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ABSTRACT

Magnesium (Mg) alloys have received great attentions in the past several decades,
due to their unique properties of low density, high strength-to-weight ratio, and high
specific stiffness. Previous work on fatigue behavior of Mg alloys typically relies on ex
situ  microstructural characterization and crack-growth monitoring with replica
techniques. The primary challenge is thus the lack of an in situ, non-destructive
measurement on microstructural length scales, which prevents us from linking the stress
analyses (top-down point of view) to the failure mechanisms on inter- and intra-granular
scales (bottom-up point of view). A unique opportunity that resolves many of these
difficulties and challenges is provided by in situ neutron and synchrotron X-ray
diffraction methods, which provide the unprecedented information on inter- and intra-

granular deformation characteristics at different length scales from mm to sub-pm.

The primary objective aims to identify deformation mechanisms during strain-
path changes, low-cycle fatigue, and fatigue crack growth tests of Mg alloys from in-situ
diffraction and micromechanical studies. We took advantage of the state-of-art VULCAN
engineering materials diffractometer of Spallation Neutron Source (SNS), Oak Ridge
National Laboratory (ORNL) to achieve the real in-situ neutron diffraction measurement.
Instead of the “traditional” step loading method, the neutron diffraction measurements
were performed under continuous loading condition at a slow loading rate, which
provided the detailed information related to the plastic deformation dynamics of the
wrought magnesium alloy. Full-field mapping around fatigue cracks can be performed at
ISIS facility, Rutherford Appleton Laboratory, UK. The multiscale nature of deformation
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near the fatigue crack tip permits a scale-bridging modeling method. Moreover, the
twinning and detwinning behavior in an individual grain inside a polycrystalline wrought
Mg alloy has been investigated using sub-micron level synchrotron X-ray microbeam
diffraction at 341D-E, Advanced Photon Source (APS), Argonne National Laboratory

(ANL), USA.

Critical issues lie on the deformation dynamics, twinning-detwinning behavior at

the grain level, and fatigue crack growth mechanisms.

The principal outcome of this research will be the improved microstructural level
understanding on deformation dynamics and fatigue mechanisms with which materials

scientists can improve the practical applications of Mg alloys.
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CHAPTER 1
INTRODUCTION AND GENERAL INFORMATION

Magnesium (Mg) alloys draw great attention to the science and engineering
societies and industries, due to the combined properties of low density (2/3 that of
aluminum and 1/4 that of iron), high strength-to-weight ratio, and high specific stiffness
[1-5]. Mg alloys have a great potential to reduce the vehicle weight, fuel consumption,
and greenhouse-gas emissions. At present, cast Mg alloys take a predominant position
over wrought ones, in view of their high productivity, good surface quality, and
acceptable dimensional precision. The cast Mg alloys can be used as parts on mechanical
systems of automobiles, such as steering wheels, seats, instrument panels, gear boxes, air-
intake systems, gearboxes housings, stretchers, tank covers, etc. [5, 6]. Moreover, Mg
alloys can be employed as canning materials at the nuclear-power stations [7]. However,
the structural components made from wrought alloys have much greater advantage over
cast alloys, since the mechanical properties, including the fatigue resistance, of wrought
alloys are better than cast alloys [8-12]. Moreover, most of the wrought Mg alloys are
heat treatable [13-17]. Therefore, the mechanical properties can be further improved by
adjusting the heat-treatment parameters. Furthermore, because wrought Mg alloys are
basically defect-free, the research on wrought Mg alloys may shed light on uncovering
the intrinsic plastic deformation and fatigue mechanism of hexagonal-close-packed

(HCP) structured polycrystalline metals [18].



1.1 Objectives

The primary objective aims to investigate the deformation dynamics, low-cycle

fatigue mechanisms, and fatigue crack growth mechanisms of Mg alloys from in situ

diffraction and constitutive modeling. This study allows us to achieve the improved

fatigue resistance by tuning the texture, plastic anisotropy, and loading/crack orientations.

Thus, materials of interests include commercially available rolled AZ31B Mg alloys. The

synergy between experiments and modeling is focused on the following two scientific

keywords:

1)

(2)

Plastic Anisotropy: Yield and flow characteristics of Mg alloys are very sensitive
to the polar nature of twin deformation, texture, and thus loading directions and
stress multiaxiality. Neutron and synchrotron X-ray diffraction experiments
provide the inter- and intra-granular strains, as well as texture evolution
information, which can be directly compared with the combination of elastic-
viscoplastic self-consistent (EVPSC) polycrystal model with the newly-developed
twinning and de-twinning (TDT) model that treats slip and twin explicitly. Such
micromechanical comparisons will validate their predictive capabilities for
deformation dynamics, especially, the twinning-detwinning behavior, in HCP-

structured Mg alloy.

Fatigue resistance: The low-cycle fatigue and fatigue crack growth behavior can
be investigated using in situ diffraction techniques to connect the macroscopic

fatigue behavior with microscopic response in a grain level.



The principal outcome of this research will be a microstructural level
understanding with which materials scientists can improve the practical applications of
Mg alloys. It can also have profound impacts on deformation and failure studies of

advanced structural materials.

1.2 Outline of the Research

Although significant advances have been developed in fatigue mechanics [19-21],
most of previous studies on fatigue performance of wrought Mg alloys rely on
mechanical testing, microstructural characterizations, and fractography using optical and
electron microscopes, and crack growth monitoring with replica techniques, among many
others [8, 22-33]. These studies result in a limited knowledge on the real-time
relationship between the macroscopic mechanical behavior and microscopic mechanisms.
In situ investigations such as the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) [29-34], or electron backscatter diffraction (EBSD) [26-28,
35-37], however, are limited to surface or thin-film information. Consequently, our
limited knowledge of material lifetime and failure mechanisms place the ultimate
restrictions on technological viability of this class of light-weight materials. : A
comparison of literature and proposed work on the study of Mg alloys is illustrated in

Fig. 1.1.

A unique opportunity that resolves many of the above difficulties and challenges
lies on the in situ neutron and synchrotron X-ray diffraction techniques. These advanced
nondestructive tools offer us a great opportunity to establish the relationship between

macroscopic properties and microstructural mechanisms, including the unprecedented
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information on: (i) lattice strain evolution, which relies on intergranular interactions and

thus illustrates the deformation anisotropy at the grain scale, (ii) intragranular strains

from the line profile analysis that provides the information on dislocations and twin

fractions, and (iii) texture evolution from the peak intensity development. Consequently,

the following advantages can be taken to investigate the plasticity and fatigue

mechanisms of Mg alloys (the schematic is presented in Fig. 1.2):

1)

()

A recent advancement of our collaborative effort with the Spallation Neutron
Source (SNS) at the Oak Ridge National Laboratory (ORNL) enables the real-
time, in situ neutron diffraction measurements under continuous loading
conditions utilizing the state-of-the-art VULCAN Engineering diffractometer [38-
40]. These capabilities are of critical importance in understanding the lattice
strains and texture evolution. The effect of initial texture and previous
deformation history on plastic deformation of a wrought AZ31B Mg alloy under

monotonic tension/compression will be addressed.

In situ measurements of the twinning-detwinning behavior at a grain level has not
been fully explored. The previous techniques cannot provide the information
within grains, since they provide an average of all grains which contribute to a
given diffraction peak based upon the Bragg condition. By employing the cutting-
edge three-dimensional (3D) X-ray microbeam diffraction technique at Advanced
Photon Source (APS), Argonne National Laboratory (ANL) [41, 42], the study of
the reorientation, intragranular strain, and twin evolution within individual grains

become feasible. The investigation of twinning-detwinning behavior in a single
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(3)

(4)

(5)

grain inside a polycrystalline wrought AZ31B Mg alloy will be performed in-situ

during monotonic compression-tension.

The effect of initial texture, strain amplitude, and deformation history on uniaxial
low-cycle fatigue behavior of a wrought AZ31B Mg alloy will be studied using
real-time in-situ neutron diffraction under continuous loading condition at

VULCAN, SNS, ORNL.

The combination of neutron and synchrotron X-ray techniques allows different
investigation windows at microstructure and sub-grain scales. To this end, neutron
and synchrotron X-ray diffraction [43-50] have been successfully employed in
research on wrought Mg alloys. However, these studies are only limited to simple
stress states and monotonic loadings. The effect of initial texture and a single
overload on fatigue crack growth behavior of a wrought AZ31B Mg alloy will be

investigate using in-situ neutron diffraction.

The combination of elastic-viscoplastic self-consistent (EVPSC) polycrystal
model with the newly-developed twinning and de-twinning (TDT) model will be
applied for interpreting the real-time in-situ neutron diffraction data from uniaxial

tension/compression and low-cycle fatigue.



CHAPTER 2
LITERATURE REVIEW

2.1 Deformation Mechanism in Mg

2.1.1 Deformation systems in Mg

According to the Von Mises criterion, in order to achieve arbitrary homogenous
deformation for polycrystalline materials, five independent slip systems are necessary. In
principle, magnesium possesses five independent slip systems, as shown in Fig. 2.1. Two
independent basal-slip systems in the close-packed direction 1/3<11.0> or <a> on the
basal {00.2} plane usually were referred as primary deformation mode in Mg. The
incorporation of non-basal-slip systems, <a> on a prismatic {10.0} plane, <a> on the first
order pyramidal {10.1} plane, and the second order pyramidal <c + a> slip system
{11.2}<11.3> offer three more independent slip systems [47, 51-53]. It should be pointed
out that the <c + a> slip system is the only one, which is capable of accommodating
strains along the crystallographic <c> direction. However, it is difficult to activate at
room temperature due to the high critical resolved shear stress (CRSS) [54]. On the other
hand, the mechanical twinning offers an additional independent deformation mode to
satisfy the Von Mises criterion, but in a limited sense, due to their unidirectional nature

and their limited strain accommodating ability.

2.1.2 Deformation twinning in Mg

Unlike dislocation slip, deformation twinning is a polar (unidirectional
deformation) by its nature, thus, the shear can only occur in one direction rather than
opposite direction [47, 55, 56]. Twinning modes in HCP metals are distinguished by their
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ability to produce either tensile or compressive strain along the crystallographic c-axis,
but not both. A single twin system can only operate once in a given sample volume
unless the strain path is changed. Depending upon the c/a axial ratio, HCP twinning

modes may be either tensile or compressive.

Because the c/a axial ratio of Mg is 1.624 <+/3, the most prominent twinning in HCP Mg
alloys is {10.2}<10.1> tensile twinning (or extension twinning), which results in a tensile
strain parallel to the c-axis (a basal pole) or a compression strain perpendicular to the c-
axis (a basal pole) [45, 57-59]. Therefore, {10.2}<10.1> tensile twinning in Mg will
operate efficiently as tension along the c-axis or compression perpendicular to the c-axis,
as presented in Fig. 2.2(a). The tensile twinning will results in a sudden re-orientation of
matrix lattice approximate 86.3°, as demonstrated in Fig. 2.2(b). When the tension
direction parallel to the c-axis at room temperature, the <a> dislocation slip cannot
operate, which makes the tensile twinning the only active deformation mode providing
the straining along c-axis. The unfavorable grains for slip can be re-orientated into a
favorable orientation, because of the tensile twinning. In polycrystalline Mg alloys, the
tensile twinning is activated during the deformation of randomly textured cast materials
at high strain rate and low-temperature, and when uniaxial compression is applied along
the extrusion direction of extrusion, or along a direction in the rolling plane of plate or

sheet [60-62].

Contraction twinning, including {10.1}<10.2> and {10.3}<10.2> twins, can
accommodate compression along the c-axis [40, 61, 63-65]. It is activated when there is a

compression strain component parallel to the basal pole or when extension is applied
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perpendicular to the basal pole, which results in a lattice rotation (approximately 56.2°)

towards a more favorable orientation for basal glide, as shown in Fig. 2.3(b).

In addition to primary twinning, secondary twinning can take place within the
reoriented primary twins, mainly because a stress state that favors the nucleation of
primary contraction twinning will also support secondary extension twinning within the
primary twin domain, i.e., the orientation of contraction twinning, {10.1}<10.2> or
{10.3}<10.2>, favors the subsequent extension twinning, {10.2}<10.1> [36, 37, 66]. The
schematic of double-twinning systems in Mg is illustrated in Fig. 2.3(c), (d), and (e). For

{10.1}-{10.2} double twinning, the basal planes are reoriented at an angle of 37.5°

around <12.0 >direction from their original positions in the untwined matrix. Similarly,

for {10.3}-{10.2} double twinning, the basal plane rotates an angle of 29.7° around

<12.0 >direction. The combination of twinning operations found in double-twins lead to
36 possible final twinned orientations for a given initial orientation, which can be further
categorized into four geometrically equivalent types. An important consequence of
double-twinning is that the basal plane is reoriented to facilitate the slip, which causes
crystallographic softening within the compression twins. The {10.1}-{10.2} double
twinning in polycrystalline Mg alloys might result in the premature shear failure, due to
the strain softening and localized void formation. Besides the primary contraction-
secondary extension twins, {10.1}-{10.2} and {10.3}-{10.2} double twinning, {10.2}-

{10.2} double-tensile-twinning has been observed by other researchers [36].

Because deformation twins grow so fast, the nucleation structure is difficult to

observe experimentally. The research subject to the deformation twinning nucleation and
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growth in HCP structured Mg is very limited. Very recently, Yu and co-workers [34]
reported the origin of deformation twinning in a [00.2]-orientated single crystal Mg pillar,
as demonstrated in Fig. 2.4(a), prepared by focused ion beam (FIB), employing in-situ
TEM observations with unprecedented spatial resolution. It found that a large amount of
{10.2} extension twins were initiated during tension tests, accompanying with a sudden
load drop. After the formation of nanotwins, in Fig. 2.4(b), an obvious strain hardening
was presented, due to a large number of nanotwin boundaries serve as obstacles for the
dislocation motion. However, the nucleation of a single {10.1} contraction twins during
compression initiated from the corner of the contact surface between the sample and the
indenter. Then, this single twin grew gradually as the stress increased continuously until
the twin extended across the entire width of the pillar. It results in the strain softening
resulting from fully accommodated dislocation activity and the escape of dislocations at

the surfaces, in Fig. 2.4(c).

Nucleation and growth of twins are affected by metallurgical conditions like
temperature, strain rate, grain size, prestrain and precipitates [58, 67, 68]. Generally
speaking, small grain size suppresses twinning nucleation [69, 70]. For smaller grain size
ranging from 17 to 30 pm, slip was predominant. For larger grain size ranging from 30 to
87 um, twinning was dominant [71]. Moreover, twin nucleation in iron [72], niobium
[73] and chromium [74] was suppressed by a small prestrain imposed at higher
temperatures, where uniform dislocation distribution was more efficient in suppressing
twinning than heterogeneous one, simply because the slip was favored during the

competition of twinning and slip. Precipitates had similar effects on twinning.



2.2 Plastic Deformation of Mg Alloys under Uniaxial Loading

The plastic deformation of wrought Mg alloys is characterized by a high tension-
compression asymmetry and significant anisotropy arising from the texture, polar nature
of twinning, limited number of slip systems, and the loading-direction dependence on the
activation of different deformation modes [51, 52, 75]. The wrought Mg alloys usually
possess strong initial texture. In rolled Mg alloys, the c-axis of nearly all grains tends to
align in plate-normal direction, ND (or through thickness direction), and vertical to the
rolling direction, RD. In extruded Mg alloys, the basal-plane normal of almost all grains
tends to distribute in radial direction and perpendicular to the extrusion direction. It has
been established that tensile twinning will be activated during in-plane compression or
through-thickness tension [51, 52]. In both of these cases, the dominant slip system, basal
<a> slip, cannot operate because the resolved shear stress is zero. Usually, a low yielding
strength and a low initial hardening rate, followed by a rapid increase of hardening once
the twinning is exhausted, are observed in a twinning-dominant deformation mode [Fig.
2.5(a)] [44]. Figure 2.5(b) represents the plane stress yield loci for a magnesium sheet
predicted by the proposed theory and experiments (where experimental points are
represented by symbols) [21]. The 1% vyield locus for the textured pure magnesium has a

highly asymmetrical shape.

Comprehensive researches have concentrated on the effects of the initial texture
[55], strain path [28, 53, 76], strain rate [55], temperature [55], microstructure [77, 78],
and grain size [79, 80] on the mechanical behavior under a uniaxial loading condition,

tension and/or compression, employing a mechanical testing combined with in-situ or ex-
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situ optical microscopy (OM), scanning electron microscopy (SEM), electron
backscattering diffraction (EBSD), transmission electron microscopy (TEM), etc.. Figure
2.6 present the microstructure evolution for twinning dominated deformation and
dislocation dominated deformation [35]. Previous researchers also applied in-situ neutron
and high energy synchrotron X-ray diffraction measurements [47, 57, 80-87] to
investigate the deformation mechanisms of HCP Mg alloys during discontinuous step-
loading. The different dominated deformation modes were successfully distinguished
from diffraction point of view subjected to the initial texture and strain path changes, as
displayed in Fig. 2.7. However, since step-loading is a discontinuous measurement with
limited number of measurements, it is unpractical to capture the exact moment of the
transition of deformation mode or phase transformation, e.g., the transition from twinning
to dislocation deformation mode in wrought magnesium alloys. Moreover, the dilemma
of the experiment design for ductile materials is inevitable. In the plastic deformation
region, if a stress-control mode is applied during the in-situ measurements, the strain will
flow. On the other hand, the stress will relax if a strain-control mode is employed. Either
way will introduce difficulties in interpretation of long-time collected data. The

knowledge gap regarding the plastic deformation mechanism of Mg alloys still remains.

2.3 Low-Cycle Fatigue in Mg Alloy

Nearly 90% of all metallic failures results from fatigue during service. The fatigue
can be categorized into low-cycle fatigue (LCF) and high-cycle fatigue, based on the
fatigue life. Usually LCF is defined if the cycle number up to the initiation of a visible

crack or until the final fracture is below 10* or 5 <10 cycles. A distinguishing feature of
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LCF is that the peak stresses are above the yield strength, and, hence, the strains induced

usually have a noticeable plastic component.

For applications as the load-bearing component, it is vital to understand the
fatigue behavior of wrought magnesium alloys. In casting magnesium alloys, defects
such as casting porosity and inclusion, which commonly act as crack sources, are harmful
for fatigue properties, and may facilitate fatigue crack initiation, reduce lifetimes, and
decrease cyclic strength [88-92]. On the contrary, wrought magnesium alloys are
basically defect-free and thus exhibit better fatigue properties than casting alloys [12, 93-
95]. The wrought Mg alloys usually are highly textured materials and frequently involve
twinning during plastic deformation. By tailoring the texture and the applied loading
direction with respect to the initial texture, it is possible to introduce a stress state, where
extension twinning {10.2}<10.1> is the only dominating deformation mode, thus
isolating the effects of twinning for the convenience of the investigation. By properly
aligning the sample in certain directions subjected to the tension or compression, the
reoriented (~ 86.3°) twin grains relative to the parent lattice could be detwinned during
reverse loading. Because the polar nature of twinning and detwinning, wrought Mg alloys

demonstrate unique cyclic deformation behavior and fatigue properties.

Previous fatigue studies [8, 44, 94-97] for wrought Mg alloys frequently reported
that the strain—life curves exhibited a smooth transition from the low cycle fatigue regime
to the high cycle fatigue regime and the strain—life curves can be described well by the

Basquin (stress—life curve) and Manson—Coffin (plastic strain—life curve) equations, as
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show in Fig. 2.8. The total strain amplitude can be expressed as elastic strain amplitude

and plastic strain amplitude, i.e.,

(sH)

The elastic strain amplitude can be expressed as Basquin equation,

' 2N b
[Agejzaf(E f) (2)
The plastic strain amplitude can be expressed as the Coffin-Manson relation,
Ag
(_p]:‘c:,f (2N)* 3)
2
Thus,
' 2N b
2 TR N,y @

2
where Ag, is total strain amplitude, Ae, is elastic strain amplitude, Ae, is plastic strain
amplitude, E is Young’s modulus (for wrought AZ31B the value is roughly 45 GPa),

N, is the fatigue life, o} is the fatigue strength coefficient, b is the fatigue strength

exponent, ¢} is the fatigue ductility coefficient, and c is the fatigue ductility exponent.

Comprehensive studies have been concentrated on the effects of strain amplitude
[8, 98, 99], mean stress [100-102], strain ratio [93, 95, 102, 103], strain rate [103],
microstructure [77, 93, 104, 105], grain size [106, 107], rare earth elements [108-110],
Hysteresis energy [100], heat-treatment [111], temperature [92], environment[112-114],

and initial texture [44, 115-118] on fully reversed strain-controlled low-cycle fatigue
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behavior of wrought Mg alloys. Moreover, in the last decade, progress has been made in
theoretical modeling to describe and predict the slip, twinning, and detwinning behavior
in HCP-structured material during strain-path changes and cyclic loading [51, 60, 119-
131]. Owverall, the low-cycle fatigue life of wrought Mg alloys increased with the
decrease of strain amplitude, strain ratio, and mean stress, as well as the increase of strain
rate. The previous fatigue studies [8, 44, 94-97, 118] demonstrated the strain—life curves
can be described well by the Basquin and Manson—Coffin equations, as well as the
Holloman relation. Recently, it has been found that a clear kink point around 0.5% total
strain (the low-cycle fatigue was conducted at a total strain of 0.5%) can be observed
from the strain amplitude - fatigue life curve in extruded AZ61 and ZK60 Mg alloys,
indicating the dislocation and twinning-detwinning deformation modes were dominated
below and above 0.5% total strain, respectively [102, 104, 132]. Therefore, the twinning
and detwinning usually involved in the fully-reversed strain-controlled low-cycle fatigue
for the relatively large total strain, which has been proven experimentally by optical
microscopy [93], in-situ electron backscatter diffraction (EBSD) [133], in-situ
transmission electron microscopy (TEM) [34, 134], and in-situ neutron diffraction
measurements [43-45, 135]. The twinning and detwinning during the cyclic loading is
thought to be the main reason for the strong tension-compression asymmetry of the
hysteresis loops. However, the prior in-situ experiments were commonly employed
discontinuous step-loading methods, which contains only a limited number of
measurements. For example, the aforementioned in-situ neutron diffraction experiments
[135] only cover seven data points per cycle, which is certainly not enough to describe a
fatigue cycle. The other in-situ neutron diffraction experiments [43-45] were investigated
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in detail in the first cycle; however, only a limited number of data per fatigue cycle were
measured in the following fatigue tests. Hence, the understanding on deformation
mechanisms of wrought Mg alloys during low-cycle fatigue cycles remains incomplete.
Figure 2.9 demonstrated the microstructure evolution during a fatigue cycle [133]. Note
that blue arrows: twins kept stable after unloading from compression but became thinner
under tensile loading; black arrows: the twins kept stable after unloading from
compression but disappeared after tensile loading; white arrows: the twins became
smaller after unloading from compression and became much smaller under subsequent
tensile loading; red arrows: the twins became smaller due to unloading from compression
and disappeared after tensile loading. The twinning and detwinning characteristic can be
identified from Fig. 2.9 during compression-tension, but the information is restricted on
the sample surface level, due to the limitation of the EBSD technique. Although a limit
number of research employed in-situ neutron and synchrotron X-ray diffraction to
investigate the LCF behavior of wrought Mg alloys [43-45], as indicated in Fig. 2.10, the

fatigue mechanism is not fully understood.

2.4 Fatigue Crack Growth Behavior in Mg Alloy

The life of a fatigue crack has two parts, initiation and propagation. It is well
known than the fatigue endurance limit does not exist in non-ferrous alloys. It has been
demonstrated that, in wrought Mg alloys, the fatigue crack initiated at early stage of
fatigue life, only 5 — 10% of total fatigue life [136], in Fig. 2.11. The total fatigue life can
be approximated as the fatigue crack propagation life. Therefore, the study of fatigue

crack growth behavior of wrought Mg alloys becomes essential. As an advantage of the
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fatigue studies of Mg alloys, the anisotropic effects on the twinning and detwinning
behavior can be quantified at both macroscopic and microscopic levels. The wrought Mg
material consists of the typical rolling texture. Thus, the development of the plastic fields
surrounding the fatigue-crack tip is very sensitive to the crack-growth and loading
directions — this is the macroscopic anisotropic behavior. The stress levels in the plastic
wake, the extent of the compressive residual-stress zone, and the stress multiaxiality are
particularly important in quantifying the microscopic twinning and detwinning behavior.
Such a microscopic view will ensure a proper understanding of the fatigue-crack

resistance.

The primary challenge in the fatigue study is the lack of an in situ, nondestructive
investigation on the microstructural length scale, which prevents us from linking the
stress analyses (from a top-down point of view) and the failure mechanisms at inter- and
intra-granular scales (from a bottom-up point of view). Fracture and fatigue cracks have
multiscale characteristics [137-140], as shown in Fig. 2.12. At a macroscopic length
scale, the deformation field includes a plastic zone in front of the crack tip and a plastic
wake left behind, where the compressive stress/strain are developed due to cyclic loading.
The magnitude, distribution, and history of the residual strain along the crack path
depend on the stress multiaxiality, material properties, and history of the applied stress
intensity factor and the resulting crack growth rate. At microscopic length scales, a
number of grain aggregates around the crack tip deform to accommodate the multiaxial
stress fields exerted from the surrounding plastic field. For a fatigue crack in Fig. 2.12,

along the crack path for points A to F, the multiaxial stress states are quite different. The
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stress multiaxiality is increasingly complicated from a biaxial tensile stress state in a
linear elastic region, as shown at point A, to a triaxial stress state in the plastic zone
region (points B and C), and to a biaxial compressive stress state in the plastic wake
region (points D, E, and F). Due to a limited number of slip and twinning systems
available at room temperature, deformation and failure characteristics of Mg alloys under
multiaxial stress states are radically different from those of uniaxial tests. Fatigue process

zones in Mg alloys are thus very distinct from typical engineering alloys.

It has been acknowledged that the fatigue crack propagation behavior is time-
dependent, and the strain rate, load ratio, oxidation process, crack closure, and
microstructure are the key factors for the fatigue crack propagation rate [136, 141-147]. It
has been reported [148] that the fatigue crack propagation rate of wrought Mg alloys
increased with reducing frequency (or strain rate) and an increase in load ratio, as shown
in Fig. 2.13, which may be attributed to the thickness of oxide films on the fracture
surfaces or the crack closure effect. The fatigue crack deviation and branching have been
observed in previous research, which lead to a decrease of the effective stress intensity at
the crack front and an increase of the energy required propagating the crack [141].
However, the in-situ studies of fatigue crack growth behavior of wrought Mg alloys are
very limited. The relationship between macroscopic fatigue crack propagation behavior
and microscopic response in grain level remain unclear. Regarding to the complexity of
plastic deformation (dislocation, twinning, and detwinning) around fatigue crack tip of
HCP structured wrought Mg alloys, the investigation of surrounding plasticity is

especially critical for improving our understanding on fatigue crack growth behavior.
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2.5 Theoretical Modeling

The evolution of the lattice strains during loading in different groups of grains can
be used as a very sensitive indicator for plastic deformation mechanisms at microscopic
levels [149]. Therefore, combining with macroscopic stress—strain curves and texture
evolutions, plastic deformation mechanisms can be studied by analyzing elastic lattice
strain data acquired from in-situ neutron and/or synchrotron X-ray diffraction
measurements. Self-consistent polycrystal models have been widely applied to interpret
experimentally measured lattice strain data, in which the precise surroundings of each
grain are not accounted for. This apparent limitation, however, is not so significant in
interpreting bulk averaged neutron and/or synchrotron X-ray diffraction data. The visco-
plastic self-consistent (VPSC), developed by Molinari et al. [150] and Lebensohn and
Tomé [151], was a very popular self-consistent polycrystal model that had been
successfully applied to simulate large strain behavior and texture evolution of hexagonal
close-packed (HCP) polycrystalline Mg under various deformation modes [51, 54, 60,
152]. Unfortunately, VPSC model does not include elastic deformation and thus is not
applicable for the simulation of lattice strains evolution. Thus, most of in-situ neutron
and/or synchrotron X-ray diffraction data have been interpreted by using the elastic-
plastic self-consistent (EPSC) model developed by Turner and Tomé&[153]. However, the
EPSC model works only for small deformation and does not include texture evolution
associated with slip or twinning reorientation. Very recently, the large strain elasto-

viscoplastic self-consistent (EVPSC) model, recently developed by Wang et al. [154-
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156], has been successfully applied for prediction of large strain behavior during uniaxial

tension-compression in HCP structured Mg alloys.

The EVPSC model for polycrystals is a completely-general elastic-visco-plastic,
fully anisotropic, self-consistent polycrystal model, applicable to large strains and to any
crystal symmetry [157]. The TDT model keeps track of all active twin variants in each
grain and takes into account of all possible twinning and detwinning operations. The TDT
model is implemented into the finite-strain EVPSC model for polycrystals in the current
study. Moreover, the affine self-consistent scheme is employed, which gives the best
overall performance. A detailed description for EVPSC and TDT models can be found

elsewhere [154, 157-160].

A Drief description of the TDT model is provided here. There are four potential
operations related to the twinning and detwinning in a grain, as demonstrated in Fig. 2.14,
including (1) Operation A: the twin nucleation [a twin grain (child grain) initiates in the
matrix (parent grain)], (2) Operation B: the twin propagation (twin-boundary movement:
the twinning dislocations glide toward the side of parent grain), (3) Operation C:
detwinning (twin boundary movement: the twinning dislocations glide to the side of a

child grain), and (4) Operation D: detwinning (the initiation of twin inside child grains).

The shear rates of Operations A and C for a twinning system, a, is defined in

parent grains, and presented as follow:

1/m aP
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where y**and y“*are the shear rate for Operations A and C, respectively, 7, is the

reference shear rate, 7 = o :P“(o is the Cauchy stress tensor and P“is the Schmid
tensor), z,, is the critical resolved shear stress (CRSS), and m is the strain rate sensitivity.

The evolution of the twin-volume fraction subjected to Operations A and C can be

represented as:
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where f® and f“° are the twin volume fraction for A and C, respectively, ™ is the

characteristic twinning shear strain.

The shear rates for the twinning system, a, inside a child grain are from Operations B and

D:
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where 7“®and 7“° are the shear rate for Operations A and C, respectively

The evolution of the twin volume fraction associated with Operations B and D are listed

as follows:

faD :@ (8)
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where f“® and f“® are the twin volume fraction for B and D, respectively.
The evolution of the twin volume fraction due to twinning in a system, «, is

governed by:

fo=fo>f 2+ 1)+ fo(f®+ 1) (9)
where f“ is the twin volume fraction and f° is the volume fraction of the parent (
fO=1-f"=1-% 7).

The threshold volume fraction, V™, is defined as:

VA min[l.o, A+ AZ://ﬁj (10)

where A and A,are material constants, V*' is the effective twinned fraction related to

the volume fraction of twin-terminated grains, and V*“ is the accumulated twin fraction

associated with the weighted volume fraction of the twinned region.

For slip and twinning, the evolution for the CRSS 7, is provided by:

o _ 477 s
Ty = ir ;h

7;/3‘ (12)

where T" is the accumulated shear strain (I" = za I dt), h*” are the latent hardening

7'/05
coupling coefficients, and 7 is the threshold stress and is characterized by:

P +n“r)(1—exp(—2—°ar)) (12)
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where 7y is the initial CRSS, hy is the initial hardening rage, h® is the asymptotic

hardening rate, and z; +7," is the back-extrapolated CRSS.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Experimental Materials

A commercial polycrystalline wrought AZ31B Mg alloy (3 wt.% Al, 1 wt.% Zn,
and Mg balance) after rolling is chosen as the experimental material, because it is a
highly textured alloy. The thickness of the rolling plate is 76 mm, as illustrated in Fig.
3.1. A typical rolling texture can be observed, with (00.2) grains preferably aligned in
rolling plate normal direction (ND) and perpendicular to rolling direction (RD) and
transverse direction (TD). After sample machining, the specimens were annealed at 345
°C for 2 hours to remove the existing residual stress due to manufacturing and machining.
The average grain size of the annealed wrought AZ31B magnesium alloy is approximate
40 um. The pole figures of the anneal sample have presented in Fig. 3.2, which is
performed at The Canadian Institute for Neutron Scattering (CINS), Chalk River,
Ontario, Canada. The neutron diffraction pattern for a powder sample was measured at

VULCAN, SNS, ORNL.

The dog-bone cylindrical specimens with 8-mm diameter and 16-mm gage length
were machined for tension/compression and low-cycle fatigue, according to the
American Society for Testing and Materials (ASTM) Standard E606-04, with the loading
direction along either in ND or RD. A plate dog-bone specimen was prepared with its
axial direction along the rolling direction (RD) and surface-normal direction parallel to

the normal direction (ND) of the rolling plate for the synchrotron X-ray microbeam
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diffraction measurements. The sample gauge section was 2 mm length x 1.5 mm width x

1.5 mm thickness.

The Disk-shaped Compact Tension [DC(T)] specimens were prepared from the
thick plate, according to the American Society for Testing and Materials (ASTM)
Standard E647-13el [161]. The specimens were cut in the plane of the rolling direction
(RD) and normal direction (ND). Thus, the fatigue-loading direction and crack-

propagation direction were parallel to the plate ND and RD, respectively.

3.2 Mechanical Testing

The tension and compression were performed under a constant strain rate, 1.3 x
10 s*, using Material Testing System (MTS) 810 electrohydraulic machine and
VULCAN loadframe at room temperature in lab air. A clip-on MTS extensometer with a
gauge length of 6 mm was used to monitor or control the axial strain.

The fully-reversed strain-controlled low-cycle fatigue experiment was conduct
with at different total strain amplitude at room temperature using VULCAN loadframe.
Triangular loading waveform was applied during the tests. The frequency in the other
fatigue cycles was 1 Hz.

A customized loadframe was specially designed for the in-situ synchrotron X-ray
microbeam diffraction measurements. Three strain levels were chosen based on our
previous experience, e.g., undeform state, - 2.4 % compressive strain (in the twinning

dominant deformation region), and - 5.8 % strain during the reverse tension (in the
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detwinning dominant deformation region). The mechanical testing was under strain
control using digital image correlation method.

Fatigue-crack-propagation experiments were carried out using an MTS 810
electrohydraulic machine at room temperature in laboratory air under a constant AP [AP
= Pmax— Pmin, Where Ppax and Ppin are the applied maximum (2,300 N) and minimum (230
N) loads, respectively] control mode. The test frequency was 10 Hz, and the R ratio
(Pmin/Pmax) Was 0.1. The stress-intensity factor, K, was determined by the equation below
[30]:

P (2+a)(0.76+4.80-1158x> +11432° —0.482")

K= B’\/W (1—05)3/2

(13)

where P = applied load, B = thickness, W = width, o = a/W, and a = crack length.

During fatigue-crack-propagation tests, the crack length of CT specimens was
determined by an unloading-compliance method [31-33]. A crack-opening-displacement
(COD) gauge was mounted on the front face of each CT specimen to measure CODs,
which, in turn, were converted into crack lengths by the compliance technique. When the
crack length reached 15 mm, the crack-growth experiments were stopped, and then the

fatigue-cracked CT sample was taken for in-situ neutron strain-mapping experiments.

3.3 Diffraction Techniques
3.3.1 Neutron diffraction

The advantage of employing neutron diffraction in research has been presented
below: (1) Neutrons are neutral particles and they are highly penetrating that will provide
the bulk information, which can be used as nondestructive probes and to study samples in

severe environments. (2) The wavelengths of neutrons are similar to atomic spacing.
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They can determine the crystal structures and atomic spacing and other structural
information. (3) Neutrons can “see” nuclei. They are sensitive to light atoms. They can
exploit isotopic substitution and use contrast variation to differentiate complex molecular
structures. (4) The energies of thermal neutrons are similar to energies of elementary
excitations in solids. Hence, they can be used to study lattice and molecular dynamics. (5)
Neutrons have a magnetic moment. They can be applied to study microscopic magnetic
structure and magnetic fluctuations. (6) Neutrons have spin. They can be formed into
polarized neutron beams and used to investigate complex magnetic structures and
dynamics.

Neutron diffraction has been successfully employed as a method of choice for
investigating the twinning behavior and internal-strain evolution in magnesium alloys
[43-45, 47, 57, 80, 81, 87]. The state-of-art VULCAN engineering diffractometer of SNS
at ORNL in US, the time-of-flight (TOF) neutron diffractometer, ENGIN-X, at the ISIS
facility in UK, the E3 spectrometer for bulk texture measurements at the Canadian
Neutron Beam Centre, Canada, provide us great opportunities to investigate the internal-
strain and texture evolution of magnesium alloys. In-situ neutron-diffraction results offer
insights on studying the deformation mechanisms of these alloys at the grain level, which
will account for the observed macroscopic mechanical behavior. In this proposal, the
internal-strain and texture evolution of wrought magnesium alloys will be examined
under static/dynamic and uniaxial/multi-axial loading conditions to provide a basic
understanding of plastic deformation mechanism.

The real-time in-situ neutron diffraction measurements were performed under
continuous-loading conditions using the state-of-the-art VULCAN Engineering
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diffractometer at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory
(ORNL) [38, 162, 163]. The schematic setup of the real-time in-situ neutron diffraction
measurements was presented in Fig. 3.3. Briefly, the specimen was mounted in the
VULCAN loadframe horizontally and carefully aligned, so that the axial and horizontal-
radial directions parallel to the RD and ND, respectively. The angle between the incident
neutron beam and the sample was 45°. The two stationary detector banks, which located
+90° to the incoming beam, recorded simultaneously two complete diffraction patterns in
the axial (RD of the rolling plate) and horizontal-radial (ND of the rolling plate)
directions with diffraction vectors parallel (Q|) and perpendicular (Q1) to the applied
load, respectively. The neutron beam size was defined as 5 mm (horizontal) x 5 mm
(vertical), and the 5-mm receiving collimators were selected, leading to a neutron gauge
volume of total 125 mm®. It is worthy to mention that approximately 1.9 million grains
(the grain size is 40 um and the neutron gauge volume is 125 mm®) were measured
during the deformation, which suggests an excellent counting statistics for the neutron
diffraction experiments.

The real-time in-situ neutron diffraction measurements were performed under a
continuous loading condition, which essentially eliminates the strain flow or the stress
relaxation under the stress or strain control [38, 164]. Neutron diffraction data were
recorded successively during loading, and the data were chopped into small time bins
afterwards using the event-based data reduction software VULCAN Data Reduction and
Interactive Visualization softwarE (VDRIVE) [165]. Short time interval was determined
based on both the statistics and the quality of different patterns for data fitting, in order to
obtain an adequate representative of the actual data. Neutron diffraction data were sliced

27



every two minutes in the current study and synchronized with loadframe information,
such as averaged load/stress and displacement/strain over two minutes. It is worth
mentioning that because a small strain interval (1.3 x 10> s x 120 s = 1.56 x 10°) was
chosen in the current study, the average stress changes over every two minutes are
considered to be acceptable. The stress interval from point to point varies from 2 MPa to
8 MPa in the plastic-deformation regions. The neutron diffraction peak intensities of
different hkls after the background subtraction were normalized to the incoming beam

energy. The lattice strain of different hkls was calculated based on the equation below:

hkl hkl
hkl d _do

hkl
dO

(14)

where &™ is the lattice strain, d)“and d"are the d-spacings before and after

deformation, respectively. The counting time for the measurement of the reference in

both samples was 10 minutes, which is longer than the chopped data, in order to
minimize the propagated d;* statistic error.

In-situ neutron-diffraction measurements were performed using the time-of-flight
(TOF) neutron diffractometer, ENGIN-X, at the ISIS facility, Rutherford Appleton
Laboratory, UK. The experimental details were shown elsewhere [166], and only brief
experimental descriptions are provided here. Figure 3.4 shows the experimental setup and
diffraction geometry. The CT specimens were carefully aligned at the Instron load frame.
The loading axis is oriented 45° relative to the incident beam. The two stationary detector
banks were situated at = 90° by simultaneously recording two complete diffraction

patterns with diffraction vectors parallel (Q ||) and perpendicular (Q,) to the applied load.
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Note that banks 1 and 2 collect hkls in the normal direction [ND, Fig. 3.4(b)] and
transverse direction [TD, Fig. 3.4(a)], respectively. The slit was defined by 1 (vertically)
x 3 (horizontally) mm, and a 3-mm radial collimator, resulting in a gauge volume of 9
mm?>. This arrangement provides 1-mm spatial resolution in the direction of crack
propagation. Figure 3.4c shows the diffraction patterns measured in both banks at the
location away from the crack tip (which is a stress-free reference position). The initial
texture revealed a typical strong rolling texture in which most of the grains have a basal
pole parallel to the plate normal (ND).

In-situ neutron-diffraction measurements were performed by mapping the lattice-
strain evolution and monitoring the intensity changes of certain hkls at various locations
relative to the crack-tip position during the loading-unloading cycles, including 5
different loading sequences, marked with a blue circle, Fig. 3.4(d). Moreover, more
detailed loading levels [marked with a triangle, Fig. 3.3(d)] were employed at 0.5 mm in
front of the crack-tip, where the high stress concentration is imposed, during the loading-
unloading sequences. All lattice parameters were calculated, using a Rietveld Analysis
[35] in which multiple peaks are fitted over a user-defined range. The analysis was
performed, employing the General Structure Analysis System (GSAS) software in
conjunction with the ISIS in-house software OPEN GENIE.

The neutron-diffraction patterns were analyzed, using single-peak fitting for
certain hkls interested in order to examine the lattice-strain and intensity variations as a
function of the applied load. The lattice strains (Equation 2) and lattice-strain errors

(Equation 3) were calculated, using equations below, respectively:
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dO
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‘T4, dZ ( d, X do(d—do)) g(d—do do(d—do)) (15)

where ¢ is the lattice strain, d is the lattice spacing under the loaded condition and d, is
nominally stress-free reference lattice spacing measured far away from the crack in the
annealed CT specimen, o¢ is the lattice-strain error, od and ad, are the lattice-spacing
errors in the loaded condition and stress-free reference location, respectively.

Neutron bulk texture measurements were carried out, using the E3 spectrometer at
the Canadian Neutron Beam Centre, Canada. Three different locations from the crack tip,
representing the different fatigue history, were chosen to examine the evolution of the
bulk texture during fatigue-crack propagation. A piece with the volume of 2.2 mm (RD) x
3.6 mm (ND) x 6.35 mm (TD) was cut from the following locations covering (i) —2.7 to —
0.5 mm along RD behind the crack tip where the material was already subjected to the
severe plastic deformation followed by fracture, (ii) 0.5 to 2.7 mm along RD right in front
of the crack tip where the material was deformed plastically, and (iii) 3 to 5.2 mm along
RD far away from the crack tip where the material was deformed elastically. The
wavelength of 2.2A was selected from the Ge113 monochromator. The samples were
exposed to the neutron beam with a cross section of 49 x 24.5 mm. Three pole figures,
{10.0}, {00.2}, and {10.1}, were measured to obtain the orientation distribution function
(ODF) for each sample. The volume fraction of {00.2} extension twins was estimated

from the {00.2} pole-figure data reconstructed by the ODF (see discussion for details).
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3.3.2 Synchrotron X-ray microbeam diffraction

The in-situ 3D-XRD at sub-micro level was performed at 341D-E, Advanced
Photon Source (APS), Argonne National Laboratory (ANL), USA. The 3D-XRD uses
synchrotron X-ray microbeams to probe local crystal structure, orientation and strain
tensors with submicrometer spatial resolution. The schematic of in-situ 3D-XRD is
illustrated in Fig. 3.5(a). The sample was 45° to the incoming beam and GE detector. The
loading direction was marked in the coordinate X direction. The movement of platinum
wire profiler was perpendicular to the sample surface normal direction. For the grain
orientation mapping, the white beam (the energy range from 7 — 30 keV) was applied
with0.5 x 0.5 um beam size. The step sizes were 2 um along loading direction (X-axis)
and sample depth direction (Y-axis), respectively. The monobeam (fixed beam energy for
a specific hkl) was employed for the energy scan at certain locations (the fixed locations
at X-axis) with 0.5 x 0.5 um beam size. The step size along the sample depth direction

(Y-axis) was 1 pm.

3.4 The EVVPSC constitutive model

In this section, we briefly recapitulate the EVPSC-TDT model, mainly for the
purpose of definition and notation. For details we refer to Wang et al. [119, 167]. The
EVPSC model developed by Wang et al. [167] for polycrystalline materials is a
completely general elastic visco-plastic, fully anisotropic, self-consistent polycrystal
model, applicable to large strains and to any crystal symmetry. It has been demonstrated
that the EVPSC model can be used to simulate large strain behavior of HCP

polycrystalline materials under various deformation processes [160, 168-170]. Very
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recently, a new constitutive model to describe Twinning and De-Twinning (TDT) for
polycrystalline materials with the HCP crystallographic structure has been developed
(Wang et al. [119, 157]) and implemented in the EVPSC polycrystal plasticity mode.
The TDT model has been applied to Mg alloy AZ31B sheet under cyclic loadings and
strain path changes (see e.g. Wang et al. [119, 157, 171]). It has been demonstrated that
the new twinning model is able to capture key features associated with experimentally
observed twinning and detwinning.

The plastic deformation of a crystal is assumed to be resulted from
crystallographic slip and twinning on crystallographic system (s“,n“). Here, s* and n®
are respectively the slip/twinning direction and the normal of the slip/twinning plane for
system « . In the present study, we assume the plastic deformation is due to three types of

slip systems: Basal <a> ({0001}<1120>), Prismatic <a> ({1010}<1120>) and

Pyramidal <c+a> ({1122}<1123>), and one twinning mode: the {1012}<1011>

tensile twin system. The plastic strain rate tensor for the crystal can be written as

dP => yP* (16)

in terms of the shear rate, y“, and the Schmid tensor, P* =(s“n“ +n“s“)/2 for system
a . Regardless of slip or twinning, the driving force for shear rate, 7, is the resolved

shear stress, 7% =o:P“, where o is the Cauchy stress tensor. For slip,

1
r“/rfﬁ msgn(z*) (17)

7./(1:7./0

and for twinning,
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where y, is a reference shear rate, 7., is the critical resolved shear stress (CRSS), and m
is the strain rate sensitivity.

For both slip and twinning, the evolution of CRSS, 7, , is given by:

o A7 arlz
Tor = dF zh 4 ‘ (19)

x

y“|dt is the accumulated shear strain in the grain, and h“* are the latent

where T' = ZI
7

hardening coupling coefficients, which empirically account for the obstacles on system

a associated with system . 7% is the threshold stress and is characterized by:

7% =15 + (v + hfl“)(l—exp(—i—":l“)) (20)
1
Here, 7,, hy, h, and z, +z; are the initial CRSS, the initial hardening rate, the asymptotic
hardening rate, and the back-extrapolated CRSS, respectively.
Because it is rare that a grain can be fully twinned, a threshold twin volume
fraction is defined in the model to terminate twinning. Consequently, the TDT model
introduces two statistical variables: accumulated twin fraction, v2©, and effective

twinned fraction, v . More specifically, v and v are the weighted volume fraction

of the twinned region and volume fraction of twin terminated grains, respectively. The

eff

V acc

threshold volume fraction, v, is defined as v = min(l.o, A+A v j where A and A,

are two material constants.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Deformation Dynamics during Uniaxial Loading using Real-Time
In-Situ Neutron Diffraction and EVPSC-TDT Model

4.1.1Macroscopic mechanical behavior

Figure 4.1 demonstrates the mechanical-testing results during the aforementioned
strain-control profile for both the as-received and pre-deformed samples [164]. The
orange arrows and circled numbers marked in Fig. 4.1 identify the loading paths. The
open symbols represent the experimental results, and the dashed lines stand for the
simulation results.

As shown in Fig. 4.1(a), the as-received sample was compressed to — 7% strains,
then unloaded to O N, followed by the reverse tension until sample failure. During
compression, relative low compressive yield strength was observed, followed by a
gradual increase of stresses until approximately — 103 MPa (marked as a red dot).
Subsequently, the slope of the stress-strain curve started to increase, which suggests
strain hardening. When the sample was unloaded to 0 N, the material exhibited
pseudoelastic behavior, which, in general, is defined as nonlinearity during unloading.
During the reverse tension, relative low yield strength was observed, followed by slight
strain hardening until the stress reached to 118 MPa (marked as a green dot). From
approximately 118 MPa to 217 MPa (marked as a blue dot), the stress increased steeply
with increasing strain. When the sample was further stretched, the stress-strain curve

tended to flat.
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The pre-deformed sample [in Fig. 4.1(b)] had a similar trend as the as-received
sample [in Fig. 4.1(a)]. However, an obvious increase in the compressive yield strength,
approximately 40 MPa, could be observed. Moreover, the pre-deformed sample exhibited
apparent strengthening during the compression, resulting from the prior in-plane tension.
In the following reverse tension, the effect of pre-tension became less significant, and
only a small increase of the tensile yield strength, about 13 MPa, could be identified.

In the simulations shown in Fig. 4.1, the room-temperature elastic constants of the

Mg single crystal are C,=58.0, C,,=25.0, C,=208, C,;=61.2 and C,,=16.6
(GPa). The reference slip/twinning rate, y,, and the rate sensitivity, m, are prescribed to

be the same for all slip/twinning systems: 7, =0.001s™ and m=0.05, respectively.

Values of the hardening parameters were estimated by fitting numerical simulations of
monotonic uniaxial tension and compression along the RD to the corresponding
experimental flow curves. Therefore, the calculated stress and strain curves shown in Fig.
3 are predictions. It is clear that the EVPSC-TDT model can well reproduce the
experimental curves. The values of these parameters are listed in Table 1 and will be
used in all the simulations reported in the present paper.

The strain-hardening-rate evolution during the strain-path changes were examined
for both the as-received and pre-deformed sample as presented in Fig. 4.2. The hardening
rate can be calculated based on the well-known equation below:

_do

0=—-2
de

(21)

where 6 is the work-hardening rate, o is the stress, and ¢ is the strain.
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For the as-received sample during the compression [a top figure in Fig. 4.2(a)], a
steady work-hardening rate can be obtained between the yield strength and — 103 MPa.
When the sample was compressed further, the work-hardening rate increased rapidly.
When the applied stress reached to — 168 MPa, the work-hardening rate began to decline.
During the reverse tension [a bottom figure in Fig. 4.2(a)], a stable work-hardening rate
can be perceived, until the applied stress reached to 118 MPa. Then, an abrupt increase
of the work-hardening rate was found in the stress range from 118 MPa to 217 MPa.
When the sample was further stretched, the work-hardening rate dropped promptly. Thus,
the curve was divided into two regions in the compression (designated as stress ranges |
and I1) and three sections in the reverse tension (designated as stress ranges Ill, 1V, and
V) for the as-received sample based on the work-hardening-rate variation. Although three
regions were recognized in the compression, in the present study the third region was
overlooked on purpose since only one data point after — 168 MPa. For the pre-deformed
sample, the work-hardening rate decreased constantly during the tension [a top figure in
Fig. 4(b)]. The work-hardening rate vs. stress curve can also be separated into two stages
in compression [a middle figure in Fig. 4.2(b), designated as stress ranges i and ii] and
three regions in the reverse tension [a bottom figure in Fig. 4.2(b), designated as stress

ranges iii, iv, and v], respectively.

4.1.2 Microscopic response at a grain level

Diffraction peak intensity evolution: Figure 4.3 presents diffraction peak intensity
evolution in different hkls in the axial direction from the real-time in-situ neutron

diffraction measurements and simulations for both the as-received and pre-deformed
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samples. The separation of stress ranges in Fig. 4.3 was inherited from Fig. 4.2, based on
the work-hardening-rate variation. Thus, the microscopic response can be isolated in each
macroscopic stress range to examine.

For the as-received sample in Fig. 4.3(a), little variations on diffraction peak intensities
for (10.0) and (11.0) grains can be observed in the elastic region during compression. The
(00.2) diffraction peak intensity was absent until the stress exceeded the yield strength. In
the stress range |, the diffraction peak intensities of (10.0) and (11.0) grains decreased
dramatically, while the (00.2) diffraction peak intensity grew rapidly due to tensile
twinning. When the compressive stress went into the stress range |1, both the decrease of
(10.0) peak intensity and the increase of (00.2) peak intensity decelerated simultaneously.
During the unloading, no apparent diffraction peak intensity variation can be observed in
(10.0), (00.2), and (11.0) grains, suggesting that no detwinning occurred. No evident
detwinning process can be identified even in the elastic region (below 87 MPa) during the
reverse tension, since the diffraction peak intensities of (10.0), (00.2), and (11.0) grains
remained almost unchanged. In the stress range 1ll, the diffraction peak intensities of
(10.0) and (11.0) grains increased abruptly, simultaneously, the diffraction peak intensity
of (00.2) twin grains diminished significantly suggesting that the detwinning occur
intensively. In the stress range IV, the diffraction peak intensity of (00.2) twin grains
decreased gradually, and the diffraction peak intensities of (10.0) and (11.0) detwinned
grains increased slowly. Nearly all of the (10.0) and (11.0) diffraction peak intensities
recovered and the (00.2) twin grains disappeared, when the stress reached 217 MPa. The
diffraction peak intensity of interested hkls stayed unchanged when the sample was
further pulled to the stress range V.
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The diffraction peak intensity evolution of the pre-deformed sample demonstrated
the analogous tendency to the as-received sample during the compression and reverse
tension, as shown in Fig. 4.3(b). It is interesting that the stress rang from the activation to
the exhaustion of the tensile twinning (stress range i) in the pre-deformed was narrower
than the as-received sample (stress range I). Moreover, the duration of the detwinning
process was shorter in the pre-deformed sample (stress range iii) than in the as-received
sample (stress range I11).

To the best of the authors’ knowledge, it is the very first time that the EVPSC-
TDT model was employed to simulate the twinning and detwinning behavior under a
continuous-loading condition during strain-path changes in a HCP-structured Mg alloy. It
is illustrated that the simulation results are in a good agreement with the neutron
diffraction results. The simulation results also exhibited that no obvious diffraction peak
intensity variation in (10.0), (00.2), and (11.0) grains during unloading, indicating that no
detwinning occurred, which is contrary to previous studies [43, 45, 62, 81]. The details
will be provided in the discussion.

The lattice-strain evolution: Figure 4.4(a) describes the relationships between the
internal strain evolution and stress in the axial direction during compression for the as-
received sample. In the stress range I, the lattice strain of (11.0) grains increased more
rapidly than (10.0) and (10.1) grains. At the emergence of the (00.2) twins, the lattice
strain of (00.2) grains increased at a similar rate as those in (10.0) and (10.1) grains, but
slower than that in (11.0) grains. In the stress range I, the lattice strain of (11.0) and
(10.1) grains increased slowly until saturated. Whereas, the internal strain was rapidly
transferred to (00.2) twin grains, which, in the meantime, became the majority of the
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population among all orientation grains in the axial direction due to the tensile twinning,
as presented in Fig. 4.4(a). The final lattice strain in (00.2) twin grains reached 4,628 e,
which was higher than in other orientation grains. In the radial direction, the lattice strain
of (00.2) grains saturated immediately at the compressive yield strength, — 63 MPa, as
presented in Fig. 4.4(c).
The lattice-strain evolution of the pre-deformed sample in Fig. 4.4(b) in the axial
direction during compression resembled the as-received sample in general. However,
some differences can be distinguished. First, the yield strength in the pre-deformed
sample is much higher than the as-received sample. It should be noted that (10.0) and
(11.0) grains contained a small amount of residual tensile strains at 0 MPa, while (10.1)
grains had nearly zero residual strain in the pre-deformed sample. Second, at the same
stress level, the lattice strain of (00.2) twin grains in the pre-deformed sample was much
less than in the as-received sample. For example, at a stress level, 150 MPa, the lattice
strain of (00.2) grains in the pre-deformed sample, 2,195 pe, was much lower than the as-
received sample, 4,256 pe. Third, the lattice strain of (11.0) grains in the pre-deformed
sample was the highest compared with (10.0), (11.0), and (10.1) grains by the end of
compression deformation, while the lattice strain of (00.2) grains was the highest in the
as-received sample. In Fig. 4.4(d), the (00.2) grains in the radial direction for the pre-
deformed sample also yielded right after the stress reached the yield strength, as the as-
received sample. However, a compressive residual strain in (00.2) grains was observed at
0 MPa, which was caused by the pre-deformation.

When the sample was unloaded to 0 MPa after compression, the (10.1) grains
exhibited a small amount of tensile residual strains in the as-received sample in the axial
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direction, while, surprisingly, the compressive residual strains can be seen in (11.0)
grains and (00.2) twin grains, as shown in Fig. 4.4(e). It should be emphasized that (00.2)
twin grains contain a relatively large compressive residual strain, about 1,067 pe. In Fig.
4.4(f), it is obvious that as the major population, the (00.2) twin grains had a very small
tensile residual strain in the pre-deformed sample. Moreover, the (10.1) tensile residual
strain in the pre-deformed sample was higher than the as-received sample.

Figure 4.4(g) demonstrates the internal-strain evolution of certain hkls during the
reverse tension in the axial direction for the as-received sample. In the stress range IlI,
the lattice strain of (11.0) detwinned grains was higher than otherwise-oriented grains.
The (00.2) twin grains started to yield, when the stress approached the stress range Ill,
and completely saturated in the stress range IV. The lattice strain of (10.0) and (11.0)
detwinned grains was enhanced rapidly in the stress ranges IV and V. In particular, the
lattice strain was built up in (10.0) detwinned grains quickly. Generally, the lattice-strain
evolution in the as-received and pre-deformed samples during the reverse tension was
similar. The difference lays in the rate of the lattice-strain increase in (10.0) detwinned
grains. The rate of the lattice-strain increase in the pre-deformed sample was not as fast

as in the as-received sample.

4.1.3 Discussion

Relationship between the macroscopic mechanical behavior and microscopic
response: As presented in Figs. 4.1 and 4.2, the stress-strain curve can be divided into
two sections in the plastic deformation region under compression for both the as-received

and pre-deformed samples, based on the macroscopic-hardening-rate changes. Figure 4.3
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illustrated the diffraction peak intensity evolution of certain hkls in the axial direction by
the real-time in-situ neutron diffraction measurement and simulations for both samples. It
is clear that in the stress ranges | and i, respectively, a slow and steady work hardening
can be observed macroscopically for the as-received and pre-deformed samples in Fig.
4.2. Microscopically, the diffraction peak intensity of (10.0) and (11.0) grains decreased
significantly, meanwhile, the diffraction peak intensity of (00.2) twin grains increased
dramatically in Fig. 4.3. It is well known [172] that a sudden re-orientation of grains of
approximately 86° occurs during tensile twinning-dominated deformation, owing to the
HCP structure of Mg, which results in the simultaneous variation in the diffraction peak
intensity for (10.0) and (00.2) grains in one diffraction bank. It is also confirmed by the

simulation results that the twin volume fraction, f ", enhances considerably in this stress

range in Fig. 4.5, and the relative activity of tensile twinning became dominant in Fig.
4.6. Therefore, the stress range 1/i can be defined as the tensile twinning-dominant
deformation region. In the stress range Il/ii, a rapid strain hardening can be observed in
Figs. 4.1 and 4.2, while the rate of diffraction peak intensity changes in (10.0) and (00.2)
grains decelerated in Fig. 4.3. This trend indicates that the volume of tensile twinning
kept rising but tended to exhaust. In the meantime, the hard deformation mechanisms
(i.e., prismatic or pyramidal dislocation slip) under the current loading condition were
activated and became dominant in the twin grains [43, 45]. The simulation results
manifest that the rate of the twin-volume fraction increase tends to decline in Fig. 4.5, in
this stress range. Moreover, the basal <a> slip turns out to be dominant, while the
prismatic and pyramidal <a> slips also become active, as demonstrated in Fig. 4.6.

Consequently, the stress range Il/ii can be characterized as the transition region from
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tensile twinning- to dislocation-dominated deformation. Similarly, during the reverse
tension, the stress ranges Ill/iii and 1V/iv can be labeled as detwinning-dominated, and
transition from detwinning- to dislocation-dominated deformation, respectively. In the
stress range V/v, an uninterrupted declined work-hardening rate can be perceived in Fig.
4.2, as the diffraction peak intensities of (10.0), (00.2), and (11.0) grains cease changing
in Fig. 4.3. So, it can be tagged as the dislocation-dominated region.

The current study demonstrates that the relationship between the macroscopic
mechanical behavior and microscopic response at a grain level can be clarified and
elucidated by real-time in-situ neutron diffraction measurements. Moreover, the EVPSC-
TDT model can be employed to quantify the deformation mechanisms during the strain-
path changes.

The activation of the extension twinning: It has been acknowledged that the
Schmid law [Eq. (22)] is valid to calculate the onset of deformation twinning by
assuming that the deformation twinning is governed by CRSS on the twin plane and in

the twinning direction under a uniaxial loading condition [43, 45, 46, 86, 87, 173].

Tcopss = O, COSACOS ¥ (22)

where Zcrss is the CRSS, 0. is the critical applied stress, 4 and x are the angles
between the loading axis and twin plane normal and between the loading axis and the
twinning direction, respectively. The lattice strain of (00.2) grains in the radial direction
was used to calculate the onset of activation of tensile twinning during compression. As
marked in Figs. 4.4(c) and (d), the (00.2) grains began to yield, when the lattice strain

reached 415 and 677 pe for the as-received and pre-deformed samples, respectively.
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Multiplying the Young’s modulus of (00.2) for Mg (48 GPa) with lattice strain, the

critical applied stress can be attained. Since the values of both A and x equal
approximately 45°, the CRSS of the as-received sample can be determined to be 10.0
MPa, which is somewhat lower than the results from previous studies [43, 45, 173]. The
calculated CRSS of the pre-deformed sample is 16.2 MPa, which is higher than the as-
received sample. It suggests that the activation of tensile twinning in the pre-deformed
sample is more difficult than the as-received sample.

It has been recognized that the onset of tensile twinning is governed by the CRSS.
In the current study, the pre-deformed sample exhibits the higher CRSS for the activation
of the tensile twinning than the as-received sample. It is believed that the high CRSS in
the pre-deformed sample results from the intergranular residual strain/stress due to the
deformation history. As shown in Fig. 4.4(d), the compressive intergranular residual
strain was observed in (00.2) twin grains in the radial direction in the pre-deformed
sample, which is caused by the pre-deformation. It is abnormal for Mg, since the tensile
intergranular residual strain was usually expected in the radial direction after tension
deformation. A possible mechanism can be proposed that in order to activate the tensile
twinning, the compressive residual strain needs to be overcome in the pre-deformed
sample, which leads to a high CRSS.

The deformation-twinning mechanism can be categorized into two stages: twin
nucleation and twin propagation. It is believed that the early stage of tensile twinning is
governed by the twin nucleation [34], while the later stage is controlled by the twin
propagation. By introducing a large amount of dislocations through in-plane tension in

the current study, which serve as the twin nucleation sites, the twin nucleation process
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should be facilitated. Therefore, as long as the tensile twinning is activated, the twinning
process could be accelerated. It agrees with the experimental observation in the present
research that the shorter duration of twinning and detwinning process in the pre-deformed
sample than the as-received sample.

The detwinning process: During unloading, the pseudoelastic behavior can be
observed in the stress-strain curves for both samples, in Fig. 4.1. In previous studies, it
was stated that the detwinning process occurred immediately upon unloading in wrought
Mg alloys [43, 45]. The pseudoelastic behavior of wrought Mg alloys was attributed to
the detwinning process previously [81, 174]. In our previous paper [164], it is claimed
that no detwinning was observed during unloading from the bulk average neutron
diffraction results in both samples, since no apparent simultaneous diffraction peak
intensity variation could be detected in (10.0) and (00.2) grains in the same detector bank,

as displayed in Fig. 4.3. In the current paper, the EVPSC-TDT model was employed, and

the simulation results indicate that the twin volume fraction, ™. kept almost constant
for both samples (Fig. 4.5), and the basal <a> slip rules over other deformation modes
(Fig. 4.6) during unloading, which agrees well with real-time in-situ neutron diffraction
observation. Although the tensile twinning became more active by the end of unloading
in both samples as seen in Fig. 4.6, the amount of grains involved in detwinning during
the unloading must be very few, since no simultaneous diffraction peak intensity
variation can be detected from the real-time in-situ neutron diffraction measurement.

In our previous paper [164], it states that no apparent detwinning process can be
identified even in the elastic region during the reverse tension for both samples, as shown

in Fig. 4.3. Although the diffraction peak intensity of (00.2) twin grains decreased in the
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elastic region during the reverse tension in the pre-deformed sample, no simultaneous
diffraction peak intensity variation can be detected in (10.0) grains. This phenomenon is
attributed to the grain rotation resulting from the microscopic stress relaxation and
macroscopic rapid stress drop [164, 175]. In the present paper, the EVPSC-TDT
simulation results approve that no apparent detwinning occurred as demonstrated in Fig.
4.5 that no obvious twin volume fraction varied in the early stage of the elastic region
during the reverse tension for both samples and in Fig. 4.6 that basal slip was the
dominant deformation mode in nearly all the elastic region.

The pronounced detwinning process did not occur, until the applied stress passed
the yield strength during the reverse tension. A certain amount of lattice strains (2,181
and 2,145 pe in the as-received and pre-deformed samples, respectively) has to be
accumulated in twin grains before detwinning, as marked in Figs. 4.4(g) and (h). It is
thought to account for the little difference in the tensile yield strength during the reverse
tension between the as-received and pre-deformed samples. The EVPSC-TDT simulation
results in Fig. 4.5 exhibit that (1) in the stress range Ill/iii the twin volume fraction
decreased dramatically, (2) in the stress range IV/iv the trend of the decrease became
gradually, and (3) in the stress range V/v the twin volume fraction kept constant. It
indicates that the massive detwinning process occurred in the stress range Ill/iii and the
detwinning process was completed by the stress range V/v, which agree with the
experimental observation very well. For the as-received sample in Fig. 4.6, it reveals that
(1) in the stress range 111 the detwinning process was the dominant mode, (2) in the stress
range IV the basal <a> slip ruled over other deformation modes and prismatic <a> slip
became more and more active while the detwinning became less and less active, and (3)
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in the stress range V the basal <a> slip and prismatic <a> slip turned out to be equally
dominant and detwinning remain inactive. The pre-deformed sample has a comparable
trend as the as-received sample, but there are some differences, such as in the pre-
deformed sample, the detwinning deformation mode was dominant for the most time in
the stress range iv, and the basal <a> slip was the dominant deformation mode, and the
prismatic <a> was inactive in the stress range v.
4.1.4 Summary

The real-time in-situ neutron diffraction technique under a continuous loading
condition and numerical simulations using the EVPSC-TDT model were employed to
study the plastic-deformation dynamics on twinning and detwinning behavior of the
wrought AZ31B Mg alloy. An effective relationship has been established between the
macroscopic mechanical properties and the microscopic response. The following
conclusions can be drawn based on the present research:

(1) The plastic deformation can be divided into several stages during the compression
and reverse tension, based on the work-hardening-rate variations. In each stage, a
certain deformation mode becomes dominant, which is characterized by real-time

in-situ neutron diffraction and supported by simulation results.

(2) An obvious strengthening behavior was obtained during compression by pre-
tension. However, the pre-deformation has limited impacts on mechanical

behavior during the reverse tension.

(3) It is evident that the residual strain is responsible for the delay of the onset of

tensile twinning in the subsequent compression in the pre-deformed sample.

46



However, by increasing the dislocation density through pre-tension, the twinning
and detwinning process can be accelerated, once the twinning or detwinning

process was activated.

(4) As previously reported [44], no apparent detwinning activities were observed
during unloading after compression. Detwinning did not occur until the applied

stress was beyond the tensile yield strength during the reverse tension.

(5) In the pre-deformed sample, grain rotation is thought to account for the diffraction
peak intensity decrease in (00.2) twin grains in the elastic deformation region
during the reverse tension, since no simultaneous diffraction peak intensity

changes in (10.0) grains was detected.

(6) The EVPSC-TDT model was employed for the first time to predict the
deformation dynamics under a continuous-loading condition during strain-path
changes in a HCP-structured Mg alloy. The simulation results concur with the
experimental observation of the alternate deformation mechanisms during the

strain-path changes.

4.2 Deformation Twinning in an Individual Grain using In-Situ
Synchrotron X-ray Microbeam Diffraction

4.2.1Tensile twinning and detwinning behavior at a sub-micron length scale

The grain orientation maps \yere constructed to characterize the twinning and

detwinning behavior of a wrought AZ31B Mg alloy at three strain levels using in-situ

synchrotron X-ray microbeam diffraction measurements with white beam, as shown in

Fig. 4.7. The grain orientation map of the un-deformed sample is illustrated in Fig. 4.7
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(a).The sample surface located at 0 pm depth, discerned with black solid line. In total 8
distinct grains were identified from sample surface to ~ 140 pm into the material. The
grain size varied from 20 to 100 um. The grain orientation of 8 grains was displayed in
Fig. 4.7(b). The (00.1) poles in the most of grains (except grain (5)) are close to ND,
which is known as the typical rolling texture. It should note that in the current study all of
the Laue patterns were indexed with respect to the sample surface normal direction [Q

vector of (00.1) planes in the sample surface normal direction]. The crystalline plane of
grain (Lin the sample surface normal direction is (11.6) , which is about 17.4° apart from

(00.1) plane. In the current study, the grain (1), which is approximately 50 pm beneath
the sample surface and 100 um grain size, was chosen for the in-situ measurement,
because the twinning and detwinning were highly possible to appear in grain (1) during
the specific customized loading-path changes. The grain orientation of grain (1) at 3%
compression strain [point (ii) in Fig. 3.5(b)] was exhibited in Fig. 4.7(c). The red dotted
line symbolizes the shape of grain (1) before deformation. A small portion of “parent
grain” was remained after deformation. It should point out that in the current study when
the Q vector of (00.1) planes is parallel to the loading direction, the diffraction pattern
cannot be indexed, therefore the blank area inside red dotted line was identified as tensile
twins with nearly 90°misorientation with the parent grain (1). Figure 4.7(d) is the grain
orientation map after 7% compression — relative 3% reverse tension [point (iii) in Fig.
1(b)], which is the same area marked by black dotted rectangle in Fig. 4.7(c).The size of

Fig. 4.7(d) and black dotted rectangle in Fig. 4.7(c) is the same for the comparison. After

48



reverse tension, the remained parent grains were recovered, due to the detwinning
process.

Figures 4.8 demonstrate the diffraction peak intensity and d-spacing variation of
(12.8)peak as a function of sample depth at three different locations [3,878, 3,880, and
3,882 um on X-axis in Fig. 4.7(c)] under 3% compression strain [point (ii) in Fig. 3.5 (b)]

during twinning dominated deformation using monobeam energy scan. The (12.8) peak

is chosen arbitrarily. As show in Fig. 4.8(a), the diffraction peak intensity of (12.8)went

to zero around 76 um depths, which means the other orientation grains appear.
Comparing with Fig. 4.7(c), the tensile twins emerged at 76 um depth in the remained
parent grain, when the distance is 3,878 um on the X-axis. Hence, it is reasonable to
claim that a tensile twin appears at approximately 76 um depth, which is indicated by a
dotted orange colored rectangle. It manifests that the monobeam energy scan results are
consistent with white beam grain orientation mapping. The same twin band can be
observed at the distance of 3,880 um [Fig. 4.8(b)], but no twins can be found at 3,382 ym
position [Fig. 4.8(c)]. Since the Q vector was measured by in-situ synchrotron X-ray
microbeam diffraction in the sample surface-normal direction, when the sample was
compressed along axial direction, the measured d-spacing of a certain hkl was under

tension loading, and vice versa. Fig. 4.8(d) demonstrates the d-spacing evolution of

(12.8)peak in a parent grain as a function of depth at a distance of 3,878 pum on the X-

axis. In general, the d-spacing of (12.8) peak is decreased with the increase of the

sample depth. A dramatic d-spacing decrease can be discovered at 76um depth, where a

twin is located in the remained parent grain marked as orange colored rectangle. It
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indicates that the d-spacing of (12.8) peak in a parent grain varies significantly on the
two sides of a twin. Moreover, the relatively large plateaus of d-spacing in remained
parent grains can be found near twins, as shown in Fig. 4.8(d) and (e).

Figure 4.9 exhibits the diffraction peak intensity and d-spacing variation of
(21.8) peak in remained parent grains as a function of sample depth at three different
locations [3,439, 3,441, and 3,443 um on X-axis in Fig. 4.7(d)] after 7% compression —
relative 3% reverse tension [point (iii) in Fig. 3.5(b)] during detwinning dominated
deformation. The twins are indicated as the dotted orange colored rectangles. Generally,
the d-spacing of (21.8) peak in a parent grain near surface side is higher than the other
side, similar to 3% compression condition, as shown in Fig. 4.9(d), (e), and (f). However,

unlike Fig. 4.8(d) and (e), no apparent d-spacing variation of (21.8) peak in a parent

grain can be observed on the two sides of the twins. The d-spacing of (21.8) peak

decreases constantly with the sample depth.

4.2.2 Discussion

The in-situ synchrotron X-ray microbeam diffractionhas been employed in the
current study to investigate twinning and detwinning behavior of a wrought AZ31B Mg
alloy in an individual grain. To the best of authors’ knowledge, it is the first time that the
twinning and detwinning behavior has been observed in-situ in a single grain inside a
polycrystalline HCP-structured Mg alloy.

It has been proven that the tensile twinning can be easily activated during in-plane
compression or through-thickness tension in rolled Mg alloys through in-situ EBSD and

neutron diffraction measurements. In the current study, it is evident that the tensile
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twinning occurred during compression along the RD, as shown in Fig. 4.7(c). The
majority of a grain has been twinned, and only a small portion of the parent grain was
persisted at 3% compression strain. Moreover, the remained parent grain was separated
into several small grains.

Two possible detwinning mechanisms have been proposed by Wang and co-
authors that (1) a propagation of parent grains into twin grains by migration of twin
boundaries into the twins via the glide of the twinning dislocations, and (2) a shrinking of
the twinned region through twin nucleation inside the twin by means of the activation of
twinning dislocations inside the twinned region. In the present study, the first mechanism,
a propagation of a parent grain into a twin grain, was witnessed, as present in Fig. 4.7(d).
The detwinning process was governed by the motion of the twinning dislocations toward
a twin grain.

The d-spacing evolution in the parent grain during twinning and detwinning
processes has been investigated using monobeam energy scan. It was found that the d-
spacing of the parent grain on the surface side is much higher than the inside for both
twinning and detwinning processes, as shown in Fig. 4.8 and 4.9. Moreover, the d-
spacing decrease gradually in the parent grain with the increase of the sample depth. It is
interesting to note that a distinct d-spacing decrease on two sides of a twin band during
the twinning deformation, as presented in Fig. 4.8 (d) and (e). It suggests that a tensile
strain was supposed on the twin, which could facilitate the motion of twinning
dislocations toward the parent grain. On the contrary, no d-spacing variation on two sides
of twin bands can be discerned during detwinning deformation, as demonstrated in Fig.
4.9 (d), (e), and (f). The d-spacing decreases rapidly in the remained parent grains. The
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parent grains suffered the tensile strain, which could assist the twin boundaries move

toward parent grains.

4.2.3 Summary

The twinning and detwinning behavior in an individual grain in a wrought AZ31B
Mg alloy has been investigated using in-situ synchrotron X-ray microbeam diffraction at
sub-micro level. The grain orientation mapping was performed using white beam scan,
and the d-spacing evolution was measured using monobeam scan under different strain
levels. The main results can be summarized as follows:

(1) The tensile twinning and detwinning process have been observed in an individual
grain for a HCP structured Mg alloy during in-situ compression and reverse
tension, respectively, along RD.

(2) The operation of detwinning process was through the migration of twin
boundaries into the twins via the glide of the twinning dislocations.

(3) The distinct d-spacing decrease in a parent grain can be observed on two sides of
twin during twinning dominated deformation, but no d-spacing variation was

detected during detwinning dominated deformation.

4.3 Low-Cycle Fatigue Behavior using Real-Time In-Situ Neutron
Diffraction

4.3.1 Macroscopic low-cycle fatigue behavior

The hysteresis loops at selected fatigue cycles for the real-time in-situ neuron
diffraction measurement are plotted in different colors, as shown in Fig. 4.10(a). The

Roman numerals, I, II, 111, IV, V, and VI, marked in Fig. 4.10(a) stands for maximum
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strain (+ 2%), zero stress on the tensile strain side, zero strain during compression,
minimum strain (— 2%), zero stress on the compressive strain side, and zero strain during
tension, respectively, which will be used throughout the paper. The asymmetry shape of
the hysteresis loops can be witnessed through the entire fatigue life (sample failed at the
71% cycle). In general, the tension side of stress-strain curve demonstrated a typical
concave-down shape, while the compression side exhibits a concave-up shape. However,
in the 1% cycle (black line), a sigmoidal shape with the concave-down first and followed
by concave-up can be noticed. It is distinct that the shape of stress-strain curve in the first
cycle is very different from the other fatigue cycles. For the 1% tension in the 1% cycle
[marked in the Fig. 4.10(a)], the yield strength is much lower than the following fatigue
cycles in the tension side. Moreover, the entire stress-strain curve of the 1% tension in the
1% cycle is below that of the other fatigue cycles during tension. During the compression
in the 1% cycle, stress-strain curve exhibits a stable strain hardening, followed by a
sudden strain hardening, and then another constant strain hardening, while the stress-
strain curve in the other fatigue cycles displays a steady strain hardening, and followed
by a rapid strain hardening. The mechanical behavior of the 2" tension in the 1% fatigue
cycle is comparable with that in the following fatigue cycles.

The peak stresses at maximum and minimum strains [black solid square symbols,
corresponding to | and IV in Fig. 4.10(a), respectively], the compressive and tensile
stresses at zero strain [blue open triangle symbols corresponding to Il and VI in Fig.
4.10(a), respectively], and mean stress (red open circle symbols) variation during the
low-cycle fatigue are displayed in Fig. 4.10(b). The compressive peak stresses are much
higher than the tensile peak stresses in each selected fatigue cycle, which lead to a
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compressive mean stress throughout the fatigue life. The apparent strain hardening can be
distinguished from the tensile peak stress evolution in the first five cycles, followed by a
stable cyclic stress response. On the other hand, the compressive peak stress saturated
after two fatigue cycles. The consistence of mean stresses during the fatigue tests can be
perceived. It is interesting to note that the tensile and compressive stresses at zero strain
during the low-cycle fatigue are comparable. A slight increase can be identified in both
the tensile and compressive stresses at zero strain in the first five cycles, and then no
changes.

The yield strength evolution of the selected fatigue cycles is plotted in Fig.
4.10(c). The tensile yield strength in the 1% tension in the 1% fatigue cycle was only 65
MPa, which is much lower than that in the other fatigue cycles. The tensile yield
strengths keep increasing in the first 5 cycles, and then stay unchanged. The compressive
yield strengths increased continuously until the 50" cycle. There is no change in the
compressive yield strength between the 50" and 70™ cycle. The tensile yield strengths
were higher than the compressive yield strengths in the whole fatigue life. It appears that
in the early fatigue life, up to 20" cycle, the differences between the tensile and
compressive yield strength decreased persistently, while it remains unchanged from the
20™ to 70" cycle. The yield strength evolution in Fig. 4.10(c) shows an opposite trend,
compared with the peak stress variation in Fig. 4.10(b).

The plastic strain on the tension side [Il in Fig. 4.10(a)], the plastic strain on the

compression side [V in Fig. 4.10(a)], and the plastic strain amplitude, As, /2, as a

function of fatigue cycles were shown in Fig. 4.10(d). The tensile plastic strains are

marginally higher than compressive plastic strains during low-cycle fatigue. For the
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plastic strain on the tension side, a slight decrease can be discerned in the early fatigue
life (up to 5" cycle), and then the tensile plastic strains cease changing in the following
fatigue cycles. The plastic strains on the compression side remain unchanged in the entire

fatigue life. There is little change in the plastic strain amplitude evolution during fatigue.

The work-hardening rates as a function of applied stresses in each selected fatigue
cycles were elucidated individually in Fig. 4.11. The hardening rate can be calculated
based on the well-known equation below:

_do

0=-2
de

(21)

where 6 is the work-hardening rate, o is the stress, and ¢ is the strain. In the first cycle as
revealed in Fig. 4.11(a), during the 1% and 2" tension (top and bottom figures,
respectively), the work-hardening rates stay constant. However, for the compression in
the 1% cycle, the curve of work-hardening rate versus applied stress can be divided into
three regions: (1) below — 77 MPa, the work-hardening rate keeps unchanged; (2)
between — 77 and — 129 MPa, the work-hardening rate increases rapidly; and (3) beyond
— 129 MPa, the work-hardening rate decreased gradually. From the 2™ to 10™ cycles [in
Fig. 4.11(b), (c), and (d)], during the tension, the constant work-hardening rate can be
distinguished. In the 20", 50", and 70™ cycles, there are insignificant increases in work-
hardening rate, higher than 2,000 MPa, after approximately 130 MPa tensile stresses. For
the compression in the 2" cycle, the work-hardening rate vs. applied stress curve can be
separated into three regions: (1) beneath — 110 MPa, a stable work-hardening rate can be
seen; (2) from — 110 MPa to — 217 MPa, the work-hardening rate increases gradually; and
(3) above — 217 MPa, the work-hardening rate decreases. However, in the 5™, 10" 20™,
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50™, and 70" cycle, the work-hardening rate vs. applied stress curve can only be split into
2 regions, (1) a steady work-hardening rate, and (2) an increase of work-hardening rate.

The applied stress at the splitting point increased slowly with fatigue cycles.

4.3.2 Microscopic response

The two-dimensional (2-D) and three-dimensional (3-D) real-time in-situ neutron
diffraction results of the measured d range for both axial and radial direction during the
low-cycle fatigue were presented in Fig 4.12. The deformation dynamics in each selected
fatigue cycles, including the simultaneously evolution of d-spacing, diffraction peak
intensity, and diffraction peak width evolution of certain hkls in both axial and radial
directions, were illustrated. In the axial direction, as presented in Fig. 4.12(a), the
diffraction peak intensity of (10.0) grains experiences appear-disappear and the d-spacing
of (00.2) grains undergoes repeatedly increase-decrease sequence during tension-
compression in each fatigue cycle, corresponding to the twinning-detwinning
deformation. In Fig. 4.12(c), the diffraction peak intensity of (00.2) grains in the axial
direction exhibits repetitively increase-decrease, designating the twinning-detwinning
behavior during cyclic loading. The opposite trend can be perceived in the radial

direction, as displayed in Figs. 4.12(b) and (d).

The diffraction peak intensity evolution of certain hkls in both axial and radial
directions in the selected fatigue cycles was presented in Fig. 4.13(a) and (b),
respectively. As previously mentioned, the tensile twinning-dominated deformation leads
to a sudden re-orientation of grains of approximately 86°, owing to the HCP structure of

magnesium. Consequently, when tensile twinning is activated (tension along ND in the
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present study), the diffraction peak intensity of (00.2) grains decreases, which is the
majority in the axial direction, and the (10.0) diffraction peak intensity increases
simultaneously on the same detector bank. While in the radial direction, the opposite
trend can be anticipated that the (00.2) diffraction peak intensity increases and (10.0)
peak intensity decreases. The repetitive increase-decrease or decrease-increase can be
distinguished from diffraction peak intensities of (10.0), (00.2), and (11.0) grains in both
axial and radial directions during the fully reversed low-cycle fatigue, as demonstrated
Fig. 4.13(a) and (b). The simultaneously variation of diffraction peak intensities of (10.0)
and (00.2) grains, also, can be found on the same detector bank. It manifests that the
alternative twinning and detwinning deformation occurred during tension-compression
loading sequence in each fatigue cycle. Moreover, the diffraction peak intensity of (00.2)
grains in axial direction (red solid symbol) at + 2% strain in each fatigue cycle decreases
in Fig. 4.13(a) [or increases in Fig. 4.13(b)] progressively with the increase of fatigue life
(marked as the purple dashed line), suggesting more and more (00.2) grains involved in
tensile twinning deformation. It should point out that, in the 1% fatigue cycle, the
diffraction peak intensity decrease in (00.2) grains during the 1 tension was apparently
less in Fig. 4.13(a) [or more in Fig. 4.13(b)] than during the 2" tension, which is cause by
the different tension strains. As shown in Fig. 4.10(a), the tension strain after 1% tension
of the 1% cycle was 2%, while that after 2" tension became 4% (from — 2% to 2%).
Furthermore, in the 1%, 2" 5" and 10™ fatigue cycles, the diffraction peak intensity of
(00.2) grains fully recovered during compression, as shown in Fig. 4.13(a) and (b).
However, after 10" cycles, the diffraction peak intensity of (00.2) grains at -2% gradually
decreases in Fig. 4.13(a) [or increases in Fig. 4.13(b)] with the rise of fatigue cycles
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(marked as the green dashed line). It implies that, in the first 10 fatigue cycles, the twins
from tension are fully detwinned during the compression in each fatigue cycle, while,

from the 20" fatigue cycle, the accumulated residual twins appear.

The internal strain evolution of certain hkls in the axial direction in the selected
fatigue cycles was presented in Fig. 4.13(c). During tension, the lattice strain of (11.0)
grains is higher than that of (10.0) and (00.2) grains at the same macroscopic stress level
through the fatigue life, while the lattice strain of (10.0) grains and (00.2) grains are
similar. In addition, the lattice strain of (11.0) grains at + 2% strain was enhanced
apparently with fatigue life, but only insignificant increase in lattice strain of (10.0)
grains and (00.2) grains can be discerned. During compression, the lattice strain of (00.2)
grains at — 2% strain was decreased with increase of fatigue cycles, while that of (11.0)

grains was kept rising.

The diffraction peak width evolution [full width at half maximum (FWHM)] of
(00.2) grains in the axial direction during cyclic loading in each selected fatigue cycle is
presented in Fig. 4.13(d). In each selected fatigue cycle, a distinct peak can be detected,
starting from the beginning of the rapid strain hardening region during compression,
reaching to the highest value when the compressive strain reach to — 2%, and falling
down in unloading after compression and the elastic region in the reverse tension. When
the applied compressive stress was in the steady strain hardening region and tensile stress
was above the yield strength, the recurrent ups and downs of diffraction peak width in the
(00.2) grains was noticed. Overall, the diffraction peak width of the (00.2) grains grew

with fatigue life (marked as purple dashed line).
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It is worth to emphases that the twinning and detwinning deformation modes can
be determined from the simultaneous diffraction peak intensity variation of (10.0) and
(00.2) grain on the same detection bank. Additionally, basically no intense variation of
diffraction peak intensity in different hkls can be observed during the dislocation
dominated deformation. Correspondingly, the twinning, detwinning, and dislocation
dominated deformation can be distinguished from the diffraction peak intensity evolution
in a qualitative manner. The diffraction peak intensity evolution of certain hkls in the
axial direction during fully-reversed fatigue cycles was demonstrated in Fig. 4.14, in
which the loading sequence was marked. Based on the work-hardening rate changes in
Fig. 4.11, the tension and compression were separated into several regions in the 1%
cycle, as illustrated in Fig. 4.14(a), including: (1) In the elastic region the 1% tension, no
diffraction peak intensity variation of (10.0), (00.2), and (11.0) grains can be detected. (2)
After tensile yield strength, the diffraction peak intensity of (00.2) grains decreases, while
that of (10.0) and (11.0) grains enhances simultaneously, suggesting a tensile twinning
dominated deformation. (3) During unloading after tension, no diffraction intensity
changes in (10.0), (00.2), and (11.0) grains can be detected, indicating that no detwinning
occurred. (4) In the elastic region during the compression, instantaneous diffraction peak
intensity variation in (10.0) and (00.2) grains can be identified, representing that
detwinning is activated. (5) When the applied stress is between — 33 MPa (compressive
yield strength) and — 77 MPa [the beginning of the steady work-hardening rate region as
marked in the middle figure in Fig. 4.11(a)], the diffraction peak intensity of (00.2) grains
increases significantly, accompanying with the decrease of (10.0) and (11.0) diffraction
peak intensities, recognizing as detwinning dominated deformation region. (6) When the
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compressive stress is from — 77 MPa to — 129 MPa [the rapid strain hardening region as
marked in the middle figure in Fig. 4.11(a)], the diffraction peak intensity of (10.0) and
(11.0) grains disappear completely and of (00.2) grain increased slowly, which represents
that the twins are fully detwinned, and the dislocation deformation mode is activated,
designating as transition region from detwinning to dislocation dominated deformation.
(7) When the sample is further compressed beyond — 129 MPa [the work-hardening rate
constantly decease region as marked in the middle figure in Fig. 4.11(a)], it is labeled as
dislocation dominated deformation, since no diffraction peak intensity change in (10.0),
(00.2), and (11.0) grains can be discriminated. (8) In the following unloading, there is no
diffraction peak intensity variation in different hkls. (9) In the elastic region in the 2™
tension in the 1% cycle, the tensile twinning did not happen since no simultaneous
diffraction peak intensity changes in (10.0) and (00.2) grains. (10) As the applied stress
exceeded the tensile yield strength in the 2™ tension in the 1% cycle, the tensile twinning
deformation mode can be decided, because the decrease of diffraction peak intensity of
(00.2) grains accompanies with the increases of (10.0) diffraction peak intensity. Based
on the real-time in-situ neutron diffraction measurement results, the dominant
deformation modes in different deformation stages within each fatigue cycle are labeled
in both Fig. 4.11 and Fig. 4.14. All of the tension region in all of the fatigue cycles, as
presented in Fig. 4.14, can be divided into two sessions: elasticity (before yielding) and
tensile twinning deformation (after yielding). Comparing compression region in the 1°
cycle [Fig. 4.14(a)] and 2™ cycle [Fig. 4.14(b)], the detwinning dominated deformation is
completed faster, transition from detwinning to dislocation region is narrower, and the
dislocation dominated deformation region is much wider in the 1% fatigue cycle than the

60



2" cycle. From the 5" cycle, in the compression region, three discrete deformation
modes (i.e., elasticity, detwinning dominated, and transition from detwinning to
dislocation) are distinguished, and the dislocation dominated deformation region
completely disappears. Moreover, from the 20" fatigue cycle, a small amount of residual
twins is discovered after compression, while the twins are detwinned completely in the
1%, 2" 5" and 10™ fatigue cycles. Furthermore, no detwinning occurs in unloading after
tension in all selected fatigue cycles. The twinning dominated deformation mode takes
place in the plastic deformation region, in the first five fatigue cycles. From the 10" to
70™ fatigue cycle, a small amount of tensile twinning activities are spotted in the elastic
region during tension, as shown in Figs. 4.14(d)-(g). Whereas, the detwinning dominated
deformation is not initiated until compression in each selected fatigue cycle. Thus, it is
evident that the low-cycle fatigue could facilitate the activation of the tensile twinning,

but have little influence on the initiation of the detwinning deformation.

The lattice strain evolution of (00.2) grains as a function of applied stress in the
axial direction in each selected cycle is demonstrated in Fig. 4.15. It should point out that
the maximum and minimum lattice strain, the tensile and compressive residual lattice
strain, and the lattice strains responsible for the activation of tensile twinning were
marked on each figure. The Roman numerals, i, ii, iii, and iv, signify unloading after
tension (elastic deformation), compression (detwinning and dislocation deformation
modes), unloading after compression (elastic deformation), and tension (tensile twinning
deformation mode), respectively, as shown in Fig. 4.15(h). The upper left inset in Fig.

4.15(a) is the lattice strain of (00.2) grains vs. applied stress in the 1% tension in the 1%
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cycle. After unloading from the 1% tension, a small amount of tensile residual strain, 111
ue, can be perceived. And a relative large amount of compressive residual strain, — 388
ue, was witnessed after unloading from compression. The hysteresis loop of (00.2) lattice
strain in each fatigue cycle exhibits tension-compression asymmetry, with the maximum
compressive lattice strain higher than the maximum tensile lattice. The asymmetry in the
stress-lattice strain of (00.2) grains hysteresis loop in the 1% fatigue cycle is more severe

than the other fatigue cycles.

4.3.3 Discussion

Low-cycle fatigue behavior: The tension-compression asymmetry in the stress-
strain hysteresis loop during the fully-reversed low-cycle fatigue in wrought Mg alloys is
frequently observed in the previous studies [44, 99, 101, 102, 115, 176], which strongly
depends on the strain amplitudes and strain ratio. It has been reported [101] that when the
strain amplitude is lower than 0.45% the symmetry stress-strain hysteresis loop is
observed in extruded AZ61A Mg alloys, owing to the absence of the twinning-
detwinning activities. On the other hand, when the strain amplitude is high than 0.52%,
the stress-strain hysteresis loop becomes asymmetry, due to the anisotropic plastic
deformation caused by deformation twinning.

In the current study, the total strain amplitude was 2% resulting in an asymmetry
shape of the stress-strain hysteresis loop, as presented in Fig. 4.10(a). The stress-strain
curve of the 50" fatigue cycle is chosen for the detail analyses, because it is close to the
middle fatigue life, as illustrated in Fig. 4.16(a). It has been confirmed the stress-strain

curve during compression can be divided into two regions in the 50" fatigue cycle, based
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on the work-hardening rate variation [the breaking point locates at — 136 MPa in Fig.
4.11(f)]. The real-time in-situ neutron diffraction results manifest that the two regions in
compress are detwinning dominated deformation and transition from detwinning to
dislocation dominated deformation, respectively, in Fig. 4.14(f). The tension deformation
region with a steady work-hard rate in Fig. 4.11(f) can be identified as the tensile
twinning dominated deformation, according to neutron diffraction peak intensity
evolution of different hkls in Fig. 4.14(f). Therefore, the stress-strain hysteresis loop of
the 50™ fatigue cycle in Fig. 4.16(a) can be separated into three regions, including, (One)
tensile twinning dominated deformation in tension (filled with diagonal pattern in red),
(Two) detwinning dominated deformation in compression (filled with diagonal pattern in
blue), and (Three) transition from detwinning to dislocation dominated deformation
(filled with diagonal pattern in green). The dividing point of work-hardening rate change
(a black dot) is marked in Fig. 4.16(a). An imaginary line (black dashed line) was drawn
on Fig. 4.16(a), in consonance with the stress-strain flow in the detwinning dominated
deformation region. It is obvious that the region (One) and (Two) are symmetric in shape
to each other. The asymmetry shape of the stress-strain hysteresis loop results from the
additional region (Three). It should emphases that the whole tension region (One) was
rule over by the tensile twinning dominated deformation. As demonstrated in Fig.
4.13(a), the (00.2) grains in the axial direction were never fully twinned during low-cycle
fatigue, since the diffraction peak intensity of (00.2) grain always higher than zero. In our
previous study, the sample was fully twinned after 7 % strain [164]. In other words, a
majority of grains is suitable for the tensile twinning, which happens to be the easiest
deformation mode in the current loading condition (tension along ND), but only a portion
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of those grains involves in twinning to achieve the imposed macroscopic strain (nearly
4% tensile strain in the current study). Moreover, it is very interesting to note the
detwinning dominated deformation was completed with 2.7% strain. Unlike tension
region with a large amount of grains applicable for tensile twinning, only the twinned
grains could be involved in detwinning process, which is thought to be the main reason
for the early exhaustion of detwinning in the compression. Hence, in order to
accommodate a further imposed compressive strain, about 0.9% strain, the dislocation
slip has to be activated, which is the main reason for the asymmetry shape of the stress-
strain hysteresis loop.

The areas of stress-strain hysteresis loop above and below 0 MPa and their ratio
was displayed in Fig. 4.16(b). The area of hysteresis loop above 0 MPa (black solid
square) enhanced rapidly in the first 5 fatigue cycle, followed by a marginal increase. It
indicates that more and more mechanical energy are required for the deformation in the
first 5 fatigue cycles, which is caused by the work hardening. After that, comparable
amount of mechanical energy is need in the following fatigue cycles, since the
mechanical becomes stable. The variation of the area of hysteresis loop below 0 MPa (red
solid square) has a similar trend as the area above 0 MPa, except in the 1% fatigue cycle.
The area of stress-strain hysteresis loop in the 1% fatigue cycle is much larger than in the
following fatigue cycles. The ratio of area of stress-strain hysteresis loop above 0 MPa
over below 0 MPa (blue open circle) almost stayed at 1, except the 1% fatigue cycle. It
suggests that the areas of stress-strain hysteresis loop on tension side actually equal to the
compression side, although the shape of hysteresis loop is asymmetry. The peak stresses
(solid square), yield strengths (open circle), the stresses at dividing point between the
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detwinning dominated deformation and transition region (open triangle), and the stresses
at dividing point between the transition region and dislocation dominated deformation
(open pentangle) as a function of fatigue life in the selected fatigue cycles are illustrated
in Fig. 4.16(c). The stress ranges for tensile twinning dominated deformation (R1),
detwinning dominate deformation (R2), and transition from detwinning to dislocation
dominated deformation were filled with diagonal patterns by colors red, blue, and green,
respectively. The transition region contributes nearly 50% of the compression peak stress
in Fig. 4.16(c). The tensile peak stresses (black solid square) are comparable to the
stresses at dividing point between the detwinning dominated deformation and transition
region (red open triangle) in each fatigue cycle, except the 1 cycle, as displayed on the
top of Fig. 4.16(d). Moreover, the stress range for the tensile twinning dominated
deformation, R1, is identical to the stress range for the detwinning dominated
deformation, R2, as presented on the bottom of Fig. 4.16(d). Thus, it is further confirmed
that the rapid strain hardening in the transition region is responsible for the asymmetry

shape of stress-strain hysteresis loop.

Because the deformation anisotropy in HCP-structured polycrystalline wrought
Mg alloys, the tensile mean stress is often witnessed during uniaxial fully-reversed low-
cycle fatigue with relative high total strain amplitudes. The magnitude of mean stress
depended on the strain amplitude, strain path, and sample orientation [100, 132, 177]. It
has been reported that the reduced tensile mean stress can significantly diminish the
asymmetry shape of the stress-strain hysteresis loop [111]. Moreover, it has been

accepted that the tensile mean stress is detrimental to the fatigue resistance by facilitating
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the fatigue crack initiation and propagation processes. In the present research, a
compressive mean stress was introduced, as shown in Fig. 4.10(b). In the previous study
[118], it is found that ND sample exhibit a superior fatigue resistance as compared to RD
specimen in rolled AZ31B magnesium alloy at the same strain amplitude during low-
cycle fatigue, which is attributed to the compressive mean stress that impedes the fatigue
crack initiation and growth. However, the conflicted conclusion has been drawn by the
other researchers that the ND sample has the lowest fatigue resistance [44] compared to
RD and TD samples, which agrees with the results in the current study. In the present
research, the compressive mean stress is acquired with the axial direction of the fatigue
sample parallel to ND of the rolled plate. The mean stress in HCP-structured wrought Mg
alloys significantly relies on the initial texture and the sample orientations. If the axial
direction of the sample is along any direction in the rolling plane or extruded direction,
the tensile mean stress can be expected under a relative large total strain (larger than
0.5%). It reveals that the compressive mean stress is not necessary for the better fatigue
resistance and longer fatigue life in wrought Mg alloys during fully-reversed low-cycle
fatigue. It is believed that the fatigue resistance and fatigue life of wrought Mg alloys
greatly depends on the initial texture and the fatigue sample orientations.

Correlation between the macroscopic behavior and microscopic response in low-cycle
fatigue: It has been approved that the real-time in-situ neutron diffraction measurements
can be successfully employed to study the deformation dynamics and mechanisms of
wrought Mg alloys during the strain-path changes [164]. In the present study, the work-
hardening rate during tension in each selected fatigue cycle keeps almost constant (Fig.
4.11), which correlates with the tensile twinning dominated deformation (Fig. 4.14).
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However, during compression, curves of work-hardening rate vs. applied stress can be
separated into three regions (steady state, rapid increase, and gradually decrease regions)
or two (steady state and rapid increase regions), as presented in Fig. 4.11. It is confirmed
that a specific deformation mode was activated in each region by neutron diffraction
results. The three regions during compression in the 1% and 2™ cycles, as demonstrated in
the middle figure in Fig. 4.11(a) and (b) can be tagged as detwinning dominated
deformation, transition from detwinning to dislocation dominated deformation, and
dislocation dominated deformation, respectively, based on the diffraction peak intensity
evolution of certain hkls, as previously mentioned. The two regions during compression
in the other selected fatigue cycles can be labeled as detwinning dominated deformation

and transition from detwinning to dislocation dominated deformation.

Comparing the work-hardening rate variation during compression in the 1% cycle
[the middle figure in 4.11(a)] with the 2" cycle [the top figure in 4.11(b)], it is obvious
that the stable and rapid increase regions are expanded, but the gradually decrease region
almost disappeared in the 2" fatigue cycle. It can be easily explained by neutron
diffraction results in Fig. 4.14(a) and (b) that the detwinning dominated deformation and
transition from detwinning to dislocation dominated deformation are finished much more
slowly in the 2" than the 1% fatigue cycle, which leads to broader steady and rapid strain
hardening regions in the 2" fatigue cycle. The dislocation dominated deformation
occurred by the end of compression deformation in the 2™ cycle [Fig. 4.14(b)], which
results in the work-hardening rate decrease region almost disappears [top figure in Fig.

4.11(b)]. The difference in the microscopic response during compression between the 1%
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and 2" fatigue cycles is considered to be responsible for the dissimilar hysteresis loop

shape of stress-strain curve.

After the first two fatigue cycles, the stress-strain hysteresis loops are very
resembling with each other [Fig. 4.10(a)]. In compression, the two regions (steady state
and rapid increase regions) can be labeled as detwinning dominated deformation and
transition from detwinning to dislocation dominated deformation in the work-hardening

rate as a function of applied stress curve from the 5™ to 70" cycle, as presented in Figs.

4.11(c)-(g).

As previously mentioned, overall, the diffraction peak width of (00.2) grains in
the axial direction increased with the fatigue life, which is believed to be caused by the
dislocation density increase during the cyclic loading. During the twinning and
detwinning dominated deformation in each fatigue cycle, the diffraction peak width of
(00.2) grains exhibit the recurrent ups and downs. Though the twinning and detwinning
dominated deformation lead to the grain size changes, the contribution of the effect of
grain size on the diffraction peak width must be very limited in the current study. In each
fatigue cycle, a peak can be identified in the diffraction peak width evolution of (00.2)
grains, which appears in the transition region (from detwinning to dislocation dominated
deformation) during compression, reaching to the peak value when the compressive stress
reach to the maximum value, decreasing upon unloading, and falling back when the
applied stress reached to the tensile yield strength. There are three main sources for the
diffraction peak broadening, including, the increase of the dislocation density, the

increase of the applied stress, the decrease of the grain size. Since the diffraction peak
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width is very insensitive to the grain size changes during the twinning and detwinning
deformation, it is reasonable to believe that the spike of the diffraction peak width
variation of (00.2) grains in each selected fatigue cycle mainly results from the
dislocation density and the rapid stress changes. Moreover, in theory, unloading and
elastic region in reverse tension will not affect the dislocation density. Therefore, the
increase and decrease of diffraction peak width of (00.2) grains mainly results from the
applied stress changes. It is noticed that the ending point is always higher than the
beginning point of the spike in each fatigue cycle, which can be attributed to the increase

of the dislocation density.

Therefore, in the current study, the relationship between the macroscopic
mechanical behavior and microscopic response at grain level is successfully established
using real-time in-situ neutron diffraction technique.

The twinning and detwinning behavior during low-cycle fatigue: The in-situ
neutron diffraction has been employed to investigate the twinning and detwinning
behavior in wrought Mg alloys using step-loading methods during cyclic loading [43-45,
135]. It has been established that the tension-compression strength asymmetry in wrought
Mg alloys results from the mechanical twinning, e.g., tensile twinning is activated during
in-plane compression and through-thickness tension in rolled plates or along extrusion
direction compression in extruded bars, while the strength of material is controlled by the
non-basal slip mechanisms in the reverse loading direction. Moreover, the alternative
twinning-detwinning behavior was observed during the cyclic loading. With the increase

of the fatigue cycles, the residual twins were detected, which is thought to be an
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important factor to dictate the low-cycle fatigue behavior of wrought Mg alloys. In the
present study, the similar conclusions can be drawn based on the real-time in-situ neutron

diffraction results.

Besides the above mentioned phenomenon, it is found that deformation history
has significantly impact on the tensile twinning, which tends to delay the activation of
tensile twinning. As previously mentioned, the tensile yield strength in the 1% tension in
the 1% fatigue cycle is much lower than the following fatigue cycles, as shown in Fig.
4.10(c). The tensile yield strengths in the selected fatigue cycles increase gradually in the
first five fatigue cycles, and then cease changing in the following fatigue cycles. It has
been widely accepted that the Schmid law [Eq. (22)] is valid to calculate the onset of
deformation twinning under a uniaxial loading condition by assuming that the
deformation twinning is governed by critical resolved shear stress (CRSS) on the twin

plane and in the twinning direction [43, 45, 46, 54, 87]:

Tcpss = O, COSACOS ¥ (22)

where “crss js the CRSS, ¢ is the critical applied stress, A and ¥ are the angles
between the loading axis and twin plane normal and between the loading axis and the
twinning direction, respectively. The CRSS variation as a function of fatigue cycles was
exhibited in Fig. 4.17. It is obvious that the CRSS in the 1st tension in the 1% fatigue
cycle is much lower than the other fatigue cycles. It manifests that the tensile twinning
can be more easily activated in the anneal sample than the fatigued sample. Moreover, the
CRSS variation in different fatigue cycles strongly depends on the residual lattice strain

of (00.2) grains in the axial direction after compression. It is believed that the
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compressive residual strain developed in each selected fatigue cycle, presented in Fig.
4.15, is responsible the increase of the yield strength and the postponement of the

operation of the tensile twinning dominated deformation in tension.

On the other hand, the compressive yield strengths enhanced greatly in the first 2
fatigue cycles, then gradually increased until 50™ cycle, after that kept constant, which
implies that the detwinning dominated process was postponed with the increase of fatigue
life. The neutron diffraction results validate this statement by demonstrating the
detwinning dominated deformation mode is activated upon unloading. In the elastic
region during compression, detwinning operates in a relatively slow speed. The intense
detwinning occurs, when the applied stress passes the yield strength, as shown in Figs.
4.13(a), 4.13(b), and 4.14. It is interesting to note that, in the whole fatigue life, the
tensile yield strengths are higher than the compressive yield strengths in Fig. 4.13(c),
which suggests that the operation of tensile twinning dominated deformation is more

difficult than the detwinning dominated deformation.

The aforementioned the diffraction peak intensity of (00.2) grains decreased more
and more in the axial direction (or increase more and more in the radial direction) as
shown in Fig. 4.13(a) and (b), suggesting more and more grains involved in tensile
twinning and detwinning deformation with the increase of fatigue cycles. Meanwhile, the
stress ranges for twinning (R1) and detwinning dominated deformation (R2) increased
with the fatigue life, in Fig. 4.16(d). It also confirms that the twinning and detwinning

process was prolonged with the increase of fatigue cycles.
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In our previous study [164], it states that no apparent detwinning occurred after
unloading from compression (sample was machined from the same rolled plate as the
current study with the axial direction parallel to the RD) during strain-path changes under
uniaxial loading condition. The simulation results [120] have also indicated that no twin
volume fraction changes and no twinning activities during unloading after the twinning
dominated deformation. In the current research, as a matter of a fact, there is no obvious
detwinning activities during unloading from previous tension deformation (tensile
twinning dominated deformation), even by the end of fatigue life, as displayed in Fig.
4.14. The twinning and detwinning dominated deformation are prevailed in the plastic
deformation region in the whole fatigue life, although the activation of tensile twinning is

advanced in the elastic region during tension and detwinning arises upon compression.

Furthermore, the residual twins were observed in the early fatigue life (the 20"
fatigue cycle) and accumulated with the fatigue cycles. The previous researchers [45]
state that the residual twins are in the “hard” orientation and difficult to be deformed. The
residual twins also could serve as barriers to obstruct the dislocation motion. They are
responsible for the hardening behavior in the twinning dominated deformation side of the
stress-strain hysteresis loop. It agrees very well with our experimental observations in the
current study.

The internal strain evolution during low-cycle fatigue: In the previous studies, the
internal strain evolution has been investigated using step-loading controlled in-situ
neutron diffraction methods under uniaxial loading condition. It has been concluded that

once the tensile twinning is activated, it leads to a stress relaxation in parent and twin
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grains relative to the surrounding grains in extruded ZK60 Mg alloys [43]. It has been
found that the stress relaxation due to the tensile twinning in fine-grain alloys is much
more significant than the coarse-grain alloys in extruded ZM20 Mg alloys [80]. Very
recently, it has been reported that the loading modes (stress-control or strain-control and
step-loading or continuous loading) has an obvious impact on (10.0) and (11.0) group of
grains, in which a large amount of plasticity has been detected, but the (00.2) grains was

unaffected by the loading modes in rolled HCP-structured Zircaloy-2 alloys [178].

In the current study, the internal strain evolution was investigated using real-time
in-situ neutron diffraction method under continuous loading condition in strain control
mode with a constant strain rate in each selected fatigue cycle. Only lattice strain
variation of (00.2) grains in the axial direction was presented in the current paper, since
there is no zero diffraction peak intensity in this group grains during the cyclic loading. In
each fatigue cycle, the stress-lattice strain of (00.2) grains hysteresis loop can be
witnessed with the obvious tension-compression asymmetry in Fig. 4.15. The areas of
stress-lattice strain of (00.2) grains in the axial direction hysteresis loop above and below
0 MPa and their ratio were illustrated in Fig. 4.18(a). The area of stress-lattice strain of
(00.2) grains hysteresis loop above 0 MPa has very little variation during the low-cycle
fatigue. The area of stress-lattice strain of (00.2) grains hysteresis loop below 0 MPa has
an analogous fashion as above 0 MPa, except in the 1% fatigue cycle the area is larger
than in the following fatigue cycles. The ratio of stress-lattice strain of (00.2) grains
hysteresis loop above 0 MPa over below 0 MPa fluctuates around 0.4 through the fatigue

life. Consequently, not only the shape but also the area of stress-lattice strain of (00.2)
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grains hysteresis loop are asymmetric in the whole fatigue life, unlike the solely shape

asymmetry in macroscopic stress-strain hysteresis loop as presented in Figs. 4.16(a) and

(b).

The lattice strain evolution of (00.2) grains in axial direction at maximum and
minimum macroscopic strains (+/— 2% strain) as a function of fatigue life was illustrated
in Fig. 4.18(b). It is noticed that the peak values of the tensile lattice strain of (00.2)
grains keeps increasing during the fatigue tests, because the work hardening during the
fatigue. However, the maximum value of compressive lattice strain declined
consecutively after 2 fatigue cycles, although the macroscopic compressive peak stress
remains consistent after the first 2 cycles [in Fig. 4.10(b)], which is thought to be due to
the accumulation of the residual twins with fatigue life. If the twinned grains are fully
detwinned during compression, the load has to be imposed on the majority of grains,
(00.2) grains at maximum compressive strain. With the existence of the residual twins, a
portion of load has to be distributed to them. The real-time in-situ neutron diffraction
results indicate that the residual twins appeared from the 20™ fatigue cycle [Fig. 4.13(a)
and (b)], but there must be a small amount of residual twins before that, which are
“invisible” to neutrons. Since the neutron diffraction measurement provide the bulk
averaged information, a certain amount of residual twins has to be aggregated to become
detectable. The lattice strain evolution of (00.2) grain in the axial direction indicates an
early appearance of the residual twins in the 5" fatigue cycle, than the diffraction peak

intensity, in the 20" cycle.

74



The lattice strain evolution of (00.2) grains in the axial direction in the 1% fatigue
cycle was presented in Fig. 4.19. During the 1% tension in the 1% cycle, the lattice strain
of (00.2) grains increased linearly in the elastic region, followed by a rapid increase in a
small applied stress range from 64 to 68 MPa, and then ceasing to accept the lattice strain
after 68 MPa. During the compression, the lattice strain of (00.2) grains deviates towards
the lower side of linearity in the detwinning dominated deformation region, which
indicates a stress relaxation behavior. In the transition and dislocation dominated
deformation regions, the lattice strain of (00.2) grains diverges to the upper side of the
linearity, which implies that the (00.2) grains tends to carry more load. In the 2™ tension
in the 1°" fatigue cycle, the lattice strain of (00.2) grains exhibit a zigzag shape in the
twinning dominated deformation region. The lattice strain variation of (00.2) grain in the
other selected fatigue cycles is very analogous to the compression and the 2™ tension in
the 1% fatigue cycle. Subsequently, the lattice strain evolution of (00.2) grains in the axial
direction has a strong connection with the alternative deformation modes in each fatigue

cycle.

4.3.4 Summary

The real-time in-situ neutron diffraction has been taken advantage of in the current
study to investigate fatigue mechanisms of a rolled AZ31B Mg alloy during fully-reversed
strain-controlled low-cycle fatigue with total strain amplitude, 2%, under continuous
loading-condition. The relationship between macroscopic low-cycle fatigue behavior and
microscopic response at a grain level has been successfully established. The main

conclusions were drawn based on the present research as follows:
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1)

)

(3)

(4)

(5)

(6)

The rapid strain hardening in the transition region, from detwinning to dislocation
dominated deformation, during compression is responsible for the asymmetry
shape of stress-strain hysteresis loop, although the area of stress-strain hysteresis
loop on tension and compression sides essentially equal to each other.

The stress-strain curves in every fatigue cycle can be divided in to several regions
based on the work hardening rate variation. In each region, an alternative
twinning, detwinning, transition from detwinning to dislocation, and dislocation
dominant deformation mode is activated.

The fatigue resistance and fatigue life of HCP-structured wrought Mg alloys
depends on the initial texture of the fatigue samples. The compressive mean stress
IS not necessary for the better fatigue resistance and longer fatigue life in wrought
Mg alloys during fully-reversed low-cycle fatigue.

With the increase of fatigue cycles, more and more grains involve in twinning and
detwinning. The activation of tensile twinning is much more difficult in the
fatigued sample than in the un-deformed sample, due to the residual strain. In the
whole fatigue life, the activation of detwinning dominated deformation is easier
than twinning dominated deformation.

In the elastic region, there is no obvious twinning and detwinning activities. The
twinning and detwinning dominated deformation modes occurred in plastic
deformation regions in every fatigue cycle.

The residual twins appear at early fatigue life, and being responsible for the

hardening behavior in the twinning dominated deformation.
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@) The shape and the area of stress-lattice strain of (00.2) grains hysteresis loop stay
asymmetric in the whole fatigue. The evolution of the maximum value of the
lattice strain in the (00.2) grain in the axial direction is sensitive to the appearance
of the residual twins.

(8) In the 1% tension in the 1% fatigue cycle, the lattice strain of (00.2) grains in the
axial direction yield rapidly in twinning dominated deformation. In the following
fatigue cycles, during compression, the lattice strain of (00.2) grains tends to relax
in detwinning dominated deformation, and carry more load in the transition
region. During tension, the zigzag shape of the lattice strain variation in (00.2)

grains is observed during twinning dominated deformation.

4.4 Fatigue Crack Growth Behavior using In-Situ Neutron Diffraction
4.4.1 Twinning and detwinning behavior around fatigue crack tip

Figures 4.20(a) and (b) show the elastic-lattice strain and normalized intensity
variations of the {00.2} peak in the normal direction [ND, Fig. 3.4(a)] as a function of the
distance from the crack tip along the crack-propagation direction [RD, Fig. 3.4(a)] at
various applied loads [i.e., 5 load points (LPS); LP1 (Pmax), LP2 (Pmin), LP3 (1.3Pmax),
LP4 (Pmax), and LP5 (Pmin), blue circles in Fig. 3.4(d)] during base-line tensile loading-
unloading and subsequent tensile overloading-unloading cycles. For these measurements,
the {00.2} orientation has a basal pole (c-axis) parallel to the normal direction (ND) of
the plate, which is also the loading direction [see Figs. 3.4(a) and (b)]. Thus, the {00.2}
grains are favorably oriented for the {10.2}<10.1> extension twinning in tension. Neither

of the family of grains is oriented favorably for the <a>-slip on any planes.
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When a base-line tensile loading was applied and then unloaded (LP2, Fig. 4.20),
the compressive residual strains were developed up to about 1 mm ahead of the crack tip
[Fig. 4.20(a)], and a larger increase in the {00.2} peak intensity from LP1 to LP2 was
observed especially at the locations close to the crack tip [Fig. 4.20(b)]. The tensile
overload of 2,990 N (= 1.3Pnax, LP3 in Fig. 4.20) was applied after the base-line tensile
loading. The lattice strains, especially ahead of the crack tip, were significantly increased
from LP2 to LP3 due to the higher stress concentration induced by overloading. On the
other hand, a relatively smaller change of lattice strains was observed behind the crack
tip. The tensile overload led to a more significant decrease in the {00.2} peak intensity
than the base-line tensile loading [LP3 vs. LP1, Fig. 4.20(b)]. As the load was decreased
from LP3 (1.3Pmax, an overloading point) to LP4 (Pmax), the magnitude of lattice strains at
all investigated locations was slightly reduced, while the {00.2} peak intensities near the
crack tip were partially increased. When the sample was further unloaded from LP4 to
LP5, the enlarged compressive strains in both the magnitude and zone size were found in
front of the crack tip, and the {00.2} peak intensities kept increasing. However,
unloading followed by overloading did not lead to a full recovery of the decreased {00.2}
intensities, as shown in the smaller {00.2} peak intensities of LP5 than LP2 at the
locations from approximately —0.5 mm behind the crack tip to 3 mm ahead of the crack
tip. At both —1 and —2 mm positions, the {00.2} peak intensities in both cases were
similar to each other.

Figure 4.21 shows lattice strains and diffraction peak intensities, respectively,
plotted chronologically as a function of the applied load [marked with triangles, Fig.
3.4(d)] at the location of 0.5 mm in front of the crack tip, in order to demonstrate clearly
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how the measured values change during the test. A schematic of the evolution of
microstructure at applied loads marked in Fig. 4.21(b) was presented in Fig. 4.22. In Fig
4.22, G1, G2, and G3 represent three grains with different crystallographic orientations in
front of the fatigue crack tip. Among them, the basal plane normal of a grain, G2, is
parallel to the loading direction (ND), where twinning and detwinning will occur during
the loading and unloading sequence. It is worth noting that the {00.2} diffraction peak
intensity in ND shown in Fig. 4.21(b) is normalized by the reference diffraction peak
intensity (far away from the crack tip and no fatigue history). After the base-line tensile
loading was applied and unloaded, the {00.2} peak intensity reduced due to loading was
fully recovered after unloading to Ppmin [A in Fig. 4.21(b)]. Both {00.2} and {10.3} grain
orientations revealed small compressive residual strains, although there is an applied
tensile load, Pnin. As the sample was loaded up to 1.3 Pyax [C in Fig. 4.21(b)], the
intensity of the {00.2} peak remained stable starting from Ppin [A in Fig. 4.21(b)] until
the load level reached to 0.6 Pnax [B in Fig. 4.21(b)], and then decreased gradually. The
lattice strains also showed the deviation from linearity at 0.6Pmax, Where the {00.2} peak
intensity starts to decrease. When the sample was unloaded to Ppi, [D in Fig. 4.21(b)]
after tensile overloading [C in Fig. 4.21(b)], the {00.2} peak intensity was increased
immediately and recovered by about 97%. Slightly larger compressive residual strains
were observed in the {00.2} and {10.3} grain orientations after the tensile overloading, as

compared with those after the base-line tension [Fig. 4.21(a)].
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4.4.2 Discussion

The understanding of results in Figs. 4.20 and 4.21 can be facilitated by a general
understanding of the stress evolution near a fatigue crack tip. From our previous
modelling and experimental studies of fatigue cracks [140, 179], Fig. 4.23 depicts that the
plastic zone resembles a stationary crack at Knyax, While the unloading from Kmax t0 Knin
leads to a compressive residual stress zone immediately near the crack tip and a tensile
stress zone ahead of the crack tip. The plastic wake under Kni, is also in a compressive
stress state. The stress distribution is schematically illustrated in Fig. 4.23(c), showing the
complex history in the vicinity of the fatigue tip. It is cautioned that results in Fig. 4.23
are gualitative in nature and are based on the isotropic Mises plasticity model. However,
the strong plastic anisotropy in Mg alloys will change the magnitude of the stress fields
and the location and extent of the compressive stress zone, but the stress distributions
should resemble Fig. 4.23(c) for tests under positive R ratios. We next discuss if a
correlation between the macroscopic stress state near a fatigue crack and the
twinning/detwinning behavior can be established.

Strain and diffraction-peak intensity fields at Knax or Kowerioad: According to Fig.
4.23, at Knax (LP1 and LP4) and Koverioag (LP3), there exists a large tensile-stress zone
behind and ahead of the crack tip, which agrees with the strain measurements in Fig.
4.20(a). When determining if extension twinning occurs in this tensile stress zone, we
also need to pay attention to other stress components, since twinning is generally driven
by the resolved shear stress.

The intensity of a diffraction peak changes when the amount of materials satisfied
with Bragg diffraction varies. Since the scattering volume is constant through the
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measurements, and phase transformation does not occur in this material, the change of
the intensity could only be explained by the re-orientation of grains. In the magnesium
alloy, {10.2}<10.1> extension twinning is commonly observed at room temperature in
favourably oriented grains, relative to the loading direction. This twinning mode is easily
activated by a tensile stress perpendicular to the basal plane or a compressive stress
parallel to the basal plane, by giving rise to an approximate 86.6<reorientation of the
crystal lattice. Since our material, the AZ31B Mg alloy, has a strong rolling texture in
which the basal-plane normal in most of the grains is parallel to ND [Fig. 3.4(c)], the
tensile loading in ND (Fig. 1b) would lead to the {10.2} extension twinning, resulting in
a decrease in the {00.2} peak intensity. In Fig. 4.20(b), the peak intensity decreased
within the regime of about [-1 mm, 2 mm], which agreed with the tensile zone depicted in
Fig. 4.23(c). Our recent numerical simulations reveal that a large degree of stress
triaxiality exists near the peak normal stress (or equivalently, right in front of the crack
tip) at Kmax [140, 179]. Such a triaxial stress state does not favor twinning because of the
reduced resolved shear stress. This observation also agrees well with the observation in
Fig. 4.20(b), e.g., the peak intensity does not vary noticeably in the regime of [0 mm, 1
mm] for LP3.

Development of compressive stresses and detwinning behavior at Kpin: An
increase of the {00.2} peak intensity in ND during unloading [Figs. 4.20(b) and 4.21(b)]
can be obtained either from the {10.2} extension twining in {10.0} grains under
compression or detwinning of the volumes twinned under the tensile loading. As no
diffraction peaks of {10.0} in ND and {00.2} in TD are found in the initial texture [see
Fig. 3.4(c)], the possible {10.2} extension twining under compression in such {10.0}
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grain orientations is negligible. Therefore, it is evident that only the detwinning behavior
is responsible for the observed increase of the {00.2} peak intensities in ND during
unloading [Figs. 4.20(b) and 4.21(b)].

After the tensile loading [LP2, Fig. 4.20(a)], the compressive stresses were
developed near the crack tip, even though the tensile load of 230 N is applied. In an
unloaded condition after the tensile overload [LP4, Fig. 4.20(a)], the magnitude of strains
both at the crack tip and ahead of the crack tip was decreased, as compared to that at LP1
(the immediately preceding cycle). The reduced strains at LP4 reveal that the overload-
induced larger plastic deformation developed larger compressive residual stresses during
unloading, which finally results in the enlarged compressive stresses around the crack tip
at Pnmin (LP5), relative to LP2. It is thought that the development of compressive residual
stresses generated near the crack tip during unloading as a result of plastic deformation is
responsible for the detwinning behavior.

Activation of twinning and detwinning near the crack tip, compared to uniaxial
loading: The twinning-detwinning phenomena have been reported during the strain-path
changes [180] or cyclic loading [44, 45] under monotonic-loading conditions. In the
previous studies, the full recovery of the twinned volume is usually obtained when
reverse loading is applied. However, our crack-tip deformation study demonstrates that
the twinned volume is fully detwinned even at 0.3Pnyx during unloading after the base-
line tensile loading, and approximately 97% of twinned volume is detwinned after
unloading to Pni, in the overload cycle, even though no reverse loading is applied [Figs.
4.21(b) and 4.22]. Moreover, it should be pointed out that while twinning is activated
above a certain critical stress value (0.6Pma in this study), detwinning occurs
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immediately upon unloading. The activation of the detwinning behavior during unloading
is attributed to the compressive residual stresses developed near the crack tip immediately
after plastic deformation.

It is interesting to estimate the activation stress of extension twinning based on
our experimentally-determined lattice strain measurements. In the previous research [43,
46, 87], it has been acknowledged that the Schmid law, as shown below, could be applied
to calculate the onset of the deformation twinning by assuming that the deformation
twinning is governed by CRSS on the twin plane and in the twinning direction under the

uniaxial loading condition.
Tcrss = O COS A COS ¥ (22)

where tcrss IS the CRSS, o¢ is the critical applied stress, A and y are the angles between
the loading axis and twin plane normal and between the loading axis and the twinning
direction, respectively. In the present study, the internal strain of the {00.2} orientation
grains in the ND direction could be used to calculate the activation stress for extension

twinning. Since this point of interest is slightly ahead of the fatigue crack tip but within

the plastic zone at Kmax, the stress state is roughly Ou =0 ~0.50% . From the Fig.

4.21(a), the lattice strain of the {00.2} orientation grains corresponding to 0.6Pm,x equals

730 pe. Such a strain, Eslzasm, together with the elastic constants leads to stress levels of
about o7, = 50 MPa and o11 = g33 = 25 MPa, which are approximately equivalent to a
uniaxial tension of 25 MPa plus a hydrostatic tension of 25 MPa. Since a hydrostatic part
does not lead to any resolved shear stress, the CRSS of 12.5 MPa is obtained by a product

of the critical applied stress (o. = 25 MPa) and a Schmid factor (cos/icosy) of ~0.5 under
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the uniaxial test condition. Although the stress state is very approximate, this value
agrees very well with previous studies giving CRSS of 15 MPa [16,17].

As shown in Fig. 4.21(a), it is noted that both {00.2} and {10.3} grain
orientations, favourably oriented for extension twinning, reveal compressive residual
strains at Ppn after unloading. The compressive residual strains in those grain orientations
result from the stress relaxation due to the activation of extension twinning, which is
typically observed in “soft” grain orientation, where the grains are plastically deformed.
Once the extension twinning occurs, internal stresses of the grains experiencing the
twinning are relaxed and transfer the load to the other “hard” grain orientations, i.e., the
new twins [17]. Thus, it is thought that the load re-distribution phenomenon, caused by
the development of intergranular stresses in polycrystal aggregates, influenced the
compressive residual stresses in {00.2} and {10.3} grain orientations after unloading.

Texture evolution with the crack propagation: Since the initial texture of the
studied alloy has the twinning—detwinning dominant deformation mechanism, it is
expected that only a small amount of residual twins remain in the plastic zone. It is
interesting to examine how many residual twins are left as the crack propagates. Figure
4.20(b) shows neutron-diffraction peak-intensity variations as a function of the distance
from the crack tip. It should be noted that the different locations away from the crack tip
represent a different fatigue history, and the diffraction peak intensities at the various
locations could be related to the amount of residual twins. For example, the materials at
the location of 2 mm behind the crack tip (-2 mm) were subjected to cyclic loading
experiencing the elastic deformation, plastic deformation, final fracture, and further
deformation after fracture until the stresses are not applied, as the crack approaches and
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propagates through this position. The {00.2} peak intensity at the —2 mm location [LP2,
Fig. 4.20(b)] decreased by about 11%, as compared to that at the 3 mm location where
the elastic and small plastic deformation occurred. It means that most of the twinned
volumes are detwinned during unloading, but approximately 11% of grains contributing
to the initial {00.2} peak intensity remained as residual twins. In order to confirm the
results of the in-situ neutron-diffraction measurements, more quantitative texture analyses
were performed by measuring the bulk texture on the same DC(T) specimen used for in-
situ test (Fig. 4.24). Noting that a decrease of the {00.2} diffraction peak in ND during
tensile loading is caused by the activities of {10.2} extension twinning, the volume
fraction of extension twins can be obtained from a decrease in the volume fraction of
grains where extension twinning is expected. Since the grains present near the center of
the {00.2} pole figure would undergo the extension twinning, the volume fraction of the
grains experiencing twinning is calculated by integrating the normalized intensity from
center to the inner rim (e.g. x = 0 to x = 30) in the {00.2} pole figure. Thus, the twinned
volume fraction was estimated in Fig. 4.25 from the comparison of the volume fraction of
grains within the rim. A similar approach has been recently employed [60, 181].

Figure 4.24 shows the several pole figures measured at locations far away from
the crack tip [Fig. 4.24(a)], right ahead of the crack tip [Fig. 4.24(b)], and behind the
crack tip [Fig. 4.24(c)]. It was found that the texture in the fatigue-wake region [Fig.
4.24(c)] did not change significantly, compared to that in the undeformed region far away
from the crack tip [Fig. 4.24(a)]. Furthermore, the volume fraction analysis revealed that
the volume fraction of the residual twins in the fatigue-wake region was in the range of 7

to 14% (Fig. 7), which was in a good agreement with that from in-situ neutron-diffraction
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measurement. The texture measurement results confirm that most of the twinned
materials undergo detwinning during unloading under the current fatigue loading
condition. Therefore, it is concluded that reversible twinning and detwinning
characteristics are the dominant deformation mechanism for the studied material
subjected to cyclic loading, and only a small amount of residual twins remain after the

crack propagation.

4.4.2 Summary

In-situ neutron-diffraction experiments were carried out to investigate the
twinning-detwinning behavior during fatigue-crack propagation in a wrought magnesium
alloy, AZ31B, disk-shaped compact-tension specimen. The main results are summarized
as follows:

1) During the base-line tensile loading and unloading, reversible twinning and
detwinning were observed at 0.5 mm in front of the crack tip, such that the
volume twinned during tensile loading was completely detwinned during
unloading. On the other hand, the recovery of the {00.2} peak intensity by almost
97% during unloading, followed by tensile overloading, indicated that a very
small amount of residual twins remained after the tensile overload.

2 While twinning was activated above a certain critical stress value (0.6Pnax in the
current study), detwinning occurred immediately at the beginning of unloading
and continued during this process. The development of compressive residual
stresses generated near the crack tip during unloading is thought of as being

responsible for the detwinning behavior.
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©)

(4)

When the extension twinning occurs, internal strains in the {00.2} and {10.3}
grains experiencing the extension twinning were relaxed, which developed the
compressive residual stresses after unloading.

Neutron-diffraction texture-measurement results show that the texture in the
fatigue-wake region did not change much, compared to that in the undeformed
region far away from the crack tip, and approximately 11% of residual twins were
left behind the crack tip. The results reveal that the reversible twinning and
detwinning are the dominant deformation mechanism for the studied material
subjected to cyclic loading, and only a small amount of residual twins remain

after the crack propagation.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

The real-time in-situ neutron diffraction technique under a continuous loading
condition and numerical simulations using the EVPSC-TDT model were employed to
study the plastic-deformation dynamics on twinning and detwinning behavior of the
wrought AZ31B Mg alloy. The twinning and detwinning behavior in an individual grain
inside polycrystalline Mg alloy was investigated using in-situ synchrotron X-ray
microdiffraction. The fully-reversed low-cycle fatigue behavior of a HCP-structured Mg
alloy was characterized by real-time in-situ neutron diffraction measurements. The
fatigue crack growth behavior was also studied using in-situ neutron diffraction method.
The following conclusions can be drawn based on the present research:

1) The plastic deformation can be divided into several stages during strain
path changes and in each low-cycle fatigue cycle, based on the work-
hardening-rate variations. In each stage, a certain deformation mode
becomes dominant, which is characterized by real-time in-situ neutron

diffraction and supported by simulation results.

(2 No apparent detwinning activities were observed in unloading during
strain path changes and low-cycle fatigue. Detwinning did not occur until
reverse tension. While, in the fatigue crack propagation experiments,
detwinning occurred immediately at the beginning of unloading and

continued during this process, which results from the development of
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(3)

(4)

()

(6)

(")

compressive residual stresses generated near the crack tip during

unloading.

An obvious strengthening behavior was obtained during compression by
pre-tension. However, the pre-deformation has limited impacts on

mechanical behavior during the reverse tension.

The residual strain is responsible for the delay of the onset of tensile
twinning in the subsequent compression in the pre-deformed sample.
However, by increasing the dislocation density through pre-tension, the
twinning and detwinning process can be accelerated, once the twinning or

detwinning process was activated.

In the pre-deformed sample, grain rotation is thought to account for the
diffraction peak intensity decrease in (00.2) twin grains in the elastic
deformation region during the reverse tension, since no simultaneous

diffraction peak intensity changes in (10.0) grains was detected.

The EVPSC-TDT model was employed for the first time to predict the
deformation dynamics under a continuous-loading condition during strain-
path changes in a HCP-structured Mg alloy. The simulation results concur
with the experimental observation of the alternate deformation

mechanisms during the strain-path changes.

The tensile twinning and detwinning process have been observed in an

individual grain for a HCP structured Mg alloy using synchrotron X-ray
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(8)

(9)

(10)

(11)

(12)

microdiffraction during in-situ compression and reverse tension,
respectively, along RD.

The operation of detwinning process was through the migration of twin
boundaries into the twins via the glide of the twinning dislocations.

The distinct d-spacing decrease in a parent grain can be observed on two
sides of twin during twinning dominated deformation, but no d-spacing
variation was detected during detwinning dominated deformation.

The asymmetry shape of stress-strain hysteresis loop during low-cycle
fatigue results from the rapid strain hardening in the transition region,
from detwinning to dislocation dominated deformation, during
compression, although the area of stress-strain hysteresis loop on tension
and compression sides essentially equal to each other.

The fatigue resistance and fatigue life of HCP-structured wrought Mg
alloys depends on the initial texture of the fatigue samples. The
compressive mean stress is not necessary for the better fatigue resistance
and longer fatigue life in wrought Mg alloys during fully-reversed low-
cycle fatigue.

With the increase of fatigue cycles, more and more grains involve in
twinning and detwinning. The activation of tensile twinning is much more
difficult in the fatigued sample than in the un-deformed sample, due to the
residual strain. In the whole fatigue life, the activation of detwinning

dominated deformation is easier than twinning dominated deformation.
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(13)

(14)

(15)

(16)

(17)

In the elastic region, there is no obvious twinning and detwinning
activities. The twinning and detwinning dominated deformation modes
occurred in plastic deformation regions in every fatigue cycle.

The residual twins appear at early fatigue life, and being responsible for
the hardening behavior in the twinning dominated deformation.

The shape and the area of stress-lattice strain of (00.2) grains hysteresis
loop stay asymmetric in the whole fatigue. The evolution of the maximum
value of the lattice strain in the (00.2) grain in the axial direction is
sensitive to the appearance of the residual twins.

In the 1% tension in the 1% fatigue cycle, the lattice strain of (00.2) grains
in the axial direction yield rapidly in twinning dominated deformation. In
the following fatigue cycles, during compression, the lattice strain of
(00.2) grains tends to relax in detwinning dominated deformation, and
carry more load in the transition region. During tension, the zigzag shape
of the lattice strain variation in (00.2) grains is observed during twinning
dominated deformation.

During the base-line tensile loading and unloading, reversible twinning
and detwinning were observed at 0.5 mm in front of the crack tip, such
that the volume twinned during tensile loading was completely detwinned
during unloading. On the other hand, the recovery of the {00.2} peak
intensity by almost 97% during unloading, followed by tensile
overloading, indicated that a very small amount of residual twins remained
after the tensile overload.
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(18)

(19)

(20)

When the extension twinning occurs, internal strains in the {00.2} and
{10.3} grains experiencing the extension twinning were relaxed, which
developed the compressive residual stresses after unloading.
Neutron-diffraction texture-measurement results show that the texture in
the fatigue-wake region did not change much, compared to that in the
undeformed region far away from the crack tip, and approximately 11% of
residual twins were left behind the crack tip. The results reveal that the
reversible twinning and detwinning are the dominant deformation
mechanism for the studied material subjected to cyclic loading, and only a
small amount of residual twins remain after the crack propagation.

Future work: (1) Effects of precipitates on plastic deformation, such as
twinning and detwinning behavior, and fatigue-crack growth
characteristics for novel precipitation-hardenable wrought Mg alloys have
been rarely reported. The precipitates shape, inter-precipitates distance,
and the precipitate volume fraction changes under different loading
conditions can be characterized, using small-angle neutron scattering
(SANS) at SNS and/or small angle X-ray scattering (SAXS) at APS. (2)
Nearly all of the low-cycle fatigue studies were performed under fully-
reversed conditions. The low-cycle fatigue mechanisms under the
asymmetry loading still remain unclear. The real-time in-situ neutron
diffraction at VULCAN, SNS, ORNL can be used for such a topic. (3) The
twinning-detwinnning behavior under biaxial and/or triaxial loading
conditions are not fully explored.
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Table 1 List of material parameters for slip and twin systems used in the EVPSC-TDT

st
model. The parameter, /4 , lists latent hardening of the twinning activity upon other slip
modes. All other latent-hardening parameters are 1.

Mode t,(MPa) 1,(MPa) h (MPa) h (MPa) n" A, A,
Basal 12 1 10 0 1
Prismatic 78 55 600 30 1
Pyramidal 100 140 2500 40 1
Extension 35 10 100 10 1 065  0.75
twin

106



Previous Studies on Mech. Behavior of Mg alloys

EBSD [37,38,52,58,122,123]:

(1) Microstructural variation;

(2) Texture evolution;

(3) Misorientation in neighboring grains, etc.
Limitations: surface information, no strain information

The Current Study: Neutron and Synchrotron
X-ray Diffraction & Constitutive Modeling

SEM & TEM [40,124-128]:

(1) Microstructural characterization;

(2) Deformation mode identification;

(3) Interaction between dislocation and twinning, etc.
Limitations: difficult to connect to bulk failure analysis

Neutron and Synchrotron X-ray [21,27,50,82,131-134]:

(1) Internal strain, diffraction peak intensity, and peak
width evolution;

(2) Texture;

(3) Nano-sized particles, etc.

Limitations: monotonic, step-loading, simple tests

Deformation Mechanisms:

(1) Deformation dynamics, real-time in situ
neutron diffraction (continuous loading, large
strain);

(2) Twinning and detwinning inside an individual
grain of a poly-crystal (microdiffraction).

(3) Deformation history effect (complex strain
path)

Fatigue Mechanisms:
(1) Low-cycle fatigue under continuous loading
(2) Fatigue crack growth.

Theoretical modeling:
(1) EVPSC-TDT constitutive model

Figure 1.1 A comparison of literature and proposed work on the study of Mg alloys.




Materials Selection

e Microstructure — texture and anisotropy
o Deformation — twin polarity, yield anisotropy, fatigue, etc.

Experimental Program (Main Focus)
Deformation mechanisms under arbitrary strain
paths

U Real-time in-situ neutron diffraction:
o Deformation dynamics and mechanisms
o Deformation history effect

Q In-situ synchrotron X-ray microbeam
diffraction:

e Twinning-detwinnning behavior in an

individual grain inside a polycrystalline
Mg alloy
Low-cycle fatigue
U Real-time in-situ neutron diffraction:

o Fatigue Mechanisms

Fatigue crack growth
U In-situ neutron diffraction:
o Failure mechanisms

Modeling Program
Deformation mechanisms under arbitrary
strain paths

U EVPSC-TDT constitutive model

Fatigue mechanisms and crack-tip process
zones (future work)
U Continuum plasticity to study the
residual stress distribution
U Link macroscopic stress multiaxiality
(and its history) to lattice strains

(Aea-x uoaro0ayduAs pue uoainau)
sanbiuyosl uonaeAIp NS Uj

Identify Key Processes that Control Deformation Anisotropy and Fatigue Resistance

Figure 1.2 Schematic illustration of the proposed research.
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7 7" =

Basal <a>slip  Prismatic <a> slip Pyramidal <a> slip Pyramidal <c+a> slip Extension twinning
{00.2}<11.0> {10.0}<11.0> {10.1}<11.0> {11.2}<11.3> {10.2}<10.1>

Figure 2.2 Deformation systems in Mg [22].
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{00.2}

N -

lFavorabIe

ﬁU nfavorable
(@) (b)

Figure 2.3 Schematic of the {10.2}<10.1> tensile twin system in Mg: (a) applied
loading direction with respect of the c-axis. The solid arrows indicate the applied
loading direction favorable for the tensile twinning, and the open arrows indicate the
applied loading directions unfavorable for the tensile twinning. (b) 86.3° reorientation
of the twin grain relative to the parent grain [27].
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s Single twinning mode
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Figure 2.4 Schematic diagram of the HCP lattices and diffraction patterns are given for

the matrix and twins [32,33].
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Figure 2.5 A schematic to illustrate different results from 1-tension, 2-bending, and 3-
compression testing. (b) Stress—strain curves from in situ tensile tests. Formation stress of
twins can be read at the beginning of strain burst. Strong strain hardening was observed.
(c) Stress—strain curves from in situ compression tests. Strain softening is obvious [40].
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Figure 2.6 The monotonic mechanical responses loaded, respectively, along the RD, TD
and ND directions both under compression (C) and tension (T) of a wrought AZ31B alloy
[50]. (b) Plane stress yield loci for a magnesium sheet predicted by the proposed theory
and experiments [51].
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(a) Specimen |

(b) Specimen 11

£~ 0% T E=3.3% T E=5.6% ‘ € -10%

Figure 2.7 Euler angle contrast maps at different compressive strain using quasi-in-situ
EBSD: (a) compression axis parallel to the extrusion direction, (b) compression axis
perpendicular to the extrusion direction. White lines indicated the twin boundaries.
Compression direction is horizontal [58].
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Figure 2.8 An example of “traditional” in-Situ neutron diffraction measurements: (a)
Diffraction patterns during in-plane compression of magnesium in parallel and
perpendicular detector banks as a function of applied stress. The patterns have been offset
vertically for clarity. (b) Internal strains parallel and perpendicular to the load axis in
parent grains. (c) Internal strains parallel and perpendicular to the load axis in daughter
grains. Closed (open) symbols represent data taken on loading (unloading). Dashed lines

represent elastic behavior.
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Figure 2.9 The low-cycle fatigue behavior of the as-rolled AZ31B alloy under the ND
loading: (a) e-N fatigue life curves; (b) cyclic stress and strain curves; (c) hysteresis
loops at half-life for various total strain amplitudes; and (d) cyclic tensile and
compressive peak stress responses [50].
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Figure 2.10 EBSD map of in situ observation. (a) Compressive strain ~0.5%, (b)
unloading from compression, (c) loading reverses from compression to tension at tensile
strain ~0.7%, (d) unloading from tension [81].
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Figure 2.11 Lattice strains as a function of run number for a wrought ZK60 Mg alloy,
indicating cyclic evolution of lattice strains: (a) in the longitudinal direction; (b) in the
transverse direction. The internal strain development in the following cycles closely
follows the evolution during the first cycle deformation [82].
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Figure 2.12 Surface crack length as a function of cycle ratio for a wrought AZ31B Mg
alloy [83].
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Figure 2.13 Multiscale nature of fatigue crack tip process zones [84-87].
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Figure 2.14 Influence of (a) frequency and (b) load ratio, R, on the fatigue crack
propagation rate of as-extruded magnesium alloy AZ80 [95].
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Figure 2.15 Schematic representation of twinning and detwinning in a grain.
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Direction (ND)

Figure 3.1 Schematic of AZ31B Mg rolled plate.

Center 13 ND

Center 15 ND

Figure 3.2 The Pole figures of the anneal sample.
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Neutron Gauge Volume

(?Q' 5 mm

Detector Bank 2, Q—'—
Radial Direction

Detector Bank 1, QI
Axial Direction

Incoming Neutron Beam

Figure 3.3 Schematic of a real-time in-situ neutron diffraction setup at VULCAN, SNS,
ORNL.
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Figure 3.4 Geometry of the specimen and experimental setup at Engin-X, ISIS facility,
for in-situ neutron-diffraction experiments: (a) disk-shaped compact-tension specimen
was cut from a 76-mm thick hot-rolled AZ31B magnesium plate in the plane of the
rolling direction (RD) and normal direction (ND). The fatigue loading direction and crack
growth direction are parallel to the plate ND and RD, respectively. (b) schematic of the
diffraction geometry for in-situ neutron-diffraction measurements. The bank 1 collects
the hkl grains with the scattering vector parallel to the fatigue loading direction, which
corresponds to the ND, Fig 1a. The bank 2 collects the hkl grains with the scattering
vector perpendicular to the fatigue loading direction, which corresponds to the TD, Fig.
la. The strain mapping is performed along the crack growth direction, RD, Fig. 1a. (c)
diffraction patterns measured from both detector banks show the strong initial rolling
texture of a wrought AZ31B magnesium alloy. (d) The strain mapping is conducted as a
function of the distance from the crack tip (covering —2 to 3 mm) at five different loading
points marked with a blue circle. More detailed loading steps (marked with an orange
triangle) are employed only at 0.5 mm in front of the crack tip, where high stress
concentration is expected.
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Figure 3.5 (a) Schematic of synchrotron X-ray microbeam diffraction. (b) The stress-
strain curve for a wrought AZ31B Mg alloy. The red dots represent the synchrotron X-
ray microbeam diffraction measurements.
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Figure 4. 1 The stress vs. strain curves during strain-path changes for: (a) the as-received
sample and (b) the pre-deformed sample [44]. The loading sequence was marked by the
orange arrows and circled numbers. The inflection points of the stress-strain curves were

marked by colored dots.
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Figure 4.2 The work-hardening rate as a function of stress during the strain-path changes
for: (a) the as-received sample and (b) the pre-deformed sample. The stress ranges were
divided based on the work-hardening rate changes, denoted by Roman numerals.
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in the axial direction from real-time in-situ neutron diffraction measurements (open
symbols) and simulations (dashed lines) for: (a) the as-received sample and (b) the pre-
deformed sample.
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Figure 4.4 The internal-strain evolutions of certain hkls from real-time in-situ neutron
diffraction measurements. (a), (c), (e), and (g) represent the lattice-strain evolution of the
as-received sample, and (b), (d), (f), and (h) are the lattice-strain evolution of the pre-
deformed sample during strain-path changes.
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Figure 4.5 The simulation results of the twin-volume-fraction variation during strain-path

changes for: (a) the as-received sample and (b) the pre-deformed sample.
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Figure 4.7 The grain orientation maps before deformation, under compression, and under
reverse tension [correlated to (i), (ii), and (iii) marked in Fig. 1(b)] are demonstrated in
(@), (c), and (d), respectively. The (00.1) pole figure of a wrought AZ31B Mg alloy
before deformation is shown in (b). The letters P and T marked in (c) and (d) represent

the “parent grain” and twins, respectively.
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Figure 4.8 The diffraction peak intensity variations of (12.8) peak in a parent grain as a
function of depth at different locations [at 3878, 3880, and 3882 um on X-axis in Fig.
2(c)] during compression are presented in (a), (b), and (c), respectively. The d-spacing
evolutions of (12.8) grain vs. depth at different locations are illustrated in (d), (e), and (f),

respectively.
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Figure 4.9 The diffraction peak intensity variations of (21.8) peak in a parent grain as a
function of depth at different locations [at 3439, 3441, and 3443 pum on X-axis in Fig.
2(d)] during compression are presented in (a), (b), and (c), respectively. The d-spacing
evolutions of (21.8) grain vs. depth at different locations are illustrated in (d), (e), and (f),

respectively.
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Figure 4.10 The two-dimensional (2-D) and three-dimensional (3-D) real-time in-situ
neutron diffraction results of the measured d range during the low-cycle fatigue for: (a)
the 2-D patterns in the axial direction, (b) the 2-D pattern in the radial direction, (c) the 3-
D pattern in the axial direction, and (d) the 3-D pattern in the radial direction.
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Figure 4.10 continued
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Figure 4.11 (a) The hysteresis loop at different fatigue cycles under a total strain
amplitude of 2% for a ND sample. (b) The peak stress, stress at zero strain, and mean
stress variation during the low-cycle fatigue. (c) The vyield strength evolution as a
function of fatigue life. (d) The plastic strain as a function of fatigue life.
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Figure 4.12 The work-hardening rate as a function of stress at different fatigue cycles:
@), (b), (c), (d), (e), (), and (g) represent the 1%, 2™ 5" 10" 20" 50" and 70" fatigue
cycles, respectively.

142



Wrought AZ31B Mg Alloy, 1% Cycle

4,000
- (a)
3,000 + .
I Tensile twinning dominant _T
< 2,000 f------mmmm e @
o L,
> 1000} o . =" = |S
[<B) I \I-l./
E 20,000 | L . | L | . L | L | L |
nd L 66 568 70-: 72 74 76
915,000 Detwinning E / E \.Qislocation dominant g
— [domi : l : u
GCJ 10,000 Eiom|nant<_‘Tr sition from—s \. =
-E r I twinning to : N a
@ ! .\ Q.
L . , [ m
T 5,000 _ " './:d|3Iocat|on E " g
f 0 1 w17 _x-129 . 1 .
g -50 -100 -150 -200 -2p0
3,000 +
F Tensile twinning dominant N
2,000 |- - - == mmm e e a
i m n —
1,000 - .\l l/l/.\l/./.i.‘././. " %.
L o
O L | L | L | L | | L | L | >

75 80 8 90 95 100 105 110 115
Applied Stress (MPa)

Figure 4.12 continued

143



25,000

~20,000
©

Work Hardening
PN W

o o o

o o o

o o o

o

25,000

—~20,000 -
© L

Wrought AZ31B Mg Alloy, 2™ Cycle

Detwinning ] . - . . |
=< Transition from detwinning to dislocation ~—*
' '

/'/T\

~ dominant

Dislocation
dominant

uolissaadwo)

A\

'
=
o
o
1
[
(S}
o
'
N
o
o
1
N
T
o

uolsua |

85 90 95 100 105 110 115 120 125

Applied Stress (MPa)

Wrought AZ31B Mg Alloy, 5" Cycle

Detwinning dominant<—%—'Transition from detwinning to dislocation
| "9
. o
i | _— 3
L I ] '2
' @
L ! 1%7]
L ' ] o
L] ' =]
B \.\. ~ e
“m =

mrann® L -127 ‘ ‘ ‘

-100 -150 -200 -260
" Tensile twinning dominant

\ —
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S
- e 2
g " m—nm o
L l\./ u g

(c) | | | | | | | |

90 95 100 105 110 115 120 125 130 135

Applied Stress (MPa)

Figure 4.12 continued

144



Wrought AZ31B Mg Alloy, 10" Cycle

25,000

/_\20 000 L Detwinning dominant‘%’Transition from detwinning to dislocation " 0

c 3 - g

S 15,000 - | / g
' ] D

@ 10,000 - l @

5 — . | ./ )

@ 5000 - T e -

2l e S

IS I -100 -150 -200 -250

S 3,000 - "

% t \ Tensile twinning dominant

X 2000 ----oeeeeoeog T L, e N §

 m— i
S .\./. .\./l L] n g
= 1,000 - >
0 (d) S Y Y I Y N YRR

90 95 100 105 110 115 120 125 130 135 140
Applied Stress (MPa)

Wrought AZ31B Mg Alloy, 20" Cycle

25,000 ‘

—.20,000 |- Detwinning dominant<—%—'Transition from detwinning to dislocation o
] ' n

g 15,000 |- 3 -— 3

=t | " E

@ 10,000 |- : - 2

4('?5' l\ | ./ g

@ 5,000 - LN e

2l Teert 2

IS -100 -150 -200 -250

S 3,000 -

f Tensile twinning dominant

x 2,000 ””””” .K"’””””””””””7.‘4’. ””” ! \i ””” g

S e T Ny 5

= 1,000 - S

0 (e) S Y Y I Y N YRR

95 100 105 110 115 120 125 130 135 140 145
Applied Stress (MPa)

Figure 4.12 continued

145
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Figure 4.13 The real-time in-situ neutron diffraction peak intensity, lattice strain, and
peak width evolution at different fatigue cycles: (a) and (b) the diffraction peak intensity
variation in axial and radial direction, respectively, (c) lattice strain changes of certain
hkls in the axial direction, and (d) the peak width evolution at full width at half maximum
(FWHM) in the (00.2) grains in the axial direction. The mechanical stress evolution in
each fatigue cycle is plotted on the secondary Y-axis in each figure.
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Figure 4.14 The real-time in-situ neutron diffraction peak intensity evolution of certain
hkls in the axial direction at different low-cycle fatigue cycles: (a), (b), (c), (d), (e), (f),
and (g) represent the 1% 2" 5™ 10" 20" 50" and 70™ cycles, respectively. The
secondary Y-axis represents the macroscopic stress variation, with which the diffraction

peak intensity can be correlated.
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Figure 4.15 The real-time in-situ neutron diffraction lattice strain evolution of the (00.2)
grains in the axial direction at different low-cycle fatigue cycles: (a), (b), (c), (d), (e), (),
and (g) represent the 1%, 2" 5™ 10™ 20" 50™, and 70™ cycles, respectively. The inset in
Fig. 7(a) is the lattice strain evolution of (00.2) grains in the axial direction during the 1%
tension in the 1% cycle. (h) Demonstration of the loading sequence in the 50" fatigue
cycle. Noted that i, ii, iii, and iv represent unloading from tension, compression,
unloading from compression, and tension, respectively.
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Figure 4.16 (a) The stress-strain hysteresis loop of the 50" fatigue cycle. (b) The area of
stress-strain hysteresis loop as a function of fatigue life. (c) The peak stresses, yield
stresses, and stresses at dividing point as a function of fatigue life. (d) Top: the variation
of tensile peak stress, stress at dividing point between detwinning and transition region,
and their difference vs. fatigue life. Bottom: Stress range in twinning dominated
deformation region, stress range in detwinning dominated deformation region, and their

difference vs. fatigue life.
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Figure 4.17 The critical resolved shear stress variation at different fatigue cycles. The
residual lattice strain of (00.2) grains in the axial direction as a function of fatigue cycles
is plotted on the secondary Y -axis.
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Figure 4. 18 (a) The area of stress-lattice strain of (00.2) grains hysteresis loop vs. fatigue
life. (b) The maximum and minimum lattice strain variation as a function of fatigue life.
The inset is the residual lattice strain changes during low-cycle fatigue. The Roman
numeral I, I, IV, and V are indicated in Fig. 4.11(a).
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Figure 4.19 The maximum and minimum lattice strain variation as a function of fatigue
life. The inset is the residual lattice strain changes during low-cycle fatigue.
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Applied Stress (MPa)
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Figure 4.20 In-situ neutron-diffraction results obtained from the {00.2} reflection in bank
1: (a) lattice strain and (b) diffraction peak intensity evolution is measured at the five
different loadings (marked with a blue circle, Fig. 3.4(d) during loading-unloading
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Figure 4.21 In-situ neutron-diffraction results measured at 0.5 mm in front of the crack
tip: (a) the internal-strain evolution is examined as a function of the applied load [marked
with an orange triangle, Fig. 3.4(d)] for the loading-unloading-overloading-unloading
sequence. (b) the {00.2} peak intensity variation, which is parallel to the loading
direction, is presented to describe the twinning-detwinning behavior during the loading-
path change.
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Figure 4.22 The evolution of microstructures under applied loads (i.e., A, B, C, and D)
marked in Fig. 4.21(b).
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Figure 4.23 Schematic illustration of the deformation fields near the fatigue crack tip: (a)
and (b) tensile and compressive stress zones at Knyin and Kmax, respectively. (c) stress
distributions along the crack plane.
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Figure 4.24 Neutron-diffraction texture measurement results: (a) texture is measured at
the locations covering 3 to 5.2 mm far away from the crack tip, where the material was
deformed elastically. (b) texture is measured at the locations covering 0.5 to 2.7 mm
right in front of the crack tip, where the material was deformed plastically. (c) texture is
measured at the locations covering —2.7 to —0.5 mm behind the crack tip, where the
material was already subjected to the severe plastic deformation followed by fracture.
Note that the center of the pole figure corresponds to the ND, which is the loading
direction. The pole figures are contoured in multiples of random distribution (m.r.d) with
the thick solid black line corresponding to 1 m.r.d. The contour levels above and below 1
m.r.d are given by solid and dotted lines, respectively.
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Figure 4.25 Volume fraction of residual extension twins at various locations away from
the crack tip.
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