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Abstract

Magnesiumand its alloyshave received suliantial interests athe government
initiatives on energy saving and environment protectiimand an increasinge of
lightweight materials in structural parts, especially in transportation industries. A good
understanding of fatigue behaviorimagnesimis critical to ensure the relidity and
durability of the magnesiurnomponents Unlike the body centered ceband face
centered culgimetals, fundamental knowledge concernimgcyclic deformation and
fatigue inhexagonal close packadagnesiunis limited. The arrent researchims at
abetter understamag of the micremechanisms associated wiktecyclic deformation
and fatigueof magnesium Magnesiumsingle crystal was choseto study the
fundamental twinning/detwinning process whikxtruded polycrystalline pure

magnesiunwas studed forthe fatigue damage mechansm

Cyclic deformation and the corresponding morphology evolution of1{P)
twinningi detwinning retwinning are, for the first time, characterizedmagnesium
single crystal under fully reserved straiontrolled tensioftompression utilizingn
situ optical microscopy. As loading cycles are increagée,activity of twinning
detwinning retwinning graduallydecreases Microscopyafter fatigueshows thathe
matrix region havingexperienced repeated twinnhdgtwinning cannobe completely
detwinnedto its original crystal orientationFragmentedecondarytensiontwins are
found to result fromwin-twin interactiors. Various twintwin interactionstructures
exist in fatigued magnesium single crys@glu i 4 pe#i ng twin structur

crossingo twin stemngitvnvme,s t @cadinglto ahb | e



crystallography of magnesium, twiwin interactions are classified into Type | for two
twin variants sharing the sarsd 120> zone axis and Type |l for two twins with
different zone axes. For Type | twiwin interactions, one twin does not transmit
across the twin boundary and into the other twin. For Type liitwin interactions,

one twin can transmit into the other only under some special loading conditions. In
most cases, twin transmission does not occur but, insteadiviwiloundaries form

that contain boundary dislocations.

The formation metWani muonfanyhei £ wpnopose
reaction of twTwHinwn g diosin@zamegyli ed stsia tl obwo u n d a
Typealotnevit wimteraction wheirrmdasx | Oogyafpdpltec a
pl ane f ¢&mwdi Twvyme ilnlt errdaitnbgi angaocme Twingwinanal ysi s
boundary dislocations can be inferred by reactions of twinning dislocations associated
with the two twin variantsAna pp ar e n bt wir ro s si anogsdquence of
twin-twin boundary formation. Unde ervseédadi ng < wb stewygiunennitn g
detwinning is retarded and secontdwairry t win

boundary f otrwiTry pientlér & evti inon .

The fatigue damage mechanisms in magnesiuare studiedn extruded coarse
grained polycrystdline pure magnesiunthrough fullyreversed strain controlled
tensioncompression alonigs extrusion direction. Twinning/detwinning dominatiee
cyclic deformation at high strain amplitudes while dislocatiorsglieresponsible for
the cyclic deformabn at low strain amplitudes. Microcrack initiation and eatlyge
crack growthrstronglydepend omyclic loading magnitudeDuring most of fatigue life

at twinningdominated strain amplitudes, microcracks are incessantly initiated with



iii
limited propagabn on both grain boundary and twin boundary. At-glgminated
strain amplitudes, microcraslaranitiated predominantly by grain boundary cracking.
Both intergranular and transgranular modes are observed for-séagly crack
propagation. Earbkgtagetransgranular propagation is dominated by cracking at twin

boundaries at twinningominated strain amplitudesAt dislocationslip-dominated

strain amplitudes, eaHstage transgranular propagation is foundotmur on the
{1210} crystalplanes which isdriven by alternative slip mechanism on two sets of

secondorder pyramidal &> slipsystem
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twin-twin boundaries under reversed loading: (a) at the start of load
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Figure 62 Schematics of the proposed eatige (stage |) microcrack propagation
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Figure Al Inverse pole figures shaowi 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
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1. Introduction

Magnesiumas the lightest structural metal watdensity of 1.74 g/ctis the third
mostused structural metal, following iron and alumindiiyp 2]. The density of
magnesium is only 22 percent as that of iron (7.87 )/amd 64 percerdf aluminum
(2.70 g/cml). Two forms of magnesiumlloys can beprocessedcasing and wrought
(rolled, extruded, and forged)Compared to the casting counterpart, a wrought
magnesium alloy isusually free of casing defecs, exhibiting higher mechanical
strength anduperiorfatigue resistancs, 4]. In addition, wrought magnesium alloys
possess multiple intriguing physical and mechanical properties such as excellent
thermal conductivity, high strengtb-weight ratio, exckent damping capability, and
good recyclability. All of theseharacteristis make magnesium and its alloys potential

lightweight structural materials in aircraft, automotive, and electronics indystrigds

Despite a rising interest in magnesium allogsain restrictions for wrought
magnesium alloys to be widely utilized are their low ductility and poor formability at
room temperaturg¢l, 2]. With a hexagonal close packed (HCP) crystal structure,
magnesium has a reduced number of slip systems compabediy@entered cubic
(BCC) and faceentered cubic (FCQpetals. 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 redtiin unique mechanical responses under monotonic loading: tension

compression yielding asymmetiy], anisotropic plastic hardenin], and low



ductility [9, 10]. Sud an unusual plastic behavior of wrought magnesium alloys and a
low roomtemperature formability are not desirable for engineering application
However, the potential benefits in energy saving and environment protection continue
to drive research and delepment in magnesium alloys particularly in aerospace and

automobile industriefb, 6].

1.1 Significance andM otivation

When wrought magnesium alloys are used as structural amns in
transportation industries, the parts in service are inevitably subjected to repeated
loading. Cyclic loading will inducdocalized permanent structural chasge the
material. Progressive accumulation of such irreversible structural changesswii
in initiation and growth ofmicrocracks and eventually leado final failure of the
structural componerjiLlli 15]. Fatigue failure can bring about catastrophic incidents
that cost billions of dollars and losses of human lives. Therefore, to ensure the
reliability and duability of magnesiunstructural components, it is vital to understand

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

In the lasttwo decads, common characteristics of cyclic deformatmfrwrought
magnesiumalloys were extensivelystudied anddentified including the asymmetric
stressstrain  hysteresis loopthe mean stress effect, anthe pseudoelasticity
phenomenonThesanacroscopic features of cyclic plasticity in magnesium are mainly
attributed to the operatioof 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 examinationdwins after fatigue loading. The only



work which links cyclic deformation with the reane twinning/detwinning behavior

was conducted byu et al.[16, 17]in ZK60 magnesium alloytilizing in situneutron
diffraction technique. The neutron beam characterizes a-dinresnsional material
volume which contains millions of grains. The experimentalbtainedin situ
twinning/detwinning evolution reflects a statistical response averaged on a volume of
many grains. No information regarding tkieetic evolution of twinning/detwinning
process together with the twiwin interaction under cyclic loadingere revealed.
Therefore, there existg tremendous gap between the macroscopgervationof

cyclic deformation ofmagnesiunand thedetailed localizedundamental microscopic

mechanisms

On the aspect of fatigue damage mechanisms in magnesiumglsygerimental
observations and analyses were made on crack initiation and propagation in magnesium
alloys experienced higbycle fatigug18i 21]. Most of the experimental observations
were made on the testing specimen after fatigue fracture occurred. fofere
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

deformaton mechanisms.

1.2 Research Objectives and Outlines

The currentresearchaims to investigate the principle microscopic mechanisms
responsible focyclic plastic deformation and fatigue failure in magnesium. Emphases
are placed on a fundamental underdtag 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 tim structure changes and their interactions related to the
twinning/detwinning process in magnesium.

Il. To analyze the microscopic process related to the formation and interaction of
the observed twin structures and to address their effects on the mamroscop
responses of cyclic deformatiammagnesium

lll. To clarify the fatigue damage processes in magnesium under cyclic l@ding
magnitudes dominated by different controlling mechanisms.

IV. To exploremajor modesf microcrack initiation and eardgtagepropagation

and to study thenechanisms 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 undging cyclic deformation and fatigue in magnesium. The revealed
micro-mechanisms are also anticipated to be implemented into physscdianism
basedconstitutive model and fatigue model to better predict the mechanical behavior

in HCP materials underyclic loading condition.
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Figurel Schematic illustration of tasks and methodsurrentresearch.

To achieve these goals, experimental effarismade in two interrelated parts:
mechanical experiment and microscopic eletarization. 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 choses the study material subjected to fully reversed strain
controlled tensiortcompression utilizingn situ optical microscopy (OM) technique.
Cyclic stressstrain curve for tension twinning/detwinning were measured. The real
time evolution of twin structer 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 (SEN@ctron backscatter diffraction (EBSD),

and SEM/focused ion beam nanofabrication (SEM/FIB). To investigate the fatigue
mechanism in magnesium, fully reversed tensiompression experiments were
carried out in extruded coargeained polycrystalline per 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 crystajggc and
geometric analysis, mechanisms of fatigue crack initiation and-siade propagation

in magnesium were enlightened.

The main content of the dissertation is divided into three parts. In the first part
(Chapter two), the crystallography andgtia deformation modes in magnesium are
described. Historic and current research status intiwiim interaction is examined.

The gate of the art of plastic deformation and fatigue in magnesium single crystal and

magnesium polycrystal is also descrilie€hapter two.

In the second partChapter three)mechanical experiments and microstructure
observations for magnesium single crystal subjected to cyclic teosimpression are

described Characteristics of cyclic deformation ande tleorrespondingn 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 twitwin interaction structures aexamined. In Chapter four,
detailed theoretical analysis of twiwin interaction is carried out based on
crystallography of magnesium and the dislocation theory. The feasibility of twin
transmission in magnesium is clarified. The formation mechanisth the
configuration of twintwin boundaries are studied. Influences of tivinn boundary

on the subsequent twinning and detwinning process are also discussed.

The third part (Chapter five) describes the fatigue damage development in extruded
coarsegraned polycrystalline pure magnesium by using companion specimens
interrupted at different stages of fatigue life. Development of microsriokn
initiation to final fracture are obtained at two strain amplitudes dominated by different
cyclic deformatiormechanisms. Modes of crack initiation and eathge propagation
in magnesium are summarized. Possible mmezhanisms associated with the
microcrack initiation and eardgtage propagation are proposed with an emphasis on

their dependence of the cycla@ading magnitude.

Conclusions obtained from the research are summarized in Chspter

Recommendations for future research related to magnesium are outlined.



2. Literature Review

2.1 Crystallography andDeformation Modes inMagnesium

2.1.1 Crystallography of Magnesium

Magnesiunmhas a hexagonal cloggmcked HCP) crystal structure. lIts direct lattice
with one atom at each point is visualizedrigure 2 [22]. The primitive hexagonal

unit cell has three basis vectors ,a,,c in the rhombohedralsystem. With

la,| =|a,|=a=3203A and |d =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 %nig% in the rhombohedral

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

generate a stacking sequemteABABAB (Figure2a). When these hard spheres are

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

(1.624) of magnesium is smaller than thealdc/ 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.



Figure2 Hexagonal close packed cryssalucture oimagnesium (primitive hexagonal
unit cell is outlined in red colofp2]: (a) threedimensional view; (b) twalimensional

projectionon the basal plane.

Three important zone axes exist in magneg@ft (0003, <1010>, and<1210> .

The three zone axes and their associated zone planes are schematically stiguva in

3 and listed inTable 1. The (0003} zone includes all th¢hkio} planes that are
perpendicular to the basal plane. 'I<Ii@i0> zone contains all th{iOZ_Ln} planes

(Figure 3b) naming Type | planes. Whan=0, the {10i0} planes arecalled the

prism planes of Type I. Th@oio) zone contains all théliln} planes Figure3c),

referred to as Type Il planes. Whar 0, the {1?10} planes are died prism planes

of Type IIl. If nis not equal to zero, tt@Oin} and {1§1n} planes are known as

pyramidal planes of Type | and Type II, respectively.
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Figure3 Important one axes and zone planes in magnegRk2h (a) three important

zone axeg0001), (1210), and(1010); (b) (1210) zone axis and the associated

{101n} zone planes; (c(jloio) zone axis and the associal{ééln} zone planes.
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Tablel Important zone axeeand zone planes in magnesij2a].

Zone axes  Zone planes Specific planes _ Plane name Type

(0001 {hkio} - - ]
{1010} Prism

o . {014} 1Lorder pyramidal

(1210) f101n} } |
{1012} 2".order pyramidal
{1013} 3%-order pyramidal
{1219 Prism

(1010) {121n} {1214} 15.order pyramidal I

=
NI
H

N

2"%order pyramidal

2.1.2 Slip Modes in Magnesium

Common slip modes (or systems) in magnesium at room tempesatix @120 >
(<a>) slip onthe {OOOZ} basal plane<1120> (<a>) slip onthe {1010} prism
plane, <1120> (<a>) slip on {1011} first-order pyramidal planeand <1123>

(<c+a>)slip on {lﬁZ} secondorder pyramidal planf22, 23] The slip direction

and slip plane for each slip system are visualizeBigure 4. The experimentally
obtained values of the critical resolved shear stress (CRSS) associated with each slip
system are also listed ifable2. For arbitrary homogeneous deformation having its
component along theaxis, five independent slip systems must be activated according

to the vonMisses criteriorj24]. Figure4 shows that the basa&la>, prism<a>, and

first-order pyramidak a> slip systems allow for plastic accommodation only within
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the basal @ne. Henceforth, the c+a> type slip must be activated. Nevertheless,

as listed inTable2, the ratio of the CRSS for the nonbasal+a> slip over that for

the basal slip is in the order of2.@hich means that the nonbasat+a> slip is very
difficult to be activated at room temperature.

Noting that the CRSS for tension
twinning is ~2 MPd25], tension twinning is usually activated instead of the nonbasal

<c+a> slip to accommodate the deformation alongafaxis.

P (0170
e\ ‘*
al X/q%uo] —— /([5110]
(a) Basal <a> (b) Prism <a>
1o
& N
E———
| R
\1 ‘\ ‘
\‘\‘\ il i S
Je

(c) First-order pyramidal

<g>

(d) Second-order pyramidal

<ct+a>

Figure4 Typical slip modes (or systems) in magnesi[#8, 23]at room temperature

(a) basal<a>; (b) prism <a>; (c) first-order pyramidal<a>; (d) secondorder
pyramidal<c+a>.
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Table2 Typical slip systems and their critical resolved shear stress in magnesium at

room temperaturf22, 23]

_ _ Independent
Burgers _ Slip Slip CRSS (MPa) at
Slip system number of
vector type direction  plane _ 300°K
slip system
0.81[26]
0.76[27]
Basal<a> <1120> {000% 2 0.45[28]
0.78[29]
1.07[30]
<a> 39.2[31]
Prism<a> <1120> {1010} 2 ~18[32]
~8[33]
Firstorder
. _ — 3.92[27]
pyramidal <1120> {1011} 4
0.51[28]
<a>
Seconeorder o
) _ — ~40 in Figure 12
<c+a> pyramidal <1123> {1122} 5 a4
<c+a> [34]

2.1.3 Twinning Modes inMagnesium

In addition to dislocation slips, twinning is another important inelastic deformation
modeassociated with lattice sheaFigure5 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 distribued over a reoriented crystal volume rather than localized on discrete

slip planeg35]. Detailed discussions of the crystallography of twinnimgeacovered
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by papers of Cah[86], Partridgg22], ard recently Christian and Mahajé8i7]. The
following brief description of crystallography of twinning and twinning elemeast

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 ([85].

S X Ko, before shear K,/ after shear
N k3t T ' ”
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 sh¢22, 35} (a) projection onto the plane of shear,

S (b) threedimensional view.
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As schematically illustrated iiRigure6, twinning shear brings about a distortion of
theoriginal sphere (the matrix lattice) into an ellipsoid (the twin lattice). There are four
twinning elemerd associated with the original sphere and the distorted ellipsoid: plane
K,, directions, lying on planek,, planek,, and directior, lying on planek, .
Twinning shear aligns along thg directionwithin plane K,. Planek, and direction
h, are referred to as the twinning plane and the twinning direcspectively. The
K, plane remains undistorted after twinning. Plaqeand directions, are the
conjugate twinning plane and the conjugate twinning direction, respectively. After
twinning shearplanek, and directions, are rotated to plank, and direction/s, in
the twinned latticeand both keep undistortedAs seen irFigure6b, directions, is
rotated to directiorf7, lying on planeS. PlaneSi s cal |l ed #Apl ane of
and can be defined as the plane containing both diregji@md directions,. The
magni tude of tdan ke valculated by the acltecandlg bétween

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

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

shears:

o

w .. mn. +nm. 0
e::a(ij) - ftwin C%C%f@ (2)

¢
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where etpV(ij) is the plastic strain accommodated by twinninﬁwin is the twin volume

mnj +nm

fraction andsis the magnitude of twinning shear# is the Schmid factor of

the specific twinning modeM and N, aretheunit vector of the twinning plane normal
andthe unit vector othe twinning directon with respect tahe sample coordinate

system respectively

For alltwinning modes, the matrix lattice and the twin lattice can be related by a

reflection operation about the, plane. If the twin lattice is resulted from a matrix
lattice through a 18@egree rotation about the normal to tkeplane, the twin is
referred to aJype ITwin. If the reflection about th&, plane is realized through a
180-degree rotation about the directian, the twin is termed abype Il win. In an
HCP structure, plang,, directions,, planek,, and directions, can be irrational.
However, ifplanek,, directions,, planek,, and directiorvs, in Type | twin are

rational, the twin is known as @ompound Win. Twinning modes discussed in

magnesium for the current research are knasrnompound twins.
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Figure 7 Twinning elements of primary twimng modesin magnesium at room
temperature: (aj1012} <1011> tenson (or extensiop twin; (b) {1017 <1012 >
compresgin (or contraction) twin

Primary Twinning in MagnesiunTypical primary twinning modes in magnesium at
room temperature are{1012} <1011> tension (or extensiohp twin and

{1OZ_L]} <1012> compressior{(or contraction) twin(Figure 7). Twinning elements

for tension and compression twins together with their experimental obtained CRSS

values at room temperature are listedable3. Both tension and compression twins
can accommodate deformation along ¢raxis. As gen inTable3, {1012}<1011>

tensbntwin has a CRSS value much lower than tha{ﬂéﬂ]} <1012 > compressin

twin at room temperature. Therefotensontwin isthe most easily activateainning

mode and playa critical role in th@lasticdeformation oimagnesiunand its alloys
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Table 3 Twinning elements and critical resolved shear stresd1Qt2 <1011>

tensbntwin and{1017 <1012 > compressin twin at room terperature.

Twinning

shear CRSS (MPa)

planeS (g=1.624for  at 300°K

{1012 <1011>

{1013 <1012>

HCP Mg
2[25]
w 2.7-2.8[38]
V3 2.4[39]
=0.129 5.5(33]
49°- 9 114[40]
43 75-130[32]
=0.138

Shape changes and crystal reorientation associated with tension twin and

compression twin inmagnesiumare shown inFigure 8, where the oubf-plane

direction points along the{iZiO] direction. SinceC<\/_3a in HCP magnesium,

{1012} <1011> twinning is favored by tension along theaxis (Figure 8a) or,

equivalently, compression normal to th@xis. 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 latticeFigure 8a). For{1011} <1012 > twinning, c-axis

compression or tension perpendicular todfaxis can be accommodated, as shown in

Figure8b. Compression twinning reorients the basal pole in thebmattice 56.2

degree about the 1210 > zone axis to the basal pole in the twin lattice.
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loading in magnesium.
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As previously discussed, twinning undemg®n alonghe c-axis ofthe matrix (or
undercompression parallel to the basal plarerients the basal pole in the matrix
lattice 86.4 degree about tkel210> zone axis to that in the twin latticef the
subsequent loading reversesdirection,a secondarywinning with the same variant
as that of primary twinningan occuiin thetwin lattice as a reverse lattichuffle.
This pr oces detwingingd ea snesic mesmait i €iguteD.yAsi | | ustr
observed in experiments, detwinning is observed as a shrinkage of the previously

developed twin by the reverse motion of the twinning bounfB®ly
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Figure 10 Compressioftension double twin in magnesium: (a§101% - {1012
double twin[41]; (b) {1013 - {1012} double twin[42]: (c) schematic drawing of the
experimentdy observed101%} - {1012} double twin[43]; (d) winning shear, shape

change, and crystal reeritation associated wifd01% - {1012} doubletwinning.
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CompressiofTension Double Twinning in Magnesium: {1011} and {1013

compression twinning is well known as a deformation mode which can accommodate
c-axis conpression32, 40, 43, 44pr tension parallel to the basal pldaé, 32, 41,

431 47]. Since the stress required to activate compressios iswery large due to its

high magnitude of CRSS (75-130 MPa ifiable 3), {1013} - {1012} or
{1013 - {1012 compressiofiension double twinning25, 32, 40, 41, 4347] can
occur. Compressietension double twinning is a secondélQiZ} tension twinning

occurring inside the primar{/101]} or {1013 compression twinKigure 10a and
Figure 10b). Experimental observations reveal that the boundary of double twin
usually deviates 5~8 degrees from that of the primary compressiof#8jjims shown

in the schematic drawing of the obsen{d811% - {1012 double twin Figure 10c).

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

along thec-axis in the matrix, thenterior of the compression twiiavors a secondary

tension twinning Combining the primary twinning shear of 0.138 along[llﬁlé_é]

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

[101]] direction inside the compression twanstrainof 0.044can be resulted. The

direction of the resultandtrain vectorlies nearly perpendicular to the double twin
boundary. Therefore, once compressi@nsion twinning occurs, the displacement
normd to the double twin boundary causes a cleavage in the double twin boundary,

leading to rapid fracture of the material.



23

Twin-Twin Interaction When multiple variants of a twinning mode are activated, they

inevitably meet and interact each other. Therefa twintwin interaction is a common

phenomenon observed in deformed metals. Early studies efivinnteraction were

mostly limited to materials with orthotrop|86], tetragonal48], and cubid49i 52]

crystal structures Less attention was paid to HE€Rystals[53i 56]. During the past

two decades, HCP materials haeeb received a great attention. Studies orn-twin

interaction in HCP structures were frequently repopi&di 205]. Three typical twn-

twin interaction structures have been found: (lui 4 oed&i ng t wi n strt
consisting of twins ar[B6e30I58M], at( 2dt Meappawer
crossingo twin structure which links twins
t wi nelll’&i6] and (3) double twin structure t

bei ng nucltevaitre di 188 d48t5025d)&3FB6, 74, 7781].

Cahn[36] first reported the quiltetboking twin structuren plastically deformed
U-uranium with an orthotropic structur@uiltedlooking 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 twintwin pair. A similar quiltedooking twin structire was observed by
Robert and Partridggs6] in HCP magnesium The win-twin boundaryformed
between two{1012} twin variants wasdentified as a common interface bisecting two
twinning planes. It waspointed out that a local rotation of twin lattice in the vicinity
of the contact site could be resulted frastress relaxation process across the contact
interface accompanying therfoation of the common interfaces between two twins

Recently, such quiltetboking twin structure is frequently found HCP metalsn
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different metalworking conditions or mechanical experimests&h asmonotonic
loading[181i 190, rolling and extrusio67, 73, 74] surface treatmernj69, 71, 72]

andcyclic loading[39, 68 70].

Compared to the quilteldoking twin structurei a ppar ent cr ossingo t\
was mu c hp olr g{78,8I76]r e | n t his t win structur e,
independently on each side of a barrier twi
l inks the two piempienngciensg at wsilnisghetex cr yst al r
crossingo twin struct AZ32magresunalloy sukjetted v obse
to plane strain compression along the direction perpendicular to the extrusion direction
[75] andin anAZ31 magnesiunalloy rolled sheet with inhomogeneous coarse and fine

grains compressquerpendicular to theormal directior{76].

A double twin structure refers to a composite twin where a secondary twin having
the same timning mode as primary twinning is activated inside a primary twine
secondary twin is usually found to be either connected to or close to the impingement
of the incident primary twin Cahn[36] first observeda crossingike double twin
structure inCruranium An impinging twinwas observed to transmit preexisting
twin through a secondary twpath Cahn [36] proposed@ntinuity conditiorstating
that two constraints are required tweating a crossintike double twin structurg(1)
the trace of the impingingwin and the secondary twin the Ky plane of the barrier
twin must be parallel(2) the direction and magnitude of twinning shear must be
identical in theimpinging and secondary twinsHowever, he second constraihiad
been questicedin early daysvhen itwas applied tather materialsuch agetragonal

tin [48], FCCcobaltiron alloy [50, 51] HCPzinc[53], HCPzirconium[54], and HCP
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magnesiun}55, 56] Recenty, a double tension twin structure was observed in HCP

magnesiunj74, 77 81].

Microstructuesin association with twistiwin interactionwerefound to correlate
with mechanical hardeninf$0, 61, 6466]. Jiang et al[60] and Yang et al.[61]
reported thamultiple twin variants and twirtwin intersectionsvere oftenassociated
with the deformation stage i & higher strain hardeningtein anAZ31 magnesium
alloy subjected to compressiafongthe extrusion directionOppedal et al[64] and
Ma et al. [65] found that multivariate andmultifold twins were activated to
accommodate large strainiagdthe subsequent twitwin interaction contribuieto
significant strain hardeningEl Kadiri et al.[66] compared the twin gwth behavior
in two grains that contain different number of twin variantee &uthorgoundthata
higher twiming nucleation ratewas exhibited in a grain containingwin-twin
interaction withtwo variants while the twimng propagation rateas fastein the grain

having only a singléwin variant.

2.2 Current State-of-the-Art

2.2.1 Cyclic Plasticity and Fatiguei Magnesium Single Crystal

Single crystals an ideal form of materiab study thdundamentamechanisms of
deformationand fracture Compared to polycrystalline alloys, complex influences of
grain boundaries, secondary phase, grain size, and alloying elements in solution on
mechanical behavior can be eliminate@ihe orientation of asingle crystal can be

properly designed to study a singleformation mode.The esolved shear stress and
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shear strain oma specific slip/twinning system can be accurately determined

Potentialy activatedslip/twinning systems can be easily identified.

Most experimentalstudieson magnesiumsingle crystal w&re concentrated on
exploring the operativslip/twinningmodes under monotonicadingalong a specific
crystal orientation25, 27, 28, 30, 32, 34, 40, 41,148/, 84 94]. Relative prevalence
of deformation mechanism or fractumeechanismis strongly dependent upahe
crystal orientations and loading modégery limited experimental studies have been
conducted on cycliplasticdeformation[95, 96] and fatigug97i 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®&nde
carried out fully reversed total stramontrolled tensiortompression experiments on
magnesium single crystals. The angle between the loading axis aralises greater
than 458. 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 ocourall crystal
orientations. Cyclic hardening rate and the saturation stress increase with increasing

plastic strain amplitude.
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Figure11 Cyclic stresscumulative 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 11l cyclic hardgdtihg

Foll owing St evens o 95, akwadjo Sra nBloavi®[96] wor k
characterized the cyclic stressmulative plastic strain (CSPSC) curve for single basal
slip by carrying out plastic straicontrolled tensiortcompression experiments on
magnesium single crystaat the plastic strain amplitudes between 0.1% and 0.8% at
78K and 30K . Three stages are exhibited on the CSPSC chkigargell): Stage |
with rapid increasing of cyclic hardening rate in the range of cumulative plasiit s

from O to 20; Stage 11Z0< e, , <100) having relatively flat cyclic hardening rate; and
Stage Il (e, , >100) having increasing cyclic hardening rate. Transmission electron

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

(in Stage Ill). In Stage II, dislocation clusters projected on the (0001) plane are

irregular and generally aligned in tl{@iO] direction. After cyclic hardened to Stage

lll, 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 thencreased hardening in Stage lll.

Very limited work was conducted on the fatigue and fracture of magnesium single
crystals. Armstrong and Horng9d7] first studied the fatigue fracture in magnesium
single crystal by applying fullyeversed shear stress the basal plane at a constant
amplitude at room temperature atidl0 °C. Fatigue cracks were found topajarat
the basal slip traces thematrix near the twitboundary. The cause of fatigue cracks
was attributed to thenternal stress concentration oaewrat the dislocatiors piled up

at some twin barriers
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Figure 12 Fatigue extrusion developed in the coag@ined polycrystalline
magnesium under cyclic loading near the fatigue lifh@0]: (a) extrusion bands
developed along the basal slip steps; (b) eikirudeveloped 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 contibution regarding the origin of fatigue crack in magnesium was
made by Partridg©8i 101]who comprehensively studied the slip band extrusion and
the cyclc twinning structureén coarsegrainedpolycrystallinepuremagnesiunatroom
temperature. Two types of experiments were designed: rota¢imging tests on
cylinder specimens anckversed plane bending tesin 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 bweveen the larger extrusiong=igure 12a). Partridge[100] further
investigated the development of the fatigue extrusion with the existence of twins prior
to fatigue loading. Three situations of gristing twins were designed: fully
developed twin Kigure 12b), partially detwinned twin Kigure 12c), and fully
detwinned twin Figurel2d). 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 bds 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.



31

Figurel3 Cyclic twinning structures in coarggained pure polycrystalline magnesium
at 25% of the fatigue lif¢101]: (a) twin prior to the fatigue test; (b) serrated twin
boundary; (c) twin fagments; (d) microcrack developed at the interface of the

fragmented twins.

Cyclic twinning structure in fatigued magnesium was investigated wtvpnaed
plate testing specimen followed by reversed plane bending at a stress level which gave
rise to tre fatigue lives between 4@nd 10 cycles. Slight surface polishing on one
specimen stopped at the ~25% fatigue life revealed that the initially smooth twin
boundary Figure13a) became severely serrat&iylire13b). This is considered to be
caused by the local namiform displacement of the twin boundary. Further removing

the surface material by polishing revealed that cyclic stressing broke certain oriented
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twins into smaller fragments with irreguil shapesKigure 13c). Microcracks were
nucleated at the fragmented twin boundary and did not propagate signifi¢agtie(

13d). A schematic model based on the interaction between the twin boamdbitye
localized cyclic stressing was proposed by Partr[d@é] to explain the phenomenon

of twin fragmentation. However, such an explanation was solely based on the
mechanical interaction between the twioundary and the cyclic stressing. No

information regarding the crystal orientation of the twin fragments was considered.

Notch
(c)
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(1120]
Fatigue crack at
o i ”AK=O.8 MPam'?
g Notch ~ bl i T
TR
(d) L
(1120) Fatigue crack at A ¢
[o00T AK=0.94 MPam" '

Figure 14 Effect of crystal orientation on fatigue crack growthmagnesiunsingle

crystal[103].
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Recently, atigue crack growth imagnesiunsingle crystawas studied by Ando
et al. [102i 106] utilizing compact tension specimen undewurfdifferent crystal
orientations notch plane on th(iliO) plane and the growth direction an[igTOOJ
(Orientation A Figurel4a), notch plane on th(iiOO) plane and the growthirgction
along llleJ (Orientation B,Figure 14b), notch plane on the (0001) plane and the
growth direction anng{lléO] (Orientation C,Figure 14c), and notch plane on the
(1120) plane and the growth direction along [0001] (OrientatiofriDure14d). It is
interesting to find that in both Orientations A and B, the fatigue crack plane is parallel
to the (11?0) plare. 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 dbK < O.7MPa(m)1’2 but propagated parallel to the basal plane

at DK 2 0.8MPa(m)”2. Based on the TEM observations of thes-a> dislocations

near the crack surface, Ando et[&aD3] proposed that the fatigue crack in Orientation
A and B was driven by alternating shear due to two intersecting secdedpyramidal
slips at a loweDK . At a hidher DK, the firstorder pyramidal slip can be activated.
The crack propagation could be proceeded by alternating shear on one-@e=ond

pyramidal slip plane and on a fistder pyramidal slip plane.

2.2.2Cyclic Plastiaty and Fatigue i MagnesiumPolycrystal

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 aggte. An individuagrainhas
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its own preferred crystal orientatioriThe macroscopic mechanical response and the
associated microscopic mechanisms can be different from those exhibited in a single
crystal. Major influences of the grain boundary andngmaientation on the cyclic

deformation and fatigue cracking must be taken into account.

Two forms of magnesiumalloys can be processedasing and wrought (rolled,
extruded, and forgedstrong basal texturexists in the asvroughtmagnesiunalloys.
The c-axes of most grains are alignadinostperpendicular to the extrusion or rolling
direction[107, 108] Tension twinning is favored in such orientadigssubjected to
compressionalong the extrusioror rolling direction. When subsequent loéalg
reverses its directiorgetwinning occurs, i.e. the-axis in thetwinned latticerotates
back toalignwith that in the matrix Due to ths pole nature ofwinningand the initial
basal texturewroughtmagnesiunmalloys showpeculiarcyclic deformation behaor

and fatigue properties.

During the last two decads, characteristics of cyclic deformation for wrought
magnesiumalloys have beeextensivelystudiedthrough fully reversed total strain
controlled (or plastic stratnontrolled) tensiortompression @erimentsat different
strain amplitudes Thestudiedmagnesiunalloys include extruded AZ3[L09 115],
rolled AZ31[116i 119], extruded AZ31H120], rolled AZ31B sheef121], extruded
AZ61A [122 125], extruded AZ8(Q109], extruded AM3(J126i 128], extruded AM50
[129], and extrudedK60 [130, 131]and ZK60A [16, 17, 132] The stressstrain
hysteresis loops at large strain amplitudssally exhibit an asymmetric shape.h&
tensioncompression is applied along the extrusion or rolling directi@¢ompressive

reversal shows a normal concaye shapavhereaghe tensile reversal appears to have
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a concavedown first and subsequently concaup sigmoidal shapeWhen tensin-
compression is along the direction normal to the rolled sheet plane, the asymmetric
shape of thehysteresis loops inversed. The asymmetric tensile and compressive
reversals lead to a tensiler compressiveinean stress which hasggnificanteffect

on the fatigue strength. Furthermora,strong Bauschinger effe¢t33] is observed

during the unloading from the tensile and compressive stress peaks. This phenomenon
is regularly referred t@s pseudoelastty in magiesiumalloys [134i 138]. For the
stabilizedstressstrainhysteresis loops, features such as asymnstape mean stress

effect, andhe pseudoelastiphenomenomrefound to become mongronouncedvith

increasingstrain amplitudes.

Explorations of microstructural evolution diog cyclic deformationn magnesium
alloys were carried out by Brown et fl39] and Wu et al[16, 17, 132, 140(isingin
situ neuron diffraction, by Yin et al[111] using electron backscattered difftiat
(EBSD), and by Park et 4l.18] using light microscope. All of thestudiesconfirmed
that the compressive reversal was dominated by activation of tension twins and the
subsequent tensile reloadiwas associated wittetwinning. Moreover Brown et al.
[139] and Wu et al[16, 17, 132, 140bbserved that witincreasinghumbe 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 inceslresidual twinboundaris, which
can bereflected from the enhancensile and compressivgeak stresses with
increasing number of loading cycles-urther direcbbservationsvere provided by

Park et al[118] through the comgrison of the twin distribution in the hatf/cle with



36

that in the firstoadingcycle via optical microscopyThe strairamplitude dependence
of the residual twins was investigated by Fan €tlal7], Li et al.[122], and Luo et al.
[128] via optical microscopy It wasfound that when the straamplitudes were higher,
more residual twins were obseniedhe fatigued specimenand their size and shape

were bigger and coarser.

Fatigue ofmagnesiunalloysis usually characterizeasingthe fatigue life curve.
Earlier studiesof wrought magnesim alloys frequently reported that the stréifie
curves exhibed a smooth transition from the lowycle fatigue regime to the high
cycle fatigue regime and the strdife curves can be described well by the Basquin
(stresdlife curve) and MansarCoffin (plastic straidife curve) equation§l10, 113,
114, 120, 126, 129] Hasegawa et a[110] found out that the Mansogoffin
relationship can nicely describe the fatigue lives of extruded AZ31 obtained under
stresscontrolled loading but failed to describe the fatigue lives obtained from the
straincontrolled experiments. Matsuzuki and Hor|k&2] observed that the fatigue
data of extuded AZ31 exhibited a bilinear tendency in the Maih§&wifin 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 MansoinCoffin curves were observed in rolled AZ3116] and
extruded AZ31[115]. Luo et al.[128] indicated that the fatigue livdsr extruded
AM30 had an evident difference between the strain amplitudes above and below 0.3%.
Li et al.[122] showed that thetrairi life fatigue curve of extruded AZ61A displayed a
detectable transition frothelow cycle fatigue regime tthe high cycle fatigue regime

in the vicinity corresponding tastrain amplitude of 0.5%.
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On the fundamental fatigue mechanismnmagnesim alloys, Matsuzuki and
Horibe [112] first noticed that the plastic stralifie curve could be described by a
bilinear CoffirManson equation, which indicatedransitionof the dominant cyclic
deformation mechanism from twinning/detwinning at high strain amplitudléiset
dominating dislocation slgat low strain amplitudesA kink in the strairife curve
was recently observeld10]. Further examination of the residual twin distributions
near and far away from the fracture surface suggested that crack initiation was
asso@ted with the cyclic deformation mechanism but crack propagation was
influenced by the twinning/detwinning process. Tokaji efld] observed that crack
initiation for a rolled AZ31magnesiunalloy in highcycle fatigue (HCF) regime was
in either transgranular or imgranular 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 aidg YT Zr magnesiunalloy, Xu et al.

[19] attributed the surface and subsurface crack initiation to a competition betveee
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 [&04l.
emphasized the role of twinvolved cyclic e&tformation irreversibility and proposed

twin band cracking as one specific crack initiation mechanism for extruded AZ31 in
the HCF regime. Yin et g1] examined the residual twin distribution and the fracture
morphology at the stable and unstable propagation zones on the fracture surface for an
extruced AZ31magnesium alloy It was emphasized that the twinnidgfwinning
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 datigue ofmagnesiunalloys
have been investigated through extensive cyclic loading experiments. No previous
work has been carried out to study the cyclic deformationagnesiunsingle crystal
oriented for easy twinning and detwinning. Efforts madé¢hernrelationship between
the macroscopic behavior and the associated micros@ipictural changes in
magnesiumare very limited. There is still no direct observation of the fundamental
twinning/detwinning process which plays a critical role in the icyglastic
deformation inmagnesium Kinetic evolution of twinning/detaining process together
with the twintwin interaction under cyclic loading were never studied and reported.
As for polycrystallinemagnesium the detailed development of fatigue damay
different strain amplitude is not clear. The associated fatigue damage mechanisms
regarding initiation of microcrack and its eagtage propagation modes still remain

unanswered.
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3. Cyclic Deformation of Single Crystal Magnesium

Cyclic ddormation of magnesiumsingle crystalwas investigated by carrying out
fully reversedstraincontrolledtensioncompressioexperimentalongthe [0001]and
[1010] directiorsin ambient air For the [0001Joriented magnesium singleystal,in
situ optical microscopy (OM)evealedthe fundamental morphology evolution of the
{10 12} twinning-detwinningretwinning process. With increasing loading cycles, the
material exhibits cyclic hardening during which the aggiat twinning-detwinning
retwinning progressivelgecreasesDuringdetwinning 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 terranabf the fatigue test,
microcracks werdoundon the boundaries of residual twiasd on the basal slip band
extrusions. Optical microscopy (OM) examination on théeated specimen surface
revealed that basal slip band extrusion, serrated residmabouindary, and fragmented
twin-twin interaction sites are developedtlectron backscatteriffraction (EBSD)
analysis shows théte materialhaving experienced repeated twinning and detwinning
cannot completely reverse to its original crystaéntatian, which could be ascribed to
the development of stable dislocation substructures due to dislebatioboundary
interactions. Secondary twinfragments predominately occur at the interaction sites
among primary twins and are more difficult to be detwohas compared to the parent

primary twins.

For the magnesiuraingle crystalsubjected to cyclic tensiecompression in the

[1010] direction, plastic instability was found near the end of the first detwinning

reversal. TwiAwin boundaries and secondary twins were induced by interaction of
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primary {1012} twins. Microcracksweredeveloped at primary twihoundariesand
twin-twin interaction sites. Final fracture was caused by cleavage crackintddn {

1}-{10 12} double twinand shearing fracture on the basal plane.

3.1 Materialsand Specimen Preparation

Magnesium single crystals were commercially acquired and the material was grown

by using the Bridgman techniqudwo ciystal orientations were designed, aiming to

maximize the activation dfl012} <1011> tension twin upon loading in one direction

and to facilitate detwinning under the subsequent loading reversal. The relationships
between the crystal coordinatgsgeem and the sample coordinate system for these two

designed crystal orientations are schematically illustratédguare 15. In the figure,

t hemafiscO not at i on-adsehexagoralsrystal coboadwatystem. The

floeeed n o trepreserdsnthreeaxis orthotropic crystal coordinate system fixed

on todeeasc coor di nate®@, awher ¢ st méaid mexd salamng
t heeOh axi s I1® alkosg t Adédefi samphetestingspecamdn nat es
are refer OXYd®d tcoo oasditnhag efs . The axi al l oadi

thd faxi s while the obseOYZatploamanel ane i s pa
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Figurel5 Geometry of magnesium single crydtsting specimen and the relationship

betweenthe crystal coordinatesystemandthe sample coordinateystem (a) [0001]
directior (b) [1010] direction

For the crystal orientation ithe [0001] direction Figure 15a),thefizd0 axi s i s
alignedwith theficdO a xThesfiXo axi s i ddegrearomathediao 3a0x i s

((2110)). The obser va®YZo ni(8l0arsma plane. For the crystal
orientation inthe [1010] direction figure 15b), thefizd axi s i s thal i gned
[1010] direction. ThefiXo awod afk e s ar ethefided @LE)Y addd n §

(JO001]) axes, respectively. The observationplaOYdd i s p the (5.21@) el t o

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

anticipated to be simultaneously activated becausgdheid factor for all sixvariants

is 0499 As for compressin alongthe [101_[0] direction, the Schmid factor is429
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for the (1012) and (1012) twin variants while the value for the remaining fdwin

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

activated due to their higher value of Schmid factor.

Magnesiunsingle crystals designed in these two orientations were fabricated into
small dbg-bone shapeglate specimes usingelectrical dischargenachining EDM)
specially designed for soft single crystals. The machine used a relaxation circuit to
keep the crystal damageee and strakiree. The gage section of the testing specimen
had a length of 7.5 mm with a square cross section0ohf x 3.0 mm. Thedesign
of specimenshapewas intended to prevent buckling under fully reversed tension
compression loading. In order to facilitatein situ optical microscopy (OM)
observatios, one of theflat surfaces was ground carefully using SiC samgl papers
with grit No. of 1200 Mechanical polisimg using 6pum and tpm MetaDi® diamond
polycrystalline suspension pastems 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 ethfrl].
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Figure 16 Projectedorientationsof {1012} tenson twin variants on the observation

(front) surface andnthe cross section (top) plaf@ magnesium single crystals in the

two desigmd crystal orientationga) [0001] direction; (b{lOZ_LO] direction.

In order tofacilitate an identification oftwin variants fromthe twin markings
observedon the specimen surfacet is necessary to calculate the theoretical
orientatons 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 thetheoretical projectionsf the{lOiZ} twin variants

on the observatiofffront) surface anan the cross section (top) plarfier the two

designed crystal orientation§orthecrystal orientation ithe[0001] direction Figure

16a), three orientationsf twins can be observed on the observation surfeﬂlﬁi(O)

prism plane): o' avxmm(lO{_tﬁmEi_@er)ttwtim,tPBEQ.FEZQ
for the (1102) or (0112) twin, and-3 9 . 2 Zhe (110&) ror (0112) twin. On the

crosssection plane (thbasal plane)win (1012) or (1012) has projections oriented

with Oe rotyatdidr 6006 imdwinild02hor (1102), and 6000

for twin (0112) or (0112). For the crystal orientation inthe [1010] direction

(Figure 16b), on the (1210) observation planefwins (1012) and (1012) are
projected ha4d.ng6 & 6r. Btéaet iamiYedirecton (fj000L])e s pect t
64.0e fwins (1102) and (0112) and-64.9¢ fwns (1102) and (0112). On

the (lOZ_LO) cross section planéwins (1012) and (1012) are projected hav
rotations with respect tthe fiXo direction (1210]), 39.0e  ftwins (1102) and

(0112), and-39.60e  fwins (1102) and (0112). It is noted thathe projected

orientatiors of the six twin variantare calculated assuming an idgalesignectrystal
orientationas shown inFigure 16. In the real testing specimens, tlaial loading
direction and theobservation planean beslightly tilted fran the designed crystal
direction andplane.(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 ftrecyclic deformatiorexperimenbf magnesium single
crystal and thén situoptical microscopic (OM) observatios composed of two parts:
a mechanical testing system and a loligjance light micrecope, as shown Figure
17. An Instron servohydraulic load frame was usedHtecyclic loading experiments.
The testing system has a load capaditi26 kN. It is equipped withthe Instron 8800
electronic control, computeontrol, and data acquisitionThe griping system was
specially designed to ensure an accurate alignment cintla# testingspecimen and
to eliminate the premature cracking outside the gage section. An important
consideration in the grip design waseanable both tension and compression forces to
be applied on the small testing specimen. A specially designed -gagah
extensometer was used tbe drect measurement of the strain within the gage section
of the testing specimen. The extensomets designed in such a way that the contact
of the extensometer with the specimen surface aeaténimal local deformation on
thesurface of theéesting materialo ensure thdatigue failure occuedwithin the gage

section. The extensometer had a ganof+9.15%.
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Testing
Specimen

Figure1l7 Experimentaketup for cyclic deformatioexperimenbf magnesium single

crystal andn situoptical microscoje observation.

A long-distance travellingptical microscope (QMLO0) equippedwith a unique

rotationalanda high resolutionchargecoupled device (CCD) cameveas employed

for in situ optical observation ofthe deformation andatigue processs on the flat

specimen surfacguringthecyclic loadingexperiment The microscopeogether with

the CCD camera carapture an image frame widresolution of~1t m. The activities

of twinning/detwinning process can be monitoreReatltime image frameswere

correlated directly to thelata points on theimultaneously recordedtressstrain

hysteresis loopsln addition, thewin volume fractiorcan be obtaineffom the image

frame. The twin volume fractiot,,,, is calculated fromhte twin area fractiorA,,;,

by multiplying an averagegeometrical faar 6 that accoants for the true twin

thickness:



a7

ftwin = AWinE ( 3)

where thetwin area fractionA,,, is equal to the ratio of the total number of dark
contrasted pixels (represerg twins) over the total number of pixels within the

obsenationregion. b is an average geometry faciven by:

b=

ol

6
ab (4)
i=1

where b, (i =1,2,3 é, 6) denoes thethicknesdactor forthe sixtension twinvariants

Based on the crystal orientation as shownFigure 16, the geometry factofor

(1o12) and (1012) twin variants is identified to be 0.73 and the validfor

the (1702) , (0112) , (1102), and (0112) twin variantsis 0.90.

The cyclic deformation behavior of magnesium single crystal was investigated by
carrying out flly reversed straitontolled tensiorcompression if0001] and [10L
0] directiors in ambient air. For the magnesium single crystal oriented in the [0001]
direction,a strain amplitude of 0.5%vas used The tsting frequeng waschoseno
be 0.01 Hz.For the loading cycles whein situimages were recorded, the lesttlain
acquisition rate was 5 points per second and the corresponding video recording rate
was 0.7 frame per second (fpsyhe true stress and true strain were calculated and
reported. The cyic deformatiorexperiment was terminated after 5,019 loading cycles
The testing specimenas not fractured into two parts and was carefully unloaded from
the compressiv@eak stress after the experiment was terminatéd macroscopic
horizontal crack gpeared on the specimen surface near the transition part from the

gage section to the grip section. Thetested 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 régal twin. To reveal therystal orientationsf the
residual twins and the twitwin interaction structures, the roughtasted specimen
surface was polished usidgum MetaDi® diamond polycrystalline suspension paste
and etched witlan etchant consisig of onepart of nitric acid and tepart of distilled
water Surface material about 2Qfn thick was removed. Electron backscatter
diffraction (EBSD)scanwith astep sizeof 0.5um was conducted on surfacearea of
1,920 um x 640 pm locatedwithin the gage section ahe chemically polished

specimen

Cyclic deformation of magnesium single crystal oriented in thd lQirection
was studied by carrying out fully reversed straimtrolled tensiortompression
experiments in ambnt air at three strain amplitudes: 0.5%, 0.75%, andTl§é.strain
ratewas4.0x10* /s whenin situ OM was used to observe the specimen surface. A
strain rate a#.0x1.03/swas used for the rest of the loading cyclel the experiments
started witha compressive loading reversal. In additionntaitu 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 unladed from the 3Dcompressive peak at the strain amplitude of 1%. After
fatigue fracture, microcracks and the macroscopic fracture surfaces were examined

using SEM and EBSD.

A [1010]-oriented magnesium single crystal specimenesibfl to fully reversed
straincontrolled tensiorcompression at a strain amplitude of 0.75% was used to

further study detailed twHwin boundaries and their influences on subsequent
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twinning and detwinning Twins were absentbefore the mechanical expeent

Loading in the[1010] direction, twin variants (L012) and (T012) that share the
same[1210] zone axis have the maximum Schmid factor of 0.499 and are expected

to be more active than tle¢her four twin variants which have a Schmid factor of 0,125
particularly during the initial several loading cyclebhis offers the best situation to
studytheco-zone twintwin interaction. The testing specimen was initiatpmpressed
until a peak strain of -0.75% was reached. After slightly unloaded from the
compression peak straio a strain 0f0.725% the specimen surface was examined by
SEM and EBSD with a scan resolution of 0.5 pn. The testing specimen was
subsequently subjected to fully e¥ged straircontrolled tensiorcompression at a
strain amplitude of 0.75%or 30 loading cycles During the cyclic loading,
morphology change othe deformatiortwin was traced on the specimen surface using
thein situlong-distance optical microscopéifter fatigue loading,hree dimensional
geometric and crystallographic charactergvah-twin boundarywere examinedy
utilizing SEMfocused ion beanH(B) andtransmission electron microscopyEM)

techniques

3.3Cyclic Deformation and Morphology Ewolution of Tension Twinin

the [0001] Direction

Fully reversed straigontrolled tensiortompression 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 togeth with the corresponding stressain

response will be discussed in detdib facilitate a discussion of the optical observation
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of twins, twin variants on th¢1102) , (0112) , (1102), and (0112) twinning
pl anes wi || be referred t o as Ai nclined

(loi2)and(1o12)t wi nni ng planes will be cited as t

The cyclic deformation experiment starts with tensioiguie 18 shows thdress
plastic strain curvetwin volume fraction evolution, anthe correspondingn situ
opticalmicrographs at critical points during the initial tension loading reversal. Upon
the tensile loadingrom the virgin statéFigure18c), the material yields very quickly.
This immediate yielding behaviotan be attributed to the activation of basal slip.
Although basal slip is not favorable in a perfectigixis aligned loading direction, a
slight misalignment othe loading directiorfrom the c-axis can easily lead tthe
activationbasal slip due tds very low critical resolved shear stress (CRSSy®mb
MPa. With further tensile loading, eareful examination of the strégdasticstrain
curve(Figure 18a) reveals that at a stress-af.8 MPa corresponding to tatal strain
of ~0.0164%, thevork hardening ratsuddenlyreduceto almost zero and the material
stars to exhibit serrateghlasticflow. Figure18d (point P1 inFigure18a) shows the

appearance dfwvo freshnucleated twinsan inclined{1102 or (0112) twin and a
horizontal (1012) or (1012) twin. The horizatal twin tip is blocked ahe inclined
twin boundary Due toa relatively low video recording rate at Offgs, the exact
moment and sitef twin nucleationare notcaptured in the observation window.
Knowing that the Schmid factor gio12} tensiontwin is 0499under currenloading
direction, the CRSS fanoi2 twining is identified to be-2.4 MPa This valueis

higher than ~2 MPa reported by Rddill and Robertsoii25] but lower than ~5.5 MPa

reported recently by Chapuasd Driver[33]. The inconsisteffRSSvalues reported
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in the literature might be resulted frothe unavoidable misalignment of crystal

orientation androm thedifferent testing conditions.
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Figure 18 Stressplastic strain curvetwin volume fraction evolution, andhe
correspondingn situ optical micrographsat critical points during the initial tension
phase (a) stressplastic strain curvevith the initial tension phase highlightgi) twin
volume fraction evolutiorirom PO to P3uring the initial tensiophase if 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 rucleated at random sites. In the meantime, previously nucleated twins expand
wider. A carefuln situobservation of the twin growth indicates that, once the isvin
nucleated, it first propagatesery quickly in the direction parallel to the coherenintw
plane, either cutting through the gage section or meeting sorpexigteg twin
boundaries. After a complete elongation, the twin expatahg the direction normal
to the coherent twinning plane to accommodate further tensile straining. The degree o
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 immedidtelyinhg
the twin nucleatioms completed almost in a sudden. As seefigurel8a, the stress
plastic strain curve during this period proceeds by alternated small stress increment and
drop, showing a serrated plastic flow with averall zero work hardening rated
similar serrated flow behavits observed in single crystals of coppe42], iron[143],
zinc, tin, andoismuth[144, 145] The irregular flow behavior indicates that fiastic
deformation in the gage section the testng specimerwas highly inhomogeneous.
Knowing that the lattice rotation during twin growth has an internal stress relaxation
effect[17, 146] the small macroscopic stress drop banascribed to the nucleation
and growth of fresh twins. Meanwhile, with a misorientation angle of &&8veen
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 thathe matix. 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



53

stress drop. It is also suggested thata consequence of basal slip in the twin, e <
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 peakigB&(

18e and Figure18f), all the deformation twinarefully expanded. The only observed
twin-twin interaction at that momeind that one twin tip is blocked by another twin
boundary (arrow A irFigure18f). No crossinglike twin-twin interaction structures
observed. Twin volume fractias increased to ~0.22 from point PO (virgin state) to

point P2 (tensile peak strain of 0.5%), as showrigure18b.

Upon unloading from the tersipeak at point P2, the strggisistic strain curve
immediately flows nonlinearly showing almost no linear p&igygre 19a). This
phenomenon is regularly cited as a pseudoelasticity phenomenon in magnesium alloys
[134i 138]. This nonlinear flow right afr unloading is usually attributed partial
shrinkage of the twins developed prior to unloadjh84i 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 aboMPa (poith P3 in
Figurel9a) is reached. At point P3 with a compressive stress of approxirtaMia,
slight shrinking of a horizontal twin is d
(comparing twins at the tensile peak strésgyre18e) to those at the stress-6fMPa
(Figure19c)). Therefore, there is no direct experimental evidence showing that the
nonlinear unloading behavior observed in a magnesium single crystalts pasial
detwinning. A reasonableypothesisf the cause can be ascribed to the easy reverse

movement of mobile & dislocations which are accumulated in the region near the
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twin boundary. Another possible reason is that certain detwinning eveessstibut

are not captured in our observation window.

With further compressive reloading beyond point P3Figure 19, the work
hardening rate of the compressive flow keeps a gradually decreasing low Inadite.
optical dservations reveal that detwinning during this pecad be described as a
reverse movement of the expanded twin boundary in the thickness dimeméson
shortening ofthe twin length isdetectedduring detwinning Moreover, unlikethe
sudden nucleatioand fast growth of fresh twis, detwinningis a much slower and
gradual process. During the low workhardening portion from P3 to P4 (red
highlighted portion in stregglastic strain curve irFigure 19a), only ~34% of the
previowsly developed twins are detwinned ($égurel9b). If the plastic strain during
the initial tension from PO to P2 &ssumed to bemost accommodated by twinning,
detwinning is not the sole deformation mode duthmgcompressive reversal from P3
to P4. It is suggested that the remaining part of the plastic strain during this stage is

accommodated by basal slip.



55

= 0.30
20 , by 5 P2 p3
8 IR e = 0254 , &r :
= £ ] = Sheni =il 34%Af 4
. ; { i 020 il 1 \ :
2 - T\ PR3 § 0.15 - 11 : detwinned HEE
= = , | 2\ +
2 -40 P5 7 P4 g o004 | I P&L 51%Af 4 I
E -60 — o Mg Slngle Crystal § 0.05 - 1 : ;\a‘dethnn,edr»
Ae/2 = 0.5% along [0001] direction F ! . Vgt P5
-80 i T i T T 1 o0 J T J J J
-0.004 -0002 0.000 0.002 0.004 0.006 000 025 050 075 100 125
True Plastic Strain Number of Loading Cycles

Figure 19 Stressplastic strain curvetwin volume fraction evolution, andhe
correspondingn situopticalmicrographsat critical points during the first compressive
reversal (a) stressplastic strain curvevith the compressive reversal highlighté€d)

twin volume fraction evolutiofrom P3 to PBluringthe compressive revaal {n solid

red and greercolors); (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 gtftassc
strain curve inFigure 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 twansobserved within the stress range
unde compression, the increase of the work hardening rate can be attributed to the
activation of nonbasal slip, most likely th&! pyramidal <+a> slip. As indicated in
Figure19, approximate 51% twin volume fraction whichvB&®een developed in the
initial tension is detwinned during this period. At the compressive peak ¢figRE ¢
1% and Figure 19f), most twins developed during the initial tensile phase are

detwinned. Howeer, a residual(1012) or (1012) twin having a width of-2ym is

observedseeFigurel19e).
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Figure 20 Stressplastic strain curve twin volume fraction evolution, andhe
correspondingn situ optical micrographsat critical points during the compressive
unloading and tensile reloadinp) stressplastic strain curvevith the compressive
unloading and tensile reloadimgghlighted (b) twin volume fraction evolutiofrom

P5 to P&luring the compressive unloading and tensile reloa@ingplid redand green
colors); (c, d, e) 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 ap@ssive stress o0 MPa at
P6, the residual twins observed at P5 keep unchanged (comparing twins at the
compressive peak stredsiqure 19) to those at the stress @40 MPaFigure 20c).
This observaon can be confirmed by the unchanged twin volume fraction from P5 to
P6 Figure20b). In the meantime, the strgsisstic strain curve remaapproximately
linear from P5 to P6 but become nonlinear after H§ufe 20a). Thecoincidence
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 aealit evidence showing that twinning can be
activated at a compressive external loading along#vas. The same observation
was obtained by Wu et dlL7] usingin situ neutron diffraction in ZK60 magnesium
alloy. By measuring the internal stress, Wu efil] revealthat 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 un@7, slight expansion of the residual twin
(comparingFigure 20c andFigure 20d) is observed. The twin volume fraction is
increased by ~2% during this period. At point P7 with a tensile stress d/iPagthe
material yields abruptly. A careful observation indicates that one inclined twin
reappeardrom its previous twinnedetwinned site (arrow A irFigure 20d). In
addition, a fresh inclined twirs nucleated (arrow B ifrigure20d). From P7 to B,
the stresigplastic strain curve bemes serrated againkresh twinsarenucleatedagain

and growin the same fashion as those during the initial tension. The widths of the
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fresHy developed twins durgnthis periodaresmaller than those formed the initial
tension. The newly formed twingarenot exactly the same ones from the initial tensile
guarter. Some previously twinned and detwinned positions experience twinning again,
whi ch i s t sningeRetwmrgingisigererally initiated at the center thie
previously fully developed twinned area. However, some twiithetgvinned sitesal

not experience retwinning (arrowkgure20f). Expansion of the retwinning ardaas

a slow speed similar to that of detwinningrhe preexpanded twin boundaries at the
tensile peak stresgenever exceeddoly retwinning As shown inFigure20b, the twin
volumefraction from P6 to P8siincreased by ~16%msller than that (~22%) from

the initial tension.At the tensile peak P8rossinglike twin-twin interactiongarrow

Ain Figure20f) appear One newl y n penétratedt ead rtewiwi nin e d
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Figure21showsthe cyclic stresstrain hysteresis loofgom the first loading cycle
to the 1618 loading cycle. It is clear that all the stressrain hysteresis loops exhibit
asymmetric shape showing three featured portidmsnning, detwinning, and
detwiming accompanied by nonbasal slip. The tensile reversal shows a serrated flow
shape with a very low workardening rate which starts at a tensile stress of
approximate 8 MPa. During the compressive reversal at approxigai#a, the
stressstrain curvestarts 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 pxeous 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 asbed to the activation of nonbasal slip under thaxis
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 terminatdebn ~50% twin volume fraction produced

in the previous tensile reversal is detwinned.

Figure22shows then situoptical observations #tetensile and compressive peak
stresses corresponding to the cyclic sts#smn hysteesis loops shown iRigure21.
As the loading cycle increasethe volume fraction othe residual twins increase
Meanwhile, the width of the residual twirsssignificantly reduced. The formation of
new twins persisted dumy the tensile reversaland generallyoccursclose to the

previously developed residual twipsssessinghe same orientation. A carefalsitu
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observation revesthat after detwinnings complete, one side or two sides of the twin
area serveas the surces to form a narrow residual twin. Tisgvident by comparing
the optical images at tensile and compressive peak stresses df thyeléln Figure

22,

(a) At
Y tensile peak
stress

c-axis

l 7 500 pm

400" Cycle

1610" Cycle

(b) At
compressive
peak stress

c-axis

> : p——f
1610" Cyc

Figure 22 In situ optical microscopic odervations at tensilpeak stresga) and
compressivgeak stresgb) corresponding to theyclic stressstrain hysteresis loops

shown inFigure21.
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Figure 23 Schematicillustration of the developmenbf residual twins during two
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(n+1)™ loading cycles; (d) fresh twinning and retwinning; and (h) ste#ssin

hysteresis loops for th#" and +1)™" loading cycles.
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To explain more clearly the development of the residual tmmn, consecutive
loading cycles (tha™ (previous) andn+1)" (current) loading cyclesjre considered
and schematically illustrated iRigure 23. During the initial stage of compression
(Figure23b) from the tensile peafFigure23a) to the compressive peakigure23c)
at then" loading cycle, the twinned region with a thicknessato~3 pm close to the
pre-expanded twin boundaries at thittensile peaks @i p & n aswgeherally unable
to reorient theic-axes back to align with that of the matrWith further compression,
the twinned region lying beyoneé? to~3 ym away from the preexpanded twin
boundaries at the® tensile peaks found to be fully detwined. Consequently, at the
compressive peak of td' loading cycle Figure23c), the residual twinarefound to
have a width of 2~3m with their positions on the vicinities of the twin boundaries
fully expanded at tha" tensle peak (comparindrigure23a andFigure23c). During
the subsequent tensile reloadikgglire23d), fresh twins persist to be nucleatddhe
sites aligning closely with the residual twins formed earkerofv A in Figure23d).
Together with fresh twins, the detwinned areas during'fr@mpressive reversate
able to be retwinnedafrow B in Figure23d). As a result, at the tensile peak of the
(n+1)™ loading cycle Figure23¢), a slightly increased twin area comparing with that
at then'" tensile peaks observed.A similar detwinning process which produced new
residual twinds observed during the compression at thel)™" loading cycle Figure
23f). It is noticed that a narrow band of matrix always existween newly forred
residual twins and those formed during tHecompression reversaBy means of the

schematically illustrated process, the accumulated residual @vasegarded as

Apropagatingo over the entire gage sectd.i

on
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the image athe compressive peak of the 40@adng cycle and that of the 1640

loading cycle inFigure2?2).
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Figure24 Variation of the tensile and compressive pdaeadsses with respect to number
of loading cyclesn magnesiumsingle crystalsubjected tdfully 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 nmagnesiunsingle crystal loaded under fully
reversed tensienompression at a strain amplitude of 0.5% in [0001] directM#ith
the increamg numberof loading cycles, the tensile peak stress inceslgghtly while
the compressive peak stress increasgnificantly Figure24). After approximately
1,000 loading cyclescyclic hardening of thecompressive peak stresggecomes
saturated. ¢clic hardening for both the tensile and compressigakpstressess
terminated after approximatelyO®0 cycles. The cause ofyxlic hardeningcan be

associated tdéhe considerable increase in resd twin boundary andesidual twin
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fragmentation as well as the increased densities of dislogatiaoned &the repeated
twinned and detwinned matrixTwin-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 onsequece of cyclic hardeningthe twinning anddetwinning stresses
increase while the number of twins involved in twinning and detwinning desnaatie
a saturatiorstateis eventuallyreached111, 120] From thepersistent asymmetric
shape of thecyclic stressstrain hysteresis loops ifigure 21, it is noted that
twinning/detwinning saturatiois never reached but being approached, even though no
detectable change of twins at tensile peak and compressivésmdrervedvhen the
number of loading cycles greater thard,600 cycle. After approximaté,000 cycles,
both the tensileandcompressive peak stressarefound to decrease, indicating cyclic
softening in the later stage of the cyclic loading. SEM observations suggest that the
cyclic softenings caused by accumulatieaof microcracks which itiateatthe residual

twin boundariesnd show limited propagation

3.4 Microstructure Characterization of the Fatigued Specimen

Loadedin the [0001] Direction

3.4.1 Scanning Electron Microscopy of Microcrack

Figure25 showsthe SEM examinatiorof microcrackson the prismatic plane in the
magnesium single crystal after termination of the experiment &,816" loading
cycle. In high magnified imaged-{gure25c andFigure25d), the residual twins are

identified as dark narrow bands. The bright contrasted regions are locations where the
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microcracksdeveloped In low magnified images-{gure 25a andFigure 25b), only
the brght contrasted microcracks are visibMicrocracksaredensely distributedver

the entire gage section of the testing specimen with limited propagation.

[0001] 4 ¢ (2)

Ael2 =0.5%
along [0001]
direction

B: Microcracks
at fragmented
residual twin

Y)
After 5,019
a1 //X ‘a3 (1210] load::lrgcycles
(1070) Observation Surface
¥ C: Microcracks at fragmented

intersection of residual twins

A: Microcracks

: : D: Microcracks at
at residual twin

basal slip band

24 [0001]

7 (1702)or (0112)

%000 (1012)0r (1012)
Y [1210]

Figure 25 SEM observation of fatigue microcracksn the prismtic plane in
magnesiunsingle crystakubjected tdully reversed tensiogompression at a strain
amplitude of 0.5% in [0001] directiomfter 5019 loading cycles: (a, b) low

magnification (c, d) high magnification

The hgh magnification SEM imagd-{gure25d) clearly show thatfour types of
microcracksaredeveloped(1) smooth long microcracks at the boundaoiesiclined
residualtwins (A in Figure25d); (2) serrated short microcrackithe boundaries dhe
fragmented horizontal residual twins (BRigure25d); (3) serrated short microcracks
developedatthe fragmented intersectionéresidual twins € in Figure25d); and, (4)

short microcracksat the basal slip band (D irFigure 25d). The microcracksare
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inhabited at the crystallographic planes{mfi2} tension twins or basal slip. The

current observation of fatigue microcracks on the magnesium single | ciysta
consistent with the early results by Partridg& 101] who demonstrated that fatigue
cracks are developed at slip bands and twin fragments for cegramed

polycrystalline magnesium.

3.4.2 Optical Microscopy of Slip Band and Residual Twin

Figure 26 shows the optical micrographs oktmicrostructuredeveloped on the
prism planein the magnesium single crystafter 5,019 loadingcycles. Several
microstructural changes are observed on the p@tismplane:basal and prismatic slip
bands Figure 26a), basal § band extrusionKigure 26b), accommodation kinks
(Figure 26¢), and fragmented residual twinBigure 26d). Basal slip bands and
prismatic slip bandsare observedto intersectin the matrix region whichhave

experienced repeated twinning and detwinniigre26a).

Prismatic slip bands, which are much fewer than the basal slip bands, are mostly
found at narrow spacing between two neighboring rektdaas and terminated at the
neighboring twin boundaries. Unlike the cles@aced long basal slip bands, short
prismatic slip bandsre separated sparsely. The spacing of prismatic slip bands is
approximately 2~3 times wider than that of basal slip band@he observation of
prismatic slip bands together with the crossed basal slip bands is an evidence that
prismbasal crosslip was activated at locaégions during the high work hardening

detwinning period.
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Figure 26 Opticd micrographs obasal and prismatislip bands (a), basal slip band
extrusion (b),accommodation kinkg¢c), andfragmented residual twing&l) on the
prismatic planein the [0001joriented magnesium single crystal having experienced

cyclic tensiorcompres®n at the strain amplitude of 0.584r 5,019 loadingcycles.

As shownin Figure26b, slip band extrusiorerefound on the basal plane in a fully
detwinned matrix region. The spacing between the slip band extrusioh2 pm.
The basaklip band extrusionare constricted within the matrix region which has
experienced repeated twinniagddetwinning This isindicated by the brown shaded
region inFigure26b, which delineateshe original positiorof the twin. This result is

consistent with Partridgeds obseisfusht i

on

of
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detwinned and subsequently subjected to fatigue lod@ld@}]. A model based on the
glide of glissile prismatic dislocation dipole was proposed by Partfidifd to explain

the formation of extrusion.

Figure26¢c shows the devepment of residual twins (arrow A, B, and CHigure
26c). The observed residual twins in three orientations agree well with the theoretically
predicted projections of the twin planes on the prism plaigei{e16). The widths for
all the residual twinareapproximately ~1 to ~2 ym. Contrast to the relatively smooth
boundaries of the inclined residual twins, the horizontal residual awetzoken into
small fragments having serrated boundaries. th&t interaction sites of different
residual twin variants, fragmentatios found to develop more severely (arrow D in
Figure26c). Moreover, an array of clospaced micraaccommodation kinkss found
to attach verticallywith the serrated boundarie$ horizontal twins(arrow EFigure
26c). However, for the inclined residual twins, no such macoommodation kinks
areobserved. The detailed geometry and crystallography analysis of accommodation
kinks formation on the sample surfaisecarried out by Robert and Partrid§6]. The
observation of fragmentation of twins associated with the rsiccommodation kinks
werealso observed on coargeained polycrystallinenagnesiunby Partridge[101].
The author attribute the phenomena as a result of interaction between the twin boundary
and the pinned distations 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 sitegs unknown. To reveal this mechanism, it is necessary to identify

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

and Secondary Twins

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

pole figure generated from the EBSD detaresented ifrigure27. To facilitatea

discussion, symboliTi = 1 to 6)are usedo stand for(1012), (0112), (1102, (1012,

(0112), and(1102) primary twin variants, respectively. Alsg; T, j = 1 to 6)areused

to indicate a secondary tension twirattivated within the primary tension twin T

Z
(0001) .ot~
. M
S? VS{:} b gl
S;ﬁ” 8 S,
' Te | T, . T, ‘ v
\ ‘TI T4 ?Ti | \
Sy S;
S Ss
M ® Matrix
= 1 — A Primary twin
O Secondary twin
(a)

Figure 27 Texture development generatéim the EBSD data scanned othe
prismatic planein the [0001joriented magnesium single crystal having experienced
cyclic tensioacompression at the strain amplitude of 0f8%6,019 loadingeycles: (a)
discrete (0001) pole figure with the converged pole reglugklighted in different
colors; (b) the calculated (0001) pole figure of the original maltdix primary tengn

twins (Ti, i=1 to 6) and secondary termsitwins (Tij, i, j = 1 to 6)
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As seen irFigure27a, 13regions are idntified: the matrix regioM, six primary
twin regionsT; (i =1 to 6),and six secondary twin regioSs(i =1 to 6) In order to
distinguish the regions corresponding to the converged pole regions on the EBSD scan
area, thel3 converged pole regionseaselected and highlighted in different colors by
choosing appropriate tolerances of misorientation angtderance of misorientation
denotes the maximum deviating misorientation angle between the crystal orientation in
the selected set and that at Hedection point.RegionM is selected with a tolerance
of misorientation angle of 127 regioil; with 5°misorientation angle, and regio&

with 14°misorientation angle.

Table4 Relationship betweeh3 converged (0001) pole regs inFigure27a and the

calculated (0001) poles of matrix, primary twins, and secondary twifigime27b.

Converged (0001) pole region Calculated (0001) pote

in Figure27a in Figure27b

M Tii, T1a, Tos, Tze, Ta1, Ts2, Tes
Ti (i=1 to 6) Ti(i=1to 6)

S Tae, T2s, Ts1, Tsa

S Ta1, Taa, Te2, Tes

S Ts2, Tss, Te1, Tea

S Tse, Tes, T21, T4

Ss Ta2, T1s, Tae, Taz

Ss Tae, T13, Taz, Tas

The relationship between ttieeoreticakecondary twimpoles shown ifrigure27b
and the region$ shown n Figure 27a is summarized iTable4. To identify the
possible variantsfeecondary twin in theix secondary twin regiors in Figure27a,

a theoretica(0001) pole figuras calculatedo show the pole locations of matrix, six
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primary twins, and 36 secondary twins btereographical pjection method as
visualized inFigure27b. The crystal orientations in theatrix area where timning

has never occurred asweraged to be theriginal matrix orientation. Bunge Euler
angles of theriginal matrix are identiied to be(/ ,,F ,/ ,) = (88,94'58"). In Figure

27b, thepole of the matrix is plotted as a green solid circle and is denotied Pples

of primary twins are plotted using blue solid triangles and are designatBdiby 1

to 6). Poles of the secondary twins are plotted using red circles and are den¢igd by

i, ] =1 to 6)(the secondary twiiij forms within the primary twiT;). Wheni =j, the
orientation of the secondary twin is exactly the same as that of the origatidak,m
signifying detwinning througfii. It is worth mentioning that secondary twinning via
Tig+3) (1 = 1, 2, 3) (g, Tos, Tze) and Ti-3) (i = 4, 5, 6) (h1, Ts2, Te3) will reorient the
primary twins back to the orientation close to that of the waigmatrix, where the
deviation misorientation angle is 7.1#igure27b). The other secondary twins can be
categorized into six groups. The maximum difference in the misorientation angle

between two secondary twins is almatntical, 12.83°in each group.
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Figure 28 (a) Qrystal orientation maghowing matrix and residual primary tension
twins with areashighlighted in different colors{b) crystal orientation maghowing
residual secondary tensitwins;(c) discrete (0001) pole figuwsith convergedaegions

highlighted in colorgorresponding to different material domains in (a) and (b)

Figure28a andrFigure28b illustrate the crystal orierttan 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 secondaendion twinsas indicated irFigure
28c. Several featuresf twin structures developed after fatigale clearlyobserved:

(1) detwinned matrixegionshaving experiencecepeated twinning/detwinning cannot
fully reverse to theoriginal orientation of thevirgin state; (2)secondary twins are

located at the intersection sites among primary twins and possess irregulay ahapes
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(3) acomparison of the volumieactionsof primary and secondary twins suggests that

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

RegionM in Figure 28a is highlighted in whitegrey gradient color.The white
color represents the originahatrix orientation of thevirgin state. Te darkest grey
color in the gradient spectrum denotes the crystal orientations having a 12°
misorientation angle from that of tleeiginal matrix orientation The grey regions on
the scan surface are narrow lamellar bands with three orientations that coincide with
the projected aentations of the primary tensiawins (Figure 283). Referring to
Figure27 andTable4, it is geometrically possible that the grey poles in reionith
their crystal orientations having large misorientation angles with respect to that of the
reference crystal could have been resulted from secondary twihn®s, Tzs, T41,
Tsz, and 3. However, if this type of secondary twinning had occurred, the inclined
secondary twinning lamellar bands sholiklin the primary twins.As experimentally
observedthe grey lamellar bands only coincide with the orientations of the primary
twin projections on the prisatic plane and no inclined bandssobserved within these

grey lamellar bandsln addition, detwinning (or secondary twinnifig) thatchooses

the same crystalline plane as that gnmary twinning is more kinetichy and
energetically preferredTherefore, it is believed that the grey lamellar bands are the
crystalline regions that have experiengegeatedorimary twinning and detwinning
but cannot fully reverse to the original matrix orientation after detwinned upon

unloading.

Knowing thatthe 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 dislocati@hsingtwining/detwinning process.

It is well established that in the material wheislocationslips act as the domant
mechanism of cyclic deformatiostable wall/cell dislocation structures goetsistent

slip bands (PSBs)evelop as a result of the complex entanglement of immobilized
dislocations[147]. Similarly, after repeated twinning/detwinning process, the glide
dislocatonswithin both thematrix and the twin can be activated, ar@hinteract and
react withthe twin boundaries. Atomistic simulations regarding dislocatueim
boundary interactions show that most lattice dislocations cannot fully transmit the twin
boundary in HCP materials[148i 150]. As a result, the residual dislocations will be
inevitably lose mobility and accumulate the materal. 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 dmginal matrix lattice This
explainswhy the crystal orientation is not completely reversed to that obtigenal
matrix when the material is detwinneBurther TEM characterization in these regions
will help to reveal the immobilized dislocatiomstture and deepen thiederstanohg

of thetwinning-detwinningmechanisms.

RegionT; (i=1 to 6)in Figure28a correspond to the poles of six primaension
twin variants(Figure28c) and are highlighed in red(T1), aqua(Tas), navy(Ts), green
(T3), oranggT>), and blugTs), respectively. All the residual primary twins are broken
and fragmented, aligning aside the grey lamellar bands with three orientations. The

degree of the fragmentation orizontal T: and T4 twins are more severe than that in
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the other fourinclined twin variants. This observation is consistent with the OM

observationigure26c).

The secondary twin regior (i=1 to 6)in Figure28b are highlighted in yellow,
tan, lime, darkyellow, lightblue, and violet, respectively. These regions are found
severely fragmented with irregular polygonal shapereover, the secondary twin
fragments are mainly located at the intersectireas where two or three different
orientated lamellar bands in grey color are n&tce the lamellar bands in grey color
represent the regions where primary twinning/detwinning process has occurred, it can
be deduced that secondary twinnis@ctivated during the interaction of primary twin
variants under aertainlocal stresstate A procedure can be followed to identify the
interactingorimary twirs by which asecondary twiris activated.Taking the secondary
twin fragmentS; in Figure28b as an example, the elongated fragment is found to be
located at a grey lamellar band oriented 39.22°with respect t&/twes. According
to Figure 16a, the 39.22°inclined grey lamellar band is the projentof the primary
twin Ts or Te. Referring toFigure27 andTable4, the crystal orientations in regic
can only be resulted from secondary twinning within primary @iar Te. Therefore,

Te is deermined as the parent twin for tBg secondary twin fragment iRigure 28b.
Additionally, it is notedthat a-39.22%9nclined grey lamellar bandlg or Tz as indicated
in Figure28a) is connected to &, fragment as well It can be seethat this secondary
twin fragments activated during the interaction betweg®imary twinTs and primary
twin T2 or Tz. Since S fragmentcan only be &, or Tes, it can be derived thatsdis the

variant type of th&, fragmentin Figure28b. Suchananalysis to identify the parent
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twin and its interacting counterpdar the secondary twin fragmeist not suitable for

those secondary twin fragments having irregular shapes.

Residual
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tensile twins
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and the incamplatel

letwinnad lamellar

1%
Rasidual
primary
tensile twins

(a)

Figure 29 (a) Area fractions on the entileBSD scan area; (barea fraction of the

residual secondary tensile twiagion S.

Figure29 shows the area fractions on the entire EBSD scan #@gproximately
97% of he scan area is the region where crystal orientations lie in the vicinity of the
original matrix orientation with a maximum 12°misorientation ang|Eigure 29a)
This region contains two parts: the virgin material where twinning has never occurred
and tke narrow lamellar bands with @mientationincompletely detwinnedb that of
the matrix. The remaining~3% of the scan area is composed of secondary twin
fragments {£2%) and primary twins<1%). Itisinteresting to note that the area fraction
of seconary twin fragments is approximately twice as that of primary twins. It should
be reiterated that when the experimenterminated after 5,019 loading cycles, the
specimens unloaded from the compression peak where detwinning was completed.
The smalleramount ofresidualprimary twins than that ofesidualsecondary twin

fragments after detwinning indicates that primary tware much easier to be
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detwinned as compared to secondary twiligs known that tension twinning makes
the twin lattice reoriemd nearly 90to 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 compressi stress along the [0001] direction, secondary twin
fragments will be generally subjectedctaxis tension without detwinning. Moreover,
since the secondary twins are activated within the narrow lenticular primary twins, the
pinning effect of primary tim boundary on the secondary twin dislocations will be
more severe, which makes secondary detwinning more diffi¢agure 29 further
showsa pie chartplotting the area fractions of different convergsecondary twin
regionsS (refer toFigure27). Itis found that secondary twin fragments in six different
orientation groups have almost uniform area fractions. Referrifgdie4, itis known
thatsecondary twin fragments regionsS; can be equally activated T and T (&4
equally inT2 and T, S or Ssequally inTs and Ts, Ss or S equally inTy and Ta).
Therefore it can be concluded that all tre&x primary twin variants have equal
probability to activate secondaiyins during their interaction with other primary twin

variants under cyclic loading.

3.5 Cyclic Deformation and Fatigue Damag®f Mg Crystal Loaded in
the [1010] Direction

Figure 30 presents the stres$rain hysteresis loops for the magnesium single

crystals subjected to fully reversed tensommpression in the [110] direction at three

strain amplitudes of 0.5%, 0.75%, and 1%, respectively. The stregs hysteresis
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loops at thestrain amplitudes under investigation are associated with three featured
deformation modegwinning-dominated, detwinningominated, and nehasal slips
dominated accompanied by detwinninn@winning occurs under the compressive
reversal when the resoldshear 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,iswwck close

to that (~2.4 MPagbtainedn the [0001] direction39]. 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 in@asing high value. The significant increase in the strain hardening
rate is ascribed to the operation of fmasal slips [31]. By testing a notched plate
under monotonic tension ithe [101 0] direction ReedHill and Robertson[31]
observed the nebasal slip band traces on the specimen surface of magnesium single
crystals. It was suggested thhe nonbasal slipoccurring under tension in [1D]

direction wasof duplex prismatigype [31}]
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Figure30 Stressstrain hysteresis loops of magnesium single crystals subjected to fully
reversed tensienompression in [100] direction at strain amplitudes of 0.5%, 0.75%,

and 1%.

A distinctive phenomenon of plastic insiigty, which is not observed in the [0001]

orientedmagnesiunsingle crystal, is discovered near the end of the first tensile reversal

in the [101 0]-orientedmagnesiumsingle crystal. To describe the phenomenon in
detail, the specimetested atpU £ @7%% is taken as an example (red line§igure

30). Beyond the inflection point of the tensile loading reversal, the steady plastic flow
proceeds smoothly but terminates at point A (Sigeire 30, d = ~115 MPa
~0.5%)whereasuddens t r e s s 1|c-¥4 Mipa) follpwepdi by a shoftow plateau

( Y0.06%)occurs At the end of the plastic flow plateau, a second rapid stress drop
with a significant decrease in strgsg Ap8B0 MPa)is observed. The second stress
drop is followed by an immediate stress increment by 10 MPa and a subsequent plastic

flow plateau( g8 0.08%), which continues until reaching the tensile peak strain of

an.
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0.75%. The curreny observedunstable plas flow is similar totheinhomogeneous
plastic deformatiomssociated withiders band propagatioim carbon stesl[183, 184

and the serration of the strestsain curve (Portevihe Chatelier (PLC) effect)
observed in aluminum alloyd85187]. Unlike the highfrequent serration with small
stress drop and increment (around 5 MPa in average) in the PLC effect, the magnitude
of stress drop in the [100] magnesiunsingle crystals is rather random, varying from

~4 MPa to as high as 83ViPa. 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 dislocati@olute interaction (or dynamic solute aging)

and dislocatiordislocation interaction83-187]. Without the presence of solutes in

the puremagnesiunsingle crystals, the dislocatiesolute interaction can be ruled out

as a possible cause of the observed phenomenon and therefore, the dislocation
dislocation interactio can be a probable cause. Noting that such a plastic instability is
not observed in the [000bfrientedmagnesiunsingle crystal near the end of the first
compressive reversaB9), it is conjectured that the involved ndmasal dislocations
could originae from the duplex prismatic slips rather than the secanaér pyramidal

slips. This speculation is enlightened by the experimental findingagmesiunsingle

crystals that pyramidal slips operate undlaxis compressior8g, 90 whereas duplex
prismdic slips operate in [1])0]-tension B1].

It is noticed that, different from wroughtagnesiunalloys [L11], polycrystalline
puremagnesiunj188], and single crystahagnesiunoriented in [0001] direction3P,

68], significant cyclicsoftening is observed in the [10] magnesium singlerystal

during tensile loading reversals. In addition, th@ximumstress upon which plastic
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instability occurs in the first tensile reversal is not a monotonic increasing fu€tion

the applied strain amplitude. These observed deformation features are likely associated
with the dislocatiordislocation interactions which are influenced the initial amount of
tension twinning created by the preceding compressive strain. Furtkezssare

needed to determine the underlying mechanisms.
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Figure31EBSD observation of twin structures: (a) unloaded from the first compressive
peak at 0.75% strain amplitude; (b) unloatted the third compressive peak at 0.75%
strain amplitude; (c) unloaded from thé™fbmpressive peak at 1% strain amplitude;

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

the material has been twinned. Thdirection in the figure denotes the loading axis

oriented in the [1Q 0] direction.

Figure3la andFigure31b show the twin structures in the material unloaded from
the first and third compressive peaks, respectivetp &= 0.75%. Two twin variants,
T1 and T having a maximum SF of 0.499 and identical zone axis,developed. In
Figure31la, lenticularshaped twins arebserved The boundaries of two neighboring
twins having the same variant meet and coalesce (arrowFAyime31a). When two
twin variants met, no twin transmission or penetration occurs but ‘twin
boundaries (TTB) form (arrow B iRigure31a) [160, 189. In the specimen unloaded
from the third compressive peakigure 31b), the number ofwin 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 Figure30). 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 pilegh it 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.

Figure31c illustrates the twin structures developed in the material unloaded from

the 3" compressive peak apU £ 2%. All six twin variants are observed. The
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activation stress for [ Ts, Ts, and & is larger than that foriland Tz since the SF of

To, T3, Ts, and & is 0.125 which is lower than that (0.499) farand T.. As a result,

To, T3, Ts, and T canbe 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 cyclesop U £ 2%) inFigure3ic. The development of ahe six

twin variants can lead to TTBs formation between either twaare twin variants
(Type I) or two twin variants that do not share the same zone axis (Tyh89J) [The

Type Il twintwin interaction can nucleate secondary tension twin at the. TAB
detailed analysis of the feasibility of secondary twin transmissithiibe presentedn
Chapter four In the current study, the observation of secondary twins can be visualized
in Figure31c andFigure31d. An EBSD analysis shows that a secondary twinsr
developed at the TTB formed between two primary twinarid T.. It is established

that the formation process of secondary tension twins is energetically unfavorable,
which contributes to matial hardening as well as the formation of TTB8%. To
summarize, an experimental observation by EBSDFigure 31 shows that the
twinning-associated cyclic hardening in [10]-orientedmagnesiunsingle cystal 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 tensiocompiession in [1A 0] direction: (a) and (b) specimen surface;

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

An examination of fatigue damge and fracture surface in [100]-orienid
magnesiunsingle crystal is illustrated ifigure32. Since the specimen loadedzf?
=0.75% and 1% were not separated into two parts, the specimen tegttiad.5%
which was fractured into two parts is used to exarthieefatigue damagekigure32
shows the SEM observations on the specimen surfageré32a, Figure32b, Figure

32d, andFigure32e) and the fracture surfacEigure32c). On the specimen surface
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away from the macroscopic fracture surfaégre32d), microcracks are distributed
mainly in two specific regions: the serratpdmary twin boundaries (arrows A in
Figure32d) and the severely fragmented tvivmn interaction sites (arrow B iRigure
32d). The length of microcrack is very short (less than ~20 pm), implyingtheat
microcrack propagation along twin boundaries and TTBs is limited. The current
observation of microcrack is similar to thdstained in the [0001priented magnesium
single crystal 39.

A three dimensional profile of the macroscopic fracture sur@ehematically
reconstructed (middlefFigure 32). The macroscopic fracture surface consists of

multiple cleaagelike flat facets. On thel(210) specimen surface, straight markings
projected from the cleavage facets form three inclination angles with respect to the

[0001] direction Figure32a andrigure32b): -357 357 and 90? The projected straight
markings coincide with the tras of thecrystal planes (384), (3034), and (0001pn
the(1210) plane as confirmed by the EBSD trace analysitie crack facets (384)
and (3034) are associated wittleavagecrackingalongthe boundary of {1 1}-{10
12} double twin and the crack facet (0001) is related to Méldghearing fracture of

the basal planeThe cleavage craakg on {3034} plane wadirst observed and studied

by ReedHill and coworkers R5, 41, 46 in magnesiunsingle crystal subjected to
monotonic tension along the [100] direction. The {3034} cleavagecracking
markingwas revealed talign with the boundary of {101}-{10 12} double twin

where {101 1} primary twin experiences a secondary {12} twinning. It wasfurther
found that the formation ofdouble twincan lead tarapid cleavage crackingt the

double twin boundary The seminal work by Reddill and coworkers 5, 41, 46
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sheds lights on the process of final fracture in the current experitdgntsualizedin
Figure 32e, an inclined macrocrack of {I01}-{10 12} twin type is connected to a
microcrack (arrow A inFigure 32e). A trace analysis shows that the microcrack
orientation coincides with the trace ofl{012} crystal plane. The inclined microcracks
are observed to predominantly align with the tension twin boundafigaré 32d).
Therefore, the merocrack connectetb the {1011}-{10 12} macrocrack was most
likely originated from tension twin cracking{nowing that a large C&S is required

to activate {1QL1}-{10 12} double twin B2], it can be inferred fronfigure32e 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 slipsiithe slightlyrotated crystals surrounding the crack. The locally
aggravated basal slips can lead to Mddghearing fracture on the basal plane, as

indicated by arrows B ifigure32e.

3.6 Summary

Cyclic plastic deformation ral direct observation of twinnirdetwinning
retwinning evolution for{10 12} tension twinsare for the first time, reported in
[0001}orientated magnesium single crystal subjected to fully reversed tension
compression at a strain antptde of 0.5%. A typical stresstrain hysteresis loop
contains three featured deformation stages: twinning, detwinning, and detwinning
accompanied by nonbasal slip With increasing loading cycles, tleetivities for
twinning/detwinning decrease but mewexhaust Cyclic hardeningan beattributed

to the accumulated barrier effect of the increased residual twin bourtdahiesnobile
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slip dislocationsand twintwin interaction During detwinning residual twinsare
found © form on the vicinities of twin boundaries which were fully expanded at the

previous tensile peak.

Microstructural characterizatioof the [0001jorientedmagnesium single crystal
after termination of the fatigue @eriment shows microcracks develapslip band
extrusions, residual twin boundaries, and the intersection area of primary fimas.
matrix regions inthe magnesiunsingle crystal having experienced repeated twinning
and detwinning for sufficient number of loading cycles are unabledmpldely
detwinned back to the original orientation of the matfhe incapability of complete
twinning/detwinning can be most likely attributed to the development of certain stable
dislocation substructureiie to glide dislocatictwin interactionunder cyglic loading.
Residual primary tensn twins andresidual secondary tensiawins are found
fragmented in small area fractions aftietwinning. Secondary twin fragments have
irregular shapes and can be activated in all six primary twin variants dimeng t
interaction of primary twins.They are predominantly located at the intersection sites

and aremore difficultto be detwinned compared to the detwinning of primary twins.

From he experimental investigation of cyclic deformation[1® 1 0]-oriented
magnesiunsingle crystal subjected to cyclic tensicompressiona plastic instability
phenomenon is found in the first tensile loading reversal where the initial detwinning
process accompanied by nbasal slips approaches exhaustiofwo 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 duretater stage of cyclic
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deformation. The development of twiwin boundaries and secondary tension twins
effectively act as a twinningnduced hardening mechanism. Repeated twinning and
detwinning can initiate microcracks with limited propagation atmpry twin
boundaries and twitwin interaction sites. Final fracture of the [l0] magnesium
single crystal is dominated by the sudden cleavage cracking®h1}-{10 12}

double twinboundary ad 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 incyclic deformation experimesifor magnesium single csyal byin situ
optical microscopy. They can affect the twinning and detwinning processes and play
a critical role in cyclic hardening. This chaptisr dedicated to analyzing the
experimentally observed twitwin interaction structures in the maggium single
crystal subjected to cyclic loading. Theoretical analyses of thettvitminteraction

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

4.1 Crystallography of Twin-Twin Interaction

In HCP magnesium, threp a iofrtwin-twin interactions are crystallographically
distinctive, Ti? T, T1? Tz, and T T4, as illustrated ifrigure33a, Figure33b, and
Figure 33c, respectively. Symbslii T T;0 d e that t@are incoming twin T
encounters a barrier twin, Tand vice versa. The misorientation axis and angle for the
threecrystallograpically distinctive twintwin interactions are summarizedTiableb.

For T1® T4 twin-twin interaction pair, the intersection line is parallel to [fhe7 0]
direction @p-axis). Thec-axis mirientation angle between @nd Ty is 7.40° T2
T4 twin-twin interaction is referred to as Type lzone twintwin interaction. For Ty

4 T,and i Tstwin-twin interactions, the intersectidinesarealong[2 2 4 3] and
[02 21] directions, respectively.The c-axis misorientation angke about these axes

are79.98°for T1? T, twin pair and 34.73%or T# Tstwin pair, respectiely. Since
the two twin pairs do not share araxis, their interactions are referred to as Type Il

twin-twin interactions, with Type li(a) fori? T2 and Type IlI(b) for T Ta.
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[0221]

Figure33 Crystallography of twirtwin interaction in magnesiunf@) Type | twirttwin
pair 42 Ti with the intersection linealong [1210], (b) Type (@) twintwin
interaction % T1 with the intersectiomlong[2 2 4 3], and €) Type li(b) twintwin

interaction B2 T1 with the intersection linalong[02 21].
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Table5 Threecrystallographicallylistinctive twintwin interaction pairs imagnesium

and their misorientation relationships.

_ _ _ Misorientation axis Misorientation
Type Twin-twin pair _ S
(or intersection line) angle
I T4® Ty [1210] 7.40°
ll(a) T* T1 [22473] 7998°
[1(b) Ts® T1 [0221] 34.73

4.2 Feasibility of Twin Transmission

The first critical question regarding twiwin interaction is whetheain impinging
twin can transmit barriertwin through a secondary twinning patithin the barrier
twin. To facilitate a discussiotheimpinging twinis denoteds T and the barrietwin
as T. If theimpinging twinT; transmits into twin T a secondary twinjdforms inside
twin T;. Figure34 shows anmpinging twinT4 approaching a previously formed twin
T1. Both twins can be activated by the stress state depictédure 34, say tension
along thec-axis or compression parallel to the basal plane. FollowingiCa s f i r st
constraint[36], the trace of thempinging twin is parallel to the intersection line
between two twins. The secondary twin could be eitheofT14 inside twin T.. For
T1 and T, the direction of the resolved shear stress on the twinning Hatenoted
with a blue arrow and the twinning shear direction with a red arrow. In the matrix, they
have the same directiofrigure 34) on the twinning plane. The twinned crystal is
rotated 86.3°about the zone axigth respect to the matrix and thexis experiences
tension in the matrix and compression inside twinAs a consequencthe direction

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

occur for Type | twirtwin interaction.

Resolved Matrix

shear
__« Twinning NS

shear SN
__ Twinning DW

plane 4 o\
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Figure 34 Schematic of Type | twin-twin interadion in magnesiumshowing the
relation between the direction of the resolved shear stress and the direction of twinning
shear on the primarf: and Tz twin planesandon the{1012} twinning planesnside
twin Ti. The external loading inhe figure favors primary twin growtbut not

secondary twin transmissiavhentwin T4 impinges ortwin Ti.
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[0170)

Figure 35 Inverse pole figures of Schmid factor of twinning systems in magnesium
undera tensile axis. Re¢blue) coloridentifies domairs with positive (negative)
resolved shear oa twinning system. Directions of potential activation stresses for
activating: (a) twin T; (b) twin T2; (c) twin Tg; (d) twin T, (e) twin Ty after it has been
reoriented; (f) twin Tinsidetwin Ta; (g) twin Tz inside twin T; (h) twin T4 inside twin

T1. The regions outlined by the green line represent the stress domain associated with

the transmission of twin;Tnto twin T;.
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A more general and rigoroasalysisof twin transmission for §pes | and Il twin
twin interactions can be done using the Schmid criterion. A description of Schmid
criterion is covered in Appendix A.Zigure35a toFigure35d plot the Schmid factor
(SF) of twins T( i = 1ié @n)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. T&e twin T as an example. If the SF is negative (blue domainsy T
not activated. Following reorientation of The c-axis reorients by nearly 90 degree
and the SF of twin Jassociated with the stress state changes Bignre35e) for the
twinned crystal (from red to blue, and vice versa), indicating that the stress state that
activates twin T cannot activate detwinning inside.T The following three cases
correspond to Type | and Il twins being able to propagate ihgidel;. Each of twins
To, Tz and T is associated with positive and negative domains of SF in the parent
crystal. If T; (i = 2, 3, and 4 canpropagate into twin funder certain streste stress
direction must be projected onto superimpasel{postive SFs)domainsvhenFigure
35b toFigure35d are sup@mposed withFigure35e, respectivelySuchsuperimposed
domainsare sletched inFigure35f to Figure35h as red regionsutlined by the green
lines It should be noticed that while the same stress states allow twaredTl; to
propagate into twin if the SFs associatedttvthese domains are very low. In practice,
such a kind of twirtwin transmissionhas not been observedAs for twin Ta
propagation into twin T(Figure35h), thesuperimposeded domains isery smallso
that the likelihood okuch a propagatiois very low. Thisis also consistent witthe

experimental evidengaeresented
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4.3 Observations of Twin-Twin Structures in Magnesium Single
Crystal

Throughin situ OM and ex situ EBSD characterizationsthree microstructural
features arédentified in association with twistwin interactions irmagnesium single
crystal specimens: (1ljuilted-looking twin structure (a2p)p aff entotwimr ossi ng
structure, and (IJouble twin structureThe microstructural featas for the three twin
interaction structures are shown fréingure36to Figure38. The quiltedlooking twin
structure forms through the propagation and blocking of multiple twin valiigisre
36). This structure has been widely observed in materials M@R structure$53i
56]. Figure 36a shows a quiltedooking twin structue in the spcimen cyclically

loaded along thg101 0] direction. The structure is composed of two twin variants, T

and T, that share the same zone axis. the specimeryclically loaded alonghe
[0001] direction, six twin variantre activatedFigure36b shows quiltedooking twin
structure composing of four twin variantsy, T, Tz and Ts. It is noticed that the
quiltedlooking structure prevents the propagation and growth of twins in association

with the formatiorof twin-twin boundaries.
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Figure 36 Quiltedtlooking twin structuresin magnesium single crystal having
experienced cyclic tensiecompression(a) in thespecimen cyclicalljoaded along

[1010] direction (b) inthespecimercyclically loaded along [0001] direction.

]

Figure37f A p p a mssingitwircstructures irmagnesium single crystal after cyclic
loadng along [0001] direction(a) two T1 twins and one Ftwin; (b) two T2 twinsand

oneTs twin.

Figure37showstwofia p p a r e n btwin strackires ohsgrved experimentally.
A closer observation reveals that neither impinging twin actually peretinatéarrier

twin. Figure37a shows twadl'; twins and one Ftwin. The crystal orientation in the
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intersection region hascaaxismisorientation angle of ~6°2vith respect to the crystal
orientation in the T twin away from the twirstwin interaction, indicating that the
crystal inthe intersection region belongs te tWin but experiencea tilt induced by
forming twintwin boundaries.In Figure37b, EBSD analysis shows three twitao

T2 twins and one dtwin. The crystal orientation in the intersectigegion has a-axis
misorientation anglef ~6.5 with respect to the crystal orientation in thgwin away
from the twintwin boundary. This is an indication that the crystal in the intersection
regionbelongs to §twin but experiencea tilt inducedby dislocation formation at the

twin-twin boundaries.

The results shown in Figure 8karlyindicate thaho twin crossing or transmission
occurs upon the contact of one twin wahother twin. This is different from the
crossing twirtwin interactionstructure in faceentereatubicstructures[50, 51]where
twin transmissiortanoccurunder mootonic loading becaugbefacecenterectubic
structureexhibitsthree sets of twinning dislocations eachtwinning plang151i 153].
The twinned crystal can be further twinned by the glide of twinning dislocations under
the same stressondition. For HCP structuresa crossing twin structures unlikely
because twinning is udhirectional with one set of twinning dislocation per twinning
plane. According toa Schmid analysis in Type | twitwin interaction(Figure34), the
twinned crystal cannaxperience secondary twinniogpder the same stress besa
the twinning direction is opposite to the directiontlod resolvel shear stress in the
twinned crystal. For Type Il twintwin interaction, the twinned crystal cannot be
further twinnedbecause the positiMeading domais are characterized by verywo

Schmid factorsKigure35). Therefore crossing twin structusein the HCPstructure
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areunlikely a result oftwin-twin interaction. This is evidenced itheEBSD analysis
where amongall twin-twin structuresonly i a p p anossingt twin structurewas
observedwithout crossing twin structurehrough secondary twinning However,
crossing twin structusecould form ifthe local stressedepart substantiallfrom the

applied stresas a result ofpatially distriluted 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 tharprimin
(Figure 38a andFigure 38b), and the other one is where the secondary twin does
connect to another twin that interacts with the primary twigure 38c andFigure
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 stressafing from other defects

such as an interacting twin.
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Figure38 Double tensiortwin structures itmagnesium single crysteyclically loaded
along [0001] direction.Secondary twin does not connect toipingingtwin: (a) a
secondary twin gz inside a primarywin Ts and (b)three secondary twinsfinside a
primary twin Ts. Secondary twin connects to twiwin boundaries: (c) a secondary
twin T1zinside a primary twimy and @) two secondary twinsegk inside a primarywin

Te.
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4.4 Twin-Twin Boundary

4.4.1 Formation of Twin-Twin Boundaries

When one twin encounters another twin, tnn boundaries (TTBs) form.
Starting withFigure39a where an incoming twin; &pproaches the; Twin bourdary,
TTBs form through three possible mechanisms based on the reaction of twining
dislocations (TDs), as visualized gure 39a to Figure39d. The first mechanism
corresponds to thinpingng process(Figure 39b) where the front tip of twin iTis
blocked at the boundary of twin.TTDs associated with twin; impinge on the twin
boundary of twin T The twinrtwin boundary that forms between these two twins is
referred to asITBy, wher e the s ubmpiogng. pThe tiintwin denot e s
boundary plane coincides with the Twinning plane and contains boundary
dislocations thahave the same character as the twinning dislocation associated with

the incoming twin T
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Figure 39 Formationmechanisms of twitwin boundaries (TTBs): (a) a twin; 15
approaching the boundary of aqasistingtwin (i | j); (b) the i mpin
where twinning dislocations (TD) impinge on thgwin boundary, foning 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 juridtien.

light grey and light blue domains correspond to thand T twins, respectively. The

TDs are drawn in red (Jfand blue (}) colors.
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The second and third mechanisms are associated with the growth of two twins as
shown inFigure39c andFigure39d. When both twins iTand T grow through the glide
of TDs, these TDs meet, react, and form junctions. Theupilef these junctions forms
a dislocation wallreferred to aghe twin-twin bounday. Two typesof twin-twin
boundaries can form as schematically showRigure39c andFigure39d. Based on
the angles between the two primary twinning planes, one-ttwim boundary is
referred to ad TBa correspoding to anacute angle and the other is referred to as
TTBo corresponding to agbtuse angle. For the second mechanism, the formation of
junctions is accomplished througipping twinning dislocations associated with the
two primary twins Figure39c). The Burgers vector of the junction is thus equal to the
sum of the two TDs. In the case of a more common-twin boundary that forms

between an incomingsTwin and a T twin, the line sense of all twinning dislocations
is orierted along thg1210] zone axis. The reaction process can be expressed as:

T, T \/
w t0 Y D,

_ _ i (5a)
/[1011]+/[1019 Y 2/[000]

and

o+ Y b,

_ - _ (5b)
/[1011]+/[1011] Y 2/[1010]

whereh! has Burgers vectof[101] at the left of twin Fand /[101 1] at the right

of twin T4, where/ =(3- k?)/(3+k?%) (1 =0.064 for magnésm). b, andb, denote

the Burgers vectarof the junctions in thetwin-twin boundaies TTBx and TThBy,

respectively.
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In the third mechanism, the formation of TTBs is accomplished through
dissociatingthe twinning dislocation of one twin into the twinnidgslocation of the
other twinplus a residual.As shown inFigure39d, a TD associated with; Glides
towards the boundary of the dnd dissociates into a TD associated with twinThe
residual is left at the intersection tifese two twins, corresponding to a junction.

Taking TzA T1itwin pairs as example, the dissociation process can be expressed as:

by ¥ by +b,

_ — (6a)
/[1011Y /[1011]+/[000]
and
w Y by thy (6b)

/[1011Y /[1017+2/[1010]

4.4.2 Configuration of Twin-Twin Boundaries

Accordng to the three proposed mechanismd-igure 39, the geometric and
crystallographic aspects of the twiwin boundaries including boundary planes and
boundary dislocationwere studied Figure40 shows the thredimensional geometry
for the three twirtwin interactions. Tis the preexisting twin. B, T3, and L are the

incoming twins. The coordinate syste@XY 2 is fixed to the Ttwinning plane. The

X-axis aligns with the Ttwinning shear directi0|[1101]] and theY-axis is normal to

the T twinning plane. Th&-axis points oubf-paper parallel to thEl210] zone axis.



(a)
Y
5 @Tou]
|Tﬁn]
Ty
(b)
- O
[1210]
—
7~
-
S TIBy rfp,
T,
(c)
Y T
7z l X[1011]
[1270]
e
7
i & TTB, THE:
1

105

TTBo

Figure40 Twin-twin boundaryplanes and Burgers vectors of boundary dislocations for

the three twintwin interactions: (a) Type I4s#  Titwin interaction; (b) Type li(a)

a Titwin-twin interactions; (c) Type lI(b)s® Titwin-twin interactions.
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Table 6 Burgers vectors of the dislocations on tivin boundaries {TTBi, TTBa,
TTBo) for the three types of twitwin interactions ll the vectorare described in the

matrix crystalcoordinaté.

Twin 5 ) )
. b, b, by 2o | /(18)*  |ba /(/&)*  |b| /(/ @)
pair
T.4 T, /[1017 2/[0003 2/[1010] 11.23 10.56 11.97
T2 T. /[0117 /[1122] /[110(] 11.23 19.54 2.99
Ts2 T: /[110Q /[0112] /[2110] 11.23 13.54 9.00

Notes:b, - Burgers vector of dislocation impinged on a-pxéting twinning boundary;
b, and b, - Burgers vectors of dislocations on the TaTBnd TTB twin-twin

boundaries formed by reactiontefinning dislocations

Table6 summarizes the Burgers vectors of junctions (or boundary dislocations) in

the twintwin bourdaries. b, is the Burgers vector of the impinging TD associated

with the incoming twin.b, and b, are the Burgers vectotisatresult from reaction of

the TDsassociated with two interacting twinsh& elastic energy associated vilikse
dislocationsis proportionalto the square of the magnitude of Burgers vector and is
computed for the three twitwin interactions inrable6. It is found that the formation

of TTBa is energetically favorable whil€TBo is unfavorable for Type twin-twin
interactions. Conversely, the formationldBo is energetically favorablehile TTBa

is unfavorable for Type Il twitwin interactions. For examplehd elastic energy
associated with the left hand side Bfuations (5a) and (5b) igroportioral to

11.23/a)?> forTypeltwini nt er act i ons acdslk Thenglghand Fr ank.

sides of Equions (5a) and (5b) are proportional 10.56(/ a)2 and 11.97(/ a)?,
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respectively, indicating that the reaction is favorable for forming ATfB&@.undary and
unfavorable for forming TTB 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 (6iogreases, indicating that the
dissociation mechanism is energetically unfavorabldowever, the formation of
dislocationwalls will further reduce the net elastic energy due to the-core
interactiors among these dislocationd51]. Therefore, both TTBa and TTBo

boundariezanform through the two mechanisms.

The twintwin boundary plane is geometrically definasl the common interface
bisecting two twinning planes In practice, the twhtwin boundary plane can be
slightly deviated fom the common interface because of thermodynamically driven
reconstruction to minimize interface energy, such as faceted or curved intgtt@es
156]. Nevertheless, the net Burgers vector of the boundary dislocations is unchanged
according to the FranRilby theory [154, 156 159] when the misorientation
relationship between the two crystaemains unchanged. For a Type {zome twin
twin interaction Figure 40a andTable 7), due to the twinning reorientation of the
crystals, the boundary plane of TdBonds the basal planes in the twanis, which is
referred to as BB. The boundary plane of KTinds the prismatic planes in the two
twins, as being referred to as PP. These structures have been examined recently using
atomistic simulations in magnesiufit60]. The Burgers vector of the boundary
dislocations is perpendicular to the TTB plafeg(re 40a), forming a boundary
dislocaton tilt wall. As a result, TTBand TTBo in Type | twin interactions can be

characterized as lo@ngle symmetric tilt boundaries with a tilt angfe7.4° As listed
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in Table7, for Type ll(a) twintwin interactiona crystallgraphic analysis according

to a common interface bisecting two twinning plaskews thathe boundary plane of

TTBa is parallel to thgl1124) plane in the matriand bindghe (5236) plane in T twin
and the(2536) plane in & twin. The boundary plane of TTHs parallel to (1100) in

the matrixand bondshe (1212) plane in the Ttwin and the(2112) plane in B twin.

For Type ll(b) twinrtwin interaction, theboundary plane of TTBis parallel to the

(0114) plane in the matrix and binds tlfE35 8 6) plane in T twin and the(13856)

plane in & twin. The boundary plane of TBs parallel to thg2110) plane in the

matrixand bindghe (35214) plane in T twin and the(32514) plane in Btwin. As

shown inFigure40b andFigure40Qc, the Burgers vector of the boundaryladisitions

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, TTBand TTBo for Type Il twirtwin interactions can be chateozed

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.



109

Table7 Plane normal to the twitwin boundariesTTB,, TTBa, andTTBo) for three
crystallographicallydistinctive twintwin interaction pairs (the MilleBravais indices

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

Twin-twin pair TTB; TTBA TTBo
(0003 in matrix (1010) in matrix

_ _ (1010) in T4 (0003 in Ty
T4 Ta (1012) in matrix ~
(1010 in Ts (0009 in Ta
(1124) in matrix (1100) in matrix
_ , (5236) in T1 (1212) in Ty
To% Ta (1012) in matrix o o
(2536) in T2 (2112) in T»
(0114) in matrix ~ (2110) in matrix
T4 T. (1012) in matrix (13586) in T1 (35214)in Ty

(13856) in T3 (32514) in T3

Notes: TTB- the boundary of a prexisting twin; TTB - twin-twin boundarybisecting
the acute angle between the two interacting twins;J-Tt&in-twin boundary bisecting

the obtuse angle between the two interacting twfAstable should be within one pape

if possiblg
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Figure41 Experimentally obseed twintwin boundaries in magnesium single crystal:
(a) EBSD orientation map obWw-angle twintwin boundariesTTBa (BB) andTTBo
(PP), in Type | cezone twin interaction under initial compression in [L0]-
magnesium single crystgl) TEM bright fieldmicrograph showing a TT&Bin Type

[I(a) twin-twin interaction.

TTBs associated witfiype | cazone twintwin interactionare observed from the
initial compression of the magnesium single crystal undef pjdirection. Figure
41a shows TTBs betweenTa twin and aTi twin. Twin-twin boundaries consist of
low-angleTTBo and TTBx tilt boundaries with a misorientation angle of&asured

by EBSD. The trace of thRETBa boundary plane is close to traces of prism planes in
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both twins and referred to as PP boundary. TH&éo boundary plane trace is
approximately parallel to the basal plane traces in both twins and referred to as BB
boundary. Atomistic simulations of Type I-zone twintwin interactiong160] 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 TdB
boundary associated witfype li(a) twin-twin interaction It is worth mentioning that

no twin transmission is observed in either type of #Mim interactions.

The threedimension& geometry of aType ll(a) twin-twin boundary (TTB)is
further studiedo verify whether it is suitable to define the TTB as a common interface
bisecting two interacting twinning planel$.can bereasonably assurdehatthe twin
twin interfaceis a threedimensional (3D) plane located in the specimen with an
arbitrary orientation, as shown Figure 42a. The 3D twirtwin interface can be
projected onto the specimen surface as well as the cross sectiorFpjane42a). For
the trace of TTB on the specimen surf€8EM/EBSDcan be usetb characterize the
surface geometry of TTB and the crystal orientation of its neighboring twins. As for
the trace of TTB on the cross section plan8EM/FIB dual beam techniquas used
to cut off a thin TEM foil (~200 nm in thickness) containing the TTB. The TEM foll
plane is parallel to the cross section plamie foil under TEMwas further examined
so that the geostry and crystallography information of the TTB on the cross section

plane can be obtained.
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Figure42 Threedimensional geometry and crystallography information of a Tifpg |
twin-twin boundary (TTB) characterized by SEM/FHilBal 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); (c) SEM and EBSD @atians 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 irFigure42b andFigure42c, 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 twing dnd T>. A crystallographic analys
shows that the trace 0{1212) plane in T andthe trace of(2112) plane in &
coincide well with an imaginary line linking the starting point and the ending point on

the curved twirtwin interface. On the specimen g€, an SEM/EBSD analysis

reveals that the TTB trace aligns with tfi&¢00) trace in the matrix. The agreement
of TTB trace with (1212) trace in twin Tand (2112) trace in twin Bonthe cross

section plar and thg1100) 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.

44. 3 For mation of MAApparent Crossingo Twin
According tothe experimental observations and theoretical analpsesented
{10122t wins do not transmit into one anothel

C r 0 s smnrstguctures irFigure 37 is addressed here using amument based on

the formation of twirtwin boundaries. As shown Kigure43a, twoT; twins impinge

on each side of &; (§ )itwin. Figure43 shows the formation o
Cr os s i n gucturetascomnmpangng the formation and growth of TTBs and the

growth of these three twins. TTBs of all kinds are showRigure43b. In fact, a

different number or kind of TTBs could form due to the local stresses and difeénenc

the kinetics and energetics aspects for TTBs formation. For example, two types of
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TTBs are observed ifigure 37a and one type of TTB is observedRigure 37b.
Nevertheless, the intersection ragmsualized as the violet shaded arekigure43b
is part of twinT; but tilted 6.4°from twin Tj due tothe existence oboundary

dislocations according to interface dislocation thdaba .

\ Matrix \
T{ T\
\ \
TTBy 4~ \ TTBo
\ 4
\ P
] | ' _/TTB, |
A T, ) TTB N l
5 d V' “TTB
. TTBo \ A
'\_ \‘
N \ )
T; \\ Ti
(a) (b)

Figured3For mati on mechani sms of dappdwnent
encounters a prexisting T twin from ane side and another closediigned parallel iT

twin contacts the samg@T wi n f r om t he ddrrhagon of smnviea (|
boundaries at both sides of twin via the zipping and/or dissociating mechanisms.
The dislocations on TTBand TTB are drawn in orange and pink colors, respectively.

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

4.5 Influence of Twin-Twin Boundary on Twinning/Detwinning

4.5.1Influence on Twinning

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

blocked at the twin boundary and form bouryddislocations. Backstresses resulting

cCr os
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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 requireglaehiexternatress, resulting

in strain hardening during twinning.
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Figure44 Formation ofooth PP and BB twitwin boundarie§TTBs) when a (1A 2)

T, twin interacts a {012) T4 twin: (a) two twin variantbefore interagt(b) formation
of a single tilt TTB (PP or BB)(c) furthertwin growth after the formation @ single
TTB (PP or BB) Twinning dislocations are red fog iwin, blue for T twin, and pink
for twin-twin boundary dislocationsBlue and black dashed lines iodte 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
boundaries which contains both th€Ba and TTBp, asobserved irFigure4la. Itis
noticed thaboth types ofilt TTBs (PP and BBfor Type |) will form when one twin
meets the otherThe extension o& singletilt twin-twin bounday into a compound
twin-twin bourdarycan be explained further growth ofT1 and T is accounted for by
the reaction and dissociation of TDs, as schematically illustratédguare 44. With
further growth ofT 1 after formation of a single PP or BB tilt boungdFigure44b), a
TD in T1 canglide towards the tilt boundargijssociatingnto a TD in T and leaing
a tilt boundary dislocation at the tilt boundars a result, the a4twin grows and the
tilt boundary extends=jgure44(c)), adding extra atomic layers on one side otwie-
twin junction and creating a fAplateau. o
as expressed in Equation (6), which is energetically unfavorable and results in a strain

hardening effect during further twin growth.
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= PP Z (0001)
: ',UI~ Ly trace

Figure45 (a) High-magnification crystal orientation mahowing the dw-angletwin-
twin bounday (PP betweenT; andT4twins. () backscatter secondary electron (BSE)
micrograph 6the same region ira) showng a basal slip bantlansmitted from the PP

boundary.

It is worth pointing out that for Type | twitwin interactions, the two twinned
crystals have a low misorientation angle of about 7.4? As a result, glide planethin bo
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 TTB(PP) where the boundary plane is prismatic, forming a Isépal
band in the barrier twin. This basal slip band emitted from PP boundary was observed
in magnesium single crystal, as showrFigure45. When T. encounters 4, a low
angle twintwin boundary(PP, black lin@ forms (Figure42a) Figure 45b is a
backscattered secondary electron (BSE) micrograph taken at the sameseiiaim

Figure45a. A slip band connected with the twimin boundaryis observed inside the
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Tatwin. The trace of the slip band aligns with the trace of the basal plane (00Q1) in T

twin, indicating that this slip band is of a basal type.
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Figure46 Misorientationchange caused by a slip barahsmitted from a tilt PP twin

twin boundary(a) a straight patlon the basal slip band area in the barrier twin across
the PP boundaryp) misorientation angle measured between the current point and the
origin on the straight path shown in (a); (c) RFbbundary is formed but no basal slip

occurs in F; (d) after basal slip band is formed in T

Figure46a andFigure46b present misorientation analysis in theansnitted slip
band regiorbased on the results obtained frorEBSD analysis. The misorientation
angle between Tand Tz is 6.6 but the slip band regiofrepresented by point Bjas
misorientation angles of B With respect tawin T1 (represented by pdid) and 1.8
with respect tawin 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 inaifd Ty is 7.4° The coherent rgion associated
with the tilt boundary facilitates slip transmission for basal dislocation fromsttve ™

to the Ts twin, and prevents the formation of a secondary tension twin insidesthe T
twin because TDs in the.Twin cannot directly transform inftDs in T4 twin. Second,
Burgers vectors along the tilt boundary could reassemble, underirgiresso a

boundary dislocation withBurgers vector of[1010] accompanying the extension of

the tilt boundary, reducing the chemical potential energy by forming rmoeherent
segments along the tilt boundatyl, 162]. These reassembled boundary dislocations
can further dissociate into basal dislocations or act as sources for nucleation and
emission of basal dislocations. TFtere then emitted from the tilt boundary, forming

a basal slip band. Accompanying thaigsion of basal dislocations from the tilt
boundary, the tilt angle decreases, as schematically describepire46c andFigure

46d. This is arenergetically favorablprocess. For Type Il twitwin 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.

4.5.2Influence 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 twinckhess 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 detwinningre Merestingly, secondary
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twins caninitiate fromTTBs, as observed figure38c andFigure38d. Experimental
characterizations by EBSD reveal two microstructural mechanisms, both based on
secondarywins nucleating at and propagating from TTBs: (1) secondary twins leading
to Adet wi nni ni@Tfandd m T and (R)decandaty Twins where the
secondary twin planejTintersects with the primary twin planesdnd T along the

same ingérsection line.

Figure 47 schematically illustrates possible deformation modes under reversed
loading. Figure47a shows a general caseTofBs associated with the-T T twin
interaction where three psible detwinning modes could operate. The first mode is
associated with direct detwinning through dissociation/unzippingbafindary
dislocations into twinning dislocations that glide on their associated twinning planes

(Figure47b). This process can be expressed as:

bre Y B, +hy, (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
(Figure4Tc), the secondary twin variant is eitherdr Tj, that is, the same variant is
activated in primary twin. In the third deformation mo8&&(re47d), the secondary

twin variant is either i or Tj, that is the variant of the other primary twin is active.
Atomistic simulations and a theoretical analy$83] show that a minimum stable twin
nucleus requiressimultaneous nucleation of multiple twinning dislocatios.

Correspondingly, the second deformation moale be expressed as:

nbie ¥ Nk +nhy: (8)
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The third mode is similar to the second mode but with different reactions:
nbrTB Y nh& + nbr (9a)

or
nbs Y nhy; +nh (%)

wheren is equal to3 for the normatwinning mechanisnfl63]. nh is theresidual

dislocatiors left on the TTB. Compared tothe first mode where detwinning is
accomplished through successive dissociatidroahdarydislocatiors,thesecond and

third modesnvolve multiple dislocations and alessenergeticallyfavorable.



122

__________

TTB, TTBo i

(d) I

Tji~, A
Figure47Detwinning, réwinning and secondary twinning mechanisms related tc 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 thsame twin variant as the primary twin (or referred to as
Adet wi nni ng) dcaorapanying msecieatienoof twins from TTBs; (d)
secondary twinning with a different twin variant from the primary twin (or referred to

as double twinning) accompanying teation of twins from TTBs.
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Table8 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 ssmdary twinning under reversed loading in [AQ0

direction.
Dissociation E, E, E-E h'fb/(n/a’® m
Mechanism 1 and 2: (n = 1 foMechanism 1, n = 3 for Mechanism 2)
Type |
nb, Y nhl +nQ: 10.56 11.23 0.67 -0.36 0.5
nky Y nii* +nhl 11.97 11.23 -0.74 0.36 0.5
Type li(a)
nb, Y nhl +nQ 19.54 11.23 -8.31 4.12 0.5
nky Y nz +nhl 2.99 11.23 8.24 -4.12 0.5
Type li(b)
nb, Y nh +nh: 13.54 11.23 -2.31 1.13 0.5
nk, Y ni +nh’ 9.00 11.23 2.23 -1.13 0.5
Mechanism 3 (n=3)
Type |
nb Y ni+nh 1759 Y7 5.98
. 5.62 (or 0.49
(ornh Y ntﬁt“ +nh) (or 27.99) 22.37) (or-11.19)
nb, Y nii(orng)+nh  10.56 33.60 23.04 -11.55 0.49
nk, Y nQi#(ornQ)+nh  11.97 33.60 21.63 -10.83 0.49
Type li(a)
nb Y ni+nh 6 8.61 2.99 0266 .
(or Nhy Y nhTW“ +nh) ' (or7.01) (or1.39) (or-0.124) '
nb, Y nh(ornQ2)+nh  19.54 12.64 -6.90 3.43 0.12
nk, Y nhz(ornQiz)+nh  2.99 12.64 9.65 -4.82 0.12
Type li(b)
nb Y n:+nh 1464 902 -4.49
L 5.62 18.92 (or 609 012
(Or nh Y nqvf '*'nbr ) (Or . ) 1260) (Or- . )
nb, Y ni*(orng?)+nh  13.54  23.85 10.31 -5.16 0.12

nky Y nhP(ornb’)+nh  9.00 23.85 14.85 -7.42 0.12
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Notes:b, - Burgers vector of the impinged twining dislocation on thevin boundary;
b, - Burgers vector of the TTBboundary dislocation, - Burgers vector of the TTd3
boundary dislocationp’ - Burgers vector of the dissociated secondary twinning
dislocation;h - Burgers vector of the dissociated residual dislocaterschmidfactor

for secondary twinning under reversed loading ijpoo1| direction.

E, =|bg” (n/a)?, and E, = (\q&r +[o,[* Y(n/ ay .

The feasibility of the three detwinning deformation modess further analyzed
For e&zh dissociation process,the interaction energys computedbetween 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 imable8. The Schmid factor for secondary twinning was computed for
compression along the [0QJ direction. It is clearly observed that (1) most of
dissociation processes are energetically unfavorable resultagetarding behavior
for detwinning and TTHnduced detwinning hardening; (2) the first mode (detwinning)
is the easiest among the three modes; and (3) secondary twinning is easiest for Type
ll(a) twin-twin boundaries and the most difficult for Type I-mmne twintwin

boundaries.
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Figure 48 In situ optical micrographs showing different stages (a, b, and c) of
detwinning and their corresponding stret®in states (djn the [1010] -oriented

magnesiunsingle crysthsubjected to fully reversed compressiension at the strain

amplitude of 0.75%

An in situ observation of the hindering effect of the TTB @etwinningcan be

illustrated in the[lOiO] -oriented magnesium single cryst&ligure48includes three
snhapshots fronin situ optical micrographghat show an evidence of retardatiom
detwinning. Figure48a shows three fully formed twins at the compressive peak strain
of -0.75% (Point a irfFigure48d). Twin Ty (outlined by the blue dashed line) impinges

on one T twin (outlined by the green dashed line) at the contact site A. The ather T
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twin (outlined by the red solid line) impiag on the Ttwin at the contact site B. Itis
observed that the;Twin boundary exhibits enhanced twin growth at the contact site B
ascompared to other locations on the bounddaiye proposed model fFgure44 can
explainthis observation.During detwinning and until the loading reaches Point b in
Figure48d, anin situ optical microscopic observation indicates that theéwin (red

solid line) shrinks in thickness baheend remains attached toetfi1 twin at site B
(Figure48b). The T4 twin (red solid line) detaches from thetWin at site B when the
loading exceeds Point b ligure48d. After the detachmer{Figure48c), the Ts twin
quickly becomes elliptical, while the; Twin detwins partially and shrinks but remains
attached to 7 (green dashed line) because of the pinning effect of the tilt boundary at
site A. The detachment of one twin from the tilt boundargcapanying 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 effecf twinning and detwinning upon cycli@ardeninga

mean flow stress &, and S 4.in) @nd a mean hardening rat®$/dep) and

twin
(ds /de,) ) are definedas follows Figure49a). A mean plastic strairg(.,,) 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 plag strain for each cycle. The mean hardening rate is the slope of the

stressstrain curve at the mean plastic strain. For each full loading dye@enean
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twinning stress, the mean detwinning stress, and the mean strain hardeniagerates
computed The resultzlearly showtwo hardening features-igure 49): the mean
stress and hardening rate during detwinning are greater than those asswitiated
twinning and both of them increase with the number of cycles.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 unreversed TBs and the formation of secondary twins. During twinning, twinning
dislocations associated with the incoming twin are blocked at thexpeng twin
boundary, and quiltetboking twin structures form. A backstress is resulted from the
pileup of these tundary 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 dtwinning, 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 plastdeformation associated with secondary twinning
decreases the local stress. Consequghtynean stress atitemean strain hardening
rate during detwinning increase more rapidly than those diwigning. A clear

evidence of secondary twin developmhafter cyclic loadings shown inFigure28.
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Figure49 Cyclic hadening of the [0001priented magnesiumsingle crystal subjected

to fully reversed tensienompression at a strain amplitude of 0.%8):twinning stress

( Swin ), detwinning stress (5, ) and their corresponding plastic moduli

([ds/de,) and(ds/de,) ) atthe mean plastic straimy,.,,) as indicated in a

twi
typicd stressplastic 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 analysasf twin-twin interaction structure imagnesiunsinge crystal
under cyclic loading were carried out basectoystallography of magnesium and the
dislocation theory. Multiple twin variants interact with each other, consequently
forming quiltedl ooki ng twin structures, feadp par ent
double twin structures. The microstructures associated withtevin interactionare
found to correlate with cyclicardening The following are the major conclusions from

the analyses.

(1) Accordingto acrystallographic analysis, twitwin interactians can be classified

into two types Type Icorresponding to twbwins thatsharea <11§O> zone axis

and Type llinteractions that sharedéferent zone axis.

(2) 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, twitwin boundary forms.

(3) According to a Schmid analysigrfa Type | twinttwin interaction,a loading
direction a&tivatestwinning (or detwinning of both twinsat the same time. Win
transmission cannot occurFor Type Il twintwin interactiors, twinning is
activatel for one twin while detwinning is activatdor the othemunder certain
loading directions However, twin transmission is unlikely. Of #fle twin-twin
structures characterized in the EBSD experiments conducted, crossing twin
structures through secondary twinning path were not obswived the external

loading favors the growth of two primary twins
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(4) A twin-twin boundary can form through thremechanisms by reaction of
twinning dislocations: impinging, zipping, and dissociating. All of these
processes create twiwin boundary dislocations. For a Type | twimin
interaction, the twirtwin boundary is a low angle tilt boundary with the habit
plane being parallel either to the basal or the prism planegsch twin. For Type
I twin-twin interactions, the twhtwin boundary adopts a high index
crystallographic plane according to a geometry analysis and could thus evolve to
be a complex boundaryollowing thermodynamic relaxation. Twimvin
boundary dislocations can be characterized by reactions of twinning dislocations
associated with the two twin variants.

(5) "nApparent crossingo t witwnbsuhdaryformaliones ar e
Thecrystal in the intersection region experienaddt induced by the pileup of
twin-twin bounday dislocations.

(6) Under reversed loading, detwinning is hindered because of the energetically
unfavorable dissociation of twatwin boundary dislocations. Smudary
twinning can be activated at Type Il twiwin boundaries under reversed loading.

(7) Under cyclic loading, three kinds of twin structures (quited o k i n g , NRappar
crossingo, and double tensil e-twinwi n) fo
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 Materialsand Specimen Preparation

The pure polycrystallinemagnesiunwas commercially acquired in the form of hot
extruded round solid bar with a diameter of 32.9 nkigyre50a). Small dbg-bone
shaped plate specimens with a rectangular cross secto@ ofm 3.0 mm withina
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 extrudikaction (ED), the traverse
direction (TD), and the normal direction (ND) are referred to as the three orthotropic

axes of the sample coordinate sys{&igure50a).

A cubicmaterialblock was cut from the outeircular layer of the extruded bar for
initial microstructure and texture analysisdure50a). In order tovisualizethe grain
boundaries anthe twin boundariesthree orthotropic surfaces of the cubic materi
block were carefullyground and mechanically polished following the same procedure
as that utilized for magnesium single crystal specimélitee polished samples were
soaked in the etchant made of AceRicral solution (10 mL acetic acid, 4.2 g picric
acid, 10 mL distilled water, and 70 mL ethaf@b pct)) for about 5 seconds&igure
50b shows a thredimensional stereography of optical microstructure for the extruded
puremagnesiunin the asreceive state. [fie material consists of equiaxed grains with
an average grain size of 1p®, measured using the Mean Lineal Intercept Method.

No initial twins were detected befongechanicatesting.



132

0
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(0001) (mrd)

Figure 50 Initial microstructure and tewte of the extruded polycrystallingure
magnesium (a) schematic drawing of the testing specimen and the cubic material block

for initial microstructure and texture analysis; (b) thdémensional stereographic

optical microstructure; and (c) (0001) a(fl@iO) pole figuresmeasured by Lab-Xay

diffraction.
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Figure51 Principleof pole figure measurement byrdy diffraction[164].

The plangerpendiculato the ND directionn thematerialblockwas analyzed for

initial texture usingPanalytical XPERT MPD PRO diffractometeA quick GONIO

scan was first performed to determine the ige2qg positions of the(lOiO), (0003 ,

and (1011) diffraction peaks. As schematically illustrated iRigure51, the intensity

of (hkil) pole wascollected on the diffraction plane which was designated by a plane
normal N(hkil). The orientation of the diffraction plane normal is described by the
azimuthangle ¢ ) and thepolar angle ¥ ) of asphere coordinates fixed on the sample
coordinates.The dffraction plane is changed by rotating the azimatigle ¢ ) from

0°o 360°n a 5°incremental step and rotating theolar angle ¥ ) from (° to 85’ in a

5° step. On each diffraction plane, the intensities(l@ﬁ_lO), (0002) and (1011)

diffraction peaks were collected at three correspondggpositions,and usd to
construct the pole figes The directly measured pole intensity is corrected as follows

[164]:



134

, | nead/ v )- BG(/)
leore/ Y ) =8 : (10)
V) 00
where ImeaS(/' 5% ) and ICO”(/' ,y) are the measured and corrected pole intensity,

respectively. BG(/ ) and U(; ) are the background error and defocusing error,

respectively. After the correction, ti@ensity is normalized to the standard ufiits

Amul tiples of a random orientation distrib

)=k conl/ V).
ol ) Aol ¥ Sln(/ o/ dy |/[pinG Y d | (v

so that the integration of the normalized intensity (or mrd) oveutharea of the pole

figure satisfies the following equation,

1

E ﬁ norm(/. 4 )Sin(/ h/ dy =1 ( 12)

where0¢; ¢360'and0¢y ¢90 . The(0001) and(lOiO) pole figures inFigure

50c are finally represented in the standard unit of.nffcbm the pole figures, a typical
basal texture of extruded magnesibaris exhibited. The c-axes of most grains lie

approximately within the plane perpendicular to the EBation.

5.2 Mechanical Experiments and Microscopic Observations

Fully reversed total straioontrolled tensioftompression experiments were
conducted to study cyclic deformation and fatigue damage developmeniref
polycrystalline magnesiunm its extrusion direction.Two grain amplitudeg0.12%
and1%) were employed in the experimental investigation. The corresponding testing

frequencies were 10 HmMd0.2 Hz, respectively. For each loading cycle, a minimum
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of 200 data points were recordetihe true stress and true strain were calculated and

reported for all the tests conducted.

To investigate the fatigue damage developméehe flat specimen surface
perpendicular to the ND direction was fatehed prior to fatigue teshy/ using the
same proedure as thatised for optical microstructurebservation 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 whih the testing specimen was separated into two pieces is referred

to as the fseparati onNg, aluetgtheescattering eajureand i s

of fatigue data, t he ntheapemgedron testnsevermt i gue | |
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 Wwhkidbatling

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%,,, 80%N,,, and 100%N.,,, respectively

sep? sep!
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%N,,, 70%N,,,, and 100%N,, at this strain amplitude.

sep? sep’

The surfaces of testing specimens after the termination of mechanicait test
different stages of fatigue lifvere examined by high resoluti@tanning electron

microscopy $EM) 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, crystalorientations 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 orientatiothe habit plane of the propagated microcrack can be identified,
which provides an important clue for the propagation mode of-staye transgranular

microcrack at low strain amplitude.

5.3 Basic Characteristics of CyclicDeformation

Figure52 shows the cyclic stressdtrain hysteresis loops at the strain amplitudes of
1% and 0.12%. A clear difference is observed on the shapes of the cyclissaEss
hysteresis loopbetweenthese two strain amplitudes. At 18train amplitude, the
stressstrain hysteresis loops show a typical asymmetric shape as those for wrought
magnesiumalloys. During the compressive reversal, when the compressive stress

reached approximatels0 MPa, the material showed an abrupt yielgiomt, beyond

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

tensile reversal, the stressain curveshowsa concavelown shape with a low and
decreasing hardening rateAn infledion point is exibited at a strain of ~0.5%.
Beyond the inflection point, a concaup shape can be observed and the strain
hardening rate increased gradually. The shape change of thestt@ssurve at the
inflection point indicates a gradual exhaustion of detwignand the activation of
nonbasal slip[165, 166] The asymmetric stresdrain 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 eabfithe compressive peak stress increased
slightly while the value of the tensile peak stress decreased significantly. Additionally,
the shapasymmetry of the strestrain hysteresis loops tended to evolve to a less
degree. The observed cyclic softgnibehavior at the tensile peak stress on pure
magnesiundisagrees with the general observation of significant cyclic hardening at
the tensile peak stress for most wrouglaignesiunalloys at a similar strain amplitude

[16, 111, 128, 130, 132]

Pure Polycrystalline Mg ; 1 20
150 - Tension-Compression (ED) ! Cycle 1 4% 2
s ks 4
0 422 = 0.12% P ™\, 602
E_ 50 — Cycle 1~10 o 804
(7] e
7] - U
et e i
n e A _ """"""""""""
-50
-100 T T | T T
-0.010 -0.005 0.000 0.005 0.010
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Figure 52 Cyclic stressstrain hysteresis loop®r the extruded polycrystalline pure
magnesiunsubjected to fully reversed tenstoompressiomt stain amplitudes of 1%

and 0.12%.

At a strain amplitude of 0.12%, the stresain hysteresis loops show a symmetric
shape with almost zero mean stress during most of the loading cycles. Although
marginal cyclic hardening occurred, the compressive peakssnever 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 locagjiens where the incompatibility
stress is concentrat¢tl67]. However, the presence of local temsiwins does not

result in any asymmetric shape of thecnaacopic stresstrain hysteresis loop.

200 7 pyre Polycrystalline Mg (ED) %:E;”;qgeak 20%
150 H (830) 100
J| o D18%N, (1,110)
] 100 (2 cycles) s
L
= 2l — e Y. 0%
S W NS 0.12% ... 50% . ¢, (107,700)
i Tensile Peak (76,900) -
_'5: _50 | ———————————.o... nnameen s e L e et '1|:||:|%
in iﬂ\t__ﬁ___/ (154,100)
100 4 0.12% 1%
Compressive “COMmpressive
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T II T T T T TTT I| T T T T TT II| T T T TTTT I| T T 1
0.1 1 10 100

Percentage of Separation Life (N,;), %

Figure53 Variation of the tensile and compressive peak stragghghe normalized
loading cycles in terms of the percentage of the separationNifg,) in the extuded

polycrystalline purenagnesiunfoadedat strain amplitudes of 1% and 0.12%.

Figure53 shows the variation of the tensile and compressive peak stresses with the
normalized loading cycles in terms of the petege 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 amplit&t#&%o strain
amplitude, right after the second loading eycthe 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 aoitg 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’
from the loading cycle of ~2¥ ., to that of ~809%N,,,,, and a tertiary sige showing

a gradually increasing cyclic softening rate during the last ~I8Q% On the other
hand, the compressive peak stress showed a moderate cyclic hardening with a
decreasing rate during the initial ~709,,,. During the last ~30%|,,, accelerating

cyclic softening was observed. It is established that with increasing number of loading
cycles, the residual twihoundarie are gradually accumulated, which contributes to
cyclic hardening by applgg the barrier effect on the dislocation motighs7]. This

cyclic deformation mechanism is macroscopicatiflected 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 amplitudethe material exhibits marginal symmetrical cyclic
hardening at both tensile and compressive peak strésgese53). An examination
of the tensile peak stress reveals that the tensile peak stress increaddd@alyithin
the initial ~5%N

Afterwards, the tensile peak stress kept constant until the loading

sep*
cycle of ~70%N,,. During the rest of ~30%l.,, the material demonstrated a
gradual loss of cyclitbading capacity with an increasing softening rate. The marginal

cyclic hardening behavior at 0.12% strain amplitude for puagnesiums consistent

with the results from most wroughtagnesiunalloys tested in the higbycle fatigue
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regime. However,here exists a noticeable difference in the final fracture behavior
between the pumagnesiunand wroughtmagnesiunalloys. For wroughthagnesium

alloys tested at low stress/strain amplitudes, the testing specimen usually shows a quick
and drastic drop dftress amplitude which is followed by a sudden final fradtLee,

124, 125, 13D However, for the purmagnesiunas shown irFigure53 (logarithmic

scale should be noticed for the loading cycles), the strepswehs detected relatively
early at the loading cycle of ~70B&,,,. During the remaining ~30%,,,, the material

was cyclically softened gradually until the final separation occurred.
5.4 Microscopic Observation ofFatigue DamageDevelopment

5.4.1Strain Amplitude of 1%

Figure54 presents the SEM images showing the fatigue damage development on
the specimen surface after the second loading cycle at 1% strain amplitude. The
loadng direction is horizontal as being indicatedrigure54. Figure54a characterizes
an observation window with size of 1.25 mmx 0.75 mmon the central areafdhe
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 HAbo, ico

illustrated inFigure54b, Figure54c andFigure54d, respectively.
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Figure54 SEM examination of surfacdamage morphology after the second loading
cyclein the extruded polycrystalline pureagnesiumat 1% strain amplitude: (a) low
magnification; and (b, c, d) high magnification (solid blue arrows indicating the
locations of grain boundary cracking; dashediarrows indicating the locations of twin

tip damage; dashed white lines indicating theleme orientation of cyclic slip bands).

In Figure54b three neighboring grainsinwere o0b:s

20 and AGrain 3.0 Grain boundary cracking
























































































































