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A B S T R A C T
This paper presents a comparative study of plasticity and fracture behavior of the NiTi/Ag bilayer for the dif-ferent crystallographic orientations of the substrate. Molecular dynamic (MD) simulation was used to determinethe deformation mechanism, dislocation density, plastic energy dissipation and delamination of the NiTi/Agbilayers near the interface, when NiTi aligned at (1 0 0), (1 1 1), (1 1 0), (3 2 1), (2 1 0) and (2 1 1) faces duringthe cyclic-nanoindentation test. The Griffith energy balance model was used to estimate the energy releaseassociated with the delamination. The results of the simulation are suggested the dependence of deformationmechanism, energy release rate (Gin), interfacial toughness (Kin) and average plastic energy dissipation per unitcycle (Eplastic) of NiTi/Ag bilayer on the crystallographic orientation of the NiTi substrate. Prismatic dislocationloop and the nest-like organization of the twins were responsible for the plastic deformation of the NiTi/Agbilayers when NiTi aligned at (211,010,111) and (100,210,321) faces, respectively. The values of Gin and Kin ofthe bilayers were in the range of 64.27–147.71 J/m2 and 77–192 J/m2, respectively. The values of Eplastic isincreased in the following order: NiTi (2 1 1) < NiTi (3 2 1) < NiTi (1 0 0) < NiTi (2 1 0) < NiTi(1 1 1) < NiTi (0 1 0). The average dislocation densities produced for the indenter radius of 30 Å were in therange of 1.23× 1019–1.84×1019m−2. The results show that the NiTi (0 1 0)/Ag case has the larger dislocationdensity than other bilayers. Both of hardness and the interfacial toughness of the NiTi/Ag at different crystal-lographic orientations were consistent with the free energy data obtained from Jarzynski’s equality for na-noindentation results, which were in the range of 3.35× 10−4−7.81× 10−4 eV/atom. Due to high interfacialtoughness and hardness plus lower plastic energy dissipation, the NiTi (2 1 1)/Ag bilayer may show the betterresults for engineering and medical applications.

1. Introduction
NiTi is a novel material for use in biomedical and microelec-tromechanical systems (MEMS). The most critical applications arebone-joints, orthodontic components, orthopedic implants, and cardi-ovascular and urological stents [1–5]. Limited hardness and wear-re-sistance are barrier to the NiTi versatile usages in such broad areas asdental and MEMs applications [6]. For medical usage, it is vital tooptimize the passivation processing of NiTi alloy to prevent the surfacelayer from degradation [7]. Hence, surface modification with the goalof refinement of the NiTi biocompatibility, abrasion resistance and cell-adherence could be exciting. Deposition of thin coatings made of bio-compatible elements or composites can effectively improve the physi-cochemical and topo-mechanical characteristics of the NiTi

microsurgical tools [8,9]. It is generally agreed that silver with theantibacterial/antitumor capability is a promising candidate for en-hancement of the surface properties of the biomedical NiTi alloys[8,10]. Brittleness usually restricts the successful efficiency and relia-bility of the coatings [11,12]. There is an increasing demand for de-veloping authentic techniques to characterize the deformation anddelamination mechanisms of a thin-film and a nano-multilayer. Thisincrease is due to the discovering and understanding of the mechanicalbehavior and deformation mechanisms, which affect the design, con-struction, and utilization of the NiTi-based multilayer structures anddevices. Among the easily reached techniques, the MD simulation en-ables the investigation of the defects at atomic-level under na-noindentation, nano-scratching and tension to obtain a detailed un-derstanding of the properties of the film/substrate systems [2,13,14].
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The evaluation of the adhesion properties of a thin film is vital to certifythe validity of the film/substrate system over its life cycles [15].During the last decades, there have been a few studies to expandattitudes for the interfacial failure mechanisms and, consequently, thequantification of interfacial strength [16–19]. Numerous challengesrelated to nanoindentation simulation and experimental works containthe modeling of interface behavior, brittle coating failure and possibleinteraction between them [20]. Adhesion failure frequently reflects acracking incident characterizable through an interfacial toughnessparameter which, together with the mechanical properties of thecoating and substrate, can be applied to estimate the beginning and rateof propagation of failure [21].Nanoindentation is a useful way to find out about the investigationof interfacial adhesion of a film/substrate system to be undertaken in acontrollable procedure through creating interfacial cracks on an ade-quately small scale and at a particular site [22–24]. The delaminationmechanisms of the multilayers underneath nanoindentation are littleunderstood and estimation of the interfacial adhesion still needs in-depth research [25–27]. To the best of our knowledge, the indentation-induced fracture is not well-understood in the case of the NiTi/Ag bi-layer. Some models have been used to determine the interfacialtoughness (Kin) or energy release rate (Gin) through nanoindentation,amid which stress field analysis and energy method being the twocentral attitudes [28].Compared to stress analysis, the energy method is known to be morestraightforward and practical for nanoindentation testing [23]. For in-stance, Lu et al. [15] have measured the interfacial adhesion of SiN/GaAs film/substrate systems via a cyclic-nanoindentation based on theenergy method. They reported that the cyclic loading nanoindentationwas useful for delamination in quite “tough” SiN/GaAs interfaces.Chiang et al. [29] have examined the interfacial strength for the surfacecoating using the nanoindentation test by a Vickers indenter. They alsofound that the nanoindentation deformation compacts the coating,leading to the delamination of the coating from the substrate. Coatingcracking failure happens when the mechanical work of the brittlefailure in the coating is equivalent to the energy release rare fromcoating cracks [20]. Swain and Mencil [30] have suggested severalreactions on nanoindentation load-depth curves as the fracture hap-pened during nanoindentations at different arrangements of coatingand the substrate. When a fracture occurred within the coating, theload–displacement curves perturbed (pop-in events), then the criticalload for the pop-in incidents could be used to characterize the fracturetoughness of a coating [12].No study has been reported so far on the nanoindentation-induceddelamination motivated by the crystallographic orientation of substratein the film/substrate system. It has been experimentally shown that thedeformation behavior of the single crystal of NiTi and NiTi/Ag is in-credibly dependent on the crystallographic orientation [31]. Thestrengthening mechanism at the NiTi/Ag interface has been attributedto crystal orientation close to the substrate, causing discontinuous slipdislocation and high-loading/free-energy change for nanoindentationacross the interface. Due to the complex nature of NiTi/Ag bilayers withthe different crystallographic orientations of substrate, a comprehen-sive understanding of their plastic deformation is still a challenge and,therefore, it motivates the researchers toward the new topics. Untilnow, much effort has been made to show that a precise approximationof the free-energy difference (ΔF) by computational methods is essentialto understand the details of the plastic deformation and strengtheningmechanism which contribute to the thermodynamics and statisticalmechanics to explain the non-equilibrium processes such as na-noindentation [32–34]. Although the Jarzynski’s equality has beendeveloped to assess the free energy change during nanoindentation ofthe NiTi/Cu of different film thicknesses in a previous works [35], noreport has been made yet on the free energy change of the bilayersalong different crystallographic orientations under non-equilibriumconditions of the nanoindentation experiment.

This paper has three key goals: (i) Quantification of the role of thecrystallographic orientation of the NiTi substrate on the dislocationemission process, that is, responsible for the irreversible plastic de-formation of the NiTi/Ag bilayer. The obtained results will allow us tocompare the atomistic details of the plasticity behavior of the six NiTi/Ag bilayers under nanoindentation load. The corresponding mechanicalreply and dislocation density can then be examined. (ii) Analysis of theeffect of the crystallographic orientation of NiTi substrate on the in-terfacial adhesion of the NiTi/Ag bilayers using the energy method. Theaverage plastic dissipation can then be determined by a novel methoddeveloped for the cyclic nanoindentation tests, and an equivalentlyloaded clamped circular plate model will be adopted to evaluate thedelaminated area. The Griffith energy balance will subsequently cal-culate the delamination energy release rate (Gin). Accordingly, thechanges of adhesion of the NiTi/Ag bilayers are investigated. (iii)Shedding some light on the effect of the crystallographic orientation ofthe NiTi substrate on the free energy change of the NiTi/Ag bilayersduring the nanoindentation.
2. Computational work

Molecular dynamics simulation of the deposition and the na-noindentation models were performed by LAMMPS code [36]. Beforethe nanoindentation process, the sample of silver deposited on theequiatomic NiTi substrate was prepared. For deposition, the size oftypical film/substrate was chosen to be rectangular simulation box withdimension of 140×140×106 Å3. The five bottom layers of the sub-strates are boundary atoms used to prevent the moving of the substrateby the incident atoms during deposition; subsequently, the upper onescould be considered as the thermostat layers. The motion of thermo-stat's atoms follows the classical Newton’s second law, and thus theseatoms could be called Newtonian atoms. The periodic boundary con-ditions (PBCs) were applied in X and Y directions, while free boundarycondition is applied along the positive direction of Z. The timestep was0.001 ps and the deposition is done by depositing one Ag atom everytime step of 500 ps, meaning that the deposition rate is 2 atoms/ps. Thetemperature of atoms played as substrate are fixed to 400 K by Langevinthermostat [37]. The deposition takes place in a vacuum. Thus, thedeposited Ag atoms are not coupled to the thermostat. Therefore, in thesimulation, only the substrate atoms are connected to the thermostat.Langevin thermostat adds a random force to the particles, but does notperform time integration. This integration is done with the fix NVEensemble. The Ag atoms are randomly deposited on the substrate. Eachatom is located in the vacuum slab at a random position, from 6 to 8 Åabove the surface. A reflecting wall is placed at its top to prevent theatoms from leaving the simulation box in the deposition. During thedeposition process of silver atoms, the system can experience a non-equilibrium state. The high energy of the deposited Ag atoms can bedissipated by Langevin thermostat in the progress of simulation to keepthe whole temperature nearby 400 K (room temperature) corre-sponding to the value in the experiment [38]. Each simulation caseproceeds until the 20,000 of Ag atoms are deposited on NiTi substrateand then a relaxation process of 1200 ps is conducted to enable thedeposited thin film to be equilibrated. The primary configuration of thedeposition model is visualized in Fig. 1.After the deposition process, the NiTi/Ag bilayer system preparedwas subjected to the cyclic-nanoindentation process. The indenter isconsidered as a virtual sphere with the radius of 3 nm and it was kept ata distance of about 1 nm over the modifying surface. During the na-noindentation process, the bottom layer (5 Å) of the slab was fixed. Theequations of motion were integrated using the Varlet algorithm with atime step of 0.002 ps.Cyclic nanoindentation processes are conducted by controlling theindenter moving along the Z axis with a constant loading rate of5.0 ms−1. The maximum penetration depth in the present MD simula-tions was set at 40 Ǻ for each cycle. When the loading force reaches the

S. Fazeli and S. Khatiboleslam Sadrnezhaad



target force, the indenter will be kept at the position for relaxationbefore unloading. The unloading speed is the same with the loadingspeed. To study the response of NiTi/Ag bilayer to distinct cyclicloading rounds, three nanoindentations were performed on the samelocation. Each cycle was done at 400 K for 1600 ps using NVT ensemblewhere a Nose-Hoover thermostat was employed. This corresponds to atotal simulation time of 4800 ps.During the entire process, the interactions among Ag-Ni, Ag-Ti, andNi-Ti are characterized by Embedded Atom Method (EAM) potentialdeveloped by Zhou et al. [39]. PBCs are imposed in the X and Y direc-tions and the indenter axis was aligned with Z-axis. It is allowed tomove in the negative Z-direction to indent on the top surface of thesample. The nanoindentation force exerted on the atoms is according toF(r)=−K(r-R) 2 equation, where K is the force constant (set as 10 eV/Å3 in this work), r is the distance from the atom to the axis of theindenter, and R is the radius of the indenter. The force is repulsive andset as 0 for r > R.
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The sum of the nanoindentation forces on the atoms gives the in-dentation load in the load–displacement curves. To better understandthe deformation process of NiTi/Ag bilayer under nanoindentation, thedislocation extraction algorithm (DXA) [40] was used to identify de-fects. Free software OVITO [41] is adopted to visualized the results.
3. Results and discussion
3.1. Effect of crystallographic orientation of substrate on deformation
mechanism of NiTi/Ag bilayers

Based on the previous experimental studies [42], deformation me-chanism depends on the crystallographic orientation. The difference isdue to the diverse slip-planes actuation simultaneously and accom-modatingly at different crystallographic orientations [43]. However,experimental observations cannot explain the exact nature of the dis-locations. Therefore, the MD simulation was performed to elucidate themechanisms of the dislocation at different crystallographic orientationsof the substrate. The force-depth curves obtained for the NiTi/Ag alonga full nanoindentation and retraction cycle on the (1 0 0), (2 1 1),(3 2 1), (2 1 0), (0 1 0) and (1 1 1) faces of the NiTi are presented inFig. 2. Nucleation, propagation and annihilation of the dislocations inthe NiTi/Ag bilayers underneath the nanoindentation pin are re-sponsible for the mechanisms of diverse plastic deformation. We foundin all NiTi/Ag bilayers that, the crystallographic orientation of the NiTisubstrate affects the load of nanoindentation as well as the mechanism

of plastic deformation. It must be emphasized that, although the re-presentative discontinuities are exhibited in all load-depth na-noindentation curves on the bilayers at the different crystallographicorientations, they are caused by the dissimilar dislocation events,meaning that there exist diverse initial mechanisms of plastic de-formation. As the quantity of dislocations is increased by growingloading, they start to entangle with each other. This could provide aneffective dislocation pinning, in turn, hindering dislocation propaga-tions [44].To elucidate the deformation mechanism versus depth, the chosenpoints a (h=20.5 Å), b (h=23.8 Å), c (h=26.4 Å), d (h=34.1 Å)and (e= 37 Å) of the NiTi (1 0 0)/Ag were illustrated in Fig. 3. Fig. 4shows the atomistic schematics of the NiTi (1 0 0)/Ag at points a, b, c, d,and e. we encourage the reader to also look at the profile energies of thedislocations of the NiTi (1 0 0)/Ag at mentioned points, provides assupplementary data. At the beginning of the nanoindentation P waspositive (h= 0), which attributed to the repulsion among the indenterand NiTi/Ag bilayer atoms, when the distance between atoms is smallerthan that of equilibrium one [45,46]. At the depth of h<~12Ǻ, thedeformation happened in the contact region between indenter andsample is elastic. In the depth of 12 Å≤d≤20.5 Å, some slight fluc-tuations were observed, corresponding to the plastic deformation of Agfilm layer. At the point a (h= 20.5 Å) the primary transition fromelastic to plastic deformation of NiTi substrate (pop-in event) is oc-curred. This transition is consistent with the simulation results of Lil-leodden et al. [47], Lee [48] and Fu et al. [49]. Notice that the multiplepop-ins exposed through the current bilayer are comparable to thatrealized previously in other multilayers with different crystal structuresof the substrate. Li et al. [50] have suggested that the dislocation nu-cleation could softens the materials, e.g. as the Cu/Ni nanotwinnedmultilayer films underneath the cylindrical indentation region [45]. Asseen in Fig. 3, the P-h curve displays a constant ascending tendencywith no distinguished drop between the points a and b, as it has beensimilarly seen in the nanoindentation of the Ag/Ni multilayer films of aspherical indenter [51]. At the primary defect-nucleation step, plasti-city grows as the balance between two renowned distinctive mechan-isms: twinning and dislocation; as reported before [52]. As the depthincreases, further dislocations are nucleated and propagated, encoura-ging the drop of stress and release of the strain energy. In the depth of
h > 26.4 Ǻ, the load-depth curve follows a zigzag way. This behavior isdue to the production of more nucleation of dislocations in differentdirections and interactions, of which it appears a nest-like arrangementof twins, as seen in Fig. 4. In the depth of 26.4 Å, more dislocations withdifferent energies are appeared, and stacking faults by b= 〈1 0 0〉 areincreased in size and energy. In the range 34.1 Å≤ d≤37 Å, the dis-locations can quickly transfer to the side of the bilayer and destroy atthe free surface; releasing stress and leading to an obvious drop in force(Fig. 3). The portion between points d and e is nearly flat, suggestingthe softening of the material. This distinct softening should chiefly at-tribute to the creation of partial twinning slips [53].Deformation mechanism of the bilayers at NiTi (3 2 1) or (2 1 0)facet is similar to that of NiTi (1 0 0)/Ag face. In these cases, the load-depth curves primarily have an analogous profile. The pop-in eventoccurs at depth of ~20 Å with the burger vector b= 1/2 < 1–11 > and b= 〈1 0 0〉 in the NiTi/Ag as NiTi aligned at (3 2 1) and(2 1 0) faces, respectively (Fig. 5a and b). In both samples of bilayers,the next big drop in force happens at h ~ 23 Å. Note that, in this depth,multiple dislocations with different burger vectors including b=〈0 0 1〉, 1/2 < -1–1–1> , 1/2 < 11–1> , 1/2 < 1–11 > and 1/2 〈−1 1 1〉 could be appeared under the area of the indentation of theNiTi (3 2 1)/Ag. The plastic deformation of NiTi (2 1 0)/Ag is due to thecreation of a major dislocation with b= 〈1 0 0〉 (Fig. 5c and d).Similar to NiTi (1 0 0)/Ag, profuse twinning is produced in the earlystages of plasticity, and as the indenter continues penetrating, the in-teraction of twins creates a nest-like organization of twins [52]. In bothcases, located at h ~27 Å, there is one major mixed dislocation with

Fig. 1. Schematic illustration of Ag deposition on the NiTi substrate.
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Fig. 2. Force-depth curves of the NiTi without silver coating and NiTi/Ag bilayer having different crystallographic orientations at depth of 40 Å. Look at therespective shifting of the curves for (1 0 0), (2 1 1), (3 2 1), (2 1 0), (0 1 0) and (1 1 1) faces to the right by 10, 20, 30, 40, 50 and 60 units.

Fig. 3. The nanoindentation load-depth curve for the NiTi (1 0 0)/Ag bilayer.

(a) (b) (c)

(d) (e)

Fig. 4. Atomistic schematics of the NiTi (1 0 0)/Agbilayer at points a, b, c, d, and e corresponding to
depth of h= 20.5Ǻ, 23.8 Å, 26.4 Å, 34.1 Å and 37 Å,respectively.
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burger vector of b= 〈0 0 1〉, at the center of the spherical central re-gion, causing a significant drop in the load. The mixed dislocation ofNiTi (3 2 1)/Ag is longer than that of NiTi (2 1 0)/Ag (Fig. 5e and d).Both bilayers have similar trends in the range of 27≤ h≤32 Å, and thenanoindentation force continues to higher values (Fig. 2). This increaseis due to the interaction of the dislocations with each other and nu-cleation of them which follows gliding continually. But two new dis-locations with burger vector of b=1/2 < −1,−1,−1 > are

observed around the surface in the case of NiTi (2 1 0)/Ag, wherewedges of the atoms move down to the right side of the bilayer, leadingto a major drop in the load at h ~35 Å (Fig. 5g). However, the men-tioned dislocations are annihilated at h ~37 Å (Fig. 5i). Also, variouspartial dislocations of both cases nucleate and move in the range of37 < h≤40Å (Fig. 5i and j). However, the plastic deformation me-chanism of NiTi (3 2 1)/Ag needs to interact with number of the dis-locations, as compared to the deformation mechanism of NiTi (2 1 0)/

b= <100> 
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b= 1/2<1-11> 
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b=<001> 
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b=1/2 <-1-1-1> 

b=<001> 1/2 <-1-1-1> 

(i) 
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NiTi (321)/Ag NiTi (210)/Ag 

Fig. 5. Atomistic schematics of NiTi (2 1 0)/Ag and NiTi (3 2 1)/Ag dislocations in the depth of (a) and (b)= 20Ǻ, (c) and (d)= 27Ǻ, (e) and (f)= 32Ǻ, (g) and
(h)= 35Ǻ, (i) and (j)= 37Ǻ, respectively.

S. Fazeli and S. Khatiboleslam Sadrnezhaad



Ag. This behavior is responsible for the forces on the NiTi (3 2 1)/Ag,which is considerably superior to the NiTi (2 1 0)/Ag for indentationdepths of 36 < h≤40 Å. The atomistic schematic of the bilayers asNiTi aligned at (3 2 1) and (2 1 0) facets in the depth of 40 Å is shown inFig. 9.The nanoindentations on NiTi (0 1 0)/Ag, NiTi (1 1 1)/Ag and NiTi(2 1 1)/Ag have similar plastic responses, which are controlled by dis-location nucleation and formation of a prismatic loop. The initial dis-location under the area of indentation happens around h~ 20 Å in allthree cases. As seen, various partial dislocation loops are observable at20≤ h≤25 beneath the indentation. The initial dislocation loop isreleased towards the bottom of the bilayers at h=25 Å, 25 Å and 27 Åfor the cases of NiTi (2 1 1)/Ag, NiTi (0 1 0)/Ag and NiTi (1 1 1)/Ag,respectively (Fig. 6). It is notable that, the profile of energies for theinitial dislocation loop formation of three mentioned cases is presentedin Fig. S2. At these cases, respectively, one (b= <0 0 –1 > ), two(b=〈0 0 1〉, b= <0–1 0 > ) and one (b= 〈0 0 1〉 ) mixed dislocationloops are released. Further, more noticeable dislocations with differentburger vectors are formed around the tip for these cases. In the case ofNiTi (2 1 1)/Ag, more dislocations are nucleated toward the left side ofthe bilayer as the indenter descends further, while the previous dis-location (b=<0 0–1 > ) loop released is sustained at the other side ofthe bilayer (Fig. 7b). At 25≤ h≤40Å, more nucleation dislocations hitthe left side of the bilayer. These dislocations are appeared to have amixed character burger vector (parallel-to-the surface). No nucleationof new defects on the other side of the bilayer is detected, even at themaximum indentation force of 570.3 nN (Figs. 7d and 9c).

In the case of NiTi (0 1 0)/Ag, when 26≤ h≤33Å, the dislocationloops with b= 〈0 0 1〉 and b= <0–1 0 > move to the right side andglide down to the left side of the bilayer, respectively (Fig. 7a). How-ever, new dislocations continue to nucleate under the indentation pit atthis range of depth. At h ~ 34 Å, a new dislocation emerges with amixed character and a burger vector (b= <0–1 0 > ) perpendicularto the surface. The propagation of this dislocation produces a visiblepure edge character deformation around the indenter at h~ 37 Å. Whenh~ 38 Å, a dislocation loop with burger vector of b= 〈0 1 0〉, parallelto the surface is released (Fig. 7b). The partial dislocations interact withthis dislocation loop to push it to the left side of the bilayer at39 < h < 40Å. In the case of NiTi (1 1 1)/Ag, (Fig. 8), growth of thedislocation with b= <0–1 0 > and emission a prismatic loop withburger vector b= 〈0 1 0〉 toward the right side of the bilayer at27≤ h≤31Å may be causing a significant drop in the load (Fig. 8a). Itshould be noted that Hagelaar et al. [54] have also observed the for-mation of the prismatic loop during loading of the nanoindentation forthe (1 1 1) face. In the range of 34≤ h≤40Å, different dislocationscan nucleate continuously; some of them quickly move to both sides ofthe substrate and remain there, while others move to the free surfaceand then annihilate (Fig. 8b).In summary, all bilayers are displayed extensive plastic regime fornanoindentation depth underneath 20 < h < 40Å. Depending on thecrystallographic orientation of the substrate, different deformationmechanisms of the bilayers under load were studied. Fig. 9 illustratesthe plastic deformation mechanisms of all bilayers at maximum in-dentation depth. Prismatic dislocation loop and nest-like organization

(a) (b) (c) 

Fig. 6. The atomistic schematics of theinitial full dislocation loop formation atdepth of 25 Å, 27 Å and 25 Å in thecases of NiTi (0 1 0)/Ag, NiTi (1 1 1)/Agand NiTi (2 1 1)/Ag, respectively.

b >01-0<= b=<001> b=<001>

b=<010>

b=<010>
b=1/2<1-11>

b=<0-10>

(a) (b)

(c) (d)

Fig. 7. The Atomistic Schematic of dislocations of (a) NiTi (0 1 0)/Ag and (b) NiTi (2 1 1)/Ag at h=33 Å, (c) NiTi (0 1 0)/Ag and (d) NiTi (2 1 1)/Ag at h=38 Å.
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of twins can be considered responsible for the plastic conveyance of thebilayers in the cases of (211,010,111) and (100,210,321), respectively.These clarifications of dissimilarities in deformation mechanisms of theNiTi/Ag bilayers can help to describe the difference of the dislocationdensities measured for each type of crystallographic orientation asdiscussed in the next section.
3.2. Hardness and reduced Young's modulus of the NiTi/Ag bilayer

Precise estimation of hardness and elastic modulus of a thin filmrequires careful evaluation of all parameters. The nanoindentation forcerises with the depth due to contact-area growth, even if no softening orstrengthening is considered. The Oliver-Pharr method is applied[5,14,55,56] to estimate the Hardness of the NiTi/Ag bilayer withdifferent crystallographic orientations of the NiTi, from the loadingforce-depth curves. The hardness H, which is defined as the ratio ofmaximum applied load (Pmax) to the projected contact area A, i.e.,H=Pmax/A, where A=π(2R-hc)hc with R and hc the indenter radiusand contact depth of the spherical nanoindentation, respectively. ThePmax, the slope of the initial portion of the unloading curve (S) and thecontact depth of the spherical nanoindentation (hc) are the desirableparameters that are calculated from the nanoindentation load–displa-cement graph and tabulated in Table 1. It should be noted that; hc canbe calculated by the Oliver-Pharr method as follow:
h h 0.72
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S
c max
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max

= (2)

According to the literature, if the numerical values for the h
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f
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ratio
are greater than 0.7, the values of hardness would overestimate fromloading–unloading plots based on the Oliver and Pharr method. It isnotable that hf is the final indentation depth of the impression afterunloading. According to the obtained results, the h

h

f

max

ratio for the six
cases of bilayers is observed to be higher than 0.7, that are, 0.75, 0.76,0.75, 0.75, 0.76 and 0.76, as NiTi aligned at (1 0 0), (0 1 0), (1 1 1),(2 1 1), (2 1 0) and (3 2 1) faces, respectively. In order to consider bothfilm and substrate effects, a solution of Saha and Nix [57,58] is used to

b=<001> <010>

(a) (b)

Fig. 8. The Atomistic Schematic of NiTi (1 1 1)/Ag dislocations at (a): h=31 Å and (b): h=37 Å.

(a) (b) (c)

(d) (e) (f)

Fig. 9. Plastic deformation mechanisms of(a) NiTi (1 1 1)/Ag, (b) NiTi (0 1 0)/Ag, (c)NiTi (2 1 1)/Ag, (d) NiTi (1 0 0)/Ag, (e) NiTi(2 1 0)/Ag and (f) NiTi (3 2 1)/Ag bilayers atmaximum indentation depth (h=40 Å).

Table 1Slope of the initial portion of the unloading curve (S), the maximum appliedload (Pmax), the contact depth of the spherical indent (hc), Hardness andReduced Young’s modulus calculated for the NiTi/Ag bilayer at differentcrystallographic orientations at the maximum indentation depth (h=40 Å).
NiTi/Ag bilayer S hc (Å) Pmax (nN) Hardness(GPa) ReducedYoung’smodulus(GPa)
NiTi(2 1 1)/Ag 63.26 35.63 567.33 22.58 81.564NiTi(3 2 1)/Ag 85.54 36.23 520.53 20.72 81.569NiTi(1 0 0)/Ag 85.44 36.14 515.25 20.03 81.568NiTi(2 1 0)/Ag 71.50 35.65 422.35 17.06 81.564NiTi(1 1 1)/Ag 78.55 36.35 428.79 16.81 81.570NiTi(0 1 0)/Ag 77.17 35.60 415.76 16.55 81.563NiTi-without thesilver coating 56.33 36.17 298.96 11.90 73.12
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estimate the reduced Young’s modulus which takes account of both filmand substrate for elastic–plastic response in the case of bilayer systems.An empirical equation which could be expressed the connection be-tween the reduced modulus and the indentation depth has been sug-gested by this model. So it is common to define it as:
1
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where d is the film-thickness, and α=0.25 is an empirical parameterattained via fitting a series of nanoindentation results. Ef and νf are themodulus and Poisson’s ratio of the film, Es and νs are theses quantitiesfor the substrate, respectively. The values of reduced Young’s modulusand Hardness of the NiTi/Ag bilayers and NiTi without the silvercoating, for the same penetration depth are listed in Table 1. As seen inTable 1, the reduced Young’s moduli for all bilayers are found to be thesame and larger than that of NiTi without a silver coating. But, themeasured hardness decreases in the following trend: NiTi(2 1 1) > NiTi (3 2 1) > NiTi (1 0 0) > NiTi (2 1 0) > NiTi(1 1 1) > NiTi (0 1 0) > NiTi with no coating of the silver. Thus, it canbe concluded that the mechanical behavior of the equiatomic NiTi alloycan be improved by deposition of the silver atoms on it and conse-quently, the NiTi/Ag bi-layer can be suitable for engineering andmedical applications. It is also consistent with the load-depth curve ofthe NiTi/Ag bilayers and the NiTi without the silver coating (Fig. 2).More importantly, hardness is found to increase with increasing of thedislocation density at the maximum depth of indentation (h= 40 Å).The calculation of dislocation density induced by the nanoindentationof all bilayers is discussed in the next section.
3.3. Dislocation density

Dislocation density in either a bilayer or multilayer material hasbeen analyzed due to a high concern for several years, as dislocationsare closely related to the plastic deformation, and consequently have adeep effect on mechanical properties of any material [59]. Dislocationdensity is an essential input of several hardening systems, e.g., the re-nowned Taylor model [60]. In this section, it is revealed that the dis-location density can be calculated by the information gathered from theatomistic structure, corresponding to the geometrically necessary dis-locations (GNDs) [61]. This model assumes that the GNDs encouragedby pressing the indenter into the material is forced to the nearlyspherical volume under the region of contact [62]. It should be notedthat the indented surface is essentially smaller than the radius of theplastic zone, due to the fact that GNDs of analogous sign gathered in theindented volume, will effectively repel each other. Consequently,growth of the plastically distorted volume, as proposed by Durst et al.[63], is the largest. Dislocation density in the plastic zone is defined bythe total length of all dislocation segments per unit volume:
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The plastic zone volume can be calculated from the correlationdescribed in the literature [63,64]:
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where Rlp is the radius of the plastic zone and Vind=πh2 (R-h/3) is theimprint volume of the indenter. It is notable that, R and h are the in-denter radius and penetration depth, respectively. Fig. 10 displays aschematic drawing for estimation of the dislocation density under theindent, where ac is the radius of the projected area [65]:
a R R h( ( )c

2 2
= (6)
In our simulation, ac is ~ 30 Å, and the length of the lines can beachieved by DXA.The results show clearly that both the dislocation density induced

by nanoindentation and change with the depth of the indented regionare depended to the crystallographic orientation of the substrate. Theseresults are in good agreement with the experimental results achieved byChiu et al. [66]. Fig. 11 shows the dislocation density versus depth forsamples deformed by the indenter. The increase in the dislocationdensity with depth is expectable, but clarification can be made bygeneration and propagation of the dislocations during the deformationof the bilayers. On the other hand, the dislocation density of all bilayersfirstly reaches the maximum value at a depth of ~33 Å, and then de-creases again when the value of depth goes up. The repulsive interac-tions among the dislocations can lead to saturation of the dislocationdensity at the depth of 40 Å. After saturation of the supplied disloca-tions, the propagation of the dislocations can occur by more deforma-tion, but the dislocation density should retain constant via the balancedgeneration and annihilation of the dislocations.As mentioned in section 3.1, prismatic dislocation loop and nest-likeorganization of twins were found to be responsible for the irreversibledeformation of plastic at the bilayers in the cases of (211,010,111) and(100,210,321), respectively. These processes are consequent of the typeof dislocation mechanism, shape distortion and subsequent differentdensity dislocation value under the plastic zone [38]. The averagedislocation densities of all bilayers created by radius of 30 Å at theindentation depth of h=33 Å and 40 Å are presented in Table 2. Theresults show that the dislocation density induced by nanoindentation ofNiTi (0 1 0)/Ag at h=33 Å was somewhat higher than that of otherbilayers. The growth process of dislocation loop may shed light on whythe dislocation density of NiTi (0 1 0)/Ag is higher than that of otherorientations. As discussed above, in the range 26≤ h≤33Å, two dis-location loops could shift the sides of the substrate and lead to the highaggregation of dislocations in the plastic zone. It can be concluded that,although the dislocation density is maximum in all bilayers atdepth= 33 Å, densification is occured for a higher value of equivalentdepth in the case of bilayers deformed by mechanisms of loop forma-tion.In order to confirm the obtained results of density dislocation ofbilayers under the indenter at depth=33 Å, the variation in the vonMises stress in the atomic framework is investigated for all bilayers. Theevolution of Von Mises stress of bilayers can be a valuable criterion todetect the plastic deformation and intensity of density dislocation undernanoindentation. Fig. 12 displays the cross-section views of residualVon Mises stress distribution with six different orientation surfaces ofthe substrate at the same indentation depth (h=33 Å). The significantdifferences in the von-Mises stress could be attributed to the difference

Fig. 10. Schematic drawing to evaluate the dislocation density.
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between dislocation densities among the six kinds of bilayers. It isworthy to note that higher dislocation density at the same indentationdepth leads to the higher von Mises stress distribution. It can be seenfrom this Fig that the Von Misses stress field is more focused on the loop

prismatic formed in the NiTi/Ag bilayer as NiTi aligned at (0 1 0),(1 1 1) and (2 1 1) faces. The average stress of NiTi (0 1 0)/Ag underindenter is considerably higher than that of other surrounding samples.The reasons for this behavior are probably comparable with thosepreviously reported in the subject of the dislocation density, where ithas been considered as the relation between dislocation density anddeformation process at the same equivalent depth.Fig. 13 shows the relationship between density dislocation andhardness of the bilayer at h=40 Å. As seen, the dislocation densityinduced by the nanoindentation of the bilayers at a maximum depth ofh=40 Å increases when the hardness of the bilayer comes up. When abilayer is plastically deformed, the dislocation density is increased,leading to strain hardening [67], by the increase of the density of thebilayer dislocation. Thus, the available space under the indenter fordislocations movement will be limited, then, hardness increases.

Fig. 11. Graph of density dislocation versus depth for NiTi/Ag bilayers deformed by indenter at the depth of 33 Å.
Table 2Dislocation density induced by the nanoindentation of all bilayers atdepths= 33 Å and 40 Å.
NiTi/Ag bilayers Dislocation Density at depthof 33 Å (m−2) Dislocation Density at depthof 40 Å (m−2)
NiTi(0 1 0)/Ag 1.84× 1019 1.84× 1018NiTi(1 1 1)/Ag 1.82× 1019 1.96× 1018NiTi(2 1 1)/Ag 1.64× 1019 2.66× 1018NiTi(1 0 0)/Ag 1.55× 1019 2.49× 1018NiTi(3 2 1)/Ag 1.23× 1019 2.57× 1018NiTi(2 1 0)/Ag 1.21× 1019 2.03× 1018

(f)(e)(d)

(c)(b)(a)

Loop Formation 

Fig. 12. The cross-section views of residual Von Mises stress distribution of (a) NiTi(0 1 0)/Ag, (b) NiTi(1 1 1), (c) NiTi(2 1 1), (d) NiTi(1 0 0)/Ag (e) NiTi(3 2 1)/Agand (f) NiTi(2 1 0)/Ag at the same indentation depth (h=33 Å).
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3.4. Cyclic nanoindentation
In order to discuss the elastic/plastic deformation of the bilayer inmore details, the cyclic nanoindentation test was applied to the bilayersystem. Under the cyclic loading, the indenter was continued to moveinto the materials as similar as the creep deformation of the materials.Similar to single nanoindentation, undesirable dislocations are releasedfrom the sources during the unloading, while excess dislocations areproduced in the loading phase. It is important to note that, according toour investigation described in section 3.1, the behavior of the bilayers ismore complicated than that of assumed here and strongly depends onthe crystallographic orientation of the substrate. Therefore, it is knownthat the estimations of the plastic energy dissipation in each loa-ding–unloading cycle require careful assessment of the parameters.Cyclic nanoindentation tests were performed on a NiTi/Ag bilayerwith a maximum indentation depth of 40 Å for each cycle. The Load-Time curve of NiTi/Ag bilayer is plotted in Fig. 14, to indicate the se-quence of indentation and response of NiTi/Ag bilayer during the multi-step loading–unloading process. It is clear from Fig. 14, at maximumdepth; the nanoindentation force is higher in the first loading cycle,lower in the second loading cycle and the lowest in the third cycle. Thiseffect shows that the maximum force decreases with the increase of the

loading–unloading cycle. When the indenter moves into the NiTi/Ag, itcauses deformation in the bilayer. Once the bilayer is unloaded, theelastic and adhesive forces start to recover in the vicinity of the in-denter. Due to the distorted structure, the recovery forces are not asmajor as before. Hence the resistance to the second loading cycle islower than the first one, and so is for the third loading – unloading cycleand vice versa. It shows that the defects and deformations producedafter each indentation cycle are responsible for the decrease of theadhesive recovery forces. Further, an increase in the number of in-dentation cycles can reduce the maximum indentation force, under thecondition of constant depth.It is generally agreed from the single nanoindentation simulationthat, the shakedown phenomenon might occur using the indentationwith small amplitude of the indentation load. The cyclic nanoindenta-tion is then controlled by the elastic deformation, and no dislocation isemitted from the edge of the contact zone during the loading–unloadingcycle.The plastic energy dissipated in each loading–unloading cycle(Eplastic) can be calculated as [68]:
E E E Fd Fdplastic loading unloading

loading unloading
= = (7)

Fig. 13. Dislocation density and Hardness of the NiTi/Ag bilayers with the different crystallographic orientations of the substrate.

Fig. 14. The schematic of cyclic nanoindentation process of NiTi/Ag bilayer.
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which is the area enclosed by the loading–unloading curve.Fig. 15 shows the loading–unloading curves at the cycles 1, 2 and 3.Accordingly, the average plastic energy dissipated per cycle in thecyclic nanoindentation can be considered as [68]:
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=
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where nmax is the maximum indentation cycle carried out in the cyclicnanoindentation test.The results of Eplastic obtained for all bilayers with the differentcrystallographic orientations of NiTi are reported in Table 3. The resultsare in good agreement with those obtained from Section 3.5, and evi-dently, demonstrate that the NiTi (2 1 1)/Ag bilayer exhibits alowerEplastic.Less energy is dissipated for severely deformed NiTi (2 1 1)/Ag dueto having a higher hardness (at the maximum depth of indentation,h=40 Å) compared to the more dissipated energy of NiTi (0 1 0)/Agbilayer. In the case of NiTi (0 1 0)/Ag bilayer with the lower hardness,the more plasticity is occurred, leading to the more dissipated plasticenergy in each indentation cycle. The details of interfacial toughness ofbilayers and its relation to the plastic energy will be discussed in thenext section.
3.5. Indentation-induced interfacial delamination mechanics

The observations specify that delamination is the result of an in-tricate interaction among different mechanisms. Compressive stress inthe film recommended in this work is based on the indentation–induced

interfacial delamination mechanism, that are exposed in the literature[69,70]. The deformation behavior of the NiTi/Ag bilayer should befirst understood to evaluate the crack beginning and extension alongthe interface. For this purpose, the deformation stages of the NiTi/Agsystem in an nanoindentation process are shown in Fig. 16. As can beseen from Fig. 16, the three illustrative deformation arrangements de-tected from the loading of nanoindentation [19], (i) the film and thesubstrate were firstly distorted elastically under compression. As theload was higher than a threshold value, the slip bands were made in thesubstrate (NiTi) and owing to the plane slip, “pop-in” event is relevantto the load-depth curve. (ii) Due to the mismatch in elasticity and thevariance in plastic deformation between the film and substrate, phasetension was built up at the interface. Both film and the substrate wererecovered elastically during unloading. (iii) When the tensile stress atthe interface is overstepped, the interfacial delamination is happened,and a crack is appeared at the interface and distributed rapidly along it.As a consequence, the film was then separated from the substrate,leading to the observation of a “pop-out” [19].
3.5.1. The Griffith energy balance conceptThe concept of Griffith energy balance concept is engaged to ex-amine the energy equilibrium at interfacial delamination to attain theenergy released from delamination (Us) and the energy release rate Ginof the NiTi/Ag interface [71,72]. It was supposed that the interfacialfracture happened in the NiTi/Ag structures plays as a reversiblethermodynamic factor, where the film and substrate were reflected astwo elastic bodies. As mentioned in other experimental studies, forsome film/substrate systems showing the strong interfacial adhesion,the interfacial delamination could not induce by standard na-noindentation. Hence, cyclic loading indentation had to be used. Thistechnique has been applied in literature to delaminate the film/sub-strate structures. For example, the interfacial delamination behavior ofTiN, AlN and SiC films are examined by cyclic indentation [73,74].Therefore, this method can be applied to substitute the former mono-tonic loading nanoindentation, as the magnitudes of Gin are in goodagreement with those obtained from previous method[28]. For such asystem, the net energy of a static crack can be expressed as:
U U U We s d= + + (9)
where Ue is the strain energy stored in the elastic medium, Us is the freeenergy needed to produce the whole crack surface, and Wd is the

Fig. 15. Typical loading–unloading curves at the cycles 1, 2 and 3 cycles for the cyclic nanoindentation under 400 nN average load and indentation frequency of 0.5cycle/s for the NiTi/Ag bilayer at different crystallographic orientations of the NiTi. Note: Curves of cycles 1 and 2 are shifted 2 and 4 unit to the right in all diagrams,respectively.

Table 3The results of Eplastic obtained for all bilayers with the dif-ferent crystallographic orientations of the NiTi.
NiTi/Ag bilayers Eplastic(µJ)
NiTi(2 1 1)/Ag 103.63×10−3NiTi(3 2 1)/Ag 269.46×10−3NiTi(1 0 0)/Ag 285.02×10−3NiTi(2 1 0)/Ag 297.64×10−3NiTi(1 1 1)/Ag 300.07×10−3NiTi(0 1 0)/Ag 525.46×10−3
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external mechanical work done via the indenter.To obtain the thermodynamic equilibrium by balancing the threeenergy terms, it is essential that:
U 0= (10)

Thus, the energy required at the interfacial surface of crack can beachieved by rearranging Eq. (9) as:
U U Ws e d= (11)

The load-depth curve of the dual-indentation can be used to obtainthe energy required for delamination, as presented in Fig. 17. Theprimary portion of the second loading indentation curve is contained bythe responses of the detached film to elastic bending followed by theelastic deformation of both Ag and NiTi (curve OC'). Consequently, thestored energy of elastic strain the deflected film at h= hc can be ob-tained by the area beneath the curve OC', i.e., the area encircled byOC'CC“O. As well as, integration of the unloading segment above thecorresponding displacement range of h0-hc, (the area surrounded byOCC”O), can be used for calculating the equivalent mechanical work

Wd induced by the indenter. The initial stage of the unloading is nearlyelastic. This behavior is in agreement with that seen generally in in-dentation experiments [75]. Careful examination has revealed that theexistence of the pop-out incident at the end, near to the second un-loading curve, should be relevant to the additional extension of theinterfacial crack, showed by Lu et al. in similar event [28]. However, inthis study, the crack generated in the secondary nanoindentation due tothe complex nature of the crack propagation has been ignored, and wefocused only on the crack produced in the first nanoindentation. Hence,according to Eq. (11), the surface energy Us can be achieved throughcomputing the area enclosed by OC'CO curves.The calculation of the delamination area is discussed here. The in-cremental growth of the surface energy of the crack (dUs) and its ex-tension (dA, in a film/substrate system having an interfacial crack ofarea A) can be expressed as the energy release rate, i.e. [76,77],
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Fig. 16. The deformation stages of the NiTi/Ag bilayer in the nanoindentation process.

Fig. 17. Illustration of the energy calculation for indention-induced delamination.
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3.5.2. Determination of the delamination areaThe measurement of the delamination area (A) is difficult when theinterfacial delamination happens under the film layers. Therefore, inother to calculate the energy release rate according to Eq. (12), thedelaminated area (A) should be determined. It is difficult to measurestraightly the geometry of an interfacial crack under the film or sub-strate. Nevertheless, if an axisymmetric indenter is employed, the in-terfacial crack made due to indentation-induced delamination couldestimate a diaphragm clamped on a circular boundary by evaluating thedeflection of the diaphragm underneath an nanoindentation load, al-lowing us to compute the radius [see Fig. 18]. The correlation betweenan nanoindentation load and the consequential deflection of theclamped diaphragm below the load of P is followed by [23]:
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where h is the indentation depth, P is the load, R is the indenter tipradius, E is the elastic modulus of the film, rc is the crack radius, d and νare the thickness and the Poisson’s ratio of the film.Gin can be considered as below, when ri is identified:
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The interfacial toughness (Kin) is associated with the equation of

K G Ein in in= , where Ein is representative Young's modulus for thecoating/substrate system [21].As can be understood from the results of both experiment and si-mulation works [69,70] the presence of a quite strong interface (butstill much weaker than the coating and substrate) can cause the failureof the coating during unloading rather than loading [78]. On the otherhand, the nanoindentation load was inadequately great to encouragedelamination; our simulation results show that the fracture or crackingis not exposed in six NiTi/Ag bilayers through nanoindentation,whereas the maximum load of indentation exceeds half of the wholethickness of the NiTi/Ag bilayer. It was also postulated that the inter-face was too tough to be separated from the substrate by the presentload of 567.334 nN. Nevertheless, the discontinuity in the corre-sponding unload-depth curve in all cases (Fig. 15) implies that a littleinterfacial fracture between film and substrate is occurred, which isagreement with the experimental results reported by An et al. [79] Inorder to more discuss the occurrence of interfacial fracture in all bi-layers, the values of Wd, Ue, Gin, and Kin are calculated for all systems,and the results are listed in Table 4. As shown, for all bilayers, thevalues of Ue, Wd, Gin, and Kin are changed from 233.371 to 731.423 nJ,96.614 to 225.98 nJ, 23.375 to 147.711 J/nm2 and 43.66 to 109.76 N/m2, respectively. It is important to emphasize here that in the films withthe same thickness, the values of Gin and Kin are appeared to be

dependent on the crystallographic orientation of the substrate. How-ever, the value of Gin and consequently the interfacial toughness ofbilayers decreases in the following trend: NiTi (2 1 1) > NiTi(3 2 1) > NiTi (1 0 0) > NiTi (2 1 0) > NiTi (1 1 1) > NiTi (0 1 0).Variation of the interfacial toughness of the bilayers was caused by amisfit strain due to misfit dislocation or other interface faults, as ob-served by Izadi [80] for Al/TI layers. It is notable that the generation ofelastic misfit strain and formation of misfit dislocations on the interfaceare due to the mismatch parameter of the adjacent layers of materials.The presence of elastic misfit strain and misfit dislocation along theinterface can expand the unsteadiness of interface. Thus, it affectsconsiderably the delamination mechanisms of NiTi/Ag bilayer. It isnoteworthy that the dislocation nucleation and release of dislocationsin the upper and lower films, as well as, the interaction of nucleateddislocations with the misfit dislocations and interface have a connectionwith the crystallographic orientation and the film thickness of NiTi/Agbilayers. It is postulated that the connection of silver and the atoms ofNiTi alloy as aligned at the different faces, can generate some misfitdislocations at the NiTi-Ag interface. This behavior is attributed to thefact that the increase in the interaction of dislocations at the interface iscaused an increase in the interfacial toughness. As a result, the numberof practical barriers for crack propagation [81] should lead to highervalues of Gin and Kin. According to the states’ arguments, it is clear thatthe NiTi (2 1 1)/Ag bilayer with higher energy released during na-noindentation process has the greatest misfit dislocation at the inter-face. Thus, it can be concluded that the NiTi (2 1 1)/Ag bilayer due tomore interfacial toughness, is more favorable for engineering andmedical applications. Also, the results reveal that the difference in thevalue of Gin in the film/substrate with different crystallographic or-ientation could be attributed to the mismatch in elastic–plastic prop-erties of the film and substrate induced by the tension built up at theinterface. In other words, the deformation patterns were also influencedby the crystallographic orientation in film/substrate bilayer withstronger mismatch between the film and substrate, requiring higherload for delamination of fracture [26,75,82]. As a result, it is postulatedthat the NiTi (2 1 1)/Ag with higher load for delamination (559.26 nN)has stronger mismatch between the film and the substrate.To better understanding the delamination mechanism during thecyclic nanoindentation, it is essential to explore the relationship be-tween the energy delamination and the hardness of the bilayers. Themechanical properties of the substrate play the main role to control theinterfacial toughness. The relationship between the hardness and in-terfacial toughness of each bilayer is presented in Fig. 19a. The resultsshow that the interfacial toughness is increased with the hardness.Among the six types of NiTi/Ag bilayers, the NiTi (2 1 1)/Ag and NiTi(0 1 0)/Ag are shown the biggest and lowest hardness, respectively(Table 1). Therefore, it was postulated that the NiTi (2 1 1)/Ag couldhave less plastic deformation, while the NiTi (0 1 0) substrate is plas-tically deformed. This behavior means that more elasticity can happenduring unloading in the NiTi (2 1 1) than that of NiTi (0 1 0) substrate,which could subsequently result in adequate residual elastic strain en-ergy to start interfacial delamination in the case of NiTi (2 1 1)/Ag. Asimilar observation was established by Mingyuan et al. [19] for the
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Fig. 18. The centrally loaded clamped circular plate model for delaminationarea estimation.

Table 4The amounts of energy release during delamination (Ue), external mechanicalwork (Wd), energy release rate (Gin) and interfacial toughness of the NiTi/Agbilayers at the different crystallographic orientations of the substrate.
NiTi/Ag bilayers Ue(nJ) Wd(nJ) Gin(J/m2) Kin (N/m2)
NiTi(2 1 1)/Ag 731.423 220.07 147.711 109.76294NiTi(3 2 1)/Ag 544.012 208.93 82.111 81.839709NiTi(1 0 0)/Ag 492.914 225.984 64.279 72.409554NiTi(2 1 0)/Ag 450.742 122.234 54.936 66.938785NiTi(1 1 1)/Ag 395.244 155.542 38.892 56.324365NiTi(0 1 0)/Ag 233.371 96.614 23.375 43.6640888
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GaAs/SiN multilayer. Generally, harder bilayer should have lowerplastic dissipation energy (section 3.4), and larger value of Gin. Fig. 19bshows the association between the energy release rate (Gin) and theplastic dissipation energy (Eplastic) computed for all bilayers. This figureindicates that, if the value of Eplastic comes up, the energy release rateduring unloading indentation would decrease. In summary, the re-sistance to interfacial cracking of the NiTi (2 1 1)/Ag bilayer due to thehigher interfacial toughness is superior to that of the other bilayers. Areverse behavior for interfacial delamination is observed when thecyclic-nanoindentation for the NiTi (0 1 0)/Ag is conducted. Among thesix types of NiTi/Ag bilayers studied here, the NiTi (0 1 0)/Ag has the

lowest hardness and interfacial toughness. Therefore, it is expected thatthis bilayer could experience the highest rate of cracking at the inter-face. An atomistic schematic of interfacial delamination behavior forNiTi (0 1 0)/Ag is presented in Fig. 20.

3.6. Changes of free energy during the test of nanoindentation in NiTi/Ag
The most critical concept to investigate the effect of crystallographicorientation is calculation of free energy which could be derived fromJarzynski’s equality (JE) using MD simulation. It is important to knowhow free energy changes as a function of either an external parameteror internal coordinate [34]. Although the results of nanoindentationcould support a series of metals and surface orientations, their impacton the change of free energy during nanoindentation has been neverinvestigated.The key of the Jarzynski’s method is to select a nonequilibriumprocess such as nanoindentation and at the same time-limit the workfluctuation in each group of the nonequilibrium trajectories within theorder of kbT [83]. However, Jarzynski’s equality could give the goodresults which has been verified for numerous thermodynamic en-sembles and diverse groups of experimentally tested assumption [33].Consequently, the range of thermodynamic free energy change is ex-tracted from Jarzynski’s equality:

(b)

(a)

Fig. 19. (a) The relationship between the energy release rate (Gin) and the plastic dissipation energy (Eplastic) computed for NiTi/Ag bilayers. (b) The associationbetween the hardness and interfacial toughness of the NiTi/Ag bilayers.

Fig. 20. An atomistic schematic of the indentation-induced interfacial delami-nation of the NiTi (0 1 0)/Ag bilayer.
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where β=(1/kbT), kb is the Boltzmann constant and T is the tempera-ture of the system in the equilibrium state. ΔF is the change of the freeenergy of the system. The symbol 〈⋯〉N represents an average over therealization of the process, and the equality is exact as N→∞. Thenonequilibrium work distribution W( ) depends on the schedule forvarying the work parameter, γ, which is the external perturbation. Thementioned equality is simple; the equation involves the thermodynamicwork done on the system by the external force. It is a work parametercontrolled byW Fd= .We compare the values of the free energy of NiTi/Ag with differentNiTi orientations to find any effect of the surface orientation of NiTi onthese values. During the investigation of the free energies of the coat-ings with different orientations of the NiTi at the same number of silverdeposited layers, this state can be explained by the presence of an in-terface which could reflect the strong interactions between Ag andatoms of NiTi at (2 1 1) face. Table 5 indicates the values of free energyof the NiTi/Ag with different orientations of the NiTi.The data of Table 5 shows interestingly that the value of ΔF for NiTi(2 1 1)/Ag sample is larger than that of other samples studied in thiswork. In other words, the NiTi/Ag bilayer with NiTi substrate at (2 1 1)face requires much more free energy to carry out the nanoindentationprocess. Therefore, higher thermodynamic work is needed to attain thesame indentation depth in comparison with the other bilayers systems.In this system, the measured values of ΔF are decreased in the followingtrend: NiTi (2 1 1) > NiTi (3 2 1) > NiTi (1 0 0) > NiTi(2 1 0) > NiTi (1 1 1) > NiTi (0 1 0). As the main result, the NiTi(2 1 1)/Ag bilayer due to more interfacial toughness, hardness and lessplastic energy dissipation shows more change in the value of free en-ergy during nanoindentation.
4. Conclusions

This simulation advanced our understanding of the nature of NiTi/Ag bilayer according to the atomic-based mechanism of the plasticdeformation and interfacial delamination. Our study is devoted bycyclic nanoindentation-induced delamination along the interface be-tween the NiTi substrate as aligned at (1 0 0), (1 1 1), (1 1 0), (3 2 1),(2 1 0) and (2 1 1) faces and Ag film. We considered the determinationof atomistic mechanism of the plastic deformation of NiTi/Ag bilayersand free energy calculations during the nanoindentation process viaJarzynski’s equality using MD simulation. In this work, the interfacialtoughness and the plastic energy dissipated in each loading–unloadingcycle of NiTi/Ag bilayers were obtained from cyclic loading na-noindentation simulation. The energy released from interfacial dela-mination and the delamination areas were obtained by an analyticalmodel that is based on the Griffith energy conservation theory andclamped circular plate model. The conclusions can be summarized asfollows:
1- Two distinct mechanisms are recognized to be responsible for theplastic deformation of NiTi/Ag bilayers. Prismatic dislocation loop

and nest-like organization of twins were found responsible for theirreversible plastic conveyance of NiTi/Ag bilayers as NiTi alignedat (211,010,111) and (100,210,321) faces, respectively.2- The average dislocation densities encouraged by the radius of 30 Åof indenter at the indentation depth of h=33 Å, were found in therange of 1.23× 1019–1.84×1019 m−2. The results reveal that thedislocation density induced by the nanoindentation of NiTi (0 1 0)/Ag was somewhat higher than that of other bilayers considered inthis work. As a result, the key factor governing the densification atdepth of 33 Å is the dislocation induced by loop formation me-chanisms and dislocation densities calculated for NiTi/Ag as NiTialigned at (0 1 0), (1 1 1) and (2 1 1) faces are higher than those of(1 0 0), (3 2 1) and (2 1 0) faces, respectively.3- The values of Gin and Kin of bilayers appear to be dependent on thecrystallographic orientation of the substrate. These values are in therange of 23.37–147.71 J/m2 and 43.66 – 109.76 N/m2 for NiTi/Agwith the different crystallographic orientation of the substrate, re-spectively. The values of Gin and Kin values decrease also in thefollowing trend: NiTi (2 1 1) > NiTi (3 2 1) > NiTi (1 0 0) > NiTi(2 1 0) > NiTi (1 1 1) > NiTi (0 1 0).4- Among the six samples tested here, the NiTi (2 1 1)/Ag and NiTi(0 1 0)/Ag cases have the most significant and lowest hardness, re-spectively. Therefore, it was concluded that the NiTi (2 1 1)/Ag hasless plastic deformation, while the NiTi (0 1 0) substrate is deformedmore.5- By the Jarzynski’s equality on yielding in bilayers, this search re-veals that the changes of free energy are more appropriate for pre-dicting the thermodynamic work needed for nanoindentation ofNiTi/Ag bilayer. The NiTi/Ag bilayer with NiTi substrate aligned by(2 1 1) orientation requires also much more free energy to carry outthe nanoindentation process. Therefore, more thermodynamic workis needed here to attain the same indentation depth in comparisonwith the other bilayers systems.6- The average plastic energy dissipated per cycle during cyclic na-noindentation in a NiTi/Ag bilayer with different crystallographicorientation is estimated. It is concluded that the increase of inter-facial toughness of NiTi (2 1 1)/Ag could be the good factor to dis-cuss the less plastic energy dissipation. The measured values ofEplastic increases in the following trend: NiTi (2 1 1) < NiTi(3 2 1) < NiTi (1 0 0) < NiTi (2 1 0) < NiTi (1 1 1) < NiTi(0 1 0). As well as, the values of plastic dissipation energy estimatedfor NiTi/Ag with different crystallographic orientations were con-sistent with the dislocation densities computed for all-bilayers atmaximum indentation depth (h=40 Å).
Based on these results, it can be concluded that the selection ofcrystallographic orientation in the MD simulation should be made on acareful evaluation. As a significant result, the NiTi (2 1 1)/Ag bilayerdue to more interfacial toughness, hardness, and less plastic energydissipation is favorable for engineering and medical applications.

5. Prime novelty statement
In the submitted manuscript, we are reporting, for the first time, thecomputational results obtained for cyclic nanoindentation test to beused for NiTi/Ag substrate/film with great potential for engineeringand medical applications. The main objective of the article was to ex-amine the effect of crystallographic orientation of NiTi on the plasticdeformation mechanisms, the mechanical properties, the density dis-location and the plastic energy dissipation of the NiTi/Ag bilayers.Further, we have used the Griffith energy balance model to found theenergy released for interfacial delamination of NiTi/Ag substrate/filmwith different crystallographic orientation of substrate. We are alsoreporting the free energy changes calculated by Jarzynski’s equalityduring nanoindentation of NiTi/Ag bilayer when NiTi aligned (1 0 0),(1 1 1), (1 1 0), (3 2 1), (2 1 0) and (2 1 1) faces. These calculations are

Table 5The free energy change obtained during non-equilibrium nanoindentationprocess of the NiTi/Ag at different crystallographic orientations of the NiTi.
NiTi/Ag bilayers Free energy Change (eV/atom) Free energy Change (J/atom)
NiTi(2 1 1)/Ag 7.93× 10−4 1.26× 10−22NiTi(3 2 1)/Ag 7.53× 10−4 1.20× 10−22NiTi(1 0 0)/Ag 7.01× 10−4 1.12× 10−22NiTi(2 1 0)/Ag 6.12× 10−4 9.79× 10−23NiTi(1 1 1)/Ag 5.37× 10−4 8.59× 10−23NiTi(0 1 0)/Ag 4.06× 10−4 6.49× 10−23
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useful for get a deeper insight into the cyclic nanoindentation results.These results suggest that the NiTi (2 1 1)/Ag bilayer due to havingmore interfacial toughness, hardness, and less plastic energy dissipationis favorable for engineering and medical applications. In view to this,the publication of this work in Journal of Computational MaterialsScience will be valuable.
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