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ABSTRACT

Twinning and Texture Development in an Extruded AM30 Magnesium Alloy during

Compressive Deformation

Doctor of Philosophy, 2014

Dyuti Sarker

Mechanical and Industrial Engineering

Ryerson University

This study was aimed at evaluating the microstructure, mechanical behavior and texture
response of extruded AM30 magnesium alloy in uniaxial compression with special attention to
the effect of compressive strain amount, sample orientation, loading direction, compressive pre-
strain, and annealing. Compressive deformation along the extrusion direction (ED) resulted in
sigmoidal true stress-true strain behavior together with three distinct stages of strain hardening,
due to the presence of two sets of basal textures {0001}<2110> and {0001}<1010>, with c-
axes aligned nearly parallel to the normal direction (ND) of the extruded plate which facilitated
the occurrence of {1012} extension twinning. The effect of in-plane loading direction, i.e., 0°,
15°, 30°, 45° from the ED on the compressive flow behavior was investigated, which revealed
nearly constant yield and ultimate compressive strengths but with a remarkable increase of
fracture strain compared to the ED sample. The effect of pre-strain along the ED on the

formation of twinning and texture was investigated during re-compression along the ED,



transverse direction (TD) and ND. In the two-step ED-ED compression, the disappearance of
twin boundaries or the coalescence of twins via twin growth was observed. After pre-strain
along the ED, re-compression along the TD showed two seemingly opposite phenomena, i.e.,
the formation of new twins and de-twinning to be co-existent due to the presence of multiple
sets of textures after the first-step pre-straining. The de-twinning activity decreased and the
texture weakening was achieved with increasing pre-strain in the ED while doing re-
compression along the ND at a constant strain amount. Texture measurements revealed that the
c-axes of hcp unit cells were always rotated towards the compression direction, regardless of
compression in the ED, TD or ND. The annealing temperature and time also had a pronounced
effect on microstructure and texture evolution. With increasing annealing time, the twins in the
pre-compressed samples were observed to disappear gradually, as demonstrated by a decreased
volume fraction of twins and weakened texture which became more randomly distributed. As a
result, during re-compression along the ED, fewer twin formation and less intense texture were

observed, resulting in a significant increase of ductility.
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CHAPTER 1

Introduction

1.1 Introduction and Motivation

During the early years of the twenty-first century, the efficiency of energy consumption has
become increasingly important, and the demand for energy has increased tremendously, while at
the same time oil’s “tipping point” has passed, based upon the report in a recent Nature article
[1]. Although renewable sources of energy are still under intense investigation, advances in
materials and structural design make it possible to expend less energy for the same duty. This is
particularly true in the transportation industries, e.g., for ground and aerospace vehicles, where
the application of lighter and more durable materials becomes important since light weighting is
today considered one of the salient strategies for reducing fuel consumption and anthropogenic
environment-damaging, climate-changing, human death-causing® and high-priced emissions [2-
7]. It has been reported that the fuel efficiency of passenger vehicles can be enhanced by 6~8%
for each 10% reduction in weight [8-10]. Light metals, such as aluminum and titanium alloys,
have been successfully used in the aerospace and automotive sectors for structural applications.
As ultra-lightweight strategic materials, magnesium alloys have recently kindled considerable
interest in the automotive and aerospace industries, and are being intensively studied for

potential load-bearing structural applications to reduce vehicle weight and increase fuel

! According to Science News in an article entitled “Air pollution kills 7 million people a year” on March 25, 2014 at
http://news.sciencemag.org/signal-noise/2014/03/air-pollution-kills-7-million-people-year: “Air pollution isn’t just
harming Earth; it’s hurting us, too. Startling new numbers released by the World Health Organization today reveal
that one in eight deaths are a result of exposure to air pollution. The data reveal a strong link between the tiny
particles that we breathe into our lungs and the illnesses they can lead to, including stroke, heart attack, lung cancer,
and chronic obstructive pulmonary disease.”



http://news.sciencemag.org/signal-noise/2014/03/air-pollution-kills-7-million-people-year�

efficiency [2] due to their high strength-to-weight ratio, dimensional stability, and good
machinability and recyclability. Wrought (extruded, rolled, etc.) magnesium alloys have in
general better tensile properties [11,12] and fatigue resistance [13-19] compared with cast

magnesium alloys [20-21].

The application of wrought magnesium alloys requires comprehensive knowledge about the
deformation behavior of these materials and their final performance under service loading.
Magnesium alloys, having a hexagonal close-packed (hcp) crystal structure, show a pronounced
anisotropy in their mechanical properties [22-25]. The plastic anisotropy of magnesium alloy is
greatly influenced by the preferred orientation (more commonly called “crystallographic
texture”, or just texture) formed in wrought alloys. Generally, the wrought magnesium alloys
form a strong basal texture with most basal planes aligned parallel to the process direction (i.e.,
extrusion or rolling direction) [22-30], and exhibit a high degree of anisotropy and poor room
temperature formability due to the limited slip systems and the polar characteristics of

deformation twinning.

The occurrence of deformation twinning in magnesium alloys has been widely reported in the
literature [30-34]. However, its precise influence on hardening behavior and texture
development under monotonic and cyclic loading has not yet been well understood. In Mg
alloys, the variations in the strain hardening behavior can also be ascribed to the influence of the
initial texture on slip and twinning. Previous research has indicated that the mechanical response
and the evolution of texture during straining are significantly affected by the interaction between
the strain path and the initial texture. The directionality of the twinning systems in turn leads to

strong anisotropic mechanical behavior in the textured magnesium alloys [35-41].
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Recrystallization has been reported to be an effective technique in plastically deformed
magnesium alloys to produce nucleation sites within twins and untwinned regions with modified
grain size, shape or texture. This opens up the possibility of controlling the mechanical response
by designing crystallographic textures appropriate to particular strain paths. The studies on the
close relationships between the crystallographic texture and plastic deformation mechanisms in
wrought magnesium alloys, which reciprocally influence each other, provide valuable
information for the general understanding of the plastic deformation of polycrystalline materials
with hcp structures, and are beneficial for designing optimal alloying and forming schemes to

fabricate such wrought magnesium alloys.

The research presented here is about the fundamental study of the mechanical behavior and
deformation mechanisms in an extruded magnesium alloy, with a particular focus on twinning
and texture development. The major objectives of the present research are to identify the role of
deformation twinning (as one of the deformation mechanisms) on the plastic deformation
behavior of extruded magnesium alloys, and its correlation with microstructure and textures,
based on a fundamental understanding of the mechanical properties under various loading
conditions and sample orientations using X-ray diffraction as a major characterization tool. The
work constitutes a benchmark for understanding the effects of the plastic deformation
mechanisms, such as twinning, de-twinning and dislocation slip on the mechanical behavior in

wrought magnesium alloys.



1.2 Objectives of the Research

The research was aimed at investigating the deformation behavior and texture development of an
extruded magnesium alloy under uniaxial compression loading. By determining the mechanical
properties of the material under a series of varying loading conditions, the research project
involved identifying the effects of (i) sample orientation, (ii) multiple loading direction, and (iii)
static recrystallization on the texture development and deformation mechanisms of extruded Mg
alloys. The following studies were conducted and the specific aims of each study are listed

below:

Study 1: Effects of Sample Orientation

The effect of sample orientation on the deformation behavior and texture development during

uniaxial compression was investigated with the following objectives:

I. To identify if the sample orientation would affect the flow stress behavior and texture
development.
ii. To investigate the flow behavior of extruded AM30 alloy subjected to compressive
loading at various strain levels and the successive change of texture components.
iii. To ascertain if differently oriented samples with extrusion direction under various
loading parameters, such as, strain levels, and strain rates would affect deformation

behavior and texture development.



To propose a geometric model using hexagonal close packed crystal structure for
calculating the Schmid Factor values which could be used to select active twin
variants during deformation.

Verification of the calculated Schmid Factor values considering different
crystallographic orientations and loading directions with the experimental data

obtained after compression test.

Study 2: Effect of Pre-compressive Deformation

The effect of pre-compressive deformation on microstructure and texture development during

uniaxial compression was investigated under different loading parameters to obtain the

following objectives:

To identify the influence of twins introduced by pre-straining on the subsequent
texture and strain hardening upon re-loading with and without changing the loading
direction.

To do compression tests with cylindrical and rectangular shaped samples with varying
loading directions to reveal the degree of anisotropy.

To show the effect of pre-strain amount on twinning, de-twinning and the associated

texture change.



Study 3: Static Recrystallization

This study was aimed at investigating the potential twin disappearance during annealing and the
effect of pre-strain on recrystallization of extruded Mg alloys. The deformation mechanism and
twin formation or disappearance after subsequent annealing was investigated. Then further
deformation was conducted to reveal the potential change and difference in the twin formation
or deformation behavior after the high temperature exposure. Specially, the study aimed to do

the following:

i. To observe the change of volume fraction of twins as a function of annealing
temperature and time of compression strain induced (pre-strain) samples. The
response of twin volume fraction during annealing was correlated with the JIMAK
model to examine static recrystallization phenomena.

ii. To do re-compression of some selected samples after annealing so as to examine the
effect of annealing or thermal exposure on the further twin formation or deformation
behavior.

iii.  To measure the change of orientation, texture analysis was also performed after
annealing of pre-compressed samples. The intensity variation of texture was compared

with the pre-deformed and annealed sample as well as after re-compression.

This thesis has been structured as follows:
Chapter-2 presents a literature survey that contains a concise review of magnesium material

characteristics, deformation modes and the factors affecting the activity of deformation.



Chapter-3 presents the detailed experimental methodology to design samples, to conduct the
experiments, heat treatment parameters, and material characterization by metallography and

texture analysis.

Chapter-4 examines the influence of compressive strain on twin formation, their growth,

hardening behavior and texture development.

Chapter-5 presents a model proposed to calculate the Schmid factor at different
crystallographic orientations and loading directions and the validation of the model using the

experimental data.

Chapter-6 describes the influence of twins introduced by pre-straining on the subsequent
twinning, de-twinning, texture development and strain hardening upon re-loading with and

without changing the loading orientation.

Chapter-7 shows the role of twinning introduced by pre-compression on static recrystallization

during annealing and texture evolution upon reloading of annealed samples.

Chapter-8 summarizes the outcomes from the study and makes concluding remarks as well as

suggesting directions for the future work.



CHAPTER 2

Literature Review

2.1 Magnesium: Material Characteristics

In 1808, Magnesium was discovered and isolated by Sir Humphrey Davy, but it took about 100
years for the development of real demand [42]. Magnesium is the lightest structural metal
available in the world with a density of 1.74 g/cm®, 35.6% lower than that of aluminum and
61.3% lighter than titanium [43]. The attraction of magnesium as an engineering material is its
combined properties of light weight, high strength-to-weight ratio and high specific stiffness at
both ambient and elevated temperatures. However, the use of magnesium as a structural material
has been limited. The bulk of magnesium was used as an alloying element in aluminum alloys
[43]. Since 1993 there has been renewed interest in using magnesium-based alloys in
automobile, aerospace and other household and sport applications [42]. As Bettles et al. [44]
reported, the interest in magnesium alloys has been revived since the turn of the millennium, and
the alloy is considered common today. The keen interest in the research and development
(R&D) of magnesium alloys in the past decade or so could perhaps be demonstrated by the high
citation number (30592) of the paper entitled “Magnesium: Properties - applications - potential”
authored by Mordike and Ebert since it was published in 2001 [45]. The challenges in using
wrought magnesium for automotive applications lie in cost as well as in properties. Major
shortcomings of the magnesium alloys in the wrought condition are poor formability, basal

texture, and tension-compression yield asymmetry associated with twinning, low ductility, etc.

2 Based on a Google search on August 28, 2014.
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Figure 2.1: (a) Hexagonal close-packed (hcp) crystal structure, (b) possible slip directions [46].

Magnesium has a hexagonal close packed (hcp) crystal structure, as shown in Fig. 2.1(a), where
the positions of the atoms and possible slip directions are shown in Fig. 2.1(a) and (b)
respectively. The cell geometry is described by four axes. Three of the axes are coplanar with a;,
ay and a3 oriented 120° to one another. The fourth axis, referred to as the c-axis, is perpendicular
to the basal plane containing a;, a; and as. In the hcp unit cell the lengths a;, a, and agz are equal.
One of the important material lattice parameters which determine the deformation behavior is
the c/a ratio, where a is the interatomic distance in the basal plane along any of the three <112
0> directions (Fig. 2.1(b)), and c is the distance between the first and the third layers. The lattice
parameters of pure magnesium at room temperature are: a = 0.32092 nm and ¢ = 0.52105 nm
[47]. The c/a ratio is 1.6236 which is close to the ideal value of 1.633. However, no pure metal
has this ideal c/a ratio. Depending on the c/a ratio, some metals, such as Zr, and Cd show

twinning dominant deformation when a compressive load is applied along the ¢ axis, while a



tensile load along the c axis is needed for twinning in Mg and Be. Twin formation in hcp

materials strongly depends on the c/a ratio which will be discussed later.

2.2 Deformation Systems in Magnesium

2.2.1 Dislocation-Slip Systems

In a polycrystalline material, to accommodate deformation, five independent slip systems have

to be activated [48,49]. In Mg, three possible dislocation Burgers vectors can be active on
various slip planes: <a> = 1/3<1120> (on basal or prismatic planes), <c> = 1/3<1120> (on
prismatic planes), and <c+a> = 1/3<112 3> (on the {112 2} pyramidal plane) [47,50], as shown
in Fig. 2.2. The important slip systems in magnesium are summarized in Table 2.1.
Transmission Electron Microscopy (TEM) studies in the 1970’s further confirmed the existence

of these systems and the dislocations involved [51,52].

Table 2.1: Independent slip systems in hcp crystal [49,53].

i L Crystallographic _ No. of
Slip system Direction independent
components

modes
Basal slip a {0001}<1120> 2
Prismatic slip a {1010}<1120> 2
1st-order Pyramidal slip a {1011}<1120> 4
2nd-order Pyramidal slip c+a {1122}<1123> S
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Figure 2.2: (a) Basal-<a>, (b) Prismatic-<a>, (c) Pyramidal-<a>, and (d) Pyramidal-<c+a> slip

systems in magnesium [42,54].

Among the four dominant slip systems listed in Table 2.1, three of them (basal, prismatic and
Ist-order pyramidal slip) involve the slip of dislocations with <1120> (or <a>) type Burgers
vectors. With reference to the Von Mises criterion, basal and prismatic slip can only offer two
independent slip modes in each case. While the Ist-order pyramidal slip can offer four
independent slip modes, this is still short of the required five for homogeneous deformation.

Only the 2nd-order pyramidal slip, with its non-basal Burger vectors (or <c+a>), will

11



accommodate deformation along the c-axis and meet the requirement for five independent slip

modes. However, this type of dislocation slip does not normally occur at room temperature.

2.2.2 Twinning

The twinning phenomenon has been well described by Dieter [56] as follows: “Twinning results
when a portion of the crystal takes up an orientation that is related to the orientation of the rest
of the untwined lattice in a definite, symmetrical way’’. Then the twinned portion of the crystal
would be a mirror image of the parent crystal. The plane of symmetry between the two portions
is known as the twinning plane. The typical atomic arrangement of twinning is illustrated in Fig.

2.3. The crystal will twin about the twinning plane when a shear stress is applied (Fig. 2.3(b)).

Polished surface

J
1

Twin plane

(a)

Figure 2.3: (a) Schematic diagram showing how twinning results from an applied shear stress r,
(b) open circles represent atoms that did not change position; dashed and solid circles represent

original and final atom positions, respectively [55,56].
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As a result the region to the right of the twinning plane is undistorted. To the left of this plane,
the planes of atoms have sheared in such a way as to make the lattice a mirror image across the
twin plane. In a simple lattice such as this, each atom in the twinned region moves by a
homogeneous shear a distance proportional to its distance from the twin plane [56]. In Fig.
2.3(b), open circles represent atoms that did not move, and dashed and solid circles represent

original and final positions, respectively, of atoms within the twinned region [55,56].

- Twin

}Z///;;7f planes

Slip
lanes
P Twin

(a) (b)

Figure 2.4: For a single crystal subjected to a shear stress t, (a) deformation by slip; (b)

deformation by twinning [55].

Slip and twinning deformations are compared in Fig. 2.4(a) and (b), respectively. These two
processes differ from each other in several respects. First, for slip the crystallographic
orientation above and below the slip plane is the same before and after the deformation; for
twinning, there will be a reorientation across the twin plane. In addition, slip occurs in distinct
atomic spacing multiples, whereas the atomic displacements for twinning are less than

interatomic separation [55]. Unlike slip, twinning only allows simple shear in one direction,
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rather than in both the forward and backward directions, thus, it is a polar mechanism. In
addition, shear in the one direction is not equivalent to shear in the opposite direction [57,58].
As a result, the limited slip systems available and the directionality of the twinning systems are

the main reasons for the anisotropy of mechanical properties observed in Mg alloys.
2.2.2.1 Twinning Types in Magnesium

As mentioned above, in the hcp crystal structure the twinning systems are strongly correlated
with the c/a ratio of the unit cell [53,59-62]. Generally two types of twins, {1012}<1011>

extension and {10il}<1oi§> contraction twins, are observed in magnesium alloys [63-72].

c-axis c-axis
1011} Plane

. {
<101 1> direction (b) <Ai-’"_r§
——

@ —

s -H-‘-‘-"

A B A
ap< ==/ — /
_._______________.-—--- Ra.

{1012} plane

<1012> direction

Figure 2.5: (a) Schematic illustration of extension twins {1012}<1011> and, (b) contraction

twins {1011}<1012> in magnesium, where the corresponding shear direction are indicated.

The former is the most common and is easily activated in Mg and many other hcp metals

[53,57,61,62]. The {1012} extension twins are the only type that allow extension strain parallel
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to the c-axis [33]. Thus the {1012} twins form prevalently when a tensile stress (or a

compressive stress) is applied in the direction parallel (or perpendicular) to the c-axis. The
{1012} extension twins have the second smallest critical resolved shear stress (CRSS) following
basal slip; therefore, the {1012} twins could be activated in the initial deformation stage and
influence yielding behavior. The occurrence of {1012} twinning causes re-orientation of the
basal planes by 86.3°. Therefore, grains that are oriented unfavorably for slip still remain in

unfavorable orientations after {1012} twinning [72].

Contraction twinning, including {1011} twins and {1013} twins, on the other hand could
accommodate the compression or contraction strain along the c-axis [73]. It is activated when
there is a contraction strain component parallel to the c-axis or when macroscopic extension is
applied perpendicular to the c-axis. {1011} and {1013} contraction twins reorient the basal
plane by 56° and 64°, respectively [74-76]. Like <c+a> slip, contraction twinning has the effect

of rotating the basal planes towards more favorable orientations for dislocation slip.

In addition to primary twinning, secondary twinning can take place within the reoriented
primary twins [64]. Usually reported double twinning are {lOil}-{lOiZ} and {1013}-{1012}

twinning. Generally {1011} or {10i3} contraction twins form first, after which {1012}
extension twins are formed and propagated within the original contraction twins. Both types of

double twins lead to a contraction along the c-axis [75].
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2.2.2.2 Twinning Invariants

Deformation twinning occurs by coordinated dislodgments of atoms along crystallographic
directions on crystallographic planes, resulting in homogeneous shearing of the crystal lattice
and formation of a new lattice in twin region to the parent lattice [37]. Each twinning mode is

identified by the invariant shear plane and shear direction. Twinning elements and a number of

other characteristic parameters for {1012} extension and {1011} contraction twinning are given

in Table 2.2, [61,77].

Table 2.2: Description of the {1012} and {lOil} twinning invariants [77].

K]_ K2 771 772 S
Extension twin {1012} {1012} <lOil> <:_|_011> -0.129
Contraction twin | r1011} {1013} <1012> <3032> 0.138

K, after shear

K, before shear

Plane of
I~ shear

Figure 2.6: Twinning elements K, K, 7; and 7, shown in relation to the plane of shear [78].

In this table, and with reference to the standard twinning invariants shown in Fig. 2.6, the values

K1 and K; are the first invariant and second invariant planes, respectively. The terms 7; and 7,
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refer to the shear direction and its conjugate, i.e., the vector formed by the intersection of K, and
the plane of shear. The symbol @ refers to the angle through which the basal planes are rotated

around the axis <hkil> (which is normal to the plane of shear, Fig. 2.6).

Fig. 2.7 shows a well-known illustrative representation of a twinning shear [37]. The twinning
shear occurs in the K; plane along the 71 direction. The K; plane, the invariant plane, preserves
its crystallographic identity in the twin lattice. K, is the conjugate to the twinning plane; it
rotates to K", (after shear) in the twin, and it also conserves its type in the twin lattice. The K,
plane contains the 7, direction, defined as the conjugate twinning direction or conjugate shear
direction; it rotates during twinning to 7 , in the K, plane in the twin. Another important plane is
the plane of the shear, and the projection plane in Fig. 2.7. The plane is extended on #; and 7, or
alternatively defined as the plane containing 71, and the normal to the K; and K, planes. When
twinning occurs, the material above the K; plane is sheared by an amount defined by the
twinning shear, s. The magnitude of the twinning shear determines the position of the K , plane

in the twin lattice. In the hcp lattice the twining shear s depends on the c/a ratio.

The shear magnitude for extension twinning, Se, is expressed by [53]:

2
s =(C/a)—_3. (2.1)

e 3(c/a)

The shear magnitude for contraction twinning, s, is expressed by [53]:

. _ 4(cla)® -9

¢ 443(c/a)

(2.2)
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Figure 2.7: (a) Twinning elements of twinning mode {1012}<1011>, (b) schematic image of
twin mechanism. Extension twin occurs when a compressive load is applied perpendicular to the

c-axis [49,79].
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2.2.3 Twin Growth

Twin nucleation occurs in regions of stress concentration; grain boundaries and other
dislocations. Twin growth starts after twin nucleation when the resolved shear stress (RSS) on
the twinning system exceeds the critical resolved shear stress (CRSS) for twin growth, which is
usually less than the CRSS for twin nucleation [80]. Twin growth is accomplished through
gliding of twinning dislocations (TDs) in the matrix on the twin boundary (TB), where the
driving force is the stress acting on TDs at the TB interface. Twin growth is related to two
phenomenons [80]: matrix reduction and twin propagation, which are respectively activated by
the average stresses in the matrix and in the twin. Matrix reduction is accomplished through the
migration of the twin boundaries induced by the resolved shear stress in the matrix and thus
reduces the current volume of the matrix; twin propagation is accomplished through the
migration of the twin boundary towards the matrix by the resolved shear stress in the twin and

increases the current volume of the twin.

2.2.4 De-twinning

Due to the polar nature of twinning, the extension twin can only be activated by a tensile
component of stress along the c-axis or by a compressive component of stress normal to the c-
axis of the hcp unit cell. Because extension twinning results in an 86.3° reorientation of the basal
pole, de-twinning can occur in a twin if the load is reversed [80]. Under cyclic loading and strain

path changes, twinning and de-twinning appear alternately [11,34,67,69,81-86].
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Microscopically, de-twinning can be characterized by the disappearance of existing twins. In
other words, twins can vanish or become narrower (twin shrinkage) under reversed loading.
Twin shrinkage operates when the resolved shear stress (RSS) corresponding to the de-twinning
is greater than the critical resolved shear stress (CRSS) for twin shrinkage. Twin shrinkage is the
reverse operation of twin growth. Therefore, a complete texture reversal is expected, once the
de-twinning capability is exhausted. The crystallographic deformation process of de-twinning is
similar to twinning, except that nucleation is not required, or occurs more readily. Thus, the
stress required for de-twinning is less than that for twinning nucleation, but greater than that for
twinning growth [49]. Therefore, de-twinning can also result in an inflected and concave-up

strain-hardening flow curve [38].

2.2.5 Re-twinning

Re-twinning (RT) represents the activation of a twin within a twin. The twin variant could be the
same as or different from the pre-existing twin variant. If the variant is the same as the pre-
existing twin, it corresponds to de-twinning through the nucleation of a twin [86]. If the variant
is different from the pre-existing twin, it corresponds to secondary twinning through the
nucleation of a new twin variant in the twin. Because re-twinning corresponds to the
introduction of a new twin, the CRSS for re-twinning could be the same as the CRSS for twin
nucleation. The resolved shear stress corresponding to this operation is calculated using the

stress state inside the twin.
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2.3 Factors Influencing Deformation Mechanisms

2.3.1 Critical Resolved Shear Stress

To activate a slip or twinning system within the crystal, the shear stress on the slip or twin plane
in the slip or twin direction must reach a required level called the critical resolved shear stress
(CRSS). It constitutes a material property that may be influenced by deformation temperature,
impurities and alloying elements, as well as by the mechanical and thermal history (the rate of
deformation and of recrystallization). Barnett [87] summarized the temperature dependence of
critical resolved shear stress (CRSS) for the main deformation modes in magnesium, as shown
in Fig. 2.8. The CRSS for the basal slip in pure magnesium is very low, approximately 0.6-0.7
MPa, which is also nearly independent of temperature. In contrast, the critical resolved shear
stress for the non-basal slip is over 40 MPa at low temperature; this is two orders of magnitude
higher than that for the basal slip, and drastically decreases to 2-3 MPa with increasing
temperature [88]. In the single crystal Mg, basal slip is the dominant deformation mechanism at
room temperature. However, when it comes to polycrystalline Mg, the situation is different since
the grains are constrained by the surrounding grain boundaries. If only the basal slip is activated,
it can only offer two independent slip systems, which is less than the required five. This will
cause strain incompatibility at the grain boundaries. When the grain boundaries are strong
enough, stress concentration occurs to maintain strain compatibility at the grain boundaries [39].
This stress concentration would lead to the activation of non-basal slip, as well as twinning, in

Mag.
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Figure 2.8: Influence of deformation temperature on the critical resolved shear stress [87].

The reason for the easy formation of the {1012} twins can be attributed to their small CRSS, as
indicated by the dotted line in Fig. 2.8. Various parameters related to the formation of {1012}
and {1011} twins and the most conspicuous difference is found in the CRSS values. The {1012}

extension twinning requires only 2 to 3 MPa, [74] while {1011} contraction twinning requires

114 MPa [39].
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2.3.2 Schmid Factor and Schmid Law

The Schmid factor arises from a purely geometrical relationship between the corresponding

deformation mode and the direction of the applied force [55,89]. The relationship between the
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resolved shear stress operating on the slip/twinning plane along the slip/twinning direction, the
direction of the external applied force, and the specimen dimension is given by the following
equation and also is given in Fig. 2.9:
F
To = COSpCosA, (2.3)
A
where:
e 7. resolved shear stress (RSS) on the slip/twinning plane in the shear direction;
e F: externally applied force in the direction of the rod axis;
e A: cross-section area of the rod sample;
e : angle between the slip/twinning direction and net force of the external reference
system.
e \: angle between the normal to the slip/twinning plane and the direction of force of the

external reference system. The Schmid factor is the product of cos¢ and cosA.

In hcp metals, the resolved shear stresses of the various deformation modes are strongly
dependent on the direction of the external applied force, especially with respect to the c-axis.
When the applied RSS reaches the critical resolved shear stress (CRSS), slip (or twinning)

occurs; this is usually called the Schmid law.
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Figure 2.9: Relationship between the resolved shear stress acting on the deformation system and

the force applied externally on the single-crystal rod [55].

2.3.3 Texture (Preferred Orientation)

Most natural or artificial solid materials are polycrystalline, consisting of many crystallites (also
called grains) of various size, shape, and orientation. Each grain is a single crystal with
anisotropic properties due to its periodic atomic arrangement in three-dimensional space. The
properties of polycrystalline materials are determined by the combination of the single crystal’s
properties, the boundary between grains, and the orientation distribution of the grains within the
material. In some cases, the orientations of the grains in a material have a random distribution,
which produces isotropic properties. In most cases, grains have an anisotropic orientation
distribution and properties. This anisotropic orientation distribution is referred to as a preferred

orientation or a texture [90].
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Figure 2.10: Schematic diagram showing the (a) extrusion process, and (b) the formation of

basal texture in extruded magnesium [93].

When a metal has undergone a severe amount of deformation during manufacturing processes
[38,91-94] such as rolling, extrusion, forging, wire drawing etc., it will develop a preferred
orientation, or texture, in which certain crystallographic planes tend to orient themselves in a
preferred manner with respect to the direction of maximum strain [56]. A schematic diagram in
Fig. 2.10 shows the extrusion process (Fig. 2.10(a)) and the formation of basal texture (Fig.

2.10(b)) during the extrusion.

The preferred orientation resulting from plastic deformation is strongly dependent on the slip
and twinning systems available for deformation, but it is not generally affected by such
processing variables as die angle, roll diameter, roll speed, and reduction per pass. The most
important mechanical variables are the geometry of the flow and the amount of deformation.

Thus the same deformation texture is produced whether a rod is made by rolling or drawing.
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2.4 Effect of Twinning on Flow Stress

With regard to the contribution of twinning to the deformation behavior, two facts are important:
(a) the reorientation induced by twinning is generally more prominent than that produced by
slip; (b) twinning in Mg is polarized, namely, extension or contraction along the c-axis activates
twinning in two different senses and is of two different types [72]. Previous research has shown
that the flow curves generated when tension is applied along the c-axes of most of the grains
differ considerably from those generated when contraction is applied along the relevant c-axes
[33, 74-76]. Twinning has been demonstrated to occur during the deformation of Mg and other
metals [59-62]. On the other hand, the twin boundaries that have formed can act as barriers to
dislocation motion, as do grain boundaries, leading to an increase in the work hardening rate. In
addition, they transform glissile dislocations into sessile dislocations within the twin interiors
and hence contribute to strengthening via the Basinski mechanism (i.e. the trapping of sessile
dislocations inside twins) [68]. On the other hand, they accommodate strain along the c-axis,
which can decrease the work hardening rate. Furthermore, the lattice rotation introduced by

twinning can enhance or reduce the work hardening rate, depending on the type of twin formed.

2.5 Effect of Twinning on Ductility

Many researchers have studied the favorable effect of twinning on the ductility of hcp metals.

Indeed, during {1012} extension twinning in Mg, the stress remains relatively stable; after

twinning, the orientation of the twinned crystal is similar to that for the c-axis compression

sample but the failure strain has been increased [72]. {1012} extension twinning in Mg also
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enhances strain hardening and appears to increase the uniform elongation. Basinski et al [68] has
also emphasized the importance of the hardening effect of twinning. In these studies, the role of
twin boundaries as barriers to slip was presented, together with that of hardening from the
dislocation transformations taking place within twins. Nevertheless, the role of crystallographic

reorientation was not mentioned. However, the latter effect appears to be more important in Mg

materials than in Ti and Zr alloys [40]. {1011} twinning and {1011}-{1012} twinning reorient
the basal planes by 56° and 38°, respectively, as discussed above. This means that basal planes
originally unfavorably oriented for slip can be reoriented to more favorable orientations, which
in turn leads to softening. On the other hand, the high CRSS related to contraction and double
twinning can also introduce high local stress concentrations, leading to microcracks or voids
[73]. Barnett has suggested that a strong interaction may exist between void formation next to
twins and twin-induced flow softening. Either of these can induce localization and premature
failure [73]. The amount of strain that twinning can accommaodate is directly proportional to the
twinning shear and the volume fraction of crystal that has twinned [58]. Thus the amount of
strain that may be accommodated by twinning is limited, even under ideal circumstances. In
addition, although twinning mechanisms offer more options for plastic accommodation, they
generally require an accommodation mechanism of their own in order to avoid large internal

stresses that can lead to failure [73].

2.6 Recent Research on Magnesium

The mechanical behavior is controlled by the relative strengths and hardening responses of a

variety of dislocation slip and twinning modes. At room temperature, the initial texture, straining
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direction, and straining amount play a significant role in determining the activity of the possible
deformation modes in polycrystalline materials. The plastic behavior of wrought magnesium
alloys is characterized by plastic yielding and hardening asymmetry between the longitudinal
and normal direction in both the extruded and rolled conditions. These unusual characteristics
have been attributed to the variety and asymmetrical distribution of crystallographic deformation
modes and, in particular, the deformation twinning on the {1012} planes along the <1011>
directions and limited dominant slip systems. Furthermore, the unique reorientation of the
extension twinning between the parent and twinned grains facilitates de-twinning during
unloading and/or reversed loading. Therefore, several features are very distinctive in magnesium
alloys where twinning makes a substantial contribution to plastic deformation, including a very
rapid texture development associated with twin reorientation; an unusual hardening response,

and significant texture weakening due to multiple loading directions.

2.6.1 Twinning and Hardening Behavior

In wrought magnesium alloys, during forming or manufacturing processes (extrusion, rolling,
forging, etc.) almost all grains are oriented with their c-axes of hexagonal close-packed (hcp)
unit cells perpendicular to the process direction and forming a strong basal texture. This initial
texture combined with the polar nature of the twinning leads to the easy activation of extension
twinning when a compressive (or tensile) load acts perpendicular (or parallel) to the c-axis [95].
This is the reason for the well known yield asymmetry of wrought magnesium alloys [96],
where the yield strength in one direction is controlled by the stress required to activate twinning,

while the yield strength in the other direction is controlled by the harder non-basal slip
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mechanisms [41,97]. Previous research has shown that the stress-strain curve characteristic of
twinning activation has an unusual skewed or concave-up shape: an abrupt transition from the
elastic to plastic deformation, a low yield stress and low hardening rate followed by a higher
hardening rate. In contrast, the stress-strain curve characteristic of dislocation-dominated
deformation has a concave-down shape: a high yield stress with a smooth transition from the

elastic to plastic deformation [24,35-37].

Gharghouri et al. [67] studied the mechanical properties in an extruded Mg-7.7 at.% Al alloy by
means of in-situ neutron diffraction. The occurrence of twinning was easily detected by neutron
diffraction, considering that it would lead to an abrupt reorientation of the crystal lattice,
reflected by a change in the peak density. The test results were consistent with the activation of
{1012} twinning. The {1012} twins in an extruded Mg-3Al-Zn alloys under compression tests
led to distinctive flow curves characterized by high levels of work hardening and a *“concave”
shape [63]. The hardening effect was attributed to the effects of twins on slip, rather than to the
stress required to activate it. With decreasing grain size and increasing temperature, the

deformation mechanism transferred from twinning to dislocation slip-dominant flow.

2.6.2 Texture Effect on Deformation Mechanisms

Due to the formation of texture and the different CRSS values of different deformation
mechanisms, the mechanical properties of the materials depend not only on the stress direction
but also on the stress sign (tension or compression) [38]. Consequently, qualitative explanations

for the observed mechanical anisotropy of textured wrought magnesium alloys could be given.
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Yi et al. [22] described the anisotropic mechanical behavior of extruded AZ31 magnesium alloy
during both uniaxial tension and compression tests, in relation to the crystallographic texture, by
means of in-situ texture measurement and viscoplastic self-consistent simulation. The activity of
the basal <a> slip and extension twinning exerts a significant effect on the mechanical
anisotropy during tension while the importance of the <c+a> slip increases during compression.
Choi et al. [50] performed uniaxial compression tests using cylindrical specimens of a hot-rolled
AZ31 Mg alloy in both the rolling and normal directions, and determined that texture evolution,
work hardening and macroscopic anisotropy are strongly dependent on the loading direction. An
analysis of texture evolution using the viscoplastic self-consistent polycrystals model revealed
that the extension twins largely accommodate the deformation at a low strain level for
compression tests along the rolling direction. However, as the true strain increases, the
activation of the pyramidal <c+a> slip accommodates the deformation. On the other hand, the
pyramidal <c+a> slip as a primary mode and the basal <a> slip as a secondary mode

accommodate the deformation for compression along the normal direction.

2.6.3 Effect of Pre-compression and Loading Direction on Twinning and De-twinning

The effect of {1012} extension twinning generated by pre-straining on the subsequent
deformation behavior with a change of strain path during reloading has been studied by several
authors [11,20,21,98-100]. Kleiner and Uggowitzer [38] investigated the compressive plastic
pre-deformation along the extrusion direction on an AZ61 Mg alloy up to pre-strain values of 1,

2 and 3%. Then those samples were subjected to tensile tests following the pre-compressive

deformation. It was found that {1012}<1011> twinning leads to a reorientation of 86.3° of the
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crystal lattice, which caused all basal planes in the twinned regions to become nearly
perpendicular to the extrusion direction. As a result, these twinned regions were capable of de-
twinning during reloading in tension. The mechanical responses have shown that all the strain
caused by twinning during compressive plastic pre-deformation was recovered by de-twinning

during tensile reloading.

Twinning and de-twinning activities were also detected in the cyclic deformation process of
extruded magnesium alloy AZ31 with a strong basal texture under plastic strain amplitude and
stress amplitude control at room temperature [13-16]. During the cyclic loading, a large number
of twins formed under compressive loading from an in-situ EBSD measurement of the texture.
With decreasing compression load, some twins became narrower and shorter while the majority
of twins remained almost unchanged at that stage. With the transition from a compressive load
to a tensile load, a significant amount of twins became narrower and shorter or even disappeared
[101]. Wu et al. [82] confirmed the occurrence of alternative twinning and de-twinning behavior
in a wrought ZK60A Mg alloy with the cyclic loading using in-situ neutron scattering; that is,
most twins formed during compression were removed via de-twinning when the load was

reversed.

Park et al. [11] investigated the twinning behavior of a rolled Mg alloy subjected to consecutive
in-plane compressions along two orthogonal directions using in-situ electron backscatter
diffraction (EBSD) technique. In their experiment, specimens were compressed to 6% along the

rolling direction and unloaded. Then they were further compressed to 3 and 6% along the

transverse direction. The result exhibited multiple twinning modes: {1012} twinning in residual
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parent grains, {1012}-{1012} double twinning in twin bands, and {1012} de-twinning in twin
bands. This pre-compression effect on plastic deformation behavior of AZ31 Mg alloy has also
been observed by Xin et al. [20] who concluded that during re-compression, {1012} extension

twinning can occur within the pre-existing {1012} twins and constituted a new type of ‘double

extension twinning’.

The reverse motion of {1012} twin boundaries, i.e., de-twinning, was also observed by Molnar
et al. [102], during successive compression of a hot-rolled AZ31 alloy at 3.5% strain along the
rolling direction (RD) and then along the normal direction (ND). During the initial compression
along the RD, {1012} twinning was the main deformation mode, whereas a twin-free
microstructure was observed after subsequent compression along the ND which restored the
initial shape of the sample. Xin et al. [103] examined the plastic deformation behavior of a hot-
rolled AZ31 alloy under 6 passes of plain compression along the transverse direction (TD) and
ND alternatively, and reported that at 10% compression along the TD most grains were nearly
twinned and extension twinning took place during subsequent compression along the ND
without any de-twinning. However, Proust et al. [83] studied the effect of strain path change on
twinning and de-twinning where an AZ31-H24 alloy was pre-strained in-plane and then
reloaded along the through-thickness ND direction, and observed that the twinned region of the
grain that had been created during the loading phase of the deformation began to shrink until it
disappeared totally and the grain was then constituted entirely of matrix. Similar results of de-
twinning were observed by Brown et al. [98] in a rolled beryllium which was initially deformed

in-plane and then in the through-thickness ND direction.

32



2.6.4 Annealing and Its Influence on Twinning and Texture

One of the seminal pieces of work on recrystallization in Mg alloys was by lon et al. [36] on
Mg-0.8%AlI during deformation at elevated temperatures (above 423K). Since then, there has
been considerable amount of work on dynamic recrystallization (DRX) in Mg alloys [104-107];
however far less attention has been paid to static recrystallization (SRX) of Mg alloys deformed

mainly at room temperature [108-110].

Recrystallization could potentially be a powerful tool in improving the formability of
magnesium alloys by altering their texture for at least two important reasons. First, as
recrystallization nuclei originate in the deformed structure [111], deformation twins offer the
possibility to form new recrystallized orientations that are not easily achieved by slip alone. In
particular, contraction and double twins offer the potential for forming many new orientations
that would be ideal candidates to influence the recrystallization texture in favor of weakening
the strong basal or c-axis texture. Second, it has been observed that magnesium alloys exhibit
extremely high strain hardening rates for orientations where the c-axis is perpendicular during
compression [75,112]. As recrystallization requires a minimum amount of stored energy [111],
the high strain hardening rates should provide the necessary driving force to initiate
recrystallization at low strains, and result in a larger processing window to explore the effects of

recrystallization.

Levinson et al. [113] reported the microstructure and texture evolution during isothermal static
annealing of an AZ31 magnesium alloy in the cast and extruded states to evaluate the

contribution of extension and contraction twins to the recrystallized microstructure after room
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temperature compression to two strains of 5% and 15% and then subjected to annealing at
temperatures of 175°C and 275°C. Their results showed that contraction and double twins were
potent sites for recrystallized nuclei and produced a distribution of new orientations, while no
significant influence on the final texture was observed. Yang et al. [114] also studied the effect
of prior strain on static recrystallization of a hot-deformed AZ31 magnesium alloy during
isothermal annealing at temperatures of 220°C, 230°C and 240°C. It was observed that ultrafine
grains were evolved by grain fragmentation due to continuous dynamic recrystallization during
hot deformation, and grain coarsening occurred during the subsequent annealing together with a

significant change in the deformation texture.

Li et al. [108] has determined the macrotextures and microstructures of a hot extruded AZ31
magnesium plate during static recrystallization using the EBSD technique. At favorable
orientations, both extension and contraction twins were formed by rolling and a comparison was
made between their recrystallization characteristics. The results again showed that contraction
twins are more effective as nucleation sites than extension twins and the orientation
characteristics in local regions during nucleation are similar to those of sub-grains within
contraction twins or shear bands. During annealing the growth of grains are easier in wider

twins, and resulted weakening of the deformation texture.

2.7 Summary

Twinning in hcp materials plays two important roles: it has a significant influence on the texture

evolution and it strongly affects the mechanical behavior. As briefly reviewed above, the
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occurrence of deformation twinning in magnesium alloys has been widely reported in the
literature. However, its precise influence on the hardening behavior is still not well understood
and some controversy still remains. Rohatgi et al. [115] explained that the effect on strain
hardening rate is due to the grain refinement that results from twinning. By contrast, Barnett [37]
pointed out that twin formation in samples aligned for c-axis extension, which re-oriented the
crystal lattice by almost 86.3°, had a more significant effect on strain hardening than the grain
refinement produced by twinning. Knezevic et al. [112] also mentioned that extension twins are
not very effective in refining the grain size, and therefore have no significant effect on strain
hardening. Their contribution to hardening is through texture hardening, because extension twins
rotate grains into hard orientations with the c-axis more or less parallel to the loading axis. Jiang
et al. [116] pointed out that twin-induced barrier to dislocation motion play a more important

role in increasing the strain hardening rate than twin-induced grain reorientation.

Also, the effect of sample orientation on the mechanical behavior and texture evolution under
monotonic and cyclic loading has not yet been well understood. Although the sample orientation
has a strong influence on strain hardening in magnesium and its alloys, the mechanisms causing

this effect are still not clear.

Although twinning and de-twinning in hcp materials such as magnesium and zirconium have
been reported in the literature, and they have a significant influence on the strain hardening, the
mechanisms causing twinning and de-twinning are still not fully understood. The microstructure
evolution that influences hardening and texture behavior upon re-loading (in both longitudinal

and transverse directions) depend on pre-strain amounts. However, it is unclear how twinning
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and de-twinning occur with a change of strain path, if the formation of new twins and de-
twinning can be co-existent, and how they affect the texture change and hardening behavior.
Moreover, no such studies are seen in the open literature on the recrystallization during
annealing of AM30 magnesium alloy after pre-compression at room temperature. It is unknown
how the strain hardening rate and texture change occurred in the pre-deformed and annealed
alloy during re-compression. This dissertation is aimed to deal with these unclear or unknown

issues.
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CHAPTER 3

Materials and Experimental Details

The microstructural characterization with a focus on texture analysis has been employed to study
the mechanical behavior and the role of extension twinning in an AM30 magnesium alloy, as a
representative material with typical extension twins. In the following, the description will cover
the compression tests as the main testing methods to investigate the loading parameters, loading
direction, sample orientation, and heat-treatment on the mechanical behavior and deformation
mechanisms of the extruded magnesium alloy. All experimental data was carefully collected

with the help of data acquisition instruments connected to the various testing systems.

3.1 Experimental Materials

The current research involves an extruded magnesium alloy, AM30, as the experimental
material. This alloy was selected as the model material because it is a common wrought
magnesium alloy with improved formability (i.e., based on the considerations of practical
interest and commercial availability), and it exhibits a strong basal texture, typical for the
extruded magnesium alloys. The nominal chemical composition of this magnesium alloy is

listed in Table 3.1.
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Table 3.1: Chemical composition (wt %) of the extruded AM30 magnesium alloy.

Mg alloy Al Mn Zn Fe Ni Cu Mg
AM30 3.4 0.33 0.16 0.0026 | 0.0006 | 0.0008 | Bal.

3.2 Sample Design for Compression Tests

For the uniaxial compression tests, two types of samples were designed and machined from the
AM30 magnesium alloy plate. First type: cylindrical samples with a diameter of 5 mm and
height of 8 mm based on ASTM E9-09, where the cylinder (or compression) axis is parallel to

the ED, as shown in Fig. 3.1(a).

ED

0° 15° 30° 45°

(a) (b)

$5mm

- e

ED
Smm

N
N (e

Figure 3.1: Sample dimension for the compression test prepared according to ASTM E9-09
standards for, (a) cylindrical sample, (b) schematic diagram showing the orientation of samples

with respect to the extrusion direction (ED).
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To observe the effect of sample orientation during compression, some cylindrical specimens (@5
mmx8 mm) were machined with the cylinder (compression) axis oriented at 0°, 15°, 30°, 45°
and 90° to the extrusion direction (ED), as illustrated in Fig. 3.1(b). Second type: Rectangular
samples with dimensions of Smmx4mmxémm (EDxTDxND) were used as the samples
permitted loading along the three different strain directions with the same sample geometry. The
geometry and dimensions of samples is shown in Fig. 3.2. Such a sample design also allows an
easy preparation of flat surface to facilitate twin observations at the end of each deformation

step.

ED
(Smm)

ND
(6mm)

" -
- o

D
(4mm)

Figure 3.2: Rectangular sample dimension for the compression test.

3.3 Uniaxial Compression Tests

All the tests were conducted using a fully computerized Instron machine at Ryerson University.

The displacements and load were converted into true strain and true stresses in the standard way
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while neglecting the elastic strains [56]. As there was no extensometer for direct extension
measurement from all additional deformation such as load frame, load cell, grips or fixtures, the
load displacement curve from the machine by touching the compressive plate to plate was
evaluated and considered as machine deformation. It should be noted that in the strain-related
evaluation (i.e., strain amounts, stress-strain curves and strain-hardening rates); the machine
deformation was eliminated using a calibration curve to arrive at the actual or net strain values
of all test samples. To do the compression test, the following experimental parameters were

chosen:

1. For the results presented in Chapter 4, to observe the twinning and texture development,
compression tests were first performed with cylindrical specimens (@5 mmx8 mm) up to
failure at a strain rate of 1.25x10™ s™ and at room temperature. Then some samples were tested
at different strain levels of 1.5, 2.4, 4.3, 8.4, and 12.9%. After each compression test, the
deformed samples were cut along the compression axis and prepared for texture analysis. To
detect the twin growth as a function of strain, rectangular samples (5mm EDx4mm TDx6mm
ND) were compressed along the ED at a compressive true strain of 1.7%, and then a true strain
increment of 0.91% was applied in steps for a total of 9 steps. Twin growth morphology was
observed via optical microscopy, after polishing of the EDxXND (5mmx6mm) sample surface

using standard metallographic techniques.

2. For the results presented in Chapter 6, to observe the effect of pre-strain and loading direction
on the microstructure and mechanical behavior of AM30 alloy, three types of loading

directions were chosen as follows:
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Cylindrical samples (@5 mmx8 mm) were pre-strained in compression at different strain
levels of 1.5%, 2.3%, 4.0%, 5.8%, 7.5% and 8.2% (denoted as 1.5%ED, 2.3%ED,
4.0%ED, 5.8%ED, 7.5%ED and 8.2%ED, respectively), then re-loaded until failure
along the ED, as symbolized by x%ED-ED, where x indicates the pre-strain amount after
the exclusion of machine deformation. Some tests were stopped at a strain of 4.0%, to

observe the microstructure and texture changes at that strain.

The first set of rectangular samples (5mm EDx6mm TDx4mm ND) were pre-strained
along the ED at different strain levels of 1.7%, 5.2%, and 7.5% (named as 1.7%ED,
5.2%ED, and 7.5%ED, respectively). The pre-strained rectangular samples were
subsequently subjected to re-compression along the TD until failure and symbolized by
X%ED-TD. To observe the microstructural change and texture evolution, some pre-

deformed samples were re-deformed to a strain amount of 4.0%.

A second set of rectangular samples (5mm EDx4mm TDx6mm ND) were pre-strained
along the ED at different strain levels of 2.1%, 3.7%, 5.4% and 7.9% (named as
2.1%ED, 3.7%ED, 5.4%ED, and 7.9%ED, respectively). The pre-strained rectangular
samples were subjected to recompression along the ND until failure and symbolized by
X%ED-ND. To study the microstructural and texture evolution, some pre-deformed

samples were re-deformed to a strain amount of 3.7% along the ND.
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3. For the results presented in Chapter 7, to observe the effect of pre-compression and
subsequent annealing on microstructure and texture formation of AM30 alloy, cylindrical
samples (@5 mmx8 mm) were pre-strained along the ED at a strain level of 4.3% (denoted as
4.3%ED) with a constant strain rate of 1.25x10™* s™ at room temperature. Some pre-strained
cylindrical samples were annealed at 250°C and 350°C for 3h and other pre-strained samples at
450°C for 0.25h, 1h, 3h, 6h, 12h, 24h and 60h. The annealed samples at different temperatures
and times (250°C and 350°C, for 3h; 450°C for 3h, 6h, and 12h) were subsequently subjected
to re-compression along the ED until failure. To observe the microstructural change and
texture evolution, some pre-deformed and annealed samples at 450°C for 3h and 12h, were

selected and re-deformed to a strain amount of 4.3% along the ED.
3.4 Heat Treatment-Annealing
A schematic diagram representing the temperature and time for annealing is shown in Fig. 3.3.
One set of cylindrical samples were annealed at 250°C and 350°C for 3h and the other set of
samples at 450°C for 0.25h, 1h, 3h, 6h, 12h, 24h and 60h as shown in Table 3.2. After

annealing, all samples were cooled by air.

Table 3.2: Temperature and time selected during annealing.

Annealing temperature, °C | Holding time, h
250 3
350
0.25,1, 3,6, 12,
450 24,60
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Figure 3.3: Schematic diagram showing the variables, temperature and time during annealing.

3.5 Metallography

For the microstructural characterization and texture measurements using the lab XRD, the
deformed or re-deformed samples were cut along the compression axis using a slow diamond
cutter, cold-mounted, ground using SiC paper up to a grit of #1200, and polished with 6, 3, and
1 um diamond paste, respectively. After an ultrasonic cleaning, the samples were finally
polished with colloidal silica, and etched using an acetic picral solution containing 4.2-g picric
acid, 10-ml acetic acid, 10-ml H,0, and 70-ml ethanol to examine the evolution of deformation
twins during compression. The microstructures were examined using Nikon EPIPHOT200, a

light optical microscope, equipped with a quantitative image analyzer and CLEMEX software.
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3.6 Twin Volume Fraction Measurements

A point counting procedure according to ASTM E562-11 was used to evaluate the volume

fraction of twins.

P
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Figure 3.4: An example showing how to evaluate the volume fraction of twins via a point

counting technique. In this example the volume fraction is obtained to be 182/357=51%.

Five digital micrographs were taken from each sample at a fixed magnification of 200x%, and
then a grid of 17 points by 21 points (= 357 grid points) was superimposed on the images. The
volume fraction was determined by calculating the ratio of the number of points positioned

within the twins to the total number of grid points. Fig. 3.4 illustrates an example of this
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technique. This procedure was repeated five times per sample in order to obtain representative

values of the fraction of material that had twinned.

3.7 Quantitative Texture Analysis

Pole figure is a representation of the orientation distribution of all grains in a sample with
respect to the sample surface (rolling or extrusion surface) and sample direction (e.g., the
extrusion direction). X-ray diffraction is the most popular method for the texture measurement.
Texture characterization by X-ray diffraction involves the measurement of the peak intensity of
a particular crystallographic plane at all possible tilt angles with respect to a sample surface and

direction.

The schematic diagram in Fig. 3.5 shows the principle: in order to determine the orientation of a
given lattice plane, hkl, the detector is first set to the proper Bragg angle, 26, of the diffraction
peak of interest. Then the sample is rotated along two independent axes ¢ (¢ = 360°; step size 5°,
total steps 72) and ¥ (¥'= 75°; step size 5°, total steps 15) in a goniometer until the lattice plane

hkl is in the reflection condition (i.e., the normal to the lattice plane or diffraction vector is the

bisectrix between incident and diffracted beam, as shown in Fig. 3.5).
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Figure 3.5: Schematic illustration of texture measurements using X’pert MRD system.

Plotting the intensity of each (hkl) plane with respect to the sample coordinates in a
stereographic projection gives a qualitative view of the orientation of the crystallites with respect
to a sample direction. These stereographic projection plots are called pole figures. As shown in
Fig. 3.6(a), the extrusion direction (ED) is aligned to the sample coordinate S,, the transverse
direction (TD) to Sy, and the plate normal direction (ND) to S;. Let us consider a sphere with
unit radius and the origin at O. A unit vector representing an arbitrary pole direction (also the
unit vector of the diffraction) starts from the origin O and ends at the point P on the sphere. The
pole direction is defined by a set of the radial angle ¥ and azimuthal angle ¢. The pole density at

the point P projects to the point P ”on the equatorial plane through a straight line from P to the
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point S. The pole densities at all directions are mapped onto the equatorial plane by
stereographic projection.
(a) ND
I Projected

position of the
(hkl) plane

Equatorial plane

(b)

270

Figure 3.6: (a) Definition of pole direction angles ¢ and ¥, (b) stereographic projection in a

pole figure [90].
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As shown in Fig. 3.6(b), this two-dimensional pole density mapping on the equatorial plane
becomes a pole figure. The azimuthal angle ¢ projects to the pole figure as a rotation angle about
the center of the pole figure from the sample direction S,. The radial angle ¥'is projected to the

pole figure with a nonlinear scale.

Pole figures contain some partial data about the orientation-distribution function (ODF), which
is a mapping of the probability of each of the possible grain orientations with respect to the
macroscopic or sample coordinates. The ODF is defined as a probability density function of

orientations, g, expressed, for example, in the form of the Euler angles ¢;, @, and ¢,.

Let us assume a microstructure consisting of different grains i of volume V; with different
orientations as shown in Fig. 3.7. Grains of similar orientations g within an orientation range dg
are color coded with the same gray value. The ODF, f(g), is defined by the following

relationship:

—=f(g)dg, (3.1)

withdg = izsin Odp ddde,,
87

and § f(g)dg =1,
where V is the sample volume and dV is the volume of all crystallites i with the orientation g in

the angular element dg.
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In this study texture was determined using a PANalytical X-ray diffractometer (XRD) by
measuring a set of five incomplete pole figures ({0001}, {1010}, {1011}, {1120}, {1013})
between ¥ = 0 to 75° in a back reflection mode using Cu K, radiation at 45 kV and 40 mA.
Then the pole figures were evaluated using MTEX toolbox [117]. It should be noted that
defocusing may occur due to the rotation of the XRD sample holder during the texture
measurement, which was subsequently corrected using experimentally determined data from the

diffraction of magnesium powders which were assumed to be texture-free.

Figure 3.7: Schematic representation of a microstructure consisting of different grains i of
volume V; with different orientations. Similar orientations g within an orientation range dg is

color coded with the same gray value [90].

In this dissertation, for compression tests, 2-3 samples were tested in each condition to check the
reproducibility of the experiments. Either all the data points in each case or average value were
plotted in the graphs. In the observations of the microstructure, several micrographs were taken

for each experimental condition and then summarized. To ensure the accuracy of the analysis,
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texture was determined using five incomplete pole figures. To ensure the accuracy of the

analysis, texture was determined using five incomplete pole figures.
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CHAPTER 4

Twinning and Texture Development during Compression

4.1 Introduction

As surveyed in Chapter 2, the twin formation would be dependent on the preferred orientation
(texture) of grains with respect to the loading direction. For the wrought Mg alloys, most basal
planes are aligned parallel to the extrusion or rolling direction, which would lead to the
occurrence of extension twinning during compression along the extrusion or rolling direction
[13-16,20,33,34]. However, it is unclear how the twinning and their growth occur with
increasing strain, and how they affect the strain hardening behavior. Also, it is unknown how the
texture components present in an extruded AM30 alloy change during compression. The purpose
of this study was, therefore, to identify the twinning and their growth in an extruded Mg alloy in
relation to the strain level and strain hardening characteristics during compressive deformation,
with particular attention to identify the texture components and their evolution with increasing

compressive strain.

4.2 Initial Microstructure

The microstructure of the as-extruded material is shown in Fig. 4.1(a), consisting of a mix of
large and small grains which were twin-free. The initial texture of this material, shown in Fig.

4.1(b), exhibited a strong basal texture with a maximum intensity of 8.6 multiples of random

distribution (MRD). While the basal (0001) poles had about 20° tilt towards the ED, the (1010)
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poles were observed to tilt towards both the ED and TD, indicating that two sets of initial basal

textures, i.e., {0001}<2110> and {0001}<1010>, were present in the extruded AM30 Mg alloy.
Ma et al. [107] studied the texture evolution in an extruded Mg-Al-Mn alloy (AM30) during
uniaxial compression at 450°C and under various strain rates. In compression along the

extrusion direction (ED) and with strain rates of greater than 0.5 s, resulted in two texture

components <1010>|| ED and <2110> || ED, with an angle of 30° between these components.
Kun et al. [16] also reported the evolution of texture during the annealing and hot rolling process

of extruded AZ31 magnesium alloy sheets, and described two kinds of texture components

{0002}<1010>and {1010}<11§O>. Based on the present results, a schematic diagram could be
plotted in Fig. 4.1(c), where the c-axes of hcp unit cells in most grains were nearly perpendicular

to the ED in both cases of cylindrical and rectangular samples.

4.3 Twin Growth Behavior

Fig. 4.2(a) shows a typical microstructure of the as-extruded AM30 magnesium alloy, where a
twin free grain is magnified. As the alloy exhibited strong basal textures with the c-axes aligned
almost parallel to the ND (Fig. 4.1(b)), after compression to a true strain amount of 1.7% along
the ED, several twins with varying widths were formed as shown in Fig. 4.2(b). With increasing
compressive strain, the growth of twins was clearly observed. When the stepwise compression
reached a cumulative true strain of 4.4%, widening of the previous twins occurred (Fig. 4.2(c)).
A further increase of strain to 9.9% led to more twin growth and coalescence (or the

disappearance of twin boundaries), as shown in Fig. 4.2(d).
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Figure 4.1: (a) Microstructure, (b) (0001) and (1010) pole figures of the extruded AM30

magnesium alloy, (c) schematic diagrams illustrating the relationship between the c-axis of most

grains and the compression axis oriented horizontally.
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The growth and coalescence of twins eventually encompassed the whole grain, indicative of
complete twin growth. The formation and growth of the twins observed were due to the fact that
the extruded magnesium alloy contained strong basal textures with the c-axes of hcp unit cells in

most grains being oriented perpendicular to the ED (Fig. 4.1(b)). During compression along the

ED the nucleation and growth of {1012} extension twinning would occur easily due to the low

CRSS. These observations were consistent with those reported in the literature.

Hong et al. [118] reported that twins could nucleate at a fairly low strain of about 2%, and twin
growth could occur at a strain between 2% and 6%, and then coalesce. Twin growth occurred
mainly due to the interaction of dislocations with twin boundaries, depending on the

characteristics of dislocations and the driving force [32,118,119].

To quantify the twin growth behavior, the change of the width of a few representative twins
indicated as “A”, “B” and “C” in Fig. 4.2 as a function of cumulative true strain was measured
after each step of compression and plotted in Fig. 4.3. After the initial compression at a strain of
1.7%, the width of twins A, B and C were 5.2 um, 6.6 um and 1.3 um respectively. With
increasing compressive true strain from 1.7% up to 9.9%, the width of all three twins clearly
increased. It is of interest to note that for all the twins, the width vs. strain curve exhibited a
sigmoid shape with three distinct stages. Stage | is characterized by a relatively slow growth rate
with respect to strain (i.e., the slope dW/de¢ in Fig. 4.3, where W is the twin width and ¢ is the
cumulative true strain). Stage Il exhibits a linear increase of twin width with increasing strain at
a constant growth rate. This suggests that the twin growth reaches a steady state. The twin

growth in stage 111 slows down again, as seen from Fig. 4.3 where all curves display a plateau-

54



Figure 4.2: (a) Initial twin-free microstructure and twin growth during stepwise compression

after a cumulative true strain amount of (b) 1.7%, (c) 4.4%, and (d) 9.9% along the ED.

-like character. This is understandable, since the growth of twins approaches their completion in
this stage. It is also interesting to note that the steady-state growth rate (or the slope in stage 1)

was different, where the initially wider twins grew faster.

To describe the twin growth mechanism, schematic diagrams are plotted in Fig. 4.4, where {101
2} extension twins are formed and embedded within a grain, which is normally activated
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Figure 4.3: Twin width vs. cumulative true strain after stepwise compression.

when a compressive stress is applied perpendicular to the c-axis, i.e., along the ED as shown in

Fig. 4.4(a). The occurrence of {1012} extension twins led to an 86.3° rotation of the c-axis in

the twinned regions with respect to the c-axis in the matrix [19], as indicated in Fig. 4.4(a).

This means that the c-axes of hcp unit cells in the twinned regions were always rotated towards
the compression direction or aligned along the loading axis (i.e., ED in this case). With
continuing compression along the same loading direction, twins started to grow as shown in Fig.
4.2(b) to (d). In the AM30 magnesium alloy twin-twin interactions during their nucleation and
propagation were observed by Kadiri et al. [120] as well, and they reported that twinning was

not observed in any region of the sample until the plastic strain reached 1.3%, and beyond appr-
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Figure 4.4: Schematic illustration of the growth of {1012} extension twins in a grain: (a)
formation of twins inside a grain by rotating basal planes at an angle of 86.3°, (b) twin growth,

(c) coalescence of twins (or vanishing of twin boundaries) to continue twin growth.

-oximately 8% strain grains were completely consumed by {1012} extension twinning. Twin-

dislocation interactions play a key role in the twin growth. In the dislocation theory, upon

meeting with a {1012} twin boundary, a slip dislocation can penetrate into the twin and pass
through the other side of the twin boundary (TB), undergo a core reconstruction, or dissociate

into interfacial defects [121].

Twin growth occurs when the dissociation products are glissile twin dislocations (TDs) that
glide through the TB in the matrix, where the driving force is the stress acting on TDs at the TB
interfaces [86,121,122]. When the shear stress along the twin boundary is larger than the CRSS
of twin propagation, a twin can grow [123]. However, the high local stress concentration at the

twin ends (i.e., at the intersection of a twin with grain boundaries) requires more driving force
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for the twin to grow near the ends than in the middle. Hence, the twin can keep growing in the
middle area with a lesser resistance compared with its growth near the two ends, leading to a
lenticular shape as schematically shown in Fig. 4.4(b) and generally observed, e.g., in [124-126].
The mobility of twin boundaries during compression was also observed by Nie et al. [3], who
reported the formation of twins after the first compression of a Mg-Gd alloy to a strain of 2.5%.
After the specimen was re-compressed to an accumulated strain of 4.5%, they detected further
growth of twins generated during the first compression. Further growth of twins by merging
twin boundaries may cause coalescence of twins as shown in Fig. 4.4(c) and thus encompass the

whole grain.

4.4 Role of Twinning on Strain Hardening

The stress-strain curve and strain-hardening rate of AM30 magnesium alloy during compression
along the ED is shown in Fig. 4.5(a) and (b), respectively, where the stress-strain curves of
several samples deformed by varying amounts are plotted in Fig. 4.5(a) as well. Good
reproducibility was seen, and a compressive yield strength of 71+3 MPa was obtained, which
was considerably lower than the tensile yield strength of ~189 MPa [15], due to the occurrence
of twinning during compression. The stress-strain curve of AM30 extruded alloy exhibited a
skewed shape (Fig. 4.5(a)), which is not usually seen in the normal tensile (or compressive)

curves of most metals with cubic crystal structures.

This could be better seen based on the change of strain hardening rate do/de (where o is true

stress) with respect to true strain, & where three stages of strain hardening can be more clearly
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Figure 4.5: (a) Compressive true stress-true strain curves of extruded AM30 magnesium alloy

deformed to different strain levels, and (b) strain hardening rate as a function of true strain.
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distinguished (Fig. 4.5(b)). Stage A was characterized by a decreasing strain hardening rate up to
approximately 3% compressive true strain, followed by stage B with an increasing strain
hardening rate up to ~8.0% compressive true strain, and then stage C with decreasing strain
hardening rate again until failure. A similar trend in the strain hardening rate has also been

observed in a-titanium [127] and AZ31 magnesium alloys [128].

To understand such a peculiar change, the deformation characteristics of the samples
compressed to varying strain amounts were examined. Fig. 4.6 shows the feature of twins as a
function of strain. Comparing Fig. 4.6 with Fig. 4.5, it is seen that stage A deformation after
yielding at about 70 MPa was characterized by a decreasing strain hardening rate (Fig. 4.5(b))
and increasing amount of twin with increasing strain up to nearly 3% compressive strain (Fig.
4.6). At a compressive strain of ¢ = 1.5%, a small number of lenticular shaped extension twins
were observed in some large grains (Fig. 4.6(a)), whereas at ¢ = 2.4% more and thicker twins
were observed (Fig. 4.6(b)). Similar results have been reported in the wrought AZ31B-H24 Mg
alloy [34], where the flow stress after compressive yielding remained nearly constant until the
maximum compressive strain reached at 3.0%, and the volume fraction of extension twinning
reached the maximum. It is of particular interest to observe that stage B strain hardening was
represented by an increasing strain hardening rate (Fig. 4.5(b)) and decreasing the existence of
twin boundaries (Fig. 4.6) in the compressive strain range in-between ~3% and ~8%. It should
be pointed out that such a stage of increasing strain hardening rate was absent in the well-
established strain hardening characteristics of cubic metals. At such higher strain levels it was

likely that the dislocation slip would be activated.
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Figure 4.6: Optical micrographs at different strain levels of, (a) 1.5%, (b) 2.4%, (c) 4.3%, (d)

8.4% and (e) 12.9% during compression of extruded AM30 magnesium alloy.

The increasing strain hardening rate mainly arose from the interaction of dislocations with twins

generated in stage A, which caused the starting of twin growth as observed in Fig. 4.2. The



phenomena of twin growth with increased compressive strain merged their boundaries (Fig. 4.4)
as seen from images (c) and (d) of Fig. 4.6. As seen in Fig. 4.6(c), some twin boundaries in
some grains were observed to start to fade away after a strain of ~3%. At a higher strain of ¢ =

8.4% more twin boundaries disappeared (Fig. 4.6(d)).

In stage C, with a compressive true strain beyond ~8.0%, the strain hardening rate (Fig. 4.5(b))
decreased, whereas the disappearance of twin boundaries (Fig. 4.6) increased. As seen from Fig.
4.6(e), twin boundaries disappeared in most grains at a compressive strain of & = 12.9%,

indicating complete twin growth in stage C.

4.5 Texture Transformation during Compressive Strain

The change of texture during compression is shown in Fig. 4.7 for several strain levels. At a

strain of 1.5%, basal (0001) poles showed some extent of split of intensities from the center

towards the radial direction (RD) with weak intensities along the ED, while prismatic (1010)

poles with a moderate intensity were oriented towards the ED, as shown in Fig. 4.7(a).

More rotations of basal planes towards the ED and prismatic planes towards the center were
obvious with increasing strain levels from 1.5% to 4.3% to 8.4% (Fig. 4.7(a) to (c)). The basal
planes of further more grains were rotated to ED after 12.9% strain as indicated by the
increasing maximum intensity from 12 to 16 MRD, while the prismatic planes were oriented in-

between the center and RD, as shown in Fig. 4.7(d).
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Figure 4.7: (0001) and (1010) pole figures obtained from the compressed samples at a strain

amount of (a) 1.5%, (b) 4.3%, (c) 8.4%, and (d) 12.9%.
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Table 4.1: Main texture components identified from Euler angles.

Euler angles (hkil)Juvtw]
(2 @ @)

A (90, 20, 0) {0001}<2110> +20° towards ED

B (90,20,30) | {0001}<1010> +20° towards ED

C (90, 90, 0) {1210}<0001>

D (90, 90, 30) {0110}<0001>

To better understand the evolution of texture components, ODF was presented in a Euler space
of 0°< @1 <90°, 0°< @< 90° and 0°< ¢, < 60° as the alloy has hexagonal crystal symmetry. The
texture change during compression at strain amounts of 0%, 4.3% and 12.9% is shown in Fig.
4.8(a), represented by the ODF sections at ¢, = 0° and ¢, = 30° from which the main texture
components in hcp materials could be distinguished [22,23,29]. In the ODF sections several
major components marked as A, B, C and D can be clearly identified, with the corresponding

Euler angles given in Table 4.1.

The undeformed alloy showed two types of basal texture components {0001}<2110> at

orientation A(90, 20, 0) and {OOOl}<10iO> at orientation B(90, 20, 30), with their basal planes
being +20° towards the ED as indicated by @ = 20° while ¢; = 90° [129]. A salient change in

ODF at different strain levels was observed with respect to the undeformed alloy (Fig. 4.8(a)).
That is, both texture components A{0001}<2110> and B{0001}<1010> disappeared, and were

replaced by the formation of texture components C{1210}<0001> and D{0110}<0001> at

orientations (90, 90, 0), and (90, 90, 30), respectively, with increasing strain up to 12.9%.
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Figure 4.8: (a) ODF sections at ¢, = 0° and ¢, = 30°, from the samples strained at 0%, 4.3% and

12.9%, and (b) the change of intensity of main texture components with the strain.

The change of components A to C in the ODF section of ¢, = 0° and components B to D in the

section of ¢, = 30° with increasing strain indeed reflected a rotation of c-axes from an
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orientation of +20° towards the ED to parallel to the ED. This was equivalent to rotating the c-
axes of most grains against the “push”. To quantify the change of these texture components,
their intensity (f(g)) as a function of compressive strain was evaluated and plotted in Fig. 4.8(b).
Clearly, components A and B rapidly faded away, while components C and D increasingly
intensified. In the later stages of compressive deformation, the intensity of component D became

higher than that of component C.

This is likely related to the slightly higher density of component B (8.8 MRD), as compared
with that of component A (8.2 MRD), since component B subsequently changed to component
D during compressive deformation. Similar results in an extruded AZ31 alloy were also reported

in [22], where the intensity of component D was higher than that of component C.

The texture volume fraction for the transformed {1210}<0001> and {0110}<0001> components
during compression could be quantified on the basis of the following equation [130-132], and is

shown in Fig. 4.9:

f,=—x_20 (4.1)

where f, is the texture volume fraction at a particular strain (x), M, is the initial orientation

density, My is the orientation density at a strain x, M is the final orientation density.

Before the compression tests (i.e., at 0% strain), the texture volume fractions of both

{1210}<0001> and {0110}<0001> components were zero, which increased with increasing
strain as shown in Fig. 4.9. For example, at a strain to 4.3% (Fig. 4.9), the texture volume
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fraction of {1210}<0001> and {0110}<0001> components increased to ~0.59 and ~0.38,
respectively. With a further increase of strain to 8.4%, the texture volume fraction of {121
0}<0001> and {0110}<0001> components increased to ~0.78 and ~0.56, respectively, and {121
0}<0001> component became ~1.0 at a strain of 12.9%. A 30° angle between {1210}<0001>
and {0110}<0001> components indicated that slip may cause transformation of {1210}<0001>

to {0110}<0001> components which was also evident from the increased rotations of the basal

(0001) poles towards the ED with an intensity of 12 MRD to 16 MRD (Fig. 4.7).

The observed change in the texture components can give us useful information about the
deformation mode during compression. Based on the assumption that the intensifying of a
texture component is at the expense of some other components, the development of components
C and D can be associated with the weakening of components A and B. Such a rapid and large

orientation change cannot be achieved by slip, but is possible by twinning [22,23,133,134]. The

{10i2} extension twinning has been observed to play a predominant role in the texture evolution
in the deformation of magnesium alloys [133,134], which was also responsible for the tension
and compression anisotropy [13,14,16]. The initial components A and B with the c-axes of most
grains nearly perpendicular to the ED (Fig. 4.1(b) and Fig. 4.8(a)) were favorably oriented for
the activation of extension twinning when compressed along the ED (Fig. 4.1(c)). The

occurrence of this type of twinning induces an 86.3° rotation of the basal plane or c-axis [19], so

that the activation of {1012} twinning would satisfy the large orientation change of texture
components A—C and B—D. The occurrence of abundant extension twinning in the extruded

magnesium alloys, e.g., AM30, has been observed in [15,135,136].
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Figure 4.9: Texture volume fraction vs. strain after compression.

Therefore, the evolution of texture components in the extruded magnesium alloy is
predominantly related to the twinning. Additionally, as reported in [22,23,29], since the
interplanar angle between components C and D is 30°, the rotation of the c-axes of most grains
towards the compression was anticipated to be also associated with the dislocation glide
involving the twin-dislocation interactions and twin-twin interactions during deformation
[135,136]. Further studies in this aspect are needed, e.g., by using atomic scale modeling and in-
situ high-resolution transmission electron microscopy to observe the migration of twin

boundaries during plastic deformation [137].
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4.6 Summary

In this chapter, the deformation behavior of an extruded AM30 alloy during compression along
the extrusion direction at different strain levels was studied, and the experimental results
regarding the extent of twinning and twin growth, strain hardening characteristics during
compression, with particular attention to texture components with increasing compressive strain,

were presented and discussed.

Extension twins were introduced at an initial strain of 1.7% during compression along the ED
and a gradual twin growth with increasing cumulative true strain along the same loading
direction was observed. A sigmoid shape in the curves of twin width vs. cumulative true strain
was observed and three stages of twin growth were identified. Stage | was characterized by a
relatively slow growth rate with respect to the cumulative true strain but with an accelerating
trend. In stage Il the twin growth reached a steady state with a constant growth rate (or slope
dW/d¢), where the twin width increased linearly with increasing strain. The twin growth in stage
Il decelerated, exhibiting a plateau-like character due to the fact that the growth of twins
approached their completion. Furthermore, the steady-state growth rate was observed to be

higher for the initially wider twins.

A sigmoid shape in the true stress-true strain curve is observed with three distinct stages of

strain hardening behavior where stage A corresponded to a decreasing strain hardening rate up

to a strain level of ~3%, followed by stage B, an increasing strain hardening rate over an
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extended strain range from 3% to 8%. Beyond this strain level, stage C was reflected by an

almost linearly decreasing strain hardening rate.

The present study demonstrates that the compressive deformation along the ED in AM30
extruded magnesium alloy led to a remarkable change in texture components. Both types of
initial basal texture components {0001}<2110> and {0001}<1010> were observed to fade
away, while {1210}<0001> and {0110}<0001> texture components intensified with increasing
compressive strain. Such texture changes reveal that the c-axes of hcp unit cells of most grains
inside the material were always rotated towards “push” or compression direction, mainly due to

their 86.3° re-orientations stemming from extension twinning.
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CHAPTER S

Effect of Crystallographic Orientation and Loading Direction on
Schmid Factor

5.1 Introduction

The hexagonal close-packed (hcp) crystal structure of magnesium possesses limited slip systems,
while five independent slip systems are required for homogeneous deformation according to
Taylor criteria [138,139]. Moreover, in magnesium the critical resolved shear stress (CRSS) for
most slip deformation modes, except the basal slip, is higher than that of twinning [140], which
consequently makes twinning essential in the deformation at room temperature [141]. This
twinning, in turn, is a function of the c/a ratio, available deformation modes, critical resolved
shear stress (CRSS) for slip, twin activation stress, and the imposed deformation gradient matrix
along with its orientation related to the crystallographic texture [142]. The presence of
crystallographic textures in wrought magnesium alloys, which are developed during
manufacturing processes (extrusion, rolling, forging, etc.), causes poor room temperature

formability and anisotropy in mechanical properties.

Recently, there have been efforts to weaken the intense basal texture of wrought magnesium
alloys by adding rare earth elements, and/or applying various process methods [143-145]. Mukai
et al. [146] showed that an AZ31 alloy processed by a shear extrusion technique (equal channel
angular extrusion (ECAE) exhibits a significant enhancement in room temperature ductility. The

ductility enhancement of the ECA-extruded Mg alloy is related to an unusual texture, where the
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basal planes are highly inclined (45°) to the extrusion direction axis [147-149]. Chino et al. [150]
also observed enhanced ductility of AZ31 Mg alloy through a torsion extrusion technique, where
the torsion-extruded specimen produced texture highly inclined (30°) to the extrusion direction.
Huang et al. [151] have reported an increase in the uniform elongation of AZ31 sheet produced
by differential speed rolling, where the basal planes were tilted at 15° to the rolling direction.
These findings give hints that mechanical properties can be significantly improved through

texture optimization alone.

Basal texture tilt can influence twin formation and their variants can be selected using the
Schmid factor (SF) which is a ratio of the resolved shear stress (along the slip or twinning
direction) to the axial stress (along the loading direction), and initiates plastic deformation for a
given crystal orientation [142]. As an important parameter, the SF is frequently applied to
analyze the possibility of the activation of deformation modes with different CRSS values upon
certain stress in magnesium [152]. Although the Schmid law is generally used to predict the
activated slip system depending on the tensile direction, twinning variants can also be predicted
by the highest Schmid factor as reported by many authors [65,118,153-157]. Hong et al.
[118,155] and Park et al. [156] reported that different twin variants are active depending on the
strain paths (i.e., compression perpendicular to the c-axis or tension parallel to the c-axis) and
their selection mechanism is governed by the Schmid law. By analogy with dislocation
activation, a Schmid factor (SF) criterion for twinning variant selection was proposed and
validated experimentally for the case of polycrystalline AZ31 [156] and AM30 [65] magnesium
alloys, as well as a metastable titanium alloy [154]. Although the calculation of SF and its

correlation with the deformation mode in hcp structure is limited, recent studies by Deng et al.
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[158] reported the SF calculation using vector operations to investigate the twinning behavior of
Gr2 purity Ti under both quasi-static and dynamic compressive deformation. Nan et al. [159]
also calculated Schmid factors for magnesium and other hcp materials [160] as a function of
angles between the c-axis and the loading direction to interpret deformation behavior. Besides
this SF is also possible to calculate using geometric model in a hcp unit cell, where the effect of
basal plane tilt angle and loading direction on deformation mode could be incorporated.
Therefore, in this study, a model of the hcp crystal structure was used to geometrically calculate
the Schmid factor based on the initial basal texture of extruded AM30 alloy. Thus, the purpose of
this work is to analytically calculate the influence of basal texture tilt and changes of in-plane
loading angle with respect to the extrusion direction on the Schmid factor to select extension

twin variants for compressive deformation.

5.2 Schmid Factor Calculations

As shown in Fig. 2.2 in Chapter 2 deformation modes in magnesium alloys include the <a> slip
on basal {0001}, prismatic {1010} and pyramidal {1011} planes, as well as the <c+a> slip on

pyramidal {112 2} planes, and two twinning modes of {1012} extension twinning and {1011}
contraction twinning [159-161]. The difference of c/a ratio and the use of 4 Miller-Bravais
indices for hcp material make the Schmid factor calculation difficult in comparison to fcc
materials. However, some useful general equations to calculate the Schmid factor for hcp
material are given in [162]. When the load is applied in the direction of ry = [u; v t; wy], the slip
plane of p; = [hy ky i 1], slip direction of r; = [u, v, t, Wy], the Schmid factor (SF) is given by

the Eq. 5.1 and 5.2 [162],
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In a simple way, where A is the angle between the normal of the twinning plane and the loading

axis, and ¢ is the angle between their direction of shear and loading axis, Schmid factors, m can

be calculated by the following relation [159]:

m=cos Acos ¢, (5.3)

Fig. 5.1(a) shows the two twinning patterns of {1012} extension twinning and {1011}
contraction twinning, where the schematic relation of the basal plane inclination angle S, with
respect to the extrusion direction is presented in Fig. 5.1(b). Theoretically, extension twinning
{1012} is activated in a shear direction of <1011> as 1: (1012)[1011], 2: (1102)[1101], 3: (01

12)[0111], 4: (1012)[1011], 5: (1102)[1101], and 6: (0112)[0111].
In order to calculate the Schmid factor for the identification of active twin variants with respect

to the spatial relationship between the orientation of the lattice and the loading direction, the

position of the hcp unit cell of magnesium crystal structure is shown in Fig. 5.2.
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Figure 5.1: (a) Schematic presentation of {1012} extension and {1011} contraction twins in
magnesium crystal system, (b) considering a basal plane inclination angle £, with respect to the

extrusion direction (ED).

For each variant of twinning as mentioned earlier, the Schmid factor is calculated geometrically
by assuming two major concepts: (1) A compressive loading was applied at an in-plane angle «
(e ranges from 0° to 90°) from the extrusion direction, where the c-axis of the unit cell would be
initially perpendicular to the loading direction, and (2) Basal planes were inclined at an angle of
B (B = 0°, 15°, 30°, 45°) from the extrusion direction (Fig. 5.1(b)). An arbitrary (1012)[1011]
extension twinning variant is shown by a shaded area FEON in Fig. 5.2, where FY is the loading
direction, FN is the twin direction, from AFYN, and ¢ is the angle between the twin direction
and the loading direction. From the unit cell (Fig. 5.2), RS intercepts the adjoining line PN at
point S and a projection from S to the unit cell intercepts at S’, making a triangle AFSS’where y is
the angle between FS and FS’. Another triangle AFS’F’is drawn by taking a projection from S’ to

the sample surface as F’ where (8+y) is the angle between FS and FF'.
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Figure 5.2: Illustration of the hcp crystal structure of magnesium to calculate Schmid factor

using the relationship between the angle of compressive loading, twin plane and twin plane

normal direction. The shaded FEON is an example of {1012} extension twin variant.

The projections from N to the sample surface is N’ and from Y to extended XX' is Y'. FR’ is the
twin normal on FN, which intercepts the extended NR at point R’, a projection from R’ to the
sample surface intercepts at point R” (Fig. 5.2). A perpendicular line to the extrusion direction
(ED), passes through the point R’, intercepts the extended OR at point O’ and makes a right
triangle ARR’O’ (Appendix A). A projection from O’ to the sample surface intercepts at point O’
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(Fig. Al) and R'R""=0’0". The angle between the loading direction FY and the twin direction

FN is ¢, which can be calculated from the AFYN using cosine rule:

(FY )2 +(FN)2 —(YN )2

= , 5.4
a 2(FY (FN) 64
2.1c2 +(9/4)a? -cos| p+sin Y —° || .sina—ay3-cosa
c2 +(9/4)a?
CoSg = (5.5)

2-\/3a2+c2

FR" is the twin normal, which intercepts the extended NR at point R". Considering the AFYR",

the angle between FY and FR” which is A, can be calculated using cosine rule as:

(FY )2 +(FR)2 —(R'Y )2

ﬂ/ =
cos 2(FY XFR')

(5.6)

\/[4+3tan2 Hl-sinz(ﬂ+§)+tan2 6 -cos(a +1)-cos 6

COSA =

> (5.7)

5.3 Influence of Loading Direction and Basal Plane Inclination on Schmid Factor

The SF values of the {1012} twin variants were calculated and plotted as a function of the angle
of loading direction from the extrusion direction, ¢, for different basal plane inclination angles of
£, as shown in Fig. 5.3. Based on the Schmid law, for a specific position the most favorably

activated variant should be the one possessing the maximum SF.
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The basal plane inclination, together with in-plane loading direction with respect to the extrusion
direction, has a significant effect on the SF value. When there is no inclination of the basal plane

(8 = 0), the loading along the extrusion direction (« = 0) gave a SF value of 0.374 for four twin
variants: i. (1012)[1011], iii. (0112)[0111], iv. (1012)[1011], vi. (0112)[0111], a lower SF value
of 0 for ii. (1102)[1101] and v. (1102)[1101] variants, as shown in Fig. 5.3(a). Twin variants
(1102)[1101] and (1102)[1101] showed a maximum SF value of 0.498 at & = 90°. The SF value
for (1012)[1011] and (1012)[1011] variants decreased with increasing value of o. and became 0
at &= 90°. A maximum SF value of 0.498 is shown for (0112)[0111] and (012)[0111] variants at
a ~ 30°, and then decreased to 0 at « = 90°. A decreasing trend of SF values for all variants is
observed in Fig. 5.3(b), at a small inclination angle of g = 15° with initial loading direction of «

=0°.

SF value of 0.463 is shown for (0112)[0111] and (0112)[0111] variants at « ~ 30°, and for
(1102)[1101] and (1102)[1101] variants maximum SF value was 0.498 at o = 90°. With
increasing inclination angle to £ = 30°, as shown in Fig. 5.3(c), all variants showed the lowest SF

values, whereas (1102)[1101] and (1102)[1101] variants gave the same maximum SF value of

0.498 at « = 90°. It is interesting to note that at f = 45°, in Fig. 5.3(d), the lowest value of SF is
observed for all variants at & = 0°; (0112)[0111] and (1012)[1011] variants showed SF values of

0.089, (1012) [1011] and (0112)[0111] showed -0.035, (1102)[1101] and (1102)[1101] showed

-0.249.
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Figure 5.3: Schmid factors of {1012} extension twins as a function of loading axis with the

extrusion direction at different  angles of (a) 0°, (b) 15°, (c) 30°, and (d) 45°.
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However, at & = 90°, (1102)[1101] and (1102)[1101] variants showed a maximum SF value of

0.498.

The results of the calculations of the SF values for extension twin variants are further plotted as a
function of both angles « and g, which is shown in Fig. 5.4. Taking into account the symmetry of
hcp, there will be six twin variants for the extension twins in which three are independent [163].
Therefore, the SF of three variants (1012)[1011], (1102)[1101], and (0112)[0111] are plotted
with respect to £ and «. Twin variant (1012)[1011] showed a SF value ~ 0.3, in a range of
a = 0°to 20° and B = 0° to 25°. A lower SF value is observed for the (1102)[1101] variant, at
initial position of =0 and = 0, which increased to >0.4 with increasing the angle «, from 60°
to 90°, and showed a maximum SF value of 0.498 at « = 90° and at this range, the SF value is
independent of 4. A wide range of higher SF value of >0.4 is observed for (0112)[0111] variants

for ¢ =0°to 60° and S = 0° to 15°.
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Figure 5.4: Schmid factors as a function of loading axis () and basal plane inclination angle (5)

for the extension twin variants of (a) (1012)[1011], (b) (1102)[1101], and (c) (0112)[0111].

Using a well established equation from [162], and HEXASchmid software, SF values were

calculated and shown in Table 5.1, considering a 0° inclination angle and compression along the
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extrusion direction. This comparison indicates that four calculated variants have the same SF
value of 0.374 as observed from Eqg. 5.2 [162] and HexaSchmid program while two variants
show a SF value of 0. Many authors also indicated a discrepancy between the actual and
calculated SF values and explained it as elastic and plastic anisotropy resulting from texture

[142].

Table 5.1: A comparison of SF values for all the extension twin variants using different methods

at a 0° inclination angle and compression along the extrusion direction.

Extension SF value using SF value using SF value in the
- : HexaSchmid
twin variants [27] present study
software
(1012) [1011] 0.374 0.374 0.374
(1102) [1101] 0 0 0
(0112) [0111] 0.374 0.374 0.374
(1012) [1011] 0.374 0.374 0.374
(1102) [1101] 0 0 0
(0112) [0111] 0.374 0.374 0.374

The results above can be used to analyze the effect of texture on deformation behavior

[38,41,69,97,164-166]. In an extruded AM30 alloy, containing an initial texture (Fig. 4.1(b)),
where 8 = 0° to 20° and « = 0°, four extension twin variants (1012)[1011], (0112)[0111], (1012)
[1011], and (0112)[0111] would be active during compressive loading along the ED, because of

their higher SF value in that range (Fig. 5.3(a)). Their formation is evident from texture

development (Fig. 4.7(b)) after compression along the extrusion direction, as the occurrence of

{1012} extension twinning re-orients the crystallographic lattice by 86.3° [19,49,129,167].
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Another two (1102)[1101] and (1102)[1101] variants would be active with increasing loading
angle from the extrusion direction. Basal plane inclination showed a significant effect on the SF
value as four variants showed a decreasing value with increasing A, except the (1102)[1101] and
(1102)[1101] variants, as they are independent of 3. Thus active twin variants reflected from the
highest Schmid factor value were significantly dependent on the activation mode (i.e., tension
parallel or compression perpendicular to the c-axis) which was governed by the combination of

the crystallographic lattice orientation and the applied loading direction.

5.4 Effect of In-plane Loading Direction on Compressive Behavior

Cylindrical samples (@5 mmx8 mm) were taken with the cylinder (compression) axis oriented at
0°, 15°, 30°, 45° and 90° to the extrusion direction (ED) (Fig. 3.2). The flow stress behavior of
the samples during compression along 0°, 15°, 30°, 45° and 90° to the ED are shown in Fig. 5.5.
From the true stress-strain curves (Fig. 5.5(a)), the yield strength (YS), and ultimate compressive
strength (UCS) are plotted in Fig. 5.5(b), as functions of sample orientation (or compressive axis
angle) with respect to the ED. The results from the compression tests showed almost constant
YS of ~90 MPa and UCS of 380 MPa at different sample orientations with a remarkable
compressive hardening capacity of about 3.2, where the hardening capacity index was defined as
(UCS-YS)/YS [168]. The fracture strain showed an increasing trend with increasing in-plane
orientation angle up to 45°, and then decreased at 90° with respect to the ED (Fig. 5.5(c)). These
variations of compressive properties are directly related to the twin formation and texture change

during plastic deformation [135,169], which will be discussed later.
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Figure 5.5: (a) Compressive true stress-true strain curves, (b) yield strength (YS) and ultimate
compressive strength (UCS) and (c) fracture strain as a function of sample orientation, (d) strain
hardening rate as a function of true strain, and (e) the slope of stage B in the strain hardening rate

vs. sample orientation in the extruded AM30 magnesium alloy.

To better view the flow stress behavior, the strain hardening rate do/de (where o is true stress)
with respect to true strain ¢ is plotted in Fig. 5.5(d). From these curves three stages of strain
hardening (defined as A, B and C in [135]) could be clearly distinguished for all samples
oriented differently. Stage A was characterized by a rapidly decreasing strain hardening rate up
to a compressive strain of approximately 2.5~3.5%, followed by stage B with an increasing

strain hardening rate up to a compressive strain of 7~9%, and then stage C with an decreasing
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strain hardening rate again until failure. Similar trends in the strain hardening rate have also been

observed in a-titanium [127], AM30 and AZ31 magnesium alloys [128,135,170].

A decreasing slope of stage B in strain hardening rate with increasing compressive axis angle
from 0° to 15° to 30° with respect to the ED was observed (Fig. 5.5(e)). This suggested that the
strain hardening rate also depended on the in-plane loading direction. A slight increase in the

slope for the 45° and 90° samples compared to the 30° sample occurred as well.

To understand such a flow stress behavior, the microstructure development of the samples

oriented at 0°, 45° and 90° from the ED and compressed at a strain of 4.3% was examined.
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Figure 5.6: Typical microstructure observed at a strain level of 4.3% in samples oriented at an

angle of (a) 0°, (b) 45° and (c) 90° relative to the ED.

Some typical images are shown in Fig. 5.6, where the compressive axis was parallel to the

horizontal direction. At the strain level of 4.3%, all three samples lay within stage B of strain
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hardening (Fig. 5.5(d)), and the presence of twins can be clearly seen in all the samples. This
observation was consistent with the previous studies in [116,135,169], where in the extruded
magnesium alloys extension twins were reported to occur in the strain range of 2-4%. The
microstructural observations indicated that the twin formation was directly related to the sample
orientation. In all three differently oriented samples, the c-axis was perpendicular to the
compressive axis and thus favored twin formation. Early experiments on Mg single crystals [35]
showed that compression perpendicular to the c-axis led to the occurrence of extension twinning
when the c-axis was not constrained. It has been reported that in the extruded material c-axis was
more concentrated perpendicular to the ED than to the TD [35,170], which caused a higher
extent of twinning along the ED than along the TD, which was also evident in the current

extruded AM30 alloy in Fig. 5.6(a) and (c).

This could be confirmed from the texture results shown in Fig. 5.7 in terms of pole figures
measured from the samples oriented at an angle of 0° (Fig. 4.7(b)), 45° and 90° from the ED and
compressed at a strain of 4.3%. Compared with the initial textures (Fig.4.1(b)), it is clear that
twinning gave rise to a marked orientation change for all three samples with increasing
compressive strain from 0 to 4.3%. As already described in Fig. 4.7(b), compression along the

ED (0° oriented sample) at a strain level of 4.3%, (0001) the basal poles showed maximum

intensity of 7.7 MRD towards the ED and prismatic (1010) poles towards the center. In the 45°
oriented sample (Fig. 5.7(a)), basal (0001) poles were rotated to a location at 45° from the ED

with a maximum intensity of 6.5 MRD. On the other hand, more intense (0001) poles rotated

towards the TD and (1010) poles along the ED were observed after compression of the 90°

oriented sample (Fig. 5.7(b)).
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Figure 5.7: Pole figures obtained from the samples oriented at an angle of (a) 45° and (b) 90°
from the ED and compressed at a strain amount of 4.3%, where CD stands for the compression

direction.

The texture evolution was related to the twin formation with increasing compressive strain level
[135,169-175]. As shown earlier in Fig. 5.6, a lot of twins formed after compressive deformation
at a strain of 4.3%. The occurrence of extension twinning during compression caused the c-axes
of most grains to rotate by ~86.3°, always towards the compression direction [169]. This is
clearly perceived in the pole figures shown in Fig. 5.7, where the (0001) poles were always
rotated against the compressive direction (CD) (Fig. 4.7(b), 5.7(a)-(b)). That is, in the 0° and 90°
oriented samples after compression to 4.3% strain, the c-axes in almost all grains became parallel

to the ED and TD, respectively, orientations which were un-favorable for further twinning and
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slip and thus became more strain hardened (Fig. 5.5(d)). This was corroborated by the lower

fracture strain in these two cases (Fig. 5.5(c)).

The calculated SF values at different crystallographic and loading orientations can be used to
explain the changes in compressive properties at different in-plane loading directions. With the
initial texture of extruded AM30 alloy where the c-axis was at a 20° tilt to ED (8 = 20°),
compression along the 0°ED (a = 0°), showed a SF value of 0.374 for four extension twin
variants, indicating higher possibility of twinning activity as evident from the microstructure
(Fig. 5.6) and the skewed shape in the stress-strain (Fig. 5.5(a)) curve with lower fracture strain
(Fig. 5.5(c)). With increasing in-plane loading angle to 15°, 30°, and 45° to the ED, two twin
variants showed a maximum SF value of 0.498. Moreover, in the 45° oriented samples, almost
all c-axes were positioned at 45° to the ED due to the formation of extension twins, and further
straining could continue the twinning or slip process which would be the reason for the higher

fracture strain (Fig. 5.5(c)).

5.5 Summary

The presence of crystallographic texture in wrought magnesium alloys causes mechanical
anisotropy and tension-compression yield asymmetry. The basal texture tilt can influence the
formation of twins, and their variants can be identified using the Schmid factor (SF). In this
chapter, a geometrical model of hexagonal close packed (hcp) structure was proposed to
calculate the Schmid factor value. The dependence of the Schmid factor on the crystallographic

orientations and compressive loading directions was obtained, thus the active twin variants
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during deformation could be identified. To verify the proposed model for calculating the SF
value, compressive deformation was also conducted using cylindrical samples of different

orientations with respect to the extrusion direction.

The basal plane inclination and loading direction have a significant effect on the SF, which is
calculated based on a geometrical model proposed. When there is no basal plane inclination,
compressive loading along the ED showed four extension twin variants with a high SF value,
indicating a high probability of twin formation. With increasing inclination angle and the in-
plane loading direction with respect to the ED, only two variants showed such a high SF value.
The results suggest that the active twin variants reflected by the high Schmid factor value were
significantly dependent on the activation mode (i.e., tension parallel or compression
perpendicular to the c-axis) which was governed by the combination of the crystallographic

lattice orientation with the applied loading direction.

The in-plane loading direction with respect to the ED has a significant impact on compressive
properties. At different compressive loading directions, from 0°ED to 90°ED, nearly constant
compressive yield strength of ~90 MPa and ultimate compressive strength of ~380 MPa were
obtained with a notable hardening capacity index of ~3.2. However, the fracture strain first
increased with increasing loading angle up to 45°ED and then decreased at 90°ED. The slope of
the strain hardening rate curve in stage B showed a decreasing trend with increasing compressive

axis angle from the ED.
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CHAPTER 6

Role of Pre-compressive Deformation on Twinning, Texture and

Hardening Behavior

6.1 Introduction

The activation of {1012} extension twinning in the extruded magnesium alloy causes the c-axes
in the twinned regions to be aligned towards the compression direction from the basal (0001)
texture where the c-axes in most grains are initially positioned perpendicularly to the loading
axis [129], as shown in Fig. 4.1. It has also been reported that the twinned areas can be aligned to
either twin growth or de-twinning if the strain path (or loading path) is changed appropriately
[3,34,67,69,81-85], which can have a significant influence on the behavior of magnesium alloys
during forming, e.g., rolling, leveling, coiling, bending, stretching, etc. since it can result in an
increase or decrease in the flow stress when such alloys are subjected to strain reversals [11,173].
The microstructure evolution that influences hardening and texture behavior upon re-loading
(both longitudinal, transverse and normal) depends on the pre-strain amounts [11]. However, it is
unclear how twinning and de-twinning occur with a change of strain path, if the formation of
new twins and de-twinning can be co-existent, and how they affect the texture change and
hardening behavior. It is therefore necessary to understand the effect of reversing the strain path
on the stress-strain response, as well as the role of twinning in bringing this about. The objective
of this study was, therefore, to identify the influence of twins introduced by pre-straining on the
subsequent texture and hardening behavior of an extruded AM30 alloy upon re-loading with and

without changing the strain path.
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6.2  Effect of Loading Direction on Compressive Properties

The true stress-true strain curves of the initially as-extruded AM30 magnesium alloy compressed
in the ED, TD and ND directions are shown in Fig. 6.1. It is seen that both the ED and TD curves
were similar and the average compressive yield stress was ~91 MPa in both the ED and TD
directions. Also, both curves showed a skewed/sigmoidal shape, indicative of the activation of
deformation twinning [98,129,135]. An ultimate compressive strength of ~325 MPa and ~295
MPa was observed along the ED and TD, respectively. However, compression through the ND
showed a true stress-true strain curve that appeared similar to a slip dominated one (e.g., for fcc
and/or bcc metals), with a higher yield stress of ~175 MPa and compressive strength of ~330
MPa. When compressed in the ED, the true stress increased more rapidly with increasing true
strain, compared to the TD and ND. Because of the presence of strong basal textures in the as-
extruded material with the c-axes of most grains aligned almost parallel to the ND (Fig. 4.1(b)
and (c)), for both the ED and TD samples, compressive loading was perpendicular to the c-axes,

whereas for the ND sample, it was parallel to the c-axis. Such a loading condition facilitated the

occurrence of the {1012} extension twinning in both the ED and TD. Therefore, the flow curves
of ED and TD exhibited a similar sigmoidal shape (Fig. 6.1), which is known to be a typical

feature of twinning-dominated deformation [11,20,21,112,129,135].
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Figure 6.1: True stress-true strain curves of an extruded AM30 along the ED, TD and ND.

6.3 Effect of Pre-Strain and Loading Direction on Compressive Properties

The true stress-true strain behavior of the samples that were subjected to different amounts of
pre-strains along the ED is shown in Fig. 6.2(a), where the re-compression was also conducted
along the ED, as symbolized by x%ED-ED. It is of interest to see that a marked change in the
sigmoidal shape of the true stress-true strain curves occurred. With increasing pre-strain from
0%ED, 1.5%ED, 2.3%ED, 4.0%ED, 5.8%ED, 7.5%ED and 8.2%ED, the skewed curve shape
gradually vanished. When the pre-strain reached about 7.5-8.2%, the true stress-true strain curve
looked like a normal one (e.g., for the fcc and/or bcc metals). The fracture strain of the pre-

strained (ED-ED) samples also decreased with increasing pre-strain. Fig. 6.2(b) illustrates the
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true stress-true strain curves corresponding to the pre-compression along the ED and re-
compression along the TD (denoted as xX%ED-TD compressed samples). Obviously, the true
stress-true strain curves exhibited different flow characteristics when re-compressed along the
TD, compared to the ED-ED compressed sample (Fig. 6.2(a)). Even at a pre-strain of 5.2% or
7.5%, the skewed/sigmoidal shape of the true stress-true strain curves still remained in the ED-
TD compressed samples, although the extent of the skewness was reduced. Again, such peculiar
shapes were consistent with the twin formation, twin-twin and twin-dislocation interactions,
leading to the distinctive strain hardening in compression [98,129,135]. A significant change in
the shape of the true stress- true strain curve became noticeable when re-compressed along the
ND where the sample was pre-compressed along the ED as well, shown in Fig. 6.2(c) (denoted
as X%ED-ND compressed samples). Without pre-straining compression through the ND showed
a higher yield stress of ~175 MPa which decreased to ~91 MPa when different amounts of pre-
strains were applied. With increasing pre-strain from 2.1%ED, 3.7%ED, 5.4%ED, and 7.9%ED,
the skewed curve shape gradually became more obvious. When the pre-strain reached about
5.4%-7.9%, the true stress-true strain curve looked like a twin dominated one. A slight increase
in ultimate compressive strength and decrease in fracture strain with increasing pre-strain amount
were also observed. In comparison with the ED, TD and ND compression test results of the as-
extruded samples without pre-deformation (Fig. 6.1), the compressive yield stress clearly
increased in the ED-ED and ED-TD compressed samples (Fig. 6.2(a) and (b)), whereas it
decreased in the ED-ND compressed sample with increasing pre-strain (Fig. 6.2(c)). The

evaluated results were plotted in Fig. 6.3(a).
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Figure 6.2: (a, b, c) True stress-true strain curves obtained in re-compression along the ED, TD

and ND, respectively, after pre-compression at various strain levels along the ED.

In the ED-ED compressed samples, with increasing pre-strain from 1.5%ED, 2.3%ED, 4.0%ED,
5.8%ED, 7.5%ED and 8.2%ED, the compressive yield stress almost linearly increased to 101
MPa, 119 MPa, 137 MPa, 161 MPa, 202 MPa and 232 MPa, respectively, which could thus be

expressed by the following linear equation,

Gys = ai + blgpre ) (6-1)
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Figure 6.3: Effect of pre-strain along the ED on (a) compressive yield strength (YS), (b)
ultimate compressive strength (UCS), and (c) hardening capacity of re-compressed samples

along the ED, TD and ND.

where o is the compressive yield stress of the pre-strained samples obtained during re-

compression, &, is the compressive pre-strain applied, a; and b; are two empirical material

constants (a; = 82 MPa and b; = 1618 MPa obtained for the AM30 alloy in the present study).

In contrast, in the ED-TD compressed samples the compressive yield stress increased nonlinearly
with increasing pre-strain. When the applied pre-strain exceeded about 5.2%, the ED-TD
compressed samples showed a plateau or saturation behavior in the compressive yield stress (Fig.

6.3(a)). On the other hand, in the ED-ND compressed samples the yield stress sharply dropped to
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~91 MPa with pre-strain amount of 2.1% and then showed a constant behavior with further
increase of pre-strain (Fig. 6.3(a)). Fig. 6.3(b) shows the ultimate compressive strength (UCS) as
a function of pre-strain in the ED-ED, ED-TD and ED-ND compressed samples. It is clear that
the effect of pre-strain on the UCS was strongly dependent on the strain path (or loading
direction) of re-compression. The UCS of the ED-TD compressed samples initially increased
with increasing pre-strain and later reached a plateau as well, which indeed exhibited a similar
trend to that of the YS (Fig. 6.3(a)). In ED-ND compressed samples, a slight increase in the UCS
with pre-strain is observed. However, the UCS of the ED-ED compressed samples decreased

linearly as the pre-strain increased, which could be described by,
O-ucs = a2 + bZ‘S‘pre’ (6-2)

where o Is the ultimate compressive strength of the pre-strained samples obtained during re-

compression, a, and b, are two empirical constants (a, = 384 MPa and b, = -679 MPa attained

for the AM30 alloy in the present study).

Such changes would lead to a significant change in the hardening capacity (H.), which could be

defined as [168,176],

HC _ _ucs ys . (63)

The evaluated hardening capacity is shown in Fig. 6.3(c). The hardening capacity of ED-ED and
ED-TD compressed samples decreased, though for ED-ND compressed samples, it increased
with increasing pre-strain, but had a different varying trend. For the ED-ND compressed sample,
the hardening capacity increased initially with pre-strain and showed constant behavior with
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increased pre-strain because both the compressive yield stress and ultimate compressive stress
exhibited a linear trend as a function of pre-strain (Fig. 6.3(a) and (b)). While the hardening
capacity decreased faster initially and then became slower with increasing pre-strain in the ED-
TD compressed samples, a linear decrease was again observed in the ED-ED compressed

samples, which could be expressed as,
Hc = a3 + b38pre’ (6-4)

where az and b3 are two empirical constants (az = 3.0 and b, = -32.0 obtained for the AM30 alloy
in the present study). Such a linear change of hardening capacity in the ED-ED compressed
samples was expected since both the compressive yield stress and ultimate compressive stress
displayed a linear change as a function of pre-strain (Fig. 6.3(a) and (b)). These changes in the
mechanical properties were attributed to the change in the microstructure and texture which will

be discussed later.

The strain hardening rate dofde (where o is true stress) of the ED-ED, ED-TD and ED-ND
compressed samples as a function of true strain &, is plotted in Fig. 6.4. In the case of ED-ED
compressed samples (Fig. 6.4(a)), at a pre-strain along the ED from 0 to 5.8% three distinct
stages of strain hardening can be distinguished, which are also illustrated schematically in the
inset of Fig. 6.4(a), where stage A was characterized by a rapidly falling strain hardening rate,
followed by stage B with an increasing strain hardening rate, and then stage C with decreasing
strain hardening rate again until failure. Similar trends in the strain hardening rates have also
been observed in a-titanium [127] and AZ31 magnesium alloy [128], and AM30 magnesium

alloy compressed without pre-straining [135]. It is of special interest to note that the extent of
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stage B decreased with increasing pre-strain, and stage B disappeared completely when the pre-
strain surpassed a pre-strain of 7.5%, as indicated by an upward dashed-line arrow in Fig. 6.4(a).
That is, at a pre-strain of 7.5% and 8.2%, stage C emerged immediately after the rapidly falling
stage A in the absence of stage B. From Fig. 6.4(a) it is seen that stage C in this case could be
approximated by a linear decrease with increasing true strain, which indeed reflected stage 11
hardening in the tensile deformation [12,176]. Also, stage C was observed to move downward
with increasing pre-strain, as indicated by a downward solid-line arrow in Fig. 6.4(a). Similarly,
three characteristic stages of strain hardening appeared after re-compression along the TD, where
the pre-strain was applied along the ED as well, as seen from Fig. 6.4(b). While the degree of
stage B in this case decreased with increasing pre-strain, stage B did not fade away completely
even at a pre-strain of 7.5%. In this case, the value of peak strain hardening rate decreased, with
a decreasing slope of both stage B and stage C, which made both stages flatten, as indicated by
the downward dashed-line arrow and upward solid-line arrow in Fig. 6.4(b), respectively. Similar
hardening behavior was observed in a hot-rolled AZ31 magnesium alloy where samples were
pre-compressed along the rolling direction to a plastic strain of 1.8%, 3.4% and 6% and re-
compressed along the TD [20]. To characterize the varying degrees of stage B, the change range
of strain hardening rate in stage B (A&, defined in the inset of Fig. 6.4(a)) was evaluated and
plotted in Fig. 6.4(c) for both ED-ED and ED-TD compressed samples, where A&s is defined as
the peak/maximum strain hardening rate between stages B and C minus the valley/minimum

strain hardening rate between stages A and B shown in Fig. 6.4(a) and (b).
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Figure 6.4: For the ED-ED and ED-TD compressed samples, (a, b) strain hardening rate vs. true
strain respectively, (c) change range of strain hardening rate in stage B (A6&s) as a function of
pre-strain. For the ED-ND compressed samples, (d) strain hardening rate vs. true strain, (e) peak

value of strain hardening rate, &nax VS. pre-strain, (f) Log (d6/de) vs. Log (pre-strain).
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It is seen from Fig. 6.4(c) that when the pre-strain was below 2.3%, the ED-ED compressed
samples showed a nearly constant A value of ~1600 MPa, followed by a linear drop with
increasing pre-strain until zero at a pre-strain of 8.2%. In the case of the ED-TD compressed
samples, a decreasing trend of Ads was also obvious with increasing pre-strain. However, the
value of A6 tended to level off at a higher level of pre-strain, corresponding well to the
decreasing hardening capacity (Fig. 6.3(c)). The diagram shown in Fig. 6.4(c) clearly indicated a
significant difference of stage B hardening behavior between the ED-ED and ED-TD
compressed samples which were in essence due to the orientation effect that governed the

formation and growth of extension twins, which will be presented in the next section.

On the other hand, different stages of strain hardening can be distinguished in the ED-ND
compressed samples, as shown in Fig. 6.4(d). In the absence of pre-straining, compression along
the ND resulted in a linear decrease in the hardening curve, which reflected stage 111 hardening
followed by stage IV hardening in the tensile deformation [177-179]. In the case of the lower
pre-strain level of 2.1% and 3.7%, two distinct stages (i.e., stages B and C) were obvious in the
hardening curve which changed to three distinct stages (i.e., stages A, B and C) with increasing
pre-strain to 5.4% and 7.9%. A similar trend in the strain hardening rate has also been observed
in hcp materials, such as a-titanium [127], Zr-1Nb zirconium alloy [180], AZ31 magnesium
alloy [128], and AM30 magnesium alloy [135,169]. It is also seen from Fig. 6.4(d) that the range

of stage B became wider with increasing pre-strain amount. While stage A was associated with

the formation of {1012} extension twins during compression, the ascending stage B was mainly
attributed to the twin-twin and twin-dislocation interactions and the resulting twin growth which

will be discussed later. To characterize the strain hardening rate, the value of peak strain
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hardening rate (6hax) at different pre-strain levels was evaluated and plotted in Fig. 6.4(e), where
Ghax 1S defined as the peak/maximum strain hardening rate between stages B and C. With
increasing pre-strain from 2.1%ED, 3.7%ED, 5.4%ED, and 7.9%ED, the average &nax Vvalue
decreased almost linearly from 6667 MPa to 5336 MPa, 4512 MPa, and 3614 MPa, respectively,

which could be expressed by the following equation,
Orex = 4 0,81, (6.5)

where Gnax 1S the value of peak strain hardening rate obtained during re-compression after pre-
deformation, &y is the compressive pre-strain, as and b4 are two empirical material constants (as
= 7239 MPa and b, = -47838 MPa obtained for the extruded AM30 alloy in the present study).
The slope of the strain hardening rate in stage B (dd/de) was also evaluated from the strain
hardening curves (Fig. 6.4(d)), and the obtained Log (dé/d¢) vs. Log (pre-strain) is plotted in Fig.
6.4(f). With increasing pre-strain amount from 2.1%ED to 7.9%ED, a linearly decreasing trend
in the slope is observed in the double-log scales, which could be expressed by the following

equation,

%ZKSb

iz e (6.6)

where dd/de is the slope of the strain hardening rate in stage B, obtained after the second step
compression in the ND of the ED pre-strained sample, &y is the compressive pre-strain in the
ED, and K and b are two empirical material constants (K = 3.2 GPa and b = -1.1 GPa obtained
for the extruded AM30 alloy in the present study). Such a linear change in the slope of strain
hardening rate clearly indicated a significant difference of stage B hardening behavior, which

was expected since the compressive yield stress displayed a large decrease (from ~175 MPa to
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~91 MPa in Fig. 6.3(a)) and a slight increase in the ultimate compressive strength (Fig. 6.3(b)) as
a function of pre-strain. These distinctive macroscopic deformation characteristics were

attributed to the change in the microstructure and texture which will be discussed later.

6.4 Effect of Pre-strain and Loading Direction on Microstructure

Microstructure evolution was examined by optical microscopy for the ED-ED, ED-TD and ED-
ND compressed samples at different pre-strain levels. The microstructure shown in Fig. 6.5(a),
corresponding to a compressive strain of 4.0% along the ED was very different from the initial
microstructure shown in Fig. 4.1(a). At this amount of strain, almost all grains were subjected to
extension twinning which traversed the parent grains and interacted with each other. With a
continuous deformation to a compressive strain of 8.2% along the ED, as shown in Fig. 6.5(b),
most twin boundaries apparently disappeared or only some traces of twin boundaries in the

microstructure were visible, indicative of twin growth. As described earlier, during compression

the nucleation and growth of {1012} extension twinning were very fast and also influenced by
the interaction of dislocations with twin boundaries, depending on the characteristics of

dislocations and the driving stress [32,118,119,135].

To observe the effect of pre-strain on the twin formation, a 4.0% re-compression along the ED

and TD was carried out, respectively, after a 4.0% pre-strain along the ED, and the obtained

microstructure is shown in Fig. 6.6(a) and (b).
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Figure 6.5: Interior microstructures of the AM30 samples subjected to a continuous compressive
strain of (a) 4.0% and (b) 8.2% along the ED at a strain rate of 1.25x10™ s and room

temperature.
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For the ED-ED compressed samples (Fig. 6.6(a)), the vanishing of some twin boundaries or the
coalescence of twins by twin growth was observed, in comparison with the microstructure in Fig.

6.5(a). This situation was somewhat similar to Fig. 6.5(b).

However, the twin boundaries in Fig. 6.6(a) were more visible within the pre-existing twins due
to the effect of pre-strain, suggesting that the extent of twin growth was lower in comparison
with a continuous compression to 8.2% (Fig. 6.5(b)). On the other hand, a 4.0% re-compression
along the TD after a 4.0% pre-strain along the ED caused more secondary twin formation and
eventually refined grain size as shown in Fig. 6.6(b). It should be noted that the above
observations involved the interior microstructures of the compressed samples. To better identify
the effect of re-compression direction on the twinning, a sample was first pre-polished and then a
two-step compressive deformation test was done as well. Fig. 6.7(a) and (b) show the twin
appearance in the same area on the pre-polished sample surface after 4.0% pre-strain along the
ED and after 4.0% pre-strain along the ED plus 4.0% re-compression along the TD. It is of
particular interest to observe that the width of some twins formed in the first step became
narrower or their length became shortened in the same grains after 4.0% re-compression along
the TD, as indicated by the red dashed ovals in Fig. 6.7. This indicates that a change in the re-
compression direction led to the occurrence of de-twinning in some grains oriented favorably.
On the other hand, new twins were also observed to form in some grains after 4.0% re-
compression along the TD, as indicated by the blue arrows in Fig. 6.7(b), corresponding well to
the situation shown in Fig. 6.6(b). Therefore, in the present study two phenomena were observed
to be co-existent in the case of the re-compression along the TD after pre-strain along the ED: (1)

the formation of new twins within the twinned and un-twinned regions (Fig. 6.6(b) and Fig.
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6.7(b)), (2) and the occurrence of de-twinning (Fig. 6.7). This will be further verified by the

texture measurements.

Figure 6.6: Interior microstructures of the AM30 samples subjected to a two-step compressive
deformation, (a) 4.0% re-compression along the ED and (b) 4.0% re-compression along the TD,

after a 4.0% pre-strain along the ED.
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Figure 6.7: Change of microstructures on the pre-polished surface of an AM30 sample subjected
to (a) 4.0% pre-strain along the ED only, and (b) 4.0% pre-strain along the ED plus 4.0% re-
compression along the TD, where the red dashed ovals denote de-twinning or twin shrinkage

(narrowing, shortening), and the blue arrows indicate the formation of new twins.
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Fig. 6.8 shows the microstructure evolution examined by optical microscopy for samples that
were first compressed along the ED at different pre-strain levels, which were then re-compressed
along the ND at a fixed strain level of 3.7%. It is seen from Fig. 6.8(a), corresponding to a
compressive strain of 1.7% along the ED, that almost all grains were subjected to extension
twinning, where the twins traversed the parent grains and interacted with each other. To observe
the effect of pre-strain on the microstructure, the 2.1% compressed sample along the ED was re-
compressed at a strain of 3.7% along the ND and is shown in Fig. 6.8(b), where the twins
disappeared from almost all grains and only very few traces of twins in the microstructure were
visible, indicative of the occurrence of nearly complete de-twinning. With deformation to a
compressive strain of 4.0% along the ED, as shown in Fig. 6.8(c), twins started to become wider
as compared to Fig. 6.8(a) and their boundaries merged with each other, due to the twin growth
[169]. In this case a further 3.7% recompression along the ND also caused de-twinning, which
was obvious from some twin free grains, whereas other grains showed narrower/thinner twins as
seen in Fig. 6.8(d). At a higher strain to 8.2% along the ED, as shown in Fig. 6.8(¢), most twin
boundaries apparently disappeared and only some traces of twins were visible as they
encompassed the whole grain. After the second-step compression along the ND of the previously
compressed sample at a pre-strain amount of 7.9% twin shrinkage was observed by the
narrowing of the existing twins as seen in Fig. 6.8(f) vs. Fig. 6.8(e). The observation clearly
indicated that with increasing pre-strain amount while keeping the re-compression strain amount
constant, the de-twinning tendency decreased or became more difficult as was evident from the
thin narrow twins observed in most grains. This will be further verified through the texture

measurements.
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Figure 6.8: Microstructures of the compressed AM30 samples at a strain of (a) 1.7% along ED,
(b) 3.7% re-compression along ND after 2.1% pre-strain along ED, (c) 4.0% along ED, (d) 3.7%
re-compression along ND after 3.7% pre-strain along ED, (e) 8.2% along ED, (f) 3.7% re-

compression along ND after 7.9% pre-strain along ED.
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Figure 6.9: (a) Initial microstructure and twin width during stepwise compression after a

cumulative strain amount of (b) 3.7%ED, (c) 3.7%ED-3.5%ND, and (d) 3.7%ED-7.7% ND.

To better identify the effect of changing the loading direction during re-compression on twin
shrinkage, a sample was first pre-polished and then a two-step compressive deformation test was
done. Twin free grains and the appearance of twins in the same area on the pre-polished sample
surface after 3.7% pre-strain along the ED is shown in Fig. 6.9(a) and (b) respectively. When the
stepwise compression along the ND reached a cumulative true strain of 3.5%,
narrowing/thinning of the previous twins occurred (Fig. 6.9(c)). A further increase of strain to

7.7% led to the disappearance of twin boundaries or de-twinning, as shown in Fig. 6.9(d).

117



Twin width (W),um

0 I I I »
0 2 4 6 8 10

Cumulative true strain along ND,%

Figure 6.10: Twin width vs. cumulative true strain along the ND of pre-strained sample.

The successive twin shrinkage resulted in complete de-twinning and returned the grain to the
initial twin free condition. As the compression causes rotation of the c-axis towards the
compression direction, after pre-compression along the ED, the c-axis would be parallel to the
ED which would result in a favorable condition for twinning during reloading along the ND. The
interaction of dislocations with twin boundaries that dissociated into twinning dislocations (TDs)

can glide through the twin boundary while the opposite motion causes twin shrinkage.

To quantify the twin shrinkage behavior, the change of the width of a few representative twins
indicated as “A”, “B” and “C” in Fig. 6.9 as a function of cumulative true strain along the ND
was measured after each step of re-compression and plotted in Fig. 6.10. After the initial

compression along the ED, at a strain of 3.7%, the width of twins A, B and C was 3.06 pm, 1.83
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um and 4.59 pum respectively. With increasing re-compressive true strain along the ND, from
1.4% up to 7.7%, the width of all three twins clearly decreased and eventually vanished
completely. It is of interest to note that for all the twins, the width vs. strain exhibited a linearly
decreasing trend. The initial width of “C” was larger compared to twins “A” and “B” and
showed a faster width reduction with increasing cumulative true strain. The relevant mechanism

will be discussed later.

6.5 Effect of Pre-strain and Loading Direction on Texture Evolution

Fig. 6.11 shows the (0001) and (1010) pole figures representing the texture of the extruded
AM30 in cases of two-step ((a) 4.0%ED-4.0%ED, and (b) 4.0%ED-4.0%TD) compressive
deformation. The one step compression shown in Fig. 4.7(b) and (c) suggests that the c-axes of

grains were gradually rotated towards the compression direction during the continuous one-step
compression. This was expected since the {1012} extension twinning has been observed to

dominate the deformation. The {1012} extension twinning led to a 86.3° rotation of basal planes
in the twin with respect to the basal planes in the parent grain [19]. This means that the c-axes of
hcp unit cells in twinned regions were oriented always in the compression direction or aligned
along the loading axis (i.e., ED in this case) [129,135]. While the same rotation of c-axes of
grains towards the compression direction in the 4.0%ED-4.0%ED two-step compressed sample

shown in Fig. 6.11(a)), had a less intense rotation of both basal (0001) poles with an intensity of

9.6 MRD and prismatic (1010) poles with an intensity of 2.7 MRD, which lay just in-between

those shown in Figs 4.7(b) and (c) with a continuous/non-interrupted compression.
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Figure 6.11: (0001) and (1010) pole figures of (a) 4.0%ED-4.0%ED, and (b) 4.0%ED-4.0%TD
compressed samples, where “1” stands for the pre-compression direction along the ED, “2”
denotes the re-compression direction, RD signifies the radial direction of the round samples, and
ED, TD, ND indicate the extrusion direction, transverse direction and normal direction of

extruded plate, respectively.

This corresponded well to the twinning situation shown in Fig. 6.6(a) which lay in-between those
shown in Fig. 6.5(a) and Fig. 6.5(b), as described earlier. The texture shown in Fig. 6.11(a) could
be considered to represent a cumulative texture developed via a two-step straining. In
comparison with the case of Fig. 4.7(b), the re-compression in the same loading path (ED-ED)
led to further twin growth which was evident from the microstructure change shown in Fig.
6.6(a), where the twin boundaries became blurred or disappeared. Interestingly, as seen in Fig.

6.11(b) the same amount (4.0%) of re-compression but along the TD after 4.0% pre-strain in the
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ED led to a very different texture in comparison with Fig. 6.11(a), or a significant change in both

basal (0001) and prismatic (1010) poles in comparison with the case of 4.3% pre-compression
along the ED (Fig. 4.7(b)). Indeed, such a two-step compression of 4.0% pre-strain along the ED
plus 4.0% re-compression along the TD resulted in the basal (0001) poles to be reversed back to
the center with about 20° tilting towards the ED with some of them towards the TD as well,
which was fairly similar to the texture shown Fig. 4.1(b) in spite of a lower basal pole intensity
of 4.6 MRD. This confirms that the second step of compressive deformation along the TD had
largely reverted the texture to that in the undeformed as-extruded state, and the c-axes of hcp unit
cells in most grains once again became nearly parallel to the ND (Fig. 6.11(b) and Fig. 4.1(b)).
Therefore, from these observations it is evident that de-twinning occurred in the second step of

compressive deformation along the TD, as visibly recognizable in Fig. 6.7(b) by the narrowing

or shortening of the pre-existing {1012} twins in the same grains circled in Fig. 6.7(a).

Fig. 6.12 shows the (0001) and (1010) pole figures representing the texture of the ED-ND
compressed samples in different cases of (a), one continuous step ((a) 4.0%ND), and two step
((b) 2.1%ED-3.7%ND, (c) 3.7%ED-3.7%ND, and (d) 7.9%ED-3.7%ND) compressive
deformation. The compression along the ND in Fig. 6.12(a) showed a texture position similar to
the initial texture but with a stronger intensity of 9.7 MRD for the basal (0001) poles and 2.8
MRD for the (1010) poles, in comparison with the un-deformed/as-received extruded AM30

alloy.
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Figure 6.12: (0001) and (1010) pole figures of (a) 4.0%ND, (b) 2.1%ED-3.7%ND, (c) 3.7%ED-

3.7%ND, (d) 7.9%ED-3.7%ND.
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This indicated a somewhat intensifying basal texture during compression along the ND. In the

two-step compressed sample of 2.1%ED-3.7%ND as shown in Fig. 6.12(b), the position of basal
(0001) poles and (1010) poles were similar to those of the un-deformed sample (Fig. 4.1(b)) with

an intensity of 9.1 MRD for the basal (0001) poles and 2.6 MRD for the prismatic (1010) poles.
This corresponded well to the microstructure shown in Fig. 6.8(b) where nearly complete de-
twinning occurred and the initial twin-free microstructure was restored. At a higher pre-strain
level, the two-step compressed 3.7%ED-3.7%ND sample in Fig. 6.12(c) also showed a texture

position similar to the un-deformed sample with an intensity of 7.5 MRD for the (0001) basal

poles and 2.8 MRD for the prismatic (1010) poles. This corresponded to some extent of de-
twinning with some grains containing thin/narrow twins, as shown in Fig. 6.8(d). As seen in Fig.
6.12(d) the same amount of re-compression along the ND but with a 7.9% pre-strain along the

ED led to a further weakening of texture with an intensity of 5.5 MRD for the (0001) basal poles

and 2.3 MRD for the prismatic (1010) poles in comparison with Fig. 6.12(b) and (c). The
weakening of the basal texture in this case was associated with some splitting of the (0001) basal
poles towards the ED. As the twins encompassed the entire grain due to their growth during the
7.9% pre-strain, the subsequent 3.7% re-compression along the ND was not sufficient to cause a
complete de-twinning. Thus only partial de-twinning or twin shrinkage occurred with more

remaining twins as shown in Fig. 6.8(f).
To quantify the change of texture during compression, the intensity of texture components (f(g))

as a function of cumulative true strain was evaluated and plotted in Fig. 6.13. The initial textures

in the extruded AM30 alloy have been shown to consist of two sets of basal textures, i.e.
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Figure 6.13: The change of intensity of main texture components with cumulative true strain.

A{0001}<Ziio> and B{OOOl}<10iO>, which transformed into components C{iZiO}<OOOl>

and D{01i0}<0001>, respectively, during compression along the ED as also presented in Fig.
4.8(b). During re-compression with increasing cumulative true strain along the ND, components
A and B gradually intensified while components C and D faded away. This corresponds well to
the microstructure shown in Fig. 6.9 which indicated de-twinning and the return of the texture
back to the initial one (Fig. 4.1(b)). The microstructure after two-step compression of the
3.7%ED-3.5%ND (Fig. 6.9(c)) sample showed a reduction of twin width which was consistent

with the result of the decreasing intensity of C and D components and increasing intensity of the
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initial A and B components (Fig. 6.13). As the complete de-twinning occurs due to increasing the
re-compressive strain along the ND, the C and D components vanished, which returned the
texture to the initial components A and B. The increasing intensity of C and D components after
compression along the ED is related to the twin formation whereas intensification of A and B
components during re-compression along the ND indicated de-twinning as shown in Figs 6.9 and

6.10.

The phenomenon of de-twinning has been reported by a number of researchers [83,169,181]. For
instance, Yu et al. [181] and Proust et al. [83] observed de-twinning in a magnesium single
crystal and AZ31 magnesium alloy, respectively, under subsequent load reversal of pre-
compressed samples. Also, when the loading direction was changed, grains that had previously

twinned could de-twin [97,169,177,182]. These results were in agreement with the present

observations that the {1012} extension twins developed in the first step of compression along the
ED, de-twinned in the second step of compression along the TD and ND (Figs. 6.7, 6.8(b),
6.8(d), 6.8(f), 6.9). The de-twinning may require a lower stress to be activated since the twins
already existed, and no twin nucleation was necessary. In addition, back stresses generated by
twin growth might aid the de-twinning process. To better understand this mechanism, a
schematic diagram showing the process of twin formation, twin growth, de-twinning, and re-
twinning are illustrated in Fig. 6.14. A coordinate system is established with the Y-axis being

parallel to the c-axis [0001] of an hcp unit cell in the magnesium matrix and the X-axis oriented

in the direction of [1010] which is positioned on the basal plane.
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Figure 6.14: Schematic illustration of {1012} extension twinning in a grain: (a) formation of a
twin inside a grain by rotating an angle of 86.3° of basal planes, (b) twin growth, through the
nucleation and glide of twinning dislocations on the twin boundaries, (c) twin
narrowing/shrinkage through the nucleation and glide of twinning dislocations with a reverse
sign, (d) double (or secondary) twinning inside the pre-existing parent twin, with the same twin

variant as the parent twin.

Consider a {1012} extension twin within a grain, which is normally activated when a

compressive stress is applied perpendicular to the [0001] c-axis or parallel to the (0001) basal
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plane (which is perpendicular to the paper or computer screen plane as indicated by the parallel

dashed lines in Fig. 6.14(a). Twin-dislocation interactions play a key role in the twin growth. In

the dislocation theory, upon meeting the {1012} twin boundary, a slip dislocation can either
penetrate into the twin and transmit to the other side of the twin boundary (TB), or undergo a
core reconstruction, or dissociate into interfacial defects [121,169]. Twin growth occurs when
the dissociation products are glissile twin dislocations (TDs) and glide through the TB in the
matrix (Fig. 6.14(b)), and the driving force is the stress acting on TDs at the TB [121,169]. On
the other hand, de-twinning, which is the opposite operation to twin growth, is accomplished by
the gliding of TDs with an opposite sign in the twin along the TB (Fig. 6.14(c)), which begins
when the resolved shear stress (RSS) is greater than the critical resolved shear stress (CRSS) for
de-twinning. Depending on the shear stress the movement of TDs from the TB interface to the
twinned region causes twin narrowing/shrinkage or de-twinning. Re-twinning (or double
twinning) is also possible, which represents the activation of a twin within a twin. The double (or
secondary) twin could have the same twin variant as or be different from the pre-existing parent
twin variant [86]. If the active twin variants are identical, the double/secondary twin within twin
band will have the basal planes parallel to those of the matrix (un-twinned region) (Fig. 6.14(d)).
The volume occupied by this double twin is thus transferred from the original parent twin to the

matrix, equivalent to de-twinning as well.

Finally, the effect of pre-strain on the compressive properties of the AM30 extruded magnesium
alloy can be well correlated with the observed microstructural changes involving the texture
evolution and twinning-de-twinning phenomena. As discussed above, in the ED-ED compressed

samples, with the same loading direction in both the pre-compression and re-compression, twin
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formation and growth occurred with the applied strain in both steps. The extruded AM30
magnesium alloy selected in the present study contained a strong initial basal texture nearly
perpendicular to the ED (Fig. 4.1(b)); as a result, the pre-compression along the ED caused
profuse extension twinning (Fig. 6.5) and the stress-strain curve became sigmoidal in shape (Fig.
6.1). As mentioned previously, the formation of extension twins caused a rotation of c-axes of
grains by an angle of 86.3°; and with increasing pre-strain more and more grains twinned. This
change eventually caused the rotation of the c-axes of most grains towards the compression
direction [129], as seen from Fig. 4.7 (b,c) vs. Fig. 4.1(b). It is clear that during the re-
compression of the samples having already been subjected to a large amount of pre-strain (e.g.,
7.5% or 8.2%), the c-axes of most grains were oriented unfavorably for the further twin
formation, as also demonstrated by the disappearance of the sigmoidal shape in the stress-strain
curves (Fig. 6.2(a)). This indeed resulted in a so-called hard orientation for further twinning, and
a higher stress was required to initiate the slip of dislocations in the twinned material [63], thus
increasing the compressive yield stress of the pre-strained samples during re-compression (Fig.
6.3(a)). In this circumstance, deformation would be dominated by the dislocation slip, and the
exhaustion of deformation would cause a lower UCS (Fig. 6.3(b)) and hardening capacity (Fig.
6.3(c)) based on Eq. (6.3) due to the premature failure. A similar effect of pre-strain on the YS

and UCS in a hot-rolled AZ31 magnesium alloy has also been observed by Xin et al. [20], where

the {1012} extension twins formed by pre-compression along the rolling direction resulted in
grain refinement which dramatically enhanced both the YS and UCS of reloading along the

transverse direction.
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In the ED-TD compressed samples, as mentioned above, two seemingly opposite phenomena of
new twin formation and de-twinning were co-existent, depending on the orientation of grains
(un-twinned regions) and twins developed in the first step (along the ED) with respect to the
loading direction of TD in the second step. This was also related to the presence of multiple sets
of textures after the first step pre-strain along the ED (Fig. 4.7(b)). The formation of new twins in
the second step along the TD (Fig. 6.6(b)) led to grain sub-divisions, somewhat equivalent to
grain refinement, which would thus increase the YS, and UCS (Fig. 6.3(a) and (b)) based on the
well-known Hall-Petch relationship. This is also corroborated by the observations reported by
Oppedal et al. [183], where the authors have attributed the dramatic stress increase in a strongly
textured hcp metal after loading along an orientation causing profuse twinning to a combined
effect of the Hall-Petch mechanism related to grain refinement by twinning, with the twinning-
induced re-orientation requiring activation of hard slip modes. On the other hand, the occurrence
of de-twinning (Fig. 6.7) made the pre-existent twins narrower and shorter, and drove the c-axes
of hcp unit cells in some grains back to the as-extruded state (Fig. 6.11(b) vs. Fig. 4.1(b)). The
reversal of textures would help get rid of the cold-work effect arising from the pre-strain by
lessening the hard orientations of further deformation, thus recovering the fracture strain to be

equivalent to that of the as-extruded AM30 magnesium alloy (Fig. 6.2).

Due to the re-orientation of the c-axes towards the ED after pre-strain along the ED, the c-axes
would be perpendicular to the compression axis in the subsequent re-compression along the ND.
It follows that the twinned region would be preferentially oriented to twin again (i.e., twin back
or de-twin) which is evident from the appearance of the sigmoidal shape in the stress-strain

curves (Fig. 6.2(c)). This resulted in a favorable orientation for further loading, and a lower

129



stress required for de-twinning in the twinned material [102], thus decreasing the compressive
yield stress of the pre-strained samples during re-compression (Fig. 6.2(c)). At higher pre-strain
levels, grains are heavily twinned and a relatively lower re-compression strain along the ND
makes de-twinning harder, resulting in incomplete de-twinning as shown in Fig. 6.8(f). In other
words, the degree of twinning during the pre-strain along the ED is larger than that of de-
twinning (or twin shrinkage) during the subsequent re-compression along the ND. In addition,
the remaining thin/narrow twins in the second step along the ND (Fig. 6.8(d) and (f)) led to grain
sub-divisions, somewhat equivalent to grain refinement, which resulted in an increase in the
UCS to a certain extent (Fig. 6.3(b). The reversal of the texture (Fig. 6.12(d) and (e)) after re-

compression along the ND is a strong indication of de-twinning.

6.6 Summary

This chapter described the effect of pre-compressive deformation on microstructure and texture
development. The results focused on the influence of twinning introduced by first-step
compression along the extrusion direction (ED) on the subsequent twinning, de-twinning, texture
development and strain hardening using three different paths, i.e., extrusion direction (ED-ED),
transverse direction (ED-TD) and normal direction (ED-ND) during the second step

compression.

The compressive loading in both the ED and TD led to a similar sigmoidal-shaped true stress-
true strain behavior in the as-extruded AM30 alloy due to the presence of two sets of basal

textures with the c-axes aligned almost parallel to the ND, which facilitated the occurrence of the
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{1012} extension twinning, whereas the compressive loading directly in the ND showed a slip-

dominated flow curve.

The compressive properties were significantly dependent on both the pre-strain amount and the
re-loading direction. In the case of ED-ED compressed samples, with increasing pre-strain the
compressive yield strength (YS) linearly increased, while the ultimate compressive strength
(UCS) and hardening capacity linearly decreased. The change range of strain hardening rate in
stage B (Adg) remained nearly constant at a lower pre-strain level up to ~2.3%, then decreased
linearly with increasing pre-strain. In the case of the ED-TD compressed samples, with
increasing pre-strain up to 7.5% the sigmoidal shape of the flow curves and the related stage B
hardening still remained, despite a lesser extent. In this case both the YS and UCS increased, and
the hardening capacity and A& value decreased in a non-linear manner. In the ED-ND
compressed samples, the reloading true stress-true strain curves displayed a sigmoidal shape that
was associated with the occurrence of re-twinning (i.e., back-twinning or de-twinning). With
increasing pre-strain along the ED, the compressive yield strength (YS) in the ND decreased,
while the ultimate compressive strength (UCS) increased. In the absence of pre-strain the
compression in the ND led to conventional stage 11l hardening followed by stage IV hardening.
At the lower pre-strain levels of 2.1% and 3.7%, two hardening stages of B and C were present,
while three distinct hardening stages of A, B and C occurred at the higher pre-strain levels of
5.4% and 7.9%. The peak value between stages B and C and the slope of strain hardening rate in

stage B linearly decreased with increasing pre-strain.
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In the ED-ED compressed samples, after the two steps of compression in the same direction the
disappearance of some twin boundaries or the coalescence of twins via twin growth was
observed. However, the extent of twin growth in the two-step compression was lower than that in
the one-step continuous compression at an equivalent total strain level, as the twin boundaries
were more visible and the intensity of cumulative textures after the c-axes rotating towards the
compression direction was lower in the two-step compression, in comparison with the one-step
continuous compression. In the ED-TD compressed samples, a 4.0% re-compression along the
TD after a 4.0% pre-strain along the ED led to the co-existence of two seemingly opposite
phenomena, i.e., the formation of new secondary twins and de-twinning due to the presence of
multiple sets of textures after the first-step pre-straining, depending on the orientation of grains
(or un-twinned regions) and twins developed in the first step (along the ED) with respect to the
second-step loading direction of TD. The occurrence of twin narrowing/shortening or de-
twinning caused by such a strain path change in the second-step compression was verified by
both the surface microstructural examination and the reversal of textures. In the subsequent
second-step compression along the ND, back-twinning (de-twinning) occurred, which was
verified by both the microstructural examination and the reversal of textures as well. The de-

twinning activity was observed to decrease with increasing pre-strain.

The texture measurements revealed that the c-axes of hcp unit cells were always rotated towards
the compression direction, regardless of the direct compression in the ED, TD or ND. Texture
weakening was achieved via the pre-compression in the ED and subsequent re-compression

along the TD and ND. With increasing pre-strain in the ED, while keeping the re-compression
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amount in the ND constant (3.7%), the extent of texture weakening increased. Further studies are

needed to identify an optimal compression condition to arrive at potential texture randomization.
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CHAPTER 7

Influence of Pre-Deformation and Subsequent Annealing on Strain

Hardening and Anisotropy

7.1 Introduction

Magnesium alloys normally form a strong texture during manufacturing processes and exhibit
low room temperature formability and directional anisotropy due to the polar characteristics of
deformation twinning, which seriously restrict their structural application [184,185]. Thermo-
mechanical processing could produce new microstructures which could alter the detrimental
strong basal texture and thus improve formability of wrought magnesium alloys

[105,113,150,175].

To improve formability, recrystallization is an effective approach which involves the formation
of a new grain structure in a plastically deformed material by the formation and migration of
high angle grain boundaries driven by the stored energy of deformation [186-189]. The
recrystallization process of plastically deformed materials serves to soften the material and
restore the ductility and formability. As recrystallization needs nucleation sites in deformed
structures, deformation twins could offer the possibility to form recrystallized grains with
modified size, shape or texture, especially for the magnesium alloys without second-phase
precipitates [187]. In the commercial production of wrought magnesium alloys, dynamic
recrystallization in various forming processes has been studied in addition to the detailed

investigation of static recrystallization [36,105,108,141,190-195]. For example, the refinement of
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grains in alloys and the ensuing improvement in the mechanical properties can be achieved
through a variety of processing techniques such as equal channel angular extrusion, rolling, and

multi-directional forging [30,63,196-203].

The study pertaining to the static recrystallization of cold deformed magnesium alloys has been
limited, in spite of numerous reports on other materials such as steels and aluminum alloys. In
deformed magnesium alloys at room temperature, the mechanical properties are basically
enhanced due to the strain hardening effect arising from internal energy accumulation, which
would be diminished by recovery and recrystallization in the subsequent annealing [204-206].
Levinson et al. [113] reported the microstructure and texture evolution during isothermal static
annealing of an AZ31lmagnesium alloy in the cast and extruded states to evaluate the
contribution of extension and contraction twins to the recrystallized microstructure after room
temperature compression to two strains of 5% and 15% and then subjected to annealing at 175°C
and 275°C. Their results showed that contraction and double twins were potent sites for
recrystallized nuclei and produced a distribution of new orientations, while no significantly
influence on the final texture was observed. Yang et al. [114] also studied the effect of prior
strain on static recrystallization of a hot-deformed AZ31 magnesium alloy during isothermal
annealing at temperatures of 220°C, 230°C and 240°C. It was observed that ultrafine grains were
evolved by grain fragmentation due to continuous dynamic recrystallization during hot
deformation, and grain coarsening occurred during the subsequent annealing together with a

significant change in the deformation texture.
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However, no such studies are seen in the open literature on the recrystallization during annealing
of AM30 magnesium alloy, after pre-compression at room temperature. It is unclear how the
strain hardening rate and texture change occurred in the pre-deformed and annealed alloy during
re-compression at room temperature. The objectives of this study were, therefore, to characterize
the recrystallization behavior of the pre-compressed AM30 magnesium alloy and evaluate the
changes in microstructure and texture during re-compression of annealed samples along with the

strain hardening behavior.

7.2 Effect of Pre-Strain and Subsequent Annealing on Compressive Properties

The true stress-true strain curves of the AM30 extruded magnesium alloy without pre-strain and
with a pre-strain of 4.3% along the ED are shown in Fig. 7.1. It is seen that the compressive yield
stress increased from ~91 MPa to ~137 MPa after the application of a 4.3% pre-strain. However,
the ultimate compressive strength decreased from ~325 MPa to ~315 MPa together with a lower
fracture strain. Also, both curves showed a skewed/sigmoidal shape, while the extent of the
skewness reduced in the pre-strained samples. Because of the presence of strong basal texture in
the as-extruded alloy with the c-axes of most grains aligned almost parallel to the ND (Fig.
4.1(b)), during compression along the ED the samples were subjected to a compressive loading
perpendicular to the c-axes [98,129,169]. Such a loading condition facilitated the occurrence of
{1012} extension twinning that re-oriented the basal planes or c-axes by 86.3°, which made a
harder orientation for further twin formation and thus increased the yield stress after pre-strain
(Fig. 7.1). Details about the effect of pre-strain on the yield stress and ultimate compressive

strength have been presented in [169].
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Figure 7.1: Typical true stress-true strain curves of extruded AM30 with and without a 4.3%

pre-strain along the ED.

The true stress-true strain curves of the pre-strained samples that were subjected to annealing at
different temperatures are shown in Fig. 7.2(a), where the re-compression was also conducted
along the ED, as symbolized by the 4.3%ED-annealing temperature-annealing time in the graph.
It is of interest to see that a significant change in the yield stress and the shape of true stress-true
strain curves occurred after annealing in comparison with Fig. 7.1. The evaluated results were
plotted in Fig. 7.2(b) and (c). Increasing the annealing temperature to 250°C, 350°C, and 450°C
while keeping a constant annealing time of 3h led to an almost linear decrease in the compressive
yield stress (CYS) from ~137 MPa (for the pre-strained but non-annealed sample) to ~101 MPa,

~96 MPa, and ~77 MPa (Fig. 7.2(b)), respectively.
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Figure 7.2: (a) Typical true stress-true strain curves of 4.3% pre-strained and annealed samples
at 250°C, 350°C and 450°C for 3h, (b) compressive yield strength (CYS), and (c) ultimate

compressive strength (UCS) as a function of annealing temperature.

However, the ultimate compressive strength (UCS) remained unchanged (i.e., ~355 MPa) when
the annealing was conducted at 250°C, then it decreased linearly to 341 MPa, and 325 MPa with
increasing annealing temperature to 350°C and 450°C (Fig. 7.2(c)). Also, the fracture strain
increased and the extent of skewness decreased as the annealing temperature increased (Fig.
7.2(a)). On the other hand, at a given annealing temperature of 450°C, only a weak effect of
annealing time on the true stress-true strain curves was observed, as shown in Fig. 7.3. Specially,
the compressive yield stress was nearly the same, while a slight decrease in the ultimate

compressive strength with increasing annealing time was observed. It is clear that the effect of
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annealing temperature was more significant than that of annealing time. These changes in the
compressive deformation characteristics were attributed to the change in the microstructure and
texture which will be discussed later. The change in the compressive stress-strain behavior could
indeed be better seen from the strain hardening rate do/de (where o is the true stress and ¢is the
true strain) as a function of true strain in the pre-strained and annealed samples at different
temperatures and times, as shown in Fig. 7.4(a) and (b). The re-compression of the samples
subjected to a pre-strain of 4.3% showed clearly three distinct stages of strain hardening, which

are also illustrated schematically in the inset of Fig. 7.4(a).
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Figure 7.3: Typical true stress-true strain curves of 4.3% pre-strained and annealed samples at

450°C for different times of 3h, 6h and 12h.
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This was similar to the strain hardening characteristics of the extruded AM30 alloy [135,169].
Stage A was characterized by a rapidly falling strain hardening rate, followed by stage B with an
increasing strain hardening rate, and then stage C with a decreasing strain hardening rate again
until failure. With increasing annealing temperature while keeping an annealing time of 3h, stage
B became gradually weaker (Fig. 7.4(a)). As seen from Fig. 7.4(b), while a pronounced change
occurred after annealing at 450°C, in comparison with the do/de vs. ¢ curve of the sample that
was just subjected to pre-strain without annealing, the change of these curves affected by the
annealing time from 3h to 12h at 450°C was relatively small. This corresponded to the true
stress-true strain curves shown in Fig. 7.3. It is seen from Fig. 7.4(a) and (b) that stage C could
be approximated by a linear decrease with increasing true strain, which indeed reflected stage 111
hardening in the tensile deformation [168]. Also, stage C was observed to move slightly

downward with increasing annealing time (Fig. 7.4(b)).

As mentioned above, since stage B reflects a unique strain hardening characteristic in the
compressive deformation of magnesium alloys, more evaluations were thus done here, aiming to
understand better the effect of annealing temperature and time. These evaluations are (1) the
magnitude or range of stage B (denoted as Aés), defined as the peak dofde value in-between
stages B and C minus the valley do/de value in-between stages A and B, as schematically
indicated in the inset of Fig. 7.4(a), and (2) the slope of stage B. The evaluated values are plotted
in Fig. 7.5. It is seen from Fig. 7.5(a) that the magnitude of stage B decreased with increasing
annealing temperature from 250°C to 450°C. It is also clear that the slope of stage B decreased

with increasing annealing temperature and time, as seen in Fig. 7.5(b) and (c), respectively.

141



4000

w
o
o
o

2000

1000

Strain hardening rate, MPa

4000

3000

2000

1000

Strain hardening rate, MPa

(a) o
- = = 4.3%ED-250°C-3h
i — — 4.3%ED-350°C-3h
‘ .I'.h"
N 4.3%ED-450°C-3h
)
'\‘,‘:r”" ) "'\
T o, 41 t
S
"0 3l
\ E]
\
- W, Z
\'t‘\“:“ True strain
'.‘l‘w \
T , AL ta T
0 5 10 15 20 25
True strain, %
b)
----- 4.3%ED-450°C-3h
| — 4.3%ED-450°C-6h
— — 4.3%ED-450°C-12h
0 5 10 15 20 25

True strain, %

Figure 7.4: Strain hardening rate vs. true strain of 4.3% pre-strained and annealed AM30 alloy at

(a) 250°C, 350°C and 450°C for 3h, (b) 450°C for 3h, 6h and 12h.
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Figure 7.5: Stage B hardening behavior of 4.3% pre-compressed and annealed AM30 Mg alloy,
(a) the extent of stage B (A&s) and (b) the slope of stage B as a function of annealing temperature
while keeping a constant annealing time of 3h, (c) the slope of stage B as a function of annealing

time while keeping a given annealing temperature of 450°C.

However, the decrease of the slope was in the convex form with increasing annealing
temperature up to 450°C (Fig. 7.5(b)) and in the concave form with increasing annealing time up
to 12h (Fig. 7.5(c)). This suggests a more significant influence of annealing temperature than
annealing time on the slope of stage B. Indeed, a slope of almost zero was obtained at 450°C for
3h (Fig. 7.5(a)), which corresponded to the nearly flat portion on the dofde vs. € curve in stage B
(Fig. 7.4). Increasing the annealing time from 3h to 6h and 12h at 450°C led to further

weakening of stage B, as indicated by gradually more negative slope (Fig. 7.5(c)). Stage B is
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anticipated to fade away either at a further higher annealing temperature or longer annealing time
when the negative slope of stage B reaches that of stage C. Further studies in this aspect are
needed. A similar decreasing trend in strain hardening was observed during multi-directional
forging of an AZ31 magnesium alloy at room temperature with increasing strain level [207].
This type of change in the hardening behavior corresponded to microstructure and texture

evolution, which will be presented in the next sections.

7.3 Effect of Pre-Strain and Annealing on Microstructure Development

Microstructure evolution was examined via optical microscopy for the 4.3% pre-strained samples

after annealing at 450°C for different times. Prior to conducting annealing, at this amount of pre-

strain most grains were subjected to {1012} extension twinning which traversed the parent grains
and interacted with each other, as reported in [169]. The volume fraction of extension twins was
measured after annealing for 0.25h, 1h, 3h, 6h, 12h, and 24h which was plotted as a function of
annealing time in Fig. 7.6, in conjunction with some typical images showing the visual change of
twins. It is clear that the volume fraction of twins decreased with increasing annealing time,

which could be expressed by the following equation,
Ve =pt%, (7.1)

where Vi is the volume fraction of twins, t is the annealing time in sec, o and f are two empirical

material constants (a = -0.95 and f = 390.2 obtained for the AM30 alloy in the present study).
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Figure 7.6: Volume fraction of extension twins vs. annealing time at a constant annealing

temperature of 450°C for the 4.3% pre-strained samples.

The decrease in the volume fraction of twins was associated with the recovery and
recrystallization to form twin-free grains (Fig. 7.6). Extensive twinning arising from the pre-
strain resulted in a large number of twin boundaries, giving rise to a fairly high internal energy in
the deformed alloy. Thus, recovery and recrystallization would occur at such a high temperature
of 450°C. Since the growth of recrystallized grains involves atomic diffusion — a time-dependent
process, a longer annealing time would lead to more complete recrystallization and growth of
twin-free grains. Similar microstructural changes were also reported by Yang et al. [208] during

annealing of an AZ31 magnesium alloy after cold MDF at various annealing times.
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7.4 Recrystallization Kinetics

The kinetics of static recrystallization of the 4.3% pre-compressed AM30 alloy were studied at

an annealing temperature of 450°C in a time range of 0.25h to 60h. The fraction of
recrystallization X, was measured using the point counting method applied to different

microstructures, such as those in Fig. 7.6, using the following equation:

ft
where Vj, is the initial volume fraction of twins after pre-compression without annealing and Vi
is the volume fraction of twins after annealing at a given time. The curve of fractional
recrystallization versus annealing time (X, - t curve) for the pre-compressed samples is presented
in Fig. 7.7(a), which exhibited a sigmoidal shape as well. Similar sigmoidal curves were reported
for cold deformed cubic materials [187]. The X, - t curve in Fig. 7.7(a) showed a rapid increase
after an incubation period early in the annealing time, followed by a gradual increase,
approaching Xr = 1 at longer annealing times. It is generally known that the kinetics of

recrystallization could be described by the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model

where the relationship between recrystallization fraction X, and t could be written as [187],
X, = 1—exp(-ntm), (7.3)
where 77 is a material constant, t is the annealing time and m is the JMAK exponent, which is

equal to 4 if all the assumptions on which the model were built are satisfied [189].
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Figure 7.7: (a) Recrystallization fraction (X;) vs. time and (b) JMAK plot showing the
recrystallization kinetics of the 4.3% pre-strained AM30 alloy during annealing at 450°C using a

metallographic observation method.
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The JMAK exponent (m) can be obtained from the linear relationship of the logarithm of In{1/(1-

X} and In(t) as shown below,

In{ln(l_ler:Inn+mlnt, (7.4)

Fig. 7.7(b) shows the JIMAK exponent value m as 0.87 or ~1 for the pre-compressed samples
after annealing at 450°C at various times. The JMAK plot is approximated by a linear
relationship in the early stages of annealing, but always breaks down at longer times, leading to
lower values of the exponents, which was also reported by Yang et al. [207,208]. The value of
the exponent close to 1 is very often observed in low carbon cold rolled steels [209,210]. This
value is lower than that reported by Su et al. [189] which was 1.6, for a compressed AZ31
magnesium alloy at a strain of 0.1 and then annealed at 200°C. The reason for the lower m may
be a result of non-random recrystallization sites present in the deformed material [187,189]. It
also suggests that the recrystallization kinetics is more strongly influenced by the annealing
temperature than time, in agreement with the results shown in Figs 7.3 and 7.5(b,c). According to
Eq. (7.4), a small decrease in annealing time can also result in a considerable increase of the
value of m [204]. Humphreys and Hatherly [187] noted that the inhomogeneity of deformed
microstructures that is caused by plastic deformation may play an important role on the break of
the JMAK plots as well as the lower values of the exponent at longer annealing times. As the
sample was plastically deformed by 4.3% pre-compression, the inhomogenity in the
microstructure would caused a non-random distribution of nucleation sites and stored internal
energy due to twin formation. As a result, recrystallization takes place more easily and the

JMAK exponent reduces at longer annealing times.
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7.5 Texture Development

Fig. 7.8 shows the (0001) and (1010) pole figures, illustrating the texture of the 4.3% pre-
compressed AM30 alloy after annealing at 450°C for (a) 3h, and (b) 12h, respectively. In
comparison with the texture presented for a 4.3% pre-strained sample without annealing in Fig.
4.7(b), it was seen that after annealing at 450°C for 3h (Fig. 7.8(a)), a somewhat more random
distribution of the basal (0001) poles was occurred, despite an equivalent maximum intensity
within the experimental scatter. The texture became weaker with increasing annealing time to

12h, as shown in Fig. 7.8(b), where the basal (0001) poles showed a more random/scattered

distribution towards both the ED and RD with an intensity of 4.6 MRD and the prismatic (1010)
poles with an intensity of 2.4 MRD towards the RD. The texture results after annealing at

different times corresponded well to the microstructure presented in Fig. 7.6.

As mentioned above and also discussed by a number of authors [9,19,83,98,129,112], during

compression along the ED {1012} extension twinning led to a 86.3° rotation of basal planes in
the twin with respect to the basal planes in the parent grain. The texture presented in Fig. 4.7(b)
showed such a significant change in orientation as compared to the un-deformed samples in Fig.
4.1(b). When the annealing time increased from 3h to 12h, the microstructure examinations
revealed a disappearance of twins (Fig. 7.6), which also supported the weak texture shown in
Fig. 7.8(b). Similar microstructure development involving twin disappearance after long
annealing times [207,208] and texture weakening [108,207,211] was reported as well, where the

cold deformed magnesium alloy was also subjected to annealing at varying temperatures and
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times. The mechanism of this texture weakening together with the twin disappearance will be

explained later.

@

(b)

Figure 7.8: (0001) and (1010) pole figures of the 4.3% pre-compressed and subsequently
annealed samples at 450°C for (a) 3h and (b) 12h, respectively, where ED indicates the extrusion

direction and RD stands for the radial direction.

The microstructure and the corresponding texture development after 4.3% re-compression of the
4.3% pre-compressed and subsequently annealed samples are shown in Figs. 7.9 and 7.10
respectively. The microstructure in Fig. 7.9(a) showed the formation of some new twins after the
second step compression of the annealed sample, as compared to Fig. 7.6 after annealing at
450°C for 3h. This was reflected by the slight increase in the intensity of (0001) poles along the

ED after re-compression, i.e., 8.6 MRD in Fig. 7.10(a) vs. 7.9 MRD in Fig. 7.8(a).
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Figure 7.9: Microstructure of the 4.3% re-compressed sample after annealing of 4.3% pre-

strained samples at 450°C for (a) 3h and (b) 12h, respectively.

While the same rotation of the c-axis of grains towards the anti-compression direction was

observed during the second-step compressed sample (Fig. 7.10(a)), it had a less intense rotation
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of basal (0001) poles, compared with those after a continuous or interrupted two-step
compression to an equivalent total strain level of ~8% without any annealing, as presented in our
previous study [169], where a basal (0001) pole intensity of 12 MRD and 9.6 MRD was

obtained, respectively.
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Figure 7.10: (0001) and (1010) pole figures of the 4.3% re-compressed sample after annealing

of 4.3% pre-strained samples at 450°C for (a) 3h and (b) 12h, respectively.

At longer annealing time of 12h, while some new twins formed as well from the recrystallized
grains during re-compression (Fig. 7.9(b) vs. Fig. 7.6) the basal (0001) pole intensity became
higher (6.9 MRD in Fig. 7.10(b) vs. 4.6 MRD in Fig. 7.8(b)), fewer twins were seen (Fig. 7.9(b)

vs. Fig. 7.9(a)) and the basal (0001) pole intensity was lower (6.9 MRD in Fig. 710(b) vs. 8.6
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MRD in Fig. 7.10(a)). This suggests that annealing temperature and time had a significant effect

on microstructure and texture formation.

The annealing temperature and time are important as they govern recovery, recrystallization, and
grain growth. When the annealing time was 3h, a temperature of 450°C might be insufficient to
modify microstructure significantly, and some twins still remained in grains (Fig. 7.6). Similar
results were observed by Lu et al. [141] who explained that energy produced by low annealing
temperatures was insufficient to modify cold deformed magnesium. Yang et al. [208] also
reported that the number of high density twins gradually decreased and concurrently their widths

broadened with increasing annealing time, suggesting the frequent occurrence of recovery in

grain interiors during annealing. On the other hand, Li et al. [108] explained that {1012}
extension twins possessed mobile twin boundaries, and thus they could become broader under

higher annealing temperatures. Therefore, the deformation cannot lead to a high strain

accumulation at {1012} extension twin boundaries. In this sense twin boundaries may not serve
as active nucleation sites for the static recrystallization. However, in the present AM30 Mg alloy
pre-compressed to 4.3%, almost all grains have twins that frequently intersect with one another,
which can result in high strain concentrations around their intersections and grain boundaries and

later have a high potentiality for the nucleation sites of static recrystallization [207,208].

A schematic diagram is shown in Fig. 7.11 to describe the static recrystallization process during
annealing of the pre-compressed AM30 alloy. Fig. 7.11(a) shows preferential nucleation sites at
grain boundaries and within twins due to the higher energy. As the annealing process going on,

small new and twin-free grains form in the twins and at grain boundaries which are presented in

154



Fig. 7.11(b). New grains grow mainly within twins and typically do not grow laterally out of
twin boundaries [108]. While contraction twin boundaries are generally immobile, basal slip,
extension twinning or other types of interactions may destroy the immobile boundaries and allow
the new grains to form and grow towards the deformed matrix and will result in full
recrystallization at a sufficiently high temperature or sufficiently long annealing time, as shown
in Fig. 7.11(c). It could be considered that the early stage of annealing for the cold-deformed Mg
alloy may act as an incubation period for new grain formation at the intersections of twins and

grain boundaries accompanied by dislocation rearrangement and annihilation.

b) ¢)

Figure 7.11: Schematic illustration of recrystallization process during annealing of a compressed
AMB30 alloy: (a) the beginning of recrystallization with preferential nucleation in twins and
grains, (b) formation of new small grains within twins and at grain boundaries, (c) recrystallized

grains.

Further annealing can result in the formation of new grains, followed by their large-distance
migration or grain growth until their impingement. During recrystallization, the texture became

increasingly weaker with a more random/scattered distribution, as seen from Fig. 7.8 and also
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reported in [108,207,211,212]. At a pre-strain of 4.3%, the twinned grains are not fully
encompassed by twins, and therefore there must also be recrystallized grains formed from the
untwinned parent regions. The recrystallized grains within twins and untwinned regions have
different orientations that eventually break the strong texture and make it weaken. During re-
compression to 4.3% as well, twin formation was not as intense as shown in Fig. 7.9(b) which
resulted in a weaker texture in Fig. 7.10(b). This might be due to unfavorable c-axis orientation
for twinning after recrystallization and eventually decreased the extent of strain hardening stage

B (Fig. 7.4) and increased the fracture strain (Fig. 7.2(a)).

7.6 Summary

In this chapter, the recrystallization Kkinetics and the re-compression properties of the pre-
compressed and annealed AM30 Mg alloy were studied with a focus on the strain hardening

behavior, microstructure and texture development.

After a 4.3% pre-compression along the extrusion direction (ED), most grains twinned and the c-
axes of the twinned regions were rotated towards the ED (i.e., always towards the compression
direction). A distinct stage B of strain hardening was present, which was characterized by an

increasing strain hardening rate.

The subsequent annealing of the pre-compressed samples at varying temperatures and times led
to recovery, recrystallization and grain growth. Recrystallization kinetics could be well described

using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model.
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As the annealing time increased at a temperature of 450°C, the ultimate compressive strength
(UCS) and the slope of strain hardening stage B decreased, while the compressive yield stress
(CYS) remained nearly the same. With increasing annealing temperature, CYS, UCS, and the
extent of stage B as well as the slope of stage B all decreased, whereas the fracture strain
increased. However, the UCS remained basically unchanged when the pre-compressed samples

were annealed at 250°C for 3h.

With increasing annealing time, the twins in the pre-compressed samples were observed to
disappear gradually. This was reflected by a decreased volume fraction of twins and weakened
texture which became more randomly distributed as well. The recrystallized grains within twins
and untwinned regions starting from the grain boundaries had different orientations which caused

the strong texture to split and weaken.
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CHAPTER 8

Conclusions and Future Work

8.1 Conclusions

Based on the studies of the mechanical behavior and the associated plastic deformation

mechanisms under monotonic compressive loading of the extruded AM30 magnesium alloy, the

following conclusions can be drawn:

1)

)

©)

The plastic deformation of extruded AM30 magnesium alloy by compression in the
extrusion direction can be characterized by the occurrence of extension twinning. There is
a sigmoidal relationship between the twin growth and the strain. The twin boundaries

merged or disappeared with increasing compressive strain.

Twin formation can be influenced by the inclination of basal texture and active twin
variants can be identified using the Schmid factor. The active twin variants reflected by the
high Schmid factor value were significantly dependent on the activation mode (i.e.,
compression perpendicular to the c-axis) which was governed by the combination of the

crystallographic lattice orientation with the applied loading direction.

Pre-strain has a significant effect on twinning, twin growth and de-twinning. The two-step
compression in the ED-ED sample showed a lower extent of twin growth than that in the

one-step continuous compression at an equivalent total strain level. In the ED-TD
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(4)

()

(6)

compressed samples, re-compression along the TD after pre-strain along the ED led to the
co-existence of two seemingly opposite phenomena, i.e., the formation of new secondary
twins and de-twinning. In the subsequent second-step compression along the ND, back-

twinning (de-twinning) occurred.

Static recrystallization occurred during annealing of the pre-compressed samples at
different temperatures and times. With increasing annealing time, the twins in the pre-
compressed samples were observed to disappear gradually. The recrystallized grains within

twins and untwinned regions showed less intense twin formation during recompression.

A sigmoidal true stress-true strain curve together with three distinct stages of strain
hardening rate was observed during compression along the extrusion direction. The
increase of in-plane loading direction with respect to the ED showed nearly constant YS
and UCS with increased fracture strain and a decreasing trend in the slope of the strain

hardening rate curve in stage B.

The pre-strain amount and the reloading direction influenced the compressive properties in
all cases of ED-ED, ED-TD and ED-ND compressed samples. With increasing pre-strain
the YS linearly increased in ED-ED and ED-TD samples, whereas it decreased in ED-ND
sample. An increasing trend of UCS is observed in ED-TD and ED-ND samples unlike
ED-ED sample. With increasing pre-strain the sigmoidal shape of the flow curves and

three distinct stages of strain hardening rate are obvious in ED-TD and ED-ND samples.
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(7) During re-compression along the ED, pre-compressed and annealed samples at different
temperatures exhibited decreasing trends of YS, UCS as well as the slope of the strain

hardening rate curve, whereas fracture strain increased.

(8) The compressive deformation along the ED showed a remarkable change in texture
components, where the initial basal texture components {0001}<2110> and {0001}

<1010> were observed to fade away, while {1210}<0001> and {0110}<0001> texture

components intensified with increasing compressive strain.

(9) Texture weakening was achieved through the pre-compression in the ED and subsequent
re-compression along the TD and ND. The formation of new twins in the second-step
compression along the TD and ND caused the c-axes of hcp unit cells in some grains
reverting back to the as-extruded state. A weakened texture was also observed from the

recrystallization of the pre-compressed sample.

8.2 Original Contributions

Although the occurrence of deformation twinning in wrought magnesium alloys has been well
recognized, its effect on the mechanical behavior under monotonic loading has not yet been well
understood. This research conducted fundamental studies on the underlying deformation
mechanisms (with a special focus on twinning) and mechanical behavior in wrought magnesium
alloys, which are essential for the implementation of lightweight structural applications in the

manufacturing sectors, since twinning plays a significant role in the deformation and failure of
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magnesium alloys. The study of the close relationship between the crystallographic textures and
plastic deformation mechanisms in wrought magnesium alloys, which reciprocally influence
each other, provides valuable information for the general understanding of the plastic
deformation of polycrystalline materials with hexagonal structures, and will be beneficial for
designing optimal alloying and forming schemes to manufacture reliable lightweight magnesium
alloys for use in the automotive and aerospace industries. The main findings from this

dissertation can be summarized as follows:

0  Twin formation can be influenced by the inclination of basal texture and active twin
variants can be identified using the Schmid factor. A sigmoidal true stress-true strain curve
together with three distinct stages of strain hardening rate was observed during
compression along the ED. The increase of in-plane loading direction with respect to the
ED showed nearly constant YS and UCS with increased fracture strain and a decreasing
trend in the slope of the strain hardening rate curve. These findings have led to the
following publications:

Scripta Materialia, vol. 67(2), pp. 165-168, 2012. [135]
Materials Science and Engineering A, vol. 582, pp. 63-67, 2013. [129]
Materials Science Forum, vol. 783-786, pp. 363-368, 2014. [176]

Journal of Materials Science and Technology, (Accepted). [171]

O  Pre-strain has a significant effect on twinning, twin growth and de-twinning. In the ED-TD
compressed samples, re-compression along the TD after pre-strain along the ED led to the

co-existence of new secondary twins and de-twinning. An increasing trend of UCS is
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observed in ED-TD and ED-ND samples unlike ED-ED sample. Texture weakening was
achieved through the pre-compression in the ED and subsequent re-compression along the
TD and ND. These findings have led to the following publications:

Materials Science and Engineering A, vol. 596, pp. 134-144, 2014 [169]

Materials Science and Engineering A, vol. 605, pp. 73-79, 2014. [125]

Q  The recrystallized grains within twins and un-twinned regions showed less intense twin
formation during recompression. A decreasing trend of YS, UCS as well as the slope of the
strain hardening rate curve was observed, whereas fracture strain increased. A weakened
texture was also observed from the recrystallization of the pre-compressed sample. These
findings have led to the following publications:

Journal of Alloys and Compounds, vol. 611, pp. 341-350, 2014. [212]

8.3 Recommendations for Future Work

Magnesium alloys are ideal model materials for studying twinning, because of near elastic
isotropy and near isotropic coefficients of thermal expansion, which results in negligible residual
stress after hot deformation. Furthermore, wrought magnesium alloys usually have a very strong
basal texture. Therefore, by tailoring the initial texture and applied loading relative to the texture,
it is possible to introduce a stress state where extension twinning is the major deformation
mechanism. The following future investigations could contribute to an in-depth mechanistic
understanding of the unusual plastic deformation behavior in wrought magnesium alloys during

monotonic and/or cyclic loading:
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1)

()

(3)

(4)

(5)

The strain distribution and hardening within polycrystalline samples of AM30 needs to be
measured on a more localized scale (i.e., at the grain level). A detailed investigation
combining EBSD to map the crystal orientations prior to deformation, digital image
correlation (DIC) to track the local strain distribution during mechanical testing, and
nanoindentation to measure mechanical properties (specifically indentation yield stress) on
particular orientations at intermediate strains would prove to be highly valuable in

clarifying the roles at various orientations during deformation.

Polycrystal plasticity modeling combined with TEM observations will be helpful to

understand the exceptional hardening behavior in magnesium alloys.

Grain-grain interaction using 3D XRD and/or tomography could provide the necessary

clues to better understand the de-twinning mechanisms in magnesium alloys.

Grain-level twinning and de-twinning behavior in wrought magnesium alloys using in-situ
synchrotron microdiffraction could be used to study the grain reorientation and the
development of internal-strain within individual grains, such that the orientation and full
strain tensor can be determined within a single grain as a function of strain, which are

untwinned, partially twinned and completely twinned.

A detailed investigation on the contribution of both extension and contraction twins on
static recrystallization and the role of these twins on recrystallization texture needs to be

done. The annealing should be interrupted at various times to allow for EBSD to identify
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the orientations present (i.e., determine what, if any, areas from the previous structure have
recrystallized). Further deformation of the pre-deformed and annealed sample should be
done using different loading direction to observe the effect of recrystallization on the

texture evolution.
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APPENDIX A

Calculation of Schmid Factor

A.1 Calculation Method:

To calculate the Schmid Factor, some sectional views of the geometrical projection of Fig. 5.2
are shown in Fig. Al. Where, FR' is the twin normal on FN (Fig. Al(a)), which intercepts the

extended NR at point R’, a projection from R’ to the sample surface intercepts at point R” (Fig.

5.2).

(@)

(©)

Figure Al: (a-d) Some sectional views of Fig. 5.2 used to calculate Schmid Factor.
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A perpendicular line in the extrusion direction (ED), passes through the point R’, intercepts the
extended OR at point O’and makes a right triangle ARR’O’ (Fig. A1(b)). A projection from O’ to
the sample surface intercepts at point O” (Fig. Al(c)) and R'R” = O’O". Fig. A1(d) shows the

calculation of n.

AFZY 1 FY =33 , (A1)
2C0Sa
AFBN : FN =+/3a® +¢? (A.2)

AFRS : FS =+/c2 +(9/4)a? | (A3)

AFSS':yzsin_l(chjzsin_l 202 : (A.4)
c“+(9/4)a

AFSF':F'S = FS -sin(f + ) =1/c2 +(9/4)a2 -sin(B+7), (A5)

FF'=FS-cos(f+7)=1/c? +(9/4)a% -cos(B+7), (A.6)

NN’ =F'S =v/c2 +(9/4)a2 -sin(8+7), (A7)

XN’ = FF' =+/c2 +(9/4)a -cos(f +7), (A.8)

XY’:ZY:FY-sina:a—\Z/g-tana, (A.9)

YN’ = XN'= XY’ =+/c2 +(9/4)a? -cos(ﬁ+y)—¥-tana, (A.10)

YY'=a4/3, (A.11)
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