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Abstract

Magnesium alloys offer tremendous weight saving potential in automotive
applications, owing to their significantly lower densities, and superior specific strength
and stiffness values, compared to traditional structural materials. However, the current
use of Mg alloys in the automotive industry, particularly in wrought form, such as forged
Mg alloy components, is rather low, owing to difficulties associated with forging them
under ambient conditions. These stem from an almost ideal hexagonal close packed
(HCP) crystal structure of the Mg lattice, which results in a lack of easily activated slip
systems for low temperature deformation, and also in anisotropic deformation along
and perpendicular to the c-axis of the HCP unit cell. Mg alloys also have a tendency
to develop sharp deformation textures, which aggravate the problem of anisotropy, as
well as make any subsequent deformation very difficult. High temperature deformation
can improve the formability, by activating higher order slip systems, as well as

promoting dynamic recrystallization (DRX).

The current research is part of a Natural Sciences and Engineering Research Council
of Canadadés Automotive Partnership Canada p
scale control arm for a Ford Fusion car using three potential Mg alloys: AZ31, AZ80
and ZK60. This research is experimental in nature and focuses on exploring the hot
deformation behaviour of cast and extruded AZ80 alloys under typical industrial forging
conditions. In particular, the role of the following process and material parameters are
explored: deformation conditions (temperatures of 300 1 400 °C, and strain rates of
0.001 71 0.1 s1), the presence or absence of precipitates during deformation, and the
processing history of the starting material (cast/extruded). Additionally, the hot
deformation behaviour of cast AZ31 and AZ80 alloys are compared to explore the role
of Al (in solid solution) on the deformation behavior of the AZ alloys. The hot
deformation behaviour was studied by conducting uniaxial compression tests done
using a GleebleE 3500 thermal-mechanical simulator available at the University of
Waterloo. Material characterization on undeformed and deformed samples was
performed using a variety of techniques, including: optical, and scanning electron
microscopy, energy dispersive X-ray spectroscopy, electron back scatter diffraction
microtexture analysis, X-ray diffraction (XRD) macrotexture analysis, and XRD phase

identification analysis.




The results indicate that DRX, through different mechanisms, took place under all
investigated deformation conditions in the AZ80 alloy. For deformation at 300 °C, DRX
took place via particle stimulated nucleation (PSN) at Mgi7Al12 lamellar discontinuous
precipitates, and via the grain boundary bulging mechanism. For deformation at 400
°C, the Mgi7Ali2 precipitates dissolved, and DRX took place through the grain
boundary bulging mechanism. DRX at 300 °C resulted in texture randomization, which
was attributed to its occurrence through the PSN mechanism, while at 400 °C, DRX
led to the preservation of the deformation texture. The DRX grain size was found to
be dependent on the deformation conditions (viz. the temperature and strain rate), but
not on the processing history of the starting material (cast/extruded), its starting
texture, initial grain size, or the deformation strain level. Deformation at lower
temperature/and or higher strain rates resulted in a finer DRX grain size, and a more
pronounced grain refinement of the microstructure relative to the as-received state. In
addition to DRX, continuous dynamic recrystallization (CDRX), via grain fragmentation

and recovery, also contributed to grain refinement for all deformation conditions.

The forgeability of various starting materials was judged in terms of their ability to forge
at high strain rates, without cracking, and development of a homogeneous and fine
grained microstructure, and a random texture, in them, as a result of deformation. In
this regards, extruded AZ80 was found to show all these desired features, except for
a random texture, for deformation at 400 °C, 0.1 s'. Cast AZ80, on the other hand,
showed cracking at higher strain rates, while cast AZ31, showed development of a

bimodal microstructure.
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Chapter 1: Introduction

1 Introduction

1.1 Magnesium alloys for lightweight automotive applications

Over the past few decades, greenhouse gas emissions, global warming, and climate
change have become some of the most important and challenging concerns in
Canada, and the world. Automotive exhaust gas emissions are one of the major
sources of greenhouse gases (mainly in the form of carbon dioxide, but also as nitrous
oxide and methane). As a result, various national governments and regulators have
come up with emission standards for the vehicles manufactured and operating in their
respective jurisdictions. The amount of exhaust gas emissions are directly related to
the fuel economy of the vehicle, and therefore these standards are typically
implemented in the form of minimum requirements on the fuel economy of the
vehicles, and are set in a graduated manner (increasing fuel economy requirements
for a model for every subsequent model year). An example is given here in Figure 1-1
(a) of the CAFE (Corporate Average Fuel Economy) Standards, which are the most
important standards the vehicles produced for sale in the United States must comply
by, and the targets set under it, for passenger cars and light trucks to 2025 [1].
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Figure 1-1 (a) CAFE Standards f o r vehicles wit[h, fob) pViehi clOe &g
economy as a function of its weight

A

A vehicl eds fuhemgohcdcontribwing tactar towards its fuel consumption,
with heavier vehicles having a lower fuel economy, and vice versa. Figure 1-1 (b)
represents this for a large amount of data, including cars, sport utility vehicles, and
light trucks (different model years). It is apparent that light weighing forms an important

near term solution we have at our disposal to improve the fuel efficiencies of vehicles.
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Chapter 1: Introduction

This has spurred research activities in lightweight component design for various
automotive applications worldwide. On one hand this has led to the development of
advanced high strength steels (AHSS) [2], and on the other, this has led to an interest
in the use of alternative lightweight materials, such as polymers, composites, and non-
ferrous alloys, among others, for various automotive applications [3]. Magnesium (Mg),
being the lightest structural material, is an important contender in this space. Some of
the desirable properties of Mg-based alloys include: high specific stiffness and
strength, good machinability, weldability, castability, vibration damping capacity, low
melting temperature and melting energy [4, 5]. Table 1-1 compares some of the
important mechanical properties of magnesium alloys, to alloys based on steels,
titanium and aluminum. Considering the data in the table, it is evident that Mg is a
viable alternative to the conventional heavier alloys for various structural automotive

applications.

Table 1-1 Comparison of the mechanical properties of some major structural metallic alloys

[6]

Units Steel Titanium | Aluminum |Magnesium
p Density glem?® 7.83 4.5 2.8 1.74
E Elastic Modulus MPa 210 110 70 45
Rm | Tensile Strength MPa 300-1200 | 910-1190 | 150-680 | 100-380
Rm/p | Specific Strength |  10° Nmmkg™ 38-153 202-264 54-243 57-218
Elp |Specific Stiffness| 10° Nmmkg™ 26.8 24 4 25 25.9
JR/p | Dent Resistance | 10° N>*mm’kg” 4.4 7.7 9.3 11.2
VElp | ShellStiffness (10’ N"’mm™ kg™ 76 10.6 14.7 20.4

It is worth mentioning that owing to their tremendous light weighing potential, Mg alloys
were already in use in various automotive components during the 1940s - 1970s, but
were not able to compete with the increasing performance requirements of the newer
generation vehicles, especially with regards to high temperature operation and
corrosion stability, and thereby went out of favour [7]. However, in recent years, a
renewed interest in Mg has led to the development of newer (high performance) alloys,
and better and more efficient fabrication processes. A growing number of automotive
parts are now manufactured using Mg-based alloys. Figure 1-2 shows a concept car,
with a range of Mg alloys based components and the respective weight savings
achieved (by replacing the original component with the Mg-based component) [8]. The

data in Figure 1-2 is from 2008, and the use of Mg in automobiles has grown
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significantly since then [7]. It is noteworthy that the North American automobile
industry has set for itself a target of using around 160 kg of Mg per vehicle by the year
2020 [9].

Steering wheel core:

Mg = 0.5 kg

Door inner: Steel = 1.4 kg .
Mg=5.4kg Wt reduction= 33% Steering column:

Engine: Al=8.2kg Mg =1.4 kg
Mg = 16kg Wt. reduction = 33% Steel =2.3 kg
Al=22kg WHt. reduction = 40%

. o
WHh. reduction = 22 to 70% Lift gate:

Mg =3.2 kg
Al=5Kkg
Wt. reduction = 42%

Car seat frame:

Mg = 1.8 kg
Instrument panel: Steel =5 kg .
Transfer case: Mg = 1.8 kg Wt. reduction = 64%
Mg =11.4 kg Steel = 15.6 kg
Steel = 15.6 kg WHt. reduction = 64%

Wt. reduction = 28%

Figure 1-2 A concept car, showing the use of Mg alloys in various automotive components,
and the resultant weight savings [8]

1.2 Forging of Mg alloys

With the multi-material vehicle architecture concept emerging in automotive design,
lightweight materials such as Mg are gaining increased attention as structural
materials. However, despite the many advantages that magnesium has from a weight
savings perspective, the use of magnesium in automotive applications is still very
limited. The vast majority of the Mg components are die-cast, which makes them
ineligible for high-performance structural applications because of their relatively poor
microstructure, and correspondingly poor structural properties [10, 11, 12, 13, 14, 15,
16, 17, 18]. Wrought processed alloys have superior microstructure and mechanical
properties [12], but the formability of Mg alloys itself is very low, particularly so at
temperatures lower than about 225 °C [19], which is attributed to few easy to activate
slip systems, anisotropy in deformation, and the development of strong textures (which
makes further deformation difficult) during deformation. These issues can generally be
mitigated by forging the material at elevated temperatures, which helps in the
activation of higher order slip systems, and also leads to the activation of the

microstructural restoration phenomena of dynamic recrystallization (DRX). Activation
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of DRX is very desirable as it restores the ductility of the material to a certain extent
[20], as well as can potentially cause texture randomization [21, 22, 23, 24], which
makes for a more isotropic deformation of the material, and can also results in lower

forging loads.

Together, these factors (i.e. activation of higher order slip systems and DRX), can
result in an enhanced forgeability of the material, which is defined in the present work
as the ability of the material to be deformed at high strain rates to large strains, without
showing any cracking, and development of a fine grained and homogeneous
microstructure, and a random texture distribution, as a result of deformation. A random
texture distribution provides for lower flow stress values and isotropic material flow
during the forging itself; while a homogeneous, fine grained, and crack free
microstructure is desirable for superior in-service performance of the forged part such
as its fatigue life [11, 12, 13, 14, 15, 16, 17, 18].

1.3 Overview of the current research

The current research is part of a Natural Sciences and Engineering Research Council
of Canadabdés Automoti ve Par t n grans. iThepproj€ca n a d a
includes the following industry and government partners: University of Waterloo (UW),
Multimatic Inc., Ford Motor Company, CenterLine (Windsor) Ltd, and
CanmetMATERIALS laboratory. The project aims to design and forge an industrial
scale control arm using Mg alloy that is slated for use in the Ford Fusion car. Three
commercially relevant magnesium alloys are examined throughout the project as
potential candidates and include: AZ31, AZ80 and ZK60, and a weight saving of at
least 35 wt.% over the benchmark component made using A356 aluminum alloy is
targeted. The current research investigates the hot deformation behaviour of the AZ80
alloy, with special emphasis on obtaining the flow stress data for a variety of
deformation conditions based on uniaxial compression tests, and studying how the
microstructure and texture of the material evolves with deformation temperature, strain
rate and strain. The flow stress data generated during this research was used as part
of a finite element model (FEM) that was developed by another student at the
University of Waterloo to simulate forging of magnesium. The microstructure and

texture results from this research also provide scientific insights into how deformation
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of magnesium occurs. These results also help us to determine the forgeability for each

magnesium alloy.
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2 Hot deformation behaviour of AZ alloys

2.1 Hot deformation fundamentals
2.1.1 Deformation modes

Magnesium (Mg) has a hexagonal closed packed crystal (HCP) structure. The
dominant deformation modes in Mg alloys are crystallographic slip and deformation
twinning [25, 26]. The major slip and twin systems in Mg alloys are presented in Figure
2-1 - Figure 2-3. With reference to Figure 2-1, the slip planes are highlighted in blue,
while the slip directions are marked by red arrows.

g

a <a> <a> <a>

(0002) {1010} {1011} {1122}
Basal Slip Prismatic Slip First order Second order
pyramidal slip pyramidal slip

Figure 2-1 Major slip systems in Mg alloys

Referring to Figure 2-1, basal, prismatic and first-order pyramidal slip systems have
slip directions along p gm direction ( A ), and have no slip component along
the A axis, and thereby cannot accommodate any deformation along it. These slip
systems provide a total of 4 independent slip modes (2 each for basal slip and
prismatic slip, while the slip through the first order pyramidal slip system is not
considered independent of these two former slip systems [27]). As such, none of these
slip systems, or any combination thereof, can provide for five independent slip modes,
required for a homogeneous deformation of a polycrystalline materialby t h e

criteria [28]. The second order pyramidal A A slip system, henceforth referred to
as the Py2 slip system, can accommodate deformation along the c-axis, and also
provides a total of 5 independent slip systems [27], and thereby its activation is of

special interest for an enhanced forgeability of the material.

Tayl or
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Deformation twinning is another major deformation mechanism for Mg alloys. Twinning
involves strain accommodation by rapid reorientation of part of the grain about a fixed
axis and amount (with respect to the non-twinned part of the same grain). This
misorientation angle and axis is characteristic of the particular twin system involved.
The major twin modes observed in Mg, are shown in Figure 2-2 and Figure 2-3. p Jq
tensile and p pp compression twins are named as such because the matrix
reorientation associated with them is such that it supports deformation only in tension
or compression along the c-axis, respectively [29, 30, 31]. p pp - p p¢ double
twinning involves p p¢ tensile twinning of a region that has already undergone
p mp compression twinning. The sequence of twinning, and the reorientations
involved, in p [p - p |E¢ double twinning, are schematically illustrated in Figure 2-3
[32, 33]. All these twins show a matrix reorientation about the pgp 1 axis, of ~ 86°,

56° and 38°, for tension twins, compression twins, and double twins, respectively [34].

Char. matrix
reorientation

Figure 2-2 Major twin systems in Mg alloys and the matrix reorientations associated with them:
@ ppc pmpp tension twin, (b) pEP P EC compression twin. Orange areas
represent prior grain, while the blue areas represent the twinned region. Adapted from [31]
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(@) (b) Formation of 37.5°
- —] {1011}-{1072}
L. 5ﬁmary[101 . — double twin
| 56.2° 56.2"
Secong‘vair:{lou} Secondary {1:?1n;atr‘zin
y {1072} twin
86.3° - 86.3°
o o
Twin-walled R N 37.5 6.2
grains formgd
e R | Matrix basal plain
37.5°
37.5 \

Figure 2-3 Schematic of occurrence of p mp - p ¢ double twinning in Mg [32, 33]

It is noteworthy that other than the Py2 slip system, deformation twinning can also
accommodate deformation along the c-axis. However, the role of twinning in
accommodating deformation is limited by the directional nature of twinning, as well as
limited strain accommodated by them [31]. In contrast, deformation through slip, does
not have any limitation on the strain that can be accommodated through it. Additionally,
twinning only provides additional %2 independent slip systems, owing to its polar nature
(i.e. unidirectional activation) [27], and Tayl or 6s <criteri a

slip system is not activated.

It is noteworthy that twins are also found to promote the occurrence of dynamic
recrystallization in the material [20, 33, 35, 36]. This is explained in more detail in

section 2.1.3.

2.1.2 Activation criteria for various deformation modes

A particular deformation mode becomes active when the value of the resolved shear
stress on that slip/twin system becomes greater than a critical value. This critical value,
also referred to as critical resolved shear stress (CRSS), is a characteristic of the
particular deformation mode. CRSS of Mg alloys has historically been determined
based on experiments using single crystals, with the test specimens oriented (with
respect to the loading direction) to activate single deformation mode in the crystal

-8-



Chapter 2: Hot deformation behaviour of AZ alloys

during the deformation. A comprehensive list of references for these studies can be
found in [37, 38, 39]. CRSS values for individual deformation modes show significant
variations among these different publications, and it is also found that the values from
single crystal experiments are very different from those determined for polycrystalline
material (of similar alloys), based on crystal plasticity simulations [38]. The latter can
be attributed to grain boundary effects in polycrystals [40], and to other effects

constituting additional hardening of individual deformation modes [38].

Recently Chapuis et al. determined the CRSS of various deformation modes in pure
Mg single crystals using plane strain compression tests, and reported values which
are very close to those published for a polycrystalline AZ31 sample [39, 41]. The CRSS
values, as a function of deformation temperature, from the study by Chapuis et al. are
presented in Figure 2-4. It is noteworthy that over the temperature range ~ 25 °C to
450 °C, CRSS for basal slip and p p¢ tensile twinning are found to be essentially

athermal, while those for other deformation modes decrease with increasing

temperature.
80
& m basal
70 A A prismatic
m pyramidal |l
60 {1012} .
e A{1071}
s 50 + {1013} ¥
=
= 40 ¢
g
30
(&)
.
20 L
A
10 : : -~ r Y
Ay : — _ "
25 150 250 350 450

Temperature (°C)

Figure 2-4 CRSS variation with temperature for different deformation modes in pure Mg single
crystals [39]

As can be seen from Figure 2-4, at lower temperatures, basal slip and tensile twinning
systems have by far the lowest CRSS values, and therefore form the dominant
deformation modes, while at higher temperatures the CRSS values for other

deformation modes fall rapidly, facilitating their activation. Of particular interest is the
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activation of Py2 slip system (because of its ability to provide five independent slip
modes). In their study, Chapuis et al. reported that for samples oriented for
compression along the c-axis, Py2 slip became the dominant deformation mode at
temperatures above 350 °C (and therefore the corresponding CRSS values in Figure
2-4 are only presented for temperatures of 350 °C and above). It is found that CRSS
of slip systems is sensitive to deformation strain rate, while that of twinning is not [39],
however suitable quantitative information in this regards is currently not available in
the literature. Higher twinning activity is reported to take place at higher deformation
strain rates [42, 43]. CRSS is also sensitive to the grain size, substitutional solid
solutioning, and presence of precipitates in the material. These are described in more

detail in section 2.2.1, 2.2.3, and 2.2.4.2, respectively.

2.1.3 Dynamic recrystallization

Dynamic recrystallization (DRX) refers to the phenomenon of nucleation and growth
of new stress-free grains in a material by the generation and movement of high angle
grain boundaries during deformation [26]. This conventional occurrence of
recrystallization is generally called discontinuous dynamic recrystallization (DDRX)
because nucleation and growth processes takes place only in localized regions in the
microstructure [26]. The driving force for DRX is the stored energy of excess
dislocations in the material. DRX nuclei gets generated in the material during
deformation as a result of recovery related processes, resulting in formation of cell and
subgrain structure in the material. This nuclei can grow (as a new grain) if there is a
mechanical driving force (owing to dislocation stress field, or grain boundary surface
tension), at a site of high strain energy (i.e. dislocation density, which provides driving
force for DRX) and orientation gradient (which provides for a boundary with high
mobility) [26, 44]. A defining feature of DRX is the movement of a high angle boundary,

which absorbs any excess dislocation density it encounters.

Generation of new grains in the material during deformation can also take place by the
rearrangement of dislocations into dislocation cells and subgrains. Further
deformation can lead these subgrain boundaries to migrate locally to coalesce and
develop into high angle grain boundaries [45], or alternatively, the development of high
angle grain boundary can take place through continuous absorption of dislocations

into the subgrain structure [46]. This mechanism of new grain formation involves a
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minimal movement of high angle boundaries and since it proceeds through continuous
absorption of dislocations in the subgrain structure during deformation, it is generally
referred to as continuous dynamic recrystallization (CDRX), to distinguish it from the
DDRX mechanism. It is noteworthy that CDRX is essentially a recovery phenomenon
[26]. Il n t he subsequent text, the terminology
recrystallization phenomena, i.e. DDRX, which results in a significant reduction of the
excess dislocation density in the material as a result of their absorption in moving high
angle grain boundaries, while recovery based continuous dynamic recrystallization is

referred to as ACDRXO.

Occurrence of DRX and CDRX in AZ alloys has been found to be associated with

certain microstructure features, and the same is reviewed briefly in the following:
1) Grain boundaries

Deformation strain incompatibility at the grain boundaries can result in the
development of dislocation pile ups, which create localized stress concentrations on

the grain boundary. These stresses can be relaxed in one of the two ways [31]:

i) Rearrangement of dislocations close to the grain boundaries into subgrain
structure. These subgrains can rotate (with respect to each other) with continued
deformation, followed by coalesce of adjacent low angle boundaries, resulting in
the formation of high angle boundaries. This is a type of CDRX mechanism, and
was first identified by lon et al. in Mg-0.8 wt.% Al alloy, and is commonly referred

to as rotational dynamic recrystallization (RDRX) mechanism [45].

i) Localized part of the grain boundary can itself move to consume the excess
dislocations [31]. This movement of grain boundary typically manifests in form of
grain boundary serrations and bulging. The bulged region eventually gets cut off
from the parent grain by development of a high angle boundary, resulting in
formation of a new recrystallized grain [47]. Since the new grain is formed behind
a moving grain boundary, which consumes away excess dislocations in the
material, the resultant grain is softer (than the non-recrystallized grains) and
deformation preferentially gets localized in it, resulting in its work hardening. The
bulged grain boundary continues to move until the work hardening rate balances

the driving force for growth, and this determines the DRX grain size of the material
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[48]. This mechanism is referred to as the grain boundary bulging mechanism,
and is a type of the DDRX mechanism. This mechanism is illustrated in in Figure
2-5 for ZK60 alloy deformed in uniaxial compression at 350 °C, at a strain rate of
2.8 x 102 s1 [47]. In the case shown, the bulged region gets separated from the

parent grain by the development of a low angle boundary.
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Figure 2-5 ZK60 alloy deformed in uniaxial compression at 350 °C, 2.8 x 102 s, to a strain of
12% [47]

2) Kink bands

Kink bands are intragranular features, and are finite bands of constant misorientation
with respect to the grain in which they occur [49]. They typically manifest in the
microstructure as bands of finite width and parallel edges, spanning the entire width
of the grain in which they occur. Their formation takes place due to activity of different
deformation modes in different regions of the same grain, which results in the
formation of orientation gradients within the grain. Criss-crossing of individual kink
bands leads to the formation of subgrains in the deforming material, which convert into
grains with progressive deformation, by continuous absorption of dislocations [46].
This is a type of the CDRX mechanism. Since this mechanism advances by
fragmentation of original grain by low angle boundaries, this is referred to as the grain
fragmentation mechanism in the subsequent text. It is noted that observing kink
bands necessitates the use of some misorientation based technique, such as the
EBSD. Figure 2-6 shows an example of extensive kink band formation in extruded
AZ31 alloy during hot compression at 400 °C, 0.003 s, which led to extensive CDRX
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in the material [46]. The mechanism has been reported in AZ61 and AZ91 alloys as
well [33, 50].

»
L

Compression axis

P
«

1120

T ‘ 0001 1010
16.00 um Kink band

Figure 2-6 Inverse pole figure map of extruded AZ31 deformed in uniaxial compression at 400
°C, 0.003 s, to a strain of 0.1. Thin white lines correspond to boundaries with misorientation
> 2° thin black line > 4° and thick black lines > 15°, respectively. Colors correspond to
crystallographic orientations indicated in the inverse pole figure. Some kink bands are marked
in the figure. N1-N3, and T1-T2 are not relevant for the present description. [46]

3) Second phase particles

Second phase particles (> 1um) are found to aid in DRX through a mechanism referred
to as the particle stimulated nucleation (PSN) mechanism [51]. Deformation strain
incompatibility near the particles leads to development of deformation heterogeneities.
These are highly misoriented regions with respect to the surrounding matrix, and also
show much higher dislocation densities, both of which are conducive for DRX [51].
Figure 2-7 shows an example for PSN at a cluster of coarse precipitate particles in a
Mg - 0.77 at.% Mn - 0.19 at.% Fe - 0.04 at.% Si alloy [52].
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Figure 2-7 PSN of multiple grains at a cluster of coarse precipitate particles in a Mg - 0.77
at.% Mn - 0.19 at.% Fe - 0.04 at.% Si alloy [52]

Work by Xu et al. [33] on PSN in cast AZ91 alloy show that deformation
heterogeneities take the form of kink bands in this material, which criss-cross each
other at higher deformation strains, leading to the development of a subgrain structure.
Further deformation leads to gradual absorption of dislocations by these subgrain
boundaries, increasing their misorientation, and eventually converting them into high
angle grain boundaries. This seems more like a CDRX type of mechanism, but it is
noted that other literature indicates that DRX through PSN can also involve movement

of the high angle boundaries [53].

An interesting aspect of DRX through PSN is that owing to large misorientation
gradients and multiple nucleation events associated with coarse particles, the DRXed
grains typically show a wide scatter in orientations with respect to the parent grains,
and thereby can potentially randomize the texture in the material [51]. Prior research
on high Al content AZ alloys (AZ61 and AZ91) indicate that PSN at coarse eutectic
Mga7Ali2 particles, and at lamellar discontinuous precipitates, results in DRX texture
randomization [22, 23, 24].

4) Shear bands

Shear bands refer to special features in the microstructure wherein the
crystallographic planes align themselves with the macroscopic shear plane, with easy
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slip taking place within these bands. In AZ alloys, clustering of p @p compression
twinsand p mp p |m¢ double twins play an important role in shear banding, owing
to easier basal slip in these twinned regions [54, 55]. Once a shear band is formed,
deformation becomes highly localized in it, resulting in macroscopically observable
strain softening with continued deformation. Owing to localization of deformation in the
shear zones, they are frequently associated with the occurrence of DRX [55, 56].
Alternatively, it is also found that RDRX (described earlier) can itself aid in formation
of shear bands in Mg alloys, [45]. More recently, Sun et al. have reported that a
preferential occurrence of DRX along certain directions (depending on the stress state)
can also eventually develop into a shear band, with continued deformation [57]. It is
noteworthy that shear bands are considered undesirable for bulk forgeability as
localization of deformation in them can lead to shear crack nucleation and fracture
[45].

5) Twins

DRX preferentially takes place at regions of high misorientations from surrounding
regions, and thereby, twin boundaries, and twin-twin and twin-grain boundary
intersections, are found to be among the preferred nucleation sites for DRX.
Additionally, the twinned region itself, in many cases, is found to be associated with
DRX (or CDRX). In this regards the following mechanisms are found to be relevant for

AZ alloys:
a. CDRX in the interior of p p¢ twinsand p pp - p P¢ double twins

Various authors have reported formation of new grains in AZ alloys within p 1g

tension twins [20], and p mp - p |¢ double twins [33], by initial development of a low
angle boundary structure within the twins (aided by basal slip), and its subsequent
conversion into high angle boundaries by progressive absorption of dislocations with
progressive deformation. Figure 2-8 illustrates this for an AZ91 alloy sample, deformed

in uniaxial compression at 300 °C, 0.2 s, to a strain of 5% [33].
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Boundaries:
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2°-15°
—15°-100

(c)

DRXed twin

Figure 2-8 DRX within twins by the CDRX mechanism in AZ91 alloy deformed in uniaxial
compression at 300 °C, 0.2 s, to a strain of 5% [33]

b. Twin-twin intersections and double-twinning

A high propensity of twinning during deformation at low temperatures and/or high
strain rates can result in mutual criss-crossing of twins, leading to formation of twin
walled grains. Additionally, double twinning also leads to formation of twin-walled

grains. These twin-walled grains can grow into the surrounding non-twinned matrix

region during further deformation, and thereby act as nuclei for DRX [35, 36].

In this research, the occurrence of DRX within twins, via either of the mechanisms
described above, is referred to as twin related DRX (or TDRX).

2.1.4 Deformation texture evolution

2.1.4.1 Texture sharpening

The grains in a deforming material tend to rotate as the deformation progresses,

leading to a change of the texture from the starting state. During twinning, the
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reorientation of the twinned region takes place rapidly with deformation strain, while
for crystallographic slip, the deforming region rotates gradually. The grain rotation due
to slip in uniaxial compression is always such that it tends to make the active slip plane
perpendicular to the applied loading direction [58]. This is shown schematically for the
occurrence of basal slip (which is the dominant slip mode in Mg alloys) in Figure 2-9.

Direction of
applied load

Progressive deformation

Figure 2-9 Grain rotation due to basal slip during deformation. Dashed lines represents the c-
axes of the HCP unit cells.

The rotation of the grains due to various slip and twinning based deformation modes
for compressive loading was investigated in detail by Agnew et al., for polycrystalline
pure Mg, and Mg-Li and Mg-Y based binary alloys (maximum of 5 wt.% alloying in
Mg), aided by crystal plasticity simulations [59]. Their main findings are summarised

in the following:

i) Basal slip and p pg tensile twinning reorients the grains so as to align their c-
axis parallel to the direction of the applied load. This results in a sharp basal texture
along the loading direction. Note that tensile twinning gets activated only if the c-
axis of the grain is approximately perpendicular to the compression direction, and
since tensile twinning reorients the twinned region by ~ 86°, it results in the
formation of basal texture.

i) Prismatic slip produces crystal rotation around the c-axis, without reorienting it.

i) Py2 slip accommodates deformation along both A and A axes. In

accommodating deformation along the A axis, it rotates the grains away from
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the A axis, which has the effect of splitting the basal texture developed along
the compression direction due to the occurrence of basal slip. The amount of this
split depends on the relative activity of Py2 slip and basal slip, with a higher activity

of Py2 slip resulting in a more pronounced split from an ideal basal texture.

It is noteworthy that multiple deformation modes can be active in a deforming material
(and even within the same grain) simultaneously, and the overall rotation of individual
grains is thereby affected by this. Since for low temperature deformation, the CRSS
for basal slip and tensile twinning is by far the lowest, and since both of them results
in the development of a basal texture along the compression direction, it is easy to see
why sharp basal textures typically develop during low temperature forging operations

(a type of compressive loading).

2.1.4.2 Texture weakening

A random texture is desirable for better formability of Mg alloys. This is because basal
slip, which has the lowest CRSS of any deformation mode, can be easily activated,
and also because a more random texture in the deforming material results in more
uniform deformation of the material. Previously it has been reported that a more
homogeneous patrtitioning of slip into multiple slip systems can result in a weakening
of the texture during deformation [60], and directly relates to the fact that a dominant
prevalence of a single deformation mode causes texture sharpening. Additionally,
DRX can result in texture randomization during deformation. In this regards, the

following studies are found to be of particular interest for the present research:

i) Backx, et al. tested extruded AZ31 rod in compression along the extrusion
direction, and showed that the DRXed grains had much weaker texture than the

non-DRXed grains [21]. Their results can be best summarized through Figure 2-10.
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Figure 2-10 1t 11 1T ROle plot of extruded AZ31 sample compressed along the prior extrusion
axis at 250 °C, 0.01 s to a strain of 0.2. Alignment closer to 0° indicate c-axis of grain being
approximately parallel to the compression direction [21].

ii)

The authors further reported that DRX texture randomization took place under all
investigated deformation conditions (200 °C1 300 °C, 0.001 s7 0.1 s%), however,
was more pronounced at higher deformation temperatures and/ or lower strain
rates. The authors reported that grain boundary bulging induced DDRX was the
operative DRX mechanism.

Works by Li et al. [22] and Xu et al. [23, 24] have shown DRX texture randomization
due to PSN at coarse eutectic MgizAliz particles, and Mgi7Ali2 lamellar
discontinuous precipitates, respectively, in AZ alloys. The role of Mgi7Ali2
precipitates on DRX behaviour of AZ alloys is described in more detail in section
2.2.4.2,

Grains recrystallizing (via CDRX) within the interiors of p |¢ twins were reported
to be randomly oriented with respect to compression direction for AZ31 alloy
deformed in uniaxial compression (c-axis lying in a range of 30-70° with respect to
the compression direction) [20]. It is noteworthy that CDRX by grain fragmentation
approach generally preserves the deformation texture [61].

2.2 Effect of material parameters on hot deformation behaviour

2.2.1 Grain size

It is found that the yield strength of polycrystalline metallic materials follows an inverse

dependence on its grain size, with a finer grained material requiring higher stress to

yield, compared to a coarser grained material of the same alloy. The underlying reason

for inverse dependence of flow stress on the grain size relates to the inverse
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dependence of stress required and the space available for dislocation sources to
operate. The dependence is traditionally captured through the well-known Hall-Petch

eqguation (equation 2.1), which is found to be applicable for the AZ alloys as well [62].
A kK E A7 (2.1)

In equation 2.1, A is a materials constant and corresponds to the stress required to
initiate dislocation motion in the material, E is the strengthening coefficient, 0
represents the yield stress, and d represents the effective grain diameter. It is
noteworthy that E is found to be dependent on the active deformation mode, among
other factors, such as, alloying content in the material, and its processing history (e.g.

rolling, extrusion, etc.) [62].

A more fundamental way of looking at the effect of grain size on the flow stress values
is through its effect on the CRSS values [63, 64]. This is shown in Figure 2-11 (a) for
deformation of pure Mg polycrystals at room temperature. The y-axis of the plot shows
the yield stress of the material, which also happens to represent the CRSS for
individual deformation modes, because of the way the experiments were designed
[63]. Considering the figure, different deformation modes have different Hall-Petch
slopes, k, with that of the prismatic slip being the highest. Though the corresponding
data for Py2 slip system is not included in Figure 2-11, Raeisinia et al. have shown
that its slope is slightly higher than that of the prismatic slip [65]. Difference in slopes
indicate that the sensitivity of CRSS to grain size for different deformation modes
varies, which results in variations in the relative ratios of CRSS of non-basal
deformation modes to that of the basal slip. This is shown for the data presented in

#233

Figure 2-11 (a) in Figure 2-11 (b), in terms of variation of #2373 and

#2383 : . o
# o 3 3 With grain size. The plot indicates that at very coarse

#233

grain size, the #9233 approaches that of the single crystals [38], while

with grain refinement it lowers substantially, indicating that it becomes progressively
easier to activate prismatic slip in the material with grain refinement (and likewise an
ease in the activation of Py2 slip with grain refinement is expected). Previous results
by Koike, et al. [40], on room temperature deformation of a fine grained AZ31 alloy
(initial grain size ~ 6.5 um), whereby the authors reported activity of Py2 slip near the
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grain boundaries, validates the prediction of these crystal plasticity based simulations.
It is noted that these studies on the effect of grain size on the CRSS values were
mainly limited to room temperature deformation, however, considering that Barnett et
al. have reported for AZ31 alloy that kup (with reference to equation 2.1) for slip and
twinning were different, at least till 200 °C [62], it is reasonable to assume that the
effect of grain size on CRSS for different deformation modes persist even for high

temperature deformation.
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Figure 2-11 Effect of grain size on the CRSS for various deformation modes in pure Mg

polycrystals for deformation at the room temperature: (a) Yield stress (indicative of CRSS in

the present case), (b) relative CRSS ratio (lower values indicate an ease in activation with

reference to the basal slip) [63]

Grain boundaries form a preferred nucleation site for DDRX to occur, and because of

t his, grain refinement, which increases the
volume, is found to enhance the DRX kinetics in the material [66, 67]. This is shown

in graph in Figure 2-12 for extruded AZ31 alloy [66].
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Figure 2-12 Effect of starting grain size on DRX fraction and DRX grain size in an extruded
AZ31 alloy deformed in uniaxial compression at 300 °C, 0.01 s to a strain of 0.5. Adapted
from [66].

The graph also shows the effect of initial grain size on the DRX grain size, whereby it
can be seen that the DRX grain size does not depend on the grain size of the starting
material. The finding is in line with prior work by Sellars on other materials, whereby
the author noted that the DRX grain size depends on deformation conditions
(temperature and strain rate), and not on the prior grain size or the deformation strain
level [68]. It is important to highlight here that few authors have reported for some AZ
alloys that a finer initial grain size results in a finer DRX grain size [67, 69]. Considering
this discrepancy, there is currently a lack of clarity regarding the effect of prior grain

size on the DRX grain size for these alloys.

2.2.2 Texture

Orientation of the grains determine the resolved shear stress acting on various
deformation modes, thereby controlling their activation and determining the flow stress
values during deformation [25]. Texture affects both strength and ductility of a material,
and various authors have extensively studied this relationship for various AZ alloys
[19, 70, 71]. A particularly noticeable way the effect of starting texture manifests is the
way the material flows during deformation. Various authors have reported for AZ alloys
that applying loads, which lead to asymmetric activation of various deformation modes

with respect to the loading axis, can result in preferred material flow in specific
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directions [42, 72, 73, 74]. Figure 2-13 shows such a situation when a (sharp textured)
extruded AZ31 plate was deformed in compression parallel and perpendicular to the
extrusion direction. The starting texture of the cylindrical compression test samples
(with respect to the loading direction) is also provided. It can be seen that deformation
of the sample for which the compression direction was symmetric with respect to the
starting texture resulted in symmetric shape (circular) of the final deformed sample
(Figure 2-13 (a)), while for the sample for which the starting texture was asymmetric
with respect to the compression direction, preferential material flow took place along
ND, resulting in an oval shaped cross-section (Figure 2-13 (b)). Material flow
anisotropy has also been reported for extruded AZ80 rod deformed in uniaxial

compression along and perpendicular to the prior compression axis [75].
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Figure 2-13 Effect of initial texture on material flow (a) symmetric distribution of the starting
texture results in a symmetric material flow during deformation, (b) asymmetric distribution of
starting texture with respect to compression direction (CD) results in a preferred material flow
along ND. Deformation was done using symmetrical cylindrical samples (with cylindrical axis
along the CD). CD: Compression direction, ND: Normal direction, TD: Transverse direction,
ED: Extrusion direction. Adapted from [42]

The starting texture was found to affect the DRX behaviour of the material as well.

Various authors have reported that the texture effect on DRX is based on the activation
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of different deformation mechanisms (i.e. the slip/twin systems) depending on the
starting texture of the material, with the overall result that DRX initiation and
propagation is favored for certain orientations more than others [61, 76, 77, 78, 79]. A
common observation from most of these studies is that DRX is promoted for starting
textures which promote multiple slip activity [61, 76, 79]. Of special importance is
activation of Py2 slip, since it offers 1) five independent slip systems, and also, 2)
owing to a high stacking fault energy on the Py2 slip plane (~ 452 mJ/m?), also promote
cross-slip and climb, both of which aid in DRX [79]. Additionally, it is reported that
starting texture also affects the DRX mechanism (including the possibility of CDRX) in
the material [79].

An example is given in Figure 2-14 regarding the effect of the starting texture on DRX
fraction and DRX grain size in a wrought AZ31 alloy deformed in plane strain
compression [77]. Z in Figure 2-14 refers to the Zener-Hollomon parameter, which is
a parameter that combines the effect of the deformation strain rate and temperature,
and is also sometimes referred to as the temperature corrected strain rate. Z is

calculated based on the following equation:

RZA QD 24 (2.2)

where Q refers to the activation energy of deformation, R is the universal gas constant,
while R and T represent the deformation strain rate and temperature, respectively.
Higher deformation temperatures and lower strain rates results in lower Z values, and

vice versa.

With regards to the Figure 2-14 (a), the author explained a lower DRX fraction in case
of the c-axis constraint samples to an ease in prismatic slip (i.e. prevalence of single
slip conditions). With regards to the DRX grain size (Figure 2-14 (b)), on the other
hand, the starting texture did not have any noticeable effect. In both cases (i.e. Figure
2-14 (a) and (b)) the sensitivity of DRX fraction and DRX grain size to the starting
texture is much less compared to that to the deformation conditions. Similar results
have been reported by other authors as well on low Al content AZ alloys [20, 45, 61,

77], while for high Al content AZ alloys, such studies are altogether lacking.
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Figure 2-14 Effect of starting texture on (a) DRX fraction, (b) DRX grain size. AZ31 alloy
deformed in plane strain compression, in temperature range of 300 °Ci 400 °C, and strain
rate range of 0.001 s* i 1 s. Adapted from [77]

2.2.3 Alloying

Alloying elements effect the deformation behaviour in both solid solution, as well as by
formation of secondary phases. The current section describes the effect of solid
solutioning on hot deformation behaviour of the Mg alloys, while the next section
describes the same for the effect of the precipitates. Since one of the objectives of the
present research is to compare hot deformation behaviours of AZ31 and AZ80 alloys,
which mainly differ in terms of the Al content, the literature specifically pertaining to Al

in Mg is explored in more detail in the following.

The alloying element induces misfit strains (due to its different atomic size) in the base
material, as well as alter the stacking fault energy on various crystallographic planes.
As such, the effect manifests in terms of varied activity of various slip systems. Some
authors have explored the effect of Al alloying in terms of its effect on the CRSS values
for various deformation modes [80, 81, 82]. Mahato has recently systemically studied
the effect of Al alloying in polycrystalline Mg, in arange of 0.2 7 5 wt.% Al content, and
temperatures ranging from -78 °C to 200 °C, on the deformation and recrystallization
behaviour of the binary Mg-Al alloys[82]. The aut hordés resul

of alloying on CRSS are presented in Figure 2-15. The results indicate that Al in Mg
increases the CRSS, with different deformation modes having different sensitivity to

the Al content. Based on the results presented in Figure 2-15, basal slip seems to be
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relatively insensitive to the Al content, although it is noteworthy that previously few
other authors have shown that for both single crystals, and polycrystalline material,

CRSS for basal slip increases with an increase in the Al content [80, 81].
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Figure 2-15 Effect of Al alloying in polycrystalline Mg on the CRSS for various deformation
modes at: (a) Room temperature, (b) 200 °C. Twinning referto p ¢ tensile twinning. X-axis
shows concentration of Al in square root of wt.% [82].

The alloying elements also have a tendency to segregate to the grain boundaries (in
order to reduce the misfit strainener gy ) , whi ch causes a draggin
movement (also referred to as solute drag) [83]. This reduces the mobility of the
boundaries, and thereby also affects the DRX behaviour of the material [82, 83]. This
aspect had, however, not been very systematically studied for the Mg-Al system until
very recently [82, 84]. Mahato studied the effect of Al content (in the range of 0.27 5
wt.%) in binary Mg-Al alloys [82], and reported that increasing the Al content in Mg
reduced both, DRX fraction, as well as the DRX grain size, and attributed this to an
increase in the solute drag pressure on the grain boundaries with an increased Al
content, which restricted the growth of the DRXed grains. For polycrystals oriented for
easy basal slip and deformation at 200 °C, the author reported that the DRX fraction
decreased from 70% to 10% on increasing the Al content in the material from 0.5to 5
wt.%, while at the same time, the DRX grain size got reduced from ~5 pm to ~ 1 pm.

Mahato did not investigate the role of alloying on the texture evolution.

Guo et al., on the other hand, compared the microstructure and texture evolution
during hot rolling of wrought AZ31, AZ61 and AZ91 alloys at 450 °C [84]. Similar to
Mahat ods wor k, t hey th BDRXgraih @zé with andnereaseandlee 1 n

Al content in the material (dborx. azs1 ~ 8 um, while dprx. aze1 ~ 2 um). It is noteworthy
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that that they attributed the finer DRX grain size in the AZ91 alloy to pining of the
boundaries of the DRXed grains by fine Mgi7Ali2 particles, that got dynamically
precipitated during the deformation itself (even at a high deformation temperature of
450 °C) [85]. As such, though the results seem comparable to those of Mahato, the
underlying reason behind the DRX grain refinement in the two cases is very different.
Guo et al. further reported a decrease in the twin/shear band activity in the material
with an increase in the Al content, and a change in the dominant twin type from
P TC p mEp double twins in AZ31 to mainly the p ¢ tension twins in the AZ91
alloy. The authors even investigated the effect of alloying on texture evolution, and
while their interpretation of the DRX texture results seem subjective, their work
conclusively established that the texture of the non-recrystallized grains was shaper
in the AZ91 alloy, compared to the AZ31 alloy, which they attributed to a lowering of

prismatic slip activity in the material with an increase in the Al content.

2.2.4 Precipitate state
2.2.4.1 Types of precipitates in AZ alloys

The current work focuses on the AZ80 magnesium alloy, so the precipitates relevant
to it are described in this section. The equilibrium phase diagram for this alloy is
presented in Figure 2-16. It shows that depending on the temperature, different
secondary phases can be pr esent-Mginatrixt lh
addition to these, some non-equilibrium phases involving Mg-Zn and Mg-Al-Zn
elements, are also reported in these alloys, since the material rarely shows an
equilibrium microstructure [86, 87, 88]. It is noteworthy that only the Mgi17Al12 phase
(al so known as the o phase) occurs in
morphology and distribution of Mgi7Al12 phase is also found to be amenable to heat
treatment in the usual heat treatment and hot working temperature regime of these
alloys (250 °C i 450 °C) [89, 90, 91, 92].
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Figure 2-16 Equilibrium phase fraction map of AZ80 alloy [93]

In AZ alloys 2-Mgai7Ali2 can occur in different morphologies. One type of morphology
is related to eutectic solidification after casting, while the other morphologies are
related to solid state phase transformation taking place during heat treatment. During
solid state phas e t r ans f-MgizAha phasencan poecipitate in various
morphologies: lath form, irregular slab form, lamellar form, globular form, and
intergranular form [89, 90, 92, 94, 95, 96]. The first two are forms of continuous
precipitates (CP), so called because they occur more or less uniformly throughout the
graindéds volume and are related to vol ume
three are forms of discontinuous precipitates (DP), so called because they nucleate
only at the grain boundaries, and their formation is aided by grain boundary diffusion
[90, 94]. Among DP, lamellar form and globular form are the dominant morphologies.
All these precipitate forms, except the lamellar form, are very fine (typically less than
1 um) [91, 92, 95]. Figure 2-17 shows some of the Mgi17Al12 precipitate morphologies

found relevant for the present work.
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Figure 2-17 Different Mgi17Al12 precipitate morphologies in AZ alloys: (a) DP in lamellar form,
(b) DP in ellipsoidal particle (globular) form, (c) CP in form of laths, and (d) CP in form of
irregular plates. (a) and (b) are for AZ80 [92], while (c) and (d) are for AZ91 [91].

Through extensive heat treatment studies on various Mg-Al and AZ alloys, various
authors have reported temperature windows where a particular type of precipitate is
dominant, and their results show that it is even possible to obtain only continuous or
discontinuous type of precipitates in the material by aging it under specific temperature
regimes [89, 90, 92, 96]. In addition to the CP and DP morphologies described above,
29-Mgi7Al12 is also found to precipitate in another form: as fine submicron sized
particles, during hot deformation itself, whereby the precipitation takes place at grain
boundaries and within grains [85]. This phenomenon is also referred to as dynamic
precipitation, since the precipitation is induced by deformation. Other authors have
reported this phenomena in other AZ alloys as well, including AZ81 [23, 69, 97].

2.2.4.2 Effect of precipitates on hot deformation behaviour

Shear-resistant (i.e. non-deformable) precipitates can block the movement of
dislocations on various slip/twin planes, and result in hardening of the deformation
modes by the Orowan strengthening mechanism [53]. The hardening effectively takes

place by an increase in the CRSS for various slip/twin modes (by differing amounts)
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and results in an alternation of their relative activities. This has been explored for
various Mg based alloys, including for AZ91, both experimentally (in some cases also
aided by crystal plasticity simulations) [98, 99, 100], as well as based on theoretical
calculations [98, 101, 102].

Precipitates, depending on their size, can also affect the recrystallization behaviour of
the material by either promoting DRX via PSN (for precipitates coarser than 1 um), or
by pinning the growth of the newly DRXed grains (for precipitates finer than 1 um) [51].
Prior literature on AZ91 alloy indicates that coarse eutectic Mgi7Ali2 particles lead
to PSN, as well as to DRX texture randomization [22, 33].

The role of CP and DP on DRX, however, is less clear, as only one research group
has previously reported on this, and their results are seemingly contradictory [23, 24].
In some research involving cast AZ91 alloy, Xu et al. showed clear evidence of DRX
taking place only in previously DP precipitated area, and not in the CP precipitated
area (shown in Figure 2-18 (a-c)), while in other research, their results indicate that
substantial amount of DRX took place even in the CP precipitated area (shown in
Figure 2-18 (d-f)). While the authors do not point out the apparent discrepancy, or
provide any explanation, it is noteworthy that the deformation conditions (i.e.
temperature and strain rate) in the two cases were very different, which could have

affected the deformation and recrystallization mechanisms in the material.
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Figure 2-18 (a-c) hot deformation of a cast-homogenized and pre-aged AZ91 sample at 300
°C, 0.2 s, showing the occurrence of DRX only in regions previously occupied by DP [24]; (d-
f) hot deformation of a cast-homogenized AZ91 sample at 400 °C, 0.2 s'1. At 400 °C, CP got
precipitated in the homogenized material during heating to and holding at the test temperature.
(e-f) shows extensive DRX occurred in the material in this case as well [23]. (a) and (d)
correspond to non-deformed samples, while (b, c, e, and f) correspond to deformed samples.
C and D in (b) and (c) refer to continuous precipitates and discontinuous precipitates,
respectively.

Second phase particles of size less than 1 um are generally associated with the grain
boundary pinning phenomenon. When a grain boundary comes in contact with a

particle, its effective boundary area is reduced, and hence its energy reduces.
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However, when the boundary moves (for grain growth), this grain boundary area
needs to be regenerated, thereby requiring energy, and therefore resulting in
generation of a drag force on movement the boundary [26]. This drag force is
commonly referred to as the Zener drag force. For spherical, uniformly distributed
particles, the Zener drag force is given by,

(2.3)

b I 2
Y

allle]

where,pri s t he Zener drgeig botindarycerergy, and f and Re hre
the volume fraction of the second phase patrticles, and their radius, respectively. The
negative sign implies a retarding force. Equation 2.3 suggests that a higher fraction of

particles with a lower particle size are more effective in pinning the grain boundaries.

Previous research on DRX in high Al content AZ alloys show that grain refinement is
promoted by pinning of the DRXed grains by fine Mgi17Al12 precipitate particles [23, 24,
33, 85, 97, 103]. Specifically, it is found that fine Mgi17Ali2 precipitates get distributed
at the boundaries of the newly recrystallized grains during deformation, and the
pinning effect caused by them restricts the growth of these grains, resulting in a finer
DRX grain size. Xu et al. have reported that these pinning precipitates are in size range
~0.3-0. 8 [2Hmandreported a DRX grainsizeof 0.2ile m i n mor e h
regions, whileof 2i5e m i n | es s p[B3h Rimitg of RXed grairss by fine
Mgi7Al12 precipitates can be seen in Figure 2-18 (c). Work by Guo et al. has shown
that these precipitates get dynamically precipitated directly in this morphology during
the hot deformation itself [85]. Additionally, shearing of large lamellar precipitates (i.e.
DP) during deformation and DRX might also contribute to formation of these fine

pinning precipitates as Xu et al. have proposed [33].
2.3 Effect of deformation parameters on hot deformation behaviour

2.3.1 Temperature and strain rate

Various studies on AZ alloys have established that the formability of the material is
enhanced at higher deformation temperatures and lower strain rates. While the role of

temperature is related to the lowering of CRSS for non-basal slip systems (especially

eavi

y

t he Py 2 slip) whi ch significantly enhances

deformation temperatures, the effect of strain rate is related to the time available for
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various microstructure  phenomenon like restoration process (recovery,
recrystallization), grain growth, and dynamic precipitation to take place. Also, higher
strain rates may not allow enough time for diffusion based deformation modes (i.e.
crystallographic slip) to accommodate the deformation fully, and thereby shear based
mechanisms (i.e. twinning) are promoted. Flow stress evolution (with deformation
strain) is found to be dependent on the Z values (i.e. the Zener-Hollomon parameter,
as defined in equation 2.2), with deformation at high Z values resulting in flow curves
with distinct work hardening and work softening regimes, while deformation at low Z

values resulting in more of a steady state flow stress curve throughout the deformation.

Hot deformation also promotes the occurrence of DRX in the material. The
deformation conditions are found to affect both, the DRX fraction, as well as the DRX
grain size. Results from Beer et al. for hot uniaxial compression of cast and extruded
AZ31 alloys are presented in Figure 2-19, and show the variation in DRX% and DRX
grain size with Z values (deformation temperature in the range of 300 °C i 450 °C,
and strain rates in the range of 0.01 s - 1 s) [67]. The results show that lowering the
Z value promotes occurrence of DRX, as well as increase the DRX grain size. Similar
results have been reported by other authors as well [20, 48, 77].
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Figure 2-19 Variation in (a) DRX ratio and (b) DRX grain size, with the Z parameter. Cast and
extruded AZ31 alloys deformed in uniaxial compression for temperatures in the range of 300
- 450 °C, and strain rates in the range of 0.01 i 1 s. For the data presented in the graphs,
DRXed grains were distinguished from the parent grains based on their size and shape [67].
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Change in deformation conditions can alter the mechanism by which DRX is taking
place in the material [35, 47, 48]. Figure 2-20 illustrates this for the case of hot
deformation of pure Mg [35]. As is evident, the DRX mechanism is strongly dependent
on the deformation conditions (in this case, the deformation temperature), as well as
the deformation strain level. The map also indicates that for certain conditions it is

possible for multiple DRX mechanism to be simultaneously active.
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Figure 2-20 Change of DRX mechanism with deformation conditions for deformation of pure
Mg. In area marked as |, DRX takes place via the twinning mechanism [35]

For high Al content AZ alloys, such studies investigating the role of deformation
conditions on DRX behaviour are comparatively few [22, 23, 24, 97], and leaves much
to be explored, particularly with regards to studying simultaneously, the evolution of

flow stress, microstructures and texture, with deformation conditions and strain.

2.3.2 Strain

DRX is a dynamic softening mechanism, which gets activated in the material to
compensate for work hardening and dislocation accumulation. The driving force for
DRX is the accumulated deformation energy [26]. As such, DRX is typically reported
to initiate only when there is already some critical buildup of deformation energy in the
material. Poliak and Jonas, based on principles of irreversible thermodynamics,
determined that DRX initiates in the material before the peak strain (i.e. the strain

corresponding to peak stress) is achieved, and this strain can be determined based
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on the inflection point in the wdrlk chuarwvedni
[104, 105]. Since then, many authors have successfully used this technique for various
materials, including Mg alloys, to determine the critical strain required to initiate DRX
in the material for various deformation conditions [106, 107, 108, 109, 110]. Some
studies reveal that DRX initiates approximately at some constant fraction of the peak
strain level, with many authors using a value of 0.8 times the peak strain as the critical
strain [111, 112], and the same has been found to be appropriate for the AZ31 alloy
as well [113]. After the initiation, DRX progresses rapidly to consume more of the
deformed microstructure, with the recrystallization kinetics typically captured by the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation [26, 108]. DRX grain size is
typically reported to be independent of the deformation strain level [48, 67, 114].

The results pertaining to evolution of DRX% and DRX grain size by Beer et al. in cast
and extruded AZ31 alloy deformed in uniaxial compression at 350 °C, 0.01 s, are

presented in Figure 2-21, and validate the above description [67].
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Figure 2-21 Progress of DRX with deformation strain for deformation of cast and extruded
AZ31 alloys at 350 °C, 0.01 s'': (a) DRX%, (b) DRX grain size. Lines are drawn to guide the
eye. For the data presented in the graphs, DRXed grains were distinguished from the parent
grains based on their size and shape [67]

The progress of DRX in the deforming material is also reflected in the evolution of the
flow stress curves. DDRX, owing to rapid absorption of dislocations by the moving
grain boundaries, results in a pronounced work softening following the peak flow stress

[48, 67, 115]. CDRX, on the other hand, being essentially a strong recovery
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phenomenon, with no drastic reduction in the dislocation density in the material

involved, typically results in a steady state flow stress curve [106, 116].

2.4 Summary

High Al content AZ alloys (in the range of ~ 6 - 9 wt.% Al), such as the AZ80 alloy, are
of special interest for structural applications since they show an optimum combination
of castability and forgeability, and are also amenable to heat treatment (based on the
Mgi7Al12 precipitates). However, most of our understanding on the hot deformation
behaviour of the AZ alloys is still based on research studies done primarily on the
AZ31 alloy as it is the most important alloy from a commercial perspective. In order to
be able to use AZ80 for industrial forging applications, we need to have a better
understanding of the starting material-forging process-final properties relationship.
Considering this, specific knowledge gaps in the literature have been identified and

summarized below:

1) The effect of deformation conditions on the hot deformation behaviour,
particularly with regard to DRX and texture evolution, has not be explored
systematically for AZ80 alloy.

2) The role different morphologies of Mgi7Ali2 precipitates play during hot
deformation of AZ alloys with a high aluminium content, such as AZ80 and
AZ91 is not clear.

3) The role of starting texture on the hot deformation behaviour, including on
microstructure evolution and DRX, and material flow anisotropy, have been
mainly explored for AZ31 alloy, while no comparable study exist for AZ alloys
with higher Al content.

4) Prior literature indicates that Al content in solid solution in Mg has a significant
effect on the hot deformation behaviour of the material, including on
microstructure evolution, dynamic recrystallization, and texture evolution. It is
therefore of interest to compare the hot deformation behaviour of the present
material being investigated (i.e. AZ80), with the most studied alloy in the same

alloy series, viz. AZ31.
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3 Objectives

The objective of the current research is to contribute to the fundamental level
knowledge on the thermomechanical behaviour of the AZ80 alloy, particularly in the
range of industrial forging conditions, and determine the conditions for which the
material shows an enhanced forgeability. To this end, the effect of the following
material and process parameters on the evolution of microstructure and texture in

conjunction with the associated material flow stress was studied in the present work:

1 Effect of deformation parameters
o0 Temperature (300 °C i 450 °C)
o Strainrate (0.001st7 1s?)
o Strain (up to 1.0)
1 Effect of Mgi7Al12 precipitates
i Effect of processing history of the starting material (cast vs extruded)

1 Effect of texture of the starting material

Additionally, it was of academic interest to compare the hot deformation behaviour of
the AZ80 alloy with that of the AZ31 alloy, so it has also been studied as part of the

present work.

The entire study has been designed such that the knowledge that is generated fills
some of the gaps in the current literature on the hot deformation behaviour of these
alloys, and perhaps, more importantly, experimentally measured data such as the flow
stress curves, as well as the scientific insights from the observed microstructure and
texture for each hot deformation condition, can be used to guide our decision making

in the APC project as to how best to forge this material.
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4 Methodology

This chapter describes the starting materials, and the experimental methodology and

techniques, used in the present work.

4.1 Starting materials

The materials used in the present work were commercial grade AZ31B and AZ80A-F
alloys, obtained from Magnesium Elektron North America Inc. The alloys are
henceforth referred to as AZ31 and AZ80, respectively. Cast alloys were obtained in
the form of billets (@ 300 mm x 500 mm), while the extruded alloy was obtained in the
form of rods (& 63.5 mm x 65 mm). The chemical composition of the starting materials

is reported in Table 4-1.

Table 4-1 Chemical composition (in wt.%) of the materials used in the present study, as
determined using SEM-EDX analysis

Al Mn Zn Mg

AZ31 (Cast)| 2.94 0.44 0.85 rest

AZ80 (Cast)| 8.45 0.22 0.46 rest

AZ80
(Extruded)

8.17 0.31 0.42 rest

Detailed characterization results on the starting materials are presented in the
following sections. It is noted that cast AZ alloys are prone to inverse segregation
during solidification [117], and also a change in microstructure (including grain size)
and texture is expected along the cast billet/extruded rod cross-section. Considering
these variations, the characterization (including chemical analysis in Table 4-1) was
performed on the as-received material in the same region from where samples for hot

deformation tests were machined. These locations are illustrated in Figure 4-10.

41.1 Cast AZ31

The microstructure of the as-cast AZ31 is presented in Figure 4-1 (a-b), and is a
dendritic microstructure, with a relatively coarse grain size of 483.7 +522e¢ m ( based
on the line intercept method using optical micrographs, as described in Appendix B).
The starting material also showed some porosity, which is a typical defect in the as-

cast microstructure.
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Figure 4-1 Microstructure of the as-cast AZ31 alloy: (a) and (b) are micrographs at low and
high magnifications, respectively.

Some precipitates can also be seen in the microstructure. Phase fraction maps
developed using FactSage® thermodynamic database (taken from a study on the
same alloy, recently published by some of my research group members [86]) were
used to estimate the composition of these precipitates. These maps are presented in
Figure 4-2, and indicate t h a-¥Mgi7Ali2 should be the dominant second phase in the
material. Additionally, precipitates based on Mg-Al-Zn, Mg-Zn and Mn-Al phases are

also likely to be present in some minor quantities.
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Figure 4-2 Phase fraction map of cast AZ31 alloy developed using FactSage® thermodynamic
database: (a) Scheil solidification condition (relevant to the as-cast material), and (b)
Equilibrium solidification condition [86]

These predictions from the phase fraction maps were verified by conducting scanning
electron microscopy - energy dispersive X-ray spectroscopy (SEM-EDX) and X-Ray

diffraction (XRD) phase identification analysis on the samples. The results of SEM-
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EDX are presented in Figure 4-3, in terms of elemental maps, and verify that phases
based on multiple constituents were indeed present in the material as precipitate
particles. The XRD phase identification results are presented in Appendix A, and
confrmt he pr es-dMmu@Ale phade indhe material. It is noteworthy that though
SEM-EDX and XRD phase identification techniques were used to ascertain the
presence of various alloying elements in the precipitates, they could not be used to
precisely determine the chemical composition of these precipitates (except f o -
Mgi7Ali2 phase, based on the XRD phase identification analysis) because of a
relatively high interaction volume of the incident beam (electrons or X-rays) with the

U-Mg matrix, and low precipitate content of phases other than 9-Mgi7Al12.

Figure 4-3 SEM micrograph of as-cast AZ31 alloy, and the corresponding EDX area maps
showing the distribution of the major alloying elements in the matrix and precipitates.

The macrotexture of the starting material is presented in terms of mmmgnd p pmn
pole figures (Figure 4-4). Because of the coarse grain size of the cast material, and
limited area scanned for the macrotexture determination, the texture is dominated by
a few coarse grains. However, since these grains seem to be randomly oriented with
respect to the casting direction (referring to pole figures in Figure 4-4), a random

texture distribution in the starting cast material can be inferred.
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Figure 4-4 XRD macrotexture of the as-cast AZ31 alloy. The unit of texture intensity is
AMul ti ples of RarRdDg Qriematiantiegend QD ii Gompregsidn direction,
RD 1 Radial direction.

4.1.2 Cast AZ80

The microstructure of the as-cast material is presented in Figure 4-5 (a-c). As in the
case of the cast AZ31 alloy, the microstructure is dendritic, and shows presence of
some porosity. The grain size of the as-received material was measured to be 311.3
+ 116.6 um. Scheil solidification phase fraction map (Figure 4-6 (a)) predicted a large
amount of 9-Mgi7Al12 phase and a minor amount of Mn-Al based phases, in the as-
cast state, both of whose presence was confirmed in the material using EDX (Figure
4-5 (c-d)). The corresponding XRD phase identification results are presented in
Appendix A. 9-Mgi7Al12 precipitates occurred in various morphologies in the as-cast
material i lath, intergranular and lamellar forms, as is evident from Figure 4-5 (b-c),

while Mn-Al based phases mainly occurred as irregularly shaped coarse particles.
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Figure 4-5 Microstructure of the as-cast AZ80 alloy: (a) and (b) Optical micrographs, (c) SEM
micrograph and (d) EDX peaks for the major secondary phases in the material. A: Mgi17Al12 in
lath form; B: Mgi7Al12> at grain boundaries in intergranular form; C: Mgi7Al12 in lamellar form;
D: Mn-Al based coarse precipitate particles.
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Figure 4-6 Phase fraction map of cast AZ80 alloy developed using FactSage® thermodynamic
database: (a) Scheil solidification condition, (b) equilibrium solidification condition
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The macrotexture of the starting material is presented in Figure 4-7, and shows a

random texture distribution.
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Figure 4-7 XRD macrotexture of the as-cast AZ80 alloy. The unit of texture intensity is
AMul tiples of R4MRDMPrEematientlegeind GO i Gompression direction,
RD i Radial direction.

4.1.3 Extruded AZ80

The micrograph of the as-extruded material is presented in Figure 4-8, and shows an
equiaxed, fully recrystallized microstructure, with an average grain size of 34.8 + 4.7
pm. The composition of the extruded AZ80 alloy was comparable to that of the cast
AZ80 alloy, and therefore similar secondary phases in it were expected, and also
verified using SEM-EDX and XRD phase identification analysis. The corresponding
SEM-EDX results are presented in Figure 4-8 (b), while the XRD phase identification
results are presented in Appendix A. It is noted that t Megi7Ala2 phase in the

extruded material was mainly present in lamellar and intergranular forms.
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Figure 4-8 Microstructure of the as-extruded AZ80 alloy: (a) Optical micrograph, (b) SEM

micrograph and EDX peaks for the major secondaryp hases i n t iMg/Amanaidyr i al

occurred in the lamellar and intergranular forms.

The macrotexture of the starting material is shown in Figure 4-9 and showed a typical
magnesium extrusion texture, with basal poles mainly aligning perpendicular to the
prior extrusion axis. Additionally, the current material also showed a minor basal peak
aligning parallel to the prior extrusion axis. The material is considered to show sharp

texture because of these preferential distributions of the basal poles.
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Figure 4-9 XRD macrotexture of the as-extruded AZ80 alloy. The unit of texture intensity is
AMul tiples of Rand a0rieration tegendbBEDt Extrusion divERtiDn, RD T
Radial direction.

4.2 Uniaxial hot compression tests

Hot deformation was studied by means of uniaxial compression tests. The particular
test method was chosen because of the symmetrical nature of the deformation
process, which helps in the interpretation of the texture results. The process also

efficiently simulates open die forging process, and the obtained flow stress data can
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be used for crystal plasticity and finite element modelling of more intricate closed-die
forgings. The following describes the sample geometry and the testing procedure for

the uniaxial compression tests.

4.2.1 Test sample geometry and their extraction scheme from the starting

materials

Uniaxial compression tests were conducted on cylindrical test samples of dimensions
@ 10 x 15 mm. The samples were extracted from the starting materials according to
the schematic shown in Figure 4-10. For the cast alloys, the longitudinal direction of
the test samples was kept parallel to the prior casting direction of the billet, while for
the extruded alloy, the samples were extracted with their longitudinal axis in two
orientations: one parallel to the prior extrusion direction (ED), and the other along the
prior radial direction (RD). The starting extruded material was sharply textured, and
extracting the samples from the starting extruded rod in two mutually perpendicular
orientations thereby facilitated studying the effect of starting texture on the deformation

behaviour of the material.

@ 44 mm
c @ 230—-280 mm S \ e &
o — 5 :
3 o B 4—. ED
o @ A : orientation
o c
RD
o : 2 @Cdr— .
= S orientation
0 — - i
8 - dE=)
As Cast billet Extruded rod

Figure 4-10 Sample extraction scheme from the as-received materials for hot compression
tests

4.2.2 Test apparatus and procedure

The tests were conducted using a Gleeblef 3500 thermal-mechanical simulator that
is available at the University of Waterloo. Gleeblef 3500 is a fully integrated hydraulic

servo system, can provide for up to 10 ton of tensile/compressive load, and allow for
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ram displacement rates of up to 1000 mm/s. It allows for flexible control of the
temperature and the ram displacement during the tests, and it is possible to do tests
at constant deformation temperatures and true strain rates. Additionally, it provides for

guenching of the deformed samples using various media, including air and water [118].

The compression test chamber of the Gleeblef 3500 is shown in Figure 4-11. A
compression test sample can be seen sitting between two hardened steel anvils
(sample is marked by a white arrow). Prior to the compression tests, the lateral
surfaces of the samples were sprayed with a graphite based lubricant, to reduce
friction and barrelling effects during deformation. The samples were heated at a rate
of 5 °C.s! to the test temperature, held for 60 seconds to equilibrize the temperature
t hroughout the samplebs vol ume, and The
Proportionali Integrali Derivative (PID) controller settings for the Gleeblef 3500 that
were used in the present work are presented in Appendix F. The samples were heated
during the tests via the Gleeble direct resistance heating technology, while the
temperature during the duration of the test was controlled via feedback from the
sample through two k-type thermocouples welded at its surface at the mid height level.
The temperature was controlled within £ 3 °C of the target test temperature in all the
cases except for deformation at the highest strain rate (viz. 1 st), where the
temperature controls were unablet o cope up with the r
temperature due to deformation heat, and a rise in temperature of up to 23° above the
desired test temperature was observed. After compressing the samples to the desired
strain level (upto a true strain of 1.0), they were immediately quenched in water (within
1 s the temperature of the samples fell below 80 °C, as determined using the data
from the thermocouples) to preserve their as-deformed microstructures. Load - stroke

data was collected during the tests and converted to true stress - true strain data.
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Figure 4-11 Compression test chamber of GleebleE 3500 thermal-mechanical simulator. The
sample is marked by a white arrow.

Samples were hot compressed for the test matrix presented in Table 4-2. It is noted
that detailed material characterization of the deformed samples for various studies

was done only on a subset of the test conditions presented in Table 4-2.

Table 4-2 Test matrix for uniaxial compression tests for various starting materials

300°C | 350 °C | 400 °C | 450 °C

1s™ N ) H® EHO0OO EHO
01s’' | MmO e moe¢e =mO

001s’'| m ® H® EHO¢ EHO

0001s'| = ® He mHoe¢e nO

W Cast AZ80 @ Extruded AZ80 € CastAz31

The process of converting the load-stroke data to the stress-strain curve is illustrated
in Figure 4-12, using the example of compression test data for extruded AZ80 alloy,

compressed along prior extrusion direction, at 400 °C, 0.1 s™. Initially, the load-stroke
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data is obtained from the machine (Figure 4-12 (a)), which is then converted into True

Stress-True Strain data (Figure 4-12 (b)) based on the following equations:

i Y 4.1
) (4.1)

K (4.2)

<

where, , is the initial length of the test samples (i.e. 15 mm), A is their initial diameter
(i.e. 10 mm), ¥, is the change in length of the sample due to deformation (which is a
negative value in compression tests) and is calculated from the stroke data, while
Force is the corresponding | oad value.

come out to be negative for compression tests, while the negative sign is dropped
when plotting the flow stress curves. It is noted that no corrections for temperature

change, and friction and barrelling effects, were made to the presented flow stress

data.
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Figure 4-12 Processing of the load-stroke data for analysis: Extruded AZ80 hot compressed
along the prior extrusion direction at 400 °C, 0.1 s**

4.3 Material Characterization
4.3.1 Metallographic sample preparation

The compressed samples were sectioned longitudinally along the compression axis
(Figure 4-13), cold mounted in epoxy, and prepared using standard metallographic
procedures [119]. Grinding was done using 400, 600, 800 and 1200 grit Silicon
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Carbide (SiC) papers manually on a hand grinder. Flowing water was used as the
lubricant for all the grinding steps, and after each step, the samples were washed with
soapy water. After the final grinding step, only uniform deformation lines on the sample
surface along the last grinding direction remained. Samples were washed in ultrasonic
ethanol bath for about 30 seconds before the subsequent polishing steps. Polishing
was performed on a rotatory disc Struers autopolisher using diamond pastes of 9 um,
3 um and 1 pum particle size, at loads of 10-20 N, and a polishing time of 5 min at 150
rpm. An ethanol-based lubricant was used for polishing at 9 um, while an oil-based
lubricant was used for polishing at 3 and 1 um. Samples were thoroughly cleaned after
each polishing step using soap water and ultrasonic ethanol bath. Final polishing was
performed using a 0.05 pum colloidal silica solution (50% diluted) at 5-10 N for 30-60 s
at 150 rpm. Distilled water was used as the lubricant, and samples were immediately
washed under flowing water following the polishing in order to avoid chemical reaction
between colloidal silica and the sample surface. The final polished sample was
cleaned in an ultrasonic ethanol bath, and dried. Samples for electron backscatter
diffraction (EBSD) were further polished chemically using a 10 vol.% Nital solution for
30-60 seconds using cotton balls. It is noteworthy that concentrated Nital solution is
unstable and needs to be diluted below 5 vol.%, in case if it is unused, or below 2.5
vol.%, in case it has already been used for polishing purposes, for storage/disposal.
Samples for optical microscopy and scanning electron microscopy (SEM) were
etched. For AZ80, a solution of 90 ml ethanol, 10 ml acetic acid, and 5 g picric acid
was used, while for AZ31, a solution of 70 ml ethanol, 10 ml water, 10 ml acetic acid,
and 4.2 g picric acid was used. It is noteworthy that picric acid is highly explosive when
dry, so caution must be exercised while preparing the etchant and storing it (especially
with regards to potential spills on the side of the glass storage bottles while pouring
out the etchant). Various microstructural analyses were performed on the central

region of the prepared section, unless otherwise specified in the text.
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Figure 4-13 Sectioning scheme of the compressed samples for metallography and
characterization

4.3.2 Microstructure analysis

The microstructures of the samples were examined using optical microscopy, SEM
and EBSD inverse pole figure (IPF) maps. Samples for optical and SEM microscopy
were etched to reveal the grain boundaries. In case of the EBSD IPF maps, grain
boundaries are defined by the analysis software (TSL OIM 8.0) based on the provided
grain tolerance angle (10° in the present work), which essentially defines the minimum
misorientation between two adjoining pixels in the map, above which a high angle
boundary is considered to be present between them. It is noted that using a specific
misorientation limit (i.e. the grain tolerance angle) to define the high angle boundary
is subjective, with different authors choosing typically either 10° or 15°. In either case,
the basic idea is to have a conformity between the optical microstructures and the
microstructures developed based on the misorientation data. Reducing this
misorientation limit will result in under prediction of the actual grain size values, while

using a higher misorientation limit will result in its over prediction.

Optical microscopy was done using an Olympus microscope, and micrographs were
obtained at 50x to 1000x magnifications. SEM was done using two different
equipment: 1) FEI Nova NanoSEM-650 and 2) FEI Quanta field-emission-gun 250
Environmental SEM. An operating voltage of 20 kV was used in each case.
Micrographs were taken in both secondary electrons (SEs), and backscatter electrons
(BSEs) mode, and for magnifications ranging from 200x to 8000x. EBSD was done at
CanmetMaterials, Hamilton, ON, while SEM was done at both CanmetMaterials,
Hamilton, ON (using the Nova NanoSEM-650), and the University of Waterloo at the
WATLab (using the Quanta field-emission-gun 250 Environmental SEM).
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4.3.3 Second phase chemical characterization

The starting materials and deformed materials both showed the presence of different
precipitates in the microstructure, which were analyzed using a combination of various

characterization techniques as described in the following.

4.3.3.1 Thermodynamic calculations

Thermodynamic calculations were done using FactSage® thermodynamic database to
develop phase diagrams and phase fraction maps. These were used to predict the
phases developed in the material under various conditions, including during Scheil
solidification, and equilibrium solidification conditions.

4.3.3.2 Energy dispersive X-ray spectroscopy (EDX)

EDX analysis is done in conjunction with a focused electron source, such as a SEM,
whereby focused electron beam on a targeted area causes emission of characteristic
X-rays from individual chemical elements in the material in that area, which are then
captured using an EDX detector. These characteristic X-rays are used to reveal the
identity of the underlying chemical constituents present in the targeted microstructural
feature (e.g. in a precipitate). It is even possible to determine the precise chemical
composition of the phase based on the relative intensities of the emitted X-rays from
different elements making up that phase. It is noteworthy that a precise determination
of the composition in this manner requires that the incident electron beam is localized
to the targeted phase only, such that the beam do not cause emission of X-rays from

the surrounding phases as well.

In the present work, EDX data was collected using two equipment: 1) an FEI Nova
NanoSEM-650 (FEG-SEM), equipped with an EDAX EDX detector, and 2) an FEI
Quanta field-emission-gun 250 Environmental SEM (FEG-ESEM), equipped with an
Oxford Systems EDX detector. An operating voltage of 20 kV was used in each case.
The distribution of alloying elements in matrix and precipitates was determined based
on area scan, spot scan, and in few cases, elemental distribution maps were also
created. The precipitates were generally observed to be too small to be accurately
characterized using EDX because of a relatively large interaction volume of the
incident electron beam, and therefore the utility of EDX in the present work was limited

to identifying the different chemical elements present in the individual precipitates.
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4.3.3.3 X-ray diffraction (XRD) phase identification

Similar to EDX, XRD can be used for chemical analysis. The technique differs from

EDX on three major counts:

1)

2)

3)

Incitation of the target material (whose chemical characterization needs to be
done) is through X-rays, instead of electron beam used in EDX

In the case of XRD phase identification, the signals are produced due to
diffraction of incident X-rays from individual crystallographic planes, based on
the crystal structure of the target material and the Bragg diffraction condition.
In the case of EDX, on the other hand, the characteristic X-ray signal is
produced due to a jump of electrons in the inner shells of the individual
elements.

In case of XRD phase identification, the chemical compound (as opposed to
elements in a compound), and the phase in which it occurs, is identified based
on the position and nature of its diffraction peaks. In the case of EDX, on the
other hand, the individual chemical elements within a compound are identified
(though as described earlier it is possible to identify the compound by

determining its chemical formula).

It is noted that using XRD to identify precipitates in the material require them to be

present in sufficient quantity (> 3 vol.%) so that their diffraction signals are at least

reasonably stronger than the background noise level. In the present work, only

Mgi7Al12 occurred in any substantial content to be identifiable using the XRD phase

identification technique.
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Figure 4-14 Test setup inside Bruker D8-Discover XRD machine used in the present work

In the present work, the XRD macrotexture measurements were performed using a

Bruker D8-Discover machine, equipped with a VANTEC-500 area detector, using Cu

Koradi ation at 40 kV and 40 mA. A collimator
setup is shown in Figure 4-14. The diffraction data for phase identification for individual

sampl es was col |l ect2fd viam y d202d f0mwitina step sizet h

of 15° (note that an area detector was used, which collected data at a resolution of
0.005°foraspreadofN1 2. 5A at e aocd@ameaduremengtimeof 60 s/ step.

Afterward, the data was plotted in terms o f i nt e n¥iploty, and peak®8 d X
corr es p o nMgiphage, andMgidAli2 phase were manually identified (based on

literature values) and labelled.

4.3.4 Texture analysis

The texture of the samples was measured using both X-Ray diffraction (XRD), for
macro texture analysis, as well as electron back scatter diffraction (EBSD), for

microtexture analysis.

4.3.4.1 Macrotexture measurements

Texture measurements using XRD involve incidence of monochromatic X-rays on a

polished sample surface, while the sample is rotated with respect to the incident X-ray

beam in a controlled way, and the diffracted rays from the atomic planes near the

suface( based on Braggo6s diffracti on abeteaqr, on t
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and mapped with the orientation of the sample with respect to the global coordinate
system. The data is later post-processed, based on standard mathematical
procedures (typically done automatically by custom software these days), and
analyzed in terms of Pole Figures (PFs), Inverse Pole Figures (IPFs), or Orientation
Distribution Functions (ODFs).

In the present research, the same XRD setup, as is described in section 4.3.3.3, was
used. For collecting an adequate grain statistics, an area of ~ 1.5 x 2.5 mm was

scanned for each sample. The incident beam and the detector were placed at a fixed

2d angle of 40A for t escanuthesamplewastited betveent s .

0° and 75°, with a step of 15° (note that an area detector was used, SO measurements
at even finer step sizes were not required). F ogcan, ithe sample was rotated
between 0° and 360°, with a step size of 5°. Measurements were performed for 20
seconds at each orientation. Afterward, the diffraction data was processed using
DIFFRAC.Suite:Texture software to calculate the completed pole figures. The texture
results are presented and analysed in terms of the 1t 1T 1T gOle figures. It is noted that
because of the nature of the technique, no separate calibration file, to define perfect

random texture, was required.

4.3.4.2 Microtexture measurements

EBSD measurements were conducted to obtain the microtexture of the samples. In
microtexture measurements, the orientation of each individual pixel in the
microstructure is determined (with respect to some fixed reference frame) by raster
scanning electron beam on the sample surface using a focused electron beam source,
such as a SEM [120]. The microtexture data is obtained from the backscatter electrons
(BSE), which are typically released from the top few atomic layers (tens of nm
thickness)of t he sampl eds s ur fsaee.depd &anavnishehe
BSEs are emitted, a highly polished and un-etched sample surface is desirable for
generating good quality EBSD data. In order to maximize the collection of the BSEs,
the sample is positioned such that its surface normal is at 70° to the incident electron
beam. The data is obtained in the form of diffraction patterns (Kikuchi bands), which
are then converted into orientation maps based on a standard mathematical procedure

[120]. The current state of technology allows automatic acquisition of the data and
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conversion of the Kikuchi bands into orientation data. Data acquisition via EBSD (using

a SEM) is schematically presented in Figure 4-15.

objective
lens

diffraction elcon peam

pattern

‘.‘E ~205
\
)

\ interaction volume
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phosphor
screen

sample

beam-sample
cone of back-
scattered electrons

Figure 4-15 Schematic of EBSD data acquisition in a SEM [121]

For the current research, EBSD was done at Canmet Materials in Hamilton, ON, using
an EDAX EBSD detector, mounted to a FEI Nova NanoSEM-650 (FEG-SEM). An
operating voltage of 20 kV was used. EBSD scans on the starting materials were
performed using a step size of 4 um and 0.75 um, for the cast and extruded materials,
respectively. For the deformed samples, step sizes according to Table 4-3 were used.
The step sizes were based on preliminary DRX grain size calculations from the optical
micrographs, and were chosen so as to have a minimum of 16 measurements points
per grain. It is noted that the DRX grain size at 300 °C, 0.001 s, was low (~ 5.6 um),
and the microstructure showed substantial presence of Mgi7Ali2 precipitates, which
affected the indexing rate, and thereby, to be able to more accurately post-process the
raw scan data, a finer step size of 0.25 pm, and a minimum of 36 pixels per grain

(equivalent to a minimum grain size of 1.5 um) were used.

Table 4-3 Step size used for various deformation conditions

300 °C | 400 °C

01s™ 0.5 um

0.001 s 0.25 um | 0.75 pm
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Due to a relatively coarse grain size of the as-received cast material (compared to the
starting extruded material), a larger area needed to be scanned for the cast-deformed
samples, to be able to capture enough grains to produce statistically relevant results.
Details of the area scanned for cast and extruded-deformed samples at various strain
levels are provided in Figure 4-16. Note that for the sample deformed to the strain of
1.0, the scan area was limited to 0.75 x 0.6 mm even for the cast material, in order to
avoid an overlap of the scan area with the dead metal zone (refer to Figure 4-16 (c)
and (d)). As the results in later text show, hot deformation resulted in a considerable
grain refinement in both cast and extruded materials, and this relatively small scan

area was still found to adequately capture statistically relevant amount of data.

1 1
(@ £€=015 1) €=04 :
T ! !
1 1
! o |
c 0.75 mm ! 0.75mm !
£ S E O E ELNE
o s © 's — « I
- 1.5 mm® A 1.5mm® :
! i :
——— L ~12.9mm : : _
~1o0mm | e
+  CastAZ80—-400°C,0.1s1,e=1.0
- EBSD mapping |:| EBSD mapping area
i area for cast mt. for extruded mt.

Figure 4-16 Location and size of EBSD scan for cast and extruded compressed samples.
Sample size and the scan area are proportionally scaled. The dead metal zone location and
extent is a simple schematic (and not to scale) and just for illustrative purposes. The true
extent of the dead metal zone for one of the samples can be visualized from (d).

The scanned data was processed and analysed using TSL OIM 8.0 software. The data
was cleaned using standard data cleaning techniques [122]. This is illustrated through
Figure 4-17 and Figure 4-18 for an extruded AZ80 sample deformed at 400 °C, 0.1 s
1 to a strain of 1.0. Initially, based on Image Quality (IQ) map and distribution, it was
observed that areas with precipitates showed much lower 1Q values. Therefore, the
data pertaining to the precipitates could be filtered away from the data pertaining to
the actual grains, using a lower threshold on the 1Q values. For the case presented in

Figure 4-17, an 1Q value of 550 was found to be appropriate, though it should be noted
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that this value needs to be determined for individual samples on a case by case basis.
With reference to the shape of the precipitate particles in Figure 4-17 (b), the particles
appear more elongated along the vertical axis than they actually are, and is due to the
fact that some part of the matrix immediately below the precipitates (i.e. in negative y-
direction) fall under the shadow of the precipitates (generated because of the incident

electron beam), which results in lower IQ values in these regions.

Raw Data
IPF Map - ND

el

. N
45 um
I ———

1120

%
B
L

c . Pixels with
(c) | /\QPet m IQ<550 highlighted
3 up | 3 g
TDelete ; s,
2 ]data withl 3, ¢ “} .
2 11Q<550 | . L
2 ] '
1]
0 I ——t ——
0 s0b 1000 1500 2000
Image Quality

Figure 4-17 Identifying pixels associated with the precipitates in the microstructure. Data is of
extruded AZ80 sample, compressed along prior extrusion direction at 400 °C, 0.1 s, to a
strain of 1.0. CD, ND, and TD refer to Compression direction, Normal direction, and

Transverse direction, respectively.

Further data cleaning steps are illustrated in Figure 4-18. The objective was to
correctly index the mis-indexed and non-indexed points, but avoid over cleaning of the
data so as to introduce artifacts. With respect to the figure, the steps are in the
sequence (a) through (f). The data was cleaned using a standard Grain dilation

cleaning approach. For this purpose, a grain tolerance angle of 10° (to define the grain
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boundaries) and a minimum grain size of 16 pixels were used. After the grain dilation
cleaning step, a Kernel Average Misorientation (KAM) filter, with a maximum
misorientation of 10° and Kuwahara filtering using the 3' nearest neighbour, was used
to reduce the orientation noise, in order to correctly delineate the low angle boundaries
in the microstructure. This step is shown in Figure 4-18 (c) and (d). Afterward, the anti-
grains (i.e. clusters of still non-indexed neighbouring points in the data) were removed
(Figure 4-18 (e)). Subsequently, the orientation data was rotated with respect to the
horizontal axis, so as to make the colouring in the IPF map reflect the orientation of
the grains with respect to the compression direction (vertical). Grain boundaries and

low angle boundaries were superimposed on the resultant IPF map (Figure 4-18 (f)).
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Step 1: Raw data
IPF Map - ND

pe

cD
L—b 0
ND |

(b

Step

2: Grain dilation
TR

-

i 45'Um r— R s 3 9001 H - p— i
(c) . LAB map (2-10°) after Step 2y * (d) " Step 3: KAM smoothening 4|
1 qal-: "% !'" .5'.'..1' r 2 q& Sl ‘e ] QT%‘- 4 .’- .-- . 2. = » _-' ~ 1 .l' e ; 5 ".'
S _’, feee ; s T TR * pe t e ' Loy
‘i' - j-.’._ .".b {-A'_;_-‘.' I H o ' l“ e b /__,‘ N .-’ g.:" % . ‘ 5 i}
-Er__f."‘..--i':.;.- ! 37 Bl ff R -
A F RN s PR
2o ‘.-‘_' it i . s i 5 o LIREA é ' ..
5 2 gy e L S 8" - = ™o,
S e P . e &
‘fi.,* P S ) "5 ’ = e, P
I l...l." 'r &...‘ i .". .. u_ “ . - o L] 4 ‘- ...l:' .‘. .y? p
g, e s " TR . e
& - ._'.‘ ')'. .. e, - -:”/ !1
|{t’_‘;':-_k":c?_.~‘.' g e ) s d SR
e el r o * Ao 3.-3 B o]~ FA— '
T e HTW S
| e — - >
(e) Step 4: Removing antigrains (f) Step 5: Rotating orientation
- and plotting IPF Map - ND X data for IPF Map - CD and
with GB 4 including GBs and LABs
v:' ‘ . 3
P ND 1010 cD 1010
45 um ' 2 A_ 45um A-
. — ‘ 0001 1120 0001 1120

Figure 4-18 Preparing raw data for analysis. Cleaning steps are in sequence (a) through (f).
Data from Figure 4-17 is used after removing pixels with IQ < 550. Blue lines/points in (c) and
(d) are low angle boundaries (LABs) with misorientation of 2-10°. Black lines in (e) and (f) are
grain boundaries with misorientation greater than 10°, while blue lines and yellow lines are
LABs with misorientations of 2-5°, and 5-10°, respectively. CD, ND, and TD refer to
Compression direction, Normal direction, and Transverse direction, respectively.
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5 Results and Discussion

5.1 Typical flow stress curve

This section describes the analysis of a typical flow stress curve, by taking the example
of the flow curve of cast AZ80 alloy sample deformed at 300 °C, 0.001 s (Figure 5-1
(a)). The flow curve shows that the material experienced rapid work hardening during
the initial phase of deformation, reaching a peak stress, and subsequently showed
gradual softening to a steady state flow stress at higher strains. Characteristic strain
levels pertaining to the flow stress curve are also marked in the figure. With regards
to these strain levels, (t refers to the critical strain, and is the minimum strain that is
required to initiate DRX in the material; (b refers to the peak strain, which is the strain
required to achieve the peak in the flow stress curve; and Uss refers to the steady state
strain, which is the strain beyond which the material exhibits a steady state flow stress
value. It is noted that the flow curve presented in Figure 5-1 (a) shows slight increase
in the flow stress values at high strain levels (beyond the Uss marked in the figure).
The reason behind this is not known, but is likely related to an increase in the friction
at the contact between the sample surface and the anvils (due to an increase in the
contact area as a result of deformation). As mentioned earlier in the thesis, the flow
stress curves presented in the present thesis were not corrected for friction and

barrelling effects.

80 5 0 ;
70 = ] (\ \
] g 20 } Ep Ess
60 = ]
® o
[a - +
éSO ] _E,J- 40 ]
W & ]
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0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
(a) True Strain (b) True Strain

Figure 5-1 (a) Flow stress curve of the cast AZ80 sample deformed at 300 °C, 0.001 s, (b)
work hardening rate plot of the flow stress curve in (a). &, (b, Gs refer to critical strain, peak
strain, and steady state strain, respectively.
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This flow softening is typically attributed to the occurrence of DRX in the material [20,
67, 115, 123]. DRX initiates in the material at strains slightly lower than the peak strain,
and a value of - @z - is found to be reasonable for various metallic alloys,
including AZ31 [20, 113]. The peak strain (() and steady state strain ((ks) can be
identified based on a work hardening rate of O (illustrated in Figure 5-1 (b)). The work
hardening rate is determined by taking the derivative of the stress strain curve and
then plotting it as a function of strain. Work hardening rate curves also provide
information about the DRX kinetics in the material, with a more rapid work softening
rate following the peak strain typically indicating a faster DRX kinetics in the material
[106].

It is noted that under certain deformation conditions, the material showed virtually no
initial work hardening regime, and the peak strain closely coincided with the initiation
of the plastic flow in the material. It is not known if critical strain analysis, as described
above, is valid in such cases. Also, for such flow curves, it is difficult to determine the
derivative of the stress strain curve just prior to the peak stress, and as such the peak
is typically identified visually from the flow stress curve itself, while the corresponding

work hardening rate plots are drawn from peak strain onwards.

In the present work, microstructure and texture evolution with strain in various starting
materials, and for various deformation conditions, was studied by stopping the
compression tests at various strain levels: 0.15, 0.4 and 1.0. In all the cases, the lowest
tested strain of 0.15 was found to be higher than the corresponding ( values, and
therefore the deformed samples are expected to show at least some occurrence of
DRX in these samples. Additionally, in some cases, compression tests were also
conducted to a strain of 0.05, which fell below the critical strain for the DRX to occur,

in order to examine the microstructure just prior to the initiation of DRX in the material.

In the following sections, the effect of various deformation parameters, and material
related parameters, on the hot deformation behaviour of AZ80 alloy is explored

systematically.

-61 -



Chapter 5: Results and Discussion

5.2 Effect of temperature

This section explores the role of deformation temperature on the hot deformation
behaviour of cast AZ80 alloy. A temperature range of 300 °C to 400 °C was selected
for this study, which also marks the temperature range over which a transition from
Mg17Al12 precipitation in the material to its dissolution occurs (the transition point being
350 °C, based on the equilibrium phase fraction map presented in Figure 4-6). The
microstructure and texture results are presented only for deformation at the strain rate
of 0.001 s, and a strain of 1.0.

5.2.1 Flow stress curves

The flow stress curves at the strain rate of 0.001 s, and temperatures of 300 °C - 400
°C, are presented in Figure 5-2. The flow stress curve at 300 °C shows a clear work
hardening regime during the initial phase of deformation, followed by the achievement
of a distinct peak in flow stress, and eventually work softening, until a steady-state flow
stress value is reached. The flow curves shifted to lower stresses, as the deformation
temperature increased, which is attributed to both, a decrease in the CRSS on non-
basal slip systems, and also increasing DRX grain sizes at higher deformation
temperatures. Samples deformed at 350 °C and 400 °C showed very little to no initial
work hardening (before the peak), with the peak roughly coincided with the initiation
of the plastic flow in the material. With progressive deformation, the flow stress
decreased, and eventually reached a steady state at high strain levels. The strain to

reach the steady state decreased as the deformation temperature increased.
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Figure 5-2 Flow stress curves of the cast AZ80 samples deformed at a strain rate of 0.001 s
at different temperatures

The flow stress values can be used to determine the stress exponent, n (where €
pfa in, @ ), and the apparent activation energy (Q) of deformation, at various
temperatures, both of which relate to the active deformation mechanism in the material
at that temperature [47, 124, 125, 126].

In calculating the stress exponent, n, initially the m values were calculated at individual
temperatures by determining the slope of the best linear fitto & £€7°Qa €, "Qlots, for a
fixed strain, and averaging over all four strain rates (0.001 7 1 s). The average of m
values determined in this fashion for strains of 0.15, 0.4 and 1.0 was calculated, and
inverted to get the value of n (for that particular deformation temperature). The

calculated n values at different temperatures of interest are presented in Table 5-1.

Table 5-1 Calculated values of the stress exponent, n, at different deformation temperatures

300 °C | 350 °C | 400 °C
7.78 5.95 5.42

The Q values can be calculated using the following equation [71],

(5.1)
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where, R is the universal gas constant. Use of equation 5.1 is based on identifying the
deformation conditions which result in approximately overlapping flow stress curves.
Some such flow curves are presented in Figure 5-3 (a). Any pair of the curves from
Figure 5-3 (a) can be used in equation 5.1, which would give the Q value at the
average deformation temperature for the two curves. For example, considering the
curves (1) and (2) in Figure 5-3 (a), the Q determined using equation 5.1 corresponds
to a deformation temperature of 325 °C. The Q values calculated using equation 5.1
and the current experimental data are provided in Figure 5-3 (b). A dashed line
showing the best linear fit is also provided. Calculations indicate that the Q values
increased from about 123 kJ/mol at 300 °C, to about 174 kJ/mol at 400 °C, and are
pretty consistent with those reported earlier by Barnett on a wrought AZ31 alloy,
deformed under comparable deformation conditions (the corresponding data is also
included in Figure 5-3 (b)) [71].
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Figure 5-3 Apparent activation energy of deformation, Q: (a) Some of the flow stress curves
that coincided, and were used to determine the Q as a function of deformation temperature,
(b) Calculated values of Q as a function of deformation temperature. Data from [71] for AZ31
alloy is included for comparison. Also included is calculated activation energy values for
Friedel-Escaig (F-E) cross-slip mechanism. In (b), the dotted lines show the best linear fit to
the experimental data points.
Figure 5-3 (b) also includes a curve that shows the estimated value of the activation
energy of the Friedel-Escaig (F-E) cross-slip mechanism (which involves cross-slip of
& dislocations from the basal plane to the prismatic plane [47]), based on the
formula O ¢ X "Y71]. Previously Galiyev et al. have reported a transition in
deformation mechanism from cross-slip (by F-E mechanism) at intermediate

deformation temperatures (200 - 250 °C), involving a Q of 92 kJ/mol (Qr-e estimated
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at 106 kJ/mol, based on the equation provided above) and n of 7, to climb at higher
deformation temperatures (300 i 450 °C), involving a Q of 135 kJ/mol (Qr-e estimated
at 128-162 kJ/mol) and n of 5, for deformation of a cast-homogenized ZK60 alloy [47].
In the current work, it can be seen that for deformation at 300 °C, besides an n of 7,
which relates to the occurrence of cross-slip mechanism as reported by Galiyev et al.,

the Q value was also comparable to that of the F-E mechanism (Qdeformaton @ 1 2 3
kJ/mol, whileQred 128 kJ/ mol ), both of which strongl

slipof @ dislocations from basal planes to prismatic planes by the F-E mechanism
was the rate-controlling step. The Q data has been similarly interpreted previously by
Barnett et al. on wrought AZ31 alloy [71]. At higher temperatures, n was reduced to
about 5, while the Q value increased much above that of the F-E mechanism (Figure
5-3 (b)), suggesting a shift in deformation mechanism to climb controlled dislocation
creep [47]. Itis noteworthy that the above description should be treated as a qualitative
analysis only, based purely on the flow stress curves, as a precise analysis of the
deformation mechanism necessitates visualizing the dislocation structure in the
material, and is beyond the scope of the present research. It is also noted that the
calculated Q values at 300 °C are very close to that of volume self-diffusion in Mg (~
135 kJ/mol [127]), as well as to that of diffusion of Al in Mg (~ 143+10 kJ/mol [128]). It
was found in a separate analysis that solution treated cast AZ80 alloy in undeformed
state shows precipitation of (mainly) lath continuous precipitates during aging at 300
°C. The precipitation takes pl ace t hroughout the grai

diffusion of Al in Mg matrix. Since the activation energy of deformation at 300 °C, and

that for Al 6s diffusion in Mg, were found

this suggests that deformation and precipitation might be linked at 300 °C, however

the specifics were not investigated in this research.

5.2.2 Microstructure evolution

The micrographs of the samples deformed at 300 °C and 400 °C to a strain of 0.15
are presented in Figure 5-4. It can be seen that for deformation at 300 °C, Mgi7Al12
precipitates from the starting material mostly remained intact by this deformation level,
while for the sample deformed at 400 °C, the precipitates had already dissolved. The
latter observation is attributed to the fact that 400 °C falls in the solutionizing regime

of the alloy, and also some of our other results (presented in section 5.4.1) suggest
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that the deformation and DRX assisted in the dissolution of the Mgi7Al12 precipitates

at this temperature.

M917A|‘12 ppt. »
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Figure 5-4 Micrographs of the samples deformed to a strain of 0.15 at (a) 300 °C, and (b) 400
°C, and a strain rate of 0.001 s1. A considerable amount of Mg,7Al:» precipitates were present
in the material after deformation at 300 °C, while they were not present after deformation at
400 °C.

The mechanisms by which DRX took place at different deformation temperatures are
illustrated through the micrographs in Figure 5-5 and Figure 5-6. It was found that
deformation at 300 °C resulted in the occurrence of twinning at low strain levels, and
based on EBSD misorientation angle analysis, these twins were determined to be
almost exclusivelythe p m¢  p mp tensile twins. DRX was observed within some
of these twins (i.e. TDRX) at low strain levels, while samples deformed to a strain of
1.0, showed no presence of twins, which implied that twinning took place only during
the initial phase of deformation, and by higher strain levels, either those twins were
fully recrystallized, or alternately, entire grains in which twins were nucleated, were
fully twinned. At 300 °C, the material also showed DRX through particle stimulated
nucleation at lamellar discontinuous precipitates (DP), while lath continuous
precipitates were found to block the progress of the advancing DRX front into the non-
recrystallized regions. The effect of Mgi7Ali2 precipitates on the hot deformation
behaviour of cast AZ80 alloy is described in more detail in a separate section (section
5.5), while it is noted that the results are consistent with those reported previously on
cast AZ91 alloy [24]. DRX was also found to take place at the prior grain boundaries,
independently of the presence of precipitates. The results suggest a grain boundary
bulging mechanism for DRX at the prior grain boundaries, however, the same could
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not be ascertained owing to the very fine-grained and heavily precipitated nature of
the microstructure. For deformation at 400 °C, twinning did not occur, even at low
strain levels, and DRX only took place through the grain boundary bulging mechanism
(Figure 5-6). In addition to DRX as a grain refinement mechanism, continuous dynamic
recrystallization (CDRX), through kink banding and grain fragmentation in the material
during deformation, was also found to contribute to it at all temperatures. This is shown

in Figure 5-7.

Figure 5-5 Micrographs showing DRX mechanism for the cast AZ80 sample deformed at 300
°C, 0.001 s, to a strain of 0.15: (a) Particle stimulated nucleation (PSN) at lamellar
discontinuous precipitates (DP), (b) Grain boundary (GB) DRX, (c) A particularly intensely
twinned grain, also showing DRX within twins (i.e. TDRX), (d) Misorientation angle plot for the
entire scanned area (1.5 x 1.5 mm), developed using the EBSD data. CP refers to lath
continuous precipitates.
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