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Abstract (Deutsch)

Die vorliegende Arbeit tragt dazu bei, durch das Verfahren Equal Channel Angular
Pressing (ECAP) die Kaltumformbarkeit und damit die Wettbewerbsfahigkeit des Mag-
nesiumbleches AZ31 als Leichtbauwerkstoff zu steigern. Die systematische Parame-
teruntersuchung des ECAP-Verfahrens fihrt zu einem grundlegenden Verstandnis der
Wechselwirkungen zwischen Gefilige- und Texturanderung, Aktivierung der Deforma-
tionsmoden und daraus resultierenden mechanischen Eigenschaften von AZ31-
Blechen. Auf dieser Basis werden die Grundlagen geschaffen, damit der ECAP-
Prozess in Kombination mit konventionellen Walzverfahren zur Herstellung von Mg-

Blechen mit verbesserter Kaltumformbarkeit eingesetzt werden kann.

Abstract (English)

The present study contributes to enhance the cold formability and competitiveness of
magnesium sheet AZ31 as lightweight material using the process equal channel an-
gular pressing (ECAP). The systematic parameter study of ECAP process leads to a
fundamental understanding of the interactions between microstructure and texture
evolution, activation of deformation mechanisms and mechanical properties of AZ31
sheets. On this basis, the fundamentals are established in order that ECAP process
can be applied for the production of Mg sheets with enhanced cold formability in com-

bination with conventional rolling processes.
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\V/ Abbreviation

Abbreviation

Symbol Unit Description

45° - At the angle of 45° to the rolling direction
a nm Lattice parameter

Al - Aluminum

ARB - Accumulated roll-bonding

bcc - Body-centered cubic

c nm Lattice parameter

Cp J/kgK Specific heat capacity

CFRP - Carbon-fiber-reinforced plastic

DSR - Differential speed rolling

d pm Average grain size

E GPa Young’s modulus

ECAE - Equal channel angular extrusion

ECAP - Equal channel angular pressing

Fe N Critical force

fcc - Face-centered cubic

Fe - Iron

FLC - Forming limit curve

G GPa Shear modulus

h mm Forming depth

hc W/m?K Heat transfer coefficient for conduction
hcp - Hexagonal close-packed

HPT - High-pressure torsion

I mm?* Area moment of inertia

I mm?* Area moment of inertia to the x-direction
ly mm?* Area moment of inertia to the y-direction
IPF - Inverse pole figure

K - Effective length factor

ky MPa Strengthening coefficient

Lc mm Unsupported length of column

m - Schmid factor




Abbreviation

m.r.d. - Multiple random distribution

Mg - Magnesium

N - Number of the passes

n-value - Strain hardening exponent

NRD - n-value in the rolling direciton

Nto - n-value in the transverse direciton
Nas n-value at the angle of 45° to the rolling direction
n - Average n-value

ND - Normal direction

P - Pressing

PD - Pressing direction

r-value - Plastic anisotropy

I'rD - r-value in the rolling direction

o - r-value in the transverse direction
ro - r-value at engineering strain of 10%
l45 r-value at the angel of 45° to the rolling direction
r - Average r-value

Ar - Planar anisotropy

RD - Rolling direction

RE - Rare earth

SPD - Severe plastic deformation

T °C Processing temperature

Te °C Boiling temperature

Twm °C Melting temperature

tr mm Total length of reinforcement bar

ts mm Thickness of stamp

TD - Transverse direction

UTS MPa Ultimate tensile strength

YS MPa Yield strength

w mm Measurment width of Nakajima specimen
WR mm Width of reinforcement

Ws mm Width of stamp

a ° Lattice parameter
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av Kt Thermal expansion coefficient
3 ° Lattice parameter
1% ° Lattice parameter
Yxz - Shear strain
En - Effective strain after N passes
&u % Uniform strain
& % Fracture strain
& - Major strain
& - Minor strain
4 ° Angle between slip direction and force direction
© MPa Work hardening rate
6 ° Angular resolution
A W/mK Thermal conductivity
v - Poisson’s ratio
¢ ° Angle between slip plane and force direction
0 g/lcm?® Density
o MPa Stress
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0o MPa Resistance of the lattice to dislocation motion
Oo2 MPa 0.2% proof stress
T MPa Resolved shear stress
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1 Introduction
1.1 Background and motivation

With increasing demand for lightweight construction, magnesium and its alloys have
received renewed attention as the lightest metallic engineering material. The low den-
sity of Mg alloys provides high specific mechanical properties such as high specific
strengths and buckling resistance compared to aluminum and steel (see Figure 1.1).
These outstanding properties are of central importance particularly for applications in
car body construction, where Mg alloys have to prevail against lightweight concepts
with aluminum alloys (e.g. AA6016) as well as high strength steels (e.g. DP800)
[NUER10]. Apart of high specific strength and stiffness, good castability and weldability
have made Mg alloys attractive for further applications, e.g. aeronautics, electronics
and household application [MORDO1]. Another decisive advantage of Mg over carbon-
fiber-reinforced plastic (CFRP) is its excellent recyclability. Magnesium can be repro-
duced and processed in high-purity quality. Recycling process requires only about 5%
of the amount of energy for raw material extraction [KAMMOQ].

UTS/p ’YS/p ?{/E/p
o — 600
SE r .
© <t _ mDC04
>0
o 400 [ mDP800
R
Q g EAA6016
(& ] .
&2 200 BCFRP plate
T ©
ce DAZ31

0 - f i
Specific tensile Specific buckling Specific buckling
strength strength resistance
Figure 1.1: Specific characteristic values of aluminum alloy 6016, advanced high

strength steel DP800, CFRP plate and magnesium alloy AZ31 in comparison
with deep drawing steel DC04 [NUER10] (UTS: ultimate tensile strength, YS:
yield strength, E: young’s modulus, p: density)

Notwithstanding the lightweight potential, wrought Mg alloys play still a subordinate
role in industrial application. The further processing to die cast products achieves high

annual growth rates, and is therefore one of the main applications of Mg [KLEIO2]. All
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wrought Mg products still occupy less than 1% of primary Mg market [BENEO08]. With
special emphasis of Mg sheets, their poor formability, especially at room temperature,
is one of the main reasons hindering industrial applications. Because of the limited
formability, the forming process of Mg sheets are principally carried out at elevated
temperature of above 200 °C. This is due to the hexagonal crystal structure and the
limited number of active slip systems at room temperature [ROBE60]. Typical wrought
Mg alloys such as Mg-Al-Zn system have a tendency to develop strong crystallographic
texture during rolling [STYCO4]. This texture is characterized by a preferred orientation
of the basal planes in the sheet plane. The pronounced orientation of the basal planes
limits the ability of basal <a> slip to accommodate plastic strain in the sheet plane
[PART67]. This strong basal texture remains unchanged during the recrystallization
annealing [HIRS13]. This results in low ductility and formability, especially at room tem-
perature. Moreover, this pronounced texture leads to mechanical anisotropy.

Texture weakening/randomization and grain refinement can improve the forming char-
acteristics of Mg alloy sheets [Y110]. The principal objective of texture modification in
Mg is to attain a favorable alignment of the basal planes along the deformation direc-
tion. Grain refinement plays a role in reducing the activity of twinning and promoting
additional deformation mechanisms, such as grain boundary sliding [HIRS13]. Conse-
quently, this microstructural development can improve mechanical properties and
forming behavior, especially at room temperature. There are some possibilities to in-
fluence microstructure development by means of new alloy systems [e.g. BOHL10]

and thermo-mechanical treatments [e.g. WATAOQ7].

With respect to thermo-mechanical treatments, equal channel angular pressing
(ECAP) offers a distinct possibility to reduce grain size and generate unique textures.
As a specimen is pressed through a tilted channel, it is primarily deformed by simple
shear along the intersection plane between the entrance and exit channels [AGNEO4].
Mukai et al. [MUKAO1] showed a remarkably enhanced ductility of AZ31 alloy at room
temperature using ECAP Jufu et al. [JUFU10] investigated the effect of processing
routes, temperatures and the number of passes on room temperature mechanical
properties of AZ91 alloy. Particularly, Lapovok et al. [LAPOO8] applied ECAP process

to 6111 Al alloy sheet regarding the effect of processing routes. However, the existing
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studies on ECAP process with Mg alloys are still limited to bulk materials such as rec-

tangular or circular bars with limited process conditions, e.g. a channel angle of 90°.
1.2 Objectives and tasks

The present study examined the possibility for the application of ECAP process to
commercial AZ31 Mg sheets. This Mg sheet is most frequently used in industrial ap-
plications. Particularly, this alloy exhibits a distinct basal texture after rolling [STYCO04].
For this reason, the effect of ECAP on the microstructural development and correlated
mechanical properties can be easily detected and analyzed. The emphasis is on the
systematic investigation of the process parameters (processing temperature, channel
angle and processing route) and on the analysis of their mutual influences on the mi-
crostructure evolution and mechanical properties. These results associate directly with
the cold formability of the equal channel angularly pressed (ECAPed) AZ31 sheets. In
this respect, this study can provide possibility for industrial applications of Mg sheets
with improved cold formability. Based on this, it is possible to apply ECAP process with
conventional rolling process for the production of magnesium semi-finished products
with enhanced cold formability (see Figure 1.2). Therefore, instead of warm forming, it
enables cold forming of Mg sheets at competitive costs.

Current Q New Q Kl'exture weakening
. - Grain refi t
Rolling Rolling g rain refinemen
© D
()]
(=
o]
| =
o
‘U-j'
.I ©
ECAP R ‘ = 0, As-rolled
g After
! = ECAP
° g
Jyarm :.A.: Cold S £ Improvement ina
forming Y ® Y forming cold formability
- J
Figure 1.2: Application of ECAP to production of magnesium sheets with enhanced cold

formability
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The present study contributes to a basic understanding of the application of ECAP
process to Mg sheets. The structured approach is schematically described in Fig-

ure 1.3. The present work focuses in detail on the following tasks:

e Design and construction of a modular trial tool for application of ECAP to sheet
with dimensions of 200 x 200 x 1.8 mm?3 as well as change of channel angle

e Implementation of ECAP with different process parameters: processing tempera-
ture, channel angle, processing route

e Implementation of hot straightening for achievement of homogeneous microstruc-
ture and fully flat ECAPed AZ31 sheets

e Microstructural stability analysis at hot straightening in terms of annealing temper-
ature and duration

e Microstructure analysis on grain refinement and texture variation using optical mi-
croscopy, electron backscatter diffraction (EBSD) and X-ray diffraction (XRD)

e Analysis of mechanical properties at room temperature with uniaxial tensile test
regarding ductility and anisotropy

e Analysis of cold forming behavior using forming test of a U-shaped profile as well
as using Nakajima test for determination of forming limit curves

e Investigation of Influences of process parameters on microstructure development

and cold formability

Systematic investigation of influencing
parameters

| « Processing temperature [°C]: 175, 200, 225

Test material AZ31 200 x 200 x 1.8 mm°
Test tool * Concept design

» Verification

Heat treatment (hot straightening) .

) ) * Channel angle [°]: 110, 130
FE-simulation * Processing route [- ]' A C D
v
ECAP test  « Texture modification
f‘?ﬂ’ ﬁ I gi@’
« Grain refinement d “Hon @fﬁ%@@

v

Mlcrostructure analysis

300

Eng. stress [MPa]

Mechanical behavior

2000

—RD
--a5°
e TD

] 100
@ = ga.2 [MPa]

200

Cold formability

e

,EIQ.
X &

Figure 1.3:

Schematic description of structured approach
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2 State of the Art

2.1 Characteristics of Mg and its alloys
2.1.1 Magnesium as design material
2.1.1.1 Magnesium

Magnesium and its alloys crystallize in the hexagonal close-packed (hcp) structure as
depicted in Figure 2.1. The basal plane forms the base surface of an equilateral hexa-
gon with the edge length a. The hexagonal coordinate system consists of three equal
long axes a1, a2, as and c-axis, which is perpendicular to the basal plane. In the four-
axis coordinate system, the planes are notated by Miller-Bravais index [MILL39,

BRAVSOQ]. In this system, crystallographic planes and directions are given by (h ki)
and [u vt w], where i = -(h + k). The unit cell exhibits the c/a ratio of v8/3 = 1.633 with

an ideal arrangement of the atoms [GOTTO7]. The lattice parameters of pure magne-
siumat25°Carea=0.32nmand c =0.52 nm, a = =90°, y = 120°. The c/a ratio of
pure Mg (= 1.624) is very close to the ideal value. The c/a ratio is very important for
hcp materials, because the activities of potential deformation modes, i.e. slip and twin-
ning, are dependent on this value [Y105]. The influence of the c/a ratio on the activation

of the deformation mechanisms is described in section 2.1.2.

Magnesium belongs to alkaline earth metals, which occupy the second main group of
the periodic table of elements. Its hcp structure has significant influence on the physical
properties, especially on the formability [NUER10]. Table 2.1 summarizes the main
physical properties of pure magnesium, aluminum and iron as compared at 20 °C. As
the lightest metallic material, the outstanding property of Mg is its low density of
1.74 g/lcm3, which makes an increasing demand for lightweight construction. It
amounts less dense than two thirds of aluminum and less dense than one fourth of
iron. Apart of the lowest density, the high specific strength and stiffness offer great

potential for industrial application [KAMMOQ].



(0001) plane using Miller-Bravais index [STAR98]
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Figure 2.1: a) hexagonal close-packed (hcp) crystal structure; b) description of basal

Mg Al Fe Unit
Crystal structure hcp fcc bcc -
Crystal parameter ij 8gigg a=0.4047 a =0.2867 nm
Axial ratio c/a 1.624 n.a. n.a. -
Density p 1.74 2.70 7.85 g/cm3
Young’s modulus E 44.6 66.6 211 GPa
Shear modulus G 16.6 25.0 82 GPa
Poisson’s ratio v 0.35 0.35 0.29 -
Melting temperature Ty 650 660 1538 °C
Boiling temperature Tg 1090 ~2500 2862 °C
Specific heat capacity ¢, 1025 900 449 J/kgK
Thermal conductivity A 156 235 80 W/mK
Thermal expansion coefficient a. ~ 25x10° 23.6x10° 11.8x10°® K

Table 2.1:

2.1.1.2 Magnesium alloys

Physical properties of pure magnesium, aluminum and iron at 20 °C
[KAMMOO, KAMMO02, CARDO8]

Magnesium must be alloyed with other metals for engineering applications [FRIEOG].

Magnesium alloys are divided into cast alloys and wrought alloys in terms of the

method used for component manufacturing [CZERO08]. Both groups have subdivisions
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indicating composition and application: where cast alloys are further divided into sand
cast, permanent mold cast and die cast. Rolled, extruded and forged alloys belong to
wrought alloys. Finally, depending on the service conditions, alloys are classified as
general purpose, high ductility and high temperature grades [FRIE06, CZERO08].

The amount of alloying element, which can be added to Mg, is controlled by the liquid
solubility of the element in the molten state [XIAO13]. Magnesium alloys are normally
designated by a four-part letter-number system according to ASTM B275-05. Each al-
loy is expressed with the two first letters indicating the principal alloying elements and
the two next number specifying the rounded-off percentage of each weight (e.g. AZ31,
3% Al and 1% Zn, refer to Table 9.1).

Table 2.2 presents some representative wrought Mg alloys and their key characteris-
tics. Wrought Mg alloys exhibit typically higher yield stress and elongation as compared
with cast alloys [KRKAMMOO]. The main alloying elements are aluminum, zinc and man-
ganese. Since AZ31 alloy is the focus in this work, the discussion on the effects of two

following elements is limited:
Aluminum

Aluminum is the most commonly used alloying element and forms the basis of the die
casting alloys. Aluminum enhances the strength using mixed crystal formation as well
as formation of intermetallic phase Mgi7Ali2 at below 120 °C [GEHRO04]. Especially,
the optimum combination of strength and ductility was observed at ~6% in weight.
Nevertheless, one major disadvantage is that the creep resistance is limited due to
poor thermal stability of the Mgi7Al12 phase [FRIEO06].

Zinc

Zinc is one of the commonest alloying additions. It is used in conjunction with alumi-
num, zirconium and rare earths [FRIEO6]. Zinc improves also the castability like alumi-
num and is effective for the grain refinement. However, the addition of over 1.5% in-

creases the tendency for the formation of a hot crack [GEHRO04].



2 State of the Art

Alloy group Alloy grade Key characteristics
Wrought products with moderate mechanical proper-
Mg-Mn M1 : . .
ties, not heat treatable, mainly rolling
Mg-Al-Zn AZ31 General purpose alloy with moderate strength
o Extruded products and press forgings with high strength
Mg-Zn-Zr ZK60 and good ductility
o Good strength properties, high temperature creep re-
Mg-Zn-RE ZE10 sistance and thermal stability [LUO95], for rolling
Mg-Y-RE WE43 High temperature creep r(OeS|stance up to 300 °C, long
term exposure up to 200 °C
T Sheets and plates with excellent formability and high
Mg-Th-Zr HK31 strength up to 315 °C
Table 2.2: Classification and characteristics of typical wrought Mg alloys (all values in

weight %) [CZERO08]

2.1.1.3 Production of semi-finished products of wrought Mg alloys

For the production of plates or sheets of wrought Mg alloys, there are two different
methods. In the conventional process chain, the material with the desired alloy com-
position is first cast in the form of slabs and then further processed. This method results
in a poor cast structure and typical grain size is between 200 and 600 um [ENSSO01].
Hot rolling for fine-grained sheet with grain size of about 20 um is usually carried out
in the temperature range between 300 and 480 °C depending on the alloy and the
pretreatment of the feedstock material. For example, Mg-Al alloys like AZ31 or AZ61
require an intensive homogenization treatment of up to 24 hours at 400 °C, in order to

dissolve low melting intermetallic phases [FRIEO06].

Twin-roll casting is an excellent method for the generation of fine-grained feedstock
materials that can be subsequently warm rolled to thin sheets. Liquid magnesium so-
lidifies as a thin strip between two water-cooled rollers. The strip exhibits a thickness
of 2 to 10 mm [HADA13]. Then, itis rolled in different hot rolling steps to the final prod-
uct. This method allows a saving of up to two thirds of the rolling passes, and thus a
reduction in the manufacturing costs of up to 60% [WATAQ04-1].

After the hot rolling, microstructural analyses show a pronounced basal texture, which

remains nearly unaffected by further heat treatment. The grain orientation parallel to
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the sheet plane is less extensive transversally to the rolling direction and attenuates
towards the center of the sheet [ROBEGQ0].

2.1.2 Deformation mechanisms in Mg alloys

Magnesium with a hexagonal structure, contrary to metals with cubic crystal structures,
exhibits insufficient independent slip systems [YI05]. Since basal slip provides only two
independent systems at room temperature, the activation of non-basal slips and twin-
ning plays an important role in determining ductility and formability [ROBEG60]. The ac-
tivation of non-basal systems is strongly influenced by the texture developed after any
thermo-mechanical process, and it is directly related to the mechanical anisotropy

[Y105]. In this section, the deformation modes in Mg will be described in detail.
2.1.2.1 Slip systems

The plastic deformation of metallic materials can be realized by the activation of slip
systems. One slip system consists of slip plane (densely packed plane) and slip plane
(densely packed direction) [HUPP11]. The activation of the slip systems is not directly
determined by an applied external stress, but by a resolved shear stress (RSS) acting
along slip direction. The activation of a certain slip system depends on the critical re-
solved shear stress (CRSS) on the slip plane and in the slip direction [GOTTO07]. Fig-
ure 2.2 describes the relationship between external stress and resolved shear stress.

From the geometric relationship, resolved shear stress and Schmid factor are given by
T=0C0S{CO0S¢{ =mO (2.1)

where 1 is the resolved shear stress, o is the external stress, C is the angle between
the slip direction and the direction of the applied force, ¢ is the angle between the
normal of the slip plane and the applied load direction. The Schmid factor m is given

by cos {cos¢.
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Figure 2.2: Schematic description of the relationship between external stress and re-
solved shear stress for determination of Schmid factor [GOTTO07]

The RSS is dependent on orientation and it is associated to external stress by Schmid
factor, chemical composition and deformation conditions [XIAO13]. Crystallographic
planes rotate during plastic deformation. Consequently, the Schmid factor and the RSS
change continuously. However, the CRSS for a specific slip system keeps constant
according to the Schmid’s law [SCHM35].

The low formability of Mg alloys at room temperature is due to the limited number of
independent slip systems in the hcp crystal structure [ROBE60]. According to the von
Mises criterion [MISE28], a polycrystalline material requires at least five independent
slip systems for a general homogeneous deformation without cracks. At room temper-
ature, metals with cubic crystal structures contain twelve slip systems of which five are
independent. On the other hand, the hcp structure has only three slip systems of which
two are independent. Hence, it is much easier to deform aluminum rather than mag-
nesium due to the amount of active slip systems at room temperature [XIAO13]. Ta-
ble 2.3 summarizes the fundamental slip systems in Mg regarding slip planes and di-
rections. The (0001) plane is known as basal plane. Prismatic planes have the type of
{1100} (type 1) and of {1210} (type II). Planes of {hkil}, in case of | # 0, are known as
pyramidal planes, {1101} (type |) and {1211} (type ) [YIO5]. These slip systems are il-
lustrated schematically in Figure 2.3.
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Number of slip systems

Slip system Slip plane Slip direction Total Independent
Basal <a> (0001) <1120> 3 2

Prismatic <a> {1010} <1120> 3 2

Prismatic <c> {1010} <0001> 3 2

Prismatic <c> {1120} <0001> 3 2

Pyramidal <a> {1011} <1120> 6 4

Pyramidal <c+a> {1122} <1123> 6 5

Twinning <c+a> {1012} <1011> N/A N/A

Table 2.3: Most frequently encountered slip and twinning systems in Mg [PART67]

(b) c (c) c (d) c
°r/
as do dy
a1 aq . . ar
Figure 2.3: Possible slip systems in Mg alloys: (a) basal <a> slip, (b) prismatic <a> slip,

(c) pyramidal <a> slip, (d) pyramidal <c+a> slip [PARA67, YOO81]

In general, there are several factors affecting the deformation modes and the operation
of the slip systems in Mg: von Mises criterion, Schmid factor, CRSS and temperature
dependence of CRSS [PART42]. Basal <a> slip, prismatic <a> slip and pyramidal <a>
slip provide only four independent slip systems. Pyramidal <c+a> slip, which provides
the additional independent slip systems, is difficult to be activated at room temperature
because of its high CRSS [YOOO02]. These slip systems do not fulfill the von Mises
criterion. From the energetic point of view in perfect dislocations, the <a> dislocations
are the most favorable, and the <c+a> dislocations are the most unfavorable with the
longest Burgers vector [YI05]. Hence, the dominant slip system of Mg and its alloys at
room temperature is slip in the direction <1120> or <a> on the basal (0001) plane as
depicted in Figure 2.3 (a) [ROBE60]. The CRSS of basal slip in pure Mg is about
0.5 MPa [BURK52].
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At elevated temperature, the activation of pyramidal <c+a> slip and other non-basal
slip occurs at lower CRSS, reducing flow stress and increasing formability [AGNEQ5-
1]. Figure 2.4 describes the temperature dependency of the CRSS of the main defor-
mation modes in AZ31 Mg alloy. Because of the high CRSS for <c+a> slip, the activa-
tion of twinning has been known as the main mechanism for accommodating the de-
formation along c-axis at low temperature [KOCKG67]. Increase in the deformation tem-
perature, decrease in the axial ratio of the hcp structure or ultra-grain refinement for
grain boundary sliding enables the activation of non-basal slip and other deformation
modes [XIAO13].

100
Q1Basal <a>

804 ->-Prismatic <a>
= -A-Pyramidal <c+a>
o -O-Tensile twinning
s 601
% 40
? |
o

20 1

O ! T T T s
0 100 200 300 400 500
Temperature [°C]
Figure 2.4: CRSS of variable slip systems depending on temperature in an extruded

AZ31 alloy according to the model determined from experiments [BARNO3]

2.1.2.2 Twinning systems

Magnesium exhibits a strong propensity for mechanical twinning [ROBEG60]. At room
temperature, twinning can provide an independent deformation mechanism to satisfy
the von Mises criterion [KOCK67]. In comparison with dislocation slip, mechanical twin-

ning is characterized as follows [YOOB81]:

e Twinning is a polar mechanism, which allows simple shear only in one direction
e The amount of plastic shear by twinning is small and limited
e Twinning causes suddenly large orientation change of crystal, which is different

from the gradual orientation change observed in dislocation slip
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Although twinning has a limited contribution to plastic shear, twinning plays an im-
portant role in the rotation of unfavorably oriented crystals to favorable direction for
dislocation slip. In this way, this activated dislocation slip can contribute to further de-
formation [Y105]. Moreover, twinning can produce atomic movements in a manner such
that atoms on one side of a plane are located in symmetry positions of atoms on the
other side as illustrated in Figure 2.5 (a). This manner is the typical twinning defor-
mation in Mg [GOTTO7]. Table 2.4 summarizes the twinning modes observed fre-
quently in Mg and its alloys. Three types of twins are {1012} <1011> tension twin,
{1011} <1012> compression twin and {1011}-{1012} double twin. In hcp crystals, the

twinning systems are strongly correlated with the c/a ratio [PART67]. At an extension

along the c-axis in Mg, {1012} tension twins can be activated due to c/a < /3 [YOO81].
During twinning, the basal plane is reoriented by 86.3° as depicted in Figure 2.5 (b)
and (c) [PART67]. This twinning mode is the most common and easily activated twin
in Mg and many other hcp metals [ROBEG60]. Because of the polar nature of twinning,
the shear can occur only in one direction rather than opposite directions [KOCKG67].
Therefore, a contraction along the c-axis cannot be accommodated by {1012} twin. In
Mg, a theoretical maximum extension of 6.4% along the c-axis can be accommodated
by complete reorientation of {1012} tension twins [KOCK67]. After twinning, the c-axis

will reorient to position approximately in the original basal plane [NAVEO4].

Rolled AZ31 alloy sheets exhibit very strong basal texture generated by rolling
[ROBEG60], where the c-axis of hcp lattice is predominantly aligned perpendicular to
the sheet plane [YUKUO3]. On the one hand, a tension in the sheet normal direction
will activate twinning at low stress. On the other hand, a compression normal to the
sheet plane does not activate twinning [KOCKG67]. Conversely, an in-plane compres-
sion activates twinning, but in-plane extension does not [REEDG60]. Local inhomoge-
neity from grain-to-grain interactions can activate limited twinning, particularly in view
of the limited number of independent slip systems. This enables the rotations of some
grains that do not locate in the predominant basal texture [LOUOQ7].
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Figure 2.5: (a) twinning in hexagonal crystal with c/a <+/3 such as Mg [GOTT07], (b)
favorable loading direction with respect to c-axis for activation of
{1012} <1011> tension twins [YOO81], (c) schematic of reorientation of hex-
agonal unit cell by formation of {10712} <1011> tension twin [PART67]

Twinning Twinning shear  Orientation  Activation load
plane direction angle parallel to C-axis
Tension twin {1012} <1011> 86° Tension
Compression twin {10771} <1012> 56° Compression
Double twin {1011}-{1012} <1012>-<1011>  38° Compression
Table 2.4: Commonly observed twinning systems in Mg alloys [YOO81, NAVEO4]

2.1.3 Texture development in Mg and its alloys
2.1.3.1 General description of texture

Metallic materials are polycrystalline consisting of aggregates of single crystals [YI05].
As each single crystal aligns in similar or identical crystallographic orientation, the pre-
ferred orientation of crystalline material is referred as texture [WASS62]. A texture can
form and change during thermo-mechanical treatments [KAISO5]. A strong texture is
one where the crystals are predominantly oriented in one direction. Otherwise, a weak
texture is one with crystals oriented in statistically random direction. The material prop-
erties such as anisotropy is directly correlated with the preferred alignment of the crys-

tallites in certain sample direction [YI05].

The texture is represented as the orientation distribution of crystallites with respect to

a given sample coordinate system. In the sample coordinate system, e.g. normal, roll-
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ing and transverse direction (ND, RD and TD) for rolled sheet, the secondary coordi-
nate system is defined in the crystal axes following the crystal symmetry, e.g. (0001),
(2110) and (1011) for hexagonal structure. The orientation distribution in the texture is
calculated from measured pole density distribution functions. This calculation process

is called as the pole figure inversion [Y105].

Figure 2.6 illustrates the basic concept for pole figure, which represents the probability
of the distribution of crystals in an arbitrary sample direction. In Figure 2.6 (a), a point
on the surface of the reference sphere is connected to the South Pole and defined on
the projection plane by the intersection line. This method is called as stereographic
projection. If the (0001) planes are oriented parallel to sample normal plane, the (0001)
pole figures appear in the center of the pole figure as illustrated in Figure 2.6 (b). The
pole density (or intensity) is presented generally as contour lines as shown in Fig-
ure 2.6 (c) [YI05]. Pole figures can be measured by various diffraction techniques such

as X-ray diffraction (XRD) and electron backscatter diffraction (EBSD).

(a) \D (b) (c)

Plane of
pole figure

Projected
point

Projected Reference
pole sphere

Figure 2.6: Schematic representation of basic concepts for pole figure: (a) principle of
stereographic projection [NUER10], (b) pole density (intensity) distribution on
the projection plane, (c) its contour plot [Y105]

2.1.3.2 Texture development in Mg

Formation of different types of textures in hexagonal metals, especially Mg, depends
on alloying elements, temperature and deformation methods. In case that the c/a ratio
is almost equal to the ideal value such as Mg, the textures are developed with a ten-

dency of basal texture as depicted in Figure 2.7 (a). The (0001) pole figure of AZ31
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sheet has a maximum pole intensity (Imax) of 15, which is much stronger than that of
ZE10 sheet with Imax = 4. The pole figure of AZ31 sheet shows that most grains align
parallel to the ND, which corresponds to a so-called basal type texture [YI10]. In con-
trast to AZ31, ZE10 sheet shows a broader intensity distribution of the basal poles
towards the TD than to the RD. Furthermore, the rotation of the basal poles by 20-30°

along the TD is observed, which does not occur in AZ31.

From EBSD measurements of the rolled AZ31 and ZE10 sheets, Figure 2.7 (b) shows
the so-called inverse pole figure (IPF) map, in which the colors correspond to the crys-
tal orientations coinciding more or less with the crystallographic axes, (0001), (2110)
and (1011). The IPF provides information on how a selected direction is distributed
parallel to the crystal axes in the specimen, while pole figure is essentially the projec-
tion of crystallographic directions in the sample frame of reference. For this reason, the
IPF is referred to as the axis distribution charts, and hence it can help to visualize

certain types of textures [SUWA14].

Based on this, Figure 2.7 (b) depicts that most grains have the (0001) axis parallel to
the sample normal direction, since most grains show red coinciding with the (0001)
axis. In this way, AZ31 sheet exhibits a pronounced basal texture with the strongly
preferred orientation. The development of this texture was frequently observed in var-
ious Mg alloys, e.g. in AZ31 after hot and cold rolling [STYCO04, KAIS05], in AZ61 after
hot rolling and annealing [PEREO04], in AZ80 after hot extrusion [WAGNO3]. On the
other hand, the IPF map of ZE10 sheet shows a more randomized texture formation.
The existing studies have reported that additions of rare earth (RE) elements to Mg
alloys develop weaker and more random texture during hot extrusion [BALL94] and
hot rolling [BOHLO7].

A new texture component, in which the basal poles align in the RD, appears with in-
creasing the cold rolling degree [PHIL94]. The formation of this texture component is
due to the activation of {1012} tensile twinning. Furthermore, the splitting of basal poles
along the RD in the (0001) pole figure has been observed after hot forming of AZ31
[AGNEO3] and AM60 [PEREOA4].
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Figure 2.7: Comparison of texture development of AZ31 and ZE10 sheets: (a) (0001)

pole figure, (b) inverse pole figure (IPF) map

2.1.4 Factors influencing mechanical and forming behavior

Type and number of active deformation modes relate closely to alloying elements, de-
formation parameter as well as stress conditions. This has a strong influence on the
texture development. With a fundamental understanding of the effect of these param-
eters, it is possible to obtain desired texture type and mechanical properties [Y105]. In
this section, the effects of initial texture, grain size and deformation temperature on
mechanical properties are described in detail.

2.1.4.1 Initial texture and anisotropy

The initial texture is one of the most important factors, which has a remarkable effect
on the forming properties of Mg alloys. Especially at sheet metals, forming process or
grain growth (i.e. recovery and recrystallization) causes the generation and change of
a texture [KAIS05]. Typical Mg alloy sheets exhibit strong basal-type textures with grain
orientations, where the basal planes are predominantly aligned parallel to the sheet
plane [ROBEG0]. Basal, prismatic and pyramidal <a> slip systems fail to accommodate
any deformation under loading in directions either parallel or perpendicular to the sheet
plane [HIRS13]. The reason is that they have a slip direction parallel to the basal plane,
and hence the resulting shear strain in all slip systems is almost zero [HIRS13]. In
addition, strong basal texture restricts the activation of {1012} twinning, because {1012}
twinning occurs under tension parallel to the c-axis or under compression perpendicu-

lar to the c-axis [WU11]. The twinning with its unidirectional feature contributes to the
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anisotropic mechanical properties [YI05]. This leads to the low formability at room tem-

perature in Mg alloy sheets.

Figure 2.8 (a) shows the typical pronounced basal texture of AZ31 sheet. Here a
broader intensity of the basal poles spreads from the ND to the RD than to the TD
[Y110]. This type of texture has been often referred as the typical texture of rolled or
tempered Mg alloy sheets [AGNEO1]. Such a texture develops during static recrystal-
lization of strain hardened AZ31 sheets [KAIS03]. They show symmetrical splitting of
the basal poles along the RD due to high activation of pyramidal <c+a> slip during
rolling [AGNEO1]. Consequently, this pronounced basal texture leads to a mechanical
anisotropy, e.g. a distinct tension-compression asymmetry in stress-strain curves as

presented in Figure 2.8 (b).
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Figure 2.8: (a) (0001) pole figure of AZ31 sheet [NUER10], (b) tension-compression
asymmetry of stress-strain curves of AZ31 sheet [NGUY14]

Alloy Tensile direction  YS[MPa] UTS [MPa] & [%)] r-value [-]

AZ31 RD 163 263 16 1.92
45° 175 263 19 211
TD 186 275 17 2.92
ZE10 RD 143 228 16 0.93
45° 120 221 22 1.23
TD 110 220 18 0.85

Table 2.5: Tensile properties of AZ31 and ZE10 sheets in different loading directions

[Y110]
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AZ31 sheet shows high in-plane mechanical anisotropy regarding yield strength (YS),
fracture elongation (gr) and plastic strain ratio (r-value) as given in Table 2.5. The YS
and r-value of AZ31 sheet increase gradually from the RD to the TD. As described in
Figure 2.7 above, a larger tilt angle to the RD facilitates the activation of <a> dislocation
slip during loading in this direction compared to the TD [Y110]. By contrast, the texture
in ZE10 sheet is beneficial for higher activation of basal slip during loading in the TD
than in the RD [BOHLO7]. This causes a different mechanical anisotropy compared to
conventional Mg alloy. In ZE10 sheet, the YS is highest in the RD and decreases to-
wards the TD. The &r is lowest in the RD. The r-value at 45° to the RD (45°) is higher
than in the RD and TD. Particularly, the r-values close to 1 indicate an isotropic con-
traction of the cross-section. The variation of r-value in different loading directions has

a strong relationship with the texture [Y110].

For sheet metal forming (e.g. deep drawing and stretch forming), the average r-value
() and the planar anisotropy (Ar) are key characteristics. In general, high r leads to
high limiting drawing ratio. The Ar indicates the strain distribution in the sheet plane
and shows a tendency of earing behavior at deep-drawn cups [HOSFQ7]. If Ar <0, the
earing formation is predicted at 45° to the RD. If Ar> 0, earing is formed in the TD
[LANG90]. Both factors are commonly expressed as [ISO 10113]:

(rRD + 2r45° + r‘TD)
4

r= 2.2)

Ar = (rRD — 2I’450 + rTD)

; (2.3)

From Table 2.5, the r of ZE10 sheet (1.06) is twice lower than that of AZ31 sheet
(2.27). However, ZE10 sheet exhibits better drawability at lower temperatures than
AZ31 sheet [Y110]. The reason is that thickness strains can be easily accommodated
by basal <a> slip. With respect to earing behavior, the Ar for AZ31 and ZE10 sheet is
0.31 and -0.34, respectively. Although the absolute value is comparable, earing for-
mation at 45° is correlated with a negative Ar in ZE10. On the other hand, drawn AZ31

cups show almost negligible earing. Generally, r becomes larger, when alloy has
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stronger basal pole density. Ar is higher, when alloy exhibits more orthotropic basal

texture with an oval or elliptical shaped distribution [SUH14].

Strain hardening (or work hardening) is one of the most important factors, which con-
trols a metal’s resistance to plastic instability (and sheet formability) [AGNEOQS5-1]. A
higher strain-hardening exponent (n-value) leads to larger deformation without necking
[OSTEOQ7]. This effect is especially beneficial for stretch formability in terms of the av-
erage n-value (n), which is calculated similarly to the r [DOEG88] (refer to Equation
2.4). Conventional metal sheets with good formability have n-values of 0.2-0.5 at room
temperature [AGNEO5-1]. On the other hand, the n-values of most Mg alloys are lower
than 0.2. For example, the n-value of AZ31 and AM30 alloy sheets is 0.14 and 0.17,
respectively [LUOOQ7].

(nRD + 2 n45° + nTD)
4

n=

(2.4)

Detailed studies on work hardening behaviors of single crystals of pure Mg were per-
formed before 1980 [HIRS65]. The work hardening behavior is analyzed by the mac-
roscopic work hardening rate ©:

_do

="
dsp

(2.5)

where 0 and gp are true stress and true plastic strain, respectively. In hexagonal met-
als, three work hardening stage are observed as in face-centered cubic (fcc) crystals
[SCHMS35]. Stage | is an initial transient stage, where © decreases rapidly. In stage I,
© increases to a maximum and then keeps nearly constant with o. In stage Ill, © de-
creases linearly with o due to the onset of dynamic recovery (refer to Figure 2.9 (a)).
Since © keeps nearly constant with increasing ¢ at stage Il, this linear hardening is

responsible for tensile mechanical stabilities and high uniform elongation.

In the case of Mg alloy polycrystals, texture has a great influence on strain hardening
[WU12]. Rolled samples with basal texture exhibit a suppression of stage Il and a de-
velopment of a linear stage Il from the beginning of deformation by the enforcement
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of prismatic <a> slip [VALLO6]. Texture also has an influence on dynamic recovery that
is related to the slope of the work hardening rate-true stress (©-o) plots during stage
[ [VALLOG6]. Figure 2.9 (b) shows the influence of (0001) pole density on the © of AZ31
sheets [GUO11]. The amount of the © is reduced, as maximal pole density becomes
lower. Lower pole density leads to relative slow transition to stage Il and lower slope

of dynamic recovery at stage lIl.
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Figure 2.9: (a) work hardening rate as a function of true stress in TWIP steel [RENA12],
(b) influence of basal texture intensity on work hardening behavior of AZ31
alloy sheets [GUO11]

2.1.4.2 Grain size

The average grain size of the material generally plays a dominant role in determining
mechanical properties of all crystalline materials [VALIO6]. The CRSS for slip and twin-
ning systems exhibits a dependence of grain size according to the Hall-Petch equation
[HALL51, PETC53]. It describes the dependence of the yield stress (ay) on the average
grain size (d), which is given by

0, =0, +k,d ™’ (2.6)

where oo is frictional stress resisting dislocation movement, ky is the strengthening co-
efficient. The yielding occurs, when dislocation pile-up exerts sufficient stress at the
grain boundary so that the slip band can propagate from one grain to the next
[ARMSG62]. Table 2.6 lists the Hall-Petch parameters for AZ31, pure Al and mild steel,
which were derived by best fit to the experimental data.
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Alloy d [um] oo [MPa] ky [MPa-um?]
Hot rolled AZ31 [ONOO03] 16-35 70 348
Hot extruded AZ31 [WANGO06] 2.5-80 80 303
ECAPed AZ31 [KIMO5] 2-8 30 180
Pure Al [HORN93, EMBU89] 15 16 65
Mild steel [LIUO3] 30 272 237
Table 2.6: Hall-Petch parameters of several materials in tension at room temperature

The existing studies showed that the constant for slip systems are three times higher
than that for twinning [MEYEO1, BARNO4]. That is, twinning occurs with increasing
grain size easier as compared to the dislocation slip. It has been shown that a transition
from twinning- to slip-dominated flow occurs in compression tests with decreasing
grain size [BARNO4]. del Valle et al. [VALLO6] studied the effects of the grain size on
the ductility of AZ31 alloy processed by ECAP and large strain hot rolling. The grain
refinement causes a strong decrease in the hardening rate. The samples with the grain
sizes from 7 to 17 pum exhibit higher elongations and have larger hardening rates. On
the other hand, the slope of the work hardening rate-true stress plots, which is related

to dynamic recovery, is insensitive to the grain size [VALLO6].

The grain size effect has led to an increasing interest in fabricating ultrafine-grained
materials with extremely small grain sizes less than ~1 pum. For ultrafine-grained ma-
terials, there are the additional requirements of homogeneous and reasonably equi-
axed microstructures with a majority of grain boundaries having high angles of misori-
entation. The presence of a high fraction of high angle grain boundaries is important
to achieve advanced and unique properties [VALIO4].

2.1.4.3 Deformation temperature

As described in section 2.1.2.1, the CRSS for non-basal slip systems decreases with
increasing deformation temperature, and hence the activation of such slip systems be-
comes easier. Consequently, an increase of temperature results in a significant de-
crease in yield stress and an increase in the fracture elongation as displayed in Fig-
ure 2.10 (a). Furthermore, the work hardening decreases with increasing temperature

due to thermally activated softening process as well as recovery.
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Studies on single crystals of pure Mg show that the hardening rates in stages | and Il
have strong dependence on temperature [HIRS65]. In the case of AZ31 samples, work
hardening rate decreases with increasing temperature, while dynamic recovery in-
creases with test temperature as shown in Figure 2.10 (b). While the dislocation den-
sity decreases at the recovery (annihilation) and the dislocation arrangement changes
(polygonization), the shape and size of the grains remain constant, but new dislocation-
free grains form by means of the recrystallization at T > 220 °C, especially for AZ alloys
[DAHL93, REDEO9].
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Figure 2.10: (a) temperature dependence of stress-strain curves of AZ31 sheet

[NUER10], (b) corresponding work hardening rate as a function of ¢ - go.2

With increasing temperature, the difference between the tensile and compressive yield
stresses decreases until a temperature is reached, where two stresses are equivalent
[AVED99]. Slip dominates at temperatures higher than this meeting point. Indeed, it
has been observed in many metals that a transition from twinning- to slip-dominant
deformation occurred with increasing temperature [CHRI95]. In Mg alloys, the transi-
tion can be interpreted as the point at which the macroscopic stress for the activation
of tensile twinning corresponds to that for the activation of second order pyramidal
<c+a> slip [BARNO3].

Yi et al. [Y110] reported that the minimum temperature for the successful deep drawing
is 150 °C for ZE10 sheet and 200 °C for AZ31 sheet, respectively. The AZ31 drawn
cups showed the occurrence of dynamic recrystallization and the formation of

(0001){1010) texture, where (1010) direction is parallel to the drawing direction. This
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texture development at 200 °C is mainly due to extensive prismatic <a> slip. With in-
creasing temperature, the volume fraction of dynamically recrystallized grains be-
comes larger and the intensity of the (0001){1010) texture decreases. This indicates
the activation of other deformation mechanisms and localized deformation in the dy-

namically recrystallized grains.

Forming limit curve (FLC) is most frequently used for predicting and evaluating the
failure behavior in sheet metal forming simulation [VOLK12]. The calculated true
strains €1 and €2 in FE simulations are compared to the theoretically or experimentally
determined FLCs in post processing. The determination of FLCs is standardized in
ISO 12004-2 by two different experimental methods, Marciniak [MARC67] and
Nakajima test [NAKAGS8]. Figure 2.11 (a) describes the typical forming conditions and
the FLC consists of their limit strains. The sheet formability is directly related to the
strain states, which are characterized by the ratio between €1 and €2 [BANA10Q]. As one
of the influencing parameters, the forming temperature has a different influence on the
formability of different metallic alloys [BANA1O]. For example, the formability of
AA 5754 alloy shows a considerable increase in the temperature range from 250 to
350 °C, whereas the temperature variation in the same range has a little influence on
the formability of AA 6111-T4 alloy [LI104].

The formability of AZ31 alloy sheets are investigated with respect to the deformation
temperature [REDEQ9, BRUN10], forming speed [REDE09, BRUN10] and specimen
orientation [BRUN10]. Figure 2.11 (b) presents the temperature dependent FLCs of
AZ31 sheet with thickness of 1.6 mm. As expected, the accessible forming limits in-
creases with the deformation temperature. This is due to the activation of additional
slip systems and reduced work hardening. Moreover, the increase in the forming speed
leads to the decrease in €1 and €2 because of the shortened recovery [REDEQ9]. Bruni
et al. [BRUN10] also reported that the formability of AZ31 sheet is improved with in-
creasing the forming temperature and decreasing the strain rate. Additionally, the
sheet formability along the RD is higher than that along the TD, even if the FLCs ob-
tained along the TD have a larger extension in the drawing side than the ones along
the RD [BRUN10].
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Figure 2.11: (a) schematic description of forming limit curve (FLC) [BANA10] and (b) tem-
perature dependent FLC of AZ31 sheet with thickness of 1.6 mm [REDEQ9]

2.1.5 Processing techniques for formability enhancement

Previous studies show that there is a strong correlation between texture development
during thermo-mechanical processing, slip systems, twinning mechanisms and result-
ing mechanical properties. In this context, it enables the control of the microstructure
(grain size, grain distribution and texture) to improve mechanical and forming behavior
at room temperature of wrought Mg alloys. For this reason, the application of severe
plastic deformation (SPD) has recently received considerable attentions. This pro-
cessing is a generic term describing a group of metalworking techniques introducing
high shear strain or a complex stress state [WEIO4]. Several processing techniques
have been investigated and well established: e.g. differential speed rolling (DSR), high-
pressure torsion (HPT), accumulative roll-bonding (ARB) and equal channel angular
pressing (ECAP).

Differential speed rolling (DSR)

In DSR process, upper and lower rolls are driven with different rotation speeds so that
shear deformation can be introduced throughout the sheet thickness. This intense
shear strain can result in grain refinement and texture change [HUANO9]. The DSR
process improved the tensile elongation primarily by reducing the preferred orientation
of the basal (0001) plane with slight incline of the basal poles (by less than 10°)
[WATA04-2, HUANOS].
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High-pressure torsion (HPT)

HPT process involves compressive pressure of several GPa with concurrent torsional
straining [ESTR13]. Hereby the discs are deformed by pure shear between two anvils,
while one anvil rotates against the other anvil holding the material [ZHILO8]. A handicap
of the method is that only small coin-shaped samples, typically 10-15 mm in diameter
and 1 mm in thickness, can be processed [ESTR13]. Another disadvantage is that the
processed microstructures are dependent on the applied pressure and the location
within the disc [AZUSO08].

Accumulative roll bonding (ARB)

In ARB process, stacking of sheets and conventional roll bonding are repeated in the
process. Two sheets of the same material are stacked, heated (to below the recrystal-
lization temperature), and joined by rolling. Subsequently, the length of the rolled ma-
terial is sectioned into two halves, stacked and roll-bonded. The process can be re-
peated several times. Compared to other SPD processes, ARB has the benefit that it
requires no additional specialized equipment or tooling, only a conventional rolling mill.
However, joined surfaces must be well cleaned before rolling to ensure good bonding
properties [SAIT99].

Equal channel anqular pressing (ECAP)

Among others, ECAP process is an especially attractive processing technique for sev-
eral reasons. First, it can be applied to large billets so that there is the potential for
producing materials that may be used in a wide range of structural applications. Sec-
ond, a relatively simple procedure is easily performed on a wide range of alloys. Third,
reasonable homogeneity is attained through most of the as-pressed billet, if the press-

ings are continued to a sufficiently high strain. [VALIO6]

Based on this, the next section describes the principle of the ECAP process, its influ-

encing parameters and the resulting material characteristics in detail.
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2.2 Equal Channel Angular Pressing

Processing of metals incorporating the application of SPD leads to changes in the
structure of material and specially changes in the grain size and in its distribution
[FIGU10-1]. There are numerous well-established techniques for imposing a strain on
metallic samples by the standard industrial metal working processes such as rolling or
extrusion. However, all of these methods require a change in the physical dimensions
of the sample [FURUO1]. By contrast, equal channel angular pressing (ECAP) (e.g.
[FURU95]) or equal channel angular extrusion (ECAE) (e.g. [SEMI95]) can impose
intensive shear strain on a sample without any change in the cross-sectional dimension
[AGNEO05-2]. Consequently, ECAP offers a possibility of producing semi-finished ma-
terials, which have fine grains with enhanced mechanical properties [FIGU10-1]. His-
torically, ECAP process was developed in the Soviet Union over thirty years ago
[SEGA81], but it has received significant attention within the last two decades.

ECAP has been studied to explore fine-grained microstructure development and en-
hance mechanical properties in a wide range of metals and multi-phase alloys, such
as pure aluminum [SUNO7], Al alloys (e.g. 2024 [GOOD14], 7075 [SHAE15]), pure
copper [HAOUO5] and Mg alloys (e.g. AZ61 [KIM03], ZK60 [AGNEQ05-2]). Particularly,
Lapovok et al. [LAPOO08] showed a potential of ECAP processing of sheet material,
where 6111 Al alloy sheet with a thickness of 2 mm was processed by ECAP and its
strength was improved through the grain refinement. Based on these results, the po-
tential of ECAP has recently reattained remarkable attention for improving the forming
properties of Mg alloys through grain refinement [JINO5, KANGO08] and crystallographic
texture changes [AGNEO04, SUWAQ7].

2.2.1 Principle of ECAP

ECAP provides a distinct possibility to reduce the grain size and generate unique tex-
tures. As a specimen is pressed through an angularly designed die, it is primarily de-
formed by simple shear along the intersection plane between the entrance and exit
channels [AGNEO4]. Because the entrance and exit channels have an identical cross

section, this process is called as equal channel angular processing.
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Figure 2.12: (a) principle of ECAP where @ is the angle of intersection of the two channels
and Y is the angle subtended by the arc of curvature at the point of intersec-
tion, 0 <= ¥ < mr-® [IWAH96], (b) equivalent plastic strain for a single pass
using variable channel and arc angles by Equation 2.8 [LUIS04]

Figure 2.12 illustrates the principle of ECAP schematically. The sample is pressed
through the die, where two channels of equal cross section intersect at an oblique
angle ®. The arc angle (V) is defined as the angle subtended by the arc of curvature
at the point of intersection and lies between W =0° and ¥ = m-® [IWAH96]. Shear
deformation is imposed at the shear plane between the two adjacent segments as
depicted in Figure 2.12 (a). A square element in the entrance channel, labeled abcd,
passes through the theoretical shear plane and becomes distorted into the parallelo-

gram labeled a’b’c’d’. The shear strain (yxz) is given for a general form by [IWAH96]:
(OJ (OJ
=2cot| —+— |+Wcosec| —+— 2.7
v =200t 3+ | 3+3) @)

When the sample passes through the die, the von Mises equivalent strain depends on
the channel and arc angles ® and W. Moreover, the cross-sectional dimensions of the
sample remain unchanged with a single pass through the die and the same strain is
accumulated in each pass. Finally, the equivalent strain after N passes (€y) was ex-
pressed by the relationship [IWAH96].
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g, = % {2 cot (% + gj + l-Pcosec(% + gﬂ (2.8)

There has been reasonable evidences supporting this relationship from experiments
using a specimen with a grid pattern [SHAN99] and from two-dimensional finite ele-
ment analysis [DELO99]. Furthermore, an alternative relationship was proposed by
[GOFOO0Q]:

_ N O 4
£N :ﬁ{ZCOt[E+Ej+W} (29)

According to the analytical investigation [AIDAO1], Equations 2.8 and 2.9 are equiva-
lent at the upper and lower bounds of the arc angle. The deviations of the predicted
strains using both equations are lower than 5% under conditions for any channel angle
of ® = 90°.

An analysis of the stresses and strains for channel angular pressing was carried out,
in which the two channels have different cross-sectional dimensions [LEEOO]. Moreo-
ver, a finite element analysis was performed, in order to investigate the effect of the
corner gap formation between the workpiece and die at the outer arc of curvature,

where the channels intersect [KIMOO].

Figure 2.12 (b) provides a graphical representation of Equation 2.8 and a simple un-
derstanding of the influence of the angles ® and ¥. Here the deformation values are
obtained, where the ® ranges from 90 to 150° and the W varies from 0 to 90° for a
single pass with N = 1 [LUIS04]. Figure 2.12 (b) represents that the W has a relatively
minor effect on the equivalent strain. Exceptionally high strains may be achieved in a
single pass by constructing a die with low values of ® and W [VALIOE].

There are four basic processing routes in ECAP. These routes introduce different slip
systems during the pressing operation so that they lead to significant differences in the
microstructures produced by ECAP [FURUO02, JUFU10]. Figure 2.13 describes sche-
matically the four different processing routes. They are termed as A, Ba, Bc and C

according to the rotation angle about the longitudinal axis of the sample or pressing
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Figure 2.14 represents schematically the different slip systems associated with four
processing routes. The planes X, y and z indicate three orthogonal planes and the
planes labelled one through four denote the shearing, which occurs on the first four
passes through the die. Processing on route A leads to shearing on two planes inter-
secting at 90°, processing on route C leads to repetitive shearing on the same plane,
and processing through routes Ba and Bc leads to shearing on a set of planes inter-
secting at 120° [FURUOL1].

2.2.2 Factors influencing ECAP and material characteristics

As processing by ECAP, several factors influence on the workability and the micro-
structural characteristics of the ECAPed materials [VALIO6]. In order to activate addi-
tional slip systems and enhance limited forming properties, it is essential to process
Mg and its alloys thermo-mechanically. Especially, Mg alloys should be warm-worked
for avoiding premature fracture of workpiece at ECAP. The channel angle, processing
route and number of the passes in ECAP have also a considerable effect on the im-
posed shear strain and the orientation of the shear plane. Both the amount of the shear
strain and the orientation of the shear plane depend primarily on the channel angle
[FIGU10-2]. Although the multi-pass process is not continuous, the accumulated shear
strains lead to different shear orientations depending on the processing routes
[FURUOZ2]. Such a plastic deformation process results in a reorientation of the lattice

of individual grains and tends to develop a specific texture [SUWAOQ7].

A variety of studies have reported the effect of the process parameters on the micro-
structural evolution and resulting mechanical properties. This section focuses on three
key factors, i.e. processing temperature, channel angle and processing route, for the
description of their influences on the microstructural and mechanical characteristics in

Mg alloys.
2.2.2.1 Processing temperature

The processing temperature is a key factor in any use of ECAP, since it can be con-
trolled relatively easily [VALIO6]. Early studies showed that dynamic recrystallization
occurred in Mg alloys, which were deformed in the temperature range from 175 to



32 2 State of the Art

325 °C [AGNEO05-2]. This corresponds to the temperature range often applied to the
processing of Mg alloys by ECAP [FIGU10-1].

In Mg-Al alloys, the resulting microstructures depend on the aluminum content
[MUSSO06]. In the case of AZ31 alloy, various recrystallized grain sizes were reported
depending on processing conditions. As processing temperature at 200 °C, a homo-
geneous fine structure with grain size of ~1 um was reported [MUKAOQ1], whereas re-
crystallized grains with ~5 um were observed at 270 °C [YUANO4]. For AZ91 alloy,
low-temperature superplasticity was obtained after ECAP in a temperature range from
175 to 250 °C, where the grain size was reduced to ~0.5-1 um [MABU97].

Agnew et al. [AGNEO05-2] reported the texture evolution of five Mg alloys in the tem-
perature range from 175 to 325 °C using experiments and simulations. AZ31 and AZ80
alloys tend to exhibit balanced secondary slip of non-basal <a> and <c+a> disloca-
tions, while ZK60 and WEA43 tend to favor non-basal <c+a> slip. A binary Mg-Li alloy
exhibits a radically distinct texture evolution, which is associated with large-scale strain
accommodation by non-basal <a> slip [AGNEO05-2]. The composition, grain size and
processing temperature will affect the ratio between the basal and non-basal slip ac-
tivity. In general, higher processing temperatures and smaller grain sizes favor the oc-

currence of non-basal slip [FIGU10-2].

Jufu et al. [JUFU10] investigated the influence of the processing temperature on the
material properties processed by ECAP and Table 2.7 summarizes the room temper-
ature mechanical properties of ECAPed AZ91 alloy for six passes on the route Bc at
various processing temperatures. At processing temperature of 225 °C, the room tem-
perature mechanical properties are highest: YS of 209 MPa, UTS of 339 MPa and &t
of 14.1%. Microstructural analysis showed that average grain size decreases from 10
to 4 um in the temperature range from 150 to 225 °C. Otherwise, average grain size
increases from 4 to 9 um with temperature from 225 to 300 °C. This is due to double
influences of processing temperature on dynamic recrystallization degree and grains
coarsening rate of ECAPed materials [JUFU10]. Maximal dynamic recrystallization
temperature of AZ91 alloy is about 224.6 °C [CUI96]. Hereby the balanced processing

temperature is 225 °C with respect to mechanical properties.
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Processing temperature [°C]

150 175 200 225 250 275 300

YS [MPa] 176 185 198 209 183 157 142

UTS [MPa] 266 273 298 339 289 262 245

& [%0] 10 11.3 12.1 14.1 12.4 11.4 9.8
Table 2.7: Effect of processing temperatures on room temperature mechanical proper-

ties of ECAPed AZ91 alloy for six passes [JUFU10]

2.2.2.2 Channel angle

The channel angle ® is the most significant factor, which has a direct influence on the
total strain imposed in each pass and the characteristics of the ECAPed microstruc-
ture. Despite the critical importance of this angle, earlier experiments were performed
exclusively using ECAP dies with ® from 90 to 120° [MUKAO1, FURUO2]. There is
generally little attempt to make any significant comparison between the results ob-
tained with different channel angles [VALIO6]. It is clear that variations in the channel
angle will influence the texture change due both to the different orientations of the

shear planes and the different strains imposed in every pass [FIGU10-2].

Figueiredo et al. [FIGU10-2] investigated texture evolution in a ZK60 alloy processed
by ECAP with three different channel angles of ® =90, 110 and 135° and the textures
were predicted using a visco-plastic self-consistent (VPSC) simulation. The strain per
pass in dies with @ =90, 110 and 135° amounts to ~1.1, 0.8 and 0.5, respectively, as
plotted in Figure 2.12 (b). The experimental measurements of ECAPed ZK60 alloy
showed only minor changes in the original texture through a single pass at ® = 110°
and essentially no change at ® = 135°. On the contrary, VPSC simulation predicted
that there was significant activity of prismatic <a> slip and pyramidal <a> slip during
ECAP in all cases [FIGU10-2].

2.2.2.3 Processing route

The microstructural and mechanical characteristics of ECAPed materials are essen-
tially influenced by different slip systems and shearing patterns associated with the
four fundamental processing routes A, Ba, Bc and C. Based on this, numerous studies

reported the influences of processing routes on ECAP.
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Regarding the microstructure evolution during ECAP with different routes, route Bc is
the most effective and route A is the least effective route for the grain refinement
[[WAH98]. On route A, the shear directions are only in the y-plane during consecutive
passes, and hence the extent of shearing is divided equally between two sets of or-
thogonal planes as illustrated in Figure 2.14. On route Ba, the billet is deformed on two
shear planes between each cycle. This reduces the formation rate of high angle grain
boundaries, and hence it slows down the speed of dynamic recrystallization [GHOLOO].
On route Bc, the shear strain operates both in the y- and z-planes, because the shear-
ing directions of each pass locate on planes intersecting at 120° and the specimen is
rotated in the consecutive passes. Consequently, the subdivision effect is enhanced,
representing the most effective grain refinement [TONG10]. On route C, the shear di-
rections are inverted and parallel to each other in the same shear plane during adjacent
passes. This might result in a higher dislocation accumulation in the shear bands and

enhance dynamic recrystallization [TONG10].

Tong et al. [TONG10] showed the texture evolution in the Mg-Zn-Ca alloy processed
by ECAP using different routes. Route A induced a basal texture with most of {0002}
planes parallel to pressing and transverse directions. Route Bc led to a texture with the
maximum density of {0002} pole figure locating at 36° to the PD and the texture was
rotated ~15° around the axis of the shear direction. Route C developed the strongest
texture with {0002} plane inclining ~45° to the PD. Jufu et al. [JUFU10] also investi-
gated the Influence of processing routes on room temperature mechanical properties
of AZ91 alloy, which was processed by ECAP for six passes at 225 °C. Table 2.8
shows that route Bc, C and A produced the highest, second highest and lowest YS,

UTS and &r, respectively.

Processing route

A Ba Bc C
YS [MPa] 180 196 209 199
UTS [MPa] 266 306 339 317
& [%)] 10.8 11.2 14.1 13.1
Table 2.8: Influence of processing routes on room temperature mechanical properties

of ECAPed AZ91 alloy for 6 passes at 225 °C [JUFU10]
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3 Testing and Measuring Equipment
3.1 Hydraulic presses

Single acting hydraulic press

To perform ECAP trials, the single acting hydraulic press DXU 320 B manufactured by
Dieffenbacher GmbH & Co. KG is available. In this press, the process parameters can
be set using the press control and varied over a wide range. For example, the course
of the ram speed can be specified during the closing motion of the tool [NUER10].

Table 3.1 presents the selected specifications of the hydraulic press.

Parameter Value Unit
Maximum pressing force 3500 kN
Maximum drawing cushion force 1300 kN
Maximum ram speed 53 mm/s
Usable work surface 1600 x 1300 mm
Maximum installation height 900 mm
Maximum stroke 600 mm
Table 3.1: Technical data of single acting hydraulic press DXU 320 B

Hydraulic drawing press

A hydraulic C-frame Press Typ TEZ 40 B with drawing cushion (Eitel KG Werkzeug-
maschinenfabrik) was used for the implementation of the forming tests. The key char-

acteristics of the hydraulic press are listed in Table 3.2

Parameter Value Unit
Maximum pressing force 400 kN
Maximum drawing cushion force 220 kN
Maximum ram speed 40 mm/s
Usable ram surface 450 x 500 mm
Maximum installation height 750 mm
Maximum stroke 500 mm

Table 3.2: Technical data of hydraulic drawing press TEZ 40 B
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3.2 ECAP tool

For the application of ECAP process, it is hecessary to develop, implement and test
an industry-related tool technology for heating and control of channel parts. The tool
design and manufacturing drawings are created with the three-dimensional CAD soft-
ware tool CATIA V5 R19 (Dassault Systemes).

The following functions and requirements are implemented in the tool for the applica-

tion of ECAP process to Mg sheets:

e Modular design for the integration of the channel components with various channel
angles

e Applicability in the hydraulic press Dieffenbacher

e Selective temperature control of the channel components with a thermal insulation
of the basic tool frame

e Constructive prevention of changes in the clearance between the channel compo-
nents due to the thermal expansion

e Acquisition of the process data by means of suitable sensors
3.2.1 Tool design

An ECAP tool is designed and manufactured for the introduction of shear strain into
sheets as described in Figure 3.1. As a constraint in the tool design, it is established
for the minimization of energy consumption that there is no pre-heating of the sheet.
The process heat should be utilized to the sheet only from a narrow zone along the
locally heated channel radii. For this, the tool guide is separated by an insulation of the
heated tool active elements, in order to reduce the risk of unfavorable buckling or trans-

verse loading by thermal strain as much as possible [SUH15].

In the basic structure, the tool is quite similar to a three-part cutting tool. It consists of
three main assembly modules upper tool, blank holder and lower tool as depicted in
Figure 3.1 (a). This experimental tool combines three main parts in the tool frame with
dimensions of 996 x 796 x 865 mm?3. For additional stiffening, the tool frame is fur-

nished with four guide pillars with precision-ball cages (FIBRO GmbH). To adjust the
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tool closing height in the test press, a flat plate with height of 135 mm is mounted below

the base plate of the lower tool at the installation of the ECAP tool in the press.

Upper tool

Middle tool
(Blank holder)

oo

. >TA 1B

A | Lower tool

(d) Section B-B

200 mm .- "= : * }
AT T ;_,,‘x\w S stamp

=] = g

:5 Channel part

| 7| =~ with cartridge
SR AN T\ N \ i heater
. S L "N A731 sheet
X

«— i
{ /J /;<:§a Passage part

.
—

L ﬁ Insulation
7 plates

Figure 3.1: Description of developed ECAP tool: (a) main assembly modules of ECAP
tool, (b) top view, (c) section A-A, (d) section B-B [SUH15]
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In the open position, a sheet with dimensions of 200 x 200 x 1.8 mm? is laterally in-
serted between the right and left tool parts. It stands on the outer radius of the left
channel part. Here the right and left radius of the channel components is 2 and 4 mm,
respectively. During closing of the blank holder plate including the right tool part, the
sheet is locally heated by both channel components, which are pre-heated within a
temperature range from 175 to 225 °C using two cartridge heaters. Subsequently, the
sheet is pressed through the channel parts with the constant press speed of 5 mm/s.
Consequently, the shear strain can be imposed on the sheet [SUH15]. As the upper
tool returns to the initial open position at the end of the ECAP process, it is easy to
remove the ECAPed sheet from the tool. This is the main reason for the application of

the tool concept of a three-part cutting tool.

4 force sensor units

— B Base plate
S ":I:___Ajfjf-" e . ./
el | —
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Stamp supporting
block

Stamp unit

4 retaining bolts
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Figure 3.2: Assembly of upper tool: (a) overview of upper tool, (b) stamp unit, (c) stamp,

(d) bottom view of stamp unit without stamp adapter
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3.2.1.1 Upper tool

The upper tool consists mainly of stamp unit, force sensor units, guide pillars and the
retaining bolts for lifting the blank holder plate, which are placed on the base plate with
dimensions of 996 x 796 x 66 mm?3 (Figure 3.2). The distribution of four force sensor
units is beneficial to the tipping stability of the stamp unit. The double T-shaped stamp
unit consists of the flat stamp, four reinforcement bars and two-part stamp adapter as
presented in Figure 3.2 (a). It has a clearance fit of 10 um upwards to the stamp base
plate and there is a gap of 1 mm between stamp adapter and stamp supporting blocks
to the x-direction. With these clearance fits, the stamp unit is floating-suspended be-
tween them. The other reason for the floating-suspension is to dissemble the stamp
unit easily, in case of an unexpected jamming with tool active elements and sheet.
Figure 3.2 (c) and (d) presents that the four reinforcement bars increase the buckling
resistance of the stamp with a high slenderness of 156. In order to estimate risk of
buckling, the critical vertical force on the I-beam shaped stamp unit is calculated by the
Euler’s formula [HIBBOO]. This formula gives the maximum axial load on a long, slender

and ideal column just before it begins to buckle as follows:

(3.1)

where Fc is the critical force (vertical load on column), E is the young’s modulus, | is
area moment of inertia, Lc is the unsupported length of column and K is the effective
length factor, whose value depends on the conditions of end support of the column.
Here K Lc is the effective length of the column. The case of the presented stamp unit
corresponds to the fourth mode (Appendix Figure 9.1). During the ECAP process, both
ends of the stamp are fixed by the stamp adapter and AZ31 sheet. At the fixed ends,

the dimensionless effective length factor (K) corresponds to 0.5 [HIBBOO].

For I-beams, the area moments of inertia to the x- and y-direction, Ix and ly are given

as follows:

3 3 2
I _tSWS +tRWR +tRWR(WS+WR)

T 12 6 2

(3.2)
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The parameters for Equations 3.2 and 3.3 are summarized in Figure 3.2 (d). The cal-
culated area moment of inertia in the x- and y-axis is 41.5 x 10° and 0.99 x 10 mm?,

respectively.

In consideration of the young’s modulus of the applied steel plate for the stamp
(E = 217.6 GPa), the critical buckling load to the x- and y-axis is 3660 and 28 MN,
respectively. By comparison, as the load along the z-direction is increased, the stamp
unit can be buckled to the y-axis. Regarding the temperature dependent strength of
AZ31 sheet, the estimated forming force during ECAP is ~15 kN using finite element
(FE) simulation (section 3.2.3). That is, the resulting loading to the z-axis at the stamp
unit is much lower than the critical buckling load to the y-axis. Therefore, there is no
risk of buckling in both directions at this reinforced stamp unit during ECAP. At the
blank holder plate, the thin stamp and four reinforcement bars are additionally guided
by the sliding pads of bronze with non-liquid lubricant (FIBRO GmbH) for reducing any
risk of buckling.

3.2.1.2 Middle tool (blank holder)

Figure 3.3 shows the assembly of the middle tool, which consists of the blank holder
plate with dimensions of 996 x 646 x 56 mm?3, the tool active elements on the right
side, gas cylinders and guide elements. For the stability and sheet removal, the blank
holder plate is integrated in the middle tool. Since the active elements on the right side
are assembled under the blank holder plate, it is easy to remove the ECAPed sheet
from the tool. Here the gap between the channel components on the right and left sides
is defined as the entrance and exit heights of the sheet. The blank holder plate presses
against the stop washers using four nitrogen gas cylinders HF 1000-250-A-N
(MICRONORM Woronka GmbH), ensuring a constant exit height during the process.
This gas spring has the spring displacement of 250 mm and the initial force of 10.6 kN
at 150 bar and 20 °C. At the maximum displacement, the spring force reaches ~21 kN.

Each gas cylinder is mounted on the blank holder plate using two shaft nuts.



3 Testing and Measuring Equipment 41

The positioning of the tool active elements on the right side is carried out using four
guide bushes with the precision-ball cages in the blank holder plate. The active ele-
ments below the blank holder plate are segmented to ensure the positional accuracy
under temperature changes. The right channel component is heated by a cartridge
heater hotrod® Typs 4052047 (Hotset Heizpatronen und Zubehér GmbH). This heating
element is one of high power cartridge heaters with a diameter of 12.5 mm and a length
of 200 mm, providing a surface heat load of 14.0 W/cm?. The heated channel compo-
nent is thermally insulated by a 15 mm thick heat protection plate KV® 3 (Branden-
burger Isoliertechnik GmbH). This insulation plate exhibits excellent thermal properties
(maximal long-term temperature resistance of 250 °C and thermal conductivity at
200 °C of 0.30 W/mK) with high stiffness (compressive strength at 200 °C of 450 MPa
and bending resistance of 350 MPa).

In terms of the tolerance between the stamp unit and sliding pads in the blank holder
plate, there is a clearance between the stamp and sliding pads with a range from 0 to
60 um, which corresponds to a transition fit. For the reinforcement bars there is also a
transition fit with a tolerance range between 0 and 120 um. These transition fits be-
tween the stamp unit and middle tool are compensated by the floating-suspension the
stamp unit in the upper tool [JUNG13].

4 gas cylinders
6 sliding pads
4 ball cages

4 guide bushes

Blank holder plate

Right passage
component

2 insulation plates

Right channel
component with
cartridge heater

Figure 3.3: Assembly of middle tool
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3.2.1.3 Lower tool

In Figure 3.4, the tool active elements on the left side, the stop blocks for the upper
and middle tools as well as the receiving columns for the guide pillars are located on
the base plate with dimensions of 996 x 796 x 66 mm?. Similar to the middle tool, the
heating on the left channel component is localized by the insulation plates. Hereby the
guide elements are thermally decoupled, and hence the tool frame is protected against
heating. Therefore, the tool guide is separated and the guide elements align three main

assembly modules without unfavorable thermal effect.

The angular assembly unit fastens the left tool active elements to the base plate with
the cylinder head screws. It is positioned with two cylinder pins and fixed with the cyl-
inder head screws. As a result, the reaction forces in x- and y-axis are absorbed in a
force-locking manner with cylinder bolts and in a form-locking manner with the cylinder
pins [JUNG13].

The base plate has an empty space in the center for the exit of ECAPed sheets. At the
corners of the plate, four stop blocks for the upper tool stand, with which the bottom
dead center is defined. Furthermore, four stop washers with differential heights are
mounted on the stop blocks for the middle tool, and thus enable the variation of the

exit height.
Displacement . £ 4 stop blocks
transducer . y}’x for upper tool
Left passage i | = 4 stop washers
component =717 for middle tool
3 insulation - _
plates T— . 4 ball cages
\\
Left channel | = 4 guide bushes
component with/f
cartridge heater
Base plate

Figure 3.4: Assembly of lower tool
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3.2.1.4 Kinematics of ECAP tool

The kinematics of the presented ECAP tool is described in detail in Figure 3.5.

(a)

Insertion of AZ31 sheet
laterally into the gab
between the active elements
(top dead center)

(b)

Closing of the blank holder
plate to the stop washer on
the lower tool

(c)

Pressing of AZ31 sheet
through the channel part

(d)

End of ECAP process
(bottom dead center)

()

Return to the open position,
Removal of ECAPed sheet

Figure 3.5: Kinematics of ECAP tool: (a) top dead center, (b) closing of blank holder
plate, (c) pressing, (d) bottom dead center, (e) tool open for sheet removal
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3.2.1.5 Tool materials and coating

The tool active elements with sheet contact such as stamp, passage part and channel
part are subject to high intensive wear and compression at elevated temperatures dur-
ing the ECAP process. Because of the high slenderness ratio of the stamp, high buck-
ling resistance and toughness are essential for manufacturing the stamp. On the other
hand, the right and left channel parts require high compression strength and excellent

wear resistance against abrasion and adhesion.

Stamp

The flat stamp consists of a powder metallurgy cold work tool steel BOHLER K890
MICROCLEAN® with 58 + 1 HRC (BOHLER Edelstahl GmbH & Co KG). This material
exhibits highest ductility and fatigue strength as well as good compressive strength
and thermal stability. Hence, it is suitable for forming process at lower temperatures
under extremely high plastic loading [BOEH11]. A diamond-like carbon (DLC) coating
SUCASLIDE® (Eifeler Werkzeuge GmbH) is applied to the stamp. The metal-contain-
ing amorphous carbon layer is deposited by the PVD process (physical vapor deposi-
tion) and is characterized by an extremely low friction coefficient [EIFE14-1]. This coat-
ing is beneficial for the relative movement of the stamp between the passage and

channel parts.

Passage part

A common cold work steel 1.2379 with 60 + 1 HRC is used for the passage part be-
cause of the functional simplicity and geometric shape. No extra coating is employed

on its surface.

Channel part

In the channel part, which is the actual die component, Mg sheets are sheared along
the channel radii at a certain angle. The highest degree of wear is expected to occur
at the inner radius of the right channel component. For this reason, both channel com-

ponents are made from a powder metallurgy cold work tool steel BOHLER K390
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MICROCLEAN® with 62 + 1 HRC (BOHLER Edelstahl GmbH & Co KG). The key fea-
tures of this tool material are extremely high wear resistance, excellent toughness and
very high compressive strength [BOEH14]. They are coated by the combination of
CrCN (chromium carbon-nitride) and SUCASLIDE® of Eifeler Werkzeuge GmbH. Es-
pecially, chromium-carbon nitride layer offers high hardness and adhesive strength

and is suitable for the forming of non-ferrous metals [EIFE14-2].
3.2.2 Process data acquisition

In order to monitor the process and the interpretation of test results, force, temperature
and displacement sensors are integrated in the test tool.

3.2.2.1 Force sensor

The force measurement is performed in the direct connection of the main load with the
stamp unit. The processing force is measured by means of four piezoelectric load
washers Type 9031A (Kistler Instrumente GmbH). This 1-component force sensor
measures the compression force Fz with a range up to 60 kN. The stiff, preloaded and
piezoelectric force sensors generate electric charge proportional to the resulting force.
The four force sensors are connected by four connecting cables (Type 1983AD, Kistler
Instrumente GmbH) to a charge amplifier ICAM Type 5073A411, Kistler Instrumente
GmbH), which converts the incoming charge into analog voltage signals. This charge
amplifier has a 15-pin D-sub connector for further communication with the data acqui-

sition system (see section 3.2.2.4).
3.2.2.2 Thermocouple temperature sensor

For the monitoring of the processing temperatures, four mineral insulated thermocou-
ples Typ K with diameter of 1.5 mm (TC Mess- & Regeltechnik GmbH) are available
for both channel components. These thermocouples are connected to the hotcontrol®
temperature multiple controller (RR 600, hotset Heizpatronen und Zubehér GmbH) for
the temperature control of two cartridge heaters. The tips of thermocouples are located
at 3 mm away from the effective surface of both channel components as depicted in

Figure 3.6.
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(b) Thermocouples

3 mm 3 mm

Figure 3.6: Arrangement of thermocouples in the channel part: (a) left channel compo-
nent, (b) right channel component

3.2.2.3 Displacement transducer

A linear potentiometer type LRW-M-300-P (WayCon Positionsmesstechnik GmbH),
measures the distance between the lower and upper tool with a measuring range of
300 mm. Its maximal linearity amounts to + 0.05% and the displacement speed is lower
than 10 m/s. The resolution depends on the signal quality of the reference voltage
[WAYC14].

3.2.2.4 Data acquisition and evaluation

The process data are recorded with the aid of an eight-slot NI CompactDAQ chassis
(NI cDAQ-9172, National Instruments Corporation). For the scanning of force signals,
the C-module NI 9215 (National Instruments Corporation) is used with four simultane-
ously sampled analog inputs of 100 kS/s and a 16-bit resolution. The additional module
NI 9215 records the incremental signals of displacement transducer. Finally, a 4-chan-
nel, 24-bit thermocouple input device (NI 9211, National Instruments Corporation) is
utilized for the measurement of temperature changes. As data acquisition and evalua-
tion software, the software package NI LabVIEW 2011 SP1 of National Instruments

Corporation is available coupled with the recording system.
3.2.3 Thermal design and functional certification

For a reliable processing of the developed test tool, it is necessary to achieve sufficient

thermal decoupling of the heated active elements from the tool frame. In this regard,
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the previous study of Nirnberg [NUER10] showed the availability of insulation plate in

detail.

The thermo-mechanical simulation of the ECAP tool is performed with the commercial
FE Program Abaqus v6.12 (Dassault Systemes Simulia Corp.). To simplify the discreti-
zation of the FE model and reduce the number of elements, all holes and attachments
are not considered, which have indirect influence on the heat flows. The 2D simulation
of the tool active elements is performed under plane strain conditions. The physical
characteristics of the materials are based on the data sheets of the suppliers and liter-
atures (Appendix Table 9.2 and Equation 9.1).

In Figure 3.7 (a), the temperature of the channel parts reaches 225 °C after 1.5 has a
stationary state. This shows that the thermal decoupling of the tool is sufficiently en-
sured by the insulation plates with a thickness of 15 mm. The process heat is concen-
trated exclusively on heating the channel part. Consequently, this locally intensive
heating results in the displacement of both channel elements in the opposite direction
of the x-axis due to the thermal expansion as described in Figure 3.7 (b). Based on the
simulation result and analytical calculation, the initial dimension of the channel part is

downsized, particularly in the x-direction.
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Figure 3.7: Simulation results at processing temperature of 225 °C after 1.5 h in cross

section of tool active elements: (a) Temperature distribution, (b) Displace-
ment in x-direction due to thermal expansion

The functionality of the developed concept is demonstrated by the simulation model.
The experimental measurements confirm these simulation results. After the fabrication
and assembly of the test tool, the temperature measurements are carried out to verify
the thermal design calculations. Particular attention is paid to the temperature distribu-

tion in the insulation plates. As the temperatures of the channel part are regulated by
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the hotcontrol® temperature controller to the target temperature of e.g. 225 °C and
reach a state of saturation actually after 1.5 h, the marked points on the side of the
active elements are measured using a tactile thermometer (Figure 3.8). The calculated
temperatures at the passage part are lower and at insulation plates higher than the
measurement results, respectively. Since the holes and bolts are neglected in the sim-
ulation model, the insulation works especially well, and hence the surrounding ele-
ments have relative low temperatures. In general, the predicted temperatures are in a
good agreement with the temperature measurements. In this respect, one key objec-

tive of the tool concept is achieved.
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Figure 3.8: Verification of simulation-based thermal design in comparison with measure-

ment results at processing temperature of 225 °C

Figure 3.9 shows the measured and calculated process force and temperatures with
the press speed of 5 mm/s. The heated ECAP process can be well understood with
this diagram. At first, it takes about 10-15 s to insert AZ31 sheet into the gap between
the tool active elements and to stand ready for operation of the press. Then, the blank
holder plate moves down with the constant speed. After ca. 7 s, it contacts the sheet

and the actual forming process starts. Because the stamp pushes the sheet through
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the entrance of the channel part by force, the peak point marks the beginning of the
process. On this point, the sheet has to reach the set temperature. The measured
temperature curves show the temperature reduction of 5-10 °C at the right and left
channel part. Afterwards, the channel part is heated to a temperature of ca. 217 °C as
a stationary state. On the other hand, after the insertion of the sheet, the calculated
temperature of the right channel element is reduced drastically to a temperature of
195 °C. This is due to the large contact of the right channel element with the sheet as
depicted in Figure 3.9. During the processing, the temperature rises again similar to
the measured temperature until the blank holder plate opens. It is noted that additional
deformation heat is introduced into the sheet by the intensive shear deformation along
the channel radii. Therefore, the locally dominant temperature in the intersected shear

plane can be significantly higher than predicted.
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Figure 3.9: Diagram of measured and simulation-based force and temperatures at pro-

cessing temperature of 225 °C
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3.3 Furnace for hot straightening

The ECAPed sheets are bent due to the asymmetrical shear deformation. For the ho-
mogenization and the achievement of completely flat ECAPed sheets, a hot straight-
ening process is necessary. Hence, a laboratory furnace Heraeus T5042 EK (Heraeus
Holding GmbH) is employed. It provides the maximal heating temperature of 300 °C
and inner working space of 394 x 305 x 394 mm?. In this space, the ECAPed sheet is
located between two flat steel plates and the extra block is mounted on the upper plate.

The total weight of the upper plate and extra block amounts to 32 kg.
3.4 Tool for forming test of a U-shaped channel

For the forming tests of a U-shaped channel with the ECAPed AZ31 sheets, a deep
drawing tool for round cup-shaped components is utilized and mounted in the hydraulic
C-frame Press Typ TEZ 40 B (section 3.1). The punch diameter and punch radius
amounts to 80 and 5 mm, respectively. The gap between the punch and die is 2.3 mm

and its die radius is 10 mm.
3.5 Measuring equipment
3.5.1 Universal testing machine

A universal testing machine of Typ 1484/DUPS-M (Zwick GmbH & Co. KG) is available
for the determination of tensile properties at room temperature under uniaxial load.
This testing facility provides a maximum tolerance of 0.05% of the nominal force for
the measuring range between 0.4 and 200 kN. The Zwick sensor arm extensometer in
conjunction with the incremental reduction-in-width monitor is designed for the tactile
measurement of width and length variation with a high accuracy of grade 1. The meas-

urement data are automatically connected with the software testXpert® 1l v3.0.
3.5.2 Sheet metal testing machine

Nakajima test is carried out to determine forming limit curve (FLC) of sheet metal ma-

terials using a sheet metal testing machine (Typ BUP 1000, Zwick GmbH & Co. KG).
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With the forming limit curves, sheet formability is evaluated in the range from the uni-
axial to biaxial strain condition. This testing machine is available with maximal pressing
force and clamping force of 1000 kN (refer to Table 3.3). The diameter of the hemi-
spherical punch is 100 mm for a flat sheet metal blank with a diameter of 250 mm. The
measurement data are automatically connected with the software testXpert® Il v3.6.
During the Nakajima test, an optical 3D deformation measurement system ARAMIS
4M (GOM mbH) acquires and evaluates the entire image sequence from the beginning
of the deformation up to the fracture. This system provides the frame rate up to 168 Hz,
camera resolution of 2400 x 1728 pixel and strain measuring range from 0.005 up to
2000% with the measuring accuracy up to 0.005%. The testing and evaluation proce-
dure are carried out using the ARAMIS software v6.3.0 following 1ISO 12004.

Parameter Value Unit
Maximum pressing force 1000 kN
Maximum clamping force 1000 kN
Maximum deep drawing speed 750 mm/min
Maximum ram stroke 150 mm
Maximum outer diameter of die 250 mm
Maximum diameter of hemispherical punch 100 mm
Maximum sheet metal strip width 260 mm
Maximum sheet metal strip thickness 10 mm
Table 3.3: Technical data of sheet metal testing machine Typ BUP 1000

3.5.3 Optical microscope

For light micrograph, a light optical microscope Leica DMI 5000 (Leica Microsystems
GmbH) is available. This microscope offers reflected light and transmitted light exami-
nations with manual stage, motorized objective turret, motorized focus and a DFC280
camera. The image resolutions extend from 1.3 to 12 mega pixels at a color depth of

up to 14 bits per color channel [LEIC14].
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3.5.4 Electron backscatter diffraction (EBSD)

Electron Backscatter Diffraction (EBSD) can provide a more complete description of
crystallographic properties such as grain size, grain orientation, misorientation and tex-
ture. For this, ULTRA 55 (Carl Zeiss Microscopy GmbH) of field emission scanning
electron microscopes (FE-SEM) delivers advanced analytical microscopy. It provides
low voltage imaging and stability, resolving structures as small as 1.5 nm. The large
image frame store combined with high speed electron beam scanning permits the rapid
(50 ns per pixel) and quantitative elemental mapping of high resolution fields of view
with 12000 x 9000 pixels [ZEIS14].

3.5.5 X-ray diffraction (XRD)

An X-ray diffractometer X’Pert PRO system (PANalytical B.V.) is available for the
measurement of global texture. In this system, the goniometer has an angular resolu-
tion of minimum step size in 6 and 26 of 0.001° and radius of 320 mm. A ceramic 50 kV
X-ray tube is mounted onto the goniometer in a tube shield. This system provides

phase determination, texture analysis and internal stress analysis [PANA14].
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4 Test Material
4.1 AZ31 magnesium alloy sheet

The present study investigated the possibility for the application of ECAP process to
commercial AZ31 Mg sheets. AZ31 Mg sheet is one of the most widely used Mg sheets
for industrial application. Especially, this alloy shows a strong basal-type texture after
rolling [STYCO04]. For this reason, the influence of ECAP on the microstructural devel-
opment and resulting mechanical properties can be easily detected and analyzed.

Commercial AZ31 (3AI-1Zn-0.3Mn-Mg Bal. wt.%) sheets with an initial thickness of
2 mm were rolled to a final thickness of 1.8 mm at 400 °C in a single pass. This addi-
tional rolling pass was performed to refine the microstructure further. A recrystallization
annealing treatment was carried out at 350 °C for 30 min, in order to provide a homo-
geneous microstructure with equiaxed grains for the subsequent ECAP process
[SUH15]. The as-rolled AZ31 sheets were supplied by the Magnesium Innovation Cen-
tre (MaglIC) at Helmholtz-Zentrum Geesthacht (HZG) as the project partner in the joint
research project financed by Deutsche Forschungsgemeinschaft (DFG).

4.2 Microstructure at room temperature

The rolled AZ31 sheet exhibits a coarse-grained microstructure with an average grain
size (d) of 15.4 + 3.7 um as depicted in Figure 4.1 (a). It shows equiaxed grain struc-
ture and elongated grains without twins. Figure 4.1 (b) displays a strong deformation
texture, which is the recalculated (0001) pole figure obtained from XRD measurement.
As the primary slip plane in Mg, this basal texture has a maximum pole intensity (Imax)
of 9.5 in multiple random distribution (m.r.d.), which is characterized by the alignment
of basal planes parallel to the sheet plane. The texture shows a spread of basal pole
towards the RD and a markedly angular distribution towards the TD. On one hand, an
orientation to the RD indicates a distinctive activity of <c+a> slip operative during the
deformation [AGNEO1]. On the other hand, an enhanced activation of prismatic <a>
slip contributes broader angular distribution of basal planes to the TD [HUAN13,
MACKAO8]. The texture development depends on the factors such as rolling reduction
[PEREO4], rolling temperature [PHIL94] and initial texture [STYCO04]. In particular, the
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reduction on the CRSS with increasing temperature facilitates the activation of non-
basal slip such as prismatic <a> slip and pyramidal <c+a> slip [PART67]. Based on

this, the applied rolling temperature of 400 °C makes either prismatic or pyramidal slip

active during the rolling.

(b) I10
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[

Pole intensity [-]
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Imax=9.5 (m.r.d.)

Figure 4.1. Microstructure and its associated global texture of rolled AZ31 sheet: (a) op-
tical microstructure, (b) (0001) pole figure

4.3 Mechanical properties at room temperature

Figure 4.2 (a) describes the engineering stress-strain curves of the rolled AZ31 sheet
at room temperature in terms of the loading direction (RD, 45° and TD). The corre-
sponding tensile properties are listed in Table 4.1. This sample exhibits in-plane ani-
sotropy in the YS and uniform elongation (gu), while the UTS and r-value are not sig-
nificantly affected by the sample orientation. The YS is highest in the RD and lowest
at 45°. By contrast, the eu and r-value are highest at 45°, but lowest in the RD. It is
noticeable that there is a relative large difference in mechanical behavior between the
RD and 45°, while the differences between the 45° and TD are less significant. This is
due to the relative broad spread of the basal planes towards the TD. This angular
distribution eases the activation of basal <a> slip during the loading in the TD as com-
pared with the RD. For this reason, there is a difference in the mechanical properties
between the present test sample and a typical AZ31 alloy. A typical basal texture of
AZ31 shows that the basal poles are tilted more broadly to the RD than to the TD as
mentioned in Figure 2.8 (a). As a result, the YS and r-value increase gradually from
the RD to the TD as reported by [KAIS03, Y110]. From this point of view, it follows that
the initial texture is one of the most important factors that has a remarkable effect on

the forming properties of Mg alloys.
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Figure 4.2: (a) stress-strain curve at room temperature of rolled AZ31 sheet, (b) corre-
sponding work hardening rate as a function of ¢ - go.»
Tensile YS UTS & & r-value at  n-value
direction [MPa] [MPa] [%0] [%0] &£=10% [-] [-]
RD 190 275 134 19.4 1.59 0.13
45° 167 264 17.4 22.0 1.87 0.17
TD 171 269 14.8 15.7 1.73 0.17
Table 4.1: Room temperature tensile properties of rolled AZ31 sheet

Figure 4.2 (b) shows the macroscopic work hardening rate © of the rolled sheet in the
RD, 45° and TD as a function of o - 002, where o, and oo.2 are true stress and proof
stress, respectively. The o - 0o.2 is related to the dislocation contribution to the flow
stress [VALLO6]. As mentioned above, no linear hardening (stage IlI) is observed in all
tensile directions. Instead, the hardening rate decreases linearly with increasing o after

the elasto-plastic transition (transition from stage | to stage IlI).

The © in the TD and 45° is comparable, while the gentlest slope and the largest tran-
sition section are observed at 45°. By contrast, the rapid transition in the RD leads to
a steep drop in the ©. That is, the work hardening effect is stronger in the TD and 45°
after the yielding, and dynamic recovery is more suppressed than in the RD. In a re-
lated development, the n-value in the TD and 45° is 0.17 as compared to 0.13 in the
RD. High n-value leads to a low sensitivity to the strain localization and is responsible
for the increase in the uniform elongation, which is known to be equivalent to the n-

value at the point of the maximum load [HUANOS].
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The highest uniform strain is measured at 45°. It can be explained that the suppressed
dynamic recovery at 45° supports a high working hardening rate. This results in a rel-
ative high resistance against the strain instability and hence improves the uniform elon-
gation. On the other hand, a relative large post-uniform elongation (from uniform strain
to fracture strain) is observed in the RD. This indicates that the dynamic recovery may
contribute to the increase in the post-uniform elongation, which is known to be affected
by the strain rate sensitivity [HUANOS].
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5 Experimental Procedures
5.1 Experimental plan

The experimental plan described in Figure 5.1 represents the procedure for the en-
hancement of the cold formability of AZ31 Mg sheet using ECAP.

Test material Test tool
* AZ31 sheet » Heatable trial tool for ECAP [«——{ FE-simulation
200 x 200 x 1.8 mm’° * Modular construction
v v
Systematic investigation of influencing parameters
ECAP Hot leveling after ECAP
* Processing temperature [°C]. 175, 200, 225 * Temperature [°C]: 180, 200, 225, 250
* Channel angle [°]: 110, 130 * Duration [minute]: 0.5, 3, 30, 60
* Processing route: A CD
v
Material characterization
Microstructure analysis Uniaxial tensile test at room temperature
* Optical microscopy * Tensile specimen: DIN 50125-H 12.5 x 50
* Electron back scatter diffraction | | * Tensile direction: RD, 45°, TD
(EBSD) « Constant strainrate: 1 x107°s”
+ X-ray diffraction (XRD)

v

Forming tests at room temperature
| « U-shaped channel (length x width): 160 x 20 mm?

* Nakajima test: uniaxial, plane strain, biaxial stress condition

v 4

Investigation of influences of process parameters on

* Grain refinement and texture variation:  grain size, grain distribution, pole intensity,
distribution of basal poles

* Tensile properties at room temperature: yield strength, ultimate tensile strength,
uniform strain, r-value, n-value,
work hardening rate

* Forming behavior at room temperature:  forming depth, forming limit curve

Figure 5.1: Experimental plan
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5.2 Process parameters for ECAP trials

For the investigation of the ECAP process on the microstructure development and cold
formability of AZ31 sheets, the ECAP processes are carried out with the following de-
fined process parameters in the developed test tool.

5.2.1 Processing temperature

The processing temperature is a key factor in ECAP, because it can be controlled rel-
atively easily [VALIO6]. Increasing temperature facilitates the activation of slip systems
due to the reduction of the CRSS. For this reason, Mg alloys are often processed by
ECAP in the temperature range from 175 to 325 °C [FIGU10-1]. Especially, 200 °C is
proposed as the minimum temperature for the successful deep drawing with AZ31
sheet [YI10]. This temperature represents a typical temperature for the processing of
Mg alloys by ECAP [FIGU10-2]. Based on this, three processing temperatures are set
as 175, 200, and 225 °C for the reduction of the energy consumption. During ECAP,
the sheet and active elements are lubricated with the water-soluble lubricant (Statac
BD 146, Finke Mineral6lwerk GmbH) in consideration of the surface contamination. In
a single pass of ECAP, the RD of the AZ31 sheets is parallel to the PD.

5.2.2 Channel angle

The channel angle is the most significant factor, since it determines directly the amount
of the shear deformation in each pass. A change in the channel angle influences the
characteristics of the ECAPed microstructure due to the different orientations of the
shear planes and the different strains [FIGU10-2]. Earlier experiments with bar types
of Mg alloys were performed in the channel angle range between 90° and 120°
[MUKAO1, FURUOQ2]. In order to prevent unexpected premature failure of Mg sheets
during ECAP, the tests are conducted first with two channel angles of ® = 110° and
130°. Here the corresponding arc angle W is 70° and 50°, respectively (see Figure 5.2).
The effective strain per pass in the channel part with @ =110° and 130° amounts to

~0.8 and ~0.5, respectively.
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(b)

Figure 5.2: Schematic representation of channel angle @ and arc angle ¥: (a)
@ =130°and ¥ = 50°, (b) ® =110°and ¥ =70°

Route A Route C Route D
1st pass
v v v
: ECAP 1st 1st 1st
¥ direction Top Top Top
No rotation Reverse rotation Rotation 90° to TD
2nd pass
™ 180°
l_’ ' ' ? :—>2nd
RD : l : :
v v v
ECAP 1st 2nd 1st 2nd 1st
direction Top Bottom Top
Figure 5.3: Definition of processing route for application to sheets

5.2.3 Processing route

Different slip systems and shear patterns are essentially associated with the four fun-
damental processing routes A, Ba, Bc and C (refer to section 2.2.1). However, routes
Ba and Bc can be applied only to rectangular bar-type specimens. In the present study,
the influence of the processing routes on the ECAPed microstructure and resulting
mechanical and forming behavior is investigated with three routes A, C and D as illus-
trated in Figure 5.3. In the first pass, the PD is parallel to the RD. On route A, there is
no rotation of the sheet between each pass. Thus, ECAP is performed on the same
surface and same direction. On route C, the sheet is rotated by 180° to the opposite
side and the PD is identical with the previous PD. Route D is the modified one of route
B in consideration of the pronounced anisotropic behavior of Mg alloys. Hereby the
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sheet is rotated by 90° in the plane at the second pass, and hence the PD is parallel
to the TD [FERRO4]. Therefore, it is expected that the ECAP effect comes into the RD
and TD in the sheet plane on route D.

5.3 Hot straightening

After ECAP, the ECAPed sheets are bent due to the asymmetrical shear deformation.
Hence, hot straightening process is necessary to obtain homogeneous microstructure
and fully flat ECAPed sheets. For this, in the laboratory furnace Heraeus T5042 EK
(Heraeus Holding GmbH), the ECAPed sheet is located between two flat steel plates
and the extra block is mounted on the upper plate. As the total weight of the upper
plate and extra block amounts to 32 kg, the ECAPed sheet is hot leveled with a pres-
sure of 7.3 kPa. In particular, the microstructures of ECAPed sheets are influenced
directly by temperature and duration during hot leveling process. Therefore, the micro-
structural stability analysis is implemented with different homogenization conditions
such as at temperatures of 180, 200, 225 and 250 °C for times of 0.5, 3, 30 and 60 min.
Based on this, hot straightening is performed on the ECAPed sheets.

5.4 Material characterization
5.4.1 Microstructure analysis

Microstructures of the rolled and ECAPed sheets are analyzed by optical microscopy
and EBSD in the field emission gun scanning electron microscope (Zeiss™ Ultra 55)
equipped with the EDAX/TSL EBSD system with a Hikari detector. Samples are cut
parallel to the rolling and pressing direction. They are mechanically ground with SiC
paper (grit 800-2500) and polished with oxide polishing suspension of 0.05 ym. The
polished samples are chemically etched with a picric acid solution (150 ml of ethanol,
40 ml distilled water, 6.5 ml acetic acid and 3-4 g picric acid). The average grain size
of the optical microstructures is determined by the linear intercept method using the
Olympus™ Analysis Pro 5.0 software [SUH16-1].
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In case of the EBSD samples, after the grinding process, electrochemical polishing is
carried out using a Struers™ AC2 solution at 16 V for 80 s at -25 °C. EBSD measure-
ments are carried out at an accelerating voltage of 15 kV and a step size of 0.3 um
over an area of 150 x 300 um?. SEM investigation is performed for the observation of
the fracture surfaces after Nakajima tests. Energy dispersive X-ray spectroscopy
(EDS) is employed to measure the composition of segregation particles in the fracture
surfaces [SUH16-2].

Quantitative texture measurements on both rolled and ECAPed samples are imple-
mented with the Panalytical™ X-ray diffractometer in reflection geometry using Cu-Ka
radiation. Six pole figures, (0001), (1010), (1011), (1012), (1013) and (1120), are
measured up to a tilt angle of 70°. The data are used to calculate the complete orien-
tation distribution function coupled with the MTEX toolbox [HIELO8]. The results are
represented in terms of the (0001) pole figure [SUH15].

5.4.2 Uniaxial tensile test at room temperature

Tensile specimens are machined according to DIN 50125 H 12.5 x 50. Following the
standard DIN 10002-1, uniaxial tensile tests are performed at room temperature with
a quasi-static strain rate of 1 x10°s?' using the universal test machine (Typ
1484/DUPS-M, Zwick GmbH & Co. KG). The tensile tests are carried out at the angles
of 0° (RD), 45° and 90° (TD) between the tensile direction and the RD. During the tests,
the tensile force and strains along the length and width direction are measured contin-
uously. The plastic strain ratio is calculated within the uniform elongation. The r-value
in cubic materials is calculated commonly at the elongation of 20% [GHOS84]. How-
ever, Mg alloy sheets exhibit fracture strains lower than 20%. Nebebe et al. [NEBEQ09]
reported that the uniform elongation is observed up to 10% in AZ31 and ZE10 Mg
alloys. In the present study, the r-value is calculated at 10% engineering strain in the
tensile direction and is designated as rio. The strain-hardening exponent (n-value) is
calculated by the power law regression of the tensile test data over the strain range
from 10 to 15%. The results of the tensile tests are the average values obtained from

at least five stress-strain curves in each direction [SUH15].
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5.5 Evaluation of cold formability

The investigation of the cold formability of the ECAPed sheets is one of the main ob-
jectives in this study. For this, the forming tests of a U-shaped channel and the
Nakajima tests are carried out at room temperature. With regard to the plastic anisot-
ropy of Mg sheets, the forming tests of a U-shaped section is performed at first. To
evaluate the enhanced cold formability of the ECAPed AZ31 sheets, the Nakajima

tests are carried out for the determination of their forming limit curves.
5.5.1 U-shaped channel forming

In the forming tests of a U-shaped channel, strips with dimensions of 160 mm x 20 mm
are prepared along the RD, 45° and TD regarding anisotropic forming behavior. The
tests are conducted using the deep drawing test tool with a punch diameter of 80 mm
(refer to section 3.4). The punch speed of 20 mm/s is constant and the blank holder
force is set as zero for the maximization of the material flow between the punch and
die. The whole strip and contact area of the active forming elements are lubricated with
a water-soluble cooling lubricant (Statac BD 146, Finke Mineraldlwerk GmbH). The
forming depth of each sample is measured from the flange to the floor zone excluding
the sheet thickness [SUH16-2].

5.5.2 Nakajima test for determination of forming limit curve

Figure 5.4 presents the testing and evaluation procedure for the determination of FLCs
for sheet metals following ISO 12004. Nakajima tests are carried out using the sheet
metal testing machine BUP 1000 (Zwick GmbH & Co. KG). Here the flat sheet metal
blanks are mechanically deformed by a hemispherical punch with diameter of 200 mm.
A forming die has a diameter of 105 mm and corner radius of 10 mm. The punch speed
is 1 mm/s and the blank holder force is 300 kN. A draw ring bead is not used, because
a sharp bead radius causes unexpected failure in the contact area between bead and
Mg sheets due to low formability. The punch and specimen are lubricated by the com-
bination of oil and two circular blanks made from PVC, in order that the specimens are

fractured in the center of the dome.
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Figure 5.4: Description of Nakajima test and time dependent evaluation method: (a)

sheet metal test machine, (b) major strain distribution before failure and thin-
ning gradient of necking zone, (c) time dependent evaluation method, (d)
geometry dimensions of three specimens for different strain conditions
[SUH16-2]

During the test, the optical 3D measurement system ARAMIS 4M (GOM mbH) acquires
the full sequence from the beginning of the deformation up to the fracture with a re-
cording frequency of 10 Hz. For this, the specimens are prepared with a stochastic
pattern using black and white spray. Three specimen geometries are milled as illus-
trated in Figure 5.4 (d), to derive forming states from uniaxial to biaxial strain condi-
tions. The Nakajima tests are performed with three repetitions of each geometry
[SUH16-2].

The so-called time based evaluation method [VOLK10] is applied to the calculation of
forming limit values for the FLC. The concentration of the remaining plastic deformation
in small shear bands will lead to high thinning rates, while the thinning rates outside

the shear bands will stay nearly constant. In the second stage before the specimen
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failure, the thinning rate is calculated using the volume constancy form the major and
minor strains. Figure 5.4 (b) shows the marked area with the largest thinning rate val-
ues, where can be understood as the area of local necking. Figure 5.4 (c) describes
the principle of the linear best-fit method [VOLK12]. The local necking occurs during
instable deformation and before crack initiation. The stable and instable areas are fitted
with two linear trend lines using the least square method. The intersection point of

these two straight lines defines the beginning instability [SUH16-2].
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6 Results and Discussion
6.1 Microstructure development during a single pass

Figure 6.1 describes the ongoing ECAP process and the three samples, which are
processed in a single ECAP pass with a channel angle of ® = 130° and arc angle of
W = 50° at processing temperatures of 175, 200 and 225 °C. Here, the RD of the AZ31
sheet is parallel to the PD. The samples are deformed at a generally acceptable level
of reliability and quality without mechanical failure, such as cracking and buckling.

Figure 6.1: (a) ECAP process and (b) ECAPed AZ31 sheets at 175, 200 and 225 °C with
@ =130° [SUH15]
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Figure 6.2: Microstructure development of AZ31 sheet during a single ECAP pass at
225 °C with @ = 130° [VICT14-1]



66 6 Results and Discussion

In order to track the microstructure development of AZ31 sheet during ECAP with
@ = 130° at 225 °C, the microstructures on the three points are measured using EBSD
as presented in Figure 6.2. This approach provides a distinction between the area frac-
tions of the deformed and recrystallized microstructure before and after a single ECAP
pass. Figure 6.2 (a) shows the initial equiaxed microstructure of AZ31 sheet before
entering the shear plane. At the intersection plane of the channel part, dislocation slip
and twinning become active as depicted in Figure 6.2 (b). The area fraction of small
grains now increases and the fraction of coarse grains decreases significantly. More-
over, some coarse grains of above 10 um are visibly distorted and surrounded by finer
grains. This is due to the activation of dynamic recrystallization and recovery. Fig-
ure 6.2 (c) presents that fine grains develop more and the area fraction of largely de-

formed grains left still after processing.

Grain refinement in Mg alloys by ECAP is based on the formation of new grains along
the original grain boundaries in a necklace-like manner by dynamic recrystallization
[FIGUQO9-1]. At dynamic recrystallization, the grains nucleate preferentially along the
original boundaries of the coarse-grained structure and along twin boundaries in a
necklace-like pattern. Hence, the inner cores of the coarse grains may not be refined
[FIGU10-1]. This microstructure development during ECAP is consistent with the ob-
servations of previous studies using transmission electron microscopy (TEM)
[DINGO09], optical microscopy [FIGU09-1] and EBSD [FIGU09-2].

6.2 Analysis of microstructure stability at hot straightening

After ECAP process, the ECAPed sheets are bent due to the asymmetrical shear de-
formation as displayed in Figure 6.1 (b). Moreover, ECAPed Mg alloys can exhibit low
thermal stability, e.g. due to the presence of non-equilibrium grain boundaries
[RADI10] or due to the high stored energy caused by severe plastic deformation
[STRA14]. The low thermal stability leads to a limited secondary processing like form-
ing process of Mg sheets. Therefore, it is important to analyze the microstructural in-
stability at the post heat treatment. Since microstructure evolution directly depends on
the heat treatment temperature and duration, the microstructure stability was analyzed

under different annealing conditions.
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Figure 6.3 shows the optical microstructures of the ECAPed AZ31 sheets, which were
hot-leveled at 200 and 250 °C for 0.5, 3, 30 and 60 min, respectively. The microstruc-
tures heat-treated at 200 °C have a comparable grain size of ~8 um and an acceptable
homogeneous grain distribution regardless of the annealing time. This microstructural
feature is also observed at 180 °C. On the contrary, the annealing time has a significant
influence on the microstructure evolution during the heat treatment at 250 °C. The av-
erage grain size increases from 7.7 to 18.3 um with the annealing time from 0.5 to
60 min. Such a dramatic grain growth is observed at above 225 °C and from the an-
nealing time of 3 min. After 30 and 60 min, the existing fine grains are rapidly con-

sumed and replaced by the nucleation and abnormal growth of new grains.

Figure 6.4 depicts the effect of the hot straightening conditions on the texture develop-
ment regarding (0001) pole figure. As a representative result, the as-ECAPed condition
is compared with the samples in Figure 6.3 (c), which were hot-leveled at 200 and
250 °C for 30 min, respectively. The as-ECAPed sample exhibits a low pole density
and a highly tilted texture component along the RD, which originates from the activation
of {1012} tension twins. The shear strain induced by ECAP inclines the c-axis of the
hcp structure, and hence {1012} tension twinning can be easily accommodated by the
tension in the c-axis. Even if the sample heat-treated at 200 °C has a negligible change
in the grain size and morphology, the texture is slightly strengthened and the pro-
nounced texture component is weakened in Figure 6.4 (b). At 250 °C, the Imax is ex-
tremely strengthened from 7.9 to 15.5 and the rotated components disappear as dis-
played in Figure 6.4 (c). That is, the ECAP effect is completely lost at 250 °C. It indi-
cates that the fraction of the twinned microstructure has a low thermal stability. This

can reduce a potential to tailor the microstructure and texture of Mg-Al-Zn alloys.

In consideration of the homogenization and thermal stability of the ECAPed sheets,
the hot straightening temperature is set as 200 °C. As compared with the optical mi-
crostructure annealed for 60 min, there is no major differences in grain distribution at
the annealing time of 30 min. Particularly, the bent sheets are completely leveled after
30 min. For the above reasons, the ECAPed sheets are hot straightened at 200 °C for
30 min. In the following sections, the ECAPed sheets and their material characteristics

indicate the hot-leveled state in the above-determined conditions.
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Figure 6.3: Microstructure development of ECAPed AZ31 sheets at hot straightening in
terms of heat treatment temperature and duration [VICT14-2]
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Figure 6.4: (0001) pole figure of ECAPed AZ31 sheets regarding heat treatment: (a)
as-ECAPed sample, (b) sample hot-leveled at 200 °C for 30 min, (c) sam-
ple hot leveled at 250 °C for 30 min
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6.3 Influence of process parameters on microstructure and texture develop-

ment
6.3.1 Processing temperature

As one of the easiest controllable parameters, the effect of the processing temperature
is investigated first with the fixed channel angle of ® =130°. Figure 6.5 displays the
optical microstructures of the rolled and ECAPed AZ31 sheets at 175, 200 and 225 °C,
respectively [SUH15]. In Figure 6.5 (a), the rolled sheet shows a coarse-grained mi-
crostructure with an average grain size of 15.4 + 3.7 ym. In comparison of the initial
microstructure, more homogeneous microstructures develop after a single ECAP pass
at 175 and 200 °C, as depicted in Figure 6.5 (b) and (c). The average grain size of the
sample processed at 175 °C is 10.5 + 3.4 um. The ECAPed sample at 200 °C exhibits
a comparable grain size distribution and the average grain size is slightly refined to
9.4 £ 3.1 um. Figure 6.5 (d) displays the microstructure of the ECAPed sample at
225 °C, where the microstructure is further refined to 7.6 + 3.2 um. As a characteristic
feature, the relatively coarse grains in the ECAPed samples result from twinning, which
is identified mainly as formation of {1012} <1011> twins (see closed arrows). This is
derived from the fact that twins can be nucleated easier in small grains, but their growth

is easier in lager grains [Y105].

From the comparison of the optical microstructures, it is noteworthy that a reasonably
homogeneous microstructure develops in a single ECAP pass at the three tempera-
tures. At the ECAPed samples, the original coarse grains are consumed by the for-
mation of fine grains along the grain boundaries. Especially, the occurrence of serrated
grain boundaries and small grains, which are marked as open arrows in Figure 6.5 (d),
indicates the activation of dynamic recrystallization [VICT13]. This results from the con-
tinuous production and absorption of dislocation in low angle grain boundaries, as well
as the progressive transformation to high angle grain boundaries, i.e. the formation of
new grains [ION82]. Since new grains tend to appear along the grain boundaries of
coarse grains, new fine grains will surround them and form a necklace-type microstruc-
ture. This observation is in good agreement with the fact that fine microstructures can

be produced in any material using ECAP at low temperatures [SAKA14].
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Figure 6.5: Microstructure of rolled (a) and ECAPed AZ31 sheets with @ = 130° at (b)
175 °C, (¢) 200 °C, (d) 225 °C (closed arrows: tensile twin, open arrows: ser-
rated grain boundaries and small grains) [SUH15]
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Figure 6.6: (0001) pole figures of rolled (a) and ECAPed AZ31 sheets with @ = 130° at

(b) 175 °C, (c) 200 °C, (d) 225 °C

With regard to the texture development, Figure 6.6 presents the recalculated (0001)
pole figures of the rolled and ECAPed sheet, as obtained from XRD measurements. In
Figure 6.6 (a), the rolled sheet exhibits a strong basal texture with Imax = 10.4. This
texture is characterized by the alignment of the basal planes perpendicular to the ND.
After a single ECAP pass with ® = 130° at 175 and 200 °C, the texture intensity de-
creases slightly from 10.4 to 10.0 and 9.2 as shown in Figure 6.6 (b) and (c), respec-
tively. In the ECAPed sheet at 225 °C, the texture is further weakened and the pole
density is reduced to 8.8.
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Especially noteworthy is the development of a new texture component, which tilts by
70-85° towards the PD in all ECAPed samples. This texture component is originated
from the microstructure containing {1012} <1011> tension twins, because they can re-
orient the c-axis in 86° away of the original direction [Y109]. This twinning mode is the
most commonly and easily activated twin in Mg [ROBEG60]. An activity promotion of
certain twinning modes have a favorable effect on the weakening and randomization
of the texture. More importantly, the mechanical and forming properties of many engi-
neering alloys are directly related with the formation of twins, because they can ac-
commodate the plastic deformation and change the orientation of the lattice [NIE13].
As the lattice is reoriented and hence the basal planes are tilted and split, one of the
main effects is a high increase in the activity of basal <a> slip. In Mg, a theoretical
maximum extension of 6.4% along the c-axis can be accommodated by complete re-
orientation of {1012} <1011> twins [PART67]. This effect can enhance the uniform

elongation in Mg alloys [BARNO7].

Since basal <a> slip is the easiest deformation mode at room temperature, the analysis
of Schmid factor can help evaluate the influence of the reorientation of the basal planes
on the activation of basal <a> slip [SUH15]. The Schmid factor is a geometrical value
that indicates the feasibility to activate a determined slip mode regarding a defined
direction of the applied load. Figure 6.7 (a) presents the microstructures of the rolled
sheet and ECAPed sample at 225 °C regarding the Schmid factor for basal <a> slip.
The data from the EBSD measurements are used to calculate the Schmid factors for
basal <a> slip in tension, when loading parallel to the RD or PD. As a result, the ECAP
process allows the increase in the fraction of the microstructure with a high Schmid
factor of 0.4. Another important feature is that the fraction of the microstructure with
high Schmid factors is increased by twinning. Some related examples are highlighted
by the dashed white squares and in the close up of Figure 6.7 (a).

Figure 6.7 (b) presents the distribution of the Schmid factors for the activation of basal
<a> slip, when a tension is applied along the RD and TD in the rolled and ECAPed
sheets. It is abundantly evident that the ECAP process has a strong effect on the acti-
vation of basal <a> slip along the PD. Because ECAP makes rotation of the c-axis

towards the PD, the slip direction is not parallel to the loading in the sheet plane. As a
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result, basal <a> slip and tensile twinning can be accommodated easier by the rotated
basal planes at in-plane extension. This is evident from a monotonic increase in the
fraction of the microstructure with high Schmid factors in terms of relative frequency.
However, there is no distinct increase in the Schmid factors of both cases under ex-
tension parallel to the TD. These results are directly involved in the directional tensile

properties of the rolled and ECAPed sheets at room temperature [SUH15].
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Figure 6.7: Analysis of Schmid factor for basal <a> slip of rolled and ECAPed sheet at

225 °C: (a) Schmid factor maps, (b) distribution of Schmid factors of a virtual
tension along RD // PD and TD in terms of relative frequency [SUH15]

6.3.2 Channel angle

The channel angle ® is the most significant factor that determines directly the amount
of the shear deformation in each pass. In this section, its effect on the ECAPed micro-
structures are investigated using two channel angles of ® = 110° and 130°. Since the
AZ31 sheets processed with @ = 130° exhibit the most refined grain and the lowest
pole intensity at 225 °C, the characteristics of two channel angles are compared at
225 °C. The microstructures and textures in the middle plane of the rolled and ECAPed

sheets are measured by EBSD and their global textures are measured by XRD.

Figure 6.8 presents the microstructures of the ECAPed sheets at 225 °C with @ = 110°
and 130° using EBSD IPF map, respectively. The average grain size of ® = 110° is
further refined to 8.4 £ 2.7 um compared with @ = 130° (d = 10 + 4 um). The ECAPed
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microstructure with ® = 130° exhibits several elongated grains as depicted in Fig-
ure 6.8 (b). On the other hand, the microstructure develops with higher fraction of ser-
rated grain boundaries and fine grains at ® = 110°. Such a grain distribution is one of
the typical characteristics of dynamic recrystallization, as discussed in section 6.3.1
above. For this reason, higher shear deformation induced by lower channel angle can
lead to more refined microstructure. Furthermore, the IPF map of the rolled sheet
shows that most grains have (0001) axis parallel to the NR. On the contrary, many
grains of the ECAPed sheets have other directions towards the RD or TD. It is evident
that the shear deformation in ECAP makes the preferred orientation of AZ31 sheet to

be weakened and randomized.
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Figure 6.8: Inverse pole figure map (up) and respective local texture with (0001) pole

figure (down) in terms of channel angle: (a) rolled sheet, (b) ECAPed sheet
at 225 °C with @ =130°, (c) ECAPed sheet at 225 °C with @ = 110°

Regarding the (0001) pole figure measured in the middle plane, there is a negligible
difference in the pole density between the rolled and the ECAPed sheet with ® = 130°
and 110° (10.6 vs. 10.1 vs. 10.7). However, the local texture of @ =110° shows a
broader angular distribution of the basal planes to the PD than that of ® = 130°. Par-
ticularly, a new texture component develops more distinctly, tilting towards the PD.
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Figure 6.9: (0001) pole figures presented as global texture for rolled and ECAPed AZ31
sheets: (a) rolled sheet, (b) ECAPed sheet at 225 °C with @ =130°, (c)
ECAPed AZ31 sheet at 225 °C with @ = 110°
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Figure 6.10: Density profiles of the basal pole along RD and TD for rolled and ECAPed
AZ31 sheets: (a) rolled sheet, (b) ECAPed sheet at 225 °C with @ =130°,
(c) ECAPed sheet at 225 °C with @ =110°

Figure 6.9 presents the global texture of the rolled sheet and ECAPed sheets at 225 °C
with @ = 110° and 130° in terms of the (0001) pole figure from the XRD measurements.
Although the global texture is strengthened to 9.5 at ® = 110°, the maximum density
is weaker than the as-rolled condition. The basal poles of ® = 130° distribute more
broadly along the TD than ® = 110°. On the contrary, there is a broader intensity
spread of the basal poles at ® = 110° from the ND towards the RD than the TD. This
is evident through the comparison of the density profiles in Figure 6.10. The tilting an-
gle of the Imax is ~5° in both channel angles. A further rotation of the basal poles to the
RD is observed at ® = 110°. Based on this, the local texture is in acceptable agreement
with the global texture. As predicted, higher shear deformation allows more refined

microstructure, higher tilting of the basal planes and more activation of tension twins
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in the ECAPed sheets. This microstructural evolution can improve the mechanical be-
havior at room temperature of the ECAPed sheets. In this respect, the mechanical

feature is described in section 6.4.2.
6.3.3 Processing route

For the investigation of the effect of processing routes, the ECAP processes are carried
out with @ =110° and 130° at 225 °C under the three distinct processing routes A, C
and D. These different processing routes are illustrated in Figure 5.3 above. In aspect
of grain refinement, Figure 6.11 (a) shows that the grains are slightly refined pro-
cessing through route A and C with ® = 130°. The average grain size of route A and C
is reduced from 10.0 to 9.0 and 8.8 compared with the first pass, respectively. On route
D, there is no difference in the average grain size. However, the fraction of the finer
grains and serrated boundaries is increased at all three routes as compared to the first
pass with ® = 130°. It can be seen that the number of passes and different strain paths
induce higher shear deformation, and hence enhance dynamic recrystallization. This
promotes the formation of new grains. In other words, the evolution of new grains re-
sults from a series of strain-induced reactions [SAKA14]. The changes in the micro-
structure are associated with the continuous formation of high angle grain boundaries

due to the accumulation of dislocations [SAKA14].

Figure 6.11 (b) displays that the average grain sizes on route A, C and D are slightly
increased than that of the first pass with ® = 110°. However, higher shear deformation
of ® = 110° might promote further the activation of dynamic recrystallization. It can be
suggested that this mechanism consumes the serrated boundaries and small grains of
the first pass, and hence builds new grains. As a result, more homogenous microstruc-
ture develops through all three routes compared to the first pass with ® = 110°. Fur-
thermore, even if the average grain sizes at the second pass with @ =110° are larger
than those with ® = 130°, the microstructures of ® = 110° have relatively homogenous

grain distribution in comparison of ® = 130°.

More importantly, both channel angles have the smallest average grain size on route
C. This can be explained by the fact that the shear directions are inverted and parallel
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to each other on the identical shear plane between the successive passes on route C
[TONG10]. The initial coarse grains are subjected to repetitive deformations during
ECAP. This might result in a higher dislocation accumulation in the shear bands, and
hence enhance dynamic recrystallization process [TONG10]. Therefore, the grain re-

finement on route C is more effective than other routes [SUH16-2].
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Figure 6.11: Influence of processing route on microstructure development of ECAPed
AZ31 sheets at 225 °C with (a) @ = 130° and (b) ® = 110° [SUH16-2]

Figure 6.12 describes the global texture of ECAPed sheets at 225 °C with ® =110°
and 130° on the routes A, C and D in terms of (0001) pole figure. Their corresponding
density profiles are summarized in Figure 6.13. In the case of ® = 130°, the texture
exhibits a gradual waveform of the intensity distribution on route A and C, a symmet-
rical intensity spread on route D. On the other hand, in the case of ® = 110°, parts of
the texture generated in the first pass are split more dynamically on three routes. A
distinct texture evolution is visibly evident in the intensity spread of the basal poles
through different shearing patterns as follows [SUH16-2]:
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Route A

Processing on route A leads to an increase in tendency for the (0001) poles to align
from the ND to the RD. New texture component develops obviously, rotating by 70-80°
to the RD. In the case of ® = 130°, the tilt angle of the basal pole to the RD is 15° and
a high valley is formed between the first and second peaks. On the other hand, the
rotation of the basal poles by ~10° is observed at ® = 110° and the intensity spread

forms in a basin-like pattern.
Route C

As mentioned above, route C is characterized by shearing on the same plane but in
an opposite sense in each pass [FURUO1]. Hence, there may be a recovery of the
initial texture after every even number of passes. However, this is not observed, but
the texture intensity is weakened more markedly than the other routes with both chan-
nel angles. The splitting angle from the ND to the RD with ® = 130° and 110° is about
25 and 15°, respectively. In both channel angles, the basal poles are distributed visibly

broadly across the PD.
Route D

Processing on route D fundamentally makes a symmetrical texture formation in the RD
and TD. The channel angle attributes to relatively different intensity distribution. In
route D with ® = 130°, the basal poles spread without rotation relatively homogenously
in the RD and TD. In a similar manner to the first pass, a new texture component also
develops along the TD by tensile twinning. By contrast, on route D with @ = 110°, the
texture component in the RD, which was generated in the first pass, weakens and the
intensity is strengthened compared to ® = 130°. Instead, a new component develops
visibly along the TD. Moreover, there is a tilting of the basal poles by 5° in the RD and
TD, respectively. Particularly, the basal poles are rotated by ~15° towards 45° from the
RD. It suggests that this unique texture evolution also has a distinct effect on the me-
chanical anisotropy. In this regard, the mechanical and forming characteristics are de-

scribed in sections 6.4.3 and 6.5.2 below in detail.
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Figure 6.12: Influence of processing route on texture change of ECAPed AZ31 sheets at
225 °C with (a) @ = 130°and (b) @ =110° in terms of (0001) pole figure
[SUH16-2]
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Figure 6.13: Density profiles of the basal pole along RD and TD depending on processing

routes: (a) ECAPed AZ31 sheet at 225 °C with @ = 130°, (b) ECAPed AZ31
sheet at 225 °C with @ = 110° [SUH16-2]
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6.4 Influence of process parameters on mechanical properties at room temper-

ature
6.4.1 Processing temperature

For the evaluation of the effect of the processing temperature on the mechanical prop-
erties at room temperature, Figure 6.14 compares the stress-strain curves of the rolled
and ECAPed sheets. The corresponding tensile properties at room temperature are
listed in Table 6.1. The ECAP process enables the enhancement of the ductility at
room temperature in comparison with the as-rolled condition. However, only the tensile
properties in the direction, which is parallel to the PD, are developed in this regard.
The ECAPed sheets have higher uniform strains and n-values in the RD than in the
TD, while their yield strengths and r-values in the RD lower than in the TD. Besides,
the specimen orientation has no significant influence on the ultimate tensile strengths
as compared in Figure 6.15 [SUH15].
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Figure 6.14: Strain-stress curves at room temperature of ECAPed AZ31 sheets with

@ =130° in terms of processing temperature: (a) as-rolled condition, (b)
175 °C, (c) 200 °C, (d) 225 °C (RD: specimens parallel to PD, TD: specimens

transverse to PD) [SUH15]
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Processing Tensile YS UTS & & r10 n
temperature [°C] direction [MPa] [MPa] [%] [%] [-] [-]
As-rolled RD 190 275 134 194 1.59 0.13
TD 171 269 14.8 15.7 1.73 0.17
175 RD 130 264 16.1 18.9 0.78 0.16
D 178 274 15.7 19.6 1.15 0.16
200 RD 137 266 17.2 23.2 0.82 0.17
TD 180 275 15.3 19.1 1.08 0.16
225 RD 146 270 17.6 21.9 0.75 0.19
D 178 272 13.4 15.5 1.01 0.15
Table 6.1: Influence of processing temperature on room temperature mechanical prop-
erties of ECAPed AZ31 sheets with @ = 130° [SUH15]
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Figure 6.15: Relative tensile properties of ECAPed AZ31 sheets at @ = 130° in terms of

processing temperature compared with rolled sheet: (a) specimens parallel
to PD (RD), (b) specimens transverse to PD (TD)

After a single ECAP process, the yield strengths in the RD are 30-50 MPa lower than

in the TD. Especially, the yield strengths in the RD of the ECAPed sheets are de-

creased by 45-60 MPa as compared with the rolled sheet. It is observed that the eu in

the RD increases with the processing temperature. The highest ey at room temperature
is 17.6% in the RD of the ECAPed sheet at 225 °C. This is an improvement of 31% in
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comparison to the rolled sheet (see Figure 6.15). On the other hand, there is no major
improvement in the eu in the TD, but the eu decreases rather slightly with the tempera-
ture. This is directly related to the change in n-value. Compared to the rolled sheet, the
n-value in the RD and TD of the ECAPed sheet at 225 °C increases from 0.13 to 0.19
and decreases from 0.17 to 0.15, respectively. In principle, high n-value indicates bet-
ter ductility, particularly uniform elongation at room temperature [WU11]. Therefore,

the eu in the RD is obviously enhanced, but the eu in the TD is slightly reduced.

The Lankford coefficients of the ECAPed sheets in both directions are reduced to 50-
70% of the initial condition. The rio is close to 0.8 in the RD and to 1.0 in the TD. That
is, the thickness strain is accommodated more easily during the tension along the RD
than along the TD. Even though these r-values indicate almost an isotropic deformation,
an in-plane anisotropy appears actually after ECAP at three temperatures. Such a var-
iation in the tensile properties at room temperature is associated with the grain refine-
ment and texture weakening by ECAP [SUH15].

In the ECAPed samples, the increase in the eu and decrease in the YS along the RD
have a direct correlation with the promoted activation of basal <a> slip. After a single
ECAP pass, the basal poles are tilted towards the RD, which is parallel to the PD. This
indicates that the c-axis of many grains is obliquely aligned to the tensile direction. This
makes the resulting shear strain not zero, because the slip direction of the tilted c-axis
is not parallel to the ND under in-plane extension at room temperature. That is, low
activation energy for basal slip is necessary. Therefore, the ECAPed microstructure
has high Schmid factor, where grains orient to facilitate the activation of basal <a> slip,
as discussed in Figure 6.7. The rotation of grains and the low CRSS promote the ac-
tivity of basal <a> slip during the tensile test. Consequently, higher e, and lower YS in
the RD are observed than in the TD. With respect to the rio, the larger tilt angle in the
RD can also make easier the accommodation of the thickness strain. For this reason,

the rio in the RD is lower than in the TD at three processing temperatures.

In other aspects, the ductility of the ECAPed AZ31 sheets is improved by microstruc-
ture refinement due to dynamic recrystallization. Koike et al. [KOIK03] attributed the

enhancement of ductility at room temperature after grain refinement through ECAP to
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the activation of non-basal slips. With the aid of texture simulations, the activity of basal
<a> slip decreases, but the activity of prismatic and pyramidal <a> slips increases after
the plastic yielding [AGNEO05-2]. The easiness of non-basal slip systems indicates the
higher possibility for the occurrence of dynamic recrystallization, because these defor-
mation modes lead to a large degree of grain distortion with high elastic stored energy
[Y105]. Moreover, dynamic recrystallization removes dislocations and induces the
strain-free grains [SAKA14]. For this reason, the yield strengths of the ECAPed sheets
are lower than the rolled sheet.

6.4.2 Channel angle
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Figure 6.16: Stress-strain curves at room temperature of ECAPed AZ31 sheets with re-
spect to channel angle: (a) as-rolled condition, (b) ECAPed sheet at 225 °C
with @ = 130°, (c) ECAPed sheet at 225 °C with @ =110°
Channel Tensile YS UTS & & ro n
Angle [°] direction [MPa] [MPa] [%] [%] [-] [-]
As-rolled RD 190 275 134 194 1.59 0.129
45° 167 264 17.4 22.0 1.87 0.173
D 171 269 14.8 15.7 1.73 0.172
130 RD 146 270 17.6 21.9 0.75 0.190
45° 151 264 18.2 21.6 1.34 0.186
D 178 272 134 15.5 1.01 0.155
110 RD 142 268 19.3 24.4 0.74 0.217
45° 154 265 19.3 26.9 1.28 0.193
D 183 280 15.0 16.6 1.45 0.154
Table 6.2: Influence of channel angle on room temperature mechanical properties of

ECAPed AZ31 sheets at 225 °C with @ = 110° and 130°
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Figure 6.16 presents the influence of the channel angle on the tensile properties at
room temperature of AZ31 sheets, which are processed by ECAP at 225 °C with
@ =110° and 130°. Their corresponding properties are given in Table 6.2. The stress-
strain curves of the ECAPed sheets, which are deformed with ® =110° at other pro-

cessing temperatures, are referred to Table 9.3.
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Figure 6.17: Relative tensile properties of ECAPed AZ31 sheets at 225 °C with respect to

channel angle in comparison to rolled sheet: (a) specimens parallel to PD
(RD), (b) specimens at 45° to PD (45°), (c) specimens transverse to PD (TD)

The analytically effective strain per pass with @ = 110° and 130° amounts to about 0.8
and 0.5, respectively. In this context, the effect of higher shear deformation is evident
from the increase in the eu in the RD with @ = 110° (19.3%). The uniform elongation is
improved by 45 and 10% compared to the rolled sheet (13.4%) and ® = 130° (17.6%),
respectively (refer to Figure 6.17). In a related development, the n-value of 0.22 at
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@ =110°is increased by 68 and 14% compared to the rolled sheet (0.13) and ® = 130°
(0.19). Based on this, it is confirmed that high n-value leads to high ductility. It is no-
ticeable that the e, and n-value are developed considerably at 45° with @ = 110°. How-
ever, there is still no enhancement of the eu in the TD at ® = 110° (15%).

The YS at @ = 110° is more decreased along the RD, but slightly increased in the 45°
and TD than that at ® = 130°. Particularly, there is no difference of the rio of 0.75 in
the RD between two channel angles. In the case of @ =110°, the ri0 increases from
the RD to the TD (0.75 to 1.45). However, the rio is highest at 45° with @ = 130° (1.34).
In comparison to the rolled sheet, it is a notable feature that the difference in mechan-
ical behavior between the RD and 45° is reduced in both channel angles, whereas the
differences between the 45° and TD are larger. This variation in the tensile properties

is associated with the microstructure and texture evolution as described above.

After the single ECAP pass with ® = 110°, the microstructure exhibits a higher fraction
of serrated grain boundaries and fine grains. This microstructural evolution can pro-
mote the mobility of the grains due to a progressive transformation to high angle grain
boundaries. This is also correlated with a broader angular distribution of the basal poles
as well as the occurrence of tension twins along the RD. Such a change in the micro-
structure and texture at ® = 110° enables further activation of basal <a> slip compared
to ® = 130°, with respect to the fact that ECAP with & = 130° already showed a higher
feasibility to activate basal slip than the rolled sheet. Consequently, the higher shear
formation by ® = 110° reduces the YS in the RD and 45° and induces the larger &u in
the RD and 45° than those of ® = 130° and the rolled sheet. Regarding the rio in the
TD, the intensity spread with ® = 130° is broader than with ® =110° as displayed in
Figure 6.9. When the basal poles are distributed more broadly and split or inclined
more along one direction than others, the r-value increases as the angle between the
texture-broadened direction and tensile direction increases [SUH14]. The reason is
that basal slip is favorable during tensile deformation along the texture-broadened di-
rection [SUH14]. In this manner, this intensity distribution at ® = 110° can be relatively
unfavorable for the accommodation of the thickness strain compared to ® = 130°. Con-
sequently, the rio in the TD of @ = 110° is higher than that of ® = 130°.
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Figure 6.18: Influence of channel angle on work hardening behavior of ECAPed AZ31

sheets at 225 °C in form of © vs. (0 - 0o.2) plot: (a) specimens parallel to PD
(RD), (b) specimens at 45° to PD (45°), (c) specimens transverse to PD (TD)

Figure 6.18 compares the work hardening behavior of the ECAPed AZ31 sheets. The
work hardening behavior in different tensile directions is remarkably distinct. In the RD,
the ECAPed sheets have higher hardening rate and slower drop of the ©, whereas the
rolled sheet shows a steep decrease in the ©® and much lower hardening rate. The
higher shear deformation at ® = 110° leads to a relative high © and restrained dynamic
recovery (related to the slope of the curves in stage Ill) as compared to ® = 130°. Both
channel angles exhibit a comparable hardening behavior at 45° and the © is higher
than the rolled sheet. On the contrary, there is no difference of the hardening behavior
in the TD between the rolled and ECAPed sheets.

Agnew et al. [AGNEO3] analyzed the operation of non-basal slips in the basal-textured
AZ31B plate using an elasto-plastic self-consistent simulation. They reported that pris-
matic <a> slip exhibits a relative large activity compared with pyramidal <c+a> slip
during in-plane extension at room temperature. In this regard, the cross-slip of <a>
dislocations from basal to prismatic planes leads to a decrease in the hardening rate
of the basal planes [VALLO6]. Consequently, dynamic recovery originates from this
cross-slip of <a> dislocations, and it can contribute to this softening behavior [VALLO6].
The slower drop in the © indicates that the tilted c-axis of the ECAPed AZ31 sheets,
which is favorable for basal <a> slip, reduces the activation of prismatic <a> slip
[SUH16-1]. This is in agreement with the work hardening behavior of AM60 alloys pro-
cessed by hot rolling and ECAP [VALLO6] and DSR processed AZ31 sheets
[HUANOS].
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The activated {1012} <1011> tension twins are observed in the ECAPed AZ31 sheets.
In general, twinning occurs at the grain boundaries and then grows into the parent
grain. {1012} tension twin boundaries with the reorientation of the basal planes by ~86°
can act as barriers to dislocation motion and become a source of work hardening
[HUANOS]. A similar observation on twin-induced work hardening is also reported in
the existing studies. {1012} tension twinning induces strongly an increase in the work
hardening during deformation and leads to a larger uniform elongation [BOHLO7].
Therefore, the higher improved eu in the RD with ® = 110° can be attributed to higher
work hardening, which is resulted from the suppressed dynamic recovery and twin-
induced work hardening [SUH16-1].

6.4.3 Processing route

ECAP process enables a multiple repetition so that higher shear strain leads to further
development of the microstructure. Hereby, this technique provides variations by a
change of the sample orientation regarding the shear direction. Figure 6.19 presents
the influence of three processing routes on room temperature mechanical properties
of the ECAPed AZ31 sheets [SUH16-2]. The samples are processed at 225 °C with

@ =110°. Table 6.3 lists their corresponding tensile properties.
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Figure 6.19: Stress-strain curves at room temperature of ECAPed AZ31 sheets with

@® = 110° in terms of processing route: (a) 1% pass at 225 °C, (b) 2" pass on
route A, (c) route C, (d) route D [SUH16-2]
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Processing Tensile YS UTS & & r1o n

route direction [MPa] [MPa] [%] [%] [-] [-]

A RD 127 264 211 23.7 0.53 0.27
45° 142 261 20.7 26.6 1.14 0.22
TD 189 283 14.9 19.4 1.33 0.15

C RD 136 268 21.5 26.1 0.71 0.27
45° 146 260 204 26.7 1.17 0.21
TD 183 279 15.3 20.5 1.13 0.15

D RD 158 271 184 24.2 1.04 0.20
45° 149 264 20.6 28.6 1.23 0.22
TD 158 276 17.2 18.5 0.86 0.21

Table 6.3: Influence of processing route on room temperature mechanical properties of

ECAPed AZ31 sheets at 225 °C with @ = 110° [SUH16-2]

Figure 6.20 compares the tensile properties of three routes with those of the rolled
sheet. The YS on route A and C increases from the RD to the TD. Route A has the
lowest YS of 127 MPa in the RD and the highest YS of 189 MPa in the TD among all
cases. On route A, the YS is reduced by 33% in the RD and increased by ~10% in the
TD and 45°, respectively. On route C, the YS is almost identical with the first pass.
Route D has the YS in the RD and 45° comparable with the first pass, but the YS in
the TD is lowest among all cases. Consequently, route D has comparable YS in three

tensile directions. The variation in the UTS on three routes is negligible [SUH16-2].

There is much attention paid to the development of the eu. After the two ECAP passes,
the eu in the RD is improved by above 40% compared to the as-rolled condition. Route
C provides the highest €u in the RD among all samples, which is 21.5% and corre-
sponds to above 160% of the rolled sheet. The texture processed by route C shows
the lowest pole density and the broadest angular distribution of the basal poles across
the sheet plane (refer to section 6.3.3). This texture weakening and misorientation fa-
cilitates to accommodate the plastic deformation more easily along the RD. This is also
favorable for the deformation at 45°. That is, the more activated basal slip reduces the
YS and increases the eu in the RD and 45°. However, there is no difference of the €u in
the TD, because the considerable texture change occurs only in the RD. In a similar

manner, on route A, the eu in the RD is increased by 58% compared to the rolled sheet,
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but there is no development of the &4 in the TD. In this regard, the n-values in the RD

on route A and C are increased by 210% compared to the as-rolled sample, while the

n-values in the TD rather decrease to 87% of the rolled sheet. Furthermore, the rio in

the RD is smaller than in the TD on route A and C. The reason is that the thickness

strain can be accommodated more easily by the higher activation of basal <a> slip
during in-plane extension in the RD than in the TD [SUH16-2].
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Relative tensile properties of ECAPed AZ31 sheets at 225 °C with @ = 110°
in terms of processing route: (a) specimens parallel to PD (RD), (b) speci-
mens at 45° to PD (45°), (c) specimens transverse to PD (TD)

On the other hand, on route D, the gu in the RD, 45° and TD is 18.4, 20.6 and 17.2%,

respectively. Compared to the first pass, the eu in the RD is reduced slightly, but the &u

in the 45° and TD is enhanced by 6.7% and 17%, respectively. In a related develop-

ment, it is noticeable that the n-value in the TD is improved significantly only on route D,
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and hence the gu in the TD can be increased to a similar extent of the RD. Consequently,
the rio in three directions amounts to 1.04, 1.23 and 0.82, respectively. The rio close
to 1 indicates a quasi-isotropic cross-sectional contraction. On route D, the basal poles
are tilted and spread along the RD, TD and 45°. This facilitates the accommodation of
the thickness strain. For the above reasons, route D enables reducing the mechanical
anisotropy in the tensile directions, and thus allows a comparable hardening behavior
of the ECAPed sheet [SUH16-2].
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Figure 6.21.: Influence of processing route on work hardening behavior of ECAPed AZ31

sheets at 225 °C with @ = 110° in form of © vs. (0 - 0o.2) plot: (a) specimens
parallel to PD (RD), (b) specimens at 45° to PD (45°), (c) specimens trans-
verse to PD (TD) [SUH16-1]

Figure 6.21 shows the effect of the processing route on the work hardening behavior
of the ECAPed AZ31 sheets. In the RD, route A and C have a comparable hardening
behavior with the highest © and the lowest slope in stage Ill as presented in Fig-
ure 6.21 (a). Route D has rather lower values and faster drop in the © than that of the
single pass. This hardening behavior on route D results in the lower elongation in the
RD than route A and C. Regarding the slope of the curves, the suppressed dynamic
recovery on route A and C helps maintain a high hardening rate. This leads to low

sensitivity to the strain localization, and hence improves the eu [SUH16-1].

As described above, the texture altering and misorientation provide a more favorable
orientation for basal slip and tension twinning. Therefore, high work hardening capacity
and weakened texture enhance the ductility on route A and C. Figure 6.21 (b) depicts
that three routes and the first pass exhibit a comparable hardening behavior at 45° and
the © is higher than the rolled sheet. In the TD, the hardening rate on route D is much
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higher than other process conditions, while the hardening behavior of other conditions
is almost similar as presented in Figure 6.21 (c). Therefore, route D provides the high-
est euin the TD. This can be explained by the fact that the shear deformation along the
TD by ECAP induces the inclination of the basal poles as well as the activation of
{1012} tension twins in the TD. The restrained dynamic recovery and the twin-induced
work hardening result in the larger eu in the TD on route D. Consequently, route D
provides a comparable hardening behavior in three tensile directions, and hence al-
lows a quasi-isotropic hardening of the ECAPed AZ31 sheet at room temperature
[SUH16-1].

6.5 Influence of process parameters on cold formability

The channel angle and processing route make a significant contribution to developing
the microstructure and correlated mechanical behavior of the ECAPed AZ31 sheets.
Based on this, forming tests of a U-shaped channel and Nakajima tests are carried out
at room temperature with the AZ31 sheets, which are processed by ECAP at 225 °C
with the channel angles of 110° and 130° as well as on the processing routes A, C,
and D. The forming depths and forming limits are characterized and compared with the
emphasis on the effect of the channel angle and processing route on cold formability
of the ECAPed AZ31 sheets.

6.5.1 Channel angle

Figure 6.22 shows the effect of the channel angle on the U-channel forming at room
temperature of the AZ31 sheets, which are processed by ECAP at 225 °C with
® =110° and 130°. In the case of the rolled sheets, the strips cut parallel to the RD
and TD reach the forming depth of maximal 6 mm without cracking, because there is
no large difference of the gu in the RD and TD as listed in Table 6.1. On the contrary,
the forming depth at 45° is 7 mm without mechanical failure due to the higher e, than
in the RD and TD. When applying further higher forming depths, the U-shaped strips
show crack at the curvature, where a high degree of plastic deformation and thickness

reduction is required.



6 Results and Discussion 91
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Figure 6.22: Influence of channel angle on cold forming of U-shaped channel of rolled and

ECAPed AZ31 sheets at 225 °C with @ =110° and 130°: (a) strips parallel
to PD, (b) strips at 45° to PD, (c) strips transverse to PD

In the case of the ECAPed sheets, there is a quantitative improvement of the forming
depth in the RD and 45° with @ =110°, but no distinct development with ® = 130°.
Besides, both channel angles provides no noticeable enhancement in the TD. At
® =110°, both forming depths in the RD and 45° are 10 mm. This corresponds to an
improvement of 67 and 43% compared to the as-rolled condition, respectively. On the
other hand, the forming depth in both direction is just 7 mm with ® = 130°. In the strips
cut transverse to the PD (equal to the TD), the samples are deformed with the forming
depths of 7 and 6 mm at ® = 110° and 130°, respectively.

As predicted, this directional forming behavior at the U-shaped channel is in good
agreement with the results of the uniaxial tensile test at room temperature. Compared
to the rolled sheet, the higher forming depths of the ECAPed sheets can be attributed
to lower rio and higher n-value as described in Figure 6.23. As mentioned above, low
r-value and high n-value lead to the increase of sheet formability in Mg alloys [YI110].
Such an improvement in the formability can be expected for the ECAPed sheets due
to the inclination of the basal poles and weakened basal texture. This is in good agree-
ment with the results of Yukutake et al. [YUKUO3]. They reported that a hot-rolled AZ31
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thick plate with a favored texture for basal <a> slip exhibited a superior formability in
both deep drawing and stretch forming [YUKUOQ3].

Regarding the work hardening behavior, Figure 6.23 (a) presents that there is a distinct
increase in the nrp and nsse with @ =110° compared with the rolled sheet and
& =130°. Therefore, the n also increases with decreasing the channel angle. In this
context, it is confirmed that lower channel angle is considerably effective for increasing
the activity of basal <a> slip, and hence it enables the enhancement of the forming

properties of Mg sheets at room temperature.

In terms of the r-value, there is no difference of the rro and rss- between @ = 110° and
130° as depicted in Figure 6.23 (b). Compared to the rsse, the rro of ® = 110° is rather
increased, while the rrp of ® = 130° is reduced. Hence, the rrp of ® = 110° is around
50% higher than that of ® = 130°. Consequently, the r of ® = 110° and 130° is compa-
rably close to 1, but the absolute Ar of @ = 130° is almost three times higher than that
of ® =110° (0.46 vs. 0.18). However, the difference between the maximal and minimal
r-value at ® = 110° is rather higher than ® = 130° (0.71 vs. 0.59). Because the Ar is
conventionally devised with respect to earing behavior during deep drawing of cubic
metal sheets [BOHLOQ7], it is necessary to interpret the in-plane anisotropy in hexago-

nal materials differently.
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Figure 6.23: Comparison of n-value (a) and r-value (b) of rolled sheet and ECAPed AZ31
sheets at 225 °C with @ = 110° and 130°
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6.5.2 Processing route
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From the results of the tensile tests, it is predicted that route C provides the highest
forming depth in the RD and route D results in a comparable forming depth in three
directions at the U-shaped strips [SUH16-2]. These predicted results actually occur as
displayed in Figure 6.24. Since the cold formability at ® = 110° is better than ® = 130°,
the comparison of the forming depths focuses on the effect of the processing routes
on the ECAPed sheets with ® = 110°.

In the RD, route C deforms the strip with the highest forming depth of 15 mm, which is
150% higher than that of the rolled sheet (refer to Figure 6.25). On route A and D, it
corresponds to 13 and 10 mm, respectively. The forming depth of route D is equal to
that of the first pass. At 45°, the forming depth reaches 13 mm on route A and C. Route
D forms the strip with the forming depth of 11 mm. In the TD, route D makes the max-
imal forming depth of 10 mm, while the strip reaches up to 8 mm on route A and C. In
the RD and 45°, route A and C have the highest forming depth. On the contrary, route
D exhibits the maximum value in the TD among all cases. Consequently, route D pro-
vides a comparable formability with the forming depth of 10, 11 and 10 mm in three
directions. These results are in good agreement with the development of the gy and n-
value depending on different shear orientation as discussed above [SUH16-2].

Itis generally expected that high r-values tend to reduce the fracture around cup corner
and hence lead to higher limiting drawing ratios [LEE84]. Based on this, the rolled
sheet should have superior sheet formability. In Figure 6.26 (a), the r-values of the
rolled sheet are twice larger than those of route C in the RD. However, route C shows
more enhanced formability than the as-rolled sample. This indicates that high r-values
restrict the deformability in the thickness direction, which is the main limit of Mg alloy
sheets with a strong basal texture [SUH14]. Several studies show that Mg alloys with
random texture accompanying low plastic anisotropy are suitable for deep drawability
[CHENO7, YI10] and stretch formability [HUAN11, WU11]. Regarding r and Ar, the r on
three routes is comparably close to 1. On the contrary, route D has the absolute Ar,
even though route D exhibits a comparable forming behavior at room temperature.
However, the difference between the maximal and minimal r-value is lowest on route
D among all conditions [SUH16-2]. The results represent that the correlation of sheet
formability with r-value in Mg alloys should be interpreted in a different way [Y110].
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sheets at 225 °C with @ = 110° [SUH16-2]

Such a development of cold formability has been attributed mainly to low r-value and
high n-value induced by weakened texture [SUH14]. In this regard, the rolled AZ31
sheet has high r-value and low n-value. Therefore, the forming depths in three direc-
tions are lowest. In the case of ECAPed sheets, Figure 6.26 (b) shows that the nro is
highest on route A and C. The nss: is comparable on three routes. The no is highest
on route D, which is almost identical to nro and nas-. This is related with the comparable
work hardening behavior on route D as presented in Figure 6.21. Compared to the
rolled sheet, the n on route D is increased by 30% from 0.16 to 0.21. Although the n
on route A and C is 0.21, there is a large difference between the nro and nto on both
routes. The development of the forming depths shows a deep correlation with the n-
value. Particularly, it is confirmed that almost identical n-value and r-value in three
directions contribute to a comparable forming behavior on route D. Moreover, there is
an interrelationship between r-value and n-value in the ECAPed sheets. Low r-value
leads to high n-value, or inversely high n-value results in low r-value. In the RD, such
a relationship is observed obviously. This is correlated directly with the microstructure
development during ECAP [SUH16-2].
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Figure 6.27: Comparison of forming depths and forming limit strains of as-rolled condition
and route D regarding sample orientation: (a) comparison of z-displacement,
(b) comparison of forming limit strains [SUH16-2]

For a more general evaluation of the cold formability, the forming limit strains are de-
termined at room temperature using Nakajima tests. Before the comparison of the
forming limits, the forming depths (z-displacement) of three specimen geometries are
compared with respect to the sample orientation as depicted in Figure 6.27 (a). In the
case of the simple tension condition (w = 20 mm), the forming depths on route D in the
RD and TD are increased by 12 and 16% compared to the as-rolled sample, respec-

tively. In the case of w = 80 mm, the z-displacement is enhanced by 19% in the RD
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and particularly by 87% in the TD, respectively. Thus, both directions have a compa-
rable value. Under biaxial tension (w = 195 mm), route D shows an explicit develop-

ment of 74% compared to the as-rolled sample [SUH16-2].

In this connection, Figure 6.27 (b) presents that the forming limit strains on route D are
compared with those of the rolled AZ31 sheet regarding the specimen orientations (RD
and TD). As expected, both directions on route D have higher forming limit values than
those of the rolled sheet. In comparison of the as-rolled sample, at w = 20 mm, the €1
on route D is improved by 22% in the RD and by 21% in the TD, respectively. At
w = 80 mm, the €1 on route D is increased by 25% in the RD and especially by 90% in
the TD. Under biaxial extension, the €1 is improved significantly by 65% after ECAP on
route D [SUH16-2].

On route D, the forming limit strains in the RD and TD are in good agreement in the
stretch forming area (¢1 > 0 and €2 > 0). That is, the difference of the limit values be-
tween the RD and TD is reduced and their local instabilities are enhanced as compared
to the rolled sheet. Nevertheless, there is a substantial difference between the limit
strains in the deep drawing area (€1 > 0 and €2 < 0). In this area, the as-rolled sample
and route D exhibit much higher forming capacity in the RD than in the TD. This result
is not in an agreement with the tensile tests despite the enhanced hardening behavior
and the reduced mechanical anisotropy. For this reason, a microstructure analysis is
required to investigate the influence of the deformed microstructure on plastic instabil-
ity and crack initiation [SUH16-2].

Figure 6.28 presents the cross-sectional SEM images of the fracture surfaces on the
Nakajima specimens (w = 20 mm), which are deformed under uniaxial tension in the
RD and TD, respectively [SUH16-2]. In the rolled sheet, a brittle-like fracture is ob-
served with cleavage planes at tension in the RD, as shown in Figure 6.28 (a). After
the uniaxial loading in the TD, the fractured sample also has brittle fracture with large
shearing planes. Especially, large segregation particles are observed, which are
pointed by the white arrow in Figure 6.28 (b). They are identified as Mg oxides using
EDS. In the cross section, these impurities are aligned along the RD. This is charac-
teristic for twin-roll cast Mg strips [BOHL15].
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Figure 6.28: Cross-sectional SEM images of fractured Nakajima specimens with w = 20
mm: (a) and (c) for as-rolled condition, (b) and (d) for ECAPed sheet on route
D under tension along RD and TD, respectively (white arrow: impurities such
as Mg oxides) [SUH16-2]

On route D, the sample shows an improvement in the ductility of the ECAPed sheet at
tension in the RD. In Figure 6.28 (c), a substantial increase of dimples is observed on
the fracture surface, which are typical for ductile fracture [ANDO14]. On the other hand,
Figure 6.28 (d) presents that a brittle-type fracture occurs at the specimen deformed
in the TD. Here the impurities such as Mg oxides are also observed, which are elon-
gated along the RD. This is related with the crack initiation in a similar way to the rolled
sheet. Based on this fractographic analysis, it can be concluded that the casting defect
such as Mg oxide leads to the premature failure in the TD, resulting in an anisotropic
forming capacity in the RD and TD at the Nakajima tests [SUH16-2].

Furthermore, it is also necessary to explain the considerable increase of the forming
limit strain at biaxial stretching on route D [SUH16-2]. For this, the microscopic features
of the fracture surfaces are analyzed using EBSD. Figure 6.29 (a) describes the meas-
uring area of the fractured samples under biaxial extension (w = 195 mm). Special at-
tention is paid to the activated twinning modes near the fracture surface, because de-
formation twinning has a considerable influence on the fracture behavior of Mg alloys
[ANDO14]. In Figure 6.29 (b) and (C), the image quality (IQ) maps present the specific
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twinning modes near the fracture surface of the rolled sheet and route D. In the 1Q
maps, three twinning modes are observed, where {1012} tension twins are highlighted
in red, {1011} compression twins in yellow, and {1011}-{1012} double twins in green,

respectively. Table 6.4 lists the area fraction of each twinning mode [SUH16-2].

In the as-rolled sample, {1011}-{1012} double twins are activated with area fraction of
7.8%. The occurrence of double twins is related to crack initiation sites [ANDO14,
HARTG67, NIKN16, VICT14-2]. This twinning mode results from the increase in the re-
solved shear stresses on the basal slip systems. The crystal orientation induced by
double twinning accompanies severe shear deformation, which leads to early void nu-
cleation and transgranular fracture [VICT14-2]. In Figure 6.29 (b), double twins are
marked with the white arrow near micro cracks, particularly in the coarse grain with a
high volume of double twins. Victoria-Hernandez et al. [VICT14-2] reported the appear-
ance of coarse elongated grains and double twins in a hot-rolled AZ31 sheet. It was
found that pyramidal <c+a> slip, which also promotes the alignment of the c-axis nearly
parallel to the ND, is related with the formation of coarse grain structure. In the as-
rolled microstructure, the c-axis of most grains aligns predominantly parallel to the ND
of Mg sheet. Such a preferred orientation of a strong texture stimulates the activation
of {1011}-{1012} double twins under biaxial extension. At in-plane extension, compres-
sion is applied to the grain structure along the c-axis. This plays a role as the activation
load of double and compression twins. On the other hand, Figure 6.29 (c) depicts that
there is a drastic decrease in the fraction of double twins on route D (refer to Table 6.4).
One of the main reasons is that the c-axis of the ECAPed sheets is tilted towards the
PD. As a result, double twins and compression twins on route D are activated lower
than the rolled sheet under biaxial stretching. For this reason, this microstructural
change can enhance the ductility of the ECAPed sheets at room temperature. The
fractographic analysis explicitly indicates that the activation of {1011}-{1012} double
twins leads to premature failure in a macroscopically brittle manner. Therefore, the
prevention of double twinning is essential for enhancing the cold formability of Mg
sheets [SUH16-2].
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Figure 6.29: IQ maps on the fracture surfaces of Nakajima samples with w = 195 mm (bi-

axial tension): (a) measuring area, (b) rolled sheet and (c) ECAPed sheet on
route D [SUH16-2]

Twinning mode Rolled sheet [%] Route D [%]
{1012} tension twins 3.8 3.4
{1011} compression twins 1.4 0.2
{1011}-{1012} double twins 7.8 2.6
Table 6.4: Area fraction of microstructure consisting of {7012} tension, {1071} com-

pression and {1011}-{1072} double twins from IQ maps [SUH16-2]
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Figure 6.30: Comparison of forming limit curves at room temperature of as-rolled condi-

tion and route D with AZ31 sheet at 150 and 210 °C (thickness = 1.6 mm)
[REDEOQ9]
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For the estimation of a potential to industrial applications, Figure 6.30 compares the
FLC on route D with the FLCs of AZ31 sheet at 150 and 210 °C [REDEO09]. Despite
the improvement in the cold formability on route D, the forming limit strains on route D
are much lower than other two cases. However, this study has two engineering signif-
icances: the first is to enhance the mechanical and forming behavior at room temper-
ature of AZ31 sheet using ECAP, the second is to reduce the plastic anisotropy on the
new presented route D by imposing shear strain along the RD and TD in the sheet
plane. This knowledge can help apply ECAP to other Mg alloy sheets for the enhance-
ment of their sheet formability at room temperature.

In view of the results so far achieved, cold formability of the ECAPed AZ31 sheets
should be improved further coupled with microstructure and texture. To develop the
sheet formability at room temperature, alloys having small or negligible anisotropy
should be developed by suitable alloying elements and/or processing [SUH14]. That
is, alloys exhibit a broadened but symmetric distribution of basal poles in sheet plane
from the ND. Even though route D provides an almost isotropic hardening, the sheet
formability should be enhanced further to a similar extent of the elongation in the RD
on route C. The higher elongation in the RD on route C corresponds to its characteristic
texture as described above, where the basal poles spread extensively across the RD,
and hence the texture intensity is lowest. In this manner, the combination of route C
and D can result in a reduction of mechanical anisotropy as well as higher formability

at room temperature.
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7 Summary and Outlook

This present work contributes to a basic understanding for the application of ECAP
process to AZ31 Mg alloy sheets. For this, a novel tool is developed and AZ31 sheets
are processed successfully with the various process parameters: processing temper-
ature, channel angle and processing route. The microstructure and texture develop-
ment is investigated, and the resulting mechanical properties are analyzed with the
uniaxial tensile tests at room temperature. The enhanced cold formability is proven
using the forming tests of a U-shaped channel. Finally, the sheet formability is evalu-

ated and compared by the determination of the FLCs using Nakajima test.

First, a selectively heatable ECAP tool is developed for imposing shear strain on AZ31
sheets with dimensions 200 x 200 x 1.8 mm? at processing temperature up to 250 °C.
There is no pre-heating of the sheet for the minimization of energy consumption. The
locally heated tool components are segmented and adjusted so that the risk of unfa-
vorable buckling or transverse loading can be avoided regarding thermal expansion.
The temperature-induced changes in the dimensions and the positional accuracy are
ensured by the insulation of the heated tool components from the tool frame and guide.
The thermo-mechanical FE simulation demonstrates the functionality of the developed

tool concept. The experimental measurements confirm these simulation results.

The AZ31 sheets processed by ECAP are in an acceptable state of reliability and qual-
ity without mechanical failure. During ECAP, dislocation slip and twinning become ac-
tive at the intersection plane of the channel part. The area fraction of small grains in-
creases and the fraction of coarse grains decreases significantly. The as-ECAPed
samples exhibit a low pole density and a highly tilted texture component along the RD,
which originates from the activation of {1012} tension twins. The shear strain induced
by ECAP inclines the c-axis of the hcp structure, and hence {1012} tension twinning

can be easily accommodated by the tension along the c-axis.

After ECAP, hot straightening is performed at 200 °C for 30 min for the homogenization
and completely flat ECAPed sheets. These hot leveling conditions are determined by

the analysis of the microstructure stability in terms of the heat treatment temperature
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and duration. The texture is extremely strengthened again and an abnormal grain
growth is observed at 250 °C. This indicates that the fraction of the twinned microstruc-
ture has a low thermal stability, which can reduce a potential to tailor the microstructure
and texture of Mg-Al-Zn alloys. Regarding the homogenization and thermal stability of
the ECAPed samples, the temperature for the hot leveling is set as 200 °C. The bent
sheets are completely leveled after 30 min. The ECAPed samples and their material

characteristics indicate the hot-leveled state in the above-determined conditions.

As one of the easiest controllable parameters, the effect of the processing temperature
IS investigated first at 175, 200 and 225°°C. ECAP makes more homogeneous and
finer grain structure with increasing processing temperature. The average grain size at
225 °C is reduced from 15 to 8 um in comparison of the rolled sheet. Dynamic recrys-
tallization and texture weakening are observed after ECAP. Shear deformation makes
the basal planes inclined along the RD, which is parallel to the PD. In this context,
ECAP leads to a directional influence on the tensile properties at room temperature. In
the RD, the YS is decreased by 45-60 MPa. Particularly, the eu of the ECAPed sheet
at 225 °C is improved by 31% compared to the rolled sheet. This increase in the e, and
decrease in the YS along the RD have a direct correlation with the enhanced activation

of basal <a> slip.

After a single ECAP pass, the c-axis of many grains is obliquely aligned to the ECAP
direction. This makes the activation energy for basal slip low, because the tilted c-axis
is not parallel to the ND under in-plane extension. Therefore, the ECAPed microstruc-
ture has high Schmid factor, where grains orient to facilitate the activation of basal <a>
slip. The rotation of grains and the low CRSS promote the activity of basal <a> slip
during the tensile test. Consequently, higher eu and lower YS in the RD are observed
than in the TD. With respect to the rio, the larger tilt angle in the RD can also make
easier the accommodation of the thickness strain. For this reason, the rio in the RD is

lower than in the TD at three processing temperatures.

The channel angle (®) is the most significant factor that determines directly the amount
of the shear deformation in each pass. Higher shear deformation allows more refined

microstructure, higher tilting of basal planes and activation of tension twins in the as-
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ECAPed samples at 225 °C. In this context, the effect of higher shear deformation is
evident from the increase in the €4 in the RD with ® = 110°. The uniform elongation is
improved by 45 and 10% compared to the as-rolled condition and ® = 130°, respec-
tively. The higher improved eu in the RD with @ = 110° can be attributed to higher work
hardening, which is resulted from the suppressed dynamic recovery and twin-induced

work hardening.

ECAP enables a multiple repetition so that higher shear strain leads to further devel-
opment of the microstructure. This technique provides variations by a change of the
sample orientation regarding shear direction. In comparison of the single pass, more
homogenous microstructure develops through all three processing routes. Particularly,
route C has the smallest average grain size. The initial coarse grains are subjected to
repetitive deformations on the identical shear plane. This can leads to higher disloca-
tion accumulation in the shear bands, and hence promote dynamic recrystallization
process. On route C, the texture is weakened more markedly than the other routes and
the basal poles are distributed visibly broadly across the RD. Processing on route A
also leads to an increase in tendency for the basal poles to align along the RD. Pro-
cessing on route D makes an almost symmetrical texture formation in the RD and TD.
Particularly, the basal poles are rotated by ~15° towards 45° from the RD. This unique

texture evolution has a distinct effect on the mechanical anisotropy.

In this regard, route C provides the highest €. in the RD among all samples, but there
is no improvement of the eu in the TD. The suppressed dynamic recovery on route A
and C helps maintain a high hardening rate. This leads to low sensitivity to the strain
localization, and hence improves the gu. The texture altering and misorientation provide
a more favorable orientation for basal slip and tension twinning. Therefore, high work
hardening capacity and weakened texture enhance the ductility on route A and C. As
expected, route D provides a comparable elongation in three tensile directions. The
shear deformation along the TD induces the inclination of the basal planes as well as
the activation of tension twins in the TD. The restrained dynamic recovery and twin-
induced work hardening increase the eu in the TD to a similar extent of the RD and 45°.
Consequently, route D allows an almost isotropic hardening of the ECAPed AZ31

sheet at room temperature.
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In the forming tests of a U-shaped channel at room temperature, route C provides the
highest forming depth in the RD and route D results in a comparable forming depth at
the U-shaped strips. As predicted, this directional forming behavior at the U-shaped
channel is in good agreement with the results of the uniaxial tensile test at room tem-
perature. It is necessary to consider the correlation of sheet formability with r-values in
a different way than cubic metals. Even though the r-value of the rolled sheet is twice
larger than that of route C, route C exhibits a more enhanced forming behavior than
the rolled sheet. This development can be attributed mainly to low r-value and high n-
value induced by weakened texture in ECAP.

For a more general evaluation of the cold formability, the forming limit curves are de-
termined at room temperature using Nakajima tests. Route D exhibits higher forming
limit values than the as-rolled condition. The FLC in the RD and TD shows a good
agreement in the stretch forming area. However, there is still large difference of the
limit strains in the uniaxial tension area. Here, the rolled sheet and route D have much
higher forming capacity in the RD than in the TD. SEM investigations present that the
impurities such as Mg oxides make a contribution to brittle fracture behavior under
uniaxial tension in the TD. This results in an anisotropic forming capacity in the RD and
TD at the Nakajima tests. From the analysis of IQ maps, high activity of {1011}-{1012}
double twins leads to premature failure in the as-rolled sample under biaxial extension.
Microstructure and texture development induced by ECAP can reduce the formation
of double twins, and hence enhance the cold formability of AZ31 sheets. Despite the
improvement in the cold formability, the FLCs on route D are much lower than that of
AZ31 sheets at 150 and 210 °C However, this work is of central significance; pro-
cessing of AZ31 sheet by ECAP can enhance mechanical and forming behavior at

room temperature and reduce mechanical anisotropy.

Based on the results of ECAP process, the cold formability of the ECAPed AZ31 sheets
should be improved further coupled with microstructure and texture. One approach is
to strengthen the characteristic features of the routes C and D. In this manner, the
combination of route C and D can lead to the reduction of mechanical anisotropy as
well as higher formability at room temperature. Based on this, it can make application

of ECAP to other Mg alloys such as AZ61 and ZE10. It is also necessary to determine
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the limit value of the channel angle such as lower than 110°. Moreover, the forming
performance of ECAPed sheets can be evaluated by deep drawing tests with different
stamp geometries. This provides an evidence of the functionality for industry related
applications. Finally, it is essential to investigate the requirements and process condi-

tions for the mass production of ECAPed sheets in practice.
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9 Appendix
Code letter Element Code letter Element
A Aluminum M Manganese
B Bismuth N Nickel
C Cupper P Lead
D Cadmium Q Silber
E Rare earth R Chrome
F Iron S Silicon
G Magnesium T Tin
H Thorium w Yttrium
K Zircon Y Antimony
L Lithium z Zink
Table 9.1: Designation of alloying elements [ASTM B2705-05]
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Component Property Value Unit
Density 1.78 g/cm?®
Young’s modulus at 20 °C 44.7 GPa
Poisson’s ratio 0.29 -

AZ31 Mg alloy — :
Specific heat capacity 1040 J/kgK
Thermal conductivity at 20 °C 76.9 W/mK
Thermal expansion coefficient at 20 °C 2,68 10°K?
Density 2.0 glcm?®
Young’s modulus at 200 °C 180 GPa

Insulation ceramic Poisson’s ratio 0.3 -

KV® 3 — :

(heat protection plate) Specific heat capacity 400 J/IkgK
Thermal conductivity at 200 °C 0.3 W/mK
Thermal expansion coefficient 1.10 10°K*
Density 7.85 glcm?®
Young’s modulus at 20 °C 217.6 GPa

COId WOI‘k tOOI Steel Poisson’s raﬁo 0.3 -

K890 MC — :

(stamp) Specific heat capacity 450 J/kgK
Thermal conductivity at 20 °C 22.5 W/mK
Thermal expansion coefficient at 200 °C  1.10 10°K*
Density 7.6 glcm?®
Young’s modulus at 20 °C 217.6 GPa

Cold work tool steel Poisson’s ratio 0.3 -

K390 MC — :

(channel) Specific heat capacity 450 J/kgK
Thermal conductivity at 20 °C 21.5 W/mK
Thermal expansion coefficient at 200 °C ~ 1.07 10°K™*

Table 9.2: Physical properties of AZ31 sheet and tool materials for thermo-mechanical

FE simulation
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Determination of contact heat transfer coefficient

The heat transfer coefficient for the conduction between two materials is determined

as follows:

he = (9.1)

where hc is the overall heat transfer coefficient, L is the characteristic length and A is

the thermal conductivity.

Processing Tensile YS UTS & & rio n
temperature [°C] direction [MPa] [MPa] [%] [%0] [-] [-]
175 RD 139 274 16.4 174 0.44 0.19

TD 188 283 13.9 154 0.84 0.15
200 RD 143 271 18.4 23.3 0.56 0.21

TD 185 280 154 21.8 1.36 0.15
225 RD 142 268 19.3 24.4 0.74 0.22

TD 183 280 15.0 16.6 1.45 0.15

Table 9.3: Influence of processing temperature on room temperature mechanical prop-

erties of ECAPed AZ31 sheets with @ =110°

Processing Tensile YS uTsS & & rio n
route direction [MPa] [MPa] [%0] [%0] [-] [-]
A RD 132 260 19.7 23.7 0.60 0.22
TD 183 277 14.2 17.0 1.34 0.15
C RD 140 265 20.1 24.1 0.69 0.24
TD 184 277 14.2 17.4 1.26 0.15
D RD 158 269 17.3 23.2 1.01 0.18
TD 156 270 16.9 18.5 0.92 0.19
Table 9.4: Influence of processing route on room temperature mechanical properties of

ECAPed AZ31 sheets at 225 °C with @ = 130°





