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The buckling of a gold thin film deposited on a rigid substrate has been numerically investigated by means of static molecular dynamics simulations. Three different regimes of deformation have been identified depending on the values of the adhesion energy of the film on its substrate (Γ int ). For low adhesion energy, the buckling and gliding through dislocation emission into the interface have been observed. For intermediate values of Γ int , the dissociation of the interfacial dislocations into the film leads to the formation of a Lomer-Cottrell lock that stops the buckle extension, promoting thus the propagation of a crack accompanied by the emission of dislocations. It results in the formation of a twin. For large values of Γ int , the kinking of the interfacial crack has been evidenced along with dislocation nucleation at its tip leading to twins again. Finally, the different evolutions of the film have been summarized in a "behavior" diagram displayed in the plane of applied strain and adhesion energy variables.

Introduction

The buckling phenomena of strained thin films deposited on substrates have been the subject of extensive studies in the field of materials science, surface physics and solid mechanics, because of numerous applications of such bilayered structures in engineering. In this context, the buckling of thin films observed with the help of various techniques such as optical or AFM/STM microscopies has been investigated, in the framework of the Föppl-von Kármán (FvK) theory of thin plates [START_REF] Hutchinson | Growth and configurational stability of circular, buckling-driven film delaminations[END_REF][START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF][START_REF] Gioia | Delamination of compressed thin films[END_REF][START_REF] Moon | Buckle delamination on patterned substrates[END_REF][START_REF] Audoly | Stability of straight delamination blisters[END_REF][START_REF] Parry | Stability diagram of unilateral buckling patterns of strip-delaminated films[END_REF][START_REF] Faulhaber | Buckling delamination in compressed multilayers on curved substrates with accompanying ridge cracks[END_REF] and the effect of strain has been characterized. The formation of a number of patterns such as straight-sided, circular or telephone-cord blisters has been thus explained. For Cu-Zr systems, it is worth noting that the influences of film deformation and thickness on the buckling and post-buckling behaviors have been analyzed [START_REF] Wu | Unique buckling and post-buckling behavior of cu-zr amorphous films on compliant substrates[END_REF].

The interface delamination and buckle propagation phenomena have been also considered from both experimental and theoretical points of view. Based on string models, the morphological evolution of thin films on substrates has been numerically investigated and different structures such as telephone-cord, polygonal or brain-like patterns have been described. In particular, the strain mismatch between the film and the substrate has been identified as an important parameter controlling the morphologies [START_REF] Jagla | Modeling the buckling and delamination of thin films[END_REF]. In case of SiAlN x films on glass substrates, the telephone-cord buckle propagation has been observed with a re-organization of the existing buckles. The morphological parameters have been thus found to evolve in both spatial and time scales (Yu et al., 2013a). For Ta films on glass substrates, a patterning technique has been elaborated which consists in introducing parallel strips of different widths. For a critical strip width, complete half-straight buckles have been observed together with wavy buckles and coalescence phenomenon (Yu et al., 2013b).

It is now well-admitted that the mode mixity at the crack front is a key parameter controlling the growth of the buckles. More precisely, it has been highlighted from finite element (FE) simulations that the periodicity of the telephone-cord blisters and the branching patterns depend on the film/substrate adhesion [START_REF] Faou | Telephone cord buckles-a relation between wavelength and adhesion[END_REF][START_REF] Faou | From telephone cords to branched buckles: A phase diagram[END_REF]. In case of Ni thin films on steel substrates, a compression-induced delamination test has been used to determine the interfacial adhesion of the films [START_REF] Zhu | Determination of interfacial adhesion energies of thermal barrier coatings by compression test combined with a cohesive zone finite element model[END_REF]. Taking into account the elastoplasticity of the films, the experimentally observed morphologies have been then numerically reproduced by FE simulations. For Cu/Cr nanostructured multilayer films on flexible polyimide substrates, the interaction between buckling and cracking behaviors have been analyzed and the effect of adhesion energy on the buckling phenomenon has been discussed [START_REF] Wu | Length-scale-dependent cracking and buckling behaviors of nanostructured cu/cr multilayer films on compliant substrates[END_REF]. In case of polyimide-supported thin indium tin oxide films, the role of interfacial adhesion has been also characterized [START_REF] Jia | A map of competing buckling-driven failure modes of substrate-supported thin brittle films[END_REF].

When the films and coatings are made of crystalline materials, the problem of the influence of the plasticity phenomena activated at the microscopic scale on the morphological evolution of the structures resulting from buckling at the mesoscopic scale, naturally emerges. Considering first that the buckles can undergo a plastic folding at their circumference, the folding being due to low-angle tilt-boundary for example, the buckle profiles and critical strains for buckling have been determined versus the folding angle, in the FvK theory of thin plates [START_REF] Colin | Plastic folding of buckling structures[END_REF]. Later, the case of a plastic folding located at the top of the buckles has been considered [START_REF] Colin | Buckling and cracking of Y 2 O 3 thin films at grain boundaries[END_REF] as well as the interaction between the folding and a pressure applied onto the surface of the films [START_REF] Hamade | Effect of plasticity and atmospheric pressure on the formation of donut-and croissantlike buckles[END_REF]. From molecular dynamics simulations, a sliding phenomenon has been also identified at the edges of the buckled films, this sliding being analyzed in terms of gliding dislocations (Ruffini et al., 2012a). More recently, the cracking and buckling of titanium nitride films deposited on stainless steel substrates have been investigated for low and strong adhesion energy and it has been found that the slip steps of the substrates favor the cracking and then the buckling phenomenon [START_REF] Guo | Substrate slip steps promote cracking and buckling of thin brittle film[END_REF].

It thus clearly appears that the interface delamination, plasticity and film cracking are key phenomena influencing the thin film buckling. In order to characterize the influence of the interfacial adhesion, of the dislocation and crack propagation into the film on the buckling, static molecular dynamics simulations of the evolution of a gold thin film deposited on a rigid substrate have been performed in this work. As the adhesion energy between the film and the substrate increases, three different regimes of non-linear deformation of the buckled film have been identified and analyzed with respect to the dislocation and crack propagation phenomena.

Numerical details

Construction of the film/substrate system

The considered system is composed of an Au single-crystal thin film of thickness H = 103.5 Å taken to be a constant in the following, the film being initially free of defect and oriented as follows : (Ox) // [11 2], (Oy) // [ 110] and (Oz) // [111] (see Fig. 1 for axes). It is assumed that considering other crystallographic orientations would probably change plastic behavior of the film; the study of this influence is beyond the scope of the present study. The initial dimensions of the system are 2L x = 1539.2 Å and L y = 51.9 Å along (Ox) and (Oy) respectively. The system is assumed to be periodic along the (Oy) axis. The film is lying on a rigid substrate whose atoms are such that their interaction forces with the atoms of the film are taken as control parameters that allow for tuning the adhesion energy. Both film and substrate crystals have the same lattice orientation to construct a perfect interface. The film is partitioned in four distinct regions labeled R i in Fig. 1, with i = 1, 2, 3, 4. The regions R 1 and R 2 are assumed to stick to the rigid substrate. The initially planar regions R 3 and R 4 are assumed to be delaminated, i.e. the interactions with the substrate atoms are set to zero. The boundary regions R 1 and R 4 are such that the components of the force applying along (Ox) and (Oy) axes on each atom are cancelled, the displacement along the (Oz) axis being allowed. The interactions between the atoms of the substrate and the atoms of the regions R 1 and R 2 are mimicked by a specific Lennard-Jones potential [START_REF] Toxvaerd | Communication: Shifted forces in molecular dynamics[END_REF] based on a standard 12/6 Lennard-Jones function constructed in such a way that it cancels, as well as the forces, at a cutoff distance R c = 10.28 Å. The distance at which the potential cancels is σ = 2.57 Å [START_REF] Yu | Adhesive contact based on the lennard-jones potential: a correction to the value of the equilibrium distance as used in the potential[END_REF] and its depth V LJ is considered to be a free parameter that takes values in eV in the range [0.05, 0.15]. All the other atom interactions into the film are modeled using a classical EAM potential whose parameters are defined in [START_REF] Olsson | Transverse resonant properties of strained gold nanowires[END_REF].
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Simulation procedure

Once the film/substrate system has been constructed, a first energy minimization by conjugated gradient procedure has been performed in LAMMPS [START_REF] Plimpton | Fast parallel algorithms for short-range molecular dynamics[END_REF] to release the energy of all the atoms in the initial planar state. An
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Figure 2: Schematic of the buckled film at a given applied strain ε i . The regions R 1 and R 2 remain planar, R 3 and R 4 are buckled.

external strain is then applied to the film along the (Ox) axis by increasing steps of 0.01 % until a final deformation of 4% is reached. At each step, an energy minimization has been also performed, the system being considered as relaxed when all the forces on atoms are less 10 -5 eV.Å -1 . In order to initiate the buckling of the R 3 and R 4 delaminated regions, it is underlined that a force perturbation is applied to the corresponding atoms. This perturbation has been checked to be without any influence on the final buckle shape [START_REF] Olsson | Atomistic study of the buckling of gold nanowires[END_REF]. Once the film is buckled, five parameters have been introduced to characterize its morphology (see Fig. 2). The half-length of the buckle is labeled B and has been taken to be equal to the half-length L x of the coherent interface, the maximum deflection of the buckle δ, and the gilding displacement of the boundary plane between the regions R 2 and R 3 , ∆. The tuning of Γ int , the adhesion energy of the film/substrate interface, has been performed through the modification of the V LJ parameter of the Lennard-Jones potential. For each values of V LJ , an interface shear modulus µ int , its Poisson ratio ν int and the unstable stacking energy γ us Int (corresponding to the barrier energy needed to create a dislocation along the considered gliding direction) are calculated in the hypothesis of an Au bulk material where each atom interaction is mimicked by the Lennard-Jones potential already mentioned [START_REF] Toxvaerd | Communication: Shifted forces in molecular dynamics[END_REF]. The corresponding values of these parameters are listed for several V L j values in the Table 1. It is emphasized that the adhesion energy of thin fcc metal films on stiff substrates has been experimentally found to vary from 0.3 J/m 2 for Au/C system to 2.2 J/m 2 for Au/Ti/SiO 2 system [START_REF] Volinsky | Interfacial toughness measurements for thin films on substrates[END_REF]. These values are in agreement with those considered in this study.

The results of the different simulations are presented in the next section. 
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Numerical results and modeling

In this section, the different behaviors of the film under strain have been first presented for low and high adhesion energies, the intermediate case being processed last. For each regime, an analytical treatment of the numerically observed phenomena is thus specifically developed.

Deformation regime for low adhesion energy

Simulation results

For a low value of the interface energy, i.e. Γ int = 0.878 J.m -2 , the initially planar film is first observed to buckle (see Fig. 3a) when the applied strain ε i reaches a critical value ε c ≈ -1.45%. Once the film is buckled and when ε i

ε i = -2% (a) 
(b) reaches ε d = -1.78%, a first edge dislocation is nucleated into the interface and then glide (Figure 3a). As ε i increases (in absolute value), a few supplementary dislocations are nucleated (Figs. 3b), still in the same interface, and have been also observed to glide until they reach their equilibrium positions. Analyzing the nature of these dislocations, it has been found that the leading dislocation is an edge dislocation of Burgers vector 1/6[ 11 2] (or δC in Thompson notation) leaving a stacking fault into the interface, the gliding mechanism being comparable to the one taking place in fcc crystals (see Fig. 4). This dislocation is followed by a trailing dislocation of Burgers vector 1/6[ 211] or 1/6[1 21] (respectively labeled Bδ or Aδ in the Thompson notation), that reduces the stacking fault and leads to a succession of displacements corresponding to the gliding of alternating BC and AC dislocations. The driving force that controls the apparition of this "zig-zag" gliding mechanism comes from the stress discrepancy between the adherent and the buckled parts (Ruffini et al., 2012a). This mechanism releases a certain amount of stress along the x direction in the adherent part and takes place until ε i reaches a new threshold ε B ≈ -2.78%, corresponding to the strain at which an other relaxation mechanism is activated which consists in propagating a crack along the interface (see Fig. 3c). In Figs. 5, the maximum of the buckle deflexion δ (Fig. 5a), the gliding of the buckled film ∆ (Fig. 5b) and the delaminated length B (Fig. 5c) have been plotted versus the increasing strain ε i for two values of the interface energy, i.e. for Γ int1 = 0.585 J.m -2 and Γ int2 = 0.878 J.m -2 . It is first observed in Fig. 5a that the film buckles at a critical strain ε c that does not depend on the adhesion energy. As ε i increases, the film deflexion then increases until ε i reaches the value ε d beyond which dislocations are emitted from the adherent part of the interface, generating discontinuities in the δ variation. These dislocations are emitted two-by-two and correspond to the leading and trailing dislocations previously described. They can be indirectly visualized in Fig. 5b three jumps in the present case) of the variation of the film gliding ∆ versus ε i . It is also observed that the emission of these dislocations and thus the corresponding jumps in the buckle deflexion δ occur at a lower strain (in absolute value) for the lower adhesion energy, i.e. for Γ int1 . This phenomenon of dislocation emission iterates until another critical strain ε B is reached which corresponds to the threshold strain for the interface delamination. This phenomenon, occurring again at lower strain for lower adhesion energy, is described in Fig. 5c, where it is clearly evidenced that the delamination width B suddenly increases at this strain
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, in addition to the monotonous increase of the quantities δ, ∆ and B, a last isolated dislocation emission has been identified for the larger value of the adhesion energy Γ int2 . As a first conclusion for this subsection, it can be emphasized that this behavior for the film has been observed (but not shown) for several values of the adhesion energy in the range (in J.m -2 ) Γ int ∈ [0.585, 1.06].

Modeling

From the previously described simulations at low adhesion energy, three main phenomena have been identified for the behavior of the film on its rigid substrate. Firstly, the initially planar film buckles at ε c . Then, the film glides along the substrate from ε d by means of dislocation emission. Finally, the interface crack grows from ε B and the buckle extends. The purpose of this subsection is now to characterize from a theoretical point of view, these different mechanisms of relaxation.

In the framework of the Föppl-vón Kármán theory of thin plates [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF][START_REF] Foppl | Vorlesungen uber Technishe Mechanik[END_REF][START_REF] Karman | Encyklopädie der mathematischen Wissenschaften mit Einschluss ihrer Anwendungen[END_REF][START_REF] Audoly | Stability of straight delamination blisters[END_REF], it is now well established that a thin film under compressive strain ε i < 0 buckles when | ε i |>| ε c |, where the critical strain ε c is defined as:

ε c = - π 2 12 H B 2 , (1) 
and only depends on the ratio H/B. Taking the values of B and H used in the previous subsection for the simulations, the critical strain has been calculated to be ε c ∼ -1.49% from Eq. ( 1) and has been then compared in 6) that both numerical and theoretical values of ε c match for all the tested values of Γ int , confirming thus that the first thin film evolution is a classical elastic buckling.

The study of the dislocation emission from the edges of the buckle has been then performed based on the Rice analysis of the dislocation emission from crack tips [START_REF] Rice | Dislocation nucleation from a crack tip: An analysis based on the peierls concept[END_REF]. Assuming that the slip plane along which a crack propagates in a bulk is submitted to shear stress (mode II of propagation), it has been found that a dislocation can be emitted when K II , the stress intensity factor for the mode II, reaches a critical value given by:

K crit II = 2µγ us 1 -ν , (2) (a) 
(b) -1.0
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Simulation Theory where γ us , µ and ν are the unstable staking energy, the shear modulus and the Poisson ratio of the bulk, respectively. This emission criterion in Eq. ( 2) has been applied to the present case where the crack and the dislocations are lying into an interface between different materials. To do so, the different quantities γ us , µ and ν have been re-calculated in our atomistic simulations for a virtual "bulk material" in which atoms are interacting through the Lennard-Jones potential with the parameters displayed in Table 1. Once these quantities are numerically determined, K crit II can be estimated from Eq. (2), this procedure being assumed to give a reasonable estimate of the critical stress intensity factor for the emission of the dislocations into the considered interface of the gold thin film on its rigid substrate. The analytical expression of the stress intensity factor K II for a crack propagating into the interface between a film and a substrate of shear modulus and (µ f , ν f ) and (µ s , ν s ), respectively, is also well-known [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF][START_REF] He | Kinking of a crack out of an interface[END_REF][START_REF] Rice | Mechanics and thermodynamics of brittle interfacial failure in bimaterial systems[END_REF] and its expression has been re-derived in the Appendix A. Introducing the values of the parameters ε i , B, h, ∆, E f and ν f from the simulations into Eq. A.12, the stress intensity factor at the edge of the buckle K II has been determined as a function of the adhesion energy Γ int . From the emission criterion for the dislocations:

K II > K crit II , (3) 
where K crit II is defined from Eq. ( 2), the critical strain ε d beyond which the dislocations are introduced into the interface has been determined. In Fig. ( 7), the variation of ε d versus the adhesion energy Γ int has been displayed. It can be
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Simulation Theory deduced from this Fig. ( 7) that both numerical and theoretical values of ε d reasonably match and that the decrease of ε d as the adhesion energy increases is also correctly described by the model. At this point, it is underlined that a better fitting between both curves (simulation and theory) would probably be achieved by reconsidering the hypothesis made in this work which consists in computing µ int , γ us int and ν int for a "virtual" bulk material rather than for a real interface. After the gliding mechanism has been activated through the emission of dislocations into the interface, it has been observed in the simulations that the interface delaminates at ε B . This new phenomenon can be explained calculating the energy release rate G int for an interfacial crack between a film and a rigid substrate [START_REF] Malyshev | The strength of adhesive joints using the theory of cracks[END_REF]:

G int = (1 -β 2 ) 4 1 -ν f µ f K 2 I + K 2 II , (4) 
where β is a Dundurs coefficient [START_REF] Dundurs | Edge-bonded dissimilar orthogonal elastic wedges under normal and shear loading[END_REF]:

β = - 1 2 (1 -2ν f ) (1 -ν f ) , (5) 
and K I and K II are the stress intensity factors for the modes I and II which are defined in Eqs. (A.11) and (A.12), respectively. The film is then assumed to delaminate once the Griffith criterion is reached [START_REF] Griffith | VI. the phenomena of rupture and flow in solids[END_REF]:

G int ≥ Γ int . (6) 
Taking the values of the parameters ε i , B, h, ∆, µ f and ν f from the simulations at the step before the film delaminates, the critical strain ε B beyond which the delamination takes place has been derived from Eqs. ( 4) and ( 6), (A.11) and (A.12) versus the adhesion energy and has been displayed in Fig. (8). It is found that the variation of ε B versus Γ int observed in the simulations is correctly described by our model and in particular the increase (in absolute value) of the critical strain required for the film delamination to take place when the adhesion energy increases.

Deformation regime for large adhesion energy 3.2.1. Simulation results

The case of large adhesion energy is concerned with Γ int values ranging from 1.308 J.m -2 to 1.760 J.m -2 . In Fig. ( 9), two configurations of the film are presented from the simulations for two different applied strains. It is observed that the film first buckles when ε i reaches ε c = -1.45%. When ε i increases (in absolute value) and reaches ε d = -1.88%, a first dislocation is emitted into the initial interface of Burgers vector 1/6[ 11 2] (or δC in the Thompson notation, see Fig. 4), leaving a stacking fault behind it (see Fig. 9a). The next step of evolution is different from the previously described regime of low adhesion energy. Indeed, it is now observed that when ε i slightly increases, the interface delamination is not observed but rather, when ε i = ε f = -2.32%, a secondary crack develops into the film from the primary interface crack (or buckle edge). At each growth step of this new crack, a new dislocation is emitted from the kinked crack tip in a gliding plane parallel to the interface plane, with the same Burgers vector 1/6[ 11 2] (see Fig. 9a). This dislocation configuration then leads to the formation of a twin growing together with the stable kinked crack propagation. This mechanism stops when ε i reaches ε p = -2.96% and the crack rapidly extends. A region in compression where the film is strongly deformed due to plasticity can be also observed between the kinked crack and the top free-surface (see Fig 9b) which has been found to be too complex to be interpreted in terms of dislocation structure. In Fig. 10, the maximum deflexion of the buckle δ and the film gliding ∆ have been then plotted versus the applied strain ε i for two values of the adhesion energy, Γ int1 = 1.465 J.m -2 and Γ int2 = 1.758 J.m -2 . It can be observed that after the buckling at ε c independent of Γ int and the dislocation emission at ε d (slightly dependent on Γ int ), the kinked crack propagates into the film at ε f also slightly dependent on Γ int , until the film is locally and drastically deformed at ε p . The important jump on the curve of gliding ∆ observed at ε p (also reflected on the δ curve) corresponds to the sudden unstable propagation of the kinked crack and is mainly due to the displacement of the buckled and cracked part of the film with respect to the unbuckled one (see Fig. 9b), generating thus a (nonmeaningful) space between the two sides of the split film. Likewise, the slight kink on the ∆ curve is due to an ulterior rearrangement of the region of the film sustaining plasticity.
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Modeling

The buckling and dislocation emission observed for this range of Γ int values ( from 1.308 J.m -2 to 1.760 J.m -2 ) have been characterized with the help of the analysis already presented in the previous subsection 3.1. Indeed, from Eqs. ( 1) and (3), ε c and ε d have been plotted into Fig. 11 versus ε i . Again, the critical strain for buckling is confirmed to be Γ int independent and to be well-described by the classical formula obtained for a straight-sided buckle [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF][START_REF] Foppl | Vorlesungen uber Technishe Mechanik[END_REF][START_REF] Karman | Encyklopädie der mathematischen Wissenschaften mit Einschluss ihrer Anwendungen[END_REF]. Likewise, the variation with Γ int of the strain beyond which the dislocations are emitted at the crack tip is correctly captured (less than 5% discrepancy) from the criterion displayed in Eq. ( 3). The next step has been to explain the propagation of a kinked crack into the film. The crack kinking is a phenomenon that has been widely investigated in the field of solid mechanics, for bulk materials [START_REF] Nuismer | An energy release rate criterion for mixed mode fracture[END_REF][START_REF] Cotterell | Slightly curved or kinked cracks[END_REF][START_REF] Adda-Bedia | Path prediction of kinked and branched cracks in plane situations[END_REF]) and also for an interface [START_REF] He | Kinking of a crack out of an interface[END_REF][START_REF] Pro | Conditions controlling kink crack nucleation out of, and delamination along, a mixed-mode interface crack[END_REF]. In the present case where the kinking of crack is competing with the emission of dislocations from the crack tip, an approach based on the Nuismer work [START_REF] Nuismer | An energy release rate criterion for mixed mode fracture[END_REF] has been used. Considering a kinked crack whose direction is characterized by an angle θ (see Fig. 12), two effective stress intensity factors K e f f I and K e f f II can be thus defined in the θ direction as:

K e f f I = K I Σ I θθ (θ, ε) + K II Σ II θθ (θ, ε), (7) 
K e f f II = K I Σ I rθ (θ, ε) + K II Σ II rθ (θ, ε), (8) 
where Σ I i j and Σ II i j are the angular dependence of the stress components at the crack tip for the modes I and II, respectively, defined in Eqs. (A.2), (A.3), (A.4) and (A.5), with i, j = r, θ. K I and K II are the stress intensity factors at the edges of the buckle defined in Eqs. (A.11) and (A.12). Following Griffith analysis [START_REF] Griffith | VI. the phenomena of rupture and flow in solids[END_REF], the crack is assumed to propagate when the energy release rate G f ilm for a crack propagating into the bulk crystal reaches its fracture toughness Γ f ilm = 1.641 J.m -2 , a value that has been calculated as twice the energy of the (111) surface:
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From Eqs. 9, the value of the threshold of strain ε f at which the crack kinks has been determined, calculating G f ilm at each applied strain ε i , and the variation of ε f versus Γ int has been displayed in Fig. 13. Although, the present model gives the correct order of magnitude for ε f , it can be observed on this Fig. ( 13) that the Γ int dependence of the critical strain obtained from the simulations is not well-described by the model. This may be due to the fact that Eqs. ( 7) and ( 8) have been written for an infinitely small kinked crack and not for a fully developed one.

Deformation regime for intermediate adhesion energy

Simulation results and partial modeling

The more complex situation concerns the intermediate values of the adhesion energy, from 1.06 J.m -2 to 1.308 J.m -2 , where the plastic deformation appears to be more tedious to analyze. Indeed, in Fig. ( 14), where the different configurations of the film have been displayed at increasing strain for Γ int = 1.05 J.m -2 , it can be observed that although the first two steps (see Fig. 14a), i.e. the buckling and the first emission of a dislocation in the interface, are identical in the low and large adhesion energy regimes, the further evolution is different (Figs. 14b,c,d). In Fig. 14a, when ε i reaches ε c = -1.45%, the initially thin film buckles and when ε i reaches ε d the first dislocation is emitted into the interface and glides. As ε i increases (in absolute value) beyond ε d = -1.87%, a few dislocations are nucleated and glide into Simulation Theory
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Figure 13: Critical strain ε f for the crack to kink versus the adhesion energy Γ int .

the interface like in the case of low adhesion energy (Fig. 14b). When ε i reaches a new threshold ε D = -2.83%, the trailing dislocation Aδ or Bδ dissociates into a 1/6[ 11 0] stair-rod dislocation (γδ) located into the interface, and a dislocation of Burgers vector 1/6[ 21 1] (Aγ) or [1 21 ] (Bγ), depending on the Burgers vector orientation of the initial trailing dislocation, glides into the ( 11 1) plane of the film leaving a stacking fault behind it. This dislocation finally stops in the midplane of the film which is a region of zero stress that defines the boundary between the zone of the film in tension and the one in compression. It is believed that the nucleation of the Aγ (or Bγ) partial dislocation could contribute to an additional load that increases the contact between the buckle and the substrate at the crack front and counterbalances the mode I load responsible for the buckle extension. This configuration is a Lomer-Cottrell lock that remains immobile as long as the stair-rod dislocation does not recombine with one of the two partial dislocations that are part of the lock. Thus, it also hinders the nucleation of additional dislocations in the interface. The stair-rod dislocation γδ can finally recombine with a dislocation δC, emitted from the interface crack tip at larger applied strain, leading to a Frank dislocation γC of Burgers vector 1/3[11 1] (Fig. 14b). As ε i increases from ε D , a crack is nucleated from the Frank dislocation in the same plane as the one in which the dislocation Aγ (or Bγ) glides, together with a partial dislocation γD that reduces the stacking fault left by the dislocation Aγ (or Bγ) (Fig. 14c). During the crack propagation, supplementary dislocations are generated from the crack tip in planes parallel to the interface, leading to the formation of twins (Fig. 14c). In Fig. 15, the maximum deflection δ and the gliding displacement of the buckled film ∆ have been finally plotted versus i . The different strain thresholds ε c , ε d , ε D and ε f depending on Γ int (except for ε c ) can again be identified as characterizing the different behaviors, i.e. the thin film buckling, dislocation emission in the interface, dislocation dissociation and kinked crack formation into the film, respectively. For these intermediate values of adhesion energy, only the critical strain for buckling ε c and the threshold strain for the emission of the first dislocation into the interface ε d have been determined from Eqs. (1) and (3) and have been compared with the values calculated from the simulations. The variations of ε c and ε d versus Γ int have been then plotted in Figs. 16a andb respectively. It can be observed that the present model also predicts the evolution of these quantities in this considered range of adhesion energy.

Behavior diagram of the film versus Γ int and ε i

Finally, the different behaviors of the film have been displayed in the (Γ int , ε i ) plane in Fig. 17. For a given value of the adhesion energy, the film evolution can be described in this Fig. 17 by following a vertical line from top to bottom as the applied strain ε i increases (in absolute value). The region 1 corresponds to a planar film, the region 2 to the buckled one. In region 3, the buckled film undergoes only gliding at its edges through dislocation emission in the interface and, in region 4, the interface delamination takes place in addition to the gliding. For the region 5, the dissociation of the trailing dislocation occurs as well as the gliding at interface. In the region 6, the buckled film glides sustaining a crack growth in a (111) plane. A stacking fault is left by the dissociated dislocation. The same phenomena are observed in the region 7 except for the stacking fault. Finally, in the region 8, a non-linearly deformed zone is observed, the film being buckled and cracked, the buckled region sustaining a gliding.

The transitions between the regions 1 and 2 and between regions 2 and 3 occur at critical applied strains that do not strongly depend on the adhesion energy. The critical strain for the transition between the planar film (region 1) and the straight sided buckle (region 2) depends only on the width of the delaminated zone and on the thickness of the film and is obviously found to be constant whatever the value of the adhesion energy. The strain values corresponding to the onset of the film gliding are found to increase (in absolute value) continuously from 0.17% to 0.20% with the increase of the adhesion energy. This transition from region 2 to region 3, corresponding to the emission of a first partial dislocation in the interface, is actually controlled by the shear resistance of the interface (given by the value of the unstable stacking fault energy γ us ) which increases with the adhesion energy.

ε i = -2% ε i = ε i = -2.84%
The distinction that can be made between the three adhesion regimes lies mainly in the mechanisms and the critical strains associated with the transition between the region 3 and the regions 4, 5 and 7. For low adhesion energies, the film glides on the rigid substrate with low shear resistance of the interface and several dislocations are emitted in the interface before the buckle starts to extend at a critical strain that increases (in absolute value) with the adhesion energy (transition from region 3 to 4). For large adhesion energies, the interface offers more resistance to the film gliding. Only one partial dislocation is emitted in the interface and does not contribute a lot to the release of elastic energy in the adherent region of the film. The adhesion energy is high enough to prevent the buckle from extending by propagating the crack front at the interface. Instead, the elastic energy stored in the film is released by the nucleation and propagation of a crack from the interface through the region of the film which is in tension (transition from region 3 to 7). It is also interesting to note that the critical strain values associated with this mechanism are comparable and even lower (in absolute value) than the ones associated with the extension of the buckle at low adhesion energies. In Fig. 17, the two regimes corresponding to low and large adhesion energies are not joining directly but through an intermediate regime characterized by the formation of a Lomer-Cottrell lock (transition from region 3 to 5). It can be emphasized that the formation of this Lomer-Cottrell lock should lead to a shielding effect on the propagation of the interfacial crack as already underlined in [START_REF] Guo | High temperature brittle film adhesion measured from annealing-induced circular blisters[END_REF]. In this regime, the gliding of the film taking place 0.6 0.8 1.0 1.2 1.4 1.6 1.8 in region 3 is of the same order of magnitude as the one described for low adhesion energies and releases a certain amount of the stored elastic energy. This release is high enough such that it prevents the film from cracking at the relatively low values of the applied strain found for the high adhesion energies. At a given strain, a Lomer-Cottrell lock is formed by dissociating the interfacial trailing partial into one leading partial dislocation and leaving a sessile stair-rod at the interface. The leading partial dislocation glides from the interface through the region of the film in tension and stops when it the neutral zero-stress line in the midplane of the film. From one hand, this sessile configuration contributes to confine plasticity in a region very close to the interfacial crack front by preventing the nucleation of new dislocations in the interface but, from the other hand, it seems to exert an additional load that tends to close the interfacial crack front rather than to facilitate its propagation. Thus, both buckle extension and film cracking are inhibited in this intermediate adhesion energy regime and the applied strain needs to be further increased so that a crack can be initiated in the film. Finally, it can be underlined that complementary simulations have been carried out (but not shown) evidencing that the increase of the film thickness at constant H/B does not modify the value of the buckling critical strain (see Eq. 1) but decreases the value of the critical strains at which plasticity mechanisms and cracking are activated into the film and the interface. This effect can be explained by the presence of higher stress values at the edge of the buckle when the thickness increases. As a consequence, it is assumed that the different boundaries in Fig. 17 are shifted towards lower values of strain (in absolute value).

ε d1 ε d2 ε D2 ε D1 ε f1 ε f2 Γ =1.05 J.m -2 Γ = 1.171 J.m -2 ( 

Conclusion

In this work, the buckling and non-linear deformation of a gold thin film deposited on a rigid substrate has been investigated by means of molecular statics simulations for increasing values of the adhesion energy of the film on the substrate. Three different regimes have been identified depending on this adhesion energy. For low adhesion energy the buckling of the film followed by dislocation emission into the interface leading to interface delamination have been first observed. For large adhesion energy, the buckling, gliding (through dislocation emission), kinked crack propagation into the film and strong and local deformations are observed. For intermediate values of the adhesion energy, dislocation dissociation mechanism, kinked crack and twin formation take place after thin film buckling and dislocation emission. It has to be noted that, excepted in the case of dislocation nucleation in compressive zone at large strain for large adhesion energies, neither plastic nor damaging events emerge to or arise from the top free surface of the buckled film. Dislocations and cracks are nucleated from the crack front of the buckle at the interface, propagate in the tension zone of the film and are stopped in the mid-plane where stresses are equal to zero. This makes the experimental observation of these inelastic deformations difficult directly from the free surface of the buckled film but only possible indirectly by assessing their influence on buckle morphologies. It is believed that the next step of this work would be the study of the influence of the plasticity of the substrate in order to get a more accurate description of the whole deformation process of this type of bilayered structures submitted to compressive strain.
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Figure 1 :

 1 Figure 1: Schematic of the initially planar gold thin film on a rigid substrate.

Figure 3 :

 3 Figure 3: Snapshot of the different configurations of the film versus increasing strain for low adhesion energy, Γ int = 0.878 J.m -2 . The atom colors correspond to the local atomic stacking (fcc = grey, hcp = red, other = black).

Figure 4 :

 4 Figure 4: Burgers vectors of the emitted dislocations following the Thompson tetraedra representation.

  Fig. (6) with the numerical values obtained from the simulations. It is clearly observed in this Fig. (

Figure 5 :

 5 Figure 5: Buckling of the film for two low values of the adhesion energy Γ int1 = 0.585 J.m -2 and Γ int2 = 0.878 J.m -2 . (a) Maximum deflexion of the buckle δ versus ε i . (b) Gliding of the film ∆ versus ε i . (c) Delaminated length B of the half-buckle versus ε i .

Figure 6 :

 6 Figure 6: Numerical and theoretical values of ε c versus Γ int .

Figure 7 :

 7 Figure 7: Critical strain for the dislocation emission into the interface ε d versus the adhesion energy Γ int .

Figure 8 :

 8 Figure 8: Critical strain for the film delamination ε B versus Γ int .

Figure 9 :

 9 Figure 9: Snapshots of two consecutive configurations of the buckled film for Γ int = 1.288 J.m -2 corresponding to two different applied strains. The different colors of the atoms allow for visualizing the different local atomic stacking (fcc = grey, hcp = red, other = black).

Figure 10 :

 10 Figure 10: Buckling of the film for two large values of the adhesion energy, i.e. Γ int1 = 1.465 J.m -2 and Γ int2 = 1.758 J.m -2 . (a) Maximum deflection of the buckle δ versus the applied strain ε i . (b) Film gliding ∆ versus ε i .

Figure 11 :Figure 12 :

 1112 Figure 11: Effect of the large adhesion energy on the critical strains. (a) Critical strain for buckling ε c versus Γ int . (b) Critical strain for dislocation emission ε p versus Γ int .

Figure 14 :

 14 Figure 14: Snapshots of the different configurations of the buckle for Γ int = 1.288 J.m -2 . The colors for atoms correspond to the local atomic stacking (fcc = grey, hcp = red, other = black).

Figure 15 :Figure 16 :

 1516 Figure 15: Buckling of the film for intermediate values of the adhesion energy, i.e. Γ int = 1.05 J.m -2 and Γ int = 1.171 J.m -2 . (a) Maximum deflection δ versus ε i . (b) Gliding of the buckled film ∆ versus ε i .

Figure 17 :

 17 Figure 17: Behavior diagram of the thin film in the (Γ int , ε i ) plane.

Table 1 :

 1 Interface shear modulus µ int , Poisson ratio ν int and unstable stacking energy γ us int versus V LJ .

	050 15.82 0.288	0.585	0.050
	0.075 23.73	//	0.878	0.075
	0.100 31.64	//	1.171	0.101
	0.125 39.55	//	1.465	0.126
	0.150 47.46	//	1.758	0.151

Appendix A. Stress field of an interface crack

The stress components at a distance r from the tip of an interface crack between two materials of different elastic constants write in polar coordinates θ) [START_REF] He | Kinking of a crack out of an interface[END_REF][START_REF] Rice | Mechanics and thermodynamics of brittle interfacial failure in bimaterial systems[END_REF]:

with i, j = r, θ, and K I , K II the stress intensity factors of the modes I and II, respectively. The two functions Σ I i j and Σ II i j characterizing the angular dependence of the stress field has been found to be [START_REF] Rice | Mechanics and thermodynamics of brittle interfacial failure in bimaterial systems[END_REF]:

For a film of shear modulus µ f and Poisson coefficient ν f on a substrate of shear modulus µ s and Poisson coefficient ν s , the parameter ε is defined as [START_REF] He | Kinking of a crack out of an interface[END_REF][START_REF] Rice | Mechanics and thermodynamics of brittle interfacial failure in bimaterial systems[END_REF]:

with β one of the two Dundurs parameters (α, β) given by [START_REF] Dundurs | Edge-bonded dissimilar orthogonal elastic wedges under normal and shear loading[END_REF]:

In the case of a rigid substrate, i.e. when µ s → ∞, it yields:

Likewise, the stress intensity factors K I and K II for the modes I and II take the following form at the edges of a one-dimensional blister [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF][START_REF] Suo | Interface crack between two elastic layers[END_REF]: A.11)

with ∆N the stress modification with respect to the unbuckled state at the crack tip, M the bending moment at the crack tip and ω a phase factor depending on the Dundurs coefficients (α, β). In case of a substrate of infinite size, it has been approximated through a polynomial form as [START_REF] Suo | Interface crack between two elastic layers[END_REF]:

The quantities ∆N and M can be finally expressed with the help of the two components of the elastic displacement of the buckled film, u and w along the (Ox) and (Oz) directions, respectively [START_REF] Hutchinson | Mixed mode cracking in layered materials[END_REF] :

where for a buckle undergoing gliding, u and w write (Ruffini et al., 2012b) :

x, (A.17)

The maximum deflection of the buckle is labeled δ and the displacement corresponding to the gliding of the buckled film, ∆.