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Résumé

La résistance mécanique du silicium cristallin a fait l'objet de plusieurs études notamment à l'état mono-cristallin c'est-à-dire à l'état quasiment pur et pour une microstructure modèle, et aussi pour ses nombreuses applications dans les systèmes photovoltaïques et les semi-conducteurs. Étant donné que la défaillance de ce matériau semi-conducteur augmente le coût de fabrication et diminue l'efficacité et le rendement des dispositifs en silicium, la durabilité de ce matériau est l'un des éléments clé. La propagation de fissures dans le silicium mono-cristallin est l'un des modes de ruine de ces composants. Ce sujet a été étudié durant de nombreuses années, cependant il n'est pas encore complètement compris en raison de la complexité du comportement de la rupture dynamique liée aux phénomènes à petite échelle. Par conséquent, la compréhension des mécanismes de rupture du silicium cristallin comme matériau modèle reste un sujet d'actualité, avec pour objectif in fine d'améliorer la fiabilité et la durabilité des systèmes à base de silicium.

Dans ce travail, le comportement à la rupture dynamique de plaques minces (ndlr wafers) de silicium monocristallin de qualité solaire soumis à des charges mécaniques a été étudié. Nous avons effectué les essais de rupture sur des tranches minces de silicium (001) en utilisant un appareil de flexion quatre lignes sous chargement quasi-statique. Le processus de rupture de wafers de silicium a été capturé à l'aide d'une caméra rapide puis étudié par analyse d'images. Nous avons étudié la surface de rupture post-mortem via un microscope numérique, un profilomètre à balayage laser ainsi qu'un microscope à force atomique. La source de défaillance de la tranche de silicium a été identifiée par analyse fractographique. En couplant la mesure de vitesse de fissure et l'analyse fractographique, nous déterminons le front de fissure pendant la propagation dynamique de la fissure, ce qui donne une forme qui dépend de la vitesse de propagation de la fissure. Nous révélons ainsi la source des phénomènes de déflexion du plan de clivage (110) -(111) lors de la propagation de fissures à grande vitesse sous l'effet d'un changement multiaxial lors du passage sous les rouleaux. En outre, conjointement avec les simulations par éléments finis, nous avons montré comment la dynamique du front de fissure est contrôlée par la ténacité dynamique qui dépend de l'orientation cristallographique. Enfin, par l'observation des lignes de Wallner sur la surface de fracture -marques qui sont générées par des perturbations linéaires des ondes élastiques au niveau du front de fissure, nous mettons en évidence la nucléation et les caractéristiques non linéaires de ces traces appelées 'front waves' visibles sur les faciès de rupture des matériaux mono-cristallins lorsque la vitesse de propagation de la fissure se rapproche de la vitesse de Rayleigh. 
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General introduction

Solar power is one of the key to a clean and sustainable energy future. The conversion from solar energy to electric energy falls into two categories : concentrated solar power (CSP) [ZHA 13] and photovoltaics (PV) [ WEN 13]. CSP systems concentrate the sunlight to a small beam through mirrors or lenses, then the thermal energy converted from sunlight powers a heat engine to generate electricity. PV systems directly generate electricity from sunlight based on the photovoltaic effect. Nowadays, with the fast development of PV systems, the cost of solar electricity for PV systems drops and worldwide growth of PV installations has averaged 24% per annum between 2010 to 2017 [FRA 19].

A PV system employs PV modules, connected assembly of PV solar cells to create an additive voltage. The solar cells are classified into three generations. Crystalline silicon (c-Si) solar cell is the conventional, first generation solar cell, based on the monocrystalline or multicrystalline silicon wafer. The thin-film solar cell is a second generation solar cell, which is produced by the deposition of a thin PV film on a substrate. This technology can reduce the PV material in a cell and may enable the solar cell to be flexible. The third generation solar cells are described as emerging technologies, such as multi-junction solar cell. These solar cells may be able to pass through the limitation of power efficiency of single-junction solar cell [GRE 04] and are still under development. By far, the c-Si solar cells are always the most prevalent components of PV systems. According to [FRA 19], production of Si-wafer based solar cells accounted for about 95% of the total PV market in 2017. Their performances are received great attention for the development of PV in both industries and laboratories.

The power efficiency of the solar cell is one of the focus that is relevant to the profitability of solar power. As reported in [FRA 19], the record cell efficiency is 26.7% in 2017 for monocrystalline silicon solar cell in laboratory and is 22.3% for multicrystalline silicon solar cell. For the commercial wafer-based silicon modules with mass production, their efficiency is about 15 -20% and can reach up to 21% for certain types of wafer-based silicon modules. Besides the power efficiency, low-cost manufacturing process of PV systems is another concern. The manufacture of Si wafer counts for about 40% of the cost of solar cells, while more than 40% of the pure silicon is machined into dust during wafer sawing [ITR ]. Improving the sawing technique to produce thinner wafers and increasing recycling rates are subjected to scientific concerns. Moreover, the durability and reliability of solar cells are important issues for PV production and utilization, which may affect the profitability of PV systems. During the manufacturing of Si-wafers, losses of material due to the breakage of silicon crystal may be up to 5% -10% [RUP 09].

[KÖN 17]

Meng WANG 1 reported that the fracture of Si-wafers of the solar cells in a module could remove more than 10% of cells from the electrical circuit. Fig. 1 shows an electroluminescence image of a PV module under four-line bending loading. Black areas correspond to electrically disconnected zone due to the breakage solar cells. The Equipex Durasol, supported by the French National Research Agency (ANR), is dedicated to improving the durability of solar materials and systems. This platform gathers indoor and outdoor researches of all scientific fields covering the whole value chain of solar power technology. Among them, the laboratory LaMCoS conducts fundamental studies on the mechanical properties of Si-wafer based PV systems from material level (silicon crystal) to solar cell level. The silicon specimens are provided by our platform partner CEA -INES.

The theoretical stress for breaking the atomic bonds of silicon is in the order of 20,000 MPa, while the practical stress to break a Si solar cell is in the order of 200 MPa. This huge difference commonly occurs in brittle materials, and is due to the presence of the crack. Hence, the study of the formation and subsequent propagation of cracks, which govern the material strength, is necessary for the durability of the solar cell. Once initiating, the crack generally undergoes dynamic process in the silicon wafer, and the dissipation processes occurring near the vicinity of the crack, determine material resistance to dynamic fracture. The crack can propagate at speed close to the wave speed in the crystalline silicon and involves fast dissipation processes. In this thesis, we aim at observing, characterizing the dynamic fracture processes, and deepening the understanding of the high-speed crack propagation in the silicon crystal.

In the first chapter, we present the basic knowledge of the linear elastic fracture mechanics (LEFM), including the equation of motion for a rapidly propagating crack. Then, we briefly review some investigations in the literature of fracture instabilities during the dynamic crack propagation for both isotropic amorphous materials and anisotropic silicon crystal. The discrepancies of the experimental studies and molecular dynamics simula-
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Meng WANG tions with theoretical predictions are shown. Some puzzles about the dynamics of cracks in the silicon crystal are put forward.

In the second chapter, the crystalline silicon specimens are presented, including the crystal structure, the cleavage, as well as their fabrications. The fracture experiments using the three-line and four-line bending setup are shown. The crack velocity measurement method based on the high-speed camera is shown, and the feasibility of the high-speed camera in our tests are discussed. The correlation between the fracture stress and the precrack length, as well as the crack velocity, are presented. The terminal crack velocity up to about 85% of the sound speed in silicon is obtained.

In the third chapter, we present the fractographic analysis on the fracture surface of silicon specimens. We show the studies on typical fracture surface traces, which allow to determine the crack origin and the crack front shape. Particularly, we highlight how we identify the shear wave perturbations on the crack front. We demonstrate how the shear waves gradually deflect the crack front out of the fracture plane during the dynamic crack propagation, which finally induce the crack path deflection. Besides, we show also the determination of the crack velocity based on the fractography and the crack recovery phenomenon. The outlook in this chapter presents the occurrence of microbranching instabilities that induce special surface markings. This inspires the studies in the next chapter.

In the fourth chapter, based on the finite element simulations and LEFM, the whole crack front dynamics that governed by the ensemble of local energy balances of every point along the front is demonstrated. We show that dynamic fracture toughness of silicon involves a sharp jump depending on the crystallographic direction when the crack velocity increases and induces a local kink of the crack front. At the local crack front kink spot, we identify the emission of out-of-plane corrugation waves localized along the crack front, which can be triggered by the microbranching instabilities as well. We highlight the nonlinear attributes of corrugation waves based on the AFM characterizations and compare them with the linear perturbations on the crack front.

Finally, we draw general conclusions and some prospects.

Chapter 1

Introduction to dynamic fracture

The theoretical basis of linear elastic fracture mechanics is presented. State of the art concerning intricate quasi-static and dynamic fracture instabilities in isotropic amorphous materials and silicon single crystal are shown. Some open questions are put forward as well.

Introduction to dynamic fracture

1 Fracture mechanics

The history of fracture mechanics begins from the calculation of Inglis [ING 13] in 1913 on the stress concentrations around elliptical holes in a linear elastic material (Fig. 1.1). He found that the stress at the tip of the major axis increase with a factor of a/ρ where a is the length of the semi-major axis and ρ is the radius of curvature at the tip. The stress amplifies when ρ decreases. For an ideal sharp crack (ρ → 0), the stress becomes singular at the crack tip. However, this is 'unrealistic'. Motivated by the puzzle of why the glass fibers break at strengths that are a few hundred orders of magnitude lower than the theoretical strength of atomic bonds of glass, he found that the fracture strength depends on the size of material flows so Inglis' solution failed to explain this dependence. Griffith realized that the fracture mechanism should be described by an energy-balance approach instead of strength consideration. He suggested that the crack grows when the strain energy released by the growth of crack per unit area G is equal to twice the surface energy 2γ, given by

G = 2γ (1.1)
Griffith assumption applies well to brittle materials for which the energy dissipation solely associates with atomic bond breaking, such as glass. However, it fails to deal with material failures involving nonlinear dissipative processes around the crack tip. For instance, the energy dissipation due to the plastic deformation around the crack tip in steels could be about 1000 times higher than the surface energy [ ORO 49].

Linear elastic fracture mechanics

Until the early 1950s, the theory of fracture mechanics was advanced thanks to the assumption of 'small-scale yielding'. Irwin [IRW 57] first found that if the zone (called process zone) where energy dissipation occurs around the crack is small enough compared 6

Meng WANG to the crack size, the material outside of the process zone can be assumed to be linear elastic. This assumption circumvents nonlinear processes in the process zone that provides a way to compute the energy available for fracture G using the purely elastic solution. This drives the development of the linear elastic fracture mechanics (LEFM) [LAW 93,FRE 98].

LEFM show that, regardless of the loading and the sample geometry, the asymptotic solution of the stresses in polar coordinates (r, θ) with the origin at the crack tip is :

σ(r, θ) K α √ 2πr f α (θ) (1.2)
where α = I, II or III. The functions f α (θ) are dimensionless quantities of angle. K α , named the stress intensity factor (SIF), characterize the singular stress field around the crack tip, and they depend on the sample and crack geometry. The α are known as 'cracking modes' to classify the fracture problems according to the loads subjected to the crack. As shown in Fig. 1.2, mode I is an open mode where the crack is subjected to pure tension ; mode II is a sliding mode where the crack is subjected to in-plane shear ; mode III is a tearing mode where the crack is subjected to out-of-plane shear load. The K I , K II , K III are the SIF associated with each mode. For instance, for a straight crack of length 2a in an infinite plate subjected by a uniform tensile load σ, K I = σ √ πa. In the case of a crack is subjected to complex loads, the stress field can be expressed by the sum of Eq. 1.2 in different modes. To calculate the available energy for fracture, LEFM provide the relationship between the SIF and the potential energy dissipated per unit area of crack growth G as :

G ∝ K 2 α (1.3)
G is called energy release rate (ERR). For instance, the ERR for mode I crack under plane strain is given by, G = K 2 I (1ν 2 )/E, where ν is the Poisson's ratio and E is the Young's modulus. In the case of multiple modes, G is the sum of ERR of each mode.

Hence, an energy-based fracture criterion can be given by :

G G c (1.4)
Meng WANG

Introduction to dynamic fracture

The crack growth is initiated when the ERR reaches a critical value, G c , called the fracture toughness. The fracture toughness is a material property that reveals the material resistance to failure. G c can be equal to 2γ for brittle material and becomes larger than 2γ when plastic deformation occurs at the crack tip. Besides, from Eq. 1.3, the critical ERR G c is related to the critical SIF which can be determined from standard testing methods [BRO 66, ANS 81].

Crack tip equation of motion

When the crack begins to propagate, LEFM describe that the motion of the crack tip (crack tip speed v) is governed by the dynamic energy balance between the energy flowing into the process zone per unit area of crack growth, G(v), and the fracture energy dissipation rate within the process zone, Γ, given by :

G(v) = Γ (1.5) G(v)
is a load-dependent quantity and Γ is a material-dependent quantity, hence, once G(v) is computed and Γ is calculated or experimentally determined, the crack tip motion can be predicted. In the case that a straight semi-infinite crack propagating at speed v in an unbounded body under given Mode I loading, the dynamic SIF, K I (v) can be written as :

K I (v) = k(v)K I (l) (1.6) 
The dynamic SIF K I (v) is decomposed by the equilibrium SIF K I (l) which depends on the applied load and the crack length l, but is independent on the crack tip speed and a universal function of the crack tip speed k(v), given by (1v/c R )/ 1v/c d (c R and c d are the Rayleigh wave speed and the dilatation wave speed). This relation can also be applied on other fracture modes with different universal functions [FRE 98].

According to Eq. 1.3, the dynamic ERR G(v) for the crack at speed v, can be written as :

G(v) = 1 -ν 2 E K I (l) 2 g(v) = G(l)g(v) (1.7)
The equilibrium ERR G(l) presents the strain energy release rate for a crack at rest of length l under a specific loading configuration, and g(v) is a universal function of v that can be approximated by a linear function g(v) ≈ 1v/c R . Eq. 1.7 is obtained from the analysis of a semi-infinite crack and an unbounded body. Meanwhile, it is valid for the crack propagation in a bounded body before the stress field around the crack tip is affected by the stress waves reflected from the boundaries [FRE 98, BOU 14]. Hence, the energy-balance based equation of motion of the crack tip reads :

Γ = G(l)(1 - v c R ) (1.8)
where G(l) is the ERR that involves no dynamics but depends on the specific cracked geometry and applied load. As a result, for the quasi-static crack propagation in the brittle material, where Γ = 2γ and v ∼ 0, Eq. 1.8 is equivalent to the Griffith criterion (Eq. 1.3).

For the high-speed crack propagation, the limit of the crack velocity is bounded by c R .

8
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The J-integral

An attractive theoretical concept was developed by J. R. Rice [RIC 68] to calculate the strain energy release rate G, named J-integral. For a linear or nonlinear elastic material subjected to a two-dimensional deformation, Rice showed that a line integral J surrounding a crack tip or a notch, expressed as

J = Γ (W dy -T ∂u ∂x ds) (1.9)
is path independent and its value is equal to the ERR G. As shown in Fig 1 .3, Γ here is a curve encircling the crack tip. W represents the strain energy density. T = [σ]n is the surface traction vector and u the displacement vector. Eq. 1.9 can be directly computed using the finite element method, hence the J-integral provides an appealing way to calculate the equilibrium ERR G(l) in Eq. 1.8 and then study the dynamic fracture behavior.

Dynamic fracture toughness

LEFM describe the crack tip as the sole energy sink around which all dissipative processes occur during the fracture. Γ includes all the energy dissipation that characterizes the material resistance to crack propagation. In the case of static or quasi-static crack propagation, Γ is equivalent to G c , while in the case of dynamic crack propagation, Γ can be a rate dependent function Γ(v), called dynamic fracture toughness, which varies with the instantaneous crack velocity v. For example, Figs. 1.4 show the dynamic fracture energy, determined with experimental methods, as a function of the crack velocity for four different materials reported in the literature. The Γ(v) for soda-lime glass is nearly constant, while an increase of the dynamic fracture toughness occurs for other materials when v increases.

For ductile materials, the increase of Γ(v) was found due to the rate-dependent dissipation relative to the plastic deformation within the crack tip plastic zone [ FRE 98]. However, for brittle fracture, the source of the sharp increase of Γ(v) could not be the 

Intricate fracture surface morphologies

The equation of motion of the crack (Eq. 1.8) predicts that the crack can reach a speed equal to Rayleigh wave speed. However, as shown in Figs. 1.4, the crack speed converges to a lower value than the Rayleigh wave speed when the fracture energy increases. Since the fracture energy is no more used to accelerate the crack, there should exist other phenomena that dissipate the energy during dynamic crack propagation, for example, the increase of fracture surface. These phenomena are expected to alter the crack motion and leave specific morphologies on the fracture surface. Hence, the study of the fracture surface to characterize these specific surface features is a primary step to reveal the dynamic fracture mechanisms. Lets now focus on some typical fracture surface morphologies.

Mirror, mist and hackle zone

For the fracture of brittle material, the fracture surface usually has three distinct structures, called 'mirror, mist and hackle zones'. These zones have been observed in brittle amorphous materials like glass and PMMA, as well as crystalline materials like silicon. Fig. 1.5 shows the fracture surface of glass rod broken in tension reported in [JOH 66]. Near the fracture origin, the 'mirror' fracture surface is generated by the low-speeding crack propagation under mode I loading. As the crack propagates, the crack surface continues roughening and translates from the mist zone to the hackle zone. The transition of the fracture surface from a two-dimensional (2D) mirror surface to a three-dimensional (3D) hackle surface implies that the crack growth cannot be described by a crack-tip propagating in a 2D material but a crack front, i.e. the leading edge of the crack, propagating in a 3D material. The 3D fracture surface morphologies in the mist and hackle zones have been investigated for decades. Several characteristic structures of fracture surface are getting known, such as 'lances' structure, micro-branches, and conic surface markings, etc.

Helical crack-front instability

Helical crack-front instabilities were first observed on the fracture surface of the glass and referred as 'lance' instabilities because of their specific structures [SOM 69], and then have been observed in the hackle zone in a variety of material, such as plexiglass [CHE 15], hydrogel, [ RON 14] and metal [PON 10]. As shown in Fig. 1.6(a) from [RON 14], the 'lance' instabilities are generated at any crack propagation speed when the crack front involves helical deformations (right inset) under the superposition of mode I and mode III loading (left inset). A planar crack front splits into an array of daughter crack fronts forming an angle θ relative to the maximum tensile plane and propagating parallel to each other, which produces stepped fracture surfaces, as presented in 

Conic surface markings

Conic surface markings are commonly observed on the fracture surface of brittle amorphous materials when the crack velocity reaches a critical value, v a . The generation of the conic surface markings is due to voids coalescing with the crack front in the presence of material heterogeneities, such as defects or microscopic cavitation. When the crack is driven by a high SIF that propagates at v > v a , the intense stress field ahead of the crack front can cause the nucleation of microcracks from the heterogeneities before the crack front crosses the heterogeneities. image of the fracture surface correspond to the nucleation points of each microcrack. The microcracks expand radially along a slightly different plane with the main fracture surface [SHI 91], and they subsequently coalesce with the crack front propagating from left to right that generate the conic markings. Furthermore, it is found that the density of conic markings increases with the SIF since the size of the process zone increases and triggers the nucleation of more microcracks [RAV 97, SCH 10]. Hence, the microcracks dissipate more energy and contribute to the increase of Γ.

Micro-branching instability

When the energy flow into the crack is high enough, the crack can bifurcate into several macroscopic cracks. [YOF 51] first suggested a critical crack propagating velocity of 0.6c s , where c s is the transverse wave speed, based on the calculation of velocitydependent stress field near the head of the propagating crack. It was found that, above this velocity, crack bifurcations occur due to the deviation of the maximum normal stress component ahead of the crack tip. However, experimental observations where the crack bifurcations occur at 0.18c R -0.35c R in glass [ANT 70] and at 0.34c R -0.53c R in Homalite [ARA 91] imply that there is no critical crack bifurcation velocity.

Differing from the macroscopic crack bifurcations, the microbranching instabilities have been observed in the mist zone in different brittle materials when the crack propagation velocity v reaches a critical value v c 0.3c R -0.4c R [SHA 96a, SHA 99, LIV 05]. As shown in Fig. 3.22 They exhibit localized crack branches of micro-scale sizes with a short lifetime, called microbranches, which sprout away from the main crack turning into an unstable state. The microbranches are parallel to the propagation direction of the crack and extend in a direction of a certain angle relative to the fracture surface into the material. Their mean length increase with the crack velocity. Since the microbranches lead to the increases of the fracture surface, Γ increases. [SHA 96b, SHA 96a] found that the total fracture surface varies linearly with the energy release rate G, which reveals that the microbranches do not dissipate extra energy and the increase of Γ is due to the increase of fracture surface when microbranches form. Hence, the oscillations in the crack propagation velocity are due to the birth and death of the microbranches that generate the fluctuations in the energy flowing into the main crack. It is noteworthy that the high peaks of the crack velocity oscillations, where the crack can be considered as a single entity, can be well described by LEFM [SHA 99]. Moreover, it is found that the formation of the microbranches induces a localized curvature variation of the crack front and the latter may, in turn, lead to the microbranch death [ KOL 15].

The question of when the microbranches occur remains subtle. [LIV 05] found that the critical crack velocity v c is not universal even for a given material, while it is a roughly linearly increasing function of the acceleration of the crack velocity. Moreover, [ BOU 15] found that the microbranches can be triggered by an activation threshold |K II (v)|/K I (v) and its value linearly decreases with the crack velocity. As a result, the microbranching instabilities can occur for a large range of crack velocities v c 0.3c R -0.9c R , while they can be suppressed during the crack propagation with a high acceleration rate and the pure mode I loading. When the microbranching instabilities are suppressed, a single crack can propagate at v ∼ c R . Meanwhile, another fracture instability, called oscillatory instability, is observed when v reaches about 0.90 c s [LIV 07, CHE 17], as shown in Fig. 1.9(a). The wavelength of the oscillatory instability λ osc is a linear increase function of the size of dynamic nonlinear zone l nl in the near vicinity of the crack tip, where linear elasticity breaks down [BOU 09a, GOL 12]. Fig. 1.9(b) presents the deviation between the parabolic shape predicted by LEFM and the real crack tip profile δ, incorporating the nonlinear effects in the vicinity of the crack tip at v = 0.70c s , which is proportional to l nl . This instability can not be explained by LEFM and impels the development of new theory to describe the dynamic crack propagation controlled by near-tip nonlinearity [BOU 09a, BOU 09b, CHE 17].

Oscillatory instability

Meng WANG

Moving crack can emit acoustic waves [THE 84, GRO 93, BOU 98]. These waves, propagating at a speed in the order of few kilometers per second, may interact with the crack and alter its motion. [ RAV 84] shows that stress waves could affect the crack propagation direction, speed and may eventually induce the macroscopic crack bifurcations.

[GOL 10a] reports that when an accelerating crack meets the shear waves, which generated at the crack initiation, after reflection at the sample boundary, Eq. 1.8 fails to describe the crack motion since the crack acquires inertia and exhibits a v dependent motion [ MAR 91].

Instead of significantly changing the crack motion, local interaction of the crack front and acoustic waves slightly perturb the crack front and leaves localized markings on the fracture surface.

The Wallner lines

The Wallner lines (Fig. 1.10(a)), named by H. Wallner who first interpreted them on the fracture surface of the glass plates [WAL 39], are specific fracture surface markings that record the interaction between the crack front and acoustic waves. As illustrated in Fig. 1.10(b), when the crack front meets an edge defect of material, acoustic waves are emitted and propagate independently on the crack front. The Wallner lines are then generated by the successive interaction between the crack front and the acoustic wave front. According to the generation mechanism of the Wallner lines, one can notice that the shape of the Wallner lines depends on the crack velocity, the acoustic wave speed, and the crack front shape. Hence, one of them can be deduced through the other parameters. The Wallner lines are usually used to determine the fracture origin and the crack propagation velocity [FIE 71, PAY 76, RAB 06]. The shear waves generate a mode III loading on the crack front that twists the front out of the fracture surface and leads to fracture surface undulations. As a result, the characteristics of the Wallner lines depend on the attributes of the shear waves. The wavelength of the Wallner lines, λ wl , measured along the crack propagation direction, is given by vλ/c s , where λ is the wavelength of the shear waves. Hence, λ wl is invariant during the interaction of a steady-state propagating crack and known elastic waves. Besides, the undulation amplitude of the Wallner lines, A, relies on the amplitude of the shear waves, which follows a 1/r or 1/r 2 decay as a function of the extending distance r, as presented in Fig. 1.12 from [BON 05].

Crack front wave perturbations

Crack front waves, another localized perturbative source on the crack front, were reported. [RAM 97b] first showed analytically that, when a tensile crack front propagates in an ideal linear elastic material, it supports a propagating mode along the crack front when encountering local material heterogeneities. This mode progresses at a speed slightly lower than c R and its effects on crack front shape depend on the fracture toughness.

[MOR 98, MOR 00] then reproduced this propagating mode in the simulations of dynamic mode I crack growth at constant fracture energy. They found that persistent linear elastic waves, called crack front waves, are generated in response to a localized hetero- geneity of fracture toughness of a crack front. The persistence of crack front waves was revealed by their exponential decay during which the crack front waves travel with long lifetime maintaining nearly constant amplitude. However, these works treated the 2D case where the crack front remains planar. Although the in-plane crack front waves can lead to a wavy crack front, they would not perturb the fracture surface leaving specific markings.

The out-of-plane nature of crack front waves was suggested by [ADD 13] inspired by the work of [ WIL 97]. Small perturbations on the crack front like the microbranching event may lead to the out-of-plane propagating mode along the crack front (called corrugation waves) progressing at speed close to the in-plane crack front waves. Besides, the authors showed that the corrugation waves emerge at a critical velocity, v c (ν), depending on the Poisson ratio of the material ν.

Since the corrugation waves cause the out-of-plane deviation of the crack front, one may expect them to leave specific markings on the fracture surface. [BOU 02] suggested that the corrugation waves could generate a self-affine fracture surface that can be characterized by a roughness exponent of ζ 0.5. Fracture tests on soda-lime glass and PMMA sheets with intentional material asperities were carried out by [SHA 01, SHA 02, FIN 03] to generate corrugation waves. The asperities were introduced in the crack path by filling surface flaws with super glue adhesive, which induces localized fracture toughness heterogeneities. The corrugation waves were emitted when the crack front meets the asperities and left surface markings (see Fig. 1.13(a)). Besides, the authors showed that microbranching instabilities, which induce fracture energy fluctuations, can also trigger front waves (see Fig. 1.13(b)). Coinciding with the theoretical prediction, experimental observations showed that the corrugation waves propagate at approximately c R and exhibit an exponential decay after an initial 1/r 2 decay (see Fig. 1.13(c)). Fig. 1. 13(a) shows the persistence of the corrugation waves, which undergo multiple reflections at the sample surfaces. Besides, in contrast to the analytical prediction, experimental results show that, after decay, the corrugation waves contain a scale-independent shape when scaled by the width of asperities, which evidences the nonlinear attribute of corrugation waves (see Fig. 

Fracture instabilities in silicon crystal

Until now, we have presented the experimental observations of various dynamic fracture behavior in brittle fracture of isotropic amorphous materials. The crack growth in a silicon crystal, due to anisotropic properties of silicon, exhibits more intriguing fracture behavior in link to the crystal lattice structure.

Low-speeding fracture instabilities

Although the fracture of silicon can be considered as ideal brittle at room temperature and the crack-tip plasticity is immune [LAW 93], the Griffith criterion (Eq. 1.3) is not sufficient to describe the crack growth in silicon crystal because of fracture instabilities at the atomic scale. For the crack initiation along the (111) cleavage plane (the crystal plane and direction notion can be found in Section. 1.1), a localized phase transformation of the ]. This transformation blunts the crack tip at initiation and induces that the energy needed to break the 5-7 double ring γ 5-7 is about 2.2 times larger than the (111) surface energy γ 111 . As a result, once initiating, the crack instantaneously accelerates to a velocity of about 2 km/s. This phenomenon implies the possible existence of a velocity gap in silicon between 0 to 2 km/s [HAU 99]. However, experimental measurements of crack moving at speed lower than 1% of c R [BEE 03, RAC 16] and atomistic calculations predicting extremely low speed in silicon crystal [ KER 15] suggested that the crack velocity gap is not universal. During the crack propagation in silicon, MD simulations [PÉR 00b, PÉR 00a] revealed that the discontinuous bond breaking process manifests a lattice trapping effect, which depends on the crystallographic direction along which the bond breaks. For instance, the crack growth on the (110) plane along the <001> direction involves a strong lattice trapping effect, which induces that the crack propagation along the (110)<001> direction can not be achieved. Latter, [KER 08a] indicated that a (110)<001> crack would easily deflect to the (111) plane under any slight shear disturbance through MD simulations (see Fig. 1.15(a)). Furthermore, when the crack slowly grows along the (111)[1-10] direction, [KER 08a] also found the 6-7 member ring transformation. They observed that the breaking of subsequent 6-member rings after reconstruction of 7-member rings yields the step instabilities on the (111) cleavage surface (see Figs. 1.15(b) -1.15(c)). The authors later found that the deflection of the step from the original plane can be induced by a crystal defect such as a single dopant atom [KER 13].

High-speeding fracture instabilities

Experimental investigations [CRA 00, SHE 04, ZHA 17] showed that when a single crack propagates in silicon single crystal wafers under mode I load, after the acceleration regime, the crack speed v can reach up to 0.8 -0.9c R and maintain at a steady-state regime, as shown in Fig. 1.16).

[CRA 00] found that for the tensile crack propagating along the (110)<1-10> direction at about v < 0.6c R , the fracture energy Γ is nearly constant and equals to 2γ, while it sharply increases when v increases (see Fig. 1.17). Jointly, fracture surface instabilities arise. Meng WANG

1. Introduction to dynamic fracture plane of silicon wafer fractured under tension loads with v of about 0.8c R . Differing from previous fracture instabilities of amorphous materials at high-speeding crack propagation, the fracture surface of silicon plate is mainly mirror-like in the center of the fracture surface and is accompanied by tiny hackle zones consisting of {111} facets near the sample surface. The author revealed that, albeit the occurrence of hackle zones, the energy dissipated by the {111} facets is much lower than the significant increase of Γ. Hence, they conclude that the additional energy must be consumed by phonon emission. 

Open questions

LEFM is a powerful way to describe the crack motion even for out-of-plane crack front perturbations, whereas it may fail to predict the crack behavior in silicon crystal due to atomic bond breaking instabilities. Atomic calculations on crystals would be necessary. MD simulations on the fracture of the silicon crystals have provided view-points at atomic scale on the origin of some fracture instabilities. However, how does the occurrence of the fracture instabilities at the atomic scale manifest in the macroscopic fracture instabilities in experiments still involve an open discussion.

Even though the MD simulations on the (110)<1-10> -(111)<112> deflection, as well as the crystallographic dependent dynamic fracture toughness evolution evidence the 1. Introduction to dynamic fracture possible nature of the crack deflection, [ZHA 18a] showed that, under four-line bending tests where the crack propagates between the punch rollers, the crack stably propagates along the (110) cleavage plane without deflection to the (111) plane, even when the crack speed reaches up to 3700 m/s. This result is in contrast with the crack deflection instabilities observed under three-line bending tests in which the crack propagates under the punch roller. Hence, besides the crack deflection instabilities occurring at several crystallographic directions, there must exist other mechanisms that induce the total crack front deflection from the (110) plane to the (111) plane under three-line bending tests.

Besides, in the brittle fracture of amorphous materials, the increase of fracture surface is responsible for the jump of dynamic fracture energy that governs the crack motion, as outlined in Section.2.4. However, instead of an increase of fracture surface, we have seen in Section. 4.2 that the dynamic fracture of silicon crystal is rather accompanied by phonon emission processes, depending on crystallographic directions, inducing a dynamic fracture energy jump. It is not clear yet, can the crystallographic dependent fracture energy jump be revealed by the macroscopic crack propagation ? How does this fracture energy jump controls the crack front motion, considered in the framework of LEFM ? How can the crack front dynamics be experimentally observed during dynamic crack propagation in silicon crystal ?

Moreover, interactions of the crack front with the acoustic waves in amorphous materials is mentioned in Section. 3.1. How does the crack front deform in silicon crystal in response to small, linear perturbations ? Whether the interaction of a moving crack front with a localized material asperity generates linear or nonlinear perturbations to the crack front remain unclear [SHA 04, BON 04]. Would the front waves occur in asperity-free crystalline materials and what is the source of front waves ? The front waves are distinct nonlinear entities and their attributes require further characterization.

Chapter 2

Fracture experiments on solar-grade silicon wafers

In this chapter, we introduce the basis of fracture property of silicon crystal and the manufacture of crystalline silicon wafers. Preparation of different silicon samples is outlined. Dynamic fracture experiments, jointly with high-speed crack velocity measurement method are presented. The crystal planes and crystallographic directions in a crystal lattice is determined by the Miller indices, denoted as h, k and l. Defining three lattice vectors a 1 , a 2 and a 3 forming the lattice axes of a unit lattice cell, any crystal plane would intersect the axes at three distinct points a 1 /h, a 2 /k and a 3 /l. That is, the Miller indices are obtained by taking the reciprocal of the intercepted values and the crystal plane is defined as (hkl). If the planes do not intersect of axes, the related indices are zero. The lattice vector a = ha 1 + ka 2 + la 3 denotes the crystallographic directions, defining as [hkl]. In other word, in a cubic lattice, a lattice vector a passing from the origin to a lattice node (h,k,l) determines the Miller indices. The crystal direction [hkl] is along the vector a, and the crystal plane (hkl) is orthogonal to the lattice vector a. In general, the adopted nomenclature corresponding the crystal planes and directions are described as below :

• A single crystal plane is represented by [hkl]

• The equivalent planes are denoted by {hkl} • A single crystal direction is represented by [hkl]

• The equivalent directions are denoted by <hkl> For example, Fig. 2.2 shows the {100} planes, {110} planes and {111} planes in a silicon crystal lattice. If we position a silicon single crystal in a Cartesian coordinate system, duo the symmetry of the cubic structure, it has 24 equivalent positions and hence the crystal planes in each family are identical.

The crystallographic directions and planes of silicon are geometric relations linking atoms of a crystal. The properties of the silicon crystal will be different at some directions and on some planes, which have different density of atoms, such as elastic modulus, Meng WANG FIGURE 2.2: Crystal planes in a silicon single crystal optical properties, thermal properties, and electrical properties, etc. In particular, this anisotropy can be also reflected on the fracture behavior of silicon.

Definite crystal planes along which the fracture of silicon splits are called cleavage planes. Crystal planes with low surface energies are the preferential cleavage planes that are dominant in the fracture process of an anisotropic crystal material. In crystalline silicon, it is reported that the {111} and {110} planes are the two preferential cleavage planes that exhibit lower toughnesses than other planes. A calculation of surface energy of silicon crystal planes based upon the atomic bonds density on the surface of planes [HES 93] is shown in Table 2.1. These results emphasized the lower surface energies of {111} and {110} but also suggests the possible cleavages of silicon on other crystallographic planes. 

Crystalline silicon wafer

As the dominant semiconducting material in photovoltaic systems, crystalline silicon is widely used for the production of wafer-based solar cells. It could be either monocrystalline silicon that contains a continuously single crystal or multicrystalline silicon that consists of multiple small crystals with grain sizes varying from 1 mm to 10 cm. Besides, polycrystalline silicon (grain sizes between 1 µm to 1 mm) and microcrystalline silicon (grain sizes < 1 µm ) are also used. The manufacture of Multicrystalline silicon wafers is simpler, hence cheaper than that of monocrystalline silicon wafers using the CZ process. A schematic of the manufacture of multicrystalline silicon ingot is shown in Fig. 2.4a. Solid pieces of pure silicon filled in the crucible coated with silicon nitride are heated until the silicon melts. The crucible is then cooled by thermal extraction by moving downwards so that silicon crystal grow upward within the molten silicon. Meanwhile, the crucible is flushed with argon to avoid the oxidation. Large silicon grains are generated under well-controlled temperature in the hot zone. The solidified ingot is then removed from the crucible and finally sawed into silicon wafers. The material quality of multicrystalline silicon wafers is lower than that of single crystalline wafers due to the occurrence of grain boundaries generated by the recombination of distorted silicon single crystal. Grain boundaries introduce energy band gaps that blocks carrier flows. Besides, they provide shunting paths for current flow across the p-n junction and thus reduce solar cell performance.

• Monocrystalline silicon wafer

As-sawn single crystalline silicon specimens

The specimens were obtained by cleavage of diamond wire-sawn (001) single crystalline silicon wafers. As illustrated in Fig. 2.5(a), the single crystal is oriented such that the specimen surface is perpendicular to the [001] direction and the two edges are parallel to the <110> directions. The position of the ( 110) and (111) plane is illustrated in Fig. 2.5(a). The size of the specimen is 50×50×0.19 mm 3 . Fig. 2.5(a) shows the surface morphology measurement of a part of the wafer (1000 x 1000 µm), measured by laser scanning profilometer (Altisurf-500). The spatial resolution (in-plane) is 0.5 µm and the vertical resolution (out-of-plane) is up to 0.5 nm. The wire sawing traces can be observed at an angle of 45 • relative to the edge of the specimen. It is found that the root mean squared of the surface roughness Rq is 1.025 µm. Meanwhile, surface defects such as surface peaks with height up to 17.524 µm and hollows with depth down to 11.023 µm were identified.

Surface-polished single crystalline silicon specimens

Mirror-polishing on silicon sample enable to eliminate the wire-sawn defects, hence permit to suppress the occurrence of Wallner lines generated from the sample surface defects during the crack propagation. The surface mirror-polished silicon samples were prepared from the as-sawn (001) single crystalline silicon wafer. A 10 µm out layer was cleaned up by mechanical polishing for both surfaces of the as-sawn silicon wafers. Mirrorpolished silicon sample of size of 50 × 30 × 0.17 mm 3 were then cleaved from the surface polished silicon wafers. The single crystal for all sample is oriented such that the surface of specimens is perpendicular to the [001] direction and the two edges are parallel to the <110> directions. 2 Three-line bending test on as-sawn single crystalline silicon wafer

The first series of fracture experiments were conducted on as-sawn single crystalline silicon specimens with a three-line bending apparatus, to study the fracture behavior of silicon crystal under line-contact.

Three-line bending tests

The three-line bending configuration is shown in Fig. 2.6. The punch roller has a radius of 3 mm and the two support rollers involve a contact span of 40 mm. A quasi-static loading, i.e. a strain rate in the order of 10 -6 s -1 , was ensured by a LLOYD-Ametek LF-32

Meng WANG PLUS electro-mechanical machine under controlled displacement conditions. The strain rate is calculated by :

ε = 6h δ L 2 (2.1)
where L and h correspond to the span of the support rollers and the thickness of the specimen, respectively, and δ corresponds to the loading velocity of the punch roller.

The vertical displacement and the reaction force on the punch roller were continuously recorded during the tests. In the fracture of single crystalline silicon wafer under bending, it has been shown that, when the bending load is high enough, after the initiation of a first single crack, multiple cracks may occur subsequently and the wafer will break into more than two pieces [KAJ 11, ZHA 18b]. One of the reasons of this phenomenon is that under bending, the crack initiation is followed by the sudden relaxation of the curvature of specimens that will generate a burst of flexural waves, which will, in turn, increase the local deformation of specimens beyond their limit curvature and will finally induce cascading cracks [AUD 05a]. To avoid multiple-cracking, a pre-crack was made at an edge of each specimen using a Vickers indent. The indentation force is well controlled to obtain a sharp pre-crack of desired length varying from 235 µm to 2880 µm. In this case, a single crack is expected to initiate and propagate from the pre-crack. To investigate the contact effect, the pre-crack was located either in the mid-plane of the edge thus right under the contact line, or shifted off 2 mm. This distance was chosen to ensure that a single crack would initiate from the edge pre-crack instead of a surface defect.

According to the beam theory, the maximum tensile stress at fracture, σ f , was estimated by the following equation :

σ f = 3F(L/2 -∆L) bh 2 (2.2)
where F denotes the loading force at failure and ∆L represents the shift distance between the pre-crack and the contact line (0 mm or 2 mm in our tests). L, b and h correspond to the span of the support rollers, the width and the thickness of the specimen, respectively.

Crack velocity measurements

High speed camera Specimen A high-speed imaging technique, schematically presented in Fig. 2.7, was jointly instrumented with the aforementioned bending setup to record the fracture process of the bottom surface of the specimen. Since setting up the camera directly below the specimens can not be achieved, a tilted mirror with an inclination angle of 45 • was placed right between the two support rollers. The crack was captured by a high-speed camera (Phantom V710) set in front of the mirror. We recorded images at an acquisition frequency of 180 kHz and image resolution of 608×56 pixels (corresponding to 54.3 × 5 mm 2 ). Both exposure time of 0.29 µs and 0.7 µs are used to investigate the influence of exposure time on the crack velocity measurement. A continuous light source (MultiLED G300) was used (see Fig. 2.6) to ensure a good light intensity. The high-speed camera was triggered by an automatic trigger based on the variation of luminosity, since the reflected light intensity of the specimen changes once the crack propagating. A continuous record mode of the camera was used and images during ± 1s around the trigger moment were saved to ensure the record of the entire fracture process. The crack length was disclosed by the subtraction between adjacent images and a wavelet algorithm to suppress the image noise. The crack propagation velocity was then computed with the time gap (5.556 µs) and the growth of crack length.

Results

Pre-crack length versus fracture stress

Seventy-five tests were performed with various sizes of pre-cracks and two different pre-crack positions. Two examples of a low fracture load F = 1.274 N and a high fracture load F = 5.325 N are shown in Fig. 2.8(a). With the increase of the external load, the specimen follows a linear elastic deformation. The total strain energy U stored in the 34 Meng WANG configuration of the deformed specimen increases, which corresponds to the area under the load curve. According to LEFM [FRE 98], the pre-crack initiates when the stress intensity factor SIF K I = K c . Shorter pre-crack length corresponds to higher fracture load. The external load drops once the crack begins to propagate and the stored strain energy dissipates. It can be seen that the entire fracture of the silicon specimens is instantaneous since the load drops instantaneously.

The pre-crack length is measured by the post-mortem fracture surface under a digital microscope (VHX-2000F) as two examples shown in Fig. 2.8(a). The correlation between the fracture stress σ f and the pre-crack length a for all the fracture tests is shown in Fig. 2.8(b). With the pre-crack length decreasing from 2880 µm to 230 µm, the fracture stress increases from 19.13MPa to 177.8 MPa. According to the continuum fracture mechanics [AND 17], the relation between σ f and a is expected to obey a 1/ √ a relation. The red curve shows a 1/ √ a function. It can be seen that σ f and a obeys to the 1/ √ a relation at the pre-crack length a > 700 µm, where σ f < 50 MPa. The 1/ √ a relation breaks at σ f > 50 MPa and a sharp increase of the fracture stress as a function of the pre-crack length a appears at σ f > 70 MPa. This variation reveals a sharp increase of the fracture energy at the crack initiation and will be discussed in Section. 4.

Crack velocity versus fracture stress

Two examples of crack propagation captured by high-speed imaging technique are presented in Figs. 2.9 (a) and (b), with a crack propagating at 3158 m/s and 840 m/s, respectively. Image N • 0 in Fig 2 .9a corresponds to the image of the bottom surface of the specimen without crack propagation and latter images show the post-treated images with the crack propagation. The crack path is straight since the crack propagation follows the cleavage along the [1-10] direction. The crack tip position can be clearly identified by the gradient of light intensity due to the curvature variation around the crack tip, so that the crack length can be determined for the crack velocity calculation computing with the time gap of 5.556 µs. The crack tip position uncertainty of 0.36 mm (4 pixel) due to the image processing is indicated by the yellow bar, which corresponds to a velocity uncertainty of 65 m/s.

Thanks to the continuous light reflection from the specimen surface during the fracture process, it is found that the exposure time of the high-speed camera has little effect on the crack length measurement. The number of measurement points along the crack path is from 2 to 8 depending on the crack propagation velocity. Meanwhile, the velocity variation within each two points can be neglected since the crack propagation length L is nearly constant. It implies that the crack velocity reaches a steady state at an early stage of the crack propagation. The steady-state crack propagation regime agrees well with previous study on tensile tests [HAU 99, CRA 00] and bending tests [BEE 03, ZHA 17]. Since the specimen was loaded in a quasi-static loading that leads to a uniform stress field as well as a homogeneous strain energy distribution along the crack path. After the crack initiation, the strain energy releases to support the crack propagation. A constant strain energy release rate ensure that the crack propagates in a steady-state velocity. Fig. 2.10 shows the steady-state velocity v s as a function of the fracture stress σ f . The crack steady-state velocity v s varies from 610 m/s to 3780 m/s. A large slope change at around 2700 -3000 m/s can be observed. It can also be noticed that the steady-state velocity converges towards 0.85c R -the terminal velocity in silicon, where c R stands for the Rayleigh wave speed along the (111)[1-10] direction here [COU 94]. These results are in good agreement with [HAU 99] and [CRA 00], where the terminal velocity is explained by the additional energy dissipation due to the phonon emission as well as the crack path instabilities such as hackle facets. According to the LEFM, the crack is expected to increase the propagating speed to respond to the increase of energy release rate, 3 Four-line bending test on surface-polished single crystalline silicon wafer
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It has been shown in Chapter 1 (section 3.1) that the surface flows may generate the acoustic waves that lead to local perturbations on the crack front. To study the crack behavior in single crystal, external perturbations on the crack front need to be suppressed. The second series of fracture experiments were conducted on surface-polished single crystalline silicon wafers under pure bending load.

Four-line bending tests

Fracture experiments were carried out with standard four-line bending apparatus. The experimental setup is schematically illustrated in Fig. 2.11. The samples were loaded under pure bending condition along the [110] direction (y direction) via quasi-static displacement at a strain rate of 10 -6 s -1 . The strain rate is ensured by :

ε = 6h δ (a -d)(a + 2d) (2.3)
where the spans of the support a and the punch roller d are 21 mm and 40 mm, respectively. h is the sample thickness, and δ is the machine loading velocity.
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Meng WANG The fracture stress, σ f in four-line bending tests was estimated by :

σ f = 3F(a -d) bh 2 (2.4)
where b is the sample width and F is the external load of the machine at the onset of the fracture.

Crack velocity measurements

A single crack that propagates on the (110) plane was driven from a pre-crack introduced at the center of the sample edge using a Vickers indent. The indentation force was well controlled to obtain a sharp pre-crack of the desired length located on the (110) plane. Fracture process of the bottom surface of the sample was captured with the high-speed camera (Phantom V710). We recorded images at a spatial resolution of 89.3 µm/pixel and an acquisition rate of 340,000 frames per second (the acquisition rate can be increased when the image window is reduced to match the sample dimension). The exposure time of 0.29 µs and the automatic trigger mode was used.

Thirty tests were carried out. Thanks to various seek crack sizes, the steady-state crack velocity v s varying from 960 m/s to 3600 m/s was obtained. Two examples of the steadystate crack propagation at v s = 3300 m/s and 1470 m/s, measured by high-speed imaging technique, are shown in Figs. 2

.12

The steady-state crack velocity v s as a function of the fracture stress σ f is shown in Fig. 2.13. Similar as the v s -σ f correlation in three-line bending tests, the crack velocity sharply increases with the fracture stress and a large slope variation takes place at about 2700 -3000 m/s. Then the crack velocity converges toward a terminal velocity of about 0.84c R , which is in good agreement with [CRA 00]. 

High-speed imaging technique

The high-speed photography has been widely used for the dynamic fracture process observation as well as the crack velocity measurement over decades [SCH 55, KNA 85, HAB 11, ZHA 16a]. The advantage of this method is that a direct visual information of fracture process can be obtained without predetermined models to interpret the observations. A good review of the measurement by high-speed photography can be found in [FIE 83]. However, this technique works well in measuring slow fracture but may have some difficulties in fast crack propagation. The first one is the trigger of the camera. The camera can be triggered to capture the entire crack motion only if the crack initiation time is known or detectable signals are output. For example in our tests, the sudden variation of the luminosity upon the crack initiation can trigger the camera. Besides, the sudden drop of the external loads can also be a trigger signal when synchronizes with the electro-mechanical machine. The second one is the exposure time of the camera. For example, for a crack velocity of 3000 m/s, the crack propagates 3 mm during 1 µs. Unless an extremely fine exposure time, the uncertainty of the crack propagation length during the closure of the camera shutter may induce a significant error in the order of the crack velocity. However, this did not occur in our test.

The comparison among the crack velocities measured with the exposure time of 700 ns, 290 ns as well as the crack propagation velocities of silicon wafer under bending presented in the literature measured by potential drop method [BEE 03] and the high-speed imaging technique [ZHA 18a] is shown in the Fig. 2.14(a). We can notice a good agreement among them which ensures the velocity measurement precision in our experiments. As the schematic drawing shown in Fig. 2.14(b), it is worth mentioning that in our velocity measurement, 1) every image capturing is completed when the exposure time is over (the shutter is closed). Nevertheless, between every two images, the crack propagates always during one entire frame interval (which is 1/image frequency), whatever the exposure time. We have used a continuous light source in the experiments, so as long as the shutter is open, sufficient reflected light from the specimen surface will be captured by the camera sensor. This is different from the case with pulsed light, in which the image capturing may be interrupted even when the shutter is open. As a result, we conclude that our crack velocity measurement is reliable and the exposure time has little effect on the crack length measurement in our tests. The third one is that, if the crack velocity is very high, the detail of the crack motion could not be captured since it needs a very high acquisition frequency. This is a limitation of crack velocity measurement in our case since we have only from 2 to 8 measurement points to calculate the crack velocity and the crack acceleration stage can not be measured. To investigate the crack motion in detail, an indirect measurement method based on the fractographic analyses to determine the instantaneous crack velocity will be further presented in Chapter 3 (section 3.5). 

Fracture experiments on solar-grade silicon wafers

Fracture energy at the crack initiation

In our loading configuration, the crack initiates at the bottom surface of the specimen which is solicited by the maximum tensile stress. [ LIU 15] reports that, for a plate having the dimension of 2 h x b which contains an edge crack of length a, as the insert graph shown in Fig. 2.8(b), the stress intensity factor SIF K I at the crack tip under an uniaxial stress σ can be calculated by :

K I = σ √ πa(1.122 -0.231( a b ) + 10.55( a b ) 2 -21.71( a b ) 3 + 30.382( a b ) 4 ) (2.5)
Considering only the bottom surface of the specimen for the crack initiation, since the pre-crack length (0.23 to 2.88 mm) is negligible compared with the dimension of the specimens (50 x 50 mm 2 ), the Eq. 2.6 can be simplified to :

K I = βσ √ πa (2.6)
where β is a constant but depends on the loading configuration and the dimension of the specimen. Hence, the relation between the fracture stress and the pre-crack length should obey :

σ f = K c β 1 √ πa = f 1 √ πa (2.7)
Since the fracture toughness K c is material dependent, the factor f is constant and the fracture stress σ f as a function of the pre-crack length a should obey a 1/ √ πa dependency. It was found that in Fig. 2.8(b), the Eq. 2.7 (with f=2) is valid at σ f < 50 MPa, which reveal that the crack initiates once K I reaches K c . However, the sharp increase of σ f with a break the validation of the Eq. 2.7, which reveals that SIF as well as the fracture energy at the crack initiation G 0 increase, according to Eq. 2.6. The ratio between the fracture energy at crack initiation and the surface energy G c can be calculated by :

G 0 G c = ( K I K c ) 2 = σ √ πa f (2.8)
Fig. 2.15 shows that when the crack initiates at very low stress, the fracture energy at crack initiation is approximately equals to the surface energy of silicon. However, the initial fracture energy increases up to 8 times more than the surface energy of the material with the increase of the fracture stress. This result is in a good agreement with [ZHA 17]. The authors found that, based on a finite element analysis, the energy flux ahead the pre-crack at the crack initiation is always higher than the material toughness in silicon. The value of energy flux is comparable to the strain energy release rate during the crack propagation [CRA 00] which results in a non-negligible initial crack velocity. Meanwhile, molecular dynamics simulations [BUE 07] on the crack initiation behavior of silicon cleavage shows that a localized formation of the 5-7 double ring of silicon lattice at the crack tip may have an energy barrier effect to blunt the crack tips and leads to the increase of fracture surface energy. Besides, albeit the Vickers indent produces sharp precracks, small geometrical defects of the crack tip, such as misalignment, could induce the increase of fracture energy at initiation [ GLE 14].

Meng WANG FIGURE 2.15: Ratio between fracture energy at crack initiation and surface energy, G 0 /G c , as a function of fracture stress.

Outlook

Figs. 2.10 and 2.14 show that crack steady-state velocity follows the same evolution of the fracture stress in three-line bending tests with crack propagation under and beside the line-contact, as well as in four-line bending tests. Indeed, since the crack initiates at the bottom of the sample surface under bending, and since we captured only the bottom surface of the sample, this correlation could be described by a 2D picture of a crack tip. However, like line-contact effects located on the top of the sample surface, perturbations on the crack along the sample thickness could not be revealed by 2D imaging. How do these perturbations affect the dynamic fracture of silicon crystal ? A 3D crack front must be described.

Besides, it is shown that the terminal velocity of a crack propagating in silicon crystal is much higher than that in amorphous materials. Fracture instabilities would be expected. Considering that the crack front involves stress gradient under bending, how does the crack front behave and what kind of instabilities will occur in such high velocity ? Noting that direct observation of the crack front during the crack propagation in silicon crystal is impractical, fractographic analysis seems to be necessary to reconstruct a 3D picture of the crack front propagation and will be shown in the next Chapter.
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Chapter 3 Fractographic examination of as-sawn crystalline silicon wafer

Fracture paths in crystalline solid can be significantly altered upon encountering stress perturbations. Here, based on the Fractographic analysis, we investigate the dynamic cleavage deflection in as-sawn (001) silicon single crystal wafers under three-line bending tests. It is found that the crack propagates preferentially along the (110) cleavage plane. However, when the crack front interacts with shear waves induced by the line-contact, it tends to deflect onto the (111) cleavage plane and forms secondary Wallner lines. Yet, the crack deflection is not permanent and a recovery process to the (110) plane is observed, suggesting that the (110) cleavage plane remains energetically prevailing during the high-speed crack propagation. We show that the ratio between the dynamic fracture energy of the (111) plane and that of the (110) plane at the deflection position is invariably larger than the one when the local crack velocity is lower than 40% of the Rayleigh wave speed. This confirms that the crack deflection is triggered by shear waves. Therefore the theory of crystallographic direction dependence of dynamic fracture toughness evolutions proposed in earlier literature needs to be further assessed before generalization. 

Introduction

The mechanical properties of silicon single crystal are highly dependent on the crystallographic orientation. The anisotropy is reflected by not only the elastic moduli, such as Young's modulus and Poisson's ratio [WOR 65, HOP 10, ZHA 16b], but also the fracture behavior [LI 05, PAG 18]. According to the Griffith criterion [GRI 21], the crack initiation in brittle materials takes place once the strain energy release rate, G, exceeds twice the surface energy of the fracture path, namely the fracture toughness, Γ. In this sense, crystal planes with low surface energies are dominant in the fracture process of an anisotropic crystal material. The fracture toughness of silicon has been widely investigated using different experimental techniques, such as double cantilever beam (DCB) set-up [GIL 60, JAC 63], knoop indentation [CHE 80] and double torsion (DT) loading [BHA 86]. It was found that the {111} and {110} crystal planes exhibited lower toughnesses than other planes and therefore are preferential fracture paths in crystalline silicon. Moreover, an in-plane fracture anisotropy has been identified for the {110} cleavage planes. As unravelled by many experimental observations [PÉR 00c, ZHA 18b], the crack stably propagated along the (110)[1-10] path ((110) and [1-10] denote the crack plane and the propagation direction, respectively), while it systematically deflected from the (110)[001] path onto a (111) plane. This observation of in-plane anisotropy was at the origin of numerous investigations at the atomic scale and pushed forward the understanding of the fracture mechanism in silicon. In the light of molecular dynamics (MD) simulations, Pérez and Gumbsch [PÉR 00a] disclosed that under tension, the crack propagation along (110)[001] involved lattice trapping that would prevent the crack front from staying on the (110) plane. Later, the (110)[001] to (111) deflection scenario was numerically reproduced by MD simulations using the LOFT hybrid classical/quantum mechanical method [KER 08b]. These various investigations reveal the fact that the Griffith criterion alone cannot predict the fracture of silicon due to the lack of accounting for atomic scale mechanisms.

When fracturing below the brittle-ductile transition temperature, the crack velocity in silicon is very high due to the absence of plastic dissipation and the low fracture toughness [SAM 89, HIR 89]. Fracture speed in silicon has been widely assessed using potential drop method [STA 83, HAU 98 In the framework of bending tests, the determination of the crack front is crucial to assess the local crack behavior. [SHE 04] described the crack front shape along the (110) cleavage for low crack speeds by an ideal quarter-ellipse of semi-axes a = 3h and b = 0.85h (where h is the wafer thickness), then they also used this shape to study the local crack behavior in the case of high speed crack propagation. More recently, [ZHA 18a] assessed the (110) crack front shape for high crack speeds, and they highlighted that the crack front varies significantly with the crack propagation velocity and involves a curvature jump at around 2700 m/s.

In this Chapter, we revisit the (110)[1-10] cleavage under contact to confront the contradiction between three-line bending tests and four-line bending or tensile tests, better understand the fracture behavior in the presence of contact perturbations and review the effect of the dynamic fracture toughness evolution on the crack deflection. The results here are obtained from the three-line bending tests on (001) single crystalline silicon wafers presented in Chapter 2 (section 2). A pre-crack is introduced in each test sample to control the crack position and velocity. Two loading configurations are conducted, i.e. the pre-crack is located either right underneath the contact line or shifted off 2 mm. The high speed imaging technique is used to measure the crack velocity, and post-mortem fractography is carried out to assess the local crack behavior.

Fractographic analysis of single crystalline silicon wafer

Cracks generate intricate fracture morphology on the fracture surfaces due to the local deformation of the crack fronts. High-speed photography provides a direct method to study the local fracture behavior of the transparent material since the transient crack front during the fracture process can be visualized under the high-speed camera [GRÉ 07, HAB 11, KOL 18]. In the case where the visualization of the crack front during the fracture is impossible (the material is nontransparent or the fracture process is faster than the frame rate of the high-speed camera), fractography provides an appealing way to retrospect the 'history' of the crack recording on the fracture surface. It can be used to determine the origin of the failure to reveal the cause of the fracture, identify the types of fracture, study the topographic characteristics to understand crack growth behavior, and eventually develop new theoretical fracture models [GON 18].

Our fractographic analysis focuses on the fracture surface at both the macroscopic and microscopic scales. The fracture surface of each specimen was firstly assessed by visual examination using a digital microscope (VHX-2000F) to determine the overall fracture surface morphology, such as the fracture initiation and propagation zone, typical fracture surface marks as well as special identities on the fracture surface, etc. The fracture surface was then scanned by the stereoscopic examination using the digital microscope and a laser scanning profilometer (Altisurf-500) which has a maximum out-of-plane precision of 0.5 nm and in-plane resolution of 0.5 µm that provides higher magnification and more information about fracture details, such as height variation of the fracture surface, out-ofplane profiles of the surface marks and fracture surface roughness, etc. The crack surface morphology was finally correlated with the fracture condition and the crack velocity for the further analysis of the fracture mechanics of our specimens.

Surface morphologies of (110) and (111) cleavage plane

The (110) and (111) plane are the two most energetically preferential cleavage plane due to low surface energies, as mentioned in Section. 1.1. When the specimen is loaded under bending, the (110) plane coincides with the maximum tension plane and becomes the most preferential fracture path (G Here, we give an overview of the fracture surface morphologies of these planes.

(110) cleavage plane and Wallner lines

Thanks to the given crystallographic structure of the single crystalline silicon wafer, the cleavage planes along which the crack propagates can be obtained by measuring the angle between the fracture plane and the specimen surface. For our specimens, mentioned in Chapter 2 (section 1.3), when the crack takes place on the (110) plane, the fracture surface is perpendicular to the specimen surface. Fig. 3.1(a) shows the surface pattern of the (110) cleavage plane under bending tests. The thickness of the specimens is along the [001] direction and the crack propagation direction is along the [1-10] direction. On the fracture surface, the well-known fracture surface marks -the Wallner lines come into view.

The Wallner lines widely occur in the fracture of brittle materials and provide a postmortem method to analysis the dynamic fracture behavior [FIE 71, PAY 76, RAB 06, NAR 14]. Fig. 3.1(b) schematically illustrated the formation of the Wallner lines naturally generated from surface defects : when a crack front moving from left to right encounters a surface defect, elastic waves will be released and radially emit from the surface defect due to the sudden variation of the stress field ahead of the crack front. The latter then continuously interact with the moving crack front. Since the shear components of the elastic waves involving mode III fracture leads to the out-of-plane deformation of the crack front, surface undulations will be generated upon crack front-elastic waves interactions forming the Wallner lines. In our tests, due to the wire-sawn defects on the specimens surface, this type of Wallner lines appear on the (110) cleavage plane, as can be seen that generated from surface hollows at the bottom surface in Fig. 3.1(a). The crack propagation direction can be easily identified using the Wallner lines, and thus the fracture origin.

(111) cleavage plane and specific surface instabilities

When the crack takes place on the (111) plane, the fracture surface forms an angle of 35.26 • relative to the maximum tensile plane. Instead of the Wallner lines on the (110) cleavage plane, special surface instabilities appear on the (111) plane. 

Crack origin identification

Under bending loading, the crack nucleates at the bottom surface of the specimens which is subjected to the maximum tension. With the presence of the artificial (110) precrack, the crack initiates from the point locating at the bottom of the pre-crack and propagates along the (110) plane as shown in Fig. 3.3(a)(left inset). The Wallner lines appear around the crack origin and extend to the crack propagation direction. In the absence of the artificial pre-crack, the crack nucleation spot can be determined by tracking the Wallner line evolution. As shown in Fig. 3.3(a)(right inset), the Wallner lines growing in the opposite direction embrace a subsurface micro-crack with a length of about 87 mm that induced by the diamond wire cut. For the crack propagating along the (111) cleavage plane, the crack origin can be identified using specific surface instabilities on the (111) plane. Fig. 3.3(b) shows the crack nucleats from a subsurface micro-crack locating on the (111) plane. The specific surface instabilities extend to the opposite direction relative to the fracture origin.

Velocity dependent crack front shape

In this section, based on the fractographic analysis, we present the method to determinate the crack front shape during the steady-state crack propagation and demonstrate how When the crack propagates in a bending plate, the stress gradient along the thickness of the plate induces the decrease of the necessary energy release rate along the crack front (from maximum tension side to the maximum compression side) to drive the crack front. According to the LEFM (Eq. 1.8), at a low crack velocity where the fracture energy Γ equals to the material toughness 2γ, the decrease of the energy release rate leads to the decrease of the local crack velocity along the crack front. As a result, the crack front is curved.

As mentioned in the Introduction, in thin silicon wafer under bending [BEE 03, SHE 08] describe the crack front shape during the steady-state propagation along the (110) and (111) plane as an ideal quarter-ellipse, which contains a long 'tail' behind the quarter-ellipse. They find that the top surface of the specimen starts to crack only after full propagation of the bottom surface, so this 'tail' could be as long as the specimen width.
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However, here we find that the crack shape behaves as a quarter-ellipse only at the crack speed lower than 2700 m/s. When the crack velocity is higher than 2700 m/s, the crack shape becomes a more complex curve involving a local curvature variation, which varies with the crack velocity, on both (110) and (111) plane.

Velocity dependent Wallner line shape

As mentioned in Section. 2.1.1, when the crack propagates along the (110) plane, the Wallner lines are generated along the fracture surface during the successive interaction of the crack front and elastic waves emitted from surface defects. Based on analysis of the fracture surface correlated with the crack propagation velocity, we found that the shape of the Wallner lines is highly dependent on the crack propagation velocity. In Figs. 3.4, we present the fracture surface morphologies for ten different steady-state propagation velocities. The Wallner lines are highlighted by the red curves. For the crack propagation velocity lower than 2700 m/s, the Wallner lines are a part of an ellipse with a long 'tail' behind at the upper portion, which agrees well with the literature [SHE 08, ZHA 18a]. However, when the crack velocity is higher than 2700 m/s, the Wallner lines show a hook shape containing a local curvature kink, highlighted by the green circle in Fig. 3.4. It can be noticed that the local curvature kink evolves from the bottom to the upper surface of the specimen when the crack velocity increases.

The dependency of the height of local curvature kink of the Wallner lines on the crack propagation velocity provides us a criterion to estimate crack propagation velocity. The constant height of the local curvature kink also reveals that the crack propagates at steadystate velocity as can be seen in Fig. 3.4 when the crack velocity is higher than 2700 m/s.

Based on the formation mechanism of the Wallner lines (see Fig. 3.1(b)) as mentioned in Section. 2.1.1, the shape of Wallner lines is dependent on the crack front shape, the elastic waves speed and the crack propagation velocity. Hence, by knowing the crack velocity and the elastic waves speed, the crack front shape can be determined through the Wallner lines shape, and will be presented in the next section.

Determination of the crack front shape

A simple method to determine the crack front shape [ZHA 18a] is based on the kinetics of the Wallner lines generation as presented in Figs. 3.5(a) and 3.5(b) : for a given Wallner line generated from a surface defect, we choose a fixed time increment ∆t and discretize the Wallner line with a couple of (n) stress waves initiating from the same surface defect and radially expanding outward with an interval of C∆t, where C corresponds to the stress waves speed. Then, by horizontally recovering each discretized point on the Wallner line from bottom to top with translation length of 0, V s ∆t, 2V s ∆t, ..., nV s ∆t, we obtain n new discrete points along the crack front. The crack front shape can be finally obtained by connecting these points. It has been reported that when a moving crack in a brittle material crosses a surface asperities [FIN 03, SHA 01], stress waves will be generated which interact with the crack front at the Rayleigh waves speed. Hence, the Rayleigh waves speed the crack front shape based on the retroactive kinetics of an arbitrary segment of Wallner lines.

The scheme of the crack front reconstruction is illustrated in Fig. 3.6(a), where x and y are the crack propagation direction [1-10] and the specimen thickness direction [001], respectively.

We assume that a Wallner line is generated from the point O(x 0 , y 0 ) and extends towards the upper side of the specimen. Fig. 3.6(a) illustrates the Wallner line growth between point A and point B from time t 1 to t 1 +∆t. At the intersection point A(x 1 , y 1 ), the propagation direction of the Rayleigh wave -→ OA forms an angle γ with the x direction and the Wallner line forms a tangent angle β. When the time step ∆t is small enough, the extending velocity of the Wallner line, V W L , at the point A can be calculated in the triangle OAB : 

lim ∆t→0 OA +C R ∆t sin(β -γ) = OA sin(∠OBA) = lim ∆t→0 V W L ∆t sin((β -γ) -∠OBA) ( 3 
V W L = lim ∆t→0 (OA +C R ∆t) 2 -OA 2 sin(β -γ) 2 -OAcos(β -γ) ∆t (3.2)
where,

OA = (x 1 -x 0 ) 2 + (y 1 -y 0 ) 2 (3.3) 56 Meng WANG
After the time step ∆t, the point B on the crack front interacts with the Rayleigh wave at B. The local crack direction, which is assumed to be the normal of the local crack front (noted N l ) at the point A, forms an angle θ with the x direction. In the triangle ABB :

V W L ∆t sin(θ + π 2 ) = V S ∆t sin(θ + π 2 -β) (3.4)
thus, the angle θ can be calculated as :

θ = asin V W L sin(β) V 2 W L -2V W L V s cos(β) +V 2 s - π 2 (3.5)
Hence, the normal direction along the crack front and the crack front shape can be obtained, using the Wallner line's shape, the Rayleigh wave speed C R as a function of the crystallographic direction γ [PRA 69] and the crack steady-state velocity V s . Fig. 3.6(b) presents the crack front shapes at the steady-state for V s of 2800 m/s, 2950 m/s, 3100 m/s and 3420 m/s. Same as the Wallner lines, the front shape varies with the steady-state velocity and contains a curvature kink. The curvature jump spot is located higher along the thickness of the specimen when the crack propagation velocity increases. This curvature jump is also reflected in the Wallner lines when V s is higher than 2700 m/s.

Zhao and co-authors suggested that this phenomenon is induced by the sudden increase in the dynamic toughness of the (110) plane at 2700 m/s [ZHA 18a]. Indeed, when the crack front propagates at low velocity (< 2700 m/s), the dynamic fracture toughness along the (110) plane is nearly constant that Γ D = 2γ = 3.46 m/s [PÉR 00c, CRA 00, ATR 11a]. The local crack velocity, which is normal to the crack front, monotonically decreases from the bottom to the top of the crack front from V s to approximately 0. According to the LEFM (Eq. 3.10), the strain energy release rate decreases from bottom to the top along the crack front with a uniform distribution accommodating the local crack velocity variation, so that the crack front shape evolves with the variation of the crack front propagating velocity to adapt the necessary energy flux. Meanwhile, when the crack front propagates at high velocity (> 2700 m/s), if the dynamic fracture toughness at a local position of the crack front suddenly jumps, the local crack velocity will slow down. As a result, the gradient in local crack velocity produces a kink on the crack front. The detailed analysis will be further presented in Section. 3.

Crack plane deflection and shear wave effects in the dynamic fracture of silicon single crystal

Note that the (110) cleavage plane is the most preferential fracture path, why the crack propagates along the (111) plane ? In this section, we present the crack path deflection from the (110) cleavage plane to the (111) cleavage plane in three-line bending tests. Based on the fractographic analysis, we show how the dynamic crack behaves in response to the local stress perturbations inducing the deflection of the crack path. A general discussion on the dynamic fracture energy, and the source of the stress perturbations related to the punch line-contact in the light of control experiments of the crack propagation under and beside line-contact will be carried out in the next section.

Crack velocity versus cleavage plane

All the cleavage planes were examined through fractographic analysis, and selected fracture surface morphologies are presented in Fig. 3.7. When the crack propagates on the (110) plane, primary fracture surface marks, i.e. the Wallner lines [WAL 39] can be identified. These lines evolve with respect to the crack steady-state velocity V s , as can be seen in Figs. Owing to the (110) pre-crack, the cracks initiate on the (110) plane for all the tests. However, four different crack propagation scenarios have been identified. The first case, where the crack propagates stably on the (110) plane, is named full (110) cleavage plane and denoted by blue marks in Fig. 3.8. The second case, where the crack deviates to the (111) plane only at the upper portion of the fracture surface and quickly returns back to the (110) plane, is named partial crack deflection and denoted by purple marks in Fig. 3.8. The third case, where the (110)-(111) plane deflection covers the whole fracture thickness, followed by a recovery onto the initial (110) plane, is called complete crack deflection and represented with red marks in Fig. 3.8. The fourth scenario, where the deflection is maintained until the end of the fracture process, is called full (111) cleavage plane and represented by green marks in Fig. 3.8.

The tests carried out with pre-cracks under and beside the contact line are shown in Fig. 3.8 with square and circle marks, respectively. It is found that when the crack propagates under the contact line, the cleavage plane deflection occurs at about 1600 m/s (40 MPa). Then as the crack velocity increases, the (110) cleavage perturbation develops from the partial crack deflection to the complete crack deflection at 3300 m/s (90 MPa) and finally to the full (111) cleavage scenario at 3600 m/s (150 MPa). However, when the crack propagates 2 mm away from the contact line, one can notice that the fracture deflection takes place at a higher crack velocity for each scenario compared to the first loading configuration. In general, the complete crack deflection always occurs beyond 3400 m/s in the present three-line bending tests, even if the direct contact effect is discarded, as for the second loading configuration. This fracture behavior is different from that observed during four-line bending tests in which the crack stably propagates on the ( 110 

Cleavage plane deflection

As presented in Fig. 3.8, the crack plane deflection phenomenon involves a strong dependence on the crack velocity as well as the cracking position relative to the contact line. The partial and complete deflection behaviors will be described in detail in this section. 
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Fractographic examination of as-sawn crystalline silicon wafer

Partial crack deflection

Fig. 3.9 presents the reconstruction of the fracture surface for a partial crack deflection case under the contact line with σ f = 79.18 MPa and V s = 3100 m/s. The first 20 mm of the fracture surface is shown at the center of the figure, surrounded by close-ups of high magnification for 6 different locations along this crack surface (Figs. 3.9a -f). The crack surface at the center was observed from the [110] direction so that the bright zone represents the (110) cleavage plane due to the full light reflection and the dark zone presents the (111) cleavage plane. As shown in Fig. 3.9a, the first partial crack deflection occurs at the crack initiation position. The crack nucleates on the (110) plane from the bottom surface of the specimen. Very smooth fracture surface can be noticed close to the initiation spot. When extending to the upper surface, the crack deflects onto a (111) plane at a height of approximately 0.5h, where h denotes the specimen thickness. The crack front is therefore non-planar to accommodate the misorientation between the (110) and the (111) planes, at an angle of 35.26 • . However, as shown in Fig. 3.9b, the crack comes back to full (110) plane after a propagation distance of 3.05 mm. Two other partial deflections (see Figs. 3.9c and 3.9e) arise at about 6.83 mm and 15.04 mm, involving an extension length of 2.9 mm and height of 0.4h prior to full (110) cleavage recovery (see Figs. 3.9d and 3.9f). The fracture process beyond 20 mm is not shown here but consists of the ( 110 suggests that the partial deflection is an occasional and transient phenomenon.

Focusing on the deflection surface, some secondary lines (SL) can be observed between the (110) and the (111) cleavage planes, highlighted by the green dotted lines in Fig. 3.9. In Fig. 3.9c, at the beginning of the deflection section, the red dotted rectangle indicates the so called crack flip-flops reported in [SHE 05]. These unstable short-range Meng WANG crack undulations are considered as the onsets of SL. As the SL extend, the perturbation of the (110) plane takes place and the deflection tends to expand toward the lower side of the crack surface (see Figs. 3.9a and e). Albeit the (110) plane is perturbed, the fracture surface encompasses only a part of (111) plane in the upper side. Besides, the Wallner lines keep very similar shapes after the partial crack deflection, as it can be seen in Figs. 3.9b, d andf. This indicates that the crack deflection has little effect on the crack steady-state velocity.

Another reconstruction for a partial crack deflection of the fracture surface for the test with pre-crack under the contact line with σ f = 84.15 MPa and V s = 3160 m/s is presented in Fig. 3 

Complete crack deflection

When the crack is driven by higher fracture stress, the (110)-(111) deflection is more extensive. Figs. 3.11 display a complete crack deflection during the fracture process under the contact line with σ f = 103.5 MPa and V s = 3420 m/s. As highlighted in Fig. 3.11(a), the deflection at the fracture initiation is similar to the case of partial crack deflection where the crack initiates from the (110) plane and deflects to the (111) plane when extends to the upper side as shown in Fig. 3 

Fracture behavior in deflection zone

Deflection surface morphology

In the crack deflection regions, complex surface morphologies are observed. This is presented by the fractographies containing half topographic feature for three cracks propagating under the contact line at V s of 2800 m/s, 2950 m/s and 3620 m/s, respectively (Figs. 3.12(a), (b) and (c)). The fracture surface encompasses a dark zone and a bright zone, corresponding to the (111) plane and the (110) plane, respectively. The SL highlighted by green lines nucleate at the upper side of the crack surface. At the early stage of the crack deflection, the crack deflects along the SL (highlighted by the green continuous lines). The fracture surface profiles at this stage are measured along the [001] direction by laser scanning profilometry and are shown in Fig. 3.13. The schematic drawing of the cleavage planes and SL is given on the right side in Fig. 3.13. The surface undulations on the (110) plane correspond to the fracture surface markings, while the large undulation between the (110) and the (111) plane represents the SL. It can be observed that the crack plane switches from the (110) plane to the (111) plane once encountering the SL which act as the boundaries between the (110) and the (111) plane. In the case of partial crack deflection as shown in Figs. 3.12(a) and b, with the SL expanding into the lower part of the fracture surface (highlighted by green dotted lines), the crack plane stays on the (110) plane instead of jumping to the (111) plane. Nevertheless, the lower part is not sitting on a planar (110) plane, as it is still perturbed and deviated from the perfect (110) plane. This perturbation is progressive and manifests in line with the SL (highlighted by black arrows). Conversely, for the case of complete crack deflection shown in Fig. 3.12(c), the crack plane sharply deflects from the (110) plane to the (111) plane through the whole wafer's thickness, and the deflection is perfectly in line with the SL. These observations imply that the crack deflection behavior is related to the SL.

Secondary Wallner lines

What are the SL ? Similar to the Wallner lines, the shape of SL depends on the crack velocity, as reflected by the different tilt angles for the crack cases presented in Figs. 3.9a, 3.11a and 3.12. Generally, fracture surface marks are produced by the interactions between the moving crack front and the elastic waves, and the amplitude of the marks corresponds to a decay with respect to the nature of the elastic waves, for instance a linear decay for the Wallner lines generated by surface waves [WAL 39, BON 03, SHA 04] and an exponential decay for the front wave traces generated by solitary waves [MOR 98, SHA 01, SHA 04]. Therefore, the decay behavior is crucial to identify the nature of the SL.
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Meng WANG The SL should be generated when the crack front interacts with the expanding surface waves. In order to establish the relationship between the SL and the crack front, the crack Meng WANG front shape is reconstructed via the retroactive kinetics of the Wallner lines and the elastic waves, so that the speed of surface waves can be calculated.

As shown in Fig. 3.15(a), we suppose that the SL are generated at point O by means of surface waves propagating at V SW to the lower side of the specimen, and interacting with the crack front at a velocity of V SL . The direction of V SW and V SL forms an angle ϕ and α with the x direction, respectively. With the local crack normal direction, N l defined in Fig. 3.6a and Eq. (3.5), V SL can be expressed as :

V SL = V s sin(θ + π 2 ) sin(α + θ + π 2 ) (3.6)
With the same principle as Eqs.( 3.1) and (3.2), V SW can be calculated by :

V SW = lim ∆t→0 (V SL ∆t) 2 + 2V SL ∆t * OA * cos(α -ϕ) + OA 2 -OA ∆t (3.7)
Figure 3.15(b) shows the V SW in the case of V s = 2800 m/s, 2950 m/s, 3100 m/s and 3420 m/s, with α varying from 7.5 • to 20 • . The errorbar corresponds to the crack propagation velocity uncertainties. It can be noticed that the surface waves expand at around the Rayleigh wave velocity. Moreover, due to the small curvature variation of SL, it is found that the V SL is similar to the V SW . Since both V SL and the front wave speed are close to the 66 Rayleigh wave speed [MOR 00, SHA 01], the SL are superimposed with the front wave traces at the lower part of the crack surface, as it can be observed in Fig 3 .12.

From the analysis above, it is found that the undulation amplitude of SL, A SL decays with the 1/r 2 rate (see Fig. 3.14) and the original elastic waves generating the SL propagate at the Rayleigh wave speed (see Fig. 3.15(b)). Hence, we can refer to the SL as secondary Wallner lines (SWL), to differ from the primary Wallner lines generated from 68

Meng WANG the specimen surface flaws (see Fig. 3.7). The unstable short-range crack undulations (see Fig. 3.9(c)) are the signature of the SWL initiation involved in the crack deflections. Moreover, as the plane deflection locally breaks down the pure mode I fracture configuration by introducing a mode III due to the shear stress component, we conclude that the SWL are engendered by anti-planar shear waves propagating from the upper to the lower side of the fracture surface. The anti-planar shear waves likely result from the contact between the specimen and the punch roller, as it will be discussed later in section 4.3.

Local crack velocity

During the (110)-( 111) crack deflection, the non-planar fracture plane implies that the crack front is twisted when the crack deflects from the lower (110) plane to the upper (111) plane. The crack local velocity V l , normal to the crack front, is calculated by :

V l = V s cos(θ) (3.8) Meng WANG
As shown in Fig. 3.16(c), V l on the steady-state (110) plane and the (110)-( 111) deflection zone are determined using the Wallner lines (highlighted in Figs. 3.16(a) and (b)) unfolded on the same plane. The horizontal blue dotted line (Fig. 3.16(c)) at 0.35h presents the height of the point #2 in Fig. 3.16(b), which corresponds to the cross-point between the primary Wallner line and the first SWL observed along the fracture surface. Thus, the portion of the crack front higher than the point #2 is affected by the anti-planar shear waves while the lower portion is not affected. The black horizontal dotted line (Fig. 3.16(c)) at 0.46h presents the height of the point #1 in Fig. 3.16(b), which corresponds to the onset point of the ( 110)-( 111) deflection. Under bending load, the local crack velocity, V l decreases from the lower part to the upper part of the specimen thickness. However, V l in the case of (110) cleavage, highlighted by the black marks in Fig. 3.16(c), locally increases and decreases again at the curvature jump of the crack front. This in-plane local velocity oscillation was considered as the source of front waves in [ZHA 18a]. In particular, V l in the ( 110)-( 111) deflection zone, highlighted by the blue marks in Fig. 3.16(c), decreases faster than that in the steady-state (110) cleavage. This is likely related to the interaction between the crack front and the shear waves in the deflection zone. Indeed, the crack front is locally deviated by the shear waves and deflects away from the (110) plane, hence the increase of effective dynamic fracture toughness during the ( 110)-( 111) transition induces a decrease of V l compared with the steady-state (110) cleavage case. Furthermore, when the crack surface deflects on the (111) plane, the crack front twists at point #1 with a variation of θ. Consequently, V l drops from 1760 m/s to 1500 m/s across the onset of the crack plane deflection. Since the dynamic fracture energy relates to the crack velocity [CRA 00], the local crack velocity drop enables assessing the dependency of the cleavage plane toughness to the crack velocity. This will be addressed in section 4.1.

Cleavage plane recovery

The (111)-(110) recovery phenomenon described in section 3.2 implies that the (110) plane is a more favorable fracture path than the (111) plane, in the present loading configuration. As indicated in Fig. 3.9, Fig. 3.10 and Fig. 3.11, the deflection takes place first in the upper portion of the fracture surface, where the local crack velocity is very low, and then extends to the lower portion of the fracture surface, where the local crack velocity is much higher, until the (110) dominates the whole crack path.

Why does the (111)-( 110) recovery initiate from the low speed portion ? Indeed, when the crack switches from the (111) plane to the (110) plane under bending, there are two possibilities illustrated in Fig. 3.17. One is that the deflection initiates from the lowest point, where the local velocity coincides with the global velocity and is the largest, see Fig. 3.17(a). The other is from the highest point, where the local velocity is almost zero, see Fig. 3.17(b). Assuming that the recovery is instantaneous, for the first possibility, the crack needs to rotate twice 90 • , while a single rotation of 35.6 • is involved for the second one. This clearly shows that the recovery takes place easier from the upper side to avoid large angle mismatch during the recovery.

Furthermore, the recovery is not instantaneous even though initiating from the low 70

Meng WANG This correlation suggests that high crack velocity is not prone to the crack recovery, even when the recovery is in favor of the most energetically favorable fracture plane, i.e. the (110) plane here. The fact that the high velocity impedes the crack plane change is likely a signature of the crack front inertia generated from the crack tip-shear waves interaction at the crack deflection zone, as proposed by [GOL 10b]. It has been shown in Fig. 3.8 that the (110) recovery was not observed when the crack velocity is higher than 3650 m/s. However, this result is obtained with a specimen length of 50 mm, and the emergence of the (110) recovery is expected with larger specimen size.

Transient crack velocity determined with secondary Wallner lines

According to the relationship between the Wallner lines and the crack front, as shown in Fig. 3.6(a) and 3.15(a), we propose here a small scale method to measure the global crack velocity in the transient phase V transient , i.e. the phase between the crack initiation and the steady-state. With Eqs. (3.4) and (3.6), V transient can be determined as :

V transient = V SL V W L sin(α + β) V SL sin(α) +V W L sin(β) (3.9)
where V SL is obtained from Eq. (3.7) by replacing V SW with C R . Based on this method, Meng WANG
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The fracture toughness of low energy planes in silicon has been calculated with fulldensity functional molecular dynamic simulations, as Γ 111 0 =2.88 J/m 2 and Γ 110 0 =3.46 J/m 2 [PÉR 00c]. When the load is perpendicular to the (110) cleavage plane, which is the case in this work, the effective fracture dissipation of the (111) plane becomes Γ 111 * = Γ 111 0 / cos(35.26 • ) = 3.53 J/m 2 due to the 35.26 • tilt angle (see Fig. 2.5(a)). Thus, the (110) plane is the lowest energy fracture path under the present three-line bending tests.

As shown by experimental results, at low V s , the crack propagates solely on the (110) plane. As V s increases, the (110)-( 111) crack deflection occurs and the complete crack deflection rises at V s > 3300 m/s. In line with these observations, a theory of dynamic fracture toughness evolution [SHE 04,SHE 05] was proposed, such that as the local crack velocity increases, the dynamic fracture energy of the (111) plane Γ 111 D would become lower than that of the (110) plane Γ 110 D , as a result of different evolution rates. However, the stable (110) cleavage under tension [HAU 99, CRA 00] and four-line bending load [ZHA 17, ZHA 18a] at high crack velocity (up to 0.85C R ) reveals that aforementioned theory might not be generalized.

Dynamic fracture energy of (110) and (111) plane at crack deflection point

For the elastodynamic crack propagation in a brittle solid, the Freund condition [ FRE 98] can be used to determine the dynamic fracture energy Γ D , based on the energy balance with the energy release rate G, the crack propagating velocity V and the Rayleigh wave speed C R :

Γ D = G(1 - V C R ) (3.10)
Equation (3.10) predicts that a variation of Γ D , G or C R will induce an instantaneous change on the crack velocity V . Upon the cleavage plane's deflection during the crack propagation, the local crack velocity drop highlighted in Fig. 3.16c is hence generated by the sudden variation of the dynamic fracture energy and the Rayleigh wave speed. In this respect, the local velocity drop enables to estimate the variation of Γ D at the deflection position.

In order to compare Γ 111 D and Γ 110 D around the crack deflection point, only the (110)-( 111) transition zone at the beginning of the crack deflection is taken into account to ensure that the crack front standing on the (110) plane rests planar. The local crack velocity drop (see Section. 

= G 111 G 110 C 110 R (C 111 R -V 111 l ) C 111 R (C 110 R -V 110 l ) (3.11)
We presume that the energy release rate is continuous along the crack front and no instantaneous jump occurs at the deflection points. Thus, the ratio of G 111 to G 110 is set equal to one. Fig. 3 cleavage systems [SHA 18], which is also in contrast to their theory of dynamic fracture toughness evolution.

Crack deflection and recovery

What is the main reason for the crack deflection ? When comparing the crack deflection phenomena between the two pre-crack positions shown in Fig. 3.8, one can notice that the crack deflections occur at higher velocity for the crack propagating 2 mm beside the contact line than that propagating under the contact line. This clearly indicates the influence of contact perturbations. According to Hertz's contact theory [JOH 87], both the contact half-width and the depth of the maximum shear stress under the contact line are less than 10 µm for all tests. In this sense, this dimension is small compared with the total specimen thickness 200 µm, hence, the static contact stress field should have little effect on the crack propagation.

From the previous analysis, it is found that the crack deflection involves the SWL and develops along these lines. Considering that the Wallner lines result from the crack frontshear waves interactions, the crack front is thus locally perturbed by the shear stress component, leading to a mixed-mode fracture. At the fracture initiation, the crack passes from static to dynamic state with a steady-state crack propagating velocity. Fig. 3.19 shows that this transition is extremely fast. Under the constant displacement loading configuration, the contact stresses under the punch line are suddenly released, accompanied by the drop of the external load. Hence, in the light of the crack deflection at crack initiation, we propose that shear waves are engendered upon sudden release of the contact stress. Due to the diamond-sawn surface of the wafer, the surface roughness leads to multiple point-contact scenarios instead of a perfect line contact. The surface roughness can break the symmetry of the contact stress field [BAI 91,NOG 97]. Hence, anti-planar shear waves will be generated and promote the crack deflection. In the light of the intermittently subsequent partial crack deflections (as seen in Fig. 3.9c and d), we suppose that shear waves are released the local contact overstresses weaken and the effect of shear waves disappears. Upon the crack initiation, since the crack front expands from the bottom of the fracture surface, the crack front interacts with shear waves in the middle of the fracture surface. Upon the crack propagation, this interaction raises from the top side of the crack front, since the crack front is well developed. This explains why the crack deflection at the crack initiation occurs in the middle of the fracture surface and subsequent crack deflections occur near the top surface of the specimen.

The strength of the shear waves depends on the contact stresses. When large contact stresses are released, as in the case of high fracture stress, the shear waves have a strong effect on the crack deflection. As a result, not only the (110)[001] cleavage system will deflect to the (111) cleavage system in the presence of any slight shear contribution [KER 08b], but the total (110) cleavage system would switch to the (111) cleavage system. Hence, when the fracture stress is sufficiently high, as in the high crack velocity case, the (110)-( 111) crack deflection will develop exactly along the SWL (see Fig. 3.12c). Moreover, since the shear waves are characterized by a strong decay (following a 1/r 2 decay), the (110)-(111) deflection may not develop through the total specimen thickness and the partial crack deflection occurs. Besides, the deflection for a crack propagating 2 mm beside the contact line will engender at a higher fracture stress than that under the contact line due to the decay of the shear waves prior to affecting the crack front.

When the contact induced shear waves disappear along the crack propagation, the (111)-( 110) crack recovery takes place. This implies that the crack always pursues the most preferential cleavage plane. The dependence of the recovery length on the crack velocity indicates that the (111)-(110) deflection is independent of the previous shear waves perturbations. Since the local crack velocity at the lowest side of the crack front is maximum (see Fig. 3.16c), so is the dynamic fracture energy, the crack recovery from the lowest side is not energetically favorable. Hence, the crack recovers to the (110) plane from the top side of the specimen and progressively spreads to the lower side to minimize the extra energy dedicated to the crack plane switch. In this respect, the fracture path in the absence of stress perturbations in crystalline silicon conforms to the principle of minimum energy dissipation.

Experimental validation of the shear waves effect

In this part, we present a typical fracture result to highlight the shear waves effect on the cleavage plane deflection. The fracture test was carried out under the bending tests, in which no pre-crack was produced in the silicon specimen [ZHA 18b]. It was found that the first crack nucleates and propagates straightly right underneath the punch roller. Afterward, since the sudden release of the curvature of the bent specimen generates a burst of flexural waves that lead to local overstresses of the specimen [AUD 05b], multiple cracks appear. Here, we focus only on the initiation of the first crack where the stress waves generated by other cracks have no influence yet. Fig. 3.21 shows the fractography of the crack initiation and propagation of about 1.8 mm. It can be noticed that the crack initiates from a wire-sawing induced sub-surface micro-crack. The fracture history is outlined below :
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• The fracture initiation takes place on the (110) plane which produces a smooth fracture surface and the primary Wallner lines appear. The fracture origin is located near the half length of the specimen, so the crack propagates in two opposite directions, as can be reflected by the opponent expanding direction of the primary Wallner lines.

• When propagating to the right side, quickly, the crack front is affected by the shear waves emitted from upper part of the crack surface to the lower part, and secondary Wallner lines are generated. Meanwhile, the deflection nucleates and the crack front gradually deflects from the (110) plane to the (111) plane during the crack front-shear waves interaction. The crack finally propagates on the (111) plane at about 0.6 mm as highlighted by the close-up fractography after the shear waves perturbations.

• However, when the crack propagates to the left side, no secondary Wallner lines appear on the fracture surface, hence the crack front is not affected by the shear waves perturbations. As a result, the crack propagates stably on the (110) plane.

• From the morphology of the fracture surface, one can infer that the crack fast acce-
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Conclusion and remarks

lerates to the steady state propagation velocities for both sides, which are equal to about 3500 m/s. This velocity corresponds to 78.5% of the Rayleigh wave speed. This experimental result clearly evidences the shear waves effects on the moving crack front which leads to the (110)-(111) crack deflection under contact perturbations. Discrete contact points with various heights lead to different strength of the local contact overstress. Hence, we suggest that the burst of shear waves only occurs at one side of the crack propagation direction is due to the random surface roughness of the as-sawn silicon wafer.

Conclusion and remarks

The fractographic analysis provides the possibility to systematically investigate and understand the material failure, especially for the brittle fracture in the case where the whole fracture of material occurs abruptly. Concerning the fracture of the solar-grade single crystalline silicon wafer, it is found that the fracture origin is commonly due to the subsurface micro-crack induced by the diamond wire sawing. Once initiating, the fracture of the silicon wafer takes places very fast since the crack instantaneously accelerates to a high propagation speed.

Jointly with the high speed-imaging technique and the controlled pre-crack, the dynamic fracture behavior during the failure of the silicon wafer can be studied, using the fractographic analysis. The (110)-(111) cleavage deflection of the (001) single crystal silicon wafer has been revisited based on a large amount of three-lines bending tests. Contact effects have been investigated using two crack positions (right under the contact line and 2 mm beside) and fractographic analysis. It is deduced that the contact induced shear waves affect the crack propagation. The crack front-shear wave interaction impels the crack to deflect from the (110) plane to the (111) plane and leaves secondary Wallner lines on the fracture surface. Besides, the (110)-(111) crack deflection tends to dominate the whole fracture surface when encountering high-strength shear waves. Moreover, we highlight that the dynamic fracture energy of the (111) plane is always higher than that of the (110) plane until a crack velocity of 0.4C R . In spite of complete (110)-(111) crack deflection, the (111) cleavage is not permanent and the crack recovers to the (110) cleavage plane. The (111)-(110) recovery occurs even though the crack velocity reaches 0.8C R , confirming that the fracture energy criterion dominates the cleavage plane selection even in high speed fracture process.

Outlook

• Microbranches When propagating at high velocity, the crack front performing as a 'single' planar front at low velocity, however, becomes unstable and the microbranching instability occurs. The instability appears at a critical crack velocity of about 0.3C R -0.4C R , where C R is the Rayleigh wave speed. It has been observed in amount of brittle materials, such as glass
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[SHA 99, SHA 02], poly-methyl-methacrylate (PMMA) [SHA 96a, SHA 96b, SHA 99] and brittle polyacrylamide gel [LIV 05, BOU 15]. Above critical velocity, microscopic crack branches sprout from the main crack that extend away for a short distance inside the material and disappear. This is differs from the macroscopic crack bifurcation where a single crack separates into multiple cracks propagating at different directions. 

Outlook

while the rest extends inside the material. However, the behavior of microbranches inside the material remains to be discovered. The crack front shape (green curve) reconstructed from the Waller line (red curve) is shown. It can be noticed that the onset of microbranching phenomenon is spatially continuous and localized, which emerges at the higher local crack velocity side and extends to the lower local crack velocity side along the normal direction of the crack front, and finally dies at approximate the height of 0.45h, where V l = 0.59C R , as shown in Fig. 3.22(b). The spatial localization of the microbranches is the result of the bistable-state coexistence of the planar crack front and the local crack branches [LIV 05, BOU 15].

With the occurrence of microbranches, some special surface markings pointing to the lower side of the fracture surface appear right behind the microbranches, as highlighted by the orange line in Fig. 3.22(a). These markings emerge without interruption from the microbranching lines and form a corrugated fracture surface. [SHA 02, LIV 05] first reported that crack front waves will be generated by the microbranching events due to the local jump of the fracture energy dissipated via microbranches, and leave typical surface marks on the fracture plane. The crack front waves are found as nonlinear entities which behave like solitary waves [SHA 01]. Hence, it will be interesting to study : do these surface markings are crack front waves traces ? how do they emerge ? and what are their characteristics ? With these questions, the next chapter will focus on the investigation of corrugated fracture surface traces of single crystalline silicon wafer.
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Chapter 4

Rapidly propagating crack front and self-emitted corrugation front waves Elastic waves are fostered when dynamic crack front travels through material heterogeneity. The interaction between the elastic waves and the crack front leads to the out-of-plane motion of the crack and alters the morphology of fracture surface. Among them crack front waves are predicted as solitary waves that propagate solely along the crack front in linear elastic medium. However, due to various characteristics of different elastic waves, the crack front dynamics under the wave perturbation and the corresponding fracture surface patterns remain elusive. Here, we show that in single crystalline silicon excluding material asperities, local intrinsic heterogeneity of fracture toughness kinks crack front and continuously produces nonlinear elastic waves, which we call corrugation waves because they incorporate periodic out-of-plane component. These waves twist the crack front and generate periodic markings on the fracture surface. They grow from angstrom amplitude to few hundreds of nanometers and propagate with long lifetime at a frequency-dependent speed, while keeping a scale-independent shape. In particular, the corrugation waves collide in a particle-like manner rather than proceeding with a linear superposition upon interaction, which presents a characteristic of solitary wave motion.
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Introduction

Crack propagation is the main cause of catastrophic material failures. It has been intensively studied for decades but remains challenging due to intricate dynamic behavior in link to atom vibration. Linear elastic fracture mechanics (LEFM) [FRE 98] describes crack tip in two-dimensional media as an energy sink, around which all the dissipation processes when the crack propagates. The crack propagation speed v is determined by the balance between the elastic energy flux into the crack tip G and the dynamic fracture energy Γ(v) (the energy needed to create a crack of unite area with speed v). In three dimensional (3D) systems, crack front geometry should be considered. The local crack velocity at every point of the front v l is governed by the local energy balance G l = Γ l (v l ) which controls the global fracture dynamics [RAM 97b, KOL 18].

Crack front is generally stable under pure tension (mode I) which produces 'mirrorlike' fracture surface [RAM 97a, CRA 00], while fluctuation of the fracture energy breaks the stability and generates 3D markings on the fracture surface [FIN 91, PON 10, CHE 17]. A recent study [KOL 18] showed that the crack front develops a localized 'cusplike' shape in response to asymmetric energy sink which leads to the faceted fracture surface. In brittle amorphous materials, translational symmetry of the crack tip breaks and micro-cracks branch out from the main crack at v 30% -40% of the Rayleigh wave speed, generating the so-called micro-branching instabilities [SHA 96a, BOU 15]. In brittle gels, the straight crack becomes oscillatory due to near-crack nonlinear elastic fields at ultrahigh-speed (v ∼ 90% of the shear wave speed) achieved by suppressing the microbranching event in very thin samples [LIV 07, CHE 17].

Elastic waves can also destabilize the crack. Shear waves emitted from material flaws or ultrasonic transducers have been shown to twist the crack front and generate the wellknown Wallner lines [BON 03, WAN 19]. Lamb waves emitted by the propagating crack during the debonding of implanted silicon layers interact with the crack front after reflection from the specimen boundaries and leave periodic surface patterns [MAS 18]. Among others, crack front waves have been first numerically predicted as the production of interaction between a moving crack front and local inhomogeneities with different fracture toughness [MOR 98, MOR 00]. These waves propagate along the crack front and locally change the in-plane dynamics of the crack. Out-of-plane components [WIL 97, ADD 13] were later on revealed by extended modelling studies. Surface markings produced by crack front waves were first reported in fracture tests on brittle soda-lime glass incorporating artificial material asperities [SHA 01, SHA 02], and then observed on the fracture surface of the brittle polyacrylamide gels generated from the microbranches [LIV 05]. However, the triggering of the crack front waves through intentional material flaws makes the study debatable [BON 03, SHA 04, BON 04], since the possibility of Wallner line generation cannot be clearly excluded. More recently, in the fracture test of as-sawn single crystalline silicon wafer under pure bending load, [ZHA 18a] found that the crack front involves a local velocity fluctuation and generates periodic undulation on the fracture surface at high velocity. The authors suggested that these surface markings are traces of crack front waves resulting from the local crack velocity fluctuation. Since Wallner lines 4. Rapidly propagating crack front and self-emitted corrugation front waves are also present on the fracture surface, no in-depth characterization of these markings has been performed in their work.

In this chapter, we investigate the special fracture surface markings at both macro and micro scale of the single crystalline silicon wafer under pure bending, which exclusively arise in high-speed cracks. The objective is to validate the proposal of self-emitting elastic waves and characterize their attributes. Both as-sawn silicon wafers and mirror-polished silicon wafers are used to study the crack front behavior and the surface corrugations excluding influences of the Wallner lines, respectively. We propose that the special surface markings are generated by a new kind of nonlinear elastic waves, namely corrugation waves, that nucleate from intrinsic heterogeneity of fracture toughness or micro-branching events during high-speed crack propagation. We demonstrate that the dynamic fracture energy along the crack front, depending on the crystallographic direction, performs an abrupt increase from twice surface energy at critical velocity. This jump coincides with the emergence of out-of-plane corrugation waves which run along the crack front and twist the crack front to leave well-defined surface corrugation markings. Besides, the corrugation waves were found to be nonlinear entities, exhibiting a scale-independent shape along the steady-state crack front and a long lifetime with the amplitude down to angstroms. This fulfills, in some respects, the solitary character of the front waves [SHA 01]. Furthermore, we show, in addition to the a scale-independent characteristic shape [SHA 01], two unrevealed attributes of these waves : nonlinear dispersion and soliton-like interaction.

2 Materials and experimental methods 100 experiments, including 30 on mirror-polished silicon samples (section 1.4 in Chapter 2) and 70 on as-sawn silicon samples (section 1.3 in Chapter 2) were carried out under four-line bending tests (section 3 in Chapter 2). The dimensions for polished and as-sawn silicon samples are 50 × 30 × 0.17 mm 3 and 50 × 50 × 0.19 mm 3 , cut from (001) silicon wafers with a doping concentration (p-type) of 5.44 x 10 15 atoms/cm 3 . The single crystal is oriented such that the surface of specimens is perpendicular to the [001] direction and the two edges are parallel to the <110> directions. A single crack was driven from a (110) seed crack introduced at the center of the sample edge using a Vickers indent. The crack velocity was measured by the high-speed camera (Phantom V710). For the as-sawn silicon samples, we recorded images with a spatial resolution of 97.6 µm/pixel and an acquisition rate of 180,000 frames per second. For the mirrorpolished silicon samples, we recorded images at a spatial resolution of 89.3 µm/pixel and an acquisition rate of 340,000 frames per second. The uncertainties on crack speed measurement are 70 m/s and 121 m/s for as-sawn and mirror-polished samples, respectively, since we took an uncertainty of 4 pixels on the crack tip location.

Abundant tests were performed to ensure the reliability of the experimental results. Thanks to various seek crack sizes, a wide range of steady-state crack velocities v s , from 960 m/s (0.22c R ) to 3650 m/s (0.82c R ) was obtained, allowing extensive examination on crack dynamics.
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Meng WANG It has been shown in Chapter 3 (section 2.2) that the crack front involves a local curvature kink at v s > 2750 m/s (0.62c R ). In this section, we will focus on the dynamics of the crack front under pure bending based on the fracture tests on as-sawn sample, to explain why this local kink of the crack front occurs. 110) plane [PRA 69] was used in this work. The Wallner lines shape were determined via the striking visual differences through the microscopic observations thanks to the contrasting light intensity of the peak and valley of the Wallner lines or the topographic measurements through the laser scanning profilometer (Altisurf-500). At v s < 0.62c R , the crack front exhibits a quarter-ellipse shape. At v s > 0.62c R , jointly with the Wallner lines kinks, we found that the crack front incorporates a local kink as highlighted by the red circles in Fig. 4.1. The kink appears at a higher position along the crack front with the increase of v s . The local crack front velocity v l , which is normal to the crack front and forms an angle θ relative to the x direction (Fig. 4.2(b)), is given by v s cos(θ). As shown in Fig1. 4.2(b). in low-speed cases, v l monotonically decreases from bottom to top along the crack front, while in high-speed cases, the local kink of the crack front is reflected by a v l fluctuation. What determines the crack front motion ? As the crack front advances, a driving force must be provided to the crack in order to create new fracture surface, i.e. the stored mechanical energy release rate G. In the case of quasi-static crack propagation, G is equal to twice surface energy 2γ. While in the case of a dynamic crack propagation, G is balanced with the dynamic fracture energy Γ(v) including all material and crack velocitydependent energy dissipations [FRE 98, SHA 99, BUS 01]. LEFM [RAM 97b] describe 88

Crack front kinks
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Meng WANG the local energy balance for every position along the crack front as G l = Γ l (v l ), where v l is the local crack velocity normal to the crack front, Γ l is the local fracture energy and G l is the local energy release rate.

When the applied load to the crack is time-independent, the local energy balance for a steady-state propagating crack can be given by :

Γ l (v l ) = G l (L)(1 - v l c R ) (4.1) 
where G l (L) is the local energy release rate for a crack at rest of length L, which is independent of v l but determined by the sample geometry and the applied loading. Equation (4.1) implies that a sudden variation in Γ l will induce a corresponding variation in v l . Hence, the v l fluctuation is expected to be the consequence of a local fluctuation of dynamic fracture energy.

Anisotropic dynamic fracture toughness

Equation (4.1) is strictly applicable to the crack propagation in a bounded body before the stress waves reflected from the boundaries, which perturb the stress field around the crack front [ FRE 98]. Hence, in order to calculate G l (L), only the crack geometry at the very beginning of the steady-state regime was simulated assuming that the crack front was not perturbed by these stress waves 1 . We used the commercial finite element (FE) software Abaqus 6.14-5 to calculate the strain energy release rate G l along the crack front. The computation took into account the experimental condition and the crack front shape. For each simulation, the seek crack length and the crack geometry at the very beginning of the steady-state regime was modelled, which were determined by the post-mortem analysis of the fracture surface, as shown in Figs. 4.3. Half of the system was considered due to the symmetric configuration with respect to the fracture plane. The stiffness matrix of the orthotropic elasticity of the single crystalline silicon was used as reported in [ZHA 16b]. The silicon sample was meshed by 20-node quadratic brick elements with reduced integration (C3D20R element in Abaqus), and the crack front was surrounded by 15-node quadratic triangular prism elements (C3D15) to well represent the crack-tip sharpness. Moreover, a mesh refinement (down to 3 µm) was employed around the crack front to obtain higher accuracy of the stress field which is critical for the contour integration computation. The number of elements varied from 38300 to 86000 depending on the dimension of the crack front. The model was first validated through the coincidence of the experimental and numerical load-displacement curves prior to fracture (see Figs. 4.4). The morphology of the seed crack was not considered since the influence of the seed crack on the crack front behavior at steady-state is 1. One can assume that the crack front propagates along the (110)[1-10] direction at a mean velocity of 1000 m/s, and the longitudinal waves are emitted at the crack initiation, which propagate along the (110)[110] direction at a velocity of 9183 m/s [MAD 02]. After the wave reflecting from the sample boundary and reaching the crack. The crack front has propagated a distance of 5.44 mm and has attained the steady-state before it is affected by the longitudinal waves The out-of-plane corrugations on the crack front presenting a nano-scale dimension could not be addressed by the present FE simulations. However, the influence of these corrugations on the stress field can be neglected since the J-integral takes contours far away from the crack front. The strain energy release rate along the crack front was calculated using the J-integral method [RIC 68] when the applied punch displacement in the simulations reached the punch displacement upon fracture in the experiments.

Seven cracks with v s varying from 0.38c R to 0.80c R are analyzed. The results of G l (L) distribution along the crack front as a function of normalized vertical position y/h for different v s cases are shown in Fig. 4.5(a). The G l (L) increases monotonically along the crack front from top to bottom, while a local fluctuation appears due to the curvature kink of the crack front. The local dynamic fracture energy Γ l is then calculated using v l (Fig. 1b), G l and c R [PRA 69]. The Γ l distribution along the crack front for each v s is presented in Fig. 4.5(b). The error bars were generated by the uncertainties on the v s measurement. It is found that Γ l is almost constant for v s < 0.60c R , while it significantly increases for v s > 0.65c R , manifesting as a local jump at different heights for different v s . The sharp variation of Γ l along the crack front occurs at a higher position along the crack front at 90Meng WANG Why does the fracture energy jump at a local position on the crack front ? In the case of dynamic crack propagation, the crack growth criterion applied on the crack front depicts that the relationship that the fracture energy must satisfy the resistance of the material to the crack growth. This resistance, i.e., the dynamic fracture toughness, includes the small-scale dissipations of the advance process of the crack front, which depend on the material and the crack velocity [FRE 98]. Fig. 4.6(a) shows Γ l as a function of the v l for the same seven calculations. The local crystallographic direction varying from [1-10] direction (0 • ) to [001] direction (90 • ) is reflected by the color code. Γ l should be considered as the dynamic fracture toughness here. Several phenomena are brought to light : Γ l at v l <0.46c R is nearly constant and close to the fracture initiation toughness 2γ[PÉR 00b], it then increases at a critical speed v c varying between 0.47c R and 0.60c R , depending on the crystallographic direction along which the crack locally advances. For instance, Fig. 

Fracture surface corrugations

As mentioned in the introduction, [MOR 98, MOR 00] numerically showed that the crack front waves are generated in response to a localized heterogeneity of fracture energy.

[SHA 01, SHA 02] generated front waves by artificial material asperities, which leave typical surface markings on the fracture surface. In our tests, the local dynamic fracture energy jumps along the crack front provide a generation condition of the crack front waves. Besides, it has been reported in [SHA 02] that microbranches yield an increase of the fracture energy proportional to fracture surface creation, which is accompanied by velocity oscillations [SHA 96b, SHA 96a], and can also trigger the crack front waves. Indeed, from the crack front kink spots where the dynamic fracture toughness jumps, we observed wave-like surface markings, as highlighted by the green lines in Fig. 4.1. In order to validate the front wave assumption, we characterize carefully these special surface markings.

Surface corrugations at the crack initiation

In this part, we highlight the correlation of the occurrence of the special surface markings with the crack front kink. Under the four-line bending load, the crack acceleration at crack initiation is the same as under three-line bending tests (see Figs. 3.19). The crack is found to rapidly accelerate to the steady-state regime, as also reported in [ZHA 17]. Figs. 4.7(a) -4.7(c) show the fracture surface morphologies at the crack initiation in the as-sawn silicon samples. Based on the velocity-dependent local kink position of the Wallner lines (see section 2.2.1 of Chapter 3), it can be noticed that, as shown in Fig. 4.7(b), the crack accelerates to a velocity of approximating 3000 m/s after propagating about 130 µm and reaches the steady-state regime after about 550 µm.

Focusing on Fig. 4.7(b), besides the Wallner lines, surface corrugation traces are also observed, as marked in the white rectangle. It can be noticed that these traces do not appear at low crack velocity (see Fig. 4.7(a) for example). The correlation of the occurrence of corrugation traces with the crack velocity can be clearly revealed by the acceleration phase of the crack : no corrugation traces appear within the distance of 100 µm when the crack velocity is lower than 2700 m/s, while the corrugation traces occur at the crack velocity > 2700 m/s. Moreover, it can be noticed that the initiation spot of the corrugation traces rises with the increase of the crack velocity, as shown by the red dotted line in Fig. phenomena can be observed in the case where the crack initiates from the wire sawing induced subsurface micro-defects, as shown in Fig. 4.7(c). Besides, the corrugation traces continuously emit and cover the rest of the fracture surface. Figs. 4.7(d) and 4.7(e) present the fracture surface morphologies at the crack initiation in surface polished samples. With the surface defect elimination" the primary Wallner lines are barely generated on the fracture surface. The surface corrugations still occur on the fracture surface and their dependence on the crack velocity can also be observed. Hence, it is noteworthy that, the surface corrugations, especially their source, have no relation with the Wallner lines.

Surface corrugations at the steady-state crack propagation

The surface corrugations are presented on the whole fracture surface involved in the steady-state regimes of high speed cracks. Fig. 4.8 show the surface corrugations at different crack steady-state velocity varying from 2950 m/s to 3600 m/s for both the as-sawn silicon specimens (left) and the surface polished silicon specimens (right). The fracture surface morphologies are almost identical for cracks with similar steady-state velocity, indicating the reproducibility of the fracture results. Several qualitative behaviors correlating with the crack velocity can be extracted from Fig. 4.8 :

• The corrugation traces nucleate at the same position as the local kink of the Wallner lines, which rises with the increase of the crack velocity, as highlighted by the green circle in Fig. 4.8.

• With the crack advancing, the corrugation traces extend to the lower portion of the fracture surface. They manifest as an approximately straight line in the middle of the fracture surface incorporating a tilt angle relative to the crack advancing direction that decreases with the increase of the crack velocity as highlighted by the red lines. No corrugation traces extending to the upper portion of the fracture surface has been observed.

• After initiation, the undulation amplitude of surface corrugations gradually increases then decreases. They are more remarkable at higher crack velocity. This suggests that the maximum amplitude of the surface corrugation increase with the crack propagation velocity.

• With the emergence of the local microbranches, new and more visible corrugation traces are triggered as can be seen on the fracture surface with V s = 3600 m/s. These traces form a higher tilt angle.

The corrugations traces show similar characteristics in the fracture of as-sawn silicon sample and the surface polished silicon sample, regardless of the occurrence of the Wallner lines, which confirms the independence of the surface corrugations on the Wallner lines. Here, we show the characteristics of surface corrugations traces involving a qualitative dependence on the crack velocityat the macro-scale. The quantitative analysis of the surface corrugations at the nano-scale will be presented in the next section. Meng WANG

Topography of surface corrugations

Following fracture surface observations through the optical microscope, 3D topographies of fracture surfaces of polished silicon sample were measured with AFM (Bruker Dimension 3100 Nanoscope V with AFM probes Nanosensors PPP-NCH working at tapping mode), in order to study these surface corrugations, including their nucleation and dynamic behavior. The out-of-plane resolution of the measurement is in the order of 0.1 nm. The measurements were carried out in a square field of 1024 x 1024 pixels, hence the in-plane resolutions are in the order of 5 nm, 10 nm and 20 nm for the image sizes of 5 x 5 µm, 10 x 10 µm and 20 x 20 µm, respectively. Each direction is scanned back and forth to ensure that there is no bias due to the scanning direction and the speed of AFM tips. The analysis of AFM measurements were performed through the Gwyddion software [ NE Č 12].

Nanoscale topography is constructed from the fracture surface of polished sample (without Wallner lines), as presented in Fig. 4.9(a). The fracture surface at v s = 2760 m/s (0.62c R ) presents the mirror fracture surface without surface corrugations, and fracture surface at v s = 0.74c R presents substantial surface corrugations. Fig. 4.9(b) shows five typical topographies at different heights. At y = 0.6h, where the corrugation traces have not emerged yet, the fracture surface is smooth but not perfectly plat, since sub-nano instabilities pointing to the upper side of the crack front can be observed. They are considered as local crack debonding instabilities. At about y = 0.51h ± 0.03h, the corrugation traces nucleate from angstroms undulation amplitude (see Fig. 4.9(b) , y = 0.51h) and gradually grow to the maximum amplitude of few hundreds of nanometers (see Fig. 4.9(b) , y = 0.42h). Then, they rapidly decay at the height of about 0.39h (see Fig. 4.9(b) , y = 0.39h). It can be seen that sparser corrugation traces decay to the denser ones and then continue extending with the undulation amplitude of about 10 nm, shown in Fig. 4.9(b) , y = 0.35h). Although the width of corrugation traces decreases upon decay, no gap between these traces are observed. The lower portion of the fracture surface are dominated by the periodic corrugation traces.

Particularly, Fig. 4.10 highlights the occurrence of micro-branching instabilities [SHA 02, SHA 96a] at high v s , which perform as the daughter cracks branching into the material. In this region, previous corrugation markings collapse and new single or multiple corrugation markings arise along the micro-branching lines. The single corrugation markings manifest as solitary entities on the fracture surface. Fig. 4.11 shows seven profiles of the surface corrugations measured along the [1-10] direction in Fig. 4.9(b). The surface corrugations are found to exhibit wave-like feature in the crack propagation direction. The corrugation traces present similar shape between the ones extend to the middle of the fracture surface and the ones generated by microbranches. Localized and well-defined structures of surface corrugations indicate that they are generated by a out-of-plane propagating motion of the crack front. Otherwise, the out-of-plane shape will strongly depend on the position along the fracture surface, like the Wallner lines, as it will be shown later in section 4. 4 

Amplitude evolution of surface corrugations

In order to study the amplitude evolution of corrugation traces relative to the extending distance r , the variation of the surface corrugation amplitude was analysed via the roughness R q (root mean square) variation within a zone of 20 x 1 µm 2 parallel to the surface corrugation traces, as shown in Fig. 4.12, as it's difficult to track the amplitude evolution of a single corrugation trace. The topographies of surface corrugations with a dimension of 20 x 20 µm 2 are shown in Fig. 4.12(a). The roughness profile was obtained along a short edge while the variation was assessed along the long edge of the rectangular zone in Fig. 4.12(a). The R q as a function of the extending distance r are presented in Fig. 4.12(b).

The occurrence and the growth of the surface corrugations are shown in the blue rectangular in Fig. 4.12(a) and R q (r) is presented by the blue marks in Fig. 4.12(b). The corrugations emerge from the fracture surface with R q of about 1 nm which corresponds to the height of crack debonding instabilities (see Fig. 4.9(b), y = 0.6h) and then reach to the maximum amplitude, where the corrugation traces involves a R q of about 30 nm, as shown by the red marks. The purple rectangular highlights the decay zone of surface cor- rugations, where the corrugation traces decay in a complicated manner : upon interaction between the sparser traces located at the upper side and the denser traces located at the lower side, the sparser traces rapidly decay in both amplitude and width till the stabilized propagation as the denser traces, which present a R q of about 3 nm. This complicated interaction reflects the nonlinear character of surface corrugations and will be discussed in section 5.4. The corrugations finally stably extending til the bottom of the fracture surface with little loss of amplitude. Moreover, when new surface corrugations generated by microbranches occur, R q eventually increases as highlighted by the green arrow and the insert figure of local surface morphology in Fig. 4.12(b). Note that the amplitude of corrugation traces generated by microbranches attain maximum amplitude upon emergence, which differs from that generated from the local kink of the crack front.

Comparison between the corrugation traces and the Wallner lines

In this section, we show the differences between the corrugation traces and the Wallner lines via the undulation profile on the fracture surface, the amplitude evolution, as well as the generation mechanism.

Firstly, it has been shown in the previous chapter that the Wallner lines are generated by the interaction between the moving crack front and shear waves induced by an external perturbation which can be surface defects, ultrasonic traducer, and even the sudden release of concentrated stress. Since the propagation of the crack front and the shear waves are independent, the shape of the Wallner lines would not be well-defined, but depends on FIGURE 4.12: Roughness variation as a function of extending distance r of surface corrugations with v s = 0.74 C R . (a), Morphology of surface corrugations within the growth zone (blue rectangular), the maximum amplitude zone (red rectangular), the decay zone (pink rectangular) as well as the persistent propagation zone (green rectangular). (b), Roughness R q (root mean squared) as a function of r within four different zones in a and c, presented with corresponding colors. Local increase of amplitude when microbranches occur is highlighted by the green arrow and the insert figure of local surface morphology. the crack front behavior and the origin of the shear waves. For instance, Figs. 4.13(a) and 4.13(b) show the undulation profiles of the primary Wallner lines generated from the surface defects and the profiles of the secondary Wallner lines generated from the sudden release of the contact stress. The primary Wallner lines, highlighted by the black curve in Fig. 4.13(a), present different profiles at different heights, which depends on the frontwaves interaction position relative to the source of the shear waves. Besides, the geometry of the surface defects that generate the shear waves will also play a role in determining the shape of the Wallner lines, as presented in Fig. 4.13(b), since the strength of the 102 Meng WANG shear waves (amplitude, wavelength) depend on the source that creates them [FIN 03]. In contrast, it has been shown in Fig. 4.11 that the corrugation traces display well-defined wave-like shape, which is independent on both their location on the fracture surface and the source that generates them. Secondly, the amplitude evolution implies a key difference between the Wallner lines and corrugations traces. As shown in Figs. 3.14, the amplitude evolution of the Wallner lines during their extension is determined by the decay of the shear waves, which obeys the 1/r 2 decay. The amplitude of corrugation traces presents rather a complicated decay manner than a continuous decay and stabilizes at the nanoscale. The corrugation traces finally extend for large distances with nearly constant amplitude, as shown in Fig. 4.12.

Meng WANG 103 4. Rapidly propagating crack front and self-emitted corrugation front waves Moreover, upon the occurrence of microbranches, if shear waves burst, they would radially spread from the source spot, and the interaction of the diffusive waves with the crack front would generate a pair of Wallner lines extending to opposite directions relative to the wave source. However, regarding the microbranch-induced corrugation traces, they extend solely along one direction. This confirms that they are generated by localized waves along crack front emitted from the microbranching event.

As mentioned in section 3.2, the crack front waves are generated when the moving crack front encounters the local heterogeneity of fracture energy, such as material inhomogeneities (asperities). Both the wavelength and the amplitude of the front waves are set by the dimension of the original pertubation [SHA 01, FEK 20]. However, our solar grade silicon specimens have a high purity which is in the order of 99.9999% [ZHA 16a]. Even though the specimens are doped with boron atoms, which are distributed in the silicon crystal lattice by replacing the silicon atoms. The doping atoms are not supposed to trigger front waves as they are too discrete, local and small to be able to impact the fracture energy during the crack propagation. However, the doping atoms may generate debonding instabilities which do not present wave-like shape [KER 13], as shown in Fig. 1.15(c) in Chapter 1.

Given the distinguished properties compared to the Wallner lines, i.e., the corrugations traces present a well defined shape, a localized character and a long lifetime (which extend over four decades and keep an nearly invariant shape with an amplitude of one decade), we may conclude that the corrugation markings are generated by a propagating mode of the crack front. We also name them corrugation waves since they incorporate periodic out-ofplane component. We conjecture that the corrugation waves are generated by the intrinsic fracture toughness jump or the crack micro-branching instabilities, as highlighted in Figs. 4.5, 4.6 and 4.10. Indeed, the inherent fracture energy jump can be analogous to a virtual material asperity perturbing the material fracture energy balance at the crack front. The corrugation waves are not the front waves but shares certain soliton-like characteristics with the crack front waves [WIL 97, ADD 13, SHA 01, SHA 02]. The nonlinear attributes of the corrugation waves will be shown in the next section.

Corrugation waves

According to the analytical and numerical works [RAM 97b, MOR 98, MOR 00, WIL 97, ADD 13], crack front waves persistently propagate along the crack front at a speed slightly lower than the Rayleigh waves speed. First experimental investigation of front waves involved intentional material asperities [SHA 01], where front waves have been shown to present solitary wave characters, which have not been demonstrated by numerical works. In the present work, we will enrich the characteristics of the nonlinear propagating mode of the crack front through unveiling nonlinear attributes as well as nonlinear interaction behavior of the corrugation waves.
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Meng WANG Corrugation waves of amplitude A cw and wavelength λ cw are localized along the crack front, propagate at v cw , twist the crack front (red curve) moving at v s along x direction and leave surface corrugations orientated with an angle α relative to v s . Hence, the profile of the corrugation traces along the crack front provides the shape of the corrugation waves (λ cw and A cw ). The crack front shape was reconstructed from the retroactive decomposition (see section 2.2.2 of Chapter 3) of Wallner lines generated from the surface defects that were not completely eliminated, as shown in Fig. 4.14(b). The crack front shape was superposed with the surface corrugations according to the coordinate along the y direction. Moreover, the propagation speed of the corrugation waves v cw can be calculated from the relation between the orientation of the surface traces α, the local crack velocity v l and its direction θ, given by v cw = v l /cos(α+θ), and the frequency of the corrugation waves ω cw can be determined with their shape and speed, given by ω cw = 2π v cw /λ cw . Obviously, Meng WANG 4. Rapidly propagating crack front and self-emitted corrugation front waves at a given height of the crack front, where v l and θ are constant, α increases when v cw increases.

Extracting front wave shapes from surface corrugations

Linear correlation between the amplitude and the wavelength

Figs. 4.15 present the AFM measurements of the corrugation traces at different v s and y positions. Firstly, the AFM measurements show that sparser corrugation traces exhibit larger amplitude. The shapes of the corrugation waves are extracted from the AFM measurements along the crack front, where the wavelength λ cw is defined as twice the distance between the peak and the valley of corrugation waves. The wave shapes extracted from the AFM measurements for three steady-state crack propagation with v s = 0.68c R , 0.74c R and 0.80c R are presented on the right side of Fig. 4.16. The corrugation waves are found to involve a linear correlation between the wave amplitude A cw and the wavelength λ cw for each v s case. Interestingly" a scale-independent characteristic profile has been obtained, as shown on the left side of Figs. 4.16. The unique characteristic profile was obtained by normalization over λ cw and A cw of the measured shapes. For each shape, the wave amplitude A cw was normalized to ±0.5 and the half-wavelength λ cw /2 was normalized to 0.5, i.e., the peak and the valley of the normalized shape stand on 0.25 and 0.75, respectively. It is noteworthy that the characteristic profile is independent on the lattice structure of silicon crystal, given that the corrugation waves travel on the (110) plane along various directions. The correlation between A cw and λ cw reveals an intrinsic nonlinear feature of the corrugation waves. This is well distinguished from linear elastic waves, for which the wavelength is independent of the amplitude. The unique characteristic profile of the Furthermore, it is found that the linear relationship the corrugation waves amplitude and the wavelength varies at different steady-state crack propagation velocities, as shown in Fig. 4.17 incorporating 0.68c R , 0.74c R and 0.80c R . Noting that the linear regression coefficient A cw /λ cw increases when v s increases, hence for the corrugation waves with the same λ cw , A cw increases when v s increases. This may explain why the surface corrugations are more remarkable at higher v s shown in Fig. 4.8.

Nonlinear dispersion relation

Furthermore, we find that the orientation of the corrugation traces α changes with the corrugation wavelength λ cw . As presented in Fig. 4.15, the purple dashed arrows in the top inset highlight that the corrugation traces with nearly identical width present the same orientation α. Green and blue dashed arrows in bottom insets highlight the difference of the orientation α for corrugation traces with different widths. It can be seen that the sparse corrugation traces exhibit a larger tilt angle than the dense ones. In the light of the formation mechanism of the surface corrugations, the propagation speed of the corrugation waves v cw can be calculated based on the orientation of the corrugation traces α, the local crack velocity v l and its direction θ, through v cw = v l /cos(α+θ). At a given height of the crack front, where v l and θ are constant, the dependency of α on λ cw reveals that v cw depends on λ cw .

The variation of the corrugation wave speed versus the wavelength λ cw is shown 

Particle-like collision

Additionally, we bring to light another nonlinear characteristic of the corrugation waves, which concerns particle-like interaction behavior. As can be appreciated in Fig. 4.19(a), the AFM measurements of fracture surface at v s = 0.80 c R show the corrugation traces (highlighted by the blue and green dashed lines) generated by the interaction of two corrugation waves. Five sequences of shape evolution of the corrugation waves during the collision are presented in Fig. 4.19(b). When fast waves (long λ cw , v cw = 0.965c R ) meet slow waves (short λ cw , v cw = 0.935c R ), unlike the linear elastic waves which display simple linear superposition, they exhibit nonlinear collision : the fast waves decay and decelerate while the slow waves grow and accelerate. It is noteworthy that the linear correlation between λ cw and A cw remains unchanged during the collision, as highlighted by the black points, corresponding to ten shape variations, in Fig. 4.17. As a result, both the shape and speed of the corrugation waves exchange and an orientation shift of corrugation traces occurs after the collision. Since the nonlinear dispersion is more significant for corrugations waves with shorter λ cw , the collision events are more frequent in regions traveled by the denser corrugation waves, in which successive collisions between the corrugation waves can be observed, as shown in Fig. 4.20. This behavior is therefore different from linear elastic waves, but similar to soliton collision during which fast pulse decays and slow pulse advances resulting in a discontinuous jump and a phase shift 

Discussion

LEFM describes the dynamic of the crack front governed by the local energy balance at each point of the front. The local fracture toughness jump reported here is supposed to induce only an in-plane fluctuation of local crack velocity and consequently alter the planar crack front dynamics. Nevertheless, it breaks down the translational invariance of the moving front and induces the abnormal gradient of the energy flux dG l /dz at the 112 Meng WANG front kink site. Besides, the crack micro-branches that cause v l oscillations and Γ l jumps [SHA 02, FIN 91, SHA 96a] also produce the corrugation waves.

As suggested by theoretical predictions and experimental observations, the abnormal dG l /dy fulfills the nucleation condition of the front waves [RAM 97b, MOR 98, MOR 00, SHA 02, FIN 03]. Therefore, we suggest that the corrugation waves share the necessary generation condition with the front waves, i.e., local fracture toughness heterogeneities ahead of the crack front. Meanwhile, we conjecture that, like the out-of-plane corrugations [ADD 13] and the front waves [WIL 97], any slight out-of-plane perturbation (for instance the debonding instabilities, see Fig. 4.9) could trigger the out-of-plane component of the corrugation waves that sprouts from the atomic scale. Note here that the corrugated topographies on the opposing fracture surface involve peak-to-valley match. This can be distinguished from the other nanoscale corrugations of the fracture surface, which present peak-to-peak match, generated by the local plasticity ahead of the crack tip [WAN 07, SIN 16].

The corrugation waves deform the crack front and lead to an increase of the fracture surface. They create extra energy dissipations and hence can propagate only in the region when G l > 2γ. On the upper side of the nucleation site of the corrugation waves, G l = 2γ (see Fig. 4.3(b)). Therefore, no additional energy can support the corrugation waves to extend to the upper side. This explains why the corrugation waves extend solely to the lower side where G l > 2γ.

The most distinguishable feature of the corrugation waves reported here is that they are continuously self-emitted from the moving crack front, sprouting from atomic-scale amplitude, continuously growing to the submicron amplitude and propagating in a solitonmanner with long lifetime. Hence, periodic corrugation traces are created and cover the whole fracture surface. The continuous nucleation of corrugation waves in response to intrinsic fracture toughness jump could be analogous to the consequence of a crack front traveling through substantial heterogeneities, which continually twist the crack front [MOR 00, PER 94, RIC 94] and lead to periodic fracture surface markings. In addition to the intrinsic fracture energy jump that triggers the corrugation waves, we show that the microbranches locally disturbing the fracture energy can also produce the corrugation waves. This pheonomon is similar to the occurence of the front waves reported in [SHA 01, SHA 02, LIV 05]. The initial state of the corrugation waves depends on the source that creates them. The growth of corrugation waves at the front kink zone could be explained by the continuous increase in the fracture energy (see Fig. 4.3(b)), while the corrugation waves initiate with the maximum amplitude once triggered by the microbranching events (see Figs. 4.10 and 4.12), which generate an abrupt jump of the fracture energy. Furthermore, we suggest that the nonlinear dispersion relation could be a result of the frequency-dependent phonon scattering at the moving crack front and the anisotropic elasticity of silicon single crystal [ADD 13, WIL 01, NOR 07].

The unique characteristic profile of the crack front waves has been previously reported in [SHA 01], in which it was obtained through scaling the front waves in steady-state motion (after the exponential decay) by the initial pulse width (defined as the distance between the first minimum and first maximum of the fracture surface amplitudes). The We experimentally demonstrate, for the first time, the nonlinear dispersion of the corrugation waves when the wave frequency is higher than about 0.12 × 10 11 rad/s. Below this value, the corrugation waves respect the linear dispersion relation. We suggest that the Meng WANG 4. Rapidly propagating crack front and self-emitted corrugation front waves nonlinear dispersion relation could be a result of the frequency dependent phonon scattering at the moving crack front and the anisotropic elastic modulus of silicon. Moreover, thanks to the different speeds of corrugation waves, their interactions can be observed. The collision phenomenon reported in our work is the most important evidence of the nonlinear character of the corrugation waves. In the case of linear elastic waves, the waves are expected to cross each other through simple linear superposition upon interaction. Indeed, Fig. 4.22 show the profilometer measurement of the fracture surface region incorporating the interactions between the primary and secondary Wallner lines. The superposition between them are observed. Two profiles of the surface undulations measured along the peak (green dotted line) and valley (red dotted line) of the secondary Wallner line are shown in Fig. 4.22(b). The undulations of two profiles, generated by the primary Wallner lines, exhibit similar height variation. This implies the linear superposition of the primary Waller lines on the secondary Wallner lines. Besides, the same phenomenon can be observed on the the peak and valley lines of the primary Wallner line, which are generated by the linear superposition of the secondary Wallner lines, as shown in Fig. 4.22(c).

Conclusion

In the light of abundant fractographic analysis jointly with the crack velocity measurements, we have investigated the crack front dynamics and the special fracture surface corrugations at the high-speed crack propagation under pure bending. Based on LEFM, the sharp increase of the dynamic fracture toughness along the (110) cleavage plane, which depends on the crystallographic direction, has been revealed. We show that the crack front develops a local kink due to the local fracture energy fluctuation. Besides, we highlight the occurrence of corrugation waves (out-of-plane elastic waves) that leave special surface markings in the absence of the material asperities. We demonstrate that these waves are generated by the local fluctuation of fracture energy due to the intrinsic dynamic fracture toughness jump or the nucleation of the microbranches. Comparing with linear elastic waves (shear waves), the nonlinear characters of the corrugation waves have been brought to light. We point out that the nonlinear attributes of the corrugation waves reported here, such as the scale-independent characteristic shape, the nonlinear dispersion and the particle-like collision outline a more complete picture of the corrugation waves than what has been described for the front waves with the numerical modeling and experiments incorporating individual material asperities. Our results may give new insights on soliton-like crack front dynamics, as well as roughness formation on fracture surface of asperity-free materials.
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General conclusions and prospects

Conclusions

In this thesis, we studied the dynamic crack front behavior in single crystalline silicon wafer under bending conditions, covering a large range of crack propagation speeds. We presented different crack front behavior under different local perturbations that create typical surface structures and can lead to the crack deflection. Our work was mainly based on experimental methods and auxiliary finite element simulations were carried out as well. We conducted a total of 75 three-line bending tests on as-sawn specimens, 70 four-line bending tests on as-sawn specimens and 30 four-line bending tests on surface-polished specimens, to ensure the reliability and abundant analysis on the experimental results.

In-situ observation of the high-speed propagating crack front in silicon crystal is challenging. Therefore, post-mortem fractography provides an appealing method to analyze the dynamic crack front behavior. We use a fractography-based retroactive kinetics method to determine the crack propagating velocity, the crack front shape, as well as the elastic wave speed relating to specific surface markings.

We found that the shear wave perturbations on the crack front lead to out-of-plane wave-like deformation of the crack front. The mode III load due to the shear component can eventually cause a partial crack front deviation from the original (110) plane, and hence is the main reason for the (110)-(111) crack deflection. This can explain the puzzle in [ZHA 18a] about the occurrence of (111) cleavage underneath the line-contact. Besides, we highlighted that the crack always tends to follow the lowest fracture energy plane in crystalline silicon.

We characterized crack front shape evolution with crack speed varying from 0.22c R to 0.82c R (c R represents the Rayleigh wave speed) under pure bending condition, which involves gradient of elastic energy release rate. We showed that the local dynamic fracture toughness (Γ l ) is dependent on crystallographic orientations, and exhibits a jump at high crack speed (between 0.47c R and 0.64c R for different directions) which results in a local kink of the crack front.

Different from the previous studies in which corrugation waves were generated from material asperities [SHA 01], we showed that corrugation waves can also nucleate in asperity-free material in response to intrinsic local Γ l jump of a bending crack front. The corrugation waves are continuously self-emitted and propagate as solitary waves along the crack front, leaving typical surface markings that dominate the corrugated fracture surface morphology. Moreover, the corrugation waves generated from micro-branches have also been studied. We provided the quantitative characterization of these waves and highlighted the scale-independent characteristic shape, nonlinear dispersion of the corrugation waves, and their soliton-like collision behaviors. Our results confirm the existence of the corrugation waves as well as their intrinsically nonlinear attributes.

Prospects

For the fracture initiation of the as-sawn silicon wafer, both crack initiation on the (110) plane and on the (111) plane involving mode I and mode III failures are observed (see Figs. 3.3). The difference of the effective fracture energy to initiate the micro-crack reveals that the fracture stress would be different depending on the location of the microcrack. For instance, [SEK 18] studied the effect of the saw mark direction on the fracture strength of silicon wafers under four-line bending tests. They found that the strength is lower under a loading parallel to the sawing induced crack surface compared to that under loading perpendicular to the crack surface. [WU 12] reports that the edge pre-crack oriented at an angle of 0 • -45 • relative to tensile loading results in much lower fracture strength than that oriented at an angle > 45 • . Besides, based on stress intensity factor calculation using FE method, [AZA 16] found that the subsurface micro-crack oriented at 20 • and 60 • relative to the wafer's surface are the most and least vulnerable defects subjected to the bending loading. However, the anisotropy of the fracture toughness for different locating planes of the micro-crack was not taken into account. Hence, to improve the fracture strength of the silicon wafer via the wire sawing technique, there is a need to further understand the relationship between the sawing technique and the induced subsurface defects, including their depth, orientation, morphology, etc., then optimize the micro-crack morphology and improve the wire sawing technique.

For the crack velocity measurement, we showed that the frame rate of the high-speed camera restricts the resolution of velocity measurement. Albeit the fractographic analysis provides a more precise resolution, we do not have exact information of the crack velocity. For instance, the small velocity variation can not be captured. Hence, a velocity measurement method with finer resolution could be developed. It has been shown that a continuous variation of the crack velocity can be well measured by the potential drop method [ HAU 98]. The application of this method on silicon wafer has been reported in [BEE 03,SHA 18]. Noting that the sample surface need to be strictly smooth while using such method, how to apply this method on our silicon sample need to be further investigated.

We have shown the occurrence of microbranching instabilities along the (110) cleavage plane at the crack velocity higher than about 0.6c R . They appear as highly localized entities on the crack front. The bi-stable state of the micobranching instabilities and the stable crack front propagation are co-existing, which leave line-like markings on the frac-118

Meng WANG ture surface. However, the formation mechanism of these microbranching instabilities remains unclear. How they affect the fracture energy and disturb the crack front remain to be explored. Besides, the specific surface instabilities along the (111) cleavage plane have been shown. The crack propagation along the (111) plane in our tests involves a mixed mode I + mode III loading. However, these instabilities seem to be different from the helical crack-front instabilities in amorphous materials, and thus need to be further studied.

We have experimentally characterized the nucleation and nonlinear attributes of the corrugation waves in silicon single crystal. It will be interesting to investigate such phenomena in other crystalline materials, as well as the effect of dopants. Besides, a fundamental theory of how corrugation waves emerge from the local kink of bending crack front will be valuable. The theoretical studies and computational simulations of any nonlinear attributes of corrugation waves will be valuable.

Meng WANG that the fracture roughness increases within the 'mist' and 'hackle' zones of the fracture surface in various materials [JOH 66, FIN 91, SHA 96a, CRA 00]. Whether the roughness exponent is constant in these regions remain to be investigated.

Here, we characterize at small scale the fracture surface of the (110) cleavage plane of silicon single crystal, generated by the interaction of the crack front with the shear waves (Wallner lines) and the corrugation waves (corrugation markings), to study the roughness exponent ζ at these zones. As mentioned in section. 1.3 of Chapiter 2, the fracture surface of as-sawn sample involving the Wallner lines was scanned by laser scanning profilometer (Altisurf-500) with a fixed in-plane resolution of 0.5 µm and an out-of-plane resolution up to 0.5 nm. As mentioned in section. 4.3 of Chapiter 4, the fracture surface of surface-polished sample involving corrugation markings was scanning by AFM (Bruker Dimension 3100 Nanoscope V) with an out-of-plane (along z direction) resolution of 0.1 nm. The measurements were carried out in a square region of 5 × 5 µm 2 or 10 × 10 µm 2 , corresponding to an in-plane resolution of 5 nm or 10 nm, respectively.

We characterized the fracture surfaces using the 1D height-height correlation function [BOU 97, ALA 06] expressed as :

∆h(∆r) =< [h(r + ∆r) -h(r)] 2 > 1/2 r (A.1)
where, the brackets denote the average over r. The quantity ∆h can be interpreted as the surface height deviation observed by a scaling length ∆r along the mean fracture surface. The roughness exponent ζ, lying between 0 and 1, is then obtained by the power law behavior of the correlation function ∆h ∝ ∆r ζ , where ζ = 1 corresponds to a regular surface, and decreases when the surface is rougher. Besides, the exponent ζ may vary with the direction of ∆r, which shows an anisotropy of the self-affine fracture surface [PON 06b, PON 06a]. Fig. A.1(a) shows the evolution of the height-height correlation function computed on a fracture surface involving the Waller lines at v s = 0.74c R . Only a region (left inset) of 100 × 50 µm 2 higher than the nucleation of the corrugation markings was taken into account. The computations were carried out along the global crack propagation direction (0 • )the [1-10] direction, the sample thickness direction (90 • ) -the [001] direction, as well as the intermediate (45 • ). It can be seen that ∆h is a power-law function with ∆r in a range between 0.5 and 7 µm (linear part in the logarithmic scale). The roughness exponent was then calculated by the slope of the power-law fit of the evolution. The exponent is found to be ζ = 0.79, and identical for all directions, revealing the isotropy of the self-affine fracture surface. This value is in good agreement with the 'universal' exponent ζ 0.8 [BOU 97, ALA 06].

The same computation was carried out for the fracture surface zone of corrugation markings with v s = 0.80c R (Fig (red) and v s = 0.80c R (black). For each case, two zones of different heights along the fracture surface, corresponding to different local crack velocities, were characterized. The roughness exponent is nearly invariant for all calculations and is found to be ζ = 0.95 ± 0.03. This value is different from the roughness exponent of the fracture surface generated by the Wallner lines and is significantly different from the predicted one. In [BOU 02], the authors predicted a roughness exponent ζ 0.5 for the fracture surface exhibiting corrugation markings, but nonlinear attributes of corrugation waves were not taken into account. The value of ζ = 0.95 ± 0.03 could be explained by the scale-independent characteristic shape of the corrugation waves. Since the undulation amplitude of the corrugation markings varies linearly with the wavelength, the increase of the surface height deviation ∆h is nearly proportional to the scaling length ∆r, As a result, the roughness exponent ζ is close to 1. Besides, since the Wallner lines exhibit no correlation between the amplitude and wavelength, the extension of the Wallner line generates rougher fracture surfaces than the ones generated by the corrugation waves. Hence, the roughness exponent of the surface with Wallner lines is smaller. Moreover, we indicate that the roughness exponent of the fracture surface generated by corrugation markings ζ = 0.95 ± 0.03 may break down in the 'hackle' zone. Fig. A.3 show the fracture surface morphologies and the height-height correlation functions of two different zones with v s = 0.80c R . One can see that the surface zone with v l = 0.78c R , located near the bottom of the fracture surface, is involved in the 'hackle' region. Although the corrugation markings remain scale-independent, it is conceivable that the fracture surface is rougher in this zone. The corrugation markings collapse with the occurrence of microbranching instabilities and the crack debonding instabilities are more significant. As shown in fully understood yet due to intricate dynamic fracture behavior linked to small-scale phenomena. Therefore, the development of feasible methods to study the dynamic fracture and further understanding of fracture mechanism of crystalline silicon are of paramount importance to improve the reliability and durability of Si-based systems for both industrial and scientific practitioners. In this work, dynamic fracture behavior of solar-grade single crystalline silicon wafers under mechanical loads was studied. The fracture experiments were carried out on the (001) silicon wafer using three-line or four-line bending apparatus under quasistatic loading. The entire fracture process was captured using a high-speed camera and analyzed by the high-speed imaging technique. The post-mortem fracture surface was studied using a digital microscope, a laser scanning profilometer, as well as an atomic force microscope. The failure source of the silicon wafer was identified using fractographic analysis. Coupling the crack velocity measurement and fractographic analysis, the source of (110)-(111) cleavage plane deflection phenomena during high-speeding crack propagation was revealed. Besides, jointly with the finite element simulations, how dynamics of the crack front is governed by the crystallographic direction-dependent dynamic fracture toughness was demonstrated. Finally, in comparison with linear elastic waves that lead to the Wallner lines on the fracture surface, the nucleation and strong nonlinear characteristics of out-of-plane corrugation waves was highlighted, leaving specific traces that alter the surface roughness of asperity-free material. 
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 1 FIGURE 1: Electroluminescence image of a PV module under four-line bending loading adapted from [INF 14].
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 2 FIGURE 1.2: Three modes of fracture.
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 3 FIGURE 1.3: Two dimensional deformation field with a surfaced notch [RIC 68].
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 14 FIGURE 1.4: Dynamic fracture toughness evolution. Γ(v) for (a) soda-lime glass from [SHA 99] (c R 3300 m/s), (b) AISI 4340 steel from [ROS 84] (c R 2950 m/s), (c) PMMA from [GUE 12] (c R 930 m/s) and (d) Homalite-100 from [HAU 98] (c R 1010 m/s).
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 15 FIGURE 1.5: Fracture surface of glass rod from [JOH 66] presenting mirror, mist and hackle zones.
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 16 FIGURE 1.6: Helical crack-front instabilities. (a) Example of loading configuration of lance formation (left inset) from [RON 14] and sequences of helical crack-front during the crack propagation from [CHE 15]. (b) Front view (top insets) and bottom view (bottom inset) of broken sample from [CHE 15].

  Fig. 1.7 presents the fracture surface of PMMA with conic markings from [GUE 12], where v a = 0.19c R . Bright spots in the microscope 12 Meng WANG
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 17 FIGURE 1.7: Fracture surface of PMMA at v > v a containing conic surface markings from [GUE 12].
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 18 FIGURE 1.8: Microbranching instabilities and crack velocity oscillations in both soft polyacrylamide gels (left) and soda-lime glass (right) reported in [BOU 14].

  FIGURE 1.9: (a) Oscillatory instability in the fracture of thin polyacrylamide gels when v = 0.90c s from [BOU 14]. (b) Profile of the tensile crack tip moving at v = 0.70c s in polyacrylamide gels from [LIV 10].
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 1 FIGURE 1.10: (a) Wallner lines on the fracture surface of glass from [WAL 39]. (b) Schematic draw of the generation of the Wallner lines generated from material defects reported in [KUL 95].
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 1 FIGURE 1.12: Undulation amplitude of the Wallner lines A as a function of the propagation distance of the shear waves reported in [BON 05].
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 113 FIGURE 1.13: Front wave traces on the fracture surface of soda-lime glass generated from asperities (a) and microbranches (b) from [FIN 03]. Decay profiles (c) and scaleindependent shape (d) of front waves from[SHA 01].
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 1 Introduction to dynamic fracture silicon lattice from 6-member rings to a 5-7 double ring at the crack tip (see Fig. 1.14) have been observed via molecular dynamics (MD) simulations [BUE 07
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 114 FIGURE 1.14: Transformation of the silicon lattice from 6-membered rings to a 5-7 double ring reported in [BUE 07].
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 115 FIGURE 1.15: (a) MD simulations show the crack deflection from (110)<001> direction to (111)<11-2> direction. (b) Breaking of the 6-member rings after a reconstruction of 7-member rings and (c) step instabilities on the (111) cleavage plane from [SHA 01].
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 116 FIGURE 1.16: Crack velocity versus crack length measured by potential drop method [SHE 04] and by high-speed camera in fracture tests of silicon wafers under bending [ZHA 17].
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 117 FIGURE 1.17: Fracture energy as a function of the crack velocity along the (110)<1-10> direction and fracture surface morphologies of the (110) plane adapted from [CRA 00].
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 21 FIGURE 2.1: Face-centered cubic crystal structure of silicon
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 2324 FIGURE 2.3: Manufacture of monocrystalline crystalline silicon wafer by Czochralski process (a), and the (001) monocrystalline silicon wafer (b).
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 2 4b shows a look on the top surface our multicrystalline silicon wafers. Most grains are of centimeter sizes. The grain shapes, as well as the grain boundaries can be directly identified by the naked eye due to different light reflections of different 30 Meng WANG Material crystallographic planes. The reflected light intensity of grains can help to distinguish the grain orientations [PAG 18].
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 25 FIGURE 2.5: Geometry and crystallographic orientation of the single crystalline silicon specimen (a), and distribution of the wire sawing traces and roughness of the specimen surface (b).
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 26 FIGURE 2.6: Three-line bending configuration. Pre-crack positions are illustrated on the right.
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 2 FIGURE 2.7: High-speed camera setup
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 28 FIGURE 2.8: Representative experimental force-displacement curve and pre-crack length a (a). Fracture stress σ f as a function of pre-crack length a (b).

FIGURE 2 . 9 :

 29 FIGURE 2.9: Crack velocity measurement with high-speed imaging technique for (a) a high crack velocity of 3158 m/s and (b) a low crack velocity of 840 m/s. The yellow bar indicates the uncertainty of the crack tip position (0.36 mm).

Four-lineFIGURE 2 . 11 :

 211 FIGURE 2.11: Experimental setup of four-line bending test.

FIGURE 2 .

 2 FIGURE 2.12: Steady-state crack propagation in surface-polished silicon wafers in fourline bending tests measured by the high-speed imaging technique with v s of (a) 3300 m/s and (b) 1470 m/s. The yellow bar indicates the uncertainty of the crack tip position (4 pixels).

FIGURE 2 . 13 :

 213 FIGURE 2.13: Fracture stress as a function of the crack steady-state velocity in four-line bending tests on surface polished silicon wafers.

FIGURE 2 . 14 :

 214 FIGURE 2.14: Comparison among the crack velocities measured with the exposure time of 700 ns, 290 ns and results presented in the littereture(a). Schematic draw of the principle of the crack velocity measurement by the high-speed camera (b).

  ,SHE 05]. Recently, a new method based on the correlation between surface morphologies and crack propagation velocities was developed[ZHA 17]. This method enabled to capture a short acceleration phase of the crack that could not be covered by potential drop technique. According to the continuum fracture theories, the crack velocity can reach the Rayleigh wave speed, C R , when a large enough energy flux flows to the crack tip [FRE 98]. However, a terminal velocity, defined around 0.85C R , has been revealed for the (110)[1-10] cleavage under tension [CRA 00]. Up to this terminal speed, the crack mainly propagated in the (110) plane (mirror-like zone), accompanied by tiny (111) facets in the hackle region near the surface of the specimen. Similar fracture behavior was found under four-line bending tests, where the crack propagated along the middle line of the inner contact span [ZHA 17]. Differing from the tensile and four-line bending tests mentioned above, three-line bending load with the (110)[1-3. Fractographic examination of as-sawn crystalline silicon wafer 10] path right under the contact line resulted in total crack deflection from the (110) plane to the (111) plane at high crack velocities[SHE 04, SHE 05]. This deflection behavior was explained by a dependence of the fracture toughness as a function of the crack speed to the cleavage plane [ATR 12], without considering the external perturbations from the line-contact. The authors have shown numerically that the dynamic toughness of the (110) cleavage system, Γ 110 D , would increase faster than that of the (111), Γ 111 D . Hence, the (111) plane would become more energetically favorable when the crack velocity is higher than a critical value. However, in contrast to their former conclusions, Sherman and co-authors recently showed through tensile tests that Γ 110 D and Γ 111 D barely increase with the crack speed [SHA 18].

(c

  110) = 2γ = 3.46 J/m 2 [PÉR 00c]). Note that albeit the (111) plane has a lower fracture toughness, the effective energy dissipation along the (111) plane will be larger than that along the (110) plane due to the 35.26 • tilt angle relative to the maximum tension plane (G ( c 111) = 2γ/cos(35.26 • ) = 3.53 J/m 2 [SHE 04]). However, both crack propagation along the (110) plane and the (111) plane are observed.

FIGURE 3 . 1 :

 31 FIGURE 3.1: Typical Wallner lines on the (110) cleavage plane under three-line bending (a) and the schema of the generation of the Wallner lines from a surface defect(b)

Fig. 3 .FIGURE 3 . 2 :

 332 FIGURE 3.2: Optical image of the (111) cleavage plane of single crystalline silicon under three-line bending

FIGURE 3 . 3 :

 33 FIGURE 3.3: Fracture origin identification :(a) crack initiates from the artificial pre-crack (left figure) and a wire-cut induced surface defect (right figure) on the (110) plane. The Wallner lines are highlighted by the red dotted lines (b) Crack initiates from a surface defect located on the (111) plane. The specific surface instabilities are highlighted by the red full lines.

FIGURE 3 . 4 :FIGURE 3 . 5 :

 3435 FIGURE 3.4: Fracture surface morphology of the (110) cleavage plane under three-line bending tests with the crack velocity of 1000 m/s, 2650 m/s, 2750 m/s, 2800 m/s, 2900 m/s, 3000 m/s, 3100 m/s, 3300 m/s, 3400 m/s and 3500 m/s. The Wallner lines shape is highlighted by the red curve and the local curvature kink is highlighted by the green circle for the crack velocity higher than 2700 m/s.

FIGURE 3 . 6 :

 36 FIGURE 3.6: Crack front shape determination : (a) schematic drawing for determining the local normal direction along the crack front, and (b) crack front shapes for different crack steady-state velocities. The curvature jump spot on the crack front is highlighted with different marks.

  3.7(a)-(c). When the crack velocity is high (> 2700 m/s), front waves traces are observed in the steady-state (110) cleavage plane [ZHA 18a], as highlighted by the purple lines in Figs. 3.7(b) and (c). Moreover, when the (111) plane dominates the fracture, (111) surface instabilities arise [SHE 08], as underlined by the blue line in Fig. 3.7(d).

FIGURE 3 . 7 :

 37 FIGURE 3.7: Fracture surface morphology of (a) (110) cleavage plane under the contact line with the crack velocity of 610 m/s, (b) (110) cleavage plane under the contact line with the crack velocity of 3000 m/s, (c) (110) cleavage plane beside the contact line with the crack velocity of 3300 m/s, (d) (111) cleavage plane under the contact line with the crack velocity of 3600 m/s.

FIGURE 3 . 8 :

 38 FIGURE 3.8: Correlation of fracture stress with crack steady-state velocity and the cleavage plane. The two loading configurations are labeled with different symbols and the fracture planes are labeled with different colors. The terminal and Rayleigh velocities are also reported.

FIGURE 3 . 9 :

 39 Fig.3.9 presents the reconstruction of the fracture surface for a partial crack deflection case under the contact line with σ f = 79.18 MPa and V s = 3100 m/s. The first 20 mm of the fracture surface is shown at the center of the figure, surrounded by close-ups of high magnification for 6 different locations along this crack surface (Figs. 3.9a -f). The crack surface at the center was observed from the [110] direction so that the bright zone represents the (110) cleavage plane due to the full light reflection and the dark zone presents the (111) cleavage plane. As shown in Fig.3.9a, the first partial crack deflection occurs at the crack initiation position. The crack nucleates on the (110) plane from the bottom surface of the specimen. Very smooth fracture surface can be noticed close to the initiation spot. When extending to the upper surface, the crack deflects onto a (111) plane at a height of approximately 0.5h, where h denotes the specimen thickness. The crack front is therefore non-planar to accommodate the misorientation between the (110) and the (111) planes, at an angle of 35.26 • . However, as shown in Fig.3.9b, the crack comes back to full (110) plane after a propagation distance of 3.05 mm. Two other partial deflections (see Figs. 3.9c and 3.9e) arise at about 6.83 mm and 15.04 mm, involving an extension length of 2.9 mm and height of 0.4h prior to full (110) cleavage recovery (see Figs. 3.9d and 3.9f). The fracture process beyond 20 mm is not shown here but consists of the (110)-(111) deflection and recovery zone decreasing until vanishing. This feature

  .10. The crack propagates stably along the (110) cleavage plane (see Figs. 3.10(a) and (c)), while the occurrence of secondary lines breaks this stabilization. The crack tends to deflect from the (110) plane to the (111) plane from the upper side of the fracture surface as can be seen in Fig. 3.10(b). The perturbation length of the fracture surface of about 3.7 mm. The crack then recovers and propagates on the (110) cleavage plane when the perturbation of SL disappears.

FIGURE 3 .

 3 FIGURE 3.10: Fractography of a partial crack deflection with crack velocity of 3160 m/s. (a) Stable crack propagation along the (110) cleavage plane, (b) partial (110)-(111) crack deflection in the presence of SL, and (c) re-stabilization of the crack propagating along (110) cleavage plane.

FIGURE 3 . 11 :

 311 FIGURE 3.11: Fractography of a test with crack velocity of 3420 m/s. The first 9.5 mm of the fracture surface is presented in the center and four close-ups of complete crack deflections and recoveries are shown from (a) to (d) as well as their locations highlighted by the yellow rectangle.

FIGURE 3 . 12 :

 312 FIGURE 3.12: Fractographies and topographies of the (110)-(111) deflection zones : (a) partial crack deflection with V s = 2800 m/s, (b) partial crack deflection with V s = 2950 m/s, and (c) complete crack deflection with V s = 3620 m/s).

Figure 3 .

 3 Figure 3.14(a) shows the reconstructed topography of SL for V s = 3100 m/s before interacting with the FW traces, measured with the laser scanning profilometer. The undulation amplitude during the decay stage of four SL (noted as A SL ), measured from peak to trough, is shown in Fig. 3.14(b), as a function of the distance from the generation spot of SL (noted as r). The A SL is found continuously decay, following a linear decay on logarithmic scale with a rate of 1/r 2 . This behavior fulfills the characteristic of Wallner lines [SHA 04, BON 05], which suggests that the SL can be referred to as Wallner lines.

FIGURE 3 . 13 :

 313 FIGURE 3.13: Fracture surface profiles along the [001] direction at the early stage of the crack deflection for V s = 2800 m/s, 2950 m/s and 3620 m/s. Profiles have been shifted horizontally for the sake of clarity. The schematic drawing of cleavage planes versus the SL position is shown on the right, where y and z are along the [001] and [110] directions, respectively.
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 314315 FIGURE 3.14: SL decay measurement : (a) topography of a SL at V s = 3100 m/s, and (b) decay of the undulation amplitude A SL of secondary lines (measured from peak to trough) as a function of the extending distance r on the logarithmic scale with inset graph on linear scale and the red dotted arrow represents the 1/r 2 decay.

  Figs. 3.16(a) and (b) present the steady-state (110) cleavage zone and the very beginning of the (110)-(111) deflection zone for the crack propagating at V s = 2950 m/s (also presented in Fig. 3.12(b)). It can be seen in Fig. 3.16(b) that the crack front twist influences the Wallner line shape with a kink across the (110)-(111) deflection zone, illustrated by the point #1.

FIGURE 3 . 16 :

 316 FIGURE 3.16: Local crack velocity calculation for the crack of 2950 m/s : (a) Wallner lines in the steady-state (110) zone, (b) Wallner lines in the (110)-(111) deflection zone, where the red and green lines highlight the primary and secondary Wallner lines, respectively, and (c) local crack velocities in the two different zones.

FIGURE 3 .

 3 FIGURE 3.17: (111)-(110) recovery : schema of the assumption of instantaneous recovery from (a) the bottom of the fracture surface, and (b) the top of the fracture surface.

3 .FIGURE 3 . 18 :FIGURE 3 . 19 :

 3318319 FIGURE 3.18: Correlation between the (111) plane involved region and the crack steadystate velocity : (a) schematic drawing of complete crack deflection scenario, (b) full (111) length versus crack velocity, and (c) (111)-(110) transition length versus crack velocity.

  3.3.3) is determined by Eq. (3.8) and the local kink of primary Wallner lines at the deflection point, as shown in Fig.3.20(a). With the Rayleigh wave speed C R on both the (110) and the (111) planes [PRA 69], the ratio between Γ 111 D and Γ 110 D can be calculated as :

FIGURE 3 .

 3 FIGURE 3.20: Γ 111 D /Γ 110 D determination. (a),Kink of the primary Wallner lines at the (110)-(111) deflection point. (b), Ratio of dynamic fracture toughness between the (111) cleavage system, Γ 111 D , and the (110) cleavage system, Γ 110 D , versus local crack velocity on the (111) cleavage plane V 111 l , at the (110)-(111) crack deflection point.

FIGURE 3 . 21 :

 321 FIGURE 3.21: Crack deflection under contact perturbations. Fractographic reconstruction of the crack initiation and propagation. The first 1.8 mm of the fracture surface is presented in the center and surrounded with three close-ups highlighting the crack initiation, crack propagation on the (110) plane as well as crack propagation on the (111) plane.

FIGURE 3 .Fig. 3 .

 33 FIGURE 3.22: (a) Fractography of microbranching instabilities on the (110) cleavage plane at the crack steady-state propagation velocity of 3500 m/s. The Wallner line and the crack front shape are highlighted by the red and green curves, respectively. The local microbranch is highlighted by the blue line. (b) Normalized local crack velocity as a function of the height along the crack front. Red mark highlights the death position of the microbranches.Fig. 3.22(a) shows the fracture surface morphology of single crystalline silicon wafer at V s = 3500 m/s. At the lower half portion of the fracture surface, periodic local microbranches can be observed, as highlighted by the blue line. The microbranching morphology observed on the fracture plane is generated by the initial portion of microbranches

Fig. 4 .

 4 Fig. 4.1 shows the (110) cleavage surface at different v s . The crack front shape is reconstructed via the retroactive decomposition of the Wallner lines (see Chapter 3, section 2.2) and is shown in Fig. 4.2(a). The anisotropic shear wave speed along the (110) plane [PRA 69] was used in this work. The Wallner lines shape were determined via the striking visual differences through the microscopic observations thanks to the contrasting light intensity of the peak and valley of the Wallner lines or the topographic measurements through the laser scanning profilometer (Altisurf-500). At v s < 0.62c R , the crack front exhibits a quarter-ellipse shape. At v s > 0.62c R , jointly with the Wallner lines kinks, we found that the crack front incorporates a local kink as highlighted by the red circles in Fig.4.1. The kink appears at a higher position along the crack front with the increase of v s . The local crack front velocity v l , which is normal to the crack front and forms an angle θ relative to the x direction (Fig.4.2(b)), is given by v s cos(θ). As shown in Fig1. 4.2(b). in low-speed cases, v l monotonically decreases from bottom to top along the crack front, while in high-speed cases, the local kink of the crack front is reflected by a v l fluctuation.
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FIGURE 4 . 1 :

 41 FIGURE 4.1: Fracture surface patterns of (110) cleavage plane (xy plane) at different crack steady-state propagation velocities v s . The crack front propagates along the axis x pointing to the [1-10] direction. Local kinks of the crack front are highlighted by the red dotted circles.

FIGURE 4 . 2 :

 42 FIGURE 4.2: (a), Crack front shapes for different v s . Local kinks of the crack front are highlighted by the red dotted circle when v s > 0.62c R . (b), Normalized local crack front velocity v l /c R as a function of the vertical position y/h along the crack front for seven experiments with different crack steady-state propagation velocities v s . The angle θ depicts the local crack front direction relative to the x direction and h represents the thickness of the specimen.

  𝑣 𝑠 = 0.38𝑐 𝑅 (a) 𝑣 𝑠 = 0.80𝑐 𝑅 𝑣 𝑠 = 0.74𝑐 𝑅 (b)
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 43 FIGURE 4.3: Mesh of a crack front at the beginning of the steady-state regime for (a), v s = 0.38c R , (b), v s = 0.74c R (left) and v s = 0.80c R (right). The crack front shape and length at the beginning of the steady-state regime are highlighted by the red curve.
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 44 FIGURE 4.4: (a), Finite element modeling for the G l calculation. (b) Comparison between the numerical and experimental load-displacement curves.

  4.6(b) highlights that the increase of dynamic fracture toughness takes place at around v c = 0.50c R along (110)[1-11] direction and at around v c = 0.60c R along (110)[1-10] direction. It is worth mentioning that the Γ(v) evolution in the (110)[110] and (110)[111] cleavage systems are in excellent agreement with ref. [ATR 12], where the authors explain the sharp increase of dynamic fracture toughness by additional energy dissipation of thermal phonon emission during the crack propagation. Besides, the increase of dynamic 4. Rapidly propagating crack front and self-emitted corrugation front waves  𝑣 𝑠 = 0.80𝑐 𝑅  𝑣 𝑠 = 0.74𝑐 𝑅  𝑣 𝑠 = 0.67𝑐 𝑅  𝑣 𝑠 = 0.65𝑐 𝑅  𝑣 𝑠 = 0.60𝑐 𝑅  𝑣 𝑠 = 0.50𝑐 𝑅  𝑣 𝑠 = 0.38𝑐 𝑅

FIGURE 4 .

 4 FIGURE 4.5: (a), G l along the crack front as a function of normalized vertical position y/h for seven experiments with different v s . (b), Local fracture energy as a function of the normalized local crack front velocity for the same seven experiments (with the same marks as presented in (a)).

FIGURE 4 . 6 :

 46 FIGURE 4.6: (a), Dynamic fracture toughness as a function of the normalized local crack front velocity for the same seven experiments (with the same marks as presented in Fig. 4.5(a)). (b), Dynamic fracture toughness Γ l as a function of the normalized local crack front velocity v l /c R for the (110)[1-11], (110)[2-21] and (110)[1-10] direction. Comparison with molecular dynamics (MD) simulations [SWA 04, ATR 12] represented by blue squares, red squares and red circles, respectively

  4.7. The occurrence of the corrugation traces has no dependence on the seed-crack since the same 94 Meng WANG 𝑣 𝑠 = 2300 m/s 50.0 µm (a) 𝑣 𝑠 = 3600 m/s 𝑣 𝑠 ≈ 3000 m/s 𝑣 𝑠 ≈ 3600 m/s (b) 𝑣 𝑠 ≈ 3600 m/s (c) 𝑣 𝑠 = 3200 m/s (d) 𝑣 𝑠 = 3600 m/s (e)
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 47 FIGURE 4.7: Fracture surface morphology at the crack initiation. (a) and (b), Crack initiation in as-sawn sample from the seed crack with v s = 2300 m/s and v s = 3600 m/s, respectively. (c), Crack initiation in as-sawn sample from the subsurface micro-defect with v s of about 3600 m/s. (d) and (e), Crack initiation in surface polished sample from the seed crack with v s = 3200 m/s and v s = 3600 m/s, respectively. Crack initiation spot is marked by the red dot and surface corrugations are highlighted by the white rectangle.

𝑠FIGURE 4 . 8 :

 48 FIGURE 4.8: Comparison of the surface corrugations between the as-sawn silicon specimens (left) and surface polished silicon specimens (right), at the steady-state crack propagation velocity of 2950 m/s, 3000 m/s, 3300 m/s, 3400 m/s and 3600 m/s. The tilt angle corresponding to the maximum amplitude of the corrugation traces is highlighted by the red line.
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 49 FIGURE 4.9: Fracture surface corrugation in polished single crystalline silicon wafers. (a), Mirror-like fracture surface at v cw = 0.62c R and surface corrugations at v cw = 0.74c R . (b), A sequence of AFM measurements of the fracture surface corrugations at v cw = 0.74c R along the vertical direction. The corresponding positions on the fracture surface are highlighted by black marks in (a).

  FIGURE 4.10: AFM measurements of the fracture surface corrugations at v s = 0.74c R and 0.80c R generated by the crack microbranching instabilities.

FIGURE 4 . 11 :

 411 FIGURE 4.11: Profiles of the surface corrugations along the x direction at different heights via AFM measurements. The profiles are measured along the dashed arrows as presented in Figs. 4.9(b) and 4.10 with the corresponding colors.

FIGURE 4 . 13 :

 413 FIGURE 4.13: Profiles of the Wallner lines along the x direction measured by the laser scanning profilometry. (a), Profiles of the primary Wallner lines at different positions on the fracture surface with v s = 3300 m/s. (b), Profiles of the primary and secondary Wallner lines in the case of v s = 3100 m/s (red curve) and v s = 3300 m/s (blue curve). The profile measurements are carried out along the straight lines highlighted on the topographies with the corresponding colors. Profiles have been shifted vertically for sake of clarity.

Fig. 4 .

 4 Fig.4.14(a) schematically illustrates the formation scenario of surface corrugations. Corrugation waves of amplitude A cw and wavelength λ cw are localized along the crack front, propagate at v cw , twist the crack front (red curve) moving at v s along x direction and leave surface corrugations orientated with an angle α relative to v s . Hence, the profile of the corrugation traces along the crack front provides the shape of the corrugation waves (λ cw and A cw ). The crack front shape was reconstructed from the retroactive decomposition (see section 2.2.2 of Chapter 3) of Wallner lines generated from the surface defects that were not completely eliminated, as shown in Fig.4.14(b). The crack front shape was superposed with the surface corrugations according to the coordinate along the y direction.

FIGURE 4 . 14 :

 414 FIGURE 4.14: (a), Formation mechanism of surface corrugation. (b), Fracture surface morphologies of surface-polished sample. The crack front shape (red curve) is reconstructed from the Wallner lines (black curves) generated from uneliminated surface defects.

FIGURE 4 . 15 :

 415 FIGURE 4.15: Three AFM measurements of corrugation traces at different v s and y positions.

  well with the soliton-like character of front waves reported in[SHA 01].

FIGURE 4 .

 4 FIGURE 4.16: Corrugation waves shape in three steady-state cases with v s = (a) 0.68c R , (b) 0.74c R and (c) 0.80c R . The original wave shapes are shown on the left and the normalized wave shapes are shown on the right.

FIGURE 4 .

 4 FIGURE 4.17: Linear relationship between the amplitude A cw and the wavelength λ cw of corrugation waves extracted from the AFM measurement along the crack front for v s = 0.68c R , 0.74c R and 0.80c R . Linear regressions are highlighted by the blue, green and red dashed line presenting a proportionality coefficient of 0.104, 0.136 and 0.183. The black points correspond to then corrugation wave shapes during the collision phenomenon with v s = 0.80c R presented in section 5.4 (Fig.4.19(b)).
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 418 FIGURE 4.18: Dispersion of the corrugation waves. (a), The normalized corrugation waves speed v cw /c R is given as a function of the wavelength λ cw . (b), The dispersion relation of corrugation waves between the frequency ω cw and the wavenumber 2π/λ cw . The linear relation for ω cw < 1.2 × 10 11 rad/s (the inset) is highlighted by the dashed line. The error bars on v cw are due to camera uncertainties on v s and the error bars on ω cw are due to the AFM measurement precision on λ cw .

  [SHA 01, ECK 98, BEN 06, ANC 11, VER 19].
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 4420 FIGURE 4.19: (a) Close-up AFM measurements of surface corrugations at v s = 0.80 c R , where the ξ axis is the tangent direction of the crack front. The collision of two corrugation waves is highlighted by the blue and green dashed lines. The corrugation traces exchange their orientation α after the collision. (b), Sequences of shape evolution of the corrugation waves during the collision (in (a)). The five sequences are highlighted in (a) by the red dashed line varying along the x direction.

FIGURE 4 .

 4 FIGURE 4.22: (a), Profilometer measurement of the interaction between the primary and secondary Wallner lines at v s = 0.69 c R of as-sawn sample in three-line bending tests. (b), Profile undulations along the peak (green) and valley (red) of the secondary Wallner line. (c) Profile undulations along the peak (green) and valley (red) of the primary Wallner lines. The measurement positions are highlighted by the dashed lines in (a) with corresponding colors.

  FIGURE A.1: Height-height correlation function calculated along the global crack propagation direction (0 • ), the sample thickness direction (90 • ) and the intermediate direction (45 • ) on the surface zones of (a) Wallner lines at v s = 0.74c R and (b) corrugation markings at v s = 0.80c R . The dotted lines are power-law fits.

Meng WANG 123  95 FIGURE A. 2 :

 123952 FIGURE A.2: Height-height correlation function calculated along the global crack propagation direction (x) for v s = 0.67c R (blue), v s = 0.74c R (red) and v s = 0.80c R (black) for different height along the sample thickness corresponding to different local crack velocities, presented by different marks.

  FIGURE A.3: Height-height correlation function calculated along the global crack propagation direction (x) with v s = 0.80c R (black) for a surface zone generated by only corrugation markings (v l = 0.66c R ) and a hackle zone (v l = 0.78c R ).
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TABLE 2 . 1 :

 21 Calculated surface energies of silicon crystal planes[HES 93] 

	Crystal plane Surface energy (J/m 2 ) Crystal plane Surface energy (J/m 2 )
	(100)	1.99	(110)	1.41
	(111)	1.15	(210)	1.78
	(310)	1.89	(410)	1.94
	(211)	1.63	(311)	1.80
	(411)	1.88	(221)	2.00
	(331)	1.72	(320)	1.80
	(322)	1.65	(433)	1.45
	(522)	1.46	(332)	1.65
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  Hence, it can be deduced that Γ 111 D remains equal to 3.53 J/m 2 . Consequently, we can conclude that during the (110)-(111) crack deflection, Γ 111 D remains larger than Γ 110 D , which confirms that the (110)-(111) crack deflection is not driven by the evolution of dynamic fracture toughness reported in the previous works [SHE 04, ATR 12]. Moreover, Sherman and co-authors recently proposed that Γ D is barely dependent of the crack speed for the (110)[1-10] and (111)

	.20(b) shows the ratio between Γ 111 D and Γ 110 D as a function of the local crack velocity on the (111) cleavage plane, V 111 at the (110)-(111) deflection points. It can be l noticed that the ratio is nearly constant and is equal to 1.026, with V 111 varying between l 0.29C 111 R and 0.38C 111 R , and V 110 l varying between 0.3C 110 R and 0.4C 110 R . Experimental re-sults [CRA 00] show that, for the crack velocity below 0.6C 110 R , Γ 110 D is approximately equal to 3.46 J/m 2 .

  . Besides, it is noteworthy that sparser surface corrugations exhibit larger amplitude.

	𝑣 𝑠 = 0.62𝑐 𝑅	50.0 µm	𝑣 𝑠 = 0.74𝑐 𝑅
			0.51h 0.39h 0.29h	0.60h 0.42h 0.35h
		(a)	
	1 µm	𝑣 𝑠	
		y=0.60h		0.9 nm
				-0.9 nm
		y=0.51h		17 nm
				-15 nm
		y=0.42h		66 nm
				-96 nm
		y=0.39h		30 nm
				-48 nm
		y=0.35h		-16 nm 14 nm
		(b)	
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authors propose that this behavior, which could be analogous to the classical soliton formation, may be the consequence of the compensation between the dispersion and nonlinear effects in the wave process [LOM 99, REM 13]. In our work, regardless of the corrugation wave motion, the characteristic profile is obtained thanks to the linear relationship between the wave amplitude and the wavelength, which reveal that the corrugation waves is scale-independent. Meanwhile, it has been shown that the linear relationship depends on the crack steady-state velocity, which determines the initial state of the corrugation waves.

The correlation between amplitude and wavelength of the corrugation waves is different from the linear elastic waves. For example, Fig. 4.21 presents the profilometer measurement of a secondary Wallner line in the as-sawn sample generated by the interaction between the linear elastic waves and the crack front. The surface undulations Appendix A

Self-affine properties of fracture surfaces

Since the pioneering study on the fractal character of the fracture surface of the steel in 1984 [ MAN 84], the self-affinity of fracture surface has been widely investigated. The self-affine property of fracture surface is generally considered to be isotropic and can be characterized by a roughness exponent ζ, deduced via the surface height deviation ∆h as a function of the scale of observation within the surface r , where ∆h ∝ r ζ . In the 90s, extensive experimental investigations during the first decade including all failure mode on a variety of materials conjectured that the roughness exponent ζ 0.8 is a universal exponent [BOU 90, BOU 93, BOU 97, MÅL 92]. However, the presence of this universal exponent remains somewhat controversial [MIL 93, MIL 94, BOU 97, ALA 06].

[MIL 94] reviewed the roughness exponent ζ for both brittle and ductile fracture surfaces of various materials spanning from 0.6 to 1 and indicated the nonuniversal value of ζ. Later, [DAG 96, DAG 97] pointed out that there is a material and crack velocitydependent length scale, ξ c . For r > ξ c , the roughness exponent ζ corresponds to the universal value of about 0.8, while for r < ξ c , a smaller exponent ζ ∼ 0.5 was observed. This phenomenon was explained as a dynamic effect, where the short and large length scales correspond to quasi-static and dynamic regime, respectively [BOU 95, BOU 97]. Most recently, [PON 06b, PON 06a] reported the anisotropic self-affine properties of the fracture surface, for which the roughness exponents measured along the crack front direction and along the crack propagation direction are different.

Regardless of the universality or not of the roughness exponent, one can discover roughness formation mechanism from the scaling properties of the fracture surface, and further understand the underlying reason of the self-affine fracture surface. For instance, [BOU 02] suggested that the formation and coalescence of damage cavities ahead of the crack front could lead to the fracture surface with a roughness exponent ζ 0.8. Meanwhile, the authors proposed that the corrugation waves propagating along the moving crack front may generate the fracture surface roughness with a exponent ζ 0.5. However, no experimental measurements of the fracture surface roughness generated by the corrugation waves have been carried out to validate this conjecture. Moreover, it has been shown

Meng WANG