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Abstract

Magnesium and its alloys have received substantial interests as the government
initiatives on energy saving and environment protection demand an increasing use of
lightweight materials in structural parts, especially in transportation industries. A good
understanding of fatigue behavior in magnesium is critical to ensure the reliability and
durability of the magnesium components. Unlike the body centered cubic and face
centered cubic metals, fundamental knowledge concerning the cyclic deformation and
fatigue in hexagonal close packed magnesium is limited. The current research aims at
a better understanding of the micro-mechanisms associated with the cyclic deformation
and fatigue of magnesium. Magnesium single crystal was chosen to study the
fundamental twinning/detwinning process while extruded polycrystalline pure

magnesium was studied for the fatigue damage mechanisms.

Cyclic deformation and the corresponding morphology evolution of {10 1 2}
twinning—detwinning-retwinning are, for the first time, characterized in magnesium
single crystal under fully reserved strain-controlled tension-compression utilizing in
situ optical microscopy. As loading cycles are increased, the activity of twinning—
detwinning-retwinning gradually decreases. Microscopy after fatigue shows that the
matrix region having experienced repeated twinning-detwinning cannot be completely
detwinned to its original crystal orientation. Fragmented secondary tension twins are
found to result from twin-twin interactions. Various twin-twin interaction structures
exist in fatigued magnesium single crystal: quilted-looking twin structure, “apparent

crossing” twin structure, and double tension twin structure. According to the



crystallography of magnesium, twin-twin interactions are classified into Type I for two
twin variants sharing the same <112 0> zone axis and Type Il for two twins with
different zone axes. For Type | twin-twin interactions, one twin does not transmit
across the twin boundary and into the other twin. For Type Il twin—twin interactions,
one twin can transmit into the other only under some special loading conditions. In
most cases, twin transmission does not occur but, instead, twin-twin boundaries form

that contain boundary dislocations.

The formation mechanism of the twin-twin boundary is proposed based on the
reaction of twinning dislocations. Twin-twin boundary is a low-angle tilt boundary for
Type I co-zone twin-twin interaction whereas it adopts a high-index crystallographic
plane for Type II twin-twin interaction according to a geometry analysis. Twin-twin
boundary dislocations can be inferred by reactions of twinning dislocations associated
with the two twin variants. An “apparent crossing” twin structure is a consequence of
twin-twin boundary formation. Under reversed loading subsequent to twinning,
detwinning is retarded and secondary twinning can be activated at the twin-twin

boundary for Type II twin-twin interaction.

The fatigue damage mechanisms in magnesium were studied in extruded coarse-
grained polycrystalline pure magnesium through fully-reversed strain controlled
tension-compression along its extrusion direction. Twinning/detwinning dominates the
cyclic deformation at high strain amplitudes while dislocation slips are responsible for
the cyclic deformation at low strain amplitudes. Microcrack initiation and early-stage
crack growth strongly depend on cyclic loading magnitude. During most of fatigue life

at twinning-dominated strain amplitudes, microcracks are incessantly initiated with



iii
limited propagation on both grain boundary and twin boundary. At slip-dominated
strain amplitudes, microcracks are initiated predominantly by grain boundary cracking.
Both intergranular and transgranular modes are observed for early-stage crack
propagation. Early-stage transgranular propagation is dominated by cracking at twin

boundaries at twinning-dominated strain amplitudes. At dislocation slip-dominated

strain amplitudes, early-stage transgranular propagation is found to occur on the

{1210} crystal planes, which is driven by alternative slip mechanism on two sets of

second-order pyramidal <a> slip system.
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1. Introduction

Magnesium, as the lightest structural metal with a density of 1.74 g/cm?, is the third-
most-used structural metal, following iron and aluminum [1, 2]. The density of
magnesium is only 22 percent as that of iron (7.87 g/cm®) and 64 percent of aluminum
(2.70 g/cm®). Two forms of magnesium alloys can be processed: casting and wrought
(rolled, extruded, and forged). Compared to the casting counterpart, a wrought
magnesium alloy is usually free of casting defects, exhibiting higher mechanical
strength and superior fatigue resistance [3, 4]. In addition, wrought magnesium alloys
possess multiple intriguing physical and mechanical properties such as excellent
thermal conductivity, high strength-to-weight ratio, excellent damping capability, and
good recyclability. All of these characteristics make magnesium and its alloys potential

lightweight structural materials in aircraft, automotive, and electronics industries [5, 6].

Despite a rising interest in magnesium alloys, main restrictions for wrought
magnesium alloys to be widely utilized are their low ductility and poor formability at
room temperature [1, 2]. With a hexagonal close packed (HCP) crystal structure,
magnesium has a reduced number of slip systems compared to body centered cubic
(BCC) and face centered cubic (FCC) metals. The limited slip systems make plastic
deformation in magnesium more difficult. To maintain the compatibility of local
plastic deformation, twinning is usually activated as an additional deformation
mechanism. The combined effects of two major inelastic deformation modes and their
interactions result in unique mechanical responses under monotonic loading: tension-

compression yielding asymmetry [7], anisotropic plastic hardening [8], and low



ductility [9, 10]. Such an unusual plastic behavior of wrought magnesium alloys and a
low room-temperature formability are not desirable for engineering applications.
However, the potential benefits in energy saving and environment protection continue
to drive research and development in magnesium alloys particularly in aerospace and

automobile industries [5, 6].

1.1 Significance and Motivation

When wrought magnesium alloys are used as structural components in
transportation industries, the parts in service are inevitably subjected to repeated
loading. Cyclic loading will induce localized permanent structural changes in the
material. Progressive accumulation of such irreversible structural changes will result
in initiation and growth of microcracks and eventually lead to final failure of the
structural component [11-15]. Fatigue failure can bring about catastrophic incidents
that cost billions of dollars and losses of human lives. Therefore, to ensure the
reliability and durability of magnesium structural components, it is vital to understand

the inelastic deformation and failure mechanisms of magnesium under cyclic loading.

In the last two decades, common characteristics of cyclic deformation of wrought
magnesium alloys were extensively studied and identified, including the asymmetric
stress-strain  hysteresis loop, the mean stress effect, and the pseudoelasticity
phenomenon. These macroscopic features of cyclic plasticity in magnesium are mainly
attributed to the operation of a critical deformation mechanism: twinning/detwinning
process.  Although some efforts have been made to study the role of
twinning/detwinning process on cyclic deformation of magnesium alloys, most of the

work was limited to microscopic examinations of twins after fatigue loading. The only



work which links cyclic deformation with the real-time twinning/detwinning behavior
was conducted by Wu et al. [16, 17] in ZK60 magnesium alloy utilizing in situ neutron
diffraction technique. The neutron beam characterizes a three-dimensional material
volume which contains millions of grains. The experimentally obtained in situ
twinning/detwinning evolution reflects a statistical response averaged on a volume of
many grains. No information regarding the kinetic evolution of twinning/detwinning
process together with the twin-twin interaction under cyclic loading were revealed.
Therefore, there exists a tremendous gap between the macroscopic observations of
cyclic deformation of magnesium and the detailed localized fundamental microscopic

mechanisms.

On the aspect of fatigue damage mechanisms in magnesium, several experimental
observations and analyses were made on crack initiation and propagation in magnesium
alloys experienced high-cycle fatigue [18-21]. Most of the experimental observations
were made on the testing specimen after fatigue fracture occurred. Therefore,
controversies exist in the modes of crack initiation and propagation. There is no clear
picture showing the fatigue damage development in magnesium and its associated
mechanisms under cyclic loading magnitudes dominated by different cyclic

deformation mechanisms.

1.2 Research Objectives and Outlines

The current research aims to investigate the principle microscopic mechanisms
responsible for cyclic plastic deformation and fatigue failure in magnesium. Emphases
are placed on a fundamental understanding of the twinning/detwinning process in

magnesium, and to obtain a clear picture of fatigue damage processes associated with



different cyclic deformation mechanisms in magnesium. The following goals are

expected to be achieved:

I. To explore the local twin structure changes and their interactions related to the
twinning/detwinning process in magnesium.

I. To analyze the microscopic process related to the formation and interaction of
the observed twin structures and to address their effects on the macroscopic
responses of cyclic deformation in magnesium.

I11. To clarify the fatigue damage processes in magnesium under cyclic loading at
magnitudes dominated by different controlling mechanisms.

IV. To explore major modes of microcrack initiation and early-stage propagation

and to study the mechanisms responsible for these modes.

It is expected that experimental characterization and theoretical analysis of the
microstructural changes will enhance the understanding of fundamental physical
processes underlying cyclic deformation and fatigue in magnesium. The revealed
micro-mechanisms are also anticipated to be implemented into physical-mechanism
based constitutive model and fatigue model to better predict the mechanical behavior

in HCP materials under cyclic loading condition.
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Figure 1 Schematic illustration of tasks and methods in current research.

To achieve these goals, experimental efforts are made in two interrelated parts:
mechanical experiment and microscopic characterization. Figure 1 shows the major
experimental methods that are used in current research. To reveal the detailed

twinning/detwinning process, magnesium single crystals oriented for easy twinning



and detwinning were chosen as the study material subjected to fully reversed strain
controlled tension-compression utilizing in situ optical microscopy (OM) technique.
Cyclic stress-strain curve for tension twinning/detwinning were measured. The real-
time evolution of twin structure were directly observed. Local geometric and
crystallographic information regarding twin structures and their interaction were
further revealed in companion specimens by utilizing advanced microscopy techniques
such as scanning electron microscopy (SEM), electron backscatter diffraction (EBSD),
and SEM/focused ion beam nanofabrication (SEM/FIB). To investigate the fatigue
mechanism in magnesium, fully reversed tension-compression experiments were
carried out in extruded coarse-grained polycrystalline pure magnesium at strain
amplitudes dominated by different deformation modes. The development of fatigue
damage were studied by charactering microcracks on companion testing specimens
interrupted at different stages of fatigue life. With detailed crystallographic and
geometric analysis, mechanisms of fatigue crack initiation and early-stage propagation

in magnesium were enlightened.

The main content of the dissertation is divided into three parts. In the first part
(Chapter two), the crystallography and plastic deformation modes in magnesium are
described. Historic and current research status in twin-twin interaction is examined.
The state of the art of plastic deformation and fatigue in magnesium single crystal and

magnesium polycrystal is also described in Chapter two.

In the second part (Chapter three), mechanical experiments and microstructure
observations for magnesium single crystal subjected to cyclic tension-compression are

described. Characteristics of cyclic deformation and the corresponding in situ



observations of twinning/detwinning behavior are presented. After the termination of
the cyclic loading experiment, microscopic features of microcracks, slip band extrusion,
residual twins, and twin-twin interaction structures are examined. In Chapter four,
detailed theoretical analysis of twin-twin interaction is carried out based on
crystallography of magnesium and the dislocation theory. The feasibility of twin
transmission in magnesium is clarified. The formation mechanism and the
configuration of twin-twin boundaries are studied. Influences of twin-twin boundary

on the subsequent twinning and detwinning process are also discussed.

The third part (Chapter five) describes the fatigue damage development in extruded
coarse-grained polycrystalline pure magnesium by using companion specimens
interrupted at different stages of fatigue life. Development of microcracks from
initiation to final fracture are obtained at two strain amplitudes dominated by different
cyclic deformation mechanisms. Modes of crack initiation and early-stage propagation
in magnesium are summarized. Possible micro-mechanisms associated with the
microcrack initiation and early-stage propagation are proposed with an emphasis on

their dependence of the cyclic loading magnitude.

Conclusions obtained from the research are summarized in Chapter six.

Recommendations for future research related to magnesium are outlined.



2. Literature Review

2.1 Crystallography and Deformation Modes in Magnesium

2.1.1 Crystallography of Magnesium

Magnesium has a hexagonal close packed (HCP) crystal structure. Its direct lattice
with one atom at each point is visualized in Figure 2 [22]. The primitive hexagonal

unit cell has three basis vectors a,,a,,c in the rhombohedral system. With
la,| =|a,|=a=3.203A and |c|=c =5.200 A, the c/a ratio is 1.624. Two atoms are

positioned in the primitive unit cell at coordinates 0 0 0 and % % % in the rhombohedral

system. If all the atoms are assumed to be hard spheres, the hexagonal structure can

generate a stacking sequence of ABABAB (Figure 2a). When these hard spheres are

closely packed, the ideal c/a ratio is v8/3=1.633. It is obvious that the ¢/a ratio

(1.624) of magnesium is smaller than the ideal c/a ratio (1.633). A description of the
representations of crystal direction and crystal plane in HCP crystal structure is

presented in Appendix A.1.
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Figure 2 Hexagonal close packed crystal structure of magnesium (primitive hexagonal
unit cell is outlined in red color) [22]: (a) three-dimensional view; (b) two-dimensional

projection on the basal plane.

Three important zone axes exist in magnesium [22]: (0001), <1OIO>, and <IZIO>.

The three zone axes and their associated zone planes are schematically shown in Figure

3 and listed in Table 1. The (0001) zone includes all the {hkiO} planes that are
perpendicular to the basal plane. The <1210> zone contains all the {101n} planes
(Figure 3b) naming Type | planes. When n=0, the {1010} planes are called the
prism planes of Type I. The <1010> zone contains all the {J.iln} planes (Figure 3c),

referred to as Type Il planes. When n=0, the {1510} planes are called prism planes

of Type II. If n is not equal to zero, the {101n} and {ﬁln} planes are known as

pyramidal planes of Type I and Type I, respectively.
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Figure 3 Important zone axes and zone planes in magnesium [22]: (a) three important

zone axes (0001), (1210), and (1010); (b) (1210) zone axis and the associated

{101n} zone planes; (c) (1010) zone axis and the associated {1§1n} zone planes.
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Table 1 Important zone axes and zone planes in magnesium [22].

Zone axes  Zone planes  Specific planes Plane name Type

(0001) {hkio} - - ]

Prism
_ _ 1%%-order pyramidal
(1210) {10 1n} |
2"-order pyramidal

3"-order pyramidal

(10T0) {121n} 1211

1%-order pyramidal I

2"-order pyramidal

|
|
210} Prism
j
|

2.1.2 Slip Modes in Magnesium
Common slip modes (or systems) in magnesium at room temperature are <1120 >

(<a>) slip on the {0001} basal plane, <1120> (<a>) slip on the {1010} prism
plane, <1120> (<a>) slip on {1011} first-order pyramidal plane, and <1123>

(<c+a>)slipon {11?2} second-order pyramidal plane [22, 23]. The slip direction
and slip plane for each slip system are visualized in Figure 4. The experimentally
obtained values of the critical resolved shear stress (CRSS) associated with each slip
system are also listed in Table 2. For arbitrary homogeneous deformation having its
component along the c-axis, five independent slip systems must be activated according
to the von Misses criterion [24]. Figure 4 shows that the basal <a >, prism <a>, and

first-order pyramidal <a> slip systems allow for plastic accommodation only within
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the basal plane. Henceforth, the <c+a> type slip must be activated. Nevertheless,
as listed in Table 2, the ratio of the CRSS for the nonbasal <C+a > slip over that for
the basal slip is in the order of 102, which means that the nonbasal <c+a > slip is very
difficult to be activated at room temperature. Noting that the CRSS for tension
twinning is ~2 MPa [25], tension twinning is usually activated instead of the nonbasal

<c+a> slip to accommodate the deformation along the c-axis.

> < '\\\ 2. ‘\\
N E N \ Lo\
% 1~ \
7" | | \I “‘\\E/
il ~Hlorg
| \‘:-L---f___ | : o : i B O] 1 0
!’/’J”/ —————— }(‘(0001) { ' & H
‘ » _____________ ‘ . *\ :
\ ‘ ar \\5‘\
- LW,
(a) Basal <a> (b) Prism <a>

(c) First-order pyramidal (d) Second-order pyramidal
<a> <c+a>

Figure 4 Typical slip modes (or systems) in magnesium [22, 23] at room temperature:
(@) basal <a>; (b) prism <a>; (c) first-order pyramidal <a>; (d) second-order

pyramidal <C+a>.
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Table 2 Typical slip systems and their critical resolved shear stress in magnesium at

room temperature [22, 23].

_ _ Independent
Burgers _ Slip Slip CRSS (MPa) at
Slip system o number of
vector type direction  plane _ 300 K

slip system
0.81 [26]
0.76 [27]
Basal <a> <1120> {0001} 2 0.45 [28]
0.78 [29]
1.07 [30]
<a> 39.2 [31]
Prism <a>  <1120> {1010 2 ~18 [32]

~8 [33]
First-order
. _ - 3.92 [27]
pyramidal <1120 > {10 1 1} 4
0.51 [28]
<a>
Second-order o
) _ — ~40 in Figure 12
<c+a> pyramidal  <1123> {1122} 5

[34]
<c+a>

2.1.3 Twinning Modes in Magnesium

In addition to dislocation slips, twinning is another important inelastic deformation
mode associated with lattice shear. Figure 5 schematically illustrates the difference
between the shear accommodation by dislocation slips and that by twinning. Unlike
the shear caused by dislocation slips, the shear deformation induced by twinning is
uniformly distributed over a reoriented crystal volume rather than localized on discrete

slip planes [35]. Detailed discussions of the crystallography of twinning were covered
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by papers of Cahn [36], Partridge [22], and recently Christian and Mahajan [37]. The
following brief description of crystallography of twinning and twinning elements is

based on these review papers.

T ; T :
T T
(a) Dislocation Slip (b) Twinning

Figure 5 Schematic illustration of difference between shear deformation associated

with dislocation slips (a) and twinning (b) [35].

S X Ko, before shear K,/ after shear
N k3t T ' ﬂ
Kg :._ b ) DA

S, plane

of shear

2029 Kiy K,

o ™
(a)

Figure 6 Twinning elements associated with the original sphere and the distorted
ellipsoid caused by the twinning shear [22, 35]: (a) projection onto the plane of shear,

S; (b) three-dimensional view.
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As schematically illustrated in Figure 6, twinning shear brings about a distortion of
the original sphere (the matrix lattice) into an ellipsoid (the twin lattice). There are four
twinning elements associated with the original sphere and the distorted ellipsoid: plane
K,, direction 7, lying on plane K, plane K,, and direction 7, lying on plane K, .
Twinning shear aligns along the 7, direction within plane K,. Plane K, and direction
n, are referred to as the twinning plane and the twinning direction, respectively. The
K, plane remains undistorted after twinning. Plane K, and direction 7, are the
conjugate twinning plane and the conjugate twinning direction, respectively. After
twinning shear, plane K, and direction 7, are rotated to plane K, and direction 7, in
the twinned lattice and both keep undistorted. As seen in Figure 6b, direction 7, is
rotated to direction 7, lying on plane S. Plane S is called “plane of twinning shear”
and can be defined as the plane containing both direction 7, and direction 7;,. The
magnitude of the twinning shear ““s” can be calculated by the acute angle (¢ ) between

plane K, and plane K,:
s = 2cot(2¢) (1)

The plastic strain accommodated by a twin volume can be calculated from the twinning

shear s:

mn. +nm.
Enli) = ftwin's'[#J (2)
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where &0 ) is the plastic strain accommodated by twinning. ftwin is the twin volume

p(ij

mn; +nm,

fraction and s is the magnitude of twinning shear. T is the Schmid factor of

the specific twinning mode. M, and N; are the unit vector of the twinning plane normal
and the unit vector of the twinning direction with respect to the sample coordinate
system, respectively.

For all twinning modes, the matrix lattice and the twin lattice can be related by a
reflection operation about the K, plane. If the twin lattice is resulted from a matrix
lattice through a 180-degree rotation about the normal to the K, plane, the twin is
referred to as Type | Twin. If the reflection about the K, plane is realized through a
180-degree rotation about the direction 7, the twin is termed as Type Il Twin. In an
HCP structure, plane K, direction 7,, plane K,, and direction 7, can be irrational.
However, if plane K,, direction 7,, plane K,, and direction 7, in Type | twin are

rational, the twin is known as a Compound Twin. Twinning modes discussed in

magnesium for the current research are known as compound twins.
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Figure 7 Twinning elements of primary twinning modes in magnesium at room
temperature: (a) §1012}<1011> tension (or extension) twin: (b) {1011} <1012 >
compression (or contraction) twin.

Primary Twinning in Magnesium: Typical primary twinning modes in magnesium at
room temperature are {1012} <1011> tension (or extension) twin and

{1011}<1OI§> compression (or contraction) twin (Figure 7). Twinning elements

for tension and compression twins together with their experimental obtained CRSS

values at room temperature are listed in Table 3. Both tension and compression twins
can accommodate deformation along the c-axis. As seen in Table 3, {1012}< 1011>

tension twin has a CRSS value much lower than that of {101 1}<1OI§ > compression

twin at room temperature. Therefore, tension twin is the most easily activated twinning

mode and plays a critical role in the plastic deformation of magnesium and its alloys.
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Table 3 Twinning elements and critical resolved shear stress for {1012}<1011>

tension twin and {1011} <1012 > compression twin at room temperature.

Twinning
Shear shear CRSS (MPa)
K, m K, UF!
planeS (y=1.624 for  at300 K
HCP Mg)
2 [25]
-3
_ B __ - _ 2.7-2.8 [38]
{1012} <1011> {1012} <1011> {1210} 73 ’4
4 [39]
=0.129
5.5[33]
2
{1011} 12> {1013} {3032} {1210} . \/__ 9 114 [40]
1012
<1012> {1013} _4g 128 75-130 [32]

Shape changes and crystal reorientation associated with tension twin and

compression twin in magnesium are shown in Figure 8, where the out-of-plane
direction points along the [IZIO] direction.  Since c<\/§a in HCP magnesium,

{1012}<1011> twinning is favored by tension along the c-axis (Figure 8a) or,
equivalently, compression normal to the c-axis. The crystal reorientation by tension
twinning results in an angle of 86.4 degree between the basal plane pole in twinned
lattice and that in matrix lattice (Figure 8a). For f1011}<1012 > twinning, c-axis

compression or tension perpendicular to the c-axis can be accommodated, as shown in
Figure 8b. Compression twinning reorients the basal pole in the matrix lattice 56.2

degree about the <1210 > zone axis to the basal pole in the twin lattice.
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As previously discussed, twinning under tension along the c-axis of the matrix (or
under compression parallel to the basal plane) reorients the basal pole in the matrix
lattice 86.4 degree about the <1210 > zone axis to that in the twin lattice. If the
subsequent loading reverses its direction, a secondary twinning with the same variant
as that of primary twinning can occur in the twin lattice as a reverse lattice shuffle.
This process is termed as “detwinning,” as schematically illustrated in Figure 9. As
observed in experiments, detwinning is observed as a shrinkage of the previously

developed twin by the reverse motion of the twinning boundary [39].
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change, and crystal reorientation associated with {10113 —{1012} double twinning.
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Compression-Tension Double Twinning in Magnesium: {1011} and {1013}

compression twinning is well known as a deformation mode which can accommodate
c-axis compression [32, 40, 43, 44] or tension parallel to the basal plane [25, 32, 41,

43-47]. Since the stress required to activate compression twins is very large due to its

high magnitude of CRSS (75130 MPa in Table 3), {l0113}-{1012} or
{1013}-{1012} compression-tension double twinning [25, 32, 40, 41, 43-47] can
occur. Compression-tension double twinning is a secondary {1012} tension twinning

occurring inside the primary {1011} or {1013} compression twin (Figure 10a and
Figure 10b). Experimental observations reveal that the boundary of double twin
usually deviates 5~8 degrees from that of the primary compression twin [43], as shown
in the schematic drawing of the observed {101 1}—{1012} double twin (Figure 10c).

Figure 10d illustrates the twinning shear associated with the compression-tension
double twin. When the compression twin first occurs under an external compression

along the c-axis in the matrix, the interior of the compression twin favors a secondary

tension twinning. Combining the primary twinning shear of 0.138 along the [101?]

direction with respect to the matrix and the secondary twining shear of 0.129 along the

[1011] direction inside the compression twin, a strain of 0.044 can be resulted. The

direction of the resultant strain vector lies nearly perpendicular to the double twin
boundary. Therefore, once compression-tension twinning occurs, the displacement
normal to the double twin boundary causes a cleavage in the double twin boundary,

leading to rapid fracture of the material.
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Twin-Twin Interaction: When multiple variants of a twinning mode are activated, they
inevitably meet and interact each other. Therefore, a twin-twin interaction is acommon
phenomenon observed in deformed metals. Early studies of twin-twin interaction were
mostly limited to materials with orthotropic [36], tetragonal [48], and cubic [49-52]
crystal structures. Less attention was paid to HCP crystals [53-56]. During the past
two decades, HCP materials have been received a great attention. Studies on twin-twin
interaction in HCP structures were frequently reported [181-205]. Three typical twin-
twin interaction structures have been found: (1) quilted-looking twin structure
consisting of twins arrested at other twin boundaries [36, 39, 56-74], (2) “apparent
crossing” twin structure which links twins impinging independently on each side of
twin lamella [75, 76], and (3) double twin structure that results from secondary twin

being nucleated at twin-twin interfaces [36, 48, 50, 51, 53-56, 74, 77-81].

Cahn [36] first reported the quilted-looking twin structure in plastically deformed
a-uranium with an orthotropic structure. Quilted-looking twin structure (refer to Figure
7 in Ref. [36]) can be described as a locked network of different twin variants, where
one twin is arrested at another twin boundary. No twin transmission exists in the
blocked twin-twin pair. A similar quilted-looking twin structure was observed by
Robert and Partridge [56] in HCP magnesium. The twin-twin boundary formed
between two {1012} twin variants was identified as a common interface bisecting two
twinning planes. It was pointed out that a local rotation of twin lattice in the vicinity
of the contact site could be resulted from a stress relaxation process across the contact
interface accompanying the formation of the common interfaces between two twins.

Recently, such quilted-looking twin structure is frequently found in HCP metals in
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different metalworking conditions or mechanical experiments, such as monotonic
loading [181-190], rolling and extrusion [67, 73, 74], surface treatment [69, 71, 72],

and cyclic loading [39, 68-70].

Compared to the quilted-looking twin structure, “apparent crossing” twin structure
was much less reported [75, 76]. In this twin structure, two twins impinge
independently on each side of a barrier twin, where the region in the barrier twin which
links the two impinging twins experiences a slight crystal rotation. The “apparent
crossing” twin structure was recently observed in an AZ31 magnesium alloy subjected
to plane strain compression along the direction perpendicular to the extrusion direction
[75] and in an AZ31 magnesium alloy rolled sheet with inhomogeneous coarse and fine

grains compressed perpendicular to the normal direction [76].

A double twin structure refers to a composite twin where a secondary twin having
the same twinning mode as primary twinning is activated inside a primary twin. The
secondary twin is usually found to be either connected to or close to the impingement
of the incident primary twin. Cahn [36] first observed a crossing-like double twin
structure in a-uranium. An impinging twin was observed to transmit a pre-existing
twin through a secondary twin path. Cahn [36] proposed a continuity condition stating
that two constraints are required for creating a crossing-like double twin structure: (1)
the traces of the impinging twin and the secondary twin in the K plane of the barrier
twin must be parallel; (2) the direction and magnitude of twinning shear must be
identical in the impinging and secondary twins. However, the second constraint had
been questioned in early days when it was applied to other materials such as tetragonal

tin [48], FCC cobalt-iron alloy [50, 51], HCP zinc [53], HCP zirconium [54], and HCP
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magnesium [55, 56]. Recently, a double tension twin structure was observed in HCP

magnesium [74, 77-81].

Microstructures in association with twin-twin interaction were found to correlate
with mechanical hardening [60, 61, 64-66]. Jiang et al. [60] and Yang et al. [61]
reported that multiple twin variants and twin-twin intersections were often associated
with the deformation stage with a higher strain hardening rate in an AZ31 magnesium
alloy subjected to compression along the extrusion direction. Oppedal et al. [64] and
Ma et al. [65] found that multivariate and multifold twins were activated to
accommodate large straining and the subsequent twin-twin interaction contributed to
significant strain hardening. EIl Kadiri et al. [66] compared the twin growth behavior
in two grains that contain different number of twin variants. The authors found that a
higher twinning nucleation rate was exhibited in a grain containing twin-twin
interaction with two variants while the twinning propagation rate was faster in the grain

having only a single twin variant.

2.2 Current State-of-the-Art

2.2.1 Cyclic Plasticity and Fatigue — Magnesium Single Crystal

Single crystal is an ideal form of material to study the fundamental mechanisms of
deformation and fracture. Compared to polycrystalline alloys, complex influences of
grain boundaries, secondary phase, grain size, and alloying elements in solution on
mechanical behavior can be eliminated. The orientation of a single crystal can be

properly designed to study a single deformation mode. The resolved shear stress and
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shear strain on a specific slip/twinning system can be accurately determined.

Potentially activated slip/twinning systems can be easily identified.

Most experimental studies on magnesium single crystal were concentrated on
exploring the operative slip/twinning modes under monotonic loading along a specific
crystal orientation [25, 27, 28, 30, 32, 34, 40, 41, 43-47, 82-94]. Relative prevalence
of deformation mechanism or fracture mechanism is strongly dependent upon the
crystal orientations and loading modes. Very limited experimental studies have been
conducted on cyclic plastic deformation [95, 96] and fatigue [97—106] in magnesium

single crystals.

Work on cyclic plasticity of magnesium single crystal has been limited to crystals
oriented for basal slip at limited range of strain amplitudes. Stevenson and Sande [95]
carried out fully reversed total strain-controlled tension-compression experiments on
magnesium single crystals. The angle between the loading axis and the c-axis is greater
than 45°. Two strain amplitudes of 0.18% and 0.9% were studied. Cyclic plastic
deformation at low plastic strain amplitude was controlled by single cyclic basal slip.
At a higher plastic strain amplitude, duplex cyclic basal slip occurs in all crystal
orientations. Cyclic hardening rate and the saturation stress increase with increasing

plastic strain amplitude.
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Figure 11 Cyclic stress-cumulative plastic strain curve oriented for single cyclic basal
slip in magnesium single crystal showing three stages and the dislocation wall

structures associated with Stage Il and Stage 111 cyclic hardening [96].

Following Stevenson and Sande’s work [95], Kwadjo and Brown [96]
characterized the cyclic stress-cumulative plastic strain (CSPSC) curve for single basal
slip by carrying out plastic strain-controlled tension-compression experiments on
magnesium single crystals at the plastic strain amplitudes between 0.1% and 0.8% at
78 K and 300 K. Three stages are exhibited on the CSPSC curve (Figure 11): Stage |
with rapid increasing of cyclic hardening rate in the range of cumulative plastic strain

from 0 to 20; Stage I (20 < &, , <100) having relatively flat cyclic hardening rate; and
Stage Ill (&, , >100) having increasing cyclic hardening rate. Transmission electron

microscopy (TEM) observations of dislocation configuration were carried out on the
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(0001) and (1010) planes for the cumulative plastic strain of 57 (in Stage Il) and 225

(in Stage III). In Stage Il, dislocation clusters projected on the (0001) plane are

irregular and generally aligned in the [lOIO] direction. After cyclic hardened to Stage

I11, cluster arrays become more regular and the basal dislocation loops appear. The
basal dislocation loops act as strong obstacles to the glide dislocation, which is

responsible for the increased hardening in Stage I11.

Very limited work was conducted on the fatigue and fracture of magnesium single
crystals. Armstrong and Horne [97] first studied the fatigue fracture in magnesium
single crystal by applying fully reversed shear stress on the basal plane at a constant
amplitude at room temperature and -140 °C. Fatigue cracks were found to appear at
the basal slip traces in the matrix near the twin boundary. The cause of fatigue cracks
was attributed to the internal stress concentration occurred at the dislocations piled up

at some twin barriers.
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Figure 12 Fatigue extrusion developed in the coarse-grained polycrystalline
magnesium under cyclic loading near the fatigue limit [100]: (a) extrusion bands
developed along the basal slip steps; (b) extrusion developed from the basal slip traces
within both the matrix and the twin; (c) extrusion preferably developed from the basal
slip in the matrix near the twin boundary; (d) extrusion developed at position where the

twin is detwinned.
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A significant contribution regarding the origin of fatigue crack in magnesium was
made by Partridge [98-101] who comprehensively studied the slip band extrusion and
the cyclic twinning structure in coarse-grained polycrystalline pure magnesium at room
temperature. Two types of experiments were designed: rotating-bending tests on
cylinder specimens and reversed plane bending tests on plate specimens. In the
fatigued specimen, numerous extrusions on basal slip band were developed in the
matrix region inside the coarse grains. Smaller extrusion appeared as debris along the
slip steps between the larger extrusions (Figure 12a). Partridge [100] further
investigated the development of the fatigue extrusion with the existence of twins prior
to fatigue loading. Three situations of pre-existing twins were designed: fully-
developed twin (Figure 12b), partially detwinned twin (Figure 12c), and fully
detwinned twin (Figure 12d). For the specimen where twins were fully developed prior
to fatigue testing, the extrusions were developed from the basal slip traces within both
the twin and the matrix. When the twin was partially detwinned prior to fatigue
loading, the extrusion bands were developed preferably in the matrix adjacent to the
twin boundary. When a twin was completely detwinned and was subsequently
subjected to fatigue loading, extrusion developed from the basal planes at the original

position of the twin.
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Figure 13 Cyclic twinning structures in coarse-grained pure polycrystalline magnesium

at 25% of the fatigue life [101]: (a) twin prior to the fatigue test; (b) serrated twin
boundary; (c) twin fragments; (d) microcrack developed at the interface of the

fragmented twins.

Cyclic twinning structure in fatigued magnesium was investigated in pre-twinned
plate testing specimen followed by reversed plane bending at a stress level which gave
rise to the fatigue lives between 10* and 10° cycles. Slight surface polishing on one
specimen stopped at the ~25% fatigue life revealed that the initially smooth twin
boundary (Figure 13a) became severely serrated (Figure 13b). This is considered to be
caused by the local non-uniform displacement of the twin boundary. Further removing

the surface material by polishing revealed that cyclic stressing broke certain oriented



32

twins into smaller fragments with irregular shapes (Figure 13c). Microcracks were
nucleated at the fragmented twin boundary and did not propagate significantly (Figure
13d). A schematic model based on the interaction between the twin boundary and the
localized cyclic stressing was proposed by Partridge [101] to explain the phenomenon
of twin fragmentation. However, such an explanation was solely based on the
mechanical interaction between the twin boundary and the cyclic stressing. No

information regarding the crystal orientation of the twin fragments was considered.
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Figure 14 Effect of crystal orientation on fatigue crack growth in magnesium single

crystal [103].
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Recently, fatigue crack growth in magnesium single crystal was studied by Ando
et al. [102-106] utilizing compact tension specimen under four different crystal

orientations: notch plane on the (1150) plane and the growth direction along [1100]
(Orientation A, Figure 14a), notch plane on the (1100) plane and the growth direction
along [1150] (Orientation B, Figure 14b), notch plane on the (0001) plane and the
growth direction along [11?0] (Orientation C, Figure 14c), and notch plane on the

(1150) plane and the growth direction along [0001] (Orientation D, Figure 14d). Itis

interesting to find that in both Orientations A and B, the fatigue crack plane is parallel

to the (11?0) plane. In Orientation C, the fatigue crack propagates alternatively on the

basal plane and on the tension twinning plane. In Orientation D, the fatigue crack

growth is arrested at AK < O.7MPa(m)“2 but propagated parallel to the basal plane

at AK >0.8MPa(m)"?. Based on the TEM observations of the <c+a> dislocations

near the crack surface, Ando et al. [103] proposed that the fatigue crack in Orientation
A and B was driven by alternating shear due to two intersecting second-order pyramidal
slips at a lower AK . At a higher AK, the first-order pyramidal slip can be activated.
The crack propagation could be proceeded by alternating shear on one second-order

pyramidal slip plane and on a first-order pyramidal slip plane.

2.2.2 Cyclic Plasticity and Fatigue — Magnesium Polycrystal

Compared to single crystal, a study on cyclic deformation and fatigue failure of
polycrystalline material has its practical and engineering significance. Unlike single

crystal, grain boundaries exist in a polycrystalline aggregate. An individual grain has
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its own preferred crystal orientation. The macroscopic mechanical response and the
associated microscopic mechanisms can be different from those exhibited in a single
crystal. Major influences of the grain boundary and grain orientation on the cyclic

deformation and fatigue cracking must be taken into account.

Two forms of magnesium alloys can be processed: casting and wrought (rolled,
extruded, and forged). Strong basal texture exists in the as-wrought magnesium alloys.
The c-axes of most grains are aligned almost perpendicular to the extrusion or rolling
direction [107, 108]. Tension twinning is favored in such oriented grains subjected to
compression along the extrusion or rolling direction. When subsequent loading
reverses its direction, detwinning occurs, i.e. the c-axis in the twinned lattice rotates
back to align with that in the matrix. Due to this pole nature of twinning and the initial
basal texture, wrought magnesium alloys show peculiar cyclic deformation behavior

and fatigue properties.

During the last two decades, characteristics of cyclic deformation for wrought
magnesium alloys have been extensively studied through fully reversed total strain-
controlled (or plastic strain-controlled) tension-compression experiments at different
strain amplitudes. The studied magnesium alloys include extruded AZ31 [109-115],
rolled AZ31 [116-119], extruded AZ31B [120], rolled AZ31B sheet [121], extruded
AZ61A [122-125], extruded AZ80 [109], extruded AM30 [126-128], extruded AM50
[129], and extruded ZK60 [130, 131] and ZK60A [16, 17, 132]. The stress-strain
hysteresis loops at large strain amplitudes usually exhibit an asymmetric shape. When
tension-compression is applied along the extrusion or rolling direction, the compressive

reversal shows a normal concave-up shape whereas the tensile reversal appears to have



35

a concave-down first and subsequently concave-up sigmoidal shape. When tension-
compression is along the direction normal to the rolled sheet plane, the asymmetric
shape of the hysteresis loop is inversed. The asymmetric tensile and compressive
reversals lead to a tensile (or compressive) mean stress which has a significant effect
on the fatigue strength. Furthermore, a strong Bauschinger effect [133] is observed
during the unloading from the tensile and compressive stress peaks. This phenomenon
is regularly referred to as pseudoelasticity in magnesium alloys [134-138]. For the
stabilized stress-strain hysteresis loops, features such as asymmetric shape, mean stress
effect, and the pseudoelastic phenomenon are found to become more pronounced with

increasing strain amplitudes.

Explorations of microstructural evolution during cyclic deformation in magnesium
alloys were carried out by Brown et al. [139] and Wu et al. [16, 17, 132, 140] using in
situ neutron diffraction, by Yin et al. [111] using electron backscattered diffraction
(EBSD), and by Park et al. [118] using light microscope. All of these studies confirmed
that the compressive reversal was dominated by activation of tension twins and the
subsequent tensile reloading was associated with detwinning. Moreover, Brown et al.
[139] and Wu et al. [16, 17, 132, 140] observed that with increasing number of loading
cycles, the amount of twins in the compressive peak increased while the detwinning
capacity under subsequent tensile reloading progressively exhausted. This evolving
twinning/detwinning process resulted in an increased residual twin boundaries, which
can be reflected from the enhanced tensile and compressive peak stresses with
increasing number of loading cycles. Further direct observations were provided by

Park et al. [118] through the comparison of the twin distribution in the half-cycle with
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that in the first loading cycle via optical microscopy. The strain-amplitude dependence
of the residual twins was investigated by Fan et al. [127], Li et al. [122], and Luo et al.
[128] via optical microscopy. It was found that when the strain amplitudes were higher,
more residual twins were observed in the fatigued specimens, and their size and shape

were bigger and coarser.

Fatigue of magnesium alloys is usually characterized using the fatigue life curve.
Earlier studies of wrought magnesium alloys frequently reported that the strain-life
curves exhibited a smooth transition from the low-cycle fatigue regime to the high-
cycle fatigue regime and the strain-life curves can be described well by the Basquin
(stress-life curve) and Manson—Coffin (plastic strain-life curve) equations [110, 113,
114, 120, 126, 129]. Hasegawa et al. [110] found out that the Manson—Coffin
relationship can nicely describe the fatigue lives of extruded AZ31 obtained under
stress-controlled loading but failed to describe the fatigue lives obtained from the
strain-controlled experiments. Matsuzuki and Horibe [112] observed that the fatigue
data of extruded AZ31 exhibited a bilinear tendency in the Manson—Coffin curve,
implying that the twinning/detwinning process was dominant at higher plastic strains
amplitudes whereas dislocation slips were dominant at lower plastic strain amplitudes.
Similar bilinear Manson—Coffin curves were observed in rolled AZ31 [116] and
extruded AZ31 [115]. Luo et al. [128] indicated that the fatigue lives for extruded
AM30 had an evident difference between the strain amplitudes above and below 0.3%.
Li et al. [122] showed that the strain—life fatigue curve of extruded AZ61A displayed a
detectable transition from the low cycle fatigue regime to the high cycle fatigue regime

in the vicinity corresponding to a strain amplitude of 0.5%.
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On the fundamental fatigue mechanism in magnesium alloys, Matsuzuki and
Horibe [112] first noticed that the plastic strain-life curve could be described by a
bilinear Coffin-Manson equation, which indicated a transition of the dominant cyclic
deformation mechanism from twinning/detwinning at high strain amplitudes to the
dominating dislocation slips at low strain amplitudes. A kink in the strain-life curve
was recently observed [110]. Further examination of the residual twin distributions
near and far away from the fracture surface suggested that crack initiation was
associated with the cyclic deformation mechanism but crack propagation was
influenced by the twinning/detwinning process. Tokaji et al. [18] observed that crack
initiation for a rolled AZ31 magnesium alloy in high-cycle fatigue (HCF) regime was
in either transgranular or intergranular mode and both initiation modes occurred in
nearly equal amounts. Through the study of the surface and subsurface crack initiation
sites near the fatigue endurance limit for a Mg—Zn—Y—Zr magnesium alloy, Xu et al.
[19] attributed the surface and subsurface crack initiation to a competition between the
intrusion/extrusion degree by cyclic slipping and the retarding effect of oxide film on
the cyclic slip. As a supplementary mechanism of crack initiation, Yang et al. [20]
emphasized the role of twin-involved cyclic deformation irreversibility and proposed
twin band cracking as one specific crack initiation mechanism for extruded AZ31 in
the HCF regime. Yin etal. [21] examined the residual twin distribution and the fracture
morphology at the stable and unstable propagation zones on the fracture surface for an
extruded AZ31 magnesium alloy. It was emphasized that the twinning/detwinning
process played an important role in forming the fracture morphologies at the stable and

unstable propagation zones.
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2.3 Summary

Typical macroscopic features of cyclic plasticity and fatigue of magnesium alloys
have been investigated through extensive cyclic loading experiments. No previous
work has been carried out to study the cyclic deformation in magnesium single crystal
oriented for easy twinning and detwinning. Efforts made on the relationship between
the macroscopic behavior and the associated microscopic structural changes in
magnesium are very limited. There is still no direct observation of the fundamental
twinning/detwinning process which plays a critical role in the cyclic plastic
deformation in magnesium. Kinetic evolution of twinning/detaining process together
with the twin-twin interaction under cyclic loading were never studied and reported.
As for polycrystalline magnesium, the detailed development of fatigue damage at
different strain amplitude is not clear. The associated fatigue damage mechanisms
regarding initiation of microcrack and its early-stage propagation modes still remain

unanswered.
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3. Cyclic Deformation of Single Crystal Magnesium

Cyclic deformation of magnesium single crystal was investigated by carrying out
fully reversed strain-controlled tension-compression experiments along the [0001] and
[101 0] directions in ambient air. For the [0001]-oriented magnesium single crystal, in
situ optical microscopy (OM) revealed the fundamental morphology evolution of the
{101 2} twinning-detwinning-retwinning process. With increasing loading cycles, the
material exhibits cyclic hardening during which the activity of twinning-detwinning-
retwinning progressively decreases. During detwinning at each loading cycle, residual
twins are observed to form on the vicinities of the twin boundaries which have been
fully expanded at the previous tensile peak. After termination of the fatigue test,
microcracks were found on the boundaries of residual twins and on the basal slip band
extrusions. Optical microscopy (OM) examination on the as-tested specimen surface
revealed that basal slip band extrusion, serrated residual twin boundary, and fragmented
twin-twin interaction sites are developed. Electron backscatter diffraction (EBSD)
analysis shows that the material having experienced repeated twinning and detwinning
cannot completely reverse to its original crystal orientation, which could be ascribed to
the development of stable dislocation substructures due to dislocation-twin boundary
interactions. Secondary twin fragments predominately occur at the interaction sites
among primary twins and are more difficult to be detwinned as compared to the parent

primary twins.

For the magnesium single crystal subjected to cyclic tension-compression in the

[101 0] direction, plastic instability was found near the end of the first detwinning

reversal. Twin-twin boundaries and secondary twins were induced by interaction of
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primary {101 2} twins. Microcracks were developed at primary twin boundaries and
twin-twin interaction sites. Final fracture was caused by cleavage cracking on {101

1}-{101 2} double twin and shearing fracture on the basal plane.

3.1 Materials and Specimen Preparation

Magnesium single crystals were commercially acquired and the material was grown

by using the Bridgman technique. Two crystal orientations were designed, aiming to

maximize the activation of {1012} < 1011> tension twin upon loading in one direction

and to facilitate detwinning under the subsequent loading reversal. The relationships
between the crystal coordinate system and the sample coordinate system for these two
designed crystal orientations are schematically illustrated in Figure 15. In the figure,
the “0aiarasC” notation denotes a four-axis hexagonal crystal coordinate system. The
“oe1e2€3” notation represents a three-axis orthotropic crystal coordinate system fixed
on the “0aiazasc” coordinate, where the “e1” axis is aligned along the “a;” axis and
the*“es” axis is along the “c” axis. The sample coordinates fixed on the testing specimen
are referred to as the “OXYZ” coordinates. The axial loading direction is aligned with

the “Z” axis while the observation plane is parallel to the “OYZ” plane.



41

[0001) %

2170] 211 S
[1010] = ! /{\I e X
- . otig \ [1210) notay ] "'\ o1i0]  [izio)
Ob( t) [1120] Ae/2 along (1210) (1201 ™ Ag/2 along
servation [0001] Observation [1010]
surface direction surface direction

(@) (b)
Figure 15 Geometry of magnesium single crystal testing specimen and the relationship
between the crystal coordinate system and the sample coordinate system: (a) [0001]
direction; (b) [1010] direction.
For the crystal orientation in the [0001] direction (Figure 15a), the “Z” axis is
aligned with the “c” axis. The “X” axis is rotated 30 degree from the “a;” axis

((2i IO)). The observation surface “OYZ” is a (1010) prism plane. For the crystal
orientation in the [1010] direction (Figure 15b), the “Z” axis is aligned with the

[1010] direction. The “X” and “Y” axes are aligned along the “a,” ((1210)) and “c”

([0001]) axes, respectively. The observation plane “OYZ” is parallel to the (1210)

plane. Under tension along the [0001] direction, all the six tension twin variants are

anticipated to be simultaneously activated because the Schmid factor for all six variants

is 0.499. As for compression along the [1010] direction, the Schmid factor is 0.499
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for the (1012) and (1012) twin variants while the value for the remaining four twin

variants is 0.125. Accordingly, the (1012) and (1012) twin variants are expected to be

activated due to their higher value of Schmid factor.

Magnesium single crystals designed in these two orientations were fabricated into
small dog-bone shaped plate specimens using electrical discharge machining (EDM)
specially designed for soft single crystals. The machine used a relaxation circuit to
keep the crystal damage-free and strain-free. The gage section of the testing specimen
had a length of 7.5 mm with a square cross section of 3.0 mm ><3.0 mm. The design
of specimen shape was intended to prevent buckling under fully reversed tension-
compression loading. In order to facilitate in situ optical microscopy (OM)
observations, one of the flat surfaces was ground carefully using SiC sanding papers
with grit No. of 1200. Mechanical polishing using 6-pam and 1-pm MetaDi® diamond
polycrystalline suspension pastes was followed. After mechanical polishing, the
specimen surface was chemically polished using a solution consisting of 1 part of nitric

acid, 2 parts of hydrochloric acid, and 7 parts of ethanol [141].
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Figure 16 Projected orientations of {1012} tension twin variants on the observation

(front) surface and on the cross section (top) plane for magnesium single crystals in the

two designed crystal orientations: (a) [0001] direction; (b) [1010] direction.

In order to facilitate an identification of twin variants from the twin markings
observed on the specimen surface, it is necessary to calculate the theoretical
orientations of the six tension twin variants projected on the observation surface and

on the cross section plane of the testing specimen in the two designed crystal
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orientations. Figure 16 shows the theoretical projections of the {1012} twin variants

on the observation (front) surface and on the cross section (top) plane for the two

designed crystal orientations. For the crystal orientation in the [0001] direction (Figure
16a), three orientations of twins can be observed on the observation surface ((1010)
prism plane): 0° with respect to the “Y” axis for the (1012) or (1012) twin, 39.22°
for the (1i02) or (0112) twin, and -39.22° for the (1 102) or (0112) twin. On the
cross section plane (the basal plane), twin (1012) or (1012) has projections oriented
with 0° rotated from the “Y” direction, -60.00" for twin (1102) or (1102), and 60.00°
for twin (0112) or (0112). For the crystal orientation in the [1010] direction

(Figure 16b), on the (1210) observation plane, twins (1012) and (1012) are

projected having 46.86° and -46.86° rotations with respect to the “Y” direction ([0001]),

64.90° for twins (1102) and (0112) and -64.90° for twins (1102) and (0112). On
the (1010) cross section plane, twins (1012) and (1012) are projected having 0°
rotations with respect to the “X” direction ([1210]), 39.60° for twins (1102) and

(0112), and -39.60° for twins (1102) and (0112). It is noted that the projected

orientations of the six twin variants are calculated assuming an ideally designed crystal
orientation as shown in Figure 16. In the real testing specimens, the axial loading
direction and the observation plane can be slightly tilted from the designed crystal
direction and plane. (The size of the inserted numbers is larger than 12. Need to be

consistent.)
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3.2 Mechanical Experiments and Microscopic Observations

The experimental setup for the cyclic deformation experiment of magnesium single
crystal and the in situ optical microscopic (OM) observation is composed of two parts:
a mechanical testing system and a long-distance light microscope, as shown in Figure
17. An Instron servohydraulic load frame was used for the cyclic loading experiments.
The testing system has a load capacity of 220 kKN. It is equipped with the Instron 8800
electronic control, computer control, and data acquisition. The gripping system was
specially designed to ensure an accurate alignment of the small testing specimen and
to eliminate the premature cracking outside the gage section. An important
consideration in the grip design was to enable both tension and compression forces to
be applied on the small testing specimen. A specially designed strain-gaged
extensometer was used for the direct measurement of the strain within the gage section
of the testing specimen. The extensometer was designed in such a way that the contact
of the extensometer with the specimen surface created a minimal local deformation on
the surface of the testing material to ensure that fatigue failure occurred within the gage

section. The extensometer had a range of #9.15%.
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Figure 17 Experimental setup for cyclic deformation experiment of magnesium single

crystal and in situ optical microscopic observation.

A long-distance travelling optical microscope (QM-100) equipped with a unique
rotational and a high resolution charge-coupled device (CCD) camera was employed
for in situ optical observation of the deformation and fatigue processes on the flat
specimen surface during the cyclic loading experiment. The microscope together with
the CCD camera can capture an image frame with a resolution of ~1 um. The activities
of twinning/detwinning process can be monitored. Real-time image frames were
correlated directly to the data points on the simultaneously recorded stress-strain
hysteresis loops. In addition, the twin volume fraction can be obtained from the image

frame. The twin volume fraction f, is calculated from the twin area fraction A,;,

twin

by multiplying an average geometrical factor B that accounts for the true twin

thickness:
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ftwin = A\WinB ( 3 )
where the twin area fraction A, is equal to the ratio of the total number of dark

contrasted pixels (representing twins) over the total number of pixels within the

observation region. f is an average geometry factor given by:

B:%Zﬂi (4)

where S. (i=1,2,3..., 6) denotes the thickness factor for the six tension twin variants.

Based on the crystal orientation as shown in Figure 16, the geometry factor for

(1012) and (To12) twin variants is identified to be 0.73 and the value for

the @T02), (0112), (1102), and (0112) twin variants is 0.90.

The cyclic deformation behavior of magnesium single crystal was investigated by
carrying out fully reversed strain-controlled tension-compression in [0001] and [101
0] directions in ambient air. For the magnesium single crystal oriented in the [0001]
direction, a strain amplitude of 0.5% was used. The testing frequency was chosen to
be 0.01 Hz. For the loading cycles when in situ images were recorded, the load-strain
acquisition rate was 5 points per second and the corresponding video recording rate
was 0.7 frame per second (fps). The true stress and true strain were calculated and
reported. The cyclic deformation experiment was terminated after 5,019 loading cycles.
The testing specimen was not fractured into two parts and was carefully unloaded from
the compressive peak stress after the experiment was terminated. A macroscopic
horizontal crack appeared on the specimen surface near the transition part from the

gage section to the grip section. The as-tested specimen surface was first observed
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using SEM for examination of microcrack development and OM for morphology
examination of slip band and residual twin. To reveal the crystal orientations of the
residual twins and the twin-twin interaction structures, the rough as-tested specimen
surface was polished using 1-pm MetaDi® diamond polycrystalline suspension paste
and etched with an etchant consisting of one-part of nitric acid and ten-part of distilled
water. Surface material about 200 pm thick was removed. Electron backscatter
diffraction (EBSD) scan with a step size of 0.5 pum was conducted on a surface area of
1,920 pm x 640 pm located within the gage section of the chemically polished

specimen.

Cyclic deformation of magnesium single crystal oriented in the [101 0] direction
was studied by carrying out fully reversed strain-controlled tension-compression
experiments in ambient air at three strain amplitudes: 0.5%, 0.75%, and 1%. The strain
rate was 4.0x<10™ /s when in situ OM was used to observe the specimen surface. A
strain rate at 4.0x10 /s was used for the rest of the loading cycles. All the experiments
started with a compressive loading reversal. In addition to in situ OM observation,
EBSD characterization of twin structures was carried out in the specimens unloaded
from the first and third compressive peaks at the strain amplitude of 0.75% and in the
specimen unloaded from the 30" compressive peak at the strain amplitude of 1%. After
fatigue fracture, microcracks and the macroscopic fracture surfaces were examined

using SEM and EBSD.

A [101 0]-oriented magnesium single crystal specimen subjected to fully reversed
strain-controlled tension-compression at a strain amplitude of 0.75% was used to

further study detailed twin-twin boundaries and their influences on subsequent
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twinning and detwinning. Twins were absent before the mechanical experiment.

Loading in the [L010] direction, twin variants 1072) and (To12) that share the
same [1210] zone axis have the maximum Schmid factor of 0.499 and are expected

to be more active than the other four twin variants which have a Schmid factor of 0.125,
particularly during the initial several loading cycles. This offers the best situation to
study the co-zone twin-twin interaction. The testing specimen was initially compressed
until a peak strain of -0.75% was reached. After slightly unloaded from the
compression peak strain to a strain of -0.725%, the specimen surface was examined by
SEM and EBSD with a scan resolution of 0.5 pm. The testing specimen was
subsequently subjected to fully reversed strain-controlled tension-compression at a
strain amplitude of 0.75% for 30 loading cycles. During the cyclic loading,
morphology change of the deformation twin was traced on the specimen surface using
the in situ long-distance optical microscope. After fatigue loading, three dimensional
geometric and crystallographic characters of twin-twin boundary were examined by
utilizing SEM/focused ion beam (FIB) and transmission electron microscopy (TEM)

techniques.

3.3 Cyclic Deformation and Morphology Evolution of Tension Twin in

the [0001] Direction

Fully reversed strain-controlled tension-compression experiment was conducted at
a strain amplitude of 0.5% for the magnesium single crystal in the [0001] direction.
Direct in situ observations via OM together with the corresponding stress-strain

response will be discussed in detail. To facilitate a discussion of the optical observation
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of twins, twin variants on the (1702) , (0112) , (1102), and (0112) twinning
planes will be referred to as “inclined twins” and twin variants on the

(1012) and (I 012) twinning planes will be cited as the “horizontal twins.”

The cyclic deformation experiment starts with tension. Figure 18 shows the stress-
plastic strain curve, twin volume fraction evolution, and the corresponding in situ
optical micrographs at critical points during the initial tension loading reversal. Upon
the tensile loading from the virgin state (Figure 18c), the material yields very quickly.
This immediate yielding behavior can be attributed to the activation of basal slip.
Although basal slip is not favorable in a perfectly c-axis aligned loading direction, a
slight misalignment of the loading direction from the c-axis can easily lead to the
activation basal slip due to its very low critical resolved shear stress (CRSS) of ~0.5
MPa. With further tensile loading, a careful examination of the stress—plastic strain
curve (Figure 18a) reveals that at a stress of ~4.8 MPa corresponding to a total strain
of ~0.0164%, the work hardening rate suddenly reduces to almost zero and the material
starts to exhibit serrated plastic flow. Figure 18d (point P1 in Figure 18a) shows the

appearance of two fresh-nucleated twins, an inclined {1702} or (0112) twin and a
horizontal (1072) or (To12) twin. The horizontal twin tip is blocked at the inclined
twin boundary. Due to a relatively low video recording rate at 0.7 fps, the exact
moment and site of twin nucleation are not captured in the observation window.
Knowing that the Schmid factor of {101 23} tension twin is 0.499 under current loading
direction, the CRSS for 1012} twining is identified to be ~2.4 MPa. This value is

higher than ~2 MPa reported by Reed-Hill and Robertson [25] but lower than ~5.5 MPa

reported recently by Chapuis and Driver [33]. The inconsistent CRSS values reported
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in the literature might be resulted from the unavoidable misalignment of crystal

orientation and from the different testing conditions.
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Figure 18 Stress-plastic strain curve, twin volume fraction evolution, and the
corresponding in situ optical micrographs at critical points during the initial tension
phase: (a) stress-plastic strain curve with the initial tension phase highlighted; (b) twin
volume fraction evolution from PO to P3 during the initial tension phase (in solid red
color); (c, d, e) optical micrographs at points PO, P1, P2 in (a); (f) schematic illustration

of twins at point P2.
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During the plastic flow after the activation of tension twin, fresh twins continue to
be nucleated at random sites. In the meantime, previously nucleated twins expand
wider. A careful in situ observation of the twin growth indicates that, once the twin is
nucleated, it first propagates very quickly in the direction parallel to the coherent twin
plane, either cutting through the gage section or meeting some pre-existing twin
boundaries. After a complete elongation, the twin expands along the direction normal
to the coherent twinning plane to accommodate further tensile straining. The degree of
twin expansion at the midway between the two twin tips is larger than that at the regions
near the two twin tips. Consequently, a lenticular shape is resulted for tension twin.
Compared to the speed of twin expansion, the twin elongation immediately following
the twin nucleation is completed almost in a sudden. As seen in Figure 18a, the stress-
plastic strain curve during this period proceeds by alternated small stress increment and
drop, showing a serrated plastic flow with an overall zero work hardening rate. A
similar serrated flow behavior is observed in single crystals of copper [142], iron [143],
zinc, tin, and bismuth [144, 145]. The irregular flow behavior indicates that the plastic
deformation in the gage section of the testing specimen was highly inhomogeneous.
Knowing that the lattice rotation during twin growth has an internal stress relaxation
effect [17, 146], the small macroscopic stress drop can be ascribed to the nucleation
and growth of fresh twins. Meanwhile, with a misorientation angle of 86.3° between
the basal plane in the twin and that in the matrix, the Schmid factor for basal slip in the
twin is significantly increased compared to that in the matrix. Therefore, basal slip is
to occur more likely in the twin than in the matrix. Strain hardening caused by the

basal slip in the twin might contribute to the small stress increment right following the
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stress drop. It is also suggested that, as a consequence of basal slip in the twin, the <a>
type dislocation intends to converge and accumulate in the vicinity near the twin
boundary inside the twin rather than inside the matrix. At the tensile peak of P2 (Figure
18e and Figure 18f), all the deformation twins are fully expanded. The only observed
twin-twin interaction at that moment is that one twin tip is blocked by another twin
boundary (arrow A in Figure 18f). No crossing-like twin-twin interaction structure is
observed. Twin volume fraction is increased to ~0.22 from point PO (virgin state) to

point P2 (tensile peak strain of 0.5%), as shown in Figure 18b.

Upon unloading from the tensile peak at point P2, the stress-plastic strain curve
immediately flows nonlinearly showing almost no linear part (Figure 19a). This
phenomenon is regularly cited as a pseudoelasticity phenomenon in magnesium alloys
[134-138]. This nonlinear flow right after unloading is usually attributed to partial
shrinkage of the twins developed prior to unloading [134-138]. However, in situ
optical images shows that no morphologic change of twins is detected during this
unloading period until a compressive reloading stress of about -6 MPa (point P3 in
Figure 19a) is reached. At point P3 with a compressive stress of approximately -6 MPa,
slight shrinking of a horizontal twin is detected, signifying the advent of “detwinning”
(comparing twins at the tensile peak stress (Figure 18e) to those at the stress of -6 MPa
(Figure 19c)). Therefore, there is no direct experimental evidence showing that the
nonlinear unloading behavior observed in a magnesium single crystal is due to partial
detwinning. A reasonable hypothesis of the cause can be ascribed to the easy reverse

movement of mobile <a> dislocations which are accumulated in the region near the
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twin boundary. Another possible reason is that certain detwinning events do exist but

are not captured in our observation window.

With further compressive reloading beyond point P3 in Figure 19a, the work
hardening rate of the compressive flow keeps a gradually decreasing low value. In situ
optical observations reveal that detwinning during this period can be described as a
reverse movement of the expanded twin boundary in the thickness dimension. No
shortening of the twin length is detected during detwinning. Moreover, unlike the
sudden nucleation and fast growth of fresh twins, detwinning is a much slower and
gradual process. During the low work-hardening portion from P3 to P4 (red
highlighted portion in stress-plastic strain curve in Figure 19a), only ~34% of the
previously developed twins are detwinned (see Figure 19b). If the plastic strain during
the initial tension from PO to P2 is assumed to be most accommodated by twinning,
detwinning is not the sole deformation mode during the compressive reversal from P3
to P4. It is suggested that the remaining part of the plastic strain during this stage is

accommodated by basal slip.
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Figure 19 Stress-plastic strain curve, twin volume fraction evolution, and the
corresponding in situ optical micrographs at critical points during the first compressive
reversal: (a) stress-plastic strain curve with the compressive reversal highlighted; (b)
twin volume fraction evolution from P3 to P5 during the compressive reversal (in solid
red and green colors); (c, d, e) optical micrographs at points P3, P4, P5 in (a); (f)

schematic illustration of twins at point P5.
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With further compression from P4 to P5 (green highlighted part in stress-plastic
strain curve in Figure 19a), detwinning continues. The most prominent difference
between this period and that from P3 to P4 is the significantly increased work hardening
rate. Since no markings of compression twins are observed within the stress range
under compression, the increase of the work hardening rate can be attributed to the
activation of nonbasal slip, most likely the 2" pyramidal <c+a> slip. As indicated in
Figure 19b, approximate 51% twin volume fraction which have been developed in the
initial tension is detwinned during this period. At the compressive peak of P5 (Figure
19e and Figure 19f), most twins developed during the initial tensile phase are

detwinned. However, a residual (1072) or (T012) twin having a width of ~2 pm is

observed (see Figure 19e).
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Figure 20 Stress-plastic strain curve, twin volume fraction evolution, and the
corresponding in situ optical micrographs at critical points during the compressive
unloading and tensile reloading: (a) stress-plastic strain curve with the compressive
unloading and tensile reloading highlighted; (b) twin volume fraction evolution from
P5 to P8 during the compressive unloading and tensile reloading (in solid red and green
colors); (c, d, ) optical micrographs at points P6, P7, P8 in (a); (f) schematic illustration

of twins at point P8.
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During unloading from compressive peak P5 to a compressive stress of -40 MPa at
P6, the residual twins observed at P5 keep unchanged (comparing twins at the
compressive peak stress (Figure 19e) to those at the stress of -40 MPa Figure 20c).
This observation can be confirmed by the unchanged twin volume fraction from P5 to
P6 (Figure 20b). In the meantime, the stress-plastic strain curve remains approximately
linear from P5 to P6 but become nonlinear after P6 (Figure 20a). The coincidence
between the start of nonlinear portion and the start of twinning at a compressive stress
of -40 MPa indicates that twinning is responsible for the nonlinear plastic flow during
compressive unloading. Also, it is a direct evidence showing that twinning can be
activated at a compressive external loading along the c-axis. The same observation
was obtained by Wu et al. [17] using in situ neutron diffraction in ZK60 magnesium
alloy. By measuring the internal stress, Wu et al. [17] reveal that although the residual
twin is subjected to an external stress suppressing twinning, the internal stress exposed
on the residual twin can result in an opposite effect, which drives twinning of the

residual twin.

With further unloading beyond P6 until P7, slight expansion of the residual twin
(comparing Figure 20c and Figure 20d) is observed. The twin volume fraction is
increased by ~2% during this period. At point P7 with a tensile stress of ~7.8 MPa, the
material yields abruptly. A careful observation indicates that one inclined twin
reappears from its previous twinned-detwinned site (arrow A in Figure 20d). In
addition, a fresh inclined twin is nucleated (arrow B in Figure 20d). From P7 to P8,
the stress—plastic strain curve becomes serrated again. Fresh twins are nucleated again

and grow in the same fashion as those during the initial tension. The widths of the
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freshly developed twins during this period are smaller than those formed in the initial
tension. The newly formed twins are not exactly the same ones from the initial tensile
quarter. Some previously twinned and detwinned positions experience twinning again,
which is termed as “retwinning.” Retwinning is generally initiated at the center of the
previously fully developed twinned area. However, some twinned—detwinned sites do
not experience retwinning (arrow B Figure 20f). Expansion of the retwinning area has
a slow speed similar to that of detwinning. The pre-expanded twin boundaries at the
tensile peak stress are never exceeded by retwinning. As shown in Figure 20b, the twin
volume fraction from P6 to P8 is increased by ~16%, smaller than that (~22%) from
the initial tension. At the tensile peak P8, crossing-like twin-twin interactions (arrow

A in Figure 20f) appear. One newly nucleated twin “penetrated” a retwinned area.
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Figure 21 Cyclic stress-strain hysteresis loops from the first loading cycle to the 1610™
loading cycle in magnesium single crystal under fully reversed tension-compression at

strain amplitude of 0.5% in [0001] direction.
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Figure 21 shows the cyclic stress-strain hysteresis loops from the first loading cycle
to the 1610™ loading cycle. It is clear that all the stress-strain hysteresis loops exhibit
asymmetric shape showing three featured portions: twinning, detwinning, and
detwinning accompanied by nonbasal slip. The tensile reversal shows a serrated flow
shape with a very low work-hardening rate which starts at a tensile stress of
approximate 8 MPa. During the compressive reversal at approximate -6 MPa, the
stress-strain curve starts to flow with a low work hardening rate until most of the plastic
strain produced in the previous tensile loading is reversed. This low work hardening
portion is accompanied by detwinning where only about 50% twin volume fraction
produced in the previous tensile loading is detwinned. For the remaining portion of the
compressive reversal, the flow curve proceeds with a significantly increased work
hardening rate until the compressive peak is reached. The largely increased work
hardening rate is ascribed to the activation of nonbasal slip under the c-axis
compression. It is noted that accompanying the nonbasal slip, detwinning and the
residual twin formulation continue. The low work hardening portion in the
compressive reversal is always terminated when ~50% twin volume fraction produced

in the previous tensile reversal is detwinned.

Figure 22 shows the in situ optical observations at the tensile and compressive peak
stresses corresponding to the cyclic stress-strain hysteresis loops shown in Figure 21.
As the loading cycle increases, the volume fraction of the residual twins increases.
Meanwhile, the width of the residual twins is significantly reduced. The formation of
new twins persisted during the tensile reversal, and generally occurs close to the

previously developed residual twins possessing the same orientation. A careful in situ
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observation reveals that after detwinning is complete, one side or two sides of the twin
area serves as the sources to form a narrow residual twin. This is evident by comparing
the optical images at tensile and compressive peak stresses at the 40" cycle in Figure

22.
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Figure 22 In situ optical microscopic observations at tensile peak stress (a) and
compressive peak stress (b) corresponding to the cyclic stress-strain hysteresis loops

shown in Figure 21.
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Figure 23 Schematic illustration of the development of residual twins during two
consecutive loading cycles (the (n)" (previous) and (n+1)" (current) loading cycles):
(a and c) tensile and compressive peaks at the nth loading cycle; (e and g) tensile and
compressive peaks at the (n+1)" loading cycle; (b and f) detwinning during the n" and
(n+1)™ loading cycles; (d) fresh twinning and retwinning; and (h) stress—strain

hysteresis loops for the n" and (n+1)™ loading cycles.
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To explain more clearly the development of the residual twin, two consecutive
loading cycles (the n' (previous) and (n+1)" (current) loading cycles) are considered
and schematically illustrated in Figure 23. During the initial stage of compression
(Figure 23b) from the tensile peak (Figure 23a) to the compressive peak (Figure 23c)
at the n™" loading cycle, the twinned region with a thickness of ~2 to ~3 pm close to the
pre-expanded twin boundaries at the n'" tensile peak is “pinned” and is generally unable
to reorient their c-axes back to align with that of the matrix. With further compression,
the twinned region lying beyond ~2 to ~3 pm away from the pre-expanded twin
boundaries at the n™ tensile peak is found to be fully detwinned. Consequently, at the
compressive peak of the n'" loading cycle (Figure 23c), the residual twins are found to
have a width of 2~3 pm with their positions on the vicinities of the twin boundaries
fully expanded at the n'" tensile peak (comparing Figure 23a and Figure 23c). During
the subsequent tensile reloading (Figure 23d), fresh twins persist to be nucleated at the
sites aligning closely with the residual twins formed earlier (arrow A in Figure 23d).
Together with fresh twins, the detwinned areas during the n'" compressive reversal are
able to be retwinned (arrow B in Figure 23d). As a result, at the tensile peak of the
(n+1)™" loading cycle (Figure 23e), a slightly increased twin area comparing with that
at the n™ tensile peak is observed. A similar detwinning process which produced new
residual twins is observed during the compression at the (n+1)" loading cycle (Figure
23f). It is noticed that a narrow band of matrix always exists between newly formed
residual twins and those formed during the n'" compression reversal. By means of the
schematically illustrated process, the accumulated residual twins are regarded as

“propagating” over the entire gage section with increasing loading cycles (comparing
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the image at the compressive peak of the 400" loading cycle and that of the 1610™

loading cycle in Figure 22).
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Figure 24 Variation of the tensile and compressive peak stresses with respect to number
of loading cycles in magnesium single crystal subjected to fully reversed tension-

compression at a strain amplitude of 0.5% in [0001] direction.

Figure 24 shows the variation of the peak stress responses with respect to the
increasing number of loading cycles in magnesium single crystal loaded under fully
reversed tension-compression at a strain amplitude of 0.5% in [0001] direction. With
the increasing number of loading cycles, the tensile peak stress increases slightly while
the compressive peak stress increases significantly (Figure 24). After approximately
1,000 loading cycles, cyclic hardening of the compressive peak stress becomes
saturated. Cyclic hardening for both the tensile and compressive peak stresses is
terminated after approximately 3,000 cycles. The cause of cyclic hardening can be

associated to the considerable increase in residual twin boundary and residual twin
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fragmentation as well as the increased densities of dislocation induced at the repeated
twinned and detwinned matrix. Twin-twin interaction is also a critical mechanism
responsible for the cyclic hardening of the material, which will be studied in detail in

Chapter four.

As a consequence of cyclic hardening, the twinning and detwinning stresses
increase while the number of twins involved in twinning and detwinning decreases until
a saturation state is eventually reached [111, 120]. From the persistent asymmetric
shape of the cyclic stress-strain hysteresis loops in Figure 21, it is noted that
twinning/detwinning saturation is never reached but being approached, even though no
detectable change of twins at tensile peak and compressive peak is observed when the
number of loading cycles is greater than 1,600 cycles. After approximate 3,000 cycles,
both the tensile and compressive peak stresses are found to decrease, indicating cyclic
softening in the later stage of the cyclic loading. SEM observations suggest that the
cyclic softening is caused by accumulation of microcracks which initiate at the residual

twin boundaries and show limited propagation.

3.4 Microstructure Characterization of the Fatigued Specimen

Loaded in the [0001] Direction

3.4.1 Scanning Electron Microscopy of Microcrack

Figure 25 shows the SEM examination of microcracks on the prismatic plane in the
magnesium single crystal after termination of the experiment at the 5,019™ loading
cycle. In high magnified images (Figure 25c and Figure 25d), the residual twins are

identified as dark narrow bands. The bright contrasted regions are locations where the
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microcracks developed. In low magnified images (Figure 25a and Figure 25b), only
the bright contrasted microcracks are visible. Microcracks are densely distributed over

the entire gage section of the testing specimen with limited propagation.
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Figure 25 SEM observation of fatigue microcracks on the prismatic plane in
magnesium single crystal subjected to fully reversed tension-compression at a strain
amplitude of 0.5% in [0001] direction after 5,019 loading cycles: (a, b) low

magnification; (c, d) high magnification.

The high magnification SEM image (Figure 25d) clearly shows that four types of
microcracks are developed: (1) smooth long microcracks at the boundaries of inclined
residual twins (A in Figure 25d); (2) serrated short microcracks at the boundaries of the
fragmented horizontal residual twins (B in Figure 25d); (3) serrated short microcracks
developed at the fragmented intersections of residual twins (C in Figure 25d); and, (4)

short microcracks at the basal slip band (D in Figure 25d). The microcracks are
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inhabited at the crystallographic planes of {1012} tension twins or basal slip. The

current observation of fatigue microcracks on the magnesium single crystal is
consistent with the early results by Partridge [98-101] who demonstrated that fatigue
cracks are developed at slip bands and twin fragments for coarse-grained

polycrystalline magnesium.

3.4.2 Optical Microscopy of Slip Band and Residual Twin

Figure 26 shows the optical micrographs of the microstructures developed on the
prism plane in the magnesium single crystal after 5,019 loading cycles. Several
microstructural changes are observed on the prismatic plane: basal and prismatic slip
bands (Figure 26a), basal slip band extrusion (Figure 26b), accommodation Kinks
(Figure 26¢), and fragmented residual twins (Figure 26d). Basal slip bands and
prismatic slip bands are observed to intersect in the matrix region which have

experienced repeated twinning and detwinning (Figure 26a).

Prismatic slip bands, which are much fewer than the basal slip bands, are mostly
found at narrow spacing between two neighboring residual twins and terminated at the
neighboring twin boundaries. Unlike the close-spaced long basal slip bands, short
prismatic slip bands are separated sparsely. The spacing of prismatic slip bands is
approximately 2~3 times wider than that of basal slip bands. The observation of
prismatic slip bands together with the crossed basal slip bands is an evidence that
prism-basal cross-slip was activated at local regions during the high work hardening

detwinning period.
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Figure 26 Optical micrographs of basal and prismatic slip bands (a), basal slip band

extrusion (b), accommodation kinks (c), and fragmented residual twins (d) on the

prismatic plane in the [0001]-oriented magnesium single crystal having experienced

cyclic tension-compression at the strain amplitude of 0.5% for 5,019 loading cycles.

As shown in Figure 26b, slip band extrusions are found on the basal plane in a full

y-

detwinned matrix region. The spacing between the slip band extrusions is ~1.2 pm.

The basal-slip band extrusions are constricted within the matrix region which h

as

experienced repeated twinning and detwinning. This is indicated by the brown shaded

region in Figure 26b, which delineates the original position of the twin. This result

is

consistent with Partridge’s observation of extrusion at the region where a twin is first
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detwinned and subsequently subjected to fatigue loading [100]. A model based on the
glide of glissile prismatic dislocation dipole was proposed by Partridge [100] to explain

the formation of extrusion.

Figure 26¢ shows the development of residual twins (arrow A, B, and C in Figure
26¢). The observed residual twins in three orientations agree well with the theoretically
predicted projections of the twin planes on the prism plane (Figure 16). The widths for
all the residual twins are approximately ~1 to ~2 m. Contrast to the relatively smooth
boundaries of the inclined residual twins, the horizontal residual twins are broken into
small fragments having serrated boundaries. At the interaction sites of different
residual twin variants, fragmentation is found to develop more severely (arrow D in
Figure 26¢). Moreover, an array of close-spaced micro-accommodation kinks is found
to attach vertically with the serrated boundaries of horizontal twins (arrow E Figure
26¢). However, for the inclined residual twins, no such micro-accommodation kinks
are observed. The detailed geometry and crystallography analysis of accommodation
kinks formation on the sample surface is carried out by Robert and Partridge [56]. The
observation of fragmentation of twins associated with the micro-accommodation Kinks
were also observed on coarse-grained polycrystalline magnesium by Partridge [101].
The author attribute the phenomena as a result of interaction between the twin boundary
and the pinned dislocations at the twin boundary located in both the twin and the matrix
under cyclic stressing. Although the proposed model can qualitatively explain the
cause of serrated twin boundary, the fundamental mechanism of the fragmented twin-
twin interaction sites is unknown. To reveal this mechanism, it is necessary to identify

the crystal orientations at the twin-twin interaction area.
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3.4.3 Electron Backscatter Diffraction Microscopy of Matrix, Residual Primary,

and Secondary Twins

Following the OM examination on the specimen surface after fatigue loading,
EBSD scan was conducted on a further polished and etched surface area of 1,920 pm
% 640 pm located within the gage section of the testing specimen. A discrete (0001)

pole figure generated from the EBSD data is presented in Figure 27. To facilitate a

discussion, symbol T; (i = 1 to 6) are used to stand for (1012), (0112), (1102), (1012),

(0112),and (1102) primary twin variants, respectively. Also, Tj (i, j = 1 to 6) are used

to indicate a secondary tension twin T; activated within the primary tension twin Ti.
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Figure 27 Texture development generated from the EBSD data scanned on the
prismatic plane in the [0001]-oriented magnesium single crystal having experienced
cyclic tension-compression at the strain amplitude of 0.5% for 5,019 loading cycles: (a)
discrete (0001) pole figure with the converged pole regions highlighted in different
colors; (b) the calculated (0001) pole figure of the original matrix (M), primary tension

twins (Tj, i=1to 6), and secondary tension twins (Tij, i, j = 1 to 6).
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As seen in Figure 27a, 13 regions are identified: the matrix region M, six primary
twin regions Ti (i =1 to 6), and six secondary twin regions S; (i =1 to 6). In order to
distinguish the regions corresponding to the converged pole regions on the EBSD scan
area, the 13 converged pole regions are selected and highlighted in different colors by
choosing appropriate tolerances of misorientation angle. Tolerance of misorientation
denotes the maximum deviating misorientation angle between the crystal orientation in
the selected set and that at the selection point. Region M is selected with a tolerance
of misorientation angle of 12< region T; with 5°misorientation angle, and region S;

with 14 °misorientation angle.

Table 4 Relationship between 13 converged (0001) pole regions in Figure 27a and the

calculated (0001) poles of matrix, primary twins, and secondary twins in Figure 27b.

Converged (0001) pole region Calculated (0001) poles

in Figure 27a in Figure 27b

M Tii, T1a, Tos, Tsg, Taa, Ts2, Tes
Ti (i=1to 6) Ti(i=1to6)

S1 Toe, T2z, Ts1, Tsa

S2 Ts1, Taa, Tez, Tes

S3 Ts2, Tss, Te1, Tea

S4 Tse, Tes, T21, T2a

Ss T2, T1s, Tas, Tas

Se Tie, T13, Taz, Tas

The relationship between the theoretical secondary twin poles shown in Figure 27b
and the regions S; shown in Figure 27a is summarized in Table 4. To identify the
possible variants of secondary twin in the six secondary twin regions S; in Figure 27a,

a theoretical (0001) pole figure is calculated to show the pole locations of matrix, six
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primary twins, and 36 secondary twins by stereographical projection method, as
visualized in Figure 27b. The crystal orientations in the matrix area where twinning

has never occurred are averaged to be the original matrix orientation. Bunge Euler
angles of the original matrix are identified to be (¢1,®,¢2)=(88°,94°,58°). In Figure

27b, the pole of the matrix is plotted as a green solid circle and is denoted by M. Poles
of primary twins are plotted using blue solid triangles and are designated by Ti (i = 1
to 6). Poles of the secondary twins are plotted using red circles and are denoted by (Tj;,
i, ] = 1to 6) (the secondary twin T;j forms within the primary twin T;). When i = j, the
orientation of the secondary twin is exactly the same as that of the original matrix,
signifying detwinning through Ti;. It is worth mentioning that secondary twinning via
Tig+3) (1= 1, 2, 3) (T1a, Tos, Tzs) and Tig-s) (i = 4, 5, 6) (Ta1, Ts2, Tes) will reorient the
primary twins back to the orientation close to that of the original matrix, where the
deviation misorientation angle is 7.13<(Figure 27b). The other secondary twins can be
categorized into six groups. The maximum difference in the misorientation angle

between two secondary twins is almost identical, 12.83 <in each group.
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Figure 28 (a) Crystal orientation map showing matrix and residual primary tension
twins with areas highlighted in different colors; (b) crystal orientation map showing
residual secondary tension twins; (c) discrete (0001) pole figure with converged regions

highlighted in colors corresponding to different material domains in (a) and (b).

Figure 28a and Figure 28b illustrate the crystal orientation maps of matrix, residual
primary twin, and residual secondary twin, with different material domains highlighted
in different colors. The colors are corresponding to different crystal orientation groups
of matrix, primary tension twin, and secondary tension twins, as indicated in Figure
28c. Several features of twin structures developed after fatigue are clearly observed:
(1) detwinned matrix regions having experienced repeated twinning/detwinning cannot
fully reverse to the original orientation of the virgin state; (2) secondary twins are

located at the intersection sites among primary twins and possess irregular shapes; and,
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(3) a comparison of the volume fractions of primary and secondary twins suggests that

detwinning of secondary twins is more difficult than that of primary twins.

Region M in Figure 28a is highlighted in white-grey gradient color. The white
color represents the original matrix orientation of the virgin state. The darkest grey
color in the gradient spectrum denotes the crystal orientations having a 12°
misorientation angle from that of the original matrix orientation. The grey regions on
the scan surface are narrow lamellar bands with three orientations that coincide with
the projected orientations of the primary tension twins (Figure 28a). Referring to
Figure 27 and Table 4, it is geometrically possible that the grey poles in region M with
their crystal orientations having large misorientation angles with respect to that of the
reference crystal could have been resulted from secondary twinning T4, To2s, Tas, Taa,
Ts2, and Tes. However, if this type of secondary twinning had occurred, the inclined
secondary twinning lamellar bands should lie in the primary twins. As experimentally
observed, the grey lamellar bands only coincide with the orientations of the primary
twin projections on the prismatic plane and no inclined bands are observed within these

grey lamellar bands. In addition, detwinning (or secondary twinning T ) that chooses

the same crystalline plane as that in primary twinning is more Kinetically and
energetically preferred. Therefore, it is believed that the grey lamellar bands are the
crystalline regions that have experienced repeated primary twinning and detwinning
but cannot fully reverse to the original matrix orientation after detwinned upon

unloading.

Knowing that the grey lamellar bands are not completely reversed to the crystal

orientation of the reference crystal after 5,019 loading cycles, it can be deduced that
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there must involve immobile residual dislocations during twining/detwinning process.
It is well established that in the material where dislocation slips act as the dominant
mechanism of cyclic deformation, stable wall/cell dislocation structures and persistent
slip bands (PSBs) develop as a result of the complex entanglement of immobilized
dislocations [147]. Similarly, after repeated twinning/detwinning process, the glide
dislocations within both the matrix and the twin can be activated, and can interact and
react with the twin boundaries. Atomistic simulations regarding dislocation-twin
boundary interactions show that most lattice dislocations cannot fully transmit the twin
boundary in HCP materials [148-150]. As a result, the residual dislocations will be
inevitably lose mobility and accumulate in the material. As a consequence of the
complex interaction of the immobile dislocations after sufficient loading cycles, certain
dislocation substructures can be developed and obstruct the material to completely
rotate to either the completely twinned lattice or the original matrix lattice. This
explains why the crystal orientation is not completely reversed to that of the original
matrix when the material is detwinned. Further TEM characterization in these regions
will help to reveal the immobilized dislocation structure and deepen the understanding

of the twinning-detwinning mechanisms.

Region T; (i=1 to 6) in Figure 28a correspond to the poles of six primary tension
twin variants (Figure 28c) and are highlighted in red (T1), aqua (T4), navy (Ts), green
(T3), orange (T2), and blue (Ts), respectively. All the residual primary twins are broken
and fragmented, aligning aside the grey lamellar bands with three orientations. The

degree of the fragmentation in horizontal T1 and T4 twins are more severe than that in
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the other four inclined twin variants. This observation is consistent with the OM

observation (Figure 26c).

The secondary twin regions S; (i=1 to 6) in Figure 28b are highlighted in yellow,
tan, lime, dark-yellow, light-blue, and violet, respectively. These regions are found
severely fragmented with irregular polygonal shapes. Moreover, the secondary twin
fragments are mainly located at the intersection areas where two or three different
orientated lamellar bands in grey color are met. Since the lamellar bands in grey color
represent the regions where primary twinning/detwinning process has occurred, it can
be deduced that secondary twinning is activated during the interaction of primary twin
variants under a certain local stress state. A procedure can be followed to identify the
interacting primary twins by which a secondary twin is activated. Taking the secondary
twin fragment S in Figure 28b as an example, the elongated fragment is found to be
located at a grey lamellar band oriented 39.22 “with respect to the Y-axis. According
to Figure 16a, the 39.22<inclined grey lamellar band is the projection of the primary
twin Ts or Te. Referring to Figure 27 and Table 4, the crystal orientations in region S
can only be resulted from secondary twinning within primary twin Tz or Te. Therefore,
Te is determined as the parent twin for the S, secondary twin fragment in Figure 28b.
Additionally, it is noted that a -39.22 <inclined grey lamellar band (T2 or T3 as indicated
in Figure 28a) is connected to the S, fragment as well. It can be seen that this secondary
twin fragment is activated during the interaction between primary twin Te and primary
twin T2 or Tz. Since Sz fragment can only be Tez or Tes, it can be derived that Te2 is the

variant type of the S, fragment in Figure 28b. Such an analysis to identify the parent
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twin and its interacting counterpart for the secondary twin fragment is not suitable for

those secondary twin fragments having irregular shapes.
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Figure 29 (a) Area fractions on the entire EBSD scan area; (b) area fraction of the

residual secondary tensile twin region S;.

Figure 29 shows the area fractions on the entire EBSD scan area. Approximately
97% of the scan area is the region where crystal orientations lie in the vicinity of the
original matrix orientation with a maximum 12 < misorientation angle (Figure 29a).
This region contains two parts: the virgin material where twinning has never occurred
and the narrow lamellar bands with an orientation incompletely detwinned to that of
the matrix. The remaining ~3% of the scan area is composed of secondary twin
fragments (~2%) and primary twins (~1%). Itis interesting to note that the area fraction
of secondary twin fragments is approximately twice as that of primary twins. It should
be reiterated that when the experiment is terminated after 5,019 loading cycles, the
specimen is unloaded from the compression peak where detwinning was completed.
The smaller amount of residual primary twins than that of residual secondary twin

fragments after detwinning indicates that primary twins are much easier to be
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detwinned as compared to secondary twins. It is known that tension twinning makes
the twin lattice reoriented nearly 90° to the matrix lattice. Therefore, if the external
loading favors primary twinning (or detwinning), it will suppress secondary twinning
(or detwinning). Accordingly, during the last loading step when primary twin is
detwinned under compressive stress along the [0001] direction, secondary twin
fragments will be generally subjected to c-axis tension without detwinning. Moreover,
since the secondary twins are activated within the narrow lenticular primary twins, the
pinning effect of primary twin boundary on the secondary twin dislocations will be
more severe, which makes secondary detwinning more difficult. Figure 29b further
shows a pie chart plotting the area fractions of different converged secondary twin
regions S; (refer to Figure 27). It is found that secondary twin fragments in six different
orientation groups have almost uniform area fractions. Referring to Table 4, it is known
that secondary twin fragments in regions S; can be equally activated in T2 and Ts (Sa
equally in T2 and Ts, S2 or Sz equally in Tz and Ts, Ss or Se equally in Ty and Ta).
Therefore, it can be concluded that all the six primary twin variants have equal
probability to activate secondary twins during their interaction with other primary twin

variants under cyclic loading.

3.5 Cyclic Deformation and Fatigue Damage of Mg Crystal Loaded in
the [101 0] Direction

Figure 30 presents the stress-strain hysteresis loops for the magnesium single

crystals subjected to fully reversed tension-compression in the [10 1 0] direction at three

strain amplitudes of 0.5%, 0.75%, and 1%, respectively. The stress-strain hysteresis
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loops at the strain amplitudes under investigation are associated with three featured
deformation modes: twinning-dominated, detwinning-dominated, and non-basal slips-
dominated accompanied by detwinninng. Twinning occurs under the compressive
reversal when the resolved shear stress exceeds the critical resolved shear stress (CRSS)
for tension twinning. The CRSS to activate tension twin is identified from the initial
compression phase. The directly measured value is 2.2~3.0 MPa, which is very close
to that (~2.4 MPa) obtained in the [0001] direction [39]. Detwinning accompanies the
entire sigmoidal shaped tensile loading reversal. At the inflection point of the
sigmoidal curve, the strain hardening rate converts from a gradually decreasing low
value to a rapidly increasing high value. The significant increase in the strain hardening
rate is ascribed to the operation of non-basal slips [31]. By testing a notched plate
under monotonic tension in the [10 1 0] direction, Reed-Hill and Robertson [31]
observed the non-basal slip band traces on the specimen surface of magnesium single
crystals. It was suggested that the non-basal slip occurring under tension in [1010]

direction was of duplex prismatic type [31].



80

1259 Mg Single Crystal Cycle 1 A
1004 T-Cin[10-10] >

o
= 75 e
% —— Ael2=0.5%
S 50 |— Ae/2=0.75%
&3 — Ael2=1%
2
|_ O N -t
-25 — rl | I |
-0.012 -0.006 0.000 0.006 0.012

True Strain

Figure 30 Stress-strain hysteresis loops of magnesium single crystals subjected to fully
reversed tension-compression in [10 1 0] direction at strain amplitudes of 0.5%, 0.75%,

and 1%.

A distinctive phenomenon of plastic instability, which is not observed in the [0001]-
oriented magnesium single crystal, is discovered near the end of the first tensile reversal
in the [10 1 0]-oriented magnesium single crystal. To describe the phenomenon in
detail, the specimen tested at Ae/2 = 0.75% is taken as an example (red lines in Figure
30). Beyond the inflection point of the tensile loading reversal, the steady plastic flow
proceeds smoothly but terminates at point A (see Figure 30, c = ~115 MPa and € =
~0.5%) where a sudden stress drop (|Ac1| = 4 MPa) followed by a short flow plateau
(Ae1 =0.06%) occurs. At the end of the plastic flow plateau, a second rapid stress drop
with a significant decrease in stress (JAc2| = 30 MPa) is observed. The second stress
drop is followed by an immediate stress increment by 10 MPa and a subsequent plastic

flow plateau (Ae2 = 0.09%), which continues until reaching the tensile peak strain of
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0.75%. The currently observed unstable plastic flow is similar to the inhomogeneous
plastic deformation associated with LUders band propagation in carbon steels [183, 184]
and the serration of the stress-strain curve (Portevin-Le Chatelier (PLC) effect)
observed in aluminum alloys [185-187]. Unlike the high-frequent serration with small
stress drop and increment (around 5 MPa in average) in the PLC effect, the magnitude
of stress drop in the [10 1 0] magnesium single crystals is rather random, varying from
~4 MPa to as high as ~30 MPa. Moreover, both the stress increment and the plastic
flow plateau can be followed after a stress drop. The underlying mechanisms of plastic
instability might be related to dislocation-solute interaction (or dynamic solute aging)
and dislocation-dislocation interaction [183-187]. Without the presence of solutes in
the pure magnesium single crystals, the dislocation-solute interaction can be ruled out
as a possible cause of the observed phenomenon and therefore, the dislocation-
dislocation interaction can be a probable cause. Noting that such a plastic instability is
not observed in the [0001]-oriented magnesium single crystal near the end of the first
compressive reversal [39], it is conjectured that the involved non-basal dislocations
could originate from the duplex prismatic slips rather than the second—order pyramidal
slips. This speculation is enlightened by the experimental findings in magnesium single

crystals that pyramidal slips operate under c-axis compression [34, 90] whereas duplex
prismatic slips operate in [10 1 0]-tension [31].

It is noticed that, different from wrought magnesium alloys [111], polycrystalline
pure magnesium [188], and single crystal magnesium oriented in [0001] direction [39,

68], significant cyclic softening is observed in the [10 10] magnesium single crystal

during tensile loading reversals. In addition, the maximum stress upon which plastic
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instability occurs in the first tensile reversal is not a monotonic increasing function of
the applied strain amplitude. These observed deformation features are likely associated
with the dislocation-dislocation interactions which are influenced the initial amount of
tension twinning created by the preceding compressive strain. Further studies are

needed to determine the underlying mechanisms.
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Figure 31 EBSD observation of twin structures: (a) unloaded from the first compressive
peak at 0.75% strain amplitude; (b) unloaded from the third compressive peak at 0.75%
strain amplitude; (c) unloaded from the 30" compressive peak at 1% strain amplitude;

(d) magnified area in (c) showing secondary tension twin.
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EBSD observations of twin structures are presented in Figure 31. All the twin
structures represent a material state unloaded from the compressive peak stress where

the material has been twinned. The Z-direction in the figure denotes the loading axis

oriented in the [101 0] direction.

Figure 31a and Figure 31b show the twin structures in the material unloaded from
the first and third compressive peaks, respectively, at Ae/2=0.75%. Two twin variants,
T1 and T4 having a maximum SF of 0.499 and identical zone axis, are developed. In
Figure 31a, lenticular-shaped twins are observed. The boundaries of two neighboring
twins having the same variant meet and coalesce (arrow A in Figure 31a). When two
twin variants meet, no twin transmission or penetration occurs but twin-twin
boundaries (TTB) form (arrow B in Figure 31a) [160, 189]. In the specimen unloaded
from the third compressive peak (Figure 31b), the number of twin lamellae and the
number of TTBs are significantly increased. It is noticed that the absolute compressive
peak stress increases from 9.36 MPa at the first loading cycle to 15.12 MPa at the third
loading cycle (Figure 30). The positive correlation of the increased compressive peak
stress and the multiplied TTBs suggests that TTB plays an effective role in the material
hardening during cyclic deformation. To be specific, the incoming twinning
dislocations (TDs) can be piled up at the barrier TTB, which exerts a repulsion force
on the successive impinging TDs. To further grow the twin, a large stress that
overcomes the backstress at TTBs is required. Such a hardening effect is amplified as

more TTBs are developed.

Figure 31c illustrates the twin structures developed in the material unloaded from

the 30" compressive peak at Ae/2 = 1%. All six twin variants are observed. The
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activation stress for T, Ts, Ts, and Ts is larger than that for T1 and T4 since the SF of
To, T3, Ts, and Te is 0.125 which is lower than that (0.499) for T1 and Ta4. As a result,
T, T3, Ts, and T can be only activated when the material is cyclically hardened during
the later stage of cyclic deformation at a larger strain amplitude, such as the loading
condition (N = 30 cycles, Ae/2 = 1%) in Figure 31c. The development of all the six
twin variants can lead to TTBs formation between either two co-zone twin variants
(Type I) or two twin variants that do not share the same zone axis (Type II) [189]. The
Type Il twin-twin interaction can nucleate secondary tension twin at the TTB. A
detailed analysis of the feasibility of secondary twin transmission will be presented in
Chapter four. In the current study, the observation of secondary twins can be visualized
in Figure 31c and Figure 31d. An EBSD analysis shows that a secondary twin Ty is
developed at the TTB formed between two primary twins T1 and T». It is established
that the formation process of secondary tension twins is energetically unfavorable,
which contributes to material hardening as well as the formation of TTBs [189]. To
summarize, an experimental observation by EBSD in Figure 31 shows that the
twinning-associated cyclic hardening in [10 1 0]-oriented magnesium single crystal is
due to the incessant formation of TTBs and secondary twins with the increasing number

of loading cycles.
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Figure 32 Microcracks and fracture surface in magnesium single crystal subjected to

fully reversed tension-compression in [101 0] direction: (a) and (b) specimen surface;

(c) fracture surface; (d) microcracks; (e) cleavage cracking and shearing fracture.

An examination of fatigue damage and fracture surface in [10 1 0]-oriented
magnesium single crystal is illustrated in Figure 32. Since the specimen loaded at Ae/2
= 0.75% and 1% were not separated into two parts, the specimen tested at Ae/2 = 0.5%
which was fractured into two parts is used to examine the fatigue damage. Figure 32
shows the SEM observations on the specimen surface (Figure 32a, Figure 32b, Figure

32d, and Figure 32¢) and the fracture surface (Figure 32c). On the specimen surface
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away from the macroscopic fracture surface (Figure 32d), microcracks are distributed
mainly in two specific regions: the serrated primary twin boundaries (arrows A in
Figure 32d) and the severely fragmented twin-twin interaction sites (arrow B in Figure
32d). The length of microcrack is very short (less than ~20 pm), implying that the
microcrack propagation along twin boundaries and TTBs is limited. The current
observation of microcrack is similar to that obtained in the [0001]-oriented magnesium
single crystal [39].

A three dimensional profile of the macroscopic fracture surface is schematically
reconstructed (middle, Figure 32). The macroscopic fracture surface consists of

multiple cleavage-like flat facets. On the (121 0) specimen surface, straight markings
projected from the cleavage facets form three inclination angles with respect to the

[0001] direction (Figure 32a and Figure 32b): -35< 35< and 90< The projected straight
markings coincide with the traces of the crystal planes (30 34), (3034), and (0001) on
the (121 0) plane, as confirmed by the EBSD trace analysis. The crack facets (303 4)
and (3034) are associated with cleavage-cracking along the boundary of {101 1}-{10
123} double twin, and the crack facet (0001) is related to Mode-11 shearing fracture of

the basal plane. The cleavage cracking on {30 34} plane was first observed and studied

by Reed-Hill and co-workers [25, 41, 46] in magnesium single crystal subjected to
monotonic tension along the [10 1 0] direction. The {30 3 4} cleavage-cracking
marking was revealed to align with the boundary of {101 1}-{101 2} double twin,

where {10 1 1} primary twin experiences a secondary {10 1 2} twinning. It was further
found that the formation of double twin can lead to rapid cleavage cracking at the

double twin boundary. The seminal work by Reed-Hill and co-workers [25, 41, 46]
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sheds lights on the process of final fracture in the current experiment. As visualized in
Figure 32e, an inclined macrocrack of {101 1}-{1012} twin type is connected to a
microcrack (arrow A in Figure 32e). A trace analysis shows that the microcrack
orientation coincides with the trace of { 1012} crystal plane. The inclined microcracks

are observed to predominantly align with the tension twin boundaries (Figure 32d).

Therefore, the microcrack connected to the {101 1}-{101 2} macrocrack was most
likely originated from tension twin cracking. Knowing that a large CRSS is required
to activate {101 1}-{101 2} double twin [32], it can be inferred from Figure 32e that
the double twin where the macrocrack is located is induced by the intensified stress
field at the tip of the microcrack. The cleavage cracking at double twin can easily
activate basal slips in the slightly-rotated crystals surrounding the crack. The locally
aggravated basal slips can lead to Mode-1l shearing fracture on the basal plane, as

indicated by arrows B in Figure 32e.

3.6 Summary

Cyclic plastic deformation and direct observation of twinning-detwinning-
retwinning evolution for {10 1 2} tension twins are, for the first time, reported in
[0001]-orientated magnesium single crystal subjected to fully reversed tension-
compression at a strain amplitude of 0.5%. A typical stress-strain hysteresis loop
contains three featured deformation stages: twinning, detwinning, and detwinning
accompanied by nonbasal slips. With increasing loading cycles, the activities for
twinning/detwinning decrease but never exhaust. Cyclic hardening can be attributed

to the accumulated barrier effect of the increased residual twin boundaries to the mobile
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slip dislocations and twin-twin interaction. During detwinning, residual twins are
found to form on the vicinities of twin boundaries which were fully expanded at the

previous tensile peak.

Microstructural characterization of the [0001]-oriented magnesium single crystal
after termination of the fatigue experiment shows microcracks develop at slip band
extrusions, residual twin boundaries, and the intersection area of primary twins. The
matrix regions in the magnesium single crystal having experienced repeated twinning
and detwinning for sufficient number of loading cycles are unable to completely
detwinned back to the original orientation of the matrix. The incapability of complete
twinning/detwinning can be most likely attributed to the development of certain stable
dislocation substructures due to glide dislocation-twin interaction under cyclic loading.
Residual primary tension twins and residual secondary tension twins are found
fragmented in small area fractions after detwinning. Secondary twin fragments have
irregular shapes and can be activated in all six primary twin variants during the
interaction of primary twins. They are predominantly located at the intersection sites

and are more difficult to be detwinned compared to the detwinning of primary twins.

From the experimental investigation of cyclic deformation in [10 1 0]-oriented
magnesium single crystal subjected to cyclic tension-compression, a plastic instability
phenomenon is found in the first tensile loading reversal where the initial detwinning
process accompanied by non-basal slips approaches exhaustion. Two twin variants
having the highest Schmid factor (SF) with an identical zone axis are activated in the
early stage of cyclic deformation. The other four twin variants with a much lower SF

can be activated as the material is cyclically hardened during the later stage of cyclic



89

deformation. The development of twin-twin boundaries and secondary tension twins
effectively act as a twinning-induced hardening mechanism. Repeated twinning and
detwinning can initiate microcracks with limited propagation at primary twin
boundaries and twin-twin interaction sites. Final fracture of the [10 1 0] magnesium
single crystal is dominated by the sudden cleavage cracking on {101 1}-{101 2}

double twin boundary and the shearing fracture on the basal plane.
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4 Twin-Twin Interaction in Magnesium Single Crystal

Twin-twin interactions are frequently observed during twinning/detwinning
process in cyclic deformation experiments for magnesium single crystal by in situ
optical microscopy. They can affect the twinning and detwinning processes and play
a critical role in cyclic hardening. This chapter is dedicated to analyzing the
experimentally observed twin-twin interaction structures in the magnesium single
crystal subjected to cyclic loading. Theoretical analyses of the twin-twin interaction

are carried out based on crystallography of magnesium and the dislocation theory.

4.1 Crystallography of Twin-Twin Interaction

In HCP magnesium, three pairs of twin-twin interactions are crystallographically
distinctive, T1 <> T2, T1<> T3, and T1 <> Ty, as illustrated in Figure 33a, Figure 33b, and
Figure 33c, respectively. Symbols “Ti <> T;” denote that an incoming twin T;
encounters a barrier twin Tj, and vice versa. The misorientation axis and angle for the
three crystallographically distinctive twin-twin interactions are summarized in Table 5.
For T14>T4 twin-twin interaction pair, the intersection line is parallel to the [1210]
direction (az-axis). The c-axis misorientation angle between T and T4 is 7.40< T1¢>
T4 twin-twin interaction is referred to as Type | co-zone twin-twin interaction. For T

© T2 and T1 > Tstwin-twin interactions, the intersection lines are along [2 2 4 3] and
[0 2 21] directions, respectively. The c-axis misorientation angles about these axes

are 79.98 2for Ty > T twin pair and 34.73for T1 <> Tz twin pair, respectively. Since
the two twin pairs do not share an a-axis, their interactions are referred to as Type Il

twin-twin interactions, with Type I1(a) for T1 <> T2 and Type Il(b) for T1 <> Ta.
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[0221]

Figure 33 Crystallography of twin-twin interaction in magnesium: (a) Type | twin-twin
pair T4 <> T1 with the intersection line along [1210], (b) Type ll(a) twin-twin
interaction T2 <> T1 with the intersection along [2 2 4 3], and (c) Type 1I(b) twin-twin

interaction T3 <> T1 with the intersection line along [02 21].
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Table 5 Three crystallographically distinctive twin-twin interaction pairs in magnesium

and their misorientation relationships.

_ S Misorientation axis Misorientation
Type Twin-twin pair ) o
(or intersection line) angle
| T46T1 [1210] 7.40°
I1(a) T, Ty [2243] 79.98<
11(b) T:6T: [0221] 34.73<

4.2 Feasibility of Twin Transmission

The first critical question regarding twin-twin interaction is whether an impinging
twin can transmit a barrier twin through a secondary twinning path within the barrier
twin. To facilitate a discussion, the impinging twin is denoted as T; and the barrier twin
as Tj. If the impinging twin T; transmits into twin Tj, a secondary twin Tj forms inside
twin Tj. Figure 34 shows an impinging twin T4 approaching a previously formed twin
T1. Both twins can be activated by the stress state depicted in Figure 34, say tension
along the c-axis or compression parallel to the basal plane. Following Cahn’s first
constraint [36], the trace of the impinging twin is parallel to the intersection line
between two twins. The secondary twin could be either T11 or Ty inside twin T1. For
T1 and Ty, the direction of the resolved shear stress on the twinning plane is denoted
with a blue arrow and the twinning shear direction with a red arrow. In the matrix, they
have the same direction (Figure 34) on the twinning plane. The twinned crystal is
rotated 86.3 “about the zone axis with respect to the matrix and the c-axis experiences
tension in the matrix and compression inside twin T1. As a consequence, the direction

of the resolved shear stress on the secondary twin plane is opposite to the secondary
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twinning shear direction. Therefore, secondary twinning or twin transmission does not

occur for Type | twin-twin interaction.

Resolved Matrix
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Figure 34 Schematic of Type | twin-twin interaction in magnesium showing the
relation between the direction of the resolved shear stress and the direction of twinning
shear on the primary T1 and T4 twin planes, and on the {1072} twinning planes inside
twin Ti. The external loading in the figure favors primary twin growth but not

secondary twin transmission when twin T4 impinges on twin T.
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Figure 35 Inverse pole figures of Schmid factor of twinning systems in magnesium
under a tensile axis. Red (blue) color identifies domains with positive (negative)
resolved shear on a twinning system. Directions of potential activation stresses for
activating: (a) twin Ty; (b) twin To; (c) twin Ts; (d) twin T4, (e) twin Ty after it has been
reoriented; (f) twin Tz inside twin Ty; (g) twin Ts inside twin Ty; (h) twin T4 inside twin
T1. The regions outlined by the green line represent the stress domain associated with

the transmission of twin T; into twin T1.
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A more general and rigorous analysis of twin transmission for Types I and Il twin-
twin interactions can be done using the Schmid criterion. A description of Schmid
criterion is covered in Appendix A.2. Figure 35a to Figure 35d plot the Schmid factor
(SF) of twins T; (i=1...4) in an inverse pole figure for uniaxial tension applied on the
parent HCP structure. A positive SF (red domain) is associated with the stress
directions that induce a resolved shear along the positive shear direction and activate
Ti twinning. Take twin Ty as an example. If the SF is negative (blue domains), Tz is
not activated. Following reorientation of Ty, the c-axis reorients by nearly 90 degree
and the SF of twin T1 associated with the stress state changes sign (Figure 35e) for the
twinned crystal (from red to blue, and vice versa), indicating that the stress state that
activates twin T1 cannot activate detwinning inside T1. The following three cases
correspond to Type I and Il twins being able to propagate inside twin T1. Each of twins
To, T3 and T4 is associated with positive and negative domains of SF in the parent
crystal. If Ti (i =2, 3, and 4) can propagate into twin T1 under certain stress, the stress
direction must be projected onto superimposed red (positive SFs) domains when Figure
35b to Figure 35d are superimposed with Figure 35e, respectively. Such superimposed
domains are sketched in Figure 35f to Figure 35h as red regions outlined by the green
lines. It should be noticed that while the same stress states allow twins T and Tz to
propagate into twin Ty, the SFs associated with these domains are very low. In practice,
such a kind of twin-twin transmission has not been observed. As for twin T
propagation into twin T1 (Figure 35h), the superimposed red domains is very small so
that the likelihood of such a propagation is very low. This is also consistent with the

experimental evidence presented.
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4.3 Observations of Twin-Twin Structures in Magnesium Single
Crystal

Through in situ OM and ex situ EBSD characterizations, three microstructural
features are identified in association with twin-twin interactions in magnesium single
crystal specimens: (1) quilted-looking twin structure, (2) “apparent crossing” twin
structure, and (3) double twin structure. The microstructural features for the three twin
interaction structures are shown from Figure 36 to Figure 38. The quilted-looking twin
structure forms through the propagation and blocking of multiple twin variants (Figure
36). This structure has been widely observed in materials with HCP structures [53—
56]. Figure 36a shows a quilted-looking twin structure in the specimen cyclically

loaded along the [107 0] direction. The structure is composed of two twin variants, T1

and Ts, that share the same zone axis. In the specimen cyclically loaded along the
[0001] direction, six twin variants are activated. Figure 36b shows quilted-looking twin
structure composing of four twin variants, T1, T2, Tz and Ts. It is noticed that the
quilted-looking structure prevents the propagation and growth of twins in association

with the formation of twin-twin boundaries.
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Figure 36 Quilted-looking twin structures in magnesium single crystal having

experienced cyclic tension-compression: (a) in the specimen cyclically loaded along

[101 0] direction; (b) in the specimen cyclically loaded along [0001] direction.

]

Figure 37 “Apparent crossing” twin structures in magnesium single crystal after cyclic
loading along [0001] direction: (a) two T twins and one T twin; (b) two T> twins and

one Te twin.

Figure 37 shows two “apparent crossing” twin structures observed experimentally.
A closer observation reveals that neither impinging twin actually penetrates the barrier

twin. Figure 37a shows two T1 twins and one T2 twin. The crystal orientation in the
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intersection region has a c-axis misorientation angle of ~6.2° with respect to the crystal
orientation in the T> twin away from the twin-twin interaction, indicating that the
crystal in the intersection region belongs to T» twin but experiences a tilt induced by
forming twin-twin boundaries. In Figure 37b, EBSD analysis shows three twins: two
T2 twins and one T twin. The crystal orientation in the intersection region has a c-axis
misorientation angle of ~6.5° with respect to the crystal orientation in the Te twin away
from the twin-twin boundary. This is an indication that the crystal in the intersection
region belongs to Te twin but experiences a tilt induced by dislocation formation at the

twin-twin boundaries.

The results shown in Figure 34 clearly indicate that no twin crossing or transmission
occurs upon the contact of one twin with another twin. This is different from the
crossing twin-twin interaction structure in face-centered cubic structures [50, 51] where
twin transmission can occur under monotonic loading because the face-centered cubic
structure exhibits three sets of twinning dislocations on each twinning plane [151-153].
The twinned crystal can be further twinned by the glide of twinning dislocations under
the same stress condition. For HCP structures, a crossing twin structure is unlikely
because twinning is unidirectional with one set of twinning dislocation per twinning
plane. According to a Schmid analysis in Type | twin-twin interaction (Figure 34), the
twinned crystal cannot experience secondary twinning under the same stress because
the twinning direction is opposite to the direction of the resolved shear stress in the
twinned crystal. For Type Il twin-twin interaction, the twinned crystal cannot be
further twinned because the positive loading domains are characterized by very low

Schmid factors (Figure 35). Therefore, crossing twin structures in the HCP structure



99

are unlikely a result of twin-twin interaction. This is evidenced in theEBSD analysis
where among all twin-twin structures only “apparent crossing” twin structure was
observed without crossing twin structure through secondary twinning. However,
crossing twin structures could form if the local stresses depart substantially from the

applied stress as a result of spatially distributed defects.

Double tension twin structure is the one in which a secondary tension twin forms
inside another primary tension twin. There are two typical structures: one where the
secondary twin does not connect another twin that interacts with the primary twin
(Figure 38a and Figure 38b), and the other one is where the secondary twin does
connect to another twin that interacts with the primary twin (Figure 38c and Figure
38d). Since secondary twins cannot occur inside a primary twin without changing the
stress state in the primary twin, the double tension twin structure can occur either due
to a change in the applied loading or due to local stresses resulting from other defects

such as an interacting twin.
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Figure 38 Double tension twin structures in magnesium single crystal cyclically loaded
along [0001] direction. Secondary twin does not connect to an impinging twin: (a) a
secondary twin Ts4 inside a primary twin Ts and (b) three secondary twins Taz inside a
primary twin Tz. Secondary twin connects to twin-twin boundaries: (c) a secondary
twin T12 inside a primary twin Ty and (d) two secondary twins Te> inside a primary twin

Te.
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4.4 Twin-Twin Boundary

4.4.1 Formation of Twin-Twin Boundaries

When one twin encounters another twin, twin-twin boundaries (TTBs) form.
Starting with Figure 39a where an incoming twin T; approaches the T; twin boundary,
TTBs form through three possible mechanisms based on the reaction of twining
dislocations (TDs), as visualized in Figure 39a to Figure 39d. The first mechanism
corresponds to the impinging process (Figure 39b) where the front tip of twin T; is
blocked at the boundary of twin Tj. TDs associated with twin T; impinge on the twin
boundary of twin T;. The twin-twin boundary that forms between these two twins is
referred to as TTB,, where the subscript “I” denotes impinging. The twin-twin
boundary plane coincides with the T; twinning plane and contains boundary
dislocations that have the same character as the twinning dislocation associated with

the incoming twin T;.
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Figure 39 Formation mechanisms of twin-twin boundaries (TTBs): (a) a twin T; is
approaching the boundary of a pre-existing twin T (i #j); (b) the impinging mechanism
where twinning dislocations (TD) impinge on the T; twin boundary, forming TTB;; (c)
the zipping mechanism where TDs associated with these two twins zip to form
junctions; (d) the dissociating mechanism where a TD associated with one twin
dissociates into one TD associated with the other twin and leaves one junction. The

light grey and light blue domains correspond to the Tj and T; twins, respectively. The

TDs are drawn in red (Ti) and blue (Tj) colors.
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The second and third mechanisms are associated with the growth of two twins as
shown in Figure 39c and Figure 39d. When both twins T; and T; grow through the glide
of TDs, these TDs meet, react, and form junctions. The pile-up of these junctions forms
a dislocation wall, referred to as the twin-twin boundary. Two types of twin-twin
boundaries can form as schematically shown in Figure 39c and Figure 39d. Based on
the angles between the two primary twinning planes, one twin-twin boundary is
referred to as TTBa corresponding to an acute angle and the other is referred to as
TTBo corresponding to an obtuse angle. For the second mechanism, the formation of
junctions is accomplished through zipping twinning dislocations associated with the
two primary twins (Figure 39c). The Burgers vector of the junction is thus equal to the
sum of the two TDs. In the case of a more common twin-twin boundary that forms

between an incoming T4 twin and a Ty twin, the line sense of all twinning dislocations

is oriented along the [1210] zone axis. The reaction process can be expressed as:

by +b =b,

_ _ (5a)
A[101 1]+ A[1011] = 22[0001]

and

byt +b2 = by

_ - _ (5b)
A[1011]+ A[101 1] = 24[1010]

where b* has Burgers vector A[1011] at the left of twin T4 and A[101 1] at the right

of twin Ta, where A = (3—x?)/(3+x*) (1=0.064 for magnesium). b, and b, denote

the Burgers vectors of the junctions in the twin-twin boundaries TTBa and TTBo,

respectively.
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In the third mechanism, the formation of TTBs is accomplished through
dissociating the twinning dislocation of one twin into the twinning dislocation of the
other twin plus a residual. As shown in Figure 39d, a TD associated with T; glides
towards the boundary of the T; and dissociates into a TD associated with twin Tj. The
residual is left at the intersection of these two twins, corresponding to a junction.

Taking T4—> Ty twin pairs as example, the dissociation process can be expressed as:

byt = b +b,

_ v (6a)
A[1011]= A[101 1]+ A[0001]
and
b'* =h" +h
tw tw (0] ( 6b )

A[1011] = A[1011]+24[1010]

4.4.2 Configuration of Twin-Twin Boundaries

According to the three proposed mechanisms in Figure 39, the geometric and
crystallographic aspects of the twin-twin boundaries including boundary planes and
boundary dislocations were studied. Figure 40 shows the three-dimensional geometry
for the three twin-twin interactions. T is the pre-existing twin. T, Ts, and T4 are the

incoming twins. The coordinate system (OXYZ) is fixed to the T1 twinning plane. The

X-axis aligns with the T1 twinning shear direction [1011] and the Y-axis is normal to

the T1 twinning plane. The Z-axis points out-of-paper parallel to the [1210] zone axis.
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Figure 40 Twin-twin boundary planes and Burgers vectors of boundary dislocations for

the three twin-twin interactions: (a) Type | T4 <> T twin interaction; (b) Type li(a) T2

<> Ty twin-twin interactions; (c) Type 11(b) Tz <> T1 twin-twin interactions.
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Table 6 Burgers vectors of the dislocations on twin-twin boundaries (TTBy, TTBa,
TTBo) for the three types of twin-twin interactions (all the vectors are described in the

matrix crystal coordinate).

Twin ) ) )
_ b, ba bo 2o, 1(18)*  |ba|  /(A8)?  |bo|  /(Aa)?
pair
T4>T:  A[1011] 240001 24[1010] 11.23 10.56 11.97
T,oT: A[0111] A[1122] A[1100] 11.23 19.54 2.99
TsoT: A[1101] A[0112]  A[2110] 11.23 13.54 9.00

Notes: b, - Burgers vector of dislocation impinged on a pre-exiting twinning boundary;
b, and b, - Burgers vectors of dislocations on the TTBa and TTBo twin-twin

boundaries formed by reaction of twinning dislocations.

Table 6 summarizes the Burgers vectors of junctions (or boundary dislocations) in

the twin-twin boundaries. D, is the Burgers vector of the impinging TD associated

with the incoming twin. b, and b, are the Burgers vectors that result from reaction of

the TDs associated with two interacting twins. The elastic energy associated with these
dislocations is proportional to the square of the magnitude of Burgers vector and is
computed for the three twin-twin interactions in Table 6. It is found that the formation
of TTBa is energetically favorable while TTBo is unfavorable for Type | twin-twin
interactions. Conversely, the formation of TTBo is energetically favorable while TTBa
is unfavorable for Type Il twin-twin interactions. For example, the elastic energy
associated with the left hand side of Equations (5a) and (5b) is proportional to

11.23(Aa)? for Type | twin interactions according to Frank’s law [151]. The right hand

sides of Equations (5a) and (5b) are proportional to 10.56(1a)? and 11.97(1a)?,
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respectively, indicating that the reaction is favorable for forming TTBa boundary and
unfavorable for forming TTBo boundary when only considering the change in line
energy of the dislocations. The change in the elastic energy associated with the
dislocation dissociation (Equations (6a) and (6b)) increases, indicating that the
dissociation mechanism is energetically unfavorable. However, the formation of
dislocation walls will further reduce the net elastic energy due to the core-core
interactions among these dislocations [151]. Therefore, both TTBa and TTBo

boundaries can form through the two mechanisms.

The twin-twin boundary plane is geometrically defined as the common interface
bisecting two twinning planes. In practice, the twin-twin boundary plane can be
slightly deviated from the common interface because of thermodynamically driven
reconstruction to minimize interface energy, such as faceted or curved interfaces [154—
156]. Nevertheless, the net Burgers vector of the boundary dislocations is unchanged
according to the Frank-Bilby theory [154, 156-159] when the misorientation
relationship between the two crystals remains unchanged. For a Type | co-zone twin-
twin interaction (Figure 40a and Table 7), due to the twinning reorientation of the
crystals, the boundary plane of TTBo bonds the basal planes in the two twins, which is
referred to as BB. The boundary plane of TTBa binds the prismatic planes in the two
twins, as being referred to as PP. These structures have been examined recently using
atomistic simulations in magnesium [160]. The Burgers vector of the boundary
dislocations is perpendicular to the TTB plane (Figure 40a), forming a boundary
dislocation tilt wall. As a result, TTBa and TTBo in Type | twin interactions can be

characterized as low-angle symmetric tilt boundaries with a tilt angle of 7.4 As listed
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in Table 7, for Type Il(a) twin-twin interaction, a crystallographic analysis according

to a common interface bisecting two twinning planes shows that the boundary plane of

TTBais parallel to the (1124) plane in the matrix and binds the (5236) plane in Ty twin
and the (2536) plane in T2 twin. The boundary plane of TTBo is parallel to (1100) in

the matrix and bonds the (1212) plane in the T twin and the (2112) plane in T2 twin.

For Type Il(b) twin-twin interaction, the boundary plane of TTBa is parallel to the

(0114) plane in the matrix and binds the (135 8 6) plane in T1 twin and the (1385 6)

plane in T3 twin. The boundary plane of TTBo is parallel to the (21 10) plane in the

matrix and binds the (35214) plane in T1 twin and the (3 2514) plane in Tstwin. As

shown in Figure 40b and Figure 40c, the Burgers vector of the boundary dislocations
has two components, one is perpendicular to the boundary plane and the other lies on
the boundary plane and is not parallel to the intersection line (or junction line).
Consequently, TTBa and TTBo for Type Il twin-twin interactions can be characterized
to be tilt plus twist boundaries. The two bound crystal planes in the two twins are of

the same type but twisted relative to each other.
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Table 7 Plane normal to the twin-twin boundaries (TTB,, TTBa, and TTBo) for three
crystallographically distinctive twin-twin interaction pairs (the Miller-Bravais indices

of the crystal planes are referred in different lattice domains as indicated in the table).

Twin-twin pair TTB TTBA TTBo
(0001) in matrix (1010) in matrix
_ , (1010) in T (0001) in Ty
T46T (1012) in matrix B
(1010) in T4 (0001) in T4

(1124) in matrix (1100) in matrix

_ _ (5236) in Ty (1212) in Ty
T T (1012) in matrix o o
(2536) in T2 (2112) in T>
(0114) inmatrix (21 10) in matrix
T:0T1 (1012) in matrix (13586) in Ty (35214) in T

(13856) in T3 (32514) in T3

Notes: TTB; - the boundary of a pre-existing twin; TTBa - twin-twin boundary bisecting
the acute angle between the two interacting twins; TTBo - twin-twin boundary bisecting
the obtuse angle between the two interacting twins. (A table should be within one pape

if possible)
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Figure 41 Experimentally observed twin-twin boundaries in magnesium single crystal:
(a) EBSD orientation map of low-angle twin-twin boundaries, TTBa (BB) and TTBo
(PP), in Type | co-zone twin interaction under initial compression in [10 1 0]-
magnesium single crystal; (b) TEM bright field micrograph showing a TTBo in Type

I1(a) twin-twin interaction.

TTBs associated with Type | co-zone twin-twin interaction are observed from the

initial compression of the magnesium single crystal under [10 1 0] direction. Figure
41a shows TTBs between a T4 twin and a Ty twin. Twin-twin boundaries consist of
low-angle TTBo and TTBAa tilt boundaries with a misorientation angle of 6.6“Measured

by EBSD. The trace of the TTBa boundary plane is close to traces of prism planes in



111

both twins and referred to as PP boundary. The TTBo boundary plane trace is
approximately parallel to the basal plane traces in both twins and referred to as BB
boundary. Atomistic simulations of Type | co-zone twin-twin interactions [160] with
empirical potential for magnesium have been used to examine the formation of PP and
BB boundaries. Figure 41b is a TEM bright field micrograph showing a TTBo
boundary associated with Type Il(a) twin-twin interaction. It is worth mentioning that

no twin transmission is observed in either type of twin-twin interactions.

The three-dimensional geometry of a Type Il(a) twin-twin boundary (TTB) is
further studied to verify whether it is suitable to define the TTB as a common interface
bisecting two interacting twinning planes. It can be reasonably assumed that the twin-
twin interface is a three-dimensional (3D) plane located in the specimen with an
arbitrary orientation, as shown in Figure 42a. The 3D twin-twin interface can be
projected onto the specimen surface as well as the cross section plane (Figure 42a). For
the trace of TTB on the specimen surface, SEM/EBSD can be used to characterize the
surface geometry of TTB and the crystal orientation of its neighboring twins. As for
the trace of TTB on the cross section plane, a SEM/FIB dual beam technique was used
to cut off a thin TEM foil (~200 nm in thickness) containing the TTB. The TEM foil
plane is parallel to the cross section plane. The foil under TEM was further examined
so that the geometry and crystallography information of the TTB on the cross section

plane can be obtained.
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Figure 42 Three-dimensional geometry and crystallography information of a Type 11(a)
twin-twin boundary (TTB) characterized by SEM/FIB dual beam technique and TEM
technique: (a) schematic of TEM foil fabrication by SEM/FIB nanofabrication through
cross section and lifting out techniques; (b) TEM examination of TTB trace on the cross
section plane (dashed blue line); (¢) SEM and EBSD examinations of TTB trace on the

specimen surface (dashed blue line).
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The observation of TTB traces on the cross section plane and the specimen plane
are shown in Figure 42b and Figure 42c, respectively. On the cross section plane, it
can be clearly observed that the TTB is a slightly curved interface (dashed blue line in
Figure 42b) between the neighboring twins Ty and T2. A crystallographic analysis
shows that the trace of (1212) plane in Ty and the trace of (2112) plane in T
coincide well with an imaginary line linking the starting point and the ending point on

the curved twin-twin interface. On the specimen surface, an SEM/EBSD analysis

reveals that the TTB trace aligns with the (1100) trace in the matrix. The agreement
of TTB trace with (1212) trace in twin Trand (2112) trace in twin T2 on the cross

section plane and the (1100) trace in the matrix on the specimen surface confirms that

a geometry abstraction of TTB as a common interface bisecting two twinning planes is

acceptable.

4.4.3 Formation of “Apparent Crossing” Twin Structure
According to the experimental observations and theoretical analyses presented,
{1012} twins do not transmit into one another. The formation of the “apparent

crossing” twin structures in Figure 37 is addressed here using an argument based on
the formation of twin-twin boundaries. As shown in Figure 43a, two T; twins impinge
on each side of a Tj (j # i) twin. Figure 43b shows the formation of an “apparent
crossing” twin structure accompanying the formation and growth of TTBs and the
growth of these three twins. TTBs of all kinds are shown in Figure 43b. In fact, a
different number or kind of TTBs could form due to the local stresses and difference in

the kinetics and energetics aspects for TTBs formation. For example, two types of
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TTBs are observed in Figure 37a and one type of TTB is observed in Figure 37b.
Nevertheless, the intersection region visualized as the violet shaded area in Figure 43b
is part of twin T; but tilted 6.4° from twin T; due to the existence of boundary

dislocations according to interface dislocation theory [151].
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Figure 43 Formation mechanisms of “apparent crossing” twin structure: (a) a Ti twin
encounters a pre-existing T; twin from one side and another closely-aligned parallel T;
twin contacts the same T; twin from the other side (j # 1); (b) formation of twin-twin
boundaries at both sides of T; twin via the zipping and/or dissociating mechanisms.
The dislocations on TTBa and TTBo are drawn in orange and pink colors, respectively.

The green arrow indicates the direction of the twin boundary growth.

4.5 Influence of Twin-Twin Boundary on Twinning/Detwinning

4.5.1 Influence on Twinning

Once TTBs form, twinning dislocations associated with the incoming twin are

blocked at the twin boundary and form boundary dislocations. Backstresses resulting
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from the pileup of these boundary dislocations hinder the motion of twinning
dislocations toward the TTB, producing a stronger repulsion force near the TTB.
Further growth and propagation of twins thus requires a higher external stress, resulting

in strain hardening during twinning.

o T4{To12) .|=>'

Figure 44 Formation of both PP and BB twin-twin boundaries (TTBs) when a (101 2)
T, twin interacts a (1 012) T4 twin: (a) two twin variants before interact; (b) formation
of a single tilt TTB (PP or BB); (c) further twin growth after the formation of a single
TTB (PP or BB). Twinning dislocations are red for T4 twin, blue for Ty twin, and pink
for twin-twin boundary dislocations. Blue and black dashed lines indicate prism plane

(P) and basal plane (B), respectively.
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Apart from the barrier effect caused by the pinned twinning dislocation at the
barrier twin boundary, further twinning loading will produce a compound twin-twin
boundaries which contains both the TTBa and TTBo, as observed in Figure 41a. Itis
noticed that both types of tilt TTBs (PP and BB for Type I) will form when one twin
meets the other. The extension of a single tilt twin-twin boundary into a compound
twin-twin boundary can be explained if further growth of T1 and T4 is accounted for by
the reaction and dissociation of TDs, as schematically illustrated in Figure 44. With
further growth of Ty after formation of a single PP or BB tilt boundary (Figure 44b), a
TD in T1 can glide towards the tilt boundary, dissociating into a TD in T4 and leaving
a tilt boundary dislocation at the tilt boundary. As a result, the T4 twin grows and the
tilt boundary extends (Figure 44(c)), adding extra atomic layers on one side of the twin-
twin junction and creating a “plateau.” The required reaction involves a dissociation
as expressed in Equation (6), which is energetically unfavorable and results in a strain

hardening effect during further twin growth.
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Figure 45 (a) High-magnification crystal orientation map showing the low-angle twin-
twin boundary (PP) between Ty and T4 twins. (b) backscatter secondary electron (BSE)
micrograph of the same region in (a) showing a basal slip band transmitted from the PP

boundary.

It is worth pointing out that for Type | twin-twin interactions, the two twinned
crystals have a low misorientation angle of about 7.4< As a result, glide planes in both
crystals are nearly parallel and slip transmission for dislocation across TTBs is easy.
For the easy basal slip in magnesium, basal dislocations from the incoming twin can
transmit across TTBo (PP) where the boundary plane is prismatic, forming a basal slip
band in the barrier twin. This basal slip band emitted from PP boundary was observed
in magnesium single crystal, as shown in Figure 45. When T1 encounters T4, a low-
angle twin-twin boundary (PP, black line) forms (Figure 42a). Figure 45b is a
backscattered secondary electron (BSE) micrograph taken at the same region as that in

Figure 45a. A slip band connected with the twin-twin boundary is observed inside the
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T4 twin. The trace of the slip band aligns with the trace of the basal plane (0001) in T4

twin, indicating that this slip band is of a basal type.
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Figure 46 Misorientation change caused by a slip band transmitted from a tilt PP twin-
twin boundary: (a) a straight path on the basal slip band area in the barrier twin across
the PP boundary; (b) misorientation angle measured between the current point and the
origin on the straight path shown in (a); (c) PP tilt boundary is formed but no basal slip

occurs in T4; (d) after basal slip band is formed in Ta.

Figure 46a and Figure 46b present a misorientation analysis in the transmitted slip
band region based on the results obtained from an EBSD analysis. The misorientation
angle between T1 and T4 is 6.6° but the slip band region (represented by point B) has
misorientation angles of 5.1° with respect to twin T1 (represented by point A) and 1.5°
with respect to twin T4 (represented by point C). There are two possible mechanisms

in the formation of basal slip bands. First, a simple geometry analysis shows that the
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angle between the basal planes in Ty and T4 is 7.4 The coherent region associated
with the tilt boundary facilitates slip transmission for basal dislocation from the Ty twin
to the T4 twin, and prevents the formation of a secondary tension twin inside the T4
twin because TDs in the T1 twin cannot directly transform into TDs in T4 twin. Second,
Burgers vectors along the tilt boundary could reassemble, under stressing, into a

boundary dislocation with a Burgers vector of 1[1010] accompanying the extension of

the tilt boundary, reducing the chemical potential energy by forming more coherent
segments along the tilt boundary [161, 162]. These reassembled boundary dislocations
can further dissociate into basal dislocations or act as sources for nucleation and
emission of basal dislocations. They are then emitted from the tilt boundary, forming
a basal slip band. Accompanying the emission of basal dislocations from the tilt
boundary, the tilt angle decreases, as schematically described in Figure 46¢ and Figure
46d. This is an energetically favorable process. For Type Il twin-twin interactions, the
two twinned crystals have large misorientation angles (>35<) and the traces of their
glide planes with the boundary plane are not parallel. As a result, slip transmission is

difficult.

4.5.2 Influence on Detwinning and Secondary Twinning

Under reversed loading, detwinning may occur as a reversal of the twinning process.
For interacting twins, TTB dislocations can dissociate into twinning dislocations that
glide on the twinning plane to cause the twin thickness to decrease. However,
dissociation is an energetically unfavorable process based on the dislocation theory. It
is expected that detwinning becomes more difficult with increasing loading cycles

because more TTBs accumulated hinders detwinning. More interestingly, secondary
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twins can initiate from TTBs, as observed in Figure 38c and Figure 38d. Experimental
characterizations by EBSD reveal two microstructural mechanisms, both based on
secondary twins nucleating at and propagating from TTBs: (1) secondary twins leading
to “detwinning from inside” (Tii in Ti and Tj; in T;) and; (2) secondary twins where the
secondary twin plane Tjj intersects with the primary twin planes Ti and T; along the
same intersection line.

Figure 47 schematically illustrates possible deformation modes under reversed
loading. Figure 47a shows a general case of TTBs associated with the Ti— T;j twin
interaction where three possible detwinning modes could operate. The first mode is
associated with direct detwinning through dissociation/unzipping of boundary
dislocations into twinning dislocations that glide on their associated twinning planes

(Figure 47b). This process can be expressed as:
brre = by, +by, (7)

The second and third detwinning modes are associated with nucleation and propagation
of secondary twinning inside the primary twins. In the second deformation mode
(Figure 47c), the secondary twin variant is either Tj or Tj;, that is, the same variant is
activated in primary twin. In the third deformation mode (Figure 47d), the secondary
twin variant is either Tjj or Tji, that is, the variant of the other primary twin is active.
Atomistic simulations and a theoretical analysis [163] show that a minimum stable twin
nucleus requires simultaneous nucleation of multiple twinning dislocations.

Correspondingly, the second deformation mode can be expressed as:

nbr; = nb* +nby! (8)
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The third mode is similar to the second mode but with different reactions:
nbr; = nby’ +nb, (%)
or
nb., = Ny’ +nb, (9b)

where n is equal to 3 for the normal-twinning mechanism [163]. nb, is the residual
dislocations left on the TTB. Compared to the first mode where detwinning is
accomplished through successive dissociation of boundary dislocations, the second and

third modes involve multiple dislocations and are less energetically favorable.
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Figure 47 Detwinning, retwinning and secondary twinning mechanisms related to twin-

twin boundaries under reversed loading: (a) at the start of load reversal; (b) detwinning

through dissociation of a single TTB dislocation into twinning dislocations; (c)

secondary twinning with the same twin variant as the primary twin (or referred to as

“detwinning from inside”) accompanying nucleation of twins from TTBs; (d)

secondary twinning with a different twin variant from the primary twin (or referred to

as double twinning) accompanying nucleation of twins from TTBs.
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Table 8 Dissociation process associated with three detwinning mechanisms, the energy

associated with the dissociated secondary twin dislocation and the residual dislocation,

and the Schmid factor for secondary twinning under reversed loading in [0001 ]

direction.
Dissociation E, E, E- E, Dbleb /(nia)?
Mechanism 1 and 2: (n = 1 for Mechanism 1, n = 3 for Mechanism 2)
Type |
nb, = nby +nhyx 10.56 11.23 0.67 -0.36 0.5
nb, = nb* +nby* 11.97 11.23 -0.74 0.36 0.5
Type 11(a)
nb, = nb# + by 19.54 11.23 -8.31 4.12 0.5
nb, = nb22 +nby* 2.99 11.23 8.24 -4.12 0.5
Type 11(b)
nb, = nb.» +nhyx 13.54 11.23 -2.31 1.13 0.5
nb, = nb> +nh2: 9.00 11.23 2.23 -1.13 05
Mechanism 3 (n=3)
Type |
nb, = nby* +nb, 1759 L7 5.98
5.62 (or 0.49
(or nb, = nbl* +nb, ) (or 27.99) 22.37) (or-11.19)
nb, = nbj(or nb)+nb,  10.56 33.60 23.04 -11.55 0.49
nb, = nby*(or nbj)+nb, ~ 11.97 33.60 21.63 -10.83 0.49
Type 11(a)
nb, = nby:* +nb, oo 8.61 2.99 0266 .
(or nb, = nb&z +nb, ) ' (or7.01) (or1.39) (or -0.124) '
nb, = nbjz(or nb?)+nb,  19.54 12.64 -6.90 3.43 0.12
nb, = nb2(or nbj2)+nb,  2.99 12.64 9.65 -4.82 0.12
Type 11(b)
nb, = nby* +nb, 14.64 9.02 4.49
5.62 (or 0.12
(or nb, = nby* +nb, ) (or 18.22) 12.60) (or -6.29)
nb, = nbj (or nb*)+nb,  13.54 23.85 10.31 -5.16 0.12

nb, = nb*(or nb*)+nb,  9.00 23.85 14.85 7.42 0.12
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Notes: b, - Burgers vector of the impinged twining dislocation on the T twin boundary;
b, - Burgers vector of the TTBa boundary dislocation; b, - Burgers vector of the TTBo
boundary dislocation; p)» - Burgers vector of the dissociated secondary twinning
dislocation; b, - Burgers vector of the dissociated residual dislocation; m- Schmid factor

for secondary twinning under reversed loading in [oo07] direction.

E, = |brs| /(n2a)?, and E, = (\bggr +|b,[? Yi(naa)?.

The feasibility of the three detwinning deformation modes are further analyzed.
For each dissociation process, the interaction energy is computed between the
dissociated dislocations, the change in the elastic energy of the dislocations, and the
Schmid factor associated with the dissociated twinning dislocations. The results are
summarized in Table 8. The Schmid factor for secondary twinning was computed for
compression along the [000 1] direction. It is clearly observed that (1) most of
dissociation processes are energetically unfavorable resulting in a retarding behavior
for detwinning and TTB-induced detwinning hardening; (2) the first mode (detwinning)
is the easiest among the three modes; and (3) secondary twinning is easiest for Type
I1(a) twin-twin boundaries and the most difficult for Type | co-zone twin-twin

boundaries.



125

o Y 7 A
(a) ) aa? . (b) 4 ‘
- / . 7/
s 7 7 /
7 / 2 o 7
= /
i / »
7 %= -l-ll 4 4 -I-Ll Ve l‘!\
O3S A e \:‘\ T
2N ” S RN 4
Ve N B A e s
AR Sso _ \\ S8
4 R \\ Zi R \\
7 ~ So S \\
N N \\\\\ B ~ 3 T\ \\B
\\\\ T1 . Ss \\\ 1\ \ ‘
\\\ ‘\\ ¢ ' \ \“ \\\ .
¥ . \\\ - \\\ \‘ \\ ’
200 ym TS 200 ym
~ S . ~ S
s \‘\._ D - v“af 2,
(c) 4 | (d)
. A 100 T
T/ * { Mg Single Crystal
e 4 80 - Tension-compression in [10-10]
oy

B\
\
\
/
,l
I, //
I"l’l
,I'I
/l','
’
Stress, MPa
N A o
o O O O
[
)
}U

/\{::“\ ' ' x_________\______“\__’_A/
T1 \'\s \\ . ¥ -20' T T T T T T T T
200 pm B 0 -0.008 -0.004 0.000 0.004 0.008
PR S Strain

Figure 48 In situ optical micrographs showing different stages (a, b, and c) of

detwinning and their corresponding stress-strain states (d) in the [1010]-oriented

magnesium single crystal subjected to fully reversed compression-tension at the strain

amplitude of 0.75%.

An in situ observation of the hindering effect of the TTB on detwinning can be

illustrated in the [1010] -oriented magnesium single crystal. Figure 48 includes three
snapshots from in situ optical micrographs that show an evidence of retardation in
detwinning. Figure 48a shows three fully formed twins at the compressive peak strain
of -0.75% (Point a in Figure 48d). Twin T1 (outlined by the blue dashed line) impinges

on one T4 twin (outlined by the green dashed line) at the contact site A. The other T4
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twin (outlined by the red solid line) impinges on the T1 twin at the contact site B. Itis
observed that the T1 twin boundary exhibits enhanced twin growth at the contact site B
as compared to other locations on the boundary. The proposed model in Figure 44 can
explain this observation. During detwinning and until the loading reaches Point b in
Figure 48d, an in situ optical microscopic observation indicates that the T4 twin (red
solid line) shrinks in thickness but one end remains attached to the T1 twin at site B
(Figure 48b). The T4 twin (red solid line) detaches from the T1 twin at site B when the
loading exceeds Point b in Figure 48d. After the detachment (Figure 48c), the T4 twin
quickly becomes elliptical, while the T1 twin detwins partially and shrinks but remains
attached to T4 (green dashed line) because of the pinning effect of the tilt boundary at
site A. The detachment of one twin from the tilt boundary accompanying detwinning
involves the dissociation of the tilt boundary into two sets of twinning dislocations and

is energetically unfavorable.

4.5.3 Effect of Twinning, Detwinning, and Secondary Twinning on Cyclic

Hardening
In order to quantify the effect of twinning and detwinning upon cyclic hardening, a

mean flow stress ( 0y, and Oy ) @nd @ mean hardening rate ((da/ dgp) _and

twin

(da/dgp)detwm) are defined as follows (Figure 49a). A mean plastic strain (&, ., ) IS

computed as the average of the tensile peak plastic strain and the compressive peak
plastic strain in each loading cycle. The mean flow stress is the stress corresponding
to the mean plastic strain for each cycle. The mean hardening rate is the slope of the

stress-strain curve at the mean plastic strain. For each full loading cycle, the mean
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twinning stress, the mean detwinning stress, and the mean strain hardening rates are
computed. The results clearly show two hardening features (Figure 49b): the mean
stress and hardening rate during detwinning are greater than those associated with
twinning and both of them increase with the number of cycles. The higher flow stress
for detwinning can be attributed to the energetically unfavorable dissociation of TTBs,
which require a higher stress to be reversed.

The enhanced flow stress with loading cycles can be attributed to the accumulation
of un-reversed TTBs and the formation of secondary twins. During twinning, twinning
dislocations associated with the incoming twin are blocked at the pre-existing twin
boundary, and quilted-looking twin structures form. A backstress is resulted from the
pileup of these boundary dislocations and will hinder the motion of twinning
dislocations toward the TTB, producing stronger repulsion force near the TTB. A
further growth of twins thus requires a higher stress, corresponding to strain hardening
during twinning. During detwinning, in addition to the effect due to energetically
unfavorable dissociation, more secondary twins form from TTBs as the loading cycles
increase. The nucleation and growth of secondary twins suppress detwinning of the
primary twin because the plastic deformation associated with secondary twinning
decreases the local stress. Consequently, the mean stress and the mean strain hardening
rate during detwinning increase more rapidly than those during twinning. A clear

evidence of secondary twin development after cyclic loading is shown in Figure 28 .
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Figure 49 Cyclic hardening of the [0001]-oriented magnesium single crystal subjected

to fully reversed tension-compression at a strain amplitude of 0.5%: (a) twinning stress

( Owin ), detwinning stress ( |oyi| ) a@nd their corresponding plastic moduli

([dorde,) —and (do/de,) ) atthe mean plastic strain (&, ,,) as indicated in a

twi
typical stress-plastic strain hysteresis loop; (b) variation of twinning stress, detwinning

stress and their corresponding plastic moduli with the number of loading cycles.
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4.6 Summary

Theoretical analyses of twin-twin interaction structure in magnesium single crystal

under cyclic loading were carried out based on crystallography of magnesium and the

dislocation theory. Multiple twin variants interact with each other, consequently

forming quilted-looking twin structures, “apparent crossing” twin structures, and

double twin structures. The microstructures associated with twin-twin interaction are

found to correlate with cyclic hardening. The following are the major conclusions from

the analyses.

1)

(2)

(3)

According to a crystallographic analysis, twin-twin interactions can be classified

into two types: Type | corresponding to two twins that share a <11§0> zone axis

and Type Il interactions that share a different zone axis.

When loading favors the growth of two tension twins, one twin cannot transmit
into the other to cross a twin boundary through the secondary twinning path.
Consequently, twin-twin boundary forms.

According to a Schmid analysis, for a Type | twin-twin interaction, a loading
direction activates twinning (or detwinning) of both twins at the same time. Twin
transmission cannot occur. For Type Il twin-twin interactions, twinning is
activated for one twin while detwinning is activated for the other under certain
loading directions. However, twin transmission is unlikely. Of all the twin-twin
structures characterized in the EBSD experiments conducted, crossing twin
structures through secondary twinning path were not observed when the external

loading favors the growth of two primary twins.



(4)

()

(6)

(7)
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A twin-twin boundary can form through three mechanisms by reaction of
twinning dislocations: impinging, zipping, and dissociating. All of these
processes create twin-twin boundary dislocations. For a Type | twin-twin
interaction, the twin-twin boundary is a low angle tilt boundary with the habit
plane being parallel either to the basal or the prism planes in each twin. For Type
Il twin-twin interactions, the twin-twin boundary adopts a high index
crystallographic plane according to a geometry analysis and could thus evolve to
be a complex boundary following thermodynamic relaxation. Twin-twin
boundary dislocations can be characterized by reactions of twinning dislocations
associated with the two twin variants.

“Apparent crossing” twin structures are a result of twin-twin boundary formation.
The crystal in the intersection region experiences a tilt induced by the pileup of
twin-twin boundary dislocations.

Under reversed loading, detwinning is hindered because of the energetically
unfavorable dissociation of twin-twin boundary dislocations. Secondary
twinning can be activated at Type Il twin-twin boundaries under reversed loading.
Under cyclic loading, three kinds of twin structures (quilted-looking, “apparent
crossing”, and double tensile twin) form as a consequence of twin-twin
interactions. These microstructures correlate with the observed cyclic hardening

due to twinning and detwinning.
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5. Cyclic Deformation and Fatigue Damage Development in

Extruded Polycrystalline Pure Magnesium

5.1 Materials and Specimen Preparation

The pure polycrystalline magnesium was commercially acquired in the form of hot
extruded round solid bar with a diameter of 32.9 mm (Figure 50a). Small dog-bone
shaped plate specimens with a rectangular cross section of 5.0 mm x 3.0 mm within a
gage length of 6.4 mm were cut from the outer circular layer of the material for fatigue
experiments. The loading direction (LD) of the testing specimen was aligned parallel
to the extrusion direction of the material bar. The extrusion direction (ED), the traverse
direction (TD), and the normal direction (ND) are referred to as the three orthotropic

axes of the sample coordinate system (Figure 50a).

A cubic material block was cut from the outer circular layer of the extruded bar for
initial microstructure and texture analysis (Figure 50a). In order to visualize the grain
boundaries and the twin boundaries, three orthotropic surfaces of the cubic material
block were carefully ground and mechanically polished following the same procedure
as that utilized for magnesium single crystal specimens. The polished samples were
soaked in the etchant made of Acetic-Picral solution (10 mL acetic acid, 4.2 g picric
acid, 10 mL distilled water, and 70 mL ethanol (95 pct)) for about 5 seconds. Figure
50b shows a three-dimensional stereography of optical microstructure for the extruded
pure magnesium in the as-receive state. The material consists of equiaxed grains with
an average grain size of 120 pm, measured using the Mean Lineal Intercept Method.

No initial twins were detected before mechanical testing.
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Figure 50 Initial microstructure and texture of the extruded polycrystalline pure
magnesium: (a) schematic drawing of the testing specimen and the cubic material block
for initial microstructure and texture analysis; (b) three-dimensional stereographic
optical microstructure; and (c) (0001) and (1010) pole figures measured by Lab X-ray

diffraction.
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Figure 51 Principle of pole figure measurement by X-ray diffraction [164].

The plane perpendicular to the ND direction in the material block was analyzed for

initial texture using Panalytical XPERT MPD PRO diffractometer. A quick GONIO

scan was first performed to determine the precise 26 positions of the (1010), (0002) ,
and (101 1) diffraction peaks. As schematically illustrated in Figure 51, the intensity
of (hkil) pole was collected on the diffraction plane which was designated by a plane

normal N(hkil). The orientation of the diffraction plane normal is described by the
azimuth angle (¢ ) and the polar angle (v ) of a sphere coordinates fixed on the sample
coordinates. The diffraction plane is changed by rotating the azimuth angle (¢ ) from

0<to 360<in a 5incremental step and rotating the polar angle () from 0°to 85<in a

5°step. On each diffraction plane, the intensities of (1010), (0002) and (1011)

diffraction peaks were collected at three corresponding 26 positions, and used to
construct the pole figures. The directly measured pole intensity is corrected as follows

[164]:
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| neas (@,1)— BG ()
U(p) (10)

leorr (@, 7) =

where Imeas((p,t//) and Icorr(qo,z//) are the measured and corrected pole intensity,
respectively. BG(p) and U(gp) are the background error and defocusing error,

respectively. After the correction, the intensity is normalized to the standard units —

“multiples of a random orientation distribution (mrd)” using the following equation:

Icorr(¢1 W_) i ( 11 )

Lo, 97) = [ 1eoe (v )sin( X [ sin(p )l |

so that the integration of the normalized intensity (or mrd) over the full area of the pole

figure satisfies the following equation,

1

zj. Inorm(¢)'lr//)8in((p)jw!// =1 ( 12 )

where 0<¢<360° and 0<y <90 . The (0001) and (1010) pole figures in Figure

50c are finally represented in the standard unit of mrd. From the pole figures, a typical
basal texture of extruded magnesium bar is exhibited. The c-axes of most grains lie

approximately within the plane perpendicular to the ED direction.

5.2 Mechanical Experiments and Microscopic Observations

Fully reversed total strain-controlled tension-compression experiments were
conducted to study cyclic deformation and fatigue damage development of pure
polycrystalline magnesium in its extrusion direction. Two strain amplitudes (0.12%
and 1%) were employed in the experimental investigation. The corresponding testing

frequencies were 10 Hz and 0.2 Hz, respectively. For each loading cycle, a minimum
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of 200 data points were recorded. The true stress and true strain were calculated and

reported for all the tests conducted.

To investigate the fatigue damage development, the flat specimen surface
perpendicular to the ND direction was pre-etched prior to fatigue tests by using the
same procedure as that used for optical microstructure observation. A series of
experiments using companion specimens were performed and interrupted at the
specified loading cycles corresponding to different stages of cyclic deformation. The

loading cycle at which the testing specimen was separated into two pieces is referred

to as the “separation fatigue life” and is denoted as N,,. Due to the scattering nature

of fatigue data, the “separation fatigue life” is taken as the average from testing several
companion specimens at the same strain amplitude. The separation fatigue lives at the
strain amplitude of 1% and 0.12% were identified to be 1110 and 154100, respectively.
These two values will be used as the reference loading cycles by which the loading
cycles at the corresponding strain amplitude are normalized. For the strain amplitude
of 1%, companion specimens were interrupted at the specified loading cycles of 2, 890,

and 1110, which correspond to 0.18% N, 80% N .., and 100% N

sep sep ! sep» reSpectively.
For the strain amplitude of 0.12%, companion specimens were designed to be
interrupted at the loading cycles of 76900, 107700, and 154100, which correspond to

50% Ny, , 70% N, , and 100% N, at this strain amplitude.

sep ! sep !

The surfaces of testing specimens after the termination of mechanical test at
different stages of fatigue life were examined by high resolution scanning electron

microscopy (SEM) for microcracks. To study the propagation mechanism of early-
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stage transgranular microcrack at the strain amplitude of 0.12%, the crystallographic
plane on which the propagated microcrack is located should be determined. To achieve
this goal, crystal orientations of neighboring grains surrounding the microcrack
propagation path were determined by electron backscatter diffraction (EBSD) scan on
the specimen surface. By knowing the geometry relationship between the microcrack
and the grain orientation, the habit plane of the propagated microcrack can be identified,
which provides an important clue for the propagation mode of early-stage transgranular

microcrack at low strain amplitude.

5.3 Basic Characteristics of Cyclic Deformation

Figure 52 shows the cyclic stress-strain hysteresis loops at the strain amplitudes of
1% and 0.12%. A clear difference is observed on the shapes of the cyclic stress-strain
hysteresis loops between these two strain amplitudes. At 1% strain amplitude, the
stress-strain hysteresis loops show a typical asymmetric shape as those for wrought
magnesium alloys. During the compressive reversal, when the compressive stress

reached approximately -50 MPa, the material showed an abrupt yielding point, beyond

which massive {1012} tension twins were formulated. During the initial portion of the

tensile reversal, the stress-strain curve shows a concave-down shape with a low and
decreasing hardening rate. An inflection point is exhibited at a strain of ~0.5%.
Beyond the inflection point, a concave-up shape can be observed and the strain
hardening rate increased gradually. The shape change of the stress-strain curve at the
inflection point indicates a gradual exhaustion of detwinning and the activation of
nonbasal slip [165, 166]. The asymmetric stress-strain hysteresis loops were

persistently held for the second and the successive loading cycles. However, with
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increasing number of loading cycles, the value of the compressive peak stress increased
slightly while the value of the tensile peak stress decreased significantly. Additionally,
the shape-asymmetry of the stress-strain hysteresis loops tended to evolve to a less
degree. The observed cyclic softening behavior at the tensile peak stress on pure
magnesium disagrees with the general observation of significant cyclic hardening at
the tensile peak stress for most wrought magnesium alloys at a similar strain amplitude

[16, 111, 128, 130, 132].
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Figure 52 Cyclic stress-strain hysteresis loops for the extruded polycrystalline pure
magnesium subjected to fully reversed tension-compression at strain amplitudes of 1%

and 0.12%.

At a strain amplitude of 0.12%, the stress-strain hysteresis loops show a symmetric
shape with almost zero mean stress during most of the loading cycles. Although
marginal cyclic hardening occurred, the compressive peak stress never exceeded the

value of -50 MPa which was insufficient to activate the formulation of massive tension
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twins. Cyclic deformation at this strain amplitude is predominantly operated by basal
slip. Small fraction of twinning might occur at local regions where the incompatibility
stress is concentrated [167]. However, the presence of local tension twins does not

result in any asymmetric shape of the macroscopic stress-strain hysteresis loop.
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Figure 53 Variation of the tensile and compressive peak stresses with the normalized

loading cycles in terms of the percentage of the separation life (N, ) in the extruded

sep

polycrystalline pure magnesium loaded at strain amplitudes of 1% and 0.12%.

Figure 53 shows the variation of the tensile and compressive peak stresses with the
normalized loading cycles in terms of the percentage of the separation fatigue life at
the strain amplitudes of 1% and 0.12%. Pronounced differences can be found in the
cyclic hardening/softening behavior between these two strain amplitudes. At 1% strain
amplitude, right after the second loading cycle, the tensile peak stress displayed

consistent cyclic softening until the specimen was separated into two pieces. A detailed
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examination of the tensile peak stress curve shows that there existed three stages: a

transient stage with an average cyclic softening rate of 8 MPa/cycle during the initial

~2% N, , a steady state stage with a constant cyclic softening rate of 0.5 MPa/cycle

sep 1

from the loading cycle of ~2% N, to that of ~80% N, , and a tertiary stage showing

a gradually increasing cyclic softening rate during the last ~20% N, . On the other

0
hand, the compressive peak stress showed a moderate cyclic hardening with a

decreasing rate during the initial ~70% N, . During the last ~30% N, , accelerating

cyclic softening was observed. It is established that with increasing number of loading
cycles, the residual twin boundaries are gradually accumulated, which contributes to
cyclic hardening by applying the barrier effect on the dislocation motions [117]. This
cyclic deformation mechanism is macroscopically reflected on the moderate cyclic
hardening at the compressive peak stress. However, for the cyclic softening at the
tensile peak stress, a correlation with the fatigue damage development will be discussed

in the next section.

At 0.12% strain amplitude, the material exhibits marginal symmetrical cyclic
hardening at both tensile and compressive peak stresses (Figure 53). An examination

of the tensile peak stress reveals that the tensile peak stress increased only 4 MPa within

the initial ~5% N, . Afterwards, the tensile peak stress kept constant until the loading

cycle of ~70% N, . During the rest of ~30% N, , the material demonstrated a

o -
gradual loss of cyclic loading capacity with an increasing softening rate. The marginal
cyclic hardening behavior at 0.12% strain amplitude for pure magnesium is consistent

with the results from most wrought magnesium alloys tested in the high-cycle fatigue
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regime. However, there exists a noticeable difference in the final fracture behavior
between the pure magnesium and wrought magnesium alloys. For wrought magnesium
alloys tested at low stress/strain amplitudes, the testing specimen usually shows a quick
and drastic drop of stress amplitude which is followed by a sudden final fracture [122,
124, 125, 130]. However, for the pure magnesium as shown in Figure 53 (logarithmic

scale should be noticed for the loading cycles), the stress drop was detected relatively

early at the loading cycle of ~70% N, . During the remaining ~30% N, , the material

sep !

was cyclically softened gradually until the final separation occurred.

5.4 Microscopic Observation of Fatigue Damage Development

5.4.1 Strain Amplitude of 1%

Figure 54 presents the SEM images showing the fatigue damage development on
the specimen surface after the second loading cycle at 1% strain amplitude. The
loading direction is horizontal as being indicated in Figure 54. Figure 54a characterizes
an observation window with a size of 1.25 mm > 0.75 mm on the central area of the
gage section. It can be seen that several microcracks (or damaged sites) were detectable
at local regions. To identify the concrete inhabited locations and the morphologies,
three featuring regions, namely “b”, “c” and “d”, were focused and magnified, as

illustrated in Figure 54b, Figure 54c and Figure 54d, respectively.
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Figure 54 SEM examination of surface damage morphology after the second loading
cycle in the extruded polycrystalline pure magnesium at 1% strain amplitude: (a) low
magnification; and (b, ¢, d) high magnification (solid blue arrows indicating the
locations of grain boundary cracking; dashed red arrows indicating the locations of twin

tip damage; dashed white lines indicating the in-plane orientation of cyclic slip bands).

In Figure 54b, three neighboring grains were observed, namely “Grain 17, “Grain

2” and “Grain 3.” Grain boundary cracking was detected at the triple joint of the three
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neighboring grains (as indicated by the solid blue arrow right lower in Figure 54b).
Further examination of the grain surface showed that, on Grain 1, densely-spaced cyclic
slip bands were observed. The in-plane orientation of the cyclic slip bands was 19°
with respect to the loading direction, as schematically represented by a dashed white
line on the grain. Similarly, on Grain 2, cyclic slip bands which orientated in-plane
42.3°with respect to the loading direction were detected. Compared with the slip bands
on Grain 1, the amount of cyclic slip bands on Grain 2 was much reduced. Noticing
that cyclic slip bands with only one orientation type were observed on Grain 1 and
Grain 2, it is suggested that these slip bands were of basal type, knowing that basal slip
was easiest to be activated as compared to the nonbasal slip for HCP magnesium at
room temperature [28]. Unlike Grain 1 and Grain 2, two traces of cyclic slip bands
were visible on Grain 3, locally close to the triple joint. The presence of cyclic slip
bands with two orientations indicates that additional deformation mode of nonbasal slip
was activated due to the highly concentrated stress near the triple joint [168]. Although
the orientation of individual grains cannot be exactly determined without further
investigation using EBSD, the in-plane orientation angle and the amount of cyclic slip
bands observed on each grain can be regarded as the fingerprint of the direction and
magnitude of local cyclic slipping in an individual grain. Cyclic slip bands locally
observed with two orientations suggests that cyclic plastic deformation was most
aggravated at such region in Grain 3. The least amount of sparsely distributed cyclic
slip bands observed in Grain 2 indicates that Grain 2 was the area with the least cyclic
plastic deformation. Apart from the triple joints, local sites on the two neighboring

grain boundaries were also observed as the initiation sites. A direct evidence is shown
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in Figure 54d. Local damaged sites on the grain boundaries were highly contrasted and
attached with the cyclic slip bands terminated at the boundary. This observation
implies that a pile-up of slip dislocation on the boundary was presented and served as

the initiation sites for microcracks.

In addition to the grain boundary cracking, fatigue damage associated with the
deformation twin was found at both Region “b” (Figure 54b) and Region “c” (Figure
54c). From Figure 54b, four damaged sites were developed on the newly formed twins.
For these four twins, one was attached to the triple joint at one of its twin tips. Two
others were connected to the two neighboring grain boundaries at one of their twin tips.
The fourth one was embedded inside the grain with one of its twin tips attached to a
nearest twin boundary. Due to the relatively narrow twinned areas, the damaged sites
were generally found to be located at the twin boundaries close to one of the twin tips.
A clearer image of the damaged region inhabiting on a twin is presented in Figure 54c,
where the twinned area remained relatively large. It is revealed that, unlike the grain
boundary cracking, the damaged region on a twin after the second loading cycle was
more likely to be described as a narrow damaged zone, which inhabited on the parent
grain side of the twin boundary near one of the sharp twin tips. This twin tip was
frequently found to attach to either a grain boundary or a conjugate twin boundary. The
narrow damaged zone near the twin tip is referred to as “twin tip damage” and is

indicated by the dashed red arrow in Figure 54c.
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Pure polycrystalline Mg
Ael2 = 1%, N = 890 (~80%Nsep)

Figure 55 SEM examination of surface damage morphology after 890 loading cycles
(~80% separation life) in the extruded polycrystalline pure magnesium at the strain
amplitude of 1%: (a) low magnification; and (b, c) high magnification (dot dashed
black arrows indicating the initiation sites; solid blue arrows indicating the propagation
by grain boundary cracking; dashed red arrows indicating the propagation by twin

boundary cracking).

Figure 55 presents the SEM images of the fatigue damage development after 890
loading cycles at 1% strain amplitude. The loading direction in the specimen is
horizontal as indicated at the bottom left corner in Figure 55. Figure 55a shows a

surface area with a size of 1.25 mm =0.75 mm located at the center of the gage section.



145

Short microcracks can be detected to distribute randomly on this area. The microcrack
density was significantly increased compared to that after the second loading cycle.
The lengths of the microcracks generally varied from ~10 pm to ~100 pm, and no
cracks longer than 100 pm were observed. A statistical analysis shows that only ~30%
of the microcracks had the lengths longer than 40 pm. Noting that the average grain

size of the pure magnesium under investigation is 120 pm, the observed crack lengths
at ~80% N, suggest that propagation of microcracks is often limited within the size

of a gain.

Observations after second loading cycle (Figure 54) and after ~80% N ., (Figure

55) lead to the following implications with regard to the fatigue damage process. First,
microcracks from preferred sites at grain boundaries or twin boundaries are initiated as

early as after the second loading cycle. The majority of the loading cycles up to ~80%
N, is spent on initiating microcracks with very insignificant growth in crack length.

The crack growth of the microcracks is limited within the range of a single grain. In
other words, most of the fatigue life at a strain amplitude of 1% is spent on increasing
the number of crack initiation sites. The increased density of microcracks caused by
the incessant initiation acts as a cyclic softening mechanism which suppresses the
cyclic hardening effect due to dislocation immobilization by accumulated residual twin

boundaries.

Owing to the relatively short propagation paths constrained in a single grain,
propagation (or branching) behavior can be characterized more clearly. There are three

main modes of propagation (or branching) observed at 1% strain amplitude:
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propagation on grain boundary (intergranular), propagation on twin boundary
(transgranular), and propagation by mixed types. Region “b” and Region “c” in Figure
55a were magnified as Figure 55b and Figure 55c, respectively. In Figure 55b, three
neighboring grains were observed, namely “Grain 17, “Grain 2,” and “Grain 3.” A
much larger grain (“Grain 4”) surrounded by Grain 2 and Grain 3 was also detected.
The first propagation mode as purely on grain boundary can be observed on the right
part of Figure 55b. A microcrack initiated from the triple joint (as indicated by a dash-
dot black arrow) propagated in two directions (as indicated by two solid blue arrows).
The propagation path in one direction was along the boundary between Grain 1 and
Grain 2 approximately perpendicular with respect to the loading direction. Another
propagation path orientated with approximate in-plane 45<from the loading direction
on the boundary between Grain 1 and Grain 3. The second propagation mode as purely
on twin boundary can be detected from two sites inside Grain 4. One microcrack
initiated from the twin boundary propagated continuously along its inhabited twin
boundary. Rather than a smooth shape, the twin boundary microcrack has a serrated
and irregular shape. Another microcrack initiated from twin boundary deviated from
its proceeding path at the intersection of two twin sets. The microcrack followed a
“zigzag-like” route on the twin boundaries by switching between two sets of twins.
The shape of the “zigzag-like” microcrack was rather serrated, and most severe at the
intersection of two twin sets. The third propagation mode as mixed types can be
observed in the mid region in Figure 55b. A microcrack which originated from the
twin tip attached to the boundary of Grain 2 and Grain 4 was detected to grow in three

directions. Two branches were along the boundary between Grain 2 and Grain 4, being
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inclined approximate in-plane 45°with respect to the loading direction. The third
branch intended to penetrate into Grain 4 along a twin boundary. A similar mix-type
propagation mode was noticed as shown in Figure 55c. The microcrack initiated from
the twin tip on the grain boundary propagated perpendicular with respect to the loading
direction into two branches. One branch was along the grain boundary and the other

branch penetrated into the grain along the twin boundary.
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Figure 56 Fatigue damage development in the extruded polycrystalline pure
magnesium after fatigue failure at the strain amplitude of 1%: (a) surface damage

morphology far away from the fracture surface; and (b) fracture surface.

Figure 56 presents the SEM examination of fatigue damage development after
fatigue failure. Figure 56 characterizes the surface damage morphology far away from
the fracture surface. Figure 56b shows the morphology of the fracture surface. From
Figure 56a, it can be observed that high density of microcracks was developed.
Coexistence of short and long microcracks was frequently observed. More microcracks

propagated. A careful examination reveals that the longer microcracks usually spanned
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over two or three grains. Rather than a preferred global orientation, the overall
propagation paths were very winding. It should be emphasized that along the
propagation paths of some microcracks, two-fold (bifurcation) or three-fold
(trifurcation) branches can be observed. The propagation or branching modes are found
to be pure transgranular, pure intergranular, or of a mix-type. The transgranular paths
were found mostly inhabiting on the twin boundaries. Three types of propagation
modes occurred in a randomly alternating sequence on the propagation paths. Although
the propagated microcracks were separated from one another, there existed chances
that two or more close-separated long microcracks would coalesce and formulate a
longer crack or a crack cluster. Through further propagation or branching, secondary
coalescence had more probability to occur. It is suggested that the most severely
propagated and coalesced surface crack (or crack cluster) would take the priority to

serve as the potential initiation site for final fracture.

Figure 56b shows the morphology of the fracture surface at 1% strain amplitude.
Similar to the fracture surface of wrought magnesium alloys tested at high stress/strain
amplitudes [123, 130], most areas of the fracture surface were covered by densely
distributed cleavage facets (parallel-aligned dark lamella area) together with the bright
and rough ridges. No specified initiation sites can be found. The existence of cleavage
facets and the similarity between these facets and the twin lamella structure indicated
that cleavage cracking occurred along the twin boundaries. The bright and rough ridges
were probably tearing/shearing regions at grain boundaries or cleavage steps to connect
parallel cleavage facets. Further investigation of the fatigue crack growth behavior will

help to elucidate the formulation process of the fracture surface.
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5.4.2 Strain Amplitude of 0.12%
At the strain amplitude of 0.12%, SEM examination shows that no damage is

detected on the specimen surface after the loading cycle of ~50% N, . Therefore, only

the fatigue damage developments after ~70% N ., and at 100% N ., will be discussed.

Figure 57 shows the surface fatigue damage development for a specimen which was
fatigue tested after 10,770 loading cycles (~70% N, ) at a strain amplitude of 0.12%.

Figure 57a shows a low magnification SEM image covering the center surface area on
the gage section with a size of 3 mm <2 mm. It can be observed that several
microcracks have been developed and distributed randomly on the surface. Most
microcracks were isolated from one another. However, at the Region “b” in Figure 57a
as magnified in Figure 57b, two microcracks were found to start coalescence at their

propagation fronts.
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Figure 57 SEM examination of surface fatigue damage in the extruded polycrystalline
pure magnesium after 10,770 loading cycles (~70% separation life) at the strain
amplitude of 0.12%: (a) low magnification; and (b, c) high magnification (dot dashed
black arrows indicating the possible initiation sites; solid blue arrows indicating the
propagation by intergranular cracking; dashed red arrows indicating the propagation by

transgranular cracking).
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From Figure 57a, the coexistence of short and long microcracks with the lengths

ranging from ~10 pm to ~150 pm was observed. Noting that no microcrack was

detected at the loading cycle of ~50% N ., it is suggested that the visible microcracks

sep !
were developed successively during the period between ~50% N, and ~70% N, .

By examining the mid-point of the short microcracks having the lengths less than 40
m, it was found that all these mid-points coincided to be located either at the triple
joint or on the boundary of two neighboring grains. Based on this observation, the
microcrack initiation mode at the strain amplitude of 0.12% can be clearly identified as

being grain boundary cracking.

To investigate the morphology of early-stage propagation, one of the microcracks
in Figure 57b was further magnified, as shown in Figure 57c. The microcrack
propagated in either intergranular or transgranular mode, spanning over four grains,
namely “Grain 17, “Grain 2”, “Grain 3” and “Grain 4.” Unlike the winding and
branched propagation paths at the strain amplitude of 1%, the propagation path at the
strain amplitude of 0.12% shows a preferred global orientation having small tilted
angles from the direction perpendicular to the loading direction. No branching on the
propagation path was found at this stage of cyclic deformation. Referring to Figure
57c, after propagating ~15 pm downwards from the initiation site (as indicated by the
dash-dot black arrow) on the boundary between Grain 1 and Grain 2, the microcrack
front changed its path and penetrated into Grain 1 along the cyclic slip band. Following
a certain propagation distance of 10 pm, the microcrack deviated from the cyclic slip
band and propagated by cutting through the parallel cyclic slip bands on a less straight

path. Noting that the visible cyclic slip band is of basal type and no deformation twin
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at the microcrack front is presented, the cutting path should inhabit on the cleavage
planes, which are most likely to be nonbasal slip planes [26]. Such transgranular
propagation continued in Grain 3. It is noticed that the less straight path had certain
tendency to cut the cyclic basal slip bands in a shearing manner. On the other direction
of propagation, the crack front penetrated into both Grain 2 and Grain 4 after following
a certain distance on the boundary between Grain 1 and Grain 2. Unlike the
transgranular morphologies in Grain 1 and Grain 3, the transgranular propagation paths
within Grain 2 and Grain 4 showed a “zigzag” route, which is most severely in Grain
4. Schematically, the crack front proceeded alternatively by either following on the
cyclic basal slip bands or propagating perpendicular to the cyclic basal slip bands. To
summarize, early-stage propagation in either intergranular or transgranular mode was
observed at the strain amplitude of 0.12%. Three morphologies of transgranular

propagation were exhibited: straight path, less straight path, and a “zigzag” path.
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Figure 58 Fatigue damage after 154,100 loading cycles (100% separation life) in the
extruded polycrystalline magnesium at the strain amplitude of 0.12%: (a) surface
damage morphology away from the fracture surface; and (b) initiation site on the
fracture surface (GB: grain boundary cracking; SC1, SC2, SC3: slip-induced cleavage

cracking; TB: twin boundary cracking).

Figure 58 shows the fatigue damage both on the surface area far away from the
fracture surface (Figure 58a) and on the initiation site on the fracture surface (Figure
58b) after the specimen tested after 154,100 loading cycles (100% N ;) at a strain
amplitude of 0.12%. From Figure 58a, it can be seen that microcracks have propagated

across two or more grains. Coalescences and secondary coalescence of the long-

propagated cracks were observed (refer to the mid part of Figure 58a). It is suggested
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that there existed a competition in the growth among the coalesced cracks at different
sites. The “twinning” propagated and coalesced crack would serve as the potential

initiation site for final fracture. Different from the absence of twin microcracks after

the loading cycle of ~70% N small amount of twin microcracks were found to

sep
distribute at local areas surrounding the propagated or coalesced long cracks. This
observation implies two underlying fatigue processes. In the first place, when the
microcrack propagates and coalesces into a longer one, the cyclic plastic zone ahead of
the crack front gradually grows. Once the cyclic plastic zone reaches a sufficient large
size to cover the surrounding grains, deformation twin is activated in favorably
orientated grains due to the local high concentrated stress in the plastic zone. In the
second place, residual twins are developed after sufficient number of loading cycles.
The concentrated local stress at the residual twin boundary leads to the development of

microcracks, as being observed in Figure 58a.

Figure 58b showed the initiation site on the fracture surface. It can be observed
that the fracture morphology on a semi-ellipse shaped area (as circumscribed by the
dashed blue curve in Figure 58b) was very different from the rest of the area. Two
kinds of fracture structures can be identified: a crystal sugar-like structure resulted from
grain boundary cracking and the cleavage facets resulted from slip-included cleavage
cracking. Unlike the cleavage facets along twin lamella boundaries at the strain
amplitude of 1%, the cleavage cracking at strain amplitude of 0.12% occurred along
the basal and non-basal slip planes. Cleavage facets can be classified into three
morphologies: smooth flat cleavage facet, less smooth flat cleavage facet with parallel

marks observed, and the “ladder-like” step cleavage facets. The fracture morphologies
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due to grain boundary cracking and slip-induced cleavage cracking were consistent
with the surface microcrack morphologies as shown in Figure 57. It is noted that, at
the rest propagation zone on the fracture surface, only the densely distributed cleavage
facets together with bright and rough ridges was observed. This indicates that during
the later propagation of the newly formed macroscopic crack, the twinning/detwinning

mechanism dominates the formulation of the fracture surface.

5.5 Further Discussions

5.5.1 Crack Initiation Modes

Based on the experimental observations of surface damage morphology after the

second loading cycle at 1% strain amplitude and that after the loading cycle of ~70%
N, at 0.12% strain amplitude, two crack initiation modes are proposed. These two

modes are applicable to the early stage of cyclic deformation, namely “grain boundary
cracking” and “twin tip damage,” as being illustrated schematically in Figure 59a and
Figure 59b, respectively. Grain boundary cracking is applicable to both low and high
cyclic loading magnitudes whereas twin tip damage only prevails under high cyclic
loading magnitudes where the compressive stress exceeds the yielding stress that

activates massive formulation of tension twins.
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Figure 59 Schematics of the proposed microcrack initiation modes in the coarse-
grained pure polycrystalline magnesium at early stage of fatigue life: (a) grain
boundary cracking under low and high cyclic loading magnitudes (A&/2 = 0.12% and

1%); and (b) twin tip damage under high cyclic loading magnitude (Ag/2 = 1%).

Grain Boundary Cracking (4¢/2 = 1% and Ae/2 = 0.12%): As shown in Figure 59a,
grain boundary cracking has two preferred local initiation sites, namely the triple joint
of three neighboring grains (Site 1) and the local sites on the boundary of two
neighboring grains (Site 11). From mechanics viewpoints, the driving force for crack
initiation at these local sites is the concentrated cyclic intergranular stress which is
raised to accommodate the incompatible cyclic plastic deformation in the neighboring
grains. Inherently, the incompatible plastic deformation between the neighboring
grains roots in the limited independent slip systems for HCP magnesium at room

temperature [169]. At certain low cyclic loading magnitudes where only two
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independent basal slips are operated, the grains with higher degree of cyclic slipping
can be regarded as plastically “soft-orientated” grain and the grain having lower degree
of cyclic slipping can be considered as plastically “hard-orientated” grain [136]. The
misfit capability of load bearing between plastically “hard-orientated” and “soft-
orientated” neighboring grains will lead to a cyclic stress concentration at local regions
on their boundary and most severely at the triple joint. As the external loading
magnitude is increased, the local concentration of intergranular stress is much
aggravated. This highly concentrated stress at local sites on grain boundaries activates
two additional deformation modes. First, nonbasal slip is raised, favorably during the
later stage of tensile reversal [165, 166]. Due to the large difference in critical resolved
shear stress (CRSS) between the basal slip and the non-basal slip [170], the attendance
of nonbasal slip retains a high-level stress concentration [171]. Therefore, the grain
boundary crack initiation is very easy to be activated under a high cyclic loading
magnitude (as observed in Figure 54b). As the second additional deformation mode,
tension twins are nucleated due to the increased concentrated stress exceeding its CRSS
in some favorably orientated grains. Unlike the nonbasil slip, once the tension twin is
nucleated and starts to grow, the average internal stress in grains containing the
growing twins will be abruptly relaxed [136]. Consequently, stress redistribution on
the grain level is invoked: the intergranular stress between the twin-containing
neighboring grains is reduced and the intergranular stress between the twin-containing
grain and the twin-free grain remains high [172]. Such a high intergranular stress will

lead to the grain boundary cracking.
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Twin Tip Damage (4e/2 = 1%): Twin tip damage can be found at three different sites:
the twin tip attached to the boundary of two neighboring grains (Site 1), the twin tip
attached to the triple joint of three neighboring grains (Site 1) and the twin tip
connected to the conjugate twin boundary (Site I11). It is interesting to note that the
observed site of twin tip damage coincides with the nucleation site of deformation twin.
The nucleation of deformation twin has been recently addressed by several
investigators using statistical analysis of the EBSD data [173-177] and atomic
simulation [149, 163, 174, 178]. A general conclusion is that twin nucleates most
probably from the nuclei produced at the grain boundaries where grain boundary
defects (GBDs) are subjected to sufficiently high local stress due to dislocation pile-
ups or other defects terminating at the grain/twin boundary [174, 176, 177, 179, 180].
These researches not only explain why twin tip damage is located from the three sites
as shown in Figure 59b, but also suggest that the highest stress concentration on the
nucleated deformation twin is located at its twin tip which is attached to its nucleation
site at the grain/twin boundary. However, a further understanding of the mechanism
on twin tip damage requires a local stress analysis during the detwinning process by
both experimental and numerical methods. The complex interaction between the

“movable” twin boundary and the slip dislocations should be also considered.

5.5.2 Early-Stage Crack Propagation Modes

Two modes of early-stage crack propagation can be proposed: intergranular
propagation and transgranular propagation, as shown in Figure 60. Intergranular
propagation was observed at both strain amplitudes of 0.12% and 1%. Nevertheless,

the transgranular propagation route depends on cyclic loading magnitude. To simply
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the discussion, only the early-stage transgranular propagation within the range of a

single grain is emphasized.
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(b) At high plastic strain amplitudes
dominated by twinning/detwinning:
intergranular along GB and
transgranular along TB

Figure 60 Schematics of the proposed crack propagation modes in the coarse-grained
pure polycrystalline magnesium at early stage of fatigue life: (a) intergranular
propagation along grain boundary and transgranular propagation on crystal plane under
low cyclic loading magnitudes dominated by dislocation slips (Ae/2 = 0.12%); and (b)
intergranular propagation along grain boundary and transgranular propagation along
twin boundary under high cyclic

loading magnitudes dominated by

twinning/detwinning (Ag/2 = 1%).

Transgranular Propagation on Twin Boundary (4e/2 = 1%): Transgranular
propagation at the strain amplitude of 1% is characterized by cleavage cracking along

the twin lamella boundary. The most prominent morphological feature can be
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identified as the serrated and irregular crack profile as shown in Figure 55b. Partridge
[99, 101] was the first to observe such a phenomenon which is prevailing in HCP metals
subjected to cyclic loading. By inducing the deformation twins into the coarse-grained
pure magnesium prior to the fatigue tests, Partridge [99, 101] found that microcracks

are mostly found at the serrated boundaries of the irregular twin fragments.

Transgranular Propagation on {1210} Plane (4e/2 = 0.12%): At the low strain

amplitude as 0.12%, the observation of the surface microcrack and the initiation site on
the fracture surface indicates that the early-stage transgranular propagation is
dominated by slip-induced cleavage cracking (see Figure 57 and Figure 58). As

pointed out by Schmid and Boas [97] for HCP magnesium, the observed cleavage takes

place on different crystal planes: {0001}, 1011}, {1012}, and {1070}. Without the

presence of the {1012} tension twin during the early-stage transgranular propagation,

cleavage cracking at 0.12% strain amplitude most probably inhabits on the basal or

nonbasal slip planes.
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Elliptical Pure polycrystalline Mg
microcrack Ael2 = 0.12%
N =10,770 (~70%Nsep)

As-tested
surface

Further-etched ~
subsurface

(a) Crack initiation on the :
surface due to GB crackin
. 9 /L‘ Z (ED)

(b) Early-stage crack propagation

parallel to {1210} on the subsurface

Grain 4

Figure 61 SEM observation of microcrack on the as-tested specimen surface and EBSD
observation on the further-etched subsurface in the coarse-grained pure polycrystalline
magnesium: (a) crack initiation on the surface due to GB cracking; (b) stage |
microcrack propagation parallel to the {1210} plane on the subsurface (HCP unit cells

are embedded in the grains to indicate the crystal orientation of each grain).
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To identify the crystal plane on which microcrack propagates, an investigation of
the habit plane of the early-stage crack was carried out. Following further etching of
the as-tested surface by removing ~20 pm-thick surface material, the propagated crack
trace on the subsurface was subjected to EBSD scan and the crystal orientation
surrounding the crack traces is determined (Figure 61). Figure 61b shows the crystal
orientation map on subsurface beneath the as-tested specimen surface (Figure 61a).
The HCP unit cells are delineated in the grains surrounding the microcrack to indicate

the crystal orientation of each grain. Figure 61b shows all the traces of crack (and the

branches) coincide with those of the {1210} plane (see the bold black crack traces and

the red solid lines in Figure 61b). This finding indicates that a microcrack propagates

by habiting on {IZIO} planes. The finding in pure magnesium is consistent with the

results obtained from the crack propagation experiments of magnesium single crystal

conducted by Ando et al. [102-106].

Figure 62 schematically illustrates the probable transgranular propagation routes of
microcrack driven by a proposed alternative slip mechanism [103]. When the crack is
initiated at the grain boundary on the specimen surface, two symmetric sets of second-
order <c+a> pyramidal slip can be activated in the cyclic plastic zone at the crack front.
The synergized slips by two sets of <c+a> pyramidal slips during a loading reversal

(tensile or compressive) and the reversed slips during subsequent loading in the
opposite direction act as a driving force to break the crystal on the {1210} plane (see

Figure 62b). The favorability of crack propagation on the {1120} crystal planes can

generate crack branches at different orientations, as schematically shown in Figure 62a.
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Due to the HCP crystal symmetry, the {1120} plane family has three distinctive planes

having an angle of 60 “between any two. It is speculated that the crack has a tendency

to grow on two possible directions which have an angle of 30 =from the {1100} plane

(see Figure 62a). When a crack front reaches point A in Figure 62a, branching might

occur by propagating on the three possible {1120} crystal planes. The proposed

branching of crack by switching on three distinctive {IZIO} planes can even occur

inside the grain, as experimentally observed in Grain 2 in Figure 61b.
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(a) (b)
Figure 62 Schematics of the proposed early-stage (stage |I) microcrack propagation
mode in the pure polycrystalline magnesium under low cyclic loading magnitude

dominated by dislocation slips: (a) potential propagation routes parallel to {1210}

plane; and (b) crack propagation driven by alternative slip mechanism by two sets of

second-order <c+a> pyramidal slip [103].

5.6 Summary

Fully reversed strain-controlled cyclic tension-compression experiments were

conducted on an extruded coarse-grained polycrystalline pure magnesium at two strain
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amplitudes, 1% and 0.12%, in ambient air. Morphology of surface damage

development was examined by SEM on companion specimens interrupted at different

stages of cyclic deformation. Major experimental observations and the mechanisms

are summarized as follows:

1)

(2)

(3)

(4)

At a strain amplitude of 1%, pure magnesium displays cyclic softening at the
tensile peak stress right after the second loading cycle but moderate cyclic
hardening at the compressive peak stress. At a strain amplitude of 0.12%, the
material exhibits marginal cyclic hardening symmetrically for both the tensile and

the compressive peak stresses.

At a strain amplitude of 1%, a majority of the fatigue life (up to ~80% N

sep !
where N, denotes the fatigue life corresponding to total separation of the testing

specimen into two pieces) is spent on initiating microcracks with insignificant
crack growth. The incessant initiation of microcracks is responsible for the cyclic

softening observed at the tensile peak stress. At a strain amplitude of 0.12%, a
majority of the fatigue life (50% ~70% N, ) is spent on initiating microcracks.

Early-stage microcrack initiation modes are dependent on the cyclic loading
magnitude. Grain boundary cracking is persistent under both high and low
loading amplitudes. Twin tip damage occurs under high cyclic loading
magnitudes where massive tension deformation twins are activated.

Both intergranular and transgranular crack growth modes exist at different
loading amplitudes. However, the mechanisms of early-stage transgranular crack
propagation are different at high and low strain amplitudes. At a strain amplitude

of 1% where massive tension twins are formulated, transgranular crack growth is
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due to cleavage cracking along twin boundary. At a strain amplitude of 0.12%,

early-stage transgranular crack propagation is dominated by slip-induced

cleavage cracking on {1210} crystal planes driven by alternative slip mechanism

on two sets of second-order <c+a> pyramidal slip.

Fracture surface at a strain amplitude of 1% is characterized by densely
distributed cleavage facets along twin lamella boundaries and tearing/shearing
ridges without showing obvious initiation sites. At a strain amplitude of 0.12%,
the fracture surface exhibits a semi-ellipse shaped initiation area where crystal

sugar-like structure and cleavage facets on slip planes are detected.
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6. Conclusions

In the current research, cyclic plastic deformation and the detailed morphology
evolution of twinning-detwinning-retwinning in magnesium single crystal are obtained
for the first time. Fundamental issues of twin-twin interaction under
twinning/detwinning process are studied by combining experimental observations with
the analytical methods based on crystallography of magnesium and the dislocation
theory. Fatigue damage processes depending on different cyclic loading magnitudes
are systematically investigated in an extruded polycrystalline pure magnesium.
Microcrack initiation modes and the early-stage propagation modes in magnesium
polycrystal are proposed. Based on the experimental results, major conclusions are

drawn as follows:

(1) Typical cyclic stress-strain hysteresis loop for magnesium single crystal subjected
to easy twinning and detwinning contains three featured deformation stages:
twinning, easy detwinning, and hard detwinning accompanied by nonbasal slip.
Repeated twinning-detwinning-retwinning in magnesium single crystal generates
residual twin boundaries accumulated over the entire gage section. Residual
twins are formed on the vicinities of pre-expanded twin boundaries during the
detwinning reversal. With increasing loading cycles, the material exhibits cyclic
hardening while the activities of fresh twinning, retwinning, and detwinning are
reduced. Cyclic hardening is attributed to the accumulated barrier effect of the
increased residual twin boundaries to the mobile slip dislocations and the twin-
twin interactions. Particularly for the [10 1 0]-oriented magnesium single crystal,

a plastic instability phenomenon is found in the first tensile loading reversal
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where the initial detwinning process accompanied by non-basal slips approaches

exhaustion.

After the termination of the fatigue experiments of [0001]-oriented and [101 0]-
oriented magnesium single crystals, microcracks with limited propagation are
developed over the entire gage section at slip band extrusions, residual twin
boundaries, and the intersection area of primary twins. For the [10 1 0]-oriented
magnesium single crystal, final fracture is dominated by the sudden cleavage
cracking on {101 1}-{101 2} double twin boundary and the shearing fracture on

the basal plane.

The matrix region in magnesium single crystal having experienced repeated
twinning and detwinning cannot completely reverse to the original crystal
orientation, which implies the existence of stable dislocation substructures due to
dislocation-twin boundary interactions. Secondary tension twin fragments
predominately occur at the interaction sites among primary twins and are more

difficult to be detwinned as compared to the parent primary twins.

Two types of twin-twin interaction can be categorized in magnesium: Type |
corresponding to two twins that share the same zone axis and Type Il interactions
that share a different zone axis. Twin transmission in Type | twin-twin interaction
is prohibited since both twins either twin or detwin under the same loading
condition. For Type Il twin-twin interaction under certain loading conditions,
although secondary twinning can occur in one twin while the other twin
experiences primary twinning, twin transmission is not observed in the

experiments.
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Formation mechanism of twin-twin boundary is proposed as impinging, zipping,
and dissociating of twinning dislocations. For Type | twin-twin interaction, the
twin-twin boundary is a low angle tilt boundary with the habit plane being parallel
either to the basal or the prismatic planes in both twins. For Type Il twin-twin
interactions, the twin-twin boundary adopts a high index crystallographic plane
according to geometry analysis and could thus evolve to form a complex
boundary following thermodynamic relaxation. Twin-twin boundary dislocations
can be characterized by reactions of twinning dislocations associated with the two
twin variants. “Apparent crossing” twin structure observed in experiment is
interpreted as a result of twin-twin boundary formation. The intersection region
bounded by a pair of twin-twin boundaries experiences a tilt induced by the pileup

of twin-twin boundary dislocations.

Under reversed loading, detwinning and retwinning are hindered due to the
energetically unfavorable dissociation of twin-twin boundary dislocations. Under
local concentrated stress, twin-twin boundary dislocation at Type Il twin-twin
boundaries can dissociate into secondary twinning dislocation and leave a

residual dislocation, resulting in a double tension twin structure.

Crack initiation and early-stage propagation in the extruded coarse-grained
polycrystalline pure magnesium are dependent on the magnitude of the cyclic
loading. Under cyclic loading dominated by twinning/detwinning, grain
boundary cracking and twin tip damage are two initiation modes. Microcracks
propagate very limitedly on both the grain boundaries and the twin boundaries.

Under cyclic loading controlled by dislocation slips, microcrack initiates
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predominantly at grain boundaries due to the incompatibility caused by the
anisotropic elastic/plastic deformation between neighboring grains.  Both

intergranular and transgranular propagation modes are observed. The early-stage

transgranular propagation mode is identified as cleavage cracking on the {1210}

crystal planes driven by alternative slip mechanism on two sets of second-order

<c+a> pyramidal slips.
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Appendix A

A.1 Crystal Direction and Crystal Plane in Hexagonal Close Packed
Crystal Structure

In the direct lattice of hexagonal close packed crystal structure, an arbitrary
direction r can be expressed in the rhombohedral system using the Miller indices

[U Vv w] with respect to three basis vectors a,,a,,c. The direction r can also be

expressed in the hexagonal system with four basis vectors (a;,@,,85,C) using the

Miller-Bravais indices [uvtw].
r=Ua, +Va, +Wc (Ala)
r=ua, +va, +ta, +wc (Alb)

The transformation between the Miller indices [U v W] in the rhombohedral system

and the Miller-Bravais indices [uvtw] in the hexagonal system is:

U=u-t, V=v-t, W=w (A2a)
1 1
u=§(2U -V) v=§(2v —U) t=—(u+v), w=W (A2b)

To index the crystal planes, the reciprocal lattice needs to be introduced. The vector
r= in the reciprocal lattice lies along the normal of a set of parallel planes (HKL) in
the direct lattice. The norm of the vector in the reciprocal lattice is inversely

proportional to the spacing of the planes:
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. n
rHKL‘ = d— (A3)
HKL
where r;,, is a vector in the reciprocal lattice. d,,., is the spacing of a set of parallel

planes (H K L) in the direct lattice. n is a constant. The reciprocal basis vectors in

the rhombohedral system and the hexagonal system are denoted as AI,A;,C* and

a,,a,,a;,C , respectively. Direct and reciprocal basis vectors in the rhombohedral and

the hexagonal systems satisfy the following conditions:

a-A =5, i,j=13 (Ada)

ij?

where &; is the Kronecker delta. To this end, a crystal plane n can be described by

the Miller indices (H K L) and by the Miller-Bravais indices (hkil) using the

reciprocal basis vectors in the rhombohedral and the hexagonal systems, respectively:
N=n,, =HA +KA, +LC (A5a)
n=n,, =ha, +ka;, +ia; +Ic” (A5b)

The transformation between the Miller indices (H K L) in the rhombohedral system

and the Miller-Bravais indices (hkil) in the hexagonal system follows:
H=h K=k, L=I (A6a)

h=H, k=K, i=—(h+k), I=L (A6b)
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The indices of a normal to a crystal plane (hkil) in the direct lattice are

3(aY
{h k IE(E) I}. If a direction vector r lies within the crystal plane n, orthogonality

condition is satisfied, i.e. that, r-n=0 or uh+vk+ti+wl =0 or UH +VK +WL =0.
The interplanar spacing of a set of (H K L) (or (hkil)) crystal planes is given by

[181]:

dHKL:aE(h2+hk+k2)+(Ej -|2} (A7)

a

To facilitate the description of the crystal orientation, an orthonormal coordinate
system (€,,€,,€;) can be introduced as embedded on the rhombohedral system

(a,,a,,c), where:

@

N

Il
A/
N |

QD

R

+

QD

N
—

S~
/N

;a] (A8)

In Equation A8, a and c are lattice parameters. The transformation matrix L from the

rhombohedral system (a,,a,,c) to the orthonormal system (€,,€,,€;) can be written as

[164, 182]:
1 -1 o9
\/_2
3
o o &
a
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With the transformation matrix L, the transformation between the direction vector

described by r.. =[e €, e] in the orthonormal system and the same vector

described by iy, =[UV W] in the rhombohedral system can be realized [182]:
r[eleze3] =L r[UVW] ( AlOa )

r[UVW] = L_lr (AlOb )

leeses]
where L is the transformation matrix from the rhombohedral system a,,a,,c to the
orthonormal system €,,€,,8;. r,.. =[e €, e] and ry,, =[UV W] are column
vectors.

Following a similar fashion, the transformation between the crystal plane described

by n (el e, e3) in the orthonormal system and the same plane described by

ML) = (HKL) in the rhombohedral system can be realized by means of the

transformation matrix L [182]:

= n(HKL) L-l ( Alla )

n(elezes)
r](HKL) = n(e1e2e3) L ( Allb )

where L is the transformation matrix from the rhombohedral system a,,a,,c to

orthonormal system €;,€,,&; . ng.. =(e e, &) and ny,=(HKL) are row

e0;)

vectors.
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A.2 Schmid Criterion

The activation of a specific slip/twinning system is strongly dependent on the
orientation of the stress axis. According to the Schmid criterion, a slip/twinning system
is activated when the resolved shear stress on the slip/twinning plane exceeds its
associated critical resolved shear stress (CRSS). The resolved shear stress on a
slip/twinning plane can be calculated by:

r—o, (¥J (A12)

where o; is the stress tensor with respect to the sample coordinate system.

mn. +nm. _ o
—21 =1 s the Schmid factor (SF) for the slip/twinning system. M, and N, are the

unit vector of slip/twinning plane normal and the unit vector of slip/twinning direction

with respect to the sample coordinate system, respectively.

As an application of the Schmid criterion, the Schmid factors for all the potential
slip systems in HCP magnesium single crystal were calculated under a tensile stress
oriented in an arbitrary direction. Such work can facilitate the design of single crystal
orientation under which a preferred slip/twinning system has a higher value of Schmid
factor than those of the other slip/twinning modes, so that an individual deformation
mode can be easily studied. Figure Al illustrates inverse pole figures showing Schmid
factors for various slip systems in magnesium single crystal under uniaxial loading in
an arbitrary orientation. All SFs are plotted in their absolute values. It can be seen that
basal slip has its highest SF value when the loading axis is oriented approximately 45°

from c-axis or the basal plane. When the loading axis is along c-axis or lying on the
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basal plane, basal slip is suppressed since its SF value is zero. For prism <a> slip and
first-order pyramidal <a> slip (Figure Alb and Figure Alc), their activation is
suppressed when the loading direction is along c-axis. Second-order pyramidal
<C+a> slip has its highest SF value when the loading axis is oriented along the c-

axis or a-axis, as seen in Figure Ald.

01T 0]

(a) Basal <a>

(c) First-order pyramidal <a> (d) Second-order pyramidal
<c+a>

Figure Al Inverse pole figures showing Schmid factors for various slip systems in
magnesium single crystal under a uniaxial tensile loading oriented in an arbitrary
direction (the solid black lines indicate the standard stereographic triangle for HCP
magnesium): (a) basal <a>; (b) prism <a>; (c) first-order pyramidal <a>; (d)

second-order pyramidal <c+a>.
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