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ABSTRACT

Mg and Mg alloys are important materials in structural applications where light
weighting is important since the material exhibits an excellent strength to weight ratio
and has a lower density than alloys such as Al and Ti. The formation of these materials
requires thermomechanical processing during which the material undergoes
deformation and then subsequent annealing which leads to recrystallization and grain
growth. Both of these mechanisms have a significant influence on the cyclic stress-
strain response and the fatigue life during cyclic loading. Therefore, understanding the
influence of grain size and alloying on the microstructural evolution that occurs during
annealing and its effect on low cycle fatigue behavior is important for increased use of
these materials in structural applications. The influence of grain size and alloying on the
microstructural evolution that occurs during static recrystallization and grain growth and
its effect on the mechanical behavior during fatigue is being investigated. It is widely
understood that grain characteristics (e.g. size and crystallographic orientation) can
have a significant effect on the mechanical behavior of metallic materials. The static
recrystallization behavior of unalloyed Mg and Mg-4Al was characterized over a range
of annealing temperatures. The electron backscatter diffraction grain orientation spread

technique was used to quantify the level of recrystallization at various annealing times.
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Recrystallization kinetics were characterized using the Johnson-Mehl-Avrami-
Kolomogorov (JMAK) relationship and it was found that two sequential annealing stages
exist. Stage 1 involves heterogeneous nucleation of recrystallization in regions with a
high stored energy, including twins and grain boundaries. During Stage 2,
recrystallization occurred predominately in the interior of deformed grains with
incomplete recrystallization generally observed even at annealing times in excess of two
weeks. Increasing the starting grain size in the unalloyed Mg condition led to a
significant delay in recrystallization. The addition of Al had minimal effect on the
recrystallization kinetics of Mg. To understand the influence of grain size and alloying on
mechanical behavior, low cycle fatigue experiments using in-situ and ex-situ techniques
were performed. The twinning and detwinning behavior of extruded fine-grained
unalloyed Mg and Mg-4Al was investigated using in-situ high energy x-ray diffraction
(HEXD) under displacement controlled, fully-reversed low cycle fatigue conditions.
Measurements were conducted at three levels of applied strain. At cycle strains greater
than 0.5%, tension-compression loop asymmetry was observed during cyclic loading
which can be related to twinning during the compressive portion of the cycles followed
by detwinning during the unloading (from peak compression) and tensile loading
portions of the cycles. The twinning and detwinning were characterized by monitoring
the evolution of x-ray diffractions peaks associated with the basal {0002} planes
throughout a cycle. It was determined that the stress needed to initiate twinning during
compression was independent of grain size and Al addition and that the stress needed
for complete detwinning was closely related to the twin volume fraction. Ex-situ, strain-

controlled LCF experiments were performed on both fine and coarse grained unalloyed
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Mg alloys as well as Mg-4Al. It was also found that for a given total strain amplitude the

fatigue life was slightly increased in the fine-grained unalloyed Mg condition.

XXii



CHAPTER 1
INTRODUCTION

In the U.S. automotive industry, the transition from conventional steel
components to advanced light-weight materials has created exciting challenges and
research pathways in structural materials science [1-3]. The transportation industry is
responsible for 28% of the US energy consumption and is heavily dependent on
petroleum sources [2]. A recent report by the US Department of Energy found that
reducing the vehicle weight by 10% can lead to a 6-8% improvement of fuel efficiency
[3]. The deployment of light-weight materials has the ability to improve fuel efficiency
and energy consumption of automobiles and thus more research and development is
needed. The use of light-weight materials in the automotive industry is limited by
performance, manufacturability, and cost which is greatly influenced by microstructure
(grain size, crystallographic texture) and materials properties (fatigue strength, fatigue
lifetime) [1]. Magnesium (Mg) alloys, show great promise in vehicle weight reduction
due to their lightness (two-thirds the density of Aluminum), good castability, and great
machinability but have many limitations that need increased attention [1]. During
thermomechanical processing of Mg, a strong basal texture is formed due in part to its
lack of five independent slip systems. The strong basal texture generally leads to limited
absolute strength, poor ductility, and poor room temperature formability of Mg and Mg
alloys. Due to this lack of independent slip systems, mechanical twinning emerges as a

dominant deformation mode, leading to pronounced texture development, differences in



tension and compression strength during fatigue, and a heterogeneous microstructure
during thermomechanical processing. This complex deformation behavior makes it
difficult to create computational models needed to predict materials properties and
behavior which are imperative to shorten the time for alloy design. The limited absolute
strength and ductility of these materials creates a challenge when replacing high
strength aluminum and steel alloys in automobiles. For increased use in high-
performing structural applications, wrought Mg alloys for use in components such as
extruded profiles, forgings, and rolled sheets need to be developed which provide a
higher strength and ductility.

The key metallurgical aspects for improving both strength and ductility of these
materials are a homogeneous microstructure as well as a grain size and
crystallographic texture that promotes uniform plastic deformation and weakens the
basal texture formed during processing. The current work aims at aiding in the
development of fatigue resistant wrought Mg alloys by improving the fundamental
relationships between microstructure (texture, recrystallization and grain growth) and
mechanical behavior (fatigue, cyclic stress-strain response). My first approach is to
understand the texture development and nucleation and growth of grains that occur
during static recrystallization (RX) by combining phase field simulations with
experimental investigation including electron back scatter diffraction (EBSD) and optical
microscopy. EBSD data provides information on grain size evolution, grain orientation,
and texture evolution which can be related to recrystallization and grain growth as well
as twinning. The second aspect of my research is to understand the influence of the

microstructure (grain size and morphology, texture) on cyclic stress-strain response,



and lifetime by experimental investigation including low cycle fatigue as well as
experiments that combine both synchrotron diffraction and fatigue experiments. In-situ
synchrotron diffraction is a unique technique allowing the examination of real-time
microstructural changes that occur during cyclic loading throughout the bulk material.

The development of accurate, fundamental relationships between the
microstructure and mechanical behavior of Mg alloys is needed to increase their use in
structural applications; and also build both computational and analytical models that
help predict microstructure and materials properties of these alloys. If we can better
understand the relationships between microstructure and mechanical behavior of
magnesium, we can design and create workable Mg alloys needed to improve and
advance the U.S. automobile industry.

The work presented in this document is a part of the Predictive Integrated
Structural Materials Science (PRISMS) Center at the University of Michigan and
focuses on the physical and mechanical metallurgy of Mg and Mg alloys during either
thermomechanical processing or cyclic loading. The goal of the center is to develop a
unique scientific platform to enable accelerated predictive materials science for
structural metals through the integration of computational codes and experimental
research. As such, the PRISMS Center is developing a framework and capability that
represents the next generation of Integrated Computational Materials Engineering
(ICME), that is, using integrated multi-scale models and experiments to accelerate the
development of new ICME tools and materials. The center focuses on four important

mechanisms in materials science: Precipitation Use-Case, Recrystallization Use-Case,



Tensile Behavior Use-Case and the Fatigue Use-Case. The research presented here is
an important experimental component of the Recrystallization and Fatigue use-cases.

In the recrystallization use case, microstructural phenomena including
recrystallization and grain growth are quantified as a function of processing parameters
such as temperature and time using the Johnson-Mehl-Avrami-Kolomogorov
relationship and parabolic grain growth equation, respectively. The experimental results
from the processing-microstructure relationships are used parameterize crystal plasticity
and phase field models to develop predictive computational tools. For the fatigue use
case, deformation structures such as twinning are characterized during cyclic loading
using in-situ synchrotron diffraction. Information including the stresses needed to initiate
twinning and detwinning as well as the twin volume fraction can be quantified for many
cycles or until the end of life. This enables us to quantitatively characterize the influence
of twinning and detwinning on loop shape and the tension-compression strength
asymmetry. Experimental data from both in-situ and ex-situ techniques are integrated
into crystal plasticity and dislocation dynamics models to predict cyclic stress-strain
response and lifetime during cyclic loading.

The overall goal of this dissertation work was to develop a fundamental
understanding of the influence of microstructural features on the mechanisms of
recrystallization, grain growth, low cycle fatigue behavior, and the cyclic stress-strain
response in unalloyed Mg and a Mg-Al alloy. The specific objectives of this dissertation
work were to:

1. Characterize the influence of deformation mechanisms such as twinning,

detwinning, and dislocation slip on the cyclic stress strain behavior in



unalloyed Mg and Mg-4Al using in-situ synchrotron diffraction and post
mortem electron back scatter diffraction;

2. Determine the influence of aluminum addition and grain size on cyclic
stress strain behavior and low cycle fatigue behavior in magnesium,;

3. Determine the effects of annealing conditions including temperature and
time on recrystallization and grain growth kinetics in extruded and as-cast
unalloyed Mg and Mg-4Al, respectively;

4. ldentify the microstructural features such as grain size and twinning that
control the kinetics of recrystallization in unalloyed Mg and Mg-4Al.

Chapter 2 provides a review of the literature that is relevant to the present work
including studies involving the fatigue behavior, recrystallization kinetics and grain
growth behavior of various Mg alloys as well as a discussion on advanced in-situ
characterization techniques. Chapters 3, 4, 5, 6, and 7 represent studies prepared for
publication, resulting in some repetition of background information provided in each
chapter. The results of a study using in-situ high energy x-ray diffraction during low
cycle fatigue on unalloyed Mg to quantify twinning and detwinning as well as the CSS
response is discussed in Chapter 3. Chapter 4 represents a detailed description of a
similar study using Mg-4Al and a comparative discussion on the influence of Al on
twinning-detwinning and CSS behavior. A detailed study of the effect of Al addition and
grain size on CSS and LCF behavior during ex-situ low cycle fatigue experiments is
outlined in Chapter 5. The influence of alloying and grain size during recrystallization
and grain growth are outlined in Chapters 6 and 7. Chapter 6 presents a thorough

investigation on the static recrystallization behavior and kinetics of Mg-4Al and



unalloyed Mg. The influence of alloying on grain growth behavior is discussed in
Chapter 7. Finally, conclusion and recommendations for future work are outlined in

Chapter 8.
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CHAPTER 2
LITERATURE REVIEW AND BACKGROUND

In this chapter, a review of the literature relevant to understanding the goals and
objectives outlined in Chapter 1, the experimental methods and techniques, and the
results of the current work is discussed. Section 1 describes the deformation processes
of magnesium. Section 2 provides a general description of fatigue focusing on low-cycle
fatigue. In Section 3, the fatigue properties observed in magnesium are discussed
specifically the cyclic stress-strain response and the role of microstructure and twinning
in fatigue behavior as well as advanced characterization techniques used to study this
behavior. Finally, Section 4 describes the concepts of recrystallization and grain growth

focusing on the role of microstructure on the kinetics in magnesium.

2.1. Deformation In Mg and Mg Alloys

2.1.1 Dislocation Slip

In Mg alloys there are four active slip systems. The most dominant and easiest to
activate is <a> slip on the basal (0001) plane where the critical resolved shear stress
(CRSS) is 0.5-1 MPa in unalloyed Mg [1-2]. The other slip systems -- prismatic <a> slip,
pyramidal <a> slip, and pyramidal <c+a> slip -- require much higher stresses to activate
during deformation [3]. The activation of certain slip systems depends on the initial
texture of the material. During c-axis compression basal slip alone cannot
accommodate plastic deformation and requires the activation of non-basal slip systems

[4]. Transmission Electron Microscopy (TEM) studies have shown that during c-axis



compression plastic deformation is accommodated by pyramidal <c+a>
dislocations with Burger’s vectors along the(1123) direction [5-7]. In Mg, <c+a>
dislocations either glide on the {1011} pyramidal | slip planes or {1122} pyramidal Il slip
planes [4]. Studies have shown that c-axis deformation is accommodated by glide of
pyramidal Il dislocations [4,6,8-9]. However, Tang et al showed that <c+a> dislocations
nucleate and glide on pyramidal | planes but can cross-slip to pyramidal Il planes at
higher stresses [10]. A Mg single crystal study by Xie et al found that during c-axis
compression deformation was dominated by pyramidal Il dislocation slip [4].

During compression normal to the c-axis, straining is accommodated by
deformation twinning which is discussed in greater detail in the next section. But during
tension, the orientation of the lattice is hard with respect to basal slip and plastic
deformation is accommodated by the harder deformation mechanisms such as
prismatic <a> and pyramidal <c+a> dislocation slip as well as compression twinning
resulting in a high hardening rate until the maximum tensile stress is reached [10]. In
these cases, both slip and twinning influence the macroscopic stress-strain response in
the material and have an influence on the fatigue behavior which will be discussed later.
2.1.2 Twinning

In hexagonal close packed (HCP) metals and alloys, twinning plays an important
role during deformation, especially in Mg alloys where non-basal slip systems are not
easily activated [11-12]. In most cases, the initial texture and c/a ratio influence the
twinning behavior of these materials. As stated earlier, Mg has four slip systems where
pyramidal <c+a> slip allows for straining along the c-axis but is difficult to activate at

room temperature [13,14]. Therefore, in order to satisfy the Von Mises requirement for



five independent deformation systems, secondary deformation mechanisms such as
mechanical twinning contribute as the fifth deformation mode and allow for straining
along the c-axis at room temperature.

The mechanism of twin nucleation and expansion has been studied using both
experimental and computational techniques [15-24]. Several studies on Mg, Zr, and Ti
have found that twins more than likely nucleate from grain boundaries since the
formation of the twin nucleus and its growth require both large defect structures and
high internal stresses [18,20-21]. Using molecular dynamics simulations, Wang et al
found that a stable {1012} nucleus was only formed when the multiple twinning
dislocations it contained glided simultaneously [15]. The stacking of multiple twinning
dislocations requires separation of defects with a Burger’s vector much larger than that
of the twinning dislocation into a set of boundary dislocations [15,23]. Since grain
boundaries including triple and quadruple joints contain large internal stresses they can
support the nucleation and expansion of twins [23]. Once a twin is formed, a new
crystallographic orientation is introduced within the twin and into the grain [24]. As a
result, the slip systems preferred within the twin can be different than those of the
parent grain [24]. Because of this twin boundaries act as barriers to dislocation motion
and depending on the orientation of the slip system and the twin boundary, the obstacle
can be stronger for one slip system than another [24-25]. This changes the localized
stress state generated within the twin and the surrounding matrix and can create a
stress concentration within the twin proximity [24-25]. These highly localized stresses
produced by twins, influence recrystallization kinetics where stored energy is the driving

force and fatigue and fracture behavior, which will be discussed in future sections.
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In cyclic loading of Mg alloys both twinning and slip work together to
accommodate plastic deformation [26]. However, the mechanisms for nucleation and
growth of lattice dislocations and twinning dislocations are different and influence the
stress state in the material [26]. It is understood that the activation of lattice dislocations
is easier than that of twinning dislocations, but the mobility of twinning dislocations is
much higher [15, 27-29]. As a result, plastic deformation within twins is controlled by
shearing of twinning dislocations while that of the matrix is controlled by dislocation slip
[26]. This leads to plastic deformation being higher in the twin than in the matrix
resulting in the stress state near the growing twin and that far away from the twin to be
different. In other words, the shear stress near the growing twin has an opposite sign of
the shear stress in the matrix far away from the twin [26]. The opposite sign stress near
the twin is referred to as a back stress [26]. The ability for the twin to grow is influenced
by this back stress and its growth is slowed down significantly if the back stress
continues to increase [26]. Initiating slips in the opposite direction of the twinning shear
or the external load can reduce the magnitude of the back stress and promote further
twin growth [26].

In Mg alloys, there are three common twinning modes: the primary {1012}(10711)
extension twins, {1011}1012) compression twins, and double twins that form when
compression twins undergo tension twinning [30-31]. Both extension twins and
compression twins reorient the crystal lattice differently. Extension twins reorient the
crystal lattice by 86° about the (1120) axis while compression twins result in a 56°

rotation around the (1120) axis. Depending on the twinning mode the twin lamellae can
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vary in size and abundance. In Mg alloys extension twins are generally thick, abundant,
and readily observed while compression twins are thin, scarce, and hard to detect.
The c/a ratio determines whether the dominant twinning mode will be tensile or
compressive [32]. In unalloyed Mg and Mg alloys where the c/a ratio of 1.62 is less than
the ideal value of 1.633, {10-12} <10-11> extension twinning is the dominant
deformation mode, where extension along the c-axis can be accommodated, but not
contractions along that same direction [33-34]. Due to this, during mechanical loading
the tensile yield strength is significantly higher than the compressive yield strength [35]
producing a Bauschinger effect [35-44].
2.1.3 Detwinning

The initial texture also influences deformation in Mg and Mg alloys [12]. In most
wrought Mg alloys, the initial texture places the c-axis in most grains normal to the
working direction, where during compression along this direction extension twinning is
activated but not during tension along the same axis [12]. As stated previously, during
favorable loading extension twinning causes an 86.3 reorientation of the crystal lattice.
Thus, during subsequent reversed loading or unloading, detwinning of twinned regions
can occur and the basal pole is reoriented from the twin back to the matrix [45]. In other
words, twinned regions may disappear and/or become narrower [45]. Detwinning is
mainly controlled by the migration of twin boundaries into the twins via glide of twinning
dislocations, leading to a propagation of the parent grains into twinned grains [46]. Wu
et al showed using grain mapping via in-situ synchrotron diffraction that during
detwinning the parent grain was completely recovered via the migration of twinning

dislocations from an untwinned region into a twinned region [45]. They also found that
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the reoriented grain had a different lattice orientation that the parent grain. Similar
studies have shown that the orientation after detwinning is complete, is hard with
respect to basal slip and demands the activation of harder non-basal dislocation slip or
compressive twinning [47]. It is also understood that detwinning requires a lesser
activation stress than twinning since the twin already exists and no nucleation is needed
[46]. Detwinning also requires a lower stress than that needed to cause growth of the
twin. This is because the back stress formed in the alloy matrix during twin formation is
an additional driving force for detwinning [48].

2.2. Fatigue

Fatigue is the failure of a material due repeated cycles of applied load. It is
understood that materials subjected to cyclic loading will fail at stresses and strains
much lower than those needed to cause failure under a single application of load [49].
This has made fatigue an important topic in aerospace, automobile, naval, and other
applications where structural materials are heavily used [49].

Fatigue normally progresses in different stages: 1). Crack-free stage, 2). Crack
nucleation/initiation, 3). Crack growth, and 4). Coalescence of cracks. During the crack-
free stage dislocations move and/or are generated leading to cyclic softening or
hardening [49]. As the dislocation density increases slip bands form, which become
sites for crack initiation. During the crack-growth stage, short cracks advance
throughout the material [49]. How the cracks propagate is heavily dependent on the
microstructure (grain boundaries, precipitates, and orientation of basal planes. Once
microscopic cracks grow and coalesce into dominant cracks, failure eventually occurs in

the material [49].
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Low-cycle fatigue (LCF) occurs at cycles less than 10° under conditions where
the strain and stress amplitudes exceed the elastic limit of a material [49]. It is usually
performed to study the evolution of plastic deformation mechanisms throughout the
entire fatigue lifetime and gives insight to the cyclic stress-strain response of a material
during the different stages of loading [49].

LCF experiments can be performed under load-controlled or strain-controlled
conditions but in most cases strain-controlled conditions are used. This is because in
structural components, plastic deformation is concentrated in specific areas due to
discontinuities, notches, and sharp corners leading to build up of plastic strain in these
regions eventually leading to the initiation of cracks and crack growth resulting in
fracture [49]. During cyclic loading, deformation accumulates throughout the entire
volume of the material and the stress-strain response varies from cycle to cycle. The
materials response to this deformation is known as cyclic stress-strain (CSS) behavior
[49]. The CSS behavior is usually characterized as cyclic hardening or cyclic softening.
The CSS behavior is controlled by Interactions between dislocations and microstructural
features such as grain boundaries and twin boundaries as well as other dislocations. As
cycling proceeds, the dislocation density may increase resulting in hardening. During
softening, dislocations interact with each other, annihilate, and rearrange during testing.
The CSS behavior can be influenced by many factors such as grain size, cold working,
and precipitate size and volume fraction [49].

Low-cycle fatigue data is usually plotted as a stress-strain hysteresis loop, which
is shown in Figure 2.1 [49]. Figure 2.2 shows a material experiencing cyclic softening,

where the stress is decreasing from cycle to cycle and a material experiencing
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hardening where there is an increase in stress from cycle to cycle [49]. Low cycle
fatigue parameters are quantified using the equation for the total strain amplitude [49].

The total strain amplitude can be expressed in terms of the elastic strain amplitude (Azﬁ)

and plastic strain amplitude (A%)

Ag, Ae, Ag,
) === _F 1
(Z)-F)+7) w
The elastic strain amplitude can be expressed as the Basquin equation
, b
(Aee) _ Ao ap(2Ny)
2) 2E E

and the second term of equation 2 is known as the Coffin-Manson (CM) relationship

(%) = &(2N,)° (3]

Therefore equation 2 can be rewritten as a function of these relationships.

Ae 0'(2Nf)b , c
(%) =L+ g(2n,) [4]
where oy is the fatigue strength coefficient, Ny is the fatigue life, b is the fatigue strength
exponent, E is the Young’s Modulus, &; is the fatigue ductility coefficient and c is the

fatigue ductility exponent. The fatigue strength exponent can be determined by plotting

log% vs. log Ny and measuring the slope of the line. The fatigue ductility exponent can

be calculated by plotting the log% vs. log Ny and measuring the slope of the line.

2.3. Fatigue in Magnesium

The fatigue behavior of wrought Mg and Mg alloys is characterized by a strong
in-plane tension-compression (T-C) asymmetry [43]. This anisotropic behavior has been

attributed to the limited number of independent slip systems as well as deformation
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twinning and detwinning on the {1012} planes along the (1011) directions [15-24].
During cyclic loading of Mg alloys three dominant deformation mechanisms govern the
stress-strain hysteresis loop: 1). Slip dominated deformation, 2). Twinning dominated
deformation, and 3). Detwinning dominated deformation. During initial tension, the slip-
dominated mode is active and the flow curve resembles a normal concave down shape
with a smooth elasto-plastic transition as well as a high yield stress [50-53]. When the
material is loaded in compression, the twinning mode is activated and the flow curve
exhibits an atypical concave up shape with an abrupt elasto-plastic transition followed
by a low hardening rate due to twinning as well as a lower yield stress [47,50,52].
Lastly, when the load is reversed deformation is dominated by detwinning and the flow
curve resembles a normal tensile stress-strain curve [50]. Once detwinning is
exhausted, dislocation motion is much easier and the plastic flow is comparable to that
of the slip mode [50]. In most cases, twins remain in the material at the end of a cycle
and detwinning is exhausted upon reloading in tension. During tensile reloading the
stress at which detwinning is exhausted and post-detwinning plastic flow begins is
represented by an inflection point in the flow curve [47]. In other words, within a fatigue
cycle, twinning and detwinning occur alternately while slip works with both twinning and
detwinning to accommodate plastic deformation [15-24].

The T-C asymmetry exists because the stresses needed to initiate twinning are
higher than those needed to promote detwinning, which was discussed in Section 2.
The alternate occurrence of twinning and detwinning leads to an abnormally shaped
hysteresis loop where the tensile yield stress is higher than the compressive yield stress

[35-42,44,47,50]. A comparison of between a symmetric (red) and abnormal (blue)
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hysteresis loop is shown in Figure 2.3 [37]. Q. Yu et al reported an abnormal hysteresis
loop during LCF of unalloyed Mg where the stresses in tension were much higher than
those in compression [37]. Begum et al also showed that during LCF of the Mg alloy,
AZ31 the hysteresis loop was asymmetrical at the beginning of fatigue life with
pronounced yielding in compression [38].

Other studies have shown that the asymmetry in Mg and Mg alloys is linked to
the total strain amplitude and at lower strain amplitudes the asymmetry is greatly
reduced [36-39]. Yu et al found during LCF of unalloyed Mg that an increase in twinning
at high strain amplitudes (1.0%) led to an asymmetric loop shape while at lower strain
amplitudes (0.12%) where slip was the dominant deformation mode the loop shape was
symmetric (Figure 2.4) [36]. Begum et al showed that the T-C asymmetry decreased
with strain amplitudes during LCF of AZ31 and related this behavior to a reduction in
twinning [38]. At a strain amplitude of 0.1% and 0.2% the ratio between the maximum
stresses in both tension and compression was almost one and at 0.6% the ratio was
0.64 [39]. This can be seen in the hysteresis loops in Figure 2.5 [39].

The tension-compression asymmetry caused by twinning-detwinning can be
reduced by adding alloying elements, especially rare-earth (RE) elements [40]. RE
elements help produce random textures, which decreases texture intensities and
therefore allows basal slip to occur more readily in grains in which the resolved shear
stress is appropriately aligned [54-55]. Yang et.al. found during HCF of a RE Mg alloy,
GW123K the yield asymmetry was reduced when compared to AZ31 which was related
to the random texture produced in the RE alloy [56]. The pole figures for both allows can

be seen in Figure 2.6, where AZ31 displayed a strong basal texture [56].
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Studies on LCF of RE Mg alloys such as Mg-10Gd-3Y-0.5Zr, Mg-3Nd-0.2Zn-
0.5Zr, and Mg-8Gd-3Y-0.5Zr found that a weakened basal texture resulted in a
reduction of the tension-compression asymmetry [40]. Mirza et.al. found that the
tension-compression asymmetry was reduced and fatigue strength was improved in the
RE containing alloy, GW103K when compared to AM30 [54]. A comparison of the loop
shapes is shown in Figure 2.3, where in AM30 the loop resembles the shape associated
with twinning and detwinning while the loop for GW103K is stable or the stresses
reached in tension and compression are the same [54].
2.3.1 The Influence of Alloying

It is well known that basal <a> slip is the most common deformation mode in Mg
due to its low CRSS [1-2]. As a consequence, a strong basal texture generally develops
during deformation processes such as extrusion and rolling [57-59]. As stated earlier,
this leads to a strong in plane tension-compression asymmetry as well as low
formability. In order to increase the use of Mg alloys in structural applications alloying
elements are added to weaken the basal texture and improve both strength and ductility
[60-64]. Aluminum is one of the most commonly used alloying elements in Mg due to its
favorable effects on solid solution strengthening and precipitate hardening [57,65].
Aluminum increases the CRSS for basal slip while also lowering that needed for
prismatic slip resulting in a weakened basal texture and an improvement in the both
strength and ductility when compared to unalloyed Mg [66]. A study by Akhtar et al
found that as the Al concentration increased the yield strength was increased but at the
same time the strain hardening rate was reduced [66]. Caceres et al found that the yield

strength, hardness and flow strength increased with increasing Al concentrations
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between 1-8% (Figure 2.7) [67]. The increase in strength and hardness in solution
treated Mg-Al alloys arises from interactions between solute atoms and dislocations
where they reduce the mobility of dislocations during deformation [67].

Alloying elements including Al and Zn impact twinning mechanisms in Mg by
promoting twin nucleation but preventing it from further growth [48]. Aluminum increases
the c/a ratio allowing for easy formation of extension twins but Al atoms suppress twin
boundary mobility preventing further growth [48]. Christian et al and Han et al found that
the twinning shear stress decreased as the Al content increases and related the
observed behavior to an increase in the c/a ratio allowing for easy formation {10-12}
extension twins [68-69]. Other studies have found similar behavior in Mg-Zn alloys
where the growth of twins was significantly restrained when compared to unalloyed Mg
[48,70]. Al also impacts the mechanisms of detwinning by stabilizing twin boundaries
[71]. A cyclic compression study on extruded unalloyed Mg and AZ31 by Li et al found
that twinning was more stable in AZ31 and the inelastic recovery during detwinning was
lowered when compared to unalloyed Mg due to Al and Zn suppressing the mobility of
extension twin boundaries [71].

Precipitates can also affect twinning in Mg alloys because it is difficult for a twin
boundary to migrate through a high density of precipitates [72-73]. In AZ80, the
presence of Mg7Al2 precipitates decreased the tension-compression asymmetry when
compared to the solution treated condition, shown in Figure 2.8 [72]. Stanford and
Barnett found in aged Mg-5%2n alloy, the twin size and volume fraction were reduced

which decreased the tension-compression yield asymmetry [74].
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L. Rettberg found that a T6 heat treatment improved the cyclic yield strength of
an AZ91 alloy [75]. HCF Studies in AZ80 revealed that a T6 heat treatment decreased
the fatigue strength of the material [72,76]. Uematsu et. al found that AZ80 had higher
fatigue strength than AZ61 due to the higher Al content allowing precipitation of more
Mg+7Al+2 particles [76]. Sajuri et. al found that the addition of Mn to AZ61 at low
concentrations improved the fatigue strength, but at high concentrations, the Al-Mn
intermetallic served as crack initiation sites decreasing the fatigue strength of the alloy
[771.

2.3.2 The Influence of Grain Size

It is well understood that grain size influences the mechanical behavior of
materials [78-82]. The well-known Hall-Petch relationship is widely used to relate the
grain size to the yield strength of a material [82]. The relationship shows that as the
grain size decreases the yield strength of the material increases [82]. Grain size also
has an effect on twinning behavior in Mg alloys [20-21,23,24,60,83]. Two studies found
that the energy required to form twin interfaces was higher in a fine-grained Mg alloy
and the tension-compression yield asymmetry decreased with degreasing grain size
[60,83]. Mirza et.al. found that slip was the dominant deformation mode in a fine-grained
GW103K due to suppression of twinning resulting in a near-symmetric hysteresis loop
[41]. Stanford and Barnett found that during compression tests of unalloyed Mg and Mg-
Zn alloys the twin activation stress increases with decreasing grain size [84]. Therefore,
grain size effects on deformation in Mg has been studied extensively [20-

21,23,24,60,83].
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Studies involving molecular dynamics (MD) simulations and experimental
techniques including EBSD and optical analysis have shown that grain size has an
effect on the number of twins produced within an individual grain [20-21,23,78-82] and
hypothesize that as the surface area of the grain boundary increases the likeliness that
grain boundary dislocations will encounter a high stress state needed to cause
disassociation into twinning dislocations, form a stable twin nucleus, and cause initial
expansion increases [20]. In a study by Beyerlein et al using both MD simulations and
EBSD (Figure 2.9) it was found that the number of twins nucleated per grain in
unalloyed Mg increases with grain size where it increased from 5 for a grain area of
100pm? to 17 for a grain area of 500um? [20]. Capuolongo showed similar results for
another hcp metal, Zr [85]. Another study by Beyerlein et al showed that smaller grains
were just as likely to form at least one twin as large grains [23]. It has also been shown
that the twin thickness is independent of grain size [20]. Dislocation slip is also
influenced by grain size [20,23]. As the grain size increases the free mean path for
dislocation pile ups becomes larger [86]. Therefore, the deformation due to dislocation
slip is more likely as the grain size increases [86].

In terms of cyclic loading, understanding how twinning and dislocation slip
change with grain size helps understand how the cyclic stress-strain response varies
with grain size. Twins contribute to hardening by providing obstacles to dislocation
motion [12,82]. This arises since twinning reorients the lattice to a hard-crystallographic
orientation that inhibits dislocations from passing through the twin front which can lead
to high hardening rates within the twin matrix [82]. Therefore, coarse grain materials

may experience higher stress amplitudes or more pronounced hardening than fine grain
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materials since the twin boundary surface area is higher. Two studies found that the
energy required to form twin interfaces was higher in a fine-grained Mg alloy and the
tension-compression yield asymmetry decreased with degreasing grain size [60,83]. Li
et al found that during fatigue of both a coarse grained NZ30 Mg alloy and fine grained
NZ30K Mg alloy, the stress amplitude of the coarse grain sample increased significantly
while that of the fine-grained specimen remained constant with cycling [87]. Mirza et.al.
found that slip was the dominant deformation mode in a fine-grained GW103K due to
suppression of twinning resulting in a near-symmetric hysteresis loop [41]. This is also
shown in other metals. Mahato et al found during LCF of pure copper that the saturated
mean stress was higher in the coarse grain condition when compared to the fine grain
condition and related the observed behavior to an increase in twin density in the coarse
grain condition [88].
2.3.3 In-Situ Fatigue Using Synchrotron Diffraction and Neutron Irradiation

In recent years, neutron scattering has been used to study the twinning-
detwinning behavior of wrought Mg alloys during cyclic loading [12,43,81,89-93] while
few studies have used high energy x-ray diffraction (HEXD) using synchrotron
diffraction [46,51] to study this behavior. Neutron irradiation has relatively low fluxes and
intensities and therefore, has many limitations when studying rapid time-dependent
processes such as fatigue [94]. Due to these limitations, in practice, many in-situ fatigue
experiments involving neutron scattering are paused in order to measure a diffraction
pattern [94]. In contrast, HEXD of Mg sample in a transmission geometry may be
conducted with relatively short collection times, which allows for studying phenomena

in-situ (i.e. fatigue). In fatigue, HEXD provides a means of understanding the behavior
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of the bulk material throughout an entire cycle in real time under realistic conditions
without pausing the cyclic loading [94].

Both neutron scattering diffraction and HEXD are superior to surface techniques
such as electron back scatter diffraction (EBSD) because they allow for the entire
volume of a material to be examined in order to understand phase transitions and
texture evolutions [94-95]. Behavior may be assessed with minimal impact of the
relaxation of kinematics present at the surface. Gharghourri et al used neutron
diffraction and found that during cyclic loading, twinning occurred during compression
followed by detwinning during the reversal [89]. An in-situ neutron scatter study by Wu
et al also found that twinning-detwinning alternates during cyclic loading in ZKG60A
magnesium alloy [12]. Studies of AZ31 using synchrotron radiation have addressed the
texture evolution of samples deformed by ex-situ techniques [43], and the twinning,
detwinning, and lattice reorientation within an individual grain during strain reversal of a
single cycle. In an in-situ neutron experiment by W. Wu et al, it was found that near the
soon before failure extension twinning became less dominant and deformation
proceeded by dislocation slip in AZ31B Mg alloy [90].

2.4. Annealing: Recovery, Recrystallization and Grain Growth

Annealing is a heat treatment process used to increase the formability of a
deformed material by changing properties such as ductility, toughness, and hardness
Annealing is composed of three stages: 1). Recovery, 2). Recrystallization (RX), and 3).
Grain Growth (GG) [96]. During recovery, mechanical properties are partially restored to
their pre-deformation values by lowering the dislocation density of the material. This

occurs through dislocation annihilation where which dislocations of opposite signs on
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the same glide plane move towards each other. During recovery dislocations can also
rearrange themselves into cell structures of sub grains separated by low angle grain
boundaries to reduce the stored energy in the material. Factors such strain
(deformation), temperature, solute concentration, and stacking fault energy (SFE)
influence the kinetics of recovery [96]. Recovery occurs more easily as the annealing
temperature increases. As with recrystallization the driving force for recovery is stored
energy and in cases where the material is heavily deformed the driving force for
recrystallization is higher and it is harder for recovery to occur [96].

The second stage of annealing is recrystallization. RX occurs when strain energy
stored in the form of dislocations is released promoting the nucleation and growth of
new strain-free grains into the deformed microstructure. Recrystallization is usually
divided into two regimes: nucleation and growth. Nucleation occurs when strain-free
nuclei form in a deformed region. Nucleation usually occurs at grain boundaries and
triple junctions because strain energy is higher at these locations [96]. Most studies
show that nucleation occurs by strain-induced grain boundary migration (SIBM). During
SIBM, a pre-existing grain boundary bulges out leaving behind a strain-free region. The
driving force for SIBM is the difference in dislocation density on opposite sides of the
boundary [96-97].

The third and final stage of annealing is grain growth where larger grains grow at
the expense of smaller grains and grain boundaries assume a low energy configuration.
The driving force for grain growth is the reduction of energy which is stored in the form
of grain boundaries [96]. In the next sections, the concepts of both recrystallization and

grain growth will be discussed in detail.
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2.4.1 The Concepts of Recrystallization
Recrystallization occurs when strain energy stored in the form of dislocations is

released promoting the nucleation and growth of new, strain-free grains [96]. The

recrystallization temperature is defined as the temperature at which a material becomes

fully-recrystallized. There are two types of recrystallization: Dynamic, which occurs

during hot deformation and Static, which occurs during annealing after deformation. In

this thesis work, only static recrystallization was studied.

Recrystallization is controlled by five laws [96]:

1.

A minimum deformation is needed to initiate RX because the driving force
for RX is strain energy;

At a certain RX volume fraction the temperature at which RX occurs
decreases as the annealing time increases;

The RX temperature decreases as strain increases because the driving
force for RX increases as the plastic deformation increases. Therefore,
nucleation and growth will occur at a lower temperature in heavily
deformed material;

The RX'd grain size depends on the amount of deformation because in a
heavily strained material there will be more nuclei per unit volume
producing a finer starting grain size;

At a given strain, the RX temperature is affected by the starting grain size
and the deformation temperature. This is because in a coarse-grained
material there are fewer sites for nucleation leading to a slower RX

process, therefore a higher temperature is needed to initiate RX.
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Recrystallization is influenced by many factors such as temperature, solute
concentration, starting grain size, and deformation mechanisms such as twins and
shear bands. Recrystallization is a thermally activated mechanism and as the annealing
temperature increases grain boundary migration is increases and therefore,
recrystallization occurs more quickly [96]. Chao et al found that for a constant strain,
recrystallization increased with temperature in the Mg alloy, AZ31 which is shown
Figure 2.10 [98]. Recrystallization kinetics are also influenced by the deformation
temperature [96]. An increased deformation temperature increases the driving force for
grain boundary migration leading to an increase in dynamic recovery and
recrystallization during high temperature deformation. This leads to a smaller driving
force for any static recrystallization during post-deformation annealing [96].

The amount of deformation (strain) also influences the recrystallization kinetics
during annealing [96,99]. The amount of pre-strain applied to the material before
annealing is directly related to the dislocation density. Therefore, a minimum amount of
deformation is needed to initiate the nucleus and provided a dislocation density
necessary for continuous growth [96]. The effect of pre-strain on recrystallization
kinetics is shown in Figure 2.11, where the recrystallization kinetics increases with the
amount of pre-strain [96]. The amount of fractional hardening can be related to
recrystallization [99]. Dislocations increase the hardness of a material, as RX
progresses the material softens decreasing the hardness of the material. As the amount
of deformation increases, the recrystallized grain size decreases because at higher

strains more nuclei per unit volume are created [100].
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The starting grain size is important during recrystallization. It is generally
accepted that a fine-grained material will recrystallize more rapidly than a coarse-
grained material (Figure 2.12), this is because grain boundaries are favored nucleation
sites during recrystallization and their amount is increased in fine grained materials [96].
Inhomogeneity’s that form during deformation such as shear bands and twins are more
readily formed in coarse grained material [96]. These deformation structures can also
serve as nucleation sites during annealing leading to a non-constant nucleation and
growth rate [96].

The solute concentration also has an impact on recrystallization kinetics during
annealing. It is well understood that solutes can reduce the mobility of grain boundaries
during recrystallization [101-107]. This phenomenon is known as solute drag where
solute atoms exert a force on grain boundaries as they migrate decreasing their mobility
[106]. Kwon et al found that the addition of Nb in C-Mn steels during static
recrystallization led to a decrease in recrystallization kinetics when compared to the Nb
free material (Figure 2.13) [107].

2.4.2 Constitutive Recrystallization Modeling

Empirical constitutive models have been developed to describe microstructural
changes that occur during recrystallization. One of the most widely used models is the
Johnson-Mehl-Avrami-Kolmogorov model that is described by equation 5 [96]. The
JMAK model can be used to calculate the activation energy for recrystallization and also
parameters such as the Zener-Holloman parameter which is used to describe dynamic
recrystallization. The JMAK model assumes a random distribution of nucleation sites

and that grains grow in 3-dimensions [92, 96,99,108].
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X=1—exp [—0.693 (i)n] [5]

tos

where X is the fraction recrystallized, B is a material constant, t is the annealing time, to 5
is the time at 50% recrystallization, and n is the Avrami exponent. The Avrami exponent
was measured to be three, assuming that nucleation and growth rates remain constant
during RX and that all nucleation is complete at the start of recrystallization. In most
cases, n is less than the ideal value of three. This reduction in the Avrami exponent is
due to a non-constant growth rate during recrystallization. The growth rate can be
influenced by recovery, inhomogeneity in deformation, and a non-random distribution of
nuclei [96]. The inhomogeneity in stored energy in a material causes nucleation and
growth to occur in areas of high stored energy first and then in regions of low stored
energy. In regions where the stored energy is low the driving force for RX is reduced
which slows down the growth rate [96].

A non-random distribution of nuclei allows for nuclei to cluster in areas of high
stored energy and along grain boundaries. During RX, the close proximity causes new
grains to impinge on each other as they grow. This impingement slows down the growth
rate leading to a lower Avrami exponent [96]. Avrami exponent can be determined by
plotting In[In(1/1-X)] vs. In (t) and fitting a straight line to determine the slope, n. The
activation energy for recrystallization Qrex, can be determined using an expression

developed for to 5 shown in equation 6 [6,23-24].

tos = AePélexp (Q;;X) [6]

The slope of a fit line to the plot for log to5 vs. 1/RT is equal to the activation energy for

RX. The activation energy for RX depends on strain and composition. Using the same
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model, Beer. et. al. found the activation energy for recrystallization of AZ31 to be 200
kd/mol, which is higher than the activation energy for self-diffusion of Mg (135 kJ/mol)
[99].
2.4.3 Static Recrystallization In Mg and Mg Alloys

Similar to fatigue, mechanical twinning plays an important role in recrystallization
kinetics in Mg and Mg alloys. In addition to grain boundaries, twins and twin boundaries
serve as nucleation sites and therefore can have profound effects on the rate of
recrystallization. Several studies have shown that twins and twin boundaries serve as
dominant nucleation sites during recrystallization of Mg alloys [96,109-117]. Twinning
results in highly localized strains which presumably lead to preferential nucleation of
recrystallized grains [118]. Once twinning has ceased, the vicinity near the twin is
reoriented preventing dislocations from passing through the twin [119]. This leads to
build-up of dislocations around twin boundaries causing work hardening as well as a
stress concentration along the boundary [119-121]. Guan et al found that double twins
and double twin-grain boundary intersections were preferential nucleation sites during
static recrystallization of the rare-earth magnesium alloy WE43 (Figure 2.14). They also
reported that tension twins did not recrystallize during annealing and were instead
consumed by neighboring grains during grain growth [113]. A study by Su et al in AZ31
found that during the initial stages of recrystallization, small, recrystallized grains were
found only in the vicinity of twins and shear bands and complete recrystallization of
these areas occurred before large, deformed grains began to recrystallize [112].

Inhomogeneous nucleation during recrystallization due to the addition of twins

has a significant influence on the JMAK relationship [96, 111-112]. The JMAK
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relationship assumes that nucleation sites are randomly distributed and consequently,
the rates of nucleation and growth remain constant throughout the entire
recrystallization process [96]. Therefore, the entire process can be described by a single
Avrami exponent of three [96]. Recrystallization studies in Mg have shown that
preferred nucleation at twins leads to an Avrami exponent of less than three and in
some cases, a recrystallization process that can be described by two Avrami exponents
[111-112]. Nucleation at twins during recrystallization can lead to a two-stage nucleation
process where initially nucleation and growth occurs in the vicinity of twinned regions
and grain boundaries [112,26]. Once all of those regions are consumed recrystallization
proceeds in regions of lower stored energy [122]. One study, in the Mg alloy AZ31 found
that heterogeneous distribution of stored energy due to preferred nucleation at twins led
to a recrystallization process that could be described by two Avrami exponents, one
representing the first stage (recrystallization at twins) and the other representing the
second stage (recrystallization at deformed grains) [112]. The two-stage recrystallization
process due to inhomogeneous nucleation has also been found in cold-deformed
titanium, copper, and carbon steel [122].
2.4.4 Concept of Grain Growth

Once recrystallization is complete, the third and final stage of annealing known
as grain growth can proceed [96]. Grain growth (GG) occurs after all deformed regions
have been depleted and the driving force for recrystallization is no longer active. After
recrystallization is complete, the grain boundary energy results in a microstructure that
is not yet energetically stable [96]. In order to decrease the total grain boundary area,

grain growth occurs. The kinetics of grain growth were first described by Burke and
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Turnbull who assumed that the driving pressure that causes grain boundary motion is
derived from the grain boundary curvature which leads to a concentration gradient
where the atomic density on the inside of the curve is higher than that on the outside
[123]. Therefore, atoms from the higher concentration diffuse across the grain boundary
to the area with the low concentration until an equilibrium is reached. This causes the
grain from which the atoms diffuse from to shrink as the other grain grows [123].

The kinetics of grain growth can be described and quantified using the parabolic

growth law in equation 7,
1
D —D, = ktn [7]

where D is the average grain size, t is the annealing time and n is the grain
growth exponent. Assuming that the grain boundary energy for all boundaries is the
same, an ideal n-value of 0.5 was calculated. In the next section, factors that influence
grain growth such as texture, solute concentration, and annealing temperature will be
discussed [96].
2.4.5 Factors That Influence Grain Growth

As stated earlier, grain growth is a diffusion based process and therefore, the
annealing temperature will have a significant influence on grain boundary mobility [96].
Since the driving force for GG is usually small, significant grain growth normally occurs
at very high temperatures [96]. Therefore, an increased annealing temperature leads to
faster grain growth kinetics. Murphy et al found that in unalloyed Mg and Mg-4Al, grain
growth increased with annealing temperature [124]. Gil et al found similar behavior

during the annealing of pure titanium at temperatures ranging from 700C to 900C [125].
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Although grain growth is influenced by many factors, the addition of alloying
elements can also have a significant effect on grain growth [96]. Solute atoms can
decrease grain boundary mobility through a process known as solute drag [106]. In
general, the driving force for GG is small and the grain boundary velocity is low which
allows solute atoms to diffuse to catch up to the grain boundary [96,106,126]. As a
consequence, the kinetics are governed by solute diffusion near the grain boundary. As
grain growth proceeds, the solute atoms gradually reduce the mobility of the grain
boundary. The segregation of solute atoms to grain boundaries also lowers the grain
boundary energy which results in a decreased driving force for grain growth [126].
Trump et al found that in Ti-Al binary alloys, the grain growth slowed down as the Al
concentration increased (Figure 2.15) and related the observed behavior to a reduction
in grain boundary mobility due to solute [127]. Texture influences the grain boundary
energy of a material and consequently alters the grain growth kinetics during annealing
[96]. Strongly textured materials usually contain many low angle boundaries of low

energy which leads to a reduced driving force for grain growth during annealing [96].
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Figure 2.1: Schematic of a stress-strain hysteresis loop from a fatigue experiment
detailing the various parameters that can be quantified from the corresponding loop
such as plastic strain (&p), elastic strain (&¢), elastic modulus (E), total stress amplitude
(Ao) and total strain amplitude (Ag) [49].
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Figure 2.2: A description of cyclic hardening (top) vs. cyclic softening (bottom). During
cyclic hardening the total stress amplitude increases from cycle to cycle while during
cyclic softening it decreases with cycling [49].
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Figure 2.3: Typical stress-strain hysteresis loops of the rare earth Mg alloy, GW103K
(red) and the Mg alloy, AM30 (blue) at cycles 1-2 and the mid-life cycle. LCF of
GW103K produces a stable, symmetric loop while the loop from AM30 is asymmetric
with the abrupt inflection points associated with twinning and detwinning [37].

Pure Polycrystalline Mg . 2":0 20
150 o Tension-Compression (ED) :  “° L ) ://42
E . .... "“. 4-—’-"‘84
© 100 187
= Ae/2 = 0.12% \ 602
¢ 50 Cycle 1~10 804
)
p
a 0 .................................................................
-50 —
-100 | | I | |
0.010 -0.005 0.000 0.005 0.010

Strain

Figure 2.4: Stress-strain hysteresis loops of pure polycrystalline Mg at a low strain
amplitude (0.12%) and a high strain amplitude (1.0%). Increased twinning at high strain
amplitudes produces an asymmetric loop shape [36].
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Figure 2.5: A comparison of the tension-compression asymmetry for the Mg alloy, AZ31
at a). 0.1%, b). 0.3%, and c). 0.6%. The tension-compression stress ratio changes with

total strain amplitude [39].

= {0002}
(GW123K) (AZ31)

Figure 2.6: Basal pole figures for a a). rare-earth Mg alloy, GW123K and b). AZ31
showing the difference in texture for the two alloys. AZ31 displays a strong basal texture
along the transverse direction (TD) while the texture is very weak along that same
direction in GW123K [56].
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Figure 2.7: The evolution of proof stress in various Mg-Al alloys as a function of Al
content. The yield strength increases with an increase in Al concentration [67].
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Figure 2.8: The asymmetry in the hysteresis loop is reduced in the aged condition when
compared to the solution-treated condition for the Mg alloy, AZ80 [72].
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Figure 2.9: Number of twins per grain at 10% strain for unalloyed Mg: a). model
prediction and b). EBSD measurements. On average, the number of twins per grain
increase with grain area in both cases [20].
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Figure 2.10: The recrystallization fraction as a function of time for annealing
temperatures of 210°C, 225°C, 250°C, and 300°C. Recrystallization increases with
temperature and time [98].
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Figure 2.11: The fraction recrystallized as a function of time and strain. As the amount

of pre-strain (deformation) increases, recrystallization occurs more rapidly [96].
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Figure 2.12: The influence of starting grain size on recrystallization kinetics. As the grain
size increases recrystallization decreases since there are fewer available nucleation

sites [96].
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Figure 2.13: The influence of Nb addition on static recrystallization kinetics in a steel.

Recrystallization occurs more rapidly in the Nb free alloy [107].
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Figure 2.14: EBSD inverse pole figure maps showing the evolution of recrystallization
from double twins and double twin-grain boundary intersections for the rare-earth Mg
alloy, WE43 at annealing times of a). 0, b). 11, c). 18, d). 28, e). 58, f). 90, g). 198, and
h). 378 minutes [113].
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Figure 2.15: At both 700°C and 800°C, grain growth is slowed down as the Al
concentration increases in titanium [127].
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CHAPTER 3
QUANTIFICATION OF TWINNING-DETWINNING BEHAVIOR DURING LOW-CYCLE
FATIGUE OF UNALLOYED MG USING HIGH ENERGY X-RAY DIFFRACTION

3.1. Introduction

Mechanical twinning plays an important and well documented role during the
plastic deformation of Mg and its alloys [1-8]. In hexagonal close packed (HCP) Mg
alloys, the dominant deformation mode at room temperature is generally <a> slip on the
basal (0001) plane. In unalloyed Mg, the critical resolved shear stress (CRSS) to
activate basal slip can be as low as 0.5-1 MPa [9-10]. The other slip systems --
prismatic <a> slip, pyramidal <a> slip, and pyramidal <c+a> slip -- require much higher
stresses to activate during deformation [11]. Pyramidal <c+a> slip is difficult to activate
at room temperature leaving only four independent slip systems available for room
temperature deformation in these materials [12]. Therefore, another deformation mode
is necessary to accommodate arbitrary isochoric deformations (the Von Mises criterion).
In many Mg alloys, this role is served by mechanical twinning which allows grains to
deform along their c-axis [9]. Crystal plasticity simulations by Knezevic et al found that
the CRSS for twinning was double that for basal slip but three times less than that for
prismatic and pyramidal slip [13]. Due to its importance, twinning has been the focus of
significant, active research [e.g.,13-23]. In this work, twinning in unalloyed Mg is studied
during fully reversed low cycle fatigue (LCF) tests. The formation of deformation twins is

probed in-
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situ using high-energy X-ray diffraction (HEXD) by monitoring the evolution of
specific texture components, uninterrupted, as fully reversed cyclic loads are applied.
The points in time / applied strain when twinning begins and ends during loading are
identified with high fidelity, made possible by rapid X-ray exposure times. The evolution
of the character of twinning and detwinning during the presented experiments provide
crucial new information for the development of accurate models to predict the influence
of microstructure, texture and alloying on low cycle fatigue for future alloy and process
design.

In unalloyed Mg and Mg alloys, with a c/a ratio less than the ideal value of 1.633,
{1012<1011> extension twinning is a dominant deformation mode that accommodates
extension along the c-axis, but not contractions along that same direction [16, 24]. In
textured materials, this can cause the tensile yield strength to be significantly higher
than the compressive yield strength [25] and can also produce a Bauschinger effect [2-
8,14-15,26]. In wrought Mg alloys where the dominant basal texture component is
normal to the loading direction, the Bauschinger effect during cyclic loading is
particularly pronounced [3,5, 14-15]. Begum et al. found that the tensile yield strength
was much higher than the compressive yield strength during low cycle fatigue of an
AMS30 extruded Mg alloy and related this to twinning that occurs during compression
and detwinning that occurs during tension [5]. During compression, twins form causing
an 86.3° reorientation of the basal pole [9,11,15,22]. During reversed (tensile)
unloading these twinned regions can become narrower and/or disappear in a process

known as detwinning [11,25,27]. Detwinning causes a reorientation of the c-axis from
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the twin back to the matrix or parent grain [9, 25, 27-28]. Twins can reappear upon
reloading and thus, the twinning-detwinning behavior continues until the end of life [29].
During cyclic loading of Mg alloys, three regions exist with different dominant
deformation mechanisms occurring in each region. First, during tensile loading,
deformation is dominated by slip, [17-18,30-31]. Second, during compression loading,
twinning dominated deformation occurs and the flow curve displays a relatively lower
maximum stress [15]. Finally, during the reversed tensile loading portion of a fatigue
cycle, dislocation slip occurs simultaneously with detwinning or narrowing of twins [14].
A study by Yu et al. found that the tension-compression yield asymmetry was reduced
at low strain amplitudes during LCF of pure polycrystalline magnesium due to a
reduction in twinning [3].

The stress-strain response of a material is different when both slip and twinning
work together to accommodate deformation than when slip acts alone, since the
stresses needed to activate twinning and slip are different [32]. This behavior during
cyclic loading leads to an abnormally shaped hysteresis loop with inflections
representing the onset of twinning and exhaustion of detwinning [2-8,14-15]. Wu et al
reported an abnormal sigmoidal shaped hysteresis loop during LCF of the Mg alloy
AZ31, where the stress in tension was much higher than that in compression [33].
Begum et al reported similar behavior for the Mg alloy AM30 [5].

In recent years, neutron scattering has been used to study the twinning-
detwinning behavior of wrought Mg alloys during cyclic loading [14-15,17,20,34-37]
while few studies have used high energy x-ray diffraction (HEXD) using synchrotron

diffraction [30,38] to study this behavior. Both neutron scattering diffraction and HEXD

52



allow for the bulk response to be examined in order to understand phase transitions and
texture evolution [33, 39]. Using these techniques, behavior may be assessed with
minimal impact of the free surface. Neutron irradiation has relatively low fluxes and
intensities and therefore, has many limitations when studying rapid time-dependent
processes such as fatigue [38]. Due to these limitations, in practice, many in-situ fatigue
experiments involving neutron scattering are paused in order to measure a diffraction
pattern. In contrast, HEXD of an Mg sample in a transmission geometry may be
conducted with relatively short collection times, which allows for studying phenomena
in-situ. In in-situ fatigue studies, HEXD provides a means of understanding the behavior
of the bulk material throughout an entire cycle in real time under realistic conditions
without pausing the cyclic loading [39].

Despite the complexities of neutron diffraction, Gharghourri et al used this
technique and found that, during cyclic loading, twinning occurred during compression
followed by detwinning during the reversal [20]. An in-situ neutron scatter study by Wu
et al also found that twinning-detwinning alternates during cyclic loading in ZKG60A
magnesium alloy [15]. Studies of AZ31 using synchrotron radiation have addressed the
texture evolution of samples deformed by ex-situ techniques [14], and the twinning,
detwinning, and lattice reorientation within an individual grain during strain reversal of a
single cycle. In an in-situ neutron experiment by Wu et al, it was found that during the
final stages of fatigue life immediately before failure, twinning became less dominant
and deformation proceeded by dislocation slip in AZ31B Mg alloy [34].

In the current work, the twinning-detwinning behavior of extruded, polycrystalline

unalloyed magnesium under cyclic loading was investigated at the Cornell High Energy
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Synchrotron Source (CHESS) using in-situ HEXD. The purpose of this study is to
quantify the twinning and detwinning that occurs during cyclic deformation and to
understand the influence of twinning and detwinning on cyclic stress-strain response of
unalloyed Mg. It is anticipated that this quantitative information will provide important
baseline information for developing physically-based models for predicting the influence
of microstructure and alloying on cyclic stress-strain response and low cycle fatigue.
3.2. Experimental Procedure
3.2.1 Material Characteristics and Sample Preparation

The unalloyed Mg used in this study was provided by CanMET Materials in the
form of extruded bar. The bar was extruded from an 85mm diameter cast billet at 300°C
to a final diameter of 15mm. The as-extruded texture was measured using EBSD with
the results shown in Figure 3.1. The initial texture shows that the basal poles are
oriented in the radial direction (RD) and are therefore aligned normal to the extrusion
direction and the loading direction (LD) [40] In the in-situ experiment described below,
the loading direction (LD) is parallel to the extrusion direction and the normal direction
(ND) Is equivalent to the radial direction (RD). The microstructure consisted of equiaxed
grains with an average grain diameter of 50 ym. The microstructure was 95 percent
recrystallized. The details of this microstructural characterization have been reported
elsewhere [41].

For the in-situ synchrotron diffraction experiments, cylindrical fatigue specimens
were machined by Westmoreland Mechanical Testing and Research, Inc. using low
stress turning to ensure a low residual stress, scratch free surface. The final surface

was prepared by standard metallographic techniques ending with a 1200 um grit finish.
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The geometry was consistent with the ASTM EG606 standard and the samples had a
diameter of 6.35mm and a gage length of 19.05mm.

To characterize twinning and detwinning using electron back scatter diffraction
(EBSD), flat, rectangular fatigue specimens were inserted in a Tescan Mira 3 scanning
electron microscope equipped with an EDAX Hikari XP EBSD detector. Each EBSD
scan was taken at a voltage of 30kV and a beam intensity between 18-20 with an
average step size of 1.0£0.2um. TSL OIM software was used to characterize EBSD
data and an average confidence index of 0.67+0.1 was obtained. No additional
confidence index cleaning was applied to the data. A grain tolerance angle of 5° was
used for grain recognition. These were also machined by Westmoreland using low
stress turning where the final surface was produced with 1200 um grit finish. The
samples were then electro-polished using a phosphoric acid-ethanol solution at 24V for
2 hours prior to testing. An acetic-picral solution (4.2 g picric acid, 10mL acetic acid, 10
mL water, and 70 mL ethanol) was used to etch the specimens for 3-5 seconds, which
revealed grains and twins under scanning electron microscopy.

3.2.2 Cyclic Loading and X-ray Diffraction Measurements
HEXD experiments were performed during in-situ cyclic mechanical loading at

the F2 Station at the Cornell High Energy Synchrotron Source (CHESS). Figure 3.2
shows an illustration of the experimental geometry which will be referred to throughout
this section. Within the diffraction volume, every grain satisfying Bragg’s Law (Equation
1) will diffract producing a peak of diffracted intensity on the detector. Bragg’s Law
relates the x-ray wavelength, A to the lattice spacing for a unique family of planes, dn
and the diffracted angle, 6ny [42].

A = 2dpp sin Oy (1)
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The cyclic loads were applied by a Bose Electroforce 3200 Series Il load frame
that was mounted on a series of translation and rotation stages for sample
manipulation. The macroscopic load was measured on a 5kN load cell located below
the sample. The macroscopic strain was measured using an extensometer attached to
the sample. Two samples per condition were tested at both 0.52% and 0.75% total
strain amplitudes while only one sample was tested at 0.4% total strain amplitude.

During the test, the sample was illuminated by a 61.332 keV X-ray beam that
travelled parallel to the -Z direction. The size of the beam illuminating the sample was
1.25 mm (width, X) by 1.25 mm (height, Y). Diffracted intensity was measured in
transmission on a wide panel area detector that was placed with face normal to the
incoming beam, 859 mm behind the specimen. On the detector, a sufficient number of
grains were illuminated such that nearly complete Debye-Scherer powder rings were
captured. To maximize the number of crystals illuminated, the sample was continuously
rocked about the rotation axis from 0-5°. The timing of the rocking was synced such that
a rotation from 0° to 5° and back to 0° degrees was completed during a single exposure.
Diffracted intensity was measured at an angle 20 from the incoming X-ray beam and the
angle n defined the azimuthal position along the Debye-Scherer ring at which the
diffracted intensity was measured. The area detector employed was a GE41RT+
amorphous silicon area with 2048 x 2048 pixels and 200 ym x 200 ym pixel size.

The cyclic loading was performed in displacement control with displacement end
points. A triangular displacement waveform was applied to the specimens. Three
different specimens were tested with displacement endpoints of 0.205mm (ga =0.75%),

0.192mm (ea=0.52%), and 0.135mm (ea =0.4%). When not collecting diffraction data,
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the sample was loaded at a frequency of 0.25Hz. The loading direction was
perpendicular to the incoming X-ray beam. In this geometry, the normals of diffracting
lattice planes lie at an angle, 8, away from the loading axis. To observe the twinning
process in-situ, a cycle was applied to the specimen and diffraction measurements were
continuously made throughout the cycle. During these cycles, the loading rate was
reduced such that an entire cycle was completed in 480s. Throughout the cycle, 240
images were collected with exposure times of 2s. Each image number corresponds to a
diffraction measurement.

3.3. Results
In this section, the experimental results provided by in-situ HEXD techniques are

reported. First the macroscopic stress-strain response showing the variation of tensile
and compressive stresses with cycles will be presented. The loading axes of all fatigue
specimens were parallel to the extrusion direction. Thus, the c-axis of the majority of
grains was normal to the loading direction and it was possible to activate
{1012}(1011)twinning during compression in these grains. This twinning was
characterized using HEXD which allowed quantification of the relationship between
twinning-detwinning and the intensity evolution of the basal {0002} peak during cyclic
loading. This allowed for investigation of the influence of twinning-detwinning behavior
on the observed tension-compression asymmetry.

3.3.1 Macroscopic Stress-Strain Response
The twinning-detwinning behavior of unalloyed Mg was characterized using

HEXD at three different total strain amplitudes: 0.75%, 0.52%, and 0.4%. Figure 3.3
shows the evolution of maximum stress in compression and tension for each strain

amplitude as a function of cycles. The maximum tensile stress was higher at the higher
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strain amplitudes (0.75% & 0.52%) compared with the lower strain amplitude (0.4%),
where the maximum tensile stresses at the half-life were 63MPa, 62MPa, and 50MPa,
respectively. The maximum compressive stresses were approximately the same for all
levels of applied stress and at the half-life was -52 MPa, -53 MPa and -47 MPa,
respectively. At both 0.75% and 0.52% total strain amplitude, a tension-compression
strength asymmetry exists where the stresses reached in tension are higher than those
reached in compression. The asymmetry is reduced at the lower strain amplitude of
0.4%. At a total strain amplitude of 0.52% and 0.75%, slight hardening was observed
during the first ten cycles and from there a hardening plateau existed until cycle 400 or
500, respectively, after which softening occurred until failure. This strain hardening
plateau has also been observed in other alloys that deform by twinning including HCP
Mg alloys [11,19,42], Zr alloys [44-45], and the shape memory alloy, NiTi [46]. The
diffraction data suggests that hardening during the first ten cycles at 0.75% and 0.52%
total strain amplitudes is due to the increasing volume of fraction twins forming, which
will be discussed later. At a total strain amplitude of 0.4%, cyclic stability was observed
and the maximum tensile and compressive stresses did not significantly vary with cycles
until cycle 3000 at which point softening occurred until failure. The diffraction data at
0.4% total strain amplitude suggested that the material was not deforming by
mechanical twinning and deformation is likely due to formation and motion of
dislocations.

3.3.2 In-Situ HEXD Measurements
Figures 3.4, 3.5 and 3.6 shows the hysteresis loops for total strain amplitudes of

0.75%, 0.52%, and 0.4%, respectively and the evolution of the basal {0002} peak

intensity. Peak intensity evolution is shown from scattering in both the loading direction
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and the direction normal to the loading direction, i.e., normal to the extrusion direction,
as a function of cycles for each strain amplitude. In each HEXD intensity figure, the
different stages of loading are indicated, i.e., tensile loading until the maximum tensile
strain is reached at A, after which tensile unloading occurs until zero strain is reached;
this is followed by compressive loading until the compressive maximum strain is
reached at B and ending with compressive unloading back to a strain of zero. For each
cycle, the maximum tensile strain is indicated by the letter A and the maximum
compressive strain is denoted by B. The stars on each figure (e.g., C1 in Figure 3.4a)
represent points of interest and will be discussed throughout the paper.

The initial intensity of the basal {0002} peak in the loading direction is zero. As
stated in the previous section, a majority of the parent grains have their c-axis oriented
normal to the loading direction, therefore when parent grains undergo twinning, their c-
axis is reoriented 86.3° towards the loading direction as outlined in Figure 3.7. In Figure
3.7a, the initial orientation of the {0002} basal pole (c-axis) is normal to the loading
direction; in Figure 3.7b as twins are formed during compression the c-axis is reoriented
by 86.3° toward the loading direction, and finally during the removal of those twins or
detwinning the orientation is returned to its initial orientation (Figure 3.7c). This
reorientation can be related to changes in the {0002} peak intensities in the loading and
normal directions and is directly related to the degree of twinning and detwinning that
occurs during loading. The initial high peak intensity in the normal direction is related to
the volume fraction of parent grains with their c-axis perpendicular to the loading
direction. These grains are favorably oriented for twinning during compression. The

peak intensity data in Figures 3.4-3.6 is plotted as a function of image number (e.g., in
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Figure 3.4b, c, e and f). The image number corresponds to the diffraction measurement
and 240 diffraction measurements were taken throughout each cycle. An increase in the
intensity in the loading direction indicates an increase in twinning while a decrease is
related to the degree of detwinning, that is, the removal and/or narrowing of those
twinned regions. Concurrently a decrease or increase in intensity in the normal direction
is indicative of the volume fraction of regions that have reoriented their c-axis due to
twinning or detwinning. Thus, the maximum in the intensity for the {0002} x-ray peak in
the loading direction (as shown in Fig 3.4b) corresponds to a minimum in the intensity
for the {0002} x-ray peak in the normal direction (as shown in Fig 3.4c).

At 0.75% total strain amplitude (Figure 3.4a-c), during Cycle 1 the intensity of the
basal {0002} peak in the loading direction remains zero until the applied stress reaches
a value of -52 MPa (indicated by C-1) at which point the x-ray peak intensity begins to
increase until it reaches the maximum compressive strain (indicated by B). Immediately
during compressive unloading the x-ray peak intensity decreases until the end of cycle
1. This increase in intensity in the loading direction during compressive loading is tied to
the onset of twinning, that is, the regions of the parent grains that are reorienting by
86.3° and that the decrease in intensity during the load reversal is caused by
detwinning. This detwinning process is also reflected by the intensity changes in the
normal direction where, during compressive loading, the intensity begins decreasing at
C-1 and continues to decrease until the maximum compressive strain is reached at
which point the x-ray peak intensity begins to increase until the end of the first cycle.
The intensity does not return to zero or the background intensity at the end of Cycle 1

indicating that all of the twins were not removed during compressive unloading.
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During the initial tensile loading of the following cycle (Cycle 2) the intensity in the
loading direction immediately returns to zero (indicated by T-2), marking the exhaustion
of detwinning at 20 MPa. After that the intensity remains zero until the applied stress
reached a value of -44 MPa (C-2). At C-2 the intensity begins increasing and continues
until it reaches the maximum compressive strain indicating that twinning begins at the
compressive stress, C-2, in the second cycle. As the compressive unloading of Cycle 2
begins, the x-ray peak intensity immediately begins decreasing showing that detwinning
is occurring until the end the cycle. By Cycle 200 (Fig. 4.4g, h, i), the detwinning
behavior begins to change; detwinning occurs until the maximum tensile strain is
reached indicated by the decrease in intensity in the loading direction to its minimum at
Point A and the x-ray peak intensity in the loading direction does not return to zero
indicating that a certain volume fraction of residual twins remains in the material
throughout the cycle. During compressive loading, the intensity increases indicating the
onset of twinning. The behavior during Cycle 500 is similar to that of Cycle 200, where
the intensity does not return to zero during tensile loading, but detwinning does occur
until the maximum tensile strain is reached. The intensity at the maximum tensile strain
of Cycle 500 is higher than that of Cycle 200 indicating that the volume fraction of
residual twins increases with increasing cycles.

To quantify the volume fraction of twins, ¢, formed as a function of cycles, the

apparent twin volume fraction was characterized using the relationship:
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where I, is the initial basal {0002} x-ray peak intensity of the parent grains in the
normal direction and I, is the basal {0002} x-ray peak intensity in the loading direction
at the maximum compressive strain. The value I, is termed the twin x-ray peak
intensity and taken to be a measure of the maximum twin volume fraction during the
cycle. The azimuthal data was averaged over an azimuthal length of 5 degrees. The
twin x-ray peak intensity and the twin volume fraction are plotted as a function of
number of fatigue cycles in Figure 3.8. The twin volume fraction more than doubles in
the first five cycles and then gradually increases indicating that the most significant
twinning occurs very early during cyclic loading. For the first 100 cycles, near-complete
twinning and detwinning occurs, where the majority of the twins formed under
compression are removed under the tensile loading of the following cycle. The stress at
the initiation of twinning during the first 100 cycles is plotted as a function of cycles in
Figure 3.9a. It was found that the twin initiation stress gradually increases with cycles.
For example, in the sample fatigued at a total strain amplitude of 0.75%, in the first
compression cycle, twinning initiated at -52 MPa but this stress decreases to -44 MPa in
Cycle 2, indicating that additional plastic deformation occurred in the second cycle,
resulting in the earlier formation of twins as the second cycle progressed. For the
detwinning process, the stress at the exhaustion of detwinning during tensile loading
was characterized and is shown in Figure 3.9b. This stress also gradually increased
throughout the first 100 cycles indicating that more twins are formed during the previous
cycle and therefore a higher stress is required to complete detwinning during the tensile

loading of the following cycle.
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Similar behavior was also observed in the sample cycled at 0.52% total strain
amplitude (Figure 3.5). Figure 3.5 shows the hysteresis loops for cycles 1,2, 200 and
500 (at the fatigue half-life). As compressive load was applied in Cycle 1, twinning
begins at a stress of -52 MPa (indicated by C-1). The intensity at this point for the basal
{0002} peak in the loading direction increases as the intensity in the normal direction
decreases confirming the beginning of twin formation as portions of some grains are
reorienting their c-axis due to twinning. During tensile loading of the next cycle, the
intensity returns to zero at 15 MPa (T-1) and remains zero until compressive loading
commences. The diffraction data suggests that the exhaustion of detwinning occurs at
this point, indicated by the decreasing intensity of the basal {0002} peak in the loading
direction up until this point and the increasing intensity in the normal direction until the
maximum tensile strain is reached. The detwinning behavior immediately begins to
evolve in Cycle 2, twinning now begins at a stress of -46 MPa (C-2) which is indicated
by the increase intensity from this point until the maximum compressive strain is
reached. Similar to the specimen deformed to 0.75% strain, as tensile load is applied in
Cycle 200, the x-ray peak intensity in the loading direction decreases until the maximum
tensile strain is reached but never returns to zero due to the presence of residual twins.
The stress at which twins were initiated also gradually increased with cycles as well as
the stress at the exhaustion of detwinning (Figure 3.9a-b). The twin intensity and the
twin volume fraction at 0.52% total strain amplitude significantly increases during the
first five cycles (Figure 3.8a-b).

At 0.4% total strain amplitude, during cyclic loading up to 2000 cycles, no

diffracted intensities in the loading direction were detected. Thus, only the intensity of
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the {0002} basal peak in the normal direction is reported in Figure 3.6. The diffraction
data suggests that the initiation of extension twins did not occur during cyclic loading at
this strain amplitude and that plastic deformation occurred by crystallographic slip.

3.3.3 Internal Elastic Lattice Strain Evolution
Each family of planes has a unique lattice spacing that can be used to calculate

the internal elastic lattice strains €;; using the change in lattice spacing between the
loaded and un-loaded patterns (Equation 3).

Ak — dh
Enkl = T 3)

where dj;,; and dj,, are the lattice spacing’s in the loaded and unloaded conditions,
respectively. The relationship between the internal elastic lattice strain evolution and
applied stress in the loading and normal directions for the 0.52% total strain amplitude
sample can be found in Figure 3.10. Figure 3.10a shows the initial tensile loading for
Cycle 1. During this initial loading, the ease for basal slip influences the internal elastic
strain behavior for both the (1011) and (1010) grains. In the loading direction (Figure
3.10a) the (1011) grains plastically yield at ~45MPa while the elastic strains for the
(1010) grains continue to increase until the maximum tensile stress is reached
indicating that (1011) grains are favorably oriented for basal slip while the latter are not.
This observation is also supported by the higher internal elastic strain in the (1010)
grains during tensile loading. In the normal direction, the internal lattice strain due to
Poisson's contraction for the (0002) and (1011) grains are the same while the (1010)
grains had the highest internal lattice strain when compared to the other orientations.
The curves in the normal direction are also steeper than those in the loading direction

which is explained in the discussion section.
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As the sample is unloaded and compressed (Figure 3.10b and Figure 3.10c), in
the LD direction, the internal lattice strain of the (1011) grains decreases until -35MPa
where it then plateaus until the compressive yield strength is reached. Concurrently, the
slope of the stress-internal strain curve in the (1010) also decrease slightly. It should be
noted in Figure 3.10C that, due to the Poisson's effect, in the ND direction the (0002)
grains are placed in a tensile strain state along their c-axis which is necessary for
"extension” twinning to occur. When the sample starts to plastically deform by twinning
at -52 MPa, the (0002) grains in the normal direction are relaxed relative to the stress
field in the neighboring grains (Figure 3.10c). At the same time, the LD curves for the
(1011) and (1010) grains deviate from linearity suggesting that twinning is also causing
plastic relaxation in those grains during compressive loading (Figure 3.10c).

In contrast, while the compressive load is removed (Figure 3.10d), the internal
elastic strain decreases at the same pace for all of the orientations due to the elastically
isotropic behavior of Mg. The (1010) and (1011) grains contain a very small residual
compressive strain at ~OMPa. At -6MPa the internal strain in the (0002) grains in the
loading direction changes sign and beyond this point the (0002) grains are placed in a
tensile stress state along their c-axis (ND direction) which is important for promoting
detwinning during reloading.

In the final portion of a cycle (Figure 3.10e), plastic deformation is dominated by
detwinning. At the transition to dislocation-slip-dominated deformation the (0002) grains
disappear since detwinning is complete. The (1011) grains are favorably oriented for
basal slip and near 50 MPa the grains plastically yield and slow down their elastic

loading. At the same time, the elastic loading continues in the (1010) oriented grains.
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3.3.4 In-plane Tension-Compression Asymmetry
The twinning in compression and detwinning during reversed loading observed in

unalloyed Mg is responsible for the tension-compression stress asymmetry normally
seen in wrought Mg alloys. The maximum tensile and compressive stresses at Cycle 2
are listed in Table 3.1. Note: two samples were tested at 0.52% and 0.75% total strain
amplitudes while only one sample was tested at 0.4% total strain amplitude. The
anisotropic behavior was more significant at higher strain amplitudes (0.52% and
0.75%) when compared to the lower strain amplitude of 0.4%. The maximum tensile
stress at 0.75% strain amplitude was 16 MPa more than the compressive maximum
stress of -52 MPa. At 0.4% strain amplitude, the differences in the tensile and
compressive maximum stress at Cycle 2 are negligible which also confirms that the
deformation was slip-dominated at this strain level.

The diffraction results suggest that twinning and detwinning occur alternately
during cyclic loading. To image this mechanism during cyclic deformation, strain-
controlled, ex-situ, monotonic tension and compression experiments were performed at
0.6% total strain amplitude on rectangular flat specimens. The samples were polished
prior to loading and periodically characterized using electron back scatter diffraction.
Samples were examined at zero load after straining in a servo-hydraulic test machine.
Figure 3.11 shows the evolution of microstructure during loading. The initial
microstructure is shown in Figure 3.11a. The black circles on each image outline areas
of interest. After the initial compressive loading to -0.6% strain, twins were formed in the
grains outlined by the black circles (Figure 3.11b). During tensile loading to +0.6%

strain, in those same grains the twins were no longer observed indicating that the twins
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formed during compression were removed during the tensile loading stage of the
following cycle (Figure 3.11c).

3.4. Discussion
In this study, the twinning-detwinning behavior observed during low cycle fatigue

of unalloyed Mg was characterized using in-situ HEXD. The intensity of the {0002} basal
peak was monitored throughout each cycle and was used to characterize twinning and
detwinning. Moreover, the stress at which twinning initiates and detwinning is exhausted
was quantified using this technique. In addition, evolution of the twinning and
detwinning behavior with increasing number of cycles applied was monitored. The
cyclic fluctuations in twinning and detwinning that were measured in this paper are
critical for accurate modeling of cyclic deformation in Mg alloys.

In Mg alloys, straining along the HCP c-axis can only occur by pyramidal <c+a>
slip or deformation twinning [47-51]. In many Mg alloys, the CRSS for <c+a> slip is
substantially higher than that for twinning and thus twinning is the preferred and
dominant mode of non-basal deformation. Of the many HCP twin modes, the
{1012}(1011) extension twins are the most common [49-50]. These extension twins
create a strong asymmetry between the in-plane tension and compression yielding
behavior. In samples with a basal texture commonly found in extrusions and rolled
sheet materials, these so-called "extension" twins form perpendicular to the loading
axes during compression of samples loaded along the extrusion or rolling direction.
Upon their formation, twins introduce a new orientation into the grain and within twins,
slip systems can be preferred that are different from those of the parent grain and thus
influence the macroscopic stress-strain response of the material during loading [32]. A

model by Knezevic et al found that during reversed tensile loading, twins developed
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during compression can impede slip that is non-coplanar to the twin boundaries; they
can also provide domains for new slip modes or they can de-twin [32].

3.4.1 In-Situ HEXD characterization of twin evolution
It was determined that the onset of twinning could be related to the increase in

the basal {0002} peak intensity in the loading direction. At strain amplitudes 0.52% or
greater, the initiation of twinning occurs at lower stresses as cycling continues (Figure
4.9) which suggests that twinning becomes easier as cycling continues. Both the
maximum compressive strain and maximum x-ray peak intensity in the loading direction
also increases (Figure 3.8) indicating that the number of twins formed also increases.
This was confirmed using a normalized peak intensity given by Equation 2, and it was
observed that the apparent twin volume fraction more than doubles in the first five
cycles at both strain amplitudes. A diffraction study by Wu et al found similar results for
the Mg alloy, ZK60A, where compressive yielding occurred at lower stresses during the
second cycle and the intensity of the basal {0002} peak was increased for Cycle 2 which
indicated that an increase in twinning occurred during the second cycle [15].

In Mg alloys, twins created during previous compressive loading gradually
disappear during compressive unloading and/or tensile reloading. This detwinning has a
significant effect on the stress-strain response of the material since it requires
reorientation of portions of the grain back to the original orientation (prior to twinning) via
a change in the size of the twin or complete removal of twin boundaries [44,52]. The
occurrence of detwinning during strain path changes has also been observed in HCP
zirconium and hcp beryllium [44]. A detwinning model by Proust found that in Zr
detwinning occurred due to internal twinning within the primary twin [44]. In the current

study at both strain amplitudes, the detwinning occurred immediately upon reversal of
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the maximum compressive strain. This was evident as the twin intensity continually
decreases from the compressive peak until the end of the cycle. The reorientation of
twinned regions to their original orientation during detwinning was confirmed by the
increase in the normal direction intensity during compressive unloading until the end of
each cycle. The intensity at the end of each of cycle never returns to zero indicating that
twins are not completely removed during compressive unloading and that there are
twins left to be removed during tensile straining in the following cycle. Within the first
100 cycles at 0.75% strain amplitude and 200 cycles at 0.52% strain amplitude
complete twinning-detwinning occurs in which the twins that formed during compressive
loading appear to be fully removed during reverse loading in tension. This is indicated in
the diffraction data at the point where the twin intensity returns to zero during reverse
loading. During these early cycles, as cycling increases the tensile stress at which
detwinning is complete (the twin exhaustion stress) more than doubles, because a
larger volume fraction of twins is available to be detwinned and consequently a higher
tensile stress is needed to remove twins (Figure 3.9b). This is confirmed by the
observation that the twin intensity increases with increasing cycles indicating that the
twin volume fraction is also increasing. Similar behavior has been reported in literature.
Wu et al showed that, in ZK60A, as the volume fraction of twins increased with cycles,
additional tensile strain was needed to detwin the material on the following cycle.
Muransky et al found that in AZ31 the driving force for detwinning comes from the high
tensile stresses produced in favorably oriented grains prior to tensile unloading [51].
After a number of cycles, some twins are not fully detwinned and thus "residual”

twins remain in the material throughout each cycle. As a result, the twin intensity never

69



returns to zero during tensile loading and increases from cycle to cycle indicating that,
after a certain incubation time, the residual twin content increases with increasing
numbers of cycles (Figure 3.12). This behavior has been observed in several other
studies [7,15,22]. A diffraction study by Brown et al showed that the residual twin
content increased with cycling in the Mg AZ31B alloy [22]. Mirza et al found residual
twins in regions near the fracture surface after low cycle fatigue in the Mg alloys,
GW103K and AM30 [7]. Wu et al also determined that the residual twin content in
ZK60A made twinning-detwinning more difficult, contributing to hardening during
compression and softening during tension [15]. The residual twin content contributes to
the hardening of the material as twin boundaries can act as barriers to dislocation
motion. It has been proposed that residual twins may also “retwin” in situations in which
there is repeated growth of the residual twin as cycling continues [29]. This retwinning is
the repeated cyclic growth of a residual twin that has not been completely detwinned
[53]. This repeated growth of residual twins may also cause an increase in the basal
peak intensity in the loading direction during compressive loading since such twins
would be increasing in size. A study by Q. Yu et al found that retwinning of residual
twins occurred during compression of a unalloyed Mg single crystal [29].

3.4.2 In-Situ Measurements of Internal Elastic Strain Evolution
Although elastic grain strains are linearly related to individual grain stresses

[17,54-55], they are not necessarily linearly related to the applied stress due to stress
redistribution at the grain level. Deviations from linearity (vs applied stress) indicate that
stress has been redistributed between different grains in the material [17, 54-55]
because of the differences in their propensity for yielding due to differences in

orientation, size, or neighborhood. Once grains yield macroscopically, soft-oriented
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grains begin to plastically deform and the change in elastic strain with applied stress
abruptly decreases resulting in a near vertical line [17, 54-55]. At the same time, grains
in a hard orientation begin to accept more of the applied stress leading to a rapid
increase in their elastic loading [17,54]. The load redistribution between hard and soft
oriented grains has also been observed in composite materials [56-57].

In this study, the (1011) grains were favorably oriented for basal slip and
therefore yield more easily during tensile loading causing their internal elastic strains to
accumulate at a slower rate as the applied stress increases (Figure 3.10a). The (1010)
grains must then accept a higher amount of the applied stress leading to an increase in
the elastic loading of these grains (Figure 3.10a). Once twinning is activated during
compression, the internal strains of the (1010) and (1011) grains are relaxed as more
grains are becoming basal oriented (Figure 3.10c) and decrease more slowly with
applied stress. Also, the internal strain accumulation in the (0002) grains in the normal
direction decrease due to stress relaxation. The slight yielding observed in the (1010)
during compressive loading suggests that <c+a> pyramidal dislocations may play a
small role plastic deformation. Xie et al found that pyramidal | slip was the dominant
non-basal slip mode during compressive loading of unalloyed Mg single crystals and
that these sources generated a small amount of plastic strain when compared to basal
sources [58]. When the twinned grains are exhausted during tensile reloading (Figure
3.10e), the (0002) grains are hard with respect to deformation by basal slip and
therefore, plastic deformation continues through activation of harder, non-basal slip

systems or {1011}(1012) compression twinning and the internal strain in these grains

increases with stress [17]. However, grains in a soft orientation such as the (1011)
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grains yield and slow down their elastic loading while the hard oriented (1010) grains
accept more of the applied stress and their internal strain accumulates at a higher rate
[17]. Agnew et al found similar behavior in the Mg alloy AZ31B, where during micro-
yielding the internal strains in all of the grain orientations deviated from linear elastic
loading [17]. Wu et al also found that during compressive loading of AZ31, the internal
strain rapidly transferred to the (0002) twin grains during macroscopic yielding while the
internal elastic strain (1011) grains increased slowly until it saturated [37]. In this work,
the internal lattice strains of the observed grain orientations decrease at the same pace
due to the near-elastic isotropic behavior of Mg (Figures 3.10d) during compressive
loading, suggesting that little plastic deformation is occurring during unloading and that
the internal strain is mainly controlled by detwinning. Wu et al found similar behavior
during compressive unloading of the Mg alloy, ZKG60A [55].

The slopes of the internal elastic strains versus applied stress in the normal
direction are much steeper than those in the loading direction since they are mainly
produced by Poisson constraint effects. A normal Poisson strain produces a tensile
strain perpendicular to an applied compressive strain [17,55,59]. This has also been
shown in Mg alloys and steels. Lorentzen et al found that internal strains in the
transverse direction in a stainless steel were smaller than in the longitudinal direction
[59]. Wu et al also found that in AZ31 the slopes in the transverse direction were
steeper and that the strains were much smaller when compared to the strains in the

longitudinal direction [55].
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3.4.3 The Influence of Twinning-Detwinning on the Tension-Compression
Asymmetry

The alternating occurrence of twinning and detwinning during cyclic loading of
unalloyed Mg results in the tension-compression strength asymmetry that was found at
0.52% and 0.75% total strain amplitudes. The maximum tensile stress was more than
10 MPa higher than the maximum compressive stress at both strain amplitudes (Table
3.1) Many studies have related the asymmetry to the different deformation mechanisms
occurring during tension and compression. The flow stress in compression is related to
the stress required to activate twinning (and possibly retwinning) while the flow stress
during tension is controlled by detwinning and crystallographic slip. This is corroborated
by the findings of Begum et al who found that the tensile yield strength was much higher
than the compressive yield strength during low cycle fatigue of an AM30 extruded Mg

alloy due to twinning during compression and detwinning during tension [5].

Table 3.1: Maximum cyclic compressive and tensile stress at Cycle 2 for 0.40%, 0.52%,
and 0.75% total strain amplitudes.

Total Strain Amplitude Maximum Tensile Maximum Compressive
(%) Stress (MPa) Stress (MPa)
0.40 50 -47
0.52 65+0.7 -5143
0.75 68+2 -52+0.0

The tension-compression asymmetry found at the higher strain amplitudes was
not observed in samples strained at 0.4% total strain amplitude and is related to the
absence of twinning as evidenced by the absence of diffracted intensity appearing in the
loading direction during cyclic loading. The lack of extension twinning in this condition
also resulted in equivalent maximum tensile and compressive stresses. Similar results
were reported by Yu et al, who conducted tests at low strain amplitudes in unalloyed Mg

and observed that deformation was dominated by slip on basal and non-basal planes
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rather than twinning and detwinning [3]. A study by Begum et al found that the
asymmetry was increased at higher strain amplitudes due to increased twinning during
compression in the Mg alloy, AZ31 [5].

3.5. Conclusions
The twinning-detwinning behavior in unalloyed Mg extrusions during cyclic deformation

was studied using in-situ high energy x-ray diffraction techniques. The major
conclusions are as follows:

1. An increase or decrease in the {0002} basal x-ray peak intensity in the loading
direction was observed during cyclic loading and can be directly related to
{1012}{1011) extension twinning and detwinning.

2. The twin volume fraction and twin intensity doubles in the first five cycles, then
gradually increases until failure. This finding indicates that twin evolution is more
active earlier during cyclic loading.

3. The compressive stress at which twinning initiates decreases with cycling,
indicating that twin-associated plastic flow is increasing on every cycle with twins
forming earlier in the cycle.

4. A detwinning exhaustion stress under reversed tensile loading, at which
detwinning is completed, was characterized using HEXD. This stress increases
with cycling; as the twin volume fraction increases, a higher tensile stress is
needed to detwin the material during the following cycle.

5. Near-complete twinning and detwinning occurred for the first few hundred cycles
where all twins formed during compressive loading appear to be removed during

reverse loading.
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6. At higher numbers of cycles, complete detwinning was not observed and HEXD
results indicated that residual twins remain in the material throughout each cycle
and the amount of these residual twins increased with increasing cycles.

7. The above conclusions were for applied strains of 0.52% and above. At an
applied strain of 0.4% no indication of twinning was observed in either the stress-

strain loop behavior or in the HEXD measurements.
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Figures

2110
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LD
Figure 3.1: Pole figures showing the initial texture with the basal poles aligned
perpendicular to the loading direction. LD: Loading Direction (Extrusion Direction); RD:
Radial Direction (normal to the loading direction).
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Figure 3.2: Schematic of the diffraction experiment detailing the specimen geometry in
relation to the detector as well as the coordinate systems. The detector coordinate
system can either be described using the rectangular coordinate system [X,Y,Z] or a
polar coordinate system [20,n], where 260 is the Bragg angle, n is the azimuthal angle,
and D is the distance from the sample to the detector. During the experiment the
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laboratory system is fixed while the sample is free to rotate about the loading axis
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Figure 3.3: The cyclic stress response in tension and compression as a function of
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Figure 3.4: Cyclic stress-strain loops and corresponding x-ray peak intensity of the
basal {0002} peak for tests conducted at a total strain amplitude of 0.75% a-c) Cycle 1,
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d-f) Cycle 2, g-i) Cycle 200, & j-I) Cycle 500. HEXD peak intensities in the Loading
Direction (Figure 4b,e,h,k) indicate the onset of twinning and detwinning; HEXD peak
intensities in the Normal Direction (Figure 4b c, f, i, |) indicate the activation of other slip
systems. Note: Vertical lines at Image 0 and Image 120 are at zero strain. Vertical lines

at Image 60 and 180 are at peak tensile strain and peak compressive strain,
respectively.
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Figure 3.5: Cyclic stress-strain loops and corresponding x-ray peak intensity of the
basal {0002} peak for tests conducted at a total strain amplitude of 0.52% a-c) Cycle 1,
d-f) Cycle 2, g-i) Cycle 200, & j-I) Cycle 500 HEXD peak intensities in the Loading
Direction (Figure 5 b, e, h, k) indicate the onset of twinning and detwinning; HEXD peak

intensities in the Normal Direction (Figure 5c, f, i, |) indicate the activation of other slip
systems. Note: Vertical lines at Image 0 and Image 120 are at zero strain. Vertical lines
at Image 60 and 180 are at peak tensile strain and peak compressive strain,

-0.5

Cycle 200

509
oo
e

0.1

-55
Strain (%)

A
Cycle 2000

respectively.

Tensile

b).
Loading

58000
~57500
: 57000
56500
56000
55500
55000
54500
54000
53500

A
—
Cycle2

ty

)

ion (A.U

irecti

0.5

Basal {0002} Peak Intens|

Normal D

Tensile
Unloading

Compressive
Loading

Compressive
Unloading

Cycle 2000

Cycle 200

Cycle 2

53000

40

80

120 160

Image Number

200 240

82



Figure 3.6: Cyclic stress-strain loops and corresponding x-ray peak intensity of the
basal {0002} peak for tests conducted at a total strain amplitude of 0.4%. a) Stress-
strain loops for Cycles 2, 200, & cycle 2000; b) HEXD of the x-ray peak intensity for the
basal {0002} planes in the normal direction. Note: HEXD measurements in the loading
directions indicated intensities of zero, indicating no twinning. Note: Vertical lines at
Image 0 and Image 120 are at zero strain. Vertical lines at Image 60 and 180 are at
peak tensile strain and peak compressive strain, respectively.
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Figure 3.7: Orientation changes between parent grains and twinned regions for
compression and reverse tensile loading: a) the initial orientation of the {0002} basal
pole (c-axis) for the parent grain is normal to the loading direction, b) during
compressive loading as the twins form the c-axis is reoriented 86.3° toward the loading
direction in the twins and c). during reverse tensile loading as twins are removed
(detwinning) the c-axis is returned to the initial orientation of the parent grain.
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Figure 3.8: The a) twin x-ray peak intensity (at the maximum compressive strain) and b)
apparent twin volume fraction (at the maximum compressive strain) calculated using
equation 1 at both 0.75% and 0.52% total strain amplitudes.
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twins form in grains outlined in black circles after compression to -0.6% strain and c)
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CHAPTER 4
A STUDY ON THE INFLUENCE OF AL ON TWINNING-DETWINNING BEHAVIOR IN
MAGNESIUM DURING LOW CYCLE FATIGUE USING HIGH ENERGY X-RAY
DIFFRACTION

4.1. Introduction

Mechanical twinning is an important deformation mechanism in hexagonal close
packed (hcp) metals since it helps satisfy the Von Mises criterion as the fifth
independent deformation system and allows for straining along the hcp c-axis [1-4]. It is
well understood that the tension-compression asymmetry observed during cyclic loading
of wrought Mg alloys is due to twin nucleation and growth which occurs during
compression and the narrowing and/or removal of those twinned regions (detwinning)
upon load reversal [1,4]. Twinning and detwinning as well as dislocation slip
mechanisms has been studied extensively using advanced techniques such as
synchrotron diffraction and neutron irradiation [1,5-12]. However, a comparative study
involving the influence of Al on this behavior as it relates to the stresses needed to
initiate twinning and exhaust detwinning as well as the evolution of twin volume fraction
has not been reported in literature between solute-free Mg and binary Mg-Al alloys.
Since Al is a common alloying element in Mg alloys, due to its enhancement of strength,
understanding its influence on loop shape and the tension-compression strength
asymmetry is important for designing Mg alloys for structural applications and for
developing predictive models that accurately simulate cyclic stress-strain behavior and

low cycle fatigue.
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The propensity for this twinning behavior in hcp Mg alloys is dependent on the
initial texture present. In wrought Mg alloys the majority of the grains generally have
their c-axis oriented normal to the prior working direction [1] and this texture allows for
twinning during compression and detwinning upon unloading and/or tensile loading [1].
This texture also enables the quantitative study of this twinning behavior using advance
in-situ techniques involving electron back scatter diffraction (EBSD) and synchrotron
diffraction. The mechanism of twin nucleation and growth in hcp metals has been
studied using both experimental and computational techniques [13-23]. Several studies
on Mg, Zr, and Ti have found that twins generally nucleate from grain boundaries
[14,16,18] since grain boundaries, including triple and quadruple joints, produce large
internal stresses that can support the nucleation and expansion of twins [21]. Other
studies have found that both twin growth and detwinning are driven by the mobility of
twinning dislocations [24-26]. A DFT study by Ghaziseidi et al found that CRSS for twin
dislocation mobility increased with Al concentration [24].

In the present work, we have characterized the cyclic twinning-detwinning
behavior of an extruded, Mg-4Al alloy using in-situ high energy x-ray diffraction (HEXD).
These results are compared with the behavior of unalloyed Mg from Chapter x [27]. The
quantitative information provided will be used in future work to develop physically based
models for predicting the effect of alloying on cyclic stress-strain behavior and fatigue

lifetime.
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4.2. Experimental Procedure
4.2.1 Material and sample preparation

Mg-4Al was provided by CanMET Materials in the form of extruded bar. The bar
was extruded from an 85mm diameter cast billet at 413°C to a final diameter of 15mm.
Prior to extrusion, the cast billet was homogenized at 413°C for 15 hours. The as-
extruded texture was measured using EBSD with the results shown in Figure 4.1. The
initial texture shows that the basal poles are oriented in the radial direction (RD) and
normal to the extrusion direction (ED). In the in-situ experiment described below, the
loading direction (LD) is parallel to the extrusion direction and the normal direction (ND)
Is equivalent to the radial direction (RD). The microstructure consisted of equiaxed,
recrystallized grains with an average grain diameter of 55 ym. Based on EBSD Grain
Orientation Spread measurements the amount of recrystallized was determined to be
95 percent.

For the in-situ synchrotron diffraction experiments, cylindrical fatigue specimens
were machined by Westmoreland Mechanical Testing and Research, Inc. using low
stress turning to ensure a low residual stress, scratch free surface. The final surface
was prepared by standard metallographic techniques with a final step using a 1200 ym
grit finish. The geometry was consistent with the ASTM E606 standard and the samples
had a diameter of 6.35mm and a gage length of 19.05mm.

Images of twinning and detwinning during cyclic deformation were obtained using
electron back scatter diffraction (EBSD) of flat, rectangular fatigue specimens in a
Tescan Mira 3 scanning electron microscope equipped with an EDAX Hikari XP EBSD

detector. Each EBSD scan was taken at a voltage of 30kV and a beam intensity
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between 18-20 with an average step size of 1.0um. TSL OIM software was used to
characterize EBSD data and an average confidence index of 0.62+0.2 was obtained. No
additional confidence index cleaning was applied to the data. A grain tolerance angle of
5° was used for grain recognition. These flat samples were also machined by
Westmoreland using low stress grinding. The samples were then polished using
standard metallographic techniques finishing with a 0.05um polycrystalline diamond
solution prior to testing. An acetic-nitric solution (5mL nitric acid, 15mL acetic acid, 20
mL water, and 60 mL ethanol) was used to etch the specimens for 3 seconds, which
revealed grains and twins under scanning electron microscopy.
4.2.2 In-situ HEXD Measurements and Cyclic Experiments

HEXD experiments were performed during in-situ cyclic loading at three different
strain amplitudes: 0.65%, 0.75%, and 0.85%. The tests were conducted at the F2
station at the Cornell High Energy Synchrotron Source (CHESS). The experimental
geometry has been described elsewhere [42]. A Bose Electroforce 3200 series Il load
frame equipped with a 5kN load cell was employed to apply cyclic loads to each
sample. The macroscopic strain was measured using an 8mm gage length
extensometer which was attached to the sample. Cyclic experiments were performed
under full-reversed, displacement controlled conditions using a triangular displacement
waveform with continuous monitoring of the strain using the extensometer. The
displacement endpoints were: 0.154mm (0.65% strain), 0.164mm (0.75% strain), and
0.174mm (0.85% strain). Specific details on the cyclic experiment can be found

elsewhere [27].
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During each experiment, the sample was illuminated by a 61.332keV x-ray beam
where the beam size was 1.25mm (width) by 1.25mm (height). The area detector
employed was a 2x Dexela 2923 amorphous silicone detector with 3888x3072 pixels
each and a 72um pixel size. On the detector, a sufficient number of grains were
illuminated such that nearly complete Debye-Scherer powder rings were captured.
When not collecting diffraction data, the sample was loaded at a frequency of 0.25Hz.
The loading direction was perpendicular to the incoming X-ray beam. To observe the
twinning process in-situ, a cycle was applied to the specimen and diffraction
measurements were continuously made throughout the cycle. Periodically the loading
rate was reduced such that an entire cycle was completed in 480s during which HEXD
data was taken. Throughout the cycle, 240 images were collected with exposure times
of 2s. Each image number corresponds to a diffraction measurement.

4.3. Results
4.3.1 Stress-Strain Response

In this study, cyclic experiments were performed at three different total strain
amplitudes: 0.65%, 0.75%, and 0.85%, to study twinning-detwinning behavior using
HEXD. Figure 4.2 shows the evolution of the maximum tensile and compressive
stresses as a function of cycles for each strain amplitude. At each strain amplitude, the
maximum tensile stress was observed to increase until the end of the test while, the
maximum compressive stress increased slightly until approximately cycle 100 after
which cyclic softening was observed. The maximum tensile and compressive stress for
cycle 100 are shown in Table 4.1 and it was shown that a tension-compression

asymmetry exists at all three strain amplitudes. For example, at 0.65% total the tensile

95



stress is 95 MPa higher than the maximum compressive stress value. As stated earlier,
inflection points associated with twinning and detwinning are normally seen on stress-
strain hysteresis loops during cyclic loading. An example of this is shown in Figure 4.3,
where the hysteresis loops for Cycles 1 and 2 for 0.85% total strain amplitude is
displayed. During compressive loading of cycle 1, a pronounced yielding behavior (the
sharp change in the slope of that stress-strain curve that occurs at the yield point of -90
MPa) associated with twinning was observed. During tension in the following cycle
(cycle 2) a small inflection point was observed at 84 MPa which is related to the point of
complete detwinning. At higher tensile stresses deformation is dominated by dislocation
slip. In cycle 2, the pronounced yield point associated with the re-initiation of twins is
reduced. As cycling continues to cycle 150, the inflection points related to twinning and
detwinning have become less pronounced as shown in Figure 4.4. The diffraction data
described below indicates that the cyclic stress strain response is directly related to
twinning during compression and detwinning and dislocation slip during tension.

Table 4.1: The maximum tensile and compressive stresses for cycle 100 at the total
strain amplitudes of 0.65%, 0.75%, and 0.85%

Total Strain Amplitude Maximum Tensile Maximum Compressive
(%) Stress (MPa) Stress (MPa)
0.65 194 -99.4
0.75 200 -122
0.85 205 -103

4.3.2 In-situ HEXD Measurements

Figures 4.4-4.6 show the stress-strain hysteresis loops for each total strain
amplitude: 0.85%, 0.75%, and 0.65%, respectively along with the evolution of the basal
{0002} peak intensity. It should be noted that the load drop at 0%strain at the beginning

of each cycle is due to stress relaxation, where the test was paused to collect a pole
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figure after each cycle. The peak intensity evolution is shown from scattering in the
loading direction (LD) and the normal direction (ND) as a function of cycles for each
strain amplitude. In each figure, the different stages of loading are indicated i.e.
compressive loading until the maximum compressive strain is reached at B after which
compressive unloading occurs until zero strain. In each figure, the maximum tensile
strain is indicated by the letter A and the maximum compressive strain is denoted by the
letter B. The stars on each figure represent points of interest that will be discussed
throughout the paper.

The initial intensity of the basal {0002} peak in the loading direction is zero
(Figures 4.4b, 4.5b & 4.6b). As shown in Figure 4.1, in the extruded bar the majority of
grains have an initial texture in which the basal pole is normal to the loading direction.
Therefore, when twinning is initiated, the c-axis in these grains is reoriented by 86.3 °,
toward the loading direction.

At 0.85% total strain amplitude, during tensile loading of cycle 1 (Figure 4.4) the
basal {0002} peak intensity in the loading direction remains zero until an applied stress
of -80MPa (indicated by C-1) at which point the diffraction peak intensity continuously
increases until the maximum compressive strain (indicated by B). At the same time, the
basal {0002} peak intensity in the normal direction decreases. Once the load is reversed
the diffraction peak intensity in the loading direction immediately decreases until the end
of the cycle. The decrease in intensity during compressive unloading is related to
detwinning, that is, the narrowing or complete removal of the twinned regions that
formed during compressive loading. The detwinning process is also reflected by the

change in diffraction peak intensity in the normal direction in which, during compressive
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unloading, the intensity increases as detwinned grains are reorienting back to their initial
orientation. At the end of cycle 1, the intensity does not return to zero (the background
intensity) indicating that all of the twins were not removed during compressive unloading
and that residual twins remain in the material at zero strain. During the initial tensile
loading of the following cycle (cycle 2) the intensity in the loading direction returns to
zero (marked as T-2 in Figure 4.4d), indicating that complete detwinning has occurred
at 120 MPa. In cycle 2, as the load increases, the intensity in the loading direction
remains zero until the applied stress has reversed to compression and reaches -66 MPa
(indicated by C-2). At this point, the intensity again begins to increase indicating that the
initiation of twins occurs at the compressive stress, C-2, in cycle 2. As cycling continues
(Cycle 150), similar behavior is observed, as twinning and detwinning continue to occur
alternately during cyclic loading. Similar behavior was observed at 0.65% total strain
amplitude and 0.75% total strain amplitude and the results are summarized in Figure
4.5 and 4.6.

The diffraction data can be used to characterize the change in volume fraction of
twins as a function of cycles at each strain amplitude. An apparent twin volume fraction

was calculated using the following relationship:

I
$=7%@
ND
where I, is the initial basal {0002} x-ray peak intensity of the parent grains in the
normal direction and I, is the basal {0002} x-ray peak intensity in the loading direction

at the maximum compressive strain. The value I, is termed the twin x-ray peak

intensity and taken to be a measure of the maximum twin volume fraction during the
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cycle. The azimuthal data was averaged over an azimuthal length of 5 degrees. The
twin volume fraction and twin x-ray peak intensity evolution as a function of cycles is
shown in Figure 4.7. At each strain amplitude, the twin volume fraction is slightly higher
in the initial cycle. After that it decreases and remains stable until near failure. It should
be noted that near the end of life, the twin intensity fluctuates due to the initiation of
fatigue cracks.

The stress at the onset of twinning during the first 100 cycles is shown in Figure
4 .8a for all three cyclic strain amplitudes. This twin initiation stress gradually decreases
during the early stages of cycling after which it remains stable until the end of the test.
For example, in the sample fatigued at 0.75% total strain amplitude, in the first
compression cycle, twinning initiates at -90MPa, but the stress decreases to -66MPa in
cycle 2, indicating that twins formed earlier during the second cycle. The stress at the
completion of detwinning is also plotted as a function of cycles in Figure 4.8b. The
stress is highest in cycle 2 and then slightly decreases and remaining stable until the
end of the test. Since the twin volume fraction is slightly higher in cycle 1, a higher
stress is required to detwin the material during tensile loading of the following cycle. As
the twin volume fraction stabilizes, the stress needed to remove those twins is nearly
the same on every cycle.

During the test at total strain amplitude of 0.75%, after 175 cycles the twin
intensity never returns to zero and increases with increasing cycles and indicates that
"residual twins" begin to form at later cycles. Residual twins are regions in which
detwinning is not complete during the cycle. At 0.65% and 0.85% the sample failed

before the point at which residual twins remain in the material. In this situation in which
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residual twins are formed, detwinning starts immediately after unloading from the
maximum compressive strain and continues until the maximum tensile strain is reached.
An apparent residual twin volume fraction (a) can be calculated using equation 3 and

multiplying the result by the twin volume fraction calculated in equation 2,

where I is the basal peak intensity at the maximum compressive strain in the loading
direction and I is the basal peak intensity at the maximum tensile strain in the loading
direction. The results are shown in Figure 4.9.
4.4.4 EBSD Characterization

To provide images of twins, the surface of flat fatigue samples was characterized
using EBSD after each load step. Figure 4.10 shows the microstructural evolution
during loading at 0.6% total strain amplitude (black circles outline areas of interest). It
was observed that with successive cycling twins form in the same location within these
grains. After the initial compressive loading to -0.6% strain twins formed in grains
outlined in black circles (Figure 4.10a). In the second compression cycle, the majority of
the twins return to those same grains (outlined in black) while some new additional
twins are formed (outlined by white circles) which is shown in Figure 4.10b. Red circles
indicate twins that do not return on the following cycle. As cycling to continues to cycle
4 (Figure 4.10c), twins continue to initiate in the same grains as cycle 1 (outline by black

circles).
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4.4. Discussion

In this study, the twinning-detwinning behavior observed during low cycle fatigue
of Mg-4Al was characterized using in-situ HEXD. The intensity of the basal {0002} peak
was monitored throughout each cycle and was used to characterize the alternate
occurrence of twinning and detwinning. HEXD enables quantification of the twin volume
fraction and the evolution of twins during cyclic loading. In addition, we quantify the
cyclic stress at which twins are initiated and the stress at which detwinning is
completed. This is similar to a previous investigation of cyclic deformation and twinning
in unalloyed Mg described in Chapter 3 and in a submitted paper [42] and the results of
the two studies will be compared here.

It was determined that the initiation of twinning was related to an increase in the
basal {0002} peak intensity in the loading direction during compressive loading. This
was also evident in the stress-strain hysteresis loop where the increase in intensity
coincides with the pronounced yielding caused by twinning. This is similar to results
from previous neutron scattering and synchrotron diffraction studies for AZ31 and
ZKG60A [1,5-6,8,11-12]. For each strain amplitude, the twin initiation stress was the
highest in cycle 1 when compared to the following cycles suggesting that twinning
becomes easier after the first cycle (Figure 4.9a). Similar results were found in
unalloyed Mg, where the twin initiation stress increased with cycling as a result of
increasing plastic deformation with successive cycling. A comparison of the twin
initiation stress for unalloyed Mg and Mg-4Al is shown in Figure 4.11a. As can be

observed, the twin initiation stress for both materials is similar which suggests that the
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addition of Al solute does not have a significant effect on the stress needed to initiate a
twin.

However, the twin volume fraction (Figure 4.12) is strongly influenced by the
addition of solute and the addition of Al to Mg substantially increases the twin volume
fraction at a constant maximum compressive strain level. At a compressive strain of
0.75%, the unalloyed Mg had a twin volume fraction of approximately 7% while the Mg-
4Al has a twin volume fraction of approximately 32%. Observation of the hysteresis
loops indicate that at the compressive strain of 0.75% the Mg-4Al exhibited a much
higher stress compared to the unalloyed Mg. This indicates that although the solute did
not affect the CRSS for twin initiation, the presence of Al solute did increase the
hardening rate leading to more twin formation as the stress increased. It is well
understood that twins nucleate from local stresses at grain boundaries including triple
and quadruple points [13-16] and the stress state around these nucleation sites
influences twin nucleation during loading. In Mg-4Al, solute hinders the mobility of twin
dislocations and other dislocations. A DFT study by Ghazaseidi et al showed that the
critical resolved shear stress (CRSS) for twin growth, referred to as the twinning yield
stress, increased with increasing Al content and that the values for twinning yield stress
were for 14MPa, 23MPA, and 28MPa for AZ31, AZ61, and AZ80, respectively [24]. In a
material that contains solute, once a twin is nucleated a higher stress is needed to grow
the twin due to solute-dislocation interactions, as a result the macroscopic compressive
stresses are also increased (Figure 4.13). This increase in the compressive stresses
may also increase the number of twin nucleation sites or the number of sites with a high

local stress concentration needed for twin initiation in Mg-4Al. A study by Wang et al
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combining MD simulations, EBSD, and a nucleation model suggested that when grain
boundary defects needed for twin nucleation did not exist, local stress concentrations at
grain boundaries could provide the energy needed to overcome energetic barriers
needed to produce these defect sources and thus, allow for twin nucleation [15]. We
speculate that the internal stresses surrounding nucleation sites such as grain
boundaries also increases with increasing stress allowing for twin nucleation from these
regions resulting in a higher twin volume fraction in Mg-4Al when compared to unalloyed
Mg. There are a limited number of studies on the influence of solute on twin nucleation
in Mg and the available studies focus on the influence of precipitates on twin nucleation
[28-30]. In this study, the material is solution treated and no evidence of precipitates
were observed during microstructural characterization of the Mg-4Al alloy.

The stress at the exhaustion of detwinning was also measured in Mg-4Al (Figure
4.11Db). Significantly, the detwinning exhaustion stress in the Mg-4Al is ~100 MPa
higher than that in the unalloyed Mg. Detwinning is mainly controlled by the migration of
twin boundaries into the twins via glide of twinning dislocations resulting in the
propagation of the parent grains into the twinned regions [31]. In a synchrotron
diffraction study by Wu et al, it was found that during detwinning the parent grain was
completely removed through the migration of twinning dislocations from an untwinned
region into a twinned region [31]. It is proposed that the increased twin volume fraction
and the addition of Al solute in Mg-4Al both contribute to the increase in this twin
exhaustion stress since they both influence the mobility of twin dislocations. This occurs
in two different ways, that is, 1) as the twin volume fraction increases a higher tensile

stress is needed to detwin the material during reloading since there is an increase in the

103



amount of twin dislocations that need to migrate for detwinning and hence a higher
stress is needed to drive this migration, and 2) the addition of Al solute decreases the
mobility of twin dislocations and as a result a higher stress is needed to drive the
migration of twin boundaries. As a result of these two mechanisms the stress at the
exhaustion of detwinning will also be increased. However, we believe that the
increasing twin volume fraction is the dominant mechanism. To show this, the twin
volume fraction as a function of the detwinning stress at each strain amplitude for both
unalloyed Mg and Mg-4Al was compared in Figure 4.14 and revealed that independent
of solute content, as the twin volume fraction increases the stress needed to detwin the
material was also increased. This suggests that of the two mechanisms, the higher
twin volume fraction observed in the Mg-4Al had the predominant effect on the
detwinning exhaustion stress.

In Mg-4Al, at 0.75% total strain amplitude after approximately 175 cycles twins
are not fully removed even at the highest tensile stress and residual twins remain in the
material. Residual twins were also observed in unalloyed Mg [42], and in both unalloyed
Mg and Mg-4Al the fraction of residual twins increases with increasing cycles but is
slightly higher in unalloyed Mg (Figure 5.15). The reduction in the fraction of residual
twins in Mg-4Al may also be related to the addition of solute. In both Mg-4Al and
unalloyed Mg, the macroscopic stress is increased to drive detwinning during tension.
However, in Mg-4Al solute-dislocation interactions also contribute to the increased
stress. As a result, the tensile stresses in Mg-4Al are higher than those for unalloyed Mg

and thus more twins can be detwinned during reloading.
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The twinning and detwinning phenomena was also investigated using surface
EBSD of cycled samples. This indicated that the twins that disappeared during
detwinning reappeared in the same grains and at nominally the same locations.
Persistent twin formation was also observed during cyclic loading of unalloyed Mg using
EBSD [27]. These can be termed "persistent twins" and may be similar to persistent slip
band (PSB) formation during cyclic loading [32]. A PSB is defined as a region in which a
cyclic strain concentration exists and where the dislocation structure is different from
that of the surrounding matrix [32]. Persistent twin formation suggests that the grain
boundary defects needed for twin nucleation already exists at the initiation site and
therefore twinning is favored at that site.

It is well understood that PSB’s are favorable sites for crack initiation. Although
this was not the subject of the current work we may anticipate that persistent twins may
play a similar role. Yu et al found that during cyclic loading of unalloyed Mg twin tips
were the sites of dominant crack initiation and related this behavior to a stress
concentration in these initiation zones [33]. Future studies are warranted to elucidate
the role of alloying on persistent twin formation and fatigue crack initiation. Fatigue
damage development studies using in-situ EBSD techniques may provide correlations
between microstructural features such as grain orientation and local grain boundary
conditions and twin nucleation and growth and how this behavior relates to crack
initiation and growth during LCF.

4.5. Conclusions
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The twinning-detwinning behavior in Mg-4Al extrusions during cyclic deformation was
studied using in-situ high energy x-ray diffraction techniques and compared to that of
unalloyed Mg. The major conclusions are as follows:

1. Anincrease or decrease in the {0002} basal x-ray peak intensity in the loading
direction was observed during cyclic loading and can be directly related to
{1012}{1011) extension twinning and detwinning.

2. In-situ HEXD confirmed that the compressive stress at which twinning initiates is
similar in Mg-4Al and unalloyed Mg which suggests that the CRSS for twin
nucleation is not affected by solute.

3. The twin volume fraction is higher in Mg-4Al when compared to unalloyed Mg
and is related to an increase in the internal stresses at nucleation sites in Mg-4Al
as a result of the higher compressive stresses needed to produce twin growth.
We suggest that this is related to the substantial influence of Al on the CRSS for
motion of twinning dislocation predicted by DFT.

4. The stress at which complete detwinning occurs can be characterized using
HEXD. There is a substantial difference in the stress at which complete
detwinning occurs in Mg-4Al and unalloyed Mg, and interestingly, the stress in
Mg-4Al is substantially higher than that in unalloyed Mg. We suggest that this is
predominately due to the higher volume fraction present in the Mg-4Al, however
the solute also increases CRSS for twin dislocation motion in the Mg-4Al alloy
and thus plays a role.

5. As cycling continues, at a certain point, complete detwinning is no longer

observed and residual twins remain even at the highest tensile stress. In Mg-4Al,
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residual twins begin to form after 175 cycles and the amount increases
throughout the fatigue test. The fraction of residual twins is lower in Mg-4Al than
in the unalloyed Mg and is related to an increase in the tensile stresses needed
to produce detwinning in Mg-4Al due to solute-dislocation interactions during

tensile loading.
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Figure 4.1: Pole figures showing the initial texture with the basal poles aligned normal to
the loading extrusion direction (loading direction). ED: Extrusion Direction (Loading
Direction); RD: Radial Direction (perpendicular to the extrusion direction)

250
n NEN
200 AdAdM AAMA
4 & afamaau A AQ
150
& 100 - :
% ©0.85% Total Strain Amplitude
» 50 ¥ 0.75% Total Strain Amplitude
o 0 40.64% Total Strain Amplitude
)
-50
1007 8 Sovesn y ypyeshibtS Tuma
-150
1 10 100 1000
Cycles (N)

Figure 4.2: The cyclic stress-strain response as a function of cycles showing the
maximum tensile and compressive stresses for each cycle at the total strain amplitudes
of 0.65%, 0.75%, and 0.85%
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Figure 4.4: Cyclic stress-strain loops and corresponding x-ray peak intensity of the
basal {0002} peak for tests conducted at a total strain amplitude of 0.85% a-c) Cycle 1,
d-f) Cycle 2, g-i) Cycle 150. HEXD peak intensities in the Loading Direction (Figure
4Db,e,h) indicate the onset of twinning and detwinning; HEXD peak intensities in the
Normal Direction (Figure 4c, f,i) indicate the activation of other slip systems. Note:
Vertical lines at Image 0 and Image 122 are at zero strain. Vertical lines at Image 62
and 186 are at peak tensile strain and peak compressive strain, respectively.
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Figure 4.5: Cyclic stress-strain loops and corresponding x-ray peak intensity of the
basal {0002} peak for tests conducted at a total strain amplitude of 0.75% a-c) Cycle 1,
d-f) Cycle 2, g-i) Cycle 150, j-) Cycle 300. HEXD peak intensities in the Loading
Direction (Figure 4b,e,h,k) indicate the onset of twinning and detwinning; HEXD peak
intensities in the Normal Direction (Figure 4c, f,i,|) indicate the activation of other slip
systems. Note: Vertical lines at Image 0 and Image 122 are at zero strain. Vertical lines
at Image 62 and 186 are at peak tensile strain and peak compressive strain,
respectively.
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Figure 4.6: Cyclic stress-strain loops and corresponding x-ray peak intensity of the
basal {0002} peak for tests conducted at a total strain amplitude of 0.65% a-c) Cycle 1,
d-f) Cycle 2, g-i) Cycle 150. HEXD peak intensities in the Loading Direction (Figure
4Db,e,h) indicate the onset of twinning and detwinning; HEXD peak intensities in the
Normal Direction (Figure 4c, f,i) indicate the activation of other slip systems. Note:
Vertical lines at Image 0 and Image 122 are at zero strain. Vertical lines at Image 62
and 186 are at peak tensile strain and peak compressive strain, respectively.
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Figure 4.7: The a) twin x-ray peak intensity (at the maximum compressive strain) and b)
apparent twin volume fraction (at the maximum compressive strain) calculated using
equation 1 at 0.85%, 0.75% and 0.65% total strain amplitudes.
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Figure 4.8: a) The stress at the initiation of twinning and b) the stress at the completion
of detwinning (detwinning exhaustion stress) for 0.85%, 0.75% and 0.65% total strain
amplitudes.
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Figure 4.9: The fraction of residual twins at the maximum tensile strain for 0.85%,
0.75% and 0.65% total strain amplitudes.

Figure 4.10: Electron back scatter diffraction patterns showing persistent twin formation,
a) twins form in grains after compression to -0.6% strain in cycle 1 in regions outlined in
black circles, b) those same twins are formed during the second compressive cycle to -
0.6% strain at the same locations which is outlined in black circles (white circles outline
regions with new twin activity and red circle outline regions where twins did not return),
c) the same twins return to the same grains after the 4" compression cycle to -0.6%

strain. All EBSD measurements were in the unloaded condition.
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Figure 4.11: A comparison of the a) the stress at the initiation of twinning and b) the
stress at the completion of detwinning (detwinning exhaustion stress) for both unalloyed
Mg and Mg-4Al at 0.75% total strain amplitude
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Figure 4.12: A comparison of the twin volume fraction at the peak compressive stress
as a function of cycles for both unalloyed Mg and Mg-4Al at 0.75% total strain amplitude
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CHAPTER 5
THE INFLUENCE OF GRAIN SIZE AND ALLOYING ON CYCLIC STRESS-STRAIN
AND LOW-CYCLE FATIGUE BEHAVIOR IN UNALLOYED MG
5.1. Introduction

Understanding the influence of grain size and alloying on low-cycle fatigue (LCF)
and cyclic stress-strain (CSS) behavior is important for rapid development of new Mg
alloys for engineering applications [1]. During room temperature deformation,
mechanical twinning helps Mg satisfy the Von Mises criterion which requires five
independent deformation systems and results in a unique hysteresis loop during fatigue
[2,5-6,10-20]. It is well established that wrought Mg alloys show a strong initial basal
texture, where the c-axis in most grains is aligned normal to the working direction [15-
18,20-23]. During cyclic loading the grains with this initial texture, favor twinning during
compression, where the c-axis is rotated 86.3 toward the working direction and
subsequent detwinning when the load is reversed [20]. Detwinning is the removal and/or
narrowing of twinned regions, which causes an 86.3 reorientation of the c-axis to its
initial position or that prior to twinning [20].

Several studies have shown that the twinning-detwinning mechanism observed
during LCF produces an abnormal hysteresis loop where the stresses in tension are
much higher than those in compression [5-7,12,14, 20-25]. Begum et al found that
during LCF of the Mg alloy AZ31, the tensile yield stress was much higher than the

compressive yield stress and related the observed behavior to twinning in compression
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and subsequent detwinning during tension [6]. Q. Yu et al showed that in unalloyed Mg,
at high strain amplitudes (1.0%) twinning-detwinning produced an abnormal hysteresis
loop while at lower strain amplitudes (0.2%) the lack of twinning led to a symmetric loop
where the stresses in tension and compression were the same [12]. Other LCF studies
have shown that when no twinning is observed, the resultant hysteresis loop is
symmetric [13,26]. Mirza et al found that the rare-earth (RE) Mg alloy, GW103K
exhibited a symmetric hysteresis loop and related the behavior to a weaker basal
texture and lack of twinning-detwinning during cyclic loading [13].

During LCF the cyclic stress-strain response is greatly influenced by the stresses
needed to activate dislocation slip, deformation twinning, and/or interactions between
dislocations and other dislocations, twins, solute atoms, precipitates. The ease of these
deformation mechanisms is closely linked to the grain size and alloying since both
influence dislocation motion and twin propagation. However, prior research on the role
of grain size and Al addition on mechanical behavior in Mg is mainly focused on
monotonic experiments [27-34] and not low cycle fatigue. There is limited literature on
LCF and cyclic stress strain behavior in unalloyed Mg [11-12] and Mg-4Al and most
studies have focused on Mg-rare-earth, Mg-Al-Zn, and Mg-Al-Mn alloys [2, 5-7, 9, 13-
14, 26, 35-49].

In the current investigation, the low cycle fatigue and cyclic stress-strain behavior
of unalloyed Mg in two different grain size conditions, 45um and 350um and a Mg-4Al
binary alloy was examined. This study emphasizes the effect of grain size and Al
addition on the fatigue lifetime and macroscopic stress-strain response during room

temperature cyclic loading. The experimental results were modeled using the Coffin-
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Manson [50] and Basquin [51] relationships to characterize the effect of plastic strain
and stress amplitude on low cycle fatigue parameters.

5.2. Experimental Procedure

5.2.1 Materials and Microstructural Characterization

Cylindrical extruded bars of unalloyed Mg and Mg-4Al bars were the starting
materials for this study and provided by CanMet Materials. These bars were also used
in a previous study and the details of the microstructural characterization have been
reported elsewhere [66]. The initial texture of both materials was characterized using
Electron Back Scatter Diffraction (EBSD) and it was found that the basal poles are
aligned normal to both the loading and extrusion direction (Figure 5.1). In unalloyed Mg,
the microstructure consisted of equiaxed grains with an average diameter of 45 ym and
was 95 percent recrystallized (Figure 5.1a). In order to characterize the influence of
grain size on LCF in unalloyed Mg, the as-extruded bar was heat-treated at 525°C for 3
hours in a Carbolite box furnace. This resulted in a grain size of 350 ym, which allowed
comparison with the 45 ym condition. In Mg-4Al the average grain diameter was 52 ym
and was 93 percent recrystallized (Figure 5.1b).

For the cyclic experiments, cylindrical fatigue specimens were machined by
Westmoreland Mechanical Testing and Research Inc. (WMTR), using low stress turning
to ensure a smooth, low residual stress surface condition. The surface was further
prepared using standard metallographic techniques ending with a 1200 um grit finish
and polishing such that any fine scratches were parallel to the loading conditions. The
sample geometry was consistent with the ASTM EG606 standard with a diameter of 6.35

mm and a gage length of 19.05 mm. In the fine-grained (FG) unalloyed Mg and Mg-4Al,

124



the fatigue specimens were machined from the as-extruded bar and for the coarse-
grained (CG) unalloyed Mg condition, the samples were machined from the solution-
treated bar.

To characterize the alternate occurrence of twinning and detwinning using
electron back scatter diffraction (EBSD), flat, rectangular fatigue specimens were
prepared in a similar manner, fatigued and periodically examined in a Tescan Mira 3
scanning electron microscope equipped with an EDAX Hikari XP EBSD detector. Each
EBSD scan was taken at a voltage of 30kV and a beam intensity of 20 with an average
step size of 1.0 um. TSL OIM software was used to characterize EBSD data and an
average confidence index of 0.7+0.1 was obtained. No additional confidence index
cleaning was applied to the data. A grain tolerance angle of 5° was used for grain
recognition. These samples were also machined by WMTR using low stress grinding
where the final surface was produced with 1200 um grit finish. The samples were then
prepared using standard using standard metallographic techniques, finishing with a
0.05um polycrystalline diamond solution. Care was taken to minimize polishing-induced
deformation twins. An acetic-nitric solution (10mL nitric acid, 5mL acetic acid, 20 mL
water, and 60 mL ethanol) was used to etch the specimens for 5 seconds, which
revealed grains and twins under scanning electron microscopy. These samples were
then subjected to cyclic deformation and periodically examined using EBSD with no
further surface preparation.

5.2.2 Low-Cycle Fatigue and Monotonic Tensile Experiments
Strain-controlled, fully-reversed (R=-1) cyclic experiments were performed using

an MTS servohydraulic load frame equipped with a 150kN load cell. All of the cyclic

125



experiments were conducted at room temperature at a frequency of 0.5Hz. The gripping
system was accurately aligned using the MTS 709 Alignment System to eliminate
buckling of the testing specimen. A triangular waveform was applied during loading and
five strain amplitudes, 0.2%, 0.4%, 0.6%, 0.8%, and 1.0% were employed in the
experimental investigation. An extensometer with a gage length of 8mm was used to
control strain during testing.

Displacement-controlled tensile experiments were performed on unalloyed Mg
and Mg-4Al using the same MTS load frame discussed above. An extensometer with a
gage length of 25.4mm was used to measure the strain during each test. The sample
geometry was consistent with the ASTM E8 standard with a diameter of 6 mm and a
gage length of 24 mm. Two samples were tested for each alloy.
5.3. Results
5.3.1 Cyclic Stress Response

The evolution of the stress amplitude as a function of cycles for the different
strain amplitudes for the coarse grained unalloyed Mg, fine-grained unalloyed Mg and
Mg-4Al are shown in Figures 5.2, 5.3, and 5.4 respectively. A direct comparison
between both unalloyed Mg and Mg-4Al at 0.4% total strain amplitude is shown in
Figure 5.5. It should be noted that similar behavior was observed for every strain
amplitude and the data for each strain amplitude can be found in Appendix B (Figure
B.1). Tables 5.1 and 5.2 show the maximum tensile and compressive stresses at the
half-life for the fine grain and coarse grain condition, respectively while the results for
Mg-4Al are shown in Table 5.3. At the half-life in the fine-grained unalloyed Mg

condition, the maximum tensile and compressive stresses are similar at each strain
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amplitude while in the coarse-grained unalloyed Mg and Mg-4Al, the stress in tension is
much higher than that in compression. For example, in the coarse grained unalloyed Mg
condition at 1.0% total strain amplitude, the maximum tensile stress is 21 MPa more
than the absolute value of the maximum compressive stress.

For both unalloyed Mg and Mg-4Al, the stress amplitude increases as the strain
amplitude increases. In the fine-grained unalloyed Mg condition, at higher strain
amplitudes (0.6-1.0%), cyclic hardening was observed for up to ~120 cycles which was
followed by a constant stress amplitude. After this period, cyclic softening was observed
until fracture. The significant increase in cyclic softening at approximately 75-85% of life
is likely due to crack growth until final fracture. Numerous cracks were observed on the
sample surface after final fracture. At the lower strain amplitude (0.2%) the stress
amplitude remained constant for up to 20,000 cycles after which point cyclic softening
was observed until final fracture. In the coarse-grained condition, significant cyclic
hardening was observed for the majority of life followed by end-of-life cyclic softening
due to crack initiation and growth. Using Figure 5.5 it is obvious that cyclic hardening
was more pronounced in the coarse grain condition and continued for more cycles when
compared to the fine-grained condition. At 0.4% total strain amplitude, in the coarse-
grained condition the highest strain amplitude achieved was 37 MPa more than that of
cycle 1, while it was only 7 MPa for that of the fine-grained condition.

In Mg-4Al at high strain amplitudes (0.8% and 1.0%) continuous cyclic hardening
was observed until failure while at intermediate strain amplitudes (0.6%) very little
hardening was observed for up to ten cycles which was followed by an increase in

hardening until failure. During loading at lower strain amplitudes (0.4%) the alloy
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exhibited a small amount of hardening for up to 10 cycles after which the alloy exhibited

cyclic hardening until ~1400 cycles followed by a region of stable stress amplitude until

failure. The rapid stress drop near the end of life is related to the formation and growth

of microscopic cracks causing a reduction in the load carrying ability of the sample. At

0.4% total strain amplitude, the stress amplitude in Mg-4Al was higher than that

observed in both unalloyed Mg conditions. Similarly, to the coarse-grained condition,

cyclic hardening occurred for most of life.

Table 5.1: The maximum tensile and compressive stresses at the half-life for
different strain amplitudes for the unalloyed Mg, 45um condition. + refers to the
standard deviation between the 7-8 samples that were tested per condition or total

strain amplitude

Total Strain Amplitude

Maximum Tensile

Maximum Compressive

(%) Stress (MPa) Stress (MPa)
1.0 6615 -60+3
0.8 7016 -69+2.2
0.6 5710.7 -56+1.2
0.4 54+0.2 -54+0.3

Table 5.2: The maximum tensile and compressive stresses at the half-life for different
strain amplitudes for the unalloyed Mg, 350pum condition. + refers to the standard
deviation between the 7-8 samples that were tested per condition or total strain

Total Strain Amplitude

amplitude
Maximum Tensile

Maximum Compressive

(%) Stress (MPa) Stress (MPa)
1.0 96+2.3 -75+2
0.8 9613 -71+£1.9
0.6 95+1.2 -66+1.7
0.4 9144 -52+1.1

Table 5.3: The maximum tensile and compressive stresses at the half-life for different
strain amplitudes for the Mg-4Al. + refers to the standard deviation between the 7-8
samples that were tested per condition or total strain amplitude

Total Strain Amplitude

Maximum Tensile

Maximum Compressive

(%) Stress (MPa) Stress (MPa)
1.0 294+4 -145+1.1
0.8 27112 -124+2.3
0.6 252+1.4 -115+3
0.4 21443 -111+£2.5
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5.3.2 Cyclic Strain Response

The evolution of plastic strain amplitude as a function of cycles for the fine-
grained unalloyed Mg, coarse-grained unalloyed Mg, and Mg-4Al is shown in Figures
5.6, 5.7, and 5.8 respectively. A comparison, between the plastic strain amplitude for
both unalloyed Mg and Mg-4Al at 0.4% total strain amplitude is shown in Figure 5.9. It
should be noted that similar behavior was observed for every strain amplitude and the
data for each strain amplitude can be found in Appendix B (Figure B.2). In both
unalloyed Mg conditions and Mg-4Al, as the total strain amplitude increases the plastic
strain amplitude also increased. In the fine-grained condition, the plastic strain
amplitude was nearly constant for the first ~1000 cycles at which point it then increased
somewhat until failure. At the end of life, the abrupt increase in the plastic strain
amplitude is due to crack induced softening. When a fatigue crack forms in the material,
the hysteresis loop expansion is small. After the crack begins to propagate through the
specimen, the hysteresis loop expands gradually leading to an apparent increase in the
plastic strain due to the increasing compliance of the sample in tension. Xiong et al
found similar results during load controlled fatigue of a structural steel, where the
hysteresis loop continued to expand as the crack propagated through the sample [52].
In the coarse-grained unalloyed Mg condition, the plastic strain amplitude remains near
constant for the first ~100 cycles, where after it gradually decreases until near the failure
cycle as a result of cyclic hardening, which was discussed in the previous section. In
Mg-4Al at higher strain amplitudes (0.6-1.0%) the plastic strain amplitude gradually
decreased up until ~25 cycles where after the slope of the curve decreased abruptly as

the plastic strain amplitude significantly decreased with increasing cycles due to cyclic
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hardening. Begum et al proposed the following relationship to describe the change in

slope and how it relates to hardening [6],
Ae,
- = a+ flogN (1)

where N is the number of cycles, a is the initial plastic strain amplitude at the 25" cycle
(cycle where the slope changes), and [ is the hardening coefficient which is a negative
value as a result of the decreasing slope. Table 5.4-5.6 shows the (3 values for the fine-
grained unalloyed Mg, coarse-grained unalloyed Mg, and Mg-4Al for each total strain
amplitude, respectively. For Mg-4Al, it was found that the hardening coefficient
increased with total strain amplitude and the value at 1.0% was more than double that
at 0.4% total strain amplitude. The behavior is consistent with the stress amplitude
results in Figure 5.4 where significant cyclic hardening was observed at higher strain
amplitudes when compared to lower strain amplitudes. In the coarse-grained unalloyed
Mg material, the B-value is similar for each strain amplitude indicating that the hardening
rate is independent of strain amplitude in this material. However, the values are much
lower than observed in Mg-4Al which is consistent with the observation that hardening
was more pronounced in the Mg-4Al alloy (Figure 5.5). For example, at 1.0% total strain
amplitude the hardening coefficient in Mg-4Al is three times larger than that in the
coarse-grained unalloyed Mg condition. Even though softening was observed in the
fine-grained unalloyed Mg material the relationship can still be used to described this
behavior. In this case, the 3-value is positive since the plastic strain amplitude is
increasing with cycles. In the fine-grained condition the (3-value increases with total
strain amplitude suggesting that the rate of softening is higher at higher strain

amplitudes, which is consistent with the experimental data in Figures 5.2 and 5.6.
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Table 5.4: The effect of total strain amplitude on the hardening coefficient, 3 for fine-
grained unalloyed Mg. + refers to the standard deviation between the 7-8 samples that
were tested per condition or total strain amplitude

Aer (%) B

1.0 +0.1940.001

0.8 +0.1740.004

0.6 +0.1040.0012
0.4 +0.063+0.0001

Table 5.5: The effect of total strain amplitude on the hardening coefficient, 8 for coarse-
grained unalloyed Mg. + refers to the standard deviation between the 7-8 samples that
were tested per condition or total strain amplitude

Aer (%) B

1.0 -0.04+0.0014
0.8 -0.055+0.0011
0.6 -0.055+0.003
0.4 -0.052+0.0001

Table 5.6: The effect of total strain amplitude on the hardening coefficient, 8 for Mg-4Al.
+ refers to the standard deviation between the 7-8 samples that were tested per
condition or total strain amplitude

Aer (%) B

1.0 -0.1240.003
0.8 -0.10+0.0013
0.6 -0.09+0.005
0.4 -0.05+0.0002

5.3.3 Loop Shape Asymmetry

Figure 5.10a-c shows a comparison of the hysteresis loops at 0.2% and 1.0%
total strain amplitudes at cycle 2 for the fine-grained unalloyed Mg, coarse-grained
unalloyed Mg, and Mg-4Al, respectively. The maximum tensile and compressive

stresses at 0.2% and 1.0% total strain amplitudes for cycle 2 are shown in Tables 5.7-
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5.9 along with the ratio between the maximum tensile and compressive stresses. A
stress ratio of one indicates that the peak tensile and compressive stresses are the
same while a ratio greater than one indicates that the tensile stress is higher than the
compressive stress. A distinct difference is observed in the shape of the hysteresis loop
for the two strain amplitudes. At 1% strain amplitude, the hysteresis loop displayed the
abnormal shape due to twinning in which the maximum tensile stress reached was
much higher than that in compression. For example, in the fine-grained unalloyed Mg
condition, during compression once the stress reached -45 MPa the material exhibited
the pronounced yielding point associated with the initiation of twins (as noted in Figure
5.10) followed by a low hardening rate as twin nucleation and growth continues. During
the initial tensile portion, the stress-strain curve displays a low hardening rate as twins
previously formed in compression shrink and/or disappear i.e. detwinning occurs. Once
detwinning is complete, the hardening rate is increased as plastic deformation continues
through dislocation slip. This abrupt increase in the hardening rate leads to a distinct
inflection point. At 0.2% total strain amplitude, in both the fine-grained and coarse-
grained unalloyed Mg conditions and Mg-4Al, both the abrupt yielding in compression
and the inflection point in tension were not observed. In addition, the maximum tensile
and compressive stresses are similar (Table 5.6), showing that the T/C asymmetry
normally seen in wrought Mg alloys is non-existent at the lower strain amplitudes. In
previous work on the same fine-grained unalloyed Mg material used in this study, in-situ
high energy x-ray diffraction confirmed that at low strain amplitudes, diffracted basal
peak intensities associated with twinning during compression were not detected and

that the resulting loop shape was symmetric suggesting that plastic deformation is

132



dominated by dislocation slip [30]. Therefore, in this study, at 0.2% total strain
amplitude, plastic deformation is occurring through dislocation slip and not twinning-

detwinning.

Table 5.7: Peak tensile and compressive stresses at 1.0% and 0.2% total strain
amplitude as well as the ration between the both stresses for unalloyed Mg in the 45um

condition
Total Strain Peak Tensile Peak Compressive | Ratio
Amplitude (%) Stress (MPa) Stress (MPa)
1.0 96 -57 1.68
0.2 44 -45 0.98

Table 5.8: Peak tensile and compressive stresses at 1.0% and 0.2% total strain
amplitude as well as the ration between the both stresses for unalloyed Mg in the

350um condition

Total Strain Peak Tensile Peak Compressive | Ratio
Amplitude (%) Stress (MPa) Stress (MPa)

1.0 100 -54 1.85

0.2 45 -40 1.12

Table 5.9: Peak tensile and compressive stresses at 1.0% and 0.2% total strain

amplitude as well as the ration between the both stresses for Mg-4Al

Total Strain Peak Tensile Peak Compressive | Ratio
Amplitude (%) Stress (MPa) Stress (MPa)
1.0 198 -104 1.90
0.2 60 -60 1

The asymmetry observed in both unalloyed Mg and Mg-4Al also changes with
successive cycling. Figures 5.11a-c shows the hysteresis loop for cycles 2 and the half-
life cycle for the fine-grained unalloyed Mg, coarse-grained unalloyed Mg, and Mg-4Al,
respectively. In both the unalloyed Mg and the Mg-4Al the inflection points associated
with twinning and detwinning are greatly reduced. However, in Mg-4Al the T/C stress
asymmetry is not reduced as it is in both unalloyed Mg conditions. In Mg-4Al, solute-
dislocation interactions must also be considered as solute atoms act as barriers to

dislocation motion and also contribute to hardening.
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Experiments involving EBSD tracing confirmed that twinning and detwinning
occurred alternately during cyclic loading in the fine-grained unalloyed Mg, coarse-
grained unalloyed Mg and Mg-4Al which is shown in Figures 5.12-14, respectively. To
observe this behavior during cyclic loading, strain-controlled, ex-situ monotonic tension
and compression experiments were performed at 0.6% total strain amplitude on
rectangular flat specimens. The specimen surface was polished prior to loading and
characterized after each loading step using EBSD. It should be noted that the twins
shown prior to loading are induced during mechanical polishing. It should be noted that
Figure 5.12a shows the initial microstructure for the fine-grained unalloyed Mg
specimen and the black circles outline regions of interest. After the initial compressive
loading to -0.6% strain, twins were formed in the areas outlined by the white circles
(Figure 5.12b). During tensile loading to +0.6% strain, the twins previously formed in
compression were no longer observed (Figure 5.12c). The alternate occurrence of
twinning and detwinning using EBSD in coarse-grained unalloyed Mg and Mg-4Al can
be seen in Figures 5.13 and 5.14 respectively.

EBSD analysis was also used to show that residual twins remain in the material
after a number of cycles and that twin activity reoccurs in the same locations as cycling
proceeds which will be referred to as “persistent twin formation”. The results for the fine-
grained unalloyed Mg condition are shown in Figure 5.15. In Figure 5.15a, twins form in
regions outlined by black circles after compression to -0.6% strain. After tensile loading
to +0.6% strain those same twins are removed. Once an additional 103 cycles are
applied to the sample, twinning reoccurs in the same locations as cycle 1, while no new

twin activity was observed in the region characterized (Figure 5.15c). Finally, after an
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additional quarter tension (+0.6% strain) cycle is applied to the sample (Figure 5.15d),
the twins are not completely removed indicating that residual twins remain in the
material after 104.25 cycles are applied to the sample. There was also low indexing of
Kikuchi patterns in the twinned regions in Figure 5.15d which will be discussed in more
detail in section 4.

5.3.4 Low Cycle Fatigue Behavior in unalloyed Mg and Mg-4Al
The total, plastic, and elastic strain amplitudes plotted as a function of cycles to failure is

shown in Figure 5.16 for fine-grained unalloyed Mg, coarse-grained unalloyed Mg, and

Mg-4Al. The total strain amplitude can be expressed in terms of the elastic strain

amplitude (%) and plastic strain amplitude (A%)

Agr\  (Ae, Ag,
(2)_<z)+<2) 2)
The elastic strain amplitude can be expressed as the Basquin equation

Mg\ Ao of(2Nf) "
<T) =%~ 5 &

and the second term of equation 2 is the well-known Coffin-Manson (CM) equation

(%) = er(2m)” @

Equation 2 can be rewritten as a function of both of these relationships.

+&/(2N;)" (5)

Aey _Uf(ZNf)b
< 2 )_ E

where oy is the fatigue strength coefficient, Ny is the fatigue life, b is the fatigue strength
exponent, E is the Young’s Modulus, which is approximately 45 GPa [6], s]i is the fatigue

ductility coefficient and c is the fatigue ductility exponent. Experimental data was taken
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from the half-life cycle. A comparison of the Coffin-Manson, Basquin, and total life
relationships for both unalloyed Mg and Mg-4Al are shown in Figure 5.17 and the

corresponding LCF parameter values are reported in Table 5.10. The fatigue strength
exponent was determined by plotting log% vs. log Ny and measuring the slope of the

line. The fatigue strength exponent (b) in both unalloyed Mg, grain size conditions were
similar while that of Mg-4Al was much lower. The b value for Mg-4Al was consistent with
values found in other Mg alloys. Begum et al [6] measured a value of -0.15 for the Mg

alloy, AZ31 while Mokdad et al [2] reported a value of -0.14 for ZEK100. The fatigue
ductility exponent was calculated by plotting the log% vs. log Ny and measuring the
slope of the line. In general, the fatigue ductility exponent (c) was similar for unalloyed
Mg and Mg-4Al and is within the range (-0.40 to -0.68) of what has been reported in
other Mg alloys. Begum et al reported values of -0.40 and -0.44 for AZ31 [6] and AM30
[5], respectively. Monotonic, strain-controlled tension tests were also performed and the
values for ultimate tensile strength, yield strength, and %elongation are reported in
Table 5.10.

Table 5.10: LCF parameters and tensile properties for both the 45um and 350um
unalloyed Mg conditions and Mg-4Al
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LCF & Tension Parameters Pure Mg, 45um Pure Mg, 350um  Mg-4Al

Fatigue strength coefficient o 591 572 615
(MPa)

Fatigue strength exponent b -0.22 -0.27 -0.10
Fatigue ductility coefficient & (%) 1.74 1.07 1.16
Fatigue ductility exponent ¢ -0.57 -0.47 -0.42
Ultimate tensile strength (MPa) 160 147* 239
Yield Strength (MPa) 43 28 155
% Elongation 10.8 2.6 11.2

*fracture stress

Energy based models have also been used to describe LCF behavior [53-56].
These models consider the entire hysteresis loop area and may be more appropriate in
materials were twinning-detwinning and solute interactions need to be considered [55-
56] since the hysteresis area in compression is usually larger than that in tension due to
twinning. The hysteresis loop energy or hysteresis loop area is defined as the amount of
energy loss or dissipated as plastic work within a cycle [53-56]. Therefore, in cases
where the amount of plastic work is high, the area will be large. The hysteresis loop
area (energy) was measured from the hysteresis loops produced from the LCF
experiments and the corresponding values at half-life for unalloyed Mg and Mg-4al are
reported in Table 5.11. To develop an analytical relationship for life, the hysteresis loop
energy (AW) can be written as a function of the stress and plastic strain amplitude
which is given by equation 6 [55].

1-n’
1+n'

AW =

AcAe? (6)

Substituting in equations 3 and 4, the hysteresis loop energy can be related to the

fatigue life (Nf) using equation 7 [55],
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41-0" 4, b+c

AW = WO'fo(ZNf) (7)

Analysis showed that the energy is the highest for Mg-4Al when compared to
unalloyed Mg. A comparison of the hysteresis loop energy as a function of cycles at
0.8% total strain amplitude for both unalloyed Mg and Mg-4Al is shown in Figure 5.17. It
should be noted that this behavior was exhibited at all strain amplitudes. During cyclic
loading in the fine-grained and coarse-grained unalloyed Mg, the energy gradually
increases for majority of life which is consistent with data reported in a recent
synchrotron study on the same fine-grained unalloyed Mg extruded bar where it was
found that the twin volume fraction gradually increased with cycling [24]. In Mg-4Al the
loop energy is highest during the first cycle. After that, it slightly decreases and remains
near stable for majority of life. The behavior in Mg-4Al is also consistent with twin
volume fraction data reported on the same Mg-4Al material here [25], where it was
found that the twin volume fraction was the highest during cycle 1 where after it
remained stable.

Table 5.11: Hysteresis loop energy values for Mg-4Al, coarse-grained unalloyed Mg and

fine-grained unalloyed Mg at each strain amplitude. + refers to the standard deviation
between the 7-8 samples that were tested per condition or total strain amplitude

Total Strain Mg-4Al Unalloyed Mg Unalloyed Mg
Amplitude (%) (kJ/m?) 350um 45um
(kJ/m?) (kJ/m?)
1.0 1.76+0.006 1.38+0.05 1.18+0.01
0.8 1.08+0.009 0.916+0.05 0.80840.002
0.6 0.573+0.0010 | 0.574+0.007 0.515+0.016
0.4 0.08+0.000 | 0.246+0.000 0.21340.007

5.4. Discussion
The cyclic stress-strain response of a material is heavily influenced by

interactions between dislocations and barriers such as, solute atoms and/or twin

boundaries as well as dislocation mobility [1]. In the current work the influence of grain
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size and alloying on both the plastic strain and stress amplitude as well as the tension-
compression asymmetry were investigated under strain-controlled LCF conditions. The
stresses needed to activate twinning and exhaust detwinning will also be discussed in
detail and related to previous work involving in-situ high energy x-ray diffraction of the
unalloyed Mg [24] and Mg-4Al [25] alloy used in this study. EBSD was also used to
characterize residual twins and persistent twin formation.
5.4.1 The influence of grain size on cyclic stress-strain response in unalloyed Mg
In this study, it was determined that of the two grain sizes investigated, the twin
initiation stress is independent of grain size in unalloyed Mg. During compressive
loading, twin-induced yielding occurs at ~-45MPa followed by a low hardening rate as
twins continue to nucleate and expand for both materials during cycle 2 (Figure 5.19).
Other studies involving synchrotron diffraction and neutron irradiation have shown that
this observed compressive yield behavior is characteristic of mechanical twinning
[20,22]. The synchrotron diffraction study described in Chapter 3, on the fine-grained
unalloyed Mg material found that the point at which the material yields during
compression coincides with twin nucleation [24]. The influence of grain size on twin
initiation in unalloyed Mg has not been studied extensively and the available literature
provides data from monotonic compression tests and not cyclic experiments where
twinning, detwinning, and dislocation slip need to be considered. Raeisinia at al showed
that in as-cast unalloyed Mg for various grain sizes (40, 91, 670, 474, 1440um) the
CRSS for twinning increased with a decreasing grain size [29]. However, the data is
limited and for grain sizes of 91 and 40pm the CRSS only decreased from 24MPa to

21MPa and at larger grains sizes the values (~10MPa) were approximately the same

139



[29]. It should also be noted that the scatter in the data in the coarser grains was related
to a weakened texture due to the columnar casting grain structure [29]. Stanford and
Barnett showed similar results for a rolled unalloyed Mg sheet where for grain sizes
from 64 to 250um the CRSS for twinning only decreased by ~7MPa [28]. Even though
literature shows that the CRSS increases slightly with a decreasing grain size, the
stresses needed to activate twinning does not appear to be influenced by grain size in
the current study.

It was also observed that of the two grain sizes investigated, the stress at the
point at which detwinning is complete (referred to as the detwinning exhaustion stress)
is independent of grain size. Synchrotron diffraction and neutron irradiation studies have
shown that for a given total strain amplitude the detwinning exhaustion stress may be
related to the volume fraction of twins initiated during the previous cycle i.e. as the twin
volume fraction increases the tensile stress needed to detwin the material also
increases, and thus the stress at the completion of detwinning also increases [20,24-
25]. In this study, during tensile reloading, the tensile stress (inflection point) at which
detwinning is complete (+60MPa) and deformation continues through dislocation slip is
the same for both grain sizes. This suggests that the volume fraction of twins produced
during compression of the previous cycle is also the same for both materials and
therefore not a function of grain size within the range investigated here. The role of
grain size on twin volume fraction was examined by Beyerlein et al in unalloyed Mg,
who determined that the number of twins per grain increased with grain size [57-58].
However, there was no evidence in that study that the overall twin volume fraction

increased with increasing grain size. It was also determined that twin thickness was
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independent of grain size [57-58]. In the current study, EBSD analysis also confirmed
that for the grains in which twins were observed, the grains in the coarse-grained
condition contained more twins than those in the fine-grained condition.

In terms of cyclic loading, understanding how twinning is influenced by grain size
helps understand its effect on cyclic stress-strain behavior. Twin boundaries contribute
to strengthening by providing obstacles to dislocation motion [27,59-60]. {1012} (1011)
extension twinning reorients the lattice to a hard-crystallographic orientation which can
inhibit dislocation motion within twin and leading to high hardening rates within the twin
[27]. In this study, the stress amplitude of the coarse-grained condition increases
significantly as a result of cyclic hardening while that of the fine-grained condition
remains near constant. This may be due to the longer free mean path for dislocation
pile-ups in the coarse-grained material which can produce a back stress that further
impedes the movement of dislocations resulting in strain hardening [6]. Residual twins
also influence the hardening behavior since twin boundaries provide obstacles to
dislocation motion. A neutron irradiation study on the Mg alloy, ZK60A, by Wu et al
found that after a number of cycles residual twins remain in the material [20]. In the
results described in Chapter 4, we found that in unalloyed Mg and Mg-4Al, the residual
twin volume fraction increased with increasing cycles [25]. This behavior was confirmed
in the present work using EBSD analysis, where after a 104 cycles residual twins
remained in the material and twin activity reoccurred at the same location (Figure 5.15).
The Kikuchi patterns in the twinned regions in Figure 5.15d indexed poorly which is
presumably an indication of dislocation accumulation in twinned regions due to

successive cycling. We suggest that at a certain point in cycling, the accumulation of
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dislocations in the twin regions inhibits complete detwinning and "locks" in the residual
twin structure.

The grain size effect on twinning behavior also influences the loop shape
asymmetry usually found in wrought Mg alloys. The asymmetric hysteresis loop shape
arises from the pronounced yielding that occurs during compression and is associated
with the initiation and expansion of new twins while the inflection point in tension occurs
due to the complete removal of those twinned regions. When complete detwinning
ceases and if no new twins are nucleated, the inflection points disappear and the
tension-compression strength asymmetry is reduced. An example of this is shown in
Figure 5.11a for the fine-grained condition where after 500 cycles the inflection points
seen in cycle 2 disappear and the peak tensile and compressive stresses are the same
resulting in a symmetric loop. The opposite effect was observed in the coarse-grained
condition where the loop shape asymmetry remained for the majority of life suggesting
that complete twinning-detwinning continues for longer in this condition and that the twin
volume fraction has not yet stabilized (Figure 5.11b).

In the previously described HEXD study (Chapter 4) [30] it was determined that
at low strain amplitudes (0.4%), the diffraction peaks associated with twinning were not
detected and the hysteresis loop remained symmetric for the entire fatigue life. In these
ex-situ LCF tests, the loop shape asymmetry was also found to be dependent on total
strain amplitude (Figure 5.12) and at 0.2% total strain amplitude a symmetric loop
shape was produced. The results from previous work suggest that in conditions where
the tension-compression asymmetry is observed, e.g. at high strain amplitudes and

during the early stages of fatigue, twinning and detwinning occur. In contrast, at low
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strain amplitudes below the stress at which twins are formed or at longer lives where
residual twins are formed, deformation is dominated by dislocation slip and a stable
symmetric stress-strain loop is produced.
5.4.2 The influence of aluminum on stress-strain response in Mg

In this study, it was found that the addition of Al doesn’t have a significant effect
on the twin initiation stress (Figure 5.19). The compressive yield behavior associated
with twinning occurred at slightly higher stress in the Mg-4Al alloy when compared to
unalloyed Mg where it was 12MPa more than that of unalloyed Mg. This was also
confirmed in in-situ HEXD experiments on both materials described in Chapter 3 and 4.
Similar to unalloyed Mg, the detwinning exhaustion stress is also influenced by the twin
volume fraction. During the tensile reversal, the inflection point related to the
exhaustion of detwinning is increased by 30 MPa in the Mg-4Al alloy. Results from the
synchrotron study (Chapter 5) confirmed that the twin volume fraction in Mg-4Al was
~7% higher than that of unalloyed Mg [25]. Therefore, a higher tensile stress is required
for complete detwinning during reloading. Even though a study by Ghazasedi et al
found that the addition of solute increases the CRSS for twin dislocation motion [61], the
analysis described in Chapter 4 indicated that that the impact of solute on the
detwinning exhaustion stress appeared to be negligible. The hardening rate following
detwinning is also dramatically increased in the Mg-4Al alloy when compared to
unalloyed Mg. It is well understood that much lower activation stresses are needed to
initiate detwinning than twinning since no nucleation is required [19,62]. The transition
from detwinning which requires low activation stresses to slip which requires much

higher stresses leads to an increased hardening rate in both materials. However, in the
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Mg-Al alloy, solute-dislocation slip interactions must also be considered since solute
atoms reduce dislocation mobility and may also contribute to the high hardening rate
displayed in Mg-Al. Caceres et al found that the yield strength, hardness and flow
strength increased with increasing Al concentrations between 1-8% during tensile
loading [63].

In this study, significant cyclic hardening behavior was observed in Mg-4Al when
compared to unalloyed Mg. The increase in strength in solution treated Mg-Al alloys
arises from interactions between solute atoms and dislocations including the twinning-
type where they reduce the mobility of dislocations during deformation [63]. The
increase in CRSS for twin dislocation motion with aluminum concentration [61] suggests
that in order to drive twin growth of new twins and/or residual twins during compression
or the shrinking of twins during detwinning, the macroscopic stress must be increased.
This results in higher stresses during tension and compression in Mg-4Al when
compared to solute-free unalloyed Mg. Begum et al found that significant cyclic
hardening was dominant at high strain amplitudes in AZ31 and related this behavior to
the formation and interactions with twins [7].

5.4.3 Low Cycle Fatigue Behavior

In this study, for a given plastic strain amplitude (Figure 5.17b) fatigue life was
independent of grain size (for the two grain sizes investigated) in unalloyed Mg and
shorter in Mg-4Al samples even though the plastic strain amplitude was significantly
lower in Mg-4Al. In LCF studies, the Coffin-Manson relationship is normally used to
relate plastic strain amplitude to fatigue life, where the plastic strain amplitude, is

measured as the width of the hysteresis loop at zero stress. In Mg alloys, where the
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hysteresis loop is asymmetric and the area in compression is larger than that in tension
due to twinning, the plastic strain amplitude may be insufficient to explain the fatigue
damage during LCF, since the entire hysteresis loop area is not considered. However,
plastic strain energy based models may be more appropriate to understand the
relationship between plastic strain and fatigue life since the entire area within the
hysteresis loop is considered [55-56]. The plastic strain energy is measured as the
hysteresis loop area and is defined as the amount of energy loss as plastic work during
a fatigue cycle [53-56]. In this study, at each strain amplitude, the energy is higher in the
Mg-4Al alloy (Table 5.11) when compared to unalloyed Mg which may be a direct result
of the increased twin volume fraction in this alloy which was discussed in the previous
section. This increase in twin volume fraction causes the area within the loop during
compression to be much larger than that of unalloyed Mg. The hysteresis loop energy
vs. 2Nt is shown in Figure 17d, where it was found that for a given plastic strain energy
the life is the shortest in Mg-4Al and the longest in fine-grained unalloyed Mg which was
consistent with the measured values in Table 5.11. The longer fatigue life in fine-grained
unalloyed Mg can be attributed to a lower plastic strain energy.

Even though there was no evidence that the twin volume fraction was increased
in coarse grained unalloyed Mg, for a given plastic strain energy (Figure 5.17d) the
fatigue life was generally shorter when compared to the fine-grained unalloyed Mg
condition which may be related to the longer free mean path for dislocation pile ups in
the coarse grain condition[6,57]. Dislocation pile-ups produce a forward/back stress
against the grain boundary and when that stress is greater than the critical obstacle

strength of the grain boundary, dislocations can pass through the boundary resulting in

145



slip of the neighboring grain [65]. Inherently, in the coarse-grained condition since there
is a longer path for dislocation pile-ups the likelihood of such a pile-up resulting in
plastic deformation of neighboring grains is higher and may explain why the plastic
strain energy is higher in this condition when compared to the fine-grained condition.

It was determined that for a given total strain amplitude the fatigue life in the
coarse-grained unalloyed Mg and Mg-4Al was similar while that of the fine-grained
unalloyed Mg was slightly increased. The increased twin volume fraction in Mg-4Al and
longer path for dislocation pile ups in the coarse grained unalloyed Mg may explain why
(Figure 5.17c), the fatigue life is generally shorter than the fine-grained unalloyed Mg
since stress concentrations at twin tips and the tips of pile-ups can serve as crack
initiation sites. A fatigue damage study in unalloyed Mg by Yu et al found that at high
strain amplitudes twin tips were dominant crack initiation sites due to an increase in
twinning during compression [12]. However, crack initiation and growth were not the
focus of this study and future experiments examining this behavior are needed to
confirm this hypothesis.

The LCF parameters were also calculated and it was found that in all three
conditions, the fatigue ductility exponent was similar and within the range (-0.40 to -
0.68) of what has been reported in other Mg alloys. Begum et al reported values of -
0.40 and -0.44 for AZ31 [6] and AM30 [5], respectively. Figure 5.20 shows a
comparison of the total and plastic strain amplitudes for other aluminum containing
wrought Mg alloys reported in literature and Mg-Al and fine-grained unalloyed Mg. The
Mg-4Al shows a relatively enhanced fatigue life at high strain amplitudes but in general

is similar to values reported in literature. The same was found for the plastic strain
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amplitude, where for a given amplitude the fatigue life is similar to that of AZ31 and
AM30. However, for unalloyed Mg at a given total and plastic strain amplitude the
fatigue life is longer than that reported for aluminum containing Mg alloys but not much
different than that reported for unalloyed Mg [12]. In a LCF study by Yu et al in
unalloyed Mg (grain size =120um) at 1.0% total strain amplitude it was reported that the
sample separated into two pieces after 1110 cycles [12]. This value is slightly lower that
the fatigue life (1133-1762) for the fine-grained unalloyed Mg sample tested at the same
strain amplitude which may be a result of the grain size difference since the grain size is
almost three times higher than that of the unalloyed Mg used in the present study.
However, the fatigue life for the fine-grained unalloyed Mg is comparable to the value
reported by Yu et al [12].
5.5. Conclusions

In the current study, strain-controlled low cycle fatigue experiments were
conducted on unalloyed Mg in two different grain size conditions and a Mg-Al alloys. All
studies were performed on extruded materials with a weak basal texture normal to the
extrusion (loading) direction. The following conclusions were drawn from this work:

1. For the two grain sizes investigated, the twin initiation stress is independent of
grain size in unalloyed Mg. In both the 45 and 350 ym condition the pronounced
yielding in compression related to twinning occurred at the same stress.

2. The stress at the completion of detwinning for the two grain sizes investigated is
independent of grain size in unalloyed Mg suggesting that the number of twins

initiated during the following cycle was the same for both conditions.
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. The twin initiation stress in Mg-4Al is slightly higher than that in both unalloyed
Mg conditions suggesting that the addition of Al may not play a large role in the
stress needed to initiate twins.

. The addition of aluminum significantly increases the stress at the exhaustion of
detwinning and may be related to the increased twin volume fraction produced by
compressive loading in the Mg-Al alloy.

. The increased hardening rate after the completion of detwinning in the Mg-4Al
alloy is closely related to solute-dislocation interactions since solute atoms can
reduce dislocation mobility

. For a given plastic strain amplitude, the fatigue life was independent of grain size
in unalloyed Mg (for the two grain sizes investigated) and was reduced in Mg-4Al
. Analysis of the hysteresis loop area found that the plastic strain energy was the

highest in Mg-4Al and may explain the reduced fatigue life in this alloy
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Figure 5.1: Pole figures showing the initial texture for a) unalloyed Mg and b) Mg-4Al
with the basal poles aligned perpendicular to the extrusion direction. ED: Extrusion
direction (parallel to loading direction); RD: Radial direction (normal to the extrusion
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Figure 5.2: Stress Amplitude vs. the number of cycles at different strain amplitudes for
unalloyed Mg in the 45um fine grain condition
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Figure 5.3: Stress Amplitude vs. the number of cycles at different strain amplitudes for

unalloyed Mg in the 350um fine grain condition
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Figure 5.4: Stress Amplitude vs. the number of cycles at different strain amplitudes for
Mg-4Al
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Figure 5.5: A comparison of stress amplitude vs number of cycles for the 45um and
350pum unalloyed Mg conditions and Mg-4Al showing the difference in hardening
behavior between the two conditions at 0.4% total strain amplitude

0.8 . © 1.0% Total Strain Amplitude
0.8% Total Strain Amplitude
B 0.6% Total Strain Amplitud
297 4 o eossmmum cossmme ¢ fors®® T |nociion s Al
2 0.6
E
b ¢
=05
£
S04 -
£ i
S . @ N N GRNEEE g e
& 0.
D02 3 o eestnnmn ¢ 0000000 o o oot & W
o
0.1
0
1 10 100 1000 10000 100000

Cycles (N)

Figure 5.6: The evolution of plastic strain amplitude vs. number of cycles at 0.4%, 0.6%,
0.8%, and 1.0% total strain amplitudes for the unalloyed Mg, 45um condition
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Figure 5.7: The evolution of plastic strain amplitude vs. number of cycles at 0.4%, 0.6%,
0.8%, and 1.0% total strain amplitudes for the unalloyed Mg, 350um condition
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Figure 5.8: The evolution of plastic strain amplitude vs. number of cycles at 0.4%, 0.6%,

0.8%, and 1.0% total strain amplitudes for Mg-4Al
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Figure 5.10: Loop shape comparison at 1.0% and 0.2% total strain amplitudes for a).
fine-grained unalloyed Mg (45um) b). coarse-grained unalloyed Mg (350um) and c). Mg-
4Al. The loop shape asymmetry is more pronounced at high strain amplitudes when
compared to low strain amplitudes. It should be noted that the stress scales are
different for each condition so that the stress-strain loop shape can be more fully

visualized.
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Figure 5.11: Comparison between the loop shape for cycle 2 and the half-life cycle for
a). fine-grained unalloyed Mg (45um), b). coarse-grained unalloyed Mg (350um), and c).
Mg-4Al. With successive cycling the tension-compression asymmetry is reduced in both

unalloyed Mg and Mg-4Al

Figure 5.12: Electron back scatter diffraction patterns showing evolution of twinning and
detwinning in fine-grained unalloyed Mg (45um): a) as electro-polished condition (black

¥
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circles denote areas of interest), b) twins form in grains outlined in black circles after
compression to -0.6% strain and c) those same twins are removed after tension to
+0.6% strain. All EBSD measurements were in the unloaded condition.

§ — B e — LA e
Figure 5.13: Electron back scatter diffraction patter
detwinning in the coarse-grained unalloyed Mg (350um): a) as electro-polished
condition b) twins form in some grains after compression to -0.6% strain and c) those
same twins are removed after tension to +0.6% strain. All EBSD measurements were in

the unloaded condition.

Figure 5.14: Electron back scatter diffraction patterns showing evolution of twinning and
detwinning in Mg-4Al: a) as electro-polished condition (black circles denote areas of
interest), b) twins form in grains outlined in black circles after compression to -0.6%
strain and c) those same twins are removed after tension to +0.6% strain. All EBSD

measurements were in the unloaded condition.
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Figure 5.15: Electron back scatter diffraction patterns showing residual twins in fine-
grained unalloyed Mg (45um): a) twins form in grains after compression to -0.6% strain
(black circles denote areas of interest), b) those same twins are removed after tension
to +0.6% strain in areas outlined in black circles strain, c) the same twins return to the
same grains after 104 cycles are applied to the sample, and d). when a quarter tension
(+0.6% strain) cycle is applied after 104 cycles the twins are not completely removed
confirming that residual twins remain in the material. All EBSD measurements were in

the unloaded condition.
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Figure 5.16: The total (grey circles), plastic (orange triangles), and elastic (blue
squares) strain amplitudes as a function of cycles for a). fine-grained unalloyed Mg
(45um), b). coarse-grained unalloyed Mg (350um), and Mg-4Al.
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Figure 5.17: A comparison of the a). Basquin (elastic) b). Coffin-Manson (plastic) c).
total strain-life and d). hysteresis loop energy relationships for unalloyed Mg and Mg-4Al
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Figure 5.18: A comparison of the hysteresis loop energy as function of cycles for the
fine-grained unalloyed Mg, coarse-grained unalloyed Mg, and Mg-4Al at 0.8% total
strain amplitude
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Figure 5.19: A comparison of the loop shape for cycle 2 of fine-grained unalloyed Mg
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Figure 5.20: a). plastic and b). total strain amplitudes as a function of cycles to failure for
Mg-4Al alloy and the fine-grained unalloyed Mg condition, in comparison with data
reported in literature for other aluminum containing wrought Mg alloys
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CHAPTER 6
THE RECRYSTALLIZATION BEHAVIOR OF UNALLOYED MG AND A MG-AL
ALLOY

6.1. Introduction
Magnesium alloys are important materials due to their attractive properties

including low density and an excellent strength-to-weight ratio [1-3]. One study found
that the fuel efficiency of vehicles can be increased by 6-8% for each 10% in weight
reduction [4]. Despite the advantages Mg alloys offer, they can have poor ductility and
can be difficult to form at room temperature due in part to the limited number of
independent slip systems available in hcp Mg and a tendency to form a strong
deformation texture [1-2,5-9]. Grain refinement achieved via recrystallization is a
technique for improving the strength and ductility of Mg alloys and to weaken the strong
basal texture formed during deformation, and thus should be studied more extensively
[7-10].

Deformation during processing leads to a buildup of dislocations and this
increases the amount of strain energy stored in the material. During subsequent
annealing reducing this stored energy drives the nucleation and growth of new, strain-
free grains [11]. The formation of twins plays an important role in static recrystallization
(SRX) of Mg alloys. Under certain conditions, Mg and Mg alloys have a tendency to
form twins during deformation [12-16]. Several studies have shown that twins and twin
boundaries serve as dominant nucleation sites during recrystallization of Mg alloys

[9,12-19]. Dislocations cannot penetrate through twin boundaries leading to a build-up
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of stored energy in their vicinity [13,17, 20-22]. There are three common twinning
modes in Mg alloys: the primary {1012}(10711) tension twins with an 86° lattice rotation
about the (1120) axis, {1011}1012) compression twins that have a 56° rotation around
the (1120) axis, and double twins that form when compression twins undergo tension
twinning [12,14]. Guan et al found that double twins and double twin-grain boundary
intersections were preferential nucleation sites during static recrystallization of the rare-
earth magnesium alloy WE43. They also reported that tension twins did not recrystallize
during annealing and were instead consumed by neighboring grains during grain growth
[15].

Other studies have found that shear bands serve as nucleation sites in addition to
twins and grain boundaries [23-25]. Shear band boundaries have a high angular
misorientation which can accommodate dislocation cells and entanglements, increasing
their stored energy [13]. A study by Su et al in AZ31 found that during the initial stages
of recrystallization, small, recrystallized grains were found only in the vicinity of twins
and shear bands and complete recrystallization of these areas occurred before large,
deformed grains began to recrystallize [14].

Inhomogeneous nucleation of recrystallized grains due to the addition of twins has
a profound effect on recrystallization behavior and differs from the well-known Johnson-
Mehl-Avrami-Kolmogorov (JMAK) relationship, which assumes that nucleation sites are
randomly distributed leading to a constant growth rate during recrystallization and that
recrystallization kinetics can be described by a single Avrami exponent value of three
[6,11,13-14]. Several studies have shown that preferred recrystallization at twins leads

to Avrami exponent values which are less than three [13-14].
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Nucleation at twins during recrystallization can lead to a two-stage nucleation
recrystallization process where initially nucleation and growth occurs in the vicinity of
twinned regions and grain boundaries [14,26]. Once all of those regions are consumed
recrystallization proceeds in regions of lower stored energy. One study, in the Mg alloy
AZ31 found that heterogeneous distribution of stored energy due to preferred nucleation
at twins led to a recrystallization process that could be described by two Avrami
exponents, one representing the first stage (recrystallization at twins) and the other
representing the second stage (recrystallization at deformed grains) [14]. The two-stage
recrystallization process due to inhomogeneous nucleation has also been found in cold-
deformed titanium, copper, and carbon steel [26].

Many previous recrystallization studies in magnesium have focused on dynamic
recrystallization behavior [13-16,18,20,22,27-29,30] and relatively limited information is
available on the static recrystallization behavior of these materials. Studies on static
recrystallization in Mg have focused primarily on the Mg-Al-Zn series and Mg-rare-earth
alloys [10,12,14,16-17,19,22-23,29].

In the current investigation, the static recrystallization behavior of unalloyed Mg
and a binary Mg-4wt%Al alloy was examined. This study emphasizes the effect of
solute concentration, temperature, and deformation modes, e.g. twinning, on the
recrystallization behavior after room temperature deformation. A limited study was
conducted on the influence of starting grain size on recrystallization in the unalloyed Mg
condition. The experimental results were modeled using the JMAK relationship [11] to

characterize the static recrystallization kinetics of the materials.
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6.2. Experimental Procedure
6.2.1 Materials

Unalloyed Mg was provided in the form of extruded bar by CanmetMaterials. The
bar was extruded from an 85-mm diameter cast billet at 300°C at a speed of 254
mm/min to a final diameter of 15mm. An 85-mm diameter cast Mg-4Al billet was also
used in this work. The as-received cast billet was solution treated at 413°C for 15 hours
prior to machining of the cylindrical samples to homogenize the Al concentration. It
should be noted that the samples for the recrystallization experiments in Mg-4 weight
percent Al (Mg-4Al) were taken from the heat-treated billet due to the y-Mg47Al1, phase
precipitation that occurred during the extrusion process. The starting grain size of the
unalloyed Mg and Mg-4Al, was 45+15um and 350+50um, respectively. In order
characterize the influence of starting grain size in unalloyed Mg, cylindrical samples
were heat treated at 525°C for 3 hours in a Carbolite box furnace. This produced a

starting grain size of 350um. This also allowed comparison with the Mg-4Al condition.

After annealing the samples were water quenched and sectioned parallel to the
compression axis for further examination. Metallographic specimens were prepared
using standard techniques, finishing with a 0.05um polycrystalline diamond solution. An
acetic-nitric solution was used to etch the specimens for 3-5 seconds, which revealed
grains and twins under microscopy. Electron back scatter diffraction (EBSD) was used
to determine the crystallographic orientation of grains in each sample. The fraction of
recrystallized grains was measured using OIM Analysis 7 software via the Grain

Orientation Spread (GOS) technique [31].
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6.2.2 Experimental Methods
6.2.2.1 Room temperature deformation

Cylindrical specimens, 10 mm in diameter and 12 mm in height were machined
from the as-received materials using electrical discharge machining (EDM); the
specimens were cut so that the compression axis was parallel to the extrusion direction.
The cylinders were then compressed to a 20% height reduction at room temperature
using an Instron load frame equipped with a 100kN load cell at a constant displacement
rate of 0.03mm/min. To reduce the friction between the samples and the compression
dies, the ends of the cylindrical samples were hand ground to an 800 SiC grit finish and
both Teflon tape and a commercial lubricant were applied between the two surfaces.
Previous work had indicated that, due to friction effects, compression of the cylinder
lead to non-uniform strains. All recrystallization measurements were taken from a
uniform section in the center of the cylindrical compression sample. Global macroscopic
strains were calculated from end displacement measurements. To quantify the plastic
strain in the central uniform measurement zone of the sample, a finite element analysis
simulation of the compression of the cylindrical samples was conducted using the
commercial program Abaqus. The purpose of the simulation was to determine the strain
distribution in the compressed cylindrical sample. In Abaqus, a 1/8 axi-symmetric model
was used with a four-node bilinear axi-symmetric quadrilateral mesh. The upper die was
modeled as a rigid body and given properties of a steel. The cylindrical sample was
modeled as a deformable body, where input data including the elastic modulus and
stress-strain data that had been measured using uniaxial tensile tests performed at

room temperature. The stress-strain input data was inserted in tabular form for use by
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Abaqus. The simulation boundary conditions were such that the free end of the sample
is not free to move along the x and z directions but does move along the y-direction,
which is outlined in Figure 6.1. The results of the simulation are shown in Figure 6.1 and
the Tmmx1mm region outlined by the black box indicates the area of high and uniform
plastic strain. The variation in strain within this region was within 1% of the reported
local strain. For the purposes of this study all experimental EBSD characterization was
performed within this region. It was determined that after a global macroscopic average
strain of 20%, the amount of plastic strain in the central measurement in the fine-
grained unalloyed Mg was 32% and 30% in the Mg-4Al.
6.2.2.2 Annealing

The compressed samples were then annealed using the conditions listed in Table
6.1. The annealing heat treatments for unalloyed Mg at all temperatures and for Mg-4Al
at 250°C were performed in an oil bath, while a Carbolite box furnace was used to
anneal the Mg-4Al samples at both 275°C and 300°C. A different heat-treating method
was used for the Mg-4Al at 275°C and 300°C because the maximum temperature limit
of the oil bath was 250°C and therefore, could not be used at temperatures above this
point. Thermocouples were placed on samples during the annealing processes to
ensure that the temperatures were equivalent in both the oil bath and the box furnace.
Recrystallization was characterized in both the fine-grained and coarse-grained
unalloyed Mg.

Table 6.1: Annealing conditions for unalloyed Mg and Mg-4Al

Material Temperature (°C) Time (sec)
unalloyed Mg 150,200, 250 1-604800
Mg-4Al 250, 275, 300 10-604800
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At the annealing temperatures of interest some annealing times were relatively
short. To ensure that the annealing time represented a nominally isothermal condition,
heating experiments were performed on both unalloyed Mg and Mg-4Al in the form of
10mm diameter cylinders and 6-8 mm thick rectangular specimens. A thermocouple
was drilled in the center of each sample to measure the temperature transient. A5 mm
x 5 mm x 6 mm rectangular specimen was found to provide a sufficiently short heat up
time and were machined from the center of each compressed cylinder prior to
annealing. All of the annealing experiments discussed throughout this paper were
performed on these rectangular specimens. The heat-up time was 10 seconds for the
unalloyed Mg samples in the oil bath and 30 seconds for the Mg-4Al samples in the
Carbolite box furnace. The annealing times reported were time at temperature in the
bath or furnace. Annealing times of 1 second were used in this study, during these
experiments a thermocouple was spot welded to the side of the specimen to monitor the
temperature during annealing, once the specimen reached temperature, it was removed
and water quenched.
6.2.2.3 Microstructural Characterization

Crystallographic orientation information for each sample was collected using
electron back scatter diffraction (EBSD). Scans were performed using a Tescan Mira 3
scanning electron microscope equipped with an EDAX Hikari XP EBSD detector. Each
scan was taken at a voltage of 30kV and a beam intensity between 18-20 with an
average step size of 1.2+0.1um. TSL OIM software was used to characterize EBSD

data and an average confidence index of 0.7+0.2 was obtained. No additional

169



confidence index cleaning was applied to the data. A grain tolerance angle of 5° was
used for grain recognition and at least 1000 grains were sampled per condition.

The grain orientation spread (GOS) method was employed to measure the
fraction recrystallized for each specimen [31]. It is a grain-based approach to measure
the local misorientation value for a grain. GOS uses the concept that regions with high
amounts of deformation will have a large variation in local crystallographic orientation
due to lattice rotations caused by dislocations; in contrast, recrystallized (strain-free)
grains will have little or no variation in orientation. The GOS method uses the orientation
data provided by EBSD to measure the average orientation of a grain. It then compares
each point within the grain to that average orientation to determine a misorientation
value for each point. Once that analysis is complete, the misorientation values within a
grain are averaged to get a single misorientation value that is assigned to that grain.
That final misorientation value is known as the GOS value [31-32]. The TSL-OIM
software calculates the GOS value using the formula below, where gaye is the orientation

matrix for the average orientation of the grain.

cos™1 (trace[gave(;ligA)_l] - 1)]} (1)

N

1
GOS = —Z s
N {‘mm

A=1

In this investigation, any grain with a GOS value of 1° or less is considered
recrystallized. This was determined by analyzing the GOS distributions for partially
recrystallized unalloyed Mg samples annealed at 200°C shown in Figure 6.2. The
sample displays a bimodal distribution in misorientation with one peak at low GOS
values representing the strain-free, recrystallized grains and the second peak at high
GOS values representing the deformed grains. The GOS distribution in this sample

show that the first peak representing the recrystallized grains occurs at 0° to 1°. An
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example of the GOS method being used in Mg-4Al sample annealed at 250°C for 2
hours is shown in Figure 6.3, where the recrystallized grains are highlighted in light blue
representing the bin of GOS values of 0° to 1°. In this example, the fraction
recrystallized was
determined to be 56%.
6.3. Results
6.3.1 Static Recrystallization in Mg-4Al

In the present study, three different annealing temperatures, 300°C, 275°C, &
250°C, were selected to study the effect of temperature on static recrystallization in Mg-
4Al. The experimental results for each temperature are shown in Figure 6.4. Each point
on the plot represents the recrystallization fraction for a specific condition
(time/temperature). Three separate annealing experiments were conducted for each
condition. The JMAK relationship was used to model the experimental results at each
temperature and is represented by the solid lines in Figure 6.4. The JMAK relationship,
which is outlined in Equation 2 relates the fraction of recrystallized grains (X) to the

annealing time (t).

X=1—exp [—0.693 (é)n] 2)

The relationship includes the time required to achieve 50% recrystallization (to5)
and the Avrami exponent (n). The Avrami exponent was determined by plotting
In(In(1/1-X)) vs. In(t) and measuring the slope of the line (Figure 6.5). Recrystallization

was observed to occur at a slower rate at longer times and that a single Avrami
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exponent, n was inadequate to describe the entire recrystallization process. This is
highlighted at longer annealing times where the experimental data is not well captured
by the JMAK model lines (solid lines) especially at 300°C, which demonstrates that a
single Avrami exponent does not represent well this recrystallization process. Rather
the recrystallization exponent appeared to be bilinear which is representative of a two-
stage recrystallization process [14]. Figure 6.5 shows the two stages of nucleation and
growth during the recrystallization process, represented by two different Avrami
exponents, n1 and nz. Characterization of the microstructure during the annealing
process indicates that the two stages are related to recrystallization at microstructural
inhomogeneities, specifically, twins that formed during the compressive deformation.
The analysis of this recrystallization process will be discussed in Section 3.1.2. The to5
is interpolated from the experimental data. The JMAK parameters can be found in Table
6.2 and the results will be discussed in later sections.

Table 6.2: Summary of JMAK constants for Mg-4Al at each annealing temperature

Annealing N4 ny to.s (seconds)
Temperature (°C)
250 0.45 0.08 7200
275 0.51 0.20 2800
300 0.48 0.05 200

As expected, recrystallization slows down as the annealing temperature is decreased as
indicated by an increase in to5: from 200 seconds at 300°C to 7200 seconds at 250°C.
The activation energy for recrystallization (Qrex) can be calculated using Equation 3 by
plotting In(to5) versus 1000/RT and determining the slope of the linear best fit which is
shown in Figure 6.6 [11]. From the results, it was determined that the recrystallization

activation energy, Qgrex, for Mg-4Al was 177 kJ/mol.
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QREX

tos = Aspe'qexp< RT ) 3)

EBSD characterization of the as-compressed state (Figure 7a) of Mg-4Al
revealed that twins were formed throughout the microstructure. Twinning is a common
deformation mode in magnesium and its alloys and was particularly evident due to the
coarse grain size of the starting material. EBSD Kikuchi patterns in regions of high
deformation were unable to be indexed and are shown in black on the GOS map.
During the early stages of annealing, small, recrystallized grains were found within twins
and along grain boundaries. An example of this is outlined in Figure 6.7, where the IPF
maps along with the corresponding GOS map are shown for 275°C and 300°C. The
light blue regions on the GOS maps represent recrystallized grains in the material.
Recrystallization of twins and along grain boundaries occurred as early as 300 seconds
at 250°C, 30 seconds at 275°C and 10 seconds at 300°C.

As indicated, twins and grain boundaries were found to be preferential nucleation
sites for recrystallization and as the annealing time increased recrystallization continued
in those regions indicating that the stored energy was higher in these regions. Once
regions of high stored energy were fully recrystallized, recrystallization continued in the
lower strained grain interiors. These two stages are described by two different Avrami
exponents, which are found in Table 6.2. The Avrami exponent, n, is an indication of
recrystallization kinetics during annealing and is strongly influenced by the
microstructure of the material. The classic JMAK relationship assumes that the rates of
nucleation and growth remain constant during recrystallization due in part to a random

distribution of nuclei and therefore can be represented by a single Avrami exponent.
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When the mechanisms controlling recrystallization are influenced by a non-random
distribution of nuclei or differences in stored energy throughout the material the
nucleation and growth rates change over time and more than one Avrami exponent is
needed to describe the recrystallization process. The results showed that the nq value is
much higher than the value of ny, indicating that recrystallization occurred faster during
the first stage where the strain energy is higher and slower during the second stage
where the stored energy is lower. An example of the microstructural evolution process
during annealing of Mg-4Al at 275°C is shown in Figure 6.7. As shown in Figure 6.7d,
after annealing at 275C for 30 seconds small, recrystallized grains formed in the vicinity
of twins and along grain boundaries. As time increased to 60 seconds nucleation and
growth of new grains continued in those regions (Figure 6.8b). After 4 hours, full
recrystallization of twins had occurred and all of the twinned regions were depleted
leaving behind only large, deformed grains (Figure 6.8c). Even after annealing for 56
hours some grains had not recrystallized as indicated by the high GOS value. (Figure
6.8d).
6.3.2 Static Recrystallization in Unalloyed Mg

In this section, recrystallization of the coarse-grained (350um) and the fine-
grained (45um) unalloyed Mg material will be described. The EBSD and GOS maps of
the as-compressed state for the coarse-grained unalloyed Mg sample are shown in
Figures 6.9a and 9b, respectively. SEM and EBSD analysis revealed the formation of
twins and deformed grains throughout the material post compression. As with Mg-4Al,
after short annealing times small, recrystallized grains were found at twins and along

grain boundaries. This can be seen in the high magnification images which in Figures
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6.10a and 6.10b. To study the microstructural evolution during recrystallization the
samples were annealed at 250°C for various times (Figures 6.11a-f). After only 1
second of annealing, small, recrystallized grains were observed within twins and along
grain boundaries (indicated by white circles in Figures 6.11a-b). Recrystallization
continued at these regions of high strain energy. After 86,400 seconds (2 weeks) some
deformed, un-recrystallized grains remained in the material revealing that the strain
within these grains was insufficient to cause further recrystallization in these regions
(Figures 6.11e-f). Similar to the Mg-4Al, the recrystallization behavior showed two
stages with two distinctly different Avrami slopes, where the n4 value was significantly
higher than the n; value, indicating that at shorter annealing times recrystallization
occurs at a fast rate at twins and grain boundaries while at longer annealing times
recrystallization occurred at a slower rate in regions with a lower strain energy.
Analysis of the as-compressed state of the fine-grained unalloyed Mg revealed
the formation of twins and deformed grains. The EBSD and GOS map of the as-
compressed state are shown in Figures 6.12a and 6.12b, respectively. Due to the fine
grain size and rapid recrystallization it was more difficult to capture recrystallization in
twins in the fine-grained unalloyed Mg compared to the coarse-grained unalloyed Mg
and Mg-4Al. The experimental results also showed a change in Avrami slope at the
beginning of Stage 2, which can be seen in Figures 6.13 and 6.14. Similar to the Mg-4Al
alloy and the coarse-grained unalloyed Mg, the preferential nucleation of recrystallized
grains at twins and grain boundaries creates a two-stage recrystallization process

described by two different Avrami exponents.
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To characterize the effect of temperature on static recrystallization behavior in
unalloyed Mg, three annealing temperatures were studied: 150°C, 200°C, and 250°C.
The results for each temperature are shown in Figure 6.13. The JMAK relationship
described in Equation 2 was used to model the experimental data and is represented by
the solid lines in Figure 6.13.

The early stages of recrystallization were difficult to capture at 250°C due to the
rapid nature of the process at that temperature. The results for In(In(1/1-X)) versus In
(annealing time) shown in Figure 6.14 was used to determine the Avrami exponents, n;
and ny, at each annealing temperature. Similar to the Mg-4Al alloy, two different Avrami
exponents were apparent indicating that there were two stages of recrystallization
during annealing. The tp5 was interpolated from the experimental data. The JMAK
constants are reported in Table 6.3. From the experimental results, it was observed that
temperature had a significant effect on recrystallization kinetics in unalloyed Mg. As
temperature increased from 150°C to 250°C, the recrystallization kinetics increased and

to.5 decreased from 1000 seconds at 150°C to 1 second at 250°C.

Table 6.3: Summary of JMAK constants for Unalloyed Mg at each annealing

temperature
Annealing N4 ny to.s (seconds)
Temperature (°C)
150 0.52 0.12 1000
200 0.59 0.02 300
250 0.36 0.05 0.95

The activation energy for recrystallization was determined using Equation 3 by

plotting In(to 5) versus 1000/RT and calculating the slope of the line (Figure 6.15). It was

176



determined that the recrystallization activation energy, Qrex, for unalloyed Mg was
123kJ/mol.
6.4. Discussion

The kinetics of the recrystallization process are generally modeled using a JMAK
relationship and can be represented by a single Avrami exponent with a constant
exponent. The Avrami exponent, n, is an indication of how quickly recrystallization
progresses during annealing. The classic sigmoidal relationship during recrystallization
indicates that recrystallization decelerates during the later stages without a change in
the Avrami exponent. In the Mg materials investigated here two-stage recrystallization
kinetics were observed, with an initial rapid recrystallization phase during the early
stages of recrystallization followed by a rather abrupt change in the rate of deceleration
of recrystallization as the process continues. It was determined that the Avrami
exponent was not constant but exhibited a bi-linear behavior indicating that
recrystallization occurs in two stages, which can be described by the two different
Avrami exponents, nq and ny. The slope of Stage 2 recrystallization, n,, was to 2-10
times lower than that for Stage 1 recrystallization. The second stage always began well
after to.s and more generally started after 70-80% of the volume was recrystallized, at
which point the rate of recrystallization abruptly slowed down and then practically
ceased all together, even at times one to two orders of magnitude beyond to 5.

The recrystallization rate during annealing can be affected by many factors
including the spatial distribution of stored energy (heterogeneous vs homogeneous
distribution) and the non-random distribution of nuclei. For all conditions observed in

this study the Stage 1 Avrami exponent varied from 0.35 to 0.6. This is significantly
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lower than the "standard" value of three for site saturated nucleation [11] and normally
indicates the occurrence of heterogeneous nucleation of strain free grains. An exponent
of three indicates that the growth rate of new, strain-free grains remains constant due to
site-saturated nucleation and a random distribution of nucleation sites exist throughout
the material.

In the current research, we attribute both the low Stage 1 Avrami exponent and
the two-stage nature of recrystallization to heterogeneous nucleation of strain free
grains at twins and grain boundaries. During Stage 1 nucleation of new, strain-free
grains occurred at both twins and grain boundaries. An example of this is shown for the
Mg-4Al annealed at 300°C for 10 seconds, where recrystallized grains were observed
within twins and along grain boundaries (Figure 6.7e-f). As the annealing time
increased, recrystallization continued at twins and grain boundaries until the end of the
first stage. The preferential nucleation of recrystallized grains at twins and grain
boundaries suggests that the stored energy is higher in these regions. The nucleation of
recrystallized grains at twins and grain boundaries shows that nucleation sites are non-
randomly distributed throughout the material. When deformed nuclei are clustered
together, recrystallized grains nucleating and growing from these regions impinge on
each other during growth due to their close proximity. This localized impingement
phenomenon hinders the growth of the recrystallized grain boundaries leading to a non-
constant growth rate during recrystallization and a low Avrami exponent.

It is generally understood that grain boundaries are preferred nucleation sites,
however in Mg alloys, it has also been observed by others that twins play a significant

role in recrystallization [6,13]. The relatively low value of the Avrami exponent has also
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been observed for other studies of recrystallization in Mg alloys and also attributed to
preferred nucleation at twins and grain boundaries [6,13]. Chao et al found that
preferred nucleation at twins and grain boundaries during recrystallization in AZ31 led to
Avrami exponents of 1.18-1.38 for various temperatures [6]. Su et al also observed an
Avrami exponent of 0.7-1.8 during the first stage and 0.4-0.5 for the second stage due
to twin recrystallization in AZ31 [13].

Numerous studies have been conducted on twin formation in magnesium and
how twins affect microstructure and mechanical properties [12,15-17,19-20,29,33-34].
Twinning results in highly localized strains [29] which presumably lead to preferential
nucleation of recrystallized grains. During twinning, the twinned region is reoriented
causing twin boundaries to act as barriers to dislocation motion, which leads to work
hardening and a stress-concentration along the boundaries [30,33-34]. There are three
common twinning modes found in Mg alloys: extension twins, contraction twins, and
double twins [30,33-34]. Extension twins form to accommodate the c-axis strain during
deformation, which results in reorientation of the c-axis towards the compression
direction causing the twin to form a hard orientation. This causes an increase in stress
within the twin and along the twin boundary [19]. The formation of contraction twins also
creates a stress concentration leading to an increase in strain energy. This is because
the formation of contraction twins is energetically unfavorable and the resistance to their
growth creates a stress concentration between the twin boundary and the matrix,
increasing the strain energy in this region [12,19]. Double twins are created when
contraction twins undergo basal slip or extension twinning. Since basal slip is the

easiest deformation mode in hcp metals, in many situations the twinned regions

179



undergo more deformation than the neighboring matrix increasing the stored energy
within double twins [15,19]. The formation and growth of twins is also dependent on the
starting grain size of the deformed material. Dobron et al found that during compression
of AZ31, coarse grains tend to twin preferentially when compared to fine grains [35].
Once recrystallization is exhausted at twins and grain boundaries, strain-free
grains impinge and recrystallization slows and is finally terminated leading to the second
stage of recrystallization. During Stage 2, the Avrami exponent was up to a factor of ten
times lower than that of Stage 1. Analysis revealed that deformed grains remained in
the material during this stage, indicating that the stored energy within the remaining
grains was insufficient to cause recrystallization. In coarse-grained unalloyed Mg
annealed at 250°C, large, deformed grains still remained in the material after up to two
weeks of annealing. The recrystallization rate is influenced by the amount of strain
(dislocation density) energy in the material. Therefore, when the strain energy in the
remaining unrecrystallized regions is relatively low, recrystallization is reduced or does
not occur, lowering the Avrami exponent. During Stage 2, recrystallization continues
slowly at the lower strain grain interiors, which is represented by n, After long annealing
times, deformed grains still remain in the material, indicating that the driving force for
recrystallization is reduced and the strain energy within these grains is not sufficient to
cause nucleation of strain free grains or further growth of existing recrystallized grains
into these regions. Similar behavior has been observed by others [14]. Su et.al reported
two stages of recrystallization during annealing of AZ31, where small, recrystallized
grains were found near twins after 2 minutes at 200°C and after long annealing times in

excess of 100 hours, large deformed grains still remained while all twins had been
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completely recrystallized [14]. A schematic of the two-stage recrystallization process is

outlined in Figure 6.16.

Twinning is normally more pronounced as grain size increases [35] and thus an
interesting observation was that the recrystallization kinetics were substantially faster in
unalloyed Mg with fine grain size (45um) compared to the coarse grain size condition
(350um) which is shown in Figure 6.17. The fine grain size unalloyed Mg exhibited a to 5
of 1 second compared to 5000 seconds in the coarse-grain size material. This is
consistent with literature for other alloys [11,35-36] but given the importance of twinning
on recrystallization of Mg it requires further explanation. Humphreys and Hatherly [11]
reported that grain boundaries are common nucleation sites during recrystallization,
therefore a larger initial grain size provides fewer nucleation sites, lowers the nucleation
rate, and recrystallization is slower for a given temperature. Li et al. found that
recrystallization was retarded in a Nb microalloyed steel as the grain size increased
from 17 to 83um [36]. From this we conclude that although twinning plays an important
role in nucleation of recrystallization, grain boundaries continue to play the dominant
role.

In addition to this study of heterogeneous nucleation and two stage
recrystallization, the influence of temperature on static recrystallization was analyzed in
Mg-4Al and unalloyed Mg. As expected for this thermally activated process, as
temperature increased the recrystallization kinetics were accelerated. Kim et.al also
have confirmed that recrystallization increased with increasing temperature in a cold-
rolled Mg-3%Al alloy [37]. The activation energy for recrystallization, Qrex, for Mg-4Al

and fine-grained unalloyed Mg was 177 kJ/mol and 123 kJ/mol, respectively. This is
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similar to findings of others. Beer et. al found the activation energy for recrystallization
of AZ31 to be 200 kJ/mol while Yang et.al determined it was 125kJ/mol for the same
alloy [10,38]. The Qrex for unalloyed Mg was similar to the activation energy for self-
diffusion in Mg of 135 kJ/mol and the Qrex of 92 kd/mol previously determined for as-
cast unalloyed Mg [6,10]. This finding indicates that recrystallization is controlled by the
self-diffusion of Mg.

The influence of alloying on recrystallization has received only limited attention in
Mg alloys. In the current study, recrystallization was slightly faster in unalloyed Mg
when compared to Mg-4Al where the ty 5 increased from 5000 seconds in unalloyed Mg
to 7200 seconds in Mg-4Al (Figure 6.18). This is consistent with the somewhat limited
results from a previous study on Mg-Al alloys [37]. Although alloying elements can have
a significant influence on recrystallization in some metal alloys system [38-42] this is not
always the case and can be highly system dependent [11]. In other systems, solute
effects on recrystallization have been primarily attributed to effects on grain boundary
mobility [38 -42] which appears to not be the case for the Mg-Al system since the effect
of Al on recrystallization in Mg is minimal.
6.5. Conclusions

The influence of microstructure and temperature on static recrystallization
behavior of unalloyed Mg and Mg-4Al was examined in this study. The major
conclusions are:

¢ In both unalloyed Mg and Mg-4Al, a decrease in annealing temperature slows
down static recrystallization kinetics. In unalloyed Mg, t;s decreases from 1000

seconds at 150°C to 1 second at 250°C.
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The activation energy for recrystallization of unalloyed Mg was determined to be
123 kJd/mol, which is consistent with the activation energy for bulk self-diffusion of
Mg. The recrystallization activation energy in Mg-4Al was determined to be 177
kd/mol.

A two-stage recrystallization process was observed in which rapid initial
recrystallization occurred followed by an abrupt retardation of recrystallization
occurred at longer annealing times after 65-80% recrystallization.

The two-stage process was characterized by JMAK exponents in the range of
0.35-0.6 for Stage 1 and a factor of two to ten lower for Stage 2.

During Stage 1 recrystallization, heterogeneous nucleation of strain-free grains
was observed at twins and grain boundaries. The low Stage 1 JMAK exponents
and two stage recrystallization process are attributed to these heterogeneous
nucleation processes.

In unalloyed Mg, recrystallization was observed to be significantly enhanced in a
fine grain size condition compared to a coarse-grain size condition. This
suggests that, although nucleation of recrystallized grains at twins is important,
grain boundary nucleation plays a dominant role.

The addition of Al had a minimal effect on recrystallization at 250°C.
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Figures
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Figure 6.1: Axi-symmetric Abaqus simulation of compression test on unalloyed Mg.
Note the dashed box indicating the recrystallization measurement region Tmmx1mm in
area.
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Figure 6.2: Grain Orientation Spread (GOS) distribution for a unalloyed Mg sample
annealed at 200°C for 5 seconds
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Figure 6.4: The fraction recrystallized versus annealing time for Mg-4%Al at 250°C
(blue), 275°C (green), and 300°C (black). The solid lines represent the corresponding
JMAK relationships for each condition.
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Figure 6.5: A plot of In(In(1/1-X)) versus In(annealing time) used to determine the
Avrami exponents at each annealing temperature in Mg-4%Al. X represents the fraction
recrystallized. Note the bilinear nature of these results.
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Figure 6.6: A plot of In(to.5) vs. 1000/RT used to determine the activation energy for
recrystallization in Mg-4%Al.
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Figure 6.7: IPF and GOS maps for a) and b) as-compressed state, c) and d) 275°C at
30 seconds, e) and f) 300°C at 10 seconds and g) and h) 300°C at 10 seconds showing
the early stages of recrystallization at twins and grain boundaries
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Figure 6.8: IPF and GOS maps detailing the recrystallization process during annealing
for Mg-4%Al at 275C a) and b). 60 seconds, c¢) and d). 4 hours, and e) and f). 56 hours.
Full recrystallization of twinned regions occurred after 4 hours.

Figure 6.10: A hlgh magnification image detalllng recrystalllzatln at twins and grain
boundaries in coarse-grained unalloyed Mg.
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Figure 6.11: IPF and GOS maps detailing the recrystallization process during annealing

for unal

loyed Mg at 250C, a) and b) 1 second, c) and d) 1800 seconds, e) and f) 86,400
seconds
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Figure 6.13: Fraction recrystallized versus annealing time for 150°C, 200°C, and
250°C for Unalloyed Mg. The solid lines represent the corresponding JMAK
relationships for each condition.
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Figure 6.14: A plot of In(In(1/1-X)) versus In(annealing time) results used to determine
the Avrami exponents at each annealing temperature in fine-grained unalloyed Mg.
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Figure 6.15: A plot of In(to.5) vs. 1000/RT results used to determine the activation
energy for recrystallization in unalloyed Mg.

194



c). \ d). \
.
S B

Figure 6.16: Schematic of the microstructural evolution during annealing: a). as-
deformed state showing deformation twins and deformed grains, b). beginning of Stage
1 where new, strain-free grains (blue circles) grow from deformation twins, c-d).
nucleation and growth of recrystallized grains from both deformation twins and grain
boundaries, e). growth of recrystallized grains from twins and grain boundaries, and
f).Stage 2 where the complete growth of recrystallized grains occurs (grains outlined in
blue) while un-recrystallized grains remain in the material (filled with black dashed
lines). In these regions the strain energy is not sufficient to cause further
recrystallization.
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Figure 6.17: A comparison of the recrystallization kinetics for both the fine and coarse-
grained unalloyed Mg annealed at 250°C.
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Figure 6.18: The fraction recrystallized versus annealing time for unalloyed Mg (black

diamond) and coarse-grained Mg-4%Al (blue circle) at 250°C.
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CHAPTER 7
GRAIN GROWTH BEHAVIOR OF UNALLOYED MG AND MG-4AL

7.1. Introduction
Grain refinement achieved via recrystallization is a method for improving strength

and ductility of Mg and Mg alloys and has been the topic of recent studies [1-3]. In Mg
alloys, a smaller grain size results in a higher yield strength and follows the well-known
Hall-Petch relationship [3]. Therefore, it is important to know the kinetics that drive the
growth of these recrystallized grains after recrystallization is complete. In this work, the
influence of temperature and alloying on grain growth kinetics in un alloyed Mg and a Mg-
4Al alloy has been characterized.

Deformation during processing increases the strain energy in the material [3]. This
strain energy is stored in the form of dislocations and increases as deformation proceeds.
During subsequent annealing, this stored strain energy is reduced by the nucleation and
growth of new, strain-free grains [3]. When recrystallization is complete, the structure is
still unstable and continued growth of recrystallized grains can occur. The driving force
for grain growth is the reduction of interfacial energy which is stored in the form of grain
boundaries [3]. Since the driving force for grain growth is small, significant grain growth
usually occurs only at very high temperatures [3]. Ma et al found that grain growth was
limited at low temperatures, but increased significantly with temperature. The addition of
solutes and second phase particles limits grain growth by slowing down grain boundary

mobility during annealing [4]. Wang et al showed that the activation energy for grain
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growth in AZ31 was 18 kd/mol higher than that of as-cast unalloyed Mg due to alloying
effects [5].

In the current investigation, the grain growth behavior of unalloyed Mg and a binary
Mg-4wt%Al alloy was examined. This study focuses on the effect of solute concentration
and temperature on the grain growth behavior after recrystallization is complete. A
complete manuscript on the recrystallization behavior of these materials is published
elsewhere [2].

7.2. Experimental Procedure
7.2.1 Materials
The two materials used in this study, unalloyed Mg and Mg-4%Al, were provided

by Canmet Materials in the form of extruded bars. Each bar was extruded from an 85-mm
cast billet at 300C (unalloyed Mg) and 413°C (Mg-4%Al) at a speed of 254mm/min to a
final diameter of 15mm. The Mg-4Al cast billet was solution treated at 413°C for 15 hours
prior to extrusion to homogenize the Al concentration. To determine the initial grain size
and level of recrystallization in the as-extruded bar, samples were inserted into a Tescan
Mira 3 scanning electron microscope equipped with an EDAX Hikari XP EBSD detector.
Each EBSD scan was taken at a voltage of 30kV and a beam intensity between 18-20
with an average step size of 1.0£0.2um. The starting grain size of the unalloyed Mg and
Mg-4%Al was 45+15um and 33+10um, respectively. Using the OIM Analysis 7 software
via the grain orientation spread technique [2] it was determined that the unalloyed Mg and
Mg-4%Al bars were 98 and 95 percent recrystallized, respectively. Figure 7.1 shows the
inverse pole figure maps of the as-extruded microstructure for both unalloyed Mg and Mg-

4Al. Since the as-
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extruded bars were fully recrystallized all of the grain growth studies were performed

using the as-received materials for both alloys.
7.2.2 Experimental Methods
7.2.2.1 Annealing

Rectangular specimens, Smmx5mmx6mm, were machined from the as-extruded
bars using electrical discharge machining (EDM). The samples were then annealed at
350°C, 435°C and 515°C for various times in a Thermolyne box furnace to characterize
the grain growth kinetics. To determine the time required to reach the annealing
temperature, tests were performed by drilling a thermocouple in the center of various
rectangular specimens. It was found that the heat up time for the Smmx5mmx6mm
sample in the box furnace was 10 seconds for each material.
7.2.2.2 Microstructural Characterization

After annealing, the samples were water quenched and sectioned for further
examination. Metallographic specimens were prepared using standard techniques,
finishing with 0.05um polycrystalline diamond solution. A picric acid solution (5 g picric
acid crystals, 10mL water, 5mL acetic acid, and 90mL ethanol) was used to etch the
specimens for 3-5 seconds, which revealed grains and other features under optical
microscopy. From the optical micrographs, the grain size was determined using the line

intercept method outlined by ASTM E112.
7.3. Results
7.3.1 Grain Growth Behavior of unalloyed Mg

In the present study, three different annealing temperatures: 350°C, 435°C, and

515°C were chosen to study the influence of temperature on grain growth behavior in
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unalloyed Mg. The experimental results for each temperature are shown in Figure 7.2a.
The microstructural evolution during annealing at 435°C and 515°C is shown in Figures
7.3 and 7.4. It was found that at 435°C and 515°C the grain size increases with both
annealing temperature and time. At 435°C the grain size has more than doubled after 1
minute of annealing and increased by one order of magnitude after 240 minutes of
annealing. At 515°C the grain size more than quadruples after annealing for 60 minutes.
At 350°C the grain size did not change with time. The lack of grain growth at this
temperature is presumably due to the low driving force for grain growth, which requires

higher temperatures to activate.
7.3.2 Grain Growth Behavior of Mg-4Al

For Mg-4Al, two different annealing temperatures: 435°C and 515°C, were
selected to study the effect of temperature on grain growth. The experimental results for
each temperature are shown in Figure 7.2b. The grain size significantly increased at
515°C, where it increased from 33um to 275um after 240 minutes of annealing. At 435°C,
grain growth was significantly slower and after 1,440 minutes the grain size only increases

to 92um.
7.3.3 Grain Growth Kinetics

The kinetics of grain growth can be expressed as a linear relationship between the
growth rate and the inverse grain size [3,6]. This linear relationship can be expressed as

a differential equation as follows:

Dk
dt D
Where D is the average grain size at a given annealing temperature and time and

k is the grain growth constant. After integrating equation 1, it can be expressed as:
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D —D, = kt'/"
where D, is the initial grain size, t is the annealing time, and n is the grain growth exponent

[3,6]. The grain growth exponent can be determined by linearizing equation 2 as follows:
1
In(D —D,) = Eln(t) + In (k)

Therefore, the value of n can be determined by calculating the slope of the plot
In(D-Do) vs. In(t). The plots for both unalloyed Mg and Mg-4%Al are shown in Figure 7.5
and the grain growth exponents can be found in Table 7.1. The grain growth exponent
varies between 2 and 8 for Mg and Mg alloys. It was found that n increases with increasing

temperature and decreases with the addition of aluminum (Table 7.1).

Table 7.1: Grain growth exponents for unalloyed Mg and Mg-4Al.
Material 435°C 515°C

Unalloyed n 4.3 6.6
Mg
Mg-4Al n 1.6 29

7.4. Discussion

The grain growth behavior of unalloyed Mg and Mg-4Al was investigated. The grain
growth exponent is a measure of the resistance to grain boundary motion. The grain
growth kinetic equation developed by Burke and Turnbull makes two key assumptions: 1)
the driving pressure on a boundary arises only from the curvature of that boundary and
2) the boundary velocity is proportional to the driving pressure [7]. When these conditions
are met the ideal value for the grain growth exponent is 2 and remains constant for a
given alloy [3,7]. In this study, the grain growth exponent for both unalloyed Mg and Mg-

4A\ differs from 2 and depends on the annealing temperature (Table 7.1).

204



Similar to the results found here, previous studies have shown that the value for n
ranges from 2 to 8 for different Mg alloys and Mg-based composites [4,5,8]. In the case
of unalloyed Mg, the grain growth exponents (Table 7.11) are within the range of n-values
found elsewhere and lower than the ideal value of 2. Miao et al determined that the grain
growth exponent for the Mg alloy, AZ31 was 4 [8]. There are many factors that affect
grain growth kinetics which are not included in the original assumptions made by Burke
and Turnbull such as impurity drag and crystallographic texture [3]. The deviation from
the ideal value could be related to the trace amounts of solute as listed in Table 7.2.
Solutes may pin grain boundaries during grain growth and therefore, inhibit further growth
of grains [3]. The strong basal texture found perpendicular to the extrusion may also play
a role (Figure 7.6). Strongly textured materials contain low angle grain boundaries of low

energy which reduces the driving force for grain growth [3].

Table 7.2: Chemical composition of unalloyed Mg

Elem
ent Na |Al |P K Ca |[Cr |Mn |Fe |[Ni [Cu|Zn |Ag |Ba |Pb

Aver

age
(M9/g 38. 0. |25.|17. (2. |5. |93. 0. [0. |1.
) 173 |7 411 | 104 | 530 |41 |4 2 99 |76 |9 17 |52 | 08

For Mg-4Al the grain growth exponent also deviates from the ideal value. This
difference could be due to solute drag effects from the addition of aluminum. During solute
drag, solute atoms slow down grain boundary migration. In diffusion studies by Zhong et
al, it was found that the impurity diffusion coefficient of Al in Mg could be measured using
the Arrhenius relationship D,; i, yg = 2.1 X 10™*e~146000/RT Using this relationship, they

determined that Al diffuses slower than the self-diffusion of Mg for temperatures ranging
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from 450°C to 630°C [9]. Grain growth is a diffusion controlled process where atoms must
diffuse across the grain boundary in order for that grain boundary to migrate. Therefore,
when the diffusion of solute atoms across the grain boundary is slower than the diffusion

of the bulk atoms, grain growth kinetics is slowed down.

For both unalloyed Mg and Mg-4Al grain growth occurring more rapidly at higher
temperatures when compared to lower temperatures (Figure 7.2) and the grain growth
exponent increases as temperature increases. In Mg-4Al the grain growth exponent
almost doubles with an increase in temperature. The grain growth exponent also
decreases with the addition of Al, where the grain growth exponent is reduced by more
than double in this condition compared with the unalloyed Mg. As stated earlier the
addition of solute atoms slows down grain boundary migration and therefore reduces
grain growth kinetics. This is particularly interested because a previous study [2] showed
that the addition of 4 w/o Al to Mg did not affect the recrystallization kinetics. The effect
of solutes on grain growth has been observed in titanium alloys [10,11]. Both these
studies found that the addition alloying elements decreased the grain growth exponent in
titanium [10,11].

7.5. Conclusions

The influence of Al content and annealing temperature on grain growth behavior in

unalloyed Mg and Mg-4Al was examined in this study. The major conclusions are:

e In both unalloyed Mg and Mg-4Al, an increase in annealing temperature speeds
up grain growth kinetics. In unalloyed Mg, the grain size increases from 45 to 410

Mm after annealing for 360 minutes at 515°C.

206



e The addition of Al slows down grain growth in Mg. At 435°C the grain growth

exponent is lowered from 4.3 to 1.6 when the Al content is increased.
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Figure 7.2: Average grain size as a function of annealing time for a). unalloyed Mg at
350°C, 435°C, and 515°C and b). Mg-4%Al at 435°C and 515°C

Figure 7.3: Optical micrographs showing the evolution of grain growth for unalloyed Mg
at 435°C at annealing times of a). 1 minute, b). 30 minutes, and c). 240 minutes. The
grain size increases from left to right.
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Figure 7.4: Optical micrographs showing the evolution of grain growth for unalloyed Mg
at 515°C at annealing times of a). 1 minute, b). 30 minutes, and c). 240 minutes. The
grain size increases from left to right.
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Figure 7.5: A plot of In(D-D,) vs. In(time) used to determine the grain growth exponent
for unalloyed Mg and Mg-4Al at 435°C and 515°C.
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Figure 7.6: Pole figures showing the initial texture with the basal poles aligned normal to
the extrusion direction.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

The goal of this thesis work was to understand the influence of grain size and
alloying on the microstructural evolution that occurs during recrystallization and grain
growth as well as determine how grain size and alloying effect the fatigue life and cyclic
stress-strain behavior during low cycle fatigue. The final summary and conclusions are

presented below.

8.1. LCF and CSS Behavior

The low cycle fatigue and cyclic stress-strain behavior was investigated under
strain-controlled, LCF conditions using both ex-situ and in-situ techniques. In-situ HEXD
was used to characterize the alternate occurrence of twinning and detwinning during
cyclic loading. During loading the evolution of x-ray diffraction peaks associated with the
basal {0002} planes were monitored throughout an entire fatigue cycle. In fine-grained
unalloyed Mg (45um) three different strain amplitudes: 0.4%, 0.52%, and 0.75% were
employed and it was found at strains above 0.5%, twinning occurs during the
compression portion of the cycle and at early stages of fatigue, most twins are removed
(detwinned) under reversed loading during the tensile portion of the cycle. After 100-200
fatigue cycles, the complete detwinning process was no longer observed and a
significant volume fraction of residual twins remained in the material and increased with
cycling. The stress needed to initiate twins decreased with cycling indicating that as

cycling continues twinning becomes easier as a result of increase plasticity near grain
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boundaries since it is well-understood that twins nucleate from sources with high
internal stresses such as grain boundaries, triple and quadruple joints. The twin volume
fraction was calculated from diffracted intensities and it was determined that it increases
with increasing cycles. The stress at the exhaustion of detwinning is closely related to
the twin volume fraction where it also increased with cycling. At lower strain amplitudes

(0.4%) it was found that loop shape asymmetries and diffracted basal peak intensities
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associated with twinning were not observed indicating that when dislocation slip is
dominant the resulting loop shape is symmetric.

The same in-situ HEXD techniques were used to investigate the influence of Al
on twinning and detwinning during LCF of Mg-4Al (52um). Three different strain
amplitudes were investigated: 0.65%, 0.75%, and 0.85% and it was found that twinning
and detwinning occurred alternately throughout a fatigue cycle. The stress needed to
initiate twinning was increased with the addition of Al. This is because as Al
concentration increases the CRSS for twin dislocation motion also increases and
therefore, a higher stress is needed to initiate a twin in the alloy. Similarly, to unalloyed
Mg, the compressive stress at which twins initiate decreases with cycling suggesting
that the associated plastic flow is increasing on every cycle resulting in twins forming
earlier during compression. In Mg-4Al the twin volume fraction remains stable and thus,
the detwinning exhaustion stress also remains stable indicating that the detwinning
stress is closely related to the amount of twins initiated during the previous compression
cycle. The detwinning exhaustion stress was higher in the Mg-4Al alloy when compared
to unalloyed Mg and the observed behavior was due to the increased twin volume
fraction in Mg-4Al. Ex-situ results found that the stress amplitude was increased in the
Mg-4Al and coarse-grained unalloyed Mg while the plastic strain amplitude was
significantly lowered in Mg-4Al.

8.2. Recrystallization and Grain Growth

The static recrystallization kinetics of fine-grained unalloyed Mg (45um) and

coarse-grained Mg-4Al (360um) were analyzed by quantifying the area of recrystallized

grains throughout the entire recrystallization process. The grain orientation spread
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method was used to determine the fraction of recrystallized grains. This method uses
crystallographic orientation information provided by EBSD to determine the
misorientation for each grain. The evolution of recrystallization was monitored at three
different annealing temperatures for both unalloyed Mg and Mg-4Al and it was found
that as the annealing temperature decreased, recrystallization was slower. In unalloyed
Mg, tos decreased from 1000 seconds at 150C to 1 second at 250C. The observed
behavior is due to the effects of temperature on diffusion. At lower temperatures, the
diffusion rate is reduced resulting in a reduction of the mobility of high angle grain
boundaries surrounding recrystallized grains. The relationship between ty 5 and
annealing temperature was used to calculate the activation energy for static
recrystallization. In unalloyed Mg, the activation energy for unalloyed Mg (122kJ/mol)
was consistent with that for bulk self-diffusion (135kJ/mol) indicating that the
recrystallization rate is dependent on the diffusivity of Mg atoms. In the Mg-4Al alloy, the
activation energy was increased to 177kJ/mol. In both materials, it was found that a two-
stage recrystallization process exists where rapid initial recrystallization occurred
followed by an abrupt retardation of recrystallization at longer annealing times after 65-
80% recrystallization. The two-stage process was characterized by the JMAK
relationship where the Avrami exponent was in the range of 0.35-0.6 for Stage 1 and a
factor of two to ten lower for Stage 2. The Avrami exponents are much lower than the
ideal value of 3 which is derived from the assumptions of site-saturated nucleation and
a constant growth rate throughout recrystallization. EBSD analysis revealed that during
Stage 1, heterogeneous nucleation of strain-free grains was observed at twins and grain

boundaries suggesting that the stored energy was higher in those regions. The low
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Stage 1 JMAK exponents and two stage recrystallization process are attributed to these
heterogeneous nucleation processes.

To characterize the influence of grain size on static recrystallization in unalloyed
Mg, a solution treatment was performed on the material to increase the grain size from
45um to 350um. The recrystallization kinetics of the coarse-grained material was
investigated at 250C and it was observed to be significantly enhanced in the fine grain
size condition compared to a coarse grain size condition. This suggests that, although
nucleation of recrystallized grains at twins is important, grain boundary nucleation plays
a dominant role during recrystallization. The recrystallization kinetics of the Mg-4Al and
coarse-grained unalloyed Mg was also investigated at 250C and it was found that the
addition of Al had a minimal effect on recrystallization in Mg.

The grain growth kinetics of the fine-grained unalloyed Mg and fine-grained Mg-
4Al was characterized using optical microscopy where rapid growth occurred at early
annealing times followed by slower growth at longer annealing times due a decreasing
driving force. The evolution of grain growth was analyzed at three different annealing
temperatures and it was found that grain growth was more rapid at higher annealing
temperatures. In unalloyed Mg, the grain size increased from 45 to 410um after
annealing for 360 minutes at 515C. Similar to recrystallization, grain-growth is a
diffusion-based process, where diffusivity of atoms is increased at higher temperatures.
The addition of Al was found to significantly retard grain growth kinetics which is
generally attributed to solute drag where solute atoms exert a force on grain boundaries
as they migrate decreasing their mobility during grain growth. In both materials, the

grain growth exponent was different from the ideal value which was attributed to the
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addition of solute in the Mg-4Al alloy and the strong basal texture in the unalloyed Mg.

Strongly textured materials usually contain many low angle boundaries of low energy

which leads to a reduced driving force for grain growth during annealing.

8.3. Recommendations For Future Work

Based on the results and conclusions discussed throughout this dissertation, the

following recommendations are made for future work:

1.

In this study, it was determined that for a given plastic strain amplitude, the
fatigue life was independent of grain size and decreased with the addition of Al. It
is generally accepted that both twins and cracks initiate from regions with high
internal stresses (or stress concentrations) and therefore, a more thorough
investigation on fatigue damage development during LCF should be conducted.
A study investigating crack initiation and propagation as a result of the twinning-
detwinning process should provide more insight on the role of twin boundaries,
twin tips as well as grain boundaries on crack initiation and growth during LCF.
Understanding the influence that both grain size and alloying have on cyclic
damage accumulation will provide a quantitative analysis on fatigue life.
Favorable crack initiation sites such as twin tips, twin and grain boundaries and
other microstructural features such as hard and soft grains and texture can be
identified in this study. These experiments could then be used to further improve
predictive models on crack initiation and growth during LCF.

In-situ HEXD experiments provided critical information on the cyclic stress-strain
behavior in both fine-grained unalloyed Mg and Mg-4Al, however, experiments

involving the coarse-grained condition should be performed to provide further
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3.

insight on grain size effects on twin volume fraction evolution during LCF as well
as the stresses needed to initiate twinning and exhaust detwinning. These
experiments could be used to create CPFE models that accurately predict grain
size influence on CSS behavior during LCF of Mg. Currently there are no CPFE
models that examine the influence of solute on the CRSS needed for twin
initiation in Mg and the current grain size models only examine twin behavior
during monotonic experiments and not cyclic tests. CPFE models that expand on
the stresses needed for twin initiation during fatigue in both solute and solute-free
Mg alloys is required in order to accurately predict the LCF and CSS behavior of
these materials.

An important next step is to use analytical models such as the Cahn Model to
quantify static recrystallization and grain growth kinetics in Mg-4%Al and Mg-
0%Al (unalloyed Mg) as well as Mg-Al alloys at lower concentrations such as 0.5-
2wt%. This will provide comparative information between Owt% and 4wt% and
lower concentrations to determine trends in the to 5, driving force and grain
boundary mobility for recrystallization as well as the grain boundary mobility for
grain growth.

The addition of Al had a minimal effect on recrystallization at 250°C in
magnesium. However, it was determined that twins play an important role in the
RX kinetics in both materials. Since the materials used in this study were in the
as-cast condition, an important next step would be to use either synchrotron
diffraction or EBSD to study the twin volume fraction evolution that occurs during

monotonic compression tests in this condition.
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5. Grain growth studies found that grain growth was significantly retarded with the
addition of Al solute and the observed behavior was attributed to the solute drag
effect. During solute drag, solutes segregate at grain boundaries and when the
diffusivity of the solute atoms is slower than that of solvent atoms, the grain
boundary must drag the solute atoms along resulting in a lowered grain boundary
mobility. To confirm the solute drag hypothesis, scanning transmission electron
microscopy (STEM) combined with energy dispersive spectroscopy (EDS)
mapping should be used to experimentally determine if solute segregation is the
reason for the reduction in grain growth for the Mg-4%Al alloy. Atom probe
tomography can also be used to study solute segregation at grain boundaries
since the technique provides elemental distribution information. This would
provide a more quantitative understanding of the reduction in grain growth as
well as provide a mechanism for the observed behavior. The grain boundary
migration in the presence of solute segregation can also be examined using
phase field simulations, where the effects of solute drag on grain boundary

velocity and grain-size distributions can be calculated.
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APPENDIX A
CRYSTAL PLASTICITY FINITE ELEMENTS SIMULATION OF TWINNING AND

DETWINNING BEHAVIOR OF UNALLOYED MG DURING CYCLIC LOADING
AUTHORED BY MOHAMMADREZA YAGHOOBI, PRISMS CENTER, UNIVERSITYOF MICHIGAN

A.1. Introduction

Crystal plasticity simulation of cyclic behavior of HCP materials is a great challenge
in material science due to the complexity of the twinning and detwinning phenomena
occurring during the cyclic loading. Accordingly, not many researchers have investigated
this topic. Guillemer et al incorporate a mean fields model and a crystal plasticity based
constitutive model to capture cyclic behavior of extruded Mg by incorporating a twinning
—detwinning model [2]. Qiao et al incorporated the elasto-viscoplastic self-consistent
(EVPSC) model and incorporated a twinning-detwinning model to capture the cyclic
behavior of Mg alloy ZK60A [3]. Here, the crystal plasticity simulation (CPFEM) is
incorporated along the twinning-detwinning model to capture the cyclic behavior of
unalloyed Mg. The PRISMS-Plasticity code is incorporated, which is a parallel open-
source numerical framework for implementing continuum and crystal plasticity models [1].
For PRISMS-Plasticity crystal plasticity code, HCP, BCC and FCC single crystal elasto-
plastic constitutive models are implemented. The material deformation is solved based
on a constitutive response driven by mechanisms of dislocation slip, twinning and crystal
reorientation. Ganesan presented the implemented framework of crystal plasticity finite

element including the theory and implementation [1].
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A.2. Twinning model

The crystallography of a twinning phenomenon is depicted in Fig. A.1 which shows
the parent grain and the twinned region and their corresponding orientations. The
incorporated twinning-detwinning model is the extension of the Predominant Twin
Reorientation scheme (PTR) developed by Tomé et al. [5]. The kinematics of the twinning
model is shown in Fig. A.2. The PTR method is extensively elaborated by Staroselsky
and Anand [4]. Here, the PTR scheme is extended to capture both twinning and
detwinning in the framework of crystal plasticity finite elements (CPFEM). In the case of
CPFEM, the twinning-detwinning model is applied for all quadrature points. In the

absence of twinning-detwinning, the plastic deformation gradient tensor F¥ can be

obtained as follows:
F (1) = I+ZAW$6 (A1)
i

Where Ay is the slip increment of the ith slip system, and S} is the Schmid tensor for the
ith slip system. t is the psudo-time incorporated to numerically integrate the rate-
independent model using an iterative procedure [1]. In the case of model with twinning-
detwinning, the basic kinematic expression of crystal plasticity presented in Eq. (A.1) is

modified to include twinning as follows:
FP(0) =1+ ) AyiSh+ ) ayesg (A2)
i a

where Ay“® is the slip increment of the ath twin system, and S§ is the Schmid tensor for
the ath twin system. Eq. (A.2) states that the part of the plastic deformation is
accommodated through the shear strain occurring in twinning slip systems. Accordingly,

the total shear strain occurring in the twinning slip system a can be defined as follows:
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re(r) = f TAy“(t)dt (A.3)
0

Finally, in the case of CPFEM, the total twin fraction in a quadrature points can be
defined as follows:

re()

Yo

fe = (A4)

where v, is the twinning shear which is 0.126 for Mg. Next, the twin system with the
maximum twin fraction f“max(t) should be defined in each quadrature point. In the next
step, f™@* (1) in each quadrature point should be compared against the predefined limit &
in a way that if fmax(7) > ¢ in a quadrature point, the crystal structure of that quadrature
point should be rotated according to the crystallographic characteristics of the twin system
with maximum twin volume fraction, i.e., a,.x. Fig. A.3 depicts the reorientation due to
twinning. In the case of a quadrature point with f%max(7) > ¢, following steps should be
conducted:
e The rotation matrix that brings the crystal coordinates to sample coordinates, i.e.,
R; should be obtained from the initial quadrature point Rodrigues vector.
e The rotation matrix to apply the rotation on crystal frame about the twin system
with maximum twin volume fraction i.e., R, __ , should be calculated as follows:

=2n ®n, . —1 (A.5)

Tmax Imax

where n, __ is the normal vector corresponding to the twin system with the
maximum twin fraction f%max(T).

e The resulting rotation matrix Q = R;.R,__ should be calculated.
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e The rotation matrix Q should be converted to the fundamental region and then
Rodrigues vector. The newly calculated Rodrigues vector is the new crystal
crystallographic character for the twinned quadrature point.

In the case of cyclic loading, two separate governing equations are incorporated
to capture twinning and detwinning, both following the twinning model presented here,
but with two different sets of twin parameters of critical twinning volume fraction of ¢ and
initial critical resolved shear stress s,. In other words, ¢ and s] governs the twinning
procedure, and &°T and sJT controls the detwinning evolution. Based on the current
experimental observations, twinning is occurring during the compressive part of the
loading cycle while detwinning is occurring during the tensile loading. Accordingly, the
twinning model captures the compressive loading, while the detwinning model governs
the tensile part of the loading cycle. Furthermore, the detwinning evolution law is solely
applied to those quadrature points which has been twinned. In this work, the values of
¢T =0.1 and &PT = 0.05 is selected to capture the twinning-detwinning phenomena in
unalloyed Mg during the cyclic loading.

The critical resolved shear stress hardening can be defined as follows [1]:

Ga
Sa'
lfa=p - hS [1— Sff)
heB(7) = s ga (A.6)
s%(7)
Ifa+pB - hiq|l— @
S

where h§ denotes the initial self-hardening rate, s*(7) is the critical resolved shear stress
for slip system «, s& is the saturation critical resolved shear stress for slip system «a, 8¢ is
the exponent governs the saturation rate for the slip system «, and q is the latent

hardening parameter, which is selected as 1.1 in the current work. Table A.1 presents the
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parameters incorporated to model the cyclic behavior of unalloyed Mg. One should note
that the required critical resolve shear stress to activate detwinning is lower than that of
the twinning [3].

A simple backstress model is incorporated to capture the kinematic hardening of
uniaxial cyclic loading. In this model, at strains at which the sign of loading changes, the
critical resolved shear stress value of the slip (or twinning) system a, i.e., s, are governed
as follows:

s =s§ + x(s* —s§) (A.7)
where y is the backstress factor. In the current work, the backstress value of y =1 is
incorporated. Due to the simplicity of the implemented kinematic hardening models, the
simulation takes some cycle to stabilize the response. Accordingly, the model can capture
the stabilized cyclic behvaiour of unalloyed Mg sample and not the initial cycles. The
implementation of a more general kinematic hardening to capture the initial cycles is
under study research.

In the case of CPFEM simulation, a cubic sample with the unit dimension is
discretized using a 4x4x8 mesh network. Each grain orientation, which is obtained using
the EBSD data of the fine grained unalloyed Mg, is assigned to a quadrature points to
reproduce the microstructure of the unalloyed Mg sample. The simulation is then
performed using the implemented twinning-detwinning model in PRISMS-Plasticity
crystal plasticity code. The cyclic loading is then applied with the total strain amplitudes
of 0.75%.

Fig. A.4 compares the stabilized stress-strain loop of experiment versus the

CPFEM simulation for tests conducted at a total strain amplitude of 0.75%. The results
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show that the simulation can capture most of the features of the experimental results. The
biggest deviation is the difference between the simulation and experiments during the
start of unloading, which the slope is different. This is the topic under research which is
tried to be handled using more appropriate kinematic hardening. Fig. A.5 compares the
experimental x-ray peak intensity of the basal {0002} peak versus twinning volume
fraction obtained from CPFEM simulation in the case of the stabilized loop for test
conducted at a total strain amplitude of 0.75%. The CPFEM simulation capture important
aspects of experiment including starting from residual twins, following by detwinning and
next another twinning cycle, and finally a detwinning phase. CPFEM captures many
aspects of the cyclic curve corresponding to the stabilized cycle. However, more accurate

kinematic hardening should be implemented to capture the initial cycles accurately.
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Figure A.1. Crystallography of twinned region [1]
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Figure A.2. Kinematics of slip and twinning [1]
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Figure A.3. Reorientation due to twinning [1]

166

e Experiment 80
CPFEM simulation

60

-0§01 -0.008 /-0. -0.004  -0.002 9 0.002 4 0.006 0.008 0.p1

Stress (MPa)

Strain

Figure A.4. Stabilized stress-strain loop: Experiment versus the CPFEM simulation for
tests conducted at a total strain amplitude of 0.75%.
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Figure A.5. Comparison between the experimental x-ray peak intensity of the basal

{0002} peak and twinning volume fraction obtained from CPFEM simulation in the
case of the stabilized loop for test conducted at a total strain amplitude of 0.75%.

Table. A.1. Crystal plasticity parameters of unalloyed Mg for different slip and twin
system.

Mode s¢ (MPa) hg (MPa) s& (Mpa) 0
Basal 0.5 10 20 0
Prismatic 8 100 60 2
Pyramidal<a> 8 300 60 2
Pyramidal<c+a> 40 100 155 2
Twinning 7 1000 - 0
Detwinning 3.5 1000 - 0

227



References

1.

2.

S. Ganesan, Microstructural Response of Magnesium Alloys: 3D Crystal Plasticity
and Experimental Validation. University of Michigan, 2017.

C. Guillemer, M. Clavel, G. Cailletaud, Cyclic behavior of extruded magnesium:
Experimental, microstructural and numerical approach. International Journal of
Plasticity 27 (2011) 2068—2084.

H. Qiao, S.R. Agnew, P.D. Wu, Modeling twinning and detwinning behavior of Mg
alloy ZK60A during monotonic and cyclic loading. International Journal of Plasticity
65 (2015) 61-84.

A. Staroselsky, L. Anand, A constitutive model for hcp materials deforming by slip
and twinning: application to magnesium alloy AZ31B, International Journal of
Plasticity 19 (20013) 1843-1864.

C. Tome, R.A. Lebensohn, U. Kocks, A model for texture development dominated
by deformation twinning: application to zirconium alloys, Acta Metallurgica Et
Materialia, 39 (1991) 2667-268.

228



220

Stress Amplitude (MPa)
S a &
o o o

[=2]
o

20

A

A

>
>

X
L

X X 000 @R @& © X

A A AAAAA

. 2600

APPENDIX B
ADDITIONAL FIGURES
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Figure B.1: A comparison of stress amplitude vs number of cycles for the 45um and
350um unalloyed Mg conditions and Mg-4Al showing the difference in hardening
behavior between the two conditions at each total strain amplitude
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Figure B.2: A comparison of the plastic amplitude vs number of cycles for the 45um
and 350pum unalloyed Mg conditions and Mg-4Al showing the difference in hardening
behavior between the two conditions at each total strain amplitude
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