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Investigation of the superelastic behavior of a Ti-16Zr-13Nb-2Sn sputtered film by nanoindentation
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A new Ti-16Zr-13Nb-2Sn superelastic film incorporating β-stabilizing and highly biocompatible elements was elaborated by magnetron sputtering. The morphological, crystallographic and microstructural characteristics of the obtained films were studied by scanning electron microscopy, atomic force microscopy, X-ray diffraction, and transmission electron microscopy. Superelastic response of the film was investigated at local scale by nanoindentation using both spherical and Berkovich indenters. The sputter-deposited film revealed nanograined β microstructure with preferential growth orientation along [110] direction and excellent superelastic recovery at room temperature. Special attention was paid to the indenter geometry influencing reliable evaluation of the superelastic nature of the film. Evolution of the deformation mechanisms during nanoindentation at increasing depths was rationalized by the calculated representative strain beneath the indenting tips and is discussed in this work.

Introduction

Titanium (Ti) and its alloys have been extensively used as biomedical materials due to their high strength, low density, good corrosion resistance, low elastic modulus and high biocompatibility [START_REF] Eisenbarth | Biocompatibility of β-stabilizing elements of titanium alloys[END_REF]. Some of these alloys can present shape memory effect or superelasticity [START_REF] Niinomi | Development of new metallic alloys for biomedical applications[END_REF]. Currently, superelastic NiTi alloy is widely used in biomedical applications as, for example, orthodontic archwires, self-expandable stents, abdominal wall lift devices, vascular ligation clips, or gastric loop snares [START_REF] Duerig | An overview of nitinol medical applications[END_REF]. NiTi presents unique superelastic performance and its recoverable strain can be as high as 10% [START_REF] Ijaz | Superelastic behavior of biomedical metallic alloys[END_REF]. However, owing to rising concerns over the hypersensitivity and toxicity of Ni element [START_REF] Biesiekierski | A new look at biomedical Ti-based shape memory alloys[END_REF], research in superelastic alloys for biomedicine has shifted towards Ni-free metastable β-Ti alloys incorporating non-toxic and highly biocompatible elements (Nb, Zr, Hf, Ta, Sn) with the objective of optimizing their mechanical properties and superelastic performances.

Superelasticity refers to the property of recovering large deformation strain when removing an applied load. In metastable β-Ti alloys, superelasticity is attributed to the stress-induced martensitic transformation from the parent bcc-β phase to the orthorhombic-α″ martensite phase upon loading, and to the subsequent reverse transformation upon unloading resulting in remarkable accommodation of large reversible deformation strains [START_REF] Castany | In situ synchrotron X-ray diffraction study of the martensitic transformation in superelastic Ti-24Nb-0.5 N and Ti-24Nb-0.5 O alloys[END_REF]. Recently, the Ti-Zr-Nb-Sn bulk system has received much attention and appears promising alloy system for biomedical purpose because it offers opportunity to combine large transformation strains, low elastic modulus and high strength by adjusting alloy concentration and optimization of microstructure, and also shows excellent cyto-and hemo-compatibility with enhanced viability and proliferation of living cells. For instance, Ti-(1~5)Zr-(12~17)Nb-(2~6)Sn [START_REF] Hao | Effect of Zr and Sn on Young's modulus and superelasticity of Ti-Nb-based alloys[END_REF][START_REF] Hao | Elastic deformation behaviour of Ti-24Nb-4Zr-7.9 Sn for biomedical applications[END_REF][START_REF] Yang | Characterization of the martensitic transformation in the superelastic Ti-24Nb-4Zr-8Sn alloy by in situ synchrotron X-ray diffraction and dynamic mechanical analysis[END_REF], Ti-18Zr-(9~16)Nb-(0~4)Sn [START_REF] Fu | Novel Ti-base superelastic alloys with large recovery strain and excellent biocompatibility[END_REF][START_REF] Li | Superelastic Ti-18Zr-12.5Nb-2Sn (at.%) alloy scaffolds with high porosity fabricated by fiber metallurgy for biomedical applications[END_REF], Ti-20Zr-12Nb-2Sn [START_REF] Gao | Effect of grain size on the recovery strain in a new Ti-20Zr-12Nb-2Sn superelastic alloy[END_REF], Ti-24Zr-(8~12)Nb-2Sn [START_REF] Pavón | Effect of Nb content and heat treatment temperature on superelastic properties of Ti-24Zr-(8-12) Nb-2Sn alloys[END_REF] and Ti-(40~50)Zr-8Nb-2Sn [START_REF] Li | Superelasticity and tensile strength of Ti-Zr-Nb-Sn alloys with high Zr content for biomedical applications[END_REF] (at.%) bulk alloys have been reported in literature and some of which have reached superelastic recovery strain up to 7.5% at room temperature.

To our knowledge, there has been no reported work related to the Ti-Zr-Nb-Sn system in film geometries. Film technology is promising for further miniaturization and design possibilities for nanometer-sized functional tools and devices for biomedicine. In the field of superelastic films, most activities have focused on the superelastic response of magnetron sputtered NiTi-base alloy films since the 1990s, basically for the development of miniature systems (micro-sensors, -actuators, -pumps and -valves) [START_REF] Miyazaki | Martensitic transformation and shape memory behavior in Journal Pre-proof sputter-deposited TiNi-base thin films[END_REF][START_REF] Rumpf | High ultimate tensile stress in nano-grained superelastic NiTi thin films[END_REF][START_REF] Ma | Pseudoelasticity of shape-memory titanium-nickel films subjected to dynamic nanoindentation[END_REF][START_REF] Li | Crystal size induced reduction in thermal hysteresis of Ni-Ti-Nb shape memory thin films[END_REF]. Beside the suspected toxicity and carcinogenicity of nickel, a major drawback is the amorphous nature of as-deposited NiTi films at room temperature which required suitable heat treatment to obtain the crystalline phase responsible of the superelastic effect. Much less work has investigated superelastic response in Ni-free metastable β-Ti alloy films deposited by magnetron sputtered. One can mention some studies related superelasticity in Ti-Nb binary films [START_REF] Achache | Ni-free superelastic binary Ti-Nb coatings obtained by DC magnetron co-sputtering[END_REF], in Ti-(3~13)Zr-(18~23)Nb ternary films (at.%) [START_REF] Yang | Phase stability and properties of Ti-Nb-Zr thin films and their dependence on Zr addition[END_REF] and in Ti-Nb-Ta-Zr quaternary films [START_REF] Achache | Gum Metal thin films obtained by magnetron sputtering of a Ti-Nb-Zr-Ta target[END_REF]. As with bulk alloys, it has been confirmed that superelastic response of ternary Ti-Zr-Nb films is much higher than that of binary Ti-Nb films. Further studies were focused on microstructure and nanomechanical properties (elastic modulus and hardness) of magnetron sputtered Ni-free β-Ti alloy films, such as in Ti-Nb films [START_REF] Photiou | Microstructure and nanomechanical properties ofmagnetron sputtered Ti-Nb film[END_REF][START_REF] Málek | The correlation between substrate and deposited biocompatible layer microstructures on different substrates[END_REF][START_REF] Gonzalez | Influence of Nb content on the structure,morphology, nanostructure, and properties of titanium-niobium magnetron sputter deposited coatings for biomedical applications[END_REF] and in Ti-Nb-Zr films [START_REF] Tallarico | Growth and surface characterization of TiNbZr thin films deposited by magnetron sputtering for biomedical applications[END_REF][START_REF] Frutos | Development of new β/α ″-Ti-Nb-Zr biocompatible coating with low Young's modulus and high toughness for medical applications[END_REF][START_REF] Yan | High-throughput screening for biomedical applications in a Ti-Zr-Nb alloy system through masking co-sputtering[END_REF].

Magnetron sputtering offers the possibility to synthetize alloy films outside thermodynamic equilibrium enabling the formation of metastable phases in film geometries. Studies have confirmed that the allotropic β phase of Ti can be stabilized under the β transus temperature in β-Ti alloy films [START_REF] Musil | Formation of high temperature phases in sputter deposited Ti-based films below 100 C[END_REF]. It has also been established that the addition of Zr as a substitute of Nb affects the lattice parameters of β phase and α'' martensite phase leading to an increase in the lattice deformation associated with the transformation strain during martensitic transformation which is beneficial for improving the accommodation of the deformation strain, and thus the superelastic response of alloys [START_REF] Yang | Phase stability and properties of Ti-Nb-Zr thin films and their dependence on Zr addition[END_REF]. Meanwhile the decrease in Nb accelerates ω phase precipitation which affects superelasticity and increases drastically the elastic modulus and brittleness of alloys [START_REF] Gonzalez | Influence of Nb content on the structure,morphology, nanostructure, and properties of titanium-niobium magnetron sputter deposited coatings for biomedical applications[END_REF]. It has been observed that Sn addition suppresses ω phase formation and improves superelastic performances [START_REF] Ijaz | Effect of Sn addition on stress hysteresis and superelastic properties of a Ti-15Nb-3Mo alloy[END_REF].

In the present work, we investigated if magnetron sputtered Ti-16Zr-13Nb-2Sn film could display superelastic properties as its bulk counterpart. In this Sn-added alloy film we suggested that full metastable β microstructure and large transformation strain could be obtained. For this purpose and considering previous work in bulk alloys [START_REF] Gao | Effect of grain size on the recovery strain in a new Ti-20Zr-12Nb-2Sn superelastic alloy[END_REF], a new quaternary Ti-16Zr-13Nb-2Sn (in at.%) film was obtained by magnetron sputtering at room temperature and the morphological, crystallographic and microstructural characteristics of the films were investigated by scanning electron microscopy (SEM), atomic force microscope (AFM), X-ray diffraction (XRD), and transmission electron microscopy (TEM).

Relatively little information is known about the reversible and stress-induced superelastic deformation at the micro-and nano-meter length scale in Ni-free Ti-based alloy films. Nanoindentation is considered as an efficient technique to characterize the locally nanoscale deformation behavior and mechanical properties of films because of its ability for characterizing mechanical response of small volume materials. Ma et al. [START_REF] Ma | Pseudoelasticity of shape-memory titanium-nickel films subjected to dynamic nanoindentation[END_REF] firstly used nanoindendation experiments in films to reveal the nanoscale superelasticity of NiTi films. The hysteresis loop of load-displacement indentation cycles was interpreted as the result of the occurrence of reversible and stress-induced martensitic phase transformation (i.e. superelastic behavior). Wood and Clyne [START_REF] Wood | Measurement and modelling of the nanoindentation response of shape memory alloys[END_REF] demonstrated that nanoindentation, using the remnant depth ratio (unloaded depth /peak depth) as a detection parameter, was suitable for local testing whether or not superelastic deformation was occurring in NiTi alloys. A relatively low value for the remnant depth ratio was indicative that superelasticity was occurring. Moreover, the finite element method (FEM) simulations of the evolving strain fields under conical tip (which is considered to represent a good approximation to the Berkovich tip) and under spherical tip showed that peak strain levels are much higher under Berkovich indenter.

Different indenter geometries make material exhibits different indentation responses.

Nanoindentation experiment generates complex loading conditions necessitating considerable care in the interpretation of the nanoindentation responses. It was necessary to clarify which tip geometries and loading conditions were suitable to probe superelastic recovery. Based on the studies of Liu et al. [START_REF] Liu | Indentation behavior of pseudoelastic TiNi alloy[END_REF], Ni et al. [START_REF] Ni | Microscopic shape memory and superelastic effects under complex loading conditions[END_REF], Achache et al. [START_REF] Achache | Ni-free superelastic binary Ti-Nb coatings obtained by DC magnetron co-sputtering[END_REF][START_REF] Achache | Gum Metal thin films obtained by magnetron sputtering of a Ti-Nb-Zr-Ta target[END_REF] and Yang et al. [START_REF] Yang | Phase stability and properties of Ti-Nb-Zr thin films and their dependence on Zr addition[END_REF], the work recovery ratio and depth recovery ratio extracted from indentation load-displacement (F-h) curves were able to probe the superelastic effect in bulk and film alloys. The higher values of work and depth recovery ratios especially during spherical indentation reflected the greater capability of the material to accommodate deformations and to behave more superelastically. Shastry et al. [START_REF] Shastry | Simultaneous measurement of mechanical and electrical contact resistances during nanoindentation of NiTi shape memory alloys[END_REF] described the variation of the depth recovery ratio with the calculated representative strain with a physically-meaningful and simple function, and showed the importance of selecting the appropriate representative strain window to capture the differences in depth recovery ratio between superelastic and shape memory behaviors of Ti alloys. The strain introduced into the material during Berkovich indentation was independent of penetration depth and caused significant plastic flow precluding a discriminating examination of the two different behaviors of Ti alloys. Spherical indentations, wherein the representative strain was varied systematically by changing the applied load, offered the advantage of investigating different deformation regimes from elastic to elasto-plastic to fully plastic regimes. Spherical indentations allowed to select the suitable representative strain window to reveal superelasticity and offered higher opportunity than Berkovich indentations to discern the discrepancies between two close behaviors in Ti alloys. In this study, nanoindentation technique was used to characterize the superelasticity of the obtained Ti-16Zr-13Nb-2Sn films, and four indenters with different geometry were used to study the nanoscale indentation behavior of superelastic Ti-16Zr-13Nb-2Sn films through different deformation regimes.

Materials and methods

Materials synthesis

The Ti-16Zr-13Nb-2Sn (at. %, Ti16132 for short) films were deposited on Si (100) substrates by radio frequency (RF) magnetron sputtering from a single target. Ultra-pure raw metals of titanium (>99.95 wt.%), zirconium (>99.078 wt.%), niobium (>99.9 wt. %) and tin (>99.99 wt. %) were used to synthetize the four-element ingot by the cold crucible levitation melting technique (CCLM). The ingot was next cold rolled and machined to obtain the alloyed target with perfect flat surface (76 mm diameter and 3 mm thick). The alloyed target was then cleaned in HF/HNO 3 solution (1/1 ratio). Si substrate was ultrasonically cleaned in acetone and ethanol for 5 min in each, and dried under compressed air gas, then mounted on the sample holder at a distance of 5.5 cm from the target. The chamber was evacuated to a base pressure of 3.4 ×10 -5 Pa. High purity argon was used as the sputtering gas and the working pressure was maintained at 0.2 Pa. Before each deposition, the target was pre-sputtered in Ar plasma for 10 min to clean the target surface and to equilibrate thermally. During this stabilizing period the substrate was protected by a large shutter. During deposition at room temperature, the sputtering RF power of the target was fixed at 300 W and the negative voltage on the target was recorded as 385 V. Deposition was carried out for 50 min. Plane-view TEM specimen were also prepared by depositing thin film layer on a Cu TEM grid within a reduced time leading to a film thickness of 30 nm. Ti16132 coatings were studied in their as-deposited state without any post-treatment.
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Microstructural and superelastic characterizations

Morphological and microstructural analyses were carried out on a JEOL JSM 6400 SEM operated at 10 kV. The chemical compositions of the composite target and films were assessed by energy dispersive X-ray spectroscopy (EDS) coupled with the SEM. 3D-topography and surface roughness were characterized using a Bruker Nano GmbH AFM operating in the tapping mode. Phase identification was performed using a Bruker D8 Advance XRD system in θ-2θ Bragg-Brentano mode with Cu-K α1 radiation and power fixed at 40 kV and 40 mA. [110] pole figure of β phase was measured by XRD on Rigaku SmartLab Studio II system using Cu-K α1 radiation at 40kV and 50 mA. TEM analyses of the plane view specimen were performed using a JEOL 2100 microscope operating at 200 kV. Superelastic response of the Ti16132 film was investigated by nanoindentation using the instrumented NHT Anton Paar nanoindentation test system. Four indenter tips were used to explore the contribution of the superelastic response during the deformation of small volumes in our film: the Berkovich (Bkv) indenter and three spherical indenters with tip radii of 10 μm (Sp10), 50 μm (Sp50) and 200 μm (Sp200).

There is a special interest in indenting with different indenter geometries for characterizing the superelasticity, because not all geometries developed strain states that predominantly induced the martensitic phase transformation. The penetration depth was kept in the first 10% of the film thickness to minimize the influence of the substrate material in the characterization of superelasticity. The depth recovery ratio η h and work recovery ratio η w were calculated from load-depth (F-h) nanoindentation curves to Journal Pre-proof evaluate the superelastic ability of Ti16132 film. The depth recovery ratio η h is defined as:

𝜂 ℎ = ℎ 𝑚 -ℎ 𝑝 ℎ 𝑚 (1)
where h m is the maximum penetration depth at maximum applied load, and h p is the permanent depth upon complete unloading [START_REF] Ni | Microscopic shape memory and superelastic effects under complex loading conditions[END_REF]. The work recovery ratio η w is defined as the ratio of recoverable work W rc to the total work W t :

𝜂 𝑊 = 𝑊 𝑟𝑐 𝑊 𝑡 = ∫ 𝐹.𝑑ℎ ℎ 𝑚 ℎ 𝑝 ∫ 𝐹.𝑑ℎ ℎ 𝑚 0 (2)
where W rc is represented by the area enclosed by the unloading curve and the maximum penetration depth and W t is represented by the area enclosed by the loading curve and the maximum penetration depth [START_REF] Liu | Indentation behavior of pseudoelastic TiNi alloy[END_REF]. Relatively high values for η h and η w indicate the occurrence of superelastic effect [START_REF] Wood | Measurement and modelling of the nanoindentation response of shape memory alloys[END_REF].

Both η h and η w ratios of Berkovich indentations were found largely depth independent in many studies and it was recognized that the imposed strain during nanoindentation with sharp indenters, such as Bkv indenter, was independent of indentation depth and solely dependent on the indenter geometry [START_REF] Johnson | Contact mechanics[END_REF]. Indeed, for a pyramidal indenter like Bkv tip, the ratio of the length of contact diagonal to the depth of penetration remains constant for increasing indenter load. Thus for ideally sharp pyramidal, the representative strain 𝜀 𝑟 introduced into the material is determined by the face angles, as given according to Tabor's theory by the following relation:

𝜀 𝑟 = 0.2 cot(𝛽) (3) 
where β was the semi-apex angle of an axisymmetric equivalent cone [START_REF] Tabor | The hardness of metals[END_REF]. For the Bkv indenter, β = 70.3° based on the equivalent displaced volumes in a single cone indenter

Journal Pre-proof [START_REF] Min | A numerical study of indentation using indenters of different geometry[END_REF]. Hence, a representative strain of ∼0.07 is found for the Bkv indenter.

For spherical indentations, the radius of the circle of contact increases faster than the depth of penetration as the load increases. Therefore, for spherical indenter, the representative strain 𝜀 𝑟 is not constant and increases continuously with the area of contact as given by :

ε r = 0.2 a c /R (4)
where a c is the in-plane contact radius and R the indenter radius. The contact radius a c is defined from the geometry of indentation of a plane surface with a spherical indenter as

a c =√(2h c R-h c 2 )
, where h c is the contact depth calculated from F-h indentation curves as per the following relation h c =h m -0.75(F m /S), where F m is the maximum load and S is the stiffness estimated from the unloading curve using the Oliver-Pharr method [START_REF] Oliver | An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments[END_REF].

The same value of representative strain may be obtained with different radii of spherical indenters and different depths. Spherical indentations offer the opportunity to vary the representative strain by changing either h m with fixed R or R at a fixed h m , enabling exploration from elastic to elasto-plastic deformation regimes. It is therefore expected that both η h and η w ratios of spherical indentations are depth-dependent. In this work, the representative strain ε r was used to present the evolution of the measured indentation response through different deformation regimes.

Results

Microstructural properties

The chemical compositions of the alloyed target and film are given in Table 1. The Zr concentration in film was observed to be lower to that of the target. Only 15.6 at.% of Zr was measured in the film whereas 19.7 at.% was found in the target. Compositions of the other elements of the film were observed to be very close to those of the target.

The deviation in chemical composition between film and target is frequently attributed to the preferential sputtering effect. For film magnetron sputtered from an alloyed target, its composition depends greatly on the individual sputtering yields (the number of sputtered atoms per incident ion) of target components as well as their different masses [START_REF] Habib | Physical parameters affecting deposition rates of binary alloys in a magnetron sputtering system[END_REF]. Atoms of higher sputtering yield are removed preferentially from the bombarded surfaces resulting in surface segregation of one component. However, the reason for this depletion in Zr content in our film was not clear because it was expected that Zr and Nb elements which present similar sputtering yields, heats of sublimation and atomic weights would exhibit very close behaviors during the sputtering process [START_REF] Yamamura | Energy dependence of ion-induced sputtering yields from monatomic solids at normal incidence[END_REF][START_REF] Feng | Structure and properties of multi-targets magnetron sputtered ZrNbTaTiW multi-elements alloy thin films[END_REF]. There is a tendency for films grown by physical vapor deposition to develop specific preferred orientation which depends on the prevailing conditions during the deposition process including thermodynamic and kinetic considerations [START_REF] Pelleg | Reactive-sputter-deposited TiN films on glass substrates[END_REF][START_REF] Rauschenbach | Texture development in titanium nitride films grown by low-energy ion assisted deposition[END_REF]. The preferred orientation results from the competition between the strain and surface energies, and from the bombardment and mobility of incoming species at the film surface during growth process. In bcc alloys, {110} planes are the densest planes and have the lowest surface energy. The development of the [110] preferred orientation in our bcc film is determined by the minimization of the total surface energy. This behavior has been reported in binary Ti-Nb [START_REF] Achache | Ni-free superelastic binary Ti-Nb coatings obtained by DC magnetron co-sputtering[END_REF], ternary Ti-Zr-Nb [START_REF] Gonzalez | Influence of Nb content on the structure,morphology, nanostructure, and properties of titanium-niobium magnetron sputter deposited coatings for biomedical applications[END_REF][START_REF] Frutos | Development of new β/α ″-Ti-Nb-Zr biocompatible coating with low Young's modulus and high toughness for medical applications[END_REF][START_REF] Yan | High-throughput screening for biomedical applications in a Ti-Zr-Nb alloy system through masking co-sputtering[END_REF] and quaternary Ti-Nb-Zr-Ta [START_REF] Achache | Gum Metal thin films obtained by magnetron sputtering of a Ti-Nb-Zr-Ta target[END_REF] films.

The lattice parameter of the β phase calculated from the position of the diffraction peaks is 3.39 Å very close to that of the bulk alloy [START_REF] Fu | Novel Ti-base superelastic alloys with large recovery strain and excellent biocompatibility[END_REF]. 

Superelastic properties

Fig. 4 shows four sets of normalized F-h curves obtained from nanoindentations of Ti16132 film at three selected maximum depth h m of 110 nm, 200 nm and 280 nm and for the three spherical indenters Sp10, Sp50 and Sp200 and for the Bkv indenter.

Normalized F-h curves were obtained from raw F-h curves by scaling the load and depth by their respective maximum load F m and maximum indentation depth h m . Thus, the non-dimensional F-h representation gives more sensitivity to unloading curves and allows a direct reading for η h ratio as shown in Fig. 4(d). Normalized F-h curves allow to emphasize the depth dependence of η h and η w ratios.

The normalized F-h curves for Sp200 indenter (Fig. 4(a)) show that nearly complete recoveries were achieved whatever the maximum penetration depth indicating that elastic deformation of parent β phase predominates under these loading conditions.

It may also indicate that the large radius of Sp200 tip is rather unwieldy that cannot stimulate and probe superelasticity in the film. When the intermediate (Sp50) and small (Sp10) spherical indenters were used, the normalized F-h curves (Fig. 4(b)-(c)) showed large recovery and depth dependence which is a characteristic of the occurrence of superelastic deformation. As mentioned earlier, for spherical indentations at equivalent penetration depths, the representative strain increases with the narrowness of the tip, and more accurately, it increases continuously with the area of contact between the tip and the film (Eq. ( 4)). The different tip radii offer the opportunity to vary the magnitude and the spatial distribution of the stress and strain fields for equivalent h m . Moreover, it is recognized that superelastic performance is very sensitive to the applied strain level.

The highest superelastic recovery strain in a given material is generally obtained for a narrow range of applied strain [START_REF] Li | Superelasticity and tensile strength of Ti-Zr-Nb-Sn alloys with high Zr content for biomedical applications[END_REF]. Those aspects confirm that nanoindentation equipped with appropriate indenters is a promising method for revealing whether or not the material can exhibit superelastic deformation and recovery.

For Bkv indentations, relatively limited recovery and very little depth dependence of normalized F-h curves were observed (Fig. 4(d)). This is attributed to the fact that the indentation response is dominated by the high strain immediately developed beneath the Bkv tip even at low applied loads, which is well beyond the strain levels that can be accommodated by superelastic deformation [START_REF] Wood | Measurement and modelling of the nanoindentation response of shape memory alloys[END_REF]. A sharp indenter will induce a fixed and large strain, which is independent of the depth of penetration (Eq. ( 3)). Under such condition, superelasticity is not expected to be possible.

The phase transformation behavior occurring during nanoindentation at nanometer scales is strongly dependent on local microstructural variations such as grain boundaries and crystal orientation [START_REF] Jabir | Crystallographic orientation dependence of mechanical properties in the superelastic Ti-24Nb-4Zr-8Sn alloy[END_REF]. In our nanocrystalline film, grain sizes are relatively small compared to the indent size and grains have the unique and common [110] orientation along the loading direction. Therefore, indentation responses of all indents presented in this work are supposed to be equally affected by grain boundaries and crystal orientation. In this way, mechanical features of our film were obtained from a very small and locally homogenized volume at microscale. To further investigate the influence of indenter geometry and the influence of maximum penetration depth h m on the superelastic response, a series of nanoindentation experiments at various h m ranging from 50 nm to 330 nm were performed on Ti16132 film with the three spherical indenters Sp200, Sp50, Sp10 and with the Bkv indenter.

The depth recovery η h and work recovery η w ratios were calculated as described earlier (Eq. (1) and Eq. ( 2)) and plotted in Fig. 5 as a function of h m for the four indenters. For a given h m , Ti16132 film exhibited higher depth and work recovery ratios under spherical indenters compared to those measured under Bkv indenter. The highest η h and η w ratios were observed with the Sp200 indenter, indeed values were nearly 100% for all h m . In contrast, the decline in η h and η w ratios with h m was more marked for Sp50 and Sp10 indenters. Recovery ratios ranged from 95% to 81% with Sp50 and from 85% to 60% with Sp10 for h m ranging from 50 nm to 330 nm. Such depth dependence of recovery ratios was also reported for spherical indentations of superelastic NiTi alloys using FEM modeling and nanoindentation experiments [START_REF] Ni | Microscopic shape memory and superelastic effects under complex loading conditions[END_REF][START_REF] Zhang | Finite element modeling of indentation-induced superelastic effect using a three-dimensional constitutive model for shape memory materials with plasticity[END_REF]. As expected, higher recovery values were obtained for the larger tip since the strain generated beneath spherical tip decreases with increasing tip radius. For Bkv indenter, η h and η w ratios were far below the values measured for spherical indenters. Recovery ratios remained below 50% and stabilized at 37% and 40% for η h and η w respectively when h m exceeded 140 nm. Indeed, the high strain levels generated immediately beneath the Bkv tip even at low applied loads promote conventional plastic deformation via dislocation motions which in exchange limit the formation of martensite upon loading and inhibit its reversion upon unloading. Ni and al. already observed that recovery ratios of Berkovich indentations at various h m are depth independent [START_REF] Ni | Microscopic shape memory and superelastic effects under complex loading conditions[END_REF]. The slightly higher values of recovery ratios measured at shallow depths during Berkovich indentation can be attributed to a tip bluntness effect owing to the spherical end of the Bkv indenter tip [START_REF] Shaw | Shape memory effect in nanoindentation of nickel-titanium thin films[END_REF].

The actual end shape of the Bkv indenter is not an ideally sharp triangular pyramid but typically exhibits a spherical end shape with a radius of curvature generally valued at around 100-150 nm [START_REF] Shaw | Shape memory effect in nanoindentation of nickel-titanium thin films[END_REF][START_REF] Čech | Examination of Berkovich indenter tip bluntness[END_REF] and the repeated use aggravates the bluntness effect. Thus, when indentation depth is quite small and comparable to the tip radius of the apex, Berkovich indentation closely approaches the spherical indentation in nature, demonstrating a depth dependence of recovery ratios as spherical indentations do.

However, when the indentation depth exceeds the tip radius of the apex of Bkv indenter, the tip bluntness effect becomes insignificant and Berkovich indentation retrieve the sharp indenter properties with constant recovery ratios. 

Discussion

The different nanoscale indentation responses obtained from the various tip geometries and at various h m can be discussed in terms of imposed strain levels beneath the indenters. For that, the representative strain ε r introduced into the film was calculated for each indenter used in this work using the formulae introduced earlier (Eq.

(3) and Eq. ( 4)) and was plotted as a function of h m in Fig. 6. The plot illustrates that ε r depends greatly on the tip geometry. The shaper tip, the higher ε r , which is also consistent with the predicted strain fields calculated from FEM simulations [START_REF] Wood | Measurement and modelling of the nanoindentation response of shape memory alloys[END_REF]. The bluntest Sp200 indenter generates the lowest ε r from 0.4% to 0.9% for h m ranging from 50 nm to 330 nm, followed by the intermediate Sp50 indenter and the small Sp10 indenter for which ε r values range from 0.7% to 1.9% and from 1.6% to 4.3%, respectively, for h m ranging from 50 nm to 330 nm. It can be seen that the ε r under spherical indenters is far lower than that under ideally sharp Bkv indenter for which ε r is considered depth independent and estimated to be around 7%. As mentioned above, actual Bkv indenter typically exhibits a spherical end tip with a radius of approximately 100-150 nm, which represents the smallest and the sharpest tip radius when compared with those of the three spherical indenters used in this study. In this case, it is reasonable to conclude that ε r is much higher under the sharp Bkv tip. Moreover, calculation of ε r is, in some way, an average value of the imposed strain beneath the indenter tip and it is also well established that the spatial gradations of stress and strain fields in the material underneath a sharp indenter such as the Bkv tip is much steeper than in the case of spherical indenters [START_REF] Wood | Measurement and modelling of the nanoindentation response of shape memory alloys[END_REF]. Therefore, it is generally considered that Berkovich geometry produces very localized high stress and high strain regions within the material underneath the tip. Using FEM modeling, Ni and al. showed that the maximum equivalent plastic strain under ideally sharp pyramidal indenter is approximately three times higher than that under spherical indents at equivalent ε r of 8% [START_REF] Ni | Microscopic shape memory and superelastic effects under complex loading conditions[END_REF]. Considerable differences exist in the magnitude and spatial distribution of stress and strain fields between the spherical and pyramidal geometries [START_REF] Wood | Measurement and modelling of the nanoindentation response of shape memory alloys[END_REF]. In selecting different indenter shape and size, it is possible to investigate the nanoscale indentation behavior of small volumes of material over a wide range of representative strains (from 0.4% to 7% in the present work).

Fig. 6. Plot of the representative strain ε r as a function of h m for the three spherical indenters Sp200, Sp50, Sp10 and for the Bkv indenter. Fig. 7 presents the measured η h and η w recovery ratios as a function of the calculated ε r . It is evident that recovery ratios decrease with the strain level. For small strains, ε r ⩽ 1%, nearly 100% recoveries were obtained during spherical indentations with Sp200 indenter. As ε r increases, recovery ratios decrease continuously from 95% to 60% for ε r between 1% and 4.3% during spherical indentations with Sp50 and Sp10 indenters, and even decrease to 40% for ε r of 7% during Berkovich indentations. One can note the break on the X-axes of Fig. 7 to place the recovery ratios measured with Bkv indenter. Owing to the various indenters used in this work, ε r was varying continuously from 0.4% to 4.3%, and thereafter up to 7%, allowing the study of the indentation response of our film through different deformation regimes. Results may be described in a three-stage evolution: (I) elastic regime; (II) elasto-plastic regime for which the response of the superelastically deformed region predominates; and (III) elasto-plastic regime with prominent plastic deformation. At low strain state (ε r ⩽ 1%), the imposed strain was fully accommodated by the elastic deformation of the material underneath the Sp200 tip as illustrated by the complete indent recovery upon unloading shown in Fig. 8(b), on the AFM image after Sp200 indentation at h m = 280 nm. As the imposed strain was increased (1% ≤ ε r ≤ 4.3%), relatively large recovery ratios were observed ranging from 95% to 60%. Plastic deformation appeared to occur progressively leading to the continuous decrease of η h and η w ratios during Sp50 and Sp10 indentations. after Sp10 indentation (ε r = 3.9%) with both at h m = 280 nm and their corresponding depth cross-sectional profiles evidencing that for a fixed h m , the permanent indent depth, h p , has increased progressively with the imposed strain. It may be noted here that h p was 50 nm for the Sp50 indentation at ε r = 1.7% and h p was 104 nm for the Sp10 indentation at ε r = 3.9%. In this way, plastic deformation still remains the minor mechanism while superelastic deformation with reversible and stress-induced martensitic transformation is supposed to be the predominant deformation mechanism for ε r between 1% and 4.3%.

Subsequently, the increasing amount of dislocations has restricted additional formation of martensite upon loading and impeded the reverse transformation of the existent martensite upon unloading since the high density of dislocations stabilized both the parent β phase and the existent martensite [START_REF] Anuja | Effects of superelasticity and plasticity on the spherical indentation response of shape memory alloys: a finite element analysis[END_REF]. When the local stress exceeds the yield stress of martensite, permanent deformation occurs leading to the stabilization of martensite. The stress relaxation arising from plastic deformation also reduces the driving force for phase transformation. Thus, the increasing imposed strain reduces progressively the superelastic response due to an increased volume fraction of Journal Pre-proof dislocations and stabilized martensite. When ε r was increased to about 7% during Bkv indentations, immediate plastic deformation of parent β phase was supposed to occur beneath the tip and large permanent depths persisted upon unloading as shown in Fig. 8 (g)-(h) for which a very high residual depth of 176 nm was observed after Bkv indentation still for the same maximum depth h m of 280 nm. The 37% of η h recovery ratio and the 40% of η w recovery ratio measured during Bkv indentations were contributed by the elastic strain relaxation of mainly parent β phase and some martensite from the outer region. Until now, discussion was focused on differences in the unloading data including calculation of the recovery ratios for the various indenter geometries. Indeed, unloading curves reflect contribution of the lattice relaxation and contribution of the reverse martensitic transformation. Nevertheless, there were also significant differences in the loading portions of the raw F-h curves depending on the indenter geometry. Fig. 8(a)

displays the raw F-h curves measured at h m = 280 nm for the three Sp10, Sp50 and Sp200 spherical indenters and for the Bkv indenter. One can note that only the front end of the F-h curve for the Sp200 indenter is visible at the selected scale. This plot displays a clear divergence between the loading behaviors depending on the indenter geometry.

Loading curves reflect accommodation of the imposed deformation primarily through elastic strains and then through phase transformation (martensite formation) and through plastic process (dislocation motion). In this way, three indentation regimes may be reappointed: (i) prominent elastic deformation of β phase with the Sp200 indenter; (ii) mainly elastic and superelastic deformations with Sp50 and Sp10 indenters; and (iii) predominant plastic deformation with Bkv indenter.

Interpreting the measured indentation response which is as such difficult for conventional elasto-plastic materials due to the complex loading conditions imposed during nanoindentation experiment involving inhomogeneous distribution of stress and strain fields underneath the indenter tip and the constantly evolving probing volume, becomes even more complex when simultaneous superelastic deformation (i.e. phase transformation) occurs in conjunction with elastic and plastic deformation. Many efforts have been made to depict the deformation process during nanoindentation.

Fischer-Cripps introduced the normalized contact stress distribution to quantitatively determine the deformation characteristics [START_REF] Fischer-Cripps | Introduction to contact mechanics[END_REF] and showed that the severe stress concentration beneath the sharp Bkv indenter results in larger plastic zone than under spherical indenter. The stress-affected indentation volume has approximately a spherical shape whatever the tip geometry and the affected volume under spherical indenter is significantly greater than that for Bkv indenter at the same penetration depth [START_REF] Králík | Comparison of nanoindentation techniques for local mechanical quantification of aluminium alloy[END_REF]. Crone distribution of the evolving strain field in the indentation region is strongly affected by the indenter geometry [START_REF] Wood | Measurement and modelling of the nanoindentation response of shape memory alloys[END_REF][START_REF] Ni | Microscopic shape memory and superelastic effects under complex loading conditions[END_REF]. The present study used four indenters with different geometries to investigate the contribution of the superelastic response over a large range of representative strain. Fig. 9 presents an overview of our measurements coupled with a schematic representation of the evolution of the predominant deformation mechanisms with respect to the representative strain imposed and to the indenter geometry. Results

showed the importance of selecting the appropriate representative strain window to reveal superelasticity. Under Bkv indenter, the response of the material is dominated by regions of high strains generated immediately under the tip and for which strain levels exceed those which can be accommodated by elastic and superelastic deformations leading to the large predominance of the plastic deformation during Berkovich indentation. Using a large spherical tip, such as the Sp200 indenter, it does not seem the most appropriate to deal with superelasticity due to the wide strain field beneath the tip which is considerably lower and promotes the prevalence of the conventional elastic deformation of the parent β phase. Indenting with intermediate spherical tip, such as Sp50 and Sp10 indenters, is a viable strategy to reveal the superelastic response of materials in the micro-and nano-meter length scales by ensuring that the straining is in the competitive regime between superelastic and plastic deformations. underneath the indenter tip as the load is applied to the film surface with respect to the representative strain ε r and to the indenter geometry.

Conclusion

A new Ti-16Zr-13Nb-2Sn superelastic film was elaborated by magnetron sputtering at room temperature from a single alloyed target. The film displays nanograined microstructure fully composed of metastable β phase with preferential growth orientation along [110] direction.

The superelastic response of the Ti16132 film was examined in light of nanoindentation experiments by measuring the depth and work recovery ratios from the load-displacement curves for various penetration depths. Results were discussed with regard to the calculation of the representative strain. Owing to the four different indenters employed in this work, representative strain was varying continuously from 0.4% to 4.3% using three spherical indenters with tip radii of 200 μm (Sp200), 50 μm (Sp50) and 10 μm (Sp10), and thereafter up to 7% with the Berkovich (Bkv) indenter.

The nanoscale indentation behavior of Ti16132 film was significantly affected by the indenter geometry due to the large differences in the magnitude and spatial distribution of the strains developed beneath each indenter tip.

Using the Bkv indenter, almost no depth dependence of recovery ratios was observed. The constant and high representative strain (~7%) imposed whatever the applied loads was beyond the level that can be accommodated by superelastic deformation leading to restricted recovery ratio measurements as low as 40%. Such conditions promote plastic deformation resulting in high density of dislocations which contribute to both limit the formation of martensite and inhibit its subsequent reversion to the parent β phase.

In contrast, the representative strain imposed during spherical indentations is depth dependent with respect to the indenter radius allowing to encompass the different deformation regimes from elastic to elasto-plastic regimes. Nearly 100% recovery ratios

were measured with the large radius spherical indenter (Sp200) which imposed relative low representative strain (0.4% ≤ ε r ≤ 1%) and probed predominately elastic deformation. Large recovery ratios ranging from 95% to 60% were measured with Sp50 and Sp10 indenters for ε r between 1% and 4.3%. Plastic deformation is then still the minor mechanism while superelastic deformation with reversible and stress-induced martensitic transformation is the predominant deformation mechanism. Indenting with intermediate spherical tips, such as Sp50 and Sp10 indenters, is a viable strategy to reveal the superelastic response of materials in the micro-and nano-meter length scales by ensuring that the straining is in the competitive regime between superelastic and plastic deformations.

The present work shows the importance of considering the appropriate indentation depth window associated to the indenter tip radius to reveal the superelastic behavior of materials on the nanoscale. Superelastic performance is very sensitive to the applied strain level and spherical indentations offer the opportunity to determine at the local scale the strain levels under which small volumes of material would perform superelastic deformation and recovery.

Film 15

 15 cross-sectional SEM image and 3D AFM morphology of the film surface are shown in Fig.1. The film thickness measured from cross-sectional images was uniform and estimated to be 3.3 μm. The film appeared extremely compact with no discernible morphological features indicating sufficient adatom surface mobility in consistence with the low deposition pressure (0.2 Pa). The SEM micrographs of plane view surfaces of the film (not presented here) displayed a very smooth surface with no discernible morphological features. The surface morphology of the film observed by AFM displayed very small topographic features with uniform and fine needle shapes. The average roughness established from AFM images over a surface region of 5 µm x 5 µm was low at a value of 1.2 nm for the Ra roughness and 1.5 nm for the RMS roughness.
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 1 Fig. 1. (a) The cross sectional SEM image and (b) 3D AFM morphology of the Ti16132
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 23 Fig. 2. XRD θ-2θ diffractogram of the Ti16132 film deposited on Si (100) substrate and
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 4 Fig. 4. Normalized load-displacement (F-h) curves obtained during nanoindentations

Fig. 5 .

 5 Fig. 5. Recovery ratios versus maximum indentation depth h m for the three spherical
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 7 Fig. 7. Plots of the recovery ratios as a function of the calculated ε r for the three
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 8 c)-(d)-(e)-(f) display nanoindentation imprints after Sp50 indentation (ε r = 1.7%) and
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 8 Fig. 8. Recoveries of indentation depths after indentation at h m = 280 nm were observed

  et al. firstly illustrated the deformation process occurring beneath the indenter tip for superelastic NiTi films by a series of three concentric shells: a plastic deformation region, a stress-induced martensitic transformation region and an elastic deformation region as the stress level decays further away from the tip[START_REF] Crone | Shape recovery after nanoindentation of NiTi thin films[END_REF]. Maletta et al.[START_REF] Maletta | Indentation response of a NiTi shape memory alloy: modeling and experiments[END_REF] and Kan et al.[START_REF] Kan | Oliver-Pharr indentation method in determining elastic moduli of shape memory alloys-a phase transformable material[END_REF] carried out FEM simulations to investigate the microstructural evolution due to the phase transition in the indentation region by comparing the Von Mises equivalent stress with the characteristic transformation stresses (start and finish transformation stresses) of superelastic alloys. They described the deformation process occurring beneath the indenting tip as a series of four concentric shells: a fully transformed martensite zone plastically deformed in the region nearest the indenter tip, a fully transformed and reversible martensite region further from the indenter tip, a partial transformation zone still further away from the indenter tip and a fully untransformed parent β phase zone. It has been shown that the magnitude and spatial

Fig. 9 .

 9 Fig. 9. Schematic representation of the prominent deformation mechanisms occurring

  

Table 1 .

 1 Chemical compositions (in at. %) of the bulk target and the as-deposited film.

	(at. %)	Zr	Nb	Sn	Ti
	Target	19.7	12.1	1.9	balance
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J o u r n a l P r e -p r o o f Highlights β-Ti-Zr-Nb-Sn films were obtained by magnetron sputtering. Nanoscale microstructure was observed in the films. Films displayed superelastic properties. Nanoindentation was used to investigate the superelastic response of films. The locally superelastic responses depend on the indenter geometry and loading conditions.
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