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Abstrakt: Mikrostruktura ho�r�c��kov�e slitiny AZ31 p�ripraven�e metodou plynul�eho
odl�ev�an�� mezi v�alce byla studov�ana pomoc�� sv�eteln�e a elektronov�e mikroskopie
a mikroskopie atom�arn��ch sil a byl testov�an vliv zv�y�sen�e teploty na v�yslednou
mikrostrukturu materi�alu. Mechanick�e vlastnosti byly zkoum�any m�e�ren��m mikro-
tvrdosti a tahov�ymi zkou�skami p�ri relativn�e n��zk�e rychlosti deformace 10−3 s−1.
V�ysledky ukazuj��, �ze ta�znost studovan�eho materi�alu roste s rostouc�� teplotou de-
formace, av�sak v okol�� 200 ◦C se ta�znost plynule odl�evan�eho materi�alu zna�cn�e
sn���zila. Tento efekt byl pozorov�an i u konven�cn�e odlit�eho materi�alu a je pravd�e-
podobn�e zp�usoben zm�enou deforma�cn��ho mechanismu indikovan�eho p�ri t�eto teplo-
t�e. D�ale byly studov�any zm�eny mikrostruktury a mechanick�ych vlastnost�� zp�uso-
ben�e intenzivn�� plastickou deformac��. Materi�al byl deformov�an metodou pra-
vo�uhl�eho protla�cov�an�� rovnostrann�ymi kan�aly, co�z vedlo ke zna�cn�emu zjemn�en��
velikosti zrn a zv�yrazn�en�� po�c�ate�cn�� baz�aln�� textury, kter�a je v�sak p�ri n�asledn�em
�z��h�an�� t�em�e�r zcela potla�cena. Poprv�e byla tak�e �usp�e�sn�e pou�zita metoda lisov�an��
asymetrickou r�yhovanou matric�� na stejn�e slitin�e. V�ysledkem bylo op�et zjemn�en��
velikosti zrn, v�yrazn�y n�ar�ust mikrotvrdosti oproti p�uvodn��mu stavu a tak�e zes��len��
baz�aln�� textury, kterou v�sak n�asledn�ym �z��h�an��m nelze odstranit. V�yslekdy d�ale
uk�azaly, �ze �n�aln�� vlastnosti materi�alu po intenzivn�� deformaci jsou v�yznamn�e
ovlivn�eny p�reddeformac�� vlo�zenou do materi�alu ji�z p�ri plynul�em odl�ev�an��.
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Abstract: Microstructure of AZ31 twin-roll cast magnesium alloy was studied
using light optical, electron and atomic force microscopy. The e�ect of annealing
temperature on the microstructure was tested. Mechanical properties of a thin
magnesium strip were investigated by means of microhardness tests and tensile
tests at a relatively low strain rate 10−3 s−1. Results show that the ductility of the
twin roll cast strip increases with increasing deformation temperature, however,
a remarkable decrease was observed at about 200 ◦C. This e�ect appears also
in a conventionally cast ingot of a master alloy and is caused by a change of a
deformation mode occurring at this temperature. Moreover, the e�ect of severe
plastic deformation on the microstructure and mechanical properties was studied.
Equal channel angular pressing was applied on magnesium strip samples and lead
to a signi�cant grain re�nement accompanied by an unfavorable strengthening of
the initial basal texture, which is e�ectively suppressed by a subsequent annealing.
A constrained groove pressing was for the �rst time successfully applied on AZ31
twin-roll cast strip leading to an increase of microhardness and grain re�nement.
Also this technique strengthens the basal texture, which, however persists even
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Introduction

In 1618 one English farmer at a city of Epsom wanted to give his cows water
from a well. They refused to drink it because of the taste of water. The farmer
also noticed that this water had some useful properties and healed scratches and
rashes. Later it was found that it was magnesium sulfate (MgSO4), which was
soluted in the water. In 1755 magnesium was recognized as an element by Black.
Later in 1808 it was isolated by Sir H. Davy. He electrolysed a mixture of magnesia
(magnesium oxide, MgO) and mercuric oxide (HgO). Davy's �rst suggestion for a
name was "magnium" but the name "magnesium" is now used instead. This name
is derived from the Greek word "Magnesia", a district of Thessaly. The Epsom
salt is still used today to treat minor skin abrasions [1]. The most signi�cant
application of magnesium is a use as a component of aluminium alloys used
mainly for beverage cans, sports equipment such as components for golf-clubs,
�shing reels, archery bows and arrows, bicycles etc. Alloyed with zinc magnesium
is used in die-casting for a production of sheets used in photoengraving plates in
the printing industry, dry-cell battery walls, and roo�ng [2]. It is also used to
remove sulfur in the production of iron and steel [3] and as a precursor in the
production of titanium in the Kroll process [4]. Due to the �ammability and
high burning temperature (3100 ◦C) magnesium is good as a starting emergency
�re and pyrotechnics �rework sparklers and is also used in a �ash photography.
There are some more application of pure magnesium:

� In the form of turnings or ribbons in organic synthesis.

� As a reducing agent for the production of uranium and other metals from
their salts.

� As a galvanic anode to protect underground tanks, pipelines and water
heaters.

Nowadays, magnesium is the third most commonly used structural metal, fol-
lowing iron and aluminium. It is the lightest structural metal in the periodic
table of elements with an atomic number twelve. Magnesium is a non-toxic met-
al and has a density of 1.738 g·cm−3, which is about �ve times lower than for
steel and about one and a half times less than for aluminium, and thus makes
magnesium competitive with steels and aluminium alloys. The melting point is
650 ◦C. Due to the low weight and several unique properties such as high speci�c
strength and sti�ness, high dimensional stability and good thermal and electrical
conductivities magnesium alloys can be used for a wide variety of commercial
applications [5,6]. Automotive, aerospace, sports and computer industries where
the weight reduction is critical [7�9] are main areas of magnesium alloys utiliza-
tions. Moreover, Mg-based alloys are used as materials for reversible hydrogen
storage in the form of metallic hydrides [10]. An earlier Mercedes-Benz 300 SLR
race car had a body made from a magnesium alloy called Elektron. In 1955 these
cars ran at Le Mans, the Mille Miglia and other world-class race events. Porsche
used magnesium alloy frames in the famous 917/053 model that won Le Mans in
1971 and still holds the absolute distance record. Volkswagen Group and Porsche
have used magnesium in their engine components for many years. BMW 325i and
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330i models were featured by a high-temperature magnesium alloy AJ62A engine
blocks compounds in 2006. Together with AE44 both these alloys are recent devel-
opments in high-temperature low creep magnesium alloys [2]. Mitsubishi Motors
also uses magnesium (branded magnesium alloy) for paddle shifters. A general
strategy for such alloys is to form intermetallic precipitates at grain boundaries,
for example by adding mischmetal or calcium [11]. Magnesium alloys are widely
used for manufacturing of mobile phones, laptops, cameras and other electron-
ic components. Electron alloy was one of the main aerospace construction metal
used by Germany in World War I and later for German aircrafts in World War II.
A use of magnesium alloys in the aerospace industry is increasing, mostly driven
by an increasing importance of a fuel economy and a need to reduce weight [12].

In order to achieve a material with required mechanical properties applica-
tion of appropriate casting and further thermomechanical treatment are neces-
sary. The microstructure and local mechanical properties of an original ingot of
a master AZ31 alloy and a strip continuously cast from these ingots by twin-roll
casting (TRC) were established and compared in the present study. However, the
deformation imposed into the material during casting and rolling usually leads
to the formation of a strong basal texture with c-axis parallel to the materials
surface. It can limit a ductility as well as other mechanical properties [13�15].
On the other hand, grain re�nement leads to a signi�cant improvement of me-
chanical properties, namely, hardness and tensile properties. Therefore, further
treatment is needed to weaken or eliminate the original texture. Selected severe
plastic deformation (SPD) techniques were used to reduce the grain size and to
prepare magnesium alloys appropriate for eventual further industrial applications.
For this aim an equal channel angular pressing (ECAP) and constrained groove
pressing (CGP) were applied to AZ31 magnesium alloys.
ECAP is a most commonly used SPD techhnique which allows to obtain mag-
nesium alloys with an ultra-�ne grained (UFG) structure already after several
processing cycles [16]. The CGP technique was primary established for alumini-
um alloys and appeared to be an e�ective tool for the grain re�nement of thin
metal plates and strips. During this process as well as during ECAP the large
amount of energy is introduced into the material without any signi�cant dimen-
sional changes. Nevertheless, ECAP is not designed to be used on continuously
cast strips and sheets, whereas CGP can be easily used for these aims.

An in�uence of heat treatment on a texture of the TRC alloy before and
after SPD was studied using annealing at temperatures up to 560 ◦C. A compar-
ison of two SPD methods applied on a magnesium alloy strip was done in this
work. Results describe the evolution of microstructure and mechanical properties
of as-cast magnesium alloys after the combination of heat treatment and SPD.
Changes in a microstructure and mechanical properties were observed using light
optical, atomic force and electron microscopy techniques, microhardness testing,
measuring of electrical resistivity and tensile/compression tests.

The work was performed with the �nancial support of the Grant Agency of
Czech Republic under the project P107-12-0921.
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1. Magnesium and magnesium

alloys

1.1 Crystallographic structure

Magnesium has hexagonal close packed (hcp) crystallographic structure, where
the only closed-packed plane is the basal plane. For pure magnesium at room
temperature (RT), unit cell dimensions are a = 0.32092 nm and c = 0.52105 nm.
An axial ratio of c/a = 1.6236 makes it nearly close packed structure [17]. Magne-
sium deforms plastically by slip and twinning. Figure 1.1 shows possible slip and
twinning systems in magnesium. At room temperature (RT) slip can be realized
only in basal plains (0001) in the most occupied direction 〈1120〉. Secondary slip
can occur along the prismatic planes {1010} in the same directions as in the basal
plane. Twinning occurs on the {1012} plane in the [1120] direction just below
225 ◦C [18]. At higher temperatures pyramidal slip can be activated along {1122}
planes. The basal (0001)[2110] and prismatic (0110)[2110] slip systems initiate
deformations with Burgers vectors < a > perpendicular to the c-axis. Therefore,
no plastic strain parallel to the c-axis is produced by those systems. Non-basal
slip systems such as < c + a >-pyramidal and twinning modes can be activated
and accommodate c-axis strains. Generally, a poor ductility of magnesium and
magnesium alloys at RT is ascribed to the activation of only basal slip systems.
In this case the von Mises criterion for �ve slip systems required for a grain to
undergo an imposed deformation cannot be met. Thus, non-basal slip systems
should be activated. It can be achieved by increasing deformation temperatures,
formation of materials with �ne grain structure [19] or by the addition of alloying
elements [20]. It was shown [19] that the activation of non-basal slip systems can
signi�cantly improve ductility of magnesium alloys.

Due to their hexagonal structure, magnesium alloys exhibit mechanical prop-
erties such as strong anisotropy, which is more pronounced than for construction
metals with cubic crystal structure, and tension-compression asymmetry. Defor-
mation mechanisms in hcp metals, dislocation motion on speci�c slip system and
activation of twinning, are not yet fully understood [21].
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Figure 1.1: Slip and twinning systems in magnesium [22].

1.2 Designation of magnesium alloys

Magnesium alloys are designated by short codes de�ned by either American Soci-
ety for Testing and Materials (ASTM) in B275 standard or by European Standard
(EN). The �rst one is used more frequently. The ASTM code includes letters de-
noting alloying elements and numbers, which stand for approximate chemical
compositions in wt.%. Table 1.1 summarizes some of elements in ASTM spec-
i�cation B275. Thus, marking AZ31 represents magnesium alloy with 3 weight
percent of aluminium and 1 weight percent of zinc. According to EN the same
alloy is marked as MgAl3Zn1.

Table 1.1: ASTM designation of some alloying elements (RE - rear earth).

ASTM A C E F K L M Q S T W X Z
Element Al Cu RE Fe Zr Li Mn Ag Si Sn Y Ca Zn

Since mechanical properties of a majority of magnesium alloys can be changed
using heat treatment, di�erent types of characters are used to describe this treat-
ment during fabrication as well as after it. Basic temper designations are listed
in Table 1.2.
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Table 1.2: Basic heat treatment designation of magnesium alloys [5].

Designation Treatment

F As-fabricated
O Annealed, recrystallized (wrought products

only)
T2 Annealed (cast products only)
T3 Solution heat treated and cold worked
T4 Solution heat treated
T5 Arti�cially aged only
T6 Solution heat treated and arti�cially aged
T7 Solution heat treated and stabilized
T8 Solution heat treated, cold worked and arti-

�cially aged
T9 Solution heat treated, arti�cially aged and

cold worked
T10 Arti�cially aged and cold worked

1.3 Microstructure and mechanical properties

1.3.1 E�ect of alloying elements

Magnesium is widely used for many construction applications. However, its low
formability is a crucial problem of castings. Therefore, di�erent alloying elements
are used to improve formability and other mechanical properties of magnesium.
A small addition of zinc, manganese, silicon and rear earth (RE) elements plays
an important role in the formation of secondary phases in magnesium alloys and
thus in�uence their mechanical properties [23�26].

Nowadays, popular commercial alloys are based mainly on magnesium - alu-
minium - zinc system. Table 1.2 shows the nominal chemical composition of
commonly used commercial alloys. Among cast Mg alloys, the most usable are
AZ91, AZ61 and AZ31. The latter has the highest corrosion resistance [27] and
could be also easily recycled [28]. AZ91 is still the most widely used die casting
alloy with a good corrosion resistance and a good die castability, but cannot be
used at temperatures higher than 120 ◦C due to a poor creep resistance [29].
Alloys based on Mg-Al-Zn-Mn systems such as AZ91 (contains 0.2 wt.% of man-
ganese) and AM60 (does not contain zinc) are used mainly for RT applications
and cannot be used above 150 ◦C because their strength rapidly decreases at this
temperature [30]. Manganese is generally used as a grain re�ner for high purity
Mg-3,6,9%Al and commercial AZ31 alloy [31]. Added to magnesium it increases
the corrosion resistance and also reduces the e�ect of iron which is always present
as an impurity [32,33].

Zirconium has a signi�cant e�ect on a grain re�nement of magnesium al-
loys [35]. In EZ33 (3.3 wt.% RE, 2.7 wt.% Zn, 0.6 wt.% Zr) and ZE41 (4.2 wt.%
Zn, 1.2 wt.% RE, 0.7 wt.% Zr) magnesium alloys with the zinc addition up to 4
wt.% increases the RT tensile properties without signi�cant a�ect on properties
at elevated temperatures. EZ33 alloy exhibits long-term stable properties at tem-
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Figure 1.2: Nominal chemical composition of certain important cast magnesium
alloys [34].

peratures up to 250 ◦C. Moreover, it can be successfully used for RT applications
where a pressure tightness is required [30].

Silicon containing die cast magnesium alloys, such as AS21 (1.7 wt.% Al, 1.1
wt.% Si, 0.4 wt.% Mn) and AS41 (4.3 wt.% Al, 1 wt.% Si, 0.35 wt.% Mn), can
be used in automotive applications as reported by Foerster [36]. These alloys
contain Mg2Si intermetallic compound which has high melting temperature, high
hardness, low density and low thermal expansion [37, 38]. However, increasing
the liquidus temperature can be a disadvantage for casting procedure. It was
also shown that AS21 alloy exhibits better creep strength than AS41. However,
it is more di�cult to cast and it has poor corrosion resistance [36].

E�ect of aluminium and zinc

Aluminium can be used as an alloying element for magnesium both for solid
solution strengthening and for precipitation hardening in order to improve the
yield strength (YS) [5, 30]. On the other hand, the phase diagram in Fig. 1.3a
shows that it lowers the melting temperature of Mg-Al alloys. Dahle et al. [39]
showed that the addition of aluminium to pure magnesium leads to the formation
of a dendrite microstructure instead of a cellular. When the aluminium content
reaches 5 wt.% dendrites with pools of an eutectic phase between dendrite arms
appear and develop.

According to the Mg-Al equilibrium phase diagram in Fig. 1.3a, the eutectic
β-phase (Mg17Al12) is formed at 437 ◦C when the aluminium content reaches
approximately 13 wt.%. However, it was shown that the eutectic phase appears
already in alloys containing only 2 wt.% Al for non-equilibrium cooling conditions,
which are generally present during castings [40].

The β-phase is formed during the cooling of the casting precipitating prefer-
ably at grain boundaries [39]. A poor thermal stability of Mg17Al12 phase and its
discontinuous precipitation can lead to a signi�cant grain boundary sliding at ele-
vated temperatures. Because the aluminium content in regions near grain bound-
aries increases with increasing temperature, the solidus temperature decreases
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and creep properties are weakened. It was shown by several authors [41,42] that
higher creep deformations occur at the grain boundaries than inside dendrites.
The accelerated di�usion of aluminium in Mg matrix and a self-di�usion of mag-
nesium at elevated temperatures result in a poor creep deformation of magnesium
alloys [43].

Zinc forms several stable intermetallics with magnesium as it is shown in
Fig. 1.3b. Zinc is used in a majority of conventional magnesium alloys because
of an improved corrosion resistance [44] and a strengthening of magnesium using
solution hardening mechanism [45]. Strength of Mg-Zn alloys can be increased
also by heat treatment. Age-hardening is a mechanism used for cast and wrought
alloys to increase stability of these materials. Moreover, it was shown [46] that
zinc improves biocompatibility both in vitro and in vivo in Mg-Zn and Mg-Mn-Zn
alloys.

Since as-cast Mg alloys contain α-Mg and β-Mg17Al12 and formation of new
β-Mg17Al12 phases during heat treatment requires huge concentration of Al, the
Zn/Al ratio increases. An extra β-Mg21(Zn,Al)17 phase could be formed at 364

◦C
if Zn/Al ratio is 0.68-0.99 [47].

On the other hand, the variation of zinc content in the alloy can signi�cantly
change alloys properties. A re�nement of the structure is observed by increasing
the zinc content [50]. However, Zhang et al. [51] showed that in alloys with a
content of zinc above 4 wt.% the formation of eutectic structure and micropores
during solidi�cation occurs and can result in a coarsening of the microstructure
and a degradation of mechanical properties.

E�ect of rare earth elements

The e�ect of RE elements on strengthening of magnesium was for the �rst time
reported in 1930s. Nowadays, the RE elements are widely used in practice as
hardeners and re�ners. Basically, master alloys with an amount of RE elements
up to 25 wt.% are produced [52]. Cerium, thorium, lanthanum, neodymium,
yttrium and gadolinium are the most commonly added elements. It was shown
by Gao et al. [53] that comparing with the e�ect of Al and Zn, the solid solution
strengthening by Gd and Y is much higher. The hardness increases with the
increasing Gd content in Mg solute solutions. Wei et al. [54] show that the
addition of Ce, Nd and Y to AZ91 can signi�cantly re�ne the microstructure and
improve mechanical properties at RT and elevated temperatures.

The solubility of Ce in a solid magnesium is signi�cantly lower than of Y.
Ce can form a semi- or incoherent precipitates since there is no incubation time
before a formation of Guiner-Preston (G-P) zones during decomposition of a
supersaturated solution. On the other hand, in alloys with Y content the G-P
zones has not been distinguished and metastable coherent precipitates are formed
instead. Thus, in Ce containing alloys rapid solid solution hardening takes place,
while in Y containing alloys age hardening is prevalent [55]. Furthermore, it
was shown [34] that the presence of RE elements in the alloy involves both solid
solution and precipitation hardening and their intermetallic phases exhibit low
di�usivity and a good coherence to a matrix.

Lu et al. [56] show that addition of RE to Mg�Al alloys leads to the decrease
of a volume fraction and size of β-Mg17Al12 phase as a result of a precipitation
of Al11RE3. Formation temperature of Al11RE3 is by about 150 ◦C higher than
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Figure 1.3: Phase diagrams of (a) Mg-Al [48] and (b) Mg-Zn systems [49].
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for Mg17Al12 phase [57]. Therefore, along with the high stability of Al11RE3, the
formation of Al11RE3 starts earlier than that of β-phase.

1.3.2 E�ect of grain size

An in�uence of the grain size on tensile properties, corrosion behavior and defor-
mation mechanisms of polycrystalline materials including magnesium alloys was
described by numerous authors [58�64]. The relationship between grain size and
mechanical properties is represented by a Hall-Petch relation, which is further
described in the next section. Del Valle et al. [64] showed a signi�cant enhance-
ment of ductility of AZ31 and AM60 magnesium alloys at RT after processing by
ECAP. On the other hand, it was shown that corrosion resistance can be both
decreased [65] and increased [66] by ECAP processing.

Watanabe et al. [67] has shown that at lower strain rates the dislocation creep
behavior of AZ31 magnesium alloy is strongly in�uenced by the grain size. Howev-
er, at higher strains, with stress exponents larger than n = 5, di�usion-controlled
dislocation climb and cross-slip controlled slip take place and no grain size e�ect
is observed.
Nevertheless, measurement of the grain size is associated with a number of di�-
culties, especially in as-cast magnesium alloys. As the primary α-Mg dendrites are
formed during solidi�cation it is di�cult to reveal grain boundaries overlapped by
dendrite arms. In addition, a presence of non-uniformly distributed β-Mg17Al12
precipitates makes the evaluation of the grain size more complicated [68]. Gener-
ally, two methods are used to eliminate these complications. Firstly, slight heat
treatment can be used to dissolve α-Mg17Al12 phases, so suitable etching can
reveal grain boundaries. However, annealing leads to a grain growth, therefore,
grain size measurements can be unreliable. The second method is an electron
back scatter di�raction (EBSD). Since this technique requires more time for both
the specimen preparation and the data collection, it has been suggested to use
a dendrite arm spacing (DAS) instead of grain size for the description of the
microstructure of magnesium alloys.

1.3.3 E�ect of dendrite arm spacing

DAS is a microstructural characteristic of as-cast alloys, where the grain size can
not be distinguished properly. Similarly as the grain size, DAS is correlated with
mechanical properties of metals and alloys. The e�ect of DAS on mechanical
properties of Al-Mg containing alloys have been often reported [69�72]. In the
study of Lee and Shin [73] it was shown that the YS of the as-cast AZ91 magne-
sium alloy has a Hall-Petch relationship with DAS as well as a grain size, and it
is described by following equations (1.1),(1.2):

σy = 62.6 + 305.5 · (DAS)−1/2 (1.1)

and
σy = 74.9 + 317.7 · d−1/2, (1.2)

where d is a grain size.
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It was also found, that decreasing of DAS leads to an increase of ultimate
tensile strength (UTS) and ductility. Radhakrishna et al. [74] derived an empirical
relationship between DAS and mechanical properties by Eq. (1.3):

Y = A+BX + CX2, (1.3)

where Y is the value of UTS, YS or elongation; X is DAS; A, B and C are
constants, where B has a negative value. Thus, in MgSn alloys with the tin
addition lower than 5 wt.% the tensile strength and the elongation are improved
as a result of a decreasing DAS. Also Mizuno et al. [69] has reported that YS is
strongly in�uenced by DAS.

1.3.4 E�ect of segregation and porosity

Another factor a�ecting mechanical properties of metals and alloys is a presence
of bulk defects, such as pores, cracks and segregation bands [75]. These defects
are usually formed during casting and lead to signi�cant changes of mechanical
properties of materials, such as a premature fracture as well as a reduced strength
[25,76]. These defects can also in�uence the fatigue behavior [77].

A formation of porosity bands or segregation are often observed under certain
casting conditions. Thompson et al. [78] has observed the formation of defect
bands in magnesium during high pressure die castings. Dahle et al. [79] has
shown that these bands of segregation or porosity follow a contour parallel to the
casting surface. A width, location and structure of these bands depend on the
aluminium content of alloys. Thus, it is more frequent in AM50 magnesium alloy
than in AM60 and AZ91.

During the sheet production where an elevated pressure is used in order to
increase e�ectivity, similar segregation zones are formed. So e.g. during TRC
the molten metal solidi�es �rstly at surfaces close to the rolls and then the heat
is transferred by conduction. An existence of non-contact points due to the
solidi�cation shrinkage and entrapped gas leads to the heat transfer via a gas layer
between metal and rolls. Deformation induced during the ongoing solidi�cation
process leads to the excess of defects mainly in the center of the strip [80].

Hereby, the in�uence of the casting speed, cooling rate, temperature of the
melt and other parameters on the �nal microstructure and a presence of a center
line segregation (CLS) is very signi�cant in the sheet production. It was shown
by several authors [81,82] that conventional TRC AZ31 Mg alloy exhibits severe
inverse and central segregation of Al and Zn due to its rather wide solidi�cation
range. Thus, a characterization of the segregation of secondary-phase particles
arising during casting is very important for the improvement of alloys properties
and can help to optimize casting conditions.

The formation of CLS was also observed in Al-Mg alloys produced by TRC
[76, 83, 84]. Higher cooling rate might cause the formation of a brittle secondary
phase distributed on grain boudaries. Its further propagation along the bound-
aries into the center line segregation might cause cracks and ductile mechanical
behavior of the material as well as the initial distortion of the lattice during the
segregation of the aloying elements in the center might be the reason of the frac-
ture toughness decrease. It was also shown by Das et al. [76] that tensile strength
and microhardness can decrease with increasing cooling speed.

12



A model describing the formation of various defects during casting has been
partially developed by Dahle and St. John [85]. It involves solidi�cation processes
and formation of mushy zones, which appear during solidi�cation. Stresses and
pressure in this zone can be signi�cant and lead to the formation of defects, such
as segregation and tearing. Segregation channels and zones are formed when a
fracture of already solidi�ed melt occur at low solid fractions in the melt, whereas
their fracture at high solid fractions, when feeding is more di�cult, results in
porosity and tearing. At medium solid fractions porosity in segregated regions
can appear.

It was also shown by Dahle [86] that the location of casting defects caused by
shear stresses depends on the relationship between solidi�cation, applied stresses
generated from the certain casting process, and liquid �ow and feeding mecha-
nisms.

Oxides and porosity can also have a signi�cant e�ect on the fracture behaviour
of the material. A higher stress is concentrated around the pores acting as crack
initiation sites causing a premature failure. Thus, the size and distribution of
porosity de�nes a local fracture toughness of alloys [87]. The e�ect of porosity on
strength and ductility of alloys was studied by di�erent authors [88�90]. Surrapa
et al. [89] reported that the strength and ductility of Al-7%Si-0.4%Mg depends on
the size of macro-pores rather than on a volume fraction of pores in the specimen.
Gokhale and Patel [91] have found the areal fraction of porosity on a fracture plane
and not average porosity content directly in�uence the variability of mechanical
properties, namely the elongation and ultimate tensile strength in AM60 die cast
specimens. They also clari�ed that variation of mechanical properties of AM50
alloy depends on the amount of porosity on the tensile fracture surface [92].

Lee [88] has studied the e�ect of microporosity and grain size on tensile prop-
erties of an AM60 alloy. In this investigation the ultimate tensile strength and
elongation of as-cast AM60 alloy exhibited a signi�cant dependence on the varia-
tion of microporosity with an inverse parabolic relationship. UTS and elongation
dependence on microporosity increased with increasing grain size, which was ex-
plained by the role of grain boundaries in the dislocation motion. Another defects
a�ecting mechanical properties of magnesium alloys are hot cracks, oxide skins
and �ux inclusions (Fig. 1.4) [93�95].

1.3.5 E�ect of texture

Polycrystals consist of grains which are di�erently oriented toward each other,
however, often the most preferable orientation can be distinguished. The texture
can be caused both by deformation or recrystallization and can evolve during
casting, deformation and heat treatment. In hcp materials with a limited number
of available slip systems the texture has usually anisotropic character. At RT
basal slip system is dominant. At higher temperatures prismatic and pyramidal
slip systems start to develop. This anisotropy leads to the strengthening of texture
components.

Primary alloy processing, such as rolling and extrusion, result in a formation
of a strong basal texture in magnesium alloys [13, 14]. Kim et al. [97] showed
that after hot rolling the AZ31 magnesium alloy exhibit heterogeneous texture
along the sheet width. The weakening of basal components from upper layers
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Figure 1.4: Optical micrographs of a) an oxide cluster in AZ91 alloy, b) a "snaky"
oxide in AM50 alloy [75] and c) SEM image of hot tearing in AM60 alloy produced
by liquid die casting [96].

towards the center and the lower surface was observed. Also after annealing the
intensity of {0002} peaks decreases. Perez-Prado [98] showed that in AZ31B the
basal texture strengthens signi�cantly during the grain growth.

Texture evolution of AZ31B magnesium sheet produced by ingot casting and
subsequent billet rolling during the warm rolling was studied by Jeong et al. [99].
The specimens were pre-heated at 200 ◦C before the warm rolling. Fig. 1.5 shows
pole �gures of AZ31 Mg alloy sheets produced by hot rolling and subsequent
warm rolling. The texture of hot rolled AZ31 Mg alloy sheets showed ideal normal
direction (ND) (0001) �ber texture, while those of warm rolled specimens show
that the basal pole spread out to TD. The texture analysis were compared with
tensile tests results. It was shown that tensile elongation increases with the
decrease of intensity of basal �ber texture. A fraction of basal planes that can
be activated for the slip increases with the decrease of the basal �ber texture
component intensity. It results in an improvement of a tensile elongation. Thus,
the increase of rolling reduction in warm rolling was found to weaken the basal
�ber texture and improve tensile elongation.
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Figure 1.5: The (1010), (0002), (1011) and (1012) pole �gures of AZ31 magnesium
alloy sheets produced by a) hot rolling and b)18 %, c) 30 %, d) 50 % warm
rolling [99].

At larger strains the texture of magnesium alloys is more random because
of a grain boundary sliding (GBS), which progressively removes the texture. It
was also shown, that grain boundary structure changes a�ect the texture and the
GBS is enhanced by high angle misorientations in Zn-Al alloys [100].

1.4 Strengthening mechanism of metals and plas-

tic deformation

In order to improve hardness and strength of a metal, di�erent ways of changing
the structure are used, depending on the material. The high value of strength
means high YS and high work hardening coe�cient values. A study of processes
of the strengthening plays a crucial role in the material science. In sixties of the
last century several mechanisms of strengthening of metals were suggested and
described. Thus, the grain re�nement of the structure leads both to the increase
of hardness and improvement of plastic properties of the material. Nowadays, a
huge attention is paid to this strengthening method. However, also other methods
can contribute to the �nal mechanical properties. The improvement of the hard-
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ness can, however, be accompanied by a decrease of sti�ness. Therefore, such
a combination of strengthening methods should be found, which suits certain
application demands.

In the following chapters basic strengthening mechanisms taking place in mag-
nesium and other light weight alloys will be described. They are listed below.

� Grain boundary strengthening

� Precipitation strengthening

� Solid solution strengthening by substitutional and intersticial atoms

� Dislocation or deformation strengthening

1.4.1 Grain boundary strengthening

Since ancient times the principle "the �ner grains the harder is metal" was used
in metalworking. However, the �rst relation between the grain size and the me-
chanical properties of the polycrystalline metals and alloys was suggested inde-
pendently by Hall [101] and Petch [102]. The yield stress σy is related to the
grain size by Eq. (1.4):

σy = σ0 + k · d−1/2, (1.4)

where σy is a YS, σ0 is a friction stress, which includes contributions from solutes
and particles but not from dislocations, i.e. σ0 is the �ow stress of an undeformed
single crystal oriented for multiple slip or approximately the yield stress of a
very coarse-grained, untextured polycrystal. k is a constant, which de�nes the
strength contribution due the additional resistance to dislocation motion caused
by the presence of grain boundaries [103]. d is a grain size.

From Eq. (1.4) it follows that the yield strength increases with decreasing
grain size. Hall-Petch relation is thus one of the most important relations of
physical metallurgy. However, some limitations were found in materials with
large grain sizes (100 µm and larger) and UFG materials (less than 1 µm), namely,
deformed materials where grains do not have a regular shape. Hall-Petch (H-P)
relation is valid for di�erent materials with grain size exceeding 20-30 nm [104].
In nanomaterials with smaller grain size the strength does not change or even
decreases with decreasing grain size. The explanation of H-P relation by several
mechanisms was suggested.

� Dislocation pile-up [105].

Dislocations interact through their associated stress �elds. During plastic
deformation a Frank-Reed source generates many dislocations in the same
slip plane. A grain boundary is a barrier for the dislocation motion, so
the leading dislocation from the source is stopped and other dislocation
from the same source will form a pile up. Thus, the leading dislocation
experiences a stress τ

τ = nτ0, (1.5)
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where n is the number of dislocations in the pile-up τ0 is external resolved
shear stress. The pile ups interact with the Frank-Reed source through a
back stress which increases as n increases. Therefore, no new dislocation
loops are formed by the source and existing loops do not expand.

� Formation of dislocations from steps and ledges on grain boundaries gener-
ated during deformation [106].

� Formation of dislocations networks within grain boundary regions [107].

In Eq. (1.4) σ0 and k depend on a chemical composition and thermo-mechanical
treatments, k does not change with deformation temperature, whereas σ0 signif-
icantly increases with decreasing deformation temperature. If the value of σy
is higher than the grain boundaries strengthening contribution k · d−1/2 further
strengthening mechanisms must be involved.

1.4.2 Precipitation strengthening

Precipitation strengthening (or hardening) is based on the presence of particles
of di�erent phases in the matrix, which serve as obstacles for the dislocation
motion [108] and, thus, lead to the hardening of the material. The distribution of
this particles in the matrix should be homogeneous. Eq. (1.6) shows the relation
between the distance L between particles in the glide plane, the average particle
radius 〈r〉 and their volume fraction f :

L =

(
2π

3f

) 1
2

〈r〉. (1.6)

Three types of the particles (coherent, semicoherent and incoherent) might be
present in the material. Depending on the type of the dislocation motion disloca-
tions can cut through or by-pass these obstacles. Coherent particles are usually
cut through by mobile dislocations and deformed, while incoherent ones are by-
passed. The latter process was described by Orowan [109].

Elastic deformation caused by the shift between the matrix and precipitates
and di�erent shear elastic moduli of the precipitate and a matrix also contribute
to the resulting hardening. The precipitation hardening contribution σp is as
follows:

σp = α ·G · b · L−1 ≈ α ·G · b · f 1/3 · 1

r
, (1.7)

where α is a constant, G is an shear elastic modulus, b is a Burgers vector.
Also the precipitate morphology and distribution have an in�uence on the

material strengths. It was shown [110] that in randomly textured AZ magne-
sium alloys, where the basal plates are formed, a lower strengthenning e�ect was
achieved in comparison with the contribution of prismatic plates formed in WE54
alloys. Jain et al. [111] have found that the precipitation on the basal plane can
reduce the tension-compression yield asymmetry. Di�erent authors have indicat-
ed the important role of the precipitation strengthening in numerous non-ferrous
materials [112�115].
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1.4.3 Solid solution strengthening

Solid solution strengthening is a very e�ective strengthening mechanism in mag-
nesium alloys [116]. If prevalent diameters of two atoms di�er by less than 15 %
the solid solution can be formed. The relative valence, strong chemical a�nity
and similarity of crystal structures a�ect the strengthening. It was shown that
larger atoms can generate higher strengthening than the smaller ones. However,
a low solubility of these elements limits the potential strengthening e�ect.

Zinc has a signi�cant role in the solid solution strengthening of magnesium
alloys. When the content of Zn in Mg-Zn system is below 0.5 at.% the hardening
of basal planes and softening of prismatic and pyramidal planes occur. Thus, the
ductility is highest at low and medium Zn contents when the strain hardening
is reduced. Strain hardening rate increases and the tensile elongation decreases
when the concentration of Zn is above 1 at.%. The explanation is based on a
gradual compensation of the solid solution softening of the secondary slip system
by a solid solution hardening at high solute concentrations [117].

The solution strengthening σss for AZ91D commercial alloy was calculated
[118]:

σss = ksC
2/3, (1.8)

where ks is a constant and C is an atom concentration. According to Eq. (1.8) the
solid solution contribution to the total strength of high pressure die cast AZ91D
alloy is about 60 MPa.
In Mg-Al-Zn systems, where α-Mg solid solution is the major hardened phase,
the hardness H can be described by Eq. (1.9) [116]:

H = H0 +K

(
XZn +

1

2
XAl

)
, (1.9)

where H0 is a constant with a value of approximately 50 kg/mm
2, K is a constant

with a value 10 kg/mm2, XZn and XAl are contents of Zn and Al, respectively,
in atomic percent.

1.4.4 Deformation strengthening

Not only the grain size and precipitates can in�uence the hardening process of al-
loys. Since hardening requires the presence of obstacles for the dislocation motion,
immobile dislocations found in matrix can be considered as e�ective sources of
strains. Therefore, the deformation (dislocation) strengthening is the strengthen-
ing caused by the dislocations substructure appearing during plastic deformation
or phase transformation [119]. Mobile dislocation can interact with the locked
ones, with dislocation networks or with other mobile dislocations. The value
of dislocation strengthening σds, thus, depends on the energy necessary to pass
through the dislocation network, which is usually described by parameter ρ, the
dislocation density. Therefore, the contribution of the dislocation strengthening
can be expressed by Eq. (1.10):

σds = α ·G · b · ρ1/2, (1.10)

where α is a constant.
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1.5 Heat treatment

Most of the magnesium processing operations are made at high temperatures
because only the 〈a〉 basal slip and tensile twinning can be activated at RT. Heat
treatment is a method of the ductility improvement of magnesium alloys, and
signi�cantly in�uences the activity of non-basal slip systems.

The e�ect of heat treatments on the deformation behavior and their in�uence
on the deformation modes in magnesium were often studied [120�122]. These
works indicate the athermal behavior of the 〈a〉 basal slip and twinning. It means
that they are the easiest activated deformation modes at both RT and ambient
temperatures. The value of critical resolved shear stress (CRSS) decreases with
increasing temperature. CRSS is a shear stress on slip planes needed to realize
the dislocation slip. CRSS for 〈a〉 non-basal slip systems is lower than for the
〈c + a〉 pyramidal ones. In addition, at the temperature range 100 - 300 ◦C a
compression twinning has the highest CRSS for all deformation modes.

The e�ect of heat treatment on the microstructure of Mg-Al based alloys,
the solutioning processes and precipitation manner of Mg17Al12 phase were often
investigated [123�126]. Generally, both tensile strength and elongation can be
substantially raised or the YS and hardness can be signi�cantly increased but with
appreciable loss of ductility. During the solutioning or stabilizing heat treatment
the stresses produced by the original casting are removed. However, the following
quenching can newly introduce internal stresses into the material. It was shown
by Liu et al. [127, 128] that the ductility decreases after annealing due to the
precipitation at grain boundaries.

In AZ31 alloy the presence of the γ-liquid phase formed at temperatures high-
er than 460 ◦C can remarkably in�uence the deformation behavior [129]. Abedi et
al. [130] has observed high ductility values above the melting point of β-Mg17Al12
intermetallic phase (≈ 462 ◦C). This improvement has been attributed to the ef-
fect of the liquid phase on stress relaxation, cavities retardation and grain bound-
ary sliding.

It should be noted that magnesium alloys tend to age-harden very slowly at
ambient temperatures. Nevertheless, alloys in the T4 temper are susceptible to
RT aging. Thus, the aging of AZ63-T4 for �ve years at 297 K to 305 K caused an
increase of tensile strength by about 14 %, of YS 68 %, and of Brinell hardness
by 22 %. In the same period, the ductility was reduced by about 32 % and the
resistance to impact by 57 % [116].

1.6 Dynamic recrystallization

In wrought magnesium alloys, such as AZ and WE [131], the probability of a
recrystallization nucleation can be increased during annealing by means of in-
termetallic precipitates, which re�ne the microstructure and inhibit the grain
growth through pinning or Zener drag mechanism. The investigation of AZ91
alloy showed that a very �ne grain structure can be produced by, so called, dy-
namic recrystallization (DRX) during high temperature extrusion [132]. Simi-
lar results were reported by other research groups on di�erent magnesium al-
loys [129, 133�135]. During the recrystallization of the material deformed grains
with a large portion of stored energy are replaced by new ones. The recrys-
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tallization is de�ned as a static if occurs during annealing of the cold worked
alloy [136�138]. On the other hand, the DRX takes place during a deformation
at elevated temperatures. The rearrangement or annihilation of dislocation struc-
ture after annealing is de�ned as a recovery process (or dynamic recovery (DRV)).
The recovery can also run statically or dynamically depending on whether the
annealing was applied after or simultaneously with the deformation. Previous
studies indicate that in materials with hcp structure both DRX and DRV can
play a signi�cant role. Namely, in α-Ti and α-Zr, where the temperature lim-
it of DRX is higher, DRV has a dominant role, whereas Mg and Zn undergo
DRX [139,140].

Thus, for AZ31 several microstructural observations have been made to de�ne
the heterogeneous combination of twinning, multiple slip, DRV and DRX. Vagar-
ali et al. [141] have studied the creep behavior of the polycrystalline magnesium
over the temperature range from 473 to 820 K. Depending on the temperature and
stress level three di�erent mechanisms were de�ned. At lower temperatures up
to 600-750 K the extensive basal slip was observed. This process is controlled by
dislocation climb. At temperatures above 600-750 K an extensive non-basal slip
occurs. Under these conditions the dislocation cross-slip from basal to prismatic
planes takes place. Finally, at higher temperatures and stresses below 2.5 MPa no
visible surface slip lines were present. This behavior is attributed to a transition
to a lattice di�usion creep at these very low stress levels.

The DRX is very important for magnesium alloys and other non-ferrous ma-
terials allowing to control the grain size and, thus, �nal mechanical properties.
Most common conventional methods of thermomechanical treatments used for
the grain re�nement of magnesium alloys are extrusion and forging [142,143].

1.7 Casting of magnesium alloys

Nowadays, die casting is still one of the most commonly used techniques in mag-
nesium industry. However, there are other techniques used for the high-quality
alloys production including high-pressure die casting, permanent mold casting,
sand casting, semi-solid and squeeze casting [2, 144�147]. Properties of the �nal
product depend on the composition and methods used. Moreover, the properties
of alloys with the same composition can di�er depending on a casting method
and selected casting conditions.

Magnesium sheets produced by direct-chill (DC) casting exhibit coarse grained
structure (150-500 µm) [148] and are expensive due to the repetitive heating and
large number of rolling passes [149].

The use of a new generation of continuous casting techniques, such as strip
casting especially TRC [147, 150, 151], which allow to get more homogeneous
structure with eqiuaxed grains, is now under an intensive investigation. Moreover,
sheet production is retarded because of a limited formability of magnesium alloys
at RT. Since rolling forms strong basal texture in magnesium sheets with c-axis
parallel to the ND of the sheet [15], the activation of non-basal slip systems
is restricted. Therefore, the semi-solid continuous techniques, where elevated
temperatures are used during the sheet forming, are preferred for magnesium
alloys casting.
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1.7.1 Twin-roll casting

TRC can be used for casting of thinner materials with high quality surfaces and,
thus, better mechanical properties. It belongs to continuous casting methods
using spinning "endless" rolls. The principle of TRC is described in Fig. 1.6. A
melt is fed through a nozzle into the gap between two rotating water-cooled rolls
and then cools down and solidi�es between the rolls.

Figure 1.6: Illustration of twin-roll casting process [151]: a) twin-roll caster and
b) scheme of the twin-roll casting process.

TRC has been successfully applied on aluminium [152, 153], steels [154, 155]
and magnesium alloys. It also allows to produce magnesium alloy strips of the
4-6 mm thickness with high solid solution supersaturation and relatively large
elongated grains [150, 151]. The e�ectiveness of TRC for magnesium alloys was
shown by several research groups [147,156,157]. In contrast to conventionally cast
alloys TRC strips have heterogeneous structure but much �ner grain structure
(50-100 µm). This process incorporates casting and hot rolling into one step and,
therefore, is assumed to be more e�cient. Since TRC strip thickness is only about
5-6 mm, this process is characterized by extremely high production rate due to the
possibility of fast-cooling of the melt down to 550 ◦C. Therefore, non-intermittent
withdrawal regime is reached, which leads to the absence of cracks in the surface
layer, non-homogeneous structure, and can lead to the �ne grained structure.
High cooling rate also reduces the manufacturing cost. At the same time, high
solidi�cation rate enables to produce strips with re�ned grain structure, which
is also characterized by re�ned dendritic cells, �ne intermetallic particles and an
increase in a solid solubility and a presence of metastable phases.

Strips produced by this technique can be easily used for further processing by
heat treatment or plastic deformation including SPD.

1.8 Equal-Channel Angular Pressing

ECAP is a processing method in which a metal is subjected to an intense plastic
straining through simple shear without any corresponding change in the cross-
sectional dimensions of the sample [16]. It allows to reduce the grain size of the
material and obtain new strong deformation textures.
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During the process the sample is pressed through a die consisting of two
channels with equal cross-section using a plunger, as it is shown in Fig. 1.7. It is
deformed primarily by simple shear along the plane of intersection between the
channels. Two angles are associated with the process and can vary: an angle
between the channels Φ and an angle Ψ at the outer arc of curvative of the
channels intersection. Since dimensions of a sample are not changed, the process
may be repeated. Furthermore, the sample may be rotated between passes in
order to change the inclination of the shear plane to the existing microstructure.
According to the rotation scheme present in Fig. 1.8 possible routes are identi�ed
as A, Ba, Bc, and C.

Figure 1.7: Schematic illustration of equal-channel angular pressing [158].

Figure 1.8: Illustration of possible equal-channel angular pressing routes [159].

ECAP has been often suggested as a method for changing the texture or
microstructure of Mg alloys [62, 160�162]. This process can induce severe shear
deformation of materials, which can weaken the basal texture or reduce the grain
size, and thus, enhance the room temperature ductility.

Mukai et al. [163] compared the texture and resulting mechanical properties
for AZ31 billet material obtained via both direct extrusion and equal channel
angular extrusion (ECAE). They found that the strong preferred alignment of
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basal planes parallel to the extrusion axis, that is characteristic of the direct
extrusion of magnesium, was absent in the material subjected to ECAE and that
it led to a signi�cant enhancement of elongation to failure for specimens tested
in the extrusion direction. However, this is not the entire picture. A similar
investigation conducted by Agnew et al. [161] found that although the texture in
the ECAE material was oriented di�erently to that for direct extrusion, it was
nonetheless just as strong, and mechanical properties were anisotropic in both
cases. This has similar implications in the design and fabrication of components.
Matsubara et al. [164] found that a combination of direct extrusion followed by
ECAE was the most e�ective in achieving a grain size < 2 µm in dilute magnesium
alloys. Conform has recently been adapted for the continuous ECAE processing
of long lengths aluminum rods [104] and it appears to be an optimal combination
of these two processes.

During ECAP of magnesium alloys very �ne grained structures are formed
via DRX [165,166]. It is based on the same principle of DRX as was described in
Section 1.6 except for larger strains introduced into the material during ECAP.
Figureido and Langdon [167] have suggested a model of grain re�nement of mag-
nesium alloys during ECAP. According to this model the formation of new grains
along the original grain boundaries of initial coarse grained structure occurs when
the grain size d is larger than the critical size dc. If magnesium with the initial
grain size d lower than dc is deformed, the resulting structure is homogeneous.
In the opposite case the necklace structure of smaller grains is formed at grain
boundaries. Since the grain boundaries length in the materials with coarser grains
is higher than in the �ne grained materials, more new grains can be nucleated at
these grain boundaries.

However, this model provide just a simpli�ed view on these processes. The
development of the general theory of the grain re�nement mechanism is di�cult
because the ECAP is a complex process which depends on the initial texture,
grain size and temperature.

1.9 Constrained Groove Pressing

UFG materials with the grain size of less than 10 µm can be produced using a
variety of SPD techniques. For magnesium ECAP and high pressure torsion
(HPT) are the most popular procedures [168�170]. However, these methods
are non-continuous, use relatively small samples and can be hardly applied to
magnesium strips. For plates and sheets production the accumulative roll bond-
ing (ARB) [171�173], repetitive corrugation and straightening (RCS) [174, 175],
CGP [176] and constrained groove rolling (CGR) [177] are used. ARB process
consists of repetitive bonding between two rolled plates, but a perfect bonding is
required to achieve improved mechanical properties. Thus, ARB is less feasible
for SPD of sheet metals. Discontinuous RCS can reduce the grain size of a coop-
er bar to several hundred nanometers [175]. However, using the continuous RCS
method 18 cycles are necessary to achieve nanostructured material since not a
su�cient amount of plastic strain is provided by existing RCS facilities.

On the other hand, groove pressing (GP) and CGP were successfully used to
deform aluminium [178], aluminum alloys sheets [179, 180], copper and their al-
loys [181] and low carbon steels [182,183]. It was reported that due to UFG struc-
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ture induced by GP mechanical properties of metals, such as formability, were
enhanced. For example, the e�ective grain re�nement and submicron features
achieved by GP improve mechanical properties and bioactivity of pure titanium
which has similar hcp structure as magnesium [184].

However, the information on GP magnesium alloys is limited. Ratna Sunil et
al. [185] studied the wetability and corrosion resistance of GP AZ31 magnesium
alloy and showed the prospects in its application as implants. The AZ31 alloys
sheet were heated up to 537 K before the pressing between the grooved dies,
which are designed with a groove angle of 45◦. The CGP steps are shown in
Fig. 1.9: (a) � a specimen is placed in the grooved die, (b) � groove pressing, (c)
� �at pressing, (d) � the specimen is rotated by 180◦ along the pressing direction
and (e) � the groove pressing stage is repeated, (f) � specimen is �attened again.
Thus, a single pressing by grooved dies yields a shear strain of 1 at deformed
regions, which is equal to the 0.58 of an e�ective true strain [186]. After the
�attering the cumulative e�ective strain in the deformed regions become 1.16,
which is comparable to the strain after one ECAP pass, which is equal to 1.

Figure 1.9: Illustration of constrained groove pressing process: a) grooved die,
b) groove pressing, c) �at pressing, d) the specimen is rotated by 180◦ along the
pressing direction and (e) the groove pressing stage is repeated, (f) specimen is
�attened again [186].

It was also shown by Shantharaja et al. [178] on aluminium alloys that the
pressing parameters, such as the number of passes and deformation speed have
signi�cant in�uence on mechanical properties. Due to the grain re�nement the
ductility of pure Al increases in terms of tensile strength. An e�ect of precipitation
during CGP of AA3003 aluminium alloy was considered by Apps et al. [187]. It
was shown that Mn increases work hardening rate because of the formation of
Al6Mn �ne dispersoids in the solid solution. Thus, the presence of such particles
can accelerate the improvement of mechanical properties and grain re�nement.
However, no data on Mg-based alloys are available.
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2. Aims of the study

It the previous chapter the TRC process was described as an e�ective method to
produce high quality thin magnesium strips. The main aim of this study is to
investigate microstructure and mechanical properties of a model AZ31 TRC mag-
nesium strip. Generally, TRC magnesium strips exhibit strong basal texture and
heterogeneous grain size distribution. In order to fully exploit a potential of TRC
thin strip and to suppress some unfavorable features of the initial microstructure
attempts to modify properties of the TRC material were done. SPD techniques
were used as an e�ective tool. First, well-established ECAP technique was used
as a model SPD treatment serving as a precursor for investigation of materials
prepared by a relatively new, unexplored and more complex CGP method.

In order to achieve the above mentioned aims the present work focuses in
particular on following tasks:

� The study of the microstructure and mechanical properties of light weight
AZ31 structural magnesium alloy prepared by TRC and their comparison
with conventionally cast ingot of a master alloy (AC)

� The detailed study of a center line segregation in TRC alloy using di�erent
imaging methods and analyses

� The e�ect of the annealing temperature on a stability of AC and TRC
materials

� The e�ect of ECAP on the initial AC and TRC microstructure

� Application of CGP as a novel continuous SPD technique for a modi�cation
of microstructure of magnesium alloys strips prepared by TRC
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3. Experimental part

3.1 Materials preparation

Two types of magnesium alloy with nominal chemical compositions of Mg-3.3Al-
0.9Zn were studied in this work (Fig. 3.1). Detailed chemical composition of the
alloys is shown in Table 3.1. Specimens for all measurements were cut from
original ingots of master alloys or from strips prepared by TRC. The thickness of
strips after TRC was 5.6 mm.

Table 3.1: Chemical composition of AZ31 alloy, wt.%.

Al Zn Mn Na Ca Fe Mg
3.3 0.91 0.34 0.20 0.034 0.020 Rest

The temperature of the melt before processing was 650 ◦C and casting rate
was 1.8 m/min. Recently Kurz et al. [151] has shown that only at these casting
parameters the strip exhibits the most homogeneous structure and contains no
cracks at the surface layer and no cavities in the bulk of the strip. Three main
casting directions denoted as rolling (RD), transverse (TD) and normal (ND) are
marked in Fig. 3.1.

Figure 3.1: Picture of the AZ31 AC ingot of the master alloy and strip produced
by TRC.

3.2 Heat treatment

Specimens of 10 mm x 10 mm x 10 mm for structural and hardness studies
were cut from the AC ingots. Similar specimens were cut from TRC strips with
dimensions 10 mm x 10 mm x 5.6 mm. To study the in�uence of annealing on
a microstructure in a temperature range from RT to 400 ◦C a linear annealing
scheme in an air furnace with 1 ◦C/min heating rate followed by a quenching into
an oil bath was performed. A thermal stability of primary phases in AZ31 was
tested at 300 and 500 ◦C.
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3.3 Electrical resistivity measurements

In order to establish temperature intervals in which phase transformations oc-
cur in the material the electrical resistivity measurements were performed. This
technique also allows to detect structural changes and phase transformations in
materials. For better understanding of processes occurring in material the de�ni-
tion of resistivity should be stated. The resistivity ρ is a material property which
is de�ned using Eq. 3.1:

ρ =
S

l
R, (3.1)

where S is a cross-section area, l is length and R is a resistance of the sample.
In metals the current is carried by electrons. According to the Pauli's exclusion

principle no two electrons in one atom can have the same set of four quantum
numbers. At absolute zero electrons stay at the lowest energy states. At ambient
temperatures a certain fraction described by Fermi function f(E) (Eq. 3.2) will
exist above the energy of the highest occupied single particle state at 0 K, or
so-called Fermi energy [188].

f(E) =
1

e(E−EF )/kT + 1
, (3.2)

where E is energy, k is a Boltzmann's constant, T is an absolute temperature and
EF is the Fermi level, e.g. an energy level with an occupation probability of 50 %
at a �nite temperature. In the band theory of solids Fermi level de�nes bands.
For conduction process the presence of electrons in a conduction band is very
important. In conductors a conduction band is overlapped with a valence band,
so the electrons can easily move. However, in a real solid the electrons scatter
by collisions with defects and atomic thermal vibrations. Thus, the resulting
resistivity ρtotal is de�ned by Mathiessen rule (Eq. 3.3) as a sum of resistivity
caused by scattering on thermal vibrations (ρthermal), impurities (ρimpurity) and
deformation-induced defects (ρdeformation):

ρtotal = ρthermal + ρimpurity + ρdeformation. (3.3)

Generally, electrical resistivity of metals increases with temperature due to
increasing thermal vibrations and density of vacancies. Electron-phonon interac-
tions can play an important role a�ecting the resulting resistivity. It was described
mathematically by Bloch-Grueneisen formula [189]:

ρthermal(T ) = ρ0 + A

(
T

ΦR

)n ∫ ΦR
T

0

xn

(ex − 1)(1− e−n)
, (3.4)

where ρ0 is a residual resistivity due to defect scattering, A is a constant, ΦR is
the Debye temperature and n is an integer depending on the interaction (5 for
electron-phonon scattering, 3 for s-d electrons scattering, 2 for electron-electron
interaction).

Metal lattices are not pure and contain defects such as dislocation, vacancies
and impurities. Eq. 3.5 describes the relation between resistivity and impurities
concentration (cimpurity).
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ρimpurity = Aicimpurity, (3.5)

where Ai is a constant independent on the concentration and temperature and
di�ers for each impurity.

In addition the resulting resistivity of an alloy consisted of two phases (ρα+β)
can be calculated as follows:

ρα+β = ραVα + ρβVβ, (3.6)

where ρα, ρβ are the resistivities of certain phases and Vα, Vβ - volumes of these
phases.

In this study a four-point resistance measurement method was used for sen-
sitive measurements of low resistance changes [190]. For that purpose H-shape
specimens with dimensions 60 mm x 5mm x 1mm were prepared (Figure 3.2).
Voltage is measured between two inner contacts. Commutated direct current is
used to eliminate transient and thermoelectric e�ects. Annealing below 240 ◦C
was performed in an oil bath with a step-by-step annealing regime 20 ◦C/20 min.
Annealing at higher temperatures was performed with the same heating rate in an
air furnace. A residual resistance in a liquid nitrogen (LN) using a Keithley based
measurement devices with an operating current I = 0.2 A were used. Because
of the accuracy of samples dimensions measurements (about 2 % limit), instead
of the absolute resistivity measurements relative resistivity changes (ρ − ρ0)/ρ0,
where ρ0 is the initial value of resistivity measured in LN, and a residual resistiv-
ity ratio RRR = ρA/ρ0, where ρA is a resistivity measured in an ethanol bath at
RT, were used for further data processing.

Figure 3.2: Illustration of the H-shape sample used for resistivity measurements.

3.4 Microstructural characterization

3.4.1 Light optical microscopy

Microstructure characteristics of studied alloys were obtained using Olympus
GX51 light optical microscope. Standard metallographic magnesium sample
preparation techniques were used. Firstly, mechanical grinding on SiC abrasive
papers (800 to 4000 grits), polishing with diamond pastes (1 and 3 µm) and with
a colloidal silica polishing suspension OP-S were performed. For the �nal etching
of AZ31 alloy a 5 % acetic picral solution was applied at RT for about 5 - 10 s.

Images from light optical microscopy (LOM) were processed using NIS-Elements
AR 3.0 software. The grain size evaluation of coarse grained materials was made
on cross-sections of samples. A linear intercept method was used for this aim.
For materials after thermomechanical treatment containing much �ner grains the
images were processed by an automated grain boundaries identi�cation procedure
which is a part of the AR 3.0 software and further calculating of an equivalent
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diameter of grains using special software functions. The advantage of this method
is the ability to get a distribution of grain sizes (see Fig. 3.3) instead of an average
grain size that can be received by the linear intercept method. It is very useful
tool for the investigation of materials with heterogeneous distribution of grain
sizes after processing, which are used in this work, e.g. Fig. 3.3. Moreover, it
allows more accurate determination of the grain size changes along the material
width during thermo-mechanical treatment of the strips.

Figure 3.3: Heterogeneous distribution of grain sizes in AZ31 magnesium alloy
after CGP evaluated using the equivalent diameter method via NIS-lements AR
3.0 software.

In alloys with developed dendritic structure the determination of an average
grain size is more complicated. Therefore, the DAS was used instead of the grain
size for such samples.

3.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was also used to study the microstructure
of selected alloys. An electron beam of an energy of 10-20 keV is focused to a spot
of about 4 - 5 nm in diameter. The electromagnetic lenses de�ect the beam and
provide a raster scanning over a selected area of the specimen. Resulting image
is produced by a secondary signal of back-scattered (BSE) or secondary electrons
(SE). BSE are elastically scattered primary electrons which do not lose their
energy during the interaction with the surface but only change their direction.
Mainly, atomic number Z is responsible for the intensity of BSE. The higher is
the atomic number, the higher is the intensity. Therefore, areas with higher Z are
brighter on images obtained by BSE. This type of signal is used for the elementary
and phase distribution analysis.

The primary electrons can lose some energy after scattering, which is trans-
mitted to atoms in the surface layer. These atoms are excited and the emission
of the secondary electrons from an inner shell occurs. If the excited electron
has su�cient energy after inelastic and elastic collisions it can escape from the
surface. Since it lose its energy during this movement the �nal energies are low
(about 50 eV). However, it allows to obtain an information about a topography
of the sample because rough and bumpy surfaces emit more SE and has lighter
tone on the SE image than the smooth ones.
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Energy-dispersive X-ray spectroscopy (EDX) is a very powerful tool for the
materials characterization. Interaction of the primary electrons with the surface
excites atoms in the surface layer which must return to the ground state. So an
electron hole is left after the ejection of the core electron. Electrons fall down to
the lower orbitals and leave the excited state, so the energy is emitted in the form
of photons. They form the spectrum of the element (X-ray). An energy of X-rays
is determined as the energy di�erence between two shells. It allows to establish
the atomic structure of the element and to investigate the chemical composition
of materials. In contrast to LOM, SEM has signi�cantly larger depth of focus so
more information about the microstructure can be obtained.

SEM observations were realized on a FEI Quanta FEG and Zeiss Auriga elec-
tron microscopes. These microscopes are equipped with BSE and SE detectors,
detectors for energy dispersive spectroscopy (EDS) and EBSD detectors. The
sample preparation for SEM observation was the same as for samples observed
by LOM.

EBSD and texture measurements

EBSD measurements [191] are held in SEM, where a stable electron beam is fo-
cused on the sample tilted 70◦ towards the di�raction camera in order to increase
the contrast in the resultant EBSD pattern. Electrons elastically scattered on
the (hkl) plains which ful�ll the Bragg's criterion (Eq. 3.7) are the BSE.

2dhkl sin Φ = nλ, (3.7)

where dhkl is an interplannar distance in a crystal lattice, Φ is a scattering angle,
n is a positive integer and λ is the wavelength of incident wave.

They are moving along the pair of pyramidal cones with the top angle π− 2Θ
and the main axis formed by the normal of (hkl) plains. Escaping electrons may
exit near to the Bragg angle and di�ract to form Kikuchi bands which correspond
to each of the lattice di�racting crystal planes. The middle of the each Kikuchi
band corresponds to the intersection of the plain on which the Kikuchi band was
formed with the plain of the screen.

Relative position, direction, thickness and a position of the intersections of
the Kikuchi lines is an important information obtained from the di�raction pat-
tern. Crystallographic orientation map of the scanned area is calculated from the
position of Kikuchi bands by the computation processing of di�raction patterns
collected by CCD camera.

Precise position of Kikuchi lines is found using polar Hough transformation
from which the orientation of the exact part of the sample is determined. The
transformation between the coordinates (x, y) of the di�raction trace and coor-
dinates Haugh space is given by the Eq. 3.8.

ρ = x cos Θ + y sin Θ, (3.8)

where (ρ,Θ) are the coordinated in the Haugh space.
When the relative angles between the plains are calculated using the cal-

ibration system, the relevant Miller's indexes are determined. After that the
orientation of the crystal lattice with the respect to the sample orientation can
be de�ned.
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Specimens for EBSD were prepared by two methods depending on the com-
position and grain size after processing. For as-cast TRC and AC AZ31 alloys an
electropolishing using a Struers AC2 solution (10 ml of nitric acid, 30 ml of acetic
acid, 40 ml of distilled water and 120 ml of ethanol) was performed at 20 V and
-30 ◦C. For alloys after intensive plastic deformation with much �ner grains the
mechanical polishing was followed by an ion argon milling at 3 keV for 3 h using
Gatan PIPS equipment.

EBSD data were collected in Quanta FEG scanning electron microscope and
were handled using OIM Analysis 6 software. Observations of as-cast samples
were made in the section perpendicular to the transverse direction of the TRC
strip. The materials after the ECAP processing were observed in the cross-
section of the specimens. The direction perpendicular to grooves in specimens
after constrained groove pressing was used for EBSD study.

The EBSD maps were obtained by scanning areas of selected dimensions but
at least 150 µm × 150 µm. In addition, depending on the grain size di�erent
steps from 0.1 to 3 µm were used. The correlated data were used also for texture
analyses of materials. Texture studies were provided by the means of (0002) and
{1010} pole �gures calculated from the EBSD orientation maps. In some cases
EBSD maps of smaller areas were used for the texture studies. The dimensions
are given in the text if needed.

In order to analyze local strains inside the material, Kernel Average Misori-
entation maps (KAM) were used. This method allows to distinguish small dif-
ferences in crystallographic orientations (angular misorientations) between neigh-
boring points in the specimens. These maps are used to reveal internal strains
caused by a presence of dislocation structure, which leads to crystal rotations and
a higher value of the KAM [191].

3.5 Atomic force microscopy

The investigation of changes in the surface topography after tensile test were
performed using atomic force microscopy (AFM). The principle of AFM is a
measuring of a force between a probe and the sample. A sharp tip is usually used
as the probe. The lateral resolution of AFM is low (about 30 nm). However,
the vertical resolution can be up to 0.1 nm. Fig. 3.4 illustrates an AFM imaging
scheme. An optical level is used to measure the vertical and lateral de�ections of
the cantilever. It is operated by re�ecting a laser beam o� the cantilever. The
beam interacts with a position-sensitive photodetector. The di�erences between
segments of the photodetector and signals indicate the position of the laser spot
on the detector and thus the angular de�ections of the cantilever. Piezoceramics
allow high resolution positioning of the tip.
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Figure 3.4: Illustration of an operating scheme of atomic force microscope [192].

The samples for AFM observations were prepared using the same way as LOM
specimens. The areas of 100 µm × 100 µm were scanned using the AFM tapping
mode. In this mode the cantilever oscillates at its resonant frequency. The
probe lightly "taps" on the surface of the sample during scanning, contacting
the surface at the bottom of its swing. By maintaining a constant oscillation
amplitude a constant tip-sample interaction is retained and the image of the
surface is captured.

3.6 X-ray di�raction

Texture X-Ray di�raction (XRD) measurements were done on AZ31 alloy in
order to statistically strengthen EBSD data. XRD data were obtained on Rigaku
Smart Lab 9kW Thin-Film In-Plane X-ray Di�ractometer at a voltage 8 keV
using Shultz re�ection method with a spot size 0.4 mm × 0.5 mm. Specimens
were tilted from 0 to 90◦, azimuthal rotations were made from 0 to 350◦, both with
a step of 10◦. Texture was measured using XRD by systematically changing the
angular orientation of the sample and measuring di�raction peaks. The intensity
of Bragg re�ection was measured for pairs of Ψ and Φ at �xed Θ − 2Θ position
and is presented as pole �gures (PF). Fig. 3.5 shows the scheme of the XRD and
orientation of the sample during the experiment. These investigations were held
in a collaboration with Karlsruhe Institute of Technology.

3.7 X-ray computed tomography

LOM and electron microscopy can provide very proper microstructural informa-
tion. However, they are limited to small-scale regions of samples and they are
not suitable for receiving general information about the whole volume of the ma-
terial. Thus, the penetration into the middle of the strip in order to study the
defects, such as CLS in TRC materials, needs novel 3D approaches. In coopera-
tion with University of Applied Sciences Upper Austria the study of CLS using
X-ray computed tomography (CT) were done.
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Figure 3.5: Illustration of X-ray di�raction measurements using Shultz re�ection
method.

X-ray microtomography belongs to the class of nondestructive 3D material
characterization techniques at a micron level spatial resolution [193, 194]. This
method does not require any time-consuming specimen preparation and allows
many scans of the same specimen under di�erent conditions to be made. The
technique is complementary to higher resolution 2D microscopy and lower resolu-
tion 3D ultrasonic imaging. Primarily, X-ray tomography is commonly used for
medical application but in the recent decade it was employed as a tool for the
microstructural studies of ceramics [195], foams [196] and alloys [197].

Specimens for CT were directly cut from the strip without any additional
preparation. Series of 2D X-ray absorption images were recorded during rotation
of the object with small angular steps. Projection images were captured and
used for the generation of a three-dimensional digital image where each voxel
(volume element) represents the X-ray absorption in this point [198]. Because of
a relationship between X-ray absorption and material composition and density,
the 3D internal structure can be derived and the resulting 3D images can be
displayed as series of 2D 'slices' (Fig. 3.6).

Figure 3.6: Schematic illustration of X-ray CT acquisition and reconstruction
processes. The 3D map is typically presented as a series of 2D slice images [193].
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For CT investigations [199] a Nanotom 180NF desktop device from General
Electric with a 180 keV nano-focus tube with transmission target and external
liquid cooling system for measurement stabilization and 2316 pixel × 2316 pixel
Hamamatsu �at panel detector were used. Scan parameters were 95 keV with a
0.1 mm copper pre-�lter and 223 µA. The achieved voxel size was 0.68 µm3. For
the image reconstruction the software Datos×2 reconstruction 2.2.1 was used in
a combination with a 3×3 inline median �lter and a beam hardening correction.
VGStudio MAX 2.2 was used for visualization and evaluation. A 9 × 9 × 9
median �lter was applied for the noise elimination. The surface near the examined
region was excluded from evaluation in order to reduce the in�uence of artefacts.
The advanced surface determination was used for the detection of particles with
higher absorption, whereby the starting value of the surface determination was
chosen to be µ + 3.5σ. µ is an expected value of the Gaussian distribution from
the material matrix and σ is the standard deviation.

3.8 Mechanical properties characterization

3.8.1 Microhardness measurements

Local mechanical properties of studied alloys were investigated using hardness
measurements. Hardness is denoted as a resistance of the material to plastic
deformation caused by indentation. Vickers hardness number (HV) was used in
this study and was calculated according to Eq. (3.9):

HV =
1.854× F

D2
, (3.9)

where D is a length of the impression diagonal and F is a load in kilogram-
force (kgf), which is a gravitational metric unit of force. During the Vickers
microhardness testing a diamond indenter is impressed into the surface of the
specimen. The indenter has a pyramidal shape with an angle between opposite
sides of 136◦. The indenter is pressed to the specimen with de�ned force and
held for a certain time at this load. After this procedure a small square hole is
left in the material. Dimensions of the indentation were measured as is shown in
Fig. 3.7 by a LOM, which is an integral part of the QNess Q10A+ machine used
for the testing.

Figure 3.7: Illustration of the Vickers hardness method [200].
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The microhardness testing allows quick and easy estimation of local mechan-
ical properties of the material, e.g. ultimate tensile strength which linearly cor-
relates with the HV value [201].

This method was applied to AZ31 magnesium alloys with the loading of 100 g
and the load time of 10 s. Further in this work it is denoted as HV0.1. The same
sample preparation as for LOM and SEM was used. Statistical measurements
using at least ten indents were done. However, microhardness maps of the samples
with heterogeneous microstructure were obtained with at least 300 points for
areas with dimensions 5 mm × 8 mm. The accuracy of these measurements is
approximately 5 HV0.1 depending mainly on the heterogeneity of the studied
material. All measurements performed on TRC specimens were done in the TD.

3.8.2 Tensile tests

In order to investigate dynamic mechanical properties of as-cast samples and
samples after heat and thermo-mechanical treatment tensile tests were performed.

One millimeter thick dog-bone shaped coupons were machined from both AC
ingot and TRC strip for tensile tests. The TRC specimens had their tensile axes
parallel to the RD and had a length of 5 cm as is shown in Fig. 3.8.

In�uence of the strain rate on fracture was investigated during tensile tests
with constants rates 10−1, 10−2, 10−3, 10−4 s−1. Moreover, e�ect of the annealing
temperature on tensile properties was studied. The samples were annealed at
100, 150, 200, 250 and 300 ◦C before testing and held for 10 min at the given
temperature. All deformation tests were conducted on INSTRON 5228 machine.
At least 3 specimens of the same type were used for deformation to get appropriate
statistics. Measured strain-stress curves were used do distinguish the 0.2 % yield
stress and ultimate stresses.

Figure 3.8: Dog-bone shaped specimen for tensile tests.

3.9 Thermo-mechanical processing

3.9.1 Equal-Channel Angular Pressing

ECAP was applied to AZ31 alloys in both ingot and TRC forms. Samples with
dimensions 4.9 mm x 4.9 mm x 40 mm were cut from ingots and TRC strips. The
TRC ones have their longer side parallel to the RD and TD as is shown in the
Fig. 3.9, so that the pressing direction is perpendicular to the ND of the sample.
The directions after ECAP are indicated as X, Y and Z. Two sets of samples were
used for the ECAP processing: as-cast samples and samples pre-aged at 450 ◦C
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for 10 h in an air furnace and then quenched. Samples were deformed at 230 ◦C
with a processing speed of 7 mm/min. The specimens were held at the processing
temperature for 3 min before each pass. The angle of intersection between two
channels was 90◦ and the route Bc was chosen for the deformation as it is shown
in Fig. 1.8. It means, that the specimens were rotated by 90◦ along the X-axis
before each pass [16]. Up to eight ECAP passes were used in order to achieve
signi�cant grain re�nement. Each ECAP pass corresponds to an equivalent strain
ε ≈ 1.

Figure 3.9: Illustration of the sample orientation during ECAP.

3.9.2 Constrained Groove Pressing

Constrained groove pressing (CGP) was applied to AZ31 thin plate cut from
ingot and TRC strip. The plate had dimensions 70 mm × 50 mm × 5.6 mm.
The CGP steps are shown in Fig. 1.9 and are as follows: (a) � a specimen is placed
in the grooved die, (b) � groove pressing, (c) � �at pressing, (d) � the specimen is
rotated by 180◦ along the pressing direction and (e) � the groove pressing stage
is repeated, (f) � specimen is �attened again. Geometry of the die and grooves
is illustrated in Fig. 3.10. During pressing the maximum load was 60 tons.

Pressings were held at RT with specimens preheated for 10 min at selected
temperature. Specimens with rolling direction parallel to the grooves and pre-
heated at 400 ◦C and 450 ◦C had visible cracks already after 1/4 of the CGP
cycle (Fig. 3.11). On the other hand, specimens with TD parallel to grooves had
satisfactory formability at 450 ◦C. Therefore, only these specimens at 450 ◦C were
used for further CGP forming. Equivalent strain after one CGP cycle is equal to
1.16, which is slightly higher than the one after one ECAP pass.
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Figure 3.10: Illustration of the constrained groove pressing facility: a) pressing
machine, b)grooves, c), d) geometry of the die and grooves.

Figure 3.11: TRC samples subjected to 1/4 of CGP cycle, an arrow indicates the
RD of the strip.
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4. Results

Two sets of AZ31 samples prepared by conventional casting into an original
ingot of the master alloy and by TRC were studied. The microstructure and
local mechanical properties, such as microhardness, were de�ned using LOM,
SEM, EBSD and Vickers microhardness testing. The e�ect of annealing and
thermomechanical treatment on the microstructure was also studied. Texture
and microstructural evolution during the processing were described.

4.1 As-cast materials

4.1.1 Light optical microscopy

The microstructure of AC and TRC AZ31 magnesium alloys are shown in Fig. 4.1
and Fig. 4.2 and 4.3, respectively. In the micrographs the lighter part represents
the α-Mg matrix and the darker one corresponds to β-Mg17Al12 phase, which is
usually present in AZ31 alloys.

The AC ingot of AZ31 alloy exhibits homogeneous microstructure with coarse
grains of about 200 µm. Relatively large β-Mg17Al12 phases are located mainly
inside the grains (Fig. 4.1).

Figures 4.2 and 4.3 show the microstructure of the TRC alloy. Casting leads to
the formation of heterogeneous microstructure, so that the grain size varies from
tens to hundreds micrometers. The observation of the surface microstructure
and cross-sections of the samples in TD and RD was made. Fig. 4.2c shows well-
developed dendrite structure on the surface of the strip. In the RD particular
grains can be distinguished. An inhomogeneous distribution of grain size along
the width of the strip is observed. Average grain size is 150 µm in the bulk of the
material, 25 µm in the central part of the strip and about 60 µm near the surface
of the strip. Nevertheless, strains induced during TRC lead to the formation of
�ne grains which are observed at the grain boundaries of the coarser grains (dark
areas in Fig. 4.3c).

On the other hand, in the TD the microstructure re�ects casting conditions

Figure 4.1: LOM image of the as-cast ingot of master AZ31 Mg alloy.
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Figure 4.2: Light optical microscopy imaging of cross-sections of TRC strip in a)
TD, b) RD and c) the surface of twin-roll cast AZ31 Mg alloy in ND.

Figure 4.3: Light optical microscopy images of indicated parts of TRC AZ31
magnesium strip in a-c) TD and d-e) in RD.
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more apparently. Large elongated grains with the grain size of about 200 µm
are observed in the bulk of the strip as it is shown in Fig. 4.3a. Much �ner
grains of about 50 µm are formed in the middle of the strip and near its surface
(Fig. 4.3b,c). In addition, the presence of grains of about 5 µm at the grain
boundaries of coarser grains reveals visible bands tilted 45◦ towards the RD.

The β-particles are also distributed within the whole α-Mg matrix as in the
conventionally cast alloy, however, they are much �ner. Micrographs of polished
surfaces displayed in three main directions are shown in Fig. 4.4. Coarse particles
(marked by circles (a) and rectangle (b)) are distributed inside the Mg matrix
with higher density in the central zone of the cross-section of the strip, spaced
nearly equidistantly in the section perpendicular to RD with a distance of about
2 mm (Fig.4.4a). In sections perpendicular to TD (Fig.4.4b) no periodicity of the
primary particle distribution is observed. Attempts to visualize segregated zones
in sections perpendicular to ND failed because a well-developed dendrite structure
typical for these types of alloys reduces the visibility of segregated particles on
sections prepared from the central area of the strip (Fig.4.4c). Thus, the shape
and distribution of these particles in this direction is not clear.

Figure 4.4: Micrographs of the TRC alloy showing the distribution of primary
particles along the strip in a) RD, b) TD and c) ND.

4.1.2 Scanning electron microscopy

Fig. 4.5 shows BSE images of the TRC sample in sections perpendicular to three
casting directions. In RD (Fig. 4.5a) the periodicity of coarser primary particles
in the center of the strip found by LOM is con�rmed, while in TD and ND sections
(Fig. 4.5b,c) segregated channels elongated in the RD appear.

A more complex sample preparation, namely removing of the upper half of
the strip and imaging of only a central part of the strip in the ND results in an
incomplete mapping of the segregation inside the specimen (Fig. 4.5c) because the
thickness of the center line segregation does not exceed 50 µm and, therefore, is
often removed during polishing. Moreover, as it is shown in Fig. 4.4a,b segregated
particles are located not exactly at the center of the strip but their position
varies along the strip length which makes the observations in ND statistically less
compliant.
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Figure 4.5: Back scatter electron images of the central region of the TRC strip
in a) TD, b) RD and c) ND.

Figure 4.6: SEM images of the central region of the as-cast AZ31 magnesium
alloy: a), b) BSE image of a "deer-shaped" segregation in the center of the strip,
c) BSE imaging of dendrite arms and Al-Mn intermetallic particles, d), e) SE
maps of Al and Mn collected from the region from Fig. d).
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Nevertheless, SEM allows the identi�cation of the composition of secondary
particles using EDS. Fig. 4.6 shows SEM images of the central zone viewed in TD.
A "deer-shaped" area of the CLS is illustrated in Fig. 4.6a. A detailed view of
the CLS and analysis of a dendrite structure are shown in Fig. 4.6b,c. EDS of an
area marked by a green box shows that it consists mainly of β-Mg17Al12 primary
particles that can be dissolved during annealing at temperatures above 440 ◦C [5].
An image of the area marked by a red box is shown as Fig. 4.6d and contains
coarser particles. Figures 4.6e,f show that mainly aluminum and manganese
from thermally very stable intermetallic compounds Al8Mn5 and Al11Mn4 [202]
are present in this region.

The SEM technique is irreplaceable for the identi�cation of the composition
of primary phase particles, however the collected information does not provide a
3D insight of the distribution of particles in the volume of the strip after casting.

4.1.3 X-ray microtomography

Since it is known from the literature [25, 81] that the CLS can a�ect mechanical
properties of the Al containing Mg alloys, the more detailed investigation of
the formation geometry of CLS was performed using X-ray tomography. The
size and composition of the segregated particles can in�uence the mechanical
behavior during the deformation and lead to a poor ductility. In this study X-ray
tomography was for the �rst time used for the investigation of the CLS in a TRC
AZ31 magnesium alloy strip. Results in a form of 3D reconstructed patterns of
secondary phase particles in the central region are shown in Fig. 4.7.

The information about the distribution of primary particles is more complex
than the data obtained by LOM and SEM. Much larger area of the specimen
is scanned by this method (10 mm × 10 mm × 5.6 mm). The periodicity of
segregation lines is clearly visible in Fig. 4.7a,c,d while this information is miss-
ing in SEM and LOM. The distribution in TD is homogeneous along the strip
(Fig. 4.7b). The passes of primary particles in the center of the strip are formed
after the TRC in the direction of rolling. The distance between these segregation
lines is about 2 mm and corresponds to LOM observations. Fig. 4.7d shows that
the distribution of primary intermetallic particles is not homogeneous along the
RD and the width of the passes varies from one to �ve millimeters.
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Figure 4.7: X-Ray microtomography 3D reconstructed patterns of central segre-
gation in TRC AZ31 magnesium alloy in di�erent perspectives: a) RD, b) TD,
c) ND and d) general view. Scale is represented in millimeters.

4.1.4 Electron back scatter di�raction

Heterogeneous microstructure of TRC strip was also studied using EBSD map-
ping of an 1000 µm × 1200 µm area. The microstructure varies along the strips
width in ND, therefore, selected 150 µm × 150 µm areas marked in Fig. 4.8a
were subjected to a detailed scanning. These areas are designated as follows: 1 �
upper part of the bulk of the sample, 2 � center of the strip, 3 � lower part of the
bulk. Such designations will be used in the following text. Corresponding PF are
present in Fig. 4.8b. The average texture of the strip in TD direction exhibits
strong basal nature. However, a rotation of the most intensive peaks in regions
(1) and (3) by about 30◦ from the ideal orientation is observed (Fig. 4.9a,b).
Elongated grains are observed in these areas. Central region (2) with smaller
grains is characterized by a strong basal texture similar to the average one in
the the whole TRC sample. EBSD analysis show that grains have two prevail-
ing orientations, namely, {0001}〈1120〉 and {2110}〈1010〉 seem to be preferable
textures after TRC. The maximum intensity of the texture components in the
cross-section region is no more than 3 r.u.(relative units) as indicated in Fig. 4.8.

43



Figure 4.8: EBSD map (a) and 0001 and 1010 pole �gures of TRC strip (b)
(schematic drawing shows a prevailing crystal orientation).

Figure 4.9: EBSD orientation maps and 0001 and 1010 pole �gures of the selected
regions of TRC strip: a) 1 - upper part of the bulk of the sample, b) 3 - lower
part of the bulk, c) 2 - center of the strip in the TRC alloy (schematic drawing
shows a prevailing crystal orientation).
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4.1.5 Microhardness testing

Microhardness mapping of the AC AZ31 magnesium alloy shows a more-or-
less homogeneous distribution of the hardness along the specimen cross-section
(Fig. 4.10a). The average value of the microhardness in the as-cast ingot is 50
HV0.1.

Figure 4.10: Vickers microardness maps of a) AC and b) TRC alloys.

On the other hand, the speci�c microstructure of TRC alloy with di�erent
sizes and orientations of grains a�ects the local mechanical properties. Vickers
testing has revealed a heterogeneous distribution of the microhardness along the
ND section of the TRC specimen. Di�erent microhardness values in the center
of the strip and near the surface are detected as it is shown on the map in
Fig. 4.10b. The material is harder near the surface and in the central zone of the
strip (63 HV0.1) and is slightly softer in the bulk of the specimen(58 HV0.1).

4.2 Annealed materials

4.2.1 Electrical resistivity

The resistivity of the samples was measured in a liquid nitrogen during step-
by-step annealing with a step of 20 ◦C up to 560 ◦C. The results are shown in
Fig. 4.11. At about 150 ◦C the drop of the resistivity is observed in both AC and
TRC samples. In the AC specimen the electrical resistivity decreases till 380 ◦C,
while in the TRC material a �rst increase of resistivity is observed already at
280 ◦C. In the TRC material a plateau is observed between 360 ◦C and 480 ◦C,
followed again by a resistivity growth. On the other hand, only a continuous
growth of resistivity is observed in AC specimen above 360 ◦C.

In order to eliminate the in�uence of primary β-Mg17Al12 particles on resis-
tivity the homogenization annealing was performed at 450 ◦C for 10 h. The
resistivity curves for AC and TRC materials after homogenization are marked in
Fig. 4.11 by green and red lines, respectively. No signi�cant changes in resistivity
are observed in both materials till 420 ◦C, except for a slight growth in a temper-
ature range between 280 and 300 ◦C. However, at 460 ◦C the resistivity growth
is more pronounced.

45



Figure 4.11: Evolution of resistivity during step-by-step annealing.

4.2.2 Light optical microscopy

The microstructural evolution was studied in specimens annealed to temperatures
re�ecting changes in electrical resistivity. Materials were annealed up to 250, 350,
400 and 450 ◦C with annealing rate of 1 ◦C/min. In addition, a thermal stability
was studied using aging at 450 ◦C for time intervals ranging from 10 min to 24 h.

Fig. 4.12 shows the microstructure evolution during annealing. At 250 ◦C β-
Mg17Al12 phase particles further grow at grain boundaries (Fig. 4.12a). At higher
annealing temperatures, namely, at 350 and 400 ◦C, the β-phase dissolves and
only few β-phase particles were observed after annealing at 450 ◦C (Fig. 4.12b-g).
After aging at 450 ◦C for 10 h (Fig. 4.12d,g) almost full dissolution of the β-phase
particles occurs and aluminium content is distributed throughout the matrix. An
initial average grain size of about 200 µm remains almost unchanged after all
steps of the heat treatment.

Fig. 4.13, 4.14 show the microstructural evolution of AZ31 TRC magnesium
alloy strip observed in TD during annealing. Linear annealing up to 100 ◦C does
not lead to any signi�cant changes in microstructure when compared to TRC
alloy. A slight annihilation of shear bands formed during casting is observed.
With an increasing temperature up to 250 ◦C the gradually re�ning of β-phase
particles in TRC material is detected. At 350 ◦C (Fig. 4.13d) the dissolution
occurs, so that almost no β-phase particles are observed either inside grains or
at grain boundaries. Moreover, the recrystallization of the material starts at
this temperature. New �ner grains appear at grain boundaries of the TRC alloy.
Further growth of these grains occur at higher temperatures as is shown in the
Fig. 4.13e. The homogenization of the structure occurs after 10 h of annealing at
450 ◦C (Fig. 4.13f). A signi�cant grain re�nement is observed. The average grain
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Figure 4.12: Evolution of the microstructure of AC AZ31 magnesium alloy during
annealing up to: a) 250 ◦C, b) 350 ◦C, c), f) 400 ◦C, d), g) 450 ◦C for 10 h and
e) cross-section of AC alloy before annealing.

size in the alloy after aging is about 50 µm, which is about four times smaller
than the grain size in the TRC strip. When compared to the AC ingot of a master
alloy TRC alloy aged at 450 ◦C for 10 h exhibits more homogeneous structure
with �ner grains without any presence of β-phase particles.
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Figure 4.13: LOM micrographs of the bulk region of the TRC AZ31 strip in TD
during annealing up to: a) 100 ◦C, b) 250 ◦C, c) 300 ◦C d) 350 ◦C, e) 400 ◦C, f)
450 ◦C for 10 h.
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Figure 4.14: Cross-section of the TRC AZ31 strip in TD during annealing up to:
a) 100 ◦C, b) 250 ◦C, c) 300 ◦C d) 350 ◦C, e) 400 ◦C, f) 450 ◦C for 10 h.
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Thermal stability

Several aging time intervals were chosen to study thermal stability of the TRC
strip at relatively high annealing temperature (450 ◦C). Fig. 4.15 shows the re-
sulting microstructures of the cross-sections of the strip.

Figure 4.15: Thermal stability of the TRC alloy annealed at 450 ◦C: a) 10 min,
b) 80 min, c) 160 min, d) 6 h and e) 24 h.
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Aging for 10 min leads to a nucleation of new �ne grains at original grain
boundaries (Fig. 4.15a). After annealing for 80 min and 160 min a slight coars-
ening of nucleated grains is observed (Fig. 4.15b,c). After 6 h of aging the mi-
crostructure is almost fully recrystallized with an average grain size of about 70
µm. Full recrystallization of the structure and dissolution of secondary particles
occurs after longer aging periods (Fig. 4.14f). No signi�cant grain growth was
revealed even after 24 h of aging.

Additional investigation of microstructure changes after aging at lower tem-
perature (300 ◦C) and at extremely high temperatures (500 ◦C) was performed.
Micrographs of resulting microstructures are shown in Fig. 4.16. Long-term aging
at 300 ◦C results in a formation a a coarse-grained microstructure. Homogeneous-
ly distributed elongated grains are observed. Their average grain size is about
300 µm. Moreover, nearly no formation of new grains at grain boundaries is
observed.

On the other hand (Fig. 4.16b), short aging at 500 ◦C creates very small grains
(10 µm) with homogeneously randomly distributed coarser grains of the size of
50µm.

It should be also mentioned that the CLS is still present in all samples after
heat treatment.

Figure 4.16: Microstructure of TRC alloy aged at: a) 300 ◦C for 7 days and b)
500 ◦C for 40 min.
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4.2.3 Scanning electron microscopy

Fig. 4.17 shows the BSE images indicating the processes ocurring in TRC sample
during annealing. The TRC strip has a strongly developed dendrite structure
(dendrite arms are marked by red arrows) and Al-Mn intermetallic particles ho-
mogeneously distributed in the α-Mg matrix (marked by yellow arrows). This
was also shown previously using SEM studies of TRC samples in Fig. 4.5 and
4.6. After annealing at 250 ◦C no changes in the microstructure are detected.
At 300 ◦C a broadening of the dendrite arms occurs. Further annealing up to
350 ◦C leads to a remarkable increase of DAS and further broadening of persist-
ing dendrite arms. At 400 ◦C β-Mg17Al12 phase is fully dissolved and a partial
dissolution of Al-Mn particles after aging at 450 ◦C for 10h is observed.

Figure 4.17: Evolution of the microstructure of TRC AZ31 magnesium alloy strip
in TD during annealing observed using back scatter electron imaging: a) as-cast,
b) 250 ◦C, c) 300 ◦C d) 350 ◦C, e)400 ◦C, f) 450 ◦C for 10 h.
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4.2.4 Electron back scatter di�raction

EBSD orientation maps were obtained on TRC samples after homogenization
at 450 ◦C for 10 h. Fig. 4.18 shows elimination of strains inside grains and
recrystallization. Elongated grains in the regions 1 and 3 observed in as-cast
samples (see Fig. 4.8) are no more present after this treatment. Very similar
texture was observed in all regions (1-3), thus, homogenization heat treatment
leads to the balancing of the texture along the cross-section of the TRC material.

Figure 4.18: EBSD map (a) and 0001 and 1010 pole �gures (b) of TRC strip
annealed at 450 ◦C for 10 h (schematic drawing shows a prevailing crystal orien-
tation).

4.2.5 X-ray di�raction

In order to compare results obtained from EBSD with the ones received from
XRD, we used PF measured in the region marked as 1 (see Fig. 4.8). Fig. 4.19
shows the results for the as-cast and homogenized TRC materials, respectively.
In the as-cast specimen two intensive areas (Fig.4.19a) in the 0001 XRD PF
were observed. They correspond with two possible textures present in this region
of the material. The EBSD measurements (Fig. 4.8) showed the same results.

53



After homogenization the strengthening of the basal {0001}〈1120〉 texture occurs
(Fig.4.19b). However, grains with {1210}〈1010〉 orientation are still present.

Possible local inhomogeneity along the rolling direction which is often observed
in TRC materials can cause slight disagreement in results obtained by the EBSD
and XRD. The data show that for an improvement a plausibility of results more
statistical measurements are necessary.

Figure 4.19: 0001 and 1010 PF of the bulk area of AZ31 TRC strip measured by
XRD in: a) as-cast and b) homogenized states.

4.2.6 Microhardness testing

The microhardness mapping was performed on samples after annealing. Results
are summarized in Fig. 4.20 and 4.21. In AC alloy a slight decrease of micro-
hardness after homogenization to 45 HV0.1 is observed. However, this decrease
is still within the experimental error of this method.

First annealing at 100 ◦C surprisingly results in a subtle increase of a micro-
hardness (compare with Fig. 4.10) The microhardness mapping of TRC specimens
after annealing shows a partial softening of central and surface regions at 250 ◦C
and 300 ◦C. At 350 ◦C more homogeneous distribution of HV0.1 values is present,
however harder regions still persist. A further annealing up to 400 ◦C results in
a signi�cant softening of the whole material and more homogeneous distribution
of microhardness. Thus, HV0.1 value decreases down to 55 HV0.1. Softening at
400 ◦C will be described in following paragraphs.

Figure 4.20: Microhardness mapping of AC AZ31 Mg alloy a) before and b) after
aging at 450 ◦C for 10 h.
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Figure 4.21: Microhardness mapping of TRC AZ31 Mg alloy after annealing at:
a) 100 ◦C, b) 250 ◦C, c) 300 ◦C, d) 350 ◦C and e) 400 ◦C.

Fig. 4.22 shows the evolution of ingomogeneity along the ND of the TRC
material. Obviously, a pronounced inhomogeneity with remarkably higher micro-
hardness values in the center and the surface regions of the strip persists up to
350 ◦C. Further decrease of the microhardness occurs in two stages at 400 and
450 ◦C. Relatively large scatters are caused by the inhomogeneity of the TRC
material along the RD.
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Figure 4.22: Distribution of microhardness of TRC alloy during annealing.

Fig. 4.23 illustrates microhardness changes during aging at 450 ◦C. A surpris-
ingly signi�cant hardening is observed after 10 min of aging (compare Fig. 4.23a
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with Fig 4.10). Nevertheless, average microhardness increases from initial 58
HV0.1 up to 65 HV0.1. Further aging results in a softening of the material down
to 57 HV0.1 after 80 min and to 54 HV0.1 after 160 min, respectively. No re-
markable changes of microhardness were observed after aging for 6 h. Although,
a further drop of the microhardness to 47 HV0.1 occurs after 10 h of aging (value
is comparable to the one observed in the AC material), after 24 h of aging at
450◦C the microhardness again surprisingly increases to 51 HV0.1.

Figure 4.23: Distribution of microhardness of TRC alloy during aging at 450 ◦C
for: a) 10 min, b) 80 min, c) 160 min, d) 6 h, e) 10 h and f) 24 h.

Additional HV mapping of TRC samples aged at 300 ◦C for 7 days and 500 ◦C
for 40 min are displayed in Fig. 4.24. Long-term annealing at 300 ◦C increases the
average microhardness to 61 HV0.1 while softening of the material to 51 HV0.1
is observed after aging at 500 ◦C. This value is similar to the one measured in
the TRC sample after aging at 450 ◦C for 24 h.

Figure 4.24: Vickers microhardness of TRC samples after annealing at a) 300 ◦C
for 7 days and b) at 500 ◦C for 40 min.
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4.2.7 Tensile tests

Tensile properties of AC and TRC AZ31 magnesium alloy were studied at RT
and elevated temperatures. Figures 4.25 shows typical stress-strain curves of AC
sample during straining at RT, 50, 100, 150, 200, 250, and 300 ◦C.

Elongation of AC samples increases with increasing temperature from RT to
150 ◦C. At 200 and 250 ◦C a slight decrease of ductility is observed. Further
increase of the temperature up to 300 ◦C improves tensile properties and the
ductility growth to 13 %. No improvement of mechanical properties after homog-
enization at 450 ◦C for 10 h are observed (Fig. 4.25b). On the contrary, a slight
decrease od ductility is observed at all deformation temperatures. Similarly, as
in as-cast material a decrease of ductility is observed at 150 ◦C and 200 ◦C. Also
repeated experiments at 300 ◦C did not reveal the increase of the ductility. Also
YS remains una�ected by the homogenization annealing.

Figure 4.25: Stress-strain curves of AC AZ31 specimens strained at tempera-
ture range from RT to 300 ◦C: a) as-cast AC samples and b) AC samples after
homogenization annealing at 450 ◦C for 10 hours.

Fig. 4.26a,b shows, respectively, stress-strain curves of the as-cast and aged
TRC samples strained in RD. The behavior of the TRC material is entirely di�er-
ent when compared with the one of AC. The ductility of TRC samples signi�cantly
increases after homogenization and reaches 34 % at 300 ◦C. Also in this specimen
a decrease of the ductility at 200 ◦C occurs.

Similar results were obtained also during straining of TRC specimen in TD
(Fig. 4.26c,d). Slight increase of ductility with increasing temperature is observed
up to 150 ◦C in TRC specimens followed by a signi�cant decrease down to 7
% of elongation at 200 ◦C. Subsequent temperature growth leads, similarly as
in specimens deformed in RD, to the increase of the ductility to about 12 %
at 300 ◦C. Also homogenization of these specimens contributes to a signi�cant
decrease of ductility, nevertheless, the ductility anomaly (ductility decrease) is
suppressed in this sample.
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Figure 4.26: Stress-strain curves for TRC AZ31 magnesium alloys during strain-
ing at temperature range from RT to 300 ◦C: a) as-cast in RD, b) after homog-
enization annealing at 450 ◦C for 10 hours in RD, c) as-cast in TD, d) after
homogenization in TD.

The above mentioned results are summarized in Fig. 4.27. Except for a ho-
mogenized TRC specimen strained in TD all samples repeatedly exhibit a drop
of the ductility at 200 ◦C (150 ◦C in case of homogenized AC specimen).
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Figure 4.27: Temperature dependence of the elongation of AC and TRC magne-
sium alloys during straining at temperature range from RT to 300 ◦C.

Strong anisotropy of YS and UTS typical for rolled sheets is suppressed in both
as-cast and homogenized TRC materials. Moreover, YS and UTS are superior in
TRC materials when compared with AC ones (Fig. 4.28).

Figure 4.28: Temperature dependence of the yield stress and ultimate tensile
strength of AZ31 magnesium alloy during straining at temperature range from
RT to 300 ◦C tested in RD and TD.
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4.2.8 Additional measurements

The drop of ductility near 200 ◦C described above has initiated a set of additional
experiments necessary for the understanding of processes occurred in the materi-
als in this temperature range. Samples were directly monitored using high-speed
HR camera during straining and analyzed by LOM, AFM and SEM after the
fracture.

Light optical microscopy

Fig. 4.29 shows inplain micrographs of regions near the fracture of TRC specimens
deformed in RD at 100, 200 and 300 ◦C. A surface of the specimen deformed
at 100 ◦C is rough and contain shear bands homogeneously distributed along
the whole sample. They are tilted 45◦ towards the RD and their density is
approximately 1.4 band/mm2. Numerous twins are present in the sample in the
direction perpendicular to shear bands (an example is indicated in Fig. 4.29b).

At 200 ◦C shear bands are more localized and distinct. Moreover, regions
without any visible shearing are observed in this sample. The average shear
bands density is approximately 0.9 band/mm2 and grain boundaries between
shear bands are less perceptible (Fig. 4.29c,d).

Increasing deformation temperature to 300 ◦C modi�es features of bands.
They are more uniformly distributed. Their density is about 1.1 band/mm2. And
�ner grains can be distinguished in the interspace between the bands (Fig. 4.29)
however, their area fraction is much higher than in previous cases. Fig. 4.29f
shows that in the bulk of the sample �ner grains can be distinguished.
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Figure 4.29: LOM images after tensile tests of TRC specimens deformed in RD
at: a,b) 100 ◦C, c, d) 200 ◦C and e, f) 300 ◦C.

Surfaces of specimens deformed in TD are shown in Fig. 4.30. During defor-
mation at 100 ◦C nearly no bands are formed. The surface of the sample is bumpy
with a pronounced roughness. Deformation twins were not recognized by LOM
(Fig. 4.30a,b). At 200 ◦C the formation of bands is more pronounced, however,
they are spread through the specimen width with two prevailing directions cross-
ing nearly at 90◦. Fig . 4.30c,d shows that no twins or highly deformed grains
are observed in the region between the bands. Bands are more dense at 300 ◦C,
however, they are more shallow and do not spread into the material. Individual
grains of about 200 µm exerted at the surface after straining can be distinguished
as it is shown in Fig. 4.30e,f.
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Figure 4.30: LOM images after tensile tests of TRC specimens deformed in TD
at: a,b) 100 ◦C, c, d) 200 ◦C and e, f) 300 ◦C.

Video analysis

Video recording was performed during tensile tests of TRC specimens deformed
in RD and TD. Fig. 4.31 shows the sequence of images obtained from the video
with a step of 2 % of true strain. Full videos can be found on a CD attached to
the thesis.

The video recording allows to follow a deformation progress and detect the nu-
cleation of shear bands. In RD more pronounced shear bands are formed already
at the beginning of straining in RD at all deformation temperatures. At 100 ◦C
and 200 ◦C the bands are deeper and more localized along the samples, while
at 300 ◦C the formation of bands occur homogeneously from early deformation
stages. However, at 200 ◦C the localization of numerous bands in a narrow part
of the specimen is more remarkable. Usually the failure occurs in such areas.
Di�erent behavior is observed in specimens deformed in TD. No visible shear
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bands forms during the whole deformation at 100 ◦C. The failure occurs in a ran-
dom point di�erent for di�erent specimens from a testing set. At 200 ◦C shear
bands are observed again unless they are more subtle than the ones observed in
specimen deformed in RD. At 300 ◦C a similar homogeneous behavior as in the
specimen deformed in RD is observed.

Figure 4.31: Sequence of images obtained from a video record during tensile tests
performed in RD and TD at 100, 200 and 300 ◦C.

In addition a shape of a fracture tip di�ers at selected temperatures. At
100 ◦C the failure goes through the strip width in both types of specimens. On
the other hand, the sharp tip with an angle about 90◦ is observed at 200 ◦C. A
typical "necking" and ductile failure occur in TRC samples deformed at 300 ◦C.
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SEM and EBSD

Samples after tensile tests were studied using EBSD measurements. Orientation
maps of samples deformed in TD are shown in Fig. 4.32. Generally, no signi�cant
di�erences can be distinguished on the EBSD maps of samples deformed at 100,
200 and 300 ◦C. Deeper analyses of grain size distribution show a slight increase
of the volume fraction of �ne grains at grain boundaries formed during DRX
at 200 ◦C than at 100 ◦C. At 300 ◦C (Fig. 4.32c) the fraction of �ner grains
produced by DRX is comparable or lower than in previous specimens, However,
a fragmentation of unrecrystallized grains into individual subgrains seems to be
more pronounced.

Figure 4.32: Orientation maps and PF of TRC samples after tensile tests de-
formed in RD at a) 100 ◦C, b), d) 200 ◦C and c) 300 ◦C.

TRC strip after homogenization treatment at 450 ◦C for 10 h exhibit more
homogeneous structure with no strains inside grains. However, tensile tests of
this material in RD also show the decrease of ductility at 200 ◦C. Fig. 4.33 shows
BSE images of homogenized samples deformed in RD at 100, 200 and 300 ◦C
captured using channeling contrast. The prevalence of twins inside the grains
after deformation at 100 ◦C is observed, while only few of them are present in the
sample deformed at 200 ◦C. At 300 ◦C no twins are observed, however, subgrain
boundaries can be easily distinguished in this specimen using this type of contrast.
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Figure 4.33: SEM channeling contrast images after tensile tests of homogenized
TRC specimens deformed in RD at a) 100 ◦C, b) 200 ◦C and c) 300 ◦C.

Atomic force microscopy

In order to study a surface topography of samples after tensile tests AFM tech-
nique was used in a tapping mode. Selected regions of specimens deformed in
RD and TD were scanned. The AFM maps 100 × 100 µm2 of the TRC samples
deformed in RD and TD are shown in Fig. 4.34 and 4.35, respectively.

Scanning of the deformed regions of the specimen tested at 100 ◦C in RD
shows numerous slip bands of two slip systems where the one marked by the
red arrow is more active (Fig. 4.34a). Both systems are tilted 45◦ to the RD.
No recrystallized grains were observed using this technique. On the contrary,
at 200 ◦C the recrystallized grains are present in some of the initial grains at
original grain boundaries (Fig. 4.34b) and also grain boundary sliding is observed
(Fig. 4.34c). Also at this temperature at least two slip systems are present,
nevertheless, none of them exhibits a preferential activity and the height of slip
traces is more shallow than in the specimen deformed at 100 ◦C. Fig. 4.34d shows
a topography of an incidental region in the material, where only recrystallized
grains are present. These grains do not contain any slip traces indicating a
prevailing post-dynamic recrystallization instead of DRX. Likewise, developed
recrystallized grain structure is observed all over the material deformed at higher
temperature (300 ◦C) as it is illustrated in Fig. 4.34e. Moreover, these grains
do not contain slip traces, straight lines observed in Fig. 4.34e are artifacts from
polishing before the deformation.

Using AFM the di�erences of microstructure after tensile tests made in TD
and RD can be distinguished (Fig. 4.35). Fine slip traces are homogeneously
distributed on the surface on a background of broader wavy slip traces inclined
45◦ to the TD at 100 ◦C. At 200 ◦C slip system producing wavy slip traces
is partially suppressed while the previously observed �ne slip traces are more
pronounced. Moreover, a subtle grain boundary sliding can also be observed in
Fig. 4.35b. The image characterizing the microstructure of the specimen deformed
at 300 ◦C contains onlly �ne recrystallized grains Fig. 4.35c without any slip traces
indicating the presence the post-dynamic recrystallization.
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Figure 4.34: AFM images of the selected areas of TRC strip specimens after
tensile tests performed in RD at: a) 100 ◦C, b-d) 200 ◦C and e) 300 ◦C. Arrows
indicate glide planes of the most active slip systems.

Figure 4.35: AFM images of the selected areas of TRC strip specimens after
tensile tests performed in TD at: a) 100 ◦C, b) 200 ◦C and c) 300 ◦C.
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4.3 Severe plastic deformation

4.3.1 Equal channel angular pressing

Microstructure

Specimens cut from AC ingot and TRC strip were subjected to a further SPD
using ECAP. As it was described in Chapter 3 the e�ects of a pre-annealing as
well as of the orientation of TRC samples on a resulting microstructure were
studied.

EBSD orientation maps of the �rst set of AC samples in the initial state and
after ECAP are shown in Fig. 4.36. In contrast to the as-cast material with
the average grain size of 200 µm a signi�cant re�nement of microstructure occur
after already two ECAP passes. High area fraction of new grains of less than 1
µm is observed. These grain are formed primarily at grain boundaries of initial
grains as well as on subgrain boundaries. After four passes the re�nement is more
pronounced with increasing number of recrystallized grains of a size of about 1
µm and decreasing size of remaining unrecrystallized grains of the size of 20 µm.
Homogeneous �ne-grained structure is produced as late as after eight deformation
passes with the average grain size of 1.5 µm.

Figure 4.36: EBSD maps of AC samples after 0, 2, 4 and 8 ECAP passes.

Samples cut from the TRC strip were deformed in both RD and TD as it was
described in Chapter 3 with the pressing direction perpendicular to the ND of
the sample as it was described in Chapter 3.

Microstructure of TRC samples strained in RD after one, four and eight ECAP
passes is shown in Fig. 4.37a. After one ECAP pass the microstructure has a
"bimodal" feature. Numerous �ne grains nucleate at grain boundaries of the
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coarser grains during ECAP. An average grain size of original unrecrystallized
grains is about 30 µm while the grain size of newly formed ones is less than
3 µm. After four passes the bimodal structure still persists, however, the area
fraction of �ner grains is much higher (75 %) than that of larger ones. A further
ECAP processing does not signi�cantly contribute to a grain re�nement of the
material. Thus, after eight ECAP passes the grain size of �ner grains of less than
1 µm remains the same as after four passes. However, the structure becomes
homogeneous without the presence of coarse deformed grains.

Fig. 4.37b illustrates the microstructure of TRC samples pre-aged before
ECAP at 450 ◦C for 10 h deformed in RD. One ECAP pass also forms a bi-
modal structure. Nevertheless, both recrystallized and original grains are larger
than the those observed in the non-homogenized sample. The average grain size
of newly formed grains is about 8 µm and of the deformed is about 40 µm. After
the second ECAP pass the fraction of newly recrystallized grains increases (40 %)
and their formation is nearly accomplished after four ECAP passes (area fraction
of new grains is about 90 %). However, this recrystallization is accompanied by
a slight grain coarsening of already recrystallized grains (the grain size increases
from 3 to 5 µm). Deformation imposed by eight ECAP passes creates more ho-
mogeneous grain size distribution and slight decrease of the grain size down to 3
µm.

The behavior of TRC samples deformed in TD is very similar to the one
observed in specimens processed in RD (Fig. 4.38). The only remarkable di�er-
ence is a considerably higher grain size after eight ECAP passes of homogenized
specimens (Fig. 4.38b).

Thus, it was shown that the full recrystallization and balancing of the mi-
crostructure in TRC samples regardless pressing direction occurs after four ECAP
passes, however, the grain re�nement is more pronounced in as-cast materials than
in homogenized ones processed in both RD and TD directions.
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Figure 4.37: EBSD maps of TRC samples processed by ECAP in RD: a) as-cast,
b) sample homogenized at 450 ◦C for 10 h.
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Figure 4.38: EBSD maps of TRC samples processed by ECAP in TD: a) as-cast,
b) sample homogenized at 450 ◦C for 10 h..
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Texture

EBSD texture analysis of the samples after ECAP processing was performed and
the results are presented in a form of {0001 and 0110 pole �gures in Fig. 4.39, 4.40
and 4.41.

The AC sample exhibits a partially random texture (Fig. 4.39 0P). As can
be seen, no signi�cant texture components can be detected; the crystallites are
randomly oriented, as it is common in this type of cast magnesium alloys. ECAP
processing results in a formation of a higly pronounced basal texture after two
passes with basal plains tilted about 30◦ towards the deformation Y-axis. A
weakening of the basal texture is observed after four and eight passes.

Figure 4.39: Pole �gures of AC samples before ECAP and after 2, 4 and 8 ECAP
passes.

Evolution of texture of the samples deformed in RD is illustrated in Fig. 4.40.
Similarly to AC sample ECAP results in a strengthening of basal texture (Fig. 4.40a).
After one pass c-axes of the majority of grains are perpendicular to the deforma-
tion X-axis. The rotation of the texture components 35◦ towards X-axis occurs
after four passes. And slight weakening of the basal texture is observed after
eight passes. The texture behavior of homogenized samples (Fig. 4.40b) after
one ECAP pass is similar to the one in the as-cast sample. After two passes a
noticeable randomization of the basal texture occurs. Nevertheless, the following
ECAP passes (four and eight) again strengthen the basal texture and tilt the
circumferential region of the 0001 PF by about 30◦.
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Figure 4.40: Pole �gures of the TRC strip processed by 1, 2, 4 and 8 ECAP
passes in RD: a) as-cast sample, b) sample homogenized at 450 ◦C for 10 h.

Fig. 4.41 illustrates PF obtained from the TRC samples ECAP processed in
TD direction. No signi�cant di�erences of the texture evolution between samples
processed in this direction and in RD are observed.
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Figure 4.41: Pole �gures of the TRC strip processed by 1, 2, 4 and 8 ECAP
passes in TD: a) as-cast sample, b) sample homogenized at 450 ◦C for 10 h.

Heat treatment after ECAP

TRC samples subjected to one and eight ECAP passes were aged after the pro-
cessing in order to study a thermal stability of the material. The microstructure
BSE images are shown in Fig. 4.42. Additional aging at 450 ◦C for 5 h after ECAP
processing results in a balancing of the microctructure of all samples. In the case
of a sample after one ECAP pass originally exhibiting a bimodal microstructure
before aging, the homogenization of the microstructure occurs resulting in a uni-
form distribution of coarser grains of the size of about 20 µm (Fig. 4.42a,b). The
grain growth is also observed in samples after eight ECAP passes and the grain
size increases up to 20 µm in all samples aged for 5 h (Fig. 4.42c,d). Nevertheless,
after 10 h non-uniform coarsening occurs (Fig. 4.42e).
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Figure 4.42: Microstructure of the TRC strip processed in TD using ECAP: a)
homogenized and after 1P aged at 450 ◦C for 5 h, b) homogenized and after 8P
aged at 450 ◦C for 5 h, c) as-cast and after 1P aged at 450 ◦C for 5 h, d) as-cast
and after 8P aged at 450 ◦C for 5 h and e) as-cast and after 1P aged at 450 ◦C
for 10 h.

The evolution of the texture of chosen samples deformed using ECAP and
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further arti�cially aged is shown in Fig. 4.43. The aging leads to a signi�cant
randomization of the texture in both homogenized and as-cast TRC materials.
The above mentioned results indicate that SPD can be used as an e�ective tool
for the elimination of the basal texture in TRC strips.

Figure 4.43: PF of TRC strip ECAP process in TD and aged at 450 ◦C for 5 h
and 10 h.

Microhardness

Local mechanical properties of samples after ECAP were studied. Fig. 4.44 shows
results of microhardness measurements performed on AC and TRC samples after
ECAP processing and samples ECAP processed and aged at 450 ◦C. A signi�-
cant increase of the microhardness is observed already after the �rst ECAP pass.
Increasing number of passes leads to a saturation of microhardness values. The
increase is more pronounced in AC samples and TRC samples without homoge-
nization. Further aging at 450 for 5 h eliminates the di�erences in microhardness
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of all samples, the microhsardness drops to about 53 HV0.1, and aging for 10 h
does not signi�cantly change this value.

Figure 4.44: The dependence of the HV0.1 microhardness of AC and TRC samples
processed by ECAP on a) the number of ECAP passes and b) additional annealing
time.

4.3.2 Constrained groove pressing

Microstructure

Each CGP step was preceded by a pre-heating of specimens for 10 min at 450 ◦C.
It provided non-recrystallized microstructure of the strip before deformation as
is shown in Fig. 4.15a.

Fig. 4.45a shows the cross-section of the deformed CGP plate. Grain size
varies from ten to hundreds of microns and three zones characterized by di�erent
grain size can be easily distinguished on the specimen cross-section (indicated
by frames in Fig. 4.45b-d). Fig. 4.45b shows the most deformed area with the
average grain size of about 10 µm. Another zones with the grain size of about
20 µm is located in a distance of 7 mm (Fig. 4.45d). Microstructure of the above
mention two part of the sample is relatively homogeneous. Between them is a
transition zone which is characterized by a bimodal microstructure with larger
grains of the size of about 60 µm and smaller ones of about 8 µm. Only in this
area large fraction of deformation twins is observed (Fig. 4.45c). The periodicity
of these three regions is 14 mm representing a geometry of a die.
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Figure 4.45: Microstructure images of the cross-section of the twin-roll cast strip
after one cycle of constrained groove pressing: a) cross-section imaging at 50x,
b) the most deformed zone, c) transition "bimodal" zone and d) bulk.

In order to examine the resistance of the CGP material to the thermal load-
ing specimens were annealed up to 250, 350 and 400 ◦C. The microstructure
passes through substantial changes resulting in a more homogeneous distribution
of a grain size, but the three distinctive areas can be still well distinguished at
all annealing temperatures as is present in Fig. 4.46. The microstructure after
annealing at 250 ◦C is almost the same as the one observed in the as-deformed ma-
terial. Further annealing results in the nucleation of new grains and pronounced
decrease of the volume fraction of twins. At 350 ◦C and 400 ◦C the originally
deformed grains are replaced by new �ner ones. Their size is around 10 µm in
the areas (a) and (c) and down to 40 µm in the transition area (b). No defor-
mation twins were observed in specimens annealed up to 400 ◦C. The long-term
high-temperature aging at 450 ◦C for 10 h shows that the CGP process promotes
uniformity and re�nement of the structure. The observed grain size was about
25 µm in the transition zones and about 10 µm in the rest of the material.
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Figure 4.46: Microstructure of the AZ31 twin-roll cast strip after one CGP cycle
and annealing at 250, 350, 400 °C and aging for 10 h at 450 ◦C: a) the most
deformed zone, b) transition "bimodal" zone and c) bulk.

Fig. 4.47 shows the microstructure of the cross-section of the CGP material
aged at 450 ◦C for 10 h and 30 h. 10 hours of aging leads to a partial recrystalliza-
tion of the material accompanied by a grain growth (Fig. 4.47a). Nevertheless,
smaller unrecrystallized grains still persist and a full recrystallization occurs after
30 h of annealing at 450 ◦C (Fig. 4.47b).
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Figure 4.47: Microstructure of the TRC strip after one CGP cycle and aging at
450 ◦C for: a) 10 h and b) 30 h.

Texture

EBSD observations were performed in zones indicated by red boxes in Fig. 4.47.
Fig. 4.48 shows orientation maps obtained in these areas in the material after one
CGP cycle and further aging. The average grain size after one CGP step is about
18 µm and increases to 80 µm after 10 h at 450 ◦C and to 100 µm after 30 h at
450 ◦C.

Figures 4.48b,c show orientation maps of CGP specimens aged for 10 h and 30
h, respectively. In accordance with LOM a partial recrystallization occurs in the
material after 10 h of aging and grain size increases up to 30 - 80 µm. Additional
aging results in a full recrystallization and grain coarsening. The �nal average
grain size in the area of intense deformation achieves 100 µm.

The texture of the AZ31 magnesium alloy strip is represented by PF in
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Figure 4.48: EBSD orientation maps of the cross-section of the TRC strip after
one CGP cycle: a) without aging and aged at 450 ◦C for: b) 10 h and c) 30 h.

Fig. 4.49. EBSD measurements show the presence of basal texture in the TRC
material after one CGP cycle (Fig. 4.49a) accompanied by a slight rotation of
〈0001〉 orientations towards the RD. The texture of the most deformed area of
CGP strip is of {0001} basal type. Heat treatment does not signi�cantly change a
feature of the texure (Fig. 4.49b,c). Thus, in contrast to ECAP processed samples
no weakening of the basal texture is observed.
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Figure 4.49: Texture evolution of the TRC strip after one CGP cycle: a) as-
deformed state and after aging at 450 ◦C for: b) 10 h and c) 30 h.

Microhardness

Vickers microhardness mapping was made at the cross-section of samples in TD.
In Fig. 4.50 changes in local mechanical properties after CGP are presented. The
microhardness distribution re�ects the geometry of the die. CGP material is
heterogeneous along the RD and microhardness values reach the maximum in
regions of the most intense plastic deformation.

Figure 4.50: Microhardness the AZ31 TRC strip after one CGP cycle in a relation
with the microstructure of the cross-section of the sample and a die geometry
(black lines).

The evolution of microhardness during annealing in the CGPmaterial is shown
in Fig. 4.51 and 4.52. The 8 mm × 5 mm area containing di�erent types of
microstructures was measured. Slight softening of the material and elimination
of the heterogeneity along the RD occurs with increasing annealing temperature.
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The microhardness is relatively low and homogeneous after annealing at 400 ◦C.
Average microhardness is about 55 HV0.1, which is comparable with the one
observed in the as-cast material.

Figure 4.51: Microhardness maps of the TRC strip after a) one CGP cycle and
annealing at: b) 250 ◦C, c) 350 ◦C and d) 400 ◦C.

Figure 4.52: Plot summarizing the distribution of microhardness values along the
TRC strip in RD processed by one CGP cycle and annealing at 250, 300, 350 and
400 ◦C.
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Additional annealing at 450 ◦C accompanied by recrystallization and recovery
results in a balancing of the distribution of the microhardness (Fig. 4.53b,d). Sig-
ni�cant decrease of microhardness down to 55 HV0.1 occurs already after 10 h of
aging. Further long-term annealing results in a subsequent slight decrease of mi-
crohardness down to 50 HV0.1 and an equalization of microhardness distribution
along the strip (Fig. 4.53c,d).

Figure 4.53: Microhardness evolution of the AZ31 TRC strip after one cycle of
constrained groove pressing: a) without aging, aging at 450 ◦C for: b) 10 h and
c) 30 h; d) plot summarizing the distribution of HV0.1 values along the strip in
RD.

Tensile tests

Fig. 4.54 shows tensile properties of the TRC material after one CGP cycle.
Tensile testing at elevated temperatures ranging from 50 to 300 ◦C was performed.
At RT the fracture of CGP samples occurs when the true strain reaches about 2 %.
Further increasing of the temperature up to 100 ◦C leads to a signi�cant increase
of ductility. A drop of the ductility at 200 ◦C similar as in SPD unprocessed TRC
materials is observed. And again, at 300 ◦C the ductility increases up to 20 %.

Figure 4.54: Stress-strain curves of CGP samples at indicated deformation tem-
peratures.
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LOM after tensile tests

Deformation curves of CGP samples exhibit ductility anomaly at 200 ◦C similar
as in TRC samples. Therefore, LOM observations were done close to the fracture
areas (Fig. 4.55). At RT chains of �ner grains as well as twins inside larger
grains are observed after the tensile test. Higher deformation temperature (100
◦C) leads to an intensive twinning as is shown in Fig. 4.55b. At 200 ◦C much
�ner grains are present. As it is shown in Fig. 4.55c recrystallized small grains
of about 1 µm in diameter are arranged in bands, however, the structure is still
bimodal with coarser grains (30 µm). Tension at 300 ◦ leads to the formation of
homogeneous structure with a grain size of about 30 µm (Fig. 4.55d).

Figure 4.55: Microstructure of the TRC sample after one CGP cycle and tensile
tests held at a) RT, b) 100 ◦C, c) 200 ◦C and d) 300 ◦C.
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5. Discussion

Microstructure

Microstructural investigation of as-cast AZ31 alloy show that it consists mainly of
α-Mg matrix, Al-Mn based intermetallics [203] and β-Mg17Al12 phases. The latter
has relatively low melting point (approximately 458 ◦C) and α-Mn type structure.
Higher cooling rates of TRC materials result in a formation of well-developed
dendrite structure while only coarser β-Mg17Al12 particles are homogeneously
distributed in a slowly cooled AC samples. Thanks to a high cooling rate also
a grain size in TRC materials is remarkably smaller. However, high cooling rate
imposes certain inhomogenities into in the TRC strip, such as large elongated
grains in the bulk of the strip, �ner grains in the area near the surface and
central segregation, while AC material exhibits coarse homogeneous structure.
Fig. 4.7 clearly shows that conditions used for TRC casting are not optimal.
The periodicity of segregation zone (approximately 2 mm) is similar to the one
described by Birol [204] for several aluminum alloys. Since segregated channels
consist mainly of eutectic phases implying, thus, an enrichment of the liquid
central fraction of the material during solidi�cation, similar mechanism of their
formation is expected. During the solidi�cation between two-rolls the enriched
mushy zone is squeezed between already solidi�ed skins and forced to �ow in
the direction opposite to the casting direction. Finally, the liquid is trapped
by the two skins when they weld together in some points close to the center
of the strip leading to the formation of well-de�ned solute mid channels. The
distribution of Al-Mn and Mg17Al12 intermetallic particles in segregated channels
is not homogeneous along the RD, because small changes of the casting rate
can evoke signi�cant changes of the crystallization rate as is generally observed
aluminium-magnesium alloys [76].

The redristribution of solute in segregation and in the whole material volume
was studied by resistivity measurements during gradual annealing up to 560 ◦C.
The results show that the behavior of AC and TRC alloys di�ers during heating
while homogenization at 450 ◦C for 10 h leads to an equalization of the microstruc-
ture and, thus, resistivity curves of both homogenized materials are quite similar.
Results of structural observations indicate that the �rst resistivity decrease above
120 ◦C (see Fig. 4.11) is most probably connected with a further depletion of the
supersaturated solid solution and enrichment of existing primary phase particles
with solutes. A partial precipitation of new particles unrecognizable by SEM
could not be excluded. The following increase of resistivity, which starts 280 ◦C
in TRC and 360 ◦C in AC samples, is generally attributed to the dissolution of
existing particles. Di�erent onset of the resistivity increase is probably awaken
by di�erent morphology of primary phase particles. A presence of a plateau on
the resistivity curve of the TRC sample indicates the dissolution of two phases
with di�erent solution temperatures. For the identi�cation of processes occurring
during annealing estimations based on the Mathiessen rule (Eq. 3.3) were done.
Resulting resistivity of an alloy is de�ned as a sum of a residual resistivity ρ0
caused by scattering of electrons on defects and the ideal resistivity governed by
scattering of charge carriers by phonons.
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A contribution of each alloying element to the resulting resistivity of the alloy
can be estimated using resistivity values of ρ0(Mg) in LN and contributions of
other alloying elements (Al, Zn and Mn) to this value known from a literature
[205,206]. Table 5.1 shows contributions to the resistivity of elements present in
AZ31 respecting their concentrations. An in�uence of Na and Fe is considered
as negligible due to their low content. It is relatively complicated to �nd a value
of Ca addition contribution to the resistivity of Mg-Al alloy, however, general
assumptions based on resistance values of this metal at di�erent temperatures
found in a literature and related to its amount in the studied AZ31 alloy (0.034
wt.%) point that under this circumstances the contribution to ρ0 in LN is possibly
quite small and can be omitted in further estimations.

Table 5.1: Resistivity of individual elements contributed to the resulting resistiv-
ity of AZ31 alloy

Element Al Zn Mn Na Ca Fe Mg
Content, wt.% 3.3 0.91 0.34 0.20 0.034 0.020 Rest
Resistivity, nΩm 60 6 4 0.0088 0.0006 5.5

A residual resistivity ρ0 of Mg is equal to 5.5 nΩm [206]. Ying et al. [207]
has calculated the contribution of Al, Zn and Mn to the resistivity of the solid
solution in Mg matrix at a temperature range form 2 to 300 K. Using these data
the resulting ρ0 of the AZ31 magnesium alloy in LN can be calculated. If all
alloying elements are in a solid solution a value of ρ0 is present by the Eq. 5.1:

ρ0(AZ31) = ρ0(Mg)+ρ0(3 wt.% Al)+ρ0(1 wt.% Zn)+ρ0(0.3 wt.% Mn). (5.1)

If ρ0(Mg) is 5.5 nΩm, ρ0(3 wt.% Al) is 60 nΩm, ρ0(1 wt.% Zn) is 6 nΩm and
ρ0(0.3 wt.% Mn) is 4 nΩm, the resulting ρ0(AZ31) is equal to 75.5 nΩm. This
value should be considered as an approximate one.

In a case when Al and Mn are not in a solid solution and Zn is fully dissolved
in a matrix, the contribution of Al to the relative changes of residual resistivity
ρ0 is:

δAl =
ρ0(3.3% Al)

ρ0(AZ31)− ρ0(0.34% Mn)− ρ0(3.3% Al)
(5.2)

and is about 600 % increase of resistivity. This rough estimation shows that due
to the rapid solidi�cation large portion of Al remain in the supersaturated solid
solution. Our measurements show that the maximum decrease of resistivity due
to the particles dissolution is 20-24 % which corresponds to 0.4-0.7 wt.% of Al in
the particles and the rest in the solid solution.

Results of resistivity measurements performed on the AZ31 alloy used in a
present study show increase of resistivity in both AC and TRC alloys. EDS
shows that Zn is dissolved in Mg matrix. Therefore, a 4 % decrease of resistivity
starting at about 120 ◦C in both AC and TRC alloys is most probably caused
by the precipitation of β-Mg17Al12 phase particles at grain boundaries. However,
the reason for a plateau observed in TRC material at 400 ◦C is not so evident
because β-phase Mg-Al particles are already almost dissolved. Earlier studies
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show the presence of Al11Mn4 and Al4Mn phases in Mg alloys, which are very
stable at elevated temperatures [208, 209]. Nevertheless, Ren et al. [209] has
showed that at 400 ◦C Al-Mn compounds are metastable. According to Mg-Al-
Mn phase diagram some of them can be dissolved at temperatures around 500 ◦C.
Moreover, as was already mentioned, Mn and Al from these particles can have a
large contribution to the resulting resistivity of AZ31. Thus, it is suggested that
the further increase of resistivity at 400 - 540 ◦C can be attributed to a partially
dissolution and transformations of Al-Mn phases.

No signi�cant changes of a microhardness and grain structure were observed
in AC material during annealing unless a slight decrease of microhardness of the
homogenized AC material is outside an experimental error. The investigation of
Hay et al. [210] showed, that the microhardness of β-Mg17Al12 phases is higher
than the one of the α-Mg matrix and the composite contribution of the β-phase
can prevail over the solid solution hardening in the homogenized AC specimen
(Fig. 4.20). The homogeneous grain size distribution and coarser grains in AC
sample are responsible for lower microhardness values than the ones in the TRC
sample (Fig. 4.10). Moreover, the contribution to the dislocation strengthening
due to a certain amount of plastic deformation imposed to the TRC material
during casting might be signi�cant.

The inhomogeneity of microharness of TRC sample with higher microhardness
in regions near the surface and in the central zone of the strip and softer in the bulk
of the strip appear as a result of non-equilibrium and non-uniform crystallization
during the casting process. High solidi�cation rate and stress imposed by the rolls
generate �ne grains near the surface. A presence of a large amount of deformation
twins in this area con�rms this fact. Higher microhardness values of the central
zone can be explained by a presence of central segregation zone. During TRC
central zone solidi�es as the last one and, therefore, the additional deformation
is imposed by the already solidi�ed material during the motion of the strip in the
gap between the rolls creating thus smaller grains in this region.

Unexpected increase of microhardness of TRC sample after annealing at 100 ◦C
(compare Fig. 4.22 and 4.10) could not be explained by solute atoms redistribu-
tion (no change of resistivity were observed). Also an in�uence of grain structure
changes is unlike. Such variations of mechanical properties should be attribut-
ed to modi�cations of dislocations con�gurations. In general, redistribution of
dislocations in light-weight metals in this temperature interval (annihilation of
dislocation, incorporating of dislocation in subgrain and grain boundaries, etc.)
results in a microhardness decrease. Nevertheless, recent studies [211, 212] per-
formed on �ne-grained commercial purity aluminium and aluminium alloys show
that annealing at relatively low annealing temperatures can induce a surprising
slight increase of microhardness due to the exhaustion of dislocation sources by
annihilation of dislocations in subgrain and grain boundaries. Similar process is
most probably responsible for the observed increase of microhardness at 100 ◦C.

Isothermal annealing experiments performed at 450 ◦C on the TRC sample
re�ects the recrystallization process occuring in this sample. Annealing was con-
ducted for time intervals from 10 min to 24 h. LOM studies show a presence of
newly nucleated grains at the grain boundaries after 10 min of annealing. Growth
of these �ne grains and nucleation of new ones is observed with increasing an-
nealing time. Fraction of a recrystallized material Y after a hold time t at a
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given temperature T can be described by Avrami equation (also known as the
Jonson-Mehl-Avrami-Kolmogorov, or JMAK, equation) (Eq. 5.3) [213]:

Y = 1− exp(−ktn), k =
πṄĠ3

3
, (5.3)

where Ṅ is a nucleation rate per unit volume and Ġ is a rate of a growth, n is
Avrami exponent. If a spherical growth considered n is equal to four. Eq. 5.3 can
be rewritten into Eq. 5.4:

ln(−ln(1− Y (t))) = lnk + lnn, (5.4)

Constants n and k can be determined from a plot of lnln( 1
1−Y ) vs lnt. If the

transformation follows the Avrami equation this results in a straight line with
gradient n and intercept lnk.

Fig. 5.1 shows plots re�ecting the relationship between Y and t during the
annealing at 450 ◦C calculated from LOM micrographs in Fig. 4.15. Two areas
of the TRC strip, a bulk and a center, were analyzed. Increasing of annealing
time results in an increase of the fraction of new �ne grains during static recrys-
tallization (SRX). Evolution of Y as a function of an annealing time is shown in
Fig. 5.1a. Typical S-shape curve is observed in both parts of the sample. The
saturation takes place after 6 h of annealing. After 6 h of annealing it is relatively
di�cult to recognize unrecrystallized grains. Additional analysis of recrystalliza-
tion processes was done using a transformation Eq. 5.4. Fig. 5.1b shows that the
Avrami law is not ful�lled neither in the center nor in the bulk of the strip since
the displayed points are not aligned along the straight line. The points repre-
senting recrystallization �ow in the bulk part of the strip do not ful�ll a linear
�t. Fig. 4.15 indicates the reasons of such non-linear behavior. A nucleation
and growth of newly recrystallized grains occur preferentially at grain boundaries
resulting in bands of �ne grains in the material. Boundaries of these bands are
favorable sites for a further nucleation and SRX as is often observed in Mg al-
loys [214]. This result shows that processes that have not been taken into an
account in Avrami analysis occur in the bulk part of the sample. To ful�ll the
Avrami equation a nucleation should occur randomly and homogeneously over
the entire material, a grain growth occurs homogeneously in all directions and
a growth rate is independent on the extent of transformation. Although, the
above described conditions seem to be accomplished in the central part of the
strip, most probably recovery of a dislocation substructure combined with a par-
tial dissolution of the central segregation preceding a "pure" recrystallization are
responsible for non-linear �t in Fig. 5.1b. Therefore, the calculation of Avrami
coe�cients would be formal and is not supported by any physical meaning.

LOM measurements of recrystallized volume fraction can not be carried out
with a high accuracy. Therefore, similar analysis could be received from micro-
hardness measurements. Since a driving force for recrystallization is an energy
stored in the deformed matrix, the progress of recrystallization can be observed
in terms of fractional softening XH [215]. Thus, Vickers microhardness values
from Fig. 4.23 were converted into XH as de�ned below:

XH =
H0 −Hi

H0 −Hr

, (5.5)
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Figure 5.1: Avrami analysis of recrystallization processes occurring in the TRC
strip during annealing at 450 ◦C.

where H0 is the hardness of the as-cast material, Hi is the hardness measured
during isothermal annealing and Hr is the hardness of a fully recrystallized ma-
terial. The dependence of XH on annealing time at 450 ◦C is shown in Fig. 5.2a
and measured data are far from a S-shaped sigmoidal curve �t. Consequently a
logarithmic plot lnln(1/(1−XH)) against lnt shown in Fig. 5.2b also do not fol-
low a liner �t and thus any coe�cients obtained from this measurements should
provide unreliable values.

The results obtained using two methods of Avrami coe�cients evaluation
clearly indicate that a formal application of these methods is not reliable in a
case of heterogeneous materials such as TRC strip used in this study.

Figure 5.2: Avrami analysis of recrystallization processes occurring in the TRC
strip during annealing at 450 ◦C calculated from microhardness measurements.

Mechanical properties

Tensile properties are usually greatly in�uenced by the microstructure of the
original alloy [82, 128, 130]. Unless there are four deformation modes in magne-
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sium described in the Chapter 1, a homogeneous deformation along c-axis can
be provide by only two of them, such as < c+ a > slip {1122}〈1123〉 and tensile
twinning {1012}〈1011〉 [15, 161]. However, < c+ a > mode can not be activated
at RT due to the high CRSS. Therefore, AC and TRC magnesium alloys show
poor formability at RT.

One of the most important parameters which has an in�uence on a ductility
is a grain size. Generally, coarser grains in hcp materials enhance the strain
localization and the ductility decrease. In AC samples this e�ect is not so clear
(Fig. 4.25) because the grain growth in AC sample during homogenization is
limited. Therefore, the changes of the samples ductility at RT are negligible.
However, a negative role of β-phase dissolution can not be excluded. On the
other hand, homogenized TRC alloys exhibit higher formability in both tensile
directions mostly due to a decreased grain size (about 50 µm, see Fig. 4.13f and
4.14f) after homogenization (Fig. 4.26).

It was shown by di�erent authors [143,161] that the deformation temperature
by as little as 50 ◦C above RT increases formability of Mg alloys and twins usually
appear at temperatures below 150 ◦C. SEM and AFM observations performed in
this study show higher twin activity in the TRC material at 100 ◦C. However,
according to the earlier studies the twinning occurs only at early stages of plas-
tic deformation [214]. Therefore, this mechanism can not be responsible for a
substantial increase of the ductility of TRC samples at elevated temperatures.
The < a > basal dislocation slip is a dominant deformation mechanism at low
deformation temperatures. However, CRSS decreases in non-basal slip systems
with increasing deformation temperature enabling the activation of non-basal slip
systems and improvement of formability [60]. The anomalous behavior at 200 ◦C
is observed in all materials except homogenized TRC deformed in TD. The de-
crease of ductility at this temperature which is observed nearly in all samples is
an unusual e�ect for magnesium alloys and will be discussed later in the following
paragraph.

Anomalous behavior at 200 ◦C

Figures 4.25, 4.26 con�rm well-known in�uence of deformation temperature on
mechanical properties of magnesium alloys. While YS follows typical features
observed in Mg alloys and decreases with increasing deformation temperature
due to an activation of non-basal slip systems, an unusual behavior of ductility is
observed in AC and TRC materials at about 200 ◦C. Described behavior is not
typical for magnesium alloys. Nevertheless, Zhou et al. has mentioned a slight
decrease of elongation at 200 ◦C in a commercial AZ31B alloy [216] during tension
and compression occurring at only one strain rate. Such a behavior is explained
by extent DRX occurring at this temperature. However, no signi�cant increase
of a volume fraction of DRXed grains is observed at 200 ◦C compared to 100 ◦C
in this study (Fig. 4.32).

Since the processes responsible for premature failure usually take place in
a material after the YS, the analysis of prevailing parts of deformation curves
was performed. The Voce equation [217] in Kocks-Mecking approach [218] was
used for this aim. The �ow curve is assumed as a transient of stress from initial
value to the value corresponding to the equilibrium at a given strain rate and
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temperature. Voce strain hardening equation for true stress σ and true strain ε
with initial plastic strain ε0 = 0 is:

σ = σs − (σs − σ0) exp
(
− ε

εc

)
, (5.6)

where σs is a saturation value of stress corresponding to equilibrium, σ0 is an
initial true plastic stress and εc is a constant.

According to the Kocks-Mecking approach only dislocation structure is re-
sponsible for a plastic �ow while the twinning is not considered [219]. Work
hardening is governed by producing, rearrangement and annihilation of disloca-
tions. Thus, the decrease of work hardening rate Θ with increasing σ is expressed
in a following form:

Θ =
dσ

dε
= Θ0

(
1− σ

σs

)
, (5.7)

where Θ0 is an initial work hardening rate at σ = 0 and σs is a saturation stress
where Θ = 0.

Fig. 5.3 illustrates a procedure of work hardening rate evaluation using data
from true stress (σ) - true strain (ε) curves. First, the values of Θ are found by
derivation of the plastic part of σ(ε) curves at all temperatures at given strain
rate (10−3 s−1). After that an intercept Θ0 and a slope dΘ/dσ of an linear �t are
calculated as is shown in Fig. 5.3b.

Figure 5.3: Illustration of a work hardening rate (Θ) evaluation procedure.

Temperature dependencies of the work hardening rate derivatives −dΘ/dσ
are shown in Fig. 5.4. A pronounced anomaly of −dΘ/dσ at about 200 ◦C is
clearly visible in all investigated samples except for the TRC material deformed
in TD. This result clearly indicates a change in deformation mechanisms at this
temperature.
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Figure 5.4: Temperature dependence of a work hardening coe�cient for studied
alloys.

Deeper analysis of deformation video records con�rms that at 100 ◦C �rstly
only shallow slip traces appear originating most probably only from a prevailing
basal slip. Very soon additional slip system is activated limiting the activity of
the basal system. As a result a formation of �ne shear bands occur homoge-
neously along the whole specimen gauge. This is con�rmed also by AFM studies
(Fig. 4.35a). The contribution of DRX and DRV to the plastic �ow is consid-
ered as insigni�cant due to the limited fraction of DRXed grains observed at this
temperature. Theoretical predictions of Zhou et al. [216] describes the in�uence
of temperature on activity of basal and prismatic slip systems in Mg alloys. At
100 ◦C the activity of prismatic system increases with a maximal rate and start
to prevail already at low strains. At 200 ◦C the rise of prismatic slip system
activity is lower. At the same time the activity of basal slip systems at this
temperature dominates till the failure. An in�uence of DRX and DRV which
are favorable for the enhancement of ductility is still con�ned. The domination
of the basal system lasts till 300 ◦C where its negative in�uence on ductility is
compensated by enhanced DRV and DRX processes. Summarizing, at 200 ◦C
unfavorable mechanisms � dominating basal slip, con�ned role of prismatic slip
system, prevail above favorable ones � DRV and DRX, eventually grain boundary
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sliding. As a results a localization of strain occurs and ductility of the samples
is signi�cantly reduced. The localization was also con�rmed by the direct video
record and AFM scanning of specimen strained at 200 ◦C.

ECAP

ECAP was chosen in this study as a SPD technique e�ectively used for the re�ne-
ment of magnesium alloys [62,160�162]. Its application on the TRC strip appears
an interesting issue in a prospective of the grain re�nement.

One ECAP pass leads to the formation of a bimodal microstructure which is
in agreement with earlier studies [220]. Areas with high dislocation density, twin
and grain boundaries posses much higher stored deformation energy than the rest
of the matrix [221] and thus create more nucleation sites for the DRX. The role
of the grain boundaries is superior. As a result �ne grains of the size of about
few microns are formed preferentially on high-angle boundaries of large elongat-
ed grains, and in a limited manner also at low-angle boundaries and on twin
boundaries (Fig. 4.37). As-cast and homogenized TRC materials before ECAP
processing exhibit di�erent microstructure as it is illustrated in Fig. 4.3. Grains
in the TRC materials are coarser (150 µm) while SRX occurring during homoge-
nization forms �ner dislocation-free grains (50 µm). During the �rst ECAP pass
a higher stored energy in unhomogenized samples (higher dislocation density be-
fore ECAP and a presence of coarse β-phase particles) is a reason for the higher
number of nucleation sites in this material. Therefore, signi�cantly smaller grains
are formed in the as-cast sample. Moreover, their growth is e�ectively retarded
by a presence of Mg17Al12 primary particles and Al-Mn intermetallics (caused by
Zener drag mechanism [131]) which density is much lower in the homogenized
material. The �rst ECAP pass imposes large strain into both materials, however,
recovery is inhibited by the particles in the as-cast sample and again the proba-
bility of nucleation of new grains is higher. Thus, the favorable higher number of
the nucleation sites, retardation e�ect of primary particles on the recovery and
grain growth result in a presence of smaller grains in as-cast sample after eight
ECAP passes.

Fig. 5.5 summarizes microhardness values of samples after SPD of studied
materials. Common feature of all those results is a superior microhardness in
TRC samples without homogenization. The main contribution to microhardness
arises from the grain boundary strengthening and from dislocations. The grain
boundary strengthening re�ects the grain size distribution in particular samples
in accordance with H-P relation (Eq. (1.4)). The direct role of solute atoms and
primary particles appears to be marginal.
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Figure 5.5: Microhardness of TRC alloy after ECAP processing.

However, heterogeneous materials investigated in the present study, where
several strengthening mechanisms contribute to mechanical properties, could not
be described by such simpli�ed approach represented by H-P relation. This is
documented in Fig. 5.6.

Figure 5.6: Hall-Petch relation curves applied on AZ31.

None of the studied materials ful�ll H-P relation for several reasons. For
example, for materials after lower number of ECAP passes the presumption of
homogeneous grain size distribution is not accomplished. Furthermore, unrecrys-
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tallized grains contain numerous dislocations and their contribution should be
subtracted before the analysis. The presence of numerous dislocations in unre-
crystallized grains can be easily con�rmed using KAM method. An example of
such an analysis is performed on a TRC strip and on the same strip after ECAP
(Fig. 5.7). In the as-cast TRC sample the density of dislocation is higher, which
is indicated by higher average misorientation, while in the sample processed by
ECAP the majority of grains contain minimal number of dislocations.

Figure 5.7: KAM maps of a selected bulk area of a) the TRC sample and b) the
TRC strip after eight ECAP passes.

The microhardness values of homogenized TRC strip deformed in RD and
TD do not signi�cantly change after already one ECAP pass, which might be
connected with the annihilation of the dislocation structure during pre-aging and
DRV occurred in the heat treated material during SPD. KAM maps were built
using EBSD data as is shown in Fig. 5.7. KAM of the selected area in the bulk of
the TRC strip shows a presence a high amount of local strain (Fig. 5.7a) compared
to the TRC sample after eight ECAP passes in TD of the strip. A majority of
grains is fully recrystallized or partially recrystallized with low misorientation
values. Nevertheless, misorientation of about 10 % of a volume is high, which
means un�nished DRX during ECAP.

After four ECAP passes the microstructure is homogeneous in all TRC sam-
ples and the microhardness remains almost the same, except more pronounced
increase in TRC sample deformed in RD connected with a slight grain re�nement
observed after eight ECAP passes.

According to the H-P relation between the grain size and strength (Eq. 1.4),
where σy is a yield stress, d � average grain diameter, ky and σ0 � empirical
constants, grain re�nement observed in AZ31 alloy samples after ECAP will result
in the improvement of mechanical properties. Grain size has an important role in
an enhancement of mechanical properties. Fig. 5.6 illustrates H-P relation curves
applied on AC and TRC alloys after ECAP. In homogeneous coarse-grained AC
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alloy low dislocation density is produced during casting. Thus, the contribution
of the grain size hardening is signi�cantly less pronounced during the �rst ECAP
pass than the one of dislocations. Dislocations are formed in the material after
one pass, which results also in a nucleation of �ne grains at grain boundaries
and chaining into bands as it was shown by EBSD orientation maps. These
dislocations accelerate a nucleation of more grains and DRX after the second
pass. Thus, after the second pass the grain boundaries can play an important
role. The H-P relation is not accurately ful�lled because of the bimodal structure
even after the fourth pass, which complicates evaluation of an average grain size.
After eight passes the homogeneous UFG structure is observed, nevertheless, no
hardening of AC material occurs due to a slight grain growth as a result of DRX.

TRC materials after ECAP in RD and TD have similar grain size dependence
on hardness. Two hardening stages can be distinguieshed. First, a 20 % increase
of microhardness after one ECAP pass is caused by the dislocation strengthening.
Inhomogeneity and bimodality of the initial structure result in a presence of
dislocations in the matrix. The decrease of the grain size down to less than 1 µm
in TRC material after four and eight ECAP passes is accompanied by the increase
of microhardness. Thus, after one ECAP pass the grain boundary strengthening
becomes a main mode.

According to the previous textural studies of magnesium alloys after ECAP
processing [64], a formation of a basal texture with maximum located at about
45◦ from pressing direction in AC sample is observed after already one pass (see
Fig. 4.39). It indicates that basal planes are rotated parallel to a shear direction.
A strengthening of the basal texture is observed in both as-cast and homogenized
TRC specimens after ECAP. It is known, that the operating slip planes after the
�rst ECAP pass are well oriented for a further processing and straining during
next passes. Therefore, the texture remains almost unchanged even after eight
ECAP passes in all investigated materials. Additional aging at 450 ◦C after
one and eight passes results in an almost full recrystallization leading to the
substantive reorientation of the grains and thus to suppression of the initial basal
texture.

CGP

The CGP was successfully applied on TRC AZ31 magnesium alloy plate preheated
at 450 ◦C for 10 min. It is shown that the distribution of grain sizes along
the plate after one CGP cycle is heterogeneous and varies from 10 to 100 µm.
Feng et al. [222] have shown that such a small grain size can be achieved in
conventional magnesium alloys not before three ECAP passes at 350 ◦C and the
microstructure of such materials is heterogeneous and four additional passes are
necessary to balance the microstructure and make it uniform. On the other hand,
instead of the homogeneous bimodality present after ECAP the microstructure
observed after one CGP cycle is heterogeneous along the RD. Generally, it can
be attributed to the di�erences in the equivalent strain and shearing given by the
geometry of grooves as it is also often observed in Al-based materials [178, 179].
As a result three main areas with di�erent grain sizes can be distinguished in
CGP material.

The grain size of the transition area of CGP sample (30 µm) is comparable to
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the one of wrought magnesium alloys [223]. AZ31 magnesium sheets with grains
of 27 µm size can be produced using hot rolling [224]. However, this method is
always connected with the thickness reduction (30-35 %) and thus limits repeating
treatment. While an insigni�cant thickness reduction after CGP appears only as
an artifact of a small specimen size and subtle material �ew at specimen edges.

The bimodal zone is similar to the one after two ECAP passes (Fig. 4.37 and
4.45) and is characterized by an average size of large grains of about 60 µm and 8
µm for the smaller grains. The presence of twins in this area is connected with a
shear e�ect. When grooves press the sample, two areas of opposite surfaces start
to be deformed more and the shearing occurs in the non-deformed area followed
by the activation of DRX process. It was shown earlier by Figueiredo et al. [225]
that such structure is typical for magnesium alloys after four ECAP passes when
dynamic recrystallization occurs. On the contrary, in our study after four passes
the uniform microstructure is achieved. The origin of such a di�erence is unlike
initial microstructure (TRC in our case, extruded material in [225]).

The grain size of the most deformed area of the CGP plate is 10 µm which
is signi�cantly coarser than the one in the TRC sample after four ECAP pass-
es. Obviously, more CGP cycles are necessary to achieve such a �ne-grained
structure.

The texture of TRC plate after one CGP cycle is of a basal type accompanied
by a slight rotation of 〈0011〉 orientations towards the RD. This is similar to the
texture formed after one and two ECAP passes and is more pronounced than in
the TRC material. Aging at 450 ◦C leads to the grain coarsening and a dispersion
of orientations due to the reorientation of grains during SRX process as was shown
in PF in Fig. 4.49. As it was discussed previously, the strain imposed after one
CGP cycle is approximately equal to the one after one ECAP pass. However,
due to the forward and backward straining during CGP the energy stored in
the material is considered as lower than after one or more ECAP passes [180].
Consequently, DRX and DRV processes are not so intense during CGP as well as
SRX during subsequent aging. That might lead to the fact that the basal texture
can not be suppressed. More active recrystallization is expected to occur after
more CGP cycles leading to a homogeneously recrystallized microstructure and
weakening of the basal texture. A presence of areas with bimodal microstructure
similar to ECAP can be considered as a su�cient presumption for expected more
signi�cant grain re�nement. This assumption is based on results of CGP studies
of aluminium, aluminium alloys and steels [178,180,183]. The bimodal structure
was also found by Sunil et al. [185] in AZ31 alloy after one GP pass and was
eliminated after further straining.

While the TRC material exhibits inhomogeneity of microhardness mainly in
the ND of the strip, the CGP material is heterogeneous along the RD (Fig. 4.10
and 4.50). In TRC alloy higher values of microhardness are generally observed
in the center of the strip and near both surfaces, i.e. in areas with signi�cantly
�ner grains. On the contrary, the highest microhardness values in CGP material
are observed in the most deformed zone with the grain size of about 10 µm. The
microhardness re�ects the inhomogeneity of the microstructure and increases af-
ter CGP up to 80 HV0.1 in regions of the most intensive deformation, which is
comparable with the saturated value of the microhardness after several ECAP
passes. The microhardness distribution correlates with observed microstructure
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and re�ects the geometry of the grooved die. Increasing temperature leads to the
initiation of SRX, resulting in a slow softening of the material and elimination of
the heterogeneity along the RD. The microhardness is relatively low and homo-
geneous after annealing at 450 ◦C. Signi�cant decrease of microhardness occurs
after 10 h at 450 ◦C of annealing (Fig. 4.23e and 4.53). Average microhardness of
the CGP material is almost 55 HV0.1 while the one for TRC after the same aging
time is 45 HV0.1. Thus, thanks to the reduction of the grain size during CGP
process and a subsequent aging homogeneous material with the microhardness
by almost 20 % higher (when compared with the TRC material) without signif-
icant dimension reduction can be received. Further long-term annealing results
in a slight decrease of microhardness connected with the grain growth and the
secondary recrystallization of the microstructure.

Tensile tests at elevated temperatures show a typical increase of a ductility
with the increasing temperature up to 100 ◦C. At 200 ◦C a similar anomalous
decrease of the ductility as in TRC samples was observed (see Fig. 4.26 and 4.54).
Detailed investigation of samples after tensile tests showed that at this temper-
ature the band of �ner grains are observed in the CGP sample (Fig. 5.8). A
"necklace" grain structure induced by DRX can reduce internal stresses and ac-
tivate a grain boundary sliding and thus better accommodate plastic strains and
increase the ductility of the material. Nevertheless, the coarse-grained structure
prevails at this temperature resulting in a presence of unfavorable processes ob-
served also in the TRC material (dominating activity of the basal slip system and
limited of the prismatic one) resulting in the low ductility at 200 ◦C. At higher
deformation temperatures DRX and DRV dominate resulting in an increase of
ductility.

Figure 5.8: "Necklace" bands of �ner grains in CGP plate after tensile test at
200 ◦C.

98



Conclusion

The present study deals with the investigation of AZ31 magnesium alloy produced
by a relatively new TRC technique previously successfully applied on aluminium
alloys. The microstructure and mechanical properties of the 5.6 mm thin strip
were studied using LOM, SEM, AFM, X-ray di�raction and computed tomogra-
phy. Microhardness and tensile testing were made in order to study mechanical
properties of the strip. Relationships between microstructural features and me-
chanical properties were examined as well as the in�uence of the casting direction
on the mechanical behavior. The results were compared with the ones obtained
on the conventionally cast ingot of a master alloy. In order to modify the initial
microstructure, especially the basal texture, two di�erent SPD techniques applied
on the TRC strip were tested. This chapter presents main conclusions, achieve-
ments of this study and recommendations for a further work on this subject.

� Microstructural study of AC ingot showed a coarse-grained homogeneous
microstructure. On the contrary, a heterogeneous structure with large elon-
gated grains tilted along the RD was observed in TRC strip. Due to the
deformation imposed by the rotating rolls �ner grains are formed in the
surface area. Uneven solidi�cation along the strip thickness results in the
central segregation zone distributed periodically along the RD of the strip.
CLS is responsible for a presence of �ner grains also in the center of the
TRC strip. 3D X-ray computed tomography revealed that the segregation
occurs in a form of bands distanced about 2 mm far from each other.

� E�ect of heat treatment on mechanical properties of the strip were studied.
Increasing of the temperature up to 100 ◦C is accompanied by a slight hard-
ening of the TRC material, while further annealing at higher temperatures
and aging lead to a softening of the structure as a result of SRX. Tensile
test showed that the ductility of the TRC strip is superior in comparison
with AC alloy. Homogenization at 450 ◦C for 10 h deteriorates the ductility
of the AC material due to the grain coarsening. On the contrary, the TRC
material exhibits an increase of ductility after homogenization caused by
the annihilation of dislocation structure, recrystallization and balancing of
the microstructure.

� A signi�cant grain re�nement was achieved by ECAP processing. The bi-
modal microstructure in TRC materials (in both RD and TD) vanished
after four ECAP passes. In the case of the AC ingot eight passes are nec-
essary to achieve a homogeneous microstructure. Samples homogenized at
450 ◦C for 10 h before ECAP exhibit coarser microstructure than the ones
without pre-heating. Local mechanical properties (microhardness) are im-
proved after ECAP and a favorable suppression of a basal texture after
aging is observed.

� The CGP was for the �rst time successfully applied on a TRC alloy plate.
One full CGP cycle was accomplished on a sample with the RD parallel to
grooves. A reduction of the thickness after CGP was insigni�cant. Hetero-
geneity of the microstructure along the ND of the TRC material typical for
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this technique is replaced by the heterogeneity along the RD. This inho-
mogeneity can be eliminated by a subsequent aging. Nevertheless, tensile
properties are not signi�cantly improved by CGP, initial basal texture is
stronger and can not be weakened by a further heat treatment.

� Anomalous tensile behavior of TRC samples and samples after CGP was
observed at 200 ◦C and con�rmed using Kocks-Mecking approach. Decrease
of the ductility was associated with the change of deformation mechanisms
in the materials. Namely, a dominated basal slip is less con�ned by a pris-
matic slip, which becomes less active with increasing deformation tempera-
ture. On the contrary, a favorable contribution of DRV and DRX prevailing
at higher temperatures is not su�cient to overcome the above mentioned
negative in�uence of basal slip system.

Future work

� Further CGP processing is believed to eliminate a heterogeneity of the mi-
crostructure of the CGP plate and improve mechanical properties. The
suppression or weakening of the basal texture is also expected with more
CGP cycles.

� More detailed study of nucleation processes and DRX during CGP and
their in�uence on the resulting microstructure and texture appears to be
a prospective subject for the further investigation of innovative SPD tech-
nique, which, as it was shown in this thesis, can be easily applied to mag-
nesium strip to achieve a variety of new UFG materials.
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