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Abstract:

The work elucidates the role of dislocation slipgd @winning during plastic
deformation in selected magnesium (Mg) alloys vatimtrolled microstructure and
texture. The acoustic emission (AE) technique wascuarrently applied during
deformation to determine the activity of particuldeformation mechanisms.
A detailed insight into microstructure was providsdelectron microscopy.

In order to obtain a comprehensive set of AE dataphrticular deformation
mechanisms, Mg single crystals with various crystgbphic orientations were
channel-die and uniaxially compressed. The obtainesults were applied on
deformation mechanisms in polycrystalline texturdty alloys. Particularly,
the twinning - detwinning processes, in the serisgvim boundary mobility, during
one cycle loading (pre-compression followed by i@ms were described. Clear
correlations between changes in the AE response tl@dinflection points on
the deformation curve were found. An analysis ofntwctivity with respect to
different types of microstructure (bimodal or horengous) showed a grain size
effect on twin nucleation. The influence of texture the deformation behavior was
also identified for conventionally rolled slabs aralled twin-roll cast Mg alloy
strips in the form of sheets. An anisotropy of natbal properties may be easily
associated with the texture asymmetry around thealodirection, which is formed

during the particular rolling process.
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Abstrakt:

Prace objasuje role skluzu dislokaci a dwateni v prabéhu plastické
deformace vybranych k&gkovych (Mg) slitin stizenou mikrostrukturou a texturou.
Metoda akustické emise (AE) byla pouzita préemi jednotlivych deforntaich
mechanism. Elektronova mikroskopie poskytla informaci ohlédnvyvoje
mikrostruktury studovanych material

Pro ziskani referémich dat AE pro jednotlivé deforriai mechanismy,
monokrystaly h&iku byly deformovany viznych krystalografickych orientacich.
Ziskané vysledky byly pouzity pro studium defotmizh mechanisin
polykrystalickych texturovanych Mg slitin. Procéstu a redukce dvégt (z pohledu
pohybu hranic dv@pt) byl podrobs zkouman Bhem jednoho cyklu namahani (tlak
nasledovan tahem). Byly odhaleny vyrazné korelaegimménami v odezv AE
a inflexnimi body deform#i kiivky. Analyza aktivity dvofatni v materidlech
s iznou mikrostrukturou (bimodélni nebo homogenni) zak& vyrazny vliv
velikosti zrn na nukleaci dvégt. Vliv textury na deformai chovani byl ufen pro
plechy valcovanéiznym zpisobem. Anizotropie mechanickych vlastnosti jgena

asymetrii textury, ktera je vysledkem procesu waeo.

Klicova slova: higikové slitiny, textura, deforngai mechanismy, akusticka emise,

mechanické vlastnosti.
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List of symbols and abbreviations

a —lattice parameter in a hexagonal close packedtstic
A/D converter — analog to digital converter

AE — acoustic emission

Amax— maximum amplitude of the AE event

b — Burger’s vector

bcc —bodycentered cubic structure

c —lattice parameter in a hexagonal close packedtsteic

CRSS (rs) — critical resolved shear stress

CYS — compressive yield strength

d —average grain diameter

ANc/At — Count rate — number of counts per time unit
EBSD - electron backscattered diffraction

ED — extrusion direction

fcc —face centered cubic structure

F —applied force or load

hcp— hexagonal close packed structure

HDT — hit definition time

HLT — hit lockout time

IQ map — image quality map

k — strengthening coefficient of grain boundaries
KAM map — kernel average misorientation map
LM — light microscopy

m— Schmid factor

N. — number of counts per unit time
ND — normal direction

3 — slip plane

PDT — peak definition time

RD - rolling direction

RE elements — rare earth elements
RT — room temperature

S — initial diameter of a single crystalline cylinder



SEM - scanning electron microscopy

STEM - scanning transmission electron microscopy
t—time

TB — twin boundary

TD — transversal direction

TEM — transmission electron microscopy

TYS — tensile yield strength

TRC — twin roll casting

UTS — ultimate tensile strength

VPSC - visco-plastic self-consistent scheme

YS —yield strength

€ — strain rate

n,,n, —direction of twinning or slip

k — angle between direction of slip and axis of plgne
K,, K, — plane of twinning or slip

Ja— angle between load axis and the glide direction
o — applied stress to the material

o, —materials constant for the starting stress fdodation movement

o, — Yield stress

¢ — angle between load axis and normal to slip plane

x — angle between loading axis and slip plane



Chapter 1

Preface

The increased demand for high performance and @mwientally friendly
materials requires a permanent development of mberand processing
technologies. A scientific research is an integeat of designing of novel materials.
Magnesium and its alloys have been intensivelyistuduring last two decades and
they are still in the focus of interest due to thew density and high damping
capacity. Wrought Mg alloys can fulfil requirementd many applications in
the automotive and aerospace industry. Howeverr tise is often limited due to
inherent anisotropy of mechanical properties cause@d hexagonal close-packed
(hcp) lattice, texture and homogeneity of producedaterials. Specific
crystallographic textures are developed during &drom processes, as for example
extrusion, rolling, and forging. A distinct in-plaranisotropy in rolled materials and
tension-compression asymmetry at the yield stremgéxtruded materials are linked
with the formation of twins. Twinning is therefo key mechanism of plastic
deformation in Mg alloys. Moreover, the twinning detwinning mechanism is
a characteristic process during cyclic loading cdwght Mg alloys.

At the present level of understanding, it is edaénd get more insight into
individual mechanisms of deformation (dislocatiolip,s twinning, twinning -
detwinning) with respect to given texture and hosragty of the material.

A wide range of advanced experimental techniqudshbei applied to extend
our knowledge about deformation mechanisms in wmbudvig alloys.

The deformation mechanisms will be investigatechgisn-situ and post-mortem



methods in order to get information about the retabf the deformation behavior
and microstructure. The obtained results couldrmglemented to physical models
describing deformation behavior of materials.

The acoustic emission (AE) technique belongmisitu methods and based on
a detection of transient elastic waves produced bydden release of energy due to
alocal dynamic change within a material. The AEhteque offers integral
information from the entire volume of the matedlout dynamic processes during
loading of the material. Therefore, it can be ufmda study of dislocation motion
and twinning in wrought Mg alloys.

The AE features can be related to individual defdranm mechanisms which
occur during mechanical loading. In this regardanpl strain compression and
uniaxial compression tests will be performed tovpte information on dislocation
slip and twinning, all as a function of sample otaion. Obtained results will be
used for the interpretation of the AE responsedudeformation of wrought Mg
alloys with respect to their texture and microdue. Particularly, the twinning-
detwinning mechanism in extruded Mg alloys willdtadied in detalil.

In the frame of a cooperation with one of the taed institutes in research and
development of Mg alloys, MagIC, Helmholtz-Zentrugeesthacht, the achieved
knowledge of the present research significantlytrdoutes to a development and

production of novel Mg alloys with a high potentiaf technical applications.

The thesis is organized as follows:

« The current understanding of deformation mechanisn4g and its alloys is
presented in Chapter 2. The basic information abblg, possible
deformation mechanisms and a review of the infleeré texture on
mechanical properties of polycrystalline Mg allois given. Moreover,
a brief introduction to the AE technique containagasic characterization of
the AE signal and the AE terminology can be found.

e Aims of the thesis are given in Chapter 3

« Chapter 4 covers the experimental procedure antiadstused in the work:
deformation tests, AE technique, X-ray diffractiolight and scanning

electron microscopy.



Obtained results and discussions are presentetiaptér 5. Paragraph 5.1 is
focused on revealing AE signatures for specificodeftion mechanisms
activated in Mg. Based on these results, investigabf deformation
mechanisms in Mg alloys with strong texture is added in paragraph 5.2
and 5.3. Particularly, paragraph 5.2 gives explanaif twinning-detwinning
process in extruded Mg alloys with a respect toirtheicrostructure.
Paragraph 5.3 provides explanation of the influen€erolling process,
represented by the initial texture, on the deforomalbehavior of the sheets.
General conclusions and perspectives for furtherkvase summarized in
Chapter 6.



Chapter 2

Theoretical background

2.1. Deformation systems of magnesium: dislocatiasiip and twinning

The basic plasticity mechanisms in metallic materae slip and twinning.
Slip is a displacement of one part of a crystal retativ the other part. On atomic
scale, the slip involves sliding of one plane afnas over another. The plane on
which the slip occurs is calleslip plane and the direction in which this occurs is
calledslip direction Slip occurs when applied shear stress exceedsialcvalue
for its activation, critical resolved shear str¢€RSS). During the slip each atom
usually moves the same integral number of atomstadces along the slip plane
producing a step, while the orientation of the talysemains the same. Slip occurs
on close-packed planes (those containing the greatenber of atoms per area), and
in close-packed directions (most atoms per len@hp. could be also interpreted as
motion of dislocations from one place to anothenefgé are two basic types of
dislocations movements called as glide and climlglile, the dislocation moves in
a plane defined by its line and Burger’s vectordalis the conservative motion of
dislocations. Inclimb, the dislocation moves out of the glide surfacd trerefore,
climb becomes a non-conservative motion of disiooat

In materials with hexagonal lattice, plastic defation depends othe ratio of

lattice parameters c/aln case of crystal structure consisting of clpaeked planes,
the c/a ratio is,/8/3, so-called ideal value. When the c/a ratio is bighan the ideal

value (Zn, Cd), higher atomic density is in the abaslane and dislocation slip
proceeds favorably in this plane. If the c/a rasolower than the ideal value
(Ti, Zr, Be), then prismatic and pyramidal planesl Wwe favorable for the slip.

4



Finally, close to the ideal value (Mg, Co, Cr, IGq), the basal slip could be partly
substituted by the prismatic or pyramidal one. ¥ation of different slip systems
strongly depends on the loading direction with eespto a slip plane and slip
direction, temperature, or solute atoms.

Relation between the resolved shear stress andedpplress was first

established by Schmid [1]. The Schmid law statest the CRSS #.;c) for
activation of a slip system is equal to the stragplied to the materiala(=£,

whereF —applied loadS, — initial diameter of single crystalline cylindemultiplied
by the cosine of the angle between loading axis rasrthal to slip planeg) and

the cosine of the angle between loading axis aadjlide directionA) (Fig.2.1.1.):
Tepss ™= % [¢osp [cosl ,= o Ucog ] cok,.
Then a ratio of shear to applied strashich is also known as the Schmid factm) (
can be derived:
m=TCTR$S=cos¢Ek:osdA.

The shear stress has a maximum in the case, whdh—angle between direction of

slip and axis of slip plane; = 14 = 45°:

N

Toax =

el

S

Fig. 2.1.1Plastic deformation in single crystalline Mg—
applied loadS — initial diameter of a single crystalline
cylinder; ¢ - angle between loading axis and normal to

slip plane;ia - angle between loading axis and the glide

direction;x — angle between direction of slip and axis of

slip plane;y — angle between loading axis and slip

plane; o— slip planey — glide direction.

It is therefore obvious that deformation in a singrystalline material can
initiate at different applied stresses, as CRSS dach dislocation slip system
depends on the orientation of the crystal [2, 3Jnék,m plays a moderation role and
depends on both an orientation of the crystal awtection of applied stress with
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respect to the slip system. A detailed explanadioteformation in cylindrical single
crystalline Mg is given in [4]. Deformation curvarcbe divided in three parts, which
are characterized by different value of hardeniagfficient. This coefficient is low
at first part (the easiest slip is active), muafhleir at second part (activation of other
dislocation slip systems) and decreasing at thard. p

Plastic deformation of a material depends on theaber of dislocations, or
more precisely, on the dislocation density. The rat generation and motion of
dislocations remains constant (perfect plasticityhen they are not inhibited.
However, this is an ideal assumption when no baraee in the material. In reality,
all polycrystalline materials have several typesddlocation barriers: dislocation
locks, jogs, precipitated particles, twins, graoubdaries etc. Their presence is one
of the major sources for dislocatipile-ups The direct result of dislocation pile-ups
is a reduction of the generation rate at the datlon source. The compression stress
field of dislocation pile-ups reduces the effectiapplied force on the new-born
dislocation at the source position, what resultarinncrease in slope of the stress vs.
strain curve, so-calledlislocation hardeningeffect. In fact, the input energy is
stored in the dislocation microstructure and carséen by different experimental
observation methods. There are a lot of compretierstudies of the interaction of
dislocation stress field and barriers [5, 6].

Magnesium having the hexagonal close packeg) (lattice and the c/a ratio
close to the ideal value (1.624) exhibits differed¢formation behavior in
comparison to materials wittcc andfcc lattice. The main reason is a limited number
of slip systems available at room temperature (RiT)s generally accepted that
during plastic deformation in Mg four slip systeo@n be activated: basal, prismatic,
pyramidalrl and pyramidak2 [7, 8], Fig. 2.1.2, Table 2.1.1.

(mzo) (0001

(1011 )—_|
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It is well-known [9-14] that CRSS for the basapsiit RT is significantly lower
than that for the other slip systems, and therefibve basal slip is taken as the first

activated mechanism in Mg and its alloys. On thaetreoy, the pyramidalt2
(1122) <a+c> slip requires either higher applied stres¥/ar elevated temperatures

to be activated.

TABLE 2.1.1

Independent slip systemshiep metals, cf. [15].

Direction Plane Notation Number of

independent modes

<a> Basal {0002K1120) 2
<a> Prismatic {1100K1120 2
<a> Pyramidal {L100K1120) 4
<a>+<c> | Pyramidal {1011K1123) 4
<a>+<c> | Pyramidal (21111123 4
<a>+<c> | Pyramidal {1122}1123 4

However, according to the von Mises criterion foh@mogeneous plastic
deformation of polycrystalline materials, at leéigse independent slip systems are
required [16]. In this regard, an additional medbiamy mechanical twinning
particularly of the {1012K1011) type, providing elongation along-axis, is
supposed to play an important role to maintain etitumechanical behavior of Mg
alloys.

The twinning mechanism can be described as follaWs: shear stress on
a certain crystallographic plane — so-called twanp — reaches a threshold, atoms at
one side of the twin plane move to a new positidre motion is parallel to the twin
plane, Fig. 2.1.3. As a result, both sides of tha tplane have the same crystal
structure but bear different orientations.

In other words, twinning in a crystalline materrakults in the formation of
domain crystals inside their parent crystals (g@himhey share the same crystal
lattice in a symmetrical manner and are separayetivin plane — twin boundary
(TB) [17]. While twinning may or may not contributedw plastic deformation



depending on the specific twinning mechanismsjfluences a substantial evolution
of the microstructure and results in the formatd B [17]. Generally, twins can be
classified into grown twins (formed during crysgmbwth), annealing twins (induced
by heat treatment, recrystallization), and deforomatwins (generated by mechanical
loading). It is obvious that only the last type wfins contributes to plastic
deformation. TB similar to grain boundaries careetively strengthen materials by
impeding dislocation motion due to the slip discomty caused by the mirror
symmetry. As aresult of twinning, ductility and skohardening capability can

increase.

Ki— (1012)

(7o)

K, — (1012)

/x ///
A
’@\\/

2

/

[0007]

v (7019)
(7270)

Fig. 2.1.3Classical illustration of the motion of a twinningerface under the action

of shear stress. lllustration is presented {d012}1011) extension twinning

system.

Twin nucleation — beginning of the twinning procesis driven by local stress
states and local atomic configurations at grainnolawies [18, 19]. Twin growth is
driven by long-range stress states across grainsugh the motion of twin
boundaries. It is realized either by gliding oftvdislocation on the twin plane along
the twin direction spropagation— or migration of TB normal to the twin plane via
nucleation and gliding of twin dislocation on thar plane —twin thickening.

Correspondingly to the crystallography of hexagastalictures, twin variants
on different twin planes nucleate and grow duriepdmation with respect to a grain
orientation (texture) and direction of applied loddhese twin variants can interact
with each other, form twin-twin junctions, whichflurence twin propagation and



thickening during loading, as well as detwinninggleation of new and/or secondary
twins during reverse loading [20, 21]. Recentlye twvin-twin interaction has been
investigated experimentally in [22].

Twinning-detwinning is a key macroscopic mechanisinserved in textured
materials: rolled plates [23], extruded bars [24{d the extruded plates [21] during
reverse loading. The twinning-detwinning model assd that a grain has four
potential operations associated with twinning-datwig, Fig. 2.1.4:

+«+ twin nucleation—introduction of the twinning process;

% twin growth corresponding to twin propagation and together \thih twin

nucleation increase the twin volume fraction;

+« twin shrinkagecorresponding to detwinning and decreases thevwolime

fraction;

% re-twinning splits the twin band through detwinning or secogndainning,

decreasing the volume fraction of the original twariant while increasing

the volume fraction of the other twin variant.

Twin free  Twin nucleation Twin grown Twin shrinkage Re-twinning

(a) (b) {c) (d) (e)

Fig. 2.1.4Schematic representation of twinning-detwinningigrain: (a) twin-free
parent grain (matrix), (b) twin nucleation, (c) bagrowth. (d) twin shrinkage, (e) re-
twinning. Solid green lines represent twin bouneriattices in the matrix and twin
are represented by dotted blue lines and dottetimesl respectively [25].

Table 2.1.2 summarizes the commonly observed twqrgystems inhcp
metals. The most common twinning system in Mg alldy the {1012}1011)

extension twinning [26], which results in a tensteain parallel to the-axis (hence
sometimes the pseudonym: "Extension twins” is Uy&¥J) or a compression strain

perpendicular to the-axis [27-29]. This type of twin provides straimad) thec-axis,

9



while basal and prismatic <a> glide cannot contgbio straining in this direction
and for an activation of <c+a> pyramidal slip systa higher stress is typically
required [30]. The extension twins are charactdribg 86 misorientation with
respect to the original lattice. Twinning itselfncaccommodate strain up to 6.4%.
In addition, the twins make orientations of thetit@ more favorable for the
activation of the dislocation slip (basal and pumasic), thus providing additional
strain. Due to the 86° lattice reorientation caubgdextension twins, detwinning
could be easily activated in the twinned volumesmdusubsequent reverse loading
[23, 31]. This process is characterized by a thesknreduction or disappearance of
existing twin lamellae; that is, the twin lamellae rotated back to the parent matrix

orientation [32].

TABLE 2.1.2
Commonly observed twinning invariantshop metals, cf. [15]
K1 K2 01 .
{1012 {1012} +<1011> +<1011>
{101y {1013} <1012> <3032>
{1122} {1124} 1/3 <1123> 1/3 < 2243>
{1121 {0002} 1/3 <1126> 1/3 <1120>

Various “compression” twinning modes (either of {011} or {1013}

planes) could become active when applying comppasstrain parallel to the-axis
[33, 34] and results in STnisorientation with respect to the original ladtic

Earlier studies [29, 35] showed that plastic defation of Mg and its alloys at
RT, besides{l012} extension twins, could proceed H§011} banding, which

consists offl011} twinning followed by{l012} twinning in the formed twin —

so-called double twins or secondary twins. The meim is characterized by 87
misorientation with respect to basal planes initiitgal crystal. A basal slip may be
subsequently activated in the twinned material #melefore, can enhance the ability
of the material to accommodate plastic strain.

The currents emphasis for advancing applicationsexagonal materials is to
improve deformability while preserving high flowretngth. The fundamental
principle is to adjust the relative activity amorsljp and twinning systems.

10



Therefore, the investigation of conditions for cbhagyg CRSS for specific
deformation systems attracts a significant attentidn in-depth understanding of
mechanisms and mechanics of deformation twinningdp metals is essential for

designing novel Mg alloys with required properties.

2.2. Mechanical properties of magnesium alloys

Mechanical properties of polycrystalline materiase highly influenced,
besides the crystal lattice, by a grain size angingorientation. Deformation
proceeds in each grain and is affected by defoomatn neighboring grains.
Hence, plastic deformation transfers from graigriain.

Grain boundaries impede dislocation movement aadtimberof dislocations
within a grain has an effect on their mobility. Exng dislocations and dislocations
generated by Frank-Read sources move through #aliirys lattice (grain) until
encountering a grain boundary. Large atomic misimdtetween different grains
creates a repulsive stress field to oppose cordimligocation motion. Dislocation
pile-up occurs as a cluster of dislocations, whare unable to move across
the boundary. Repulsive forces from dislocations asca driving force to reduce
the energetic barrier for diffusion across the laang, allowing further deformation
in the material. Decreasing grain size decreasearniount of possible pile-ups at the
boundary, increasing the amount of applied stresessary to move a dislocation
across a grain boundary. The higher the appliegsstrneeded to move
the dislocation, the higher the yield strength (Y®hus, there is then an inverse
relationship between grain size and YS, as dematestiby the Hall-Petch equation
[36, 37]:

O,=0,+kd™?,
where g, is the yield stressg, is a materials constant for the starting stress fo

dislocation movement (or the resistance of thecktto dislocation motion)k is
the strengthening coefficient (a constant specific each material), andd is
the average grain diameter.

However, when there is a large misorientation @& ttvo adjacent grains,
the dislocation may not necessarily move from orangto the other and therefore

a new source of dislocation in the adjacent graicreated.

11



The method of strengthening materials by changivar taverage crystallite
(grain) size is also called grain-boundary streegihg. The stress-grain size
relations are useful for describing the completeesststrain behavior for
polycrystalline materials and, therefore, theseti@hs provide a reference for
understanding the dependences of other propemigheograin size. In some cases,
the grain size dependence of a particular propéotiows directly from this
connection [38].

However, the Hall-Petch relation is limited to aigrsize range (d > 1-20 um)
for different materials. Plastic deformation is etweally a complex process based on
different mechanisms (twinning, diffusion, slip a¢pgrain boundaries etc.).

The mobility of dislocations depends on solute aoamd precipitates in
the material, as well. Precipitates can in paréicuhcrease CRSS for the basal slip
and decrease CRSS for the non-basal slip. It shbeldhoted that specifically
the pinning effect of solute atoms on TB has rdgattracted considerable attention.
Periodic segregation of solute atoms at TB has hkdentified using scanning
transmission electron microscopy (STEM) [39]. Thetimal calculations provide
further insights for understanding the solute sililybalong TB. Density functional
theory calculations show e.g. that the solute shiythas a little dependence on
the radius of solute atoms along TB, but variessm®rably with stresses on TB
[40].

As deformation depends on the orientation of thgusadd grains,
the crystallographic texture — the distribution afystallographic orientation of
the grains in the polycrystalline material — sigrahtly affects the deformation
behavior.

In wrought Mg alloys, a texture is usually develdmkiring the manufacturing
processes (extrusion, rolling, forging, etc.) [42]. For instance, rolled sheets of
the Mg-based alloys exhibit a specific basal textuvhere the orientation of basal
planes is almost parallel to the sheet plane [43H& AZ31 magnesium alloy [46],
the orientation distribution of basal planes arotimeinormal direction (ND) is wider
in the rolling direction (RD) than in the transvardirection (TD). Deformation tests
of this sheet show a distinct orientation dependgplanar anisotropy of YS and
ultimate tensile strength (UTS), being lower in ®ian in TD. The final texture of
rolled magnesium alloy sheets can be in additidluenced by annealing and/or

recrystallization [47-49].
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Other wrought Mg alloys - extruded profiles - usyaxhibit a strong basal
texture, where the c-axes of the hcp unit cellsthe majority of grains are
perpendicular to the extrusion direction (ED). Ganeently, a distinctension—
compression asymmett YS is linked mainly with twinning activity dung loading
along the ED is observed [50, 51]. It is noteworthgt extension twinning develops
during the in-plane compression along the ED in exttruded Mg bar, and
detwinning occurs in the twinned volumes at subsatgtensile loading along ED.
It can be deduced that twinning—detwinning is a #eformation mechanism in Mg
alloys during cyclic loading, which significantlynfluences the deformation
behavior. Extensive experimental research hasfatsgsed on the role of twinning
and detwinning in fatigue behavior [52-54]. Occuage of detwinning during reverse
loading was reported before, for example, in [12,23, 25, 31, 32, 55-58]. Despite
intensive research, there are many open questiongthis field regarding
the twinning—detwinning process, the coexistencgetfvinning and the formation of
new twins, etc.

In additional to experimental studies, a lot of mlaty of slip and twinning
activities, which are responsible for deformatiomsatropy,asymmetryand damage
mechanisms, were performed. Perhaps the most rabiarlpolycrystal plasticity
models are those developed by the Tomé’s groupirwitie visco-plastic self-
consistent (VPSC) scheme, which is a mesoscale -fiieddn model [59-63].
However, these methods still need improvement fguca the strain localization
represented by twinning. The problem is the contpmirtal cost of re-meshing as
well as lack of criteria for both twin nucleationdatwin propagation.

In spite of the diverse grain orientations and theain-size effect
in polycrystalline wrought materials, the plasticetbrmation is controlled by
the same mechanisms as in single crystdter example, the anisotropy should be
similar in strongly textured polycrystals and imgle crystals, and the degree of
anisotropy depends on the strength of the textBre2pP]. An analogy between
deformation curves for single-crystalline and pojgtalline Mg with a strong
texture, with orientation similar to that of thegle crystal, was indeed observed by
Kelley and Hosford [29]. Their study was followed the work of Graff et al. [64],
where mechanical tests and numerical modeling weikated for understanding
the mechanisms of dislocation gliding and defororatiwinning in single- and

polycrystalline Mg. They attempted to describe $ifrdetween micro- and mesoscale
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processes. The influence of slip plane orientaioth temperature on the deformation
processes in Mg single crystals was discussed ifs. H8-11, 29]. Therefore,
the deformation behavior of textured Mg and iteysl can be interpreted in terms of
deformation modes observed in single crystals.

The activation of basal and non-basal slip and g in Mg single crystals
with different orientations was studied recenth5,[666]. Another experimental
approach to the plasticity in Mg single crystald®@sed on spherical nanoindentation

(i.e. a localized contact) [67-69]. Finite elemeaithulation [67] indicates different
spatial locations of thgl012} extension twins for different indentation modes.

Crystal plasticity analysis [69] suggests that mtddon morphology results from

the basal and <a+c> pyramidal slip systems in tse ©f (0001) indentation and

from basal and twin systems in the cas&ldf00) and (1120) indentation. Multiple
twinning and dynamic recrystallization processesirmduchannel-die compression

along the<1120> direction in thec-axis extension were studied by Molodov et al.
[70] using X-ray diffraction, electron backscattkraliffraction (EBSD), and
theoretical calculations.

2.3. Acoustic emission: definition and basic pripbes

Since the present thesis is aiming at investigatibnactive deformation
mechanisms in Mg and its alloys using advanioesitu method — acoustic emission
(AE) technique — a short review of this technigsigiven in this section.

The AE techniqueis based on the detection of transient elasticewawhich
are generated by a rapid release of energy duedides localized structure changes
within a material [71]. Local processes producihg AE (e.g. dislocation motion,
twinning, martensitic transformation, cracking etere calledsources of AE
In the present thesis, the AE technique is usetbltow a collective dislocation
motion and twinning.

The output of the transducer (electrical voltagedalledAE signal Every AE
signal could beparametrized and besides the raw AE signal the following AE
parameters (Fig.4.3.1) could be determined and fageeikplanation of deformation
mechanisms in metals:

* AE count rate ANC/At) — is the count number per unit time [72] at aegi

threshold voltage level.
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* AE event — AE event starts by crossing a definedsthold voltage level and
the end of the event is detected when the sigmadires below the threshold
voltage for a period exceeding a hit definition ¢in(HDT). Afterwards,
during a hit lockout time (HLT), the AE signal istrparametrized in order to
filter out sound reflections.

* Peak amplitude of the AE eventAmax — the maximum of the AE signal
voltage within an individual AE event. Time fromethfirst crossing of
the threshold voltage until peak amplitude of the Avent is called peak
definition time — PDT.

The AE events and their peak amplitudes are usukgtgrmined in order to

discriminate low and high amplitude sources ofAlkesignal.

R Y TR TR

S OO TSR A AT YPYPPY Y

SRR 11 R SR

>200— | UH”\JV

ZZZ: F:DT Duration HDIT HLTI .
50 100 tin;SQO, s 200 250 300

Fig. 4.3.1 Parametrization of AE signal [73].

AE signals have been conventionally separatedbntst and continuous type
emission. If the signal consists of pulses detéetidbm background noise and well
enough separated in time so that there is not avietiap, then the emission is called
burst emissionIf separation of individual pulses is not possjlthen the emission is
calledcontinuous emission

Therefore, deformation processes of the materiat @ analyzed by
the differences in the AE signal characteristicar Fexample, during plastic

deformation of conventional polycrystalline matériathe AE response is
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characterized by a distinct peak close to the Yl8¢chvis followed by a rapid decay
of the AE activity [13, 74]. The onset of the AEaes explained in terms of rapid
dislocation multiplication and movement at the begig of plastic deformation.
The subsequent decay of the AE activity is linkedhwshortening of moving
dislocation lines and reduction of their flight tdisce, both due to increasing density
of immobile dislocations [75-77].

In general, the AE response can be significantfgcaéd by various factors:
crystal structure, precipitates and solute atomaingsize, deformation speed and
temperature.

The AE can be produced by a dislocation motion ohlmany dislocations
move nearly simultaneously within a small volume rofterial. Furthermore,
the packet of dislocations must move far enough fastl enough, otherwise its
motion will remain undetected. The crystal struetproviding a defined amount of
possible dislocation slip systems affects consettyiére AE response. Variations of
deformation rate and temperature affect the agtiait specific dislocation slip
systems and subsequently their AE response. Gaaindaries as well as precipitates
are obstacles for dislocation movement, and thezethe AE signal becomes
weaker. The velocity of dislocations movement plegther important role in their
interaction with solute atoms. For instance, if tledocity of the solute atoms and
dislocations are nearly the same, then inhomogendetormation takes place and
a serrated flow is observed on the deformation eurVhis process, so-called
Portevin-Le Chatelier effect, was also investigatethg the AE technique in [78].

Results of investigations of twinning and dislooati processes in
polycrystalline Mg alloys by the AE technique witlkespect to their chemical
composition, producing way preparation and defolonatonditions were presented
in [71, 79-81].

The AE signatures (i.e. the differences in AE sigraaracteristics) belonging
to various slip systems and twinning can be effetyi studied during plastic
deformation of single crystals, where specific dbads can be controlled by proper
orientation of compressive or tensile axis with pexg to the single-crystal
orientation. The results can be subsequently agipkc for the interpretation of
complex deformation behavior in wrought Mg allof&esults of AE measurements
during mechanical testing on single crystals ofiotes metals (Al, Zn, Fe, Cd,

Ti, etc.) can be found e.g. in [71, 82-84]. Howe\wexcept [84], | am not aware of
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any AE study on Mg single crystals. The performamicexisting AE instrumentation
and improved processing of large amount of AE dgan nowadays opportunities
for detailed studies of the dynamics of deformatimechanisms in Mg single
crystals. Therefore, in the present work, AE measents in combination with other
techniques for microstructural analysis are used irgestigate strain path
dependences of the deformation mechanisms duradirig both Mg single crystals

and textured Mg alloys.
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Key points of Chapter 2

1. Deformation mechanisms in Mg and its alloys:
o dislocation slip: basal, prismatic, pyramiadl and pyramidat2

0 twinning: the{l012} <1011> extension twinning (86misorientation
angle); thefl011} or {1013} compression twinning (Sisorientation
angle).

2. Deformation twinning plays a crucial role in detéasmg mechanical
properties and texture evolution.

3. Twinning-detwinning is a key deformation mechanisobserved in
materials with a strong texture during reverse ilogd Grain has four
potential operations associated with twinning-datwng: twin nucleation,
twin growth, twin shrinkage and re-twinning.

4. The initial texture is responsible for the planaisatropy and asymmetry of
mechanical properties in wrought Mg alloys

5. An in-depth understanding of deformation mechanis(particularly
twinning and twinning-detwinning) in textured Mdals is essential.

6. Plastic deformation in polycrystalline wrought nréks is controlled by
the same mechanisms as in single crystals.

7. Acoustic emission technique is a powerful methosttmly the activities of

deformation mechanisms.
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Chapter 3

Aims of the thesis

The main goal of this work is a thorough descriptiof the slip- and twinning
activity in novel Mg alloys with controlled micrastture and texture. A genuine
understanding will be achieved by means of advaneegerimental methods.
The following particular tasks have to be acconfads
e obtaining a comprehensive set of AE data for specdeformation
mechanisms, which were activated during compredsiating of Mg single
crystals. These data will be used as a referencarfalysis of twinning and
dislocation processes in polycrystalline Mg alleyth a strong texture.
* investigation of active deformation mechanismsxtrieled Mg alloys during
a one-cyclic test consisting of pre-compression fafidwing reverse tensile
loading. Particularly, the twinning-detwinning pess will be investigated in
detail with respect to the initial microstructurfeMg extrusions.
« analysis the influence of rolling processes (coteaally rolling of cast slab
and twin roll cast strips), represented by différenitial textures, on

the deformation behavior of the sheets.
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Chapter 4
Experimental materials and methods

4.1. Experimental materials

In the present work, Mg single crystals and polgtaifine wrought Mg alloys
in the form of extruded profiles and hot rolled stsewere used.

Mg single crystals of commercial purity (99.95%)revggrown by a modified
vertical Bridgman technique using specially oriehsingle crystalline seeds-éxis
parallel to the growth direction or 45 degree dijte

Magnesium alloys used in experiments were designaecording to
the ASTM Alloy Designation B275 - Codification ofe@ain Nonferrous Metals &
Alloys. Nomenclature describes the major alloyingneents and their nominal
percentage content. For instance, AZ31 Mg alloytaios — 3 wt.% Al and 1wt.% Zn
or ZE10 contains 1 wt.% Zn and less than 1 wt.% BE-elements (mainly Ce, Y,
Nd). Extruded and rolled materials used in this kvarere received from the
Magnesium Innovation Centre, Helmholtz-Zentrum Gemsht (MagIC, HZG,
Germany). Materials were prepared from gravity ¢gagbt with selected chemical
compositions, which were homogenized at 350or 24 h.

For investigation of deformation mechanisms in eckéd profile, the following
magnesium alloys were chosen as model material:1AB3g + 3 wt.%Al +
1 wt.%Zn + 0.3 wt.%Mnand ZE10 fg + 1.3 wt.% Zn + 0.1 wt.% QeAlloys were
fabricated using indirect extrusion at 300 °C wath extrusion rate of 5 m/min and
10 m/min, respectively. The extrusion ratio was01:®hich resulted in round bars

with a diameter of 17 mm. A scheme of the indigdrusion process is presented in
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Fig. 4.1.1. In this case the material flows opposio the pressing direction.
The resulting properties of materials, especiallsairg size, are significantly
influenced by extrusion spee@mperature and extrusion rati. For the presemtystu
the following extruded Mg alloys with a various mastructure were selected:

o the extruded profile of AZ31, which exhibits a bidab microstructure with an
average grain size of 20 fuin. There are larger grains elongated in ED, along
with a distinct fraction of grains with smaller e&

o the extruded profile of the ZE10 magnesium alloyhich has a fully
recrystallized microstructure with an average gesare of 26 £ lum and a more
homogeneous grain structure comparing to AZ31.

Their microstructure and grain size distributioe aresented in Fig. 4.1.2 and 4.1.3,

respectively.

b, \\\\\\\\\\\\\\\\\\\\\\\v

I /

Fig. 4.1.2.Microstructure of extruded Mg alloys: (a) AZ31) @E10.

21



0.12

10l AZ31
0 0_ B ZE10
0.08 |-

c

il i

§ 0.06

v |

Z 0.04 |
0.02 } ‘
000 1 II|JII| ||| |_‘~|A| n 1 " | L

0 1 0 50 60 70 8

0 20 30 4
Grain size [um]

0

Fig. 4.1.3.Grain size distribution of extruded AZ31 and ZE10.

In order to study the anisotropy of the rolled miats, AZ31 (Mg + 3wt.%Al
+ 1wt.% Zn)and ZE10(Mg + 1.3wt.% Zn + 0.2wt.% Ce + 0.1 wt.% Lajagnesium
alloys were prepared in a form of cast slabs and tall cast (TRC) strips. Both
alloys were subsequently subjected to conventior@ling into sheets of
the thickness of 1.5 mm. Hereafter experimentalenels are denoted as the rolled
AZ31 (ZE10) and the rolled AZ31 (ZE10) TRC strigghemes of the TRC process
and conventionally rolling are presented in Fid..4.

In the TRC process, Mg alloy strips are produceeatiy from liquid Mg
alloys. Molten Mg metal is heated over the meltpmnt and then dragged onto
the surface of the lower roll through a nozzle.i@btation starts immediately after
the melt leaves the nozzle, just between the tWws. idence, the tip sustains the melt
at a constant level thereby distributing the mzthe required strip width.

In the conventional rolling process, Mg-based alétyeets are fabricated by
hot-rolling from the slabs prepared by direct clulisting. In the present work,
conventional rolling was applied for cast slabsval as for TRC strips to achieve
the same thickness.

All sheets are characterized by a homogeneous stioaiure, presented in
Fig. 4.1.5.
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Fig. 4.1.4. Scheme of (a) the twin roll casting (TRC) processd a(b)
the conventionally rolling process [85].

a)

50 pm

Fig. 4.1.5.Microstructure of rolled AZ31 (a), ZE10 (b) andtbk rolled TRC strips
of AZ31 (c), ZE10 (d).
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4.2. Deformation tests

All deformation tests were performed at RT in unéad testing machines
Instron 5882 and Zwick Z50 at a constant straia odt10° s*. The data were stored
with a sampling frequency of 10 Hz.

Mg single crystals were subjected to uniaxial ahdnmel-die compression
tests. The cutting of the specimens (5 x 6 x 10mfar deformation tests was

performed by spark erosion. Mg single-crystallinge@mens were uniaxially
compressed in four different directions, see Fig.¥4 along the<1122>, c-,

<1010>, and<1120> axis.

3)  compression axis b)  compression axis e) compression

<1122> T c axis

Ve X
<1120>
flow axis
c) ) ) d)
compression axis compression axis
l<1010> l<1120>

flow axis c N E= . \
A450C flow axis flow axis
~

Fig. 4.2.1. Orientations of Mg single crystals for channel-dsd uniaxial

compression tests: along the @1122>, (b) c-, (c) <1010>, and (d) <1120>
axis; the flow axis is given for channel-die expent; (e) scheme of channel-die

compression experiment.

The channel-die compression tests (Fig. 4.2.1eg werformed on Mg single
crystals in three different crystallographic direns with a suppression of
the material flow in the specific direction (Fig24Lb-d). This test was not performed
for the first orientation (compression along th&122> axis), because constraining
to one flow direction in this case does not meag enange for the dominant
deformation mechanism (basal slip). For the nexntation (Fig. 4.2.1 b), the stress
was applied perpendicular to the basal planes with flow possible in
the <1120> direction, i.e.the material flow in the<1010> direction was

impossible. During compression perpendicular togtismatic (1010) and (1120)
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planes (Fig. 4.2.1 c,d), the constraint directiomsre chosen in order to allow
material flow in the<0001> direction.

Extruded Mg alloys were subjected to one-cyclestese. pre-compression
followed by a tension tests (Fig. 4.2.2). Samplethva gauge length of 15 mm,
a diameter of 8 mm, and screw heads on both ends mvachined from the round

extruded bar parallel to the ED.

*

a0

J % | % |—\ Fig. 4.2.2.Scheme of pre-compression followed by tension

Load — that is, one-cycle test — of extruded Mg alloys.

For tensile tests of rolled Mg alloys, samples vathauge length of 35 mm and
width of 6 mm were machined. The specimens wererdefd along RD, TD and
direction tilted by 45° from RD to TD.

All obtained experimental data were analyzed byQ@higin software package
from Origin Lab.

4.3. Acoustic emission technique
To monitor the AE activity, a computer controlle€IF2 (Physical Acoustic

Corporation) device was used. Continuous storage of AE signas performed
with 2 MHz sampling frequency. A miniaturized MST&®zoelectric transducer
(Dakel-ZD Rpety, Czech Republic) with a diameter3aihm and flat response in
a frequency band from 100 to 600 kHz was useda$e ©f deformation tests of Mg
single crystals, i.e. with a small size of the $pems, the sensor was glued to
the holder as close to the specimen as possibteade of one-cycle tests of extruded
profiles and tensile tests of rolled sheets, thesee was clamped directly on
the specimen surface. A preamplifier with a gaid@fdB was used. The full scale of

the A/D converter was +10 V giving the total gainl@0 dB. The background noise
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during the performed tests did not exceed 1 m¥Z{ dB). With respect to this value,
the threshold level of detection was set to 26 @RBvaluate a comprehensive set of
AE parameters. To separate individual AE eventsTHIDd HLT were set to 800
and 100Qus, respectively.

4.4. X-ray diffraction

To determine the initial orientation of Mg singleystals and their texture after
channel-die test as well as the texture of polyatise (extruded and rolled) Mg
alloys, the X-ray PANalytical XPert diffractometesing Cukx radiation was used.
Measurements were performed at MaglC HZG Geesthadtite texture
measurements were performed on polished samplgsefmticular to the ED and ND
for extruded and rolled materials, respectively)cé@mputer code MTEX [86] was
applied to calculate the orientation distributiamdtion and to recalculate full pole

figures in a defined plane.

4.5. Light and scanning electron microscopy

The microstructure of the polycrystalline Mg alloygs investigated by
an OLYMPUS GX51 light microscope (LM) equipped witite PIXELINE® camera
and by field emission gun scanning electron miaspss (SEM) Zeiss Ultra 55 and
FEI Quanta 200 equipped with EDAX/TSL EBSD systems.

For both types of microscopic observations, thecispens were grinded on
SiC papers and subsequently polished by diamonpa®wn to 0.2um particle
size. For investigation by LM, the polished surfa@dong extrusion and rolling
directions were then etched in the solution of 3Gthanol, 9 ml water, 4 ml acetic
acid, and 6 g picric acid for 6-10 s.

For detailed microstructure observation by SEM,tipalarly for obtaining
orientation maps by the EBSD technique, the samspliéace after grinding and
polishing was subsequently electropolished in an2Aéblution (Struers) at -26°C,
33V for 90s. To improve the quality of the sudagprior to measurements,
the samples were rinsed in 0.5% nital (nitric anicdhethanol) and ethanol, and dried
with pressurized air.

Electron backscatter diffractiofEBSD) is a useful technique for investigating

the crystal orientation with high spatial resolatidhis is particularly important for
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the work carried out herein, where the twinning\atst in textured Mg alloys is to
be investigated.

The EBSD system is installed inside SEM. To perfdhem EBSD mapping,
the polished specimen should be mounted to theehalith a tilting angle of 70°.
The emitted electrons from an electron gun colidign the material and as a result,
the backscattered electrons, which satisfy the @sagondition for many different
planes, form Kikuchi pattern (Fig. 4.5.1). Eachtgat corresponds to a specific
crystallographic orientation and the Miller indicesin be indexed by Hough

transformation for each obtained Kikuchi pattern.

Kikuchi map Indexing Obtained
orientation

Fig. 4.5.1.A typical Kikuchi pattern obtained by EBSD. Eacand corresponds to
reflection atom plane.

The EBSD mapping for investigated Mg alloys in pr@swork was carried out

with a step size of 0.4 um and an acceleratiorageltof 15 kV. The data acquisition

software program TSL-OIM Analysis 7.0 was usedrucpss the EBSD data.
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Key points of Chapter 4

1.

To investigate the deformation mechanisms in Mgyallwith controlled
microstructure (texture), indirectly extruded amdlad AZ31 and ZE10
alloys were chosen.

Acoustic emission measurements can be performeducamtly with
the deformation tests, allowing real-time monitgrof active deformation
mechanisms.

To obtain AE data for specific deformation mecharsis Mg single
crystals, were deformed in specific crystallograpiientations:

- uniaxially compressed alongl1122>, c-, <1010>, and<1120> axis;

- plane strain compressed along<1010>, and<1120> axis.

To investigate twinning — detwinning process inreded Mg alloys,
specimens were first subjected to pre-compressitim fallowing tension
— that is, one-cycle tests.

To reveal the influence of twinning on plastic defiation in the rolled
materials, rolled slab and rolled TRC strip of AZ&id ZE10 were tensile
loaded along RD, TD and direction tilted by 45°nfr&D to TD.

SEM (including EBSD) was employed for precise mstrocture
observation to investigate the twin/slip activityn ipolycrystalline
Mg alloys.
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Chapter 5
Results and discussion

5.1. Mg single crystals: AE response of basic defoation

mechanisms

5.1.1. Experimental results: uniaxial and channelelcompression

Mg single crystals were subjected to uniaxial ahdnnel-die compression
tests to obtain the AE response for a specific medtion mechanism. The AE signal
was recorded during compression of Mg single ctysta defined orientations
(Fig. 4.2.1). For relating the AE signal to a pautar stage of the deformation curve,
the most convenient representation is to plot thkesfgnal together with the actual
stress in the same plot as a function of time. pioportionality between time and
strain is given by the constant strain rate 6f<0

Deformation curves and AE response toriaxially compressedVig single
crystals are presented in Fig. 5.1.1. For the spexiwith a favorable orientation for
basal slip (compression along th€1122> axis, Fig.5.1.1a), the stress is
accumulated very slowly and the stress-time curlebéts a very long stage | (easy
glide). On the contrary, a strong hardening belraggtage 1) occurs already at
the very beginning of the test during uniaxial coegsion along thec-axis,
Fig. 5.1.1b.

The deformation curves for compression along<i® 10> and <1120> axis
(Fig. 5.1.1c,d) exhibit a relative long stage I, daa more distinct increase of
the stress was observed in the last case.
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More information was obtained from such AE paramsets the AE count rate
and the peak amplitudes of the AE events. Theiretaion with the deformation
curves is presented in Fig.5.1.2. Compression aj Bingle crystal along
the <1122> axis is accompanied by a relatively weak AE sigrighe beginning of
plastic deformation, which then slightly increasesl stays stabilized till the end of
the test. The AE count rate is relatively constaming the test (Fig. 5.1.2a), as well.
During compressing along tleaxis, a low AE activity is observed during the wéol
test (Figs. 5.1.1b, 5.1.2b).
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Fig. 5.1.1.Time dependence of the stress and the AE sigrtalgeofor deformed Mg

single crystals with respect to various loadingsaduring uniaxial compression:

(a) <1122>, (b)c-, (c) <1010>, (d) <1120>.

The AE count rate and the peak amplitudes of thee&Ents exhibit their
maxima at the beginning of plastic deformation dgruniaxial compressing along
the <1010> and <1120> axis. The AE signal voltage (Fig. 5.1.1c,d), adlas
the AE count rate (Fig. 5.1.2c,d), are higher byfaator of approx. 6, during
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the compression along thel120>axis, comparing to the compression along
<1010>. Moreover, smaller amount of AE events with higheak amplitudes can

be seen in last case in comparison with compresalong the <1120> axis
(Fig. 5.1.2d-c).
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Fig. 5.1.2. Time dependences of the stress, the AE count aid, the peak
amplitudes of the AE events for deformed Mg sirglgstals with respect to various
loading axis during uniaxial compression: €&3122>, (b) c-, (c) <1010>,

(d) <1120>.

During channel-die compressionalong the c-axis, plastic deformation
proceeds in a similar way as during uniaxial corapi@n. The rapid increase in
stress is evident from the very beginning of the.t& small amount of AE events
was observed at the beginning of the test. Shodfgre fracture, the AE signal was
emitted by a crack propagation. As experimentalltesshowed similarity in AE
response for both types of compression alongtheis, the deformation curve with
a concurrent AE measurement for channel-die corsfmess not plotted here.

Deformation curves with the AE response (AE sigaadl its parameters) for
channel-die compressed Mg single crystals along<th@10> and <1120> axis

are presented in Fig. 5.1.3 and Fig. 5.1.4. Therd®tion curves exhibit a relative
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long stage | with a low work hardening. The workdeming rate for loading along
the <1120> axis is slightly higher than that along thd010> axis.

The AE signal is weaker for the compression aldregg<¢1120> axis, but for

both orientations the AE signal shows a burst dtarawith high amplitudes
(Fig. 5.1.3).
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Fig. 5.1.3. Time dependences of the stress and AE signal gelfar deformed
Mg single crystals with respect to various loadilagis during channel-die

compression: (ax1010>, (b) <1120>.
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Fig. 5.1.4. Time dependences of the stress, the AE count eatd, the peak

amplitudes of the AE events for deformed Mg sirglgstals with respect to various

loading axis during channel-die compression:<{ap 10>, (b) <1120>.

The AE count rates in both cases exhibit a maximatithe beginning of plastic
deformation, which is followed by a slow decreab&.(5.1.4). It should be noted

that higher values of the AE count rate are obskrering the whole test for

the compression along the1120> axis in comparison to the<1010> axis

compression.
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To reveal the possible difference in twinning atyivduring channel-die

compression along the1010> and <1120> axis, texture measurementbefore

and after loading were performed and the resultes @resented in Fig. 5.1.5.
The texture of the single crystal prior to deforimat(Fig. 5.1.5a,c) was
characterized by very high intensity peaks corredpw to the orientation
(o1, @, 92) = (90°, 45°, 30°) and (90°, 90°, 30°) in Eulpase (Bunge notation).

before b)

d)

Fig. 5.1.5.Texture development in the single crystals durimfpannel-die
compression along the1010> and <1120> axis: prior to (a, c) and after (b, d,

respectively) loading.

The texture of the specimen, compressed along<tt@10> axis, consists of
an initial component (90, 45, 30), two symmetricamponents (225, 45, 30) and
(300, 45, 30) (which duplicate the intensity peaksthe (1010) pole figure of
the initial texture) and further two weak compomsefmarked in the Fig. 5.1.5b as
zone 1 and 2, respectively). It is worth notingttthee weak intensity peaks which
correspond to the initial orientation (90, 45, 8@&re slightly rotated, and therefore
did not match the exact orientation (90, 45, 30fpashe initial state (Fig. 5.1.5a).

The texture of the specimen after compression albaeg 1120> axis consists
of an initial component and two new symmetricaktes components (0, 30, 30) and
(180, 30, 30) with an angle of 30° between thedtiioa of their respective-axes

and the compression axis (Fig. 5.1.5d). The wetdnsity peaks, which correspond
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to the initial orientation, were slightly rotatetband the compression axis, and as in
the previous case they did not match the exachw@i®n. Moreover, the textures

after compression became asymmetrical in termsheir trelative intensity in

the (0002) and (10 10) pole figures.

5.1.2. Discussion: AE signatures for basal, pyramidlip and twin nucleation

The main difference between the uniaxial and thenokl-die compression
tests is in the direction of plastic flow of the tex@al. Basically, in the case of
uniaxial compression along defined loading axis, taterial flow is perpendicular
to the loading direction without constraints. Inseaof the channel-die test

(Fig. 4.2.2), the plastic deformation is realizadbne direction only and the material

flow is restricted in one direction (in our casaswaining is applied for th€l120)

and (1010) planes). Such configuration can eliminate specifieformation
mechanisms.

The analysis of the Schmid facton [8] reveals that thecompression of
a single crystal along thec1122> axis (45° tiltedc-axis from the loading direction)
is the ideal condition for the activation lbésal slip Other types of dislocation slip
are less engaged in the stage | of the deformaiiiento higher CRSS [2, 3, 16, 29,
35, 87]. Therefore, the AE activity during uniax@mpression along the1122>
axis can be related to basal slip. From our expamntal results, it can be clearly seen
that the collective movement of basal dislocationsingle slip mode produces a low
amplitude AE signal.

The deformation behavior during both uniaxial (Fid.1b) and channel-die
compression (not presented here) alongcthgis is similar. In [8] it was shown that

in the case ofompression along the c-axishem-values for the basal, prismatic and
pyramidal 71 {L011} slip systems are zero. Furthermore, it was shohat t
the {1012} twinning system is not active in such orientati®n28, 80]. In this case,
the 6 equivalenpyramidal z2 slip systems are active. Considering the cross-slip of
<c+a> dislocations ontf2 112} and{L011} planes, 12 slip systems are available to

accommodate plastic deformation. Very strong hardgers observed, which can be
explained by dislocation forest [8]. The very lovE Activity (Fig. 5.1.2b) during

the whole test is consistent with a rapid immohilian of dislocations due to
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the creation of strong obstacles. This type ofadistion slip was also identified
experimentally by the TEM observations in earlieorks [88, 89]. Theoretical
studies of the evolution of the relative activitie$ various slip systems with
increasing strain [64] show the prevailing pyramidec+a> slip, as well.
As deformation curves and the AE response for hatiaxial and channel-die
compression are similar, it can be summarizeddbastraining of thg1010) planes
has practically no influence on plastic deformatauring the compression along
the c-axis.

Hereafter, the deformation behavior in Mg singlgstails during loading along
the <1010> and <1120> axis will be discussed, first in general for unéx
compression and then with restriction of plastiowflin the case of channel-die
compression.

During compression along the<1010> and <1120> axis, plastic
deformation in thdacp crystal with c/a equal 1.624 (Mg) is accommodatednly by
the prismatic slip and twinning For compression along tk&1010> axis, them-values
for prismatic (0.43) and basal (0) slips, and forextension twinning system (0.5)
were calculated in [8]. Analogous calculation af for compression along
the <1120> axis for prismatic (0.43) and basal (0) slips, &ordextension twinning
system (0.37) are presented in [8], as well. THevatton of particular deformation
mechanisms depends on both the Schmid faatdrthe CRSS (the best combination
is a high Schmid factaand a low CRSS). CRSS for the prismatic slip isvarghan
the activation stress for twinning. Consequenthye plastic deformation during
uniaxial compression along thel010> and <1120> axis proceeds first of all by
twinning, giving a stronger hardening by comparisath the basal slip activated
during the compression along tkd 122> axis [8, 29, 35, 64].

Twins of the{l012} <1011> type in Mg can accommodate the extension up
to 6.4% along the-axis [90]. Furthermore, reorientation of the bgdahes due to
the extension twinning (rotation of basal planes86y8 with respect to their original
orientation [9]) promotes additional plastic defation realized by easier basal slip
in the reoriented grains. It was shown by EBSD nrappll, 69, 70] and TEM
investigation [67, 68] that twins mainly nucleatdls beginning of the compression

along the<1010> and<1120> axis.
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The calculation ofm for extension twinning [80] with respect to loaglin
direction shows that duringompression along the<1010> axis six variants of
twinning can be active at the beginning of plastic deforomatTwo of them have
m= 0.5 and four variants haven = 0.15. In the case ofompression along
the <1120> axis, onlyfour variants of twinning havingm = 0.35 can be active with
the same probability. Then the higher flow stremssré pronounced hardening) and
extended stage | during compression along #®120> axis comparing to
the <1010> axis could be ascribed to a higher twinning attieif the four variants
with the samen.

Hence, it can be concluded that AE originates frextension twins during
compression along the1010> and <1120> axis. In earlier works [83, 91] it has
been found that the twin nucleation produces actiée AE in contrary to the twin
growth. The high amplitude AE signal can be thewefolearly associated with
the twin nucleation.

The difference of the cases with loading along4i® 10> and <1120> axis,
i.e. the rotation of crystal along theaxis by 30 degrees, is clearly reflected in
the AE response. The higher twinning activity dgricompression along
the <1120> axis is consistent with the higher AE responsey.(5il.2) for this
orientation. This confirms that in this orientatithre four variants of extension twins
with m of 0.35 are more likely to be activated than the variants with the higher
m-valuein the case of compression along %&010> axis. It should be noted that
a minor part of the AE response could be also predby additional basal slip in
reoriented crystal planes similar to compressionglthe<1122> axis.

The activation of additional (non-basal) slip systewith higher CRSS is
clearly manifest as a strong increase in the eweging stress (stage Il on
deformation curve) for both orientations (Fig.%dd and Fig.5.1.2c,d).
The dislocation density increases with increasilagtic deformation, what leads to
a decrease in the free path of moving dislocatiand, thus it explains the reduction
of the AE activity (similar situation as in the géall during compression along the
c-axis).

During thechannel-die compression along the1010> and <1120> axis,

active twin variants are influenced by constrainingf the (1120) and (1010)
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planes respectively, leading to the modified deformatihavior when comparing
to the uniaxial compression test. The deformationrves for channel-die
compression tests are similar to those presentd€eligy and Hosford [35]. As for

the uniaxial compression, the strain hardening matthe stage | is higher during

compression along the1120> axis than along the1010> axis. It was shown in

[69, 70] that the early stage of deformation duratgnnel-die compression along
the <1010> and <1120> axis was characterized by large scle12} extension

twinning converting the whole specimen into sotigentation for slip.

The texture intensity peak, which corresponds o itiitial orientation, was

slightly rotated around the compression axis duliregling along the<1010> axis
(Fig. 5.1.5a,b). This behavior could be explaingdiislocation slip in single crystals
regions, which were not twinned till the end of thst [70].

The texture components formed during loading irhlmtentations are a result
of extension twinning. The asymmetrical characfeiegture components originated
from twins could be related to dislocation glidingeoriented material [70].

An illustration of active twinning systems, which based on the results of
texture measurements after channel-die compressiche Mg single crystal, is

presented in Fig. 5.1.6.

For the specimen compressed along4i® 10> axis, twin variants witm of

0.15 are depicted as the twin A and B and the taimant withm of 0.5 is shown as
the twin C. The small component in the texture, kedras zone 1 in Fig. 5.1.5b,
results from the activation of the twin C, whiclgwever, is not preferred due to
the configuration of the test. It can be therefassumed that twins have a tendency
to re-twin into orientation for easy material flogdetail in the Fig.5.1.6a).
Consequently, a small texture component, markezbae 2in Fig. 5.1.5b, could be
associated with a double twin (tw. C-C in Fig. 6d).from the twin C. The situation
is more transparent for the specimen compressedgalbe <1120> axis and
extension twin variants witm of 0.35 are schematically depicted in Fig. 5.1a68b
the twins A and B, respectively. Their texture cam@nts result in two symmetrical
texture components (0, 30, 30) and (180, 30, 3i@) &-1.5d), as was written above.
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Fig. 5.1.6. lllustration of active twinning system in the Mingle crystal during

channel-die compression along thd010> (a) and<1120> (b) axis. In the detail

of (a), double twinning of the original lattice (M&x=M.) is presented.

The AE response during compression along <4.20> axis is higher than
along the<1010> axis. It is ascribed to a higher twinning activifig. 5.1.4),
similarly to the uniaxial compression test. Thisowk that the four variants of
extension twins withm of 0.35 have higher influence on plastic defororatiuring
channel-die test than the two variants with highef0.5). These conclusions are
corroborated by numerical simulations done in cogjion with studies of
mechanical properties of Mg crystals [8, 64].

During compression along the1010> axis the peak amplitudes of AE events
at the stage | of the deformation curve are higberthe channel-die compression
than for the uniaxial test (Figs. 5.1.2a and 5)1.Aacording to [91], this fact could
be attributed to a high rate of the twin nucleaiithe former case. Therefore, it can
be concluded that the constraining of tf120) planes restricts the growth of
extension twins and the extension along thaxis is accommodated mainly by
increasing number of nucleated twins rather thathbyr growth.

Similar to the uniaxial compression, the activatminon-basal slip systems
during the channel-die compression is associateld avistrong decrease in the AE

activity due to a fast immobilization of dislocat
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5.2. Extruded Al-Zn- and Zn-Rare earth-based Mg albys

This part of the thesis is aiming at understanddfighe twining-detwinning
mechanism in Mg extrusionsith respect to the type of microstructure, patady
an average grain size and homogeneity. Therefore,campression followed by
tensile loading — that is, one-cycle test — wadgrared on two extruded materials
with different microstructure: AZ31 with bimodal enostructure and ZE10 with
homogenous microstructure, Fig. 4.1.2. Both extdugeofiles exhibit a prismatic
fiber texture (Fig. 5.2.1) with the highest intépsat the<1010> pole in the case of

Az31 and a distribution of intensities along the dretween the<1010>- and

<1120>-poles in the case of ZE10.

a) lhax= 5.6 m.r.d. 7.000 b) | .= 3.4 m.r.d. 7.000
1070 6.000 1070 6.000

5.000 5.000

4.000 q 4.000

3.000 3.000

2500 2500

2.000 2.000

0001 2110 1500 0001 2110 1500
1.000 1.000

Fig. 5.2.1. Inverse pole figures of AZ31 (a) and ZE10 (b) ime tas-received

condition. (ED is perpendicular to the inverse dalares)

A characteristic feature of these textures is findisalignment of basal planes

parallel to the ED — that is, theaxis is perpendicular to the ED. As was mentioned
in Chapter 2 such texture is favorable for thevatibn of {1012} <1011> extension

twinning during compression along ED. Consequerglych materials are a good
choice for investigation twinning — detwinning maaism during cyclic loading of

textured materials.
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5.2.1. Experimental results: effect of pre-comprgss on subsequent tensile
deformation

In general, twins induced by pre-deformation play important role in the
further deformation behavior of the investigatedtenial. To study an influence of
the pre-loading level on subsequent tensile tést,samples of AZ31 were firstly
pre-compressed up to the stress of 130 MPa, 15Q sith 200 MPa, respectively,
and then subjected to tensile loading up to fractResults of these tensile parts of
the tests are shown in Fig. 5.2.2. It can be sbahthe higher is the compressive

stress the more pronounced is the sigmoidal sti#ystdpe) of the tensile curve.

400 — T T T
350 .
300 / i

250 | .

200 .

True stress [MPa]

150 | -
100 —— 130 MPa| ]

—— 150 MPa| ]
200 MPa ]

50

O " 1 n 1 n 1 " 1 " 1 "
0.00 0.05 0.10 0.15 0.20 0.25 0.30
True strain [mm/mm]

Fig. 5.2.2. True stressvs. true strain (a) curves for the tensile loading pyé-
compressed AZ31 Mg alloy.

In order to investigate the twinning-detwinning rhacism, mobile twin
boundaries are desired and therefore a microsteigtith partially twinned grains is
preferred. From the characteristic S-shape of #ferthation curve for tested AZ31 it
could be suggested that the pre-compression up 56 MPa can provide
a microstructure partly induced by twins. Moreovédr,was shown in [55] that
the microstructure of AZ31 after pre-compressiontaid50 MPa is characterized by
existence of extension twins. That is why samplesgompressed to 150 MPa for
both AZ31 and ZE10 alloys were used for a detad@alysis during subsequent
tension test. To find the link between the paraculeformation stages and the AE
response, the stress, concurrently measured ARlsightage (Figs. 5.2.3a and 5.2.4a)
and AE count rates (Figs. 5.2.3c—d and 5.2.4c—€)ptowtted as a function of time.
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It can be seen that yielding occurs at a compressiness of (124 + 1) MPa for AZ31
and (81 + 1) MPa for ZE10. The plastic flow congsuwith an increasing slope of
the deformation curve. After the pre-compressiod anloading, the tensile curves

have a characteristic S-shaped form for both alloys
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Fig. 5.2.3. AE response during loading of AZ31: stress, AEnalgvoltagevs.
time (a) and its detail (b); AE count rate. time curves during pre-compression (c)

and tension (d).

The AE signal (Figs.5.2.3a and 5.2.4a) is veryensive during pre-
compression, especially in the vicinity of the coegsive yield strength (CYS).
Large amplitude AE events are prominent in thisaeglin contrast, smaller AE
amplitudes were recorded during tensile loadings hioteworthy that the AE signal
amplitudes are significantly higheluring the entire test for ZE10 than for AZ31.
This is particularly significant during the tenspart; see the details in Figs. 5.2.3b
and 5.2.4b.
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Fig. 5.2.4.AE response during loading of ZE10: stress, AE aigioltagevs. time

(a) and its detail (b); AE count raws. time curves during pre-compression (c) and
tension (d). Note that the scale of the AE sigedlQ times higher in Fig. 5.2.4b than
in Fig. 5.2.3b to reveal the shape of the AE respariearly.

The AE count ratevs the time curve for the compression part of tht te
(Figs. 5.2.3c and 5.2.4c) exhibits a maximum at@Ne&. The subsequent unloading
from 150 MPa to zero stress does not produce aiegiadle AE.

During the reverse (tensile) loading of AZ31, th& Aount rate exhibits
distinct changes, revealing three maxima with iasheg strain (Fig. 5.2.3b).
In the case of ZE10, two significant maxima in tAE count rate are observed
(Fig. 5.2.4b). Both alloys are characterized byrargy decrease in the AE count rate
at the terminal stage of the deformation test. @eann the AE activity could be
related to the inflection points on the deformatoinve for both Mg alloys.
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5.2.2. Experimental results: microstructure evolati
Characterization of AZ31 with bimodal microstruatur

To study the twinning-detwinning activity using EB%nalysis, samples were
pre-compressed up to 150 MPa and subsequently dosdéension up to specific
stress levels; these stresses were chosen accddithg changes in the shape of
the deformation curve and the AE activity (Fig..8d). The microstructure of
samples in the initial state, after only pre-corspien, after pre-compression and
tension up to 95 MPa, 150 MPa, 230 MPa, and 275,M@aoted in Fig. 5.2.3c-d as
A, B, C, D, E and F, respectively, is presenteBlign 5.2.5.

Fig. 5.2.5. Orientation map of AZ31 (ED is vertical): initigtate (a), after pre-
compression up to 150 MPa (b) and subsequent tengido 95 MPa (c), 150 MPa
(d), 230 MPa (e), and 275 MPa (f) (samples A-Fign 5.2.3c-d, respectively).

The analysis of the misorientation angle distribatiof the EBSD map of
the sample after pre-compression (Fig.5.2.5b) ioosf the presence of

{1012} <1011> extension twins with a misorientation angle of 3B6around
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the <1120> axis. During reverse tensile loading, the extemsiwins become
thinner. The microstructure development can bekéddn Fig. 5.2.5c—e, taken from
samples C through E. Sample E (Fig. 5.2.5e) showwimfree microstructure;
therefore, reverse tensile loading up to 230 MRanseto be sufficient to complete
the detwinning process. Microstructure of sampleubjected to higher reverse
tensile loading (275 MPa) exhibits existence of pogssion twins with
a misorientation angle of 56° around t&120> axis (Fig.5.2.5f).

The evolution of the crystallographic texture dgrithe test evaluated from
EBSD measurements is illustrated in Fig. 5.2.6.eAfire-compression along ED,
the main intensity of the basal planes is obserirecED, Fig.5.2.6b. During
the subsequent tension along ED, its intensityedsas, as is obvious in Fig. 5.2.6b—d.
At the terminal stage of tensile loading, a stropigsmatic fiber texture similar to
that of the initial state of the material is ob®#h\(Figs. 5.2.6a and f).

a) lpax= 5.9 m.r.d. b) lpax= 7.3 m.r.d. Imax= 4.1 m.r.d.
< _ »Y \b » \ o ’
a¥ .
0001 1010 0001 1010 0001 1010
max—77mrd e)Imax—98mrd. f) Inax= 10.3 m.r.d.

. \
* z
J ~ P4 i
0001 1010 0001 1010 0001 1070

Fig. 5.2.6.Crystallographic texture of AZ31 round bar (EDpisrpendicular to pole
figures) in the initial state (a) and at variougodenation stages: after compression up
to 150 MPa (b) and subsequent tension up to 95 (dRd50 MPa (d), 230 MPa (e),
and 275 MPa (f).

Fig. 5.2.7 shows the microstructure of the pre-casged AZ31. The grains

without twin boundaries are marked in green, ance thoundaries of
the {1012} <1011> extension twins are marked in red. It can be olskrthat
smaller grains are mostly free of twins, whereagdagrains contain twins.

The textures of these two fractions of the mictagure are plotted in
Fig. 5.2.7b for small grains without twins and Fag2.7c for larger grains containing

twins. The latter fraction exhibits a texture witlvo distinct components — one
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around the<0001> pole, related to the orientation of twins, and tteer clearly
concentrated around the prismatic poles, relatethécorientation of parent grains.
In the case of the smaller grains, the textureommarable with the initial texture,
perhaps with a slightly more distinct componenttia <1010> pole. Nevertheless,
both fractions of grains have orientations simitathe basal planes parallel to ED;
hence, a relatively larger effect of grain sizentleffect of texture on the activity of

twins is expected.
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Fig. 5.2.7.Image quality map (a) of AZ31 (ED is vertical)&fippre-compression up
to 150 MPa; texture of grains without twins (gree()) and grains with
{1012} <1011> extension twins (boundaries are marked in redpfg) their grain

size distributions (d).

The detail inspection of twinned grains reveals:
» the activation of different variants of extensionris.
* in some grains, there are two groups of twins aitimisorientation angle of
6° between them. As an example, a detailed vietheforientation map of
the microstructure of sample C is presented in $:2.8.
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* pre-existing twins can provoke twin nucleation he tneighboring grains,
and, consequently, twins become connected at tlen gboundaries,
Fig. 5.2.8.

* no compression twins are found at the early stafedsnsile loading. Only
after the shrinkage of extension twins do new twkig. 5.2.5f), particularly
compression twins, begin to nucleate and grow. Atebeoverview of

compression twins is given in Fig. 5.2.9.

Fig. 5.2.8. Detailed orientation map for AZ31 sample C andstliation of the activated
extension twin variants. The parent orientatiomarked as “M.” = “Matrix”; extension
twin variants are denoted as “tw1(2)” (misoriemtatangle of 86.3°).

Fig. 5.2.9. Image quality map and pole figure for sample Fwshdhe presence of
compression twins (blue) and their orientationtredato orientation of parent grains (light
blue).
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The same test concept was applied to the ZE10 My alith a homogeneous
microstructure. Fig. 5.2.10 shows the area frastiohtwins for both alloys. After

pre-compression, the twin area fraction for ZE1Qarger than that for AZ31, and

during reverse loading, it is reduced similarlyowth alloys.
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Fig. 5.2.10.Dependences of the twin area fractions on appéedrse loading stress

(tensile part).
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Characterization of ZE10 with homogeneous micragtme
The orientation maps of the microstructure of ZE1he initial state and after

pre-compression (sample | and Il in Fig. 5.2.4@d depicted in Fig. 5.2.11a and b,
respectively. The microstructure of sample Il corgamany {1012} <1011>

extension twins giving a high twin area fractio%d) of the analyzed area. A small
number of grains is completely twinned as showrFig. 5.2.12, and contrary to
AZ31, no grains are twin-free. The orientation mdps the samples that were
subsequently loaded in tension up to 95 MPa, 138,MBB0 MPa, and 275 MPa
(denoted as samples Ill, IV, V and VI in Fig. 5@.4espectively) are presented in
Fig. 5.2.11c.

Fig. 5.2.11.0rientation map of ZE10 (ED is perpendicular te thap) in the initial

state (a) and after pre-compression up to 150 Mipdoflowed by tension up to
95 MPa (c), 130 MPa (d), 180 MPa (e), and 275 MBa (gamples I-VI in
Fig. 5.2.4c-d, respectively).
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The twins become thinner than those in sample findutensile loading up to

95 MPa, cf. Fig. 5.2.11b-c. The detwinning processtinues with increasing tensile
stress (Figs. 5.2.10 and 5.2.11c-e). A small numifeextension twins is still

observed in sample V. After increasing the tensiless to 275 MPa (sample VI),
the detwinning process seems to be complete, awdwims are nucleated. Similar
to AZ31, the nucleation of compression twins takésce only after the complete
detwinning of extension twins. The orientation naaqal corresponding illustration of
parent grains and compression twins are shown gn32.13b—c. For sample VI,

some twins are of th#012} <1011> extension type. Nevertheless, different colors

indicate that different twin variants operate frotmose observed during pre-

compression (Fig. 5.2.13a and b).

b) I,a= 6.7 M.r.d.

1010

0001 2110

Area fraction

20

Fig. 5.2.12.Image quality map (a) of ZE10 (ED is perpendicutathe map) after

L“Il‘” | .
30 40 50 60 70 80

Grain size [um]

0 10

pre-compression up to 150 MPa; texture (b) anchgsiie distribution (c).
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Fig. 5.2.13.ZE10: orientation map and illustration of activdtevin variants for
samples Il (a) and VI (b). The parent orientatisnmarked as “M.” = matrix;
extension twins are denoted as “tw.” (misorientatiangle of 86.3°), and
compression twins are denoted as “c.tw.” (misoagoh angle of 56°). (c) Image
quality map and pole figure for the sample VI (ZEIBxtension twins are marked in

red; compression twins are marked in blue.
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The evolution of the crystallographic texture of IZEduring pre-compression
and the subsequent tension is shown in Fig. 5.Diding pre-compression along
ED, basal planes change orientation to ED due tension twinning. Thus, a strong
texture component appears in ED (Fig. 5.2.14b).imgusubsequent tensile loading,
the intensity of this main peak decreases, as shiowig. 5.2.14c—e. At the terminal
stage of tensile loading, the texture has a prienfiditer character and is similar to
that of the initial state of the material (Fig. 342a and f).

a) lpa= 7.4 m.r.d. b) lhax= 10.9 m.r.d. €) lnax= 7.8 m.r.d.

4 4 ®- 9.000

‘\J SRS ISP REREED] -
| 4 Q‘ @ ; 4.000

L 1 s vrdl 3.000
0001 1010 0001 1010 0001 1010

2500
€) lhax= 10.6 m.r.d. f) Inax= 8.4 m.r.d. 2.000

™ F. ™ T B
ﬂ*\o </) ' | (‘\gl '““

0001 1010 0001 1010 0001 1010

Fig. 5.2.14. Crystallographic texture of ZE10 (ED is perpenthcuto the pole
figures) in the initial state (a) and at variousodmation stages: after compression up
to 150 MPa (b) and subsequent tension up to 95 (dRP430 MPa (d), 180 MPa (e),
and 275 MPa (f).

As mentioned above, during pre-compression, extentvins reorient basal
planes from the initial orientation, parallel to EBto an orientation perpendicular to
ED. At the terminal stage of tensile deformatio@dgdMPa, sample VI), the newly
nucleated extension twins reorient the originaltidat (marked in yellow in
Fig. 5.2.13c) by 86.3° around ED; that is, basanpk of the twinned fraction
(marked in red) remain oriented mainly parallel&D. A schematic illustration of
twin variants in specific grains is presented ig./.2.13b.

It should be noted that the orientations of thexesaof some grains are close to
ED (such as grain 1 in Fig. 5.2.13b—c). This i®omgistent with the original texture
of ZE10 before pre-compression; in the originaltues, thec-axis orientations of
the grains are perpendicular to ED. Therefore elggains are assumed to be already

fully reoriented as a result of twinning during fm@mpression.
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5.2.3. Discussion: twinning — detwinning mechanigmextruded Mg alloys

General findings for AZ31 and ZE10 alloys duringearyclic test

The AE signals appear even before reaching YS (bigs3a and 5.2.4a),
suggesting the beginning of dislocation glide befgielding. This was also observed
in previous works [80, 92]. The twin nucleation wiaand as the main deformation
mechanism at the macroscopic yield, and it sigaifity influences the vyield
strength. Thus, the observed low CYS and a stroBgi@nal are unequivocal signs
of the activity of this mechanism.

Investigations conducted in [83, 91, 93] demonsttdhat the twin nucleation
is an excellent source of AE, contrary to the tgiowth, which does not contribute
to the AE response. Other combined studies, pravidethe EBSD technique and
light microscopy [94], AE with digital image coregion [95], and AE with neutron

diffraction [74], have also shown thafl012}<1011> twins nucleate at

the beginning of plastic deformation.

The misorientation analysis of the EBSD maps revdhe activation of
{1012} <1011> extension twins in both alloys during pre-compi@ss

(Figs. 5.2.5b, 5.2.11b). The extension twin agfivitan be also observed in
the texture development, during which a strong pgalears in the ED of th@®001)

pole figure; this can be seen for pre-compressadbles B and Il for AZ31 and
ZE10, respectively, and is not visible in the asereed condition (Figs. 5.2.6 and
5.2.14).

The AE signal, observed shortly after the YS, hagnificantly lower
amplitudes. This decrease in the AE signal amp#sudndicates a change in
the dominant deformation mechanism, and it is cotgtewith the transition from
the twin nucleation to dislocation glide and twirogth. Nevertheless, a few twins
could still nucleate during the increase of the pogssion load.

Unloading from the compressive stress of 150 MRgs(f5.2.3-5.2.4) to zero
stress does not produce any detectable AE sigwhish corresponds to the closing
of dislocation sources. Furthermore, twin thinningty be an active relaxation
mechanism during unloading. Similar to the growth thickening of twins,
detwinning or thinning is basically a movementwint boundaries, so no detectable

AE signal [91, 96] is expected as a result of thexhanism.
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According to Christian and Mahajan [17], a highéress is required for
nucleation than for the propagation of twins. Tleme during reverse loading,
detwinning is easily activated owing to the alre&dysting twin boundaries. Based
on this, the lower YS for the reverse tension ttiat for the pre-compression could
be explained (Figs. 5.2.3a, 5.2.4a).

Unlike the usual shape of the tensile curve, affge-compression,
the deformation curve for the tensile part is vsimpilar to the compression part of
the curve and has a sigmoidal shape, includingnélaction point. Twinning and
detwinning, owing to their strong polar nature,ufesn large reorientations of
the crystal lattice (86.3°), which macroscopicafjives rise to the characteristic
“S-type” stress—strain behavior in polycrystallimaterials. A similar behavior was
observed during cyclic testing in the textured AZBket [23].

The subsequent tensile loading reopens dislocamurces, and collective
dislocation motion produces detectable AE sign@lsnsistently, with increasing
tensile load, the AE count rates also increasd tedching a certain level of stress
(Figs. 5.2.3d and 5.2.4d). The upcoming decreaskeil\E count rates is connected
with a decrease in the free path of the movingodation owing to an increase in
the dislocation density resulting in the straindeaning of the material [97, 98].

For both alloys, the AE response during the enteesile loading is
significantly lower than during pre-compression.siBally, two opposite processes
influence the AE activity during tensile loadingamely, the increasing number of
detwinned grains supports the AE activity throulgé tise in the flight distance and
the free length of moving dislocations. Howeveg thcreasing dislocation density
implies a stronger barrier for their movement ameréfore generally reduces the AE

signal voltage and the AE count rate in the terjsile of the test.

Microstructure and texture effects on the defororatvehavior

Despite similar general findings for both alloysrtain distinct differences in
the deformation behavior of the alloys are obsenatd are described in
the following paragraph.

The significantly higher AE signal in the case @&1D compared with that of
AZ31 (Figs.5.2.3a-b and 5.2.4a-b) can be explaibgd the differences in
the microstructures. ZE10 is characterized by hamegus microstructure and

an average grain size of 26 um, whereas AZ31 hhsnadal microstructure and
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an average grain size of 20 um. Thus ZE10 has arlowmber of grain boundaries
as potential obstacles for the dislocation movenregbmparison to AZ31. Similar
results were found by previous studies [99, 106]wihich it was reported that
a larger grain size results in a stronger AE respon

In the case of pre-compressed AZ31, it was obsethatdsmaller grains do not
twin (cf. Fig. 5.2.7). It is mentioned above thagrte is no distinct difference between
the textures of the twin-free grains and the oagiorientations of twinned grains.
In the case of pre-compressed ZE10, all grainsadomtvins, which is likely a result
of a homogeneous microstructure and grains withelaaverage grain size than in
AZ31. In fact, non-twinned grains, which were olygerin AZ31, are essentially not
found because of the absence of the fraction oflggr&ins in the microstructure of
ZE10. In addition, some grains show numerous twinboth alloys, and different
extension twin variants are clearly visible. Theg& twinned area fraction and
higher AE activities around the compressive yidleérgyth in ZE10 indicate higher
twinning activity than in AZ31. This is also corteist with lower CYS in ZE10
compared with AZ31. In conclusion, there is a graime dependence of twin
nucleation, indicating that a higher number of swvimill nucleate for larger grain
sizes. This result is specifically related to theiwgy size; no texture effect is revealed
(Fig. 5.2.7).

The difference in the texture, in the context ot tHifference in grain
orientation, could result in differences in theiaation of twin variants during plastic
deformation. Despite a similar initial texture oZ21 and ZE10, the EBSD analysis
of both alloys shows that different variants ofwiare activated independently of
the initial orientation of the grains. In previousmrks [80, 101, 102] the Schmid
factor calculations have been used to study théalmitity of the activation of
specific extension twin variants, with respecthe bbading axis.

From the six possible twin variants [80], two aated from different “sides”
of the hcp cell form two groups of twins in largeigs. This is especially visible in
the elongated grains of AZ31; see the illustrationFig. 5.2.8. A misorientation
angle of 6° between two groups of twins is expldibg the characteristic angle of
86.3° for extension twins. Such groups are observedyrains with different

orientations with the-axis oriented along1010> and along<1120>; hence, no

texture effect is revealed for either alloy.
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During reverse loading after pre-compressiorthe detwinning process
proceeds similarly in both alloys and simultanegusi grains with different
orientations; thus, nograin size or texture depentks were revealed.
The detwinning progress is observed in both EBSBntation maps and texture
developments. In the case of ZE10, compared witB1AZA higher level of applied
reverse stress is required for detwinning, owingh large twinned area after pre-
compression. In summary, twinning and detwinningcpsses, in terms of boundary
mobility, are not size dependent. In contrast, taiicleation is size dependent.

The AE count rate peak at the last stage of platformation is related to
active dislocation motion and the further nucleatad extension and compression
twins. Thin twins are observed in grains with diffet orientations (Figs. 5.2.5f and
5.2.11f) when the detwinning process seems to bapted. In both alloys,
compression and extension twins are observed. Exteriwinning in ZE10 occurs
in grains with their initial orientation and in gna that were completely twinned
during pre-compression. Fully twinned grains becdiaeorably oriented for the
nucleation of extension twins during reverse logdias seen in Fig. 5.2.13b.
A detailed analysis of the EBSD maps shows thaindureverse loading in grains
with the initial orientation extension, twinningtates the c-axes around ED, whereas
during pre-compression, rotation of the c-axes mxtoward ED; see the illustration
in Fig. 5.2.13a. This could be explained by thefgrence in the activation of another
twin variant [80] with respect to the loading ditiea, which can more effectively
contribute to strain accommodation of the material.

The activities of compression and extension twiwhjch occur only after
detwinning—that is, at a later stage of deformati@upport the idea that the stress
required for the nucleation of new twins is highiean the stress required for moving
the twin boundaries, [28, 103]. The last AE cowterpeak is located specifically in
the range of the test with the highest strain hairdgerate, i.e. at the inflection point

of the stress—strain curve. This AE count rate gsatonnected with the nucleation
of new twins. In general, compression twins{di11} and{3032} types have been

observed at large tensile strains in Mg and itsyal[34].
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5.3. Rolled Al-Zn- and Zn-Rare earth-based Mg allog
Various rolling conditions could result in variatioof final texture of

the sheets. Planar anisotropy of mechanical priggemvhich is significant for some
Mg alloy sheets, is caused by a twinning activityd goreferable activation of
dislocation slip systems (basal, prismatic, andapydal) during loading along
a certain direction. To get more information abbwminning and reveal its role in
mechanical behavior of textured Mg alloys, tendiests with concurrent AE
measurements were performed for rolled Mg alloyssuRs and discussion of this
study are presented in following paragraph.

The initial textures of the investigated alloysais rolled state are represented

by the distribution of basg/0002) and prismatiq1010) poles (Fig. 5.3.1). The pole

figures of AZ31 sheets in both rolling conditiorikg conventionally rolled slab and
the rolled sheet of TRC strip) display basic badahracter of the texture with

a significant concentration of basal planes origmt¢o ND (basal planes are parallel
to the sheet plane). The orientation distributidrth® basal planes around ND is
wider in RD than in TD. The intensity of the bapale of the rolled AZ31 TRC strip

is lower than that of the rolled AZ31.

a) b)

/ (1010)
| jmin: max;
0 )

(0001

{1010y

Fig. 5.3.1.Initial texture of Mg alloys (RB, TD—, levels: 1.0, 1.5, 2.0, 3.0, 5.0, 7.0,
9.0 m.r.d.): (a) rolled AZ31, (b) rolled AZ31 TR@ip; (c) rolled ZE10; (d) rolled
ZE10 TRC strip.
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The intensities of th0002) and (1010) pole figures for Mg alloy with RE

alloying elements in both rolling conditions are signifidgntower than that for
AZ31 Mg alloy. The intensity peak of basal poleufig for the rolled ZE10 is tilted
away from the sheet ND toward TD and is split irotpeaks (see Fig. 5.3.1c).
The pole distribution of the basal planes for IEE10 TRC strip is different from
that, which is usually observed in Mg alloys witlE Ralloying elements [35].
The texture could be defined as a texture with régsly basal character and basal
planes are slightly tilted toward RD. The intensiiythe basal pole is higher for
the rolled ZE10 TRC strip than for the rolled ZE&@d lower than that for the rolled
AZ31 TRC strip.

Intensity distribution of (1010) pole figures for both AZ31 sheets is

homogeneous in contrast to the ZE10 sheets. lad@dE10, the prismatic pole has
two peaks toward RD, and in the rolled ZE10 TRGpsthe higher intensity of

(1010) pole figure is observed toward TD.

5.3.1. Experimental results: mechanical properties

An inspection of the stress-strain curves showstti@rolling conditions have
obviously a strong influence on the deformationehédr (Fig. 5.3.2). The shape of
the stress-strain curves is typical for the rolMd alloys and their characteristic
values are presented in Table 5.3.1. It can be tetrior the rolled ZE10 the higher
value of YS is observed for the RD sample than thiathe TD sample. In case of
the rolled ZE10 TRC strip, YS is higher for the EBmple than for the RD sample.
In contrast, both rolled AZ31 and rolled AZ31 TREigs exhibit higher YS for
the TD sample than for the RD sample. One shoutitedhat the value of YS for
the rolled AZ31 TRC strip is significantly highdran that for the rolled ZE10 TRC
strip. For loading along the axis tilted by 45°frdRD to TD, the YS values are
between the values for RD and TD for all the inigeded sheets.

Therefore, all four Mg alloy sheets exhibit a stggulanar anisotropy of YS.
Itis less pronounced for the rolled TRC strips lmfth Mg alloys than for
the conventionally rolled sheets (see Table 5.3H)r the rolled ZE10 sheet,
the planar YS anisotropy is more pronounced thanofber sheets and it almost
disappears for the rolled AZ31 TRC strip.
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Fig. 5.3.2.Stressss. strain tensile curves for (a) AZ31 and (b) ZE16edk.

The significant difference in the AE response isaslied during testing
the sheets in both rolling conditions. Figs. 5.8.3-4 show the stress.time curves
with the corresponding AE response for the tensiding in three directions for
the rolled AZ31 and for the rolled AZ31 TRC stripspectively. The analogous data
of tensile tests for ZE10 Mg all@aye presented in Figs. 5.3.5-5.3.6.
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The AE count rate exhibits a maximum at the begigraf plastic deformation
in all samples, which is followed by a decreaséhm AE count rate persisting until
the end of the deformation test. Furthermore, ithedoZE10 during TD loading
the AE count rate exhibits two maxima close to rmacopic YS (see Fig. 5.3.5¢).
In case of loading along the axis tilted by 45Mr&D to TD, the second maximum

becomes more evident in comparison with the tensiong RD.

TABLE 5.3.1
Mechanical properties of rolled Mg alloys: TYS rgéde yield strength,

UTS — ultimate tensile strength.

Alloy Thetengle | TYS | UTS | oo, | Fracure
loading (MPa) (MPa) (%) strain (%)

RD 149 (x2) 263 (£1) 15.8 (x0.2) 24.1 (£0.5

Rolled AZ31 45° 172 (x1) 260 (1) 15.2 (x0.1) 24.5 (0.5

TD 196 (1) 266 (£1) 13.2 (x0.1) 24.6 (£0.5

RD 194 (x1) 281 (+1) 15.3 (+2) 20.5 (#0.5

Rolled AZ31 TRC strip 45° 201 (+1) 276 (1) 10.5 (+1) 11.14 (x0.%)

TD 205 (+1) 281 (+1) 13.7 (+1) 19.3 (#0.5

RD 172 (x3) 234 (1) 11.4 (+1) 24.8 (+0.5

Rolled ZE10 45° 122 (x3) 217 (%1) 18.4 (1) 37.1 (0.5

TD 103 (x3) 218 (x1) 19.6 (£2) 29.5 (+1)

RD 140 (x1) 223 (1) 16.8 (+2) 29.5 (£1)

Rolled ZE10 TRC strip 45° 149 (x3) 225 (%1) 16.8 (£3) 31.7 (#0.5

D 166 (x3) 231 (+1) 14.5 (+3) 27.5 (1.5

It is important to note that the difference in thE activity is observed during
straining along various directions of rolled AZ3in@d ZE10) magnesium alloys (see
Figs. 5.3.3 — 5.3.4, and 5.3.5 — 5.3.6, respegiveDuring tensile loading of
the AZ31 Mg alloy in RD, the AE activity is high@r conventionally rolled sheets
than in the rolled TRC strips. If tensile loadirsgapplied along TD, the AE activity
is higher in the rolled AZ31 TRC strip than in el AZ31. For Mg alloy with RE
alloying elements, the higher AE activity during TD loadiisgobserved in rolled
ZE10. For all deformed alloys, the AE activity chgiloading along the axis tilted by
45° from RD to TD reflects an intermediate behawetween the AE activity during
loading along RD and TD.

Moreover, the decrease of the AE count rate atter macroscopic yield
strength during RD loading of the rolled ZE10 ipica while it is more gradual for
the rolled ZE10 TRC strip (Fig. 5.3.5a and 5.3.6a).
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events) of tension of the rolled AZ3levents)of tension of the rolled AZ31
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Microstructure and texture evolution during TD laagl of the rolled ZE10 sheet

In order to provide more information about activefatmation mechanisms
during TD loading of the rolled ZE10 sheet, wher &E count rate exhibits two
maxima close to the macroscopic YS (Fig. 5.3.5ag)ditional X-ray and EBSD
measurements were provided. The texture analysis peformed byX-ray
diffraction from large area of the samples loaded up to dpesifess levels, see
Fig. 5.3.7. Those stresses were chosen with regpéloe changes of the deformation
curve and the AE count rate (Fig. 5.3.5¢):

* 120 MPa - short after achieving YS, Fig. 5.3.7b;

e 145 MPa - after the first AE count rate maximung. B.3.7¢;

e 183 MPa — after the second AE count rate maximug,53.7d;

e 215 MPa —close to ultimate tensile strength, 15% of elorgatiig. 5.3.7e.

The investigated ZE10 magnesium alloy in as-rolleshdition exhibits
a texture with basal planes tilted away from theestIND toward TD, and the two
peaks tilted by 45° toward TD are significant (Fg3.7a). The prismati¢10 10)
pole has two peaks toward the RD.

During loading up to 120 MPa, i.e. the YS value, gignificant changes in
the crystallographic texture are observed compdartpe initial state (Fig. 5.3.7a-b).
With increasing tensile stress up to 145 MPa (wltolresponds to a state after
the first AE count rate maximum), the two textummponents in thg0001) pole
figure towards TD disappear. The two texture congmbs corresponding to basal
planes tilted by 45° toward TD remain without sfgrant changes with increasing
loading applied.

After tension up to 183 MPa (Fig. 5.3.7d), the tegtmeasurement shows that
basal planes are tilted by 45° from ND to the sipdsstie homogeneously from RD to
TD. Intensity distribution of the (1010) pole figure becomes also more
homogeneous in the sheet plane from RD to TD. &ktite of the sample loaded up
to 215 MPa has two texture components correspontdirigasal plains tilted by 45°
from ND to RD and two texture components formeddogins with basal plains
oriented perpendicular to RD. The higher intensifythe (1010) pole figure is

observed toward the TD.
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Fig. 5.3.7 The evolution of crystallographic texture evakthform X-ray diffraction
in the rolled ZE10 alloy (levels: 1.0, 1.5, 2.00,35.0, 7.0, 9.0 m.r.d.) in as rolled
state (a) and after tension along TD up to 120 fRpald5 MPa (c), 183 MPa (d),
and 215 MPa (e).

To analyze the microstructure evolution in detagpecially nucleation and
growth of twins),EBSD measurementsn the same area of the sample in the initial
state, after tension along TD up to 145 MPa andMBa&, were performed. These
stresses were chosen according to the resultsxtirée measurements by X-ray
diffraction. The evolution of the crystallographiexture evaluated from EBSD
measurements is illustrated in Fig. 5.3.8. Resultsconsistent with results of the X-ray
studies (Figs. 5.3.7a,c,d): the basal planes keel taway from the sheet ND toward
TD in the initial state and toward RD after tensdading along TD.
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The microstructure of samples in the initial stafer tension up to 145 MPa
and 183 MPa, is presented in the form of orientatieap, image quality (IQ) map,

and kernel average misorientation (KAM) map in F§8.9 — 5.3.11, respectively.

a) Imax = 4.46 b) Imax = 4117 c) Imax =4.231
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e o e e e B
3 ’ k \ i ) \ /,‘ 2.000
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Fig. 5.3.8. The evolution of crystallographic texture evaldatérom EBSD
measurements in the rolled ZE10 alloy (RDD—): as rolled state (a), after tension
along TD up to 145 MPa (b), and 183 MPa (c).
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Fig. 5.3.9.0rientation map of rolled ZE10 alloy (RPTD—) in as rolled state (a),
after tension along the TD up to 145 MPa (b) an8 W®a (c).

The analysis of the misorientation angle distribatiof the EBSD map
confirms the presence dl012}<1011> extension twins with a misorientation
angle of 86.3° around the1120> axis after tension up to 120 MPa. In the image
quality map, Fig.5.3.10, boundaries of fi®12} <1011> extension twins are
marked in red. Their amount increases with increpsplastic deformation
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(183 MPa). Small amount of twins in the initial tsta&an be explained by a rolling

process and mechanical polishing during samplegpation.

Fig. 5.3.10.Image quality map of rolled ZE10 alloy (RDTD—) in as rolled state (a),
after tension along the TD up to 145 MPa (b) an8l ¥®a (c).

Fig. 5.3.11.Kernel Average Misorientation map of rolled ZE1@w (RD1, TD—) in
as rolled state (a), after tension along the Toup45 MPa (b) and 183 MPa (c).

The KAM analysis (Fig. 5.3.11) shows the distribatiof local misorientation
within individual grains and indicates an internstress. In the initial state,
the internal stress is concentrated mainly in smeadins, which can be a result of
the rolling process. Internal stress in small ggaBnd along grain (and twin)
boundaries increases with increasing tensile Igadigs. 5.3.11b-c. The internal
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stress in larger grains, even after loading up88 MPa, is significantly lower than
in smaller grains and is smoothly distributed witthie grain and gradually decreases

from boundaries of the grains to their center.

5.3.2. Discussion: anisotropy of mechanical proge# in rolled Mg alloys — effect
of twinning

The significant difference in the texture of Mgog after applying different
rolling conditions can be seen in Fig. 5.3.1. Th®rgy texture with basal planes
oriented parallel to RD is well-known feature ohgentionally rolled Mg alloys, as
observed in [42]. Bohlen et al.[81, 104] recentigported that the angular
distribution of the basal planes in the magnesiurine — rare earth (RE) alloy sheets
is significantly wider in TD than in RD. Thereforéhe analysis of the texture
development in Mg-based alloys sheets shows that &lBying elements
significantly influences the final rolling textureand consequently affects
the deformation behavior and mechanical propefdé&s 104-107]. Weakening of
the texture due to RE alloying observed for botlledbZE10 and rolled ZE10 TRC
strip. Similar weak non-basal texture, with the @agspread of basal planes towards
TD was for the rolled and annealed Mg-1Zn-0.3Ceyajiresented by Mackenzie
and Pekguleryuz [43]. The different orientationtbé basal pole peak for rolled
ZE10 TRC strip comparing to rolled ZE10 slab issmiby the conventional rolling
after the TRC process.

The difference in the texture of materials is resiole for the anisotropy of
mechanical properties. It is clearly seen thathlgher the angular distribution of
the basal planes in the sheet plane the more pnaeduanisotropy of YS is observed
(Fig. 5.3.1, Table 5.3.1).

The strengthening of the AZ31 Mg alloy is highefTiD than in RD and along
the axis tilted by 45from RD for both rolling conditions. This behaviaas also
observed by Agnew and Duygulu [108] and could belared by the influence of
the initial texture of materials. The prismaticreapoles in AZ31 Mg alloys have no
orientation preference in the sheet plamed therefore the difference in
the orientation of the basal planes significantifluences deformation behavior.
An angular spread of basal planes toward RD gipg®xunity for activation of non-
basal slip and/or twinning system during RD loadatglower stress [10]. During

tension along TD, basal planes are oriented pétallthe loading axis. In this case,
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activation of non-basal slip and twinning systemuests higher stress, and therefore,
work hardening is stronger. During tension along #xis tilted by 4% from RD,
a combination of grains with basal planes orientéd ND and grains with angular
spread of basal planes toward RD results in aaivaif non-basal slip and twinning
system at stresses lower than for the TD loadirghegher than for the RD loading.

The rolled ZE10 TRC strip with the angular disttiba of basal planes similar
to AZ31 Mg alloys exhibits a similar anisotropy cottisig of a higher level of
strength in TD compared to RD. For the rolled ZBiflwever, an inverse anisotropy
is observed: YS in RD appears to be higher that ithdD, which is caused by
characteristic inverse angular spread of basal eglatoward TD. The planar
anisotropy of YS of the rolled ZE10 sheets was disoussed in [81]. The complex
study of deformation curves, concurrent AE measeregmwere presented together
with work hardening analysis (the Kocks-Meckingtp)o

The characteristic maximum of the AE count rate,icwhis observed at
the beginning of the plastic deformation, is uspadixplained by a massive
dislocation multiplication, whereby various slipsggms can be activated [71]. In Mg
alloys, basal slip is known as the easiest activatgp system (the lowest value of
CRSS in comparison with other slip systems at RBR)] pnd therefore, basal slip is
taken as a first activated mechanism in Mg alldyaring this process collective
dislocation motion releases some amount of enerdlye material, which is detected
as a strong AE signal [71]. Then plastic deformaiio Mg alloys proceeds by non-
basal slip (e.g. prismatic <a>, pyramidal <c+a>)d amwinning. The different
mechanisms of the plastic deformation produce wiffe waveforms of the AE
signal, which consequently could be identified layious AE parameters. The twin
nucleation is characterized by a burst type of Afa with relatively high value of
the AE maximum amplitude

As it can be seen in Figs. 5.3.1 and 5.3.3 — 5.6, difference in the AE
response during tension of the sheets along varniinestions is associated with
differences in the texture of materials. During RRAding of the rolled AZ31, which
has the basal texture with wider distribution o$ddgplanes toward RD and the high
intensity of pole, the AE signal is higher. On titber hand, the rolled AZ31 TRC
strip with more symmetric spread of basal polehiret plane, and lower intensity,
exhibits lower AE activity during the same tensgdading. The difference in the AE

response could be explained by various combinatainactivity of prismatic <a>
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and pyramidal <c+a> slip and twinning system witbspect to the angular
distribution of basal planes. In the work of Dobretnal. [81]it was concluded that
extension twins may occur in agrain only, if tb@xis and the tensile axis are
sufficiently close to each other. Then it couldsbposed that during the RD loading
the probability of twin activation in rolled AZ3% ihigher than that in rolled AZ31
TRC strip. Likewise, lower AE response in rolled 2IZduring TD loading than
during RD loading is explained by lower probabildftwin activation (Figs.5.3.1a,
5.3.3a and c). The intermediate intensity of AEpogse during tension along the
axis tilted by 48 from RD comparing to loading along other direcsion the AE
signal is lower than for the RD loading and higtiean for the TD loading — can be
explained by varying coactivity of twinning and ldisation slip caused by variations
of orientation of the-axis with respect to loading direction from gréngrain.

Almost no orientation preference of basal planeshieet plane in rolled AZ31
TRC strip (Fig.5.3.1b) is responsible for similaasping of plastic deformation
during loading along RD, TD, and the axis tilted48) from RD, therefore, similar
AE response is seen in Fig. 5.3.4a-c.

The difference in orientation preferences of ciystgaphic planes in rolled
ZE10 and rolled ZE10 TRC strips, as well as in AZ# reflected in the AE
response during tension of the sheets especiatgalD (Fig. 5.3.1c, d, 5.3.5¢c and
5.3.6¢). The basal planes in rolled ZE10 are tilbgd4% along TD (Fig. 5.3.1c),
which gives opportunity for highdéwinning activity during TD loading comparing
with RD loading. Therefore, the second maximumhef AE count rate and relatively
high values of peak amplitude of events (Fig. 5¢3.5could be explained as
atwinning activity. This suggestion is supporteg the typical S-shape of
the deformation curve and by the detailed studyssudo in-situX-ray and EBSD
measurements.

The obtained results showed no significant changethe crystallographic
texture during loading up to 120 MPa (Fig. 5.3.7iat can be explained by activity
of dislocation slip systems and twin nucleation,icihis not seen by X-ray
measurementThe texture measurements after the first AE coatg maximum,
l.e. after tensile loading up to 145 MPa, show pjemrance of two texture

components in th€0001) pole figure from the grains with basal planes i,

what is the first sign of twinning activity. Thextare changes during further loading
up to 183 MPa can be explained by rotation of thigimal hcp lattice due to
68



{1012} <1011> extension twinning by 86°. During loading from 18®a to

215 MPa, Fig. 5.3.7d to e, the texture changedtrésun the massive twin growth.
In other words, during tensile loading along TD thesal planes moved from TD
towards RD (Fig. 5.3.7). Analysis of EBSD maps dotation, KAM, 1Q maps)
shows microstructure development of the investdjateeet during TD loading. The
twin nucleation is significant after the first ABbunt rate maximum. The initial
concentration of stress results in increase ofritexnal stress in small grains as well
as along grain (and twin) boundaries during tenlsiseling. In the micro-structure
measured after the second AE count rate, a magsive growth is observed.
The nucleation of new twins is naturally possililetie end of the test.

The subsequent rapid decrease of the AE countafe YS during RD
loading of rolled ZE10 is associated with the aafion of non-basal slip systems and
increasing number of sessile dislocations. Sedglecations reduce the free path of
moving dislocations consequently. This suggestiomrretates with stronger
hardening for rolled ZE10 comparing with rolled ZETRC, see Fig. 5.3.5a and
5.3.6a.
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Key points of Chapter 5
1. Active deformation mechanisms in Mg single atgsivere correlated to their
AE response:
» dominant activity of basal <a> slip during uniax@mpression along
the <1122> axis results in low-amplitude AE signal;
« pyramidaln2 slip during both uniaxial and channel-die comgi@s along
the c-axis results in a very weak AE signal, which is sietent with
a rapid immobilization of dislocations caused bg fbhrmation of strong

obstacles;

+ extension{l012}<1011> twins and prismatic slip are dominant during

compression along the1010> and <1120> axis. Twinning results in
burst type of AE even with high amplitude;

e twinning activity is higher during uniaxial compsésn along
the <1120> axis in comparison with the<1010> axis and it is

represented by a more pronounced AE response;
+ constraining of thg1120) planes restricts the growth of extension twins

and extension along the-axis is accommodated mainly by increasing
number of nucleated twins rather than by their ghow
» the four variants of extension twins withof 0.35 have higher influence
on plastic deformation during channel-die test th@ntwo variants with
higherm of 0.5.
2. Twinning — detwinning mechanism was investigal@dng cyclic loading of
extruded AZ31 and ZE10 alloys:
v higher compressive pre-loading leads to more procetdi S-shape of
deformation curve;
v the differences in the homogeneity and the graia distribution indicate
that twin nucleation is grain size dependent: sngakins contain
a smaller number or no twins, whereas multiple samucleate in larger
grains (results of AZ31);
v' the AE signal has higher amplitudes of events il@Ehan in AZ31.

Higher dislocation mobility is a result of higherean free path of
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dislocation motion due to a lower concentratiomlo$tacles such as grain
boundaries;

detwinning during reverse loading is a significdatormation mechanism
and is preferred at the expense of nucleation anth of new twins;
twinning and detwinning, in terms of boundary mipjlare not grain
size dependent;

the AE response during twin growth and detwinnistgows events with
lower amplitudes than during twin nucleation;

new compression and extension twins appear aftemplsiing
the detwinning process at a later stage of plagé&fmrmation in both
AZ31 and ZE10 alloys;

newly created twins during subsequent tension imrte to strain
accommodation in relation to the orientation of pa@ent grains: another
type of extension twins nucleates compared withseéhthat are active

during pre-compression.

3. Anisotropy of mechanical properties in rolled3Azand ZE10 alloys:

» both rolled AZ31 Mg alloys exhibit a typically basaxture, whereas two

different types of texture with respect to rolliognditions were observed
for ZE10 alloy;

» anisotropy of mechanical properties is connectedh whe texture

asymmetry around the ND formed during rolling psx@nd results in
AE response: least pronounced anisotropy of thdeé8s to similar AE

response.

» the higher the angular distribution of the basahpk toward loading axis,

the higher AE response is observed.

> activity of extensionfl012} <1011> twins during loading along the TD

of conventionally rolled ZE10 sheet results in deulmaximum of the AE
count rate near the macroscopic yield strengthuleare supported by
X-ray and EBSD measurements.
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Chapter 6

Conclusions and perspectives

6.1. General comments

The AE signatures for specific deformation mechasisvere obtained from
uniaxial and channel-die compression testsMgf single crystalswith different
orientation. Following conclusions can be drawn:

« Dominant activity of basal <a> slip during loadialpng the<1122> axis is
characterized by a low amplitude AE signal.

* Pyramidaln2 slip systems were activated during uniaxial ahdnoel-die
compression along theaxis. The very low AE activity during the whole tes
iIs caused by a rapid immobilization of dislocatiahse to the creation of
strong obstacles.

» The higher twinning activity, represented by a magmnounced AE
response, was observed during uniaxial and chaheetompression along
the <1120> axis in comparison with thez1010> axis. Constraining of
specific planes during channel-die compression tedchigher amount of
twins. It is reflected in higher AE activity in cqurarison with the uniaxial
compression. Moreover, constraining of th@120) planes restricts
the growth of extension twins and extension alorfe fc-axis is
accommodated mainly by increasing number of nuete&vins rather than
by their growth.

The obtained results were used for further invasiogs of active deformation

mechanisms in wrought Mg alloys with a strong textuGeneral approach that
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the plastic deformation in polycrystalline wroudig alloys with a strong texture is
controlled by the same mechanisms as in singletalsysvas adopted. Thus
the results for Mg single crystals were used fer ititerpretation of the AE response
during deformation of extruded and rolled Mg alloys

Moreover, the twinning-detwinning process was imgaged in detail with
respect to the initial microstructure of Mextrusions during one-cyclic test.
The transition between different deformation meéras, such as dislocation slip,
twin nucleation, twin growth and detwinning, atfdient stages of the deformation
test were revealed using a combination of AE an&EBnethods. The investigation
of extruded profiles showed that the AE signal ke ttase of ZE10 has higher
amplitudes of events compared to those for AZ3l.e Tdifferences in
the homogeneity and the grain size distributioricat that the twin nucleation is

grain-size dependent. It was shown that particylemall grains in the case of AZ31
contain a smaller number or no twins, whereas pleltextensior{l012} <1011>

twins nucleate in larger grains during compressmnoextrusion direction.

Detwinning is a significant deformation mechanisuamnidg reverse loading and
is preferred at the expense of nucleation and dratnew twins. Detwinning has
a similar influence on the deformation behaviotwinning (characteristic S-shape
of the deformation curve). It was also found tiveinhing and detwinning, in terms
of boundary mobility, are not grain size dependent.

During the twin growth and detwinning, the AE respe shows events with
lower amplitudes than during twin nucleation. There, neither thickening nor
thinning of twins obviously contributes to the AEsponse. In this part of
the deformation test, dislocation slip dominatesh@ AE response. An increase in
the free length of moving dislocations during twininning leads to an increase in
potential dislocation movement; therefore, an iaseein the AE response during
reverse loading is observed.

In both AZ31 and ZE10 alloys, new compression axtéresion twins appear
after completing the detwinning process at a lat@mge of plastic deformation.
Newly created twins contribute to strain accommimahein relation to the orientation
of the parent grains. Particularly, another typeextiension twins nucleates during

reverse loading compared with those that are adiiweng pre-compression.
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It was shown that the grain size and homogeneitthefmicrostructure have
influence of dislocation and twin activity refleaty in AE response. Particularly,
a stronger AE signal for ZE10 compared with AZ3Tinly the entire test can be
explained by the higher mean free path of dislocatmotion due to a lower
concentration of obstacles such as grain boundaries

The deformation behavior ablled Mg alloyswith respect to initial texture
was studied during tensile tests with concurrent Ateasurements. Rolling
conditions result in two different types of textdoe Mg-Zn-rare earth alloy sheets,
while for both rolled AZ31 Mg alloys a typically sal texture was observed. From
AE measurements it was concluded that deformatiomimg the loading along TD of
conventionally rolled sheet ZE10 is realized byabatip and deformation twinning.
Massive twin nucleation contributes to the doublaximum of the AE count rate
near the macroscopic yield strength. Twinning atgtiwas confirmed byseudo in-
situ X-ray and EBSD measurements.

Generally, anisotropy of mechanical properties rhayeasily connected with
the texture asymmetry around the ND, which is fatndring rolling process.
The effect of the rolling conditions on the textafematerials is well seen in the AE
response during tensile loading of both Mg alldyslled AZ31 TRC strip exhibits
similar AE response during TD and RD loading duethe least pronounced
anisotropy of YS. Rolled ZE10 has a characteridifference in AE response with
respect to orientation of crystallographic planBse higher the angular distribution
of the basal planes toward loading axis, the higteresponse is observed.

6.2. Future prospect

Acquired knowledge about deformation mechanismsiought Mg alloys
may contribute to design novel Mg alloys with sfiecmechanical properties for
specific applications.

The investigation of twinning and twinning — detwing processes may be
useful for development of crystal plasticity-baseddel of deformation behavior of
textured hexagonal alloys. With increasing loadaygles, twin-twin junctions can
form, and they have been shown to play a crucial iroincreasing strain hardening

and controlling microstructure evolution. Therefosaderstanding of twinning and
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twinning —detwinning mechanisms during repeatedlilog for several cycles and
strain path changes is essential.

Nowadays, a large number of studies have been ctediuo understand
the interaction between solute atoms and the matiafislocation at the atomic level
[109, 110]. In addition, the pinning effect of s@uatoms on twin boundaries has
recently attracted considerable attention [39, B@wever, it is not clear how solute
atoms interact with twin boundaries and affect rtheiobility (propagation).
A comprehensive understanding of nucleation andvtjroof twins and twin-twin
interactions on atomic scale in combination withrpng strength of twin boundaries
is needed. In another words, such study can heheweal the influence of solute
atoms on twin propagation, and therefore on mecharmproperties of hexagonal
materials. All can contribute to designing matexiaith requested properties.

Another important direction of investigation of twiing in hcp materials
could be the characterization of three-dimensiahalpes of twins. This approach is
possible using such advanced electron microscompnigues as 3D EBSD
performed using Focusing ion beam system. It cdm toeunderstand propagation of
twins as a function of grain orientation with regmrito a loading axis or internal
stress distribution.

As to the AE technique, it proved useful as an adedin-situ experimental
method. This technique has potential for wide agaility in studies of deformation

mechanisms in diverse metallic materials.
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