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Abstract

Plastic Deformation Behavior of
Magnesium Single Crystals

Ming Zhe Bian
School of Materials Science and Engineering
The Graduate School

Seoul National University

Magnesium (Mg) alloys, having a density of about 1.74 g/cm’, are the
lightest structure materials and their superior physical and mechanical
properties make Mg alloys extremely attractive for applications requiring
light-weight materials. Especially, in the automotive industry, magnesium
alloys have become the key materials for increasing the fuel efficiency due to
their low density, excellent specific strength and stiffness, exceptional
dimensional stability, high damping capacity, and high recycle ability.
Magnesium alloys can be divided into cast magnesium alloys and wrought
magnesium ones in terms of difference in processing. At present, the casting
magnesium alloys are utilized to produce the majority of magnesium alloy
products. However, the cast magnesium alloys fail to meet most of the
requirements and the wrought Mg alloys show both better strength and
toughness. Unfortunately, there are several fundamental and technical issues
preventing the development of high performance of wrought Mg alloys. For
example, Mg alloys usually develop strong basal texture during rolling,
resulting in anisotropic mechanical properties and poor formability.

Additionally, fundamental observations such as temperature and orientation

111 ;
|



dependency on the slip and twinning modes, as well as interactions between
deformation modes are still rarely reported.

The first objective of this study is to determine the critical resolved
shear stress (CRSS) values for various major slip and twin systems, by
preparing single crystal specimens with different orientations and deformed at
various temperatures. The deformed samples were systematically examined
by optical microscopy and electron microscopy. The single slip oriented
specimens were used to directly derive the CRSS values for the corresponding
deformation modes by using Schmid factor (SF) criterion. Viscoplastic self-
consistent (VPSC) simulations were utilized to obtain the best fitted CRSS
and hardening parameters for various deformation modes when more than one
deformation mode was involved due to the loading direction of the single
crystal specimens. From experimental and simulated results, it was found that
the CRSS for basal <a> slip and {1012} twin showed a weak temperature
dependence, whereas the CRSS for prismatic <a>, <c+a> slip and {1011}
twin exhibited a strong temperature dependence. The resolved shear stresses
that activate the prismatic <a>, <c+a> slip and {1011} twin modes are much
greater than those required to initiate the basal <a> slip and {1012} twin in
magnesium at room temperature. Therefore, the predominant deformation
modes of magnesium at room temperature are the basal slip and {1012} twin.
It was generally known that the {1012} twin strongly affects plastic
deformation of the Mg alloys since twining can accommodate the c-axis strain,
but large strains require additional deformation by slip. The interactions
between dislocations and twin boundaries are, therefore matters of practical
interest because the deformation-induced twins may play as barriers to further
slip, the source of the slip, and twin dislocations at the twin boundaries. The
second objective of this study is investigate systematically the effects of the

{1012} twin on the deformation and the recrystallization behavior of
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magnesium single crystals.

To date, there are so many works that have been carried out to modify
the strong basal texture, which means spreading the basal planes from the
sheets normal direction. However, there is still a lack of understanding of
what kind of textures are desired textures because systematic research
regarding the effects of the initial orientation on the mechanical behaviors has
been rarely reported. The third objective of this study is to characterize the
initial orientation effects on the deformation behavior of magnesium single
crystals. The results show relative activity of slip and twinning modes
changed dramatically due to different orientations. The <ct+a> slip plays a
dominant roles in the 0° rotated specimen. Basal slip is a main deformation
mode in the range of 10 to 60° and the {1012} twin mode dominates from 70
to 90° in the rotated samples from the C-axis.

The second objective of this study is to examine the limited interactions
between the basal slip and {1012} twin. In this study, the effects of {1012}
twin on various slip and twinning behavior were observed in a systematic
manner. The Mg single crystals with various crystallographic orientations
from [0001] and [1010] were prepared for two-step compression (TSC) tests.
It was found that {1012} twin has limited hardening effects on yield strength
for the 0° rotated specimen owing to a high CRSS value for the <c+a> slip. In
case of 10 ~ 60° specimens, the incorporation of basal dislocation into a
{1012} twin reveals that basal dislocations in the matrix cross-slip onto the
basal plane in the twinned crystal. The percentage increase of yield strength
for the 70 ~ 90° rotated specimens is relatively higher than other specimens
because the Hall-Petch slop for the twinning-dominated flow is frequently

greater than that for the slip-dominated flow.
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Student Number: 2006-23703
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Chapter 1. Introduction

Die-casting magnesium (Mg) alloys are fulfilling the essential demands
for electronic and automobile parts due to a high damping capacity and
excellent machinability. However, structural applications normally require
energy absorption materials with reasonable ductility, high yield strength and
corrosion resistance. In recent years, significant efforts have been made to
develop new Mg alloys for high strength and high temperature applications, as
well as advanced manufacturing processes for reliable mechanical properties
and corrosion resistance. The cast magnesium alloys fail to meet most of these
requirements and the wrought Mg alloys show both better strength and
ductility.

General properties in the wrought Mg and its alloy polycrystalline
aggregates have a more sharply developed texture, which underlies strong
anisotropy in mechanical behavior. The limited ductility can be traced back to
a lack of the independent slip modes [1]. In order to overcome the weakness
of Mg as a structure material, alloy elements are inevitably added to the Mg
matrix to increase the strength and ductility [2]. Compositions predominantly
based upon mixtures of aluminum, zinc, tin, and rare earths (RE) are used as
alloying additions, together with the now environmentally unattractive
elements cadmium and thorium. The alloy additions can be divided into three
categories: (1) Elements that can improve both strength and ductility of Mg
alloys. Ranging in increasing strength: Al, Zn, Ca, Ag, Ce, Ni, Cu, Th.
Ranging in increasing ductility: Th, Zn, Ag, Ce, Ca, Al, Ni, Cu. (2) Elements
that can only improve the ductility, but with little effect on the strength of the

Mg alloys. Ranging in increasing ductility: Cd, Tl, and Li. (3) Elements that



decrease the ductility but increase the strength of the Mg alloys. In increasing
strength: Sn, Pb, Bi, and Sb [3].

Recently the RE elements have been shown to have a wide range of
benefits for the Mg alloys, ranging from grain refinement in wrought
processed Mg alloys to improved high temperature strength and creep
resistance, improved corrosion resistance, and weakening texture. The yield
strength of RE-containing alloys can exceed 600 MPa when they are produced
by rapid solidification processing, and very recently, an impressive value of
over than 400 MPa has been obtained for the yield strength in an Mg-Gd
alloy produced by conventional process [4-6]. From these alloy developments,
the new technology that can control the texture and mechanical properties of

magnesium alloy can be seen.

1.1 Independent slip modes in hexagonal close-packed

structures and Mg crystals

The deformation mechanism of the hexagonal close-packed materials
are more complicated and less understood than those of face-centered cubic
and body-centered cubic materials. The primitive hexagonal unit-cell has 3
axes (al=a2#c) with corresponding angles (a=f3=90°y=120°). If
atoms are assumed to be hard spheres, the hexagonal close-packed structures

are usually described in terms of stacking of close-packed triangular lattice

layers with ABABAB and the ideal axial ratio is y = ¢/3 = /8/ 3 = 1.633.

No pure metal has this ideal c/a ratio, although cobalt and Mg are close to this

value [7]. Detailed information about lattice parameters, preferred slip mode



and ductility is given in Table 1.1. If the c/a ratio is less than /3, then the
prismatic plane is more densely packed than the basal plane. According to the
Peierls-Nabarro equation, a change in slip plane from (0001) to {1010} may
take place [8]. However, this assumption only accounts for titanium and
zirconium; it fails to explain the predominance of basal slip in Mg, cobalt, and
beryllium.

Figure 1.1 illustrated theoretically possible slip modes in Mg and Mg
alloys. Table 1.2 shows detailed information about vector energies for the
possible dislocation types. The basal slip was observed to be the prevalent
deformation mode as it was found to be uniformly distributed all over the
crystal surface in case of Mg single crystal. Traces of slip on the prismatic
planes have been observed only in parts of the grain which may have been
subjected to higher stresses such as near corners [9]. Since the basal slip has
the lowest CRSS value, some works have performed tensile tests with a basal
plane parallel with the loading direction. This orientation is favorable for the
non-basal slip and suppressed the basal slip based upon geometric conditions.
The results showed the prismatic <a> glide to be the deformation mode at
room temperature in these conditions with [10-11]. Plastic deformation
characteristics of Mg and Mg-Li single crystals deformed in the hard
orientation were reported by Stohr and Poirier, Obara, and Ando et al. [12-14].
The information obtained from these investigations was the stress—strain
curves, slip-trace and slip-step height analyses on the surface, and post-
mortem transmission electron microscopy (TEM) characterization of
dislocation structures. A possible source mechanism for the non-basal <c+a>
slip dislocations is proposed by Yoo based on the formation of an attractive
junction between glissile <a> and sessile <c> dislocations from the prismatic

plane into a pyramidal plane [15].



Table 1.1 Physical properties of HCP metals [1, 7].

Metal Be Ti Zr Mg Co Zn Cd

a (nm) 0.229 0.295 0323 0.321 0.251 0.266 0.298
¢ (nm) 0.359 0.468 0.515 0.521 0.409 0.494 0.562

c/a ratio 1.568 1.587 1.593 1.623 1.628 1.856 1.886

Preferred )
i basal prism prism basal basal basal basal
slip

Ductility = Poor Good Good  Fair Fair  Poor Fair




There must be other deformation mechanisms present to fulfill the von-
Mises compatibility criterion for the fine grained Mg alloys that exhibit a high
ductility. Since the basal slip and twinning are considered to be insufficient,
due to their limited contributions to the deformation, prismatic slip with <c+a>
type Burgers vectors has been repeatedly employed to explain the observed
high ductility. Koike reported that grain refinement is effective for the
activation of prismatic slip at grain boundary, because grain refinement
promotes stress concentration at grain boundary, resulting in activation of
prismatic slip, as shown in Fig. 1.2 (a). Detailed analysis in his research
shows that dislocation cross-slip to non-basal planes. Additionally, it reported
that the activity of non-basal dislocation slip systems and the dynamic
recovery were considered to be responsible for the large tensile ductility in the

ECAE-processed AZ31 magnesium alloys, as shown in Fig. 1.2 (b).



(b)

Figure 1.1 Theoretically possible slip modes in magnesium, colored surfaces

represent each slip planes, arrows represent slip direction
Burgers vectors. (a) <a> type slip systems, (b) <c+a> type slip

systems.



Table 1.2 Vector energies for the possible dislocation types in Mg metals.

Type of Number of Burgers Magnitude of

Slip system
dislocations systems vector Burgers vector

3(2) Basal ~ {0001}<1120>
a 3(2) 1/3<1120>  |a| = 3.209 Prism-I ~ {1010}<1120>
6 (4) Pyramidal-I {1011}<1120>
3(2) Prism-I ~ {1010}<0001>

c <0001> |c] =5.211
3(2) Prism-II ~ {1120}<0001>

_ P+ ey = _ -

cta 3(2) 1/3<1123> Pyramidal-1I {1122}<1123>

6.120




(0002) (1011)

£=0% ([

(a)

Mg-7.0%Li

[0110)
(1122) Tr

2110)

-’f
/

[

7
/

Nominal Strain, £(%) 19

(b)

Figure 1.2 (a) Prismatic slip dislocation observations in the fine grained AZ61
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1.2 Twinning in HCP metals and Mg crystals

In the classical theory of deformation twinning, the original lattice is
reoriented by atom displacements, which are equivalent to a simple shear of
the lattice points. An important difference between twinning and slip
deformation is that twinning is polarized. In HCP metals, twinning (on
pyramidal planes of different orders and modes) is usually employed to
explain deformation with ¢ components. The invariant plane of this shear is
called K; and the shear direction 1;; the second undistorted plane is K,, the
plane containing n; and the normal to K; and K, is the plane of shear. The
crystallographic elements, K;, K, n; and n,, the four compound twin systems
are well established [18]. Figure 1.3 shows Yoo’s plot of twinning shear s vs
c/a ratio for six possible twin modes. For primary twin modes, a twin mode
showing a positive slope represents contraction along the c-axis, and other
showing a negative slope represents extension [1].

The basic symmetry of Mg and Mg alloys has the effect of limited
number of independent slip systems. A minimum of five independent slip
modes are required for an arbitrary shape change, and giving rise to twinning
modes play important deformation mechanism. Thus in plastic deformation,
slip and twinning are competitive and interdependent deformation modes at
low temperature. Several types of twin modes were reported in Mg single
crystals including the {1011}, {1012}, {1013}, {1015}, {3032}, and {3034}
type [19-20]. Double twinning of the {1011}-{1012}, {1012}-{1012} and
{1013}-{1012} types were found to be a particular feature of twins with
{1012} re-twinning in the primary twin interior and the preferential alignment

of primary twins [21-22]. Table 1.3 lists detailed information about



misorientation between the matrix and the corresponding twin types. Among
them, the {1012} twin and {1011} twin have been far the most observed
twinning mode in Mg metals. A unit cell with the base vectors n; and n, are
shown in Figure 1.4 for the {1012} tensile and {1011} compression twin
modes. d is the interspacing of the twin habit planes K;, @ is the acute angle
between n; and 1, e is a numerical factors, and q is the number of K, lattice
planes intersected by m,. It was reported that the {1012} tensile twining
requires only 2 to 3 MPa, while the {1011} compressive twin requires 70 to
140 MPa [23]. Reed-Hill and Robertson reported the onset of twinning at a
tensile stress of 4 MPa, which corresponds to the resolved shear stress of 2
MPa, i.e. reversal of the 1, direction will not produce a twin [24]. This means
that for a single crystal of given orientation with respect to a uni-axially
applied stress, some variants of particular twin mode should operate only in
tension, whereas others should operate only in compression. It is generally
known that the {1012} twin is most commonly observed in Mg alloys and
relatively easily activated by compression direction perpendicular to, or
tension parallel to the c-axis from the geometric reason (Figure 1.5) [25]. In
the opposite case, when contraction along the c-axis is accommodated by the
formation of contraction twins on the {1011} planes, the basal planes are
reoriented by 56° around a <1120> axis. The origin of the small CRSS for the
twins is not clear at the moment. The lenticular shape of twins is generally
attributed to a twinning shear strain. However, the twinning shear strain is
nearly the same for both {1011} and {1012} twins. Twins are generated when
compressed along the c-axis and frequently appear in complex twinning

modes.
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Figure 1.3 Variation of twinning shear with the axial ratio for the hexagonal

metals. A filled symbol indicates that the twin mode is an active

mode [1].
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Table 1.3 Twin type and corresponding misorientation angle in Mg crystal.

Type of Twin Misorientation Angles/Axis
1011} 56.2° <1210>
{1012} 86.3° <1210>
{1013} 64° <1210>
{1015} 41°<1210>
{3032} 39.2°<1210>
{3034} 70.8° <1210>

{1011}-{1012}
{1011}-{1012}
{1011}-{1012}
{1011}-{1012}
{1012}-{1012}
{1012}-{1012}
{1012}-{1012}

{1013}-{1012}

37.5°<1210>
30.1°<1210>
66.5° <5943>
69.9° <2421>
7.4°<1210>
60° <1010>*
60.4° <8170>"

22.2°<1210>

®Actual axis is 3.7° off <1010>
®Actual axis is 3.7° off <8170>
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1.3 Twinning on deformation behavior of Mg alloys

It has recently been reported that the {1012} twinning plays an
important role in the deformation of wrought Mg alloys: (1) texture evolutions
by 86.3° reorientation; (2) accommodation of plastic strain, causing a low
flow stress and strain hardening rate; (3) twin induced recrystallization. These
facts suggest that a change in twinning characteristics, caused by plastic
deformation, would have a significant effect on the deformation behavior of
wrought materials and the production process of final products.

Recently some works focus on the influence of deformation twinning
on texture and microstructure evolution. Brown et al. used an in-situ neutron
diffraction technique to reveal the texture evolution induced by deformation
twinning [26]. Jiang et al. chose different strain paths and different
temperatures to study the deformation twinning behaviors [27]. Later, they
further studied the evolution of {1012}<1011> twinning during the uni-axial
compression tests, and found that certain twinning events coincided with
specific stages of the flow curve [22]. Ma et al. presented EBSD inverse pole
figure (IPF) maps of ED samples before deformation and at €=-0.036 and
€=-0.088 true plastic strain, respectively by using prismatic textures in an
AM30 magnesium alloy [28]. It has been reported that the intense basal
texture of wrought Mg alloys can be weakened or tilted through the addition
of rare earth and calcium elements [29]. Various process methods such as cold
rolling, equal channel angular extrusion, asymmetric rolling and differential
speed rolling could also be utilized to change the harmful basal texture [30-

32].

15 :



Figure 1.6 Texture evolutions by compression tests, € = 0, € = —0.036 and

£ = —0.088, showing {1012} <1011> twin development [28].
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For wrought Mg alloys with this changed texture, it is possible for the
{1012} twinning to occur by tension parallel to the c-axis. The twin
morphologies developed under both activation modes and their evolution
characteristics with increasing plastic strain would be different because the
active twin variants are different, and they will finally have a significantly
different effect on the texture evolution and deformation behavior [33]. As
mentioned before, profuse twinning in the first 6-8% strain in textured
polycrystals has relatively high strengthening effects due to the large volume
fraction of grains undergoing twinning. Twin boundaries may act as obstacles
to slip and it is generally accepted that twinning reduces effective grain size.
Thus, twinning can be expected to strengthen the material by a quasi Hall-
Petch effect [34]. For a Cu—8%Al alloy, Basinski et al. proposed that twinning
shear converts close-packed planes into {100} type of planes, rendering part
of the glissile dislocation population sessile [35]. Other crystallographic
effects of twinning affecting different amounts of the dislocation population
include increased length of Burgers vectors and decreased dislocation
mobility. Hence, twinned crystals are expected to be harder for subsequent
slip, adding to the hardening caused by grain segmentation. Typical stress—
strain curves along both loading directions exhibited a downwards concave
shape in the early stage of deformation, which is known to be a typical feature
of the twinning-dominated flow curve, as seen in Figure 1.7. A strain
hardening rate rapidly increased around 4% for the RD, but increased
gradually for the ND. These differences in deformation characteristics appear
to result from the differences in the {1012} twinning characteristics, which
are dependent on the strain path.

Recently, the DRX behavior in twin, such as {1012} tension twin,

{1011} and {1013} compression and double twin has been analyzed in Mg
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and Mg alloys. Al-Samman et al. worked to gain information on the
orientation of the recrystallized areas in a twin with respect to the neighboring
twins and the parent grains by a detailed EBSD analysis [37]. A sample area
with recrystallized twins is shown in Figure 1.8 (a). The twin boundaries
revealed 86° <1120> misorientation relationship with the matrix and therefore,
were identified as {1012} tension twin which showed no DRX were free of
low angle boundaries. The reason that they did not undergo recrystallization is
still unknown. He suggested that the twin was unfavorably oriented for
deformation so that no dislocation structure was formed. The presence of
some low angle boundaries in the recrystallized twin ({1011} twin) structure
is apparently due to the dynamics of the process, that is low angle boundaries
are first formed inside the twin and with progressing deformation they
increasingly incorporate dislocations and eventually convert to high angle
boundaries. He described that this will fragment the original twin and creates
a new structure of fine grains and also neighboring twins. Li et al. described
that the dominant recrystallization nucleation site of hexagonal magnesium is
compression twins or the shear bands evolved from them in AZ31 Mg alloy
during static recrystallization, as shown in Figure 1.8 (b) [38]. Xu et al. also
reported that CDRXed grains in original grains are formed firstly by
formation of twin-walled grains divided by mutual intersection of the
deformation twins or formation of {1011}-{1012} double twins and then by
the in situ evolution of the sub-grains with the growth of low-angle
boundaries in double twins to high-angle grain boundaries with increasing
compressive strain [39]. Therefore, {1011} twin and {1011}-{1012} double
twin provide the effective nucleation sites for the DRX during hot
deformation, but the {1012} tension twin in magnesium alloys may not

provide the effective nucleation sites.
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1.4 Stacking faults energies

The theoretically possible Burgers vectors in HCP metals can be
represented by means of a double tetrahedron, which is derived from the
Thompson tetrahedron for FCC metals in Figure 1.9. There are various types
of perfect dislocations and partial dislocation. Detailed examples of the
dislocation Burgers vectors are listed in Table 1.4, with the conventional
Miller-Bravais notation [40]. The partials lie in the basal plane; their glide on
the basal plane produces the shears. In the basal plane, perfect dislocations of
the type AB can dissociate into two Shockley partials bounding an intrinsic
fault. There are two kinds of intrinsic fault, I; and I,, and one extrinsic fault E
and twin like T, fault in HCP structures;

I,: ABABABCBCBCB...

The intrinsic fault I; in the structure can be formed by removing an A
plane above the B plane, and then shearing the remaining planes above the B
plane by the displacement 1/3[1100]. Similarly, the intrinsic fault I, or
deformation fault, can be formed by directly shearing the lattice by the
displacement 1=3[1100]

L: ABABABCACACA...

The intrinsic fault I, can be formed by directly shearing the lattice by
the displacement 1/3[1100]

The extrinsic stacking fault E is generated by inserting an extra C plane
into the stacking

E: ABABABCABABAB

The extrinsic fault E is generated by inserting an extra C plane into the
stacking

T,: ABABABCBABAB...
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Table 1.4 Perfect and partial dislocations in HCP metals [40]

Burgers vector or

Standard Miller-Bravais

glide plane notation
1 _ _
3[1210]
Perfect-dislocation
[0001]
Burgers vector
1 __
31123
1[i100]
Glissile partials 3
(Shockley partial) 2
3[1100]
1
>[0001]
1[2203]
Sessile partials 3
(Frank partial) 1 _
< [2023]
1 _
3[1103]
. = 1 -
Partials on [1100] 18 [4263]
(0001)
(1100)
Glide planes
(1101)
(1122)
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The T, fault is a competing low energy defect structure and is twin like
since it has mirror symmetry about the faulted plane
In terms of the y; notation, the fault energies are

Y =2 Nyoy 42y, +...

N=1

Y = Z(ZNI/IZN +NY, ) =20 Ay Ay,

N=1

Ye= Z[(2N+1)W2N +2NY, 0] = 3y 4205+ 5y, + ..

N=1
The ribbon width is inversely proportional to the stacking fault energy,

Y, that is either known for a dislocations in basal or prismatic planes for
several HCP metals (Table 1.5). Experimental works are not the only method
used to efficiently determine missing information for Mg alloy, recently, first
principles calculations based on density functional theory (DFT) have been
used for this matter [41-42]. Recently properties of Pure Mg and Mg alloys
have been calculated for bulk, surface, stacking faults and twin boundary
energies [43-44]. In order to test the reliability of the simulation model,
equilibrium lattice parameters of various metals compare to the experimental
value that is in good agreement with the corresponding experimental value.
The key dominant method for studying mechanical properties was captured in
a more comprehensive approach by Vitek, who introduced the concept of the
generalized stacking fault (GSF) energy surface [45]. The GSF energy is
crucial to describing accurately the dislocation core structure. There are
computational materials science and engineering approaches in alloy
development by using thermodynamic and first principles modeling. Shin and
Wolverton describe three examples of how electron density functional theory
can be used to provide valuable input to the CALPHAD approach, as well as

the data necessary for kinetic modeling [46].
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Table 1.5 Stacking fault energy, v, for a dislocations in the basal plane® and

prismatic plane” of various HCP metals [47].

Stacking fault energy,
Materials
erg/cm’

250 ~ 300°
Cd 170°

150°

250 ~ 300°

/n
300°

25°%
Co
267

250 ~ 300°
Mg 300°

60°

250 ~ 300°

Zr
56"

250 ~ 300°
Ti 300°

145°

250 ~ 300°
Be 180°

190°
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1.5 Factors affecting the deformation modes

1.5.1 Orientation factor

The Schmid factor (SF) is a geometrical relationship between the
corresponding deformation mode and the direction of force. If specimens of
given substance are deformed in uni-axial loading, the values of the normal
stress F at which slip or twin is first detected can be measured as a function of
the orientation of slip system. And define @ is angle between the normal to

the slip or twinning plane; A is angle between the slip direction. It has
F .
frequently been found that the product K.cos@cos)\ is constant at the onset

of slip or twin as exemplified by the data from anthracene crystals. This has
led to the important conclusion that: In crystals of a given substance under
constant conditions, extensive glide occurs when the resolved shear stress
attains a critical value, the critical resolved shear stress. Therefore
Tc = Oy.cos@cosA

Where t. and oy are the critical resolved shear stress (CRSS) and the
uni-axial yield strength, respectively. In HCP metals, the resolved shear
stresses of the various deformation modes are strongly dependent on the
direction of force, especially with respect to the c-axis. Since low offer of
deformation modes, the HCP metals with certain orientation show a

pronounce tendency to geometrical hardening or softening.
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externally on the specimen.
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1.5.2 Critical resolved shear stress

For a given deformation mode, slip takes place if the resolved shear
stress exceeds a critical value. CRSS value constitutes of material properties
that are mainly influenced by temperature, impurities, and strain rate et.al.
[48]. The deformation mechanisms of Mg have been studied in the middle
stage of twentieth century in a wide temperature range from approximately 83
K to above 623K [49-51]. The activation modes of magnesium at low
homologous temperatures were found to be mainly basal slip and twinning
due to their relatively low CRSSs compare with other slip and twin modes
[52]. The previously discussed results apply to temperatures near room
temperature. However, prismatic or <cta> slip modes may not operate in
regions above or below the room temperature. Generally, twinning is
preferred to slip at low temperatures; at elevated temperatures, however, slip
is favored.

The CRSS required to initiate the corresponding deformation mode
may be influenced by impurities or alloy elements inserted into interstitial or
substitutional positions in a solution, and thus affects strength. The impurity
atoms cause lattice strain that can "anchor" dislocations [53]. This occurs
when the strain caused by the alloying element compensates that of the
dislocation, thus achieving a state of low potential energy. It costs strain
energy for the dislocation to move away from this state. The scarcity of
energy at low temperatures is why the slip is hindered. Pure metals are almost
always softer than their alloys. On the other hand, the concept of solute
softening, rather than strengthening, was reported by Akhtar and

Teghtsoonian who showed that the CRSS for prismatic slip of Mg single
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crystals decreased with the addition of Zn [52].

1.6 Research objectives

In the current study, 3 different orientations were prepared and
deformed at various temperatures. The CRSS values for the major slip and
twinning modes were systematically derived by using tensile tested flow
curves. For the single slip condition, the SF was used, and in case of multiple
slip, the viscoplastic self-consistent (VPSC) model was utilized. From the
CRSS derivation, the resolved shear stresses that activate the prismatic,
pyramidal and <c+a> slip modes are much greater than those required to
initiate the basal slip and tensile twin at room temperature. Therefore, the
predominant deformation modes of magnesium at room temperature are the
basal slip and tensile twin. The interactions between the dislocations and twin
boundaries are important because the deformation-induced twins could act as
obstacles to dislocation motion. The effects of twin on deformation and
recrystallization behavior of Mg single crystals were systematically
investigated by scanning electron microscopy (SEM) and electron
backscattering diffraction (EBSD) analysis.

Additionally, the effects of the initial orientation on the mechanical
behaviors and subsequently the major slip and twin modes with corresponding
orientations were evaluated in systematic manner. Furthermore, we extended
understanding of the interactions between slip dislocations and the {1012}
tensile twin. Up to date, there have been few works on the interactions
between twinning modes, especially in the case of Mg and Mg alloys. By
using single crystals, we systematically investigate the twinning effects on the

mechanical properties through two-step compression (TSC) tests.
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Chapter 2. Experimental procedure

2.1 Single crystal growth and sample preparation

A large single crystal of pure magnesium was grown by the modified
vertical Bridgman method as shown in Figure 2.1. A graphite mold filled with
a pure magnesium ingot placed into a vertical furnace and lowered at the
speed of less than Smm/hr under a protective environment. Figure 2.2 shows
schematic illustration of the graphite mold. This procedure consistently
produced good quality single crystals. Large single crystal of dimensions 14 x
30 x 190 mm was produced in one run. Fig. 2.3 shows picture of schematic
illustration of large single crystal. The crystallographic orientation of a single
crystal was determined by the Laue back reflection method. X-rays were
generated by MWL110 X-ray generator with 15kV voltage at -SmA current.
The crystals whose misorientations among three Laue patterns were less than
2° were selected for the experiments. The Laue patterns from parent crystals
were indexed using Orient Express 3.4. Test specimens with pre-determined
orientations were machined from the as-grown single crystals using a wire
spark erosion machine. These as-grown single crystals were mechanically
polished with silicon carbide (SiC) papers and annealed in an evacuated Pyrex
tube at 420°C for 4 hours to eliminate dislocations that were introduced during
the sample preparation. Finally, the oxides on the specimen surface were
carefully removed by chemical polishing using a solution of CH;OH and
HNO; (volume ratio of 2:1).
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Figure 2.1 Crystal growing apparatus.
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Figure 2.3 Large single crystal of pure magnesium was grown by the modified

vertical Bridgman method.
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2.2 Characterization of single crystals

2.2.1 Mechanical property

Tensile, compression, and two-step compression (TSC) tests were
employed to evaluate mechanical behaviors of Mg single crystals with an
initial strain rate of 1x10“/sec. Rectangular tensile specimens (3x2x12 mm),
compressive and TSC (4x4x6 mm) specimens were cut from the original
crystals. A special gripping system was designed for the testing specimen to

ensure an accurate alignment of the loading axis for tensile test (Figure 2.4).

2.2.2 Microstructure

The microstructure was examined by optical microscopy. Specimens
for microstructure observation were mechanically polished with sandpapers

from #600 to #4000 and then polished with 0.3, 0.05um alumina powder.

These specimens were then etched with a solution of CH;0H and HNO;
(volume ratio of 2:1). For the defect analysis, samples were cut into 800 um
slices using MTI precision wire saw, and then ground to 130 um in thickness
using a series of sandpapers down to a 2000 grit number. 3 mm disks were
mechanically punched from those slices and twin-jet electro-polished using a
Tenupol-5 in a solution of 20 ml perchloric acid, and 980 ml ethanol. TEM
observations were then carried out on a Tecnai F20 operating at 200 kV to
obtain various two-beam bright-field images and weak-beam dark-field
(WBDF) images. High-resolution TEM (HRTEM) was performed on a JEM-

3000F microscope with an accelerating voltage of 300 kV.
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2.2.3 Texture

Macrotextures were measured by X-ray diffraction (XRD) using a
PANalytical X'Pert PRO X-ray diffractometer with a Cu Ka source. The pole
figures of initial orientations were taken from the surface and compressed
specimens were measured at the mid-thickness plane. Complete pole figures
were acquired from the orientation distribution function (ODF) calculated
using the arbitrarily defined cells (ADC) method in the LaboTex 3.0 software.
Local textures were measured by electron backscatter diffraction (EBSD)
using FE-SEM (SU70, HITACHI) fitted with a TSL EBSD camera operating
at 20 kV, 70° tilting angle. Samples were prepared by mechanical polishing
using alumina powder, followed by chemical etching in an etchant of acetic —
picral (4.2 g picric acid, 10 ml acetic acid, 10 ml H,O, and 70 ml ethyl
alcohol). Automated EBSD scans were measured in the stage-control mode
using TSL data acquisition software at a step size of 0.2~0.5 um, and the data

with a confidence index >0.1 were used for texture and twin analysis.

2.2.4 Simulation

Simulation of deformation behavior and texture has been shown to be a
powerful tool to investigate deformation mechanisms and texture formation.
Based on these experimental results, deformation simulations were carried out
using the viscoplastic self-consistent (VPSC) implemented into a genetic
optimization algorithm (GA) theory in order to predict the contributions of
various deformation modes to the deformation behavior. The calculations
have included the {0001} <1120>, {1010} <1120>, {1122} <1123> slip and
{1012} <1011>and {1011} <1012> twinning modes.
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Chapter 3. Effects of orientation and temperature

on slip and twin behavior of Mg single crystals

3.1 Introductions

The HCP structure has a limited number of independent slip systems,
and profuse twinning modes on pyramidal planes taking place in the plastic
deformation of Mg and its alloys [1]. The basal slip and {1012} twin are
prevalent deformation modes of Mg and its alloys because their CRSS values
are much lower than that of other deformation modes, such as the prismatic,
pyramidal and <c+a> slip modes [2]. Because of the large differences
between the activation energies of each deformation mode, the mechanical
behavior shows strong anisotropic characteristics [3-4].

In the mid-twentieth century, there were a few papers related to CRSS
for various deformation modes of Mg single crystals. Burke and Hibbard
carried out a tensile test at room temperature using several orientations [5].
Read-Hill and Robertson suggested that pyramidal-1 was an active system at
room temperature in a particular condition [6]. On the other hand, Wonsiewicz
and Kelly carried out a plane-strain compression test along the c-axis and
reported that neither the prismatic slip nor pyramidal slip accommodated a
significant amount of strain in pure magnesium at room temperature [7-8].
However, the literature lacks significant data regarding the critical resolved
shear stresses for the various slip systems. Obara et.al carried out extensive
works and evaluated CRSS values for the slip and twinning modes by using
the Schmid criterion even in multiple slip conditions [9]. It was generally

known that in single slip cases, the Schmid criterion was used to derivate
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CRSS values for corresponding deformation modes. However, the usefulness
of the Schmid criterion has recently been questioned for multiple slip
conditions [10-12]. In order to further evaluate the CRSS values in multiple
slip conditions, Chapuis and Driver adopted a rate-insensitive model to
calculate the stress state and active slip and twinning modes under channel die
compressive deformation [2]. Unfortunately, the calculated value was much
larger than the value measured in tensile tests because of the channel die
effects. Due to the importance of Mg alloys, many works studies have been
performed to look at the fundamental properties by using Mg single crystals
[13-20].

In the current study, 3 different orientations were prepared and
deformed at various temperatures. The CRSS values for the major slip and
twinning modes were systematically derived by using tensile and compressive
tested flow curves. For the single slip condition, the Schmid criterion was
used, and in case of the multiple slip, the viscoplastic self-consistent (VPSC)
model was utilized. For accuracy, the displacement was measured using the
machine’s linear variable displacement transducer (LVDT) even in elevated

temperatures.

3.2 Results and discussion

In order to study the influence of the initial orientation on the
deformation behavior of Mg single crystals, it is essential to choose a proper
sample state. Table 3.1 shows the SF values for the major slip and twinning

modes for the 3 different orientations.
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Table 3.1 SF calculations for the slip twinning modes in the 3 different

orientations.

(1012} {1011}

Orientation Basal Prismatic <c+a> Tensile Compressive

Twin Twin
A 0.5 0.22 0.28 0.25 0.29
B 0 0.5 042 047 0.39
C 0 0.43 0.33 0.5 0.42
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3.2.1 Orientation A

In case of orientation A, basal plane is inclined 45° to loading direction
(40 20 20 37]). SF values for the basal slip is 0.5 and thus the sample A will
be mainly deformed by the single basal slip. The flow stress (Figure 3.1) does
not change enormously with temperatures for the A orientated specimen.
After deformation, the microstructures were directly taken without further
treatments including polishing and etching, since they can remove any trace of
the slip steps. The surface steps were clearly presented at the (0110) plane as
shown in Figure 3.2. Trace predictions for the active basal slip mode is
located in the left corner of Figure 3.2 that are based on the SF calculation. It
is easily known that the basal slip traces were consistent with the theoretical
geometric prediction and crystals mainly deformed by the basal slip at all

temperatures.

3.2.2 Orientation B

Orientation B, the prismatic plane is inclined 45° and the basal plane is
parallel to loading direction ([90 123 33 0]). The prismatic slip has
maximum SF value 0.5 and the basal slip has minimum SF value 0, therefore
the basal slip was suppressed and the prismatic slip supposed to be a main
deformation mode by the geometric state. The stress-strain curves for the
various temperatures are presented in Figure 3.3. Typically, the flow stresses
exhibit limited strain hardening with the exception of the RT deformed

specimen.

46 ;



—— 298K
—— 413K
3t 453K
—— 493K
533K
- ——— 573K
S 613K
E 2 —— 653K
= —— 693K
w
Z N“”"‘w A o . —— 733K
%] : i Bghi
; RO
FIATY 5 ’
! *'Gv‘-f*w AL, Nt
o P T L TR WA
K o i Pl 1 & L .h«“_ “"‘l‘fh""‘ - " \
| e AL, I
0 N 1 1 1 1 1 1 1 " 1
0 2 4 6 8 10
Strain (%)

Figure 3.1 Typical stress-strain curves of orientation A from 298K to 733K.
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Figure 3.2 Microstructures taken from the sections of the (0110) plane for

orientation A.
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Figure 3.3 Typical stress-strain curves of orientation B from 298K to 733K.
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Figure 3.5 TEM bright-field image from RT deformed B type specimen, taken
under two beam conditions using diffraction vector g= 0002 (a),

g=0110 (b), and g= 0111 (c).
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Table 3.2 The g . b values for perfect dislocations in Mg crystals.
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Figure 3.4 shows the microstructures of the samples from the (0001)
surface. The prismatic slip lines started to appear at 413K, and with an
increase in temperature the prismatic slip lines gradually became distinct.
Figure 3.5 images were taken with an incident electron beam direction of
<1120> under two-beam diffraction conditions for the RT deformed specimen,
using reflections of g = 0002, g = 0110, and g = 0111, respectively. Based on
the g . b criterion [21], dislocations having the <a> type Burgers vector are
out of contrast and only <c> and <c + a> type dislocations are visible in
Figure 3.5 (a). Table 3.2 shows the g . b values for all the perfect dislocations
observed in Mg crystals. No dislocations appeared under a two-beam
diffraction condition with g = 0002, indicating dislocations in the Figure 3.5
(b) and (c) belonging to the <a> type dislocations. Furthermore, almost all the
dislocation segments are perpendicular to the basal plane. These results
indicate that a major deformation mechanism in this orientation is the
prismatic slip dislocation for the B type specimen even in room temperature,

which concurs with the OM data.

3.2.3 Orientation C

Orientation C is used to activate the <c+a> slip when stretched along a-
axis. Some of studies already proved the existence of the <c+a> dislocations
by the TEM analysis and the {1012} twin is dominant when compressed
perpendicular to c-axis [22-24]. Evidence for the increased <c+a> slip activity
is also given by the texture simulations that were carried out by different
authors [25-27]. In this study, 2 different specimens were utilized and
stretched and compressed along the [0110] direction. The tensile and

compressive flow curves decreased rapidly with increasing temperature.

53 -



400 '
Tension —
F Tt Compression , jiFe
. 453K
300 2 —— 493K
o 533K
— :
> 4 ST3K
E 613K
T 633K
g o —— 693K
= s —— 733K
- ;
wn
100
0 2 4 6 8 10

Strain (%)
Figure 3.6 (a) Typical tensile and compressive flow curves of orientation C
from 298K to 733K. (b) Enlargement of the marked box in the

bottom left corner in (a).

o4

!

s - i)



Both orientation A and B were deformed by the single basal and
prismatic slips according to the SF value and experimental data. In crystals of
a given substance under constant conditions, the Schmid criterion (1= o,
*cos@P*cosh) can be used to derive the CRSS values for the single slip
condition [29]. The CRSS values for the basal slip were found insensitive to
test temperatures, but the prismatic slip exhibited much higher CRSS
compared to the basal slip and showed the strong temperature dependent
behavior, as shown in Figure 3.7.

Recently, the usefulness of Schmid criterion for the multiple slip
conditions has been questioned for the crystal plasticity modeling of Mg or its
alloys. In order to solve this problem and derive reasonable CRSS values for
the other deformation modes in multiple slip condition, computer simulations
were carried out using the visco-plastic self-consistent (VPSC) theory [30-31].
The present calculations have included the major slip and twinning modes to
analyze the tensile data of orientation C; the basal slip {0002} <1120>,
second-order pyramidal slip {1122} <1123>, tensile twinning {1012} <1011>
and compressive twinning {1011} <1012>. The Voce-type hardening rule is
used to describe the evolution of the threshold stress as a function of
accumulated shear strain in the grain, T :

Te= To+ (11 + 610)[1 —exp( =65 / 13)] (3.1
where T is the accumulated shear in the grain; t, 05, 05 and t§ are the
initial CRSS, the initial hardening rate, the asymptotic hardening rate and
back-extrapolated stress, respectively. In order to fulfill the twin reorientation
problem during plastic deformation, the predominant twin reorientation (PTR)
scheme [32] was implemented in the VPSC code. At each incremental step,

the accumulated twin fraction in the individual twinning systems of each grain
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is compared with a threshold fraction, V™%, defined as follows:

ff, d
Vth,mode — Ath1+ Ach yetbmode

(3.2)

yaccmode
where V*“™%* and V™% are the accumulated twin fraction and the effective
twinned fraction, respectively. The threshold values, A™ and A™, determine
the evolution of the twin volume fraction during plastic deformation. The
parameters of the PTR-model are set as A™ = 0.1 and A™ = 0.8 for {1012}
twin; A™ = 0.1 and A™ = 0.5 for {1011} twin. It is generally accepted that
slip is rate sensitive, twinning is usually considered to be rate-insensitive.
Since the derivation of twin stress and an evolution of twinning with
temperatures are the main focus of this study, we have chosen to adopt a rate-
insensitive model. The parameters obtained from the above procedure are
listed in Table 3.3. The simulated tensile and compressive stress-strain curves
were in good agreement with the experimental results for C oriented samples,
as shown in Figure 3.8 (a). High magnification of the rectangular box located
at the bottom left of the graph in Figure 3.8 (a) is illustrated in Figure 3.8 (b).
After optimization of the model results, the absolute values of CRSS can be
extracted. The CRSS values of the major deformation modes for the Mg
crystals are summarized as a function of the testing temperature in Figure 3.9.
At room temperature, the basal slip and {1012} twin dominate the
deformation mechanism because the CRSS for the other deformation modes
such as the prismatic slip, <ct+a> slip and {1011} twin is considerably higher
than that of the basal slip and {1012} twin. The CRSS values of the prismatic
slip, <c+a> slip and {1011} twin are seen to decrease significantly as the test
temperature increases, whereas the basal slip and {1012} twin are insensitive
to the test temperature. Figure 3.10 represents the evolution of the relative

activities of various deformation modes during the tensile and compressive
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Table 3.3 Best-fit model parameters describing the CRSS and hardening

responses of the four deformation behavior as a function of

temperature.
Voce
Mode 298K 413K 453K 493K 533K 573K 613K 653K 693K 733K
Hardening
To 0.740 0.670 0.556 0.528 0.489 0.405 0.368 0.324 0.270 0.250
T 0.703 0.482 0.335 0.296 0.106 0.081 0.020 0.074 0.015 0.0004
Basal
0, 415.530 409.990  208.840 159.560 58.410 25.414 11.712 8.714 2.790 1.527
<a>
0, 100.040 46.593 35.341 11.326 5.644 3.909 2218 1.290 0.476 0.284
h®® 1 1 1 1 1 1 1 1 1 1
To 37.731 20.185 12.889 9410 6.515 3.806 2.585 2.002 1.262 0.950
T 23.458 14.886 8.029 1.645 0.741 0.484 0.277 0.156 0.118 0.099
Prism.
0, 664.490 317.000  252.200 157.580 73.663 31.443 17.204 9.490 5.966 2.957
<a>
0, 197.390 19.795 6.235 3.010 1.555 1.034 0.891 0.406 0.240 0.088
h®® 1 1 1 1 1 1 1 1 1 1
To 54.990 30.823 23.929 17.074 10.188 6.256 3.243 2.156 1.339 0.954
T 48.896 17.076 17.222 8.887 3.204 1.130 0.842 0.693 0310 0.190
<cta> 0, 996.950 434750  329.550  232.890 144950  32.359  24.823 18.925 8.541 5919
0, 173.720 96.325 76.454 42.974 15.411 11.712 4.111 2.959 1.444 0.712
h®® 1 1 1 1 1 1 1 1 1 1
To 1.710 1.664 1.639 1.579 1.556 1.526 1.510 1.499 1.323 1.199
T 1.084 1.066 0.955 0.891 0.875 0.562 0.421 0.394 0.254 0.062
{1012}
0, 45.575 27.154 22.803 18.099 15.343 13.233 6.314 5.887 2.520 1.284
Twin
0, 20.508 19.574 12.130 8.277 6.678 6.268 3.059 2.899 0.203 0.068
h®® 3 3 3 3 3 3 3 3 3 3
To 93.521 62.865 51.381 40.272 30.418 24.700 16.700 11.784 6.041 2.939
T 36.258 22.006 19.617 9.749 8.942 4.254 2.746 1.075 0.661 0478
{1011}
0, 1353.700 495860  357.020  205.350 146.400  48.945  30.195  23.355 12.631 6.933
Twin
0, 180.230 112.510 61.333 38.752 25.524 13.803 7.992 4.186 2.689 1.618
h®® 1 1 1 1 1 1 1 1 1 1
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deformations with various temperatures. During the tensile deformation, the
prismatic slip is mainly activated. On the other hand, the contribution of the
<c+a> slip is negligible from 298K to 573K deformation since there is
noticeable difference between the prismatic and <c+a> slips. Furthermore, the
Schmid factors for the prismatic slip is 0.43, and the <c+a> slip is 0.33,
respectively, which may lead to the prismatic slip that plays an important role
in this temperature region. It can be observed that the activity of the prismatic
slip decreased with increasing temperature and there was a gradual increase in
the activity of the <c + a> slip mode from 613 - 733K deformation. The
contribution of the {1012} twin decreased with testing temperature during the
compression deformation. On the other hands, the prismatic and <c+a> slips
increased with testing temperature.

The values obtained from the experiment and VPSC simulations were
also compared with previously published CRSS wvalues at various
temperatures. The red fill symbols derived from the VPSC simulation results
utilized C oriented specimen and the red hollow symbols are determined from
experiment results by using the SF criterion, as shown in Figure 3. 11. It can
be easily known that the simulated results showed similar values with the
experimental results. Kelley and Chapuis’s data [2] is much higher than the
present study since they carried out plane-strain compression tests. The data
published by Akhtar et al. [33] is relatively smaller which may due to
impurity effects to the deformation behavior. In case of prismatic slip (Figure
3.11 (b)), simulated values are slightly lower than experimental values from
298 — 453 K, and well matched above than 493 K. The present values have
similar values with Akhtar and Flynn published results [35-36]. In case of the
<c+a> slip and {1012} twin, there is no such orientation to activate the single

<cta> slip or single twin variant only, therefore experimental results are
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missing in Figure 3.11 (c) and (d). In comparison, values of <c+a> slip have
the similar trend with Obara et al. published data and values of {1012} twin
are much lower than Chapuis and Kelly [9,2,8] reported data, which may due
to the friction force from constraint die, as mentioned previously. Despite the
large difference in the magnitude of deformation modes, the dramatic
decrease in the CRSS values of thermally activated prismatic and <c+a> slip
mechanisms is similar to that published for single crystals over the observed
temperature range. At these moderate temperatures, the basal slip and tensile
twin are observed to behave athermally, such that further increases in
temperature have no marked effect on the critical stress for activation. The
basal slip is also the main deformation mechanism at elevated temperature.
Figure 3.12 summarized the values of major slip and twinning modes
in this work. The CRSS of prismatic slip is lower than the <c+a> slip and
confirmed as the second easiest slip mode. Recently, the recrystallization
nucleation at the {1011} twin was observed to be more effective than that of
the parent matrix or tensile twins. Li and Xu investigated that the {1011} twin
induced recrystallization behavior in poly-crystalline AZ31 and AZ91 alloys
[37-38]. Al-Samman et al. carried out the plane strain compression test by
using Mg single crystals and tried to investigate the {1011} twin induced
DRX mechanisms [19]. However there is no reliable stress that has been
established on the {1011} twin which plays an effective recrystallization site
in Mg and its alloys [18]. In this work, we derived the {1011} twin stress by
using VPSC simulation code. It was found that the {1011} twin stress
decreased rather steeply with increasing in test temperature and stress value
was higher than other deformation modes. The {1011} twin is readily

observed during hot rolling process even the {1011} twin stress is higher than
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other deformation modes which may because of geometric condition. It is
generally known that the {1011} twin is easily activated by compression
direction parallel to the c-axis. In this case, the <a> type slip modes are
forbidden and the only possible active mode is the <c+a> slip among the slip
modes. Unfortunately, the <c+a> slip was not enough to accommodate the
large deformation, and thus the {1011} twin became the active deformation

mode at elevated temperature.

3.3 Conclusions

The CRSS value of the major slip and twinning modes for Mg single
crystals undergoing tensile and compressive deformation have been
systematically analyzed as a function of temperature. The orientation A and B
are oriented for single basal and prismatic slip, and thus SF criterion is used to
derive the CRSS values of basal and prismatic slip experimentally. In case of
C oriented specimen, multiple deformation modes (unfavorable slip and twin
mode) are contributed to the plastic deformation mode. VPSC code is adopted
to derive other main deformation modes in Mg single crystals.

It is shown that the basal slip and the {1012} twin remain essentially
independent of temperature. The temperature dependence of the prismatic and
<c+a> slip are very remarkable below 613 K, while above this temperature
the CRSS values for both modes do not so much depend on the test
temperature. Deformation activity of the prismatic slip decreased and the
activity of the <c + a> slip increased from 613 - 733K deformation, since
there is not much difference between the CRSS values of the prismatic and
<c+a> slip. In case of the {1011} twin, it is observed that the stress values

decreases steeply with increasing the test temperature over all range.
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Chapter 4. Effects of twin on deformation

behavior of Mg single crystals

4.1 Introductions

The deformation behavior of face centered cubic (FCC) and body
centered cubic (BCC) metals has been studied in detail from experimental and
theoretical approaches. In the case of hexagonal close-packed (HCP) metals,
many fundamental problems still remain, while metals with HCP crystal
structures, particularly Mg and Ti, have received a rapidly increasing attention
because of their high specific-strength compared to other engineering
materials [1-2]. It is known that deformation twinning occurs more frequently
in HCP metals than in cubic materials and this strongly affects plastic
deformation of the HCP alloys since twining can accommodate the c-axis
strain, but large strains require additional deformation by slip [3]. The
interactions between dislocations and twin boundaries are, therefore matters
of practical interest because the deformation-induced twins may play as
barriers to further slip and the source of the slip and twin dislocations at twin
boundaries [4]. The criteria that a particular twin system should be operative
and its crystallography; nucleation and growth mechanism of a twin lamella;
interaction for twinning with crystal defects remain poorly understood. Grain
refinement by recrystallization is essential for the development of the Mg
alloys with high strength and good ductility [5-6]. In addition,
recrystallization is often utilized to alter the detrimental strong basal texture of
Mg alloys and proceed by nucleation of strain free grains and their subsequent

growth until complete impingement [7-8].
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The main focus of this study is to analyze the interaction between the
basal slip dislocations and the {1012} tensile twins and investigate the static

recrystallization behavior of the {1012} twins in Mg single crystals.

4.2 Results and discussion

Mg and its alloys are deformed by a combination of slip and twinning,
and plastic deformations strongly influenced by mechanical twinning [9]. The
activation of slip and twinning modes depend on their relative critical
resolved shear stress, temperature and the orientation of the crystal with
respect to the loading direction. The basal slip and {1012} tensile twin are
competitive and interdependent deformation modes at room temperature. The
{1012} twin stress is only 2~3 times greater than that of basal slip, therefore
the choice depends on the loading direction. In order to study the {1012} twin
and basal slip interaction mechanism, two-step compression (TSC) tests were
carried out on an Instron 5582 with the initial strain rate of 10™/s at room
temperature as shown in Figure 4.1. The specimen was first compressed along
the [0110] direction to generate the {1012} tensile twin with the crystal based
upon the SF law from Table 4.1. Figure 4.2 shows typical flow curves when
compression direction is along the [0110] direction with SMPa, 10MPa and
20MPa pre-deformation. After that, the sample was rotated 90° which
indicates that the compression direction is inclined 45° to the [0001] axis as
shown in Figure 4.1. The FLD and SLD represent the first loading direction
and the second loading direction. The basal slip is known to be the dominant
slip system and has the largest SF of 0.5 among those major slip systems and
twinning modes as indicated in the Table 4.1. In such a case, all plastic strain

can be accommodated by the single
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Table 4.1 SF values for the major slip and twinning modes with first and

second loading direction.

) ) {1012} {1011}
Loading ) . Pyramidal ) )
o Basal Prismatic <c+a> Tensile Compressive
Direction I . .
Twin Twin

[0 110] 0 0.43 0.38 0.33 0.50 0.42

[40 202037] 0.50 0.22 0.31 0.28 0.25 0.29
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Figure 4.1 TSC test sequence. First loading direction is along the [0110]

direction to generate the {1012} twin and rotated 90° which
indicates that the compression direction is inclined 45° to the

[0001] axis.
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Figure 4.2 Typical flow curves when compression direction is along the [0110]

direction with SMPa, 10MPa and 20MPa pre-deformation.
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active basal slip. The interaction phenomena between basal slip dislocations
within the matrix and advanced {1012} tensile twins is also examined.

After deformation, {1012} twin traces were observed with an optical
microscopy on the polished surface of the samples. Figure 4.3 (a), (b), and (c)
illustrate the microstructures corresponding to the progressive deformation
when compressive stress is SMPa, 10MPa and 20MPa. The presence of twins
can be clearly seen. The matrix, primary and secondary twinned crystals are
labeled M, PT and ST, respectively. It is well known that the tensile twin is
most commonly observed in Mg alloys and relatively easy to be activated by
compression direction perpendicular to, or tension parallel to the c-axis [10].
From the Figure 4.3, the {1012} twin traces were consistent with the
theoretical geometric prediction when the compression direction along the
[0110] direction and all the optical micrographs presented here are taken from
the sections of (8 4 4 13) plane. In the microstructure of SMPa deformed
specimen, two wide tensile twin bands were activated. It is interesting that
some very narrow secondary twins nucleated at the primary twin boundaries,
which means that the primary twin boundaries act as nucleation sites for the
secondary twins. When the crystal was deformed up to 20MPa, a number of
the {1012} twins increased dramatically, indicating that the significant
twinning had begun to take place. The intersection of twins can easily be
observed. When a twin is impinged by another twin, the second order
twinning within the first twin is generated. Therefore, the total plastic strain
can be increased considerably by the secondary twinning within the primary
twinning, for example, the {1011} twinning followed by the {1012} twinning
in Mg. In the 20MPa deformed sample, twins are impinged by other twins,
however, the secondary twins within the primary twins rarely take place,

which may be due to small plastic deformation.
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The theoretical geometric prediction of these {1012} twin modes were
identified from the twin trace analyses in Figure 4.3 (d). Fig. 4.4 (a), (b), and
(c) show typical microstructures resulting at an early stage in sample SMPa,
10MPa, and 20MPa pre-deformed and annealed at 623K for 2 minutes in salt
bath. New grains didn’t form at the {1012} twins, therefore, this indicates that
the tensile twins are very resistant to nucleation, which means the {1012}
twins are not effective in static recrystallization sites for Mg single crystals.
The effect of pre-deformation on mechanical behavior of Mg single
crystal during subsequent reloading of sample (compression direction is
inclined 45° to the [0001] axis) is illustrated in Figure 4.5 (a). It can be seen
that the 5MPa deformed sample caused a negligible increase of flow stress
due to small volume fraction of the {1012} twin. However, the 20MPa pre-
deformed sample lead to dramatic increase in the flow curve that corresponds
to the large {1012} twin volume fraction. The strengthening from twins has
generally been attributed to the apparent grain refinement effect of
deformation twinning with the twin boundaries acting as obstacles to
dislocations. Due to the {1012} twin, the matrix was subdivided and twin
boundaries played as barriers to the glide dislocations. In Figure 4.5 (b), the
strain hardening rate for the without and SMPa pre-deformed samples displays
similar magnitudes, decreases continuously with strain, and plateaus at large
strains, indicative of the extremely low work hardening rate, suggesting and
approach to saturation stress value. In case of the 20MPa pre-deformed
sample, the work hardening rate is greater than without and 5MPa pre-
deformed samples, suggesting that this sample has not reached its saturation
stress and has the potential for further strain hardening due to the {1012} twin.
These TSC results are in good agreement with slip dislocations impinging on

the twin boundary and incorporated into the obstacle twin and give rise to an
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Table 4.2 Comparison between Hall-Petch coefficient of previously published

data for polycrystalline and present work.

Material Grain size control ~ Grain size (um) K (MPa uml/z)
Pure Mg @n
Extrusion 4-63 158.11
(Poly Crystal)
Pure Mg @1
Extrusion 10-450 126.49
(Poly Crystal)
Pure Mg {1012} Twin (In This Work)

- 30-380 132.70
(Single Crystal) Activation
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increase of the flow stress. It is actually responsible for the royal mechanical
properties such as nano-twinned copper and aluminum alloys [11-12]. The
classical Hall-Petch relationship has been used for several decades to describe
the effect of grain size on the yield stress [13—20] of polycrystalline materials
as
oy, =co+kd " 4.1)

where oy is the yield stress of a polycrystalline metal, o, is often identified
with yield stress relating to materials of infinite grain size, which is similar to
the single crystal, k is a constant often referred to as Hall-Petch slope and it is
material dependent, and d is the mean grain size. The strengthening
contribution of the grain refinement by the {1012} twin can also be deduced
from the Hall-Petch relation, as shown in Figure 4.6. To obtain Hall-Petch
slope, the yield strength values of the present work have been compared with
the values available in literatures for polycrystalline pure magnesium and are
presented in Table 4.2. It is clearly observed that the value of the Hall-Petch
slope for Mg single crystals by the {1012} twin fragmentation is similar to
that of a polycrystalline pure magnesium, which implies that the strengthening
mechanism in the pre-deformed specimen is due to grain refinement by the
{1012} twin subdivision.

The {1012} twin not only acts as a barrier to slip, but also reorients
matrix domains into the orientations that may or may not be favorable for the
slip or twinning dislocations from experimental results. Figures 4.7 (a), (b)
and (c) show the basal slip and {1012} twin traces observed on the (8 4 4 13)
plane of a Mg single crystal, which was subjected to the compression
direction inclined 45° to the [0001] axis for the 5MPa, 10MPa and 20MPa
pre-deformed crystals. The basal slip traces were well match with theoretical

predictions in matrix regions as shown in Figure 4.7 (d). It is interesting to
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notice that traces were rotated almost 90° in {1012} twin regions for SMPa
and 10MPa pre-deformed specimens. On the other hand, basal slip traces were
observed continuously across the {1012} twin boundary in case of 20MPa
pre-deformed sample. The matrix and primary twinned crystals are indicated
by M and PT respectively and the line of intersection of these traces lies in the
twin boundary.

For the pre-deformed specimens, the yield strength can be expressed in
terms of the rule of mixture when the twin reoriented part is accommodated
by the basal slip:

— fM M T T _ ¢M CRSSBasal <a> T CRSS Basal <a>
oy=f oy +floy =f"— 5 +f — 7 4.2

where oy, fM and fT are yield strength, volume fractions of the matrix and
{1012} twin, respectively. Subscripts represent different types of structures:
M, matrix; T, {1012} twin. The MM and MT are Tayloy factor values of the
matrix and {1012} twin, respectively. The SF values of the major slip and
twinning modes for reoriented regions by the {1012} twin are shown in Table
4.3 and SF values for the basal slip are relatively lower than other deformation
modes. Table 4.4 gives the area fractions of the matrix and twins obtained
experimentally. Because it was difficult to measure the volume fractions, and
thus the area fractions were used in equation 4.2. The predicted yield stress
for the pre-deformed specimens using equation 4.2 is compared with the
experimental measurement in Table 4.5. It should be noted that the measured
yield strength is lower than predicted one for 5SMPa and 10MPa pre-deformed
specimens, which means the twin interfaces can be the sources of dislocations
and easily activate the basal slip dislocations within the {1012} twin bands. In
order to identify the slip traces in the twin bands, a small region focused on

the 5SMPa, 10MPa pre-deformed samples were examined through the EBSD
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SMPa Pre-deformation
Figure 4.9 EBSD-Kikuchi band contrast map from the sections of the (8 4 4
13) plane in the 5SMPa pre-deformed specimen when the
specimen was subjected to second loading. (b) SF map

distribution for (0002) <1120> basal slip.
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Figure 4.12 Microstructure of the 10MPa pre-deformed specimen observed
with B = [1120], g = 0002. Complicated dislocation segments
and SFs within the {1012} twin bands.
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Table 4.3 SF values of major slip and twinning modes for reoriented regions

by the {1012} Twin.

) ) {1012} {1011}
Loading ) . Pyramidal ) )
o Basal Prismatic <c+a> Tensile Compressive
Direction I ) )
Twin Twin

[3390 123 5.4] 0.04 0.50 0.43 043 0.46 0.41
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Table 4.4 Measured matrix and twin area fractions for SMPa, 10MPa and

20MPa deformed specimens.

Pre-deformed Matrix Area Twin Area
Load (MPa)  Fraction (%) Fraction (%)

5 71.2 28.8
10 42.2 57.8
20 3.8 96.2

Table 4.5 Measured yield stress and predicted yield stress.

Pre-deformed Measured Yield Predicted Yield
Load (MPa)  Strength (MPa) Strength (MPa)

5 1.5 5.86
10 7.1 10.40
20 18.8 16.41
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technique. Figure 4.8 (a) shows a crystallographic orientation map obtained
from the sections of (8 4 4 13) plane in 5MPa pre-deformed sample, where
M and T, T, and T; represent parent matrix and twinned region, respectively.
The line profiles of point-to-point and point-to-origin misorientation angles
along the direction indicated with an arrow in Figure 4.8 (a) is presented in
Figure 4.8 (b). Due to the lattice reorientation of 86.3° caused by the {1012}
twinning, the misorientation angle at the boundaries between a parent matrix
and twin bands were about 85-90°. Low misorientation angle was formed
within the T, T, and T; bands due to slip bands. Figure 4.8 (c) indicates the
SF distribution histogram of (0002) <1120> basal slip of which shows two
peaks: the lower one is mainly corresponding to the tensile twin region, while
the higher one (SF above 0.4) is mainly corresponding to the matrix region.
Figure 4.9 (a) shows the EBSD image quality (IQ) map from the sections of
the (8 4 4 13) plane in 5MPa pre-deformed sample. Different colors in
Figure 4.9 (b) indicates the different SF value for (0002) <1120> basal slip.
The twinned regions had a very low SF for (0002) <1120> basal slip,
however, the basal slip was activated within tensile twin bands. Same results
have been shown in Figure 4.10 and Figure 4.11 for the 10 MPa pre-deformed
specimen. Both the 5SMPa and 10MPa EBSD results indicate that the basal
slip takes place within the primary twin bands incorporation of slip and twin
boundaries. Yoo presented a comprehensive review of possible interactions of
the perfect dislocations of six slip systems and the c dislocation with the
several twin modes in HCP metals which have been analyzed on
crystallography and elasticity theories [22-23]. Figure 4.12 image was taken
with an incident electron beam direction of <1120> under the two-beam
diffraction conditions, using reflections of g = 0002. It has been reported that

such stacking faults are mainly observed in twins. It has been also assumed
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that during deformation, twins are formed at first and then stacking faults are
produced by further deformation with inter-dislocation reactions between non-
basal dislocations [24-25]. As clearly seen, many stacking faults and
complicated dislocation segments are also recognized within twin bands in the
present study.

It is also interesting to notice that the measured yield strength is higher
than the predicted one for the 20MPa pre-deformed specimen, which may be
caused by the de-twinning during the second step compression. Figure 4.13
shows the image quality map and the inverse pole figure map collected from
the (8 4 4 13) plane and a strong indication of de-twinning process has been
taken place during the second step compression. The marked area in Figure
4.13 (a) looked like twin morphology, but the boundary was not highlighted.
Hexagonal unit cell orientation was indicated at the marked area and several
locations. Comparison of the matrix and twinned region confirmed that the
orientation of the marked areas were almost same with the initial matrix
orientation, suggesting that this twin band was activated by primary loading
and restored the original orientation by subsequent reloading. This provides
the strong evidence that the {1012} twins returns to the original orientation by
de-twinning, rather than re-twinning within primary twin regions for the
20MPa pre-deformed specimen. Therefore, the basal slip traces are directly
across within the twin bands without 90° kink like 5MPa and 10MPa pre-
deformed specimens. A Number of papers have been reported that extension
twins were produced by pre-straining and progressively disappeared during
reverse reloading in the Mg alloys [26-28]. It was reported that residual twins
were accumulated with increasing loading cycles and the increase of residual
twin boundaries caused the accumulated obstacle effect to the dislocation

motion, which resulted in cyclic hardening of compressive peak stress.
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Therefore, the yield stress should add the de-twinned fraction and thus
equation 4.2 can be expressed as equation 4.3. The predicted value (19.97
MPa) by using equation 4.3 is higher than the measured value (18.8 MPa)
with 5 MPa and 10 MPa pre-deformed specimens.

CRSS CRSS
oy = fMog/[ + fT0$ +fDT0$T — fM MBasal + fT T Basal +

Basal Basal

CRSS i i
fDT D'I"I‘ensﬂe Twin 43
M : :
Tensile Twin

4.3 Conclusions

1) The {1012} twin boundaries act as effective nucleation sites for
other tensile twins.

2) The {1012} twin is not an effective static recrystallization site for
Mg single crystals.

3) The {1012} twins act as similar effects with grain boundaries to slip
dislocations and can induce a significant hardening effect. The Hall-Petch
effect was observed in TSC samples.

4) Taking into account, observations from the SMPa and 10MPa pre-
deformed specimens, it can be known that slip occurs within the {1012}
twinned region followed by glide dislocations met with advanced twin
boundaries. The intersection of glide dislocations with twin boundaries can
produce basal dislocations within the primary twin bands which means twin
interfaces can be the sources of dislocations.

5) The majority of the {1012} twins formed during the first step
compression were removed via de-twinning during the secondary step loading

for the 20MPa pre-deformed specimen.
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Chapter S. Orientation effects on relative activity

of slip and twinning in Mg single crystals

5.1 Introductions

A strong basal texture, in which the c-axis of grains aligns parallel with
the direction of compressive strain, is developed in wrought Mg and its alloys
[1-2]. This result is related to the activation of the basal slip that tends to
rotate the (0002) plane towards the loading direction, developing the basal
texture in the conventional process [3]. Unfortunately, the strong basal texture
exhibits poor formability at ambient temperature due to the limited number of
active slip systems and subsequently leads to restrictions in their wide
applications. Recently, many works have been performed to understand the
texture evolution mechanisms because weakened or random textures are
known to improve the formability [4-5]. It has been shown that several alloy
elements could lead to weakening basal texture, for example, rare earth (RE)
and calcium (Ca) elements [6-8]. However, there is still a lack of
understanding why these elements can alter the texture drastically while other
elements such as Al and Zn do not. On the other hand, several methods based
on severe plastic deformation have allowed engineering of modifying textures.
AZ31 shows exceptionally ductile properties at room temperature through
texture control using the equal-channel angular pressing (ECAP) technique, a
tilted (0002) basal texture was rotated 45° with the extrusion direction and
thus the relative activity of basal slip has increased significantly [9]. Kim
developed the high-speed-ratio differential speed rolling (HRDSR) technique

to induce a large shear deformation during rolling. By using this technique, an
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ultrafine-grained microstructure with a low intensity of basal texture could be
obtained, leading to production of Mg alloy sheets with high strength and
good formability [10]. Furthermore, controlling recrystallization and grain
growth could also be utilized to change the harmful basal texture. From the
literatures, it was reported that both static recrystallization and dynamic
recrystallization mechanisms were usually used to explain the experimental
observations of DRX in Mg alloys [11-12]. Both of static and dynamic
recrystallization mechanisms can give rise to continuous and/or discontinuous
recrystallization. While continuous recrystallization does not cause a
significant alteration of the original texture, however the discontinuous
recrystallization is usually associated with an appreciable modification of the
texture [13-14].

To date, there are so several works that have been carried out to modify
the strong basal texture, which means spreading the basal planes from sheets
normal direction. However, it is still lack of understanding what kind of
textures are the desired textures because systematic researches regarding the
effects of the initial orientation on the mechanical behaviors have been rarely
reported. In this study, 11 samples were prepared from basal plane to
prismatic plane at the interval of 10°, with an additional 45°. The purpose is to
characterize the effects of the initial orientation on the mechanical behaviors
and subsequently evaluate the major deformation modes with corresponding

orientations.

5.2 Results and discussion

In order to cover a wide range of investigations, 11 specimens with
different loading orientations ranging between the [0002] and [1010]

directions were prepared, as shown in Figure 5.1. The result of the true stress-
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Figure 5.1 Schematic diagram showing the 11 different orientations used in

uni-axial compression tests.
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Table 5.1 The compression direction for corresponding rotation angles.

Rotation Angle (Degree) Loading Direction
0 0 0 0 1]
10 [191 0 191 1155]
20 [376 0 376 1102]
30 [549 0 3549 898]
40 [706 0 706 898]
45 [777 0 777 829]
50 [842 0 842 754]
60 [952 0 952 586]
70 [1032 0 1032 401]
80 [1083 0 1083 204]
90 [1 0 1 0]
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strain curves for 11 different orientations is illustrated in Figure 5.2.

High magnification of the rectangular box located at the bottom of the
graph in Figure 5.2 (a) is shown in Figure 5.2 (b). Significant differences were
observed among those specimens, indicating the contributions of deformation
modes have been changed during the plastic deformation. The detailed
information about the compression direction for the corresponding rotation
angle is shown in Table 5.1. When the specimen was compressed along the
[0002] direction, the initial flow stress rapidly increased, followed by a
fracture at around 6% true strain. This is postulated to be the effects of <c+a>
slip which has been reported by many researchers previously [15-17]. As the
compression direction inclines 10° from the c-axis, the initial slope is much
lower than 0° and the significant increase in flow stress could be observed
when the deformation proceeded from 4% true strain. The flow stress drops
dramatically as the rotation angle climbs to 20°. With the further increase of
the rotation angle, the stress value decreases negligibly small and displays
similar magnitudes, indicating the extremely low work hardening rate. Thus,
suggesting that the basal slip is potentially a dominant mode in range of 30 to
60°. From 70° onwards, the flow curves exhibits a reverse trend where the
flow stress increases with the rotation angle increases. When compressed
along the [1010] direction, the work hardening rate is relatively small at low
strains, which is followed by a significant increase until it reaches the peak
value before fracture. Such observations can be explained by the deformation
process that the crystals rotate until reached about 6% strain, which is known
to be a {1012} twin-dominated condition. In this case, the reoriented
orientation is difficult to activate a basal slip and as a consequence the
material hardens dramatically [18].

After deformation, microstructures were directly taken without further
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treatments including polishing and etching, since they can remove any trace of
the slip steps. Surface steps were clearly presented at the (1210) plane as
shown in Figure 5.3. Trace predictions are based on the SF calculation and the
active basal slip and {1012} twin system are located in the left corner of
corresponding microstructure. It is generally known that the {1012} twin is
easily activated by compression at the direction perpendicular to, or tension
parallel to the c-axis for the geometric reason [19]. In other words, the {1012}
twin could not occur when the crystals were compressed along the c-axis.
However, the {1012} twin traces were found in the microstructure and this is
presumably due to the residual stress during deformation [20]. The
corresponding pole figure in Figure 5.4 indicate that the texture characteristic
retains almost the same as the original one, which means the {1012} twin
does not play a dominant role in the deformation. The {1012} twin traces
were also observed for the 10° rotated sample as well as the 0° sample.
However, the texture difference between the initial and deformed samples is
negligibly small. The {1012} twin traces were barely shown, while fine basal
slip traces were clearly observable from 20 to 80°. Overall, basal slip traces
covered the entire sample surface between 40 to 50°, which implies
deformation is mainly attributed to basal slip. The {1012} twin morphologies
only started to appear in the sample from 60° onwards and finally at 90°
rough surface steps were seen. In general, only minor differences occurred
between the initial and deformed samples from O to 60° revealing the
importance of slip as a major deformation mode. In contrast, deformed
samples rotated almost 90° with the initial texture for the rest of samples, due
to the {1012} twin, induced a crystallographic lattice reorientation.

As described above, different microstructures and textures were
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evolved depending on the orientation is attributed to the different deformation
modes. The SF analysis was carried out on the <a> type, <c+a> slip and twin
modes, as shown in Figure 5.5. When compressed along the c-axis, the SF
values for the <a> type slip modes are all 0. Therefore, the initial texture was
hardly oriented for all <a> type deformations and thus the <c+a> slip and
{1011} twin may become favorable based upon the SF calculation. The
contribution from the {1012} twin is negligibly small from the pole figure
data as illustrated in Figure 5.4 even with the high SF value. As an anisotropic
material, the activation of each deformation mode is not only determined by
the SF, but also strongly affected by the critical resolved shear stress (CRSS)
value, because the CRSS value for various deformation modes differ
significantly [21-22]. Figure 5.6 reveals the stress required (CRSS/SF) to
activate major deformation modes. The CRSS values employed to generate
these plots are derived from experimental and VPSC simulations [23]. Blue
symbols are the yield strength for corresponding orientations. For the 0°
rotated sample, the <c+a> slip is main deformation modes, as expected. The
stress value required for the {1012} twin is lower than the yield stress for 0°
rotated sample. However, due to the initial orientation effects, the {1012}
twin does not contribute to the plastic deformation. Since the CRSS for basal
slip is very low, a slight misalignment of the specimen could easily lead to the
occurrence of basal slip. It is apparent that the stress required to activate the
basal slip is lower than the experimental results between 10 and 60°. This fact
indicates that the basal slip plays a meaningful role in the deformation. From
70 to 90°, the yield strength is well matched with the calculated value for the
{1012} twin. Therefore, the {1012} twin is very much likely to contribute to
the initial deformation range. XRD pole figure data also provides clear

evidence for the abrupt orientation change due to twinning.
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5.3 Conclusions

In summary, the stresses of various deformation modes strongly rely on
the direction of the applied force, particularly with respect to the c axis.
Owing to the limited number of deformation modes, Mg single crystals with
certain orientations present a pronounced tendency to geometrical hardening
or softening. Therefore, it can be concluded that activities of slips and
twinning are systematically different from the experiment results and analysis
at 11 different orientations. In case of the 0° rotated samples, <c+a> slip is
adapted to rationalize the high yield strength compared to other orientations.
Basal slip plays an important role in the samples with rotation angles ranging
from 10 - 60° with respect to the c-axis. In addition, {1012} twin dominates
the initial part of deformation for the 70 - 90° rotated samples. These results
have given us insight into the effect of initial orientation on deformation
behavior in Mg single crystals and will help us to design the desired texture in

Mg and its alloys.
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Chapter 6. Interaction between dislocation and

tensile twin in Mg single crystals

6.1 Introductions

Magnesium (Mg) alloys have a limited number of independent slip
modes for dislocation glide and consequently deformation twinning plays an
important role in plastic deformation at room temperature (RT) [1-3].
Deformation twinning usually takes place on the first or second order
pyramidal planes in twinning directions and also provides the needed c-axis
strain component for general deformation [4]. Various types of twin modes
were reported in previous studies, such as the {1011}, {1012}, {1013},
{1015}, {1124}, {3032} and {3034} twin modes, which took place on
pyramidal planes [5-8]. Double twinning modes of the {1011}-{1012},
{1013}-{1012} and {1012}-{1012} types were found to have a particular
feature with the {1012} twinning in the interior and preferential alignment of
primary twins [9-11]. Among them, the {1012} and {1011} twins have been
commonly observed twin modes in Mg and its alloys. The stress value for the
{1012} and {1011} twins were reported to be 2~3MPa and 76~153MPa [12],
respectively, even the shear strains produced by both twins were roughly
similar (0.1289 and 0.1377) [4]. Hence, the {1012} twin has the higher
activation chance compared with the {1011} twin, and consequently the
interaction between the {1012} twin and basal slip dislocations is unavoidable
[13-16]. Therefore the interactions between dislocations and twin boundaries

are, matters of practical interests because the deformation-induced twins may
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play as barriers to further slip and the source of the slip and twin dislocations
at twin boundaries. However, despite several decades of research, the
mechanisms involved in the interactions between slip and twinning have
poorly been understood in hexagonal close-packed (HCP) crystals because the
HCP structure is more difficult and complicated compared with those of high
Ssymmetry structures.

Price [17] has observed the interaction of slip dislocations with a twin
boundary and proposed possible reactions giving rise to the transmission of
slip dislocations in the twinned crystal producing a residual twinning
dislocation in a zinc crystal. Yoo and Wei [18] have given a formalism to
transform lattice vectors into twinned crystal vectors and systematically
calculated the residual twinning vector. Lay and Nouet [19] have carried out
the detailed TEM and high-resolution electron microscopy (HREM) analysis
of the interaction of lattice dislocations with the {1012} twin interface in zinc.
More recently, Serra et al. [20-23] have focused on dislocation reactions at
twin boundaries by atomic-scale computer simulation techniques. They
showed that when a shear stress resolved for basal slip was applied to a {1012}
twinned crystal, screw dislocations with Burgers vector and line direction
parallel to the boundary were able to cross the twin boundary, and no residual
dislocations were left behind.

The main objective is to understand the interactions between various
deformation modes and {1012} tensile twin in a Mg crystal. Twinning has a
polar nature, which means that the twinning in magnesium can only be
accommodated when the c-axis is elongated or contracted [7]. Therefore, the
activation of corresponding twinning mode is highly dependent on crystal
orientation (texture) [24]. Many works have been carried out to investigate the

{1012} twin effects by using compression tests along the extrusion direction
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[25-27]. However, it could not give information about the interaction between
{1012} twin and specific deformation modes, since various deformation
modes simultaneously contributed to the in the later stage of deformation.
More intricately, due to the influence of grain boundaries, the intrinsic twin
and slip interaction behavior can be rather complicated to analyze in the case
of polycrystalline materials. Therefore, it is intriguing to study the twin—slip
or twin-twin interaction process by using single crystals. In this study, Mg
single crystals were adopted to systematically investigate the twinning effects
on the mechanical properties through TSC tests. By using TSC test, twin and
slip modes could be separated. Because of the low symmetry of crystal
structure, application of load in one direction could activate twin only, while
load in another direction could activate the slip and twinning modes. These
works generally assumed the Schmid’s law for the twinning, which means
predominant twin modes activated for the highest Schmid factor among all
other twin variants. Optical microscopy and TEM were used to observe

microstructures and EBSD was employed for orientation analysis.

6.2 Results and discussion

In order to observe the interactions of the {1012} twin with the various
slip and twinning modes, single crystal specimens with eleven different
rotation angles of the plane normal were prepared from the [0001] direction to
the [1010] direction at an interval of 10 ° and one more orientation from 45 °.,
The TSC tests were employed to evaluate the mechanical behavior of Mg
single crystals with an initial strain rate of 1x10™/sec at room temperature.
The schematic diagram of TSC test is shown in Figure 6.1. The FCD and SCD
represent the first and second compression directions, respectively. It is

known that the activation of twins at the onset of plastic deformation strongly
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depends on the twin stress, temperature, and orientation of the crystal with
respect to the loading direction [28-30]. In order to activate the {1012} twin,
eleven specimens were first compressed along the [1210] direction up to
10MPa at room temperature. Typical stress-strain curves are shown in Figure
6.2, and stress drops are observed during deformation which is known as a
characteristic of twin dominated flow curve [31]. A stress drop on the stress—
strain curve corresponded to the generation of fresh twins. The careful
examination of the stress—strain curve reveals that specimens started to exhibit
the serrated flow behavior at a stress range of 3.45 — 6.43 MPa. Knowing that
the SF of {1012}<1011> twin system is 0.37 for the compression direction
along the [1210] direction (Table 6.1), the onset stress for {1012} twining is
identified to be around 1.28 — 2.38 MPa which is close to the reported value.

After deformation, microstructures were taken directly without further
treatments since they could remove trace of the slip steps and twin traces were
clearly observable in Figure 6.3. Theoretically, a {1012} twinning possibly
occurs on six equivalent variant planes with a specific shear direction of
<1011>. In the case of the FCD, four equally favored {1012} twinning
systems had the same Schmid factor value of 0.37 and the corresponding twin
variants were activated. Detailed information about Schmid factor analysis on
six variant twin modes is listed in Table 6.2. Trace predictions for six {1012}
twin variants are located in left corner of corresponding specimens.
Horizontal twin traces ((1012)[ 1011] and (1012)[1011] twin modes) were
missing for all the specimens since Schmid factor value was 0 for both of two.
From Figure 6.3, {1012} twin traces showed good agreement with the
theoretical geometric predictions when the compression direction was along

the [1210] direction.
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Table 6.1. SF calculations for major slip systems and conventional twinning

modes.
Compression o _ {1012} {1011}
o Basal Prismatic Pyramidall <ct+a>
Direction Twin Twin
[1210] 0 0.43 0.38 0.45 037 0.1

Table 6.2. SF calculations for the 6 different {1012} twinning variants.

Compression (1012) (0112) (1102) (1012) (0112) (1102)

Direction Twin Twin Twin Twin Twin Twin

[1210] 0 0.37 0.37 0 037 0.37
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< 1210
~ [127 0]

Figure 6.1. The first compression direction is along [1210] direction to

generate the {1012} twin for all the samples. The specimens are
then rotated 90°, so that the various deformation modes were

activated by second compression.
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Figure 6.2. Typical compressive flow curves when specimens deformed up to

10MPa along the [1210] direction.
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Afterwards, eleven specimens were rotated 90 °, which indicates that
the compression direction was changed from basal plane to prismatic plane at
an interval of 10 ° and an additional orientation of 45 ° to activate various slip
and twinning modes during the second compression process. Detailed
information about the compression direction is shown in the left corner part of
Figure 6.4 (a). The mechanical properties without pre-deformation for
corresponding orientations by uni-axial compression tests have also been
included in Figure 6.4 (a). High magnification of the rectangular box located
at the bottom of the graph in Figure 6.4 (a) is shown in Figure 6.4 (b). It can
easily be seen that the flow stress of the TSC tests is higher than that of the
uni-axial compression tests for crystals with the same orientation and this
indicates that twin boundaries acted as obstacles to dislocation glides and
dislocations impinged at twin boundaries and gave rise to an increase in the
flow stress. From the previous study [32], the dominated deformation modes
for corresponding crystals have been analyzed by the uni-axial compression
tests. In the case of the 0 ° rotated specimen, the <c+a> slip is adapted to
rationalize the high yield strength. The basal slip plays a dominant role in the
specimen with 10 — 60 ° to the c-axis and {1012} twin is dominating the
initial part of deformation for the 70 — 90 ° rotated specimens. Therefore,
various types of dislocations must be activated through the second step
compression and would encounter the pre-existing {1012} twin bands. It is
interesting to note that curve serration by the {1012} twin is far less than that
of uni-axial compression test for the 70 — 90 ° rotated specimens. This
indicates that the serrated stress-strain curve with a strong drop of stress could
be the result of rapid nucleation of fresh twins during the uni-axial
compression test and the rapid nucleation of fresh twins were suppressed by

the pre-existed {10 12} twin during TSC tests. Figure 6.5 shows
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microstructures after the second step compression tests. Rough morphologies
have been developed for the 0 ° specimen because various deformation modes
contributed to plastic deformation. As expected, horizontal basal slip traces
were clearly observable from the 10 — 60 ° specimens in the matrix region. In
the case of the 70 — 90 ° rotated specimen, fresh {1012} twin traces were
observed.

In order to identify the slip and twin traces, the standard 0 °, 45 © and
90 ° rotated specimens were chosen for further examination by EBSD
technique. Local microtexture showed regions containing a mixture of matrix
and twinned areas are seen in Figure 6.6. The superimposed unit cells
illustrate the orientation of each location by the TSL software. The blue, green
and red lines correspond to the misorientation angle between 35 ° — 40 °, 55 °
— 60 ° and 85 ° — 90 °, respectively. The marked area in Figure 6.6 (a) looked
like twin morphology, but the boundary was not highlighted. A hexagonal
unit cell orientation was indicated at the marked area and other several
locations. A comparison of the matrix region and marked area is almost the
same, suggesting that this twin band was activated by first compression and
restored to its original orientation by subsequent reloading. This provides
strong evidence that the {1012} twins return to the original orientation by de-
twinning, rather than re-twinning within primary twin regions for the 0 °
specimen. Several groups have utilized cyclic loading experiments and
revealed that extension twins were produced by pre-straining and
progressively disappeared during reverse reloading in AZ31 and ZK60 Mg
alloys [33-36]. To summarize, the current observation from both TSCed 0 °
specimen and Mg alloys subjected to cyclic loading confirmed that the {1012}
twin was activated by first step compression and subsequently removed by

second compression. Similar to the 45 ° specimen, a hexagonal unit cell for
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the marked area in Figure 6.6 (b) is the almost same as matrix orientation as
well. The marked area is the narrow {1012} twin that was nucleated at the
primary twin boundaries by first compression and recovered its original
orientation during second compression. On the other hand, the wide primary
{1012} twin band still remained twinned structure, which indicated that a
wide twin band was more resistant to de-twinning compared to a fine twin
band. In the case of the 90 ° specimen, the second direction is the [1010]
direction which is favorable for the {1012} twin activation. As expected,
fresh twins were formed during the second compression and slip traces were
rarely seen.

Figure 6.7 (a) shows the yield strengths for same orientations in the
uni-axial and TSC tests. Obviously, the yield strength of TSC test specimens
is higher than that of the specimens without pre-straining (uni-axial
compression specimens). The effectiveness of {1012} twins in the mechanical
behavior was evaluated using equation 6.1. The right Y axis indicates the rate
of increase in yield strength for TSC tests. The strengthening effect is
relatively small for the 0° rotated specimen. However, in the case of basal slip
and {1012} twin dominated regions, pre-existing twins play as effective
barriers to dislocation movement. The strengthening mechanism will be

discussed in detail in the discussion part.

oT —Step C .—OUni-Axial C 3
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In contrast to the high-symmetry cubic crystals such as FCC metals, the
stacking faults in the lower symmetry HCP structures have received much less

attention. To our knowledge, stacking faults are less frequently formed in
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Figure 6.6. (a), (b), and (c) are Kikuchi band contrast map which

corresponding 0 °, 45 °, and 90 ° rotated specimens.
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HCP materials during plastic deformation owing to their high stacking faults
energy [1]. However, stacking faults have been frequently observed in twins
in HCP metals after plastic deformation [37-38]. In order to examine the
internal microstructures of twined parts, TEM images were taken with an
incident electron beam direction of <1120> under the bright field (BF) and
STEM-HAADF conditions for I0MPa pre-deformed 45 ° specimen, as shown
in Figure 6.8. The microstructures have complex defect structures, including
multiple possible Burgers vectors for dislocations and numerous stacking
faults within the twin plates and neighbouring matrix regions. One end of the
fault was usually in contact with the twin boundary and the other end
terminated within the middle of the twin band, and no partial dislocations
associated with these faults were observed. And those twin-induced stacking
faults may also act as obstacles to subsequent dislocation glide and thus
contributed to the hardening effects for all the TSC tested samples. Li et al.
[39] have also investigated the stacking faults and their interaction with
pyramidal dislocations in polycrystalline pure Mg, and reported that the
stacking faults consisted of well-defined fringes and streaking,

The strengthening from twins has generally been attributed to the
apparent grain refinement effect of deformation twinning with the twin
boundaries acting as obstacles to dislocations. In addition, slip dislocations
impinging against the complicated dislocations and stacking faults formed by
the {1012} twin could be incorporated into the obstacle and give rise to an
increase in the flow stress [40]. However, the effectiveness of the {1012}
twin seems to be different for the specimens as shown in Figure 6.7 (b). For
the 0 ° specimen, the {1012} twin has a small rate increase of yield strength.
With increasing the rotation angle, the rate increase of yield strength increased

up to 60 ° rotated specimen. From the previously reported research [41-42],
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<cta> slip is responsible for the 0 ° rotated specimen and the CRSS value for
the <ct+a> slip is very high compared with other deformation modes which
may lead to limited hardening effects for the 0 ° rotated specimen.

Figure 6.9 (a) shows the Kikuchi map obtained from the sections of
(777 0 777 1458) plane in the 45 ° rotated specimen, where M and TT
represent the parent matrix and twinned region, respectively. As expected,
distinct slip bands were aligned with the plane trace of the basal slip mode in
the matrix region. Figure 6.9 (b) indicates the different Schmid factor value of
(0002)<1120> basal slip for the corresponding area in Figure 6.9 (a). The
twinned region has a low Schmid factor for (0002)<1120> basal slip
compared to the matrix region, however, basal slip traces were readily
observable within tensile twin band. A careful observation indicates that the
basal slip traces in the matrix were continuous across the twin boundary and
the dislocations simply cross-slip onto the basal plane in the twinned crystal.
It can be known that basal <a> type dislocations in the matrix transformed to
basal <a> type dislocations within the {1012} twin. Yoo [4,18] presented a
comprehensive review of the possible interactions of the perfect dislocations
of six slip systems and the dislocation with several twin modes in HCP metals
which have been analyzed on crystallography and elasticity theories. Taking
into account, the observations from the 45 ° rotated specimen, it can be known
that the {1012} twin not only acts as a barrier, but also reorients matrix
domains into orientations that may be favorable for basal slip dislocations due
to twin boundary from experimental results.

An EBSD image of the microstructure obtained from (0001) plane with
90 ° rotated specimen after TSC test is presented in Figure 10 (a). The matrix,
4 {1012} twin variants and {1012}-{1012} twin are labeled M, TT;.4 and DT,

respectively. The distribution of misorientation angle in Figure 6.10 (b) shows
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that high frequency peaks appear near 86 ° indicating the {1012} tensile twin.
Figure 6.10 (c) depicts the crystallographic orientation from the parent matrix
M to the orientation TT|~TT4 by primary {1012} twin and small portion of
TT, orientation converts to orientation DT by secondary {1012} twin. The
presence of {1012}-{1012} double twins can be clearly seen in Figure 6.10
(a). From the crystallography of the {1012}-{1012} double twinning in Mg,
misorientation angles between matrix and any of the six secondary twin
variants would be either 7.4 °, 59.9 ° or 60.4 ° with misorientation axes
<1210>, <1010> or <8170>, respectively [9-11]. Because the misorientation
angles and axes are close to the latter two variants, it is difficult to distinguish
them experimentally. Anyhow the small frequency peaks appeared near 7 °
and 60 ° corresponded to {1012}-{1012} double twin in Figure 6.10 (b). In
order to understand the activation mechanisms that caused specific twin
variants during TSC deformation, a Schmid factor analysis was performed for
90 ° specimen. According to Schmid factor analysis in Figure 6.11 (a), four
twin variants have the highest SF value of 0.37, and thus TT; and TTj; variants
were formed during first compression. The rest of two twin variants were
missing in Figure 6.10 (c) because of local area observation. The second
compression direction ([1010]) is also perpendicular to the c-axis which
indicates the {1012} twin is the dominant deformation mode. Figure 6.11 (b)
shows that two twin variants have the highest SF value of 0.5, which is
corresponding to TT, and TT, variants in Figure 6.10 (c). A careful
observation indicates that TT, and TT, twin variants were generated by
secondary compression and encountered pre-existing twin variants (TT; and
TTs) and thus twin-twin interactions have been taken place. When fresh twins

(TT, and TT4) encountered an advanced
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Figure 6.8. (a) Bright-field TEM micrographs of deformation twins and

selected area diffraction pattern (SADP) showing reflections
from both the matrix and twin. (B//[1120],). (b) Corresponding

areas for STEM-HAADF image.
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Figure 6. 9. (a) Kikuchi map obtained from sections of (777 0 777 1458)

plane for the 45 ° rotated specimen and matrix and twinned
crystal are indicated by M and T respectively. (b) Schmid factor
map distribution for (0002)<1120> basal slip.
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(b)

Figure 6. 11. Schmid factor analysis on {1012} twinning variants for the 90 °

rotated specimen. (a) First compression (compression direction
along [1210] direction). (b) Second compression (compression

direction along [1010] direction).
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twin, no penetrated intersection of twins was observed. Since fresh twins were
impinged by pre-existing twin, the second-order {1012}-{1012} twinning
within the primary TT; was facilitated by twin intersection. It was shown that
twin interfaces could be the source of new twin dislocations.

Meyers et al. [43] have reported that it is common for the twinning
stress to increase more rapidly with decreasing grain size than the stress
required to activate slip, which denotes that the Hall-Petch slope for
deformation twinning-mediated plasticity (kr) is frequently greater than that
for dislocation-slip-controlled plasticity (ks). For example, Song and Gray [44]
demonstrated experimentally that the Hall-Petch slope for twinning of
zirconium was almost ten times higher than slip. More recently, Barnett et al.
[45] have examined the influence of the grain size on compressive
deformation of AZ31 alloy and reported the Hall-Petch slop for twinning
dominated flow is 3.72-11.78 times higher than that of slip dominated flow at
elevated temperature. As aforementioned, the second compression was twin
dominated deformation process for 90 ° rotated specimen and flow stress
increased dramatically because single crystal was subdivided into several
grains by primary twins during the first compression test. This may be
responsible for the effectiveness of the {1012} twin for a twin dominated
flow (90 ° specimen) which is higher than a basal slip dominated deformation.
The region around a twin intersection may be highly strained because of the
lack of continuity of the twinning shear at a twin intersection. Thus, the
interaction between the twins may also account for a hardening effect of the

strain compared with slip and twin interactions.
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6.3 Conclusions

Plastic deformation behavior of Mg single crystals with TSC tests has
been systematically studied, revealing the strengthening mechanisms of pre-
straining due to extension twins. The following conclusions can be drawn:

1) It is found that the results from the activation of {1012} primary
twin variants are governed by the Schmid law.

2) {1012} twin boundaries could act as barriers to various mobile
dislocations, incorporating into the obstacle twins and give rise to an increase
of flow stress.

3) An amount of the {1012} twins formed during the first step
compression have been removed via de-twinning during the second
compression for the <c+a> slip dominated specimen.

4) {1012} twins have limited hardening effects for <c+a> slip
dominated specimen owing to the hard orientation with high CRSS value for
<c+a> slip.

5) The intersection of glide basal dislocations with {1012} twin
boundaries can produce basal dislocations within the primary twin bands.

6) The effectiveness of the {1012} twin for a twin dominated flow (90 °
specimen) is much higher than other specimens because the Hall-Petch slop
for twinning-dominated flow is frequently greater than that of slip-dominated

onc.
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