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Abstract

Deformation twinning strongly affects the mechanical properties of magnésigin
andits alloys as well aother alloys with hexagonal clopacked HCP)structuresThe
influence ofsolute atomsuch as aluminum (Al), zinc (Zn), and yttrium (Y) on

1 02 twin nucleation and growtim magnesium alloyszsmains unclear. In this work,
we perform energetics calculation fdr @2 twin nucleation and growth using molecular
dynamics (MD) simulations and Density Functional Theory (DFE&)culation for Mg

and its alloys

For MD simulations, the embedded atom imoet (EAM) potential and modified
embedded atom method (MEAM) potengiafeused All simulations are conducted with
perfect single crystals with no defect in thi¢gial systemsThe result shows that the
energy barrier forl @2 twin nucleations approximatdy 33.5meV/atomfrom the
MEAM potentialfor pure Mg whichis close to 3.5meV/atom from DFTcalculation
with 16 Mg atomsThe energy barrier for twin growtk approximatly 12.2meV/atom
(EAM) and18.8meV/atom (MEAM)for pure Mg The aldition of soluteatoms(Al, Zn,
and Y)will decrease the energy barrier for twin nucleation at low concentréatidime
Mg-12at%Al system deformation twinnings dramatically suppressea theMD
simulation The energy barrier for twin nucleation incresfsem 33.5 meV/atomgure
Mg) to 44.1 meV/atom (Md.2at%Al),andthe twin volume fraction decreaskeom
72.6% (pure Mg) to 1.1% (Mg@2at%Al)at 10% tensile strain applied along the [0001]
direction of the systemét appears thatl 02 deformation twinnings hindered by the

addition ofAl, Zn, and Y solute atoms in Mg alloys with high cemtratiors. Al and Y



atomshavea significant effect on suppressing twin nucleatiblowever the effect of Zn
contributes moréo suppresisig thetwin growthbecause thenergy barrier for twin

growth increases from 12.2 meV/at¢pure Mg)to 28.9 meV/atom (Mgat%zZn)

The stressstrain behavior obtainddom MD simulations indicatethatthe addition of
solute atoms will decrease the stress oversfid stress overshbis much higher than
the yield stress obtained from defongy the Mgsingle crystal in experiments. There are
two mainreasos for the above difference: 1) The initial structure in MD simulatian is
perfect single crystal without aipe defect andgrain boundarie?) The strain rate in
the MD simulation is 1%s, which ismany orders of magnitude fastban that irthelab
experimers. In MD simulation,the stress first increases with #teainincreasingThe
stress drops dramatically when disition or twin nucleates at the frearface The
nucleation of dislocatioor twin causeghe relaxation of the system and the stress drops.
After the stress drom higher stress is required for twin growth in the system withigh

content of alloying ®ms. This reultgenerlly agres with the experimental observation.

The suppression of twinning behavisdue tothe change in atomic bonding between
Mg and solute atoms in terms of electron distributidme charge density distribution
results indicte that the addition of alloying atoms can change the charge density
surroundhg the alloying atoms. Electrons are more localized around Al and Y atoms
However, they are more delocalizaundZn atoms inMg-Zn systens from the
electron localization funion (ELF) calculation. The crystal orbital Hamilton population
(COHP) analysis indicates that the addition of Al and Y atoms will increase the average

bond strength of MgVig bonds in the alloy systesnThe average M@ylg bond strength



iii
increases with increéng solute concentration. The weak-Zmn bonding resustin a
lower energy barrier for twin nucleatiom Mg-Zn systems congoed to that of pure Mg

The strong AlAl bonding, MgY bonding and Y-Y bondingresulsin the higher energy

barriess for twin nucleation.

The bonding analysis revedhatsolute atomsignificantly influencehe energetics of
1 02 deformation twinningn Mg and Mg alloys. Theeresults suggest that increasing
the energy barrier for twinning witbroper alloyingmay bean effectiveapproach to

designingand processingigh strengtltcommercialMg alloys.
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Chapter 1 Introduction

1.1 Problem Statement

The increasing demand for energfficient, environmenfriendly, and lightweight
engineering systems drives the search for new structural and functional mkgrials
recent years, magnesium (Mg) and Mg alloys have attracted tremendous attention from
both academia and industry due to their advantageous properties such as low density

(1.74 g/cn for pure Mg), high specific strerigtand good recyclability.

Mg has a hexagonal clogacked structure (HCP). The lattice paramatequals
3.21 A with ac/a ratio of 1.624. Both dislocations slip and twinning can be activated
during deformation. The slip modes in Mg and Mg alloys have been well studied through
both experiments and simulatioj2s 13]. The(0001) basal plane is the clogacled
plane for HCP structure, and strong basal texture is usually observed in wrought Mg and
its alloys [14,15], see Figure 1.1. Deformation twinnirggfrequently and profusely
observedn Mg and its alloysirrespective of processing conditiof$ie most common
twinning mode in HCP metals i4 02 &1 01Qalso called extension twinnirfj6]. The
favorable loading direction to activate the extension twinning is either tealermmmthe
[0001] direction (i.e. @xis) or compression perpendicular to the [0001] direction. When
extension twinning occurs, the parent lattice walbrientapproximatéy by 90°, an

EBSD result showing the extension twis providedin Figure 1.217].
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Figurel.1l Threedimensional stereograph of the original microstructure of rolled AZ31B
magnesium plate. A strong basal texture along the normal direction (ND) can be seen.

[15]

Region 1 Region2  Region 3
Figurel.2 EBSD maps of an AZ31 sample with different strain level: (a) the@sved
rolled sample; (b) RD 3% compression strain sample;{d)2 tension twin boundaries
are shownri red line(86.501 20@:5°), which corresporsito the map of RD 3%

compression straifL7]. (With the permission of Elsevier)



BecausdHCP structures lack enough easily activated slip systéefiormation
twinning plays a vital ra in theplasticdeformation of Mg and its alloys. Kelley and
Hosford[18] carried out planatrain compression experiments forgde crystal Mg and
Mg alloys. Their results indicated that, when compressed along the [0001] direction, the
stressstrain curve showed rapid wehardening to about 447 ksi at 4% strain.
However, 1 @02 twin was activated toward completion at ~8%mpresivestrain as
indicaied bya lowstress stage when compressed perpendicular to an unconstrained
[0001] direction andthis resulted in a sigmoidal curve, see Figure 1.3. Polycrystalline
Mg and its allog alsopresentedensiorcompression yield asymmetwhen deformed
along different orientations due to the strong basal texture and deformation twitiing
22). Figure 1.4 shows the mechanical behavior when ZK60 alloy samptesested
under tension and compression along the extrusion idinedD) [19]. When tension
along the ED direction, the plastic deformatisdominated by dislocation slip and
resulsin ahigh yield stressHowever,the yield stress lower when compressiadong
the EDdirection.The plastic deformationnder approximatg 6% compressive straig
dominated by deformation twinning. The extension twinning can accommodate the strain
alongthec-axis. Thereforeawrought Mg generally hea higher ductility dung
compression along thextrusion direction (EDbhan that with tension along ti, and
the increasing ductilitys related to the volume fraction of extension twins at room
temperaturg¢23]. However, Figurd..4 indicates that the strain to fracture is lower in the
sample with compression along the ED in ZK60 alloys, in which deformation twinning
dominates the early stage plastic deformation. Therefore, other factors such as dislocation

slips, texture, and lalying elements may affect the ductility of Mg alloys as well.
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Figurel.3 Stressstrain curves of pure Mg single crystals when deformed along different
orientationg18]. (Used with permission of The Minerals, Metals & Materials Society)
For sample E, the contribution of twinning for the plastic strain is negligible in stage I;
the plastic deformation is dominated by deformation twignn stage II; twinning is

saturated, and the plastic deformation is mainly through dislocatiom sliate IIl
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Figurel.4 Mechanical responses of an extruded ZK60 alloy loaded along tha€D.

(With the permission of Elsevier)

To improve the mechanical properties of Mg and Mg alloys, extensive studies have
been focused on how to reduce the yield asymmetry through various ways such as age
hardening, twirdislocation interaction, and twitwin interaction[24i 26]. Chen et al.

[27] showedthat twin nucleation was suppressed by dislocations through prestraining of
an AZ31B Mg alloy. However, the effect of twslip interaction on hardeng was found
negligible. They also conducted twétip interaction systematically in Mg through
molecular dynamics simulations to confirm the above concly&®jn The results

showed that the parent basal dislocation could be transmuted to a twin prismatic
dislocation and vice versa when the Burgers vegasparallel to théll 200zone axis

of the twins. The tim boundary acted as a dislocation sink and absorbed the parent basal



or prismatic dislocations when the Burgers vewtasnot parallel to the zone axis.
Moreover, transmutatiocouldoccur in twinslip interaction if the product dislocation is

a real slp system. Yu et aJ29] studied the twirtwin interaction in singlerystal Mg,

and they observed that one twin did not transmiscthe twin boundamgndinto the

other twin if these two twin variants shared the sén&00zone axis. However, one

twin could only transmit into the other under some special loading conditions when two
twin variants with different zone axis. AdditiongliChen et aJ30] showed that when

two primary twin variants interacted to fom60%r1100twin-twin boundary, the

mobility of this boundary was limited. The contribution of the tivin interactions on

themechanical properties of Mglloysneeds to be studied further.

Precipitation hardening israethod to improve thehysical properties in Mg alloys.
However, precipitation hardening is far less effective in Mg alloys cordparether
structural materials such as aluminum (Al). Wang €84l showed that a MgAl 12
precipitate could be entirely engulfed by a twin, and thexeno twinning skear and
twinning dislocation involved during twiprecipitate interaction through molecular
dynamics simulation. Therefore, twin growsimot effectively hindered by both
dislocatiors andprecipitagsin Mg-Al alloy. Liu et al.[32] studied twinprecipitate
interaction in several Mg alloys usiimysitutransmission electron microsco(eEM).
They observed that the extension twinning dominated in pure MgAIMgd Mg-Zn
pillars. However, twinning was suppressed in yttrium (Y) containing alloys: WE54 with
platenetwork precipitates and GWZ931 with Iepgriodstackingorder (LPSO)

lamellae.



With theaddition of alloying elements, solgblution hardening is anotherethod to
improve the mechanical properties in Mg all§38i 38]. The researctelated tahe
solid-solution hardening in Mg alie is mainly focused on the effect of alloying
elements on texture evoluti¢®d9], grain refnemen{40], or dislocation slip[6]. Nie et
al.[41] indicated thathe Zinc (Zn) and gadolinium (Gd) solute atoms were segregated

1 02 twin boundaiesin Mg solid-solutions.Both solute atomseduced the elastic
strain d the twin boundary significantly, as well as the twin boundary energy. This
segregationauld affect the twinning behavior in Mg alloys. Somekawa gtal.
showed that Y solute atoms weakdthe basal texture arslippressethe twinning in

Mg-Y solid solution.

For other observed twinning modes in HCP metals, the nucleation and propagation
areassociated with twinning dislocation on the twinning plgt847]. However, the
mechanism forl @2 twinning mode is controversial. Wang et[d8,49], Serra et al.
[50,51] Hirth et al.[52], and Barnetf53i 55] suggested thdhe growth of the extension
twin was accomplishethrough twinning dislocation or twinning disconnection.

However, Liu et al[56] and Zhand57] indicatedthatthe misorientation angle ofith
twinning mode could vary from 86.3° to 93°, which should not occur accordihg to
classical twinning theory. Recently, Li et ji7,58] proved that the nucleation and

growthof 1 @2 twin were accomplished purely by atomic shuffles.

In summary, thel @2 twinning plays a significarrole intheplastic deformation
of Mg and its alloyThe 1 02 twinning is purely through atomic shuffling (also known

as LiMa model[58]), and there are no studies about the energetics for this twinning



mode for Mg solid solutions in terms of the pstauffle mechanism. Therefe, a
systematic study of the energetics bf@2 twinning in Mg solid solution is necessary,

which will be important for Mg alloy design in the future.

1.2 Research Objectives

The objective of this research isdalculate the energy barrier 1 02 twin

nucleation and growth in Mg and Mg alloys. This information can be used for designing
high strength Mg alloythrough control 1 @2 twinning. First, the density functional
theory (DFT) calculatiomand atomistic simulati@are performed to study emetics for

1 02 twin nucleation and growth in pure Mg. Second, alloying elements such as
aluminum (Al), zinc (Zn) and yttrium (Yareadded to study the effects of alloying
elements on thel 02 twinning. Additionally, the effect ofolute atoms othe bondhg
environmentnd thewinning behavioareinvestigated. Moreover, the effect of different
alloy composition on thel @2 twinning behaviois studied as well. By understanding
the mechanissof this twinning mode and the effect of alloying elements, msight

for designing Mg alloys will be obtained.

1.3 Research Contributiors

The main contributions achieved from this thesssummarized as follows:

9 Calculated the energetics df 02 twin nucleation and growth in Mg and Mg

alloys through both MD anDFT.



1 Undersbad the effect of alloying elements id @2 twinning behavior in Mg
alloys in terms of atomic bonding.

1 Correlated the simulation data with existing experimental results to guide Mg
alloy design through contiglg 1 @2 twinning by increasing thenergy

barriers for twin nucleation and growth.

1.4 Thesis Outline
The detail of this thesis outlined as follows:

In Chapter 2, an overview of the literature on deformation twinning in HCP Mg is
presented. Both disconnection model #mel i-Ma pure shufihg model are reviewed in

detail. The theoretical background of MD and DETeviewed as well.

In Chapter 3adetailed description of the methodology to perform the enesyetic
calculation using MD and DFT is present@&tie methodof how to choose a suitable
structure to obtain the energy barrier of twin nucleation energy is described. This chapter

also includes thealidation of settingip the input parameters for the calculations.

In Chapter 4, the energetics df 02 twinning for pure Mg and Mg\l alloy are
calculatedhrough both MD and DFT. The comparisemade for MD simulatiogiusing
EAM and MEAM potentialDetailed analysisnthe obtained bodgentered tetragonal
structure in 16 atoms DFT calculation is conducted. The effect sblateatons on the

twinning behavior is studied through bonding analysis.
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In Chapter 5, the effect of Zn and Y atean the 1 02 twinning behaviois studied
using similar methagishownin Chapter 4. The energetics resatecompared to the

Mg-Al system and the difference is discussed.

In Chapter 6, conclusions are dratbased on the calculation resuFsiture work is

proposé.
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Chapter 2 Theoretical background

2.1 Dislocation sligin HCP Mg

The mechanical properties of Mg are strongly affected by diffeisiatcationslips
systemsAt room temperature, dislocation slip ocgon different crystallographic planes
whenMg is deformedFigure 2.1 shows the slip systems in Mg. The (0001) basal plane
is theclosepacked plane, and the basal slip is the most active slip mode with the lowest
critical resolved shear stress (CRSS) ig [89]. The basal dislocation tends to dissociate

in two Shockley partials, and a stacking fault is generated between two partials, which

can be described ais:Zl Qv é 100+S F§+110 Q

{c+a)

Pomimimimimm

(a)

\.. .
2
= (
2
&

{0001} {1010} {1011} {1122}
Basal Slip Prismatic Slip Pyramidal T Slip Pyramidal IT Slip

Figure2.1 Slip systems in Mg on different crystallographic planes.

For nonbasal slipsystemsthe CRSS for prismatic slip approximate 60~100 times
to that of the basal slip in Mg single cryqt®]. However, the ratio of CRSSrfo
prismatic slip to basal slip is significantly affected by the concentration of solute atoms in
Mg alloys. In MgZn alloys, this ratio decreasavith the Zn concentration increasing.

Unstable dissociation @he prismatic slipwas observed in MDsimulatians[60]. Both
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basal slip and prismatic slip have two ipdadent slip systems, and the pyramidal <a>
slip has four independent slip systems. According to the Von Mises criteria, at least five
independent slip systemaserequiredto accommodate incompatible strains at grain
boundariegor apolycrystaline materal to undergo plastic deformatiavithout

premature fracturggl]. Therefore, the first order pyramidal <c+Ha®e. pyramidal l)and

the second order pyramidal <c+@x. pyramidal ll) slip systemsare the only dislocation
slip systemshatcanaccommodate strain along the> direction, whictareessential in

Mg to achieve high ductilityThe characteristic of different slip systems in Mg is

summarized in Table I.

Tablel. Characteristics of common slip systems in Mg

Number of
System Slip direction independent slip

systems
Basal adiol 200 2
Prismatic L 200 2
Pyramidal | L 200 4
Pyramidal | o N 2 & 5
Pyramidal Il o N 2 & 5

Mg has poor ductilityat room temperaturdue tothetransformation of pyramidal
<c+a> dislocatioato animmobile structures claimed by Wu and Curtj2]. Li et al.
indicated thathe pyramidal | dislocatiosinteracted withbasal dislocations arfdrmeda

sesgle structure, which may impede dislocation slip and contribute to hardg@#hgNu
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et al.[12] showedthat Y solute atora could enhance crosslip from pyramidal Il to
pyramidal | plane, resulting ianincrea of ductility in Mg-Y alloy. They also
conducted MD simulatiagwith their recentlydeveloped pyramidal | favorable
interatomic potential to study the dde crossslip between pyramidal | plane and
pyramidal Il pland63]. Besides, an upper limit was estimated for the concentration of

rareearth (RE) solutewhich couldenhance thductility of Mg-RE alloys

In addition to dislocation slg twinning is profusely activated during deformation.
The CRSS forl 02 81 @1Cextension twinning in Mgs much lower than that afon-
basalslip systemsand close to that of basal slipherefore, deformation twinnirftas
beenobservedxtensivelyin experimentswhichresuls in the asymmeit mechanical

responsén Mg and its alloysDetails will be discusseds follows

2.2 Theories of ceformation twinning in HCP Mg

In metals with hexagonal clogmcked (HCP) structure, deformation twinning plays
acrucialrole due to the limited number of easy slip systems. In classical deformation
twinning theory, there are four twinning elements to characterize a twinning[f&jde
(1) The first invariant plane or twinning planggK ( 2) The s;h3@Bwe directii
second invariantplane2K  ((4) The conj uxgDarngtwisnm@ the di r ect
parent lattice transforms to the twin lattice driven by homogenous simple shegura
2.2, when a homogenous simple shsaipplied on the Kplane, the lattice points of the
parent represented by thkiecirclesaremoved to the positions ofedcircles which are

the twin lattice points. The shear displacement oatbensontheKj plane is
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proportional to the distance between the lattice points to the twin boundary. PQ
represents a vector in tparent After twinning, the atoms along PQ are sheared to the
positions along PR which is the corresponding vector in the R@nandPR are also the
traces of two atomic planes of the parent and therefore, a lattice correspondence

can be established to describe the transformation by homogenous simp[é&hear
v=3u

whereu andv are the corresponding lattice vectors of taeept and twin, S is a second
rank tensor. Since the parent and twin have the says&lstructure, if vectou is in the
basis of A, the vector must have a relationship to A in a basis of B through rotation L.

Therefore, th@bove equationan be derived as:
Bv=LAv=LS u=C*u

whereC is the corresponding matrix. The vectuiin the twin lattice is related to the
vector®u in theparent. The lipar transformation relation & = C*u. Thus, a unique
lattice correspondence can be established between the parent and amiyyectors

[46].
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* Twin

Kt > 1)1

Parent

Figure2.2 lllustration of twinning by simple shed?Q and PR are vectors in parent and

twin, respectively.

For HCP metals, multiple twinning modesn be activateduring deformationAll
the HCP metals twin otine 1 @2 plane.There are several other twinning modes
reported for Mg such ad @1 [64], 1 @3 [44], 1 2p [65].The axial ratio
96/ a=1 B, wMdichgivesrisetdhe 1 02 fte n s i on tnddropridtheg o

101 A c omporne stsw i for Ng [66 sSee Figure 2.3
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b,=(1011) b=(1012)

{1012} {1011}
Tension Twin Compression Twin

Figure23 1 @2 it ensi on t W@lnfincionngpor easnsdi on t wi nni n¢

The 1 @2 twinning mode reoriestthe parent latticen theory by86.3° along the

zone axidl 2nO K $[6Vjomdrk described1 @2 twinning mode with the following

elements:
Ki=102,K>=10 12 =61 @ ©@ =10 10
Plane of shear421 O s=f 3 )BY ;

Since thel @2 twin is a g=4 twinning modeyhereq isthenumber of K planes
thatthe lattice points readle an equivalent position after moving along thepkane the
lattice points of the parent cannot move to the twin position thinbughthe
homogeneous simple shear. Atomic shuffling must oirctiris twinning mode. As
indicated in Figur@.4[57], when the K (in green) reaches the positionaofdK (i n bl ue)

underthehomogeneousimpleshear, atoml, 2, and 3 on the basal plane of the parent
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mustbesheaedt o 16, 206, anded®circieofifled byiyalowsuclr e pr es er

that all atomexperiencghe same homogeneosgnpleshear. However, they are not on
the twin positios (blue dotskfter the shearingrherefore, atomic shuffles indicated by
theblack arrows are required to move these atoms to the correct twin positions. The
lattice correspondenahows that the basal plane of the parent transforms to the prismatic
plane of the twin, and the prismatic plane of the parent transforms to the basal plane of
the parenin 1 02 twinning. A 3D analysis of lattice transformatiamshown in Figure

25. Thus, the twin lattice must be distortéd orderto share the samé @2 twinning

plane, whicrshould be invariant (indicatday the shad#plane) However, the twin

lattice cannot bealistortedin reality, thus, the twinning plane must be distoradtdr

twinning. Therefore, thel @2 twinning plane is not invariant, which makes 02

twinning a special twinning mode in HCP Mg.
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Figure2.4 Analysis of shear and shuffle ih @2 twinning. A homogeneous shear

movesthe Ko (in green) to the position of28 ( i n  bsll,2,e)d,3 orathe danal
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plane of the parerstresheaedt o t he 16, 2 @epresaredby cigclés fibed si t i on
by yellow) by the same homogeneous shédomic shuffles move these atoms to the

correct twin positions (blue dotgh7] (With the permission of Elsevier)

Figure2.5 3-D lattice correspondence analysis of Figure &fter atransformation of
parent prismatic plane (red lattice) to twin basal plane (blue Igpttieeblue lattice must
be distortedn order to share the samk @2 twinning plane (represented by the shaded
plane). Since the twin lattice cannot be distontegkality, the twinning plane must be

distorted, andhusit cannot remain invarianf57] (With the permission of Elsevier)
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2.3 Effect of deformation twinning on mechanical behavior of Mg and its alloys

Magnesium and its alloys typically have lower ductility and strain to fadltireom
temperature iEompare to otherlightweightmetalssuch asaluminum with FCC
structuresThe poor ductility for pure Mg is mainly due to the HCP crystal structure
without sufficient easy activate slip systems. For wrought Mg and itssallogydevelop
a strong basal texture. Mg and its alloys with this strong texture exhibit asymmetry in the
stressstrain behavior during tension or compression. BafB8ttconducted tension tests
for extruded AZ31 samples under different temperattriee stresstrain behavior wa
shown in Figure &. The yield stress and the ultimate tensile stress were higher for
samples with tension parallel to the extrusion direction (ED) than that with tension
perpendicular tohe ED at the same temperature. EatrudedMg alloys, the eaxis
distributionis perpendicular to the ED. The CRSS far@2 twin is muchlower than
that of <c+a> dislocati@)and the favorable loading direction for aating 1 02 twin
is either tension alonthe c-axis or compression perpendiculathe c-axis. Theefore,

1 02 twinningis prevalent correspoirtfy to the observations in Figure6gh) and
resulsin the lower yield stress. However, dislocation slgminates the plastic
deformation in the samples with tension parallel to EDigh yield stress and ultimate

tensile stresareobserved in Figure @(a).



o (MPa)

(a)

o (MPa)

(b)

Figure2.6 Engineering stresstrain curves for AZ31 exided bar tested (8)ensbn

300

250

200

150

100

300

250

200

150

100

0

parallel to ED
25°C
80°C
100°C
150°C
175°C
200°C
250°C
0 0.1 0.2 0.3 0.4 0.5
&
perpendicular to ED

25°C

0.1

0.2 03 0.4 0.5

20

parallelto the extrusion directiofb) Tensionperpendicular to the extrusion direction

The strain ratés 0.01 $1. [53] (With the permission of Elsevier)
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The 1 @2 tension twin results in a sudden reorientation of the parent crystal

approximatéy 86.3° aoundthedl 2nQthe zone axjs andgeneratsa globalmisfit

strain. The strain is calculated l%ls:%'oz 1 028 Gestansion along the-axis, and

1.624

1. 684
m

U :}M—;: 6 . Zcdntraction perpendicular to theagis. Therefore, the maximum
tensile strains approximatey 6.65%that 1 02 tension twiming may accommodate,

which allows further straining for Mg. Therefore,higher strain to failurés observed in

Figure 26(b) for tess under 100°C.

Twinning and detwinningvereobserved in pure Mg under cyclic loadimgfatigue
tests by MurphyLeonard et al[68]. The loading direction was parallel to the ED. They
calculated thewtin volume fraction using the initial basal {0002} peak intensity of the
parent grain in the normal direction and the basal peak intensity in the loading direction
at maximum compressive strain during the cycle. The peak intensity obtaineithfrom
situ high energy Xray diffraction, and the basal peak intensity in the loading direction at
maximum compressive strain was the twiray peak intensity. The result was shown in
Figure 27. The twin volume fractiomvas nearlydoublel in the first five cycles, then
gradually increased toear completiomf twinning at 100 cycles. The stress for twin
initiation decreased and detwinning exhaustimreased with cycles in the first 100
cycles. EBSD resultsdicatedthat twins fornedin the same locations during the
consecutive cycles, and residual teweamairedafter 100 cycles. A detaitlstudy for the
first several cycles for pure Mg mechanical behavior was conducted by Liu et al. using
in-situ transmission electron microscope (TEMY]. In Figure 28, the twin boundary

position was shown using MEdarkfield imagng. Nonplanar twin boundary was
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shown in Figure 3(f), and this was attributed to the B/P interface on the twin boundary.
The stressstrain behavior for each cycle was shown in Figude The yield stress for
twinning was decreased withcreasingeycles, while the yield stress during detwinning
decreased witincreasingcycles. The yield stress for detwinning was higher than that of

twinning. The decrease of the yield stress for twinmmlicates other plastic deformation

systens may be activatel.
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Figure2.7 (a) The X-ray peak intensityor twin (at the maximum compressive straii)
Twin volume fraction (at the maximum compressive strain) calcukgtbdth 0.75% and

0.52% totaktrain amplitudegd68] (With the permission of Elsevier)
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Figure2.8 TEM dark field images. (dYyndeformed samplprepared byocused ion beam
(FIB). (bi f) At the end of each loading cycléhe twin boundary is marked laypair of

white arrowheads[69] (With the permission of Elsevier)
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Figure2.9 Engineering stresstrain curvegorresponding to thigve consecutiveyclic
loadings ofthe sampkin Figure 2.8 (a) XTension; (b) 2ZCompression; (c)-Fension;
(d) 4-Compression; (e)-Fension.The stressalueat 05% offset strair{red lines)was
defined as the yield streg$). All five curvesareplotted inthe same axis for comparison.

[69] (With the permission of Elsevier)

2.4 Texture evolution during deformation twinning

As-cast Mg and Mg alloys typically karandom texture, while mostroughtMg

alloys have strong basal texture after proogsS he majority of the basal planes are
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parallel to thefabricationdirection, i.e, the (0001) basal planés parallel to the extrusion
directionor rolling direction When compression applied to the extrusion direction of Mg
and Mg alloys, a sigmoidal stressain curvas (shown in Figure 2.0) often obtained,

and deformation twinnings the mgor plastic deformatiomodeat low strair/ low stress
stagg14]. The maximum strain accommodated Q12 tension twinis approximatéy
6.5%, and the amount of strain that tension twin accommodgpedportional to the

twin volume fraction. Chen et 4lLl4] usedelectron backscatter diffraction (EBSD) to
measure the twin volume fraction for extruded AZ31 alloys under compression at low
stress stage. The texture evolution was shown in Figliie Phe twinvolume fraction

was generally increased with the applied plastic strain. At low strairs ivere

nucleatd at the grain boundary. As the strain increased,swerenucleated at both

grain boundary and inside the grain, tiggewthrough the grain. At.65% strain, the
parent grains were almost entirely twinned. They also calculated the contribution of
twinning to the plastic strain. When the strain was less than 1%, the contribution of
twinning was very small. After 1% strain, the contribution of twmgnio the plastic

strain was mainly due to twin growth. This result was sintddhe observation if69].
Although the extension twinning contributes 80~90% plastic deformation at low stress
stage, the rest 10~20% of plastic deformatiamefrom dislocation slip. The

contribution from dislocation slimaycome from he preexisting mobile dislocatiaor

newly activated dislocatian
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Figure2.10 Stressstrain curve under monotonic compression along the extruded

direction (ED)for AZ31B. [14] (With the permission of Elsevier)

Figure2.11 EBSDmaps at theelecedsix plastic strain level@ndicated by red dots in

Figure 2.10). The corresponding plastic straifisp)= O . 2 59%; 0O( b/)14) (c) U
1. 37 %p= (2d.)4 7P%; 3(. )2 %Wh= a b d6 5,%0.258some twins

have already nucleated. The twin volume fraction eases with increasing plastic strain.

[14] (With the permission of Elsevier)
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For a cast AZ31 Mg alloyhe stresstrain behavior and strain hardeninage curve
were shown in Figure 22 from the study by Park et §20]. Unlike wrought AZ31, no
sigmoidal shape stres$rain behavior dut the random texture of cast Mg alloy.
However, tensiortompressioryield asymmetry was still observed. After yielding, the
strain hardening rate decreased. The EBSD resdshown in Figure 4.3. In the
tension samples, multiple twin variants were activated. However, only one twin variant
pair was activated in compression samples. The lower tensile yield strength was due to
moregrainswith higher Schmid factarin the tension simples. Twitwin interactions in
magnesium was detailed studied by Yu ef28], and it was shown that affecedthe

mechanical behavior for Mg amdg alloys.
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Figure2.12 Mechanical behavior ai cast AZ31IMg alloy under tension and
compression: (a) true strésgrain curve and (b) strain hardening rate cui2@]. (With

the permission of Elsevier)



27

Figure2.13 EBSD observations ¢§Z31 Mg samples(ai d) sample withtension to 4%
strainand (& h) compresisn to 2%strain (a, €) inverse pole figure map; (b, f) the region
marked by the yellow rectangle in (a) and (e), respectively; (c, g) crystallographic
relationship between the parent and the tvanants (d, h) crystallographic orientation

of the parent relative to ¢htwinvariants The loading direction is perpendicular to the

image planef20] (With the permission of Elsevier)

Liu et al.[70] indicated that the morphology of tension twin in fine g&&)
samples and coarse gr&@G) samples were different in hot rolled AZ31. The EBSD
mays wereshown in Figure 2.4. The twin volume fraction was estimated to be 10% for
FG sample and 15%6r CG sample. In FG sample, many twins were connected to form
long twin chains or twin barsdHowever, crossed twin patterns were obsenediG
sample They also found that the yield stress difference for the FG and CG sample was

very small, and the CG samgehieved much higher elongatidthen twin nucleated at
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the grain boundary, dislocations or twins nucleated in the neighboring grains to
accommodate the misfit ain at grain boundaries. The back stregkichhad to be
overcomeby twins,was lower in FG sample thaime back stress iBG sample, which

led to the lower yield stress.

0001 2110 0001 2110

Figure2.14 EBSD maps of the tensioned samples with 4% strain: (a) Fine grain and (b)
Coarse grainThe loadiry direction is along the processing direction (PD) in (a), and

along the normal direction (ND) in (PjO] (With the permission of Elsevier)
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2.5 Impact of deformation twinning on ductility in Mg and Mg alloys

The ductility and formabilit of Mg and Mg alloysarestronglydetermined by factors
such as initial texture, strain ratesi\ddeformation temperatur€or plastic deformation,
pyramidal <c+a> dislocation and deformation twinning are important deformation modes
to accommodate theratn along eaxis. Among the abow#eformationrmodes, 1 02
twinning has the lowest CRS®hich iseasy tdbeactivatal. Typically, awroughtMg
sample with strong basal texture can be entirely twirtagproximaté/ 6.5%
compressiorstrainalong theextrusion directiormndthenachieve high strain to fracture.
The tension twining was slightly temperaturdependent in single crystal Mg, wailhe
CRSS for compression twin and pyrantilacc+a> slip decreaskwith increasing
temperatur¢71]. Therefore, high ductility was obtainedaatklativdy high temperature.
It should be noted that though extensiomtving positively contributeto theductility at
room temperaturdow yield stress and yield asymmetry due to extension twirlimmits

the application of Mg and Mg alloys.

Lapovoket al.[72] achieved superplastic ductility in ZK60 alloy wahow strain rate
at 220°C.The samp was prepared througix pases equal channel angular pressing
(ECAP) to achievabimodal grairstructure Tension twins were observed in the first
two passes andthen the twinning activity decreased for the fest pases
Approximatdy 2040% tensile elongation obtainetth the strain rate of 3 x 11s. The
contribution of twinningo the elongation should be very smaleng et al[73] obtained
superformable pure Mg bgxtrusionat 80°C The mechanical behavior was shown in

Figure 215. The extruded bar at 80°C achieved over 80% height reduction without
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fracture whereaghe extruded bar at 400°C fractured at about 20% height reduction.
Almost no strain hardeningas observetbr the sample extruded at 80°Che EBSD
analysis was shvn in Figure 216. The grain size was much larger for the extruded
sample at 400°CTwins were obtained under compression and rolling, which contdbute
to the plastic strain. However, twinnibga@meless significanfor the deformation inside

grainswhen the grain size/asreduced t@approximatéy a micron

300

Extruded at 400 °C

Manual stop

'
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N
o
o

True stress (MPa)

100
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—— [Extrudtiad at 89 °C
0 20 40 60 80
Height reduction (%)

Figure2.15 The mechanical behaviors faxam temperature compression of specimens

extruded at 80 and 400 (73]
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-_— . ED: extrusion direction ND: normal direction
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Figure2.16 Microstructures before and after deformatioi efd&aBSD mapdor the
microstructure of specimens extruded at 400(fiG) transmission Kikuchi diffraction
mapsfor themicrostructure of specimens extruded at 80(&Cf) asextruded state, (b)

after 20% and (g) 50% compression, and (c) after 20% and (h) 50% cold rolling. (d, e, i,
J) Maps showing orientation spread in individual grdorsspecimengorresponding to

(b,c,g,h), respectivelyScale bars in (&) are 100 pmand 2 umin (fj). [73]
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2.6 Effect ofalloying elementson deformation twinning

In theprevious section, Mg and Mg alloys can achisuperplasticityand formability.
However, tensioitompression yield asymmetry still remsasan issue. Since this issue
is caused byhe strong basal texture and the extension twinm@dding alloying

elements mape afeasibleway to weaken the texture or suppress twinning.

Adding alloy elements such as Al, ZandY to Mg can form secondary phase
precipitats. Precipitates of metallic compounds produced through apindy solutions
impede the movement of dislocations in the cry|3%il 77]. Therefore, precipitate
hardening can effectively increasechanicaproperties in other structural materials
such as Al alloys osteel. Basal slip andl 02 & @1CGextension twinning are thevo
easy deformation modes in Mit4,46,53,61,78,79]Therefore, precipitates strengthening
for Mg should consider the interactions of precipitates with both dislocations and
migrating twin bomdariesHowever, precipitate hardening of Mg alloys is far less
effective than that of Al alloysvhich has face center cubic (FCC) strucsuf@ne reason
is the dislocations do not effectively shear the precipitates because the fiedwieen
the precipitatess not small enoughrhus, the strengthening effect is limit&d].
Recently, Liu et al[32] studied twinprecipitate interaction using-situ TEM on micre
pillars. They observed that the dispersed particles (rods or basal plates)effective
in suppressing TB migration. Wang et[8ll] also observed similar behavior that
precipitates in a MgZn alloy ould not suppress twinnghduring micropillar
compressionHowever, the yield stress increaseith the presence of thprecipitates

and no twinning was detectedWES54 pillar with platenetwork[32].
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Solid solution hardening through alloying elements also aftbet mechanical
behavior of Mg alloyskFor Mg-Al alloys, Bohlen[82] conducted tension/compression
experiments for AZ series Mg alloys, indicated thhted to a decreasi tension
compression asymmetrgndthe twinning activity decreadevith increasing content of
aluminum. Somekawa et §83] showed that the addition of Al solute atoms supgaks
grain boundary migration as well as twin formation. They also conducted another study
[42] indicaing that the HaHPetch relationwvas not influencedubstantiallyby the
alloying elements (Y, Zn)lhebasaltexture was significantly weakened as Y adding,
shown in Figure 47. After loading, lamella tension twin bands were observed in pure
Mg, Mg-1at%Zn and Mglat%Y samples. The twin volume fraction seems no difference
in pureMg and Mglat%Zn sampleat 4% stran, see Figure 2.18owever it was
decreasedignificantlyin Mg-1at%Y, showing that the addition ofStippressethe
tensiontwinning. Stanford et al[65] obtainedsimilar results that Y suppresstwinning.
Additionally, they proposed that Y strongly har@etthe extension twias aresult of

energetic cost related to the atomic shuffling of Y atoms.

Figure2.17 EBSD observation for theitial microstructuresf the alloyswith an

averaggrainsizeof around15 um: (a) pure magnesiunib) Mgi 1at%Zn (c) Mgi
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lat%Y alloys. EDOs the extrusion directigrand TD isthe transverse diction. [42]

(With the permission of Elsevier)

Figure2.18 EBSD observation fasample with compression along the extrusion
direction.(a) pure magnesiumvith 1% strain (b) pure magnesiumwith 4% strain;(c)

Mgt 1a®oZn with 4% strainy(d) Mgi 1aoY alloy with 4% strain;The blue lines indicate
the extension twinning analyzed by the OIM saite [42] (With the permission of

Elsevier)
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2.7 Twin nucleation in Mg

Orowanfirst introduced a homogeneous twin nucleation model, which considered
twins grow from a lenticulashaped twin volume under uniform twinning shigal].
However, the sess to induce twinning by homogeneous nucleation in perfect crystals
was very higH16]. Therefore, heterogeneous twin nucleation was proposed, such as
nucleation at a grain boundary or a dislocation. The nucleation stress was mudcdt lower
these locationsMost heterogeneous twin nucleation models consider stacking fault
from thedissociation of partial dislocations as the twin nucleus. Thompson and Millard
proposed a dislocation mechanism for twin groj@%j. While this model was later
provedto be inappropriate forl @2 twinningof Mg through DFT calculation by Wang
etal. [48]. They showed that a stable twin nucleostainng multiple twinning
dislocations and partial dislocation with opposite signs by using simulations. However,
Kim et al.[86] indicatedthatno zonal dislocationaere involved in the formation of

1 @2 twin in their MD simulatios for [1 20] textured nanocrystalline Mg. Capolungo
and Beyerleirj87] proposed a twin nucleation model by a nonplanar dissociation of slip
dislocaton in a pileup of <a> dislocations using continuum linear elasticity dislocation
theory. Wang edl. [49] proposed a purshuffle nucleation mechanism fat 02 twin
in Mg via DFT and MD simulation. Li and Ogd8] also showed that the twin
nucleation by shufflingcontrolledwaslikely to be true througlab initio calculation.
Khosravani et al[89] observed thatl 02 twin nucleated at a grain boundary or twin
nucleation was triggered by another twin from the neighboring graalycrystalline

AZ31 Mg alloy. Theydefinedthe above two typeof twin nucleation as slyassisted and
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twin-assisted nucleatioit high angle grain boundary, the lattice misfit was high, which
madethe <a> dislocatioharder to glide from one grain to another grain. Therefore, the
dislocations were accumulated at this gkzmindary witha high local stress. To

accommodate the stresge slip-assisted twin was nucleated at this grain boundary.

For extension twiningin Mg, multiple twin variants could be activated as tengon
applied alonghe c-axis or compression perpendiculathe c-axis. For eaxis tension,
the six 1 @2 twinning planes havithesame Schmid Factor. The possibility to nucleate
each twin vaantwas equalHowever, high Schmid Facttwin variant was supposed to
nucleate first, and then the low Schmid Factor twin variant nucleated later as the stress
reacledthe CRSS. However, Lou et 0] indicated that thel @2 twinning behavior
did not fully follow the Schmid law inhe dynamic plastic deformation of hatlled
AZ31. Some low Schmid Factor twin variamucleated first during deformation. This

may relate to the pwshuffle twin nucleation iMg.

Ghaziseidi etl. [13] indicated solute Al and Zn atoms in Mg Allogsuld
strengthen the twinning dislocation ah @2 due to the solutéwin interaction. Thus,
the critical resolvedhear stress increased owing to the strengthening of twinning
dislocation. Therefore, twin nucleatigrassuppressed. Guo at [91] studied the role of
Al content on deformation behavior for hot rolling Md-Zn alloys through experiments,
andfound thathe formation of lamellar twin structure was hindendtenAl content
was high Robson eal. [92] showed that the redhape precipitate formed in Mg

5wt%Zn on agingouldincrease twin nucleation. Sandlobesilef93] studied the non
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basal deformation mechanism for Mg and-Maglloy, indicated that the addition of Y

changedthe critical shear stress for compression and secondary twin nucleation.

2.8 Twin growth in Mg

For most twinning moels, twin growth is mediated by twinning dislocation. A
twinning dislocation is observed as a step in a rational coherent twin boundary. For face
centered cubic metals, twin nucleation and propagation are controlled by Shockley partial
dislocations on thelasepacked {111} plangwhich is the twinning plang@4]. However,
twinning doe not occur on the clogecked (0001) plane for hcp metals. Li and [614]
observed thatl @1 twin boundary in Mg migrated through the nucleation and slip of
zonal dislocations along with atomic shuffling via MD simulation. Ware).¢95]
identified the elementary twinning dislocationgre twelayer twinning dislocation for

both 1 01 and 1 @3 twinning models.

The fact that1l @2 twin boundariesverealways incoherent led to the proposition
of Atwinning di s c dinTheBurgeos vextorlofyhe diseanmeetione t

shown in Figur@.19(b) is:

b=t(" & X(W)

wheret( &) t(19 arelthe transitional vec®of the two lattices. Twinning dislocations

are unit disconnectiorresponsible fotwinning[52].

Serra and Bacofb0] apply this concept to the migration of twin bouni@ain

1 02 twinning mode. In their simulations, they define a Burgers vdsgigior the step,

a l
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p and qgq represent t he ssftdsppcingpfehie tyvim bourtugrye )
Thereforebiomears a basal dislocation. The mastcialdefect isb.2.2, which is the
twinning dislocatiorshown in Figure 20. When a shear strain applied, this defect is
very mobile. Any defects with the Burgers vectdxs;;ncan decompos@ato multiple
twinning dislocatios -nb.2.2 owing to symmetry. They claim thabasal dislocation
moves towards anchnbe absorbed bgtwin boundary, which reswdin a dissociation

as,

b1/o = Mb22+ b.om1).2m

They observe that most disconnection after dissociatibg.is Therefore, a basal
dislocation decompos¢o three twinning dislocation amédmairs with a disconnection
shown in Figure 21. When the streds further applied, the disconnectigerves as a
source for new twinning dislocation loops going outward to migrate the twin boundary

for 2da of). See Figur.22.

Theb.s.s defect region shown in Figure22, also known as basakismatic interface
(B/P interfaceor disclinatior), is connected to two coherent twin boundary segments.
Following the twinning disconnectiok] Kadiri et al.[96] showed that thel @2 twin
boundaryactedas an effective sink of basal dislocatiohBey presented a growth model
forthe 1 @2 twinning stowing how atwin boundary entirely convextithe basal
dislocation in B/P facet and the B/P fadet not obstruct the glide of twinning
dislocation. The B/P facebntaireda residual defect and a Burgeesctor content of
disclination dipole. The detad illustrationwasshown in Figure 23. It should be noted

that in the above growth model, multiple Burgers veomsse definedn thesametwin

and
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boundary i.e.disclination, twinning dislocatioh} £ residual defedt? ®&nd a Burgers
vector content of disclination dipofg ® "Physically this is impossible because a Burgers
vector corresponds to an exclusive twinning shear, but a twinning mode can only have a

unique value of twinning shear.

(a) A

u

(b) A
O] E_\‘ b‘ S
JO)/I(W) | I I F

w

Figure219( a) Schematic view for matrix O and pl
step on each crystal surface resurtthe formation of disconnection. (b) The crystal

surfaces are bonded to form coherent terraces bounding ardéstion. A circuit that is
clockwise about the sense vector [®2]and cl o

(With the permission of Elsevier)
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titanium.byomeans a basal dislocatidi.z is the twinning dislocatiar{50] (With the

permissiorfrom Taylor & Francis)
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boo=tN-Kuw ; b, =by  +3b,,

Figure2.21 Cutting and joining procedum@atrix pandprodct & crystal s. Th

defect, formed during the above procedure, associated with a dislocation defirg¢l as b

[50] (With the permission from Taylor & Frangis
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(a) {1072}
{1072}
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(b) ~
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— ™
_ T
() ———---------- .

=
Figure2.22 The bs.s disconnection as a new source for twinning dislocation through
SerraBacon mechanism. When a stress is applied, new twinning dislaeatipand
outwards, and the twin boundary meweedistance of 2d of) for eachone created50]

(With the permission from Taylor & Frangis



43

873

o | @

B

>

R S =

- g rp———— |
\

B o

>

>

@l
3

Figure2.23 A schematical illustration for agwth modelof 1 @2 twinning (a) The
twin bounday (TB) meet with o basal dislocations. (fhe TB becomes a FBP-

PB-TB facet after interacting with the basal dislocation at early stdgeB/P facet

containing a residualefectb; ®&nd a Burgers vector content of disclination diggl&.”

(c) The dimination of the PB facet, followed by the growth of the BP disclination dipole

Theresidual defecthangedo b7 & Fand the Burgers vector content of the disclination

dipolechanged tdg & P(d) An arbitrarytwinning dislocation (TDYliding toward the BP

facet (e) TD absorbed by the first BP fac@te increase in disclination energy caused
the lowerdisclination to move up and thus emit a.{f) The emitted TD absorbed by
the second BP facet. (g) The TD went across the facettuallgi96] (With the

permission of Elsevier)
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Li and Ma proposed the atomic shuffling mechanism fofl2 twinning mode by
mol ecul ar dynamics study. They found that
twinning plane was immobile asshearstrainwasapplied, which means the steps have
no dislocatorc har acteri stic nor constitute a fNnzon:
transformation showed a basal/prismatic correspondence. The above structure
reorientation was mediated by atomic shuffling[3w], Li proved both computationally
and experimentallythatthe twinningshear for 1 02 twinning mode must be zero
because of the breakdown of invariant plane strain condition. In R2d#ethe twin
boundary consists of coherent segments parallttvinning plane, and the
basal/prismatic segments which satisty@rt p||(0002) or (0002p|| 1 @rt 1. During twin
boundary migration, the above two parallelisms must remain unchanged. Since a
twinning mode cannot have multiple values of twinning ske@herefores should
always be zero and the Burgers vector of any twinnisigchtion must be zero to
maintain the two parallelisms. The twin boundary is incoherent; however, both the
coherent segments and B/P segments of twin boundaries should have the same Burgers
vector which must be zero. Transmission electron microscopls@sticate that the
misorientation anglean be either close to theoretical value 86.3° or highly deviate from
that as 93°, see FiguBe25. The 93° misorientation angleatbto a 7° split in the
twinning plane between the parent and twin. The invapkamte strain conditiobreaks
down. Shuffles can be adjustedn@ve the parent atonts the twin positios although

the misorientation is not the theoretical value.
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Figure2.24 When themisorientation angle equals 90°, the twin boundary (rededbsh
line) contains both coherent TB segments and basal/prismatic intérfec8urgers
vector for the twinning dislocation must be zero on the twin boundary to keep the two

parallelisms between bal and prismatid57] (With the permission of Elsevier)
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10 nm

Figure2.25 TEM micrograph of 1 @02 twin boundary deformed in AZ31 Mg alloy. (a)
The misorientation angle is close86.3°, and the twin boundary consists ofierent
segments and basal/prismatic segments. (b) The misorientation angle is 93°, and twin
boundary is composed of nafaxcets of B/P interfacefs7] (With the permission of

Elsevier)

2.9 Molecular Dynamics simulations

Molecular dynamics (MD) simulation is a powerful technique to solve the classical
manybody problemattheatomistic level. Unlike the DFT calculation dealing witle
Schrédinger equatioat theelectronic scale, the motion of the particles is governed by

Newt onds equation of motion in MD si mul

ati
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The above Newtonds equation is for one p:
particles will interact with each other through the forces acting on the particiel be
very computatinal exgnsive to solve the above equation foMNaparticle systemwith
t he fAvel oci t[@7]thevD senulationebécbntes adconvenient and

powerful tool to simulate both equilibrium and requilibrium physical phenomena.

A typical MD simulation usinghevelocity Verlet method as following ste[#7]:
(1) Define the initial position and velocity of all particles.
(2) Calculating the forces on the particles.
(3) Calculating the positions and velocities offallticles at the next time steps.

(4) Repeat the procedures from step 2

MD simulation is widely used itheresearcton many frons. Nogaref98] study the
edge and screw <c+a> dislocation in Magnesium. Cheah[80] and Sun eal. [99]
investigate the twiiwin interactions in deformed magnesium and magnesium alloys.

MD simulation caralso beapplied to studynechanicabehaviorsuchasfracture,

surfaces[100]

Interatomic potentials amucialfor MD simulation to accuralg describe the
energetics and behavior for the materials. Embe@t®e method (EAM])101] potential
is perhapghe mostimportantmodelin MD simulatiors for Mg alloys. The total energy E

of a system of atoms is estimated by the following equation in EAM,

0 B'O” i -Bi% 'Y

WhereOis the embedding enerdg¥y is the shordrange pair potential and is the

distance between atom i and atorh j, is the total host electron density at atormtje
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groundstate properties can be calculatemhf the above equatioifhe detai of EAM

was shown if101]. The commonly used EAM Mg potentials were developed by Liu et
al.[102] and Sun eal. [103]. Liuébs EAM can describe the
stacking fault energy and thermal propertiedgfas well as surface segregation for-Mg

Al alloy. It also perforns well in twin-slip interaction28] and twn-precipitate
interaction[31]st udy i n Mg al |abstter desciptimobnsech&nicdl h a s
behavor at high temperatuseWhen agular dependends considered for electron

density inthe EAM framework, this leads tihe modified EAM potential (MEAM).

Ahmad et al[63,104]developed pyramidal | favorable and pyramidal Il favorable

MEAM potentials to study the pyramidal slips in Mg which closely related to the

ductility of Mg under deformatiofiL2].

Thereis no EAM or MEAM potential calibratkspecially for describing the twinning
behavior in Mg and Mg alloys. Therefore, different twinning behaviors obsenid in

simulation with different potentialsill be expected.

2.10 Density Functional Theory

Density Functional Theory (DFT) is a very powerful and useful method used in
many scientific field§105]. In quantum mechanics, the Schrédinger equation describes
the wave function or state function of a quantum sy$1€)@]. The solutiorto the
Schrdédinger equation is a wave function to describe the quantum behavior of a system.
However, the full wave functiofor a single molecule of #D is a 54dimensional

function. It isextremely complexand computationt expensive to solve even for this
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one molecule system. The most important role of DFT is to build a connection between
the wavefunction to the electronrsity. The Hohenberohn theorenshowsthat the
groundstate energyrbm the Schrodinger equation is a unique functional of the electron
density. Then, the 3dimensional mampody wavefunction problems reduced to a
threedimensional electron density problem. With the B@penheimer approximation
andthe Kohn-Sham equation, DFT calculation could be performed through a good
approximation of the exchange correlation potential. Local density approxinfiaiéy)
was first used to define the approximate excharggeelation functional. However, the
solution obtained from LDA was ntie solution tahe Schrédinger equation because it
is not the true exchangmrrelation functional. Another approach is theegatized
gradient approximation (GGA)O07]. This methodconsides both the local electron
density and the local gradient of the electron density. DFT calculations withaB&A

found togeneratayood results whiclresatistctorily consistenvith experimental data.

For HCP metals, DFT calculatioaseapplied to study the generalizethckingfault
energy, surface properties, dislocation slips, and related fields. Consideridg@e
twinning mode, Wangt al.studied 1 @2 twin nucleation vidDFT [48,49], showinga
pureshuffle mechanism of twin nucleation as a crystal rotation of 90° alor@][zone
axis, the energy barrier &pproximately28 meV/atom, shown in ure 2.2, Nj4H 6 s

work focugson the alloy elements segregation on the twin boundary.
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Figure2.26 The DFT calculation for crystal rotation via a psteuffle mechanism. (a)
The atomic structures for different strains, 0, 0.075 and 0.065. (b) Energy profile with the

applied strain. (c) Tensile stress with applied stidi9]

The nudged elastic band (NEB) is a method to find saddle points and minimum
energy paths (MEP) dheatomicscale process in materials system. When the initial and

final statesare set up, NEB works by relaxing the intermediate images along the reaction
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path. The general NEB algorithm is shown in FigauE3[108]. The NEB force on image
iis

FNEERS LR Y

R ER-(FAD]
Fi Yis the force due to the gradient of the potential perpendicular to theFﬁété,the

spring forceF{ is the potential forcd] is an upwinding tangent defined by the adjacent

image with higher potential ener{f09]. The NEB force converge¢he atoms to the

MEP.
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Figure2.27 The NEB force projections for an imagand the climbing imag[108]

(With thepermissiorof AIP Publishing

The NEB methods applicablego both DFT calculation and atomistic simulation. Pei
etal. [110] studied twin loundaries structures with NEB and indicated that the reflection

twin boundariesveremore stable in Mg, Ti and Y compdrt glide twin boundaries. Li
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and Ogat488] performed NEB calculation to study the Mg twin nucleation. Their results
showed the energy barrigias approximatelt7 meV/atom, whichvasless than that in

[49]. Figure2.14shows the atomic configuration for MEP at 0 GPa Cauchy shear
stresses along twinning direction.dar simulationsthe twin nucleation eneggjcswill

be calculated usinthe DFT-NEB method.

With the DFT calculation, charge density distributisasedto explain the bonding
nature between the atoms. Choudhuri €fldll] performed the DFTalculation and
found that the rarearth elememeodymium(Nd) in Mg-Nd-Zn alloy canincrease the
[0001] bond stiffness, which resulted in the improvement of high temperature creep
response. Shang et Hl12] calculated the generalized stacking f4@&F)energy in
Mg-based dilute allay They showed that chargainedaround Ti and Al alloying
elements result in higher GSF values, and the spherical digiritaftthe charge around

Cu caused the lower shear strength inGlgalloy comparéto Mg-Al.

Dronskowski et al[113] derived the crystal orbital Hamilton populations (COHP)
on the basis of a band structure energy. The COHP diagram can present the bonding,
nonbonding and antibonding energy regioMoreover the integral of a COHP (ICOHP)
diagramunder fermilevelgives the information of a chemical bobetween two atoms
Mahjoub et al[114] used the above methodology to study the solute segregation on the
specific grain boundarythey revealed that Zr had strongest bonding wisttrix Mg
compare to Gd and Zn, resulted the highest segregation energy in thel()

boundary.
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Figure2.28 Atomic configuration change along the MEP & Pa shear stress along

twinning direction[88] (With the permission of Elsevier)
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Chapter 3 Simulation methodology

3.1 MD simulations

The MD simulation system ba dimension of 321A (X) x333A (Y) x521A (2),
which contains 2.4 million atomBeriodic boundary condition was applied to the Z
[0001] direction, while free surfaces were used in the other two directions. The tensile
strain was applied to the [0001] dition with a strain rate of £0s to activate 1 @02
twinning. The timestep was 1 fs, and the simulations were performed uKdeitts
NVE ensemble for both relaxation and deformation. Figure 3.1 sti@anitial structure
for pure Mg before relaxatioffractions of pure Mg atoms will be substituted with

alloying atoms randomligased on the concentrations of Maalloys.

Figure3.1 Theinitial configurationof pure Mg for MD simulation. The basal layer atoms

are colored in red and blue alternately.
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Embedded atom method (EANDO01] potential and modified embedded atom method
(MEAM) [115] potentials were used for the atomistic simulations with LAMMPS codes.
Thereareseveral interatomic potentials for the Mdgisystem. Inthé st ud[¥02] Li uds
EAM potent i a/ll6]MBAM pddentalwer ledé s el ect ed. Liubds p
been used in many MD simulations fomdying the deformation behavior of Mg and
Mg-Al alloys [28,31,117119]. Di ckel 6s NEAdWly developed M4l-a |
Zn ternary MEAM potential, which worked wefl estimating the twin bouady energy
and other physical properties in Mg and-¥balloys [120]. Four different Al

concentrationsvereselected: MegBat%Al, Mg-6at%Al, Mg-9at%Al, Mg12at%Al.

Only two MEAM potentialsareavailable forMgZ n sy st em:-AlZhckel 6s M
potent i al -Zmpdtentiafldly Hndhaslel BICP structure with the equilibrium

c/aratioof 1.856[122]. The MEAM potentials cannot predict corrextt for materials
with c/aratio larger than that for ideal packingg /) [323]. Due to the formalism of

MEAM, it is hardto calibrate a potential with thea ratio larger thai8 / a8d a

simultaneously lower hcp cohesiveeegy. Therefore, Jang et al. sacrificed ¢feeratio

but maintaiedt he HCP structure of Zn with the | ow
MEAM used a metastable structure for Zn which accurately predictedahatio, and

the potential ould describe manyrpperties of pure Zn. In this studye calculations

only focus on the dilute solid solution for M&n alloys with the concentration up to

3at%. The small amount of Zn alloying atoimsot expected thave a huge effect on

changing the HCP crystal structure of the system. Besides, the cohesive energy

calibration for Zn atoms with Dickel 6s MEA
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Therefore, Dickel s MEAM wa sstud/sTaréde f or t he

different Zn concentrationserecalculated: Mglat%Zn, Mg2at%Zn, Mg3at%Zn.

For MgY scenario, a few test simulations were performed using the following three
Mg-Y i nteratomic poYBEAM poteatibl[d24];, (L 2) PEYI ;& s MNiig
MEAM potential[125]; ( 3 ) A RYhMEAN oterilg [104]. Depend on stress
strain result (Figure 3.2) for pure Mg simulations with the above potentials,Albnsa
Mg-Y MEAM potential was selected. The other two potentials may not describe the
stressstrain behavior accurately as the strain level for the plastic deformation to occur
either too early (~3.8% strain wish Peios
MEAM). Three different Y concentrationgerechosen: Mglat%Y, Mg2at%Y, Mg

3atooY.

Pure Mg

Mg-Al EAM Liu
—NMg-Al-Zn_ MEAM Dickel
5 —Mg-Y_EAM Pei

—Mg Y_MEAM Ahmad
—Mg Y MEAM Kim

IS

Stress (GPa)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Strain

Figure3.2 The stresstrain curves for pure Mg simulations with the EAM and MEAM

potentials.
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3.2 DFT calculations

The ab initio DFT calculations were conducted based on the projector augmented
wave (PAW) methodEL26] and PerdewBurke-Ernzerhof generalized gradient
approximation (PBESGA) [107] with VASP packag¢l27,128] The cutoff energy for
the planewave basis set was 6@¥ for all calculations, and a gamma centered 4 x 8 x 6
k-points mesh was used. Taeergy difference was set to 1 x“V for the electronic
selconsistency loop, and the force difference was set to 1 meV/A for the ionic
relaxation loop. The structure contisig 16 atomss shown in Figure 3.3(a). To activate
the extension twin, a uimrm compression strain was achieved by constraining the length
of the simulation cell along th@ [10] direction. After the strain was applied, the
simulation cell was allowed to relax in the other two directions, and all atoms were
relaxed in all threeicections. Up to two Mg atoms were replaced by Al atoms in the
same basal layer to simulate the-galloy system, namely M@.25at%Al, Mg

12.5at%Al,asshown in Figure 3.3(b{d).

" PO S © OOES
COS 5666

- [ 000
i—-»- [0 10]
[2110]

(c) A ()
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Figure3.3 Relaxed structures for DFT. (a) 16 atoms pure Mg; (b)a\v&pat%Al (c) Mg
12.5at%Al, AlLAI2 align 30° to[0 10]; (d) Mg-12.5at%Al, AIXAI2 perpendicular to

[0 10]

The energy of formation was calated using the following equation:
O 00 Qw G000 & O

whereO 0 "Q@ is the cohesive energy of Mg system with substituted solute atom;
‘0 0 "Qis the cohesive energy per atom of My is the cohesive energy per atom of
the alloy elements. In M@l system with 16 atom&® 0 "Q -1 . 5e2V9/ awas m

obtainedrom a16-atomMg systemandO 0 & -3 . 7e4V7/ aftom anfouratom

FCCAI.

The energy of formation for the Ml alloys used in tts studyis shown in Table II.
The energy required for forming the alloy structure with-Al2 perpendicular to
[0 10] (shown in Figure 3.3(c)} 0.027eV higher than the structure with AR in 30°
tothe[0 10] shéwn in Figure 3.3(b)). Therefore, tla¢er structurevasused for the twin

nucleation energy calculation.

Tablell. Energy of formation for M@Al system with 16 atoms

Energy of formation (eV)

Mg1sAl1 Figure 3.3(b) 0.103
Mg14Al2 Figure 3.3(c) 0.186
Mg14Al2 Figure 3.3(d) 0.213
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The maximum solubility was less tham®@so for both Zrf129]and Y[130]in Mg. A
structure with 64 atoms was used for-Mgystems calculations, and up to two Mg
atoms were replaced by alloy atoms (Zn and Y) in the same basal layer. The
concentration would be Mfj.5&5at%X and MgB3.125at%X. The structurese shown
in Figure 3.4. Different from the 16 atoms Mg case, the structure with XX2 bond
perpendiculartp0 10] di rect i on wo3u.l1ld2 Sbaet %XT lesdoret noar r i M.
difference was set to 5 meV/A forettionic relaxation loopl h gamma centered-k
points mesh was set to 2 x 2 x 2. Though the spanseskaffects the energy results, it

is the optimal kmesh to obtain good convergence with a proper computational cost.

NEB calculations werenly performedfor the 16-atom system as a comparisdie
twin structure obtained through straimethod calculatiomwas useds the final image
Six intermediate structures were then set up. magimum number of ionic steps was set

to 100.

OVITO [131]and VESTA[132] were used for visualizing the structumdstained

from the simulationsThe bonding analysis was carried asingLOBSTER code$133].

(@)

b[0001]

JL—D a[0110]

[2110]

Figure3.4 The 64atom structures for DFgalculations (a) Mg-1.5625at%X; (bM ¢

3. 125 X1 XM perpendicular tohe[0 10] direction.
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Chapter 4 Effect of Al solute atom on energetics ofl 02 twinning

4.1 Introduction

Hexagonal clospacked (HCP) magnesium (Mg) and its alloys are used in the
automotive, aerospace, and biomedical industries due to their low density, high specific
strength, and biocompatible propertigsl34] However, wrought M@lloys have low
ductility, and it is difficult to manufacture Mgomponents abbom temperare. This
limitation isowingto the lack of pyramidal <c+a> dislocations, which are the
predominant contributor to-axis strainf12,135,136] The critical resolved shear stress
(CRSS) for activating pyramidal dislocations was much higher than that for both basal
slip and thel @2 extension twin in M{66,137]. Therefore, both dislocation slip and
deformation twinning play a crucial role in the plastic deformation of Mg and its alloy.
The 1 @2 extension twiningis themost observetvinning mode in Mg, and its
preferred loading direction to activate thisnning modes eithertenson along the
[0001] direction olcompresionperpendicular to the [0001] direction. Consequently,
tensioncompression yield asymmetry is often observed in Mg and its 4ll8y21] and
there are many studies focusedreducing this yield asymmetry through different means

such as heat treag [22,24,25,138]

The 1 @2 twinning mode was first treated similar to other twinning modes in metals
t hat a fAhomogene oaccurorsthe yinhirg pland ferahe formatiansot
atwin. However, both gxeriments and simulations results indicated that thé?2 twin
boundary (TB) contains multiple coherent segments and basal/prismatic interface

segments, and the invariant plane conditoas not hol{57,139,140] That is the
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twinning plane is not an invariant plane. Serraeb@llpr oposed t he @At wi nni
di sconnectiono to explain tlhd2 TBnThgr at i on f o
disconnection created by the incompatible steps of parent amdrystal can serve as

the source for twinning dislocatipwhich drives the movement of TB. Wang et[48]

suggestea pureshuffle mechanism for thel 02 twin nucleation, and then the TB

would grow relatd to the glide of twinning disconnectio@ontrary to these

propositionsLi and Ma[58] proposed that thel 02 twinning via pure shuffle of the

atoms. The atomic shuffling resultedthe transformation of the parent basal plane to the

twin prismatic plane and the parent prismatic plemthe twin basal plane. Besides, there

was no twinning shear involved in this transformation. Cajtdda] proposed a

di splacive model by replacing {flh2¢masideg ar ma
to describe1l 02 twinning, and mdicated that the twinning plane was not fully

invariant. As a result, extension twinning was not a shear mechanism.

To improve the mechanical properties of Mg, aluminum (Al) is one of the most
commorty used alloying elementwhich can increase the strengnd ductility of Mg
alloy as a certain amount of Al added The alloy compositions do affect the mechanical
behaviors for the M@l alloys. The strain rate sensitivity decreased witlreasingAl
content for high pressure daast magnesium alloy$43,144] Tahreen et a[143]
showedhat both yield strength and ultimate congsige strength increased as the Al
content increased for AZ series cast Mg alloys, while the strain to failure decreased due
to the increasingmount ofthe precipitate The rodlike precipitates parallel to-axis of

the parent materials were more effeetin strengthening the alloy compare to pligte
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particles parallel to the basal pldia@,77] Guo et al[91] conducted experimeait

studies andshowedthat higher Al contestwould suppress both the twin nucleation and
twin growth. Bian et al[145] conducted/isco-plastic selfconsistent{YPSQ
simulationsandindicated thatherelative activity of extension twin decreased as the Al
content increased in AM series Mg alloy. They also reported that the average grain size
decreased with increasing Al content, which resulted improvement of uniform tensile
elongation, strain hardergrcomponentand yield anisotropy. Ghazisaeidi et[4B3]
suggested that the Al soluteuld strengthen the twinning dislocation motion, and the
twinning yield stress was increased as Ah content increasd,through both first

principle study and atomistic simulation. Therefore, twinning was suppressed by
increasedA|l addition. This explanation was base
mechanism. However, the extension twinning wasargtfiear mechanism but pure

shuf fl e f f[léalimatBematical caldusation and-Ma model[58].

It is unclear how the Al content affethe 1 02 twinning in terms of the pure
shuffle mechanism or EMa model. Therefore, we conducted the energetics study for
both 1 @2 twin nucleation angbropagation for single crystal pure Mg and-gsolid
solutions througliensity functional theory (DFT) calculations and molecular dynamic
(MD) simulations. The aim of this study toresolvethe effect of Al content on the
1 02 twinning andprovides guidance foralloy desigrthroughcontroling 1 @2
twinning by increasing the energy barriers for twin nucleation and growth in Mg and its

alloys.
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4.2 Results and discussion

Stressstrain relationshipareshown in Figure 4.1 for MD simulations using both
Liubs EAM and Dickel 6s MEAM potenti al s. Fo
overshootare5.06 GPa (EAM) and 4.6GPa (MEAM). The elastic modulus calculated
from the stresstrain curve for pure Mg 74.3GPa (EAM), whichis higher than 4%Pa
from the experimental result from nanoindenta{ib46], while the MEAM gvesan
elastic modulus of 50.3Pa for pure Mg. As the stress increhsgth the strain, the

1 @01 first-order pyramidal slip orl 02 twin wasactivated, and then the stress
dropped dramatically. As the Al condgation increased, the stress overshoots generally
decreasa, and the stress drop occurreagatarlier strain level. In athe simulations
with theEAM, the 1 @1 pyramidal | dislocation was first nucleated at the free surface,
and then1 @2 twin wasformed connedatgto the 1 @1 stacking fault. The above
processs shown in Figure 4.2 with the M8at%Al case. Wang et 4lL47] studied that
the effect of Al alloying element on the general stacking fault energy #IN£n solid
solutions through the DFT, afodund thatthe unstable stacking fault energy gradually
decreased for the pyramiddl @1 61 200slip system when adding more Al. Therefore,
pyramidal | slipis easier to activate with higher Al content in-ddballoy, which
correspond to the lower stress overshoot and stress drop at the earlier strain level. Due to
the nucleation of pyramidal I slip, the above twin nucleatemmlze considereaks slip
assisted heterogenous twin nucleation. Therefore, the twin nucleation eb&med

from this simulation is the energy for heterogeneous nucleation
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Figure4.2 For the Mg3at%Al simulation (EAM), pyramidal | dislocatiomasactivated
at 632ps, the leading partial (LP) came out from the free surface. Ap$34 1 02

twin (marked in yellow) was nucleated conmegto the 1 @1 stacking fault.
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After the twinwasnucleated, the twigrewas the strain increased. Fig4ré.(a)
indicates thata higher stresss neededor the higher Al content system for twin growth.
The maximum strain applied was 10% in the MD simulations. Multipl@2 twin
variants were observed as well as the formation ofGQ00boundaiesthrough twin
twin interaction30] in all EAM simulations excepghe Mg-12at%Al case. Figuré.3
shows the above observation with the pure Mg case. W olume fraction at 10%
strain for each EAM simulations listedin Tablelll. At a low concentration level, such
as Mg3at%Al, the twin volume fractiors higher than that of pure Mg. Then, the twin

volume fraction decreasas the Al conterfurtherincreass.

Tablelll . Twin volume fraction at 10% strain for EAM simulations

System Twin volume fraction

Pure Mg 72.6%
Mg-3at%Al 80.1%
Mg-6at%Al 49.3%
Mg-9at%Al 61.9%

Mg-12at%Al 1.1%
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