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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-μm.
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 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 34ID-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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[bookmark: _Toc369102165]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].
[bookmark: _Toc369102166]1.1 Objectives 
The primary objective aims to investigate the roles of the surrounding plasticity and fracture process zone in fatigue tests of Mg alloys from in situ diffraction and micromechanical 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) 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 a crystal plasticity model that treats slip and twin explicitly. Such micromechanical comparisons, together with the connection between crystal plasticity and macroscopic flow models, will validate their predictive capabilities.  
(2) Fatigue resistance: The surrounding plasticity can be faithfully measured using in situ diffraction techniques and modeled using the macroscopic plastic model. The resulting lattice strain fields and residual stress fields will be connected via the microscopic crystal plasticity theory. 
The principal outcome of this research will be a predictive capability based on the 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.
[bookmark: _Toc369102167]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 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 diffractometor [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 awrought AZ31B Mg alloy under monotonic tension/compression will be addressed.
(2) 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 grain inside a polycrystalline wrought AZ31B Mg alloy will be performed in-situ during monotonic compression-tension. 
(3) The effect of initial texture, strain amplitude, and deformation history on uniaxial low-cycle fatigue behavior of awrought AZ31B Mg alloy will be studied using real-time in-situ neutron diffraction under continuous loading condition at VULCAN, SNS, ORNL.
(4) 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.
(5) 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.



[bookmark: _Toc369102168]CHAPTER 2 
Literature Review

[bookmark: _Toc369102169]2.1 Deformation Mechanism in Mg
[bookmark: _Toc369102170]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.
[bookmark: _Toc369102171]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 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. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK5]Because the c/a axial ratio of Mg is 1.624 <, 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. 1.2(a). The tensile twinning will results in a sudden re-orientation of matrix lattice approximate 86.3o, as demonstrated in Fig. 1.2(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]. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK25][bookmark: OLE_LINK28][bookmark: OLE_LINK29]	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 perpendicular to the basal pole, which results in a lattice rotation (approximately 56.2o) towards a more favorable orientation for basal glide, as shown in Fig. 1.3(b).


[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK14]	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. 1.3(c), (d), and (e). For {10.1}-{10.2} double twinning, the basal planes are reoriented at an angle of 37.5o around direction from their original positions in the untwined matrix. Similarly, for {10.3}-{10.2} double twinning, the basal plane rotates an angle of 29.7o around 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 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. 1.4(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. 1.4(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. 1.4(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 μm, slip was predominant. For larger grain size ranging from 30 to 87 μm, 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. 
[bookmark: _Toc369102172]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. 1.5(a)] [44]. Figure 1.5(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% yield 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-situ optical microscopy (OM), scanning electron microscopy (SEM), electron backscattering diffraction (EBSD), transmission electron microscopy (TEM), etc.. Figure 1.6 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. 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.
[bookmark: _Toc369102173]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 104 or 5 × 104 cycles. A distinguishing feature of 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 (~ 86.3o) 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 show in Fig. 1.8. The total strain amplitude can be expressed as elastic strain amplitude and plastic strain amplitude, i.e.,

                                                                                             (1)
The elastic strain amplitude can be expressed as Basquin equation,

                                                           (2)
The plastic strain amplitude can be expressed as the Coffin-Manson relation,

                                                            (3)
Thus, 

                                                   (4)









[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK32][bookmark: OLE_LINK36][bookmark: OLE_LINK37]where  is total strain amplitude,  is elastic strain amplitude,  is plastic strain amplitude,  is Young’s modulus (for wrought AZ31B the value is roughly 45 GPa),  is the fatigue life,  is the fatigue strength coefficient,  is the fatigue strength exponent,  is the fatigue ductility coefficient, and  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 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]. Overall, 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 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 1.9 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. 1.9 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. 1.10, the fatigue mechanism is not fully understood.
[bookmark: _Toc369102174]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. 1.11. 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 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. 1.12. 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. 1.12, along the crack path for points A to F, the multiaxial stress states are quite different. The 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. 1.13, 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.
[bookmark: _Toc369102175]2.5 Theoretical Modeling
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]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. [154-156], has been successfully applied for prediction of large strain behavior during uniaxial tension-compression in HCP structured Mg alloys.
[bookmark: _Toc369102176]
CHAPTER 3
Materials and Methods

[bookmark: _Toc369102177]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. 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 oC 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 μm. The pole figures of the anneal sample have presented in Fig. 3.1, 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 low-cycle fatigue 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.
The round compact tension (CT) specimens were prepared from the thick plate, according to the American Society for Testing and Materials (ASTM) Standard E647-95 [157]. 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.
[bookmark: _Toc369102178]3.2 Mechanical Testing

The tension and compression were performed under a constant strain rate, 1.3 x 10-5 s-1, 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.
Fatigue-crack-propagation experiments were carried out using an MTS 810 electrohydraulic machine at room temperature in laboratory air under a constant ΔP [ΔP = Pmax– Pmin, where Pmax and Pmin 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]:

(5)

where P = applied load, B = thickness, W = width, α = 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.
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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. 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 diffractometor at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL) [38, 158, 159]. The schematic setup of the real-time in-situ neutron diffraction measurements was presented in Fig. 3.2. 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 45o. The two stationary detector banks, which located ± 90o 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 (Q┴) 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 mm3. It is worthy to mention that approximately 1.9 million grains (the grain size is 40 μm and the neutron gauge volume is 125 mm3) 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, 160]. 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) [161]. 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 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 10-5 s-1 x 120 s = 1.56 x 10-3) 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:

			           (6)




where  is the lattice strain, and 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  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 [162], and only brief experimental descriptions are provided here. Figure 3.3 shows the experimental setup and diffraction geometry. The CT specimens were carefully aligned at the Instron load frame. The loading axis is oriented 45o relative to the incident beam. The two stationary detector banks were situated at ± 90o by simultaneously recording two complete diffraction patterns with diffraction vectors parallel (Q║) and perpendicular (Q┴) to the applied load. Note that banks 1 and 2 collect hkls in the normal direction (ND, Fig. 3.3b) and transverse direction (TD, Fig. 3.3a), 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 mm3. This arrangement provides 1-mm spatial resolution in the direction of crack propagation. Figure 3.3c 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. 3.3d. Moreover, more detailed loading levels (marked with a triangle, Fig. 3.3d) 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:

(7)
(8)







where  is the lattice strain,  is the lattice spacing under the loaded condition and  is nominally stress-free reference lattice spacing measured far away from the crack in the annealed CT specimen,  is the lattice-strain error,  and  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 2.2Å 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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[bookmark: _Toc369102475]Figure 1. 1 A comparison of literature and proposed work on the study of Mg alloys.


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

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) (3) Nano-sized particles, etc.
Limitations: monotonic, step-loading, simple tests


This Proposal: Neutron and Synchrotron X-ray Study & Micromechanical Modeling

[bookmark: OLE_LINK64][bookmark: OLE_LINK65]Deformation Mechanisms: 
1. real-time in situ neutron diffraction (continuous loading, large strain);
1. inside an individual grain of a poly-crystal (microdiffraction).
1. deformation history effect (complex strain path)

Fatigue Mechanisms: 
1. [bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK63]Low-cycle fatigue under continuous loading 
1. Surrounding plasticity (strain mapping around fatigue crack-tip);
1. Fatigue crack growth.

Theoretical modeling: 
(1) twinning/detwinning at a grain level (crystal plasticity model)


Figure 0.2
[bookmark: _Toc369102476]Figure 1. 2 Schematic illustration of the proposed research.
Identify Key Processes that Control Deformation Anisotropy and Fatigue Resistance
Materials Selection
· Microstructure – texture, precipitates, and anisotropy
· Deformation – twin polarity, yield anisotropy, precipitate strengthening/hardening, etc.

In situ diffraction techniques
(neutron and synchrotron X-ray)
Modeling Program
· Deformation mechanisms under arbitrary strain paths
· Macroscopic yield/flow model
· Microscopic crystal-plasticity model 
· Fatigue mechanisms and crack-tip process zones
· Continuum plasticity to study the residual stress distribution
· Link macroscopic stress multiaxiality (and its history) to lattice strains
Experimental Program (Main Focus)
· Deformation mechanisms under arbitrary strain paths
· In-situ diffraction tests
· Deformation history effect
· Low-cycle fatigue
· Real-time in-situ neutron diffraction
· Fatigue mechanisms and crack-tip process zones
· Surrounding plasticity studied by inter- and intra-granular strains
· Fracture process zone studied by spatially revolved measurements

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

[bookmark: _Toc369102613][bookmark: _Toc369102674]Figure 2. 1 Deformation systems in Mg [22].
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