120] 0.19 0.10
ILPyl (1122)[1123] 0.32 0.28
I1.Py2 (1212)[1213] 0.42 0.28
97 order IL.Py3 (2112)[2113] 0.49 0.01
pyramidal II.Py4 (1122)[1123] 0.49 0.37
<c+a>slip  ILPy5 (1212)[1213] 0.42 0.37
I1.Py6 (2112)2113] 0.32 0.01
AT (1012)[1011] 0.46 0.12
B2 (0112)[0111] 0.47 0.49
{1012} < 10I1>  C'3 (1102)[1101] 0.46 0.12
twin D4’ (1012)[1011] 0.43 0.11
E'5 (0112)[0111] 0.46 0.48
F'6 (1102)[1101] 0.47 0.11
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terms of the true stress and true strain relations.

Fig. 5.75 and Fig. 5.76 show true stress versus true strain curve and work hard-
ening rate versus true strain plots for parent crystal #y deformed in tension at 295K.
The yielding stress, around 2.6MPa, was slightly higher than that of single basal
< a > slip orientation. After the yielding, stage of zero work hardening rate was
observed during initial 0-2% of strain. Subsequently, the crystals deform at constant
work hardening rate at the level ~ 8 — 12MPa, until the deformation was terminated

at 10% of true strain.
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Figure 5.75: True stress versus true strain characteristic of parent crystal #y and

secondary samples #y’1l and #y’2 deformed in tension at 295K.
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Figure 5.76: Work hardening rate versus true strain characteristic of parent crystal

#y and secondary samples #y’l and #y’2 deformed in tension at 295K.

Fig.5.77 (a) shows a macroscopic view of the parent crystal #y deformed to about
10% of true strain. The macroscopic shape change of the crystal was inhomoge-
neous and the crystal was slightly bent and twisted during the primary deformation.
Optical microscopy (OM) observation on the wide surface of the parent crystal #y
presented in Fig. 5.77 revealed that the inhomogeneous area contained kink bands
and deformation twins. Kink bands are defined as deformation bands with boundary

normal to the primary slip plane. The boundaries of the kink bands observed in the
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deformed crystal was almost perpendicular to the trace of (0001) plane. This type of
deformation bands was termed as {1120} kink bands.

Optical microscopy of the wide surface of deformed parent crystal #y reveal the
formation of slip bands corresponding to basal plane, kink bands and deformation
twins. As discussed previously, kink band deformation occurs more often in crystals
with lower Schmid factors for the basal < a > slip systems. In the present work
the “kinking” occurred along {1120}, i.e., normal to the active basal < a > slip
plane, similar to the case reported by Burke and Hibbard (1952) and Yoshinaga and
Horiuchi (1962). Thus, the present observations suggest that deformation of crystal
#y proceeds by kink bands formation and {1012} < 1011 > twin propagation during
the initial stage of deformation. The work hardening rate showed sudden increase
after about 3% strain (Fig.5.76). The crystallographic orientation of the sample was
changed as a result of twinning, combined with twisting and bending, resulting in the
increase in the Schmid factor for basal < a > slip. After 3% strain, deformation of
crystal proceeds by basal < a > slip and twin propagation. From slip trace analysis,

the angle between basal plane normal and tensile axis was ~ 20° — 30°.
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Twins near the
kink bands

{2110} type
Kink bands

Figure 5.77: (a) Macroscopic view of parent crystal #y and (b) optical microscopy
(OM) observation on the wide surface of parent crystal #y deformed to around 10%

of true strain at 295K.

Due to the complex nature of the plastic flow of parent crystal #y, the sample is in
essence a composite containing parent and twin phases in a spectrum of orientations.
The location of secondary samples, plays a critical role in analysis of the twin/slip
interactions. As shown in Fig. 5.78, the secondary sample #y’l was selected from
relatively flat/homogenelus area of the parent crystal, containing a small amount of
twins and kink bands due to the primary deformation. Secondary sample #y’'2 was
also selected from relatively homogeneous area and it contained only a pair of twin

boundaries.
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Figure 5.78: Schematic illustrations of the selection of secondary samples #y’l and

#y’2 from the pre-deformed parent crystal #y.

In order to represent the increase of work hardening rate quantitatively, a hard-
ening parameter LHR*™* expressed in terms of the ratio of true stresses, is calculated

from the plastic flow curves of #y, #y’l and #y’2 crystals as:

o)
0

Omax

LHR™ = (5.5)

here, o{9.s is the final flow stress of the parent crystal and a(()j ) is the yield stress of the
secondary sample. In addition, the ratio of the work hardening rates (WHR) was also

introduced to evaluate the hardening responses of primary and secondary samples:

. ave.dV)
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Table 5.9: LHR* and WHR* for the secondary samples #y’l and #y’2.

Sample #  ouhe O 00 9%)  LHR™ WHR*

(MPa) (MPa) (MPa) (MPa) () (-)

#y 3.59 - 8-12 - _ i
#y'1 - 2.99 - 20-40  0.83 ~3
#y'2 - 3.01 - 62-82  0.84 ~T

where: ave.§’ and ave.f® are work hardening rates on primary and secondary systems,
respectively

In table 5.9, the values of LHR** and WHR* calculated from the secondary samples
#y'l and #y’2 were summarized. For both samples, latent softening (LHR** < 1)
was observed. The WHR* ~ 7 for the secondary sample #y’2, is significantly higher
compared to the secondary sample #y’1l, (WHR* ~ 3).

Fig. 5.79 shows macroscopic views of secondary samples #y’'l and #y’2 after
deformed to 10% of true strain. Secondary sample #y’l exhibits the same shape
change as the parent crystal #y, locally bended and twisted, suggesting the same
modes of plastic deformation operate in both crystals. The secondary sample #y’2

deformed homogeneously except the small part deformed by primary twinning.
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Figure 5.79: Macroscopic view of secondary samples #y’1 and #y’2 deformed to true

strain of about 10% at 295K.

5.7.3 SEM/EBSD micro-texture analysis of the secondary
sample #y’2

Fig. 5.80 shows SEM image from the wide surface of the secondary sample #y’2. Fig.
5.80 (a) depicts diagrammatically deformed state of the sample #y’2 with region X
deformed by the primary twin during primary deformation and region Y containing
no twin band. As seen in Fig. 5.80 (b), much smaller size secondary twins, were
developed inside the primary twin boundaries during the secondary deformation of
#y’2 crystal. Slip lines corresponding to the (0001) plane were also observed in the

matrix, primary and secondary twin regions. In the region Y, which has not been
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swept by the propagating twin front, slip bands corresponding to the basal plane were

observed, as shown in Fig. 5.80 (c).

In order to evaluate the twinning type developed during the secondary deforma-
tion, SEM/EBSD analysis was carried out in this region. Fig. 5.81 shows (a) inverse
pole figure (IPF) map, (b) grain boundaries map, and (c) pole figures (PFs) map
constructed from the EBSD data of the developed secondary twin regions on the
secondary sample #y’2. The colouring of the IPF and PF maps corresponds to the
crystallographic orientations depicted in the standard triangles. The EBSD analysis
revealed that smaller twins, hereafter called “secondary twin”, with four different vari-
ants developed inside the twin boundary induced by the primary deformation in this
region. Primary twin (IT) was also observed excepting the primary twin boundary.

Fig. 5.82 shows PFs representing the crystallographic orientation relationship
among matrix, primary twins and secondary twins. In the pole figures, the misorien-
tation between matrix (M.) and primary twin (P.T.(;)) along the common (rotation)
axis was 86°, indicating that the primary twin type was {1012} < 1011 > extension
twin. Similarly, the misorientation between primary twin (P.T.)) and secondary
twins (S.T.(;)-S.T.(1v)) along the common (rotation) axis was 86°, indicating that

secondary twins were also {1012} < 1011 > extension twins.
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T.B.(y : twin boundaries induced
by the primary deformation

f‘ (c)

Figure 5.80: (a) Schematic illustration of the secondary sample #y’2, (b and ¢) SEM
images from the regions X and Y, where the region X contains the primary twin

boundary area and the region Y contains no primary twin.
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1010 by the primary deformation

I T.A. A ——— {10-12}<10-11> twin Boundaries (86°£5°)

0001 2110 —  60°+5° Boundaries

T.B.(,): twin boundaries induced

Figure 5.81: (a) Inverse pole figure (IPF) map, (b) grain boundaries map and (c) pole

figures (PFs) map of the secondary twin regions developed in the secondary sample

#y'2.
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(a) Relation between matrix and primary twins

T.A. Rotation(common) Axis T.A.
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(b) Relation between primary and secondary twins
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(c) Relation between secondary twins

Figure 5.82: Orientation relationship between (a) matrix and primary twins, (b)

primary and secondary twins and (c) secondary twins.
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Figure 5.83: (a) SEM micrograph (b) Inverse pole figure (IPF) map and (c) pole
figures (PFs) map in the ternary twin regions developed in the secondary sample
#y'2.

203



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

Fig. 5.83 shows (a) higher magnification SEM image from the area inside the
primary twin, (b) inverse pole figure (IPF) map, and (c) pole figures (PFs) map from
the same area constructed from EBSD data. {1012} < 1011 > twins with other
two variants, S.T.(y) — S.T.(v), were also observed in this area. Furthermore, much
smaller twin, called “ternary twin” was developed inside the secondary twin (VI). The
twinning type of the ternary twin was {1012} < 1011 > extension twin. The analysis
of the orientation relationship between secondary and ternary twins in sample #y’2
has been shown on the stereographic projection in Fig.5.84.

TA. Rotation(common) Axis T.A.
Between S.T. (VI) and T.T.

" Ternary\twin

¥
P.T. (I)

S
~
~s
. ~
~
~~

Rotation Axis between

{P.T.(I) and S.T.(V)} or -
0001 {P.T.(1) and S.T.(VI)} 2-1-10

Figure 5.84: Orientation relationship between secondary and ternary twins in sample

#y'2.

204



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

5.8 Indentation studies

5.8.1 Micro-indentation

Micro-hardness measurements from adjacent matrix and twin areas in secondary sam-
ple #x’-No.1-4 were carried out to determine the hardness of both phases. The pri-
mary purpose of these measurements was to understand the fundamental mechanisms
by which twin phase may harden or soften as a results of plastic flow. More than
20 measurement points under the condition of 25¢f force and 10s indentation time
was applied to different areas of homogeneous parent and twin. Fig. 5.85 shows
optical microscopy images from micro-hardness indents in (a) matrix and (b) twin
regions. During the measurements, twins nucleated and grew from the tip of diamond
as shown in Fig. 5.85. In a very soft pure Mg single crystal, twinning could not be
avoided even by setting up the smallest load during the micro-indentation. The micro-
hardness values recorded from matrix and twins regions in secondary samples #x’ are
listed in Table 5.10. The micro-hardness in both matrix and twin is rising slightly
with increasing strain, but there is no large differences in the micro-hardness values
between matrix and twin regions in all secondary samples, regardless of the amount of
strain that the samples experienced. It should be emphasized that the micro-hardness
in twin regions was measured from the twinned area large enough compared to the
diamond tip. Therefore, these measurement were limited to relatively large regions

of the primary twins.
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Figure 5.85: Optical microscopy (OM) images from micro-indentation regions: (a)

Matrix and (b) Twin of Mg single crystal #x’.

Table 5.10: Micro-hardness data from the matrix and twin regions in crystals #x’-

No.1-4.
Crystals # Micro hardness (HV) Remarks
matrix twin
#x'-No.1 33+4 36 + 2 10% primary strain
+ 2% secondary strain
#x’-No.2 32+2 34+4 10% primary strain
+ 4% secondary strain
#x’-No.3 37+1 39+3 10% primary strain
+ 7% secondary strain
#x’-No.4 39 +2 42 + 4 10% primary strain

+ 11% secondary strain
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5.8.2 Nano-indentation

Micro-hardness data may reflect an average hardness value for the twinned areas,
twin boundaries, and the matrix, covered by indenter. To obtain an information
about local hardens values, the nano-indenation studies with the radius of an intenter
of 50nm were also carried out. In this case the tip of the indenter is significantly
smaller than the width of both primary and higher order twins and the advantage
of using the nano-indentation test is that hardness measurements can be carried
out in a homogeneous twin far from twin boundaries. Before the nano-indentation
experiments, local crystallographic orientation and the twin types in inspected matrix
and twins areas were determined by SEM/EBSD technique and the local hardness
was measured by the Oliver and Pharr (1992) method, discussed in details in chapter
4.

Secondary samples #x’

Fig. 5.86 shows typical load versus depth, P-h curves obtained from the nano-
indentation measurements on matrix and twin regions of the secondary sample #x’-
No.4. Loading and unloading curves for matrix and twin regions exhibit very similar
behaviour. Displacement bursts, i.e., “pop-in” behaviour marked as arrowheads in
Fig. 5.86 were observed on the P-h characteristics of both matrix and twin regions.
The phenomenon has been observed in several bulk and thin-film materials and it
arises from the nucleation and propagation of dislocations when the shear stress is

equal to the theoretical strength of the indented material (Gouldstone et al., 2007).
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Figure 5.86: Typical load versus depth curves from the matrix and twin regions of

the latent samples #x’.

As discussed in the previous section 5.5, the SEM/EBSD analysis from several ar-
eas of the secondary samples #x’ No.1-No.4 revealed that the dominant deformation
mode in these crystals was {1012} < 1011 > extension twinning. Nano-indentation
experiments were carried out in regions I and II of the secondary sample #x’-No.2,
regions [-IV of the secondary sample #x’-No.3 and regions I-V of the secondary sam-
ple #x’-No.4, located at matrix and several variants {1012} < 1011 > twins. The

observations of these areas were shown in Fig.5.64 (c), Fig.5.66 (a), Fig.5.68 (c) and

208



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

Fig. 5.69 (a).

Table 5.11 summarizes the values of hardness and Schmid factors for basal < a >
slip systems under the indentation. It must be emphasized that the calculations of
Schmid factor under the indentation are given by more complex equations than for the
calculations of Schmid factor under uniaxial tension or compression. The indentation
Schmid factor (ISF) for NiAl single crystals with FCC structure has been calculated
by Li et al. (2011). However, as far as the author is aware, the ISF for HCP materials
has not been calculated yet. In this study, the nano-indentation test was treated as
an uniaxial compressive deformation on the side surfaces and the Schmid factor for an
uniaxial tensile/compression test was used to rationalize activity of slip and twinning

systems during nano-hardness measurements.

Very recently, a combination of TEM and nano-indentation on Mg single crystals
revealed that the “pop-in” events in (0001), (1012), and (1010) orientations is due
to the homogeneous < a > dislocation’s nucleation and motion (Catoor et al., 2013).
Even for indentation on (0001) plane, where the 2"¢ order pyramidal < ¢ + a > slip
is favoured, < a > dislocations nucleate and move prior to the 2"¢ order pyramidal
< ¢+ a > dislocations. For those reasons, the hardness values obtained from the
nano-indentation were analyzed in terms Schmid factor for basal < a > slip, i.e., the

ease of activation of basal < a > dislocations.

In the secondary sample #x’, the matrix region coloured in blue in the IPF map

had a hard-orientation, close to {1010} and the Schmid factor for basal < a > slip was
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Table 5.11: Nano-indentation data for latent specimens #x’.

Sample Region Hardness S.F.posa Remarks
[MPa] -
#x’-No.2 [ (Matrix) 825424 0.08 10% primary strain

Location B II (Twin)  828+19 0.06  + 11% secondary strain.
Refer to Fig. 5.64 (c).
I (Matrix)  838+40 0.06 10% primary strain
#x'-No.3 IT (Twinl)  824+33 0.49 + 7% secondary strain.
Location A III (Twin2) 747+28 0.42 Refer to Fig. 5.66 (a).
IV (Twin3) 888423 0.07
I (Matrix)  832+47 0.08 10% primary strain
#x’-No.4 IT (Twinl) 774428 0.46  + 11% secondary strain.
Locations B, C IIT (Twin2) 752431 0.49 Refer to Fig. 5.68 (c)
IV (Twin3) 751424  0.49 and Fig. 5.69 (a).
V (Twind) 798428  0.05

T S.F.pesar denotes the maximum Schmid factor for basal < a > slip systems.

~0.08. {1012} < 1011 > twinning rotates lattice by 86° with respect to the parent
region and it is seen that twinned regions were rotated towards softer orientations,
e.g. twinl(yellow) and twin2 (green) in the sample #x’-No.3 and twinl (green), twin2
(yellow-green) and twin3 (yellow) in the sample #x’-No.4. After transformation these
twins have the orientations favouring basal < a > slip, because of high Schmid factors
for basal system between 0.42-0.49. On the other hand, other twinned regions were
rotated towards harder orientations, close to [0001] and inherited low basal Schmid

factors between 0.05-0.08. These include: red twin in the sample#x’-No.2, twin3
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(red) in the sample#x’-No.3 and twin4 (red) in the sample#x’-No.4.

The local hardness values measured by the nano-indentation are represented as
a function of the Schmid factor for basal < a > slip. Fig. 5.87 shows hardness h
versus Schmid factor for basal < a > slip. Fig. 5.88 shows corresponding hardness
distributions on the standard triangle with contours of the Schmid factors for basal
< a > slip measured by the nano-indentation in the secondary samples #x’. The
hardness values clearly correlate with the orientation of the region tested. Matrix
and twin regions with harder orientations (Matrix, Twin (No.2), Twin3 (No.3), and
Twin 4 (No.4)) show somewhat higher hardness values, whereas twin regions with
softer orientations (Twins1,2 (No.3) and Twins1,2,3 (No.4)) showed somewhat lower
values.

If the Basinski hardening mechanism operates during {1012} < 1011 > twinning
deformation in Mg, the increase in the hardness of twin regions due to the effect
of the structural transformation should be observed regardless of their orientations.
However, as it is evident in the Fig. 5.87, the Basinski hardening mechanism can not

be confirmed in the present {1012} < 1011 > twinning in Mg.
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Figure 5.87: Hardness measured by the nano-indentation in the secondary samples

#x’ as a function of Schmid factor for basal < a > slip.
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Figure 5.88: Hardness distributions on the standard triangle with contours of the

Schmid factors for basal < a > slip.

Similar nano-hardness measurements were carried out on crystal #1 (single basal
< a > slip orientation) deformed in tension to stage B (~60% strain) and till fracture
at 295K for which much higher density of basal < a > dislocations was accumulated
in the sample than in the secondary samples #x’.

The nano-indentation experiments were carried out on regions I-VI on location A,
regions I-IV on location B in the tensile sample #1 deformed to 60% strain (Fig.5.10),
regions I and II on location A, regions I-I1I on location B and regions I-I1I on location
C in the tensile sample #x’-No.4 deformed to fracture (Fig.5.15).

Matrix region which is coloured in red-orange in the IPF map had a hard-orientation,

close to {2110} and the Schmid factor for basal < a > slip ~0.05. Twinned regions
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were rotated towards harder orientations, highlighted by blue colours with Schmid
factor for basal slip S.F .50 ~ 0.06. Table 5.12 and Fig. 5.89 summarizes the values
of hardness and Schmid factors for basal < a > slip systems under the indentation.
The results showed that the hardness values in twinned regions were a little bit smaller
than matrix regions for all the

In summary, no experimental evidence for the Basinski hardening mechanism
during {1012} < 1011 > twinning in the secondary samples #x’ was obtained and
instead the hardness values showed orientation dependence, following the Schmids
law in both matrix and {1012} < 1011 > twins regions, regardless of the twin’s size
and their variants. Furthermore, neither the texture hardening/softening nor the
Basinski hardening mechanisms were observed during the hardness measurements on
deformed crystal #1. The current results are in direct conflict with the proposed
hardening mechanisms due to {1012} < 1011 > twinning in Mg and suggest that the
hardness correlates with the basal Schmid factor in the parent and twin regions of

deformed crystal.
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Figure 5.89: Hardness values measured by nano-indentation in crystal #1 subjected

to tension.
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Table 5.12: Nano-indentation data on crystal #1 deformed in tension at 295K.
Sample Region Hardness S.F.pusal Remarks
(MPa) ()
I (Matrix)  800+34 0.05
IT (Matrix) 779+16  0.05
Crystal #1 III (Twin) 742434 0.06
60% strain IV (Twin)  750+44 0.06 Refer to Fig. 5.10 and Fig. 5.11.
Location AV (Twin) 722441 0.06 Single basal < a > slip orientation.
VI (Twin) 705423 0.06 Transition range from
Crystal #1 I (Matrix) 785430 0.05 stage I to stage II.
60% strain II (Matrix) 767£25 0.05
Location B III (Twin) 772420 0.06
IV (Twin) 727414 0.06
Crystal #1 T (Matrix) 805426  0.05
fracture I (Twin) 748436 0.06 Refer to Fig. 5.12-Fig. 5.15.
Location A Single basal < a > slip orientation.
Crystal #1 I (Matrix) 829425 0.05 >105% strain (fracture).
fracture II (Twin) 789421 0.06 Locations A and B:
Location B III (Twin)  800£40 0.06 near fracture surface.
Crystal #1 I (Matrix)  759+26 0.05 Location C:
fracture II (Twin) 728425 0.06 far from fracture surface.
Location C  III (Twin)  712£42 0.06

T S.F.pasar denotes the maximum Schmid factor for basal < a > slip systems.
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Chapter 6

Discussions

6.1 Tensile and compressive deformation behaviour
of Mg single crystals

In this thesis, room temperature tensile and compressive deformation characteristics
of Mg single crystals with four different crystallographic orientations were investi-
gated: crystal #1 (oriented for single basal < a > slip system), crystal #2 (oriented
for double basal < a > slip), crystal #3 (oriented for basal and twin deformation),
and crystal #4 (oriented for {1012} < 1011 > twin under tension and 2"? order pyra-
midal < c+a > slip under compression). Table 6.1 summarizes important mechanical
characteristics data obtained from these studies: yield stress, critical resolved shear
stress (CRSS), fracture stress, homogeneous elongation, and Considere ratio (CR)

(Basinski et al., 1997a).
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Table 6.1: Tensile and compressive deformation characteristics data of Mg single
crystals #1-#4 at 295K.

Crystal Yield CRSS, Fracture Homogeneous CR* Deformation
# stress, To stress, elongation, (-) modes
oo (MPa) (MPa) o (MPa) er (%)

#1T 1.40 0.70 65 105 3.06 Single basal < a >
#1C 1.88 0.92 - - 1.00  Single basal < a >
#2T 1.98 1.27 59 94 - Double basal < a >
#2C 2.25 1.38 - - 1.00 basal4twin
#3T 3.51 - 48 49 - basal+twin
#3C 2.38 - - - 1.00 basal+twin
#A4T 5.32 2.72 75 8.83 16.9 {1012} twin
#4C 80.5 30 290 12.7 3.82 2 py. <c+a>

* CR=Consideére ratio (Basinski et al., 1997a). Note: The CR for #2T and #3T

cannot be calculated because the work hardening before fracture is fluctuating sharply.

6.1.1 Critical resolved shear stress (CRSS)

Fig. 6.1 shows the comparisons of stress — strain characteristics for Mg single crystals
oriented for basal < a > slip, 2" order pyramidal < c+a > slip, and {1012} < 1011 >
twin systems during initial stage of plastic flow at 295K, where the elasto — plastic
transition and the differences between the values of the critical resolved shear stress
(CRSS) of individual orientations are clearly visible. The CRSS at room temperature
decrease in the order of basal < a > slip, {1012} < 1011 > twin, and 2"¢ order

pyramidal < ¢+ a > slip as reported in the literatures, e.g. see Fig. (B.5) in the
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Appendix for the values of CRSS of each deformation modes.

Basal <a> slip (#1 tensile)
Double basal <a> slip (#2 tensile)

Basal <a> slip (#1 compression)
{10-12}<10-11> twin (#4 tensile)
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Figure 6.1: Comparisons of resolved shear stress — resolved shear strain characteristic
of Mg single crystals oriented for basal < a > slip, 2"¢ order pyramidal < ¢ + a >
slip, and {1012} < 1011 > twin systems during initial stage of plastic flow at 295K.

CRSS values are depicted in the figure for corresponding orientations of crystals.

The CRSS for basal < a > slip obtained in current studies was 0.70MPa for a crys-
tal #1. Bhattacharya and Niewczas (2011) have pointed out that various sensitive

parameters such as metal purities, sample size, initial crystallographic orientation,
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influence 7 - v characteristics of Mg single crystals. The CRSS values for basal < a >
slip of Mg single crystals at 295K reported by different researchers are in the range
between 0.5MPa-1.1MPa e.g., IMPa was reported by Basinski (1960), 0.8-0.9MPa by
Yoshinaga and Horiuchi (1962), ~0.5MPa by Hirsch and Lally (1965), 0.7MPa by
Lavrentev et al. (1973),and ~1.1MPa by Bhattacharya and Niewczas (2011). It is
clear that the present data represent the lower range of CRSS values measured in the
literature. The CRSS for basal < a > slip obtained from compression test of crystal
#1 was 0.92MPa, slightly higher than the tensile test. In Cu single crystals oriented
for single slip, the CRSS for compressive deformation is almost twice higher than for

tensile deformation (Takeuchi, 1975).

The CRSS observed in the tensile test of crystal #2 oriented for double basal
< a > slip, was somewhat higher than the tensile and compression tests of crys-
tal #1 (single basal < a > slip orientation). When both slip systems BI and BII
operate simultaneously, the stress axis moves towards [1100], the direction given by
the sum of the two slip directions, 5[2110]+3[1210]=[1100]. Such a crystallographic
orientation evolution is considered to be unstable. Stress serrations accompanied
{1012} < 1011 > twinning was observed in the middle of deformation in the double
basal < a > slip orientation crystals. However, the double coplanar basal < a >
slip was active at least at the beginning of deformation, and it was associated with
slightly higher CRSS. The present results agree with the observations of Edwards
et al. (1953), who reported the increase of CRSS in double basal < a > orientation
of Zn single crystal in comparison with crystals oriented for single basal < a > slip.

The CRSS for 2"¢ order pyramidal < ¢ + a > slip system observed in the c-axis
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[0001] compression test of crystal #4 was 30MPa. The values of CRSS for 2"¢ order
pyramidal < ¢+ a > slip reporting by Ando et al. (2010) were slightly different
between the c-axis compression tests and the a-axis tensile tests. Ando et al. (2010)
explained the differences by sample size between the both tests, argumenting that
activation of 2" order pyramidal < ¢ + a > slip systems depend on aspect ratio of
the specimens. Apart from the sample size difference, several other factors may also
affect the CRSS for 2" order pyramidal < ¢ + a > slip. As shown in Table 6.2, for
the [0001] compression test, all the six slip systems, II.Py1-I.Py6, had the highest
Schmid factor value of 0.45 and the multiple slip can be induced during plastic flow
of these crystals. On the other hand in the [2110] single crystals, two slip systems,
I1.Py3 and II.Py6 had 0.45 Schmid factor, wheres other slip systems had low Schmid
factor values, about 0.11 (Table 6.2), making IT.Py3 and I1.Py6 slip systems dominant

mechanisms of plastic flow.

Table 6.2: Difference of Schmid factors for 2"¢ order pyramidal < c¢+a > slip systems
between [0001] and [2110] orientaions.

Deformatin modes Notation Miller-Bravais index Schmid factor

0001] 2110]

I1.Pyl (1122)[1123] 0.45 0.11

IL.Py2 (1212)[1213] 0.45 0.11

2" order pyramidal  I1.Py3 (2112)[2113] 0.45 0.45
<c+a>slip I1.Py4 (1122)[1123] 0.45 0.11
I1.Py5 (1212)[1213] 0.45 0.11

ILPy6 (2112)[2113] 0.45 0.45

The CRSS for {1012} < 1011 > twinning obtained from the c-axis [0001] tensile
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test of crystal #4 was 2.72MPa. The data agree with the CRSS for {1012} < 1011 >
twinning reported by Koike (2005), who observed CRSS values in the range ~2-3MPa

independent of deformation temperatures and strain rate.

6.1.2 Work hardening behaviour of Mg single crystals

Fig. 6.2 - Fig. 6.5 show comparisons of the 0 — e curves and the © — € plots for tensile
and compressive deformation tests of Mg single crystals #1 - #4 at 295K. In the
tensile tests, work hardening rate for crystal #4 with the perfect {1012} < 1011 >
twin orientation was about an order of magnitude higher than other crystals oriented
for basal < a > slip. Although both basal < a > slip and {1012} < 1011 > twin
were activated simultaneously in crystal #3 from the beginning of deformation, the
work hardening rate was almost at the same level as in crystal #1 and #2. Under
the compression tests, the work hardening rate of crystal #4 oriented for 2"¢ order

pyramidal < ¢+ a > slip was significantly higher than other crystals.
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Figure 6.2: Comparisons of 0 — € curves for Mg single crystals #1 - #4 deformed in

tension at 295K.
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Figure 6.3: Comparisons of © — ¢ plots for Mg single crystals #1 - #4 deformed in

tension at 295K.

224



Ph.D. Thesis - Fumiaki Hiura

McMaster - Materials Science & Engineering (2015)

Crystal #3 (Basal + twin)

Crystal #4 (2nd order Py. <c+a> slip)

300

Crystal #1 (Basal <a> slip) Crystal #2 (Basal + twin) I

250

200

/ 12
10 d /
/

8

150

True stress, c (MPa)
N

/ /
[ LA

/——f

0.00 0.05 0.10 0.15 0.20 0.25

True strain, ¢ (-)

True stress, c (MPa)

100
|

Compression I

/—

50

0.2 0.4 0.6 0.8

True strain, ¢ (-)

1.0

Figure 6.4: Comparisons of o — € curves for Mg single crystals #1 - #4 deformed in

compression at 295K.
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Figure 6.5: Comparisons of © — € plots for Mg single crystals #1 - #4 deformed in

compression at 295K.

We now discuss the work hardening behaviour of Mg single crystals under differ-
ent deformation modes. Fig. 6.6 and Fig. 6.7 show comparisons of the 7 — v curves
and the /u — 7/u plots for basal < a > slip, 2"¢ order pyramidal < ¢+ a > slip, and
{1012} < 1011 > twin orientations in Mg single crystals. The work hardening be-
haviour is strongly orientation dependent and the work hardening rate of the crystal
#4 deformed in compression (2"¢ order pyramidal < ¢+ a > slip orientation) shows

the highest value among all the single crystal orientations studied here.
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Figure 6.6: Comparisons of 7 — ~ curves for basal < a > slip, 2" order pyramidal

< c+a > slip, and {1012} < 1011 > twin orientations in Mg single crystals at 295K.
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Figure 6.7: Comparisons of 6/ — 7/ plots for basal < a > slip, 2"¢ order pyramidal

< c+a > slip, and {1012} < 1011 > twin orientations in Mg single crystals at 295K.

The analysis of the work hardening behaviour using Kocks and Mecking method
(Kocks and Mecking, 2003) provides further information about dislocations storage
and recovery during plastic flow. The Kocks-Mecking analysis was carried out on
deformed Mg polycrystals (Caceres and Blake, 2007; Caceres et al., 2008; Céceres
and Luk&c, 2008; Noble, 2011; Jia, 2013) and Mg-RE binary alloys (Noble, 2011; Jia,
2013). For Mg single crystals, Caceres et al. (2008) and Bhattacharya and Niewczas

(2011) have analyzed the Kocks-Mecking’s 76 plots based on the data available in
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the literatures and their own experimental results for: basal < a > slip orienta-
tion (Akhtar, 1968; Akhtar and Teghtsoonian, 1968a; Lavrentev and Pokhil, 1975b;
Bhattacharya, 2006; Bhattacharya and Niewczas, 2011), prism < a > slip orientation
(Akhtar, 1968), and 2"? order pyramidal < ¢ + a > slip orientation (Obara et al.,
1973; Tonda and Ando, 2002; Ando et al., 2003). In this thesis, the Kocks-Mecking

2nd order

analysis is carried out for Mg single crystals oriented for basal < a > slip,
pyramidal < ¢+ a > slip and {1012} < 1011 > twining, the results will be compared
and contrasted with the data in the literature.

When the plastic flow is governed by dislocations interactions, the resolved shear

stress is expressed as a function of dislocation densities,

T— Ty = aubp1/2 (6.1)

where Ty is the critical resolved shear stress, « is a constant ~0.2-0.35 for most metals,
1 is the shear modulus, b is the magnitude of the Burgers vector of the dislocations,
and p is the dislocation densities stored in the material. The rate of dislocation

accumulation with the shear strain, v can be expressed as:

dp 1
A 2
dy bL (62)

where L stands for dislocations mean free path and if we assume a similitude rela-

tionship between mean free path and dislocation density:

L=pp /2 (6.3)
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where [ is a constant, eq. (6.2) can be rearranged such that:

dp /P
i (6.4)

Differentiating eq. (6.1) and inserting eq. (6.4) yields:

dr  (apb)’dp

—T0) — = . 6.5
(r = m) g = L (65
Combining eq. (6.4) with the definition of work hardening one obtains:
(ap)* b
—T79)0 = —. 6.6
(r =m0 =22 (6.6
Finally, rearrangements of eqs. (6.1), (6.4), and (6.6) leads to
0 «
- = —. 6.7
RET (6.7)

Egs. (6.6) and (6.7) imply that the Kocks-Mecking’s 76 plot should be a straight
line through the origin, when the work hardening is governed by the dislocation inter-
actions and accumulations. This concept can also apply to polycrystaline materials
by using the appropriate Taylor factor. For the polycrystals, Egs. (6.6) can be trans-
formed into:

B oY) —0(0,eT). (6.8)

(U—Y)E—

where o is the flow stress, Y is the yield strength, € is the strain, ©, is the work
hardening rate in polycrystals, equivalent to #, in single crystals, and ©, is the

recovery term due to dislocation annihilation.
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Fig. 6.8 shows a schematic plot of the Kocks-Mecking’s 76 plot (Kocks and Meck-
ing, 2003; Céceres and Lukac, 2008; Céceres et al., 2008) represented by eq. (6.8).
When gliding dislocations interact with grain boundaries, twin boundaries, and other

dislocation, the dislocation mean free path becomes:
= — P (6.9)

where Dy is the initial grain size and D is the mean twinning space. When a mean
free path is a constant, c©=const., indicated by dash line 1 in the Fig. 6.8. In turn,
when the mean free path is proportional to the dislocation spacing, i.e., athermal
forest hardening, c© increases with stress (line 2). The solid line 3 predicts work
hardening behaviours when the two effects occur simultaneously.

In addition, one must consider the effects of deformation twinning on strain-
hardening of polycrystalline HCP materials. It has been suggested that profuse me-
chanical twins substantially increase the work hardening during deformation through
at least three independent hardening mechanism, described in the literature review
section, i.e., (i) dynamical Hall-Petch effect, (ii) texture hardening/softening, and
(iii) the Basinski mechanism (Céceres et al., 2008). The Kocks-Mecking’s analysis
enables us to analyse the twinning effect on the work hardening for the following
reasons. Grain segmentation by the deformation twinning shifts line 1 up to line 4,
because the mean free path decreases. Point A predicts that the hardening by dy-
namical Hall-Petch effect is over and twinning saturates. Gross dislocation plasticity
is dominant after this point, shown by line 5. Line 6 is the superimposition of two
mechanisms, indicating that deformation twinning influences the strain hardening

during the onset of plastic deformation.
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(C-Y)®

Figure 6.8: A schematic plot of the Kocks-Mecking’s 76 plot (Céceres et al., 2008).

Fig. 6.9 shows the Kocks-Mecking’s 76 plots, i.e., (T — 79)0 vs. (7 — 7y) plots
of Mg single crystals oriented for single basal < a > slip (crystal #1 tension and
compression), {1012} < 1011 > twin orientation (crystal #4 tension), and 2"¢ order

pyramidal < c+a > slip (crystal #4 compression). 75 = 0.70MPa, 0.92MPa, 2.72MPa

and 30MPa have been used as CRSS for basal < a > slip system during tensile

and compressive deformation, {1012} < 1011 > twinning and 2"? order pyramidal

< ¢+ a > slip, respectively.
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Figure 6.9: Comparison of Kocks-Mecking’s 76 plots of Mg single crystals oriented
for single basal < a > slip (crystal #1 tension and compression), {1012} < 1011 >
twin orientation (crystal #4 tension), and 2" order pyramidal < c+a > slip (crystal

#4 compression).

The 760 — —7 plots for basal < a > slip orientations exhibit upwards curvature
during the transition from stage I to stage II of the deformation and then follow a
linear relation in stage II, for both tensile and compressive deformation tests. An
abrupt fall in the 70 — 7 curve in the tensile test of crystal #1 was observed after

the linear region, while the dynamic recovery stage due to dislocation annihilation
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was observed in the compression test after stage II (Fig. 6.9). Such features on
T0-T characteristics were also reported by Bhattacharya and Niewczas (2011)’s and
Céceres et al. (2008)’s. Céceres and Blake (2007) pointed out that when dislocation
slip and mechanical twin systems operate simultaneously, the Kocks-Mecking’s 76 plot
show an upward curvature, which is peculiar to deformation of HCP metals. This
behaviour contrasts the 76-7 behaviour during stage II in FCC metals characterized
by forest dislocation interactions. Mecking and Kocks (1981) have analyzed 76 plots
for < 541 > Ag single crystals and showed that 76 values are proportional to the flow
stress or dislocation densities during the forest hardening region.

The work hardening rate in stage II of compressive deformation of crystal #1,
Gf}‘z‘gl)lwl()OMPa was somewhat higher than the tensile deformation of crystal #1,
Qf}‘zé?)lwﬁ)MPa. Apart from small difference in CRSSs, the difference in the work
hardening rate is observed between tensile and compressive deformation. This is
probably in part due to the factors discussed earlier such as sample size, or the
friction effect during the compression test, but it may also be caused by different

contribution of operating slip systems.

The effect of grain refinement by {1012} < 1011 > twinning on work hardening
behaviour of random and textured Mg polycrystals was analyzed by means of the
Kocks-Mecking method by Céceres and Blake (2007); Caceres et al. (2008); Caceres
and Luk4¢ (2008). However, there has been no data on the influence of {1012} <
1011 > twinning on the hardening behaviour of Mg single crystals and the current
studies represent the first analysis of this kind in Mg single crystals deformed by

{1012} < 1011 > twinning mode. Fig. 6.10 shows the Kocks-Mecking’s 76 plot
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of Mg single crystal #4 deformed in tension at 295K, where 7y is the CRSS. The
TO-1 characteristics of the tensile deformation in crystal #4 can be divided into two
regions, depicted region I and region II in Fig. 6.10.

In the region I, a positive curvature related to the {1012} < 1011 > twinning
deformation is observed. The stage I characterized by the profuse twinning deforma-
tion extended over to 3-4% true strain marked by the point A. The profuse twinning
region is also seen in polycrystalline Mg in the first 6-8% strain. Céceres et al. (2008)
demonstrated that the quasi Hall-Petch hardening associated with grain segmenta-
tion by {1012} < 1011 > twin in polycrystalline Mg has relatively small effect on
hardening. For textured-polycrystals, the authors attributed this effect to the small
value of the Hall-Peach constants. For randomly oriented grains the fraction of grains
undergoing twinning is small, despite the larger Hall-Petch constant. As a result, the
twinning has a minor contribution to the hardening of polycrystals.

During the profuse twinning region in Mg single crystals, work hardening, 6; was
low, ~400MPa. After the twinning stage ends at point A, a deformation proceeds
by gross dislocation plasticity (region II), characterized by slip/slip, twin/slip, and
twin/twin dislocation interactions and the creations of higher order {1012} < 1011 >
twins of much finer size. The work hardening in the region II, §Ltwm ~500MPa is
higher than observed earlier.

In the Kocks-Meckng’s analysis (Céceres et al., 2008), the gross hardening stage
continues smoothly with the same level of the hardening rate after the onset of profuse
twinning (dash line in Fig. 6.8). However, the work hardening rate 6;; observed in
the present work is more moderate than one could expect. This is probably because

the activity of basal < a > slip becomes more enhanced due to lattice rotation during
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deformation. Slip trace analysis on the surfaces of crystal #4, show the traces from the
basal plane together with the traces from different twin variants. The slip traces were
tilted a few degree (at most 8°) from the basal plane due to the lattice rotation during
the tensile deformation and it caused gross hardening associated with twin - slip, twin
- twin dislocations interactions between basal < a > slip and {1012} < 1011 > twin

in late stage of deformation, 4-9% strain.
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Figure 6.10: The Kocks-Mecking’s 76 plot of Mg single crystal #4 deformed in tension
at 295K.

Work hardening in stage IT in the crystal #4 deformed in tension, 67/ ~500MPa
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is one order of magnitude higher than crystal #1, 913}‘@9)[ ~50MPa. This is attributed
to the difference in volume fraction of twins created during deformation. In the crys-
tal #4 oriented for twinning, a high density of {1012} < 1011 > twin interfaces is
created during the onset of twinning and they act as strong obstacles and contribute
to higher work hardening rate of the material. On the other hand, volume fraction
of twins in Mg single crystal oriented for basal < a > slip deformed to fracture was
at maximum ~20%, according to the X-ray texture analysis by Bhattacharya and
Niewczas (2011). These results agree with the current EBSD analysis in the tensile

specimen #1, as shown in Fig. 5.13.

In the c-axis compression, a linear hardening stage on 76 versus 7 characteristics
was observed, due to the athermal forest hardening between the 2"¢ order pyramidal
< ¢+ a > slip systems. This stage shows similarity to 76— behaviour during stage
I1 in FCC metals (Asaro, 1975), probably because 2" order pyramidal < ¢+ a > slip
systems contains five independent slip systems and they may interact together. The
work hardening rate in stage II of crystal #4 deformed in compression showed the

Qﬁ'Py'NlOOOMPa, among all single crystal orientations studied. The

highest value,
work hardening rate was approximately at the same level as reported by Obara et al.
(1973), ~1150MPa, for Mg single crystals compressed along the c-axis.

The work hardening behaviour of Mg single crystals oriented for < ¢+ a > slip is
very complex. The magnitude of the Burgers vector < ¢ 4 a > is large compared to
interatomic spacing and the pyramidal planes are atomically rough. The < ¢+ a >

dislocations tend to reduce its energy by dissociation and/or decomposition. There-

fore, it seems that the effects of dislocations core splitting and dislocation mobility of
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< ¢+ a > dislocations are responsible for the initial rapid hardening stage observed
in 760 — 7 characteristics of single crystals more than the effect of the forest hardening
for 274 order pyramidal < ¢+ a > slip systems.

TEM observations of Mg foils in the a-axis orientation deformed a few percent
in the microscope (Ando et al., 1992), indicate that the < ¢ + a > dislocations
were observed occasionally, typically in conjunction with perfect < ¢ > and < ¢ >
dislocations. The theoretical calculations verified that these dislocations are stable in
the screw orientation but unstable in the edge orientation (Ando et al., 1992).

The core structures of < ¢+ a > edge dislocation have been studied by molecular
dynamics (MD) simulations (Minonishi et al., 1981b, 1982a; Bacon and Liang, 1986;
Liang and Bacon, 1986a,b; Ando et al., 1996, 2002). However, there are difficulties in
the interpretation of the simulation results because the particular type of core struc-
ture depends sensitively on the initial position of the core, the interatomic potential,
and the relaxation technique used. The simulation results by Ando et al. (1996, 2002)
suggest that the < ¢+ a > edge dislocation has two stable core structures at 0K: one
type is the perfect dislocation and the other type consist of two % < ¢+ a > partial
dislocations. The core of < ¢+ a > edge dislocation becomes sessile due to the core
structure change, in which the core extends parallel to the basal plane, as temperature
increases, resulting in very low mobility of the < ¢ 4 a > edge dislocation. The core
structures of < ¢+ a > screw dislocation has also been simulated by MD technique
(Minonishi et al., 1981a, 1982b). These calculations indicate that the screw cores may
split on multiple slip planes, the pyramidal and the basal planes and the < ¢+ a >
screw dislocations are likely to cross-slip on the basal planes. The calculation results

are supported by TEM observations (Ando et al., 1992).
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6.1.3 Ductility, instability, and fracture mechanisms

According to the Considere criterion, a tensile specimen would undergo stable defor-
mation up to the point where the work hardening is equal to the true stress, ”fl—‘z =o.
Necking or localized deformation begins at the maximum load where the increase in
the flow stress due to the decrease in the cross sectional area of the specimen, be-
comes greater than the increase in the load carrying ability of the metal due to the
strain hardening. However, many metals and alloys exhibit a sudden onset of strain
localization before the samples satisfy this criterion. Basinski et al. (1997b) reported
this kind of instability in Cu and Cu alloy single crystals and in order to describe

this phenomenon quantitatively, these authors introduced the Considere ratio (CR),

a ratio of the work hardening rate and the flow stress at the fracture,

dbr g
CR = Z—; = U—j (6.10)

When CR<1 the Considere criterion is met and if CR>1, the criterion is not satisfied.
In this thesis, the CRs are calculated for Mg single crystals with various orientations

and their ductility, instability, and fracture mechanisms are discussed.

As seen in Fig. 6.2 - Fig. 6.5, ductility of the specimens exhibits strong orientation
dependence. We discuss first the ductility, instability and fracture mechanisms of
tensile deformed Mg single crystal samples #1-4. Single crystals #1 and #2 with
initial basal < a > slip orientations exhibited good ductility over 100% of true strain,
during room temperature tensile deformation. As the Schmid factor for basal < a >

slip decreases and the activation of {1012} < 1011 > twin increases, ductility of
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single crystals decreases. In the case of tensile deformation of crystal #4 at 295K
with {1012} < 1011 > twin orientation, the crystal had fractured just after about
8.8% of true strain. This suggests that interfaces introduced during onset of twinning
decrease ductility.

In Table 6.1, the Considére ratio (CR) for all the crystals tested in the present
works is considerably larger than unity (CR>1), i.e., the work hardening decreases
suddenly at certain stress level after stage II. The CR for crystal #1 oriented for
basal < a > slip is 3.06, while the CR for crystal #4 oriented for {1012} < 1011 >
twinning under tension, reached quite a large number, 16.9. The Kocks-Mecking
analysis indicates that {1012} < 1011 > twinning contributes to the strength of
these materials. At the same time, the {1012} < 1011 > twin interfaces act as the
favourable sites of crack nucleation. Many {1012} < 1011 > twins were observed in
crystal #1 deformed in tension until fracture at 295K, as shown in Fig. 5.12 and
Fig. 5.13. However, according to the Kocks-Mecking analysis of crystal #4, the
gross hardening stage proceeded at least another 5% of true strain, after the profuse
twinning hardening stage was over.

The combined Kocks-Mecking analysis and the CR permits to gain an insight into
the operating mechanisms, which lead to fracture of the crystal. The interaction of
the {1012} < 1011 > twin interfaces with operating slip modes is believed to be one
of the main reasons for the premature failure of the crystal. SEM fracture surface
observations of Mg single crystals oriented for single basal < a > slip at 295K showed
a ductile type of fracture mode and cleavage along non-basal planes in some areas
(Bhattacharya and Niewczas, 2011). Therefore, the results suggest that increase in

non-basal < a > slip activities in stage IT and the {1012} < 1011 > twin interactions
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with basal < a > and non-basal < a > slip dislocations promotes failure of the crystals
in the tensile samples #1, #2, and #3. For the tensile sample #4, in contrast, there is
little possibility of the activations of non-basal < a > slip systems. Optical microscopy
observation of the tensile sample #4 after fracture revealed evidence of the slip traces
from basal < a > slip together with multiple {1012} < 1011 > twins. Lattice
rotations in deformed matrix area by SEM/EBSD analysis was only a few degree from
the initial positions. This indicates that much higher frequency of {1012} < 1011 >
twin interactions with basal < a > slip dislocation causes failure of the crystals in
the tensile samples #4.

The crystal orientation influences strongly not only the work hardening behaviour
and the ductility but also instability and fracture mechanisms of the specimens.
The CRs for Mg single crystals at 295K obtained in the current studies are quite
higher than CRs for Cu single crystals. Cu single crystals oriented for single slip
show CR~1.1-1.8, these oriented for multiple slip, ~1.0, and Cu polycrystals exhibit
CR~1.0 (Basinski et al., 1997b). The results indicate therefore that multiple slip Cu
single crystals and polycrystalline Cu obey the classical Considere criterion (Basinski

et al., 1997Db).

We turn our attention to the properties of Mg single crystals under compression
and discuss the ductility, instability, and fracture mechanisms of compressed sample
#4. The compression sample #4 oriented for 2"¢ order pyramidal < ¢+ a > slip sys-
tems fractured by shear after about 12% of true strain. Mg single crystal deformed

in the c-axis compression at 295K presents poor ductility. Similarly poor ductility
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shows crystal with {1012} < 1011 > twin orientation. However, the CR for compres-
sion sample #4C, 3.82 is almost at the same level as for basal < a > slip orientation
(CR~3.06). It was difficult to analyzed the shear fracture area by EBSD, because
the fracture area was heavily distorted and the image quality was very low. As Obara
et al. (1973) pointed out, the fracture mechanisms may be due to the activation of
{1011} < 1012 > twin and rapid accumulations of basal < a > dislocations at the

twin boundaries.

The conclusions obtained from the current deformation studies suggest that in
order to improve the ductility of Mg single crystals it is necessary to enhance the
activity of the non-basal < a > slip systems in the expense of {1012} < 1011 >
twinning. The same should be true to improve ductility and formability of more
complex Mg alloys at/near room temperature.

Koike and Maruyama (2004) have studied grain size dependence of deformation
modes in Mg alloys. For coarse-grained Mg alloys (~20-30um), basal < a > slip and
{1012} < 1011 > twin are dominant modes in the first stage of deformation. For
fine-grained Mg alloys (grain size <10um), the activity of {1012} < 1011 > twinning
is suppressed, whereas the activities of non-basal < a > slip systems are enhanced.
Grain refinement is a valuable materials processing also from a different perspective,
e.g. ductility and fracture toughness. In coarse-grained Mg alloys, deformation twins
form at the very beginning stage of deformation and crack propagation occurs through
the twin boundaries (Somekawa et al., 2009). However, recently, Somekawa et al.
(2010) studied fracture mechanisms in a fine-grained Mg alloys (grain size ~1-3um)

and found different fracture mechanisms from these observed in the coarse-grained
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alloys. The authors have reported that in the fine-grained Mg alloys, deformation
twins were suppressed, causing higher ductility and fracture toughness of alloys with
the ductile fracture occurring by void formation. Another way of improving ductility
of Mg is to add small amounts of alloy elements, e.g. Ce is known as the one of
the effective solute strengthening elements, which makes Mg cold-workable (Barnett

et al., 2004a). Discussion of theses aspects is beyond the scope of the present thesis.

6.2 Latent hardening behaviours under the condi-
tions of self- and coplanar interactions on the

basal plane

6.2.1 Coplanar interactions on the basal plane

For the coplanar interactions between BI/BIII slip systems, the LHRs were always
higher than in the case of BI/BI self-interactions and LHRs showed linear increase
from 1.0-1.6 in the range of 0-49% primary shear strain studied here. The results are
in good agreement with latent hardening experiments on Mg single crystals under
pure shear by Phillips (1961), which revealed that LHRs increase linearly with the
shear strain of parent crystals, up to the value of ~1.24, in the range of 0-7.5% shear
strain values.

However, the observed latent hardening behaviour on the coplanar system in Mg
is significantly different from that of FCC single crystals such as Cu and/or Al single
crystals. Most researchers reported the LHRs for the coplanar systems in FCC crys-

tals between 1.0 and 1.2 (Basinski and Basinski, 1979), but the experimental results
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of deferent research groups showed significant discrepancies. Later, more precise ex-
periments by Franciosi et al. (1980) revealed that the LHRs on the coplanar B4/B2
system in Al and Cu behave in a similar way as LHRS for the forest interactions
between B4/A6 and B4/A2 systems. The LHRs increase from unity to maximum
values between 0 to 0.2% of primary shear strain (early stage I) and then, the they
decrease rapidly with increasing primary shear strain, in the transition from stage
I to stage II. Finally, the LHRs saturate at approximately constant values later in
Stage II of deformation.

(Classical forest hardening theory can be used to understand the difference in latent
hardening behaviour between FCC and HCP crystals. In the forest hardening theory
(Jackson and Basinski, 1967), the flow stresses of both the primary and latent systems

can be described by:

Ty = Qppl (pf)1/2 (6.11)

and

5 = s (pp + pp)” (6.12)

where p is the density of dislocations, with the subscripts f and p referring to the
density of dislocations in the forest and primary slip systems. g is the shear modulus,
b is the Burgers vector, o, and oy are interaction coefficients. Wessels and Jackson
(1969) suggested that when the primary shear strain is large enough, the values of

LHRs are approximately expressed as:

1/2
LHR=" ~ (1 + @) (6.13)
Tp P

The eq. (6.13) suggests that the LHR is approximately proportional to the square
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root of the ratio of the dislocation density in the primary system to that in the latent
system. Mecking and Bulian (1976) measured the dislocation densities on primary
and forest planes in Al and Cu single crystals deformed in tension at 295K and plotted

the square root of the ratio of primary to forest dislocation densities against the shear

1/2 1/2

versus 7 plots. The (p,/ps)'/? versus 7 plots showed similar

stress, i.e., (pp/ps)
characteristics as the LHRs versus 7 plots and the approximate expression for LHR
given by the eq. (6.13) was considered to be valid (Mecking and Bulian, 1976).

For Mg single crystals oriented for single basal < a > slip system, deformed in ten-
sion or in pure shear at 295K, measurements of dislocation densities on the primary
and forest systems were carried out by etch-pit counts (Sutkowski and Mikutowski,
2012) and by TEM observations (Hirsch and Lally, 1965). These experimental mea-
surements revealed that the dislocation densities on the basal plane and the non-basal
plane, p, and py have a linear relationship with shear strain or stress. A remarkable
observation is that the basal < a > dislocation density is at least one order of magni-
tude higher than the forest dislocation density in crystals, even before rupture. This
experimental evidence suggests that the LHRs for co-planar system are proportional
to the dislocation densities on the basal plane, p,. Therefore, when the classical forest
hardening theory is applied to the current latent hardening studies in Mg, the LHRs
should be expressed as a function of pé/ ? because py > py during stage I of deforma-
tion. We believe that this is the reason that the latent hardening behaviour of Mg
single crystals with HCP structure shows a different behaviour from that observed in
FCC single crystals.

TEM studies of dislocation substructures in deformed Mg single crystals with

single basal < a > slip orientation revealed that other basal < a > slip systems
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operate together with original primary basal < a > slip in the transition from stage
I to IT (Hirsch and Lally, 1965; Sharp et al., 1965; Lavrentev and Pokhil, 1975b).
These coplanar interactions, which can be expressed by the reaction between two
basal < a > dislocations: [2110]+[1210]=[1120], are at least partially responsible for
hardening rate change from stage I to stage II. Another effect might be the increase
activity of the non-basal slip systems with increasing the flow stress.

The experiments with single crystals oriented for double basal < a > slip (crystal
#2) support the latent hardening results of single basal < a > slip orientation crystals.
As a result of BI and BII slip systems operating mutually, as discussed in section
6.1.1, the CRSS and the work hardening rate for basal < a > slip observed in a
double basal < a > slip orientation was a bit higher, at the level of oy ~ 1.27MPa
and 6 ~ 2.35 — 6.48210 5y (stage 1) and 6 ~ 7.18 — 8.25210 41 (stage II), than in a
single basal < a > slip orientation (o¢ ~ 0.70 MPa, § ~ 4.70 — 8.30x10 % (stage I
and 6 ~ 8.35 —9.05210~ % (stage II)). This is a fingerprint of the contribution of the

coplanar slip system to the flow stress and work hardening.

6.2.2  Self-interactions in the basal slip plane

Present results reveal that LHRs for the self-interactions between BI/BI slip system
were independent on the primary strain and the values were closed to unity. Easy
glide stage is characterized by dominant single basal < a > slip. TEM studies of
Mg single crystals deformed in stage I indicate that the main features of dislocation
substructure and the work hardening in stage I in Mg single crystals are as follows:
(Hirsch and Lally, 1965; Sharp et al., 1965; Lavrentev and Pokhil, 1975b): (i) the

dislocations from the sources operating simultaneously trap one another and form
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dipole bands for edges and screws. The screw dislocations cross-slip and annihilate
leaving the edge dislocation and the excess of the screws of the same sign. (ii) the flow
stress in stage I is controlled by the internal stress field from edge clusters, residual
screw dislocations and dislocations with non-primary Burgers vectors. (iii) the work
hardening rate in stage I is very low because most of the dislocations annihilate or form
dipoles, which have relatively small interaction radii with the mobile dislocation and
therefore contribute little to the hardening effect. (iv) the density of the obstacles in
stage I rises very slowly as the deformation proceeds. This suggests that basal < a >
dislocations on BI system generated during deformation do not constitute the strong
obstacles to mobile basal < a > dislocations on the same BI system and the LHRs
for BI/BI interactions does not change with the primary deformation and assumes

the values ~1.0.

6.2.3 The effect of extrinsic parameters on latent hardening

behaviour

The results of latent hardening experiments under the conditions of self- and coplanar
interaction in Mg single crystals, indicate an increase in the yield stress of secondary
specimens due to latent hardening effect (the LHR>1), when the coplanar slip system
is active during secondary deformation. However, the experimental results showed
spread of data and in some secondary tests one observes latent softening (LHR<1).
Also, when the secondary specimens are reloaded, the yield stress is slightly lower
than the final flow stress of a primary samples (#al-no.1, #bl-no.2 and 3, #cl-no.1
and 3, #d1-no0.3, and #el-no.1). The latent hardening experiments involve unloading

of primary crystals, resting during sample cutting and sample preparation at room
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temperature and reloading of the secondary samples during subsequent test. These
processes induce some stress recovery in the secondary deformation. In the following,
we discuss extrinsic parameters that may influence the stress recovery phenomena

observed in the secondary samples.

Lattice rotation during tensile deformation

During uniaxial tensile test of a single crystal, the tensile axis rotates towards the slip
direction. The crystallographic orientations after 22, 38, 55, 85% shear strain of Mg
single crystal oriented for single basal < a > slip deformed at 295K were determined
by the X-ray Laiie technique, whereas the orientation after 200% shear strain was
determined by SEM/EBSD technique from relatively flat area of the specimen. Fig.
6.11 shows the orientation evolutions during the uniaxial tensile tests on the (0001)
stereographic projection. In the figure, black triangle marked by 1, 2, and 3 indices,
shows the initial orientation of tensile axis face, wide face, and side face of the single
crystal. Similarly, red, pink, orange, blue, and green triangles represent corresponding
orientations after 22, 38, 55, 85, and 200% shear strains. Orientation of the lattice
evolves in such a way that the tensile axis rotates towards [2110] direction during
the deformation. The importance is to determine whether the orientation of the
tensile axis after the primary deformation is still located in the range of homogeneous
basal < a > slip orientations. If the new tensile axis shifts to non-basal < a > slip
orientations, non-basal < a > slip and {1012} < 1011 > twinning may be activated
and it may influence basal < a > dislocations interactions. As a result, higher CRSS

values or work hardening rate would be expected.
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According to the X-ray Laitie analysis, the new tensile axis of deformed single crys-
tals was still located within the range of homogeneous basal < a > slip orientations.
Since current latent hardening experiments were performed in the range of 0-49%
primary shear strain, the effect of lattice rotation during the primary tests was very
small. The work hardening rate of all the secondary samples was almost at the same
level as the work hardening rate in stage I of parent single crystals, which indicates

that single basal slip system was active during secondary deformation.
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Figure 6.11: Orientaion evolutions during a uniaxial tensile test in Mg single crystal

with a single basal < a > slip orientation.
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Size effect

The sample size may also influence latent hardening behaviours of crystals. Parent
and secondary samples had different dimensions: ~3x26x120mm? (parent crystals)
and ~3x3x15mm? (child crystals), which raises the question how the material prop-
erties depend on the sample size. Mg single crystals with different dimensions and
the tensile axis [2112] were prepared and deformed in tension with the strain rate
1x1074s7!, to determine their mechanical behaviour. Fig. 6.12 shows true stress-
engineering strain curves for both specimens during initial stage of deformation. It
was found that the difference of sample size gave rise to the marked elasto-plastic tran-
sition region in small samples, whereas large samples exhibited sharp elasto-plastic
transition. The yield stress of large samples was smaller by ~0.1MPa than small sam-
ples. The difference is attributed to the error in determination of the cross-sectional
area of the samples. However, the work hardening rate during the onset of plastic

flow was the same in both samples. Consequently, the effect of sample size on the

latent hardening results was found to be insignificant.
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Figure 6.12: Sample size effects on mechanical properties of Mg single crystals.

Unloading/reloading and annealing effects

Different yield drop phenomena have been observed in metals during plastic deforma-
tion arising form the temperature change and/or strain-rate change (Argon, 2008).
A small yield-point effect due to the work softening has been found to occur in a
pre-hardened crystal when deformation temperature is increased or a strain rate of
deformation is changed. Cottrell and Stokes (1955) discovered this phenomenon dur-

ing tensile deformation of Al single crystals when the deformation temperature was
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increased form 90K to 196K and 293K. The work softening behaviour has been ex-
tensively studied in FCC metals. Although the work softening phenomena in FCC
crystals is open to some debate, the softening mechanism is interpreted mainly in
terms of: (i) the interaction between dislocations and impurities or vacancies, (ii) the
rapid breakdown of a metastable dislocation substructure that was formed during
deformation at either a lower temperature or a faster strain rate, and (iii) the cross-
slip avoiding obstacles such as the Lomer-Cottrell (LC) locks formed at the previous
deformation process.

However, Haasen and Kelly (1957) found that a small yield point deformation is
observed in Ni and Al single crystals, when the samples are deformed, unloaded and
reloaded at the same temperature. The stress recovery due to the unloading/reloading
was also observed in Cu single crystals (Marin, 1958). Currently, the Haasen-Kelly
effect is explained by a different mechanism then the work softening effect (Brown,
2010). The mechanism can briefly be explained as follows. During unloading process,
dislocations anchors themselves. The dislocation locking prevents stress reversal and

causes the yield jump on reloading process.

A work softening behaviour has been observed not only in FCC single crystals
but also in Mg single crystals, when deformation temperature and the strain rate of
deformation are changed (Basinski, 1960; Sakui et al., 1966a,b). In contrast, there
has been no report about the Haasen-Kelly effect in Mg single crystals. For unload-
ing /reloading tests in Al, Ni, and Cu single crystals (Haasen and Kelly, 1957; Marin,
1958), Ao was measured by the maximum divergence of the flow curves in reloading

tests from that found by joining the curves obtained before and after reloading. In this
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case Ao expresses a degree of the Hassen-Kelly effect. However, similar yield stress
jump has not been seen in Mg single crystals in Bhattacharya’s work (Bhattacharya,
2006) and in the current studies during the intermittent deformation/annealing ex-
periments and during the latent hardening experiments. Therefore, one should expect
different mechanisms responsible for the stress recovery phenomena observed in Mg

single crystals studied here.

Stress (MPa)

|-

Strain (-) ]

Figure 6.13: The definition of the observed yield point, Ao in FCC single crystals
(Haasen and Kelly, 1957).

Recent in-situ neutron diffraction experiments during cyclic unloading-reloading
of Mg alloys, reveal that a partial reversal of {1012} < 1011 > twinning, i.e. detwin-
ning during unloading process, is observed (Céceres et al., 2003). Detwinning causes
a strong inelastic response during unloading and the effective elastic modulus during
unloading is smaller than the Youngs modulus of the material. In addition, Koike

et al. (2008) suggested that the inelastic behaviour cannot be explained solely by the
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detwinning during the unloading and the basal < a > slip should also affect the in-
elastic behaviour from his calculations. According to crystal plasticity finite-element
simulations by Hama and Takuda (2011), the basal < a > slip and {1012} < 1011 >
twin are active during both the loading and unloading. On the other hand, non-basal
slip systems such as prismatic < a > slip and 2"¢ order pyramidal < c+a > slip were
activated only during loading. The results obtained from the cyclic loading/unloading

tests can provide an insight into the stress recovery mechanisms in Mg single crystals.

Various researchers assume that the activity of basal < a > slip during the unload-
ing process affect the stress recovery in Mg single crystals. When the shear direction
changes from the forward direction to the fully reversed direction, the softened onset
of plastic deformation, i.e., the quasi-Bauschinger effect has been observed in pure
shear deformation tests of Cd, Mg, and Zn single crystals (Edwards et al., 1953; Ed-
wards and Washburn, 1954; Phillips, 1961). Asaro (1975) reported the microscopic
Bauschinger effect in dispersion-strengthened Cu single crystals and attributed it to
the Orowan loops around dislocations or other polarized dislocation structures, which
induce the macroscopically observed softer initial stress under reloading. Asaro (1975)
argue that such a softening mechanism should also operate in pure single crystals
with long-range stress field. In Mg single crystals the stress recovery in stage I (e.g.
points A-C in Fig. 5.52) can also be understood in terms of the quasi-Bauschinger
effect. As can be seen in Fig. 5.52; the stress recovery in the unloading-reloading
tests is constant, about 0.2MPa up to true stress of 8MPa. At larger stress regions,
{1012} < 1011 > detwinning may also influence the stress recovery.

The intermittent deformation/annealing experiments with electrical resistivity
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measurements were carried out in Cu single crystals with (111)[110] single slip ori-
entations (Niewczas et al., 2001) and in Mg single crystals with various orientations,
e.g. basal < a > slip, 2" order pyramidal < ¢ + a > slip and {1012} < 1011 > twin
orientations (Bhattacharya, 2006). The electrical resistivity measurements during the
intermittent deformation/annealing experiments revealed that there exist recoverable
and unrecoverable resistivity components in both Cu and Mg single crystals. The
recoverable resistivity has been attributed to the annealing of point defects gener-
ated during deformation and unrecoverable resistivity has been ascribed as due to
dislocations. The annealing of point defects from the microstructure may occur by
various mechanisms, e.g. Niewczas et al. (2001) suggested pipe diffusion in dislocation
dipoles in Cu single crystals. In Mg single crystal studied by Bhattacharya (2006) the
concentration of point defects induced by deformation is proportional to the plastic

work and agrees with the Saada theory of defect production (Saada, 1965), i.e.,

Cy ~ /Td”y (6.14)

where C, is the concentration of vacancies, 7 is the shear stress, and v is the shear
strain. A relevant review paper about this topic is available (Niewczas, 2014). Such a
stress recovery phenomenon happens when material is deformed at very low temper-
atures and then is annealed at room temperature. However, the current experimental
results reveal that the stress recovery occurs when Mg single crystals is deformed at

295K and then annealed at 295K.

In the conclusion of this section we suggest that the effects of lattice rotation and

sample size difference are considered to be small and do not contribute a large error
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in determination of LHRs. On the other hand the effect of unloading and reloading
on the ultimate tensile stress are relatively large. This kind of stress relaxation effect
is also observed in FCC single crystals. In the case of FCC single crystals, e.g. in
Cu single crystals oriented for (111)[101] single slip, the CRSS is somewhat higher
than in Mg single crystals oriented for basal < a > slip. However, in the case of
the FCC crystals, the stress recovery effect is small in comparison to the flow stress
and the error in evaluating the LHRs without considering the stress recovery effect
is small. In contrast, the CRSS for basal < a > slip in Mg single crystals is only
~0.5-1.0MPa and stage I continues to over 120% shear strain (Fig. 5.6). As it can be
seen in Table 5.3, the flow stress of parent crystal deformed to 49% shear strain #e
was 1.26MPa and the error in determination of the LHRs due to the stress recovery,
cannot be ignored. Therefore, the stress recovery phenomena have to be taken into

account while analyzing the latent hardening behaviour in Mg single crystals.

6.3 Latent hardening behaviour under condition
of basal < a > slip/{1012} < 1011 > twin disloca-
tion interactions and {1012} < 1011 > twin/basal
< a > slip dislocation interactions

6.3.1 {1012} < 1011 > twinning stress

The {1012} < 1011 > twinning stress in the secondary samples #x’, in the range
1.28 — 3.01MPa, lies in the range of CRSS values observed in crystal #4 during [0001]

256



Ph.D. Thesis - Fumiaki Hiura McMaster - Materials Science & Engineering (2015)

tensile test (2.72MPa) and in the range of CRSS values reported in the literatures,
~2 — 3MPa (Koike, 2005).

Fig. 6.14 shows schematic illustration of the selection of secondary samples. The
crystallographic orientation of single crystals after the primary deformation was mea-
sured by the X-ray Latie technique to determine exact position of the lattice at a given
stage of deformation. Fig. 6.15 shows the orientations of as-grown crystal and the
same single crystal after primary deformation where the orientation was measured at
the middle part of the sample. In the figure, (1, 2, 3) denote the initial orientation of
the tensile axis and lateral faces respectively, whereas (17,2’,3’) denote the orientation
of the tensile axis and lateral faces of crystal #x after primary deformation. The
results show that during primary deformation, the tensile axis rotated 2 — 3° towards
the [2110] slip direction.

For the conditions of self- and coplanar dislocation interactions, a few degree
lattice rotation had little influence on latent hardening results, because single basal
< a > slip orientations are widely spread in the orientation space and the basal < a >
slip systems are dominant deformation mechanisms. In contrast, under conditions of
zero Schmid factor for the basal < a > slip systems, BI, BII, and BIII, the Schmid
factor values for {1012} < 1011 > twin variants, A’1’-F’6’, are 0.50 and they are
limited only to the exact c-axis tensile test.

The Schmid factors for slip and twinning systems after primary deformation in
sample #x are listed in Table 6.3. The Schmid factor for basal < a > slip systems,
BII (or BIII) was 0.11, which predicts that the activation of basal < a > slip will be

more favoured compared to the exact c-axis tensile test. However, the Schmid factor
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values for six variants of {1012} < 1011 > twinning, A’1’-F’6” were still ~ 0.49. Nev-
ertheless, the orientation of the crystals permit to study latent hardening behaviour
due to basal < a > and {1012} < 1011 > twin dislocation interactions. Fig. 5.58
shows that all secondary samples #x’-No.1-No.4 yielded by {1012} < 1011 > twin-

ning.

The tensile axis of the parent crystal #x was paralleled to [5141(5/A?)], with the
Schmid factor for BI system 0.37, a little bit far from an ideal homogeneous basal
< a > slip orientation, [2112]. In this case the homogeneous deformation by basal
< a > slip would not occur and inhomogeneous basal < a > dislocation distributions

would be induced during the primary deformation of the parent crystal.

2 T.A.®

3mm P

Figure 6.14: Schematic illustration of the selection of secondary samples #x’.
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Figure 6.15: Crystallographic orientations of the single crystal #x before and after
about 10% strain. (1, 2, 3) denote the initial orientation of the tensile axis and two
faces; (1°, 2°, 3’) denote the orientations of the tensile axis and two faces after 10%

deformation.

Different elasto-plastic slopes were observed in mechanical characteristics of crys-
tals in Fig. 6.16, which are attributed to different amount of basal slip activated
during secondary deformation of single crystals. The results reveal that the slopes
correlate with the twinning stress; sample #x’-No.2 with the lowest elasto-plastic
slope showed the lowest twinning stress, conversely, crystal #x’-No.1 or No.4 having
the steepest slope showed higher twinning stress. The slope of #x’-No.2 sample was
close to that observed in the parent crystal #x. One observes a linear relationship
between the slopes and LHR*, as shown in Fig. 6.17, suggesting that LHR* depend

on the density of basal dislocations ppse and scales as 1/ppasqi. The results indicate
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that the state of initial basal < a > dislocation substructure and a local orientation

of the crystals influence the {1012} < 1011 > twinning stress.

Secondary #x'_No.1

1 — [0001] tensile test (crystal #4) — - — Parent #x
1 Secondary #x' No.2

6| Secondary #x' No.3 Secondary #x' No.4 [
5
4 AN P /.l / /‘1
)
| /\»// Jv LMN
3 yal Al £ /|
1%

BY/4

Resolved shear stress, t (MPa)

0.00 0.01 0.02

0.03

0.04

Resolved shear strain, y (-)

Figure 6.16: Comparisons of elastic-plastic slope for parent crystal #x and secondary

samples #x’-Nol to 4.
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Figure 6.17: LHR plots as a function of the slope in Fig. 6.16.

In the follwing we discuss {1012} < 1011 > twinning stress and the role of
{1012} < 1011 > twin during the secondary compression tests #x”. In general, the
twin types formed in HCP crystals depend on the internal stress state develop in the
crystal during external loading. In the case of Mg, it is expected that {1012} < 1011 >
twins are formed when tensile stress is applied along the c-axis, while {1011}<1012>
twins are formed when compression stress is applied along the c-axis (Partridge, 1967;
Yoo, 1981). Deformation twinning of ductile HCP metals such as Ti and Zr is known
to obey this geometrical condition (Yoo, 1981). However, Mg does not satisfy this
criteria. Wonsiewicz and Backofen (1967) observed {1012} < 1011 > twin in com-
pressive deformation tests of Mg single crystals. {1012} < 1011 > twins are also

formed in polycrystalline Mg and Mg alloys without any relationship to the loading

261



Ph.D. Thesis - Fumiaki Hiura

McMaster - Materials Science & Engineering (2015)

Table 6.3: Schmid factors for basal < a > slip and 2"? order pyramidal < c¢+a > slip
systems in secondary sample #x’ (#x”) calculated from the initial orientation and

the new orientation after the primary deformation.

Deformatin modes

Notation Miller-Bravais index Schmid factors

#x’ #x’
BI (0001)[2110] 0 0
Basal < a > slip BII (0001)[1210] 0 0.11
BIII (0001)[1120] 0 0.11
I1.Py1 (1122)[1123] 0.45 0.39
I1.Py2 (1212)[1213] 0.45 0.39
2" order pyramidal  IL.Py3 (2112)[2113] 0.45 0.44
< c+a > slip I1.Py4 (1122)[1123] 0.45 0.48
I1.Py5 (1212)[1213] 0.45 0.48
I1.Py6 (2112)[2113] 0.45 0.44
AT (1012)[1011] 0.50 0.49
B2’ (0112)[0111] 0.50 0.49
{1012} < 1011 > c3 (1102)[1101] 0.50 0.49
twin D4’ (1012)[1011] 0.50 0.49
E’S (0112)[0111] 0.50 0.49
F’6’ (1102)[1101] 0.50 0.49
Remarks initial new
orientation orientation
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direction, e.g. (Barnett et al., 2004b; Yang et al., 2004). In the latent compression
tests, all twins observed in the microstructure were the {1012} < 1011 > tensile twin
systems, despite the fact that the compressive axes were only a few degree off the exact
[0001] orientation. This clearly suggests that the primary dislocation microstructure
facilitates nucleation of tensile twins over the compression twins. However, it is seen
that the the twinning stress is not much different from that of tensile deformation

tests.

6.3.2 Hardening mechanism due to {1012} < 1011 > twin in
Mg

In HCP metals, deformation twinning contributes to the material strengthening dur-
ing a deformation process. {1012} < 1011 > twin in Mg has the second smallest
CRSS, 2-3MPa (Koike, 2005), next to the basal CRSS and it is known as a pre-
dominant twinning mode, contributing to the ductility and the strength of Mg and
Mg alloys. So far, three independent hardening mechanisms due to the {1012} <
1011 > twin in Mg have been suggested: (i) Dynamical Hall-Petch effect, (ii) tex-
ture strengthening/weakening, and (iii) the Basinski mechanism (Céaceres et al., 2008;
Bhattacharya and Niewczas, 2011). In the following, we discuss the hardening effects
due to {1012} < 1011 > twinning in Mg in the current latent hardening experiments

using hardness measurements.
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Dynamic Hall-Petch effect due to {1012} < 1011 > twinning in Mg

In section 6.1.2, the dynamical Hall-Petch effect in Mg single crystals and polycrys-
tals was discussed using the Kocks-Mecking analysis. Additionally, the latent hard-
ening experiments ware carried out to investigate {1012}<1011> twin/basal <a>
slip dislocation interactions. Mechanical properties of Mg single crystal with twin
boundaries induced during primary deformation were investigated in order to under-
stand the effect of twin boundaries (crystals #y, #y’'l and #y’2) on the flow stress
and deformation behaviour. The work hardening ratio (WHR) of crystal #y’2 dur-
ing twin-basal interactions, is about 7 times higher than that of parent crystal #y.
SEM/EBSD analysis in the secondary sample #y’2 revealed the formation of 2"¢ and
3" order {1012} < 1011 > twins during the plastic deformation. Basal slip traces
were also seen in the matrix, primary twin and secondary twin regions. The results
indicate that such a high work hardening of the secondary sample #y’2 was caused by
the effective grain size refinement due to formation of higher order {1012} < 1011 >
twins and the reduction of the dislocation mean free path and slip/slip, slip/twin,
and twin/twin dislocation interactions. The plastic flow was associated with the

gross plastic deformation stage in the c-axis tensile deformation of Mg single crystal

#4.
The Basinski hardening and texture hardening/softening due to {1012} <
1011 > twinning in Mg

The hardness of {1012} < 1011 > twins was analyzed from the perspective of Basinski
hardening mechanism. The present results of micro- and nano-hardness measurements

did not confirm this strengthening effect, instead following results have been obtained:
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e In the latent samples #x’, the hardness showed orientation dependence resulting

from the texture hardening/softening due to the {1012} < 1011 > twinning.

e In the tensile deformed crystal #1, the hardness measurements revealed that

small decrease in the twinned regions.

The formation of {1012} < 1011 > twins occurs to accommodate the stress con-
centration or the strain incompatibility caused by localized basal < a > dislocations
(Yang et al., 2004; Koike, 2005; Koike et al., 2008) and vice versa, the local shape
change caused by the {1012} < 1011 > twin is accommodated by kinks (Kadiri and
Oppedal, 2010). When the localized deformation is accommodated by the kink band
formation, a part of slip dislocations is emitted, resulting in dislocation rearrangement
and formation of low-angle symmetrical tilt grain boundaries. The kink bands tilted
more than 30° from the matrix orientation reported in Mg single crystals (Yoshinaga
and Horiuchi, 1962). The latter process is called “accommodation effects”. As a re-
sult of it, the dislocation densities in the matrix increase to accommodate formation
of twins induced by slip dislocations (Kadiri and Oppedal, 2010).

Fig. 6.18 shows (a) SEM image, (b) image quality (IQ) map, (c¢) inverse pole figure
(IPF) map, and (d) pole figures (PFs) constructed from EBSD data at twin interfaces
in the secondary sample #x’-No.3. From Fig. 6.18 (c) and (d), the twinning type
was {1012}<1011>. Image quality (IQ) map constructed from electron backscat-
ter diffraction data provides useful visualizations of the microstructure by including
phase, strain, topography, and information about the type of grain boundaries. The
darker colours in the IQ map are the regions where dislocations accumulate. As can

be seen in Fig. 6.18 (b), the interior of the {1012} < 1011 > twins is coloured in
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lighter grey than corresponding matrix regions, indicating that the dislocation den-
sities in the interior of the twin are smaller than the matrix. These results may be

related to the accommodation effects of the {1012} < 1011 > twin.

(a) ®)

Twin

~ Matrix

Matrix

e -1(T,A‘)

0001 2110 2 3

Figure 6.18: (a) Relatively high magnification SEM image, (b) image quality (IQ)
map, (c) inverse pole figure (IPF) map, and (d) pole figures (PFs) constructed from
EBSD data at the matrix and {1012} < 1011 > twins area in the secondary sample

#x’-No.3.
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In the studies of Mg single crystals with single basal < a > slip orientations, e.g.
(Sharp et al., 1965; Hirsch and Lally, 1965), stage II was characterized in terms of
twinning formation and dislocation accumulation around twin boundaries. However,
recently Bhattacharya and Niewczas (2011) estimated volume fraction of the defor-
mation twins was ~13-22% by X-ray texture analysis and they suggested that the
twinning contributes weakly to the rapid hardening of the crystals and forest dislo-
cation interactions between basal and non-basal slip systems are responsible for the
stage II. TEM observations indicate that activations of the non-basal slip occurs rela-
tively early during deformation and they contribute to the development of dislocation
networks (Lavrentev and Pokhil, 1975b; Bhattacharya, 2006). In the current EBSD
analysis, primary twins of relatively large size were observed in inhomogeneously de-
formed areas, as shown in Fig. 5.13 (a), Fig. 5.13 (c), and Fig. 5.15 (b). It is
expected therefore that the nano-hardness measurements of tensile deformed crystal
#1 probed the accommodation effects in these areas. In consequence, hardness in
twin regions were slightly lower than the matrix regions, although the basal Schmid
factors for matrix and twin regions were very similar and both matrix and twin had
a harder orientation.

The secondary sample #x’ had a {1012} < 1011 > twin orientation and thereby
deformation by profuse twinning occurred from the beginning. One can expect that
in the gross plasticity stage, {1012} < 1011 > twin played an important role in
work hardening. In that sample, the primary function of {1012} < 1011 > twin
is to cary out the deformation and the contribution to the work hardening occurs
mainly through dynamical Hall-Petch and texture hardening/softening mechanisms.

The effect of Basinski hardening in {1012} < 1011 > twinning was too small to be
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detectable by nano-indentation measurements.

In either case, the indentation results have not confirmed the Basinski hardening
effect inside {1012} < 1011 > twins in Mg. This is in contradiction to the results
of nano-indentation studies on polycrystalline a-Ti. In that case, deformation twins
were always harder than the matrix regardless of the twins’ size (Salem et al., 2006).
The micro-hardness measurements from matrix and twin regions in Cu-8at.% Al
single crystal (Basinski et al., 1997b) also revealed the Basinski hardening effect. In
Cu-8at.% Al single crystal, the value of micro-hardness in twin area is almost twice
higher than the adjacent matrix region.

One of the reasons why the Basinski hardening effect might be not detectable is
that {1012} < 1011 > twins in Mg nucleate at low CRSS and their growth may in-
volve transformation of a small dislocation density. The mechanical twinning in FCC
systems including Cu and Cu-alloys, occurs at high stresses and low temperatures
and the twinning proceeds after the onset of gross deformation stage, because the
flow stress must be raised up to the level required for the twin formation. However,
{1012} < 1011 > twin in Mg can be activated from the early stage of deformation
without any prior dislocation glide and so the amount of preexistent dislocations
incorporated in the twin lattice may not be large.

A correspondence matrix calculations (Niewczas, 2010) indicate that during {1012} <
1011 > twinning in Mg, (0001) basal plane in the parent should transform into {1012}
prism plane inside the twin lattice. This indicates that basal < a > dislocation
would lie on the harder prism planes, whereas prism < a > dislocations would lie

on softer basal planes after the occurrence of twinning. TEM observations inside
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{1012} < 1011 > twins in 2% deformed polycrystalline Mg revealed dislocation char-

acteristic only of the mechanical twin (Morozumi et al., 1976), which included: %[2110]

D= W=

(< a > dislocation), [0001] (<c> dislocation), 3[2113] (< ¢+a > dislocation), #[2023]
(Schockley partial dislocations), stacking fault in the vicinity of the twin boundaries
and dislocation loop. Among all these dislocations, the <c> dislocation is the sessile.
However, the density of <c> sessile dislocations, observed by TEM, was very small.
Furthermore, the screw component of basal < a > dislocation on the twin lattice can
move onto basal plane in the twin via cross-slip mechanism. Thus, after dislocation

transmutation occurs as a result of the twinning, the dislocations may loose their

identity due to various escape or annihilation mechanisms.

6.4 Latent hardening behaviour under the condi-
tion of basal < a > slip/2" order pyramidal
< ¢+ a > slip dislocation interactions

The present work attempted to study latent hardening behaviour under the conditions
of basal < a > slip/2"? order pyramidal < ¢ + a > slip dislocation interactions, by
means of the latent hardening experiments using a combination of [2112] tensile test
in the primary deformation followed by [0001] compression test of the secondary
samples. It became eventually evident that the activity of the basal < a > slip made
it difficult to measure the strength of basal < a > slip/2"¢ order pyramidal < c¢+a >
slip interactions. During the primary deformation, crystal #x experiences the lattice
rotation. The Schmid factors for 2"¢ order pyramidal < ¢ + a > slip calculated after

the primary deformation were high, as shown in Table 6.3, however, basal < a > slip
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and {1012} < 1011 > twin modes were active during secondary deformation.

Stohr and Poirier (1972) have pointed out that the control of the very accurate
initial orientation is required to obtain pure 2" order pyramidal < ¢ + a > slip in
Mg single crystals. According to their reports, basal < a > slip occurs in the c-axis
compression test in spite of a very small Schmid factor (<0.035) and in order to obtain

2" order pyramidal < ¢ + a > slip, the angle between the applied

pure conditions of
stress and the c-axis must be set less than 5 arc minutes (Stohr and Poirier, 1972).
For these reasons no successful latent hardening characteristics on forest systems in

Mg have been determined so far, which has been recognized as an important problem

open for future studies.

6.5 Application of latent hardening data to model
plasticity of Mg

In this study, the semi-quantitative hardening parameters that can be used in the
modelling of plasticity of Mg and its alloys were measured by means of the Jackson
& Basinski type latent hardening experiments. In the crystal plasticity models the
interaction coefficients between the basal < a > slip, the prismatic < a > slip and
the 2" order pyramidal < ¢ + a > slip systems, and the {1012} < 1011 > twin
can expressed as 18 x18 matrix, as shown schematically in Fig. 6.19. Since other
non-basal slip systems such as 1 order pyramidal < a > and < ¢+ a > slip systems
and the c-axis contraction {1011} < 1012 > twin modes have not been reported in
Mg, their interaction coefficients are not included in the interaction matrix in in Fig.

6.19.
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Figure 6.19: Interaction coefficients between various slip and twinning systems deter-

mined in the present work.

For matrix components accounting for basal < a > / basal < a > interactions,
the current experimental data can be directly used. The self-hardening parameters,
BI/BI, BII/BII, and BIII/BIII should be set as 1, independent of the strain or stress.
The current experimental studies reveal that the LHRs for the coplanar interaction
in Mg scale as: LHR ~ 1.1y, or LHR ~ 1.577 (Hiura and Niewczas, 2015). This
suggests that the coplanar hardening parameters for BI/BII, BI/BIII, and BII/BIII
interactions depend on degree of deformation and should be expressed as a function
of stress LHR = f(77), strain LHR = f(,) or dislocation density LHR = f(p).

For basal < a > / {1012} < 1011 > twin interactions, the LHR* vary from 1.24
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— 2.92 depending on the density of preexisting basal < a > dislocations and the
amount of micro-yielding that the crystals experiences, in this case, the LHR* can be
expressed as a function of the elastic-plastic slopes and the inverse of basal dislocation
densities. The results suggest that the interaction coefficients between basal < a >
and {1012} < 1011 > should assume the values slightly lower than unity because
basal < a > slip dislocations can assist in twin nucleation and growth. In contrast,
for {1012} < 1011 > twin / basal < a > interactions, the twin boundaries are found
to be weak obstacles for active basal < a > slip, because the LHR** are less than 1,
~ 0.9. However, one has to consider the dynamical Hall-Petch hardening effects at
larger deformation stages, i.e., effective grain refinements and reduction of mean free
path with the progress of deformation.

For basal < a > / 2™ order pyramidal < ¢ + a > slip interactions, the LHR*
cannot be measured because of the activations of basal slip and {1012} < 1011 >
twin. As discussed in chapter 2, the HCP structure with highly anisotropic mechanical
properties and the ease of the basal < a > slip have made it difficult to measure the
strength of interactions between forest systems in Mg. On the other hand, theoretical
calculations and discrete dislocation dynamics (DDD) simulations which are capable
to extract interaction parameters between non-basal < a > slip systems in Mg, should
be useful to provide data about these interactions. Flow stress, 74 depends on the
forest dislocation density, ps by the known equation: 7; = oz,ub,o}/ 2, According to
the theoretical calculations by Lavrentev and Pokhil (1975a); Lavrentev et al. (1976),
constant value « for forest interactions in Mg was estimated as ~ 2.6, relatively large
compared to typical FCC metals which show a~ 0.3 —0.9. Very recently, Bertin et al.

(2014) determined the strength of forest dislocation interactions and their effects on
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latent hardening by means of the DDD simulations. They found that collinear forest
interactions contribute the most to the latent hardening. Basal < a > / 2"¢ order
pyramidal < ¢ + a > interactions are also found to be strong, while interactions
involving 2"¢ order pyramidal < ¢ + a > primary dislocations appear to be the
weakest ones.

Nevertheless, the LHR; / {1012}~1.95 determined in the present experiments un-

der secondary compression tests can be used to describe basal < a > / {1012} <

1011 > twin interactions in Mg poly-crystals.
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Table 6.4: Different types of dislocation interactions in Mg (Bertin et al., 2014).

Interaction # Designation
S1 Basal self-interaction
S2 Prismatic self-interaction
S3 Pyramidal < ¢+ a > self-interaction
1 Coplanar basal / basal
2 Coplanar prismatic / prismatic
3 Collinear basal / prismatic
4 Non-collinear basal / basal
5 Collinear prismatic / basal
6 Non-collinear prismatic / basal
7 Semi-collinear basal / pryramidal < ¢+ a >
8 Non-collinear basal / pryramidal < ¢+ a >
9 Semi-collinear prismatic / pryramidal < ¢ + a >
10 Non-collinear prismatic / pryramidal < ¢+ a >
11 Semi-collinear pyramidal < ¢+ a > / basal
12 Non-collinear pyramidal < ¢+ a > / basal
13 Semi-collinear pyramidal < ¢+ a > / prismatic
14 Non-collinear pyramidal < ¢+ a > / prismatic
15 Semi-collinear pyramidal < ¢+ a > / pyramidal < ¢+ a >
16 Non-collinear pyramidal < ¢+ a > / pyramidal < ¢+ a >

274



Chapter 7

Summary and Conclusions

In the first part of this thesis, room temperature tensile and compressive deformation
characteristics of Mg single crystals with four different orientations of the tensile axis
were investigated. Crystal #1 was oriented for single basal < a > slip, crystal #2 for
double basal < a > slip, crystal #3 had crystallographic orientation to induce basal
and twinning deformation under tension and crystal #4 was oriented for {1012} <
1011 > twin under tension and 2" order pyramidal < c+a > slip under compression.

274 order

The work hardening behavior of Mg single crystals with basal < a >,
pyramidal < ¢+ a > slip and {1012} < 1011 > twin orientations was analyzed by
the Kocks-Mecking method. The Considere ratios (CRs) given by eq. (6.10) were
calculated in Mg single crystals for each orientation and their ductility, instability

and fracture mechanisms were discussed. From the experimental results a following

conclusions can be drawn:

1. Mg single crystals oriented for single basal < a > slip (crystal #1 tension)

show CRSS ~ 0.7 MPa. Work hardening behaviour exhibits two stages: easy
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glide stage (0 ~ 4.70 — 8.302107°y) and rapid hardening stage (6 ~ 8.35 —
9.05210~ ). Stage I and transition between stage I and IT extends much longer
compared to FCC single crystals. Stage II is relatively short followed by fracture

occurring suddenly before the Considere criterion is satisfied at CR ~ 3.06.

2. Mg single crystals oriented for double basal < a > slip (crystal #2 tension)
show CRSS ~ 1.27 MPa and work hardening rate 6 ~ 2.35 — 6.48210 5 (stage
I) and 6 ~ 7.18 — 8.252107%4 (stage II). Slightly higher CRSS value and the
work hardening rate in comparison to basal < a > orientation is attributed to

the effect of double coplanar basal < a > dislocation interactions.

3. Mg single crystals oriented for {1012} < 1011 > twining (crystal #3 tension)
show CRSS ~ 2.72 MPa. Work hardening behaviour of crystal exhibit two
stages: profuse twinning stage with 6 ~ 4.4821073 — 8.7021072x and gross
crystal plasticity stage with # ~ 2.8021072u. Specimen fracture occurs suddenly
after stage IT with CR ~ 16.9. This suggests that the interaction of the {1012} <
1011 > twin interfaces with operating slip modes is one of the main reasons for

the failure of the Mg single crystal.

4. Mg single crystals oriented for 2"¢ order pyramidal < c¢+a > slip systems (crys-
tal #4 compression) show CRSS ~ 30 MPa. Only a rapid hardening stage was
observed in the c-axis compression test of single crystal. The work hardening
was the highest among all orientations studied, at the level of § ~ 1000 MPa,

corresponding to 6 ~ 4.482107% — 8.70210 2 p.
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In the second part of the thesis, the Jackson-Basinski type latent hardening ex-
periments in Mg single crystals at 295K have been carried out under different types
of dislocation interactions, which included: (i) the self-interactions, (ii) the co-planar
interactions on the basal plane, (iii) basal < a > slip/{1012} < 1011 > twin disloca-
tion interactions, (iv) {1012} < 1011 > twin/basal < a > slip dislocation interactions

and (v) basal < a > slip/2"® order pyramidal < ¢+ a > slip dislocation interactions.

5. The LHRs for self-interactions are close to unity, regardless of the amount of
pre-strain. For coplanar interactions, the LHRs depend on the amount of strain
and stress, they linearly increase from 1.0 to 1.6 within the range of 0-49%

primary shear strains and quadratically with primary shear stress.

6. Latent softening (the LHR<1) was observed in some secondary specimens after
the secondary reloading. The unloading and resting produces the recovery of
the flow stress in the secondary samples, which has to be taken into account
while analyzing the latent hardening behaviour of single crystals. The amount
of the recovered stress increases during initial deformation and then saturates

at the value of about 30% for higher pre-strain stresses.

7. In both intermittent annealing and deformation experiments and cyclic unloading-
loading tests in Mg single crystals at 295K, stress recovery, Ao increases linearly
with the stress. The results have been attributed to the quasi Bauschinger effect

and anneal-out of point defects created during deformation.

8. Under the conditions of the basal < a > slip/{1012} < 1011 > twin dislocation
interactions, latent hardening ratios (LHR*s) given by eq. (5.4) and {1012} <

1011 > twin stress were measured. The {1012} < 1011 > twinning stress,
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10.

in the range of 1.28-3.01 MPa, scales linearly with the slope of the elasto-
plastic transition. This effect is attributed to the influence of the primary
basal < a > dislocation substructure on the {1012} < 1011 > twinning, which
provides heterogeneous nucleation sites for {1012} < 1011 > twins, decreasing

the twinning stress.

The activity of basal < a > slip and {1012} < 1011 > twinning during the
secondary compressive deformation made it difficult to measure the strength
of basal < a > slip and 2"¢ order pyramidal < ¢ + a > slip interactions. The
{1012} < 1011 > twinning stress observed in the secondary compressive de-
formation of sample #x” was at similar level of 2-3MPa as observed in tensile

deformation tests.

For {1012} < 1011 > twin/basal < a > slip dislocation interactions, the hard-
ening effect due to the twin boundaries and the twin development during plastic
deformation has been confirmed. The microstructure and micro-texture obser-
vations of secondary samples by SEM/EBSD technique revealed that formation
of higher order {1012} < 1011 > twins inside the primary twin region. The
secondary samples showed high level of work hardening, influenced by the den-
sity of higher order {1012} < 1011 > twins. The mechanical properties and the
work hardening behaviour of the secondary samples are interpreted in terms of
dynamical Hall-Petch effect arising from effective grain refinement and the re-

duction of the dislocation mean free path due to formation of higher order twins.
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Finally, possible hardening mechanisms due to the {1012} < 1011 > twin in Mg,

(i) dynamic Hall-Petch effect, (ii) the Basinski hardening, and (iii) texture hard-

ening/softening have been investigated by combination of orientation-imaging mi-

croscopy (OIM) and micro- and nano-indentation measurements on {1012} < 1011 >

twin and matrix regions in twinned Mg single crystals (secondary sample #x’ and

tensile sample #1).

12.

13.

The micro- and nano-indentation hardness measurements on {1012} < 1011 >
twins and matrix regions in the secondary sample #x’ showed no experimental
evidence for the Basinski hardening mechanism. Instead, the hardness values
show orientation dependence, following the Schmids law in both matrix and

twins regions, regardless of the twin’s variants and size.

In stage IT of the tensile sample #1, the accommodation {1012} < 1011 >
twins were developed in the locally heterogeneous areas. The volume fraction
of {1012} < 1011 > twins was small at the level 20%, in a fractured sample.
The hardness measurements on the crystal showed somewhat higher hardness
values in the matrix regions than in {1012} < 1011 > twins regions. The
results suggest that the main role of {1012} < 1011 > twins developed during
transition range and stage Il of plastic deformation is the accommodation of

the lattice distortions.
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Appendix A

Basic Crystallography for the
Hexagonal System (Okamoto and

Thomas, 1968)

A.1 Basic definitions

The lattice parameters for the hexagonal crystal system are given by {a, a, ¢, 90, 90,
120}. The choice of the unit cell is not unambiguous, because one can select any one
of the three cells, shown in Fig. A.1. First, we can use the standard basis vectors,
a1, a-, and c to express direction and Miller indices of planes. Now, we denote the

three index components of a lattice vector, r by the symbol [u'v'w']:

T = ua; +vay + wc. (A.1)
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In the case of the direct lattice in terms of four index notation, this is done by
introducing a third symmetric axis, a3 = — (a; + a3), and an arbitrary crystal vector,

7 is written in the form:

r = ua; +vay + tas + we, (A.2)

with

ut+v+t=0 (A.3)

,as usual. From egs. (A.1)-(A.3), the correct transformation relations from the three

to the four index notations can easily be given by:

v =u—t=2u+wv, (A.4)
V'=v—t=2v+u, (A.5)
w' = w. (A.6)
The inverse relations are:
1
u:§(2u'—v'), (A7)
1 !/
v:§(2v—u), (A.8)
]' / /
t=—gW+v)=—(utv), (A.9)
w=uw (A.10)
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Figure A.1: (a) The conventional unit cell of the direct hexagonal lattice and (b) the

conventional reciprocal lattice (Okamoto and Thomas, 1968).

According to the usual definition, the conventional reciprocal lattice points is

indexed by using Miller indices based on the primitive reciprocal lattice vectors, aj, a3,

and c*.
o = ag‘; c_ 2(2a§a#2— ag)’ (A1)
a;= 7 = 2(a13;2a2), (A.12)
o= ;‘” - c% (A.13)

where a1, as, and c are the primitive vectors of the direct lattice, and V' is the volume

of the unit cell,
2
V=a(axc)= \/32“ ‘. (A.14)
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However, the problem is that the conventional reciprocal lattice vectors, aj, a3,
and c* do not define a conventional hexagonal unit cell, i.e. the introduction of a third
axis, a5 = — (a] + a}), will not have the same geometrical relation as its analogue
in the direct lattice. Therefore, we should introduce more convenient choice, defined
as Aj, A3, A3, and C*, chosen in such a way that th usual Miller to Miller-Bravais

transformation of reciprocal lattice points is retained, [hkl]* — [hkil]* or

haj + kas + lc* — hA] + kA5 + ia; + [C” (A.15)

where h + k + i = 0 as usual. Substituting eqs. (A.11) - (A.14) into the left-hand

side of eq. (A.15) and using the definitions i = —(h + k) and a3 = —(a; + a2) yields

2
AT = @al, (A16)
. 2
A2 = QGQ, (Al?)
. 2
A3 = ﬁag, <A18)
1

These basis vectors define a hexagonal lattice whose sixfold symmetry, shown in Fig.

A.2, is identical in orientation with that of the direct lattice.
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Figure A.2: The 0001 reciprocal lattice plane. The reciprocal lattice points are in-
dexed using Miller indices based on the three and the four axis hexagonal reciprocal

basis vectors (Okamoto and Thomas, 1968).

A.2 The relation between the crystal plane (hkil)
and its normal [uvtw]

Unlike cubic crystals, a situation is more complex to express the relation between the
crystal plane and its normal due to the four-index notation in the case of hexagonal
crystals. In hexagonal crystals, the direction [uvtw]| normal to the plane (hkil) is

simply the reciprocal lattice vector [hkil]* expressed in terms of the direct lattice
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coordinate system, i.e.

uay +vay + tas +we = hA] + kA5 +iA; + IC* (A.20)

and by substituting Eq. A.20 into the right-hand side to get

2 1
ua, + vag + tag + we = @ <h0,1 + ka2 -+ iag -+ EC) s <A21)
where
2 2
A =2 <5> . (A.22)
3 \a

Therefore, the direction [uvtw] normal to the plane (hkil) can be expressed as:

[uvtw] = [hki(IN"2)]. (A.23)

Conversely, the plane (hkil) normal to the direction [uvtw] is given by:

(hkil) = (uvt(wA?)). (A.24)

285



Ph.D. Thesis - Fumiaki Hiura

McMaster - Materials Science & Engineering (2015)

A.3 The dot product of a reciprocal lattice vector

and a direct lattice vector, of two direct lattice

vectors, and of two reciprocal lattice vectors

Now, let g = [hkil]* and r» = [uvtw]. Then the dot product of a reciprocal lattice

vector and a direct lattice vector becomes:

g-r=(hA] + kA5 + 1A+ 1C") - (ua; +vay + tas + wc) .

Eq. (A.25) may be expanded and written in the form:

g - r = [hkil]

The matrix elements can be expanded by Eq. (A.25), i.e.

and finally we can get:

.al

A* .

7

a;)

Aj
A;
Aj
o

.a2

-a2

.a2

'CLQ

Aj
A;
A3
-
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.a3

.a3

.a3

A7 -
A% -
Aj -
cr.

w o o O

g-r=hu+kv+it+lw.

(A.25)

(A.26)

(A.27)
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For the case of two direct lattice vectors, 1 = [ujv1tiw] and 1o = [ugvataws),

U2
V2
T -T9 = [ulvltlwl] (G,Z' . aj) s (A29)
12
Wa
where
2 11 0
21T 21 0
(ai . aj) = ? o (A?)O)
112 0
0 0 0 3\
Therefore,
3a? 9
1T = 7 (U1U2 + v1v9 + tth + A wlwg) . <A31)

Similarity, for the case of two reciprocal lattice vectors, g; = [h1kii1l1]* and gy =

[hgkgiglg]*, ] )
ha
- * * k2
g1 - g2 = [krinly] (A - A)) : (A.32)
19
ly
where
211 0
( ) 2t o (A.33)
az-aj = — .
911 12 o
0 0 0 3)\2
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Therefore,

2
9192 = 55 (huhy + kiky + iy + Aly) (A.34)

A.4 The magnitude of a reciprocal lattice vector
and a direct lattice vector

The magnitude of vectors follows directly from eq. (A.31) and (A.34). For the case

of a direct and a reciprocal lattice vector, » and g,

2
r|* = % (v + 0 + 17 + Nw?) (A.35)
and
2
g = =3 (R + K + i + A 2w?). (A.36)

A.5 Interplanar and interdirectional angles

These can be derived directly from eqs. (A.31),(A.34)-(A.36). The angle between

two direct lattice vectors is calculated from:

T ) U1U9 + V1V + tltg + )\lewg

] el (2 02 4 2 N2w?) YR (W + 02+ 12+ N2w?)

(A.37)

cos(ry,ro) = 73

Similarly, the angle between two planes corresponding to the reciprocal lattice

vectors is given by:

91 92 hihy 4 kiks + ivis + X211
cos(g1,g2) = = = 7 75 (A38)
91] 192l (B2 4 k2 2+ A2 (h2 4 k2 + 2 + A202)
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A.6 Application to Schmid factor calculations for
hexagonal crystals

Although it is very important to consider Schmid factor for the investigation of slip
and twin activities, the calculation of Schmid factor is not well known for hexagonal
crystals, because of the £ ratio and the use of four Miller index notation, in comparison
to FCC materials. The Schmid factor for HCP crystals can be calculated in the
following way. Consider the tensile axis of the specimen is oriented with respect
to the crystal, as shown in Fig. A.3. In the figure, the angle ¢ and A denote the
relative orientation of the tensile axis and the normal to the slip plane and the relative
orientation of the tensile axis and the slip direction within the slip system. The
resolved shear stress, 7,55 can be expressed by projecting the traction vector, £ on

the plane with normal nm on the slip direction:
Trss = 8+ OM = COS Y COS ATy = Moy (A.39)

where s is a unit vector in the slip direction and o is the magnitude of the externally
applied tensile load. The factor, m = cos ¢ cos A, is called Schmid factor (Schmid and
Boas, 1935).

From the geometrical relations, it is necessary to calculate the inner product of
loading axis and slip direction and the loading axis and slip plane normal. We have
already obtained the interplanar angle between two directional lattice vectors, eq.
(A.37). When the load applied paralleled to the direction, ry=[ujvitjw;], the slip

plane normal, p;=[hikyi1l1], and slip direction, ro=[ugvatows], Schmid factor, m is
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given by:

m = cos(ry, r2) cos(r, py) = ( oo ) < o P ) . (A.40)

[ra ol ) \Iril Tl
For example, when the single crystal is deformed in uniaxial tension paralleled to
[1122], the Schmid factor for basal slip system (0001)[2110] is 0.25 by eq. (A.40).

The Schmid factors for other slip systems can be also calculated using eq. (A.40).

TA.
(R4

/-.

A

Sm

Direction

_~ Slip Plane

Figure A.3: Schematic illustration of angles between tensile axis and slip direction

and slip plane normal.
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Appendix B

Deformation Modes in Mg

B.1 Slip modes

Possible slip systems in HCP crystals are shown in Fig. C.5 and are listed in Table
B.1. In HCP crystals, the (0001) basal plane is closed-packed and the closed-packed
directions are . The shortest lattice vectors are , which corresponds to the unit cell a-
vectors in the basal plane. Therefore, the most common slip systems in HCP crystals
are basal <a> slip. However, none of the metals known is ideally close-packed and
the lattice parameter ratio ¢/a, usually deviates from ideal ¢/a = (8/3)2= 1.633, as
shown in Table B.2. This suggests that directionality occurs in inter-atom bonding.
In support of this, it is found that some metals such as titanium and zirconium

undergo deformation by slip mainly in prism <a> system.
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(@) (b)

Pryramidal
{011y 4c¢ {1012} 1¢
P [
{1010} P< A7 1070} 1 __
Prismatic / ~{2111}
% %3 1011}
/ A / —
d a2 By AN az
1/3[1120] 1/3(1123) e =
1122
a (0001 a, iz
Basal

Figure B.4: (a) Basal, prismatic, and pyramidal slip systems with <a> Burgers
vector, and (b) four possible pyramidal slip planes with <c+a> Burgers vector (Yoo,

1981).

In polycrystalline metals, basal <a> slip and prism <a> slip do not supply suffi-
cient slip modes to satisfy the Von Mises criterion (Von Mises, 1928) that every grain
should be able to plastic deformation generally to meet the shape changes imposed by
its neighbors. According to the Von Mises criterion, five independent slip systems are
necessary. In FCC crystals, the twelve slip systems provide five independent systems
and satisfy the condition and so do the slip systems in BCC crystals. However, either
basal <a> slip or prism <a> slip is strongly preferred in HCP crystals. If the two
common slip systems are activated simultaneously, they offer only four independent

modes between them. Five independent slip systems must be available to carry on
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Table B.1: Independent modes of deformation in HCP crystals (Yoo, 1981).

Direction Plane Crystallographic elements # of independent mode
Basal (0001)<1120> 2
<a> Prismatic {1010} <1120> 2
Pyramidal {1011} <1120> 4
<c> - {hki0}]0001] -
<cta>  Pyramidal {hkil}<1123> 5
Twinning - {K;}<m> 0-5

Table B.2: Properties of some HCP metals at 300K (Hull and Bacon, 2011).

Metal Be Ti Zr Mg Co 7n Cd
c¢/a ratio 1.568  1.587  1.593 1.623 1.628 1.856  1.886

Preferred slip  basal  prism  prism  basal basal basal basal

plane for b=a (0001) {1010} {1010} (0001) (0001) (0001) (0001)

arbitrary deformation of a material otherwise, grain-boundary sliding, twinning, or
fracture of the crystal will occur. Consequently, non-basal slip systems play an im-
portant role in the plastic deformation in HCP crystals, because they provide missing
deformation modes to fulfill the von Mises criterion and requirements for five inde-
pendent slip systems (Hirth and Lothe, 1992). In Mg and Mg alloys, the activations
of basal <a> slip, prism <a> slip, and 2nd order pyramidal <c+a> slip are mainly

reported. The values of the CRSS for basal <a> slip, prism <a> slip, and 2nd order
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pyramidal <c+a> slip in magnesium are plotted in Fig. C.6 as a function of temper-
atures available in the literatures (Reed-Hill and Robertson, 1957; Sheely and Nash,
1960; Ward Flynn et al., 1961; Yoshinaga and Horiuchi, 1962, 1963c; Wonsiewicz and
Backofen, 1967; Akhtar and Teghtsoonian, 1968a,b, 1972; Stohr and Poirier, 1972;
Obara et al., 1973). Basal <a> slip dominantly actives in the range from very low to
evaluated temperatures. The non-basal slip systems such as prism <a> slip and 2nd
order pyramidal <c+a> slip in Mg show very strongly temperature dependence and
the CRSS for non-basal systems are decreasing rapidly as temperature rises. At high
temperatures, prism <a> slip, and 2nd order pyramidal <c+a> slip can also be ac-
tivated as secondary slip systems, in addition to basal <a> slip. In fact, for example,
Miura et al. (2005) reported the activations of basal <a> slip, prism <a> slip and
2nd order pyramidal <c+a> slip in Mg single crystals with single basal orientations

deformed in tension at evaluated temperatures, 473-673K.
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Figure B.5: CRSS plots as a function of temperatures for basal <a> slip, prism <a>

slip and 2nd order pyramidal <c+a> slip (Hiura, 2010).

B.2 Deformation twinning

Twinning is a particularly important deformation mechanism when there are only a
limited number of slip systems in HCP crystals. At the beginning, the crystallography
elements of deformation twinning will be introduced. In the classical theories, which
are reviewed in the literature (Christian, 1965), deformation twins can be formed by
homogeneous shear, s, in the original (parent) lattice. As a result, the product (twin-
ning) lattice has the same crystal structure as the original one and the two lattices

have specific crystallographic relationships. Deformation twins are characterized as
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the parameters of K, Ky, 1y, and 1), called twinning elements, as depicted in Fig.
C.7. K is the invariant plane of twinning shear and 7; is the shear direction. From

the geometrical relations in the figure,the amount of shear, s is given by:

s =2cot2yp (B.41)

Figure B.6: Geometric relationship between twinning elements (Christian, 1965).

The amount of twinning shear is plotted as a function of the axial ratio for six
possible twinning modes in HCP materials and D039 inter metallic compounds in Fig.
C.8 (Yoo and Lee, 1991). In the figure, twinning modes having a positive slope cause
contraction along the c-axis, while modes indicating a negative slope cause extension
along the c-axis. For example, {1012} < 1011 > twin is a contraction twin for Cd and
Zn (v < v/3), whereas a tension twin for the rest materials (y > v/3), since the shear
direction for the {1012} < 1011 > twin reverses at v = v/3. Table C.3 summarizes
twinning parameters for four twinning modes commonly observed in HCP crystals:

(i) {1012} < 1011 > well occurred during compressive deformation in Cd and Zn and
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tensile deformation in Co, Mg, Zr, Ti, and Be; (ii) {1011} < 1012 > in compressive
deformed Mg and Ti; (iii) {1122} < 1023 > in compressive deformed Ti and Zr; and
(iv) {1121} < 1126 > in tensie deformed Co, Re, and Zr and in compressive deformed

Ti (Niewczas, 2010). Fig. C.8 represents schematic illustrations on their twinning

modes.

TWINNING SHEAR g

14 5 15 7 18 19
AXIAL RATIO c/a

Figure B.7: The amount of twinning shear as a function of the axial ratio in HCP

metals and D09 inter metallic compounds (Yoo and Lee, 1991).
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Table B.3: Crystallographic elements and parameters of twin systems in HCP crystals
(Yoo, 1981).

K Ky m o shear plane  shear metal
{1012} {1012} + <1011> =+ <1011> {1210} 'ngj' Co, Mg, Zr, Ti, Be
{1011} {1013} <1012>  <3032> {1210y~ 22 Mg, Ti

_ —_ - _ _ 2_
{1122} {1124} 1<1023> 1<2213> {1100} 2(”37 2) Ti, Zr
{1121} (0002) § <1126> 4 <1120> {1100} > Co, Re, Ti, Zr

a, =[1210] nl[lﬂilj
‘ [}

K,(1012) pp

(c)

A7 =[2110]

Figure B.8: Geometric relationship between twinning elements: (i) {1012} < 1011 >;
(ii) {1011} < 1012 >; (iii) {1122} < 1023 >; and (iv) {1121} < 1126 >(Niewczas,
2010).
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Appendix C

Stacking-fault energies in some

materials (Hirth and Lothe, 1992)

Table C.4: Stacking-fault energies in some close-packed materials (in m.JJ/m?) (Hirth
and Lothe, 1992).

Materials Type I'spr Materials Type I'sre

Al FCC 200 Ni FCC 400
Ag FCC 17 Pd FCC 180
Au FCC 55 Pt FCC 95

Be HCP 230 Rh FCC 750
Cd HCP 160 Si Diamondo cubic 69

Cu FCC 73 Th FCC 750
Mg HCP 125 Zn HCP 230
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