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Abstract

agnesium and its alloys are becoming increasingly used in the automotive industry to achieve
M lighter units due to their low densities and high specific strengths. These potential applications
motivate great efforts to improve the processing methods which requires an extensive knowledge about
the deformation mechanisms involved. A good option to achieve this is to start with a simple
microstructure material such as single crystals to isolate and identify the mechanisms of deformation
depending on the initial orientation of the crystal. Therefore, in this work magnesium single crystals
were subjected to hot rolling at 450°C in two specific orientations. For orientation 1 the [1120]
direction was parallel to the normal direction of the sheet plane (ND), while for orientation 2 it
was [1010] direction. The microstructure and texture evolution were characterized with respect

to the deformation and recrystallization mechanisms.

The deformation was dominated by {1012} twinning at the first rolling steps, which rotated
86° the original crystal and formed a new matrix of grains with basal plane almost parallel to the
sheet plane (basal texture). In the orientation 1 several grains with particular orientations were
observed, it is believed that they were generated by primary, secondary and tertiary extension
twinning. Contraction twins were observed in the basal matrix at strain (&) of 30% and 50%. At
e = 80% the deformation was accommodated without twinning. The contraction twins lead to
twin-induced continuous dynamic recrystallization (CDRX) and formed dynamic recrystallized

(DRXed) twin bands giving rise to grains with its c-axis 30° rotated from its parent grain.

Discontinuous dynamic recrystallization (DDRX) was observed at € = 30% for both orientations,
fine grains and sub-grains-boundaries formed at the triple junctions of the grains. Instead, CDRX
were observed at all strains by the transition of low angle grain boundaries (LAGBs) to high angle

grain boundaries (HAGBs) within the grains of basal texture and the grains inside the twin bands.

After annealing, grain growth was observed in both orientations. An evident transition sequence
of movement of grain boundaries was observed, high angle grain boundaries (>15°) converted to
low angle grain boundaries (5-15°) that turned to very low angle grain boundaries (VLAGB,2-5°),
which tend to disappear. The grains with the c-axis most parallel to the normal sheet (ND) grew

preferentially (coarsening) during annealing, strengthening the basal texture.







‘Resumen

l€|/ | magnesio y sus aleaciones son usados cada vez mas en la industria automotriz para la
=\

construccion de unidades mas ligeras debido a sus baja densidad y alta resistencia especifica.
Estas potenciales aplicaciones han motivado grandes esfuerzos para mejorar los métodos de su
procesamiento, lo cual requiere un amplio conocimiento sobre los mecanismos de deformacién
involucrados. Una buena opcién para lograr esto es comenzar con un material de microestructura
simple, tal es el caso de los monocristales que permiten aislar e identificar los mecanismos de
deformacidon dependiendo de la orientacién inicial del cristal. Por lo anterior, en este trabajo,
monocristales de magnesio fueron laminados en caliente a 450°C en dos orientaciones especificas. Para
la orientacién 1, la direccién [1120] fue paralela a la direccién normal del plano de laminacién (ND),
mientras que para la orientacién 2 esta direccién fue la [1010]. La evolucién de la microestructura y

textura fue caracterizada con respecto a los mecanismos de deformacion y recristalizacion.

En los primeros pasos de laminacién, la deformacién fue dominada por maclado {1012}, el cual
rotd 86° el monocristal original y formd una nueva matriz de granos con el plano basal casi paralelo al
plano de la laminacién (textura basal). En la orientacién 1 se observaron varios granos con orientaciones
particulares que se cree que fueron generados por maclado primario, secundario y terciario. A una
deformacion (g) de 30% y 50% se observaron maclas de contraccidon en la matriz basal mientras que a
€ = 80% la deformacién se acomodd sin maclado. Las maclas de contraccién condujeron a la
recristalizacién dindmica continua (CDRX) y formaron bandas de macla recristalizadas que dieron origen

a granos con su eje ¢ rotado 30° con respecto al de su grano original (macla).

A € = 30% se observo recristalizacion dindmica discontinua (DDRX) para ambas orientaciones,
ademas de granos finos y subgranos formados en los puntos triples de la microestructura. En cambio,
se observo CDRX durante todos los estados de deformacién mediante la transicion de limites de grano
de angulo bajo (LAGB) a limites de grano de angulo alto (HAGB) dentro de los granos con orientacion

basal y los granos dentro de las bandas de maclado.

Después del recocido, se observd crecimiento de grano en ambas orientaciones. Se establecid una
secuencia de transicion evidente del movimiento de los limites de grano, los limites de grano de
angulo alto (> 15 °) se convirtieron en limites de grano de angulo bajo (5-15 °) que se convirtieron en
limites de grano de angulo muy bajo (VLAGB, 2-5 °), estos ultimos tienden a desaparecer. Los granos
con el eje c mas paralelo a la ldmina normal (ND) crecieron preferentemente (engrosandose) durante

el recocido, fortaleciendo la textura basal.
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Introduction

E very great story has a beginning, this one started with a challenge, to build the fastest car
24\ in the world and the magnesium made it possible in 1921 when Tommy Milton won the
Indianapolis 500, the biggest auto race in United States, with a Frontenac car featuring

magnesium pistons, but as already mentioned, this was just the beginning. [1]

In 1938 the VW Beetle was the commercial car with the largest application of magnesium alloys
in its air-cooled engine and transmission with a total weight of 17 kg. In 1940 Boeing used magnesium
in the Wright R-3350 aviation engine of the B-29 bomber. In 1971 Porsche used ZE41A magnesium
alloy in the engine, gearbox, suspension and frame in the 917K that won Le Mans that year. In 1990
Mercedes Benz used an AM20 and AM50 magnesium alloys die castings in a three-point safety belt
for the SL Roadster seat structure. In 1997 the WE43AT6 magnesium alloy was used in the main
transmission of the Boeing MD600 helicopter drive system. In 2010 the Jaguar XJ model used a one-

piece die cast front-end carrier to replace a welded assembly of 13 aluminum components [2-7].

It can be noted that magnesium is used mainly for automotive and aerospace applications,
because it is the lightest structural metal, i.e., the lighter piston would require less power to operate,
and the engine would go faster. In addition, the use of lighter materials leads to an improvement in
fuel efficiency and thus reduce the emission of gases and environmental impact [8-11].
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However, magnesium alloys have some limitations such as high mechanical anisotropy and low
formability at room temperature, owing to its hexagonal close packed (hcp) structure with limited
number of slip modes, it only has three easily activate slip systems [12]. This results in strong anisotropy
in the material giving rise to a strong ‘basal texture’ with grain orientations having basal planes parallel to
the sheet plane. This type of texture has often been seen to be unaffected by any annealing treatment
[13,14]. Regarding to deformation mechanisms, the activation of the basal slip system, (0001) (1120),
occurs during deformation at room temperature because it has the lowest values of critical resolved shear
stress (CRSS) [15]. The second lowest value of CRSS reported is for the tensile
twinning, {1012}(1011), the other active deformation mechanism at room temperature but it causes a
strong yield asymmetry [16, 17]. In the case of the prismatic {1010} and pyramidal {1011} slip systems,
the CRSSs value decrease as the temperature increases, so it can be predicted that the CRSSs values for
the non-basal slip systems will be thermally activated above 230 ° C [18]. Because of that, the forming of
magnesium must be performed at elevated temperature by thermomechanical treatments (i.e., rolling,
extrusion, forging, etc.). In addition, magnesium sheets have a poor formability at room temperature,
which is improved above 175 °C [19]. During thermomechanical treatments grains rotate and acquired a
strong texture, which is unfavorable for further processing steps that must also be carried out at elevated

temperatures to thermal activation of additional slip systems, leading to high production costs [20].

In recent years, magnesium alloys gained substantial momentum due to the pursuit toward
achieving lightweight constructions in automotive engineering, which has spurred academic and
industrial research to identify more efficient manufacturing ways. In magnesium alloys, plastic
anisotropy is greatly pronounced, i.e. grains of varying orientations are expected to exhibit different
mechanical response. Compared to polycrystal investigations, studies on single crystals claim several
advantages. Performing experiments on specially oriented single crystals with respect to the loading
axes allows to isolate and identify the mechanisms of deformation depending on the initial
orientation of the crystal, since the operating deformation modes can be determined using the
Schmid’s law. Single crystal studies aim at exposing the underlying physical mechanisms, rather than
claiming to directly predict the deformation behavior of polycrystals. However, despite the presence
of grain boundaries and grain orientation spread the plastic deformation in textured materials is
similar to that in single crystals. The analogy between single crystals and polycrystalline material with

strong texture was studied by Kelley [21] and Graff [22].

|
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A lot of research effort was dedicated to uncover the operating modes of deformation in
magnesium. Well-known studies on magnesium single crystals were performed by Wonziewicz and
Backofen [23] as well as by Kelly and Hosford [24] in the 1960s. Both studies included plane strain
compression tests (PSC) on differently oriented magnesium single crystals, demonstrating their
complex deformation behavior, which is characterized by profuse deformation twinning and the
occurrence of recrystallization. However, the investigations mentioned above were limited to rather

small strains as their focus was on the temperature dependence of slip and twinning activation.

More recently, Molodov [25-31] characterized the deformation behavior and microstructure
evolution of Mg single crystals with the same orientations proposed for this work but on PSC, using
advanced characterization techniques as Electron Backscatter Diffraction (EBSD) and focusing on the
dynamic recrystallization (DRX) mechanisms and the influence of twinning on the texture evolution.
However, it is mandatory to reveal the deformation behavior of magnesium under strain patterns of
real forming process such as rolling, which allows the broadening of the sample, contrary to PSC where
this phenomenon it is disabled by the walls of the channel die. Therefore, the aim of this master thesis
is to provide an overview of the plastic response and establishing a basic understanding of the
deformation and recrystallization mechanisms involved in hot rolled magnesium single crystals at
450°C. It is worth noting that although single crystals were used for these studies, owing to the
occurrence of deformation twinning and DRX process, the initial single crystal was turned into a
polycrystal since early strains, thus, the mechanisms reported are directly relevant for a magnesium
polycrystalline material. That said, in the case of magnesium, very strong basal textures are
predominant, hence individual grains often undergo a similar deformation as compared to what is

observed in the current studies.

-
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T he atoms in magnesium are arranged in hexagonal close-packed structure (HCP) (Fig. 2.1).
It has two lattice parameters, g and c. It is characterized by the six-fold symmetry along
the c-axis and three equivalent directions ai, a2 and as that make up an angle of 120° and are

perpendicular to the c-axis. For magnesium the c/a=1.623 ratio is very close to the ideal

theoretical value /8/3 = 1.633. The deformation behavior of materials with the HCP structure

are significantly influenced by the c/a ratio [32], topic that will be addressed in the next section.

Layer A

Layer B

A A Layer A

Fig. 2.1. Schematic representation of HCP structure.
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2.1. DEFORMATION MECHANISMS IN HCP

The main deformation mechanisms in HCP metals are dislocation slip and deformation

twinning.

2.1.1. SLIP OF (a) TYPE DISLOCATIONS

The slip is realized by movement of dislocations. The magnitude and direction of slip

are represented by the Burgers vector b. To initiate the slip, the component of shear
stress, resolved in a particular slip direction, which is independent of the crystal
orientation, must overcome the critical value — critical resolved shear stress (CRSS)-
Generally, the slip system with the lowest CRSS is on the close-packed plane and in close-
packed direction, however, other slip systems can be activated as well. The value of CRSS

for the slip system depends also on temperature and alloying content [33, 34].

The effect of ca /ratio on the dislocation activity is significant. In an ideal case, when

c/a= \/8_/3, the HCP structure has one close packed plane family, it is basal plane (0001)
with three close-packed (a) directions ({(1120)). For materials with c¢/a higher than ideal
value (Zn, Cd), basal slip is the most easily activated deformation system. For materials
with c/a lower than ideal value (Ti, Zr, Be), the most easily activated slip is on the
prismatic {1010} and pyramidal {1011} plane in the (a) direction. For those close to the
ideal value (Mg, Co, Cr) the main slip system is basal, but it can be partly substituted by

pyramidal or prismatic slip [32].

The dominant deformation mechanism in magnesium is slip on the basal plane (0001)
in a close packed (1120) direction, as was established by Schiebold and Siebel [35] and

Schmid [36]. Dislocations gliding in the basal plane have the smallest possible perfect

Burgers vector b= 1/3(1120) and dissociate in the basal plane, giving rise to intrinsic
Shockley-type I, stacking faults [37]. Basal slip operates readily at room temperature,
being characterized by a very low critical resolved shear stress (CRSS) of 0.5 - 1.5 MPa [36,

38-48] and provides two independent slip systems.

'
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For single basal slip, i.e. when a single slip system is activated, the resulting shear is
accompanied by a lattice rotation around a (1010) direction. When two different
crystallographic (1120) slip directions are equally favored (due to their geometric alignment
with respect to the applied stress), the crystal deforms by coplanar double basal slip. In this
case the lattice orientation change depends on the slip activity in each system. In any case,
under compressive loading, the orientation change due to basal slip is such that the c-axis
is rotated towards the compression direction rendering basal slip geometrically less
favorable. This rotation of the c-axis towards the compression direction is the origin of the
‘hard’ basal texture in rolled polycrystalline magnesium sheets that is associated with a

poor ductility.

Besides basal slip, prismatic slip, i.e. the glide of (a) type dislocations on {1010} planes
along (1120) directions, is also possible in pure magnesium, albeit observed only at
elevated temperature (above 180 °C) to contribute to deformation on a larger scale without

being accompanied by twinning [49].

When prismatic slip is activated, the resulting lattice spin (as long as the stable
orientation is not reached) yields an orientation change such that the crystal is rotated
around the c-axis, i.e. prismatic slip has no effect on the alignment of the c-axis with respect
to the load axis and is not able to prevent the formation of a ‘hard’ basal texture

component.

All above listed systems have their Burgers vector in (a) direction. Basal and prismatic
slip together provide only 4 independent slip systems. The slip of (a) type dislocations, i.e.
along a (1120) direction, has also been reported to occur at elevated temperatures (above
225 °C) on the first-type first-order {1011} and first-type second-order {1012} pyramidal
planes [36, 50-52], providing four independent slip systems. However, these four slip
systems are equivalent to the combination of basal and prismatic slip, still lacking a fifth
system to enable an arbitrary shape change, i.e., their combination does not fulfill the
criterion of five independent slip systems necessary for homogeneous plastic deformation

according to Von Mises [53] and Taylor [54].

-
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(a) Slip Systems
3 . I Pyramidal Slip Pyramidal Slip
Basal Slip Prismatic Slip 1+ type - 1%t order 1% type — 2 order
(0002) (1120) {1010}(1120) {1011} (1120) {1012} (1120)

Fig. 2.2. <a> Slip systems of Magnesium.

2.1.2. SuLIP aoF (c+4a) TYPE DISLOCATIONS

The slip in {c + a) direction on 2" order pyramidal plane fulfills the von Mises criterion, but the
CRSS for its activation at room temperature is much higher than for (a) slip [55]. It can be explained

by relative large b~ in comparison to the lattice parameters.

In order to accommodate deformation along the c-axis by crystallographic slip, the glide of
dislocations with a non-basal (c+a) type Burgers vector is required. The operation of a deformation
mode such as pyramidal (c+a) slip, that alone provides five independent slip systems, further reduces
incompatibility stresses as well as the plastic anisotropy and propensity to fracture. To this end,
pyramidal (c+a) slip can be understood to considerably improve ductility. Thus, it is widely recognized
that the ductility of magnesium polycrystals at elevated temperature, i.e. the brittle-to-ductile
transition at about 200 °C [36, 56] depends strongly on the activation of pyramidal (c+a) slip in order
to accommodate the c-axis contraction, especially taking into account the prevalence of sharp basal

textures in magnesium sheets.

The slip of dislocations with the Burgers vector b = 1/3(1123) on {1122} planes was
established to operate in Mg single crystals deformed by c-axis compression in a wide temperature
range (RT-500 °C) [57], despite the very large Burgers vector. Pyramidal (c+a) slip was also
investigated by Stohr and Poirier [58], who reported an anomalous temperature dependence of the

CRSS and proposed a thermally activated blocking of 1/3 (1123) edge dislocations.

'
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In contrast to the original study by Obara et al. [57] where (c+a) slip on second-order {1122}
pyramidal planes (pyramidal-Il) was identified, a recent investigation by Kelvin et al. [59] showed that
first-order (pyramidal-l) slip, i.e. {1011}(1123), is presumably the more dominant slip system in c-

axis compression at room temperature with a CRSS of 54 MPa.

(c + a) Slip Systems

Pyramidal Slip Pyramidal Slip
1st type - 1% order 1t type — 2" order

{1011}(1123) {1122}(1123)

Fig. 2.3. <a+c> slip systems of magnesium

2.1.3. TWINNING.

A deformation twin is a region of a crystalline body that was subjected to a homogeneous deformation
(shape change) such that the resulting crystal structure remains the same but the crystal orientation
differs from the parent structure, by a mirror reflection in defined plane or by the rotation around defined
axis [60], i.e. the original lattice, called parent, and the twinned lattice have same structure but different
orientation. The twinned volume is separated from the surrounding matrix by interfaces that are referred

to as twin boundaries, i.e. grain boundaries satisfying a specific crystallographic relationship.

Each deformation twin mode can be described by four invariants. The invariant plane of the shear is
called the twinning plane and marked as K1 and the shear direction is 1. K1 is also the plane of mirror
symmetry. Second undistorted plane is called conjugate plane and marked as K». Shear plane S is
perpendicular to the planes K1 and K> and contains the direction 7. In Fig. 2.4 it is the plane of the paper.
After deformation the plane K is rotated to the plane K} which forms the same angle 8 with the plane
K. During the homogeneous shearing action atoms are translated parallel to the twinning plane in the

twinning direction (1), which implies highly coordinated atom displacements.

-
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Fig. 2.4. Schematic representation of twining phenomena.

The shear magnitude can be calculated as g=2cot6. The twinning shear g as a function of c/a
(y) is depicted in Fig. 2.5. The polar character of twinning causes that application of the shear
stress in the opposite direction -171 does not produce twins. Hence, twinning modes can be
divided into two groups: twin modes causing the contraction along the parent c-axis are called
compression twins; twin modes causing the elongation along the parent c-axis are called

extension twins. The character of the twins can be seen from Fig. 2.5, where tensile twins have

negative slope and compression twins have positive slope [61].

08
Be TiMg Zn Cd
@ g o -~
08 0 3
: — {1072}(1011)
— {1071}(1073)
— {1122}(1124)

{1121}1/3(1126)

Twinning Shear g

14 15 18 17 18 18 20

Fig. 2.5. The variation of the twinning shear with the c/a ratio, full circles show the active twinning system.
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The key difference between crystallographic slip and deformation twinning is that the
twinning (shear) direction is polar, as implied by Schmid and Wassermann [62], i.e. the

shear in twinning can occur to one side only [63] (and not in the opposite shear direction).

Process of twinning can be separated into 3 parts: twin nucleation, propagation and
thickening. Twin nucleation is driven by a local stress state and appears when the
projection of applied stress to the nl direction reaches its critical value [64]. During the
propagation the twin grows rapidly in the nl direction. Twin thickening is driven by long-
range stress states across grains through the motion of twin boundaries in the normal
direction to the twinning plane. The velocity of the thickening is by several orders lower

than it is for the propagation [65].

All studies agree that CRSS for twinning is between the CRSS for basal and prismatic
slip: It is estimated as 2-12MPa and the dependence on grain size is much stronger than
in the case of dislocation slip [66]. Common methods for twin observation are optical and
electron microscopy. The electron back-scatter diffraction (EBSD) is a powerful method

for the study of twinning, as it shows the particular orientation of grains and twins.

In magnesium, the major twinning system is {10i2}(1011) extension twinning,
associated with extension along the c-axis and reorientation of the lattice by 86.3° [67].
Other twinning systems like {1011}(1012) contraction twinning, that reorient the lattice
by 56.15°, and {1013}(3032) contraction twinning, that reorient the lattice by 64.0°, or
{1012} — {1011} double twinning has been also reported, however, they are minor

deformation mechanisms [68].

Deformation twins with the {1012} plane, established to operate in Be, Mg, Zn and Cd
by Mathewson and Phillips [69] are known to be profuse in magnesium [70]. By contrast,
{1011} contraction twins were first reported by Schiebold and Siebel [35] in magnesium
typically appear as narrow lamellae and are much harder to activate. Being less common
than the {1012} extension twins, {1011} contraction twins in polycrystalline magnesium
usually do not produce much texture change during deformation due to their low volume
fraction.

-
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Table 2.1. Crystallographic elements and misorientation (angle/axis pair) for commonly observed and predicted
deformation twin modes in Mg and Mg alloys.

Twinning Shear Conjugate  Conjugate  Amount of  Tilt angle il iy
plane (K,) direction(n,) plane(K;) direction (1) shear s 8,071
{10123 (1011} {1012} (1011) 0.1294 863 (1210)
{1011} (1012) {1013} (3032) 0.1373 56.15 (1210)
{1013} (3032) {1011} (1012) 0.1373 64.0 (1210)
{1121} (1126) (0001) {1120) 0.6159 3423 (1100)
{1124} (2223) {1122} {1123) 0.2612 78.14 (1100)

The {1013}(3032) twinning mode is a conjugate or reciprocal mode of {1011} twinning,
as reported by Reed-Hill [71] in the case of magnesium, i.e. K1 and K, as well as n1 and 11
are interchanged, whereas the amount of shear S remains identical. Though {1013} twins
are considered to be reciprocal twins to {1011}, the former are not extension twins in
magnesium, as is often assumed erroneously, but produce contraction along the c-axis, very
much like {1011} twins. The Though {1013} twins were observed experimentally by Reed-
Hill in uniaxial tension normal to the c-axis and by Yoshinaga et al. [72] in c-axis compression

of magnesium single crystals.

Twinning Systems

Extension Twin Contraction Twin -1 Contraction Twin -2

{1012}1011) {1011}1012) {1013}(3032)

Fig. 2.6. Twinning systems of magnesium.
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2.2. ScHMID s LAW.

The probability of the activation of particular slip system strongly depends on the mutual
orientation of the loading direction, slip plane and slip direction and CRSS 7. The orientation

dependence is characterized by the Schmid factor (SF) — m, which is defined by the cosine of
the angle(p) between loading axis F and normal to slip plane N and the cosine of the angle

(A) between loading axis F and the slip direction R (Fig. 3.7).

T=S£-m=a-m=a-cos/1-cos<p (2.1)
0
Fa . )
- N
A
] BYa
R ; #
Slip
direction

Slip plane

Fig. 2.7. Schematic illustration of plastic deformation in single crystal.

The {1012} extension twins typically obey the Schmid criterion, i.e. the twin variants with the
highest Schmid factor (SF) are activated first in a fashion similar to slip and therefore govern the

texture evolution [73-75].

By analysis of {10i1} contraction twinning in polycrystals, Jonas et al. [76] established a
relationship between the twin variant selection and the necessary strain accommodation in
neighboring grains. They found that high SF twin variants were less likely if their accommodation
required appreciable amounts of prismatic slip in the neighboring grain. The same principle was

used by Mu et al. [77] for the variant selection of primary, secondary and tertiary twins.

-
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2.3. SINGLE CRYSTALS

When the atomic arrangement of a crystalline solid is perfect, throughout the entire sample, i.e.,
all the cells have a long-range order and it is not interrupted by grain boundaries, it is said that we

have a single crystal.

The single crystals exist in nature but can also be generated artificially. The growth of these, in
general, is difficult since the process must be controlled rigorously. In laboratories, growth techniques

are used to avoid nucleation and favor the slow growth of appropriately sized crystals.

2.3.2.SINGLE CRYSTAL GROWTH: BRIDGMAN TECHNIQUE.

In 1924 Percy Williams Bridgman achieved to grow single crystals of various materials in a
cylindrical capsule, which was provided with a capillary tube at the bottom, the growth
started at the tip of the capillary tube and propagated upwards along the tube as the capsule
was slowly subtracted from the bottom of a vertical tube furnace of single temperature zone,
this was due to the super cooling that was generated at the tip of the capillary when it was

outside the furnace [78].

In 1935 Donald C. Stockbarger used a so-called "vertical riser furnace" that had two
graphite heaters separated by a Mo deflector through which a coated crucible containing the
melt could pass from the upper temperature region to a section of lower temperature by a
motorized device. The use of a two-zone furnace led to better control of the thermal gradient

in the growth interface [79].

The difference between the Bridgman technique and its variant by Stockbarger is simple,
although both methods use a temperature gradient and a mobile crucible, the Bridgman
technique uses a relatively uncontrolled gradient produced by the exit of the capsule towards
the outside of the furnace; on the other hand, the Stockbarger variant uses a baffle that
separates two coupled ovens with temperatures above and below the melting point. The
Stockbarger modification of the Bridgman technique allows better control over the

temperature gradient in the metal/glass bath interface.

'
Page 14| 94



HoT ROLLED MAGNESIUM SINGLE CRYSTALS
_________________________________________________________________________________________________________|

There are many variants of the Bridgman technic, which depend on the physical-chemical and
thermo-mechanical properties of the crystal materials to be obtained; but in general the system
consists of a crucible in which polycrystalline material of the material of interest is introduced and is
slowly passed through the interior of an furnace with two temperature zones, one of which is higher
than the melting temperature and the other is slightly less than the same. The material passes to its
liquid state when it is in the first zone, and then solidifies very slowly when descending to the zone
of lower temperature, at the end of the crucible there is a monocrystalline seed, responsible for the
nucleation process and consequent directional solidification, resulting in the formation of a
monocrystal with the same crystallographic orientation as the seed along the crucible. The process

can be carried out both horizontal and vertical configuration [80].

Lowering Mechanism
I |
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Fig. 2.8. Schematic representation of a vertical Bridgman furnace.
2.4. PROCESSING TECHNIQUES

Magnesium can be manufactured by all the conventional techniques including casting, forging,
extruding and rolling. The choice of a method depends upon factors such as the configuration of the
design, the application, the properties required, the total number of parts and the castability or
formability of the alloy. In recent years, alternative techniques have been commercialized to improve the

overall effectiveness of net shape forming.
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2.4.2. ROLLING

Magnesium and its alloys can be processed by conventional thermomechanical treatments, which,
by heating, deformation and controlled cooling, performed cyclically modify the microstructure, which
influences on its mechanical properties. The most common processes for forming magnesium alloys are
extrusion, rolling and forging, however, the most used for obtaining large volumes of material is rolling.
Rolling is a process in which a metal is plastically deformed, passing it two rolls in order to reduce its gauge.
Due to its high productivity and strict dimensional control in the product, it is the most studied plastic

metal forming process.

As other plastic deformation processes, the rolling process can be identified according to the
temperature, hot or cold rolling. The difference between both lies in the generation or not of work
hardening during deformation. In the first, it does not occur, due to the processes of softening
(recrystallization), in the second, a hardening will be generated. In both cases the presence and level of
hardening obtained will depend strongly on a) level and strain rate applied, b) microstructural properties
of the material, and c) of the conditions under which the deformation process is carried out,
(temperature, lubrication, state of deformation/stress, etc). Due to its limited formability and low heat
capacity, magnesium rolling is carried out at high temperature. Further, re-heating has to be repeated
several times to keep the material within the 250-450 °C range and complete the process. Typically, the
magnesium develops a basal deformation texture during rolling, i.e. the c-axis alignment parallel to

normal direction (basal texture), which difficult its post-rolling deformation [81].

Ingot
Plastic Deformation

&
£3 Sheet

“a

Fig. 2.9. Hot rolling process.
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2.5. RECRYSTALLIZATION.

During plastic deformation of a crystalline solid at low homologous temperatures the free
energy is considerably raised as result of an increase in dislocation density. These defects are
retained after cold working, although not being thermodynamically stable. During
subsequent annealing, new dislocation-free grains are formed, these grow and consume the
surrounding deformed microstructure, reducing the free energy. This process that is
characterized by nucleation and growth of strain-free grains, i.e. the migration of high angle

grain boundaries, is referred to as static recrystallization (SRX).

When recrystallization is synchronous with plastic deformation, usually taking place at
elevated temperature, it is referred to as dynamic recrystallization (DRX). Dynamic
recrystallization is a softening mechanism, its occurrence lowers the flow stress and improves
the ductility/formability. Since DRX has a great impact on the deformation behavior and
texture evolution of polycrystalline magnesium during hot working, it is subject to extensive

research efforts [82-90].

Generally, dynamic recrystallization can be of a continuous or discontinuous type.
Discontinuous dynamic recrystallization (DDRX) is a classical nucleation and grain growth
process, whereas continuous dynamic recrystallization (CDRX) is characterized by extensive
recovery. CDRX proceeds by dynamic polygonization of rotated lattice regions near grain
boundaries, i.e. rearrangement of dislocations into energetically more favorable
substructures [82] (Fig. 2.10). With respect to the subgrain formation, it is important to point
out that non-planar movement of dislocations as well as dislocations with (a) type and (c+a)
type Burgers vectors are required for the formation of a three-dimensional dislocation
network. With increasing strain, the subgrain (low angle grain boundaries) further evolve into
high angle grain boundaries through an increase in misorientation. This increase in
misorientation may be i) due to the absorption of dislocations from the adjacent subgrains
or ji) a result of limited subgrain migration [91]. In the latter case, subgrain boundaries, which
migrate under mechanical stress or driven by the locally high stored energy, collect

dislocations and/or merge with other subgrain boundaries.
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Fig. 2.10. a) Accumulation of dislocations and lattice rotation at a grain boundary; b) rearrangement of dislocations

into low angle boundaries through dynamic recovery in the vicinity of the original grain boundary; c) formation of

high angle boundaries through dynamic recovery in the vicinity of the original grain boundary; c) formation of high
angle boundaries through a progressive increase in misorientation, i.e. new grains emerge.

In the particular case of Mg and Mg alloys, large experimental evidence suggests the occurrence
of CDRX [82, 85, 87, 92-99] although conventional DDRX has also been reported as well, for instance,
involving nucleation by grain boundary bulging [93, 100-102], i.e. strain induced grain boundary
migration. In terms of the microstructure evolution, CDRX in grain mantle regions as well as grain
boundary bulging produces a necklace-type microstructure, i.e. fine recrystallized grains along the
original boundaries. However, CDRX has also been reported to result in the formation of shear bands
by broadening and merging of recrystallized bands, with a higher strain rate in the shear zones

producing a finer, yet equiaxed grain structure [82].

The occurrence of CDRX in magnesium is primarily ascribed to the lack of five independent slip
systems needed for a homogeneous deformation of a polycrystal rather than an effect of the stacking
fault energy. The inability of a grain to comply with an arbitrary shape change results in high local
stresses and strain localization in the vicinity of grain boundaries, i.e. in the grain mantle region,
involving pyramidal (c+a) slip. In other words, plastic strain is accommodated in the mantle regions
while the interior of the grains remains largely undeformed [82] or exhibits single crystal behavior with
slip on the basal plane [100]. As a result, the grain boundary regions become increasingly misoriented

with respect to the matrix. With increasing temperature, these mantle regions become wider [82].

'
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Only at elevated temperature (above 300 °C), a homogeneous deformation of the whole
grain is possible as (c+a) slip becomes sufficiently available by thermal activation. In this
sense, CDRX is a result of the prevalent deformation heterogeneity due to a lack of easily
activated slip systems at intermediate temperatures and the constraints imposed by
neighboring grains. Hence, the prerequisite for the occurrence of CDRX is inhomogeneous
plasticity, activation of additional slip systems and dynamic recovery in the vicinity of grain
boundaries. Retardation of grain boundary migration, e.g. due to solute drag, may also favor

CDRX over conventional nucleation and grain growth [103].

Owing to the nature of CDRX, the deformation conditions determine the texture of the
recrystallized grains [111], rather than the preferred nucleation and/or selective grain
growth, which can lead to sharp recrystallization textures. This means that the orientations
of newly recrystallized grains are usually well traceable to the parent host grain. Al-Samman
et al. [104] reported CDRX in contraction twin bands during plane strain compression of
pure Mg single crystals at elevated temperature (370 °C). The newly formed grains shared
the same c-axis of their parent host twin but were rotated around the c-axis, forming a
basal fiber texture. In a similar fashion, Chapuis [104] also observed recrystallization in
double twins with newly recrystallized grains being rotated by 30° around the c-axis of the
initial twin. This was interpreted in terms of a higher mobility of 30° [0001] grain
boundaries. That said, Li et. al [105] studied the structure of boundaries with a 30° [0001]
misorientation by MD (molecular dynamics) simulations and concluded that such
boundaries have a high energy and form as a result of plastic spin, i.e. their formation is not

thermodynamically driven.

2.6. STATE OF THE ART.

In this section, a brief chronology of the research work in magnesium monocrystals will
be presented, focusing on those involving plain strain compression (PSC) due to the
similarity it presents with the rolling process, starting with those classic works that have

been the basis of further research until the works currently developed.

-
Page 19|94



CHAPTER 2. BACKGROUND
_________________________________________________________________________________________________________|

In 1966, Wonsiewicz [23] studied the plasticity transition in magnesium in plane-
strain compression of single crystals and polycrystalline material from room
temperature to 307° C and conclude that in magnesium crystals unfavorably oriented
for basal slip, extensive {1011}, {1012} and {1013} twinning occurred. Large strains
along the c-axis are only possible by operation of a double twinning mechanism - {1011}
twinning followed by {1012}— and basal shear within the doubly twinned volume, hence
enough independent shears for arbitrary shape change can be obtained through double
twinning. However, fracture is a possible result of localized unloading from the high
level of stress for initiating twinning to the much lower level for basal shear in a twin. It
has been argued that ductility is achieved by raising temperature because the stress
difference is lowered and the twin volume, in which elastic strain energy is dissipated
on unloading, is increased. There is no critical resolved shear stress for {1011} twinning.
That has been attributed to the influence of local stress concentration at the twin site

from prior intersecting shear.

In 1967, Kelly [24] performed deformation studies conducted at room temperature
on single crystals and textured polycrystals of magnesium. Single crystals oriented to
suppress shear on the easily activated basal slip systems were deformed by plane-strain
compression. Compression along the c-axis was accommodated by {1011} banding
consisting of {1011} twinning followed by {1012} retwinning and basal slip within the
double twinning band. Compression perpendicular to the unconstrained c-axis activated
{1012} twinning, and, after virtually complete twinning, deformation continued by
{1011} banding in the twinned material. Compression perpendicular to the constrained
c-axis was accommodated by the simultaneous operation of {10i2} twinning against the
constrain and {1011} banding. Although this orientation was favorable for {1010} (1210)
prism and {1011} (1210) pyramidal slip, these modes were not observed in pure
magnesium. Fracture in pure magnesium occurred parallel to {11?4} under compression

along the c-axis or (1011) by compression perpendicular to the c-axis.

'
Page 20|94



HoT ROLLED MAGNESIUM SINGLE CRYSTALS
_________________________________________________________________________________________________________|

Recently, in 2011, Chapuis [47] characterized the critical resolved shear stresses (CRSSs)
of slip and twinning in magnesium crystals, as a function of temperature, by channel-die
compression tests from room temperature to 450°C using the experimental stress—strain
curves and orientation maps from EBSD measurements, which gave unequivocal primary and
secondary twin determinations. It is shown that under these straining conditions basal slip
and {1012} tensile twinning are not very temperature-dependent. Prismatic and Pyramidal Il
slip are clearly identified and measured only above 300°C. Both compressive twinning
systems {1011} and {1013} are very temperature-dependent so that their CRSSs decrease by

a factor of three from 150 to 350°C.

In 2012, Al-Samman [87] studied the recrystallization mechanism on magnesium single
crystals subjected to plane strain compression along the c-axis at 200 and 370°C and a
constant strain rate of 10 3 s'1. The microstructure of the specimen strained at 200 °C was
characterized by a high density of extensive {1011} and {1013} compression twins, as well
as {1012} twins formed within the primary twins by secondary twinning events. Some
compression twins in the specimen tested at 200 °C were transformed into recrystallized
bands comprising new grains. During straining at 370 °C, mechanical twinning was markedly
less intensive than at 200°C, and all twins were practically converted into extensively
recrystallized macroscopic bands. The mechanism of dynamic recrystallization within the twin
bands was identified to be of a “continuous” nature (CDRX), based upon extensive dynamic
recovery generating new grains. These new recrystallized grains were found to retain the
same c-axis orientation as in their compression twin host. The orientation distribution of the
recrystallized grains correlated with the specific character of the boundaries separating these
grains from the adjoining matrix. These boundaries were characterized by the same
misorientation angle (56° * 5°) relating a {1011} compression twin to its parent grain. The
rotation axes of the new grain boundaries were scattered within a maximum spread of 30°
from the ideal twin rotation axis (1210). It is anticipated that the new boundaries resulting
from CDRX have a higher mobility than the initial twin boundary with a tilt character, which

explains the observed expansion of twin bands as a function of strain.
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In 2013, Li [106] tested magnesium single crystals under compressive loadings at a quasistatic
strain rate (0.001 s) and a dynamic strain rate (1000 s) at room temperature. Dynamic loading
led to much higher maximum strength and larger strain hardening rate than quasistatic loading for
the tested material. The microstructure features were clearly different from each other for the two
loading conditions, which indicated that the deformation mechanisms for the quasistatic testing
were different from those for the dynamic testing. The results showed that the dominating
deformation mechanism was dislocation motion on {1100} (1210) prismatic slip systems and
{1122} (1123) secondary pyramidal slip systems for dynamic loading. Both dislocation motion and
twinning were observed in the sample under quasistatic loading, and the sample became
polycrystalline through {1011}-{1012} double twinning and {1012} tension twinning; and no
twinning was observed for the sample subjected to dynamic loading, a possible reason was the

faster increase of the critical resolved shear stress for twinning than that for dislocation slip.

In 2014, Chapuis [104] analyzed single crystals of magnesium compressed along {(10110) and
with the (0001) (c) axis constrained deformed at 150 and 250°C. A combination of tensile twinning
{1012}, compression twinning {1011} and double twinning {1011}-{1012} was observed by EBSD
analysis. At 250°C recrystallization took place in double twins and the orientation of the new grains

have the same (c) axis as the double twin but with an (a) axis misoriented at 30°.

Since 2013, Molodov [25-31] has performed detailed and systematic studies on singles crystal
under PSC. Compression along the c-axis, i.e. crystals of ‘hard’ orientations, revealed limited room-
temperature ductility. However, pyramidal (c+a) slip was very well active, even at room
temperature, while {1011} contraction twinning was not revealed. Fracture in c-axis contraction
always occurred along recrystallized {1124} bands that were found to be a result of highly localized
shear. At elevated temperature, c-axis compression is aided by contraction twinning, dynamic
recrystallization and a reduced tendency for shear localization. In the case of c-axis extension, a
high room temperature ductility could be achieved by preventing the formation of a basal texture
component due to multiple extension/contraction twinning and the occurrence of dynamic

recrystallization inside contraction twin bands as a result of shear localization.
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In the case of c-axis extension, a high room temperature ductility could be achieved by
preventing the formation of a basal texture component due to multiple extension/contraction
twinning and the occurrence of dynamic recrystallization inside contraction twin bands as a result
of shear localization. Dynamic recrystallization was not found to operate in {1012} extension
twins, owing to a lack of shear localization in this twin type and the ease of growth of {1012}
extension twins. At room temperature, prismatic slip was not revealed to operate in single
crystals that were most favorably aligned for prismatic slip, which is at odds with the apparent
activation of prismatic slip in {1011} twin bands under conditions of extensively localized shear.
Instead, {1012} extension and {1011} contraction twinning was activated in a cooperative
fashion to substitute prismatic slip and enable plane strain compression of the single crystals.
Deformation localized within {1011} contraction bands (including {1011}-{1012} double twins),
as in the case of c-axis extension, and led to continuous dynamic recrystallization, i.e. softening
and continued deformation within the bands. {1011} contraction twin bands were also revealed
to be crack initiation sites with fracture occurring along such bands when the capacity to
accommodate the localized shear was exhausted. To this end, the propensity for fracture was
highly sensitive to the strain rate imposed; at high strain rates fracture occurred immediately
along {1011} contraction twin bands, while at low strain rates dynamic recrystallization aided to
prevent fracture. While the dominant {1012} extension twin variants were generally found to
correspond to high Schmid factor variants, particularly when such twins constituted a primary
mode of deformation, the anomalous extension twins, which formed in the case of ‘soft’
orientations aligned for basal slip, were characterized by negative Schmid factors and produced
strain opposite to the imposed deformation. The twinning shear brought about a lattice spin
opposite to the lattice rotation introduced by basal slip. Hence, such anomalous twins were
activated as a result of deformation heterogeneity with respect to the orientation change
induced by basal slip. An increase in temperature reduced the tendency for anomalous extension
twinning but resulted in the formation of small angle grain boundaries with a misorientations
axis parallel to the spin axis for basal slip, i.e. polygonization occurred as a result of slip

heterogeneity.
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Experimental

7 he experimental procedure of this work is presented in Fig. 3.1 as a block diagram and

—]

|

experimental work was carried out at the Institut fiir Metallkunde und Metallphysik (IMM)

each step is described in detail below. It is worth mentioning that most of the

facilities of the RWTH Aachen University and the complementary work was done at

Departamento de Ingenieria en Metalurgia y Materiales (DIMM) of the Instituto Politécnico

' Single Crystal Growth \

' Crystal Orientation

' Hot Rolling |I» ' Heat Treatment

l ' Characterization \ J

Fig. 3.1. Experimental Procedure Diagram.

Nacional.
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3.1. SINGLE CRYSTAL GROWTH

For the growth of single crystals of commercially pure magnesium (min. 99.95%, the
chemical composition is given in Appendix A), cylindrical single crystal seeds (@ 5 mm x 25
mm) with the c-axis aligned parallel to its symmetry axis were cut from a randomly
oriented magnesium single crystal by electrical discharge machining (EDM) on a Fanuc

Robocut a-0iA machine in order to avoid any plastic deformation in the material.

FEREERRRRRRRRRERRRR AT EEs ey

Fig. 3.2. Fanuc Robocut a-0iA EDM machine.

The polycrystalline blanks (Fig. 3.3b) and seeds (Fig. 3.3c) were etched with a 15% HNOs,
the blank was boiled in distilled water for several minutes in order to form a stable oxide
layer on the surface. The oxide layer acted as a barrier between the mold and the molten Mg
inside, preventing diffusion and adherence. In order to guarantee physical contact between
the seed and the blank, the oxide layer was removed from the front face of the seed and
blank by careful grinding with 4000 silicon carbide paper until expose the metallic surface,
i.e., until observe with the naked eye a change in the surface from opaque gray-white to a

metallic shine.

After the preparation the polycrystalline blank and the crystal seed were placed inside a
cylindrical steel crucible (Fig. 3.3.a) and fixed with graphite paper. It Is important to mention
that steel used for the crucible did not contain any Ni to prevent contamination. The inside
of the crucible was covered with a graphite-based die coating (Acheson Hydrokollag IP 5).

Page 26|94



HoT ROLLED MAGNESIUM SINGLE CRYSTALS

Fig. 3.3. a) Steel Crucible, b) Polycrystalline Blank, c) Crystal seed

Finally, the oriented single crystals were growth by directional solidification using the Bridgman-
method in a vertical configuration (Fig. 3.4). Argon atmosphere was used to avoid oxidation of the
magnesium melt. After a holding time of 3 h in order to completely melt the polycrystalline blank and
the upper part of the single crystal seed (that was in contact with the blank), the crucible was lowered
slowly at a velocity of 0.53 cm/h, translating the Mg melt along the temperature gradient from the hot
zone to the cold zone in the furnace. Including the initial holding and final cooling time the procedure
took about 20 h. After cooling was complete, the crystal was carefully taken out of the crucible and

etched in a 15% solution of nitric acid to clean the surface.

Fig. 3.4. Bridgman vertical furnace for single crystal growth.
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The front end (seed) and the rear end of the crystal were cut off by electrical discharge
machining, polished and etched with a 5% acid nitric solution to verify that no grain boundaries
were present. The resulting crystals had a conical shape with a base diameter of 34 mm, a length

of 56 mm and an opening angle of 4° (Fig. 3.5c).

Fig. 3.5. a) Entire single crystal after cleaning, b) Upper end, c) Conical single crystal, d) Lower end (seed).

3.2. CRYSTAL ORIENTATION

After the growth process each single crystal was etched with a 15% HNOs solution and the back end
of the crystal was stuck to a brass disk using glue with copper wire immersed in it to ensure conductivity
during EDM, then the crystal was fixed in a 3-axis brass goniometer (Fig. 3.6) and aligned according to

the desired final orientation of the specimens by means of the Laue X-ray back diffraction method [107].

Fig. 3.6. Crystal mounted on the goniometer.

'
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The Laue-reflections were acquired using a Laue camera developed at IMM (Fig. 3.7)
equipped with a Seifert Analytical x-ray source, Photonic Science Laue Detector and the PSL
Viewer software using 45 kV and 30 mA. The positions of Laue-reflections were analyzed and
indexed with the OrientExpress software which allows to know the necessary rotations to obtain
the desired orientation of the crystal. The crystallographic axes of the grown single crystals were
oriented with respect to the specimen coordinate system. The Laue-patterns are presented in
Appendix B. After alignment, monocrystalline rolling blocks with dimensions of 40 mm x 20 mm

x 6 mm were fabricated from the oriented single crystals by EDM.

Fig. 3.7. Laue camera used for crystal orientation by X-ray back diffraction

The crystal orientation with respect to the rolling system coordinate of the samples is
illustrated in Fig. 3.8. The c-axis of the crystal were aligned parallel to the rolling direction,
both [1010] as well as [1120] crystal directions were aligned parallel to the normal direction
giving rise to two different orientations. In “orientation 1” (O-1) the normal direction was
aligned to [1010] crystal direction and the transversal direction corresponds to [1120]. In the
case of the “orientation 2” (0O-2) the normal direction was aligned to [1120] crystal direction
and the transversal direction to [1010]. The misalignment between the crystallographic
directions and the specimen axes, rolling (RD), normal (ND) and transversal directions (TD),

was less than 0.5°.
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Fig. 3.8. Crystal orientation scheme of rolling blocks.

3.3. HOT ROLLING

For the rolling experiment the specimens of both orientations were heated at 400°C (nominal
furnace temperature) for 30 min. inside a Thermoconcept furnace (Fig. 3.9a), then each sample

was rolled at a speed of 200 mm/s to 80% thickness reduction in a Carl Wezel rolling mill (Fig.

3.9b) by 16 rolling passes at different true strains ranging from 0.05t0 0.2 (¢ = In C—l), tzand to

0

are final and initial thicknesses), a heating time of 10 min at 400 ° C was given between each
rolling pass. The rolling schedule can be consulted in Appendix C for more details. For minimizing

friction between magnesium blocks and rolls, oil was used as lubricant.

Sl
anGtan %

-

Fig. 3.9. a) Thermoconcept Furnace used for heating, b) Carl Wezel Rolling Mill.
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For a more complete analysis some samples were rolled to intermediate deformations of ~30
and ~50% (7 and 11 passes) in order to characterize the phenomena that take place in the
different stages of deformation. At the end of the tests the sheets were rapidly quenched in water

to freeze the microstructure and prevent post deformation static recrystallization.

3:.4. HEAT TREATMENT

Post rolling, some samples were cut from the sheets by electrical discharge machining in order
to analyze the deformation microstructure along the whole sheet as shown in Fig. 3.10. As
already mentioned, the sheets were quenched to retain the deformation microstructure and
analyze the variants of twins present. Therefore, it was necessary to submit a section of the 80 %
sheet to a thermal treatment to give rise to the recrystallization process and its subsequent
analysis. For this, one of the samples was subjected to annealing treatment at 400°C for 30 min

followed by a cooling inside the furnace.

Yool

Fig. 3.10. Scheme of the samples cut from the sheet (mm).

3.5. CHARACTERIZATION

3.5.1. SAMPLE PREPARATION
The sample preparation consisted of soft grinding with 2000 and 4000 SiC-paper using ethanol
as lubricant, followed by 3 and 1 um diamond polishing at a very low rotation speed using ethanol

as coolant until scratches could not be recognized visually.

-
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Post diamond polishing, electropolishing in a solution of 125 ml ethanol and 75 ml
H3PO4 was performed at 2.0 V completely submerging the specimens in the electrolyte for
40 min (Fig. 3.11). After removing the specimens from the electrolyte they were
immediately rinsed under water jet and subsequently washed with ethanol to get a mirror
surface. Electropolishing was performed for all the characterization techniques used,

optical microscopy, X-ray and electron backscatter diffraction.

Fig. 3.11. Electrolytic cell and electrolyte used for electropolishing.

In the case of microstructural characterization by optical microscopy, after
electropolishing a chemical color-etching with a freshly solution of 10 ml H,0, 10 ml CH3-
COOH and 70 ml picral 4% was necessary. Specimens were immersed into the solution
until samples turned brown while maintaining a slow circling agitation and subsequently

rinsed with ethanol.

For EBSD, the electropolishing was followed by a chemical polishing with a solution
comprising 12 ml HCl, 8 ml HNOsz and 100 ml methanol for 5 s by a process similar to
chemical etching in order to remove the oxide layer that could have formed in the
electropolishing due to water, finally the samples were immediately taken to vacuum to

avoid a subsequent oxidation.
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3.5.2. OPTICAL MIcROscOPY (OM)
Microstructural characterization was performed on a Zeiss Axioscop Il Mat optical
microscope (Fig. 3.12). Metallographies of the lamination plane (RD-TD) were acquired at

different magnifications (50-500X).

Fig. 3.12. Zeiss Axioscop Il Mat optical microscope

3.5.3. X-RAY DIFFRACTION (XRD)

The X-ray pole figure (PF) measurements were conducted using a Bruker D8 Advance
diffractometer (Fig. 3.13), equipped with a HI-STAR multi-wire X-ray area detector with a circular
beryllium window. Filtered iron (Fe-Ka with a characteristic wavelength Aa=1.937 A) radiation
and polycapillary focusing optics were used to concentrate the flux from the long fine focus X-
ray tube, operating at 30 kV and 25 mA. Measurements were performed with a 0.5 mm pinhole
collimator, resulting in a circular spot with a diameter of about 0.8 mm when the specimen
surface was normal to the incident beam. The sample stage was oscillated to cover a larger
measurement area/volume for improved statistics. The calculated penetration depth of the
incident beam was in the range of 5-55 um, depending on the diffraction angle and tilt of the
sample. A set of six incomplete pole figures of the {1010}, (0002), {1011}, {1012}, {1120}, and
{1013} families of lattice planes were measured and used to determine the orientation density
function (ODF) using MTEX toolbox [108]. Measurement times were about 1 h per sample for an

exposure time of 10 s per frame.
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Fig. 3.13. Bruker D8 Advance diffractometer used for global texture measurements.

3.5.4. ELECTRON BACKSCATTER DIFFRACTION (EBSD)

Electron backscatter diffraction (EBSD) measurements were conducted on a JEOL JSM-6701F
scanning electron microscope (Fig. 3.14) equipped with a field emission gun with a LaB6 filament
and an HKL-Nordlys Il EBSD detector to characterize the microstructure and microtexture. The
samples were mounted on brass holders to ensure a perfect alignment and tilted to 70° (from
the horizontal) towards the EBSD detector to increase the backscattering yield. An acceleration

voltage of 30 kV was used for all measurements.

Fig. 3.14. JEOL JSM-6701F scanning electron microscope equipped with HKL-Nordlys Il EBSD detector.

'
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T he investigated pure Mg single crystals rolled at 400°C with two different initial
I orientations showed a very similar behavior. The sheets are shown in the Fig. 4.1,
all of them present a smooth surface without visible cracks at all strains for both cases.
The table 4.1 presents the final dimensions of each sheet, it is important to note that
both orientations shared a geometry with the c-axis parallel to the rolling direction but
orientation 1 (O-1) has a 30° rotation around the c-axes with respect to the orientation
(0-2), despite this there is not significant changes in the final dimensions which could
indicate changes in the deformation behavior caused by the crystallographic orientation

difference, displaying the characteristic anisotropy of magnesium and its hcp structure.

Table 4.1. Dimensions of the obtained sheets for both orientations.

Orientation 1 Orientation 2

(mm)

50% 30% 50%

Thickness

Long

Wide
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Fig. 4.1. Pictures of magnesium hot rolled sheets of orientation 1 and orientation 2 at € = 30,50 and 80%. a) RD-
TD plane, b) RD-ND plane.
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4.5. MICROSTRUCTURE EVOLUTION DURING ROLLING PROCESS.

The microstructure of the rolled samples was examined by optical microscopy and the results are
presented in Fig.4.2. It shows the microstructure gradually changed with the deformation during rolling.
Different microstructural features can be clearly observed at different strains for both orientations. But
overall, the single crystal has been totally turned into a polycrystal of relatively equiaxial grains with a
particular characteristic, they present straight grain boundaries, so it seems more accurate to describe
them as polygonal grains. In addition, twinning seems to be active and leads the subsequent
development of recrystallized twin bands consisting of fine dynamic recrystallized (DRXed) grains along
twin bands, indicating their importance as nucleation sites, both rolled orientations exhibited a dense
network of twin bands distributed homogeneously throughout the whole RD—ND plane and formed
symmetric pairs inclined ~60° between them. It is important to note that these twins are within a matrix

totally different from the initial matrix (single crystal) as shown by the orientation maps in section 4.3.

At ¢ = 30% many lenticular twins were observed in all grains, in O-1 as well as in O-2. In the case of
0-1, the darker grains seem to have been consumed almost completely by twinning, another important
feature to mention is the presence of some recrystallized twins within the lighter grains suggesting the
onset of DRX process. As for the O-2, in some grains the twins have a lamellar structure and seem to be

coarser compared to O-1, also the phenomenon of recrystallization within the twins is more evident.

With further deformation (at € = 50%) the microstructure of O-1 was finer due to the formation of
new twins, most of these twins show very fine recrystallized grains inside, however, some recrystallization
free twins were observed. Regarding the O-2, fewer twins were observed but, in this case, they were even
thicker than those observed at 30% and coalesced in some grains. As in the O-1, recrystallized grains were

also observed inside the twins and some twins without recrystallization were still identified.

Finally, at € = 80%, the O-1 exhibited a partially recrystallized and heterogeneous microstructure
perfectly described by three zones, one of them to the left, the second at the center and the last to the
right of the micrograph. In the first, recrystallized grains almost consumed all the matrix (there was a grain
growth considering the size of recrystallized grains observed in previous strains). In the second, some
recrystallized coarse twins as well as recrystallization-free twins were found. Finally, the third zone can be
described as the transition between the first two zones, some twin-like morphologies, recrystallized twin
bands and perfect twins were observed, suggesting that the grains initially recrystallized within the twins,
grow and consume the surrounding matrix.
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30%

50%

80%

™

RD
Fig. 4.2. Optical micrographs of the RD-TD plane after rolling at different strains.

As for O-2, the microstructure is very similar to O-1 at 50%, the formation of new twins and the
presence of recrystallized twin bands were observed, the latter seem to have become thicker consuming

the surrounding matrix.

It can be observed that recrystallized fraction within the twins increased markedly and consume the
matrix as the rolling progresses. These observations indicate that twinning and subsequent DRX process

play dominant roles in the microstructural evolution during rolling.
|
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4.6. TEXTURE EVOLUTION DURING HOT ROLLING.

Texture measurements were carried out on all the samples along the sheets (Fig. 3.10)
and the average texture was reported by means of inverse pole figures in Fig. 4.3, the

texture measurements for each particular specimen are presented in Appendix D.

Fig. 4.3. shows the texture evolution during hot rolling for both orientations by means
inverse pole figures (IPF), there are not significant differences between them, in general
a strong basal texture was observed for both orientations at any strain. This suggests that
the typical basal texture of rolled magnesium had already formed at the first rolling passes
which can be attributed to the rotation of the structure caused by extension twinning
where the basal planes are aligned parallel to the RD topic that will be addressed in

chapter 5.

For O-1 at the early stage of € = 30%, the ND inverse pole figure exhibits a strong basal
texture with an intensity value of 15.8 and the corresponding RD and TD inverse pole figures
reveal a very weak basal component parallel to RD and TD respectively, but the principal
texture component in this IPFs tended to distribute homogeneously along the arc between
(1010)//RD and (1120)//RD. On the other hand the O-2 presents a stronger basal texture
with a maximum of 22.3 and shows a weak (1010) component parallel to RD, therefore the

(1120) component is parallel to TD.

With increasing strain at € = 50%, in the O-1 texture, the basal component intensity
became strengthened and reached a peak value of 18.5 according to the ND inverse pole
figure, only the TD still retained the very weak basal component. By contrast the ND
inverse pole figure of the 0-2 shows a basal intensity decrease to 20.8 and the
components in RD and TD inverse pole figures seems to tend to distribute along

(1010) and (1120).

At the final strain, € = 80%, the basal component intensity in the ND was weakened to
16.0, the RD presents a very weak basal component and no specific (1010) and (1120) fibers
parallel to RD and TD were found in the O-1. Regarding to O-2, increasing the strain resulted
in slight intensification to 22.5 of the basal texture component parallel to ND, the

(1010) and (1120) components were also distributed homogeneously along RD and TD.
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According to the microstructure evolution, it is certain that the texture development is strongly
associated with the actives twin types and subsequent DRX process during rolling, but the
deformation response showed no significant alteration of texture features for both orientations, if
the initial (30%) and final (80%) values are compared, texture intensity and components remained

virtually unaffected with a typical predominant basal texture parallel to ND.

4.7. TWINNING ACTIVITY AND DRX DURING ROLLING.

In the following section, the microstructure evolution was characterized by EBSD in order to
reveal the twin types and DRX mechanisms present during magnesium single crystals rolling. The
orientation maps are presented in terms of inverse por figure coloring with respect to the ND.
High angle grain boundaries (HAGBs, >15°) were highlighted in black and gray for low angle grain
boundaries (LAGBs, 2-15°). Black areas appearing in Fig. 4.4-9 show remaining zero solutions
(non-indexed EBSD patterns) that, in this case, were assigned to highly deformed regions. Noise
reduction was carefully applied to improve the original indexing using a minimum of five indexed
neighbors. The IPFs from local texture are also presented to correlate the local texture features
with those of the x-ray diffraction macrotexture. The types of twins in Table 2.1 and double twins
were determined on the basis of their particular misorientation angles and rotation axes [118].

The deviation of angle and axis to identify the twin boundaries was within 5° of the ideal values.

Nowadays, there is a controversy between the researchers on the parameters that affect the
twinning activity, some report that the activity of magnesium is negligible at high temperatures [13,
14, 120], others report that the twinning will be found active at high deformation rates independently
of temperature [23, 121], while some others associate this activity with large grain sizes [121- 1223].
In the current work the twinning was an important mechanism to accommodate the deformation at
high temperature of rolling (450°C), at relative high strain rates (2-8 s*) and very large grain size

(single crystal), this twinning behavior will also be analyzed below.

Fig. 4.4 shows the EBSD results of the interrupted rolling of an O-1 sample at ¢ = 30% . The
original indexing for the mapping was 82% and was improved to 95%. In the map, some twins were
observed within the new matrix but any grain with the original orientation was observed, within all
the grains many LAGBs were appreciated and tend to pile up in triple junctions. The inverse pole

figures show a strong basal texture on the ND with a maximum of 8.46.
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Fig. 4.4. EBSD results obtained from an O-1’s specimen at strain of 30% a) EBSD map in inverse pole figure (IPF)
coloring relative to ND, b) corresponding IPF's. c) corresponding scattered data ND IPF. d) boundary misorientation
map, e) corresponding misorientation angle distribution

Most of the grains with the basal planes perpendicular to ND which being subject to compression
on the c-axis, developed compression twins inside, also a oriented grain close to the (1011)
component was observed, they were subjected to compression almost perpendicular to the c axis,
consequently tensile twins were observed inside. However, extension twins inside grains with an
orientation close to the (2114) (which could be considered favorable for the slip) were observed.

Most of the twins are recrystallization-free but some recrystallized twins were also found.

'
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At this strain and 2.5 s*%, the microstructure was characterized by basal planes ~30° deviated from the sheet
plane (red-orange grains). According to the boundary misorientation map, {1 012} extension twins (ETs) and

{1011} contraction twins (CTs) were active during the deformation process.

The starting orientation was aligned for {1012} tensile twinning (Schmid factor of 0.37,
compression perpendicular to c-axis), blue areas ({1120}) from this orientation can still be
observed but in a very marginal proportion, these areas correspond to {10i2} extension twins.
This means that the singlecrystal was almost completely rotated by extension twins (ETs) and the
red grains now constitute a new matrix wherein contraction twins were favorable owing to c-axis

at 30° from ND (Schmid factor of 0.44, compression along c-axis).

The misorientation angle distribution (Fig. 4.4e) shows frequency peaks for low angle (<15°) boundaries, as
well as high angle boundaries (HAGBs) with distinct peaks close to 30° and 40° attributed to the recrystallized

matrix and 85° peak to extension twins. The green and pink grains will be discussed with detail in section 5.1.

The corresponding orientation map and IPF’s of O-2 at € = 30% is presented in Fig. 4.5. The
original indexing for the mapping was 78% and was improved to 94%. The inverse pole figure map
shows a profuse twinning activity, compared to O-1 the fraction of recrystallized twins is higher. Also,
the new matrix has a basal orientation, consequently compression twins were formed inside but any

grain with the original orientation was observed.

The IPFs show a strong basal texture on the ND with a maximum of 42.37. Besides, few oriented
grains close to the (1012) were found, one of them (the biggest) presents tensile twins inside, another
grain that presents tensile twins is close to {(2114) component. Many low angle grain boundaries
(LAGBs) were observed within all the grains, even those twins inside, but in this case, they grouped in

the center of the grains instead of triple junctions.

The boundary misorientation map (Fig. 4.5d) shows that most of the twins were identified to be
{1011} twins, less {1012} twins were also found. In compared to O-1, more contraction twins (CTs)
were observed, it can be explained because the basal planes in this orientation were aligned almost
parallel to the plane of the sheet (higher SF=0.41 for CTs) due to the rotation by the extension twinning.
As the 0-1, the O-2 was aligned for extension twinning (SF=0.49, compression perpendicular to c-axis)
but the active variants were slightly different. The initial orientation must be colored in green according
to the Standard IPF, but no grains with this characteristic can be appreciated.
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Fig. 4.5. EBSD results obtained from an O-2’s specimen at strain of 30% a) EBSD map in inverse pole figure (IPF)
coloring relative to ND, b) corresponding IPF's. c) corresponding scattered data ND IPF, d) boundary misorientation
map, e) corresponding misorientation angle distribution.

The misorientation angle distribution (Fig. 4.5e) displays frequency peaks for low angle grain boundaries

(LAGBs- <15°), as well for high angle grain boundaries (HAGBs) close to 20°, 40° and 62° for recrystallized

grains, the 55° peak is attributed to contraction twins (CTs) and 88° for extension twins (ETs).
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It is important to note the presence of recrystallized twins since this strain, which gave rise to more and
well-defined peaks, by contrast, in the O-1 the twins remained un-recrystallized at this strain. The special

case for the extension twinning in the pink grain will be addressed in the next chapter.

At ¢ = 50% (Fig. 4.6), the O-1 shows thicker twins (some of them were recrystallized) and more low
angle grain boundaries (LAGBs) within the grains than those observed at 30%. In spite of the low index
ratio in these zones, fine grains can be observed inside the twins derived from a high concentration of
plastic deformation within the twins and its subsequent DRX process. A very small group of
{1012}(1011) twins was found, which largely consumed their parent grain oriented close to the (1011)
component. It can be observed in the corresponding ND IPF a maximum intensity of 12.14 belonging to

the basal component. The original indexing for the mapping was 58% and was improved to 82%.

At this stage with a strain rate of 4.0 s more and coarser contraction twins were observed, inside
them the DRX process was evident. Traces of a green grain consumed by extension twins was
observed but as mentioned above this kind of twinning will be addressed in the next section. The
misorientation angle distribution (Fig. 5.2d) shows a decrease in the frequency of low angle grain
boundaries (LAGHs - <15°) and extension twins (ETs - 85°), compared to 30%, on the other hand the

frequency of contraction twins (CTs) and high angle grain boundaries (HAGBs) shows a slight increase.

In the orientation map of O-2 at ¢ = 50% (Fig. 4.7), some tensile twinned grains oriented close to
the (1010) component were observed, they can probably be small remnants of the original single
crystal. The other grains have a basal orientation and therefore many lenticular {1011}(1012) twins
were located inside. Unfortunately, the quality of indexing is very low in areas that presumably are
partially or completely recrystallized twin bands. The original indexing for the mapping was 68% and

was improved to 91%.

Another characteristic of the microstructure is the division of the grains by low angle grain
boundaries (LAGBs). Within the grains with a basal orientation, this phenomenon is more evident,
however, it can be observed in all the grains even within twins. It is also possible to observe a grain with
tensile and contractions twins inside, most of the grain has a basal orientation, which suggests that the
{1120} twins consumed almost completely the parent grain with orientation close to (1010) and then
this new basal matrix developed contraction twins. The ND IPF describes a strong basal texture with a

maximum of 13.22, while the (1010) direction tends to be parallel to the RD and (1120) to the TD.
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Fig. 4.6. EBSD results obtained from an O-1’s specimen at strain of 50% a) EBSD map in inverse pole figure (IPF)
coloring relative to ND, b) corresponding IPF's. c) corresponding scattered data ND IPF, d) boundary misorientation
map, e) corresponding misorientation angle distribution

At £ = 50% and 4.0 s, contraction twins (CTs) inside red grains (0002) were observed,
indications of recrystallized contraction twin bands (DRXed TBs) can observed close to the zero-
solution zones, indicating a high strain inside them. Traces of two green grains (initial orientation)

almost consumed by extension twins (ETs) was observed.
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The misorientation angle distribution (Fig. 4.7e) shows the same peaks 30%, but the frequency
decrease for all of them except by extension twins (ETs), but it is associated with the analyzed zone and

not with any recrystallization phenomenon.
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The Fig. 4.8 shows EBSD map for O-1 at € = 80% and corresponding IPF’s. The original
indexing for the mapping was 87% and was improved to 99%. The microstructure is not
homogenous, a typical bimodal microstructure consisting of fine and coarse grains was
observed. The coarse grains belong to the basal matrix observed in the previous strains. On
the other hand most of the fine grains were originated by the DRX process inside the twins,
some recrystallized grains with twin-like shape can still be observed. Virtually, all grains have
a basal orientation or very close to it, which is reflected in the ND IPF which has a maximum

intensity of 8.98 in the basal component.

However, some grains near to {(1011),(1013 ),(2111),(2112) and (2114) components can
also be observed, although in a much smaller proportion, so much so that these components
are not reflected in the IPF. As in the other stages the formation of low angle grain boundaries
(LAGBs) was very evident, especially in the coarse grains. A pair of tensile and contraction
twins could be found, one of them seems to still retain a small part of the original single

crystal ((2114) || ND).

At £ = 80% and 8.0 s}, the orientation maps do not show twinning activity (Fig, 4.8), in
spite of the same temperature of deformation, a similar texture and just a slight higher strain
rate compared to 30% and 50%, but a evident smaller grain size, demonstrating a greater

susceptibility of the twinning to the grain size than to other parameters.

Finally, the O-2 at strain of 80% (Fig, 4.9) presents recrystallized twin bands, leading to grains
with orientations slightly deviated from (1010),(1011),(1012),(2110) and (2114) components.
These bands could also be grains elongated by deformation, since they were observed parallel to
the RD, however due to their morphology (some bands are almost perpendicular to the RD) and
what was observed in previous strains (30 and 50%), were considered as recrystallized twins.
There is still a prominent matrix with a basal orientation, which has many LAGBs, but any original
twins could find inside. This means that all or almost all the twins grew and recrystallized. But in
this case these grains recrystallized in random orientations, if more deformation were applied,
perhaps this would cause the formation of twins within the basal matrix, its subsequent

recrystallization would give rise to a random texture.
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The corresponding IPFs show a strong basal component in the ND with a peak value of

20.20. The original indexing for the mapping was 87% and was improved to 99%.

At £ =80% and 8.0 s! the deformation was accommodated without twinning as it
happened in the O-1. In this case there was not a grain refinement, the recrystallized twin
bands (DRXed TBs) were coarser and show grains with a large spread orientation (away

from basal orientation) allowing the basal slip and subsequent localized strain.

Both orientations do not present twin morphologies, in spite of having been converted
into a new basal orientation matrix by the extension twins, instead it presents a polygonal
grains morphology, bringing out dislocation slip inside this new matrix was necessary for
subsequent DRX at the first rolling steps. The presence of more high angle grain boundaries
in O-1 than O-2 after the conversion by extension twinning, possibly acted as nucleation sites
for {1011} contraction twins followed by its recrystallization (see section 5.1.2). It is worth
to note that in all the misorientation angle distribution there is a pick close to 40°, which

correspond to the grains produced post tensile twinning reorientation.
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Based on the above observation, it can be inferred that {1012}(1011) twinning with various
variants was responsible for the consumption and reorientation of original single crystal, facilitating
the formation of [0002] component at the early stage of rolling, where a profuse {1011}(1012)
twinning took place, and its immediate recrystallization generated new grains with orientations close to the

basal (O-1) or relatively random (O-2).
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Fig. 4.9. EBSD results obtained from an O-2’s specimen at strain of 80% a) EBSD map in inverse pole figure (IPF)
coloring relative to ND, b) corresponding IPF’s. c¢) corresponding scattered data ND IPF.

4.8. MICROSTRUCTURE POST ANNEALING TREATMENT.

Post rolling at € = 80%, the specimens were subjected to annealing treatment at 400°C
for 30 min followed by very slow cooling inside the furnace. With respect to the annealing
microstructures, both orientations exhibit a bimodal microstructure, consisting of coarse
grains and fine grains (Fig. 4.10), i.e. some grains appeared to have grown at a higher rate
relative to their neighbors. Grain growth seemed to be slightly restricted in the O-1, whereas
in the O0-2 the growth advantage of selective grains over others became more evident,

reaching larger grain size.
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Additional larger metallographs, comprising of a reconstruction of microstructure by joining several
micrographs, were used to yield statistically enough data in the grain size measurements by interception
lineal method and presented in Appendix E. The number of detected grains were 262 and 322 grains and
the average grain sizes were ~130 um vs ~185 um for O-1 and O-2 respectively. It is worth mentioning
that the O-2, in addition to presenting a greater grain growth, also presents the most heterogeneous
microstructure with areas of much finer grains (~10um) and much thicker (~500 um) than those of the

O-1. This feature is more evident in the Fig. E.2 but it is also possible to appreciate it in Fig. 4.10.

Fig. 4.10. O-1 and O-2 microstructures after annealing at 400°C.

Figures 4.11 and 4.12 present the EBSD orientation maps and local texture data of O-1 and O-
2 annealed at 400°C. Both were measured at same magnifications for a better comparison of the
microstructure development and grain size. The original indexing for both mappings was
between 96% and 98%. Both maps show fully recrystallized microstructures that have already
undergone grain growth, the presence of very fine grains around the coarse grains can be
appreciated, which shows the preferential growth of certain grains that absorb the grains that
surround them. In the case of O-1, the low angle grain boundaries (LAGBs) to high angle grain
boundaries (HAGBs) transition of many fine grains can still be seen with clarity. On the other hand
in the O-2 most of the fine grains have been absorbed by the coarse grains due to accelerated
grain growth kinetics in the latter. The IPFs of both orientations show a stronger O-2 basal

texture, with 18.75 MRD vs 8.46 MRD for O-1.
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Fig. 4.11. EBSD results obtained from an O-1’s specimen after annealing treatment a) EBSD map in inverse pole
figure (IPF) coloring relative to ND, b) corresponding IPF’s. c) corresponding scattered data ND IPF.
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Fig. 4.12. EBSD results obtained from an O-2’s specimen after annealing treatment a) EBSD map in inverse pole
figure (IPF) coloring relative to ND, b) corresponding IPF’s. c) corresponding scattered data ND IPF.
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5.1. {1012} TWINNING AND ITS INFLUENCE ON THE BASAL TEXTURE.

In the current work, {1012} twinning was extremely active and was responsible for the formation of
the basal texture since the first rolling steps. The activation of {1012} twin variants depends on the strain
path, compression perpendicular to the c-axis or tension parallel to the c-axis [121-123], and their activity is
governed by the Schmid law, the twin variant with the higher Schmid Factor (SF) takes place favorably [124-
126]. Therefore, in the following, the {1012} twinning behavior was analyzed with respect to the loading
and crystal orientation at the early stage of rolling and discussed its corresponding effect on the evolution

of grain orientation.

Under rolling, the initial single crystals with the c-axis parallel to the RD were favorably aligned for
{1012} twinning (compression perpendicular to the c-axis). Theoretically, {1012} twinning is possible on
six equivalent twin variants, six {1012} twinning planes and six (1011) shear directions (1012) [1011],
(0112) [0111], (1102) [1101], (1012) [10T1]. (0112) [0111] and (1102) [1101] [126- 128].

Figure 5.13a-b shows basal pole figures depicting the calculated {1012} extension twin orientations for
the initial specimen orientations 1 and 2. By the deformation {1012} twins would gradually consume its
parent grain (single crystal) and reoriented it by ~86.3° with basal planes ‘parallel’ to the RD since early stage
of deformation contributing to the formation of the basal texture but by two very different ways:

-
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For0-1,(0112)[0111],(1102)[1101],(1102)[1101] and (0112)[0111] variants have a SF value
of 0.37 (Fig. 5.1a), making them equally active considering the Schmid law, these twin variants transformed the
matrix into twin orientations with the c-axis aligned at an angle of 30° from ND (Fig. 5.5c). These orientations have

a non-zero Schmid factor for basal, prismatic and pyramidal slip, but twinning continues to have the higher SF.

On the other hand, regarding 0-2 only (1012)[1011] and (1012)[1011] variants have a SF=0.49
(Fi. 5.1b), laying the basal plane almost parallel to the sheet plane which strengthened the basal texture
(Fi. 5.1d) converting the initial matrix into a ‘hard’ orientation, in which, slip was naturally suppressed. As a
result of this reorientation, the basal intensity in the O-2 was higher than O-1 (Fig. 5.1e-f). The
aforementioned is in total agreement with [29,32], in these works the specimens under plane strain
compression (PSC) with the starting orientation D (O-2) were again almost single-crystalline with only low

angle grain boundaries present after the conversion of the initial matrix by twinning.

A slight broadening in the basal component close to the ND on O-1 caused by the initial components
for (1012)[1011] and (1012)[1011] variants corroborates that active twin variants in this orientation
accommodated the basal plane ~30° rotated from the sheet plane. In fact, in Appendix D, it can still be
noticed on the O-1's (0002) pole figure of sample 1 a double-peak basal component close to ND,
originated by two picks of twins (Fig. 5.5a), which subsequently turned into a single sharper component

due to rotation caused by the basal slip (c-axis towards load direction).

For the green and pink grains in Fig. 5.1a the only possible explanation that gives origin to this orientations
is a sequence of 3 extension twinning: primary (PET), secondary (SET) and tertiary (TET) extension twinning.
First (primary extension twins), the 01 (blue) is rotated by
(0112)[0111],(1102)[1101],(1102)[1101] and (0112)[0111] variants to a new orientation with
the basal plane ~30° rotated from the sheet plane as above mentioned (red-magenta grains). In this new
orientations contraction twins should be the preferential deformation mechanism because the c-axis was
partially ~ aligned to load direction (SF=049 for (1011)[1012] and  SF=0.44
for (0111)[1102], (1101)[1102] twin variants).

Nevertheless, an exhaustive analysis of this Schmid Factors (SF) reveals the following extension twin
variants (1102)[1101],(0112)[0111] have a SF=0.43 and (0112)[0111], (1102)[1101] have a
SF=0.41, therefore extension twinning would not be unreasonable. This secondary extension twinning
laid the prismatic plane slight deviated from the RD-TD plane (green grains), such orientation (same to
0-2) is favorable for extension twinning (described above) leading to red orientations (TET).
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For O-2, the origin of the pink and yellow grains (Fig. 5.3a and 5.4a) is easier to understand,
some traces of green grains can still be recognized, in yellow and pink grains, it means the
initial orientation (green) was rotated to vyellow or pink orientations by
(0112) [0111],(1102) [1101],(1102) [1101] and (0112) [0111] besides its low SF=0.12, y
could be associated to a lattice rotation caused by prismatic slip, a very small rotation is
necessary to significantly increase the value of the SF, it can be reasonable because prismatic

slip posses a SF=0.43 in the initial orientation (O-2, which is not the stable orientation) [24].

a) - (0002) b) W (0002)

s

SP=049 O\

\ N/ /

P

™ SP=0.12

N\ sr=037  / . P4
T ——0-1 0-2+—"
RD

c) d)

1
\ ¢
o3

Fig. 5.1. (0002) PF showing the initial orientations a) O-1 and b) O-2 as well as their corresponding {1012} extension twin
variants. Schematic representation of active twin variants for a) O-1 and b) O-2. Recalculated (0002) PF at €=30% for e) O-
landf) O-2.
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5.2. SHEAR LOCALIZATION ON {1011} TWINS AND THEIR INFLUENCE

ON THE DRX BEHAVIOR.

Fig. 5 shows the EBSD results of the interrupted rolling at 30% and 50% for both orientations. Bands of
{1011} contraction twins extended through the samples, these contraction twin bands became wider at ¢ =

50% and were recrystallized in the case of O-1, conversely, twin bands recrystallized since e = 30% in O-2.

The microstructure comprised bands of fine recrystallized grains embedded in a ‘hard’ basal
orientation matrix (c-axis nearly parallel to ND). It has been widely reported that {1011} contraction
twins act as effective nucleation sites for DRX due to the high internal strain accumulation within them
and difficult mobility of the twin boundaries, which is referred as twin-induced dynamic recrystallization

mechanism [25, 87, 120-124].

The dynamic recrystallization induced by twin implies slip inside twins, leading to localized shear
within contraction twin bands attributed to much easier conditions for plastic flow inside the band as
opposed to the ‘hard’ matrix. This accumulation of (plastic) strain energy in a rather small volume
produced extensive dynamic recovery in these areas, i.e. continuous dynamic recrystallization (CDRX),
characterized by a progressive rotation of sub-grains formed during deformation until their boundary

misorientations become sufficiently large to be considered as high angle grain boundaries [25].

Recent works [128, 129] found that recrystallized grains formed as result of twin-induced
dynamic recrystallization were rotated around the c-axis of their parent twin by ~30. When these
grains are deformed, they become scattered from the parent twins and acquire a definitive non-
basal orientation [130]. Nevertheless, the grains that nucleate inside {1011} twins generally
cannot grow outside the twin boundaries so the efficacy of twin-induced dynamic

recrystallization mechanism on the final texture weakening is limited [121-122].

This exhibits good agreement with the observed results in the current study, the formation of
{1011} twins was observed but twin-induced recrystallized grains with non-basal orientation were
not intensive enough to change the final formation basal component (Fig. 4.3). However, it is very
likely that at low temperatures and higher deformation speeds (higher thickness reduction applied
per rolling pass) high density of twins induced by rolling provide sufficient nucleation sites for

recrystallization to alter the final texture [123-124].
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From the results shown in Fig. 5.6 it is evident that the highly deformed shear bands nucleate
a wide spectrum of recrystallization orientations. The formation of high angle grain boundaries
with a misorientation angle of about 30°, according to the misorientation angle distributions, is
associated with a shift of orientations from the second type (1120) to the first type (1010)

prismatic fiber owing to the rotation of grains around their c-axes within their respective {1011}

twin bands.

(0002)

ND

(0002) {1010,

M (1120}

Fig. 5.2. Orientation maps in ND IPF coloring shows DRXed twin bands due strain localized inside CT’s. For O-1 a)
e =30%, b)e =50%and 0-2,c) s = 30%, d) e = 50%.
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According to the above, prismatic slip must play a crucial role in the formation of new
grains (SF=0.433 inside contraction twins), since the grains in the interior band were
rotated around the c-axis of the parent twin (grains colored from yellow to pink). While
basal slip causes a rotation towards the CD, prismatic slip entails a rotation of the lattice
around the c-axis [29-31, 134]. Previously, prismatic slip has been reported to operate
exclusively above 180 °C [30]. Reed-Hill and Robertson reported the activation of
prismatic slip at 25 °C and -190 °C [31]. Prismatic slip was apparently activated under
conditions of extensive localized shear inside {1011} twin bands as in the current case.

[26, 27]

It is also of particular interest to note that the recrystallized grains were obviously
deformed exclusively by crystallographic slip because there were no twins present inside
those newly formed grains, proving the influence of {1011} twin induced DRX mechanism on
the ‘weakening’ of basal texture. Future studies are required to find the correct parameters
to cause extensive {1011} twinning and subsequent nucleation of non-basal orientation

grains.

5.3. DRX MECHANISMS DURING HOT ROLLING.

Dynamic recrystallization (DRX) is typically expected to operate at elevated temperatures
regardless of its nature. Since DRX generates new orientations, it can play a key role in avoiding
the formation of a basal texture through randomization as long as the orientation change is not
limited to a simple rotation around the c-axis, i.e. there are a high number of grain boundaries

with random misorientation axes [125].

In the current work, the microstructure developed continuously as a result of DRX after
twinning during rolling. Detailed EBSD observation revealed that continuous (CDRX) and
discontinuous (DDRX) recrystallization operated with different effect on the selection of
recrystallized grain orientations. In the following, we discussed such DRX mechanisms in detail,

as well as their corresponding effect on the nucleation of new orientations.
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Compared to CDRX, DDRX has clear grain nucleation and growth stages. The DDRX
mechanism is closely related to strain-induced boundary migration that involves the bulging
of part of pre-existing high angle grain boundaries (HAGBs), leaving a region behind the
migration boundary with a lower dislocation content [103], i.e., it depends on the dislocation
density difference and stored energy difference across the boundary [126]. Usually, low angle
grain boundaries (LAGBs) result from accumulated dislocations and/or formation of sub-

grains in the deformed structure [127, 128].

Fig. 5.7 shows the EBSD results of the interrupted rolling at € = 30% for a) O-1 and b)
0O-2. Examination of the inverse pole figure map of O-1 and O-2 indicated that DDRX had
begun with finer recrystallized grains and sub-grains formed at triple junctions. The
LAGB’s within the grains, indicate that dislocations were also quite active in addition to
the twinning and revealing the coexistence of CDRX and DDRX. In both orientations the
presence of recrystallized twins was evident, this kind of recrystallization was addressed

in the section 5.1.

The cyan boxes point sub-grains boundaries (sub-GBs) arrangements that presumably
became into high angle grain boundaries (HAGBs), based on the small recrystallized grains
also observed in the triple junctions and pointed by the yellow boxes, sustaining the

occurrence of DDRX.

On the other hand, evident nets of low angle grain boundaries (LAGBs) were observed
within the grains (green boxes). Its subsequent transformation to high angle grain boundaries
(HAGBs) can be confirmed by the misorientation line profiles of the lines that cross these
zones (black arrows), which show a misorientation of up to 14.5° (L1) for O-1 and 13.5° (L1)

for O-2, i.e., these LAGB’s have almost become in HAGB's, delating a CDRX process.

It is worth to note in O-2 DDRX is less obvious than O-1, this could be attributed to the
presence of greater number of dislocations in the latter, since the initial orientation O-2 was
turned into a ‘hard’ orientation matrix by the extension twinning while the O-1 was

reoriented to favor the basal slip. (See section 5.1.1).
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In the special case of the misorientation linear profile ‘L3’ in the map of O-1, the arrow crosses
an extension twin. This twin consisted of two (blue and green) colored regions, which present a
misorientation angle of up to 11° causing the appearance of a low angle grain boundary (LAGB)
that separates these two zones. One of these zones has an orientation close to {1120} (blue
fraction) and the other close to {1010} (red fraction), i.e a rotation of the cell around the c-axis,
revealing the prismatic slip activity. It is also important to emphasize that this LAGB seems to
have continuity towards the basal matrix surrounding the twin, that could indicate slip

transmission across twin boundaries [30].

Fig. 5.8 shows the EBSD results at € = 50% for a) O-1 and b) O-2. As well as 30%, at this stage
of rolling the CDRX mechanism was still observed but DDRX no longer. For both orientations, the
cyan boxes enclose regions with low angle grain boundaries (LAGBs), whit further strain these
LAGBs could trap more dislocations and transform into HAGBs turning into new recrystallized

grains, i.e., continuous absorption of dislocations in the sub-grains: CDRX mechanism.

The yellow boxes in Fig 5.8 indicate HAGBs. In the case of O-2, this grain seems to have formed
due to the partition of a larger grain. This can be observed inside the green box that indicates an
area where there is a transition from an LAGB to a HAGB (the line-color of the grain boundary in
some sections is black and, in some others, it is gray). Coupled with this, the profile of line L1 that
crosses such grain with many LAGB's inside, shows that the misorientation within reaches 14°,
revealing the almost completely transformation of this LAGB to HABG, which is a clear evidence
of CDRX. This transition can also be appreciated in L1 of O-1. It is relevant to point out that in Z1
of O-1, the LAGBs seems to be aligned with RD.

Fig. 5.9 shows the DRX behavior at ¢ = 80%. About O-1 (a), the recrystallized regions
characterized by a low misorientation (~30°), was very prominent throughout the whole sample.
Their morphological feature revealed characteristic band arrangements embedded within un-
recrystallize zones especially inside Z1 (Fig. 4.2 y 6.8). This kind of arrangements seems to be
recrystallized twin bands (DRXed-TB’s), it is evident the grains inside them have a non-basal
orientations (blue, yellow, violet and green grains), unveiling again the effect of contraction twins

(CTs) to nucleate non-basal orientations.
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The rest of the microstructure (out of the bands) shows most of the recrystallized grains
retain a basal orientation. In the line profiles L1-L4, that cross grains presumably belonging
to the initial basal orientation matrix, can be observed that misorientation reach 11°,
suggesting that this kind of large grains were divided into the small recrystallized grains
that retain its basal orientation. Also, the formation of low angle grain boundaries (LAGBs)

can be observed inside the grains pointed by cyan boxes and TB’s (green boxes).

For O-2, the microstructure is so much coarser and inhomogeneous (coarse basal
orientation grains + recrystallized grains within twin bands), high angle grain boundaries
(HAGBs) formed within the basal grains (blue boxes) and twin bands (TBs - yellow boxes)
subdividing them into several grains. The line profiles of point-to-pint along the black
arrows show that the misorientation angles gradually increased up to 10° inside the grains

of basal orientation matrix, suggesting the high activity of dislocations in these grains.

For both orientations fine grains were observed to form at the region where the sub-
grains severely accumulated. It can be inferred that the nucleation of recrystallized grains
was associated with the continuous absorption of dislocations in these sub-grains. As stated

earlier, such kind of formation of grains is classified as CORX mechanism.

Additional EBSD measurements at the same strain (Fig. 5.10) revealed similar fragmented
twin bands, the same formation of LAGBs within basal orientation grains (cyan boxes) with a
similar misorientation up to 10° (line profiles) for both orientations. The importance of these
images lies in the inserts where is evident the formation of LAGBs and its transition to HAGBs
giving rise to new recrystallized grains without a nucleation site (as grain or twin boundaries).
This further confirms the conversion of LAGBs into new grains via continuous increase in

misorientation.

It is worth to note, with progressing strain and further DRX it became harder to twin the
‘decreasing residual’ volume of fragmented parent matrix, reflecting the grain size sensitivity

of twinning [129].
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5.4. PREFERENTIAL GROWTH MECHANISM DURING POST ROLLING

ANNEALING.

After conducted isothermal annealing for 30 min at 450°C followed by cooling inside
furnace, the static grain growth was observed. According to Fig. 11 and 12, the O-2
has the sharpest basal texture and present the largest grain size, so, the minimum grain size
was obtained for O-1, which has the weakest basal texture. This can be explained because
the original microstructure for O-2 was much thicker than for O-1 (Fig 5.9 and 5.10) and the

basal component intensity was higher for O-2 than O-1.

However, after a strict analysis of annealing map orientation, it is evident that the grains
with the c-axis aligned more parallel to the ND tend to growth, instead the grains with the c-
axis more deviated from ND tend to be absorbed by the first. It could be explained by the
initial microstructure (¢ = 80%) wherein the grains with a basal orientation were coarser and
posse a largest grain boundary curvature than recrystallized grains which have a non-basal

orientation.

Fig. 5.11 shows the samples of O-1 (a) and O-2 (b) led to the grain growth by grain
boundary movement which depends on the rate of movement of VLAGBs (very low angle
boundaries) [130]. The evidence of conversion of high angle grain boundaries (HAGBs >15°)
to low angle grain boundaries (LAGBs, 5-15°) to VLAGBs (2—-5°) was observed irrespective of

their orientations (Figs. 5.11a and 5.12b).

The inset 1 of Fig. 5.11a shows the transition of HGBs >35° - >30° - >25° & >15°, i.e.
the red grain boundaries converted to a yellow grain boundaries, the yellow converted
into a blue, the blue turned to magenta. The inset 2 shows the transition of 30° to 25°
grain boundaries. The inset 3 shows the change of 15° to 2°, and finally, the inset 4 shows
the most important evolution, the 2° grain boundaries disappears, also in insert 3 it can
be observed, the disappearance verifies that the movement of grain boundaries is from
HAGBs to VLAGBs and not vice versa, otherwise a refinement in the grain size and not a

growth was observed.
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The corresponding grain boundary misorientation figures show that after annealing time, all
the grain boundaries have a maximum misorientation of 40°, against to € = 80% where the
misorientation grain ranged between 10-60°, delating the grains tend to have the same orientation
(basal). It is in total agreement with recent researches that reported magnesium and Mg alloys tend

to sharpen their texture upon grain growth [53].
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Fig. 5.7. Boundary misorientation maps and corresponding misorientation angle distribution of a) O-1 and b) O-2.
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Conclusions and
Future Research

6.2. CoONCLUSIONS

The deformation rolling parallel to the c-axis of magnesium single crystals was dominated by
{1012} twinning at the first rolling steps, which almost completely rotated the original crystal
into a new matrix of basal grains, the extension twins variants that took place determined the
intensity of the basal texture, orientation 1 presented the weakest basal texture at all strains and
annealing state, its extension twins variants aligned the c-axis ~30° deviated from ND, against
orientation 2, which extension twins aligned the basal plane almost parallel to sheet plane. In the

orientation 1 primary, secondary and tertiary extension twins were observed.

In the new basal matrix contraction twins were observed at € of 30% and 50%. At ¢ = 80%
the deformation was accommodated without twinning. This contraction twins suffered shear
localization attributed to easier conditions for plastic flow inside them as than within the ‘hard’
basal matrix, leading twin-induced CDRX, and formed recrystallized twin bands giving rise to
grains with its c-axis 30° rotated from its parent grain, i.e. these grains have a non-basal
orientation. On the orientation 1 contraction twins grew and recrystallized until = 50% . On the

other hand in orientation 2 contraction twins recrystallized since € = 30%.
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The contraction twin bands work as nucleation sites for non-basal grains, however no profuse
contraction twinning was developed and the grains that nucleate inside {10i1} twins cannot grow
outside the twin boundaries so the influece of twin-induced DRX mechanism on the final texture

weakening was very limited (there was not a texture change).

DDRX was observed at € = 30% for both orientations, fine grains and sub-grains boundaries
formed at the triple junctions of the grains. Instead, CDRX were observed at all strains, by the transition
of LAGBs to HAGBs within the basal grains and recrystallized grains inside the twin bands. At e = 80%
the orientation 1 microstructure was characterized by basal orientation grains and non-basal
orientation grains within twin bands arrangements embedded inside basal un-recrystallized zones. For
orientation 2 the microstructure consisted in coarse twin bands (recrystallized grains having a non-basal

orientation) surrounded by a matrix of basal orientation grains.

After annealing for 30 min at 450°, grain growth was observed in both orientations governed by by
grain boundary movement. An evident transition sequence of movement of grain boundaries could be
observed, high angle grain boundaries (HAGBs, >15°) converted into low angle grain boundaries (LAGBs,
5-15°), that turned to very low angle grain boundaries (VLAGB, 2-5°), which tend to disappear. The

basal orientation grains grew preferentially, strengthening the basal texture after annealing treatment.

6.2. FUTURE RESEARCH

The limitations of this research point towards topics to be addressed in the future, a similar study
with other four orientations is being carried out in order to compare with the last studies of PSC
for these six orientations. Two of them with the c-axis parallel to the ND in order to orient the
crystal for contraction twins and the other two orientations with the c-axis parallel to TD, i.e.
{1011} and {1120} directions are parallel to RD, in this we expect a profuse extension twinning owing

to the compression perpendicular to c-axis.

Also, a more detailed analysis at strain of 10% is being studied to understand and characterize the
extension twinning that presumably gave rise to basal texture in this study. This would allow more

detailed information about the nature of ETs.

The next stage of this work is comprised by the study of specimen with a few grains as bi-

crystals and oligocrystals in order to unveiling the role of grain boundaries during hot rolling.
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Apvendix A

CHEMICAL COMPOSITION OF MAGNESIUM USED FOR THE CRYSTAL
GRDWTH

The chemical composition of a grown crystal is given in Table A.2. Although a steel mold was

used, the amount of Fe increased only marginally compared to the initial material Table A.1.

Table A.2. Chemical composition (wt.%) of the initial pure Mg material used for crystal growth (obtained by spark
optical emission spectroscopy).

Al Zn Mn Si Fe Cu Ni Be
<0.0020 <0.0025 0.0039 0.0038 <0.0012 <0.0005 <0.0015 0.0001
Ca Ccd Ag Ce La Nd Pr Th
<0.0002 <0.0002 <0.0010 <0.0050 0.0013 <0.0060 <0.0030 <0.0150

Zr Na P Pb Sn Mg

<0.0010 0.0003 0.0016 <0.0040 <0.0020 99.98

Table A.3. Chemical composition (wt.%) of a grown pure Mg single crystal (obtained by spark optical emission
spectroscopy).

Al Zn Mn Si Fe Cu Ni Be
<0.0020 <0.0025 0.0047 0.0015 <0.0028 <0.0005 <0.0015 0.0001
Ca Cd Ag Ce La Nd Pr Th
<0.0002 <0.0002 <0.0010 <0.0050 0.0015 <0.0060 <0.0030 <0.0150

Zr Na P Pb Sn Mg

<0.0010 0.0002 0.0010 <0.0040 <0.0020 99.98
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Apvendix B

LAUE PATTERNS OF MAGNESIUM SINGLE CRYSTALS

The Fig. B.1 shows the Laue patterns obtained for both orientations a) O-1 and b) O-2, it
corresponds to (0002) plane. A rotation of 30° of the O-1 with respect to the O-2 can be
appreciated.

(1010)

(1120)

Fig. B.1. (0002) Laue patterns of a) O-1 and b) O-2.
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Apvendix C

ROLLING SCHEDULE

The table C.1 presents the rolling schedule used for the experimental work. Every deformation state

analyzed in the current work is highlighted in different color.

Table C.4. Rolling Schedule

Rolling Thickness Deformation Anne.allng Total reduction (%)

passes (mm) () (min)
0 6.0 30
1 5.77 0.05 10 4.88
2 5.49 0.05 10 9.52
3 5.22 0.05 10 13.93
4 4.97 0.05 10 18.13
5 4.73 0.05 10 22.12
6 4.45 0.06 10 26.66
7 4.19 0.06 10 30.93
8 3.95 0.10 10 34.95
9 3.57 0.10 10 41.14
10 3.17 0.12 10 47.80
11 2.81 0.12 10 53.70
12 2.42 0.15 10 60.15
13 2.08 0.15 10 65.70
14 1.76 0.17 10 71.06
15 1.48 0.17 10 75.59
16 1.21 0.20 10 80.01

-
Page 75|94






Apvendix D

COMPLEMENTARY POLE FIGURES

D.1. COMPLEMENTARY POLE FIGURES OF 0O-1
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Fig. D.1. Pole Figures of O-1 at € = 30%
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D.2. COMPLEMENTARY POLE FIGURES aF 0O-2
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Apvendix E

COMPLEMENTARY METALLOGRAPHIES

Fig. E.1. Metallography used for grain size measurements of orientation 1.
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APPENDIX E. COMPLEMENTARY METALLOGRAPHIES

Fig. E.2. Metallography used for grain size measurements of orientation 2.
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