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and micro-cracks. If one α lamella was filled by voids or micro-crack completely, this lamella was broken and could exhibit cleavage facet(cleavage fracture features) from facture surface. If not, this lamella could exhibit elongated dimple characteristics (ductile fracture features). Whereas β phase may still maintain the lath-like morphology which can act as "wall" to separate void arrays or micro-cracks in two neighboring α lamellae, even if these lamellae are fractured. This hybrid fracture behavior can be associated with heterogeneous stress/strain distribution during plastic deformation. Moreover, the initial orientation of α colony/grain can affect the void evolution and consequently hybrid fracture behavior in the form of influencing the stress/strain distribution.

Chapter 1 Abstract

Titanium and its alloys, which have integrated properties including low density, high specific strength and excellent corrosion resistance, are "workhorses" in the field of modern industries. In recent years, with the development of industrial technologies, we have stricter requirement on the properties of components made by titanium alloys in severe environment. How to explore further potential properties in titanium alloys? Such question has attracted researchers' eyes. Therefore, in order to reveal the micro-mechanism of damage and fracture for titanium alloys intensively, it is quite necessary to enhance our knowledge on the microstructure characteristics and damage evolution features, particularly on the interplay between microstructure characteristics and voids development. In this thesis, aiming at the variation of microstructure morphologies during damage development, based on synchrotron X-ray computed tomography(X-ray CT) approach, an integrated methodology containing in situ tensile experiment and CP (Crystal Plasticity) simulation was implemented to focus on the microstructure morphologies and void nucleation/propagation behavior of Ti-6Al-4V(TA6V) alloy during damage evolution. Besides, with the help of realistic microstructure-based RVE (Representative Volume Element) modeling and subsequent deforming simulation, combining with post mortem by SEM/EBSD, we have revealed the mechanism for damage development by deeply analyzing the fracture features. Finally, the correlation between microstructure features and damage evolution was discussed on the basis of results from simulations and experiments.

Firstly, for microstructure morphology at ambient temperature, thanks to synchrotron X-ray CT technology and image post-processing tool, we have obtained three dimensional (3D) morphologies for TA6V alloy with Widmanstätten microstructure. It is indicated that a small quantity of β laths embedded in the α lamellae in 3D space. These observations seems to agree the observing results in 2D world; however, in 3D space, α phase morphology seems to exhibit "cake-like" aspect rather than "lens-like" aspect.

Secondly, in order to investigate the damage & fracture procedure for TA6V alloy, in situ tensile experiments were perform by using synchrotron X-ray CT. The result shows that void can initialize at the core region of the sample, as soon as the alloy starts to yield. In the following evolving procedure, this void can advance and coalesce with other void to form the main crack, which can induce the rupture of the alloy. Further, we have established the models (including void kinetic model and growing behavior model) for depicting damage development by focusing on the variation of number, density and diameter for the voids. The indications and predications from models show good agreement with experiment results.

Thirdly, in order to analyze the influence of microstructure characteristics on damage developing procedure, we have studied the role of microstructure characteristics plays in the procedure of void evolution, by analyzing the variation of microstructure morphology before and after the deformation. Integrating this observation with the results from mechanical analysis, we can indicate that shear stress is the main driving force for void nucleating, growing and coalescing processing. Voids could be induced to nucleate and propagate at α/β interfaces, shear band within one grain and boundaries between αgrains/colonies by the promoting action of local shear stress at different scales(micro-scale, grain scale and several grains scale). Moreover, such void may exhibit an elliptical aspect and keep its long axis align with the direction of the shear stress. In the subsequent propagating procedure, a "bypassing & fracture" advancing approach can be noticed, which results from the local microstructure distortion and kink induced by heterogeneous deformation and consequently, local stress/strain concentration.

Finally, aiming at fracture behavior of TA6V alloy, a sophisticated method, concerning CP simulation, post-mortem by SEM and fractographic analysis, was implemented to analyze the fracture features. The result shows TA6V alloy can break in terms of a so-called hybrid fracture approach, which contains cleavage damage component and ductile damage component. During voids nucleating procedure, voids tend to initialize at the interface of α/β phases with the promoting action of local shear stress. Then voids prefer to propagate within α lamellae in order to form void arrays

Chapter 2 Material and Experimental Methods

Introduction

In this chapter, the experimental procedure for specimen preparation was introduced firstly, including chemical composition of the Ti alloy and heat treatment processing. Then, the microstructure characterization methods were imported in this section, concerning two dimensional observing methods, optical microscope and Scanning electron microscope/Electron back scatter diffraction(SEM/EBSD); as well as 3D characterizing approach , synchrotron X-ray CT. Furthermore, on the basis of X-ray CT, one in situ methodology was introduced to focus on damage evolution of the material. Finally, according to realistic images, the methods for RVE selection and modeling were presented.

Material and heat treatment procedure

The Ti alloy used in this work is commercially available casting Ti-6Al-4V alloy(TA6V), fabricated by BaoTi Group Co.Ltd. The as-received material is casting plate, with a dimension of 300mm×200mm×10mm. The chemical composition of the material was presented in Table 2-1. In order to obtain fully lamellar microstructure, heat treatment was carried out.

Table.2-1 The chemical composition of as-received

The solution-aging parameters were selected based on the β-transus temperature(995℃±5℃). This TA6V plate was treated at 960℃ for 1 hour followed by air cooling and aging treatment in order to obtain fully lamellar structure. Then the plate was aged at 540℃ for 8 hours following air cooling to ensure equilibrium distribution of α/β phase.

For the subsequent analysis, TA6V samples were cut from the plate with the size of 35mm×10mm×10mm for manufacturing the samples for microstructure observation and in situ tensile test. Microstructure morphology produced by this treatment are illustrated in Fig. 2-1. According to Fig. 2-1, the considered material exhibits a full lamellar structure before the deformations. Besides, a small quantity of β laths embedded in the α lamellae can be observed. In order to analyze the phase composition and lattice structure for the material, post treatment was performed with the help of Jade 6.0 package.

Microstructure morphology analysis (1) Analysis by optical microscope

In order to observe the microstructure morphology of the material, as well as to perform the in situ tensile test, bulk specimen were cut from the raw material plate with a dimension of 35mm×10 mm×10 mm. Then the surfaces of the specimen were grinded by using SiC paper from 150 grade to 2000 grade. In order to achieve a mirror finish, final polishing processing was performed by using Buehler Auto Met 250 automatic polishing machine at a rotating rate of 120 rpm for 1 hour, with a mixed solution of OP-S and H2O2. After mechanical polishing processing, the specimen were cleaned by alcohol and then etched by Kroll's reagent (1 mL HF+3 mL HNO3+96mL H2O) for 30s. Microstructure morphology at low magnification of the treated alloy was performed by using Carl Zeiss Axio Lab.A1 optical microscope.

It is worth to mention that for the samples that experienced in situ tensile test (named fractured samples) were also focused on microstructure morphology and void distribution. The fractured samples were embed into epoxy matrix, then followed by the same metallographic polishing step, down to the central plane of the sample. The tensile axis was included in the so obtained polished section.

(

2) Analysis by scan electron microscope

For achieving better resolution, the scanning electron microscope (SEM) was used to measure the majority of microstructure features for TA6V samples.

Metallographic samples which had been well prepared and etched were used in SEM observation. This work was carried out on Carl Zeiss Supra 55VP field emission SEM, with the accelerating voltage of 15 kV.

Mechanical properties examination

Tensile tests and microhardness test were performed to characterize properties of the samples. More attention were paid on yield strength(YTS), ultimate strength(YTS) and elongation, in order to determine experimental parameters for in situ tensile test based on X-ray tomography.

iaxial tensile test

Sheet tensile specimens were prepared by cutting from the raw material plate, the geometries and shape were determined according to National Standard "GB/T 6397-1986 Metallic materials -Test pieces for tensile testing ". Experimental procedure was performed at Instron 8801(100 kN) testing system by following the procedure of National Standard "GB/T 6397-1986 Metallic materials-Tensile testing at ambient temperature". It should be note that axial strain rate was limited no more than 5×10 -4 . The yield tensile strength(YTS),ultimate tensile strength(UTS) and Elongation were obtained from the tensile tests.

Microhardness test

For obtaining the micro-mechanical properties of local region, microhardness test was performed on FUTURE-TECH FM-800 microhardness system. Metallographic sample (experienced polishing and etching) was used to carry out this test, undergoing 500g load for 30s. 10 testing points with equidistance were selected at the central area of the sample in order to decrease the errors. The average value of these 10 points was chosen to be the result of this microhardness test. As shown in Fig. 2-2, microstructure morphology and micro-indention can be observed at different positions. 

Analysis by synchrotron X-ray tomography

The X-ray microstructure setup used in this work is performed at different beamline stations in the European Synchrotron Radiation Facility(ESRF), which locates in Grenoble, France. For 3D microstructure morphological characterization and in situ tensile test, X-ray radiation energy was set up individually.

Three dimensional microstructure morphology

X-ray microtomography technique can be used to understand microstructure features of TA6V material intensively. In order to analyze the spatial distribution of α/β phases, as well as to establish 3D microstructure morphologies, X-ray microtomography experiment was performed at ID16 beamline in ESRF. TA6V samples with full lamellar microstructure were used in this experiment. The white X-ray radiation was used with a peak of energy set to 17.5KeV, 2160 projections were obtained from one scan. The voxel size can be achieved up to 0.1 μm×0.1 μm×0.1 μm.

The schematic diagram and geometries of the sample was presented in Fig. 23. After scanning, the reconstruction of the volumes was reconstructed by using

PyHST(http://ftp.esrf.fr/scisoft/PYHST2/), a dedicated python package. Algorithm called "Fast tomography" was selected for this reconstructing procedure. Post treatment procedure and 3D visualizing procedure was carried out with the help of one open source tool, Image J.

In situ tensile test based on X-ray CT

In situ tensile test, on the basis of X-ray microtomogrphy was performed at ESRF beamline ID-19 so that damage evolution of TA6V samples can be monitored. By using this methodology, void/crack development can be tracked in order to analyze the mechanism of this alloy. The following parameters were used in this work: a beamline energy of 40 keV was used to acquire 1200 radiographies from 0° to 180° for the tomographic reconstruction; and time for recording one radiography was set to 180 ms. A dedicated in situ tesnsile machine was mounted on the rotation stage of the tomography, which was illustrated in Fig. 2-4 and Fig. 2345.

Fig.2-4 (a) Monotonic tension/compression device, (b) cyclic tension/tension device

As shown in Fig. 2345, at anytime within the tensile test procedure, the stage can be rotated up to 360°to acquire X-ray tomographic slices. For in situ tensile test based on X-ray tomography, TA6V specimens with a size of 35 mm×10 mm×10 mm were cut from the plate for machining cylindrical pre-samples. Notched axis symmetric samples were then manufactured from these cylinders. The geometry of the test sample is shown in Fig. 23456.

It is worth to note that, in this work, in order to acquire Stress Triaxiality (T) appropriately, curvature radius of the notched part is 2.5 mm. Before deformation, one scan was carried out to capture the undeformed state. Hereafter, several scans were performed until the sample fractured. It should be noting that the loading was stopped but not released during each scanning procedure.

Different loading rates were set for elastic deformation and plastic deformation, respectively. Within elastic deformation period, the loading rate was set to 5μm/s.

With the onset of plastic deformation, the loading rate was decreased (0.1μm/s) in order to perform more scans.

More details concerning the relationship between Stress Triaxiality and damage evolution can be found in Chapter 3. The reconstructing procedure was also performed with the help of PyHST python package. Open source tools, Image J and Tomviz, were implemented for post treatment and 3D visualization.

Fractography and microstructure morphology adjacent to fracture surface (1) Fractography

When one sample was fractured during the tensile test, it would be prepared for subsequent post mortem fracture surface and cross-sectional microstructure observations. The fracture surfaces were characterized via JSM-6010 scanning electron microscope(SEM).

(2) Microstructure morphology adjacent to fracture surface

The ruptured samples were embedded into an epoxy matrix with the tensile axis in the plane of the matrix, followed by a routine metallographic sample preparation procedure until the central plane appeared. The surfaces were grinded by using SiC paper up to 2500 grade. Then, the surfaces were polished and etched by a mixed solution of OP-S and H2O2 and Kroll's reagent (1 ml HF+ 3ml HNO3+ 96ml water).

Both microstructure and voids, were observed by SEM (Zeiss Supra 55VP).

For EBSD analysis, special polishing treatment should be made for the final polishing in order to remove the residual stress on the surface of the sample. A vibratory polisher with a mixed solution of OP-S and H2O2 was used for 2.5h in order to achieve a mirror finish. Subsequently, high resolution EBSD analysis was conducted in this SEM equipped with Oxford Instrument Nordlys detector and the Aztec online acquisition software package. A free tool -"Analysis Tools for orientation Mapping"(ATOM) was used for EBSD data post-processing.

Selection of RVE based on realistic SEM image

In order to analyze the relation between microstructure inhomogeneity and fracture behavior, a sophisticated simulating method was proposed. This method based on realistic microstructure-based RVE(Representative Volume Element) generation and tensile deformation simulation by using a FFT (Fast Fourier Transform) solver.

It is well known that RVE should be selected according to the extraordinary features and statistic features of the region. Thus, this RVE could represent the total volume(See Fig. 234567). can be selected to have α lamellae with the same original crystallographic orientation.

One realistic SEM image was imported in Image J and threshold to distinguish between α phase(dark) and β phase(bright). A code was written to identify and map the phases onto a matrix; one pixel of the image was assigned to one element of the matrix corresponding to the brightness of this pixel in the image (darkness (presented as 1 in the matrix) and brightness (presented as 2 in the matrix) for α phase and β phase, respectively).

More details concerning model creation and numerical simulation can be found in Chapter 6. 

Summary

In this chapter, results of X-ray tomography were presented, including three dimensional microstructure morphologies and in situ tensile test. With the help of X-ray tomography, we could know α/β distribution in 3D world, which can enhance the knowledge of microstructure features for TA6V alloy with full lamellar microstructure morphology.

Thanks to X-ray microtomography, we can know void/crack evolution in approach of in situ tensile test. 8 scans were finished during the test, which was called step1~step8, respectively. The initial scan (undeformed state) was set as step 0.

It is interesting to note that in this work, only a few number of voids can be within these two models were calibrated. These two models can fit and describe the experiment results well. However, comparing with other ductile metals, such as dual phase steel or Al alloy, some strange things can be noticed for TA6V alloy.

(1) Slight necking phenomenon can be found during the whole damage development;

(2) Stress triaxiality (T) tends to maintain a constant value, which varies between 0.45~0.5 during plastic deformation procedure;

(3) The material parameter α in void growing kinetic model seems to present a high value, which is about 6.2 for this current work and the 0.427 for its initial value(Huang model).

All entire "abnormal" phenomenon may result from the microstructure morphology of TA6V alloy in this work. Furthermore, because of maintain a constant value, stress triaxiality plays less important role for promoting damage evolution in this work. Shear stress can motivate damage development and act as keynote during void evolution. This part was described in detail at next chapter(Chapter 4).

Experiments

Microstructure morphology before deformation

Phase composition and microstructure morphology of the material are illustrated in Fig. 3 

Measurement for X-ray tomography data

In order to correlate the distribution of voids with strain, the local strain (εloc) was evaluated by using this relationship,

= ln  S 0   (3-1)  S   
where S0 is the area of initial cross-section before deformation; S refers to the solid area of minimal cross-section for different deformation. The true stress in each section can be calculated via the minimal cross-section S, by using this equation,

F  t r u  e S (3-2)
where F is the measured force during the tensile test.

The curvature radius of outer surface R and the radius of the minimal section r can be used to calculate the average stress triaxiality T in the center of the minimal cross-section with the help of Bridgman formula, 

T  1 ln  1 r   (3-3) 3  2R    

Results

microstructure morphology of TA6V As shown in Fig. 3-3 and Fig. 34, 3D microstructure morphology of TA6V alloy at ambient temperature can be obtained with the help of synchrotron X-ray CT technology and image post-processing tool. It is indicated that a small quantity of β laths inserted in the α lamellae in 3D space. These observations seems to agree the observing results in 2D world; however, in 3D space, α phase morphology seems to exhibit "cake-like" aspect rather than "lens-like" aspect, which was used to proposed thatα lamellae present "lens-like" aspect in the past. On the contrary, for other ductile metals ( i.e. DP steels and Al alloys ), local stress triaxiality raises rapidly with the increase of plastic strain. The status of stress triaxiality can be correlated to the fracture mode, which will be discussed in next section of this paper.

Measurement for damage analysis

In Fig. 3 

Modeling for void nucleation and growth

The principal results of this work consist of the evaluation of voids evolution with the help of X-ray tomography, including measurement of voids size in each damage step, assessment of voids nucleation and growth individually.

Void nucleation process was quantified by calculating the variation of the number of voids in per unit volume(called void density ) while the void growth procedure was reflected by the variation of average equivalent diameter of 10 and 20 largest voids of the population in each damage step manually. More details about the methodology, which was adapted to calculate void average equivalent diameter, could be found in E.Maire et al' work previously.

Based on this, void nucleation and growth were analyzed and modeled by using

Helbert model and Huang model, respectively. Then, these nucleating and growing models were validated and used to predict void evolution.

Modeling for void nucleation

It is worth to note that stress triaxiality(T) is considered as an essential factor in As shown in Fig. 3-11, with the increasing of plastic strain, rising trend of average diameter calculated by all population of voids exhibits distinct rising trend when comparing with the ones calculated from 10 largest, 20 largest voids.In this present work, simple models were implemented to interpret void growing procedure.

Classical Rice-Tracey model(R&T formulation) and reassessed R&T model (Huang's formulation) can be used in this work, which can be described as follows,

dR   R RT exp( 3 T)d 2 e q (3.6)   T 4 exp  3 T  d , if T 1 dR   Huang  2 eq (3.7)    exp  3 T  d , if T 1 R Huang  2 eq    
where α is a material constant. αRT=0.283 and αHuang=0.427 were proposed initially by Rice-Tracey and Huang, respectively. R is the radius of the void, which can be calculated from the measurement.

In this work, this material constant, α, needs to be calibrated according to experimental data; The calibrating results are shown in 

Conclusions

In this chapter, thanks to X-ray microtomography, three dimensional morphologies of full lamellar microstructure was observed; Void evolution during in situ tensile test was analyze based on X-CT as well. The main conclusions are as follows.

(1) In 3D world, α phase morphology seems to exhibit "cake-like" aspect rather than "lens-like" aspect;

(2) During the deformation procedure, slight necking phenomenon can be noticed, which could be linked the limitation of plasticity of TA6V alloy. This may reduce the weight of stress triaxiality for promoting void evolution during damage development.

( colonies could be the most vulnerable sites for voids nucleation. In addition, during the growth and coalescence procedure, "ligaments" could be observed on the voids/micro-crack. A "bypassing & fracture" propagating approach was proposed and validated to interpret the existence of "ligaments". In the propagating procedure, due to lacking of hard precipitations, microstructure zone and other inserting colony could play a role as hard obstacle in the growing path. This could induce a "bypassing & fracture" propagating approach for void coalescence and micro-crack growth. In order to focus on the voids/crack, the matrix of materials was set transparent for this 3D rendering. The voids and micro-crack are set as a fully opaque yellow surface.

Results and Discussion

These 3D sub-regions were extracted from the tomographic work at different tensile steps. The vertical direction of the sections is parallel to the tensile axis. Voids, in the form of micro-cracks, can be observed at just beginning of plastic deformation (Fig. which has a "shuttle-like" morphology with some ledges located at the edge(Fig.

4-3(a)

).Before the occurrence of void coalescence(Step 5), it is considered as a tiny, and its evolution with increasing plastic strain is visible in Steps 2 and 3 (Fig It is worth noticing in Fig. 4-3(a) that some "holes" (matrix ligaments) are visible inside the tiny crack (void A), as selected by blue circles. As the matrix of material is transparent, such "holes" in void A could be referred to the fact that the solid titanium could still exist in some local parts. In other words, these "holes" actually represent "ligaments" of solid Ti alloy during void evolution (For interpretation of the relationship between the tiny crack (void A) and "holes" (ligaments), more details can be found in the appendix of this article. ). It is also interesting to note that same phenomenon can also be visible in other steps of damage evolution. Even after coalescence, the "ligaments" still exist in some parts of M crack. To deepen the investigation of damage behavior, one region below the fracture surface was selected for SEM observation (see Fig. 4-4). It can be noticed that the sample still keeps a fully lamellar structure with the thickness of α laths in the range of 2~4 μm, although this local region may experience severe plastic deformation.

From Fig. 4-4(a), it can be seen that the junctions between two or three colonies are more prone to be nucleating sites for voids. From the literature, according to the knowledge about failure of metallic materials under monotonic loadings, commonly, coalescence was assumed to occur when the materials ligament between the neighboring voids was exhausted, so that the neighboring voids can merge. In this current work, neighboring voids can contact each other; however, the material ligaments between these voids may still exist in some local regions (see the "holes" marked by blue circles in Fig. 4-3). These "ligaments" inside the void A or M crack can be observed in each step of damage evolution, even in the period of main crack(M Crack) nucleation and propagation (Fig. 4-3 (d)-(f) ). It is then certainly an important feature of void/crack propagation.

Besides, Fig. 6 also depicts that the position and number of "ligaments" may vary in each step of damage development. Within one step of damage evolution, former "ligaments" may annihilate and new ones may form (See Fig. 4-3(a),(b)and (c) ). This phenomenon was previously reported in metal matrix composites or hard precipitates inserted in soft matrix. The region where solid material still exists in the void or micro-crack, was reflected in terms of vacancy loops at the interface between softhard phases.

As presented in Fig. 4-3, the appearance and disappearance of "ligaments" (marked by blue circles) could verify this propagating procedure of voids for TA6V alloy. While in this current work, no hard particles or precipitations can be found.

Thus, probably other features could play a role as "hard particles" or "hard precipitations" during damage evolution. From Fig. 4-4(d), it can be seen that in the growing path of voids, microstructure distortion could be found, which may result from heterogeneous deformation and lead to stress concentration. In addition, one colony, which exhibit distinct misorientations with its neighbors, inserts in the growing path of voids. Voids may bifurcate when meeting this inserting colony.

Therefore, this colony and microstructure distorting zone may be considered as "hard particles" in this work.

Fig. 4-5 gives another evidence to demonstrate this "bypassing" procedure. As shown in Fig. 8, the initiation of micro-crack could result from the coalescence of two void sites (marked VS1 and VS2), which may nucleate at the boundary of colonies AC1 and AC2, and the junction of AC3 and AC4, respectively. Because of distinct misorientation with neighbor colonies and microstructure distortion, colony AC3(treated as inserting colony) and local distorting zone could be treated as "hard" obstacles, in which the "bypassing" procedure may occur(just broken ligaments can be seen in the region, indicated by green rectangle). During growth of micro-crack, ligaments of unbroken Ti material can be noticed.

It is certainly an important characteristic of crack propagation for Ti alloy. The grown micro-cracks can be treated as "bridges" at the edge by such ligaments. We suggest microstructure distorting zone or "inserting colony" could act as "hard" obstacles to inhibit the advance of crack in the growing path. Then the void could bypass such "hard" obstacle to contact its neighboring void instead of fracturing it, symbolized by the appearance of ligaments in 3D reconstructed volume. Finally, the hard obstacle fractured to form micro-crack completely, and the micro-crack could continue to propagate along the former growing direction. .

Results

Microstructure morphologies

Before deformation, a full lamellar microstructure morphology can be observed Within this figure, only one crack can be observed and the growing direction of this crack seems to be perpendicular to the tensile axis. Meanwhile, in order to understand void evolution deeply, 3D reconstructed images are presented in Fig. 5-3. 

X-ray tomography

Microscopic damage measurement

In 

Post mortem based on SEM&EBSD

3D X-ray tomography could show interesting advantages in analyzing void evolution, including size, aspect and position; however, it also presents a lack of capacity to observe microstructure morphology of such TA6V alloy. Hence, in order to focus on the dependence of damage processing on microstructure morphology, post mortem was performed with the help of SEM/EBSD.

As shown in Fig. 5-5(a), a so-called zig-zag shape morphology can be observed in the fracture zone, which is linked to the existence of ductile damage rather than cleavage damage. In order to facilitate the analysis, this fractured sample was divided into 2 parts (marked by L part and R part), which is shown in upper part of Fig. 5-5(a).

Voids may also stimulate failure by instability, which usually involves one or more shear bands. In order to analyze the failure procedure, it is necessary to select some regions in the vicinity of fracture surface. In the literature, it well documented that slip or shear bands play an important role during plastic deformation processes. For instance, at the micro scale, the slip bands and shear bands can be treated as a symbol of plastic strain localization in Ti alloys, which may relate to nucleation and propagation of local voids. Furthermore, it has been proved that shear bands can be treated as vulnerable sites for nucleation, growth and coalescence of voids in the way of numerical simulation and experiments.

As shown in Fig. 5-5(b), it can be noticed that voids locate at the inner part of shear band(pointed out by blue arrows), which means that formation of shear band could induce heterogeneous strain distribution and thus motivate inner void nucleation.

Moreover, these voids tend to advance along this shear band, which may be induced In order to understand the interplay between local inhomogeneities and void evolution, EBSD mapping was performed for the regions adjacent to fracture surface.

Within these maps (See Fig. 567), distinct orientation gradient can be observed, which means that slip is the main deforming mechanism during deformation process. The same type of rotation around <0001>// ND axis can be observed for Grain 1, Grain 2 and Grain 3. In addition, for Grain 1 and Grain 3, distinct rotating deviation could be noticed in IPF LD and IPF TD, which could refer to different rotating levels for these two grains, even they have rotated to activate the same slip system. This may be resulted from different constraint for grains rotation; and could promote the damage initiation at the boundary of Grain 1 and Grain 3(Crack A). shows no obvious orientation gradient (grain or colony rotation) inside. This could indicate slip may not occur within in this grain, which may reveal that deformation performs in term of twinning rather than slip in Grain 4. This could be verified by the appearance of deformation twins within this grain(indicated by yellow arrows). But it is worth to notice that no twins can be found in the grains adjacent to the fracture trace(Grain 1, 2 and 3). In other words, slip is the dominating approach during plastic deformation. For the alloys with bimodal or equiaxed microstructures, it is known that the precursors of micro-cracks, voids, tend to nucleate at α/β interfaces due to plastic strain incompatibilitites between the two phases. In this situation, stress triaxiality, a significant parameter in damage procedure, may vary seriously during damage development. Besides, Helbert et al have suggested that for Ti-6Al-4V alloy with equiaxed microstructure, under low triaxiality (T<0.7), voids appear and grow within α particles. For high triaxiality (T>0.7), voids prefer to nucleate at the interface of α/β phases.

Whereas, in this work, the result is not consistent with Helbert et al's suggestion.

During the whole deformation procedure, stress triaxiality tends to maintain a low and nearly constant value (0.45<T<0.55, see Fig. 345678). But voids prefer to nucleate and propagate at the interface of α/β phases, within shear bands and grains/colonies boundaries instead of within α phase.

Hence, it is rational to consider that stress triaxiality could not be the dominating factor during damage development in this work. According to experimental results, multi-scale shear stress may play a significant role in void/micro-crack evolution. The influence of shear stress on voids/micro-crack evolution will be interpreted at different scales.

Voids initiation and propagation at the interface of α/β phase(micro-scale)

Because of different crystallographic structure for α phase (HCP structure) and β phase (BCC structure), different numbers of slip systems can be activated for α phase and β phase. This can result in the so-called "plastic deformation incompatibility" and could stimulate the initiation of voids in local region, especially at the interface between α phase and β phase. Strain gradient and local stress concentration could evolve during plastic deformation for dual phase Ti alloys due to this plastic deformation incompatibility of α phase and β phase.

From the literature, the soft α phase can undertake higher plastic strain than β phase. This could lead to dislocation glide and high local strain concentration at the interface. Local shear stress and subsequent local shear band could be generated at the interface, which shows in terms of obscure microstructure kink and distortion (see 

Voids initiation and propagation within the shear bands(grain scale)

As presented in Fig. 5 

Voids initiation and propagation at boundaries of grains/colonies(several grains scale)

If a void prefers to nucleate at the boundary (shown in Fig. 5-5(c) ), it may exhibit an elliptical shape and keep its long axis aligning with the boundary. Local shear stress, which can result from serious deforming heterogeneity induced by the discrepancy of crystallographic orientation between these neighbor grains/colonies, could induce void evolution at the boundaries(see crack A in Fig. 567).

From the description of chapter 4, we know voids prefer to nucleate at junction of α colonies and grow along the boundary. When plastic deformation occurs, neighbor grains/colonies tend to rotate in order to respect this deformation and to activate slip systems. Since these neighbor grains/colonies have distinct initial crystallographic orientations, they have to rotate to different direction in order to activate slip systems.

Hence, severe distorting and shear stress, which could lead to the nucleation of voids, could be generated along the boundary of such neighbor grains/colonies(See 

Conclusion

The damage development of TA6V alloy with lamellar microstructure was analyzed by employing in situ tensile test based on Synchrotron X-ray micro tomography. Furthermore, the origins of shear stress generation and role of shear playing in void initiation and propagation was conducted by post mortem using SEM and EBSD techniques. The main conclusions are as follows.

(1) For TA6V titanium alloy with full lamellar microstructure, slip is the dominant approach during uniaxial tensile deformation, as a symbol of clear orientation gradient from EBSD map. After deforming, obvious microstructure distortion and kinking can be found, which refers to the existence of severe plastic stress/strain localization in local region.

(2) Void, locating at the central region, initiate as soon as the alloy starts to yield.

Then, such voids grow towards the direction with an inclining angle from the tensile direction of 23°. Besides, the value of stress triaxiality nearly keeps as a constant during the whole damage development. Therefore, it could be considered shear stress could play a significant role rather than stress triaxiality.

( 

Simulation Procedure

Crystal Plasticity simulation techniques can provide interesting information about the mechanical behavior of polycrystalline materials, based on interplay between phases, grains and sub-grains.

To analyze the influence of morphology and distribution of α/β phases on the stress/strain distribution and, subsequently, to predict the vulnerable sites for void nucleation and damage initiation, it is necessary to establish a CP model in accordance with the SEM image. Hereafter, by combining this simulation approach with our previous experiments, the local stress and strain evolution during plastic deformation can be determined.

otropic CP model creation

Based on a realistic SEM image, a two dimensional (2D) FFT model was developed to analyze the distribution of stress/strain in α/β phases with the goal to predict the stress/strain behavior and failure mode of the TA6V alloy.

It is worth to note that, at the ambient temperatures, full lamellar microstructure morphology can be observed. Within one α grain/colony, all α lamellae exhibit parallel and equal crystallographic orientations. To alleviate the effect of the crystallographic orientation on plastic deformation, a local region within an α grain/colony (see Fig. 6-1 ) can be selected to have α lamellae with the same original crystallographic orientation.

As shown in Fig. 6-1, the image was imported in Image J and threshold to distinguish between α phase(dark) and β phase(bright). A code was written to identify and map the phases onto a matrix; one pixel of the image was assigned to one element of the matrix corresponding to the brightness of this pixel in the image (darkness and brightness for α phase and β phase, respectively).

In addition, according to Schmid's law, it is necessary to consider the variations in the Schmid factors in modeling and simulation. The adapted method was as follows,

(1) The original image was rotated 45° and 90°clockwise;

(2) The same region was selected and processed for 0° rotation;

(3) The "image to matrix" procedure was repeated.

It should be noted that in this study, the initial RVE region and rotating RVE region were marked as "Ori. 0"(0° rotation), "Ori. 45"(45° rotation) and "Ori. 90"(90° rotation), respectively. Although the prediction accuracy of the model could be increased by exaggerating the mapping size, the model size depends on the computational capacity. In this study, a different rotating angle can result in different mapping areas. For 0°, 45°and 90° rotations, the mapping regions are 182×310 pixels, 229×244 pixels and 310×182 pixels, respectively. In other words, the model sizes of these three mapping regions are on 182×310×1, 229×244×1 and 310×182×1 grids, respectively.

At the end of this stage, the map was transferred to the numerical model implemented by Düsseldorf Advanced Material Simulation Kit (DAMASK) spectral solver.

otropic crystal plasticity model

The kinematics of the adapted constitutive model are based on the established continuum mechanical framework of elastoplasticity at finite strains.The total deformation gradient F can be decomposed into an elastic part and a plastic part;

F = F e F p (6.1) 
where Fe represents the elastic part that consists of elastic stretching and crystal lattice rotation, and Fp denotes the plastic deformation gradient due to slip.

The development of the plastic deformation gradient can be expressed as

F p = L p F p (6.2)
where Lp is the plastic velocity gradient due to dislocation glide and can be described as

  -1    α  α L p = F p F p m n (6.3) 
where   , m α , and n α are shear rate, slip direction vector and normal vector of one slip system α, respectively. n is the number of active slip systems. The shear rate,   ,can be defined as

   = 0   n sgn  (6.4)   S   =S m α n α  (6.5) S a s
where  0 is a reference shear rate, τ α , the resolved shear stress of α slip system, and S α , the corresponding critical resolved shear stress. The exponent n represents the stress sensitivity (inverse rate sensitivity) of a dislocation slip.

During plastic deformation, the dislocation accumulation induces the strain hardening. The adapted hardening law is based on the literatures ,

 S     S h 0  1 S    q   (6.6)  s 
where h0 is the initial hardening parameter,   reflects the saturation stress for the α slip system; and qαβ is the latent hardening parameter with a value of 1.4.

As shown in Fig. 6-1, a selected region was treated as RVE in the CP modeling by using the free and open source package DAMASK. Since the RVE region was selected within one grain, i.e., misorientation was disregarded in this RVE an isotropic CP model was established in this study.

According to our previous work, no twinning was found during deformation. Only slip systems activated in the α/β phases were considered. Therefore, a conventional phenomenological CP model, reassessed by Kalidindi et al, was implemented for the slip characteristics of hexagonal titanium. The tensile deformation simulations were carried out by a spectral method within DAMASK. The identified parameter set is presented in Table 6-1. The loading rate was set to 10 -3 S -1 , and the direction was parallel to the horizon (X axis). 

Results

Microstructure morphology

Fig. 6-2 depicts the microstructure morphology of the sample that experienced plastic deformation. Adjacent to the fracture, the microstructure seems to maintain a lamellar morphology even after plastic deformation.

A "zig-zag" shape fracture trace can be found (marked by yellow dash line) in Fig. 6-2(a), which infers that this material exhibits a ductile fracture. In addition, in the local region of the fracture zone, the trace seems to be long and straight instead of having a zig-zag shape. This can indicate existence of a brittle fracture mode (cleavage fracture) during damage development. Furthermore, to analyze the interaction between voids propagation and microstructure morphology, the frontier area, which contains the front edges for void propagation, was selected and marked with a yellow rectangle in Fig. 6-3(a). The magnified area is presented in Fig. 6-3(b). Compared with other areas, the void density in β laths bifurcation area seems to be higher (see white arrows in Fig. 6-3(b) ). This might be caused because void initiations are favored at the bifurcations of β laths. In addition, approximately all void arrays tend to nucleate and propagate along the α lamellae rather than "breaking" the β laths. In other words, the β laths could act as "walls" that separate two neighboring arrays. This is further proved by the unbroken β laths, whereas plenty of broken α lamellae can be observed in Fig. 6-3 (a).

The same results can be noticed in Fig. 6 Please note that in this study, both α grains and α colonies were treated as grains since they behave approximately equally during damage evolution. As shown in Fig. 6-4(b), different fracture characteristics can be seen in different grains. In Grain 1, only cleavage facets can be observed. The facets exhibit a lamella-like morphology with some distortions, which can be associated with α lamellae. In Grain 2 and Grain 3, elongated dimples and facets exist. In addition, the dimples in Grain 2 and Grain 3 exhibit different elongation directions, which could be related to different stress/strain distributions owing to dissimilar initial orientations.

Regarding the boundaries, the holes (voids) tend to distribute at the boundary of α grains (grain boundaries are marked by red and yellow dash lines). Typically, a high hole density exists at the triple junction of boundaries (indicated by white arrows).

According to the literature, these holes can be treated as voids. Thus, the grain boundaries or colony boundaries, as well as the junction of boundaries, could be a vulnerable site for void initiation and evolution. In Fig. 6-4(d), more complex characteristics can be observed; elongated dimples and their precursors-holes (voids), exist (indicated by white arrows) with widths of 5μm~8μm and less than 3μm, respectively. The size of holes(voids) is comparable with the thicknesses of α lamellae(3~5 μm). Within the facets, dimples, holes, β walls and bifurcations exist. These results seem to agree well with the void distribution in transverse view (see Fig. 6-3 ).Simultaneously, α fragments exist within the facets in particular at β bifurcations which will be discussed in the following section.

In Fig. 6-4(e), a tear ridge and the facets can be observed, which may be cleavage features. The tear ridge may result from the boundary of two neighboring α grains with distinct misorientation. Moreover, β walls and bifurcations also exist between facets. Please note that all facets exhibit a plate-like morphology and tend to lie parallel to each other. In addition, the widths of these facets are approximately 5 μm.

As mentioned above, the facets could be linked to damaged α lamellae. Further, holes, which could be treated as precursors of dimples, can be found within the facets.

If focusing on the holes, one region was selected (marked by green rectangle in Fig. 6-4(f) ). Within the facets(linked to α lamellae), the holes tend to distribute at the bottom of β walls. Thus, a void could originate at the interface of α/β phases and propagate along this interface. This assumption agrees well with the results of in chapter 4 and chapter 5. Moreover, one micro-crack with holes inside can be observed (pointed out by white arrow in Fig. 6-4(f) ). This micro-crack can be linked to the coalescence of neighboring void arrays caused by stress/strain concentration; β walls could break during the coalescence. Further, micro-cracks may coalesce to form meso-crack or macro-crack until failure of this material.

CP simulations

According to the microstructure morphology and fractography, the α lamellae and β laths could play different roles during damage evolution. The α lamellae tend to break to form facets, whereas β lath maintain the original morphology and separate facets (see Fig. 6-3 and Fig. 6-4 ). This could be attributed to the heterogeneous stress distribution in the α/β phases, which results from the plastic incompatibility of α/β phases.

In order to analyze the behavior of the α/β phases, a realistic modeling and simulation technique was implemented. In the literature, an RVE model for Ti alloy on the basis of real images was established. However, only one α/β phase orientation was considered for polycrystalline material. Therefore, the model disregards the influence of variation in orientation of stress/strain distribution.

Thus, variations in Schmid factors were considered in this current simulation. The results are presented in Fig. 6-5 created with open source software ParaView. For all initial orientations, heterogeneous stress/strain distributions in the α phase(dark phase) and β phase(bright phase) can be observed. Furthermore, stress concentrates in the regions adjacent to the interface of the α/β phases, in particular in the vicinity of β bifurcations.

Fig. 6-5(a)~(c) illustrate the stress and strain map for the Ori.0 status(0° rotation).

In the map of components σxx and σM (see Fig. 6-5(a) and (b) ), owing to the plasticdeformation incompatibilities of the α and β phases, the plastic-interaction stresses in the α and β phases are different; the α phase exhibit tensile stress, whereas it is the corresponding compressive interaction stress in the β phase.

These results are in a good agreement with the observations in the literature.

Moreover, in this report, it was indicated that the crack initiation can be probably promoted by tensile interaction stress. Owing to the plastic-deformation incompatibilities, a high-stress barrier is introduced at interface of α/β phases for slip transmission, which could cause high-density dislocations that pile up along the interface. Subsequently, higher strain concentrations at the α/β interface could result in local regions that are favorable for void initiation.

As shown in the strain distribution map (in Fig. 6-5(c) ), "wrinkles" that might be related to the deformation bands exist in α lamellae, with an inclining angle of approximately 45° with respect to the direction of deformation. These observations may reflect the indications in chapter 5, which investigated the formation of shear bands within one grain. Strain in particular prefers to concentrate at bifurcations of the β phase, which can be interpreted using other people's work before. Moreover, our results agree well with the observation of a high void density close to bifurcations (shown in Fig. 6-3(b) and Fig. 6-4(d) ).

The same results can be found for Ori.45°(45° rotation), as shown in Fig. 6-

5(d)~(f).

A stress concentration occurs along the α/β interface especially at β bifurcations in the forms of tensile interaction stress(see Fig. 6-5(d) ). According to the lower left part of Fig. 6-5(f), a severe strain concentration can be found at β bifurcations. Further, the "wrinkles" seem to be inclined about 45° with respect to the deformation direction.

However, the simulated results for Ori.90°(90° rotation) exhibit the opposite behavior(Fig. 6-5(g)~(i) ). The α phase exhibits compressive interaction stress, whereas it is the corresponding tensile interaction stress in the β phase(see Fig. 6-5(g) ). Therefore, the initial orientation significantly affected the deformation behavior. In other words, the variations in the Schmid factor induce different plastic stress/strain distributions within one grain. Regarding the von Mises stress/strain distribution ( in Fig. 6-5(h)~(i) ), the results are comparable to those of Ori.0 and Ori.45.Therefore, with the help of the simulation results, the different fracture surface morphologies for neighboring grains shown in Fig. 6-4(b) can be interpreted.

In order to further investigate this fracture behavior, it is necessary to add crystallographic orientation information into the simulation with the help of Electron Backscattered Diffraction technique(EBSD). This work will be conducted in the future. 

Discussion

Evidently, void evolution and fracture morphology are related to the microstructure. As shown in Fig. 6-2(a), a zig-zag shape can be found in the fracture zone. Furthermore, in the fractographs (shown in Fig. 6-4), cleavage ductile characteristics, holes (precursors of dimples), and α phase fragments within cleavage facets can be observed. Apparently, material ruptured in a hybrid fracture mode.

Hybrid fracture modes have been investigated in the literature. However, these studies did not explore the micro-mechanism of this fracture mode intensively.

According to the literature, voids can nucleate along an α/β interface, owing to a decohesion between the α and β phases. Generally, the β phase could be considered as being composed of "hard" particles inserted into a "soft" matrix(α phase).

According to the literature, slip bands originate at the soft α phase near the α/β interface. Subsequently, the soft α phase starts plastic deformation firstly and is more highly strained than the β phase.

As indicated from the literature, plastic strain accumulates at the interface of the α/β phases and the plastic incompatibility makes the interface a favorable site for void initiation. Besides, the void nucleation is not only driven by plastic strain, but by plastic interaction stress as well, as revealed via FEM simulation.

Based on post-mortem work SEM and FEM simulation for fracture surfaces, it was considered that void initiate because of particle/matrix interface decohesion. The position and shape of the voids are depended on the hard particle orientations (perpendicular or parallel to the tensile-stress direction).

These results are in a good agreement with the simulations results of this work, shown in Fig. 6-5 (Ori.0° and Ori.90°). According to the von Mises stress distribution(see Fig. 6-5(b),(e),and(h) ), stress concentration occurs at the interface of α/β phases, which could lead to a decohesion of the particle/matrix interface, and consequently to void initiation(see Fig. 6-3).

In 

Conclusions

An integrated experimental-numerical method has been implemented to analyze the origin of hybrid damages in the (α+β) TA6V alloy, which exhibits brittle characteristics (cleavage facets) and ductile features (dimples). The following observations have been made:

(1) Owing to microstructure inhomogeneities, the stress/strain tends to distribute heterogeneously in the α/β phases, which could make the interface of the α/β phases a vulnerable site for void nucleation.

(2) Severe stress/strain concentrations in β lath bifurcation areas induce high void densities. In addition, a hard β lath acts as a wall that separates two neighboring void arrays.

(3) The cleavage facets could be linked to ruptured α lamellae caused by a development of voids. The α lamellae can be fractured owing to voids coalescence which completely fill the lamellae.

(4) The orientations of α grains can affect the void evolution by influencing the stress/strain distribution during plastic deformation, This was proved by different fracture surface morphologies for neighboring grains.

Appendix A: The interpretation of relationship between the tiny crack(void A) and the "holes"(ligaments) on this crack, taking step 2 as an example.

The "holes" in the crack(void A) was used to verify the existence of material ligaments during the propagation of crack. Furthermore, these "holes" could be treated as evidence to prove that damage could evolve in approach of "bypassing & fracture". In order to describe the relationship between the crack (void A) and "holes"(ligament), the 3D bloc of step 2 was selected as a classical example to present the Void A and "holes"(See Fig. A1 ).

As shown in Fig. A1(a), one crack(void A) can be observed within the solid material which was set as transparent matrix. Furthermore, in other steps of the damage procedure, "holes" (material ligaments) can also be found in the void or main crack (see Fig. (1) Un léger phénomène de striction peut être constaté pendant tout le développement des dommages;

(2) La triaxialité sous contrainte (T) tend à maintenir une valeur constante, qui varie entre 0,45 ~ 0,5 au cours de la procédure de déformation plastique;

(3) Le paramètre matériel α dans le modèle cinétique de croissance dans le vide semble présenter une valeur élevée, qui est d'environ 6,2 pour ce travail en cours et de 0,427 pour sa valeur initiale (modèle de Huang).

Tout le phénomène "anormal" peut résulter de la morphologie de la 

  T 4 exp  3 T  d , if T 1 dR   Huang  2 eq (3.4)    exp  3 T  d , if T 1 R Huang  2 
dR RT exp  3 T  R  1 dN   R R 0  (3.5) d eq
 2  N d eq ainsi, le modèle de Huang modifié pourrait être obtenu sous forme de,

dR 1 3  1 dN d eq  Huang T 4 exp   2 T  R   N d eq
R R 0  

Conclusions

Une méthode numérique-expérimentale intégrée a été mise en oeuvre pour analyser l'origine des dommages hybrides dans l'alliage (α + β) TA6V, qui présente des caractéristiques de fragilité (facettes de clivage) et des caractéristiques ductiles (alvéoles). Les observations suivantes ont été faites:

(1) Du fait des inhomogénéités de la microstructure, le stress / la contrainte a tendance à se répartir de manière hétérogène dans les phases α / β, ce qui pourrait faire de l'interface des phases α / β un site vulnérable pour la nucléation des vides.

(2) Les fortes concentrations de contraintes / déformations dans les zones de bifurcation des lattes β induisent des densités de vide élevées. De plus, une latte β dure agit comme un mur séparant deux réseaux de vides voisins.

(3) Les facettes du clivage pourraient être liées à la rupture des lamelles α provoquée par le développement de vides. Les α lamelles peuvent être fracturées en raison de la coalescence des vides qui remplit complètement les lamelles.

(4) Les orientations des grains α peuvent influer sur l'évolution des vides en influant sur la répartition contrainte / déformation au cours de la déformation plastique. Cela a été prouvé par différentes morphologies de surface de fracture pour les grains voisins. .3282 nm(20℃)或 a=0.3306(900℃) [3] ,α-β 转变的体积效应不大,约为 0.17% [3] 。 钛合金与绝大多数工程中应用的合金金属一样,也需要在钛中加入各种各样的合金

Section 7 Conclusions et Perspectives

。 本论文围绕显微组织在损伤演变中的形貌变化,采用先进的同步辐射 X 射线断层扫 描 (CT) 原 位 测 试 / 成 像 技 术 , 结 合 基 于 实 际 显 微 组 织 的 代 表 体 积 元 建 模 (
,并进一步建立了合金显微组织和损伤演变之间的相互作用关系。 首先,针对 TA6V 合金室温组织形貌特征,利用同步辐射 X 射线 CT 成像的技术手 段,辅之以图像后处理技术,获得了 TA6V 魏氏体组织的三维空间形貌。结果表明,在 三维空间中 α/β 两相仍然呈现交替分布, 然而 α 相形貌并非呈现所谓的-凸透镜‖状形貌, 而是更趋近于等厚度的-饼‖状形貌。 其次,围绕 TA6V 合金的损伤断裂过程,进行了基于同步辐射 X 射线 CT 的原位拉 伸实验,研究发现,在材料刚发生屈服时便已在样品中心位置处(最大应力集中位置)出 现孔洞形核;并在随后的孔洞演变过程中,此孔洞通过长大和聚合形成主裂纹导致材料 破坏;此外,针对 TA6V 合金孔洞演变过程的数量、密度、尺寸等特征的变化,建立了 孔洞演变的定量分析模型,包括孔洞形核动力学模型和孔洞长大模型,分析表明,模型 预测结果与实际实验数据结果较为吻合。 再次,针对显微组织对损伤演变过程的影响规律,从合金显微组织特征在变形前后 的变化入手,结合力学分析的结果,考察了显微组织在孔洞演变不同阶段所起的作用; 研究结果指出,在应力三轴度基本保持不变时,切应力对孔洞形核、长大、聚合过程起 着主要的推动作用。深入分析发现,在局部不同尺度的切应力的驱动下,孔洞倾向于在 α/β 界面处、晶内剪切带处和 α 晶粒/集束的边界处形核和长大,并由圆形形貌趋向转变 为长轴平行于切应力方向的椭圆形形貌;与此同时,变形不均匀性还会产生局部应力集 ii 中 , 从 而 呈 现 显微 组织 的 扭 曲 和 缠 结, 导致 孔 洞 / 裂 纹的 扩 展 长大 过 程 以 一 种 -绕 过‖(
第一章 绪 论 引言 随着航空航天工业的不断发展,对材料的要求越来越高,不仅要求材料具有高的强 度、优良的抗氧化性、抗腐蚀性,而且还要求材料具有高的断裂韧性以及抗蠕变性,特 别是比强度显得尤为重要,它是航空发动机提高其推重比时对材料严格要求的一项指标。 钛合金的密度小、比强度高、韧性好、无磁性、熔点高,热胀系数低并且具有优异的耐 腐蚀和耐生物侵蚀的能力 [1] 。因此,人们已经将目光投向具有优异性能的钛及钛合金。 钛是继钢、铝、镁之后的一种新型结构材料,自 20 世纪 50 年代起,钛作为一种结 构金属发展至今。钛的外观近似于钢,呈银灰色,具有光泽。钛合金的主要特点是熔点 高达 1672℃;硬度高,某些高强钛合金抗拉强度可达 1800MPa;可塑性强(但有杂质时 会 变脆,变硬);密度小,比强度高,同等质量的钛比铝和钢更结实耐用;无毒、无磁 性; 耐高温;抗腐蚀性能是普通不锈钢的 12 倍,对海水有更特别的抗腐蚀能力 [2] 。正是 由于 钛的优良的综合性能,世界上越来越多的国家认识到钛合金的重要性,相继对其进 行研 究开发,并在诸多领域得到了很好应用;然而受限于采矿、冶炼和加工加工水平, 目前 只有美、俄、英、法以及我国等少数国家建立了完整的钛工业产业链。 目前,如何深挖材料的潜力,进一步提高钛合金的性能成为各国研究的热点和焦点 [3-
化元素,以满足对材料性能的要求。钛合金中 α-Ti 和 β-Ti 转变点的高低对合金的组织 与性能有重大的影响,因此钛中合金元素可按其对 β 转变温度的影响分为中性元素、α 稳定化元素或 β 相稳定化元素 [3] 。 图 2 合金化元素对钛合金相图的影响 [3]
Fig. 2 Effect of alloying elements on phase diagrams of titanium alloys [3] (1)

α 稳定化元素:这类元素能提高相变点,扩大 α 相区。α 稳定化元素在 α 相中有较大 的固溶度,是强化 α 相的主要元素。常见的有 Al、O、N、C。其中 Al 是最重要的 合金化元素。间隙元素 O、N 和 C 也属于这一类,α 相稳定化元素除了将 α 相区扩 展到更高温度以外,还形成了 α+β 两相区。 (2) β 稳定化元素:这类元素能降低转变温度,使 β 相区扩大。这类元素中还可以分为 两类,一类是能与 β 钛形成无限固溶的元素,如 V、Nb、Mo、Ta 等称为 β 同晶型 元素;另一类是与 β 钛有限固溶并具有共析转变的元素,如 Fe、Mn、Co、Ni、Cu、 Si 等,一般称为 β 共析型元素。β 同晶型元素(如 Mo、V、Ta)由于在钛中的溶解度 高的多而非常重要, 另一方面, 即使存在非常少量的(体积分数)β 共析型元素(如 Fe、 Mn、Cr、Co、Ni、Cu、Si 和 H)也可以形成金属间化合物。 (3) 中性元素: 这类元素对转变点的影响不大, 既不扩大 α 相区也不扩大 β 相区, 如 Zr、 Sn 等。 通常情况下,钛合金可按组织或性能特点进行分类。按退火(空冷)后的组 织特点,
钛合金可分为 α、β、α+β 三类 [3][4][5] ,各类钛合金的性能特点如图 3 所示 [5] 。

(1) 退火组织为以 α-Ti 为基体的单相固溶体的合金称为 α 合金。这类合金中的合金元素 4 第一章 绪 论 主要是 α 稳定元素和中性元素,如 Al、Sn、Zr,基本不含或只含很少量的 β 稳定元 素,强度较低。其主要特点是高温性能好,组织稳定,焊接性和稳定性好,是发展 耐热钛合金的基础,一般不能热处理强化。 (2) 退火组织为(α+β)相的合金称(α+β)两相钛合金。 但工业用(α+β)钛合金的组织中仍以 α 相为主,有一定量(一般少于 30%)的 β 相,这是靠加入适量(2~6%,<10%)的 β 稳定 元素来保证的。这类合金的特点是有较好的综合性能,强度比 α 钛合金高,可热处 理强化,热压力加工性能好,在中等温度耐热性也比较好,但组织不够稳定,焊接 性不好。 (3) 含 β 稳定元素较多(>17%)的合金称为 β 钛合金。 目前工业上应用的 β 钛合金在平衡 状态均为(α+β)两相组织,但空冷时,可将高温的 β 相保持到室温,得到全 β 组织。 此类合金有良好的变形加工性能。经淬火、时效后可得到很高的室温强度。但其高 温组织不稳定,耐热性差;焊接性也不好。 图 3 不同类钛合金的特性示意图 [5]
Fig. 3 Properties of different groups of titanium alloys [5] 1.2.2 钛合金典型组织特征 两相钛合金由不同相比例 α 相和 β 相组成,这类合金,例如,Ti-6Al-4V,IMI550, TC11,Ti-8Mn 等,通常具有高的强度和韧性,因而在工业中应用的最为广泛 [START_REF] Ning | Crack nucleation and growth in α/β titanium alloy with lamellar microstructure : 3D X-ray tomography analysis[END_REF][2][3][4][5] 。两相 钛合金根据热处理参数的不同,室温时可呈现魏氏组织,网篮组织,双态组织和等轴组 织,这四种组织形貌特征有很大的不同 [START_REF] Ning | Crack nucleation and growth in α/β titanium alloy with lamellar microstructure : 3D X-ray tomography analysis[END_REF]3,4] 。 microstructure [START_REF] Ning | Crack nucleation and growth in α/β titanium alloy with lamellar microstructure : 3D X-ray tomography analysis[END_REF] 由于两相钛合金的力学性能有着强烈的组织依赖性,即便是同种合金,不同组织的

(1) 魏氏组织 魏氏组织一般指钛及钛合金的铸态组织, 或钛合金变形开始温度和终了温度都在 β 相区、变形量又不是很大(一般小于 50%)时,或将合金加热到 β 相后缓冷时,都将得到 魏氏组织。魏氏组织的特征是具有粗大的原始 β 晶粒,在原始 β 晶界上分布有清晰的晶 界 α,原 β 晶内为片状 α 集束,片状 α 间为 β 相,如图 4(a)所示 [1] 。 (2) 网篮组织 倘若钛合金在 β 转变温度附近变形,或在 β 相区开始变形,但在两相区终止变形, 变形量为 50%~80%,都将得到网篮组织。网篮组织的特征是原始 β 晶粒边界在变形过 程中被破坏,不出现或仅出现少量分布的颗粒状晶界 α,原始 β 晶粒内 α 片变短(即长宽 比小),α 集束尺寸较小,各片层交错排列,如图 4(b)所示 [1] 。 (3) 双态组织(或混合组织) 钛合金在两相区上部温度变形,或在两相区变形后,再加 热至两相区上部温度后 空冷,可以得到双态组织(或混合组织)。双态组织的特征是 β 转变基体上分布有互不相 连的初生 α 颗粒,其体积分数小于 40%(也有文献定义为小于 50%)。双态组织中 α 有两 种形态:一种是初生等轴 α 颗粒,一种是转变 β 基体上的次生条状 α,如图 4(c)所示 [1] 。 (4) 等轴组织 钛合金若在低于双态组织形成温度(即低于 β 相变点 30~60℃)的两相区变形,一般 可获得等轴组织。等轴组织的特征是均匀分布的、含量超过 40%的等轴初生 α 基体上, 存在一定数量的 β 组织。变形温度越低,初生 α 数量越多,其中位错密度越大。双态组 织与等轴组织主要是以等轴初生 α 含量多少来界定。有文献定义等轴初生 α 含量达到 50%以上的为等轴组织,但目前比较认可的标准为含量在 40%以上,甚至可以高达 70%~80%,初生等轴 α 的形态包括球形、椭圆、橄榄型、棒槌型、长条型。其组织形貌 如图 4(d)所示 [1] 。 6 第一章 绪 论 图 4 
性能也有较大差异。表 1 给出了两相钛合金不同组织的性能比较,可以看出,受制于显 微组织的差异,不同显微组织形貌的合金,性能差异很大 [3] 。 表 1 不同组织的双相钛合金性能比较 [3]
Table . 1 Influence of microstructure on selected properties of titanium alloys [3] 组织 强度 塑性 冲击韧性 断裂韧性 疲劳强度 持久强度 蠕变抗力

魏氏组织 较高 低 低 高 低 高 高 网篮组织 高 较低 中 较高 较高 较高 较高 等轴组织 较低 高 高 低 较高 低 低 双态组织 较低 较高 中 较低 较高 较低 较低 基于此,本研究主要针对典型两相钛合金 Ti-6Al-4V(TA6V)合金开展,运用现代先进 三维空间分析手段,分析探讨其组织特征与损伤演变特征,以期为提升两相钛合金的性 能提供基础。 1.3 断层扫描术的原理和分类 断层扫描术根据光源的不同,有着广义与狭义之分。狭义的断层扫描术,即为最常 见的 X 射线断层扫描术(X-CT),自 1917 年奥地利数学家 Radon 用理论证明 X 射线可重 建二维断层或三维图像起,人们就没有停下探索的脚步,直到 1972 年英国第一台用于 分析脑组织的 X-CT 机问世,这种新颖的成像设备自此首先在医学领域得到了应用和发 展。而作为第一台 X-CT 的发明者,英国人 Hounsfield 和美国人 Mark 也分享了 1979 年
诺贝尔生理学或医学奖 [6] 。而 X-CT 在医学领域目前也已获得了长足的应用与发展;除 医疗领域外, X 射线断层扫描术首先在工业探伤领域进行了探索, 然而设备高昂的价格、 较低的分辨率以及漫长的扫描时间限制了进一步的应用 [START_REF] Stock | X-ray microtomography of materials[END_REF] , 一直到 80 年代这一新型设备 才在医疗领域外有了新的尝试和探索。 而广义的断层扫描术,是指无论何种光源下,只要符合断层扫描的定义,即将材料 分成多个断层(一般是指横截面),每一断层独立成像,再将所有断层所成的像导入计算 机,通过一定的图像算法将所有断层重构以获得三维空间图像的技术 [6] 。显然广义的断 层扫描术包含了狭义断层扫描术的全部内容,X 射线只是多种光源的一种。从图 5 可以 清楚地看出,采用不同光源的断层扫描术,其空间分辨率和表征尺度也不同 [START_REF] Burnett | Large volume serial section tomography by Xe Plasma FIB dual beam microscopy[END_REF][START_REF] Cantoni | Advances in 3D focused ion beam tomography[END_REF] 。 Fig. 5. 3D imaging methods for in materials science(non-destructive methods represented by dash lines) [START_REF] Burnett | Large volume serial section tomography by Xe Plasma FIB dual beam microscopy[END_REF][START_REF] Cantoni | Advances in 3D focused ion beam tomography[END_REF] 从图 5 还可以看出,根据表征尺度的从大到小,可以分为 X 射线断层扫描术(X-ray

tomography), 微米级 X 射线断层扫描术(Micro-tomography),基于聚焦粒子束(FIB)连续切 片的断层扫描术,透射电镜断层扫描术和原子探针断层扫描术。而在微观、亚微观尺度 以 X 射线为光源的断层扫描术占据了整个三维表征技术的-半壁江山‖。 1.3.1 X 射线断层扫描术 在前文中提到,X 射线断层扫描术最早应用于医学领域,后来在工业领域也有所涉 及;然而受限于光源能量、扫描时间、空间分辨率等,在材料领域的应用起步比较晚, 特别是微米级 X 射线断层扫描术,发展一直停滞不前,直到上世纪八十年代,消费级面
积探测器的发展和电子计算机硬件技术的革新才推动了 X 射线断层扫描术的发展 [START_REF] Stock | X-ray microtomography of materials[END_REF] 。第 一台真正意义上的微米级 X 射线断层扫描仪于 1982 年问世 [START_REF] Elliott | X-ray microtomography[END_REF] ,而此团队此后一直致力 于提升 X 射线断层扫描仪的分辨率,直到今天。

Grodzins 团队在 1983 年就指出,可以将同步辐射 X 射线作为 X 射线断层扫描术的 光源,这样可以大大增强对比度并提高空间分辨率 [START_REF] Grodzins | Optimum energies for X-ray transmission tomography of small samplesapplications of synchrotron radiation to computerized-tomography[END_REF] ;一年后,Thompson 等验证了

Grodzins 的理论,第一次在同步辐射光源下获得了微米级 X 射线断层扫描图像 [START_REF] Thompson | Computed-tomography using synchrotron radiation[END_REF] 。此后 X 射线断层扫描技术的发展就出现了分支, 一些团队主要利用同步辐射光源进行 X 射线 断层扫描实验 [START_REF] Flannery | Observational strategies for 3-dimensional synchrotron mocrotomography[END_REF][START_REF] Engelke | Quantitative microtomography[END_REF][START_REF] Suzuki | X-ray computerized-tomography using monochromated synchrotron radiation[END_REF][START_REF] Sakamoto | Improvement of Spatial Resolution of Monochromatic X-ray CT Using Sync hrotron Radiation[END_REF] , 称为同步辐射 X 射线断层扫描术;而另一些研究人员则致力于利用 和发展普通 X 射线管所产生的 X 射线进行 X 射线断层扫描实验 [START_REF] Burstein | The largest and smallest X-ray computed-tomography systems[END_REF][START_REF] Seguin | X-ray computed-tomography with 50-mu m resolution[END_REF][START_REF] Feldkamp | Application of high magnification to 3D X-ray computed tomography[END_REF] ,称为实验室级 X 射线断层扫描术。然而无论是同步辐射光源还是普通光源,成像原理类似,图 6 给出了 X 射线断层扫描术的成像原理。 图 6 X 射线断层扫描术的原理 [START_REF] Landron | Ductile damage characterization in dual-phase steels using X-ray tomography[END_REF] Fig. 6 X-ray tomography principle [START_REF] Landron | Ductile damage characterization in dual-phase steels using X-ray tomography[END_REF] 从图 6 可以看出,通过单轴旋转样品可以获得一系列的二维 X 射线吸收图像,根据 断层扫描术的计算机算法,这一系列的图像可以重构出三维空间图像,其中每一个体像 素(Voxel)表示在该点出的 X 射线吸收情况 [START_REF] Herman | Image reconstruction from projections: the fundamentals of computerized tomography[END_REF] 。在成像和三维重构过程中,存在着两种 不同的衬度:

(1) X 射线在穿过材料时发生衰减所产生的衬度,这种衬度与材料的原子序数有关,在 实际实验中存在如下函数关系: I x, z I 0 x, z exp  = x (1.1) (1.2) 式中 I 表示在某一点(y,z)出测量的 X 射线能量,I0 表示初始 X 射线能量,τ 表示 X 射线 总吸收量,其与样品特征值 μ 和样品密度 ρ 以及样品厚度 x 有关。 (2) 第二种衬度来源于 X 射线的相位,属于相位衬度,这种衬度目前仅在全息断层扫描 10 第一章 绪 论
术(holotomography)中有所应用 [START_REF] Cloetens | Holotomography: Quantitative phase tomography with micrometer resolution using hard synchrotron radiation X rays[END_REF] ,因此在此不做详细讨论,仅给出全息断层扫描术 的原理示意图(图 3)。 图 7 全息断层扫描术的原理示意图 [START_REF] Cloetens | Holotomography: Quantitative phase tomography with micrometer resolution using hard synchrotron radiation X rays[END_REF] Fig. 7 Schematic drawing of the holotomography technique setup [START_REF] Cloetens | Holotomography: Quantitative phase tomography with micrometer resolution using hard synchrotron radiation X rays[END_REF] 从图 [START_REF] Withers | Quantitative X-ray tomography[END_REF][START_REF] Withers | Table of CT imaging Times[END_REF] 。从

7 可以看出,相位衬度断层扫描图像的获得需要一对相干 X 光同时照射成像, 并且在三维重构环节需要引入全息还原的概念。这种断层扫描的成像方法可以获得样品 内不同相位区域的完整三维图谱,但是对于设备和样品的要求过高,并未获得广泛的关 注和应用。 为获得清晰的 X 射线断层扫描图片,需要进一步提高分辨率,而 X-CT 的分辨率取 决于 X 射线束的几何尺寸。对于点光源而言,X 射线源的光斑直径是最重要的参数,光 斑越小,分辨率越高。而同步辐射的引入,大大提高了 X 射线的能量,相比于传统 X 射线,同步辐射 X 射线源自于高能电子束在磁场作用下的偏转,其亮度可比传统 X 射 线高出数倍;此外同步辐射 X 射线纯度好,平行度好,可以大大简化三维重构过程的算 法。 图 8 对比了目前世界主流 X 射线断层扫描术的扫描时间与空间分辨率情况
图 8 中我们可以看出,无论从扫描时间还是空间分辨率角度来看,基于同步辐射光源的 X 射线断层扫描术都优于实验室级别的 X 射线断层扫描术。 图 8 目前世界主流 X 射线断层扫描术的发展情况(空心标记代表同步辐射光源,实心标记代表实验
室光源) [START_REF] Withers | Quantitative X-ray tomography[END_REF][START_REF] Withers | Table of CT imaging Times[END_REF] Fig. 8 Plot showing the historical development of fast X-ray tomography. Open symbols denote synchrotron sources, while filled ones represent laboratory sources [START_REF] Withers | Quantitative X-ray tomography[END_REF][START_REF] Withers | Table of CT imaging Times[END_REF] .

然而,受限于同步辐射较为苛刻的实验条件,实验室级别 X 射线断层扫描仪的发展 也非常必要。 表 2 对比了目前世界上比较流行的商用实验室级别 X 射线断层扫描仪 [START_REF] Stock | Recent advances in X-ray microtomography applied to materials[END_REF] 。

12 第一章 绪 论 表 2 目前主流商用实验室微米级 X 射线断层扫描仪的对比 [25]
Table .2 Commercial laboratory (absorption) micro-CT systems with manufacturer's listed voxel and reconstruction sizes as well as notes on specimen sizes [START_REF] Stock | Recent advances in X-ray microtomography applied to materials[END_REF] .

商用实验室微米级 X-CT 对于样品直径要求在 10mm 左右,根据样品的不同空间分 辨率最高可达每个体像素点 1~10 μm。 对于直径达到 20mm 的样品, 特别是钛合金样品, 由于钛合金的本征属性,光束的穿透性是成像的一个难点 [START_REF] Stock | Recent advances in X-ray microtomography applied to materials[END_REF] 。 [START_REF] Zhang | Investigation of upward cocurrent gas-liquid pipe flow using ultrafast X-ray tomography and wire-mesh sensor[END_REF] 。 13 图 9 超高速电子束 X 射线断层扫描系统(a)原理示意图(b)水-气两相系统的成像结果 [START_REF] Zhang | Investigation of upward cocurrent gas-liquid pipe flow using ultrafast X-ray tomography and wire-mesh sensor[END_REF] Fig. 9. (a) Ultrafast electron beam X-ray CT system with two tomography planes and (b) example of imaged water-air two-phase flow [START_REF] Zhang | Investigation of upward cocurrent gas-liquid pipe flow using ultrafast X-ray tomography and wire-mesh sensor[END_REF] . Tomography), 如图 5 所示 [START_REF] Withers | Quantitative X-ray tomography[END_REF][START_REF] Withers | Table of CT imaging Times[END_REF] 。众所周知,OM 和 SEM 所获得的信息,仅仅为来源于 样品表面二维信息,如何通过样品表面的信息来获得整个样品内部的三维信息,便催生 出了所谓连续切片(Serial Sections)的概念。 图 10 给出了基于连续切面的断层扫描术实验的流程示意图, 从图中我们可以看出, 首先需要在样品表面进行打点标记,随后进行磨-估算磨层厚度-表面观察的循环,循 环的次数由所需要的精度和特征区域的厚度所决定;在获得满意的切面数量后,导入图 像分析软件,根据一定的图像算法进行三维重构,从而获得样品的三维形貌 [START_REF] Abbasi | X-ray tomography and serial sectioning investigation of creep damage in copper[D[END_REF] 。 图 10 基于连续切片的断层扫描术的实验流程示意图 [START_REF] Abbasi | X-ray tomography and serial sectioning investigation of creep damage in copper[D[END_REF] Fig. 10 Conventional serial sectioning-the basic steps [START_REF] Abbasi | X-ray tomography and serial sectioning investigation of creep damage in copper[D[END_REF] .

由于实验室微米级 X 射线断层扫描仪的扫描时间过长,如何加快扫描时间,提高扫 描效率成为了设备开发领域的另一个前沿课题。 图 9 给出了新型超高速电子束 X 射线断 层扫描仪的示意图。如图 9(a)所示,这种超高速设备,电子束被越过靶材直接扫描,从 而产生可移动的 X 射线源来照射样品, 于此同时安装在样品前的环状探测器就可以接收 信号用以成像。这种技术获得每 1~2 断层的时间仅为千分之一秒,这就大大提高了扫描 效率。图 9(b)给出了基于此超高速成像技术所获得的水-气两相结果
尽管实验室级 X 射线断层扫描仪在近年有了长足的进步和发展, 然而受限于 X 射线 的能量和纯度,相较于同步辐射光源下的 X 射线断层扫描术,仍然存在着分辨率低、样 品尺寸要求高、图像噪声大等问题。 1.3.2 基于连续切片的断层扫描术 近年来,随着对材料显微组织分析的要求越来越高,特别是对于显微组织三维形貌 的表征要求,仅仅依靠 X 射线断层扫描术就显得-较为单薄‖;特别是当要求分辨率尺度 和放大倍数达到纳米级别时,X 射线断层扫描术就显得-力不从心‖。结合图 5 和图 9 可 以看出,X 射线断层扫描术的优势在于分辨率 1 μm 以上,倘若再要求更高的分辨率, 则该技术不能胜任。 如何解决这一尺度的问题,基于断层扫描术(tomography)本身的丰富含义,根据放 大 倍 数 和 分 辨 率 的 不 同 , 研 究 人 员 又 提 出 了 光 学 显 微 镜 下 的 断 层 扫 描 术 (Optical Microscopy 

这种通过磨制表面获得连续切片的传统方法简便易行, 对于设备的要求小, 成本低, 易于操作;然而这种方法也有它的局限性和不足:

(1) 对于特征区域有着尺寸的要求,要求特征区域的尺寸必须大于磨层的厚度; 层不平行 [START_REF] Abbasi | X-ray tomography and serial sectioning investigation of creep damage in copper[D[END_REF] Fig. 11 Parallel sections hypothesis (a), becomes wrong when the load distribution is not homogeneous over the polished section and lead to non-parallel sections(b) [START_REF] Abbasi | X-ray tomography and serial sectioning investigation of creep damage in copper[D[END_REF] .

图 12 连续切片不同磨层在重构时的对中情况 [START_REF] Abbasi | X-ray tomography and serial sectioning investigation of creep damage in copper[D[END_REF] Fig. 12 The alignment of Parallel sections during 3D reconstruction [START_REF] Abbasi | X-ray tomography and serial sectioning investigation of creep damage in copper[D[END_REF] .

从图 11 和图 12 可以看出,尽管这种传统的制备连续切片的方法简便易行,但其 实耗时耗力,并且对于操作人员的技术水平有着很高的要求,稍有偏差,所获的结果就 会出现如图 8 所示的严重错误。为解决这一问题,科研人员引入了被称为聚焦粒子束 (Focus Ion Beam, FIB)的方法来代替传统的磨制,来获取连续切片。 图 13 给出了 FIB 切割试样,获得连续切片的示意图 [START_REF] Holzer | Review of FIB tomography[END_REF] 。FIB 一般与 SEM 联动,

组成了双束系统。通常情况下,FIB 以 Ga 作为离子源,在一定的加速电压下轰击样品 表面,从而起到对样品的切割作用。三维图像的获取是 SEM 与 FIB 共同作用的结果, 即-切割-成像‖过程。通常采用-Mill for depth‖模式,设置切片厚度及成像参数,利用 离 子束切割,每进行一次离子束刻蚀,电子束便在横断面进行成像,不断重复循环-切 割- 成像‖过程,得到一系列截面的 SEM 图片,再利用重构软件重构三维图像。 16 第一章 绪 论
图 13 FIB-SEM 双束成像的几何原理示意图 [START_REF] Holzer | Review of FIB tomography[END_REF] Fig. 13 Illustration of the FIB-SEM imaging method [START_REF] Holzer | Review of FIB tomography[END_REF] 图 14 给出了 Al-Si-Mg-Hf 合金热处理后的第二相形貌系列图像及三维重构截图 [START_REF] 贾志宏 | 基于 FIB 的三维表征分析技术及应用进展[END_REF] 。 imaging (matrix free) [START_REF] 贾志宏 | 基于 FIB 的三维表征分析技术及应用进展[END_REF] . 3D volume rendering from the 2D images [START_REF] Ghosh | CAD-Based Reconstruction of 3D polycrystalline Alloy Microstructure from FIB Generated Serial Sections[END_REF] 基于 FIB 的连续切片断层扫描术近年来发展迅速,然而该方法实验周期长,仪器

而为了分析三维空间的晶体学信息,可以在此双光束系统上结合

损耗大,实验花费过于昂贵是限制该方法进一步推广的主要原因,如何设法降低实验成 本,提高实验效率是该方法下一步发展的主要方向。 倘若需要进一步提高分辨率,在纳米尺度及原子尺度分析材料的三维形貌,就需 要 使用基于透射电镜的断层扫描术和基于原子探针的断层扫描术。由于这两种技术并不 属 于连续切片的 tomography 技术范畴,且观察区域过小,只在某些特定领域有应用, 因 而在此仅给出这两种方法的基本原理,并不针对这两种方法的内容展开进行详细论述。
(1) 基于透射电镜的断层扫描术。 基于 TEM 的 tomography 技术空间分辨率可达 1 nm 3 , 这项技术最早于上世纪六十年代应用于化学和医学领域 [START_REF] Rosier | Reconstruction of three dimensional structures from electron micrographs[END_REF][START_REF] Hoppe | Protein-kristallstrukturanalyse mit Elektronenstrahlen[END_REF][START_REF] Hart | Electron microscopy of unstained biological material: the polytropic montage[END_REF] ,自八十年代起才在材 料科学领域有所应用;但从九十年代起,才由于其所代表的全新 tomography 成像模 式,全新的显微控制技术和全新的图像算法而慢慢被科研人员所接受 [START_REF] Midgley | Electron tomography and holography in materials science[END_REF] Representation in Fourier space of the ensemble of projections [START_REF] Arslan | Reducing the missing wedge: high-resolution dial axis tomography of inorganic materials[END_REF] (2) 原子探针断层扫描术。原子探针断层扫描术是目前已知的空间分辨率最高的三维表 征手段,空间分辨率可达原子级别(深度方向 0.1~0.3nm,横向 0.3~0.5nm) [START_REF] Miller | The future of atom probe tomography[END_REF] 。该技 [START_REF] Miller | The future of atom probe tomography[END_REF] Fig. 18. Schematic diagram of a local electrode atom probe [START_REF] Miller | The future of atom probe tomography[END_REF] .

术理论于 1967 年被 E.W.Muller 和 J.A.Panitz 提出,并迅速得到发展。不同于传统光 学显微镜和电子显微镜,原子探针技术的基础是场离子显微镜。图 18 给出了三维原 子探针的原理示意图,如图所示,在场离子显微镜中,如果场强超过某一临界值, 将发生场致蒸发,即样品尖端处的原子以正离子的形式被蒸发,进而被计算机所搜 集。由于表面突出的原子具有较高的势能,总是比那些不处于台阶边缘的原子更容 易发生蒸发,它们也正是最有利于引起场致电离的原子。所以,当一个处于台阶边 缘的原子被蒸发后,与它挨着的一个或几个原子将突出于表面,并随后逐个地被蒸 发;据此,场致蒸发可以用来对样品进行 tomography 分析,显示原子排列的三维结 构。 20 第一章 绪 论 图 18 三维原子探针原理示意图 [
然而尽管三维原子探针断层扫描术的分辨率可达原子级别,但是并非所有材料均 可适用该技术。首先样品必须导电;其次对于样品尖端-针尖‖部分的尺寸要求也极为严 格 ; 再 加 上 设 备 高 昂 的 使 用 和 保 养 费 用 , 这 些 局 限 性 就 注 定 这 项 技 术 距 离 其 他
tomography 技术的普及程度,还有很长的路要走 [START_REF] 周邦新 | 三维原子探针及其在材料科学研究中的应用[J][END_REF] 。 1.4 断层扫描术在合金损伤分析领域的应用进展 [START_REF] Helbert | The influence of stess triaxiality on the damage mechanisms in an equiaxed α/β Ti-6Al-4V alloy[END_REF][START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF][START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF] 。1994 年,A.L.Helbert [START_REF] Helbert | The influence of stess triaxiality on the damage mechanisms in an equiaxed α/β Ti-6Al-4V alloy[END_REF] 等人 就研 究了应力三轴度对 Ti-6Al-4V 合金等轴组织损伤机理的影响,他们认为应力三轴度 是衡 量和评价 Ti-6Al-4V 合金损伤演变的重要参数。此后围绕着应力三轴度这一参数, 研究 人员用各种损伤模型分析和解释钛合金损伤演变的整个过程 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF][START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF] 。然而,当且仅当 断层

X 射线断层扫描术作为一种新型的无损检测技术,可以直接观察和分析合金损伤 过 程中的细节问题;此外,将此技术与原位实验相联动,可以实时分析和观察材料在损 伤 过程中的孔洞长大、聚集、合并乃至破坏的全过程。这对评价材料的损伤容限性能, 有 着重要的意义。 1.4.1 断层扫描术在钛合金损伤分析领域的应用 钛合金作为一种重要的结构材料,从问世开始,就有研究人员围绕钛合金的损伤 演 变进行分析,取得了一些成果,也提出了一些模型
扫描术作为一种行之有效的辅助手段,钛合金的损伤演变分析才向前迈进了一大步。 然而由于钛合金特别是两相钛合金和 α 型钛合金主要以密排六方(HCP)结构为主,滑移 变形时可开动的滑移系少,因此塑性较差,孔洞从形核到合并所用时间较短,因此再进 行 XCT 观察时,可获得的信息少于其他金属;加之钛合金本身显微组织比较复杂,损 伤机制也可能会因为显微组织的不同而发生变化,因此目前运用断层扫描术分析钛合金 损伤演变的报道还比较少。 L.
Lecarme 等 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF] 运用如图 19 所示的原位拉伸设备,在三维 X 射线断层扫描术的 帮助下,分析了 Ti-6Al-4V 合金的非均匀空洞长大行为。 图 19 基于同步辐射光源的 X-CT 原位拉伸设备 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF] Fig. 19. Dedicated in situ tensile machine for microtomography [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF] 他们认为孔洞不均匀长大的原因与局部的晶体学取向以及两相结构在变形过程中 的变形不协调性所导致。在 X 射线断层扫描术的帮助下,可以清楚地观察到不同应变下 材料内部孔洞的大小和分布情况,如图 20 所示。 第一章 绪 论 图 20 不同 Z 轴应变下 Ti-6Al-4V 合金内部孔洞聚集长大的情况 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF] Fig. 20 3D views of the central subvolume of a tomography scan for different values of the macroscopic strain of the specimen <εzz >. The tension is applied vertically [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF] .

Marina Pushkareva 等人 [START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF] The sample has been tested in situ and the tomograms correspond to the following true strains [START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF] (a) 0%, (b) 16%, (c) 30%.

经过分析,Marina Pushkareva 等人 [START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF] 

得出,孔洞的长大与 Rice-Tracy 长大模型吻 合良好。由于钛合金本身对于 X 射线穿透性的影响,因此并未见到有更多关于 X-CT 运 用于钛合金损伤分析的报道。 1.4.2 断层扫描术在其他合金损伤分析领域的应用 相较于钛合金, 基于 X-CT 技术的损伤分析在其他合金领域有着广泛的应用和研究,
包括铝合金及铝基复合材料 [START_REF] Buffière | Characterization of internal damage in a MMCp using X-ray synchrotron phase contrast microtomography[END_REF][START_REF] Babout | Recent results on 3D characterisation of microstructure and damage of metal matrix composites and a metallic foam using X-ray[END_REF][START_REF] Babout | Damage initiation in model metallic materials: X-ray tomography and modelling[END_REF][START_REF] Grenier | Quantitative 3D characterization of intermetallic phases in an Al-Mg industrial alloy by X-ray microtomography[END_REF][START_REF] Asghar | Three dimensional post-mortem study of damage after compression of cast Al-Si alloys[END_REF] ,铜合金 [START_REF] Li | Shear fracture mechanism in micro-tension of an ultrafinegrained pure copper using synchrotron radiation X-ray tomography[END_REF] ,钢铁材料 [START_REF] Bouaziz | Initiation and growth of damage in a dualphase steel observed by X-ray microtomography[END_REF][START_REF] Landron | Characterization and modeling of void nucleation by interface decohesion in dual phase steels[END_REF][START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF] 等。 最早在 1999 年 J.Y.Buffiere 等人 [START_REF] Buffière | Characterization of internal damage in a MMCp using X-ray synchrotron phase contrast microtomography[END_REF] 就运用 XCT 技术,分析了 SiC 增强的 6061Al 合金中的内损伤;2001 年,该课题组 [START_REF] Babout | Recent results on 3D characterisation of microstructure and damage of metal matrix composites and a metallic foam using X-ray[END_REF] 又分析了 ZrO2 增强铝基复合材料的损伤演变。 事实证明对于金属基复合材料,由于两相属于异种物质,衬度差别比较大,因此成像效 果很好,断层扫描术是行之有效的分析损伤演变的工具。L.Babout 等人 [START_REF] Babout | Damage initiation in model metallic materials: X-ray tomography and modelling[END_REF] 运用断层扫描 术分析了添加陶瓷颗粒的纯 Al 和 2124 铝合金的损伤起始阶段,研究结果标明损伤总是 在颗粒/基体的界面处形核。E.Maire 等人 [START_REF] Grenier | Quantitative 3D characterization of intermetallic phases in an Al-Mg industrial alloy by X-ray microtomography[END_REF] sghar 和 G.Requena [START_REF] Asghar | Three dimensional post-mortem study of damage after compression of cast Al-Si alloys[END_REF] 研究了不同合金成分的铸造 Al-Si 合金的压缩变形,他们 对压缩后的试样运用 X 射线断层扫描术进行了分析,如图 23 所示。 图 23 300℃压缩变形后不同成分的 Al-Si 合金内部孔洞的三维分布情况 [START_REF] Asghar | Three dimensional post-mortem study of damage after compression of cast Al-Si alloys[END_REF] (a)AlSi12Ni(b)AlSi12CuMgNi(c)AlSi10Cu5Ni2 Fig. 23 Spatial distribution [START_REF] Asghar | Three dimensional post-mortem study of damage after compression of cast Al-Si alloys[END_REF] of voids after compressive deformation at 300℃: [START_REF] Bouaziz | Initiation and growth of damage in a dualphase steel observed by X-ray microtomography[END_REF] (a) and just before fracture(b) 在此研究的基础上, C. Landron 等人 [START_REF] Landron | Characterization and modeling of void nucleation by interface decohesion in dual phase steels[END_REF] 对双相钢界面脱溶过程中发生的孔洞形核行 为进行了表征和建模,数据结果标明形核满足 Argon 形核条件;更进一步的,相同研究 人员对双相钢空洞长大的过程进行了分析,并与经典的 Rice-Tracy 模型进行比对 [START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF] ,结 果标明 Huang [START_REF] Huang | Accurate dilatation rates for spherical voids in triaxial stress fields[END_REF] 修正后的 Rice-Tracy 模型与实际数据结果吻合的比较好。 H.Scott 等人 [START_REF] Scott | Micro-computed tomographic imaging of void damage in a hot-rolled complex phase sheet steel[END_REF] 装置 [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF][57] ,图 30 和图 31 分别给出了实验装置图和装置安装图。 图 30 (a)装配好的原位拉/压加载装置示意图 [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF] ; (b) 原位循环加载装置示意图 [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF] Fig. 30 (a) Monotonic tension/compression device [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF] , (b) cyclic tension/tension device [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF] 从图 Fig. 32 Geometry of sample for in situ tensile test [START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF] in (a) and 3D view of the sample in (b)

由此可以看出,X 射线断层扫描术由于可以直接观察和分析材料损伤演变过程中

的孔洞形貌、尺寸、分布等情况,因而是损伤分析领域不可或缺的重要工具。 1.5 本论文的研究意义、目的与主要内容 近年来,随着损伤容限理论的提出,越来越多的研究人员着眼于分析构件的损伤演 变过程,从而寻找提高服役性能的途径。针对两相钛合金而言,深入理解合金显微组织 特征和损伤演变特征,对于深挖合金应用的潜力,从而进一步达到提高合金的服役性能 第一章 绪 论 和使用寿命的目的,有着重要的现实意义。 然而由于钛合金的组织复杂性,通过传统二维表征手段进行分析和讨论依然处于一 种-雾里看花,终隔一层‖的状态,甚至可能会带来错误的理解和分析;因此,如何拓展 新 的分析角度和方法,以深入和提高两相钛合金显微组织结构和损伤演变特征的认识和 理解已成为当前钛合金研究领域中的重要任务之一。 X 射线断层扫描术,作为一种先进的-无损‖三维表征手段,在显微组织三维结构分 析 和损伤演变分析中,扮演着越来越重要的角色。特别是可以通过 X 射线断层扫描术与 原位力学性能试验的联动,实现损伤演变过程中孔洞形核、长大、合并的原位分析,从 而获得材料损伤过程的机理, 这为深入理解和分析材料损伤过程中裂纹/孔洞的演变规律 提供了技术基础。 基于上述原因,本研究以固溶处理状态的两相钛合金材料为基础,以分析和获得钛 合金显微组织特征和损伤演变机理为目的,以 X 射线断层扫描术为手段,深入理解和研 究钛合金典型显微组织三维空间形貌和孔洞在三维空间中的尺寸、密度、分布;并结合 代表体积元(Representative Volume Element, RVE)图像建模技术和有限元方法,从而建立 钛合金显微组织特征与损伤演变过程之间的关系,为提高钛合金服役性能提供了基础。 本论文的研究工作将从以下五个主要方面进行: (1) 通过同步辐射 X 射线断层扫描术(以下简称 CT)实验,获得钛合金魏氏体组织的三维 空间形貌,给出钛合金魏氏体组织形貌的空间构型;并对比分析二维表征手段(OM, SEM)所获得显微组织形貌; (2) 采用基于同步辐射 X 射线 CT 的原位力学性能测试技术,分析损伤演变过程中孔洞 形核、长大、合并的信息,探索不同显微组织下损伤演变机理。同时将实验结果与 经典损伤模型进行对比和校正,建立损伤演变唯象模型,并以此解释孔洞形核、长 大的机理; (3) 从变形前后显微组织变化入手,利用 SEM/EBSD 等手段,分析显微组织特征对损伤 演变过程的作用和影响,探索 α/β 相在变形和损伤演变过程中所扮演的角色; (4) 将原位力学测试结果与变形区域显微组织变化相联系,从微观组织角度入手,分析 损伤过程中孔洞形核、长大、合并及裂纹扩展的特征;并以显微组织特征为切入点, 探讨孔洞/裂纹演变过程的驱动力; 北京航空航天大学博士学位论文 29 (5) 进一步针对显微组织在损伤演变过程中的变化,利用晶体塑性(Crystal Plasticity, CP) 力学原理,采用代表体积元(RVE)方法,建立基于实际显微组织形貌的晶体塑性模型 (CP Model),结合先进的快速傅里叶变换(Fast Fourier Transform, FFT)算法,探讨变 形过程中应力/应变在 α/β 的分布,从而揭示塑性变形过程中孔洞分布与演变和显微 组织特征之间的联系。 第二章 实验方法 引言 本章节首先介绍了后续实验所涉及的两相钛合金材料和热处理工艺;其次,介绍了 显微组织形貌的表征和分析手段,包括二维表征手段(OM 和 SEM/EBSD)以及三位表征 手段同步辐射 X 射线 CT;再者,介绍了基于同步辐射 X 射线 CT 的原位力学性能测试 实验,涉及样品加工,实验参数;最后,给出了实际图像 RVE 建模的步骤和仿真模型 的建立方法。 2.2 实验材料与热处理工艺 本研究以典型两相钛合金 Ti-6Al-4V(以下简称 TA6V 合金)为研究对象,β 相变点为 995±5℃ [53] , 选用宝钛集团有限公司(BaoTi Co.,Ltd)所提供的钛合金铸造板材为研究材料。 材料的化学成分达到《GB/T15073-1994 铸造钛及钛合金牌号和化学成分》的要求,具 体成分见表 3。 表 3 Ti-6Al-4V 钛合金元素含量(wt/%)
为保证获得均匀的魏氏体组织,采用 SX3-1-13 箱式电阻炉对获得原材料进行了热 处理实验,具体实验参数为 980℃保温 1 小时后空冷,随后于 540℃时效处理 8 小时后 空冷。完成热处理实验后,将试样表面在砂轮上打磨掉 1 mm 厚,以去除高温下的氧化 层,再进行下一步的实验。 图 27 给出了原始状态合金的显微组织形貌,可以看出,原始状态的合金显微组织 呈现出典型的两相钛合金魏氏体组织形貌,可观察到 β 晶粒与 α 片层的存在,每个 β 晶 粒内可观察到若干 α 相集束。α 相集束由近似平行 α 片层构成,且 α 片层被 β 片层由中
实验完成后,采用 ESRF 的 PyHST 工具包进行体积重构,并用 Image J 和 Tomviz [START_REF] Hovden | Repeatable and Transferable Processing for Electron Tomography: An Open Platform for Visualization and Reconstruction of 3D Materials[END_REF] 图像处理软件进行后处理和三维可视化分析。

断口与近断口处侧面显微组织形貌分析

(1) 断口形貌观察 对断裂后的原位拉伸试样,采用日本电子 JSM-6010 型扫描电镜进行断口形貌观察 和分析。

(2) 近断口处侧面显微组织形貌分析 断口处侧面显微组织形貌 Carl Zeiss Supra 55VP 场发射扫描电镜搭配 Oxford Nordlys EBSD 探测器进行分析,EBSD 数据结果的后处理用-Analysis Tools for orientation Mapping‖(ATOM) [START_REF] Beausir | ATOM -Analysis Tools for Orientation Maps[END_REF] 免费工具包进行。EBSD 观察实验试样的制样方法如下: [START_REF] Fu | Non-destructive mapping of grains in three dimensions[END_REF][START_REF] Hannesson | Three dimensional characterization of grain structures by EBSP and 3DXRD[END_REF][START_REF] Knudsen | 3D grain map generation with the algebraic reconstruction technique from 3DXRD data[END_REF] 、 研 究塑性变形时的晶格转动 [START_REF] Larson | Micron-resolution 3-D measurement of local orientations near a grain-boundary in plane-strained aluminum using X-ray microbeams[END_REF][START_REF] Poulsen | 3D-characterisation of microstructure evolution during annealing of a deformed aluminum single crystal[END_REF] 、相转变 [START_REF] Iqbal | Real-time observation of grain nucleation and growth during solidification of aluminium alloys[END_REF] 、材料的纳米结构 [START_REF] Gundlach | Direct observation of subgrain evolution during recovery of cold-rolled aluminium[J][END_REF] 以及再结晶过程的分析 [START_REF] Lauridsen | Kinetics of individual grains during recrystallization[END_REF][START_REF] Lauridsen | Recrystallization kinetics of individual bulk grains in 90% cold-rolled aluminium[END_REF][START_REF] West | Mapping partially recrystallised structures by 3DXRD[END_REF][START_REF] West | Direct non-destructive observation of bulk nucleation in 30% deformed aluminum[END_REF][START_REF] Winther | Lattice rotations of individual bulk grains Part II: correlation with initial orientation and model comparison[END_REF][START_REF] Offerman | Phase transformations in steel studied by 3DXRD microscopy[END_REF][START_REF] Savran | Growth of individual austenite grains measured with 3DXRD microscopy[END_REF][START_REF] Schmidt | Direct observation of 3-D grain growth in Al-0.1% Mn[J][END_REF][START_REF] Yang | Discussion on the nucleation rate of ferrite during continuous cooling in a low carbon steel measured by 3DXRD[C[END_REF][START_REF] Larsen | ‗Nucleation of recrystallization observed in situ in the bulk of a deformed metal[END_REF] ;特别是对于金属基复合材料 [START_REF] Requena | Sub-micrometer synchrotron tomography of multiphase metals using Kirkpatrick-Baez optics[END_REF] 和多孔材料 [START_REF] Zhang | Local tomography study of the fracture of an ERG Metal Foam[END_REF] [START_REF] Ludwig | Three-dimensional grain mapping by X-ray diffraction contrast tomography and the use of Friedel pairs in diffraction data analysis[END_REF][START_REF] Herbig | 3-D growth of a short fatigue crack within a polycrystalline microstructure studied using combined diffraction and phase-contrast X-ray tomography[END_REF][START_REF] King | Three-dimensional in situ observations of short fatigue crack growth in magnesium [J][END_REF][START_REF] King | Non-destructive analysis of micro texture and grain boundary character from X-ray diffraction contrast tomography[END_REF][START_REF] Reischig | Advances in X-ray diffraction contrast tomography: flexibility in the setup geometry and application to multiphase materials[END_REF][START_REF] Mcdonald | Non-destructive mapping of grain orientations in 3D by laboratory X-ray microscopy[END_REF][START_REF] Vanderesse | Three-dimensional microtomographic study of Widmanstatten microstructures in an alpha/beta titanium alloy [J][END_REF][START_REF] Vanderesse | Morphologie et déformation à chaud de microstructures lamellaires dan les alliages de zirconium et de titanne[END_REF] 。W.Ludwig 等 研究人员 [START_REF] Ludwig | Three-dimensional grain mapping by X-ray diffraction contrast tomography and the use of Friedel pairs in diffraction data analysis[END_REF] 在同步辐射光源下,对不同热处理状态下的 β-21S (Ti-15Mo-3Nb-3Al) 钛合 金进行了相位成像断层扫描术(Phase Contrast tomography,PCT)分析和衍射成像断层扫描 术(diffraction contrast tomography,DCT)分析,既获得了显微组织形貌和晶粒分布信息, 也获得了晶粒空间取向信息。此外,围绕着 DCT 技术,该研究团队观察和分析了钛合 金疲劳裂纹萌生与扩展 [START_REF] Herbig | 3-D growth of a short fatigue crack within a polycrystalline microstructure studied using combined diffraction and phase-contrast X-ray tomography[END_REF][START_REF] King | Three-dimensional in situ observations of short fatigue crack growth in magnesium [J][END_REF] 、微观织构演变 [START_REF] King | Non-destructive analysis of micro texture and grain boundary character from X-ray diffraction contrast tomography[END_REF] 、图像建模技术 [START_REF] Reischig | Advances in X-ray diffraction contrast tomography: flexibility in the setup geometry and application to multiphase materials[END_REF][START_REF] Mcdonald | Non-destructive mapping of grain orientations in 3D by laboratory X-ray microscopy[END_REF] 等结合起来,也取得 了一些成果。N.Vanderesse 等人利用吸收衬度成像断层扫描术(Absorption CT,ACT)分析 了魏氏体组织的 Ti-6Al-4V 钛合金魏氏体组织的三维空间形貌 [START_REF] Vanderesse | Three-dimensional microtomographic study of Widmanstatten microstructures in an alpha/beta titanium alloy [J][END_REF][START_REF] Vanderesse | Morphologie et déformation à chaud de microstructures lamellaires dan les alliages de zirconium et de titanne[END_REF] 。除利用同步辐射光 源外,G.J.Li 等人采用实验室级 X 射线 CT 技术,观察和表征了 TC6 两相钛合金显微组 织空间形貌 [START_REF] Li | Reconstruction and quantitative characterization of the three dimensional microstructure model of TC6 titanium alloy based on dual-energy X-ray microtomography[END_REF] ,并以此建立了 TC6 钛合金变形过程的微观力学模型 [START_REF] Li | Three-dimensional microstructure-based micromechanical modeling for TC6 titanium alloy[END_REF] 。在损伤演变分 析领域,受限于两相钛合金的塑性变形方式和显微组织复杂性,加之钛合金本身对于 X 射线穿透性的影响,运用 X 射线 CT 技术分析钛合金损伤演变过程的只有一些探索性的 报导 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF][START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF][START_REF] Ludwig | Three-dimensional grain mapping by X-ray diffraction contrast tomography and the use of Friedel pairs in diffraction data analysis[END_REF][START_REF] Herbig | 3-D growth of a short fatigue crack within a polycrystalline microstructure studied using combined diffraction and phase-contrast X-ray tomography[END_REF][START_REF] King | Three-dimensional in situ observations of short fatigue crack growth in magnesium [J][END_REF][START_REF] Li | Three-dimensional microstructure-based micromechanical modeling for TC6 titanium alloy[END_REF] 。 

将断裂后试样沿拉伸方向镶嵌入树脂基体中用 400# SiC 砂纸进行磨制,直至样品侧 面中部最宽平面出现;随后按照上文所述金相试样制备方法进行磨制和抛光。为消除样 品表面残余应力,终抛选用振动抛光。振动抛光过程在 Buehler VibroMet 2 型振动抛光 机上进行,抛光液选用 OP-S+H2O2 混合悬浊液,振动时间为 2.5 小时。 2.6 基于实际图像的 RVE 模型建立 为研究显微组织在塑性变形时的响应,分析微观尺度下应力/应变的分布,探索显微 组织对塑性变形乃至损伤演变的作用规律,需要对实际获得的显微组织图像进行代表体 积元(RVE)选取,并以此来建立仿真模型。图 33 给出了 RVE 模型的建立过程 [60] ,可以 看出从整体单元中 RVE 选取和模型建立需要有特征意义和统计意义,这样通过体积平 均化方法反推出整体单元的信息才具有实际意义。 第二章 实验方法 图 33 RVE 选取和模型建立、仿真过程示意图 [60]
第三章 TA6V 合金显微组织特征与损伤演变的同步辐射 X 射线断 层扫描分析 引言 X 射线断层扫描术(CT)是一种行之有效的三维观察和表征手段,在工业领域和无损 检测领域有着广泛的应用;特别是当光源由实验室级别提高至同步辐射光源,X 射线的 纯度和能量都上了一个新的台阶,从而推动分辨率提高至微米级甚至纳米级,这种分辨 率的提高又将 X 射线 CT 技术从传统工业领域拓展至材料分析领域,使得分析合金的显 微组织特征和损伤演变特征成为可能。 然而由于 X 射线断层扫描术是一种新型的显微组织三维空间形貌观察技术, 在块 体 材料领域应用较为广泛, X 射线 CT 可与其他实验设备进行联动, 以获取晶粒图像
,通过 X 射线 CT 成像技术可以获得 清晰的空间形貌和相/孔隙空间分布。 然而对于钛合金而言,由于 α/β 相吸收系数的问题,目前 X 射线 CT 成像技术尚处于探 索阶段,再加之钛合金本身显微组织的复杂性,更是制约了这一技术的应用。目前在这 一领域,仅有少数研究人员做出了探索性研究,并取得了一些成果
40 第三章 TA6V 合金显微组织特征与损伤演变的同步辐射 X 射线断层扫描分析 本章节首先给出了 TA6V 钛合金显微组织空间形貌,并与传统二维表征手段(OM 和 SEM)所获得的显微组织形貌进行了对比;其次通过原位拉伸实验,分析了 TA6V 钛合 金塑性变形过程中孔洞/裂纹的演变过程;最后以经典损伤模型为基础,对孔洞/裂纹的 整个演变过程进行了建模分析。 3.2 TA6V 显微组织特征的同步辐射 X 射线 CT 分析 3.2.1 样品及实验参数设置 在进行实验之前,需要首先确定样品的相组成,并以此查找不同相对于 X 射线的吸 收系数,从而确定样品尺寸。图 35 给出了合金的 XRD 衍射谱,从图中可以看出,仅有 α 相(HCP 结构)的峰可被观察,这是由于 β 相(BCC 结构)的尺寸和体积分数太小(一般< 20%)无法被衍射仪所识别。此外,并未观察到有 α', α'', ω 等亚稳相的峰出现。 图 35 热处理后 TA6V 合金 XRD 衍射谱
式中 I 表示穿透样品的 X 射线能量,I0 表示初始 X 射线能量,μ 定义为 X 射线的线性衰 减系数(X-ray Linear Attenuation Coefficient),x 为样品厚度。 通常定义 μx=1. 定义质量衰减系数(X-ray Mass Attenuation Coefficient)为 μ/ρ,则式(3.1) 可改写为 I    exp   x    I 0      (3.
2) 根据文献 [START_REF] Hubbell | Tables of X-Ray Mass Attenuation Coefficients and Mass Energy-Absorption Coefficients from 1 keV to 20 MeV for Elements Z = 1 to 92 and 48 Additional Substances of Dosimetric Interest[END_REF] 得入射光子能量 I0 = 15 KeV 时, Ti 元素的 X 射线质量衰减系数为 μ/ρ = 3.587 cm 2 /g, 计算得样品厚度 x≤0.61 mm.

基于上述计算结果,确定显微组织三维形貌成像的样品形状和尺寸如图 29 所示(本 研究第二章)。需要指出的是只有 Φ 0.5 mm×1 mm 的小圆柱为扫描观察区域,剩余部分 为夹持端,需要固定在样品台底座上。在实验过程中采用 360°旋转样品台的方法进行 X 射线扫描。

数据采集与后处理

图 37 [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF] 给出了显微组织 X 射线 CT 成像和后处理的过程,可以看出通过 CCD 转换 的图像信息为多张二维切片(slices)的照片,将其堆叠形成图片堆(image stack),图片堆 的高度取决于 X 射线分辨率和像素大小,一般情况下每层切片厚度为 1 个像素(pixel)。 随后,通过图像重构算法可获得重构后的样品三维立体图像。 图 37 X 射线 CT 成像及后处理原理示意图 [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF] Fig. 37 Schematic illustration of the principle of X-ray attenuation tomography [START_REF] Buffiere | In Situ Experiments with X ray Tomography: an Attractive Tool for Experimental Mechanics[END_REF] 在本研究中,扫描重构区域的大小为 2560×2560×2160 pixel 3 魏氏体 α 片层呈现所谓-凸透镜状‖形貌 [START_REF] Tiley | Quantification of microstructural features in α/β titanium alloys[END_REF] ;这种矛盾来自于二维推断三维的不确定性。

但是由于 Absorption CT 方法成像的图像质量一般,并且在图像处理过程中有可能损失 部分图像信息,因此为揭示两相的形貌和分布,还需要采用其他三维成像手段进行深入 的分析。 1 3.3 TA6V 损伤演变的同步辐射 X 射线 CT 分析 前文中,我们利用同步辐射 X 射线 CT 的技术手段,构建了 TA6V 钛合金魏氏体组 织的空间形貌, 并定性分析了 α/β 相的空间分布。 本节我们将继续围绕 X 射线 CT 技术, 通过原位力学性能测试,分析塑性变形过程中 TA6V 钛合金的损伤演变情况。 3.3.1 样品及实验参数设置 在进行原位力学性能测试实验前,需要对合金的力学性能有一个宏观把握,以便确 定样品形状、尺寸等样品信息和加载速率,扫描位置等实验参数。第二章中给出了室温 力学性能测试的相关参数,故在此并不赘述,仅给出实验结果。经测试,TA6V 合金的 屈服强度(ζs)为 886.2 ±10 MPa, 抗拉强度(ζb)为 964.0±10 MPa, 延伸率(δ)为 4.5%±0.2%; 显微硬度测试可知,合金的硬度值为 385±10.
根据上述实验结果,并结合 Mateis 之前进行同类研究的数据 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Bouaziz | Initiation and growth of damage in a dualphase steel observed by X-ray microtomography[END_REF][START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF] ,确定样品为圆 [START_REF] Carmona | Fast X-ray tomography and acoustic emission study of damage in metals during continuous tensile tests[END_REF][START_REF] Suéry | Fast in-situ X-ray micro tomography characterisation of microstructural evolution and strain-induced damage in alloys at various temperatures[END_REF] 目前可以做到加载的同时

切口试样(notched sample)。通常情况下,可以通过改变切口试样的曲率半径 R 来调整样 品颈部的应力集中状态(即应力三轴度 T),而应力三轴度 T 通常可作为损伤过程的重要 参数,并在损伤模型中扮演重要角色。故首先对应力三轴度 T 做一描述,T 的定义式如 下: T   H  M (3.3) 其中 σH 表示静水压力,σM 表示米塞斯(Mises)等效应力。 静水压力定义为,  H   1  2  3  3 (3.4) Mises 等效应力定义为,   2   2   2  M  1 2 2 3 1 3 2 (3.5) 对于轴对称试样,样品中心位置(应力集中最大位置)的应力三轴度 T 的计算可以采 用 Bridgman 公式 [92] 来进行, T  1 ln  1 r   (3.6) 3  2R     式中 r 表示样品颈部的最窄处的半径。 根据 Mateis 实验室之前的研究成果, 一般选择 R=1 mm, R=2.5mm 和 R=∞(即无切口 的普通轴对称拉伸试样)进行对比研究。然而在本研究中,由于样品塑性有限,为保证 足够的 X 射线扫描测试点, 同时考虑到应力三轴度对损伤演变的影响, 只选择 R=2.5 mm 的试样进行实验;样品尺寸和实验参数在本论文第二章中给出,此处并不赘述。初始条 件下, 理论计算得出样品的应力三轴度 T≈0.43, 属于中等应力集中状态。 本实验在 ESRF ID19 研究站进行,此研究站的 X 射线 CT 分辨率可达 1μm,同时体积像素(Voxel)尺寸 为 1.3×1.3×1.3 μm 3 . 3.3.2 数据采集与后处理 在变形加载开始前,先进行一次 X 射线扫描,并以此作为起始点,定义为损伤演变 的第 0 阶段。随后进行加载,并根据实时显示的力-位移曲线选择合适的扫描点。值得 指出的是为了获得更好的图像效果,在 X 射线扫描成像时选择停止加载(但不卸载),扫 描完成后继续加载,以此循环直至样品断裂。有文献指出
进行 X 射线扫描,但成像时停止加载,可以获得更好的图像质量,同时数据结果也与连 续加载+扫描的实验方法几乎无差异。从试样发生屈服开始进行第一次扫描,最后一次 扫描点选择在样品即将断裂前,中间进行若干次扫描。 为了分析孔洞演变与应力/应变的关系,需要根据测得的数据结果计算真应力/应变。 局部应变 εloc(真应变)按照式(3.7)进行, = ln  S 0   (3.7)  S    式中 S0 表示变形前拉伸试样颈部最窄处的截面面积,S 为某一变形阶段测得的最窄 界面处的实体材料面积(截面面积减去孔洞所占面积)。不同变形阶段的真应力也根据此 阶段最窄界面面积 S 和测得的载荷大小进行计算, F  true   S (3.8) 同时利用变形过程中测得的圆切口曲率半径 R 和最窄截面的半径 r 根据 Bridgeman 公式(式(3. 6 
) )计算得出应力三轴度 T。C.Landron [START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF] 指出,对于轴对称试样,采用 值得注意的是在塑性变形过程中,TA6V 试样的颈缩并不显著,这与其他延性金属 材料,例如双相钢 [START_REF] Bouaziz | Initiation and growth of damage in a dualphase steel observed by X-ray microtomography[END_REF][START_REF] Landron | Characterization and modeling of void nucleation by interface decohesion in dual phase steels[END_REF][START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF] 和铝合金 [START_REF] Carmona | Fast X-ray tomography and acoustic emission study of damage in metals during continuous tensile tests[END_REF][START_REF] Suéry | Fast in-situ X-ray micro tomography characterisation of microstructural evolution and strain-induced damage in alloys at various temperatures[END_REF][START_REF] Pardoen | Assessment of void growth models from porosity measurements in cold-drawn copper bars[END_REF][START_REF] Bron | Ductile rupture in thin sheets of two grades of 2024 aluminum alloy[END_REF] Fig. 46 The nucleation, growth and coalescence of voids during ductile damage procedure [START_REF] Pineau | Failure of metals [M]. Comprehensive Structural Integrity[END_REF] 3. 界条件 εN,当应变达到临界应变 εN 时,孔洞大量形核。Chu 和 Needleman [START_REF] Vanderesse | Morphologie et déformation à chaud de microstructures lamellaires dan les alliages de zirconium et de titanne[END_REF] 运用孔洞 形核的应变条 件对孔 洞的形核过程 进行了 分析,并建立 了孔洞 形核动力学模 型。 C.Landron [START_REF] Landron | Ductile damage characterization in dual-phase steels using X-ray tomography[END_REF] 在此基础上对双相钢的孔洞形核动力学进行了分析, 也建立了动力学模型。 A.L.Helbert [START_REF] Helbert | Effects of microstructural parameters and back stress on damage mechanisms in α/β titanium alloys [J][END_REF] 对不同组织形貌的 TA6V 钛合金在变形过程中的孔洞形核行为进行了分析, 也给出了孔洞形核的动力学模型。本研究将对孔洞形核过程的动力学进行分析,并运用 C.Landron 动力学模型 [START_REF] Landron | Characterization and modeling of void nucleation by interface decohesion in dual phase steels[END_REF] 和 A.L.Helbert 动力学模型 [START_REF] Helbert | Effects of microstructural parameters and back stress on damage mechanisms in α/β titanium alloys [J][END_REF] 对比分析孔洞形核过程, 揭示孔洞 形 核的动力学规律。 C.Landron [START_REF] Landron | Ductile damage characterization in dual-phase steels using X-ray tomography[END_REF][START_REF] Landron | Characterization and modeling of void nucleation by interface decohesion in dual phase steels[END_REF] 通过分析 Chu&Needleman [START_REF] Chu | Void nucleation effects in biaxial stretched sheets[END_REF] 所给出的孔洞形核动力学模型,并结合

X 射线 CT 下的原位拉伸实验结果,对动力学模型进行了修正,给出的孔洞形核动力学 模型如下:      N N 0  exp     1   (3.10)   N    N =A exp T  其中 N0,A,β 为拟合参数,T 为应力三轴度,这些参数均可通过实验获得。 (3.11)
elbert 通过实验+仿真的手段分析了不同组织状态下的 TA6V 合金的孔洞形核 动力学,并基于应变条件给出了孔洞形核的动力学模型 [START_REF] Helbert | Effects of microstructural parameters and back stress on damage mechanisms in α/β titanium alloys [J][END_REF] ,模型数学描述如下: 图 48 分别给出了运用 Landron 模型 [START_REF] Landron | Characterization and modeling of void nucleation by interface decohesion in dual phase steels[END_REF] 和 Helbert 模型 [START_REF] Helbert | Effects of microstructural parameters and back stress on damage mechanisms in α/β titanium alloys [J][END_REF] 解释孔洞密度随局部应变变 化的数据结果,可以看出两个模型所述曲线展现出了同样的变化趋势,且均与实验数据 吻合良好。通过对式(3.10)和式(3.12)对比分析可知,两者均呈现指数函数的变化形式。 E.Maire [START_REF] Bouaziz | Initiation and growth of damage in a dualphase steel observed by X-ray microtomography[END_REF] 通过分析 DP 钢损伤演变过程指出, 孔洞的形核密度一般按照指数函数的形式 变化,这为本研究的数据结果给出了依据。 进一步对比分析 Landron 模型和 Helbert 模型可知,Landron 模型 [START_REF] Landron | Characterization and modeling of void nucleation by interface decohesion in dual phase steels[END_REF] 针对 DP62 双相 钢的孔洞密度演变结果给出,并以其他双相钢的数据结果进行验证;而 Helbert 模型 [START_REF] Helbert | Effects of microstructural parameters and back stress on damage mechanisms in α/β titanium alloys [J][END_REF] 针对魏氏体组织的 TA6V 的孔洞密度演变结果给出,并以其他组织状态的 TA6V 合金数 据结果进行验证。对于本研究而言,两者出现数据结果类似的原因在于指数函数形式的 孔洞形核动力学模型是基于孔洞的-相界面分离‖形核理论 [START_REF] Argon | Cavity formation from inclusions in ductile fracture[END_REF][START_REF] Beremin | Cavity formation inclusions in ductile fracture of A506 steel[END_REF] 并且都与初始值有较大的差异;因此在运用 Ricey-Tracey 模型 [START_REF] Rice | On the ductile enlargement of voids in triaxial stress fields[END_REF] 和 Huang 模型 [START_REF] Huang | Accurate dilatation rates for spherical voids in triaxial stress fields[END_REF] 进行 孔洞演化分析时,对于材料参数的校正是必须的。 从文献调研中可知,对于钛合金的损伤演变分析主要针对等轴组织 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF][START_REF] Herbig | 3-D growth of a short fatigue crack within a polycrystalline microstructure studied using combined diffraction and phase-contrast X-ray tomography[END_REF][START_REF] Li | Three-dimensional microstructure-based micromechanical modeling for TC6 titanium alloy[END_REF][START_REF] Persenot | Effect of build orientation on the fatigue properties of as-built Electron Beam Melted Ti-6Al-4V alloy[END_REF][START_REF] Preuss | SiC single fibre full-fragmentation during straining in a Ti-6Al-4V matrix studied by synchrotron X-rays [J][END_REF][START_REF] Tan | Anisotropic deformation and damage of dual-phase Ti-6Al-4V under high strain rate loading[END_REF] 或 双态组织 [START_REF] Birosca | 3-D observations of short fatigue crack interaction with lamellar and duplex microstructures in a two-phase titanium alloy[END_REF][START_REF] Chapman | Characterisation of short fatigue cracks in titanium alloy IMI 834 using X-ray microtomography[END_REF] 进行,对于魏氏体组织合金的损伤演变研究不多 [START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF][START_REF] Tan | Effect of α-phase morphology on low-cycle fatigue behavior of TC21 alloy [J][END_REF][START_REF] Tan | Cyclic Deformation and Microcrack Initiation During Stress Controlled High Cycle Fatigue of a Titanium Alloy[END_REF] 。C.Tan 等研究 者 [START_REF] Tan | Effect of α-phase morphology on low-cycle fatigue behavior of TC21 alloy [J][END_REF] 对比研究了 TC21 钛合金两种不同组织状态的疲劳寿命和裂纹扩展路径后得出, 等 轴组织合金的孔洞聚合与微裂纹的形成过程与魏氏体组织合金有极大的不同,原因在于 两种显微组织中 α 相形貌的显著差别。 该研究小组 [START_REF] Tan | Cyclic Deformation and Microcrack Initiation During Stress Controlled High Cycle Fatigue of a Titanium Alloy[END_REF] 也分析了裂纹形成与扩展过程中, α 相的形貌变化与孔洞/裂纹演变的相互作用关系。 M.Pushkareva 等 [START_REF] Pushkareva | Three-dimensional investigation of grain orientation effects on void growth in commercially pure titanium[END_REF] 对魏氏体组织的纯 从文献 [START_REF] Peters | Titanium and Titanium Alloys[END_REF][START_REF] Boyer | Materials Properties Handbook: Titanium Alloys[END_REF] 

Ti
中可知,对于魏氏体组织形貌的 Ti 合金而言,在同一 α 集束内,所有 的 α 片层趋向于相互平行并对外呈现近似相同的晶体学取向。换言之,相邻的两个 α 集 束,则可能存在着一定的取向差,这种取向差的不同很可能导致孔洞在集束交汇处和边 界处形核; 同时这些孔洞的生长可能沿着这些相邻的 α 集束的边界进行生长, 如图 61(d) 所示。有关于孔洞在 α 相集束边界处形核和长大的详细论述将在本论文第五章中进行, 在此并不过多赘述。 通过对金属材料单向加载过程中的损伤演变过程的文献报导可知, 通常情况下,相 邻孔洞生长之间都存在所谓材料韧带区,当此韧带区-耗尽‖(exhausted)乃至消失时,认 为
相邻的孔洞发生聚合 [START_REF] Pineau | Failure of metals I: Brittle and ductile fracture [J][END_REF]113,[START_REF] Caceres | Large Strain Behavior of a Superplastic Copper Alloy-II: Cavitation and Fracture [J][END_REF] 体中嵌入-硬‖的析出相或增强相 [START_REF] Babout | Damage initiation in model metallic materials: X-ray tomography and modelling[END_REF][START_REF] Marino | Experimental study of cavity growth in ductile rupture[END_REF][START_REF] Babout | On the competition between particle fracture and particle decohesion in metal matrix composites[END_REF][START_REF] Ashby | Work hardening of dispersion-hardened crystals[END_REF][START_REF] Horstemeyer | A void-crack nucleation model for ductile metals[END_REF] 。文献 [START_REF] Babout | Damage initiation in model metallic materials: X-ray tomography and modelling[END_REF][START_REF] Marino | Experimental study of cavity growth in ductile rupture[END_REF][START_REF] Babout | On the competition between particle fracture and particle decohesion in metal matrix composites[END_REF][START_REF] Ashby | Work hardening of dispersion-hardened crystals[END_REF][START_REF] Horstemeyer | A void-crack nucleation model for ductile metals[END_REF] 材料参数 αHuang 初始值是基于双相钢的损伤演变过程所提出 [START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF][START_REF] Huang | Accurate dilatation rates for spherical voids in triaxial stress fields[END_REF] ,并不适用于 TA6V 钛 合金材料。 更进一步的, 针对同一种合金, 显微组织形貌的不同, 也会导致材料参数 αHuang 出现较大的变化。L.Lecarme 等研究者 [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF] 以双态组织形貌的 TA6V 合金为研究对象进行 了损伤演变分析;数据结果表明在损伤演变过程中,应力三轴度 T 的变化范围是 (T=0.8~1.0); 与此同时, 实验校正所得出的 αHuang=1.67, 将此参数值带入 Huang 模型后, 孔洞长大过程的实验数据与 Huang 模型的描述和预测吻合度良好。通过将 L.Lecarme [START_REF] Lecarme | Heterogenous void growth revealed by in situ 3-D X-ray microtomography using automatic cavity tracking[END_REF] 和 Landron [START_REF] Landron | Validation of void growth models using X-ray microtomography characterization of damage in dual phase steels[END_REF] 文献 [START_REF] Tan | Cyclic Deformation and Microcrack Initiation During Stress Controlled High Cycle Fatigue of a Titanium Alloy[END_REF][START_REF] Tan | Slip transmission behavior across α/β interface and strength prediction with a modified rule of mixtures in TC21 titanium alloy [J][END_REF][START_REF] Chan | Effects of Deformation-Induced Constraint on High-Cycle Fatigue in Ti Alloys with a Duplex Microstructure[END_REF][START_REF] Chan | Changes in fatigue life mechanism due to soft grains and hard particles[END_REF][START_REF] Hashimoto | The role of elastic interaction stresses on the onset of slip in polycrystalline alpha brass-I. Experimental determination of operating slip systems and qualitative analysis[END_REF] 

对于塑性变形过程中剪切带的形成机理,目前并没有特别完整清晰的描述,仍处于

探索阶段 [START_REF] Duggan | Deformation structures and textures in cold-rolled[END_REF][START_REF] Hutchinson | Shear band formation in plane strain[END_REF][START_REF] Peirce | Material rate dependence and localized deformation in crystalline solids[END_REF][START_REF] Hirsch | Overview no. 76: Mechanism of deformation and development of rolling textures in polycrystalline f.c.c. metals-I. Description of rolling texture development 参考文献 in homogeneous CuZn alloys[END_REF][START_REF] Donadille | Development of texture and microstructure during cold-rolling and annealing of F.C.C. alloys: Example of an austenitic stainless steel[END_REF][START_REF] Tvergaard | Shear band development in polycrystals[END_REF][START_REF] Batra | Effect of loading direction and initial imperfections on the development of dynamic shear bands in a FCC single crystal[END_REF][START_REF] Paul | Shear band microtexture formation in twinned face centred cubic single crystals[END_REF] ,目前只是公认剪切带是塑性变形局域化的产物,更深层次的理解和认 识仍然需要更进一步的分析 [START_REF] Duggan | Deformation structures and textures in cold-rolled[END_REF][START_REF] Hutchinson | Shear band formation in plane strain[END_REF][START_REF] Peirce | Material rate dependence and localized deformation in crystalline solids[END_REF][START_REF] Hirsch | Overview no. 76: Mechanism of deformation and development of rolling textures in polycrystalline f.c.c. metals-I. Description of rolling texture development 参考文献 in homogeneous CuZn alloys[END_REF][START_REF] Donadille | Development of texture and microstructure during cold-rolling and annealing of F.C.C. alloys: Example of an austenitic stainless steel[END_REF][START_REF] Tvergaard | Shear band development in polycrystals[END_REF][START_REF] Batra | Effect of loading direction and initial imperfections on the development of dynamic shear bands in a FCC single crystal[END_REF][START_REF] Paul | Shear band microtexture formation in twinned face centred cubic single crystals[END_REF] [START_REF] Xue | Self-organization of shear bands in titanium and Ti-6Al-4V alloy [J][END_REF] 通过纯钛和 Ti-6Al-4V 合金的剪切带进行深入分析后发现,在 钛及钛合金中,剪切带的形成和演变有着明显的自组织行为(self-organization);并且剪 切带可以作为损伤演变过程中孔洞形核的核心,并为孔洞生长和聚合提供路径,因此可 以认为剪切带是孔洞形核的前驱体 [START_REF] Xue | Self-organization of shear bands in titanium and Ti-6Al-4V alloy [J][END_REF] 的不稳定性,促进孔洞形核和演变 [START_REF] Ankem | The role of elastic interaction stresses on the onset of plastic flow for oriented two ductile phase structures[END_REF][START_REF] Ankem | A rationalization of stress-strain behavior of two-ductile phase alloys[END_REF][START_REF] Ashby | The deformation of plastically non-homogeneous materials[END_REF] 。 文献 [START_REF] Tan | Cyclic Deformation and Microcrack Initiation During Stress Controlled High Cycle Fatigue of a Titanium Alloy[END_REF][START_REF] Tan | Slip transmission behavior across α/β interface and strength prediction with a modified rule of mixtures in TC21 titanium alloy [J][END_REF][START_REF] Chan | Effects of Deformation-Induced Constraint on High-Cycle Fatigue in Ti Alloys with a Duplex Microstructure[END_REF][START_REF] Chan | Changes in fatigue life mechanism due to soft grains and hard particles[END_REF][START_REF] Hashimoto | The role of elastic interaction stresses on the onset of slip in polycrystalline alpha brass-I. Experimental determination of operating slip systems and qualitative analysis[END_REF] 一般的,在塑性变形过程中认为滑移带和剪切带起着非常重要的作用,涉及这一领 域的研究也比较多 [START_REF] Qin | Transgranular shearing introduced brittlement of Ti-5Al-5V-5Mo-3Cr alloy with full lamellar structure at room temperature[END_REF][START_REF] Zhang | Simulation of slip band evolution in duplex Ti-6Al-4V [J][END_REF][START_REF] Huang | Effect of microstructure on tensile properties of Ti-5Al-5Mo-5V-3Cr-1Zr alloy [J][END_REF][START_REF] Castany | In situ transmission electron microscopy deformation of the titanium alloy Ti-6Al-4V: Interface behaviour[END_REF][START_REF] Sun | Shear banding in commercial pure titanium deformed by dynamic compression[END_REF][START_REF] Wang | Study of twinning/detwinning behaviors of Ti by interrupted in situ tensile tests[END_REF][START_REF] Ren | Microstructure and deformation behavior of Ti-6Al-4V alloy by high-power laser solid forming[END_REF] 。在微观尺度下,滑移带 [START_REF] Zhang | Simulation of slip band evolution in duplex Ti-6Al-4V [J][END_REF][START_REF] Sun | Shear banding in commercial pure titanium deformed by dynamic compression[END_REF][START_REF] Ren | Microstructure and deformation behavior of Ti-6Al-4V alloy by high-power laser solid forming[END_REF] 和剪切带 [START_REF] Zhang | Simulation of slip band evolution in duplex Ti-6Al-4V [J][END_REF][START_REF] Castany | In situ transmission electron microscopy deformation of the titanium alloy Ti-6Al-4V: Interface behaviour[END_REF][START_REF] Sun | Shear banding in commercial pure titanium deformed by dynamic compression[END_REF][START_REF] Wang | Study of twinning/detwinning behaviors of Ti by interrupted in situ tensile tests[END_REF][START_REF] Ren | Microstructure and deformation behavior of Ti-6Al-4V alloy by high-power laser solid forming[END_REF] 被认为是钛 合金塑性变形过程中产生的塑性应变局域化的标志,并且滑移带和剪切带的形成都可能 对局部孔洞的形核和扩展产生影响。更进一步的,有研究人员通过仿真模拟 [START_REF] Xue | Self-organization of shear bands in titanium and Ti-6Al-4V alloy [J][END_REF] 和实验 手段 [START_REF] Ren | Microstructure and deformation behavior of Ti-6Al-4V alloy by high-power laser solid forming[END_REF][START_REF] Antolovich | Plastic strain localization in metals: origins and consequences[END_REF][START_REF] Qin | Tensile deformation and fracture of Ti-5Al-5V-5Mo-3Cr-1.5Zr-0.5Fe alloy at room temperature[END_REF] [START_REF] Helbert | The influence of stess triaxiality on the damage mechanisms in an equiaxed α/β Ti-6Al-4V alloy[END_REF][START_REF] Katani | Micromechanical modelling of damage behaviour of Ti-6Al-4V[END_REF][START_REF] Giglio | Ductile fracture locus of Ti-6Al-4V titanium alloy[END_REF] ,对 Ti-6Al-4V 合金而言,在韧性断裂占主导位置的前提下,材料可能以一种(韧性+解理)断 裂的混合断裂形式发生断裂;并且断裂形式与应力三轴度 T 相关联 [START_REF] Helbert | The influence of stess triaxiality on the damage mechanisms in an equiaxed α/β Ti-6Al-4V alloy[END_REF][START_REF] Katani | Micromechanical modelling of damage behaviour of Ti-6Al-4V[END_REF][START_REF] Giglio | Ductile fracture locus of Ti-6Al-4V titanium alloy[END_REF] 为分析损伤演变过程与显微组织特征之间关系的重要手段。大量研究表明 [START_REF] Schoenfeld | Texture effects on shear response in Ti-6Al-4V plates [J][END_REF][START_REF] Thomas | Image-based crystal plasticity FE framework for 参考文献 microstructure dependent properties of Ti-6Al-4V alloys[END_REF][START_REF] Hasija | Deformation and creep modeling in polycrystalline Ti-6Al alloys[END_REF][START_REF] Khan | Quasi-static and dynamic loading responses and constitutive modeling of titanium alloys[END_REF][START_REF] Deka | Crystal plasticity modeling of deformation and creep in polycrystalline Ti-6242[END_REF][START_REF] Venkatramani | A size-dependent crystal plasticity finite-element model for creep and load shedding in polycrystalline titanium alloys[END_REF][START_REF] Khan | Multiaxial and non-proportional loading responses, anisotropy and modeling of Ti-6Al-4V titanium alloy over wide ranges of strain rates and temperatures[END_REF][START_REF] Dunne | Lengthscale-dependent, elastically anisotropic, physically-based hcp crystal plasticity: Application to cold-dwell fatigue in Ti alloys[END_REF][START_REF] Roters | Overview of constitutive laws, kinematics, homogenization and multiscale methods in crystal plasticity finite-element modeling: Theory, experiments, applications[END_REF][START_REF] Shahba | Crystal plasticity FE modeling of Ti alloys for a range of strainrates. Part I: A unified constitutive model and flow rule [J][END_REF][START_REF] Busso | Gradient-dependent deformation of twophase single crystals[END_REF][START_REF] Cheong | Effects of lattice misorientations on strain heterogeneities in FCC polycrystals[END_REF][START_REF] Gao | Mechanism-based strain gradient plasticity-I. Theory [J][END_REF][START_REF] Fleck | Strain gradient plasticity: Theory and experiment[END_REF][START_REF] Kuhlmannwilsdorf | The theory of dislocation-based crystal plasticity[END_REF][START_REF] Rehrl | Crystal orientation changes: A comparison between a crystal plasticity finite element study and experimental results[END_REF][START_REF] Li | Modeling of deformation behavior and texture evolution in magnesium alloy using the intermediate ϕ -model[END_REF][START_REF] Yao | A polycrystal based numerical investigation on the temperature dependence of slip resistance and texture evolution in magnesium alloy AZ31B [J][END_REF][START_REF] Zhang | Effect of realistic 3D microstructure in crystal plasticity finite element analysis of polycrystalline Ti-5Al-2.5Sn [J][END_REF] ,基于 实际图像模型的晶体塑形力学仿真方法(realistic microstructure-based crystal plasticity method)是分析探讨金属材料显微组织特征对塑性变形过程 [START_REF] Schoenfeld | Texture effects on shear response in Ti-6Al-4V plates [J][END_REF][START_REF] Thomas | Image-based crystal plasticity FE framework for 参考文献 microstructure dependent properties of Ti-6Al-4V alloys[END_REF][START_REF] Hasija | Deformation and creep modeling in polycrystalline Ti-6Al alloys[END_REF][START_REF] Khan | Quasi-static and dynamic loading responses and constitutive modeling of titanium alloys[END_REF][START_REF] Deka | Crystal plasticity modeling of deformation and creep in polycrystalline Ti-6242[END_REF][START_REF] Venkatramani | A size-dependent crystal plasticity finite-element model for creep and load shedding in polycrystalline titanium alloys[END_REF][START_REF] Khan | Multiaxial and non-proportional loading responses, anisotropy and modeling of Ti-6Al-4V titanium alloy over wide ranges of strain rates and temperatures[END_REF][START_REF] Dunne | Lengthscale-dependent, elastically anisotropic, physically-based hcp crystal plasticity: Application to cold-dwell fatigue in Ti alloys[END_REF] 和损伤演变规律 [START_REF] Roters | Overview of constitutive laws, kinematics, homogenization and multiscale methods in crystal plasticity finite-element modeling: Theory, experiments, applications[END_REF][START_REF] Shahba | Crystal plasticity FE modeling of Ti alloys for a range of strainrates. Part I: A unified constitutive model and flow rule [J][END_REF] 的有效手段之一,特别是需要分析和预测材料的局部变形行为之时 [START_REF] Busso | Gradient-dependent deformation of twophase single crystals[END_REF][START_REF] Cheong | Effects of lattice misorientations on strain heterogeneities in FCC polycrystals[END_REF][START_REF] Gao | Mechanism-based strain gradient plasticity-I. Theory [J][END_REF][START_REF] Fleck | Strain gradient plasticity: Theory and experiment[END_REF][START_REF] Kuhlmannwilsdorf | The theory of dislocation-based crystal plasticity[END_REF][START_REF] Rehrl | Crystal orientation changes: A comparison between a crystal plasticity finite element study and experimental results[END_REF][START_REF] Li | Modeling of deformation behavior and texture evolution in magnesium alloy using the intermediate ϕ -model[END_REF][START_REF] Yao | A polycrystal based numerical investigation on the temperature dependence of slip resistance and texture evolution in magnesium alloy AZ31B [J][END_REF][START_REF] Zhang | Effect of realistic 3D microstructure in crystal plasticity finite element analysis of polycrystalline Ti-5Al-2.5Sn [J][END_REF] [START_REF] Thomas | Image-based crystal plasticity FE framework for 参考文献 microstructure dependent properties of Ti-6Al-4V alloys[END_REF][START_REF] Maiti | Fourier-based spectral method solution to finite strain crystal plasticity with free surfaces[END_REF][START_REF] Moore | Crystal plasticity modeling of β phase deformation in Ti-6Al-4V [J[END_REF] 。这中在仿真中忽略 β 相作用的操作很可能会带来仿真模拟 结果与实验所得结果相矛盾的现象 [START_REF] Moore | Crystal plasticity modeling of β phase deformation in Ti-6Al-4V [J[END_REF] [START_REF] Yang | Orientation informed nanoindentation of αtitanium: Indentation pileup in hexagonal metals deforming by prismatic slip[END_REF][START_REF] Levy | Handbook of Elastic Properties of Solids, Liquids, and Gases [J[END_REF] ,(b) β 相参数 [START_REF] Thomas | Image-based crystal plasticity FE framework for 参考文献 microstructure dependent properties of Ti-6Al-4V alloys[END_REF] Table .6 Materials parameters of CP modeling for (a) HCP α phase [START_REF] Yang | Orientation informed nanoindentation of αtitanium: Indentation pileup in hexagonal metals deforming by prismatic slip[END_REF][START_REF] Levy | Handbook of Elastic Properties of Solids, Liquids, and Gases [J[END_REF] and (b) BCC β phase [START_REF] Thomas | Image-based crystal plasticity FE framework for 参考文献 microstructure dependent properties of Ti-6Al-4V alloys[END_REF] 

。对本研究而言,推测形成原因可能有二: (1) 原始 β 晶粒的粗大导致在塑性变形过程中晶内各部分变形协调能力差,使得位 错滑移无法同步同时进行,从而在局部形成塑性流动集中,致使剪切带的形成; (2) 片层状魏氏体组织塑性较低,并且 α 片层和 β 片层均呈现-又长又直‖的形貌, 在塑性变形过程中,这种-长且直‖的 α/β 片层出现变形不均匀,片层的某一部分先发生 变形,并-拖曳‖片层的其他部分,产生塑性应变局域化并形成剪切带。图 67 和第 4.2.2 节图 61&62 中所观察的显微组织扭曲,证明了塑性应变局域化和剪切带的存在。 Q.Xue 等研究人员

Property

Value Unit (a) α phase (HCP) [START_REF] Yang | Orientation informed nanoindentation of αtitanium: Indentation pileup in hexagonal metals deforming by prismatic slip[END_REF][START_REF] Levy | Handbook of Elastic Properties of Solids, Liquids, and Gases [J[END_REF] C 11 160 同时对塑性变形过程进行了仿真模拟。此外与 Z.Claudio 等研究者 [START_REF] Yang | Orientation informed nanoindentation of αtitanium: Indentation pileup in hexagonal metals deforming by prismatic slip[END_REF] 和 S.Katani 等研究 者 [START_REF] Katani | Micromechanical modelling of damage behaviour of Ti-6Al-4V[END_REF] 仅考虑一种 α/β 相初始取向不同, 本研究考虑了仿真模拟过程中施密特因子的变化, 并得出了 0°取向,45°取向,90°取向三种不同初始取向的仿真数据结果。选取等效塑性 应变为 5%时的仿真模拟数值结果,并使用 ParaView 开源工具包 [START_REF] Ahrens | Visualization Handbook[END_REF][START_REF] Ayachit | The ParaView Guide: A Parallel Visualization Application[END_REF] α 相和 β 相中分布的相互作用应力(plastic-interaction stress)也呈现不同; 在 α 相中表现为 拉伸应力,而在 β 相中则表现为压缩相互作用应力。这种相互作用应力的结果与文献 [START_REF] Chan | Effects of Deformation-Induced Constraint on High-Cycle Fatigue in Ti Alloys with a Duplex Microstructure[END_REF][START_REF] Chan | Changes in fatigue life mechanism due to soft grains and hard particles[END_REF] 中的观察结果保持一致;并且文献 [START_REF] Chan | Effects of Deformation-Induced Constraint on High-Cycle Fatigue in Ti Alloys with a Duplex Microstructure[END_REF][START_REF] Chan | Changes in fatigue life mechanism due to soft grains and hard particles[END_REF] 指出,拉伸相互作用应力很可能会推动孔 洞/裂纹在此处形核。此外由于 α/β 相的塑性变形不相容性,会在 α/β 相界面上强烈阻碍 对滑移穿过(slip transmission)边界,从而导致沿 α/β 界面出现高密度的位错攀移 [START_REF] Tan | Slip transmission behavior across α/β interface and strength prediction with a modified rule of mixtures in TC21 titanium alloy [J][END_REF] 围绕材料的混合形式断裂,有研究者 [START_REF] Tan | Slip transmission behavior across α/β interface and strength prediction with a modified rule of mixtures in TC21 titanium alloy [J][END_REF][START_REF] Qin | Transgranular shearing introduced brittlement of Ti-5Al-5V-5Mo-3Cr alloy with full lamellar structure at room temperature[END_REF][START_REF] Huang | Effect of microstructure on tensile properties of Ti-5Al-5Mo-5V-3Cr-1Zr alloy [J][END_REF][START_REF] Katani | Micromechanical modelling of damage behaviour of Ti-6Al-4V[END_REF] 做出了探索,但这些研究并未从显 微组织角度深入分析这种断裂形式的微观机理。有研究 [START_REF] Helbert | The influence of stess triaxiality on the damage mechanisms in an equiaxed α/β Ti-6Al-4V alloy[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF][START_REF] Faleskog | Micromechanics of coalescence-I. Synergistic effects of elasticity, plastic yielding and multi-size-scale voids[END_REF][START_REF] Tirry | A multi-scale characterization of deformation twins in Ti6Al4V sheet material deformed by simple shear[END_REF] 指出孔洞沿着 α/β 两相 界面形核,是由于 α 相与 β 相出现相分离(decohesion)所致。通常情况下,认为 β 相为硬 质颗粒,α 相为相对较软的基体;显微组织是由 β 相嵌入 α 相基体所组成 [START_REF] Helbert | The influence of stess triaxiality on the damage mechanisms in an equiaxed α/β Ti-6Al-4V alloy[END_REF][START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF][START_REF] Tirry | A multi-scale characterization of deformation twins in Ti6Al4V sheet material deformed by simple shear[END_REF] 。文献 [START_REF] Mahajan | Surface cracking in α-β titanium alloys under unidirectional loading[END_REF] 指出,滑移带在靠近 α/β 界面处的较软的 α 相中产生,并不断发展;结果是较软的 α 相首先屈服并发生塑性变形,并且在整个变形过程中比 β 相承担更大的应变 [START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF][START_REF] Tan | Slip transmission behavior across α/β interface and strength prediction with a modified rule of mixtures in TC21 titanium alloy [J][END_REF][START_REF] Chan | Effects of Deformation-Induced Constraint on High-Cycle Fatigue in Ti Alloys with a Duplex Microstructure[END_REF][START_REF] Hashimoto | The role of elastic interaction stresses on the onset of slip in polycrystalline alpha brass-I. Experimental determination of operating slip systems and qualitative analysis[END_REF][START_REF] Ankem | A rationalization of stress-strain behavior of two-ductile phase alloys[END_REF][START_REF] Mahajan | Surface cracking in α-β titanium alloys under unidirectional loading[END_REF] 。 L.Lecarme [START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF] 通过研究指出,TA6V 合金 α/β 相界面处的塑性应变累积和两相的本征 塑性变形不相容性是导致 α/β 界面处成为优先的孔洞形核起始位置的主要原因;并且除 了塑性应变之外,塑性相互作用应力也是推动孔洞形核的驱动力之一。为进一步深化理 解,L.Lecarme [START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF] 
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 21 Fig.2-1 Microstructure morphology of TA6V alloy at as-received state, (a) low magnification, (b) high magnification

Fig. 2 - 2

 22 Fig.2-2 Micro-hardness indention of TA6V sample at different positions, (a)~(d) presents four different positions for micro-hardness test.
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 23 Fig.2-3 Schematic diagram of TA6V sample in 3D microstructure imaging
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 25 Fig.2-5 Close view of the interior of the lead protected cabin of a standard tomography showing the detector, the rotating stage and the X-ray source
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 26 Fig.2-6 Geometry of sample for in situ tensile test in (a) and 3D view of the sample in (b)
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 272 Fig.2-7 Schematic illustration for RVE selection and modeling procedure[添加文献][60]

Fig. 2 - 8

 28 Fig.2-8 Schematic diagram for RVE selection and CP model creation in this study

  observed during damage development. In this chapter, void nucleating kinetic equation based on A.L.Helbert model and void growing kinetic model based on Huang model were established and validated, individually. All the material parameters

- 1 .Fig. 3 - 1 X

 131 Fig.3-1 X-ray diffraction spectrum(a), microstructure morphology of low magnification in (b) and high magnification in (c) for the undeformed TA6V sample. (The α phase is in dark and β phase in bright.)

Fig. 3 -Fig. 3 - 2

 332 Fig.3-2 presents one slice selected from the reconstruct block. One ROI (region of interest) was selected by red circle (in Fig.3-2(a)). In Fig.3-2(b), both α lamellae and β laths can be observed

Fig. 3 - 3 Fig. 3 - 4 .Fig. 3 - 5 Fig. 3 - 6 .

 33343536 Fig.3-3 Schematic illustration of ROI region for TA6V sample (Z axis parallel the vertical direction), (a) one slice extracted from 3D block in XZ plane, (b) 3D volume

Fig. 3 - 6 6 Fig. 3 -Fig. 3 -

 36633 Fig.3-6 2D slices parallel to the tensile direction at four different damage steps. (a) before deformation (step 0), (b) step 2, (c) step 4, (d) step 6

Fig. 3 .

 3 Fig.3.8 depicts the development of stress triaxiality as a function of local strain, ( on the basis of Eq.(3.3)). It can be observed that the value of local stress triaxiality tends to maintain a constant value (0.45~0.51), which attributing to slight necking during plastic deformation (shown in Fig.3-6 and Fig.3-7).

Fig. 3 - 8 .

 38 Fig.3-8. The stress triaxiality as a function of the local strain, calculated by the Eq.(3.6)

  -9(a) and (b), the development of void volume and porosity fraction were expressed as a function of local strain εloc. It can be seen that, from Fig.3-9, at low-to-medium strains(εloc<11.5%, step 4) the void volume fraction increases slowly with εloc. However, at higher strains, the void volume fraction rises rapidly until the specimens approach fracture.
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 39 Fig.3-9 Void volume and porosity fraction as a function of local strain εloc in (a) and (b), respectively.

4 )Fig. 3 -

 43 Fig.3-10 depict void density as a function of local strain. It can be seen that with the increase of local strain, void density can increase rapidly. Furthermore, when comparing the experimental data with Helbert model, it seems that Helbert model can fit the relationship between void density and local strain well. In other words, it is rational to validate and to predict void nucleation kinetic by using Helbert model.
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 313 Fig.3-10 Experimental data and prediction from Helbert model for TA6V alloy
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 311310 Fig.3-14 The comparison of the prediction of the RT model and the Huang model with the equivalent diameter of 10 largest voids (in (a) ) and 20 largest voids (in (b) ) from experimental measurements.

Fig. 3 -

 3 Fig.3-15 The comparison of the prediction of the Huang model with equivalent diameters of 10 largest, 20 largest and entire population from experimental measurements.

Fig. 4 -

 4 Fig.4-1 depicts reconstructed tomographic slices which were extracted from the tomographic 3D block at tensile state of just yielding (Step 1), intermediate deformation (Step 5), and just before fracture (Step 8), respectively. These slices are oriented parallel to the tensile direction, which is vertical in these grey level images.In addition, void(dark part inside the sample) exists near the center of the sample, which means that stress concentrates in the center of the sample.

Fig. 4 - 1

 41 Fig.4-1 The reconstructed tomographic slices parallel to the tensile axis at step 1, 5 and 8.

Fig. 4 -

 4 Fig. 4-2 shows the typical evolution of a reconstructed 3D image of the sample.

4- 2

 2 (a) ). The micro-cracks coalesce to form larger cracks near the center of the sample, as shown in Fig.4-2(b) and (c). These larger cracks seem to be inclined when comparing with the tensile axis.
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 42 Fig.4-2 Volume rendering of voids/micro-cracks in (a) Step1, (b) Step7 and (c) Step8.. The dimension of the reconstructed block is 585×585×650 μm 3 .

Fig. 4 -

 4 Fig.4-3 shows the profile evolution of one particularly targeted void (yellow part in the image, named void A) in different deformation steps, which has the largest volume and leads to final rupture. This image was obtained by cropping the reconstructed volumes in order to focus on the details. Note that the perspective view makes the insertion of a scale bar inappropriate; but the dimension of the X dimension

. 4 - 3 (

 43 b)-(c) ). The void A gradually develops into a larger micro-crack with further deformation. As seen from Fig. 4-3(d)-(f), void A and two other voids coalesced to form a coherent main crack(marked as M crack in this work),leading to final fracture.

Fig. 4 - 3

 43 Fig.4-3 Volume rendering of a targeted void in different damage steps; before coalescence in (a) Step1,(b) Step2,(c) Step3; after coalescence (treated as M crack) in (d) Step5, (e) Step 6, (f) Step7. The solid material was set as transparent matrix in order that yellow part can reflect the aspect of voids/crack; blue circles marked the "holes" (ligaments) observed within Void A and M crack.

Fig. 4 -

 4 4(b)&(c) present the micro-voids indicated in Fig.4-4(a) in a higher magnification. The size of these voids is about 1μm, which is smaller than the thickness of α lath (2~4μm). Due to stress concentration, voids tend to initiate at boundaries or junction of the colonies. Moreover, as shown in Fig.4-4(d),which was the selected zone marked by red rectangle, voids tend to grow along the boundaries between two adjacent colonies(pointed out by black arrows). As indicated by the literature, for Ti alloy with fully lamellar microstructure morphology, within one α colony, all the α laths tend to be parallel to each other and exhibit almost the same crystallographic orientation. In other words, neighboring colonies may have distinct misorientation, which may promote the nucleation of voids at the boundaries and the junctions. The growing path of the voids may follow the boundaries of this neighboring α colonies (see Fig.4-4(d) ).

Fig. 4 -

 4 Fig.4-4 (a) microstructure morphology and voids distribution for the region in central plane of in situ tensile sample; (b)(c) shows aspect of micro-voids selecting in (a); (d)high magnification of selecting zone in(a), The tensile direction is parallel to horizontal.

Fig. 4 -

 4 Fig.4-5 micro-crack propagation in terms of "bypassing" procedure revealed by SEM

(

  seen in Fig.5-1 (b)&(c) ). The samples comprises colony microstructure with a priorβ grain size (and comparable colony size) of 500~800 μm and a grain boundary α layer approximately 3~5 μm thick.After deformation, as shown in Fig.5-1, the sample still tends to maintain fully lamellar microstructure morphology. However, microstructure distortion can be clearly observed which means that severe plastic deformation exists within this local region. The tensile direction was parallel to the horizontal direction of this Figure.

Fig. 5 - 1

 51 Fig.5-1 Microstructure morphology for the TA6V sample after deformation in low magnification(a) and high magnification(b).

Fig. 5 -

 5 Fig.5-2 presents the typical evolution of the reconstructed vertical section of the sample. These sections are extracted from the 3D volume at different damage steps. These refer to undeformed step(a), just after yielding(b), void coalescence step(c) and just before fracture(d). The orientation of these sections is parallel to the tensile axis, which is vertical in this figure.
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 5255 Fig.5-2 Tomographic slices parallel to the tensile axis at different damage steps. (a) undeformed step(step 0), (b) just after yielding(step 1), (c) void coalescence step(step 5) and (d) just before fracture(step 7)

Fig. 5 -

 5 Fig.5-4 presents the variation in angle between stress axis and void growing direction, which were extracted from the tomographic 3-D block in the same damage steps as Fig.6, (a) just after yielding (b)void coalescence step (c)just before fracture.

Fig. 5 -

 5 5(b)&(d) presents the microstructure morphology of such selected regions. Microstructure distortion and kinking can be observed in these post mortem micrographs. This could be associated with deformation inhomogeneities and involve the existence of shear bands (marked as grain-scale shear band, and pointed out by white arrows). Such regions of high deformation could promote the nucleation and growth of voids (pointed out by blue arrows) along shear bands.

  by occurrence of local shear deformation within this region. If focusing on the area of shear band (rectangle area in Fig.5-5(b) ), as shown in Fig.5-5(c), it can be clearly observed that voids prefer to be produced either at the interface of α lamellae and β lath (pointed by blue arrows) or the boundary between α colonies (pointed by yellow arrows).The same void nucleating behavior could be found in the other part of this specimen, which is shown in Fig.5-5(d)&(e). Hence, it can be considered that microscopic inhomogeneities (α phase and β phase) and local plastic incompatibilities (α colonies with different crystallographic orientations) may trigger the formation of shear bands, and lead to the initiation of voids.

Fig. 5 - 5 Fig. 5 - 6

 5556 Fig.5-5 SEM images for central plane of the fractured sample. (a) zig-zag fracture shape; (b) microstructure morphology from R part of the sample;(c) high magnification for selecting region in (b);(d) microstructure morphology from L part of the sample;(e) high magnification for selecting region in (d).

From Fig. 5 -

 5 7(a)~(c), it can be seen that the fracture trace tends to follow the lath boundaries, accompanied with microstructure distortion in the vicinity of ruptured surface. Besides, one crack(marked as crack A) exists in the distorting zone. As shown in Fig.5-7(d)&(e), three grains were selected and marked as Grain1, 2 and 3 adjacent to the fracture surface. These grains present a close orientation and tend to align their <0001> axis with the Normal Direction(ND). Moreover, the distortion of the αcolonies close to the crack surface can be clearly observed in these three grains, which is in line with SEM image (shown in Fig.5-7(a)).

Fig. 5 -

 5 Fig.5-7 EBSD maps for the fracture region. (a) linked SEM image, (b) Band Contrast image, (c) Euler map, IPF map in TD (d) and in ND (e). For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.

Fig. 5 -

 5 Fig.5-8 depicts the rotation of these three grains in terms of Inverse Pole Figures.

Fig. 5 - 8

 58 Fig.5-8 Inverse Pole Figure of Grain 1, 2 and 3 located at the vicinity of fracture surface.

Fig. 5 -

 5 Fig.5-9 presents the view of the map focusing on the region neighboring to fracture trace (marked by yellow dash line). One grain, which was marked as Grain 4,

Fig. 5 - 9

 59 Fig.5-9 Closer view of the grain neighboring on the fracture trace, IPF ND map in(a) and TD map in (b).
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 55 Fig.5-6(a)&(b) ). It was treated as "micro-shear band" in order to distinguish it from normal shear band, which linked to microstructure kink obviously(see Fig.5-5(b)&(e) ).Fig.5-10 (a)~(c) illustrate the formation of micro-shear band and evolution of voids. It is worth noting that, because of constraint action from this "hard" straight β phase, these micro-shear bands and inclusions, voids, may not be able to rotate in order to respect the highest shear stress direction. This could be testified by the results from Fig.5-6(a) and Fig.5-7(c)&(d).

Fig. 5 -

 5 Fig.5-10 Schematic diagrams of micro-shear band formation and voids evolution during tensile deformation.(a) without loading (b) formation of micro-shear bands (c) initiation of voids. The blue arrow shows the loading direction.

Fig. 5 -

 5 Fig.5-11 Schematic diagrams of grain-scale shear behavior and its results, shear band formation and voids evolution. (a) Without loading (b) formation of shear bands and voids (c) micro-crack initiation and propagation. The blue arrow shows the loading direction.

Fig. 5 -Fig. 5 -

 55 Fig.5-5(b)~(d) ). Schematically, the generation of shear stress resulting from grains/colonies and formation of voids was illustrated in Fig.5-12.

)Chapter 6

 6 Origin of shear stress generation is due to microstructure inhomogeneity and consequently, plastic strain localization. Within one grain/colony, this shear stress, which results from deformation incompatibility of α phase and β phase, can promote voids initiation along the interface of α / β phases. Within the range of one grain, shear band can become the preferred site for nucleation, growth and coalescence of voids. Within the range of 2~3 neighbor grains, during the deformation, formation of shear stress at the boundary could be attributed to the heterogeneous rotation of neighbor grains which exhibit distinct initial crystallographic orientation. This shear stress could "tear" the boundary in order to accommodate voids nucleating along it. Analysis of hybrid fracture in α/β titanium alloy with lamellar microstructure Introduction An integrated experimental-numerical method combining a realistic microstructure-based isotropic crystal-plasticity (CP) model and fracture surface analysis was adapted to analyze the fracture behavior of the titanium alloy Ti-6Al-4V.A hybrid fracture mode consisting of cleavage facets and elongated dimples was observed and analyzed. With the help of numerical simulations and post-mortem SEM, the micro-mechanism of the hybrid fracture mode was revealed. The results show that ruptured α lamellae can be linked to cleavage facets induced by the development of voids. Simultaneously, hard β lath can function as walls that separate two neighboring arrays of voids or micro-cracks within the α lamellae. The origin of this behavior can be associated with a heterogeneous stress/strain distribution in the α/β phases, which was revealed via numerical simulations. Further, the influence of the α grain orientation on the void evolution was investigated by varying the Schmid factor of the grains in simulations.

  Fig.6-1 RVE modeling based on realistic image (a) 0°rotation(Ori. 0), (b) 45° rotation(Ori. 45), (c) 90° rotation(Ori. 90)

Fig. 6 -

 6 Fig.6-2(b) presents the microstructure morphology of the selected zone (green rectangle in Fig.6-2(a) ). No obvious microstructure distortion can be observed in this region; both α lamellae and β laths maintain the original morphology (see Fig.2-1).However, as depicted in Fig.6-3(c), obvious microstructure distortion can be clearly observed. This local region is adjacent to the fracture surface, which is marked by a small red circle in Fig.6-3(a). Both α lamellae and β laths are distorted due to severe plastic deformation exists in this local region.
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 62 Fig.6-2 Microstructure morphology of TA6V sample after fractured, (a) low magnification, (b) selected area in (a) (green rectangle), (c) selected area in (a) (red circle)

Fig. 6 - 3 FractographyFig. 6 -Fig. 6 - 4

 63664 Fig.6-3 Microstructure morphology and voids distribution adjacent to fracture zone in (a) and(c); (b) selected region in (a); (d) selected region in (c).

Fig. 6 -

 6 Fig.6-4(c) depicts a region selected from Fig.6-4(a) with cleavage damage features and dimples. Some cleavage facets exist on the fracture surface (marked by white arrows) and have a plate-like aspect, which could be linked to coarse α lamellae. Besides, β "walls" can be found between two neighboring facets (indicated by blue arrows). The dimples seem to be elongated along the plate-like facets. In order to analyze the cleavage facets more profoundly, one region within the facet was selected (marked by red rectangle in Fig.6-4(c) ) and is shown in Fig.6-4(d).

Fig. 6 - 5

 65 Fig.6-5 Results from the simulations performed using RVE with 5.0% equivalent strain; (a)~(c) for Ori.0; (d)~(f) for Ori.45; (g)~(i) for Ori.90. σM and εM refer to von Mises stress and strain , respectively.

  Fig.6-4), the cleavage facets exhibit approximately the same morphology and width

  One block was created by yellow cube, including void A and the solid material around it. In Fig.A1 (b), the solid material was set as dark matrix, while void A as bright part. It can be clearly seen that some black "holes" (indicated by blue arrows) exist in the bright part (void A), which means TA6V material ligaments exist in this local region (black "holes" positions).

  Fig.A1. 3D views of volume obtained by tomography: (a) whole sample in Step 2, (b) selected cube block in (a). The perspective view makes the insertion of a scale bar inappropriate. The dimension of the reconstructed block is 585×585×650 μm 3 in (a) and in (b) 156×126×222 μm 3 .

4 - 3 , 1 MotivationsSection 2 ElementsFig

 4312 Fig.R1. Selon la Fig.R1, le matériau considéré présente une structure lamellaire complète avant les déformations. De plus, une petite quantité de lattes β incrustées dans les lamelles α peut être observée.

Fig. R2

 R2 Fig.R2 Schéma de principe de l'échantillon TA6V en imagerie de microstructure 3D

  microstructure de l'alliage TA6V dans ce travail. De plus, en raison du maintien d'une valeur constante, la triaxialité de contrainte joue un rôle moins important pour favoriser l'évolution des dommages dans ce travail. La contrainte de cisaillement peut motiver le développement des dommages et jouer un rôle clé lors de l'évolution du vide. Morphologie 3D de la microstructure de TA6V La Fig.R5 présente une tranche sélectionnée dans le bloc de reconstruction. Un ROI (région d'intérêt) a été sélectionné par un cercle rouge (dans la Fig.R5 (a)).

Fig.R5 (( 1 ) 1 ) 1 ( 2 )

 1112 Fig.R5 (b), on peut observer à la fois les lamelles α et les lattes β.

  Fig.R9 Comparaison de la prédiction des modèles RT et Huang avec le diamètre équivalent de 10 plus grands vides (en (a)) et 20 plus grands (en (b)) à partir de mesures expérimentales.

(3. 6 )

 6 Où, dN et N sont respectivement la vitesse de nucléation et la densité de vides. La deuxième partie à droite de l'équation consiste à expliquer l'effet de la nucléation des vides sur la croissance Sur la base des équations (3.1) et (3.2), les deux formules ci-dessus peuvent être transférées sous ces formes, dR 1 3  d eq  Huang T 4 exp   2 T  R D  R R 0   (3.7) R0 est le rayon équivalent des vides juste après la nucléation et pourrait être considéré comme une constante dans ce travail. Les résultats du comportement croissant de vide sont présentés dans les Fig.R10. On peut remarquer que la courbe de l'équation (3.7) montre la même tendance avec le modèle de Huang, peu importe les 10 plus grands vides ou les 20 plus grands vides. Par conséquent, il est logique de considérer que le comportement croissant de la population entière peut être décrit par la combinaison du modèle de Huang (pour le comportement croissant) et du modèle de Helbert (pour la partie nucléante).

Fig. R10 Section 4 Section 5 ( 1 )( 2 )Section 6

 R1045126 Fig.R10 Comparaison de la prédiction du modèle de Huang avec les diamètres équivalents des 10 populations les plus importantes, des 20 populations les plus importantes et de la population entière à partir de mesures expérimentales.

  realistic microstructure based RVE modeling)技术和晶体塑形力学(crystal plasticity mechanics)仿真 技术,系统研究了损伤演变过程中 Ti-6Al-4V(TA6V)两相钛合金的显微组织形貌特征和 孔洞形核/扩展(nucleation and propagation)行为,从而揭示了 TA6V 两相钛合金的损伤演 变规律和断裂特征

5 ]钛的原子序数为 22 ,

 522 。众所周知,材料的宏观力学行为和性能总是由材料微观组成、微观机理所决定, 正 如哲学中所提出的现象由本质所决定的原理一样。因此,研究和分析钛合金的微观组 织 演变,分析其晶粒形貌、分布、晶体取向以及相邻晶体间的相互作用关系等因素就显 得 尤为重要;特别是分析合金在服役以及过载过程中的损伤演变,建立孔洞(void)形核 长大 与微观组织演变的关系,更是分析显微组织状况,评价性能指标的主要手段。然而 受限 于实验技术条件,在多数情况下,对于材料微观组织形貌特征的检测与表征还主要 集中 在二维空间内, 显然, 这对于组织形貌复杂多变, 晶粒分布相互交错的钛合金而言, 二维 平面的信息是不充分的;特别是对于损伤演变过程中的孔洞形核长大分析,二维平 面信 息是远远不够甚至会带来误导。 在科学技术发展日新月异的今天, 如何开发新技术, 分析 三维空间中的显微组织形貌特征和损伤演变特征,吸引了越来越多的目光。断层扫 描术 (Computed Tomography, CT)作为近年来新兴的一种三维空间分析手段,通过-无 损‖(基于 X 射线成像)或-有损‖(相对原子质量为 47.90,位于周期表 IVB 族。钛具有两种同素 异构体:α 钛在 882℃以下稳定,为密排六方晶格(HCP)结构(如图 1(a)所示);882℃与熔 点 1678℃之间稳定存在,具有体心立方晶格(BCC)结构(如图 1(b)所示);882℃发生 α-β 转变。α-Ti 的点阵常数(20℃)为 a=0.2950 nm,c=0.4683nm,c/a=1.587;β 钛的点阵常数 为 a=0

图 1 Ti 3 ]Fig. 1

 131 Fig.1 Unit cell of pure Ti. (a) unit cell of HCP α-phase.(b) unit cell of BCC β-phase[3] 

1 ]Fig. 4 .

 14 Fig.4. Typical microstructure morphologies of titanium alloys.(a) widmanstätten microstructure,(b)basket-weave microstructure,(c) bimodal microstructure,(d) equiaxed

  Tomography),扫描电子显微镜下的断层扫描术(SEM Tomography),透射电 子显微镜下的断层扫描术(TEM Tomography)和基于原子探针的断层扫描术(Atom Probe 14 第一章 绪 论

( 2 )( 3 )图 11

 2311 要求每一磨层必须与初始磨层保持平行关系; 重构时要求每一层必须对中,并与初始磨层保持对中。 这几点对于操作人员的技能 提出了很高的要求,特别是第二点和第三点,倘若出现 偏差,便会重构出类似于图 11 和图 12 所示的错误构型。 连续切片不同磨层的平行情况(a) 每一磨层均与初始磨层平行(b)每一磨层均与 初始磨

图Fig. 14

 14 Fig.14 Secondary phase morphology of Al-Si-Mg-Hf alloy after heat treatment: (a) a series of 2D SEM images, (b) the reconstructed 3D imaging (matrix included), and (c) the reconstructing 3D

图 15 Fig. 15 图 16 基于Fig. 16 (

 15151616 Fig.15 Schematic of the FIB-SEM-based serial-sectioning process:(a) section position (b) EBSDposition[START_REF] Ghosh | CAD-Based Reconstruction of 3D polycrystalline Alloy Microstructure from FIB Generated Serial Sections[END_REF] .

。图 17 给Fig. 17 .

 1717 Fig.17. Electron tomography principle.(a) illustration of two stage tomography process,(b)

Fig. 21

 21 Fig.21 Tomographic reconstruction of a titanium sample containing one array of laser drilled holes.

  Fig.22 3D view of intermetallic phases and voids in AA5182 [45] (a) as-cast state, (b) the hot rolled state, (c) cold rolled state, (d) microstructure at the end of a tensile test.

  Fig.24 3D representation of the population of cavities inside the deforming DP steel sample in itsinitial state[START_REF] Bouaziz | Initiation and growth of damage in a dualphase steel observed by X-ray microtomography[END_REF] (a) and just before fracture(b)

Fig. 25 3D

 25 Fig.25 3D microCT rendering of scanned region of interest showing the void population in an holetension specimen deformed to different strain[START_REF] Scott | Micro-computed tomographic imaging of void damage in a hot-rolled complex phase sheet steel[END_REF] .(a) 22%, (b)43%,(c)60%.

图 27 原始状态( 1 )( 2 )Fig. 28

 271228 Fig.27 Microstructure morphology of TA6V alloy at as-received state,

Fig. 31

 31 Fig.31Close view of the interior of the lead protected cabin of a standard tomography showing the detector, the rotating stage and the X-ray source[START_REF] Bareggi | Damage in dual phase steels and its constituents studied by X-ray tomography[END_REF] 

Fig. 33

 33 Fig.33 Schematic illustration for RVE selection and modeling procedure[60] 

Fig. 35 X图 36 热处理后Fig. 36 (

 353636 Fig.35 X-ray diffraction spectrum for TA6V sample after heat treatment

图 38 X图 39 TA6VFig. 39 44 第三章图 40 TA6V图 41 不同放大倍数的

 383939444041 Fig.38 One tomographic slice extracted from 3D block, (a) original image, (b) after image processing operation

Fig. 41

 41 Fig.41 Microstructure morphology of TA6V before deformation in different magnifications, (a)100×, (b)200×(c)500×(d)1000×

48 第三章图 42 TA6V度最高图 43 TA6V

 484243 Fig.42 Force-displacement curve (a) and scanning points (true stress-strain curve) (b) of TA6V sample

Fig. 43 图 44 TA6V

 4344 Fig.43 Tomographic slices parallel to the tensile axis at different damage steps, (a) step 0, (b) step 1, (c) step 5, (d) step7.

Fig. 44 3D

 44 Fig.44 3D presentation of the reconstructed volume for the sample in (a) step 0 (b) step 1(c) step5 (d) step7. The dimension of the reconstructed block is 450×450×600 pixel 3 (1095×1095×1095 μm 3 ). The perspective view makes the insertion of a scale bar inappropriate

52 第三章

 52 Fig.45 The stress triaxiality as a function of the local strain, calculated by the Eq.(3.6)

图 47 给出了图 47 TA6V

 4747 Fig.47 Measurement of the void number (a) and void density(b) as a function of the local strain

54 第三章

 54 TA6V 合金显微组织特征与损伤演变的同步辐射 X 射线断层扫描分析 式中 N 为孔洞在某一损伤阶段的密度,εeq 为变形过程中的等效塑性应变(米塞斯应变), D 为参数且与应力三轴度 T 存在如下的函数关系: D E exp  F T  (3.13) 其中 E,F 为 A.L.Helbert 提出的 TA6V 合金形核动力学参数。根据 A.L.Helbert 的研究结 果可知,对于魏氏体组织的 TA6V 合金,E=1.11, F=4.21.

图 48 TA6VFig. 48

 4848 Fig.48 Experimental data and prediction from (a) Helbert model and (b) Landron model for TA6V alloy

15 )图 49 图 49 TA6V 5 阶段~第 8 阶段实验数据点位于拟合曲线以上或与曲线重合。 分析其原因可能在于自第 5 阶段开始便发生了孔洞的聚合现象 10 20 ) 1 

 15494958510201 Fig.49 Measurement of void volume(a) and porosity fraction(b) as a function of local strain

图图等号右侧第一项为( 1 )( 2 )

 12 Fig.51 Comparison of the prediction of R&T model, Huang model and evolution of the mean diameter of the 10(a) and (20) largest voids measured in TA6V sample

64 第四章图 54 TA6VFig. 54 66 第四章Fig. 56 68 第四章 TA6V 合金塑性变形中裂纹演变的同步辐射 X 射线断层扫描分析 4 . 3 . 1 图 57 TA6V 7 阶段Fig. 57 图 58 TA6V 3 Fig. 58 图 59 TA6V

 645454665668431577575835859 Fig.53 Schematic illustration for selected region of TA6V fractured sample

Fig. 59 3D图图Fig. 61 (

 5961 Fig.59 3D view of volume obtained by tomography: (a) whole sample in step 2, (b) selected cube block in (a). The dimension of the reconstructed block is 585×585×650 μm 3 in (a) and 156×126×222 μm 3 in (b).

  ,此时相邻的孔洞合并为一。而在本研究中发现,两相 邻孔洞可以彼此相接触连接,甚至聚合,材料韧带区仍然可能在这些孔洞的某些局部区 域内存在(可参看图 60 中用蓝色圆圈所标示的-孔洞‖)。 这些存在于 void A 或者主裂纹上 的韧带区可以在损伤演变的各个阶段观察到,甚至出现在损伤演变后期的主裂纹(M crack)的形成和扩展阶段(图 60(d)~(f) )。因此可以认为,这种现象是魏氏体组织 TA6V 合金在孔洞/裂纹扩展阶段的一种重要特征。 与此同时,图 61 也描述了韧带区随着损伤演变阶段的变化而变化的现象,可以看出 在损伤演变的不同阶段,孔洞/裂纹上出现的韧带区的位置和数量各有不同。在某一损伤 演变阶段,-旧的‖韧带区可能由于应力集中的原因出现消亡而-新的‖韧带区可能随着孔 洞/裂纹的扩展和萌生(如图 61(a)~(c)所示)。这种韧带区消亡与萌生的动态现象在之前的 文献中有过相似的报导, 然而这些文献主要是针对孔洞/裂纹在金属基复合材料或者-软‖ 基

( 2 )( 3 ) 3 节图 43 ,Fig. 64 3DFig. 65 图 66 TA6V

 23343646566 Fig.62 Voids/micro-crack propagation in terms of "bypassing"procedure revealed by SEM

图 67 TA6V

 67 Fig.67 Microstructure morphology for TA6V sample in the vicinity to fracture surface (a) being close to grain boundary, (b) within one grain

  指出,α/β 两相塑性变形的不相容性会致使两相之间应力/应变的分布 呈现不均匀,较软的 α 相会比较硬的 β 相承担更高的塑性应变。这种应力/应变分布的 不均匀性会使得 α/β 两相界面处出现位错滑移受限和高的局部应力/应变集中,从而促使 局部剪切应力和微观剪切带(micro-shear band)的产生。这种局部剪切应力和微观剪切带 在损伤演变中可作为孔洞的形核点和长大路径,推动孔洞的演变。有关微观剪切带对孔 洞形核和扩展的推动作用将在第 5.4.1 节进行详细论述,在此并不进行赘述。 5.3.2 β 晶粒内切应力的产生机理 从图 67 可以看出,在塑性变形过程中,原始 β 晶粒内的某些局部位置存在着明显的 组织扭曲,甚至出现剪切带(如图 67(b) 所示)。剪切带的产生表明在这些局部区域内存 在较大程度的塑性变形局域化(plastic deformation localization)和塑性应变局域化(plastic strain localization)。通常情况下,剪切带的产生于塑性变形的不均匀性有关,并且与晶体学取向也有一定的关联[START_REF] Jia | Orientation dependence of shear banding in facecentered-cubic single crystals[END_REF] ;在塑性变形过程中,当位错滑移的均匀性(homogeneous dislocation slip)受阻,将促使在局部形成剪切带,并造成剪切带内部的塑性流动集中 (concentrated plastic flow)和较大的切应力集中.

图 68 TA6V 1 图 70 TA6V

 68170 Fig.68 EBSD map for one region close to the fracture surface, (a) low magnification, (b) high magnification

Fig. 71 图 72 TA6V

 7172 Fig.71 Schematic diagrams of micro-shear band formation and voids evolution during tensile deformation, (a) without loading, (b) formation of micro-shear bands, (c) initiation of voids

图 73 TA6V

 73 证明,剪切带是孔洞形核、长大、聚合过程的优先位置。 图 72(a)&(b)描述了断裂试样 R 部分的显微组织形貌和孔洞分布。如图 72(a)所示(断 裂试样的 R 部分),可以在剪切带的内部观察到孔洞的存在(蓝色箭头所示),这表示剪切 带的形成会导致非均匀的应变分布并促使孔洞在剪切带内部形核。此外,从图 72(b)中 可以看出,这些剪切带内部的孔洞趋向于沿着剪切带的走向扩展,这种分布可能是由于 剪切带内部存在的局部剪切变形所致。此外,从图 72(a)&(b)中还可以看出,孔洞也可 北京航空航天大学博士学位论文 93 选择在 α/β 片层界面处形核(图 68(a) 正下方蓝色箭头标记处)或 α 集束的边界处形核(图 72(b) 中黄色箭头标记处)。 在断后试样的 L 部分,可以观察到相同的孔洞形核行为( 如图 72(c)&(d)所示 )。基 于此,可以认为微观不均匀性(来自 α 相与 β 相)和局部的塑性不相容性(来自相邻但晶体 学取向不同的 α 相集束)很可能引起剪切带的形成, 并进而导致孔洞的形核。 Q.Xue 等 [132] 等通过深入研究剪切带与损伤演变的规律后指出,孔洞的形核可认为是剪切带内拉伸应 力作用下产生的结果。通过分析图 72(b)&(e)中剪切带走向与拉伸变形方向(Z 轴方向)的 夹角可知,两者的夹角分别为 51°和 48°;接近最大切应力方向与拉伸方向的夹角,即 45°角。因此可以认为,塑性应变局域化区域(剪切带区域)可有效促进孔洞在其附近和分 布的形核与扩展。 通过对剪切带内部孔洞的形貌观察可知(如图 72(b)&(d)所示 ),这些剪切带内部空 洞趋向于拉长形成椭圆状形貌,并且椭圆的长轴方向平行于剪切带的走向;同样的椭圆 状孔洞形貌也可在 α 集束边界处观察得到,如图 72(c)所示,孔洞的长轴与集束边界的 迹线方向保持一致。造成这种孔洞椭圆形形貌的原因在于剪切带附近和集束边界处存在 的较为集中的剪切应变,由于剪切应变的存在,只是这些形核孔洞在随后的长大和聚合 过程中被拉长,呈现出椭圆状的形貌,并且椭圆长轴的方向将趋于匹配剪切带的走向。 图 73 给出了这种剪切带与孔洞演变相互作用关系的示意图。从图 73(a)可以看出, 在未施加外加载荷时,α 片层和 β 片层均保持平直形貌,并不发生任何的组织扭曲。当 施加外部载荷时,随着施加应力的增大,由于显微组织存在不均匀性,从而导致不均匀 塑性变形的发生,结果是应变局域化的出现;此时剪切带出现,并且剪切带的走向趋向 于匹配最大切应力的方向(图 73(b) )。随着剪切带的形成,孔洞开始在剪切带内部和附 近区域形核,并伴随塑性变形的进一步进行不断扩展演化,扩展方向趋向于与剪切带走 向保持一致,并最终出现彼此连接和聚合以形成微裂纹(图 73(c) )。 合金塑性变形过程中晶粒内剪切带的形成和孔洞演变示意图.(a) 加载前, (b) 剪切带的 形成,(c) 孔洞的形核和演变.

Fig. 73 图 74 TA6VFig. 74 EBSDFig. 75 97 在晶粒 4 图 76 TA6VFig. 76 98 第五章图 77 ( 1 ) 99 ( 2 )

 73747475974767698771992 Fig.73 Schematic diagrams of grain-scale shear behavior and its results, shear band formation and voids evolution, (a) without loading, (b) formation of shear band, (c) voids initiation and propagation.

图 78 TA6V图 79 TA6VFig. 79 Fractographs 2 和晶粒 3

 78797923 Fig.78 Microstructure morphology and voids distribution adjacent to fracture zone in (a) and (c); (b) selected region in (a), (d) selected region in (c)

图 80 总变形的分解过程示意图 [ 158 ]Fig. 80 F 3 )S 6 )

 801588036 Fig.80 Decomposition of the total deformation gradient, F=FeFp[START_REF] Roters | Overview of constitutive laws, kinematics, homogenization and multiscale methods in crystal plasticity finite-element modeling: Theory, experiments, applications[END_REF] 

( 1 )

 1 ,特别是在本论文中,孔洞可能在 α/β 两相界面处 形核和演变,因此,在本论文中,无论是建模环节还是仿真模拟环节均同时考虑 α 相和 β 相的作用,以期得到更为准确的数据结果。 6.3.2 晶体塑形模型的建立过程 上一节中我们给出了晶体塑形模型的原理和弹-粘塑性本构模型, 如何选取研究对象 并赋予其本构关系是模型建立的下一环节的主要任务。前文第 2.6 节给出了本研究的 RVE 区域的选择与图像处理操作,并最终获得了仿真模拟软件所能识别的图像模型。值 得特别指出的是,为简化实验步骤、提高运算效率,在本研究中仅考虑各向同性晶体塑 形模型的情况,即本研究着重关注于具有相同晶体学取向的 α/β 片层在塑性变形过程中 的应力/应变分布情况。由于在 α 晶粒/集束内部,所有 α 片层近似相互平行,并展现出 等同的晶体学取向,因此选取 α 晶粒/集束内部的某一区域作为 RVE 区域,可以满足本 研究的需要。 更进一步的,根据施密特定律,显微组织的初始取向不同可能在变形过程中导致出 现不同的响应和应力/应变分布,并在材料破坏后展现不同的断口形貌(请参看图 79)。因 此需要在仿真模拟过程中考虑到初始取向的不同(即施密特因子的不同)所带来的影响, 在本研究中采用如下的方法进行分析, 将所获得 SEM 原始图像定义为 0°旋转角,标识为 0°取向,并按照第 2.6 节所述 方法进行 RVE 区域的选取,并转化为仿真软件所能识别的图像矩阵; (2) 将 SEM 原始图像顺时针旋转 45°和 90°,并标记为 45°取向和 90°取向。尽量选 取与 0°取向同样的位置作为 RVE 区域,并将 RVE 区域转化为图像矩阵。 图 81 给出了 RVE 区域选取和图像旋转操作的示意图。从图中可以看出,受限于计 算机的运算能力, 只能选取实际 SEM 图像的局部区域作为 RVE 区域进行仿真模拟运算; 并且由于旋转操作可能导致 RVE 区域的大小略有偏差。在本研究中 0°取向,45°取向和 90°取向 RVE 的大小分别为 182×310 像素,229×244 像素,310×182 像素,换言之本研 究中晶体塑形模型的-栅格‖(grids)尺寸分别为 182×310×1,229×244×1,310×182×1 .

图

  Fig.81 RVE modeling based on realistic image (a) 0° rotation (Ori.0), (b) 45° rotation (Ori.45), (c) 90° rotation (Ori.90)
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 641 进行可视化,数 据结果如图 82,图 83 和图 84 所示。可以看出,不论初始取向为何,在 α 相(暗色区域) 和 β 相(亮色区域)中总可以观察到应力/应变的非均匀分布。更进一步的,在 α/β 两相界 面处可以观察到应力集中现象,特别是在 β 相分叉处这种现象尤为明显。下文将分别对 不同初始取向的仿真模拟数据结果进行分析和论述。 初始取向为 0°时的变形仿真 图 82(a)~(c)给出了 0°取向的变形仿真数据结果。从柯西应力分量 ζxx(图 82(a) )和米 塞 斯应力 ζM 的分布图(图 82(b) )中可以看出,由于 α 相与 β 相的塑性变形不相容性,在 114 第六章 TA6V 合金在单轴应力作用下的混合断裂分析

图 82 .Fig. 82 图 83 .Fig. 83 图 84 .Fig. 84

 828283838484 Fig.82 Results from the simulations performed using RVE with 5.0% equivalent strain for Ori.0, (a) map for Cauchy stress component σxx, (b) map for Von Mises stress component σM (c) map for Von Mises strain component εM

( 4 )( 1 )( 4 )( 7 )感谢党嘉辰小天使

 4147 选用了有限元仿真模拟和 SEM 观察相结合的方法分析了孔洞的界面形 核行为,结果表明,孔洞的形核是由于硬质颗粒和基体之间的相分离(decohesion)所致; 并且孔洞的形核位置和形貌与硬质颗粒的取向有关(平行于拉伸方向还是垂直于拉伸方 向)。 L.Lecarme 的分析结果与本研究的仿真结果(0°取向和 90°取向)相一致。 如图 82(b)、 图 83(b)和图 84(b)所示的米塞斯应力的分布结果,应力集中均出现在 α/β 相的界面处, 这将导致颗粒(β 相)和基体(α 相)的界面出现相分离,并导致孔洞形核的结果(如图 78 所 示)。 在随后的扩展演变过程中,孔洞可以沿着 α 片层方向生长和聚合形成微裂纹,并沿 着 α 片层不断扩展直至片层破坏。特别是在孔洞扩展的尖端前沿部分,α 片层可能以孔 洞聚合和微裂纹形成的方式破坏,如图 78 所示。此时对于硬质的 β 相,则可能仍然保 持片层状的形貌,并起到-分隔墙‖的作用以分隔相邻的 α 片层内所形成的孔洞束或微裂 纹(如图 78(a)中白色箭头标示处和图 79(c)中蓝色箭头标示处),即便此时 α 片层已经破 坏。 对比图 78 所示的近断口区域显微组织形貌和图 79 所示的断口形貌可知,解理刻面 呈现出与 α 片层相近的相貌特征,并且二者有着相近的宽度(请参看图 79(b)~(e) )。因此 可以认为,解理刻面可能是由于微裂纹的扩展和 α 片层的破坏所致;而断口中所观察到 的韧窝和小洞(holes)则可能与孔洞(void)的演变有着直接关联。从图 79(c)&(d)的观察可知,韧窝沿着解理刻面走向被拉长,基于此,可以认为韧窝是孔洞长大和聚合的产物。 文献[START_REF] Lecarme | Viscoplasticity, damage, and fracture of Ti-6Al-4V[D[END_REF][START_REF] Katani | Micromechanical modelling of damage behaviour of Ti-6Al-4V[END_REF] 指出,断口中观察到的小洞是作为韧窝前驱体的孔洞的另一种表现形式。 基于上述分析可知,TA6V 合金的混合断裂是由孔洞演变所导致;假若某一 α 片层 内部被孔洞/微裂纹所填充满, 则该片层会发生破坏并且在断口中呈现解理刻面的形貌特 征(如图 79(e)&(f)所示)。反之,假若孔洞/裂纹并未填满某一 α 片层的内部,则在断口形 貌处该区域呈现出拉长的韧窝形貌,且在韧窝内部可观察到未充分演变的孔洞(voids)以 小洞(holes)的形式的存在,如图 79(c)&(d)所示。当考虑到 α 晶粒或 α 片层的取向时,通 过仿真模拟手段和断口形貌观察可知,α 片层或 α 晶粒的初始取向在塑性变形和孔洞演 变过程中,起着至关重要的作用;初始取向的不同,可能导致孔洞演化的程度不同,进 而影响混合断裂中韧性部分和解理部分的比例(参看图 79(b) )。 6.6 小结 在本章中围绕 TA6V 合金的断裂形式,以实验+仿真模拟的综合手段分析了塑性变 形乃至损伤累积破坏过程中的显微组织响应,结合分析结果认为 TA6V 合金以韧性断裂 +解理断裂的混合断裂形式发生断裂,并对混合断裂的微观机理进行了分析和探讨,主 要结论如下: (1) 由于显微组织的不均匀性,塑性变形过程中应力/应变在 α/β 两相呈现不均匀分 布,从而导致 α/β 相界面处成为引发孔洞形核的薄弱环节; (2) β 片层分叉处所出现的剧烈的应力/应变集中会导致在该区域内出现高密度的孔 洞形核与扩展。并且 β 相片层的-硬质‖特性会导致 β 片层在损伤演变过程中起到-分隔 墙‖的作用,将相邻的孔洞束(void arrays)分隔开来; (3) 孔洞发展演变所导致的 α 片层破坏是形成解理刻面的主要原因。孔洞的聚合并 逐渐填充满所在的 α 片层会导致该片层的破坏,并在断口形貌观察时以解理刻面的形式 呈现出来; 塑性变形过程中,α 晶粒/片层的初始取向会影响应力/应变的分布,进而影响孔 结 论 本论文针对典型两相钛合金 Ti-6Al-4V(TA6V)的显微组织形貌和损伤演变规律,利 用同步辐射 X 射线断层扫描术(CT)的先进手段, 建立了魏氏体片层组织三维空间形貌和 α/β 相分布;同时利用基于同步辐射 X 射线 CT 技术的原位拉伸实验,结合断后试样显 微组织形貌与孔洞分布的 SEM/EBSD 观察,揭示了 TA6V 合金损伤演变的机理,并建 立了孔洞演变动力学模型; 此外, 本研究还将实验与代表体积元(RVE)建模技术相结合, 分析了显微组织在塑性变形中的响应,并从组织演变的角度探讨了孔洞分布的原因。本 论文获得的主要结论如下: 针对 TA6V 合金显微组织二维形貌的局限性,利用同步辐射 X 射线 CT 成像的 技术手段,辅之以图像后处理技术,获得了 TA6V 魏氏体组织的三维空间形貌。在三维 空间中,α/β 两相仍然呈现交替分布,然而 α 相形貌并非如前人所提出的-凸透镜‖状形 貌,而是更趋近于等厚度的-饼‖状形貌;β 相则可能由于 β 相尺寸,体积分数等原因未 能获得精准形貌,但定性分析来看,也呈现等厚度的-片‖状形貌; (2) 对 TA6V 合金变形过程中的损伤演变行为,从损伤力学角度进行了分析,获得 了材料损伤演变过程中的力学特征。通过孔洞演变的 X 射线 CT 重构形貌图可知,作为裂纹前驱体的孔洞,在材料刚发生屈服时便已出现孔洞形核;形核位置靠近最大应力集 中处(样品的中间位置);在随后的孔洞演变过程中,中心位置孔洞通过长大和聚合形成 主裂纹并导致材料破坏;受限于合金的塑性,在整个塑性变形过程中,样品并未出现剧 烈的颈缩行为,表明在整个变形过程中应力三轴度 T 变化不大,这会导致损伤演变过程 的驱动力与其他韧性金属产生差别; (3) 基于 TA6V 损伤演变过程的力学特征,建立了损伤演变的定量分析模型。通过 对损伤演变不同阶段的孔洞数量,尺寸等信息进行分析可知,孔洞的数量、体积随塑性 应变的变化满足指数函数的变化规律;通过对孔洞形核行为进行分析可知,孔洞密度(单 位体积的孔洞数量)随塑性应变的变化与 A.L.Helbert 形核动力学模型相匹配,因此建立 了以 A.LHelbert 模型为基础的孔洞形核动力学模型;此外通过对孔洞长大/聚合过程进 行分析,建立了孔洞平均直径-塑性应变函数关系,即孔洞长大动力学模型,该模型以 Huang 修正的 Rice-Tracey 孔洞生长模型为基础,可用于描述和预测孔洞的长大行为。 将孔洞/裂纹的扩展长大过程与断后的显微组织形貌分析相结合,提出了裂纹/ 孔洞在扩展长大过程中的-绕过‖(bypassing behavior)机制。该机制表明,孔洞/裂纹趋向 于 在 α 相集束的交汇处或边界处形核,并沿着 α 集束的界面长大。塑性变形所带来的组 织扭曲和孔洞/裂纹生长路径上的-插入式‖集束(inserting colony)可扮演硬质第二相的作 用 ,从而 导致-绕过‖生长机制的出现。裂纹 / 孔洞 CT 重构图像表面出现的韧带区 (ligaments),证明了这种-绕过‖机制的存在性; (5) 通过对塑性变形中的非显著性颈缩行为的分析探讨,阐明了切应力对孔洞形核 演变起主要推动作用, 而并非传统意义上认为的应力三轴度; 此外根据分析尺度的不同, 将切应力分为了 α/β 相片层间的切应力,晶内切应力和相邻晶粒界面处的切应力;分别 对这三种切应力的产生机理进行了分析探讨。微观尺度下,α 观尺相界面切应力是由于 两相晶体结构不同所导致的本征塑性变形不相容性(plastic deformation incompatibility)所 引起;晶粒尺度下,切应力是由于晶内不同位置的非均匀变形所导致,并以剪切带的形 式对外呈现;几个相邻晶粒界面处的切应力是因为相邻晶粒的初始取向不同导致变形过 程中的旋转方向和程度不同所致,不同尺度下所产生的切应力会推动孔洞在 α/β 相界面 处、晶内剪切带处和晶界处的形核和演变; (6) 通过对 TA6V 合金的断裂形式的分析可知,合金呈现一种韧性断裂+解理断裂 的混合断裂形式;进一步深究混合断裂形式的产生机理得知,塑性变形过程中应力/应变 的非均匀分布是导致合金发生混合形式断裂的主要诱因; 并且片层/晶粒的初始晶体学取 向不同会导致混合断裂中韧性断裂与解理断裂的权重发生变化; 采用仿真模拟+实验分析的综合手段,分析了 α 相和 β 相在塑性变形过程中所扮 演的不同角色;并以此为基础,揭示了损伤演变过程中 α/β 相片层与孔洞形核演化的相 互作用规律。从仿真模拟结果可知,α 相和 β 相在塑性变形过程中所受到的相互作用力 彼此相反,这将导致孔洞易于在 α/β 相界面于界面处形核,并在相对较软的 α 相中生长 扩展,乃至形成孔洞束(voids array)和微裂纹;β 片层在孔洞演变过程中形貌基本保持不 变,并起到-分隔墙‖的作用,将相邻的孔洞束分隔开来; (8) 通过断口形貌观察并结合仿真模拟的数据结果,给出了解理+韧性断裂特征的形 成机理。解理刻面是由于 α 片层内部被孔洞/微裂纹填充满,导致 α 相片层被破坏所致。 在进行断口形貌观察时,已被完全破坏的 α 片层呈现解理刻面形貌;而未被完全破坏的 我一无所有时选择我,在我四处漂泊时跟随我,在我情绪低落时鼓励我,在我困惑无助 时支持我,陪伴我熬过一个又一个异国他乡的不眠之夜,让我变得成熟,稳重与坚强。

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  . Pardoen and F. Delannays indicated that the highest stress triaxiality and strain, which can lead to fastest damage rate, locate at the central volume. Therefore, only the central area was taken into consideration in this present work. The 3D rendering and image analysis were managed with the help of open source image analysis software, Image J and Tomviz .

Landron et al indicated that the value of T calculated via Eq.(3-3) exhibits good agreement with the value calculated by finite element simulations. T

Table 3

 3 

-1 and Table

3

-2. It can be noticed that calibrating value of α and initial value of it exhibit huge differences.

This could be attributed to the fact that the lack of plasticity for TA6V alloy in this current work is symbolized by slight necking phenomenon, whereas, for other ductile metals, substantial necking can be found during the deformation. In other words, different materials may have different material constant, when implementing this phenomenological model.

Table 3 -1 Values of the parameters αRT and αHuang required to respect the experimental data (based on the experimental results for 10 largest voids) α RT α Huang

 3 

	Initial value	0.283	0.427
	modification	5.176	6.283

Table 3 -2 Values of the parameters αRT and αHuang required to respect the experimental data (based on the experimental results for 20 largest voids) α RT α Huang

 3 

	Initial value	0.283	0.427
	modification	5.235	6.213

Hence, it is necessary to choose the model appropriately and to calibrate the

Chapter 4 Crack nucleation and growth in α/β titanium alloy with lamellar microstructure under uniaxial tension: 3D X-ray tomography analysis Introduction In

  Void nucleating kinetic in TA6V alloy could be described by Helbert model. Huang model can be used to describe and predict void growing procedure. The results from prediction are comparable with the results from experiments. situ tensile tests were carried out on notch axisymmetric samples of as-cast (α+β) Ti alloy to analyze evolution of void/micro-crack with the help of X-ray Synchrotron tomography. The results indicate that junctions or boundaries of α

	(4) Void started to coalesce to others at step 4, which means main crack initialized at
	this time.

) During void nucleating procedure, void density can be depicted as a function of local strain.

Chapter 5 Analysis of shear stress promoting void evolution behavior in an α/β Ti alloy with fully lamellar microstructure Introduction

  

	With the help of X-ray synchrotron tomography, in situ tensile tests have been
	performed on Ti-6Al-4V titanium alloy with full lamellar microstructure. The
	rendered 3D images have shown that void could nucleate as soon as the material
	yields, although local stress triaxiality (T=0.472) seems not to be high and even tends
	to maintain a constant value in the following damage steps(T=0.474~0.510). It can be
	inferred that local stress triaxiality could not be the dominating factor during damage
	development in this current work. By combining this result with the result of post
	mortem analysis by SEM and EBSD, it can be found that voids preferentially nucleate
	and propagate along either the α/βinterface, or along shear bands within one
	grain/colony, or at grains/colonies boundary. This could be interpreted by the role of
	shear stress during this processing. Based on the location of voids, shear stress can be
	taken into consideration at α/β interface, shear band within one grain and
	grains/colonies boundaries, respectively. The origins of shear stress at different scales
	seems correlated to local microstructure inhomogeneity and subsequent
	heterogeneous plastic deformation at different scales. Void nucleation and propagation
	could depend on this local shear stress instead of stress triaxiality.

Table 1 Materials parameters of CP modeling for (a) HCP α phase and (b) BCC β phase

 1 

	Property	Value	Unit
	(a) α phase (HCP)		
	C 11	160.0	GPa
	C 12	90.0	GPa
	C 13	66.0	GPa
	C 33	181.7	GPa
	C 44	46.5	GPa
	 0	0.001	S -1
	S0 for basal slip	349.3	MPa
	S0 for prism slip	150.0	MPa
	S0 for pyramidal slip	1107.9	MPa
	Ss for basal slip	568.6	MPa
	Ss for prism slip	1502.2	MPa
	Ss for pyramidal slip	3420.1	MPa
	h0	200	MPa
	a	2	/
	n	20	/
	(b) β phase (BCC)		
	C 11	250	GPa
	C 12	19	GPa
	C 44	230	GPa
	 0	0.0023	S -1
	S0({110}<111> slip system)	500	MPa
	S0 ( {112}<111> slip system)	500	MPa
	Ss ( {110}<111> slip system)	700	MPa
	Ss ( {112}<111> slip system)	700	MPa
	h0	200	MPa
	a	2	/
	n	20	/

  , ce vide peut avancer et fusionner avec un autre vide pour former la fissure principale, ce qui peut induire la rupture de l'alliage. En outre, nous avons établi les modèles (y compris le modèle cinétique de vide et le modèle de Les vides préfèrent alors se propager au sein des α lamelles afin de former des matrices de vides et des micro-fissures. Si une lamelle α était remplie de vides ou de micro-fissures complètement, cette lamelle était cassée et

	钛与钛合金由于其密度低,强度高,耐腐蚀性好,无磁性等优异性能而在工业领域
	有着广泛的应用。近年来随着工业的发展对于钛制构件的服役性能提出了更高的要求,
	comportement croissant) pour décrire le développement des dommages en nous pouvait présenter une facette de clivage (caractéristiques de fracture de clivage) à 如何进一步深挖钛合金材料的潜能就成为了研究的焦点和热点;因此,深入分析研究显
	Dans cette thèse, visant à faire varier les morphologies de la microstructure au concentrant sur la variation du nombre, de la densité et du diamètre des vides. Les partir de la surface de la facture. Sinon, cette lamelle pourrait présenter des 微组织和损伤演变特征, 考察显微组织特征与孔洞/裂纹(void/crack)演变的相互作用关系,
	cours du développement des dommages, sur la base de la tomographie par rayons X indications et les prédications des modèles montrent un bon accord avec les résultats caractéristiques de fossettes allongées (caractéristiques de fracture ductile). Alors que 并揭示钛合金材料的损伤破坏机理就显得尤为必要
	synchrotron (tomographie à rayons X), une méthodologie intégrée comprenant une des expériences. la phase β peut encore conserver la morphologie en forme de latte qui peut servir de
	expérience de traction in situ et une simulation CP (Crystal Plasticity) a été mise en Troisièmement, afin d'analyser l'influence des caractéristiques de la «paroi» pour séparer des réseaux de vides ou des microfissures dans deux lamelles α
	oeuvre sur les morphologies de la microstructure et le comportement de nucléation / microstructure sur la procédure de développement des dommages, nous avons étudié voisines, même si ces lamelles sont fracturées. Ce comportement de fracture hybride
	propagation de vide de l'alliage Ti-6Al-4V (TA6V) au cours de l'évolution des
	petite quantité de lattes β est incrustée dans les lamelles α dans l'espace 3D. Ces
	observations semblent s'accorder sur les résultats d'observation en monde 2D;
	Cependant, dans l'espace 3D, la morphologie de la phase α semble présenter un aspect Enfin, visant le comportement à la rupture de l'alliage TA6V, une méthode
	«semblable à un gâteau» plutôt qu'un aspect «semblable à une lentille». sophistiquée, concernant la simulation de CP, post-mortem par SEM et analyse
	Deuxièmement, afin d'étudier la procédure d'endommagement et de fracture de fractographique, a été mise en oeuvre pour analyser les caractéristiques de rupture. Le
	l'alliage TA6V, des expériences de traction in situ ont été réalisées à l'aide d'un résultat montre que l'alliage TA6V peut se rompre selon l'approche dite de la fracture

dommages. En outre, avec l'aide d'une modélisation RVE (Représentant Volume Element) réaliste basée sur la microstructure et d'une simulation de déformation ultérieure, combinant post mortem de SEM / EBSD, nous avons révélé le mécanisme de développement des dommages en analysant en profondeur les caractéristiques de fracture. Enfin, la corrélation entre les caractéristiques de la microstructure et l'évolution des dommages a été discutée sur la base des résultats de simulations et d'expériences. Tout d'abord, pour la morphologie de la microstructure à la température ambiante, grâce à la technologie de tomodensitométrie à rayons X synchrotron et à l'outil de post-traitement d'image, nous avons obtenu des morphologies tridimensionnelles (3D) pour l'alliage TA6V avec la microstructure de Widmanstätten. Il est indiqué qu'une tomodensitomètre à synchrotron. Le résultat montre que le vide peut s'initialiser dans la région centrale de l'échantillon dès que l'alliage commence à céder. Dans la procédure évolutive suivantele rôle des caractéristiques des microstructures dans la procédure d'évolution des vides, en analysant la variation de la morphologie de la microstructure avant et après la déformation. En intégrant cette observation aux résultats de l'analyse mécanique, nous pouvons indiquer que la contrainte de cisaillement est la principale force motrice du traitement de la nucléation, de la croissance et de la coalescence des vides. Les vides pourraient être amenés à se nucléer et à se propager aux interfaces α / β, la bande de cisaillement dans un grain et les limites entre les grains / colonies par l'action favorisante de la contrainte de cisaillement locale à différentes échelles (micro-échelle, échelle de grain et échelle de plusieurs grains). De plus, un tel vide peut présenter un aspect elliptique et maintenir son grand axe aligné avec la direction de la contrainte de cisaillement. Dans la procédure de propagation subséquente, on peut observer une approche avancée «contournement et fracture» résultant de la distorsion et de la distorsion de la microstructure locale induites par une déformation hétérogène et, par conséquent, par la concentration locale de contraintes / déformations. hybride, qui contient un composant endommageant le clivage et un composant endommageant ductile. Pendant la procédure de nucléation des vides, les vides ont tendance à s'initialiser à l'interface des phases α / β avec l'action promotrice de la contrainte de cisaillement locale. peut être associé à une distribution hétérogène de contraintes / déformations lors de la déformation plastique. De plus, l'orientation initiale de la colonie / du grain α peut influer sur l'évolution du vide et, par conséquent, sur le comportement à la fracture hybride sous forme d'influence sur la distribution contrainte / déformation. i 摘 要
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	bypassing behavior)机制的形式进行。
	最后,针对 TA6V 合金的断裂特征,以仿真模拟+近断口区域显微组织形貌观察+断
	口形貌分析的综合手段,探索了 TA6V 合金呈现韧性断裂+解理断裂的混合断裂形式的 原因,并给出了合金以混合断裂形式破坏的微观机制。结果可知,孔洞在切应力的作用 (including void kinetic model and growing behavior model) for depicting damage
	下于 α/β 相界面处形核,并在 α 相中生长扩展,乃至形成孔洞束(void arrays)和微裂纹; development by focusing on the variation of number, density and diameter for the voids. The
	当 α 片层内部完全被孔洞/微裂纹填充时,α 相片层被破坏呈现刻面形貌,即解理断裂特 indications and predications from models show good agreement with experiment results.
	征;未被完全破坏的 α 相片层,则呈现拉长的韧窝形貌,即韧性断裂特征。然而 β 片层 Thirdly, in order to analyze the influence of microstructure characteristics on damage
	在孔洞演变过程中形貌基本保持不变,并起到-分隔墙‖的作用,将相邻的孔洞束/微裂纹 分 developing procedure, we have studied the role of microstructure characteristics plays in the
	隔开来。进一步深究混合断裂形式的产生机理得知,塑性变形过程中应力/应变的非均 匀 Keywords : Dual phase Ti alloy; Microstructure; Synchrotron X-ray CT; Damage procedure of void evolution, by analyzing the variation of microstructure morphology before 分布是导致合金发生混合形式断裂的主要诱因; 并且片层/晶粒的初始晶体学取向不同 很 可能会导致混合断裂中韧性断裂与解理断裂的权重发生变化。 evolution; Facture behavior
	Finally, aiming at fracture behavior of TA6V alloy, a sophisticated method, concerning
	CP simulation, post-mortem by SEM and fractographic analysis, was implemented to analyze
	the fracture features. The result shows TA6V alloy can break in terms of a so-called hybrid
	fracture approach, which contains cleavage damage component and ductile damage
	component. During voids nucleating procedure, voids tend to initialize at the interface of α/β
	phases with the promoting action of local shear stress. Then voids prefer to propagate within α 第三章 TA6V 合金显微组织特征与损伤演变的同步辐射 X 射线断层扫描分析 39
	lamellae in order to form void arrays and micro-cracks. If one α lamella was filled by voids or
	1
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Table . 3 The chemical composition of as-received Ti-6Al-4V

 . 

	合金元素(wt%)	Ti	Al	V	Fe	Si	C	N	H	O
	TA6V	Balance 5.5~6.8 3.5~4.5 0.40	0.15	0.10	0.05	0.015	0.25

Table . 4 Values of the parameters αRT and αHuang required to respect the experimental data (based on the experimental results for 10 largest voids) α RT α Huang

 . 

	Initial value	0.283	0.427
	modification	5.176	6.283
	表 5 TA6V 合金损伤模型的材料参数(以 20 个最大孔洞为基准)

Table . 5 Values of the parameters αRT and αHuang required to respect the experimental data (based on the experimental results for 20 largest voids) α RT α Huang

 . 

	Initial value	0.283	0.427
	modification	5.235	6.213
	从表 4 与表 5 的对比可以看出,孔洞数量选择的不同,参数也会出现细微的变化,
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Abstract

Titanium and its alloys, which have integrated properties including low density, high specific strength and excellent corrosion resistance, are -workhorses‖ in the field of modern industries. In recent years, with the development of industrial technologies, we have stricter requirement on the properties of components made by titanium alloys in severe environment.

How to explore further potential properties in titanium alloys? Such question has attracted researchers' eyes. Therefore, in order to reveal the micro-mechanism of damage and fracture for titanium alloys intensively, it is quite necessary to enhance our knowledge on the microstructure characteristics and damage evolution features, particularly on the interplay between microstructure characteristics and voids development. In this thesis, aiming at the variation of microstructure morphologies during damage development, based on synchrotron X-ray computed tomography(X-ray CT) approach, an integrated methodology containing in situ tensile experiment and CP (Crystal Plasticity) simulation was implemented to focus on the microstructure morphologies and void nucleation/propagation behavior of Ti-6Al-4V(TA6V) alloy during damage evolution. Besides, with the help of realistic microstructure-based RVE (Representative Volume Element) modeling and subsequent deforming simulation, combining with post mortem by SEM/EBSD, we have revealed the mechanism for damage development by deeply analyzing the fracture features. Finally, the correlation between microstructure features and damage evolution was discussed on the basis of results from simulations and experiments.

Firstly, for microstructure morphology at ambient temperature, thanks to synchrotron X-ray CT technology and image post-processing tool, we have obtained three dimensional (3D) morphologies for TA6V alloy with Widmanstätten microstructure. It is indicated that a small quantity of β laths embedded in the α lamellae in 3D space. These observations seems to agree the observing results in 2D world; however, in 3D space, α phase morphology seems to exhibit -cake-like‖ aspect rather than -lens-like‖ aspect.

Secondly, in order to investigate the damage & fracture procedure for TA6V alloy, in situ tensile experiments were perform by using synchrotron X-ray CT. The result shows that void Titanium and its alloys, which have integrated properties including low density, high specific strength and excellent corrosion resistance, are "workhorses" in the field of modern industries. In recent years, with the development of industrial technologies, we have stricter requirement on the properties of components made by titanium alloys in severe environment. How to explore further potential properties in titanium alloys? Such question has attracted researchers' eyes. Therefore, in order to reveal the micro-mechanism of damage and fracture for titanium alloys intensively, it is quite necessary to enhance our knowledge on the microstructure characteristics and damage evolution features, particularly on the interplay between microstructure characteristics and voids development. In this thesis, aiming at the variation of microstructure morphologies during damage development, based on synchrotron X-ray computed tomography(X-ray CT) approach, an integrated methodology containing in situ tensile experiment and CP (Crystal Plasticity) simulation was implemented to focus on the microstructure morphologies and void nucleation/propagation behavior of Ti-6Al-4V(TA6V) alloy during damage evolution. Besides, with the help of realistic microstructure-based RVE (Representative Volume Element) modeling and subsequent deforming simulation, combining with post mortem by SEM/EBSD, we have revealed the mechanism for damage development by deeply analyzing the fracture features. Finally, the correlation between microstructure features and damage evolution was discussed on the basis of results from simulations and experiments. 

MOTS-CLÉS