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The objective of this study was to develop a thermo-mechanical strategy to create a radial elasticity gradient in a β metastable Ti-Nb-Zr alloy, and to characterize it in terms of microstructural and mechanical properties. A first investigation was conducted on thin samples of Ti-20Nb-6Zr (at.%) submitted to various thermo-mechanical treatments. Microstructure-properties relationships and elastic variability of this alloy were determined performing uniaxial tensile tests, X-ray diffraction and scanning and transmission electron microscopies. Based on these preliminary results, mechanical deformation was identified as a potential way to lower the elastic modulus of the alloy. In order to create elastically graded pieces, shot-peening was therefore carried out on thicker samples to engender surface deformation. In this second part of the work, local mechanical properties were evaluated by instrumented micro-indentation. Experimental observations demonstrated that shot-peening enabled to locally induce martensitic transformation on surface, and a decrease in indentation elastic modulus from 85 to 65 GPa over 400 μm was highlighted. Surface deformation proved to be an efficient way of creating an elasticity gradient in β metastable titanium alloys. This combination of material and process could be suitable to produce dental implants with mechanically enhanced biocompatibility.
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INTRODUCTION

In the field of implanted medical devices, the notion of biocompatibility has evolved steadily over time and is no longer only synonymous with bio-inertness. Nowadays, an active biocompatibility is being sought, giving a greater focus on the integration of biomaterials and the responses of the human body (Williams, 1987, 2003; Doherty et al., 1992). In the case of dental implants, this means to promote bone remodeling in order to achieve good osseointegration. Aside from biological and chemical considerations, mechanical aspects are therefore equally critical to the development of highly performant biomaterials. Indeed, the bone remodeling is physiologically driven by mechanical stimuli and under- or overloading of bone tissue could engender resorption or necrosis issues (Rieger et al., 2011; Laheurte et al., 2014). The difficulty relies on the fact that the use of dental implants can affect this bone density regulation in various ways. First, the absence of periodontal ligament no longer allows to provide a damping effect, which can create load peaks in the surrounding bone (Kitamura et al., 2004; Mariani et al., 2008; Consolaro et al., 2010). And several studies have shown that the elastic mismatch observed at the bone/implant interface could give rise to stress shielding and poor stress distribution around the device (Kroger et al., 1998; Niinomi and Nakai, 2011). As a matter of fact, although lower than those of previously used 316L steel or Co-Cr-Mo alloys, Young's moduli of current standard biomedical titanium alloys (CP Ti or TA6V) still remain about 5–10 times higher than the one of bone (Geetha et al., 2009). This calls for further efforts to minimize this modulus gap.

In recent years, various research works have been carried out to reduce the originally quite high elastic modulus of titanium alloys, classically around 100 GPa for conventional α or α + β alloys (Kuroda et al., 1998; Geetha et al., 2009; Zhang and Chen, 2019). One of the most advanced track concerns the development of new low-modulus compositions, mainly belonging to β-type alloys, which started in the 90's and enabled to reach moduli down to about 60 GPa (Zheng et al., 2012; Shi et al., 2013; Laheurte et al., 2014; Piotrowski et al., 2014; Brizuela et al., 2019). It should be noted, however, that these alloys generally exhibit a limited mechanical strength. Alongside this research of adapted formulations and thermo-mechanical treatments, the creation of porous structures (Li et al., 2014; Liu et al., 2015; Wally et al., 2015; Okulov et al., 2017) or the use of low-modulus coatings (Koshy and Philip, 2015) have also proven to be effective in lowering the stiffness of investigated materials. Nevertheless, these methods, based on complex processes which can be difficult to control, have often led to a deterioration of other properties, including drops in mechanical resistance (Yue et al., 1984; Bandyopadhyay et al., 2010; Oldani and Dominguez, 2012) or additional weaknesses related to the multi-material interfaces (Mimura et al., 2004; Oshida et al., 2010; Xue et al., 2020). To face these issues, and since iso-elasticity is essentially required at the bone/implant interface, structures displaying gradients in porosity or in chemical compositions were also studied. Once again, even after having overcome the obstacle of producing such complex structures, a compromise between promoting bone remodeling and maintaining a sufficient level of mechanical resistance was difficult to achieve (Lin et al., 2010; Mehrali et al., 2013).

The original concept developed in this work tries to exploit the advantages of some of the previously mentioned research axes, based on the diversity offered by titanium alloys. Indeed, in addition to intrinsic reasons, related to their chemical composition, some titanium alloys can present changes in modulus due to specific elastic behaviors linked to martensitic transformations. The innovative idea investigated here, which has recently been patented (Prima and Nowak, 2012), consists in using the elastic variability displayed by this kind of alloys and creating an elastic gradient resulting from a microstructural gradient, thus preserving a monolithic material with a homogeneous chemical composition. The elastic softening should be localized on surface, to enhance the load transfer to the bone, and the initial stiffer microstructure should be kept in the core material to ensure the stability and durability of the medical implanted device. In order to induce only a superficial transformation, shot-peening has emerged as a suitable option. This technical process is commonly used to superficially treat medical implants and, as well as creating a rough surface with beneficial effect on bone growth, the resulting residual stress layer seems to enhance fatigue performance of the materials (Javier Gil et al., 2007).

Therefore the aim of this study is to assess the feasibility of creating an elasticity gradient through this strategy of surface deformation by shot-peening on a β-metastable titanium alloy, and thus consider this approach for the production of dental implants.



MATERIALS AND METHODS


Material Selection

Among titanium alloys, Ti-20Nb-6Zr (at.%), also referred as TNZ, was selected as a candidate for this project for several motives. Already studied for its superelastic behavior (Sun et al., 2010, 2011; Zhang et al., 2013), this alloy only contains biocompatible chemical elements and avoids, in particular, species such as aluminum or vanadium, considered likely to contribute to cytotoxicity or neurodegenerative troubles, thus compromising the extensive use of TA6V (Laing et al., 1967; Steinemann, 1980; Walker et al., 1989; Rao et al., 1996; Riley et al., 2003; Gomes et al., 2011; US Food and Drug Administration, 2019). This material also displays interesting mechanical properties, namely strength-elongation combination comparable to the one of grade 4 CP Ti in a quenched state (full β phase). Moreover, its martensitic start temperature is situated just below room temperature, which provides the alloy the possibility to easily undergo stress-induced martensitic (SIM) transformation at room temperature. As previously said, this enables to further reduce its originally already low intrinsic modulus.



Elaboration and Thermo-Mechanical Processing Route

A Ti-20Nb-6Zr (at.%) ingot was prepared by vacuum arc melting and hot forged down to a 50-mm-diameter billet. Plate-shaped parts, cut from this billet, were solution treated under air at 1,173 K for 900s, water quenched and mechanically polished to remove the outer oxidized part. From this step, cold-rolled state with controlled thickness reduction was obtained differently, depending on the part of the considered work, as follows: for the preliminary work, performed on thin samples, polished pieces were cold-rolled (CR) at room temperature down to about 0.5 mm of thickness (reduction ratio ≈ 90%), whereas for the work on thicker samples, cold-rolling was stopped at about 5 mm of thickness (reduction ratio ≈ 70%). To produce quenched state, both thin and thick samples were then thermally treated at 1,173 K during 1,800s under controlled atmosphere and finally water quenched.

Additional surface mechanical treatment was applied on some of the 5 mm-thick samples by shot-peening. This was done on a Wheelabrator industrial prototype (IRT-M2P, Metz), using s130 steel balls at an intensity of 32A on Almen scale, which represents severe conditions. Both static and dynamic tests were performed. Static experiments were defined by the exposure time to shot-peening during which the nozzle was kept in front of the treated area, whereas dynamic experiments used the coverage percentage of the surface. In that later case, for which the shot-peening nozzle moved parallel to the surface, a number of passes necessary to cover 100% of the surface was determined and, as an example, a coverage of 300% was done reproducing three times this number of passes.



Microstructural Characterization

Phase constitution was analyzed by X-ray diffraction (XRD) using a copper anticathode (Panalytical X'Pert PRO, 45 kV, 40 mA). All the samples were mechanically polished prior to XRD analyses except shot-peened samples, which were kept without any further surface alteration. Microstructural observations were done on an EBSD-equipped scanning electron microscope (SEM—Zeiss LEO-1530). For that purpose, thick samples were cut in half to reveal the cross-section of the shot-peened surface—for concerned sample—, mounted in conductive resin (Struers Polyfast) and mechanically polished on 800, 1,200, 2,500, and 4,000 silicon carbide abrasive papers. Further polishing was done using a mixture of colloidal silica suspension (Struers OP-S) and hydrogen peroxide until mirror-like finish, and a final step was performed on a vibratory polisher (Buehler VibroMet) for 12 h with silica suspension (Struers OP-S) to remove slight deformations and damages remaining from mechanical polishing. Observations were also done using a transmission electron microscope (TEM–JEOL 2000FX). Sections of thin samples were cut, mechanically rounded and polished on silicon carbide abrasive papers to get pre-thinned 3-mm-diameter disks, typically between 100 and 200 μm thick. They were then prepared using twin-jet electrochemical polishing (Struers TenuPol with a solution of methanol, 2-butoxyethanol, perchloric and hydrochloric acids at around 263 K).



Mechanical Properties

Uniaxial tensile tests were conducted to measure the mechanical properties of flat samples. Dogbone tensile specimens were taken along the rolling direction and tested at a strain rate of 10−3s−1 on a MTS Criterion (Model 43) machine equipped with a 25 mm gauge length extensometer. Regarding thicker samples, local properties were estimated by carrying out indentation profiles on mirror-polished samples prepared as previously mentioned for SEM observations. Micro-hardness values and elasticity moduli were extracted from instrumented indentation experiments performed on an Anton Paar Micro Hardness Tester (ENSAM, Paris) using Vickers indent and 500 mN load with 5s holding. Experimental parameters were determined on the basis of a previous design of experiments, done on pure titanium, in order to maximize the measurement accuracy. Oliver-Pharr method was used and indentation moduli EIT were calculated from the unloading curves through the following relation:
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where Er is the reduced elastic modulus, Ei is the indenter modulus, and νs and νi represent, respectively the specimen and the indenter Poisson coefficients (Oliver and Pharr, 1992, 2004).




RESULTS AND DISCUSSION


Assessment of Elastic Variability on Thermo-Mechanically Treated TNZ Samples

The first part of the work aimed at studying the behavior of the TNZ alloy and assessing the potential variability of its microstructure and properties, and particularly its elastic modulus, after various thermo-mechanical treatments. For this purpose, thin samples (0.5 mm) were prepared as mentioned in the previous section. Mechanical tests and observations were performed in the as-obtained cold-rolled state, referred as CR, and after an additional solution treatment in the β phase field followed by water quenching, referred as ST or quenched state. This rapid cooling was done to avoid the precipitation of alpha or isothermal omega phases, which would cause a chemical partition of β-stabilizing elements in the matrix and therefore the inhibition of subsequently desired stress-induced martensitic transformation.

XRD profiles of deformed and quenched states are presented in Figure 1. ST state is mainly constituted of β phase, and its lattice parameter is estimated based on experimentally observed peak positions as follows: aβ = 3.299Å for this bcc structure belonging to [image: image] space group. No α phase is detected, thus assessing the efficiency of rapid quenching. Regarding the CR state, formation of a large amount of α″ martensite during cold-rolling process can be clearly evidenced by the appearance of several additional peaks on the corresponding diffractogram. Compared to quenched state, a broadening of the XRD peaks can be noticed. This accounts for the important grain refinement—decrease of the coherent domain sizes—and high level of distortion generated by the deformation process, as well as the near-continuous diffraction rings obtained for this microstructure and visible on the SAED pattern in Figure 2. In addition, in the bright-field image, dark areas linked to dislocation tangles are also indicators of the severity of the cold-rolling deformation.


[image: Figure 1]
FIGURE 1. XRD profiles of cold-rolled (CR– 90% thickness reduction) and water quenched (ST) TNZ specimens.



[image: Figure 2]
FIGURE 2. Bright-field micrograph and corresponding selected area electron diffraction (SAED) pattern of cold-rolled TNZ sample (CR state).


Tensile stress-strain curves of ST and CR specimens are presented in Figure 3. The quenched specimen exhibits large ductility (>40%) and moderate strength (Rm = 530 MPa). A double-yielding phenomenon can be seen at the beginning of the ST curve. The first yielding, located in the elastic part (“plateau” at about 250 MPa), is the signature of the stress-induced martensitic transformation, whereas the second yielding (around 375 MPa) can be attributed to the transition to the plastic range.


[image: Figure 3]
FIGURE 3. Engineering stress-strain tensile curves of cold-rolled (CR) and water quenched (ST) TNZ specimens (insert: magnified view of the initial part of the curves).


Tensile curve of deformed state shows that severe cold-rolling up to 90% reduction ratio enabled to drastically increase the mechanical resistance of the alloy up to 1,050 MPa, but at the expense of the ductility which drops to only a few percent. The presence, at the initial stage of the tensile test, of a fine martensitic microstructure and a high dislocation density can be responsible for this impressive strengthening. In addition, a classical linear elastic behavior can be noticed here, suggesting that any further martensitic transformation or martensite variants reorientation takes place in the material and a saturation state has been reached (Schneider et al., 2005).

Incipient Young's moduli were extracted from the early stage of the curves for both microstructural states, 66 and 55 GPa were obtained for ST and CR specimens, respectively. Bearing in mind that cold-rolling was performed on a solution-treated state, these results indicate that stress-induced martensitic transformation and variants rearrangement that occur when deforming single phase β TNZ alloy can lead to an elastic softening exceeding 15%. This result is consistent with the gradual lowering of elastic modulus which was already observed in previous works during incremental loading-unloading tensile tests performed on this alloy (Sun et al., 2010; Zhang et al., 2013). This information is of great relevance since it enables to develop a practical strategy to create an elasticity gradient in TNZ, by applying a local deformation on surface of thicker samples in β phase.



Creation of Elasticity Gradient

As the creation of a gradient was now being sought, thin samples could no longer be used from a practical point of view. To put into action the strategy described just above, thicker water-quenched TNZ samples were produced. The thickness of 5 mm was chosen in order to be close to the diameter of current commercial dental implants. Shot-peening mechanical treatment was then applied on one side of the pieces. Various experimental conditions were used: 100%, 300% and 1s as defined in section Elaboration and Thermo-Mechanical Processing Route.

XRD analyses were performed on samples before and after shot-peening as illustrated by Figure 4. For the initial ST state, only surface XRD profile is displayed but mid-thickness was also analyzed to ensure that the whole sample was in single β phase. After shot-peening, additional peaks ascribed to α″ martensite were detected for all treated samples. (020) (021), and (130) peaks were the easier to identify although they are quite small. This low intensity may reflect that only a moderate quantity of martensite is actually trapped after this mechanical process, compared to previous heavy cold-rolling. The fact that no other potential peaks associated with martensite were revealed can be attributed to the broadening of β peaks, due to residual stress in the material after the mechanical treatment, or is simply linked to the strong crystallographic variant selection which operates during stress-induced martensitic transformation. Nevertheless, based on the observation of [image: image] peak, which is more pronounced for samples shot-peened at 300% or during 1s, it can be suggested that these tougher conditions led to the creation of a higher amount of martensite, compared to shot-peening at 100%.


[image: Figure 4]
FIGURE 4. XRD profiles obtained on surface of TNZ samples before (initial surface–ST state) and after shot-peening (at various coverage percentages).


Cross-sectional observations carried out before and after mechanical surface treatment are gathered in Figure 5. EBSD analysis revealed equiaxed β grains in the initial ST state and additional bands were found for all the samples which were submitted to shot-peening. The density of these bands is very high on extreme surface and is decreasing gradually toward the depth. Furthermore, it may be noted that the size of the affected area seems to correlate with the severity of the shot-peening. Indeed, as can be seen from the bottom part of Figure 5, a larger dark saturated zone is observable for the sample submitted to the 1s treatment, which can be regarded as the tougher mechanical process, compared to 300 and 100% coverages. Due to important residual stresses and the fine scale of these new microstructural features, and despite the use of a small step size of 0.2 μm, EBSD indexation of the bands was difficult to achieve for shot-peened samples. However, based on the shape of these bands, their size, and information from previous XRD analyses, it seems quite obvious to associate them with the presence of α″ martensite. In addition, some features appeared as potential β twins. As a matter of fact, and as illustrated by Figure 6, misorientation profiles made across the β matrix and some of the bands revealed misorientation angles of about 50.5° which are typical of {332} <113>β twins. The origin of these twins is not yet clear and investigations did not allow us to determine whether they have been induced during the shot-peening process or whether they have resulted from the reversion of α″ phase, itself created during the deformation process. This second assumption is based on the fact that the reversion of parent {130} [image: image] twins to {332} <113>β twins has already been reported in the literature during unloading of a α″ martensitic titanium alloy (Bertrand et al., 2016; Castany et al., 2016).


[image: Figure 5]
FIGURE 5. Cross-sectional microstructural observations by scanning electron microscopy of TNZ samples before (top) and after various shot-peening conditions (bottom). Gray scale images correspond to EBSD IQ (Image Quality) maps and the colored one is a crystallographic orientation cartography of the β phase, color coding is given by the standard triangle on the right.



[image: Figure 6]
FIGURE 6. EBSD crystallographic orientation cartography of β phase obtained on a TNZ sample submitted to shot-peening at a coverage percentage of 100% (left). Acquisition was made about 150 μm away from the surface to get better confidence index. Misorientation profile between A and B points indicated on the orientation map (right).


Previous elements are all indicators showing that shot-peening was efficient to trigger martensitic transformation in surface of TNZ samples. To evaluate the associated local changes in terms of mechanical properties and highlight the desired elasticity gradient, instrumented micro-indentation tests were conducted. Hardness and modulus profiles obtained from the surface toward the depth of samples shot-peened at a coverage percentage of 300% are given in Figure 7. Whereas the mechanical treatment increased the surface hardness, as expected from the literature (Schulze, 2006), mainly because of the residual stresses and the introduction of numerous dislocations into the material, a decrease in indentation modulus (EIT) was also evidenced. Its value falls from about 87 GPa at mid-thickness to 67 GPa on the shot-peened surface of the piece.


[image: Figure 7]
FIGURE 7. Hardness and modulus profiles obtained from instrumented micro-indentation measurements conducted on a TNZ sample submitted to shot-peening at a coverage percentage of 300% (top). First part of the curves (surface) superimposed on the EBSD Image Quality map corresponding to this sample (bottom).


It is important to point out that indentation modulus values, computed from indentation experiments using Oliver-Pharr method, are higher than Young's modulus values extracted from tensile curves. This overestimation at nano- or micro-scale compared to macro-scale has already been reported in previous works (Fizanne-Michel et al., 2014). Nonetheless, despite the shift that might exist, the two moduli remain comparable as they follow the same evolution, making it possible to bring to light the presence of an elasticity gradient. It can be observed that data points are slightly scattered. In addition to experimental uncertainty, which was estimated to be around ±2 GPa in a preliminary work, this dispersion could be attributed to the large grain size of our material (up to about 100 μm). As a matter of fact, recent study showed a significant influence of crystal orientation on indentation modulus in a superelastic titanium alloy, highlighting the strong elastic anisotropy of the β phase (Jabir et al., 2019). Yet, in our tested range, diagonals of the indentation prints are only about 20 μm long and reflect, therefore, the contribution of only one single grain in most cases.

As can be seen from the bottom part of Figure 7, the evolution of the mechanical properties is well correlated with the evolution of the microstructure. From the depth to the surface, a clear relationship can be established between the decrease in the elastic modulus and the increase in the band density, both related to a higher amount of martensite near the surface. Concerning the depth affected by the mechanical treatment, it is worth noting that changes in properties extend over ~400 μm for these shot-peening conditions. This gradient depth would be particularly appropriate to the current common size of dental implants (diameter from 3 to 5 mm).

These results validate the strategy we developed and establish a proof of concept that mechanical surface treatment of a biocompatible β-metastable titanium alloy can induce martensitic transformation on surface, and that this microstructural gradient can lead to an elasticity gradient. This turns out to be promising for dental implantology, as the resulting decrease in modulus obtained in surface should help avoid stress-shielding issues and thus promote osseointegration of the implant. In other words, it should mechanically improve the biocompatibility of implanted devices.

Furthermore, the method that was chosen in our study, namely shot-peening, is particularly relevant because it creates a rough surface which could certainly enhance not only bone remodeling but also fatigue performance of the implant. Further specific mechanical and biological tests should be conducted to check these properties. The impact of the shot-peening process on a threading should also be assessed to ensure it does not damage this important part of the device. In case of deterioration, thread-rolling could be considered as an attractive alternative in the production of dental implants, since it could be a suitable process to create the threaded part and induce the desired surface deformation at the same time (Domblesky and Feng, 2002).

Although the depth of created gradient, of about 400 μm, seems convenient for the intended application, the mechanical strength of the core material or the amplitude of modulus change could be optimized. Regarding TNZ alloy, future work could concern the modification of the solution treatment parameters in order to reduce the grain size. This would strengthen the material due to Hall-Petch effect and would also be more desirable for indentation measurements. In addition, it may be relevant to try applying the strategy we built to other β-metastable alloys or, even, to develop new strategies suitable for other types of titanium alloys. This could be done by investigating other microstructural states and identifying those which can also cause changes in the elastic modulus.




CONCLUSION

According to the results presented in this study, the following conclusions can be drawn:

(1) Stress-induced martensitic transformation in a β metastable biocompatible Ti-20Nb-6Zr (at.%) alloy led to a decrease in elastic modulus. This has given rise to a novel strategy consisting in applying a surface mechanical treatment on a β phase titanium alloy in order to create an elasticity gradient.

(2) Shot-peening turned out to be efficient to induce local deformation, microstructural gradient based on martensitic transformation, and thus to create an elasticity gradient.

(3) Local evolution of elastic modulus was measured by instrumented micro-indentation and a gradient in indentation modulus from 87 GPa in the core material to 67 GPa on surface, over 400 μm, was revealed after shot-peening at a coverage percentage of 300%.

(4) Creation of elasticity gradient is a promising way to avoid stress-shielding issues, promote osseointegration and produce implanted devices with mechanically enhanced biocompatibility.
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