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Abstract

Magnesium (Mg) alloys are the lightest metallic materials that could be widely applied
to load-bearing structural components. They are typically manufactured via two different
forms: casted and wrought (rolled, extruded and forged). Wrought Mg alloys without
casting defects possess superior mechanical properties to these of the casted counterparts.
Due to their hexagonal closed-packed (HCP) crystal structure, Mg alloys have limited slip
systems at room temperature. Twinning can be activated as an additional deformation mode
to accommodate plastic deformation. Dislocation slips and twinning as well as their
interactions result in some unique mechanical responses of Mg alloys under monotonic and
cyclic loading. Moreover, for wrought Mg alloys, a strong basal texture is often introduced
during the rolling and extrusion processes, leading to the c-axis of most grains being
aligned perpendicular to the rolled direction (RD) or extrusion direction (ED). The strong
texture and the pronounced variation of critical resolved shear stress (CRSS) of different
deformation modes result in significant mechanical anisotropy of Mg alloys. The
underlying deformation mechanisms stimulate profuse interests in both academia and
industry. However, current state-of-the-art research lacks a systematic investigation of the
anisotropic deformation and failure in Mg alloys. This dissertation aims to understand the
monotonic deformation and fracture, cyclic deformation and fatigue behavior, as well as
the associated orientation-dependent principal microscopic mechanisms.

In this study, monotonic tension, monotonic compression, and cyclic fully reversed
strain-controlled tension-compression experiments were carried out on rolled AZ31B Mg

alloy specimens taken from five different material orientations (6 = 0°, 22.5°, 45°, 67.5° and



90°) with respect to the rolled direction (RD). The deformation behavior was analyzed from
the stress-strain response. Electron back-scattered diffraction (EBSD) analysis was
performed to characterize the microstructural evolution and failure mechanisms.

The anisotropic fracture behavior of Mg alloys was explored for the first time by
statistical slip trace analysis. Significant anisotropy is observed in the monotonic
deformation and tensile fracture behavior. At the macroscopic scale, under tension at 6 =
0°, 67.5°and 90°, a brittle-like fracture is shown where irregular-shaped surfaces composed
of ridges and islands are observed. For tension at 8 = 0°, a microstructural analysis in the
vicinity of microcracks confirms that a crack forms at the tip and/or boundary of
compression and compression-tension (C-T) double twins. For the cases of tension at 6 =
67.5° and 90°, microcrack initiation is due to high-angle grain boundary cracking, which is
likely caused by stress concentration due to impingements of none co-zone twin-twin
boundaries and tertiary tension-compression-tension twins on the high-angle grain
boundaries (HAGBS). In contrast, shear fracture displaying a relatively flat fracture surface
is exhibited from tension at & = 22.5° and 45°. A microstructural analysis reveals that
fracture at these two material orientations is a result of localized shearing accommodated
by basal slips from which both crack initiation and propagation are originated.

The detailed characteristic cyclic plastic deformation was investigated by performing
fully reversed strain-controlled tension-compression cyclic experiments. Significant
anisotropy is exhibited in cyclic plastic deformation. Cyclic hardening was observed for
all five material orientations at a high strain amplitude. A particular focus is put on the
elastic limit range, which represents the activation stress for basal slips or

twinning/detwinning during cyclic loading. For the material orientation 6 # 45°, the cyclic



deformation exhibits a pronounced tension-compression asymmetry. The different
deformation mechanism during the tension and compression reversals is intrinsically
reflected by the evolution behavior of elastic limit range on the number of loading cycles
and applied strain magnitude. The elastic limit range on the loading reversal which is
favorable for twinning signifies the activation stress of basal slips and being independent
on the loading cycles and the strain amplitude. In contrast, the value of elastic limit range
on the loading reversals which is favorable for detwinning is closely related to the twin
volume fraction at the peak stress prior to the loading reversal. A strong material
dependence can be observed in the elastic limit range during cyclic loading, which reveals
a highest value at 8 = 0° and lowest value at § = 45°.

Unique deformation behavior can be captured during cyclic loading in the 8 = 45°
material orientation. The values of elastic limit range on the tension and compression
reversals are approximately identical irrespective of the number of loading cycles and
loading magnitude. Twinning occurs in one group of grains and simultaneously detwinning
occurs in another group of grains during loading and reversed loading. Low percentage of
grains are favorable for twinning for the 45° orientation comparing with the other material
orientations.

Results obtained from fully reversed strain-controlled tension-compression fatigue
experiments reveal the material orientation effect on the fatigue behavior. Fatigue lives
range from few loading cycles to over 10° cycles. The strain-life curves of all the material
orientations form a relatively narrow band. The strain-life curve obtained from each
material orientation is characterized with two distinct kink points which are closely

associated with the dominating plastic deformation mechanisms, fatigue properties, and



fatigue cracking behavior. The RD specimens show the highest fatigue strength while the
45° specimens display the lowest fatigue strength among the five material orientations.
Based on the two kink points from the strain-life curves, three different strain
amplitudes were prescribed for each material orientation. It is found that both the material
orientation and the loading magnitude can affect the fracture features at the initiation and
early-stage propagation region on the fracture surface. At the macroscopic scale, fatigue at
6 =0°(RD), 67.5° and 90° (ND) results in brittle-like fracture surfaces, whereas fatigue at
6 = 22.5° and 45° displays shear cracking behavior at the local region. For 6 = 0° (RD),
22.5° and 45°, both intergranular and transgranular crack growth modes exist irrespective
of strain amplitudes. The mechanism of early-stage transgranular crack propagation is
different at high and low strain amplitudes. When the strain amplitude is above the upper
kink point, transgranular cracking is induced by both basal and non-basal slips. As for the
strain amplitude below the upper kink point, transgranular cracking is only induced by
basal slip. In contrast, for & = 90° (ND) and 67.5°, grain boundary cracking is persistent
under three different strain amplitudes. However, the early-stage microcrack propagation
mode is dependent on the strain amplitude. Transgranular cracking induced by basal and

non-basal slips only occurs when the strain amplitude is above the upper kink point.
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1 Introduction

Magnesium (Mg) alloys are the lightest structural metallic materials serving as the
third-most-used structural metal following iron and aluminum alloys [1]. The density of
Mg is 1.74g/cm3, which is only 22% as that of iron (7.87g/cm®) and 64% of aluminum
(2.7g/cm?®) [2], endowing the Mg alloys remarkably high specific strength. Furthermore,
wrought Mg alloys exhibit multiple superior physical properties such as excellent thermal
conductivity [3], good recyclability [4], excellent damping capability, desirable
biocompatibility [5], and high strength-to-weight ratio [6]. All of these characteristics make
wrought Mg alloys promising lightweight structural materials in the applications of aircraft,
automotive, bio-implants, and electronics industries [7-9].

Even though wrought Mg alloys show significant potential for a variety of applications,
they have not been widely utilized due to several drawbacks. Mg alloys are typically
manufactured via two different forms: casted and wrought (rolling, extrusion and forging).
Wrought Mg alloys without casting defects possess superior mechanical properties to these
of the casted counterparts [5,10]. However, wrought Mg alloys exhibit some difficulties
related to its mechanics, such as limited ductility and poor formability at room
temperature[1], due to the hexagonal close-packed (HCP) crystal structure. Unlike the
body-centered cubic (BCC) and face-centered cubic (FCC) metals with high symmetrical
crystal structures that can accommodate strain in any directions, Mg alloys with an HCP
crystal structure have limited number of slip systems at room temperature. Twinning can
be activated as an additional deformation mechanism to accommodate the local plastic

deformation.



For wrought Mg alloys, rolling and extrusion processes often introduce strong basal
texture, in which the c-axis of most grains are aligned perpendicular to the rolling direction
(RD) or extrusion direction (ED). The strong texture, together with the pronounced
variation of critical resolved shear stress (CRSS) of different deformation modes, brings
about significant mechanical anisotropy of Mg alloys. Dislocation slips and twinning, as
well as their interactions, result in some unique mechanical responses under monotonic and
cyclic loading, such as anisotropic plastic hardening [11], tension-compression yielding
asymmetry [12], and low ductility [13]. A comprehensive understanding of the unusual
plastic behavior of wrought Mg alloys is still lacking, which significantly hinders the
development and applications of Mg alloys. On the other hand, the compelling need for
lightweight and energy-saving materials continues to drive the research and development

of Mg alloys.
1.1 Significance and Motivation

The structural components are inevitably subjected to mechanical loading, which will
induce failure of the material. Wrought Mg alloys display pronounced anisotropy in their
room-temperature mechanical responses. Therefore, for applications to reliable and
durable loading-bearing Mg structural components, it is necessary to systemically
investigate the inelastic deformation, fracture behavior, and various fatigue-related
properties especially their reliance on material orientation.

Over the last three decades, the cyclic deformation and fatigue properties of Mg alloys
have been extensively studied. However, investigations regarding the cyclic deformation

mechanisms in Mg alloys are qualitatively at the macroscale. Some detailed characteristics



used to describe cyclic plasticity, such as the elastic limit ranges and inflection strain ranges,
have not been well explored. Moreover, very few studies have been focused on the
anisotropic fatigue properties of Mg. Different observations of fracture mechanisms were
made in wrought Mg alloys. The conclusions drawn from prior work are uncompleted since
the experiments were limited to monotonic or cyclic loading with specimen orientated
either along the RD, the ED, or the transverse direction (TD). The dissimilarity of the
loading direction with respect to the texture has not been taken into consideration. When it
comes to fatigue damage, there is no clear picture showing the influence of material

orientation and loading magnitude on the fatigue damage mechanisms in Mg.
1.2 Research Objectives and Outlines

With the research motivation discussed above, the current research aims to investigate
the anisotropic fracture behavior, cyclic deformation, fatigue, and the associated principal
microscopic mechanisms. A clear picture of deformation and failure of Mg will be obtained,
with emphases on the reliance of material orientation. The following goals were set for this
study:

1) Exploring the anisotropic static behavior and the related deformation process in
a rolled Mg alloy.

2) Exploring the anisotropic fracture behavior and the associated micro-mechanism
under monotonic tension.

3) Analyzing the micro-mechanism responsible for the anisotropic cyclic
deformation. Some important characteristics, such as the elastic limit ranges and

the inflection strain ranges will be explored.



4) Understanding the anisotropic fatigue behavior of a rolled Mg alloy at different
loading magnitudes and the material orientation effect on the macroscopic cyclic
stress-strain response.

5) Clarifying the micro-mechanisms associated with the fatigue damage.

To achieve these goals, research efforts were put into two interrelated parts: mechanical
experiments and microscopic characterization. The material used throughout the study is a
hot rolled AZ31B (Mg-3Al-1Zn) Mg alloy plate. The static properties and deformation
were determined by conducting monotonic tension and monotonic compression
experiments. The macroscopic profiles of the fracture surfaces after monotonic tension
experiments were obtained by using optical microscopy (OM). The microstructure in the
vicinity of the microcracks was characterized by using a field emission scanning electron
microscope (SEM) and electron backscattered diffraction (EBSD) scanning. Fully reversed
strain-controlled tension-compression fatigue experiments were conducted to investigate
the fatigue properties and cyclic deformation behavior. The detailed crystallographic
analysis were studied to enlighten the mechanisms of fatigue damage.

The content of the dissertation is divided into seven parts:

1. The first part, Chapter two, reviews the fundamental information about Mg
including crystallography, primary deformation mechanics, and their effects on the
material’s mechanical response. The current stage of the art of fracture, cyclic
deformation and fatigue in Mg is also described in Chapter two.

2. The second part, Chapter three, introduces the specimen preparation and

mechanical experiments, as well as the microstructure characterization procedure.



3. The third part, Chapter four, explores the fracture behavior under monotonic
tension. The effects of material orientation on the static properties, deformation
evolution, and macroscopic fracture are investigated. Examinations into the micro-
mechanisms associated with anisotropic fracture behavior are discussed.

4. The fourth part, Chapter five, investigates the cyclic deformation under fully
reversed strain-controlled tension-compression fatigue experiments. Macroscopic
cyclic stress-strain responses are reported. The detailed characteristics of cyclic
deformation, such as elastic limit range and inflections train ranges are explored.
The results obtained from testing 45° material orientation are further discussed.

5. The fifth part, Chapter six, studies the anisotropic fatigue behavior and fatigue
damage mechanisms. The influence of material orientation and loading magnitude
on fatigue crack initiation and early-stage propagation are investigated.

6. The sixth part, Chapter seven, summarizes the conclusions of the research.



2 Literature Review
2.1 Plastic Deformation in Magnesium

2.1.1 Slips

Studies have been carried out to investigate the activated slip system in Mg and its
alloys [14-17]. Slip modes which commonly observed in Mg at room temperature are
(1120)({a)) slip on the {0001} basal plane, {(1120)({a)) slip on the {1010} prismatic
plane, (1120)({a)) slip on the {1011} first-order pyramidal plane, together with the
(1123)({c + a)) slip on the {1022} second-order pyramidal plane. The slip direction and
slip plane are illustrated in Fig. 2.1 for each slip system. The critical resolved shear stress
(CRSS) with the slip direction and slip plane for each slip system are summarized in Table

1.



(Cl)
@
\’/

F N C
< | (0001)
@
e az
i [2110]
(c)_ 0111
[2110 (0p11)
]
asz c
az
a

(b)
1o T
—— @
«] (0110)
a; IC

a 12110]

(d)
-(1122)

[112B

q 3

a

Fig. 2.1: Slip modes in Mg: (a) basal <a> slip, (b) prismatic <a> slip, (c) first-order

pyramidal <a> slip and (d) second-order pyramidal <c+a> slip.

Table 1 Slip systems in Mg.

Sli Sli BUrders Number of CRSS(MPa) at
Slip system P >ip 9 independent slip room Reference
plane direction | vector
systems temperature
Basal {0001} | (1120) (a) 2 0.45-1.07 [18-22]
Prismatic {1010} | (1120) (a) 2 8-39.2 [23-25]
Pyramidal {1011} | (1120) (a) 4 0.51-3.92 [19,20]
Second-order = =
oyramidal {1022} | (1123) | (c +a) 5 40 [26]

Figs. 2.1a-c show that the basal (1120)(<a>), prismatic (1120)(<a>) and first-order

pyramidal (1120)(<a>) slip systems only allow for plastic accommodation on the basal

plane. In order to accommodate the strain along c-axis, the second-order pyramidal




(1123)(<c+a>) slip needs to be activated. However, the CRSS for non-basal <c+a> slip is
much higher than that for the basal slip at room temperature. Tension twinning is usually
activated instead of the non-basal <c+a> slip to accommodate the deformation along the c-

axis.

2.1.2 Twinning

In addition to dislocation slips, twinning is an important deformation mode to
accommodate the plastic deformation in Mg alloys. The most commonly observed
twinning modes in Mg alloys at room temperature are {1012}(1011) tension (or extension)
twinning and {1011}(1012) compression (or contraction) twinning. The twinning plane
and twinning direction are illustrated in Fig. 2.2. The twinning plane and twinning direction

as well as their CRSS are listed in Table 2.

(a) 1011] (b)

L (1011)

az

1012]
Fig. 2.2: Twinning elements for two primary twinning modes in Mg: (a) {1012}(1011)
tension twin and (b) {1011}(1012) compression twin.



Table 2 Twinning elements and CRSS values for tension twin and compression twin in Mg.

_— Twinning Twinning Twinning CRSS
Twinning mode plane direction shear (MPa) Reference
. . - = . [24]
Tension twinning {1012} (1011) 0.129 2-55 [27-29]
Compression twinning {1011} (1012) 0.138 75-130 [25][30]

When the loading direction favorable for the tension twins (tension along the c-axis of
the matrix, or compression parallel to the basal plane) is reversed, the c-axis of tension twin
domain can be reoriented to align with that of the matrix domain, which is commonly
referred to as “detwinning.” Both twinning and detwinning can play an important role on

the mechanical performances of materials [31-33].

2.2 Current State-of-the-Art

For wrought Mg alloys, a strong basal texture is often resulted from the rolling and
extrusion processes. The texture, coupled with the pronounced variation in the CRSSs for
different deformation modes, leads to significant mechanical anisotropy of Mg alloys. The
anisotropic mechanical properties of Mg alloys have been extensively documented with a
concentration on the monotonic responses [34—47] and fatigue properties [48-67]. Fig. 2.3
represents the tensile and compressive stress-strain curves showing typical tension-

compression asymmetry occurring when loaded along the RD and ND [51].
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Fig. 2.3: Tensile and compressive engineering stress-engineering stain curves for NDT,
NDC, RD-T and RD-C. ND-T and ND-C denote the tensile and compressive curves of a
ND sample, respectively, while RD-T and RD-C are for a RD sample [51].

2.2.1 Fracture Behavior and Associated Micro-mechanism

In the last decades, few studies have been devoted to investigating the fracture
behavior of Mg alloys along different loading directions with respect to the material texture
[68—77]. Most of the prior work focused on studying the fracture behavior under monotonic
or cyclic loading with the specimen oriented either along the RD, the ED, or the transverse
direction (TD). Various fracture failures were reported depending on the specific material
system and the loading direction. For instance, brittle fracture features with fine
microscopic voids distributed on the fracture surface were reported in an AZ31B Mg alloy
with tension along the RD [77] and in a Mg-5.72Al-2.96Zn-6.05Nd Mg alloy under tension
along the ED [69]. However, for a pure Mg under tensile loading, the final fracture tends
to show a shearing feature [73]. Similarly, typical shear fracture with different shearing
angles was observed under in-plane compression applied to the AZ31B Mg specimens
processed with various routes such as rolling, extrusion, and equal channel angular pressing

(ECAP) [76].
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Pertaining to the fracture mechanisms, the {1011} compression twinning and {1011}-
{1012} compression-tension (C-T) double twinning were regularly recognized as the
potential sites of failure initiation[37,47,76-82]. Once the {1011} compression twins are
nucleated, they immediately evolve into {1011}-{1012} double twins through secondary
{1012} tension twins forming inside the primary {1011} twins [75]. The misorientation
angle/axis pair of 37.5°/(1210) is commonly observed [78]. Large shear localization is
induced within the double twins, which is evidenced by the observation of obvious surface
steps[77]. The lack of stress relaxation for the large local shear in the C-T double twinning
causes micro-crack formation, usually leading to brittle fracture features [80]. However,
certain shear fracture features formed in fine grains were also found to be originated from
double twinning [81].

Distinguished from the {1011} compression twinning and {1011}-{1012} C-T double
twinning which is closely related to failure, the formation of {1012} tension twin can
accommodate the strain incompatibility caused by localized dislocation slips [83], without
inducing visible surface relief [77]. From a study conducted using tensile experiments on
a rolled AZ31B along the RD [81], it was reported that the severely strained grains
accompanied {1011}-{1012} double twins while the low-strain grains accompanied
{1012} tension twins. It was reported from another study on the same material by using
notched compact specimen that {1012} tension twinning helps to retard micro-void growth
and coalescence [71]. A different study on Mg single crystal revealed that {1012} tension

twins can enhance the toughness in the notched fracture specimens [84].
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Other than C-T double twinning, fracture in Mg alloys is affected by other
microstructural features. For example, the deformation incompatibilities caused by basal
slip/tension twin blocked at twin and grain boundaries were considered to nucleate
microvoids [73]. The voids grow rapidly along a preferential direction, with final fracture
showing a macroscopic shear process [73]. In addition, the second-phase particle was
reported to play a detrimental role in the final fracture [72]. As a grain-scale factor, grain
refinement can lead to reduced twinning activity and may result in a lower microvoid

growth rate [74].

2.2.2 Cyclic Deformation and Fatigue of Mg Alloys

It has been well accepted that tension twin is strongly favorable for those grains with
c-axes parallel to the tension direction or perpendicular to the compression direction. When
the loading direction favorable for the tension twins is reversed, the c-axis of tension twin
domain can be reoriented to align with that of the matrix domain, which is commonly
referred to as “detwinning.” Consequently, the twinning and detwinning may alternatively
occur during the tension-compression fatigue loading. This pole nature of twinning and
initial texture result in significant anisotropic mechanical behavior [39]. A great number
of studies were conducted to understand the cyclic deformation and fatigue behavior of Mg
alloys [33,49,56,57,60,62,63,65,85-99], with respect to strain amplitude [93,100-102],
strain ratio [50], and strain rate [49]. It was established that both the material orientation
and the loading magnitude play a significant role in the cyclic deformation and fatigue
properties for wrought Mg alloys [48,51-55,58,59,61,64-67,93,103—-111].

Effect of loading magnitude on cyclic deformation and fatigue:



13

The loading magnitude can significantly affect the cyclic plastic deformation, which is
further macroscopically reflected by the fatigue properties. The twinning-detwinning
process dominates plastic deformation at higher strain amplitudes, whereas dislocation
slips dominate the plastic deformation at lower strain amplitudes [88,112,113]. In terms of
fatigue behavior, it was reported in earlier studies of a wrought Mg alloy that the strain-life
fatigue curve exhibited a smooth transition from the LCF regime to the high cycle fatigue
(HCF) regime [87,98,112,114,115]. Regarding the fundamental fatigue mechanism,
Matsuzuki and Horibe first observed that the fatigue data of an extruded AZ31 alloy
exhibited a bilinear tendency in the Manson—Coffin curve [116], suggesting twinning—
detwinning activity dominated plastic deformation at higher strain amplitudes and
dislocation slip dominated plastic deformation at lower strain amplitudes. Recent studies
on several Mg alloys indicate that there exist two distinguishable kink points in the strain-
life fatigue curve from the ultra-low cycle fatigue regime to the HCF regime [117,118].
These two kink points divide the cyclic deformation performance of Mg alloys into three
different mechanisms, being associated with a different degree of influence of twinning-
detwinning deformation on fatigue [117]. When the strain amplitude is below the lower
kink point, dislocation slips lead to fatigue failure during cyclic loading with no persistent
twinning-detwinning. When the strain amplitude is above the lower kink point, sustainable
twinning-detwinning occurs during the entire cyclic loading history. Detectable kink points
in the fatigue curves of an extruded Mg alloy under combined axial-torsion loading show
the stress state influence on twinning-detwinning deformation and fatigue [119].

Effect of material orientation on cyclic deformation and fatigue:
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The loading direction with respect to the material orientation can intrinsically
determine the twinning-detwinning process and significantly influence the cyclic plastic
deformation behavior of Mg alloys. For example, Park et al. [51]investigated the cyclic
plastic deformation behavior of a rolled AZ31B Mg alloy loaded along RD and ND. It was
found that the asymmetric stress-strain hysteresis loops were caused by alternating
twinning and detwinning behavior. Wu et al. [54] studied the same material loaded along
RD, ND, and TD. It was observed that the different twinning-dewinning mechanisms under
tension and compression are determined by the initial texture relative to the loading axis.
Jordon et al. [109] studied the fatigue anisotropy of an extruded AZ61 Mg alloy loaded
along the ED and TD. It was reported that more significant twinning-detwinning behavior
can be observed when loading along the ED comparing with the TD. However, most of the
studies only explored the macroscopic tension-compression asymmetry, and very few
efforts have been put on the material orientation effect on the degree of involvement of
twinning-detwinning activity during cyclic loading. Moreover, the investigations regarding
the deformation mechanism in Mg alloys are studied qualitatively, and the detailed
characteristics of the cyclic plastic deformation based on the associated micro-mechanisms
have not been well investigated. Some important characteristics, such as the elastic limit
ranges and the inflection strain ranges, which can represent the cyclic plastic deformation
in a quantitative method, have not been well explored. The elastic limit ranges can
demarcate the elastic and elastic-plastic deformation, and the inflection strain ranges can
indicate the transition of deformation mechanism from twinning/detwinning to non-basal
slips during cyclic loading. Dong et al. [120] studied the elastic limit range and inflection

strain range for an extruded ZK60 magnesium alloy loaded along the ED. It was reported
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that the elastic limit range is closely related to the material microstructure at the peak stress
prior to the loading reversal.

Pertaining to the anisotropic fatigue behavior, there are limited experimental results
related to the material orientation effect on the fatigue properties and some research results
are inconsistent. For rolled Mg alloys under the fully reversed strain-controlled condition,
the strain-life curve for specimen loading along the RD was slightly higher than that along
the normal direction (ND) [54,59]. From different studies of a rolled AZ31B Mg alloy in
the LCF regime [48,64], the strain-life curve of the ND specimens was higher than that of
the RD specimens. It was also reported that the strain-life and the stress-life curves of the
transverse direction (TD) were slightly higher than those of the RD [66,104]. For a study
on a different rolled Mg alloy [105], WE43-T5, the strain-life curves were similar to those
for the RD and TD in the LCF regime. Specimens taken from an AM30 Mg extrusion
loading along the extrusion direction (ED) and TD exhibit similar strain-life curves in the
LCF regime [67]. For an extruded AZ61 [109] and an extruded ZK60 [58], the strain-life
curve of the ED was slightly higher than that of the TD.

On the fundamental fatigue damage mechanism of Mg, it was further revealed that the
fatigue damage evolution in Mg or its alloys is closely related to the cyclic plastic
deformation mechanism, namely twinning/detwinning and dislocation slips [121][122].
The relationship between the dominated deformation and the associated damage
mechanisms was elucidated by Wang et al. [130], by conducting asymmetric stress-
controlled cyclic tests on extruded AZ31B Mg alloy along the ED. When dislocation slip
dominates the plastic deformation, only intergranular cracking exhibits without any twin-

induced damage being observed. When the plastic deformation is dominated by
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twinning/detwinning and dislocation slips, both intergranular cracking and transgranular
cracking can be observed. The intergranular cracking is induced by the combined effect of
<c+a> dislocation slips with tension twins, while the transgranular cracking is observed as
twin boundary (TB) cracking [123]. With a different damage morphology from TB cracks,
twin cracks were also identified when the strain amplitude is 1.00%, by performing fully
reversed strain-controlled tension-compression experiments on the same material along the
ED [122]. However, for a coarse-grained pure extruded Mg alloy with an average grain
size larger than 100um, Yu et al. [121] concluded that when loaded along the ED with
strain amplitude of 0.2%, both intergranular and transgranular propagation modes were
observed and early-stage transgranular propagation was induced by both bosal and non-
basal slips. While under 1.00%, microcracks were incessantly initiated and inhabited on
the grain and twin boundaries [121]. Xu et al. further implied that TB cracking is induced
by the interaction between TBs and slip bands [124]. For a rare earth GW83 Mg alloy with
a weak texture, the microcracks are initiated mainly at the GBs and predominately
propagate along the GBs without any TB cracking when the strain amplitude is high [102].
For a rolled AZ31B in high-cycle fatigue (HCG) regime, Tokaji et al. observed that the
crack initiation was in either transgranular or intergranular mode and both initiation modes
occurred in nearly equal amounts [125]. Until now, only a few studies were conducted
related to the material orientation effect on the material orientation effects on fatigue crack
growth [126][127]. It was revealed that the material orientation has a significant influence
on the fatigue crack growth rate and crack path.

Most of the cyclic experiments were conducted in two or three typical orientations: RD,

TD and ND [48,51,53,54,59,64,66,103-108], and ED and TD for extruded
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[52,53,58,65,67,109], and the loading direction is either approximately perpendicular or
parallel to the c-axis. Despite the significant importance of considering the anisotropic
behavior of Mg alloys, there is still a lack of detailed analysis of the plastic deformation

characteristics, as well as the fatigue behavior on other material orientations.
2.3 Summary

The macroscopic features of deformation and failure of Mg alloys have been
investigated through extensive experiments. A lack of consistency is likely caused by the
microstructural diversity of different Mg alloys as well as the dissimilarity of the loading
direction with respect to the texture. For the monotonic loading condition, no previous
work has been carried out to study the anisotropic fracture behavior along various material
orientations. Efforts made on the relationship between the macroscopic fracture behavior
and the associated micro-mechanism are very limited. The material orientation plays a
critical role in the cyclic deformation and fatigue properties in Mg. The anisotropic fatigue
behavior was not comprehensively studied. There is still no quantitative investigation
regarding the twinning-detwinning activity during the cyclic loading. The influences of the
material orientation and the loading magnitude on the fatigue damage were not

comprehensively investigated.
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3 Experiments
3.1 Material and Specimen Preparation

3.1.1 Material

The material used in the study is a rolled AZ31B (Mg-3Al-1Zn) Mg alloy. The testing
specimens were machined from the rolled plate with a thickness of 76.2 mm (Fig. 3.1c).
The rolled direction, normal direction (thickness direction), and transverse direction are
referred to as RD (0°), ND (90°), and TD, respectively. A cubic material block was cut
from the middle layer of the rolled Mg plate for initial microstructure and texture analysis.
Fig. 3.1a shows a three-dimensional stereography of initial microstructure revealed by
electron backscatter diffraction (EBSD) scans on three orthotropic planes perpendicular to
RD, ND, and TD, respectively. The Mg alloy consists of mostly equiaxed grains with an
average grain size of approximately 50 um, measured by using the Mean Lineal Intercept
Method. The material displays a strong texture with the c-axis of most grains aligning
parallel to the ND (Fig. 3.1b). No twins were detected in the initial microstructure before

mechanical testing.
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Fig. 3.1: Microstructure of the rolled AZ31B Mg alloy and testing specimens: (a) Three-
dimensional stereograph of the as-rolled microstructure, (b) {0001} pole figure and (c)
Cylindrical dog-bone shaped specimen with loading axes aligned at five different
orientations with § = 0° (RD), 22.5°, 45°, 67.5° and 90° (ND) relative to the rolled direction.

Solid cylindrical dog-bone shaped specimens were machined from the rolled plate with
their loading axes (Z-axes) aligning, respectively, to 8 = 0° (RD), 22.5°, 45°, 67.5° and 90°
(ND) with respect to the RD (Fig. 3.1c) on the ND-RD plane. To facilitate discussion, the
coordinate system XYZ is embedded with the testing specimen following the convention
that the YZ plane is parallel to the ND-RD plane and the Z axis is along the axial direction

of the specimen. The X-axis is along the TD.
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3.1.2 Specimen Designs

Solid cylindrical specimens have a gage length of 14 mm and a diameter of 8.0 mm
within the gage section. The schematic of the specimen with dimensions is shown in Fig.
3.2. For each specimen, the plane perpendicular to the TD is marked via a cut from the
edge of the specimen along the TD direction, by approximately 0.5 mm. Specimens with a
larger diameter of 10 mm are used for monotonic compression experiments as well as some
cyclic loading experiments with low fatigue lives, to avoid buckling. The schematic
illustration with dimensions of specimen for monotonic compression experiments is shown
in Fig. 3.3. Prior to an experiment, the surface within the gage section of the testing
specimen was finely polished by using silicon carbide papers with grit No. ranging from

P400 up to P1200.
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Fig. 3.2: Schematics of specimen for monotonic tension and cyclic loading experiments

with dimensions: (a) Schematic illustration and (b) engineering drawing with dimensions.



21

(a)
(b) /
| R15
+ L ]
@fo 116107002
j +5FJ 14 L J 19 L
- 4636 =
76.20

Fig. 3.3: Schematics of specimen for monotonic compression experiments with dimensions:

(a) Schematic illustration and (b) engineering drawing with dimensions.
3.2 Mechanical Experiments

In the current study, monotonic tension and monotonic compression experiments are
conducted to obtain the static mechanical properties of the material. Fully reversed strain-
controlled tension-compression (R, = —1) fatigue experiments are conducted to study the
cyclic deformation and fatigue property of the material. All the monotonic and cyclic
loading experiments were conducted using servo-hydraulic fatigue material testing
machines in ambient. The strain was measured by a clip-on extensometer attached to the
gage section of the specimen.

The monotonic tension and monotonic compression experiments were conducted with
displacement control at an approximate strain rate of 8 x 10~*s~1. Both monotonic
tension and compression experiments were operated until the specimen was fractured into

two parts.
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Fully reversed strain-controlled tension-compression fatigue experiments were
conducted employing a sinusoidal waveform with strain amplitudes ranging from 0.12%
to 6.00%. Loading frequencies ranged from 0.03 Hz to 15 Hz depending on the loading
amplitude. The load and engineering strain outputs were recorded automatically by the
computer data acquisition system. For each loading cycle, a minimum of 200 data points
are recorded. The reported fatigue life was corresponding to the moment when the stress

amplitude in a loading cycle dropped by 5% from its peak value.
3.3 Microstructure Characterization

The microstructure characterization is implemented by utilizing SEM and EBSD. After
a specimen was failed after experiments, the macroscopic profile of the fracture surface
was imaged using a digital microscope. To discern the crack initiation and early-stage
growth mechanisms, microstructure in the vicinity of the microcracks was characterized in
the region near the macroscopic fracture surface using a field emission SEM and EBSD
scanning. The observation plane for SEM and EBSD characterization is illustrated in Fig.
3.4. For the monotonic tension and compression experiments, the samples were cut along
the diametral direction near the fracture surface with the scan plane parallel to the YZ plane,
which is perpendicular to the TD (refer to Fig. 3.4a). The observation window is located
on the YZ plane within a distance of ~0.5 mm to the fracture surface (Fig. 3.4a). As for the
fatigue experiments, the samples were also cut along the diametral direction near the
fracture surface but following along the fatigue crack propagation direction (Fig. 3.4b).
The observation window is located on the diametral plane, with a distance of ~0.5 mm to

the initiation site (Fig. 3.4b).
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Fig. 3.4: Schematics of the observation plane for SEM and EBSD characterization: (a)
Monotonic tension and compression experiments and (b) fully reversed strain-controlled

tension-compression fatigue experiments.

The samples were mechanically ground using silicon carbide papers with grit No. from
P500 to P1500, followed by polishing using diamond suspension with particle sizes of 6
um and 1 um. After a final polishing using alumina with a particle size of 0.05 um, the
sample surface was etched with 3% Nital for 8s. The EBSD scans were taken by Joel 7100
F SEM equipped with an Oxford HKL Channel 5 EBSD detector at an acceleration voltage
of 25 kV. The working distance was 24 mm. The step size for large scans of 250x250 pm?
was 0.5 pum. A smaller step size of 0.25 um was used for high resolution scans specifically

to capture the microstructure feature surrounding microcracks.
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4 Anisotropic Fracture Behavior of Rolled AZ31B Mg Alloy

4.1 Static Properties

The stress-strain curves under monotonic tension and monotonic compression of the
five different orientation specimens are shown in Fig. 4.1 and the static material properties
are summarized in Table 3. Engineering stress and engineering strain are used in Fig. 4.1.
The true fracture stresses reported in Table 3 are true stresses considering the change of
cross section of the testing specimen at fracture. The stress-plastic strain curves shown in
Fig. 4.1c with small deformation are used to discuss micro-yielding of the material. To
facilitate a comparison, absolute values of the stresses and the strains are used in the stress-

strain curves under monotonic compression in Fig. 4.1.
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Fig. 4.1: Stress-strain curves of rolled AZ31B Mg alloy under monotonic tension and

monotonic compression for five material orientations: (a) engineering stress-engineering

strain curves under monotonic tension, (b) engineering stress-engineering strain curves

under monotonic compression and (c) stress-plastic strain curves.

Table 3 Static material properties of AZ31B M

g alloy.

Material Orientation 0°(RD)

Elasticity modulus, E (GPa)

Elastic limit under tension, a,.(MPa)

Elastic limit under compression, o, (MPa)

0.2% offset yield stress in tension, g, (MPa)
0.2% offset yield stress in compression, a,,. (MPa)
Ultimate strength under tension, S,,; (MPa)
Ultimate strength under compression, S,,. (MPa)
True fracture stress under tension, oy, (MPa)

True fracture stress under compression, o, (MPa)
Elongation under tension, e,

Elongation under compression, ef.

Reduction in area under tension, RA (%)

44.3
79.1
79.9
162.5
78.0
264.3
415.2
318.9
350.2
0.233
0.130
151

22.5°
44.2
39.1
40.2
92.3
74.3
235.8
315.4
265.6
278.8
0.132
0.122
12.2

45°
443
31.8
31.9
67.3
69.6
200.6
325.0
234.1
275.5
0.141
0.160
12.7

67.5°
46.4
41.9
41.6
65.8
87.1
195.7
307.6
223.1
282.9
0.113
0.087
8.6

90°(ND)
47.5
57.6
57.0
67.9
141.5
257.1
337.1
282.9
311.9
0.100
0.085
9.6
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The elasticity moduli are similar in the 0°, 22.5°, and 45° directions, and the values are
slightly higher in the other two material orientations. Knowing that the rolled Mg plate has
most c-axis of the grains parallel to the ND, the elasticity modulus results are consistent
with the theoretical values of a single crystal Mg where the elasticity modulus along the c-
axis is higher than that along a direction perpendicular to the c-axis[128,129].

Basal slips are often activated earlier than twinning due to the low critical resolved
shear stress. As a result, the symmetrical nature of slips leads to the identical elastic limit
under tension and under compression for a given material orientation (Fig. 4.1b).
Approximating the rolled plate as a single crystal with its c-axis along the ND, the Schmid
factor for basal slips is the largest for the 45° material orientation and, consequently, the
elastic limit is the lowest in the 45° orientation. Basal slips in the RD and ND specimens
are due to the mis-orientation of some grains of the polycrystalline Mg alloy from the
perfect c-axis alignment along the ND.

Material strength as measured by the ultimate strength and the true fracture stress
exhibits a consistent trend. The ultimate strength and the true fracture stress of the material
at a given orientation is larger in compression than these under tension. With respect to the
material orientation effect, the true fracture stress, which is based on true stress, is the
highest in the RD (0°) followed by ND (90°), 22.5°, 45°, and 67.5°. The order is slightly
different in terms of the ultimate strength which is based on the nominal or engineering
stress.

The 0.2% offset yield stress is a strong function of material orientation and the
dominating plastic deformation mechanism. When @ is less than 45°, the 0.2% offset yield

stress is determined by basal slips when subjected to tension loading and it is dictated by
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twinning under compression. The opposite holds true for 8 larger than 45°. Consequently,
the 0.2% offset yield stress under tension continuously decreases asymptotically with
increasing @ with little influence of material orientation effect after 6 > 45°. The yield stress
under compression has an opposite tendency with respect to the material orientation: the
value of the yield stress under compression is similar when 6 < 45°, and it increases
significantly when & increases from 45° to 90°.

No necking was observed in any of the monotonic tension experiments. Ductility
measures in terms of either the elongation or the reduction in area (RA) provide a similar
conclusion with regard to the influence of material orientation on ductility. Overall, the RD
has the highest ductility and the ND and 67.5° have the lowest. The 22.5° and 45°
orientations have similar ductility that falls between these of the RD and ND. Tension-
compression asymmetry is observed for the elongations. Except for the 45° orientation, the
elongation under tension is higher than that under compression. The current results are

consistent in general tendency with those obtained in earlier studies [54][59].
4.2 Deformation Features

Pronounced tension-compression asymmetry due to the strong texture can be observed
in Figs. 4.1a-b. The shape of the stress-strain curve under monotonic loading is associated
with the deformation mechanisms. The twin volume fraction (TVF) was calculated as the
ratio of the {1012} tension twin area to the total scanned area and embedded in Figs. 4.1a-
b. The information regarding the micro-yielding of the material can be obtained in Fig.
4.1c.

The elastic limits shown in Fig. 4.1c indicate that the activation of basal slips in

favorably orientated grains results in the microyielding plastic deformation. It is well
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accepted that among all the deformation modes for a Mg alloy at room temperature, the
basal slip is the easiest to be activated due to the very low CRSS[130,131]. As a result,
basal slips are activated first in early plastic deformation. Due to the fact that the grains
favorably oriented for basal slips are a minority population, the activation of basal slip in
these grains only induces micro yielding and the overall macroscopic response shows little
evidence of yielding[132][133][134].

As the stress exceeds the elastic limit, the linear elastic deformation stage terminates
and the material yields. As shown in Fig. 4.1a and Fig. 4.1b, the tensile stress-strain curves
for 6 < 45° and the compressive stress-strain curves for § > 45° exhibit an overall concave-
down shape. The plastic deformation is accommodated mostly by dislocation slips with
limited tension twinning. As evidenced in the deformation pole figures and TVFs, the
change of texture due to twinning is trivial: TVF = 2.5% for tension at 6 = 0°, TVF=13%
for tension at § =22.5%, TVF = 3.4% for compression at 6§ = 67.5°, and TVF = 0.04% for
compression at # = 90°. In contrast, typical sigmoidal shaped stress-strain curves can be
identified for tension at # > 45° and compression at 8 < 45°, where tension twinning plays
a dominating role in plastic deformation. The TVFs of tension twins at fracture can attain
as high as 80.3% and 96%, respectively, for tension at § = 67.5° and 90° (ND), and as high
as 98.0% and 87.6%, respectively, for compression at & = 0°(RD) and 22.5°. The
transformation in the stress-strain curve from a concave-up shape in the initial stage to a
later concave-down shape signifies the exhaustion of tension twinning as well as the
involvement of non-basal dislocation slips [134,135]. Prismatic slips contribute
significantly to the plastic deformation for the 8 = 67.5° and 90° (ND) under tension at the

later deformation stage [136].
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For the 8 = 45° material orientation, the tensile stress-strain curve displays a concave-
up shape (up to ~10%) followed by a concave-down shape. Due to the high Schmid factors
(SFs) and the low CRSS values, basal slips act as the major deformation mechanism during
the whole plastic deformation in this material orientation [136]. As the strain increases,
tension twins gradually form, while the pyramidal <c+a> slips, as well as the basal slips
are activated in twinned grains to accommodate the plastic deformation [136]. The TVF of
tension twins at fracture is 62%. The compressive stress-strain curve exhibits an overall
concave-down shape. This observation indicates that fewer tension twins were activated
during compressive loading comparing with that under tension, as evidence by the TVF of
tension twins at fracture is only 30.1% under compression. The overall tendency of the
stress-strain curves for 6 = 0°, 45° and 90° is consistent with the observation in previous

work [68].
4.3 Macroscopic Fracture Surface

Figure 4.2 shows the macroscopic profiles of the fracture surfaces. The fracture
surfaces exhibit two macroscopic features: (1) irregular-shaped brittle-like fracture and (2)
flat-surfaced shear fracture. The macroscopic fracture surfaces under tension at 8 = 0°,
67.5°, and 90° show irregular-shaped brittle-like features composed of ridges and islands.
For the tension at 8 = 45° and 22.5°, and compression at all the five material orientations,
a flat shear surface is observed with different angles between the loading axis (Z-axis) and
projected trace of the fracture surface on the YZ plane (Fig. 4.2). These angles are also

indicated in Fig. 4.2.
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Fig. 4.2: Macroscopic fracture surfaces of rolled AZ31B Mg alloy tested under (a)
monotonic tension and (b) monotonic compression along different material orientations at
6 =00, 22.5° 45° 67.5° and 90° with respect to the rolled direction.

4.4 Fracture Mechanisms

To identify the fracture mechanisms, we examined the microcracks and microstructural
features in the region near the fracture surface on the YZ plane cut along the diametral
direction in the cylindrical testing specimen. Specifically, short microcracks with lengths
in tens of microns are used to infer the crack initiation mechanism. Intermediate-sized
microcracks spanning across several grains with lengths in hundreds of microns are used
to identify early-stage crack growth. For those final fracture surfaces showing flat shear
plane (¢ = 22.5° and 45°), we further carried out trace analysis for the fracture surface to

infer the macro-crack propagation mode.
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4.4.1 Tension at 0 = 0° (RD)
As seen from Fig. 4.2, tension at 9 = 0° (RD), 67.5° and 90° (ND) exhibits brittle fracture

surfaces showing irregular-shaped ridge and island features. The microcracks in the local
area near (within a distance of ~0.5 mm) the fracture surface are characterized to

investigate the early-stage crack growth mode as well as the crack initiation mechanism.

(b) Microcrack in Gain A

Label Angel

Tension TB 86°<1-210>
CompressionTB  56°<1-210>

C-Tdouble TB  37.5°<1-210>
Co-zone TTB 7.4°<1-210>
Non-co-zone TTB_60°<10-10>

Fig. 4.3: Microcracks observed for the 0° (RD) specimen under tension: (a) SEM image
captured in the area near the fracture surface on the YZ plane, which is sectioned by cutting
the cylindrical specimen through its diameter, (b,c) SEM image along with EBSD results
(IPF and 1Q maps) showing the microstructural features surrounding the microcracks. In
the 1Q map, grain boundaries are denoted by black lines. Tension, compression, and C-T
double twin boundaries are colored in blue, red, and light blue respectively. Co-zone and

none co-zone twin-twin boundaries are delineated in yellow and green colors.
Figure 4.3 shows the SEM and EBSD characterization area near the fracture surface on
the YZ plane. Figs. 4.3b and 4.3c present two microcracks located beneath the fracture

surface, both of which are sized approximately 12 um in length. These microcracks appear
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to be of lenticular shape and have sharp crack tips. This microcrack morphology is likely
to result from TB cracking [68][137]. EBSD characterization of the microstructure
surrounding the microcrack reveals clear development of compression twins and C-T
double twins. In Grain A (Fig. 4.3b), a double twin trace shows the same alignment with
the microcrack. This indicates the microcrack in Grain A is likely a result of TB cracking
by the same C-T double twin variant. Similarly, a compression twin (C5) along with a
connected double twin C5-T1 are found in the vicinity of a microcrack in Grain B (Fig.
4.3c). Although there is no direct connection between the occurrence of a microcrack and
compression/double twins, the large local shear by compression and C-T double twinning
may result in incompatible deformation and may potentially lead to initiation of
microcracks. In fact, the results evidenced in our work under tension at 8 = 0° (RD) are
consistent with those regularly reported in prior studies, confirming that the detrimental

role of compression/double twinning on crack initiation [76,77,80-82].

4.4.2 Tension at 0 = 22.5°
Different from the cases of tension at & = 0° (RD), 67.5° and 90° (ND), the fracture

surface under tension at # = 22.5° and 45° show flat shear planes. For tension at 6 = 22.5°,
the trace of fracture surface projected on the YZ plane forms an angle, a, of 30° with
respective to the Z-axis.

To discern a slip/twinning system responsible for the shear cracking, we characterized
the grain orientations in a relatively large area near the fracture surface on the YZ plane,
which is exposed by cutting the cylindrical specimen along its diameter (Fig. 4.4a). We
first carried out SF analysis to determine what slip/twinning systems are most likely

operative. In the case of tension at 8 = 22.5° basal slip is the dominant deformation
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mechanism due to its extremely low CRSS and their high SF values, most of which is
higher than 0.4 (Fig. 4.4b). We further plot all the traces corresponding to the basal plane
by projecting the basal plane at every crystal orientation onto the YZ plane. By comparing
the histogram of the orientation () of the basal-plane traces with the orientation («) of the
fracture-surface trace (Fig. 4.4b), we find that the basal-slip plane traces match well with
that of the fracture surface, which indicates shear cracking is accommodated by basal slips.
In fact, we have ruled out other less active slip/twinning systems, including prismatic slip,
pyramidal <a+c> slip, tension twinning and compression twining. None of them shows a

good agreement of the slip/twin plane traces with the fracture surface trace.
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Fig. 4.4: Fracture mechanisms under tension at 6 = 22.5°. (a) Trace of shear fracture surface
forming orientation angles of a = 30° to the Z-axis on the YZ plane, (b) inference of the
shear cracking mode by Schmid factor analysis and trace analysis of the shear fracture
surface, (c) Probing the crack initiation mode by characterizing the short microcrack and
(d) identification of the early-stage crack growth mode by characterizing intermediate-
sized microcrack. The left, middle, and right images in (c,d) are SEM micrograph, inverse
pole figure (IPF) map and image quality (1Q) map, respectively. In the 1Q map, grain
boundaries are denoted by black lines. Tension, compression, and double C-T twin
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boundaries are colored in blue, red, and light blue respectively. Co-zone and none co-zone

twin-twin boundaries are delineated in yellow and green colors.

To clarify the crack initiation mode, we characterized the microstructure in the vicinity
of short microcracks sized in tens of micros. Fig. 4.4c shows a short microcrack sized
approximately within one grain, compression twins and C-T double twins are clearly
developed in connection to the microcrack. However, it is interesting to find that the habit
plane of the microcrack is persistently the basal plane. We conclude that the microcrack
observed on the basal slip band in Fig. 4.4c is likely nucleated from the local damage
induced by the impingement of compression and/or double twinning.

To further elucidate the crack propagation mode, in particular during the ealy-growth
stage, we characterized the microstructure in the vicinity of intermediate-sized microcrack
which spans across several grains, as shown in Fig. 4.4d. The crack propagation path
persistently aligns well with the basal slip traces, confirming that the crack extension is
dominated by cracking along basal slip bands. GB cracking can be found in the propagation

route of the microcrack.

4.4.3 Tension at 0 = 45°

The fracture surface under tension at = 45° shows similar flat shear plane to that of 6
= 22.5° (Fig. 4.5a). However, the trace of the fracture surface forms an angle of 40° to the
Z-axis on the YZ plane. It is noticeable that the bulk shear stress resolved on the fracture
surface is close to the maximum shear stress in the uniaxial tensile stress state. Therefore,
it is hypothesized that the final fracture at & = 45° is proceeded by shear cracking
accommodated by localized shear deformation operated via certain dislocation

slip/twinning modes. We can apply the same procedures using Schmid analysis and trace
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analysis to infer the cracking mechanism. As shown in Fig. 4.5b, the trace of the fracture
surface matches well with the basal-slip plane, implying that cracking is mainly driven by

the shear deformation localized in basal slip bands.

(a) Shear (b) Inference of the shear cracking mode by Schmid factor
fracture surface analysis and trace analysis
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Fig. 4.5: Fracture mechanisms under tension at & = 45°: (a) Trace of shear fracture surface
forming orientation angles of a = 40° to the Z-axis on the YZ plane, (b) inference of shear
cracking mode by Schmid factor analysis and trace analysis of the shear fracture surface,
(c) probing of the crack initiation mode by characterizing the microcrack and (d)
identification of the early-stage crack growth mode by characterizing intermediate-sized
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microcrack. The left, middle, and right images in (c,d) are SEM micrograph, inverse pole
figure (IPF) map and image quality (1Q) map, respectively. In the IQ map, grain boundaries
are denoted by black lines. Tension, compression, and T-C double twin boundaries are
colored in blue, red, and light blue respectively. Co-zone and none co-zone twin-twin

boundaries are delineated in yellow and green colors.

We further examined the small microcrack sized approximately 20 um observed in a
single grain (Fig. 4.5c). As viewed in the IPF and 1Q maps, pronounced tension twins are
developed in the grain. However, it is interesting to find that the microcrack persistently
resides on the basal-slip plane of the matrix area in the grain. Our observation in Fig. 4.5¢c
indicates that crack initiation under tension at # = 45° might originate from the local
damages induced by impingement of tension twins on the basal slip bands. Unlike the case
of tension at 8 = 22.5° (Fig. 4.4c), where the microcrack observed on the basal slip band is
likely nucleated from the local damage induced by the impingement of compression and/or
double twinning. The observation in Fig. 4.4c is reasonable as tension at 6 = 22.5° leads to
a higher favorability of compression twin and C-T double twinning than tension at 6 = 45°.

In Fig. 4.5d, we further examined the microcrack size in lengths spanning from several
grains. It is revealed that the microcrack (inclined ~40° to the Z-axis) propagates in
transgranular mode through grain G1 and grain G2. Similar to the case of tension at 6 =
22.5° (Fig. 4.4c), the propagation route is followed by intergranular cracking on grain
boundary (GB) formed between grain G3 and grain G4. This result indicates that the early-
stage crack growth is actually proceeded by alternative routes via transgranular cracking

along the basal-slip planes and intergranular cracking at GBs.
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4.4.4 Tension at 0 = 67.5°

As shown in Fig. 4.2, the fracture surfaces obtained from tension at 8 = 67.5° and 90°
(ND) share similar brittle-like features as that under tension at # = 0°. This macroscopic
fracture feature is consistent with the observation from a previous study on the same
material that a serrated brittle-like fracture surface is exhibited under tension along the ND
[68]. However, as discussed in Section 4.2, pronounced tension twins are developed after
tensile fracture. The TVFs after fracture attain as high as 80.3% and 96% for 8 = 67.5° and
90° (ND), respectively. It would be interesting to see whether the fracture mechanisms, in
particular the crack initiation mode, are still ascribed to double-twinning induced damage.

Figure 4.6 shows the microcrack characterized in the local area near the fracture surface
for tension at 8 = 67.5°. Unlike the predominant lenticular-shaped microcracks due to TB
cracking under tension at & = 0°, the microcracks developed in tension at § = 67.5° are
much shorter in length spanning only ~5-15 um (see the SEM images in Fig. 4.6b) and
show relatively blunted crack tips. As shown in Fig. 4.6b, the microcrack is developed
mainly at the GB between grain G1 and grain G2 where a triple joint met by grains G1, G2
and G3. The misorientation angles between the neighboring grains are 70°, 68°, and 59° for
G1-G2 pair, G2 and G3 pair, G3-G1 pair, respectively. This indicates that the GB cracking
is favorable to be initiated from the high angle grain boundaries (HAGBS). Interestingly,
significant non co-zone twin-twin boundaries (TTBs) are developed in G1 and G2 and
frequently connected to the microcrack, which are considered as the major driving for GB

cracking.
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(b) Microcrack under tension at 8 = 67.5°

Cozone TTB 7.4%<1-210>
Nom.cozome TTB _60°<10-10>

Fig. 4.6: Microcrack observed on the specimens subjected to tension at 8 = 67.5° (a) SEM
image captured in the area near the fracture surface on the YZ plane which is sectioned by
cutting the cylindrical specimen through the diameter, (b) SEM image and EBSD results
(IPF and 1Q maps) showing the microstructural features surrounding the microcrack. In the
IQ map, grain boundaries are denoted by black lines. Tension, compression, and C-T
double twin boundaries are colored in blue, red, and light blue respectively. Co-zone and

none co-zone twin-twin boundaries are delineated in yellow and green colors.

4.4.5 Tension at 6 = 90° (ND)
Figure 4.7 shows the microcrack characterized in the local area near the fracture surface

for tension at 6 = 90° (ND). Similar to the microcracks developed in tension at 6 = 67.5°,
the microcrack indicated in Fig. 4.7 with a short length of 8 um exhibits blunted crack tips.
Further EBSD characterization reveals that the short microcracks are located at triple joints
and grain boundaries. For instance in Fig. 4.7b, the microcrack is resulted from GB
cracking at high angle grain boundaries between grain G2 and G3, where a triple joint met
by grains G1, G2 and G3. Significant none co-zone twin-twin boundaries (TTBs) are
developed in G2 and G3 due to the coalescence of fully-expanded tension twins. Moreover,
a tension-compression-tension (T-C-T) tertiary twin is observed in G3 with its tip
connected to the microcrack. These observations shed lights that the GB impingement of

dislocations from the formation of both none co-zone TTBs and T-C-T tertiary twins can
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lead to local stress concentration, causing twinning-induced GB damage and triggering GB

cracking subsequently.

(a) Tension
at 6= 90°(ND)

Fig. 4.7: Microcracks observed on the specimens subjected to tension at & = 90° (ND): (a)
SEM image captured in the area near the fracture surface on the YZ plane which is
sectioned by cutting the cylindrical specimen through the diameter, (b) SEM image and
EBSD results (IPF and 1Q maps) showing the microstructural features surrounding the
microcrack. In the 1Q map, grain boundaries are denoted by black lines. Tension,
compression, and C-T double twin boundaries are colored in blue, red, and light blue
respectively. Co-zone and none co-zone twin-twin boundaries are delineated in yellow and

green colors.

4.5 Further discussion

C-T double twins are commonly considered as a detrimental factor that causes the
microcrack nucleation that leads to final failure [76,77,80-82]. Such an understanding
reflects one facet of the anisotropic nature of fracture in wrought Mg materials. In fact,
double twinning, as a critical fracture mechanism, is typically observed in experiments
where tensile loading is unfavorable for extensive tension twinning. The contribution of
the current work is to uncover a more comprehensive picture of the tensile fracture behavior
in wrought Mg alloy. The major findings are summarized in Fig. 4.8. The final fracture

modes are closely related to the deformation modes operated under a specific stress state.
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Basically, two fracture modes are categorized: (1) brittle-like cracking which leads to
irregular-shaped fracture surface under tension at 8 = 0° 67.5, and 90°; and (2) shear
cracking which results in flat macroscopic shear fracture surface under tension at 9 = 22.5°

and 45°,

(a) Initiation mode for brittle cracking

= MNone co-zone twin-

6=10° win

ﬁ?_sn, 00° twin boundaries
C or C-T TB cracking GB cracking
(b) Initiation mode for (c) Propagation mode for
shear cracking shear cracking

22.5° 45°
= Crack path

Fig. 4.8: Schematics summarizing the anisotropic fracture mechanisms in rolled Mg alloy.
(a) Initiation mode for brittle-like cracking in tension at 8 = 0°, 67.5, and 90°. (b) Initiation
mode for shear cracking in tension at 8 = 22.5° and 45°. (c) Crack propagation mode for
shear cracking in tension at # = 22.5° and 45°. “C or C-T TB” represents “compression or

compression-tension twin boundary”. “HAGB” denotes “high-angle grain boundary”.
The macroscopic fracture surfaces under tension at 6 = 0°, 67.5, and 90° show brittle-

like features with irregular-shaped ridges and islands. Since there is no preferential crack

propagation path, we only focus on the crack initiation modes by charactering microcracks

near the fracture surface to reveal the fracture mechanisms in these material orientations.
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As shown in Fig. 4.8a, crack initiation mode displays distinctive microstructural origins
between the case of # = 0° and the cases of # = 67.5° and 90°. For € = 0°, where tension
twinning is unfavored and compression twinning is promoted, crack initiation is commonly
detected as cracking at compression and/or C-T double twin boundaries. However, tension
at # = 67.5° and 90° favors extensive tension twinning, which often results in significant
twin-twin interaction and even the development of T-C-T tertiary twins. Rather than TB
cracking, cracking at high-angle grain boundaries (HAGBS) acts as the dominant crack
initiation mode at 6 = 67.5° and 90° . Interestingly, C-T-C tertiary twins and none co-zone
TTBs with high-angle misorientation are found to be connected to the crack initiation sites,
suggesting that the deformation incompatibility induced by the development of these
microstructures may serve as the driving force for crack initiation at 8 = 67.5° and 90° . It
is worth noting that microcracks nucleated by either TB cracking at 8 = 0° or GB cracking
at = 67.5° and 90° are sparsely distributed at multiple locations in the material. Unlike the
cases of tension at 4 = 22.5° and 45°, there is no preferential crack propagation route for
the nucleated microcracks to grow probably due to the large difference in the orientation
of these microcracks. That is also the reason why the final fracture surface shows brittle-
like features with irregular-shaped ridges and islands.

As shown in Figs. 4.8b and 4.8c, shear cracking occurring under tension at § = 22.5°
and 45° is mainly resulted from the extensive shear deformation accommodated by basal
slips which are the dominant deformation modes in these two loading directions. Cracks
are nucleated solely from basal slip bands at local damages induced by impingement of
tension, compression, and C-T double twins (Fig. 4.8b). Due to the strong basal texture,

basal slips under tension at § = 22.5° 45° can be easily transmitted across neighboring
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grains, most of which have low misorientation angles. The propagation of the nucleated
crack, which is driven by the shear deformation localized in basal-slip bands, follows the
transmitted basal-slip bands across the neighboring grains (Fig. 4.8c). As a result, the final
crack follows a preferential path on the YZ plane whose orientation matches well with that
of the basal-plane traces projected on the same observation plane, as characterized in Figs.

46and4.7.

4.6 Summary

The material orientation effect on the anisotropic deformation and fracture behavior of

a rolled AZ31B Mg alloy was investigated by performing monotonic tension and

monotonic compression experiments in five material orientation. ¢ denotes the angle

between the axial direction of the testing specimen and the rolled direction of the material.

Major experimental observations and mechanisms are summarized as follows:

1) The elastic limit under tension is identical to that under compression for any given
material orientation with the highest to lowest following the order 0° (RD), 90° (ND),
67.5° 22.5° and 45°. The ultimate strength and true fracture strength are higher under
compression than these under tension for a given material orientation. The true fracture
stress and ductility are the highest in the RD (0°). Significant tension-compression
asymmetry can be identified in the stress-strain curves due to the strong texture.
Microyielding is induced by the activation of basal slips.

2) The material orientation affects the tension fracture behavior. Tension at 6 = 0°, 67.5,
and 90° results in brittle-like fracture surfaces while tension at = 22.5° and 45 °

displays macroscopic shear fracture behavior.
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The microstructural origins of brittle-like cracking are different between the case of
tension at # = 0° and that of tension at 6 = 67.5° and 90°. Twin boundary cracking in
compression and/or compression-tension double twins is commonly detected in tension
at & = 0° whereas high-angle grain boundary cracking, which is facilitated by the
impingements of tension-compression-tension tertiary twins and the none co-zone
twin-twin boundaries, acts as the crack initiation mode in tension at & = 67.5° and 90°
Crack initiation under tension at 8 = 22.5° and 45° is originated from shear deformation
in the basal slip bands at local damages induced by impingement of tension,
compression and/or compression-tension twins. Crack extension is driven by localized
shear deformation in basal slip bands which can be transmitted across neighboring

grains, resulting in a final crack path following basal plane traces.
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5 Characteristic Cyclic Plastic Deformation

5.1 Macroscopic Stress-Strain Response

The strain-life curve of a Mg alloy is characterized with two distinct kink points which
are closely associated with the dominating plastic deformation mechanism [111]. On this
regard, three representative strain amplitudes, 0.30%, 1.00%, 3.00% which correspond to
the strain amplitude below the lower kink point, between the lower kink point and the upper
kink point, and above the upper kink point, respectively, were chosen for a detailed analysis.
Fig. 5.1 shows the stress-strain hysteresis loops obtained from fully reversed strain-
controlled tension-compression strain-controlled fatigue experiments. In order to show the
evolution of the hysteresis loops with respect to the loading cycles, the stress-strain
hysteresis loops of the first 10 cycles, the cycle at a quarter fatigue life, and the cycle at
half fatigue life are presented. The stress-strain hysteresis loops corresponding to half-
fatigue lives are taken to be the stabilized hysteresis loops. The stabilized stress-strain
hysteresis loops with selective strain amplitudes of the five material orientations are shown
in Fig. 5.2. A solid circle on a stress-strain hysteresis loop denotes an inflection point which
mathematically is the point where the second derivative of the stress with respect to the
strain is zero. The inflection points reflect the transition of two dominating plastic
deformation mechanisms: from twinning or detwinning to non-basal slips. It can be
observed in Figs. 5.1-5.2 that the shape of the stress-strain hysteresis loops is dependent on

the material orientation and the applied strain amplitude.
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Fig. 5.1: Cyclic stress-strain hysteresis loops obtained from fully reversed strain-
comtrolled fatigue experiments: (a) 0° (RD), (b) 22.5°, (c) 45°, (d) 67.5° and (e) 90°(ND).
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Fig. 5.2: Stabilized stress-strain hysteresis loops: (a) 0° (RD), (b) 22.5°, (c) 45°, (d) 67.5°

and (e) 90°(ND).

When the strain amplitude is lower than the lower kink point, a detailed observation of

the stress-strain hysteresis loops reveals that the shape is symmetrical with both the upper

and lower branches of the stress-strain hysteresis loops being a concave or convex shape

for all the five material orientations. No persistent twinning-detwinning occurs during

fatigue loading. Such an observation is consistent with that made on extruded Mg alloys

tested in the extrusion direction [50,52,58,86,109,117,118,138].
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For fully reversed strain-controlled loading with the strain amplitude higher than the
lower kink point, the compression reversal results in twinning and the tension reversal
results in detwinning when the material orientation & is less than 45°. When @ is larger than
45° twinning occurs in the tension reversal and detwinning occurs during compression
reversal. When the strain amplitude is higher than the lower kink point but less than the
upper kink point, the detwinning loading reversal forms a sigmodal shape while the
twinning reversal results in either a concave or convex shape. In this case, a sigmodal shape
contains an inflection point which is an indicator of completion of detwinning and start of
non-basal slips.

For all the five material orientations when the strain amplitude is above the upper kink
point, both the upper and lower branches of the stress-strain hysteresis loop exhibit a
sigmodal shape and therefore, there are two inflection points in a stress-strain hysteresis
loop. In addition, the shape of the hysteresis loop tends to be more symmetric as the strain
amplitude increases. For the material orientation 6 < 45°, the compression loading reversal
is characterized by twinning and non-basal slips. The inflection point in the lower branch
of the hysteresis loop signifies a start of non-basal slips with continuous twinning. During
the tension loading reversal, which corresponds to the upper branch of the stress-strain
hysteresis loop, detwinning occurs. The inflection point reflects the completion of
detwinning and start of non-basal slips. The overall phenomenon is similar to that
explained earlier for extruded Mg alloys loaded in the extrusion direction
[50,52,58,86,109,116-118,120,122,139-143]. For the material orientation # > 45° the
inflection points represent the same characteristics but twinning occurs in the tension

loading reversal and detwinning occurs in the compression reversals.



53

The variations of the stress amplitudes and the mean stress with the number of loading
cycles under fully reversed strain-controlled loading reveal the cyclic hardening behavior
of the material and are shown in Fig. 5.3 for the five material orientations. A glance of the
results suggests that noticeable cyclic hardening occurs at a strain amplitude higher than
the lower kink point for any material orientation, and a higher strain amplitude results in
more significant cyclic hardening. Since a strain amplitude higher than the lower kink point
is associated with persistent twinning-detwinning, it can be speculated that twinning-
detwinning is the main contributor to the observed cyclic hardening in a Mg alloy. Another
general observation from Fig. 5.3 is that positive mean stresses are found in the 6 < 45°
material orientations and compressive mean stresses are accompanied in the 6 > 45°
material orientations. The 8 = 45° material orientation has virtually zero mean stresses,
which is consistent with the near symmetrical stress-strain hysteresis loops of the material

orientation as shown in Fig. 5.3c.
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Fig. 5.3: Variations of stress amplitude and mean stress with the number of loading cycles:
(@) 0° (RD), (b) 22.5°, (c) 45°, (d) 67.5° and (e) 90° (ND).

The stress-strain hysteresis loops in the RD and in the ND at identical strain amplitudes
are similar after 180 degree rotation but not identical. Similarly, the hysteresis loops in the
22.5° and these in the 67.5° at identical strain amplitudes are similar after 180 degree
rotation but not identical. Such an observation can be further collaborated with the results
of the cyclic stress-plastic strain curves shown in Fig. 5.4 for the five material orientations.
The vertical axis in Fig. 5.4 represents the stress amplitude of an experiment and the
horizontal axis is the plastic strain amplitude which is equal to the strain amplitude
subtracting the elastic strain amplitude. All the quantities are taken from the stress-strain

hysteresis loop at approximately half fatigue life for each testing specimen. Overall, the
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RD material orientation has the highest cyclic stress-plastic strain curve and the 45°

orientation yields the lowest cyclic stress-strain curve.
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Fig. 5.4: Cyclic stress-plastic strain curves.

5.2 Detailed Plastic Deformation

In order to further explore the detailed plastic deformation, the stress-plastic strain
hysteresis loops are examined which can provide insightful information on the cyclic
deformation of the material. A schematic illustration of one stress-plastic strain hysteresis
loop where the nonlinear elasticity is considered is shown in Fig. 5.5. The plastic strain is

defined as follows:

1)

where,
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E=E(1-3) @

In Egs. (1) and (2), &, is the plastic strain, € and ¢ are the true strain and true stress,
respectively, E is the elasticity modulus, b is a material constant for nonlinear elasticity of
the material, and E, is the elasticity modules at the origin of the stress-strain curve.
Nonlinear elasticity needs to be considered in order to better analyze the stress-plastic strain
response. A simple linear dependence of the elasticity modulus on the applied stress (Eqg.
(2)) was adopted for considering the nonlinear elasticity of the material. For the rolled Mg
alloy under investigation, b is equal to 12,000 MPa and 20,000 MPa can provide a good

description of the nonlinearity for 8 = 0°, 22.5°, 45°, and 8 = 67.5°, 90°, respectively.

As

N P, i

iInflection Strain Range | Aog,,
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Aogy | i « v Ao
""""" > [ Inflection Strain Range‘v

Fig. 5.5: Schematic stress-plastic strain hysteresis loop where the terminology used to

describe cyclic plasticity of magnesium alloy are illustrated.

The upper and lower branches are marked by red and blue color, respectively. For the
purpose of comparison, the origin of the Ac-Ag,, coordinate system is located at the lower
tip for the upper branch, and the upper tip for the lower branch. The elastic limit range is
defined as the stress range which demarcates the elastic and elastic-plastic deformation
during cyclic loading. The elastic limit ranges of the upper and lower branch are denoted

by Aoy and Aoy, respectively. The inflection point is mathematically defined as the point
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where the second derivative of the stress with respect to the plastic strain is zero, signifying
the transition of deformation mechanism from twinning/detwinning to non-basal slips
during cyclic loading. The inflection strain range is defined as the plastic strain range

between the inflection point and the origin of the Ac-Ag,, coordinate system.

5.2.1 Stress-Plastic Strain Hysteresis Loops
Fig. 5.6 presents the stabilized stress-plastic strain hysteresis loops corresponding to

approximately half fatigue lives at strain amplitudes of 0.30%, 1.00% and 3.00%. The
results shown in Fig. 5.6 are consistent with those of stabilized stress-strain hysteresis loops

in Fig. 5.2.
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Fig. 5.6: Stabilized stress-plastic strain hysteresis loops of three representative strain
amplitudes under fully strain-controlled loading: (a) Ae/2=0.30%, (b) Ae/2=1.00% and (c)
Ael2=3.00%.

When the strain amplitude is 0.30%, the shape of the stress-plastic strain hysteresis
loops is symmetrical with both the upper and lower branches being a concave or convex
shape for all the five orientations. These symmetrical stress-plastic strain hysteresis loops

indicate that no persistent twinning-detwinning occurs during the cyclic loading and
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dislocation slips dominate the deformation mechanism. As the strain amplitude increases
to 1.00%, the shape of the upper branches and the lower branches of the stress-plastic strain
hysteresis loops is symmetrical only when 6 = 45°. When 6 < 45°, the lower branch forms
a concave-up shape while the upper branch forms a sigmoidal shape. These asymmetrical
lower and upper branches indicate that twinning involves in the compression reversal and
detwinning involves in the tension reversal followed by the non-basal slips. When 6 > 45°,
the lower branch and upper branch exhibit a sigmoidal and concave-down shape,
respectively. Twinning occurs in the tension reversal and detwinning occurs during
compression reversal. Non-basal slips only occur after detwinning. At a large strain
amplitude of 3.00%, both the lower branches and the upper branches of the stress-strain
hysteresis loop exhibit a sigmoidal shape. The plastic deformation mechanism is similar to
that when the strain amplitude is 1.00%, except that non-basal slips occur in both tensile
and compressive reversals. For example, when 6 < 45°, the compression loading reversal
is characterized by twinning followed by non-basal slips, and the tension loading reversal
is associated with detwinning followed by non-basal slips.

One salient feature that can be observed in Fig. 5.6 is that the stabilized stress-plastic
strain hysteresis loops at 8 = 45° remains symmetrical at all the three representative strain
amplitudes. However, the shape of the hysteresis loop with a strain amplitude of 3.00%
shows a slight difference as compared with those of strain amplitude of 0.30% and 1.00%.
When the strain amplitudes are 0.30% and 1.00%, the lower branches exhibit a concave-
up shape while the upper branches exhibit a concave-down shape. When the strain

amplitude increases to 3.00%, both the lower and upper branches form a sigmoidal shape.
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The tension reversal and the compression reversal are characterized by the same

deformation mechanism which will be discussed in the next section.

5.2.2 Stress Range-Plastic Strain Range Curves

In order to understand how the deformation mechanism depends on the loading cycles,
the Ag-Ag, curves of selected loading cycles at the three representative strain amplitudes,
0.30%, 1.00% and 3.00%, are plotted in Fig. 5.7, Fig. 5.8, and Fig. 5.9, respectively. For
comparison, the origins of the lower branch as well as the upper branch were plotted in the

same Ao-Ag,, coordinate system.
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Ae/2=0.30%: (a) 0° (RD), (b) 22.5°, (c) 45°, (d) 67.5° and (e) 90° (ND).
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Fig. 5.9: Stress range versus plastic strain range for the selective loading cycles at
Ael2=3.00%: (a) 0° (RD), (b) 22.5°, (c) 45°, (d) 67.5° and (e) 90° (ND).

When the strain amplitude is 0.30%, the upper branches and the lower branches display
a prominent asymmetry shape at the initial deformation stage from cycle 1 to cycle 10
when 6 = 0° and 90°, as shown in Figs. 5.7a and e. For 8 = 22.5° and 67.5°, the shape of the
upper branches and the lower branches for the first 10 cycles exhibits a less degree of
asymmetry comparing with those of 0° and 90°. That is due to the fact that twinning is more
likely to occur under compression reversals in the 0° case and under the tension reversals
in the 90° case. The shape tends to be more symmetric with the increase of loading cycles.
The asymmetry shape during the initial deformation stage is due to the involvement of

twinning-detwinning activity. With the increase of loading cycles, the twinning-
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detwinning activity gradually diminishes, resulting in the symmetrical shape for the upper
branches and lower branches in the later deformation stage.

Fig. 5.8 shows the stress range versus plastic strain range for the selective loading
cycles at different loading directions when the strain amplitude is 1.00%. It can be seen
that both the upper and the lower branches display asymmetric shapes at all the loading
directions except the 45° orientation, regardless of loading cycle. A sigmoidal shape can
be observed at the upper branch for 6 < 45° and the lower branch for 6 > 45°, Similar to
Fig. 5.7, the Ag-Ae,, curves for 0° and 90° exhibit a more asymmetrical shape comparing
with those for 22.5° and 67.5°. When the applied strain amplitude is above the lower kink
point, sustainable twinning-detwinning occurs throughout the whole cyclic loading. More
twinning-detwinning activity are involved in the 0° and 90° than in the 22.5° and 67.5°
cases.

Fig. 5.9 shows the stress range versus plastic strain range for the selective loading
cycles at different loading directions when the strain amplitude is 3.00%. It can be
observed that the upper and the lower branches all the cases except 6 = 45° display a less
asymmetry shape comparing with the result in Fig. 5.8 when strain amplitude is 1.00%.
This phenomenon is due to the fact that non-basal slips occur in both tension and
compression reversals during a loading cycle for all five material orientations. When the
strain amplitude is above the upper kink point, detwinning is always finished followed with
non-basal slips while non-basal slips start to occur concurrently with twinning during the
subsequent loading reversal.

One noticable charactersitics of the cylic deformation behavior of Mg alloys shown in

Figs. 5.8-5.9 is that the upper branches and the lower branchs remain symmetric when the
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material orientation 9 = 45° despite the different deformation mechanisms involved at the
three different strian amplitudes. Only basal slips occur during the cyclic loading at a strain
amplitude of 0.30%, resulting in the symmetrical upper branches and lower branches. As
the strain amplitude is increased to 1.00% and 3.00%, sustainable twinning-detwinning
activity dominated the cyclic deformation. Twinning is more difficult to occur for 6 = 45°
comparing with the other four material orientations. However, both twinning and
detwinning occur during both tension and compression reversals, which leads to the
observed symmetrical Ac-Ag,, curves in 45° material orientation when the applied strain

amplitude is above the lower kink point.

5.2.3 Elastic Limit Ranges
The elastic limit range is defined as the stress range from the start of a loading reversal

to the yielding point, and it demarcates the elastic and elastic-plastic deformation during
cyclic loading (refer to Fig. 5.5). Observing the elastic limit range values can provide
significant information about the characteristics of the cyclic deformation.

The evolution of elastic limit range in the neighborhood near the two kink points in the
strain-life curve:

The evolution of the elastic limit ranges with the number of loading cycles at two
representative strain amplitude is plotted in Fig. 5.10 for each material orientation. The two
representative strain amplitudes were taken from the neighborhood near the two kink points
identified in the strain-life curves. For each material orientation in Fig. 5.10, the lower
strain amplitude is taken near the lower kink point and the higher strain amplitude is taken

near the upper kink points. The results shown in Fig. 5.10 provide detailed information
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about how the deformation behavior change with loading cycles in the neighborhood near

the kink points.
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Fig. 5.10: Variations of the elastic limit ranges (Aozy andAog;,) with respect to the

increasing number of loading cycles at two representative strain amplitudes: (a) 0° (RD),
(b) 22.5°, (c) 45°, (d) 67.5° and (e) 90° (ND).

One salient feature that can be observed in Fig. 5.10 is that the Aoz, (the elastic limit

range of the lower branches) for 8 < 45° and Aagy (the elastic limit range of the upper

branches) for § > 45° is a constant value and irrespective of the loading cycles and applied

strain amplitude. While on the subsequent loading reversals, the Aoz for 6 < 45°and Aoy,

for 6 > 45° is dependent on the loading cycles as well as applied strain amplitude and

gradually increases with increasing number of loading cycles. Under fully reversed strain-

controlled cyclic loading, twinning can be activated during the compressive loading
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reversals for 8 < 45° and tensile reversals for 6 > 45°, and detwinning can be activated
during the subsequent loading reversals. The different deformation mechanisms under
tension and compression results in the distinct evolution behavior of the elastic limit range
under different loading directions, for the five material orientations.

When the applied strain amplitude is in the neighborhood near the lower kink point, it
can be observed in Fig. 5.10 that the elastic limit range values on the tension reversals and
compression reversals exhibit a significant difference at the first ten loading cycles when
6 # 45°. A distinct lower elastic limit range value can be observed on the tension reversals
(Aogy) for 6 < 45° and compression reversals (Aog,) for 8 > 45°, where detwinning is
favorable. The values are gradually increased with increasing number of loading cycles,
being stable when the loading cycles exceed half-fatigue lives. For example, when the
material orientation is 0° with a strain amplitude of 0.48%, Aoz, was approximately 31
MPa for the initial 10 loading cycles and increased to 80 MPa when the loading cycles
reached 1,000. This phenomenon indicates that twining-detwinning activity is involved in
the earlier loading stage, and gradually diminishes as the number of loading cycles increase.

The EBSD scans on the tested specimens after the fatigue tests at an applied strain
amplitude near the lower kink point are shown in Fig. 5.11. It can be observed that residual
twins can be barely observed after the fatigue experiments at the strain amplitude near the
lower kink point. This observation indicates that twinning/detwinning activity gradually
diminished during the cyclic loading. At the loading cycles after the half-fatigue lives, very
limited twinning/detwinning is involved during the cyclic loading and basal slips dominate
the plastic deformation. It can be inferred that the TVF at the peak strain prior to the loading

reversal which is favorable for detwinning gradually decreases as the number of loading
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cycles increases. Therefore, the elastic limit range on the subsequent loading reversal

increases with the number of loading cycles.

Fig. 5.11: EBSD scans on the tested specimens after the fatigue tests at an applied strain
amplitude near the lower kink point: (a) 0° (RD) at Ae/2=0.48%, (b) 22.5° at Ae/2=0.55%,
(c) 45° at Ae/2=0.75%, (d) 67.5° at Ae/2=0.45% and (e) 90° (ND) at Ae/2=0.40%.

As the applied strain amplitude is as high as in the neighborhood near the upper kink
point, a distinct characteristic can be observed in Fig. 5.10 is that the elastic limit range
values on the tension reversals (Aog,;) for @ < 45° and compression reversals (Ao, ) for 0 >
45° where detwinnng is favorable keep increasing until the number of loading cycles
approach the fatigue life cycle. This phenomenon is due to the fact that sustainable
twinning-detwinning is involved throughout the whole loading stage when the strain
amplitude is as high as the upper kink point. Moreover, the elastic limit ranges indicating
the activation stress for detwinning at the first loading cycle is higher than those with lower

strain amplitudes. This feature is a result from the fact that more twinning is generated
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when the strain amplitude is higher, leading to a higher activation stress for detwinning
during the subsequent loading reversal.

The evolution of elastic limit range with the number of loading cycles for the 45°
material orientation is shown in Fig. 5.10c. Besides the distinct phenomenon that the upper
branch and the lower branch exhibit approximately identical elastic limit ranges values,
another silent feature can be observed in Fig. 5.10c is that during the initial 10 loading
cycles, the elastic limit range values at the strain amplitude of 2.00% is larger than that of
0.75%. The elastic limit ranges gradually increase with increasing number of loading
cycles and keep a stable value of 31 MPa after the number of loading cycles reaches the
half-life cycle for both strain amplitudes.

Relationship between the elastic limit range and the applied strain amplitudes:

The elastic limit range as a function of the applied strain amplitude at half-fatigue life
is plotted in Fig. 5.12 for the five material orientations. The strain amplitudes
corresponding to the lower and upper kink points are marked by two dashed lines. A feature
that can be observed in Fig. 5.12 is that Aoy, for 8 < 45° and Aoy, for 6 > 45° is a constant
value and is independent of the applied strain amplitude. In contrast, Aoy, for 6 < 45° and
Aoy, for 0 > 45° depends on the strain amplitude and the relationship between the elastic
limit range and the applied strain amplitude displays a check-marker shape. Similar to the
results represented in Fig. 5.10, the different evolution feature for the upper and the lower
branches is due to the different deformation mechanisms under tension and compression.
Moreover, the 45° material orientation exhibits a distinct characteristic. Aoy, and Aoy, are

approximately identical and are dependent on the strain amplitude when 6 = 45°.
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Fig. 5.12: Relationship between the elastic limit range and the applied strain amplitudes at

half-fatigue life under fully reversed strain-controlled loading: (a) 0° (RD), (b) 22.5°, (c)
45°, (d) 67.5° and (e) 90° (ND).

When the applied strain amplitude exceeds the lower kink point (the first dashed line),
a dramatic drop of Aagy for @ < 45° and Aoy, for 6 > 45° can be observed in Fig. 5.12.
When the strain amplitude is below the lower kink point, the stabilized cyclic plastic
deformation is due to basal slips without involving twinning-detwinning for the five
material orientations. Aoz and Aoy, display approximately the same value, reflecting the
activation stress range for basal slip during cyclic loading. Sustainable twinning-
detwinning activity occurs as the applied strain amplitude is higher than the lower kink
point, resulting the dramatic drop of Aoy for 8 < 45° and Aoy, for 6 > 45°. As the strain

amplitude increases, the twin volume fraction (TVF) at the minimum stress for 8 < 45° and
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maximum stress for 6 > 45° increases. Correspondingly, the twin bands grow and become
wider, resulting in a multiplication of twin boundaries. The slips activated in the twins can
interact with twin boundaries. Slip dislocations and twin dislocations pile up and pin at the
twin boundaries. These pinned dislocations at twin boundaries decrease the mobility of
twin boundaries and make the formed twin bands more stable. Such a process makes the
detwinning process more difficult in the subsequent loading cycles. Consequently, the
detwinning process requires a higher driving force to shrink the twinned area when a
greater amount of twin bands with wider shape exist at a larger strain amplitude.
Macroscopically shown in Fig. 5.12, the Aoy for 6 < 45° and Aoy, for 8 > 45° begin to
increase after the dramatic drop. At a strain amplitude of 4.00%, the Aoy, for 6 < 45° and
Aoy, for 0 > 45° go back to the initial constant value and the elastic limit range indicates
the activation stress for basal slips.

Fig. 5.12c presents the relationship between the elastic limit range and the applied strain
amplitude for the 45° material orientation at the half-fatigue life cycle. In Fig. 5.12¢, Aogy
and Aoy, keep a constant value of approximately 30 MPa when the strain amplitude is
below 0.75%. As the strain amplitude increases, the elastic limit range at the half-life cycle
begins to drop. The value decreases to 20 MPa when the strain amplitude is 1.5%, and then
starts to increase until it reaches a stable value of 30MPa. The unique deformation behavior

for 8 = 45° is discussed in section 5.3.

5.2.4 Inflection Strain Ranges

During fully reversed cyclic loading, twinning occurs under the compression reversals
for 6 < 45° and tension reversals for 8 > 45°. The inflection points on these loading reversals

signify the activation of non-basal slips. Therefore, the inflection strain range refelcts the
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strain range to reach twinning exhaustion. Fig. 5.13 shows the inflection strain ranges on
the upper branches and lower branches at half-live cycle as a function of the appplied strain
amplitude for all the five material orientations. The strain values corresponding to the lower
and upper kink points were marked by vertial dashed lines in Fig. 5.13. It can be seen that
the inflection points exist only when the applied strain amplitude is above the lower kink
point. Both the inflection strain ranges on the upper and lower branch increase with the
increasing strain amplitudes. With a larger strain amplitude under fully reversed loading,
more tension twins are activated, resulting in more tension twins being detwinned during
the subsequent loading reversal. Therefore, twinning/detwinning dominates the plastic
deformation to a prolonged extent at larger strain amplitudes, resulting in larger inflection
strain ranges. It is noticed that when the applied strain amplitude is approaching the upper
kink point, the inflection strain ranges on the lower branches are approximately equal to
those on the upper branches. For the 8 = 45° material orientation, the inflection points can
only be identified when the strain amplitude is as high as 1.5%, indicating that limited

twinning-detwinning activity is involved in the cyclic deformation.
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Fig. 5.13: Inflection strain ranges as a function of the applied strain amplitudes under fully
reversed strain-controlled loading: (a) 0° (RD), (b) 22.5°, (c) 45°, (d) 67.5° and (e) 90° (ND).

5.3 0 = 45° Material Orientation

The results obtained from testing 45° material orientation deserve a further discussion.

There are six crystallographic equivalent tension twin variants in an HCP Mg crystal.

Associated with each variant, there is a corresponding value that correlates to the resolved

shear stress of the twin plane along the twin direction. This value, called Schmid factor

(SF), is often used in twin variant selection analysis [144,145]. When analyzing a grain,

the largest SF among those of the six variants is used when discussing twinning. Assuming

a perfect c-axis alignment in the ND of the rolled plate (refer to Fig. 3.1), the maximum SF

of the six {1012} tension twinning variants is 0.25 for the 45° orientation. While still large
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enough to activate twinning, this value is the smallest among the five material orientations
and, as a result, twinning is more difficult to occur for the 45° material orientation.

Fig. 5.14 shows the EBSD results after the 45° orientation specimens were loaded at a
strain amplitude of 2.0% for 40 loading cycles and terminated at 2.00% and -2.00%,
respectively, before unloading to zero stress. Accounting for the distribution of c-axis of
the grains in the rolled polycrystalline Mg alloy, three grain orientation types are examined
by EBSD based on their favorability to twin: grains that are favorable for twinning under
compression (G, G,, G, Gg), grains that are not favorable for twinning under both
compression and tension (G5, G4, Gy, G1,), and grains that are favorable for twinning under
tension (Gs, G, G11, G12). Grains favorable for twinning typically have a SF larger than
0.25 based on the statistics among approximately 70 grains examined in the observation
areas shown in the EBSD IPF maps (Fig. 5.14). With high positive SF values, twinning
occurs in G, and G, under compression. Simultaneously with the occurrence of twinning
in G; and G,, detwinning is expected to occur in Gs and G¢. This is because twinning is
very likely to have occurred in Gs and G¢ during the previous tension loading reversal due
to their high SF values. In G5, a few residual twins are visible, and the twins formed during
tensile loading in G4 are expected to have been completely detwinned at the end of the
compression reversal. No twinning-detwinning occurs in G5 and G,. Similar observations
can be made from the results terminated at 2.00% (tension) after 40 loading cycles. G4
and G,,, due to large positive SF values, experience twinning under tensile loading, and
during the same tensile loading reversal, detwinning occurs in G, and Gg. An analysis of

the twin in Gg indicates that it is a residual twin formed during previous compression



76

loading. No twinning or detwinning occurs in Gq and G, during the entire loading cycle

due to the small SF values.
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Fig. 5.14: EBSD IPF maps, maximum SFs of tension twinning in representative grains,
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after loaded at a strain amplitude of 2.0% for 40 cycles.
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To summarize, there are several major differences in terms of twinning and detwinning
between the 6 = 45° specimens and the specimens of other material orientations. Due to
smaller SF, twinning is more difficult to occur in the 8 = 45° specimens than the specimens
of other material orientations. For the material orientation other than 8 = 45°, twinning
occurs in the grains with orientations favorable for twinning during a loading reversal and
detwinning occurs in the same group of grains during the reversed loading reversal. With
the 6 = 45° material orientation, twinning and detwinning occur simultaneously under both
tension and compression. Twinning occurs in a group of grains oriented favorably for
twinning under tension (such as Gs, G, G1; and G,, in Fig. 5.14) and simultaneously,
detwinning occurs in a second group of grains oriented favorably for twinning under
compression (such as G4, G,, G,, and Gg in Fig. 5.14). During the compression loading
reversal, twinning occurs in the second group of grains and concurrently, detwinning
occurs in the first group of grains. Therefore, both twinning and detwinning occur during
both tension and compression loading reversals. The TVF measured for the microstructure
unloading from -2.00% and 2.00% is 7.77% and 7.35%, respectively. This observation
indicates that the twinning-detwinning activity is approximately identical during the
tension and compression reversals for 8 = 45° material orientation.

In Fig. 5.14, the SF distributions of basal slip in matrix grains and {1012} tension twins
are plotted for the microstructure unloading from -2.00% and 2.00%. It can be observed
that the SF of basal slip tension twins exhibits a similar distribution with that in the matrix
grains. The results in Fig. 5.14 indicate that for 8 = 45°, the texture with tension twins can

exhibit the same basal slip activation behavior with the initial texture without tension twins,
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As a consequence, the compression and tension loading reversals exhibit almost
identical mechanical response during cyclic loading, which results in the observed
symmetric stress-strain hysteresis loops (Fig. 5.2¢), and identical elastic limit range values
for the lower and upper branch (Fig. 5.10c and Fig. 5.12c), irrespective of the number of
loading cycles and applied strain amplitude.

Another uniqueness of the & = 45° orientation is the less percentage of grains being
twinned and detwinned during the fully reserved strain-controlled tension-compression. At
a strain amplitude of 2.00% after 40 loading cycles, based on the statistics of 70 grains in
the observation area shown in Fig. 5.14, approximately 30% of the total grains experience
twinning, 30% of the total grains undergo detwinning, and the rest grains experience no
twinning or detwinning. In contrast, for the ND specimen, approximately 90% of the grains
undergo twinning at a strain of 2.0% under tension and the same group of grains experience

detwinning during compression.

5.4 Summary

The plastic deformation characteristics was analyzed for a rolled AZ31B magnesium
alloy under uniaxial cyclic loading along five different orientations with respect to the
rolled direction (RD): 0° (RD), 22.5°, 45°, 67.5°, 90° (ND). The following conclusions can
be drawn from the study,

1) The stress-strain hysteresis loop is symmetric when strain amplitude is lower than the
lower kink point. When the strain amplitude is in between the upper and lower kink
points, the asymmetric stress-strain hysteresis loop contains one inflection point which

signifies completion of detwinning and start of non-basal slips. When the strain
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amplitude is higher than the upper kink point, the stress-strain hysteresis loop tends to
be symmetric with both upper and lower branches having a sigmodal shape.

Cyclic hardening is proportional to the loading amplitude and is observed for all the
five material orientations when the strain amplitude is higher than the lower kink point.
Positive mean stresses are shown in the 9 < 45° material orientations and compressive
mean stresses are found in the 6 > 45° material orientations. The 6 = 45° material
orientation has virtually zero mean stresses.

The elastic limit range represents the activation stress for basal dislocation slips or
twining/detwinning, which is intrinsically depending on the microstructure at the peak
stress prior to the loading reversal.

On the compression reversals for 6 < 45° and tension reversals for 6 > 45°, the elastic
limit range is independent of the number of loading cycles and the applied strain
amplitude, which signifies the activation stress for basal slips during the cyclic loading.
On the tension reversals for § < 45° and compression reversals for 6 > 45°, the elastic
limit range is dependent on the number of loading cycles and the applied strain
amplitude. The elastic limit range values reflect the activation stress for basal slip or
twinning/detwinning, which is depending on the twin volume fraction at the peak stress
prior to the loading reversal.

At the material orientation 6 = 45° twinning occurs in one group of grains and
simultaneously detwinning occurs in another group of grains during loading and during
reversed loading. The Schmid factor for twinning is statistically low in the 45°
orientation specimens, thus low percentage of grains favorable for twinning, as

compared with the other material orientations. The values of elastic limit ranges
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indicating the activation stress of basal slips are approximately identical on the tension
reversals and compression reversals, irrespective of the number of loading cycles and
the applied strain amplitude.

The elastic limit range during cyclic loading also demonstrates a strong material
orientation dependence, with its highest value at & = 0° and lowest value at 8 = 45°. The

6 = 45° orientation exhibits the highest inflection strain ranges.
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6 Anisotropic Fatigue Behavior

6.1 Fatigue Results and Kink Points

Fully reversed strain-controlled tension-compression fatigue experiments in the five
material orientations are summarized in Tables 4-8. The stress amplitudes and the mean
stresses were taken at approximate half fatigue lives. The plastic strain energy density per
loading cycle, AWP, was calculated from the stress-strain hysteresis loop at approximate

half fatigue life.
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Table 4 Fatigue experiments of 0° (RD) specimens under fully reversed strain-controlled

tension-compression loading.

Spec ID f Ag/?2 Om Ac/2 AWP Ny

(Hz) (%) (MPa)  (MPa) (Mj/m3®)  (cycles)
3ROCOM2 0.03 6.00 -39.7 309.8 39.498 1
3ROSII05 0.05 4.00 61.5 286.7 21.361 55
3ROSI106 0.08 3.00 27.7 239.5 13.709 48
3ROSII07 0.1 2.50 314 219.5 10.223 78
3R0SII01 0.1 2.00 42.7 209.7 6.867 180
3R31B0SS08 0.2 1.40 50.4 195.8 3.833 280
3R31B0SS03 0.2/0.3/0.2 1.00 54.3 185.1 2.011 455
3R31B0S24 0.2 1.00 62.0 193.8 1.938 460
3R31B0S13  0.25 0.75 54.6 178.1 1.047 880
3R31B0SS07 0.4 0.60 52.4 172.6 0.654 980
3R31B0S21 0.5 0.48 50.0 167.8 0.260 2,020
3R31B0SS09 1 0.42 42.2 149.9 0.177 2,340
3R31B0S32 1 0.40 30.5 138.6 0.172 4,900
3R31B0SS05 1.5/1.5 0.35 27.3 130.4 0.109 5,388
3R31B0SS06 1.5/1.5 0.35 24.9 128.6 0.119 5,800
3R31B0SS10 2 0.32 21.4 121.8 0.084 9,450
3R31B0S34 25 0.30 15.8 1145 0.073 16,400
3R31B0SS11 3 0.28 10.7 109.7 0.060 17,600
3R31B0S31  1/4/5 0.27 7.0 107.1 0.052 44,300
3R31B0SS04 2/4 0.25 6.0 101.0 0.045 38,800
3R31B0S23  1/5 0.25 3.1 98.4 0.045 47,200
3R0OSI1103 2/10 0.22 4.1 911 0.024 78,032
3R31B0S12  2/8/10 0.22 -1.5 91.9 0.018 226,000
3R31B0S22  2/7.5/10 0.20 0.0 86.0 0.003 >769,000
3R0SI1104 2/10/2/10 0.19 -4.5 82.5 0.002 >800,555

Note: f-frequency; Ae/2-strain amplitude; a,,-mean stress; Ac/2-stress amplitude; AWP-
plastic strain energy density per loading cycle; Ne-number of loading cycles to failure.
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Table 5 Fatigue experiments of 22.5° specimens under fully reversed strain-controlled

tension-compression loading.

Spec ID f Ag/?2 Om Ac/2 AWP Ny

(Hz) (%) (MPa)  (MPa) (M]/m3) (cycles)
3R22COM2 0.03 6.00 38 2501  28.595 15
3R22SI1112 0.05 4.00 282 2370  20.488 8
3R22SI1113 0.08 3.00 212 2072  12.962 36
3R22S1114 0.1 2.50 228 1777 9.386 48
3R22S1108 0.1 2.00 208 1716 6.650 120
3R31B22S3-10  0.25 1.50 248 1521 3.966 140
3R22SI1101 0.2 1.00 17.0 1350 2.050 332
3R31B22S2-3 0.25 1.00 235 1398 1.970 410
3R22S1105 0.3 0.75 193 1229 1.120 734
3R31B22S2-10 0.3 0.75 221 1276 1.118 827
3R31B22S3-9 1/1 0.60 182 1196 0.716 1,440
3R31B22S4-1 0.6 0.55 17.4 1163 0.588 1,649
3R22S1103 0.5 0.50 92 1046 0.493 2,619
3R31B22S2-4 0.75 0.50 105  107.2 0.473 3,100
3R31B22S3-3 1.25 0.40 5.2 96.9 0.309 5,100
3R22S1106 1.25/15 0.40 7.4 95.1 0.313 6,100
3R22S1104 2 0.30 0.2 86.3 0.173 12,080
3R31B22S2-8 3 0.30 0.4 87.3 0.174 16,400
3R22S1107 412 0.25 1.0 78.0 0.110 16,547
3R31B22S3-2 3 0.25 0.9 82.7 0.106 54,844
3R31B22S2-9 4 0.22 1.4 77.6 0.072 66,333
3R31B22S3-8 5 0.21 11 76.9 0.055 127,000
3R22S1102 2/4 0.20 32 71.8 0.050 34,453
3R22SI1110 2/10 0.20 6.0 73.6 0.049 52,000
3R31B22S2-7 2/4/8 0.20 2.1 79.6 0.027 637,500
3R31B22S3-7 2/4/6/10 0.19 0.9 75.6 0.024 564,600
3R31B22S3-4 2/5 0.18 18 71.1 0.028 168,780
3R31B22S3-6 2/5/10 0.17 0.76 71.5 0.008 >1,037,000
3R31B22S3-5 2/5/5/10 0.16 38 67.9 0.004 >1,112,820
3R22SI1111 2/10 0.15 3.0 61.0 0.009 77,000
3R31B22S2-5 2/5/8/2/8  0.15 0.7 64.4 0.003 >1,000,000
3R22S1109 2/8/2/8 0.13 -9.6 56.0 0.001 395,136

Note: f-frequency; Ae/2-strain amplitude; a,,-mean stress; Ao /2-stress amplitude; AWP-
plastic strain energy density per loading cycle; Ns-number of loading cycles to failure.
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Table 6 Fatigue experiments of 45° specimens under fully reversed strain-controlled

tension-compression loading.

Spec ID f Ag/2 Om Ac /2 AWP Ny

(Hz) (%) (MPa)  (MPa)  (M]/m?) (cycles)
3R45COM2 0.03 6.00 174 221.3 33.645 2.25
3R45SI1112 0.05 4.00 3.2 180.0 17.550 12
3R45S1113 0.08 3.00 27 1573 11.080 37
3R45S1109 0.1 2.00 21 1277 5.635 80
3R45SI1114 0.18 1.50 04 116.3 3.406 260
3R31B45S510 2/0.2 1.00 -1.1 104.4 1.699 560
3R45SI1101 0.2 1.00 0.7 102.9 1.654 660
3R45SI1107 0.3 0.75 12 91.8 0.989 1,060
3R31B45S09 2/0.3 0.75 -1.2 95.4 0.972 1,520
3R31B45S13 0.5 0.60 -1.0 89.5 0.667 2,140
3R31B45507 2/0.7 0.50 -04 81.7 0.483 3,220
3R45SI1102 0.5 0.50 -0.6 77.4 0.476 3,916
3R31B45504 2/1 0.40 -1.0 76.1 0.340 5,820
3R45SI1108 1 0.40 0.8 72.8 0.324 7,476
3R45SI1103 1/2.5 0.30 1.7 67.7 0.206 11,650
3R31B45S05 2/2 0.30 -0.6 72.1 0.206 18,750
3R31B45S514 2 0.25 -6.2 68.3 0.140 44,650
3R31B45516 3/4 0.22 -1.0 68.1 0.100 76,500
3R45S1104 2/4 0.20 1.6 61.2 0.077 24,500
3R31B45506 2/2/4 0.20 -1.4 64.9 0.077 42,520
3R31B45512 2/2/8 0.17 -0.7 61.9 0.040 110,900
3R45SI1110 2/10 0.15 -2.1 57.0 0.026 93,272
3R45SI1105 2/6 0.13 -0.8 50.8 0.010 98,024
3R45S1111 2/10 0.12 -1.9 49.6 0.003 133,000
3R45SI1106 2/8/2 0.11 -2.5 47.6 0.001  >1,200,000

Note: f-frequency; Ae/2-strain amplitude; o,,-mean stress; Ao /2-stress amplitude; AWP-
plastic strain energy density per loading cycle; Ns-number of loading cycles to failure.
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Table 7 Fatigue experiments of 67.5° specimens under fully reversed strain-controlled

tension-compression loading.

Spec ID f Ag/2 Om Ao /2 AWP Ny

(Hz) (%) (MPa)  (MPa) (MJ/m3) (cycles)
3R67COM5 0.03 6.00 -37.0 233.9 19.184 0.5
3R67COM3 0.05 4.00 -35.8 218.9 17.560 4
3R67S1107 0.08 3.00 -34.6 190.6 10.997 6.5
3R67S1103 0.1 2.00 -34.2 167.7 6.084 52
3R67S1108 0.18 1.50 -28.3 141.1 3.574 135
3R31B67S523 0.2 1.20 -23.8 133.9 2.619 300
3R67S1102 0.2 1.00 -23.1 121.5 1.797 260
3R31B67521 0.25 1.00 -17.1 1194 1.649 560
3R67SI105 0.3 0.75 -19.6 111.0 1.055 450
3R31B67522 0.4 0.75 -21.1 118.7 1.125 780
3R31B67508 0.5 0.60 -15.2 105.3 0.706 960
3R31B67505 0.7 0.50 -12.6 99.6 0.513 1,420
3R67S1104 0.5 0.50 -11.8 97.8 0.486 2,100
3R31B67516 1 0.45 -95 94.4 0.416 1,520
3R31B67524 1 0.42 -7.3 92.8 0.363 5,040
3R67SI1101 1 0.40 -9.0 89.8 0.317 3,700
3R31B67S17 1 0.40 -5.7 90.1 0.329 4,520
3R31B67S07 15 0.35 -3.8 84.0 0.260 4,280
3R31B67S04 2.5 0.30 -1.7 79.9 0.192 9,200
3R31B67506 3 0.25 -2.3 75.4 0.126 15,320
3R31B67513 4 0.20 -11 71.0 0.070 32,600
3R67S1106 2/4 0.20 -11 70.7 0.068 64,400
3R31B67S09 2/6 0.17 -0.6 67.1 0.036 66,950
3R31B67S14 2/5/5 0.16 -1.6 66.1 0.023 175,200
3R31B67503 2/8/8/8 0.15 -2.8 65.6 0.010 604,100
3R31B67515 5 0.145 -1.7 61.7 0.011 177,000
3R31B67518 5/10 0.145 2.1 61.8 0.011 190,000
3R31B67S519 5/10 0.135 -04 58.4 0.009 89,914
3R31B67520 2/10 0.13 -2.2 58.9 0.005 >1,370,411

Note: f-frequency; Ae/2-strain amplitude; a,,-mean stress; Ac/2-stress amplitude; AW?P-
plastic strain energy density per loading cycle; Ne-number of loading cycles to failure.
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Table 8 Fatigue experiments of 90°(ND) specimens under fully reversed strain-controlled

tension-compression loading.

Spec ID f Ag/2 Om Ac /2 AWP Ny
(Hz) (%)  (MPa) (MPa) (MJ/m3)  (cycles)
3R90COM3 0.03 6.00 -96.0 292.4 22.890 0.75
3R90COM2 0.05 4.00 -46.1 278.0 20.678 3
3R90S1104 0.08 3.00 -55.4 251.1 12.443 13
3R90SI1107 0.1 2.00 -59.3 204.2 6.031 45
3R90SI1101 0.1 2.00 -58.0 211.7 6.204 70
3R90SI1106 0.18 1.50 -62.1 184.8 3.730 60
3R31B90SS17 0.2 1.00 -54.4 163.8 1.913 140
3R31B90S03 0.2 1.00 -55.2 162.8 1.865 180
3R31B90S06 0.25 0.75 -48.0 149.4 1.134 280
3R31B90S04 0.5 0.50 -37.0 132.3 0.469 820
3R31B90S12 1 0.40 -27.0 119.7 0.269 2,300
3R31B90SS20 15 0.36 -22.7 111.8 0.208 4,195
3R31B90S02 1/2.5 0.30 -13.8 98.5 0.145 5,250
3R31B90SS19 2.5 0.25 -23.6 75.6 0.062 10,852
3R31B90S08 1/4 0.25 -3.5 91.0 0.093 12,600
3R90SI1103 4 0.20 -3.5 81.5 0.044 39,000
3R31B90S14 2/7.5 0.20 -4.3 82.6 0.039 40,560
3R31B90S01 2/8 0.17 -3.0 75.2 0.017 80,200
3R31B90S10 2/10 0.15 -2.9 67.5 0.006 161,920
3R31B90SS18 2/8 0.14 4.0 65.6 0.005 108,180
3R31B90S13 2/10/10  0.13 1.3 58.4 0.005 218,000
3R31B90S09 2/15/15  0.12 -1.1 55.4 0.002 >967,600

Note: f-frequency; Ae/2-strain amplitude; a,,-mean stress; Ao /2-stress amplitude; AW?P-
plastic strain energy density per loading cycle; Ns-number of loading cycles to failure.

The strain-life fatigue curves are shown in Fig. 6.1. An arrow after a data point denotes
an experiment without fatigue failure after more than 10° loading cycles. The stress-life

fatigue curves of the five material orientations are shown in Fig. 6.2.
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Fig. 6.1: Strain-life curves under fully reversed strain-controlled tension-compression for

rolled AZ31B alloy: () 0° (RD), (b) 22.5°, (c) 45°, (d) 67.5°, () 90° (ND), and (f) all

orientations.
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Fig. 6.2: Stress-life curves for rolled AZ31B magnesium alloy.
The strain-life fatigue curves of most metallic materials under fully reversed strain-
controlled tension-compression loading can be described by the following three-parameter

equation,

G-V =C ©)
where Ae/2 is the strain amplitude, Ny is the number of loading cycles to failure, and &,
&, and C are the constants determined by fitting the experimental data. There are two kink
points in each strain-life curve for a Mg alloy. As a result, three equations are needed to
describe the whole strain-life curve with fatigue life ranging from a few loading cycles to
over a million loading cycles. In Fig. 6.1, the kink points are denoted by black solid circles.
The stress amplitudes, strain amplitudes, and fatigue lives corresponding to the kink points

of all the five material orientations are summarized in Table 9.
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Table 9 Kink points for different material orientations.

Material Orientation, Lower Kink Point Upper Kink Point
° Ae/2, Ao /2, Ng, Ae/2, Aa/2, N,
% MPa cycles % MPa cycles

0 (RD) 0.41 144 3,680 2.07 211 200
22.5 0.52 111 2,460 1.83 165 120
45 0.75 95 1,500 1.56 118 250
67.5 0.41 92 3,770 1.35 138 230
90 (ND) 0.37 112 3,870 1.73 197 50

Note: Ae/2-strain amplitude; Ao /2 -stress amplitude; Ny -number of loading cycles to
failure.
The kink points in a strain-life curve reflect the demarcation of dominating cyclic

plastic deformation mechanisms. Earlier investigations on extruded Mg alloys tested in the
extrusion direction reveal that kink points exist in the strain-life curves that demarcate the
influence of twinning-detwinning deformation on fatigue [50,117,118]. The current study
further suggests that two kink points exist in the strain-life fatigue curve of any given
material orientation. Consistent with the previous observations, the lower kink point
signifies the involvement of persistent twinning-detwinning deformation during fatigue
loading. It can be noted in table 9 that the strain amplitude corresponding to the lower kink
point in the strain-life curve for the 6 = 45° is the highest among all material orientation.
This observation is due to that with smaller SF, twinning is more difficult to occur in the 8
= 45° specimens than the specimens of other material orientations.

When all the strain-life curves of the five material orientations are plotted together (Fig.
6.1f), the features with the kink points are lost but the presentation leads to an overall
observation: all the strain-life curves fall in a relatively narrow band. The anisotropic
fatigue properties are better reflected in the stress-life curves shown in Fig. 6.2. A glance
of the results reveals that the RD material orientation has the highest stress-life curve and

the 45° orientation has the lowest, with the results of the other three material orientations
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falling in between. Both the stress-life curves and the strain-life curves show that the
fatigue lives in the RD are longer than those in the ND at a given strain amplitude or stress
amplitude. The fatigue results in the RD and ND in the current work are consistent with
these reported earlier on a similar material [54,59]. However, a different tendency was

reported by other researchers [48,64] on a similar rolled Mg alloy.
6.2 Fatigue damage: Influence of strain amplitude and material

orientation

For all the specimens with different material orientations, fatigue cracks were initiated
from the outer specimen surface, and the process was followed by crack propagation into
the interior of the specimen till total fracture. As shown in Fig. 6.3, the three-dimensional
schematics of fracture surfaces are inserted in the strain-life curves, under strain amplitudes
taken from the three regimes divided by the two kink points. It can be seen from Fig. 6.3
that the overall fatigue cracking behavior is related to the upper kink point for all the five

material orientations.
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Fig. 6.3: Three-dimensional illustrations of the fracture profiles corresponding to selected
strain amplitudes in strain-life curves: (a) 8 = 0° (RD), (b) 6 = 22.5°, (c) 6 = 45° (d) 6 =
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67.5° (e) 6 = 90° (ND), and (f) The sample was cut along the diametric direction,
approximately following the propagation direction. The observation window is captured

near the specimen surface, below the initiation site.

The microcracks in the local area near the initiation site are characterized by SEM and
EBSD scanning to investigate the crack initiation mechanism as well as the early-stage
crack growth mode. The samples for EBSD analysis were cut along the diametrical
direction, approximately following the propagation direction. The observation window for
microcracks is located near the specimen surface, below the fatigue crack initiation site, as

indicated in Fig. 6.3f.

6.2.1 Fatigue damage at 6 = 0° (RD)

Fig. 6.4 shows the low-magnification optical microscopy images for the side view of
the fracture surface at the strain amplitudes of 3.0%, 1.0% and 0.22%. The macroscopic
fracture surfaces for 6 = 0° (RD) exhibit brittle-like features with early propagation surface
perpendicular to the loading direction, regardless of the loading magnitude. Irregular-
shaped ridge features are observed on the fracture surface. When the strain amplitude is

1.0%, multiple fatigue cracks can be observed on the specimen surface, as seen in Fig. 6.4b.

@)  Ae2=3.0% ®)  Ae2-1.0% (©)  A£2=0.22%

Fig. 6.4: Optical microscopy images for the side view of the fracture surface at the strain
amplitude of (a) 3.0%, (b) 1.0% and (c) 0.22% for 6 = 0° (RD). Red arrows show the fatigue

cracks on the specimen surface.
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Fig. 6.5 presents the SEM and EBSD characterization for the microcracks at the strain
amplitude of 3.0% for & = 0° (RD) after fatigue experiment. In Fig. 6.5a, the location of the
fatigue crack initiation is indicated in the side view of the fracture surface. Figs. 6.5b-c
present two microcracks located near the specimen surface, of which are sized 7 um and
12 um, respectively. EBSD characterization of the microstructure surrounding the
microcrack reveals that both intergranular cracking (Fig. 6.5b) and transgranular cracking
(Fig. 6.5¢) can be detected in the local area near the initiation site. From Fig. 6.5b, the
microcrack is developed at the GB between grain G1 and grain G2, where a triple joint met
by grains G1, G2, and G3 is adjoined. The misorientation angles between the neighboring
grains are 25°, 37°, and 17° for G1-G2 pair, G2-G3 pair, G3-G1 pair, respectively. This
observation indicates that the GB cracking is favorable to be initiated from the high angle
grain boundaries (HAGBS). In grain G4 as shown in Fig. 6.5c, the microcrack shows the
same alignment with the trace of (2112) pyramidal <c+a> plane, as well as the trace of
(0112) tension twinning plane which is corresponding to the T2 variant. Interestingly, the

T2 tension twin variant is observed in G4 with its tip connected to the microcrack.
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Fig. 6.5: Microcracks observed for the 0° (RD) specimen after fatigue experiment at the
strain amplitude of 3.0%: (a) Side view of the fracture surface, (b) SEM image, IPF and 1Q
map for the intergranular crack located on the GB between G1 and G2, (c) SEM image,
IPF and 1Q map for the transgranular crack located in the matrix grain G4. In the I1Q map,

grain boundaries are denoted by black lines. Tension twin boundaries are colored in blue.

The fracture surface for & = 0° (RD) specimen after fatigue experiment at the strain
amplitude of 3.0% is examined by the SEM and shown in Fig. 6.6. The overview of the
fracture surface is shown in Fig. 6.6a. The dash lines in Fig. 6.6a divide the fracture surface
into zone | and zone Il, which denotes the crack initiation region and early-stage
propagation region, respectively. The high-resolution image for zone I is shown in Fig.
6.6b, it can be observed that multiple parallel traces spreading all over this region. The
traces in the same arraying direction gathered within different individual small areas, of
which the size is also in accordance with the average grain size. Therefore, the borders of
the areas containing the same parallel traces can be presumably considered to be related to
the GBs. Accordingly, the formation of the traces can be attributed to the cyclic

deformation within the grains.
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Fig. 6.6: SEM images showing the fracture surface for the 0° (RD) specimen after fatigue
experiment at the strain amplitude of 3.0%: (a) Overview of the fatigue crack initiation
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region (zone 1) and early-stage propagation region (zone 1) at the fracture surface and (b)
High resolution image for the traces observed in Zone I. The traces are denoted by red

double end arrows.

At the strain amplitude of 1.0%, the microcracks after fatigue experiment are presented
in Fig. 6.7. As seen from the side view of the fracture surface in Fig. 6.7a, the regions of
initiation site and early-stage propagation are perpendicular to the loading direction. At the
local region near the initiation site, both intergranular and transgranular cracking can be
detected. Fig. 6.7b shows a short microcrack sized approximately 5 um located on the GB
between grain G1 and grain G2, with a misorienation angle of 38°. The fatigue damage site
is found to be on the GB attached by a tension twin tip. Our observation in Fig. 6.7b
indicates that fatigue crack initiation for fatigue at & = 0° (RD) might originate from the
HAGBs. We further elucidate the early-stage propagation behavior by examining a longer
crack sized approximately 20 um, as shown in Fig. 6.7c. The microcrack penetrates the
large matrix grain (G3) and shows good alignment with the trace of basal slip plane. The
lower tip of the microcrack is located on the GB between grain G4 and G5, with a
misorientation angle of 67°. The results in Fig. 7.3 indicate that the early-stage crack
growth is proceed by alternative routes via transgranular cracking along the basal slip

planes and intergranular cracking at HAGBs.
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Fig. 6.7: Microcracks observed for the 0° (RD) specimen after fatigue experiment at the
strain amplitude of 1.0%: (a) Side view of the fracture surface and (b,c) SEM image and
EBSD results (IPF and 1Q maps) showing the microstructural features surrounding the
microcracks. In the 1Q map, grain boundaries are denoted by black lines. Tension twin
boundaries are colored in blue. Non-co zone twin-twin boundaries are delineated in green

color.

When the strain amplitude is 0.22%, a microcrack sized within one grain is captured in
Fig. 6.8a, which is observed to be align well with the trace of basal plane in grain G1. The
microstructure in the vicinity of intermediate-sized microcrack which spans across several
grains is characterized and shown in Fig. 6.8b. It is revealed that the microcrack propagated
in either intergranular or transgranular mode. The intergranular paths were found
inhabiting on the GBs with the misorientation angles higher than 18°. The transgranular

path was found penetrating grain G2, following the basal plane.
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Fig. 6.8: Microcracks observed for the 0°(RD) specimen after fatigue experiment at the
strain amplitude of 0.22%: (a,b) Side view of the fracture surface and (b,c) SEM image and
EBSD results (IPF and 1Q maps) showing the microstructural features surrounding the
microcracks. In the 1Q map, grain boundaries are denoted by black lines. Tension twin
boundaries are colored in blue. The misorientation angles for the GBs between two

neighboring grains are embedded in the IPF map.
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6.2.2 Fatigue damage at 6 = 22.5°

For material orientation 6 = 22.5°, the overall macroscopic features of fracture surface
depend on the strain amplitude (refer to Fig. 6.3). The low-magnification optical
microscopic images for the side view of the fracture surface at the strain amplitudes of
3.0%, 0.75% and 0.25% are shown in Fig. 6.9. Under strain amplitude of 3.00%, the
fracture surface exhibits an overall shear cracking behavior, with the normal direction for
the early-stage propagation surface orientating approximately 67° to the loading direction.
When the strain amplitude is 0.75% and 0.25%, an overall brittle-like fracture surface can
be observed. Multiple fatigue cracks can be observed on the specimen surface when the

strain amplitude is 1.0%, as seen in Fig. 6.9b.

@)  A£/2=3.0% ()  A22=0.75% (©)  Ae/2=0.25%

Fig. 6.9: Optical microscopic images for the side view of the fracture surface at the strain
amplitude of (a) 3.0%, (b) 0.75% and (c) 0.25% for 6 =22.5°. Red arrows show the fatigue

cracks on the specimen surface.

At the strain amplitude of 3.0%, the side view of fracture surface after fatigue
experiment along with microcracks are presented in Fig. 6.10. The fracture surface near
the specimen surface where the initiated site located with its normal direction tilts
approximately 67° from the loading direction. Multiple microcracks can be detected at the
local region below the initiation site. These microcracks orientate the same in-plane

direction with respect to the initiation site region on the fracture surface.
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Fig. 6.10: Microcracks observed for the 22.5° specimen after fatigue experiment at 3.0%
strain amplitude: (a) SEM image captured in the area near the fracture surface, which is
sectioned by cutting the cylindrical specimen through its diameter and (b, c) SEM image
along with EBSD results (IPF and IQ maps) showing the microstructural features
surrounding the microcracks. The misorientation angles for the GBs between two
neighboring grains are embedded in the IPF maps. In the IQ map, grain boundaries are
denoted by black lines. Tension twin boundaries are colored in blue. Non co-zone twin-
twin boundaries are delineated in green color.

A short microcrack sized approximately 20 pm observed in a single grain (G1) is shown

in Fig. 6.10b. By conducting the trace analysis, it is found that the crystallographic plane
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that the transgranular crack inhabited on is the basal (0001) plane and second-order
pyramidal <c+a> (2112) plane. The microstructure in the vicinity of intermediate-sized
microcrack which spans several grains is shown in Fig. 6.10c. The microcrack propagates
in either intergranular or transgranular mode. The intergranular paths are located on the
GBs between G1-G2, G3-G4, G5-G4, and G7-G8, with the misorientation angles ranging
from 19° to 89°. The transgranular path is observed to penetrating G6, following the basal
plane. The observations in Fig. 6.10 indicate that the fatigue crack initiates from the cyclic
slip bands of basal and pyramidal<c+a> slips, and propagates in either intergranular or
transgranular mode.

As for the strain amplitude of 0.75%, the side view of the fracture surface and
microcracks observed after the fatigue experiment are indicated in Fig. 6.11. Both
transgranular cracking and intergranular cracking can be observed regardless of the applied
strain amplitude. The misorientation angles for the GBs that the intergranular paths
inhabiting on are embedded in the IPF maps. It can be observed in Figs. 6.11b-c that the
transgranular paths for both microcrack A (located in G1) and microcrack B (located in G2)

align well with the basal (0001) plane.
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Fig. 6.11: Microcracks observed for the 22.5° specimen after fatigue experiment at the
strain amplitude of 0.75%: (a) Side view of the fracture surface and (b,c) SEM image along
with EBSD results (IPF and 1Q maps) showing the microstructural features surrounding
the microcracks. The misorientation angles for the GBs between two neighboring grains
are embedded in the IPF maps. In the 1Q map, grain boundaries are denoted by black lines.
Tension and compression twin boundaries are colored in blue and red. Non co-zone twin-

twin boundaries are delineated in green color.
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Likewise, the microcrack observed after fatigue experiment at the strain amplitude of
0.25% propagates in either intergranular and transgranular mode, as shown in Fig. 6.12.
The transgranular paths in G1, G2 and G3 follows the basal (0001) plane (Fig. 6.12b). The

intergranular paths were located on the GBs with misorientation angles higher than 27°.
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Fig. 6.12: Microcracks observed for the 22.5° specimen after fatigue experiment at the
strain amplitude of 0.25%: (a) Side view of the fracture surface and (b) SEM image along
with EBSD results (IPF and 1Q maps) showing the microstructural features surrounding
the microcrack. The misorientation angles for the GBs between two neighboring grains are
embedded in the IPF maps. In the 1Q map, grain boundaries are denoted by black lines.
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6.2.3 Fatigue damage at 0 = 45°
Distinguished from the brittle-like fracture mode for 6 = 0° (RD), 67.5° and 90° (ND),
the fracture mode for 6 = 45° exhibit a shear cracking behavior at the strain amplitudes of
2.0%, 1.5% and 0.3% (refer to Fig. 6.3). The fracture surface near the specimen surface
where the initiation site located tilts approximately 45° from the direction perpendicular to
the loading direction, indicating that the fatigue crack may initiate and early propagate in
a shearing mode along cyclic slip bands. Fig. 6.13 presents the optical microscopic images

for the side view of fracture surface at the strain amplitude of 2.0%. 1.5% and 0.30%.

b)  Ae/2=1.5% (©)  Ae/2=0.30%

@)  Ae2=2.0%

Fig. 6.13: Optical microscopic images for the side view of the fracture surface at the strain
amplitude of (a) 2.0%, (b) 1.5% and (c) 0.30% for 6 = 45°.

Fig. 6.14 presents the microcrack observed for the 45° specimen after fatigue
experiment at the strain amplitude of 2.0%. From the side view of fracture surface as
indicated in Fig. 6.14a, a shear macroscopic fracture behavior can be identified near the
specimen surface. Multiple microcracks oriented approximately 45° from the loading
direction can be observed at local region below the initiation site near the specimen surface.
The region “b,c” in Fig. 6.14a is magnified in Fig. 6.14b and Fig. 6.14c and revealed by
EBSD analysis to determine the microstructure surrounding the microcracks. In Fig. 6.14b,

the transgranular microcrack penetrates grain 1(G1) and grain 2 (G2) orientated 45° from
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the loading direction. Three different tension twin variants are activated in G1 and G2.
Noticing that the lower tip of the microcrack is connected to the tension twin boundary of
T2 in G1, while the upper tip of the microcrack coincided to be located on the non-co-zone
twin-twin boundaries between T4 and T5 in G2. By conducting the trace analysis for G1,
it was interesting to find that the habit plane of the microcrack is the basal (0001) plane
with SF as high as 0.4755, and the pyramidal <c+a> (2112) plane with SF of 0.3520. A
longer crack with length of 50 pm is shown in Fig. 6.14c. The microcrack propagates in
either intergranular or transgranular mode. For the transgranular cracking in G3, the trace
analysis is conducted to determine the crystallographic plane that the crack inhabits on. It
turns out that both the basal slip plane and the pyramidal <c+a> (1122) plane coincides
with the microcrack well. We conclude that the microcrack is likely nucleated from the
local damage induced by the basal and pyramidal <c+a> slips and impingement damage of

tension twins.
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Fig. 6.14: Microcrack observed for the 45° specimen after fatigue experiment at the strain
amplitude of 2.0%: (a) SEM image captured in the area near the fracture surface, which is
sectioned by cutting the cylindrical specimen through its diameter and (b, ¢) SEM image
along with EBSD results (IPF and 1Q maps) showing the microstructural features
surrounding the microcracks. The trace of pyramidal <c+a> (2112) plane for G1 and the

trace of pyramidal <c+a> (1122) plane for G3 are embedded in (b) and (c), respectively.
When the strain amplitude is 1.5%, the microcracks after fatigue experiment are shown
in Fig. 6.15. Similar to the case at the strain amplitude of 2.0%, the fracture surface of
specimen at 1.5% strain amplitude also comprises of shear cracking behavior near the
specimen surface, as shown in Fig. 6.15a. A short microcrack sized approximately 10 um
observed in a single grain is shown in Fig. 6.15b. As viewed in the IPF and 1Q maps,
pronounced tension twins are developed in a single grain and connected with tension twin
and compression-tension (C-T) double twin. Different from the case with strain amplitude
of 2.0%, the trace of the microcrack in Fig. 6.15b only coincides with the basal (0001)

plane. It can be concluded that the microcrack is likely nucleated from the local damage
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induced by the impingement of tension and/or double twin on the basal slip bands. For the
early stage propagation path, both transgranular cracking and intergranular cracking can
be observed in Fig. 6.15c. The transgranular cracking is along the basal plane penetrating

G2. The intergranular cracking is observed to be located on the GBs.
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Fig. 6.15: Microcracks observed for the 45° specimen after fatigue experiment at 1.5%: At
the strain amplitude of 1.5%, (a) side view of the fracture surface and (b,c) SEM image
along with EBSD results (IPF and 1Q) maps) showing the microstructural features

surrounding the microcracks.

As for the strain amplitude of 0.3%, the side view of the fracture surface and fatigue
microcrack is presented in Fig. 6.16a. Shear cracking can be observed near the specimen
surface on the right side in Fig. 6.16a. Short and long cracks with the lengths ranging from
10 um to 150 um are observed at the local region near the specimen surface. From Fig.
6.16b, a microcrack with length of 10 um is located inside the matrix grain following the
basal plane. By examining a large microcrack spanning over several grains (Fig. 6.16c¢),

the propagation path is both transgranular and intergranular. The misorientation angle
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distributions for the GBs where the microcrack propagates along with is also shown in Fig.
6.16c. A fraction peak is located at the angles between 30° and 35°. It is suggested that for
the 45° specimen at small strain amplitude of 0.3%, the fatigue crack is induced by basal

slips and tends propagate along the GBs and basal planes.
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Fig. 6.16: Microcracks observed for the 45° specimen after fatigue experiment at 0.30%:
(a) Side view of the fracture surface and (b,c) SEM image along with EBSD results (IPF

and 1Q) maps) showing the microstructural features surrounding the microcracks.

In summary, for material orientation 6 = 45°, transgranular cracking can be observed
regardless of applied strain amplitude. When the strain amplitude is 2.00% the
transgranular cracking is induced by both basal and pyramidal <c+a> slips. While when
the strain amplitude is 1.5% and 0.3%, the transgranular cracking is induced by only basal
slip.

6.2.4 Fatigue damage at 6 = 67.5°
Fig. 6.17 shows the low-magnification optical microscopic images for the side view of

the fracture surface at the strain amplitudes of 3.0%, 0.75% and 0.20% for 6 = 67.5°. The
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fracture surface is oriented with normal direction tilting approximately 20° from the
loading direction at the strain amplitude of 3.0%, as seen in Fig. 6.17a. When the strain
amplitude is 0.75% and 0.20%, the fracture surface is oriented perpendicular to the loading

direction (refer to Figs. 6.17b-c).

@)  Ae2=3.0% (b) Ae/2=0.75% (©) A£/2=0.20%

Fig. 6.17: Optical microscopic images for the side view of the fracture surface at the strain
amplitude of (a) 3.0%, (b) 0.75% and (c) 0.20% for 6 = 67.5°.

As for 6 = 67.5°, the microcracks after fatigue experiments at the strain amplitude of
3.0%, 0.75% and 0.20% are presented in Fig. 6.18. When the strain amplitude is 3.0%, the
side view of the side view of the fracture surface is shown in Fig. 6.18a, together with the
microcracks observed near the specimen surface presented in Fig. 6.18b and Fig. 6.18c.
The EBSD characterization for the micro-crack in Fig. 6.18b indicates that the fatigue
damage initiated from the grain boundary between two neighboring grains with
misorientation angle of 51°. From Fig. 6.18c, the microcrack propagates in either
intergranular or transgranular mode. The intergranular cracking is inhabited on the grain
boundaries with misorientation angles ranging from 19° to 35°. The transgranular cracking
penetrates grainl (G1) along the cyclic slip band. The crystallographic plane where
transgranular cracking inhabited is revealed by conducting the trace analysis. For Grain 1,

the traces of both the basal plane and pyramidal <c+a> (2112) show the same alignment
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with the microcrack. It can be concluded that the transgranular crack propagation inhabits

on the basal or pyramidal <c+a> plane.

SR S Katigweat 0 =675 3. W% - conisncysvaianss
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Fig. 6.18: Microcracks observed for the 67.5° specimen after fatigue experiment at 3.0%:
(a) Side view of the fracture surface and (b,c) SEM image along with EBSD results (IPF
and 1Q) maps) showing the microstructural features surrounding the microcracks.

When the strain amplitude is 0.75%, the fracture surface including the region of
initiation cite is perpendicular to the loading direction (refer to Fig. 6.19a). The microcrack
is observed to be located on the triple joint of three neighboring grains, with misorientation
angle of two neighboring grains ranging from 15° to 23°. Another longer microcrack is
found to be located on the GBs with misorientation angles larger than 23°. This finding
indicates that the fatigue crack initiates and propagates from the GBs. No transgranular

cracking is found under this strain amplitude. As for the strain amplitude of 0.20%, the
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fatigue crack propagation mode is found to be pure intergranular, as evidenced in Fig. 6.20,
with misorientation angles ranging from 16° to 39°.
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Fig. 6.19: Microcracks observed for the 67.5° specimen after fatigue experiment at 0.75%:
(a) Side view of the fracture surface and (b,c) SEM image along with EBSD results (IPF
and 1Q) maps) showing the microstructural features surrounding the microcracks.

Fig. 6.20: Microcrack observed for the 67.5° specimen after fatigue experiment at 0.20%:
SEM image along with EBSD results (IPF and 1Q) maps) showing the microstructural

features surrounding the microcrack.
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6.2.5 Fatigue damage at 6 = 90° (ND)

The fracture surfaces obtained from fatigue experiments at 6 = 90° (ND) exhibit brittle-
like features with fracture surface perpendicular to the loading direction (Z-axis),
regardless of applied strain amplitude. Fig. 6.21a presents the side view of fracture surface
together with microcracks observed for the 90° (ND) specimen after the fatigue experiment
at 3.0% strain amplitude. The sample was cut along the diametric direction, approximately
following the propagation direction. The fatigue crack initiation site is on the right side of
the side view as being indicated in Fig. 6.21a. The observation window for the microcrack
is captured near the specimen surface, below the initiation site. Multiple microcracks were
detectable at local regions near the specimen surface. Two featuring regions, namely ‘b’
and ‘c’, were focus and magnified, as illustrated in Fig. 6.21b and Fig. 6.21c, respectively.

0=90°(ND) 3.00% oo e
Microcrackinitiation
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Fig. 6.21: Microcracks observed for the 90° (ND) specimen after fatigue experiment at 3.0%
strain amplitude: (a) SEM image captured in the area near the fracture surface, which is
sectioned by cutting the cylindrical specimen through its diameter and (b, c) SEM image
along with EBSD results (IPF and 1Q maps) showing the microstructural features

surrounding the microcracks, the misorientation angles on the grain boundaries between
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two neighboring grains are embedded in the IPF maps. The trace of the (1122) plane for
G1 is also presented in the SEM image in Fig. 6.21c.

In order to clarify the fatigue crack initiation mode, the microstructure in the vicinity
of a short microcrack sized approximately 50 um passing along two grains is characterized
in Fig. 6.21b. As viewed in the IPF and 1Q maps in Fig. 6.21Db, limited residual twins are
developed in the grains. Further EBSD characterization reveals that the microcrack is
located on the grain boundaries. The misorientation angles between two neighboring grains
are embedded in the IPF map. The result indicates that the fatigue crack is favorable to be
originated from high angle grain boundaries (HAGBs) with misorientation angles higher
than 30°. To further elucidate the crack propagation mode, in particular during the early-
growth stage, we characterized the microstructure in the vicinity of intermediate-sized
microcrack which spans several grains, as shown in Fig. 6.21c. It is revealed that the
microcrack propagated in both intergranular and transgranular mode, spanning over eight
grains, namely from “Grainl (G1)” to “Grain 8 (G8)”. For the intergranular cracking along
the GBs between “G3-G4”, “G5-G4”, “G6-G7”, “G8-G7” pairs, the misorientation angles
between two neighboring grains are ranging from 32° to 47°. Transgranular propagation
mode is observed in G1 and G2. Noting that no twin boundary cracking was detected after
fatigue experiment. To further identify the crystal plane on which microcrack propagates,
trace analysis is conducted by comparing the projection of crystallographic plane with the
projection of the microcrack. As indicated in Fig. 3c, the trace of second-order pyramidal
<c+a> (1122) plane shows the same alignment with the microcrack for Grainl, with the
Schmid factor (SF) value as high as 0.4827. For grain 2, the trace of basal (0001) plane

shows the same alignment with the microcrack. This finding indicates that the transgranular
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crack propagation inhabits on the basal or pyramidal <c+a> plane. The fatigue damage is
induced by the stress concentration on the persistent slip bands formed by the accumulated
basal slips and pyramidal slips during cyclic loading.

Fig. 6.22 presents the microcracks for the 90° (ND) specimen at 1.0% strain amplitude.
When the strain amplitude is 1.0%, Fig. 6.22a shows the SEM images and EBSD results
for a microcrack from a specimen which was fatigue tested after 60%Nys. Several fatigue
cracks were detected on the specimen surface. The sample for EBSD analysis was cut along
the diametrical direction, passing through one major fatigue crack. The microcrack in Fig.
6.22a with a length of 30 um is located on the GBs with misorientation angles ranging from
21°to 40°. The fatigue damage after fatigue failure at the strain amplitude of 1.0% is
indicated in Figs. 6.22(b-d). As shown in Fig. 6.22b, brittle-like features with fracture
surface perpendicular to the loading direction is exhibited. The microstructure in the
vicinity of microvoid near the specimen surface is characterized in Fig. 6.22c. It can be
concluded that the microvoid is initiated from the triple joint of Grainl (G1), Grain2 (G2)
and Grain3 (G3), and developed at the GB between G2 and G3. The misorientation angles
between the neighboring grains are 33°, 41° and 38° for G1-G2 pair, G2-G3 pair and G1-
G3 pair. In Fig. 6.22d, the fatigue crack propagation mode is found to be pure intergranular.
The histogram for the misorientation angles of GBs where the fatigue crack located on is

also shown in Fig. 6.22d. A fraction peak is located at the angles between 15° and 20°.
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Fig. 6.22: Microcracks observed for the 90° (ND) specimen at the strain amplitude of 1.0%:
(a) SEM image with EBSD results for the microcrack after 60%Ns, (b) side view of the
fracture surface after fatigue experiment and (c,d) SEM image along with EBSD results
(IPF and 1Q maps) showing the microstructure features surrounding the microcracks after

fatigue experiment.

At the strain amplitude of 0.14%, only microcracks with lengths larger than 50 um are
detectable, since the fatigue damage has been thoroughly developed during the high
loading cycles at small strain amplitude. The microstructure surrounding a microcrack with
length of 80 um is revealed by EBSD analysis as indicated in Fig. 6.23. The misorientation
angle distributions for the GBs where the microcrack propagates along with is also shown
in Fig. 6.23. A fraction peak is located at the angles between 15° and 20°, and the angles

between 50° and 55°.
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Fig. 6.23: The SEM image with EBSD results for Microcrack observed for the 90° (ND)
specimen at the strain amplitude of 0.14, as well as the distribution of misorientation angles

for the GBs between two neighboring grains where the fatigue crack located on.

To summarize, for material orientation 6 = 90°, the fatigue crack initiates from GB
regardless of loading magnitude. However, the applied strain amplitude can influence the
fatigue crack early-stage propagation behavior. When the strain amplitude is 3.0%, both
intergranular and transgranular cracking can be observed and the transgranular cracking is
induced by both basal and pyramidal <c+a> slips. When the strain amplitude is 1.0% and
0.14%, only intergranular cracking can be observed. The intergranular cracking tends to
located on the HAGBs with misorientation angles larger than 15°. No twin boundary
cracking is detected.

The material orientation of 6 = 67.5° exhibit similar fatigue damage initiation and early
stage propagation behavior as 6 = 90° (ND). However the macroscopic fracture feature for
this two material orientation is slightly different when the strain amplitude is 3.0% (above
the upper kink point). Comparing with the ND with fracture surface perpendicular to the

loading direction, the fracture surface of 6 = 67.5° oriented with normal direction tilting
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approximately 20° from the loading direction. It is important to note that the transgranular
cracking is inhabited on the basal plane or pyramidal <c+a> plane, resulting in the preferred
macroscopic propagation direction for 6 = 67.5° and 90° (ND). For 6 = 90° (ND), the
majority of the texture has basal planes perpendicular to the loading direction, leading to
the preferred macroscopic propagation direction perpendicular to the loading direction.
However, for 6 = 67.5° with c-axis of texture tilting by approximately 20° from the loading
direction, thus the transgranular cracking path will be oriented with approximately 22° from

the direction perpendicular to the loading direction.
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6.3 Summary

A comprehensive experimental study of the material orientation effect on the fatigue

properties of a rolled AZ31B Mg alloy was performed with fully reversed strain-controlled

tension-compression fatigue experiments in five material orientations with fatigue lives

ranging from few loading cycles to over 10° cycles. The following conclusions can be

drawn from the study,

1)

2)

3)

Overall, the strain-life fatigue curves of all the five material orientations fall in a
relatively narrow band. Anisotropic fatigue properties are reflected in the stress-life
curves. The RD material orientation has the highest stress-life curve and the 45°
orientation has the lowest.

The loading magnitude and material orientation affects the macroscopic fracture
features at the initiation and early-stage propagation region on the fracture surface.
Fatigue at 8 = 0° (RD), 67.5° and 90° (ND) results in brittle-like fracture surfaces, while
fatigue at 6 = 22.5° and 45° displays shear macroscopic cracking behavior at the local
region. The overall fatigue cracking behavior is related to the upper kink point for all
the five material orientations.

For 8 = 67.5° and 90°(ND), grain boundary microcrack initiation is persistent under
three different strain amplitudes. However, the early stage microcrack propagation
modes are dependent on the cyclic loading amplitude. Transgranular cracking only
occurs when the strain amplitude is above the upper kink point, which is induced by
the basal and non-basal cyclic slip bands. Grain boundary cracking exists regardless of

the strain amplitudes. No twin boundary cracking is identified.
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4) For 6=6=0°(RD), 22.5° and 45°, both intergranular and transgranular crack growth
modes exist at different loading amplitudes. However, the mechanism of early-stage
transgranular crack propagation are different at high and low strain amplitudes. When
the strain amplitude is above the upper kink point, the transgranular cracking inhabits
on both basal slip bands and non-basal slip bands. As for the strain amplitude below

the upper kink point, the transgranular cracking is only induced by basal slip.
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7 Conclusions

In the current research, monotonic tension, monotonic compression, and cyclic fully
reversed strain-controlled tension-compression experiments were carried out on rolled
AZ31B Mg alloy specimens taken from five different material orientations: 6 = 0°, 22.5°,
45° 67.5° and 90° with respect to the rolled direction (RD). & denotes the angle between
the axial direction of the testing specimen and the rolled direction of the material. The
monotonic deformation and fracture, cyclic deformation and fatigue behavior, as well as
detailed associated orientation-dependent microscopic mechanisms are comprehensively
studied for the first time in five material orientations. Based on the experimental results,
major conclusions are drawn as follows:

1. For the static properties, the elastic limit under tension is identical to that under
compression for any given material orientation with the highest to lowest following the
order 0°(RD), 90°(ND), 67.5°, 22.5°, and 45°. The ultimate strength and true fracture
strength are higher under compression than these under tension for a given material
orientation. The true fracture stress and ductility are the highest in the RD (0°).
Significant tension-compression asymmetry can be identified in the stress-strain curves
due to the strong texture. Microyielding is induced by the activation of basal slips.

2. The material orientation affects the macroscopic fracture behavior under monotonic
tension. Tension at @ = 0°, 67.5, and 90° results in irregular-shaped brittle-like features
composed of ridges and islands. While tension at 8 = 22.5° and 45 ° displays flat shear

fracture behavior.
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3. The microstructural origins of brittle-like cracking are different between the case of
tension at # = 0° and that of tension at 6 = 67.5° and 90°. Twin boundary cracking in
compression and/or compression-tension double twins is commonly detected in tension
at & = 0° whereas high-angle grain boundary cracking, which is facilitated by the
impingements of tension-compression-tension tertiary twins and the none co-zone
twin-twin boundaries, acts as the crack initiation mode in tension at 8 = 67.5° and 90°.
Crack initiation under tension at 8 = 22.5° and 45° is originated from shear deformation
in the basal slip bands at local damages induced by impingement of tension,
compression and/or compression-tension twins. Crack extension is driven by localized
shear deformation in basal slip bands which can be transmitted across neighboring
grains, resulting in a final crack path following basal plane traces.

4. The strain-life fatigue curve of any given material orientation is characterized by two
kink points. The cyclic stress-strain hysteresis loop is symmetric when strain amplitude
is lower than the lower kink point. When the strain amplitude is in between the upper
and lower kink points, the asymmetric stress-strain hysteresis loop contains one
inflection point which signifies completion of detwinning and start of non-basal slips.
When the strain amplitude is higher than the upper kink point, the stress-strain
hysteresis loop tends to be symmetric with both upper and lower branches having a
sigmodal shape. Cyclic hardening is proportional to the loading amplitude and is
observed for all the five material orientations when the strain amplitude is higher than
the lower kink point. Positive mean stresses are shown in the 8 < 45" material
orientations and compressive mean stresses are found in the 6 > 45" material

orientations. The 8 = 45" material orientation has virtually zero mean stresses.
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5. Significant anisotropy is exhibited in the detailed plastic deformation. For the material
orientation 6 # 45° the deformation mechanism exhibits a pronounced tension-
compression asymmetry, which is reflected by the different evolution behavior of
elastic limit range on the tension and compression reversals, with respect to the number
of loading cycles and loading magnitude. The value of elastic limit range on the loading
reversals which is favorable for detwinning, is intrinsically related to the twin volume
fraction at the peak stress prior to the loading reversal. A strong material dependence
can be observed in the elastic limit range during cyclic loading, revealed by its highest
value at @ = 0° and lowest value at 6 = 45°.

6. For the material orientation 6 = 45°, the values of elastic limit range on the tension and
compression reversals are approximately identical irrespective of the number of
loading cycles and loading magnitude. Twinning occurs in one group of grains and
simultaneously detwinning occurs in another group of grains during loading and during
reversed loading. The Schmid factor for twinning is statistically low in the 45
orientation specimens, thus low percentage of grains favorable for twinning, as
compared with the other material orientations. Consequently, the strain amplitude
corresponding to the lower kink point in the strain-life fatigue curve in the 45" material
orientation is the highest among all the material orientations.

7. As for the fatigue properties, the strain-life fatigue curves of all the five material
orientations fall in a relatively narrow band. The strain-life fatigue curve of any given
material orientation is characterized by two kink points. Anisotropic fatigue properties
are reflected in the stress-life curves. The RD material orientation has the highest stress-

life curve and the 45" orientation has the lowest.
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The loading magnitude and material orientation affects the macroscopic fracture
features at the initiation and early-stage propagation region on the fracture surface.
Fatigue at = 0° (RD), 67.5° and 90° (ND) results in brittle-like fracture surfaces, while
fatigue at 6 = 22.5° and 45° displays shear macroscopic cracking behavior at the local
region.

For 6 =0°(RD), 22.5° and 45° both intergranular and transgranular crack growth modes
exist at different loading amplitudes. However, the mechanism of early-stage
transgranular crack propagation are different at high and low strain amplitudes. When
the strain amplitude is above the upper kink point, the transgranular cracking inhabits
on both basal slip bands and non-basal slip bands. As for the strain amplitude below
the upper kink point, the transgranular cracking is only induced by basal slip.
Pertaining to the fatigue damage for # = 67.5° and 90° (ND), grain boundary microcrack
initiation is persistent under three different strain amplitudes. However, the early stage
microcrack propagation modes are dependent on the cyclic loading amplitude
Transgranular cracking only occurs when the strain amplitude is above the upper kink
point, which is induced by the basal and non-basal cyclic slip bands. Grain boundary
cracking exists regardless of the strain amplitudes. No twin boundary cracking is

identified.
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