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Characterization of the martensitic transformation in

the superelastic Ti-24Nb-4Zr-8Sn alloy by in situ synchrotron X-ray diffraction and dynamic mechanical analysis.

Introduction

In this study, the metastable β-type Ti-24Nb-4Zr-8Sn (wt.%, Ti2448 for short) alloy was investigated in order to characterize the martensitic transformation occurring in this alloy. Indeed, due to this martensitic transformation, the Ti2448 alloy shows good superelasticity at room temperature characterized by a large recoverable strain of 3.3% [1][2][3]. This recoverable strain is much higher than that observed in the conventional Ti-6Al-4V alloy and in other binary Ti-Nb superelastic alloys [4,5].

Thus, the good mechanical properties of the Ti-24Nb-4Zr-8Sn alloy, including high strength (>800 MPa), low modulus (approx. 50 GPa) and the superelasticity mentioned above enable it to be used as bone substitutes (implants or prostheses) for biomedical applications.

With this alloy, the superelastic (or pseudoelastic) behavior is obtained when the quenched microstructure is composed of the metastable β phase at room temperature.

In such cases, a stress-induced martensitic (SIM) transformation between the austenitic β phase (bcc) and the martensitic α" phase α" (orthorhombic) occurs and large elastic recovery (superelasticity) can be obtained once the mechanical stress is released due to the fact that this SIM transformation is fully reversible. By tensile tests, the superelastic effect can be highlighted by the presence of a stress plateau on the tensile curve presenting thus a characteristic double-yielding behavior.

In superelastic alloys, the study of the SIM transformation is challenging due to its reversibility after the release of the stress. That is why in situ experiments are needed to characterize the SIM transformation under loading conditions. For example, conventional in situ X-ray diffraction (XRD) studies were performed on binary Ti-26Nb or Ti-13Nb-4Mo alloys (at.%) and allowed the detection of the SIM α" phase transformation under loading conditions [4,6]. However, it is difficult to separate the main peaks belonging to β and α" phases because of the relatively longer wavelength and the presence of both K α1 and K α2 wavelengths of conventional X-ray sources used in laboratories. In order to avoid these limitations, synchrotron X-ray diffraction (SXRD) can be used because of the combination of a shorter wavelength and a better monochromaticity. Thus, SXRD appears to be a very efficient method to characterize such SIM transformation and was never used to study the Ti2448 alloy in which superelasticity is predominantly due to this mechanism. Furthermore, martensitic transformations are usually described using characteristic temperatures such as martensite start, martensite finish, austenite start and austenite finish temperatures, respectively denoted M s , M f , A s and A f [7,8]. These temperatures can be evaluated by dynamic mechanical analysis (DMA) for different applied static stresses, and the martensitic transformation is thus generally highlighted by a drop of the dynamic elastic modulus corresponding to an increase of the damping factor tan δ [9,10].

The objective of this study is to characterize the martensitic transformation occurring in the Ti2448 alloy by both in situ synchrotron radiation X-ray diffraction (SXRD) and dynamic mechanical analysis (DMA).

Materials and methods

Hot-forged Ti-24Nb-4Zr-8Sn (wt.%) cylinder ingot with a diameter of 55 mm was used as raw material in this work. The chemical composition of the alloy is listed in Table 1. Each slice-cut sample used was directly cold rolled without intermediate annealing into 0.5 mm final thickness sheet, which corresponds to a cold rolling reduction rate of 94%. Then, two thermal treatments were performed for comparison: on the one hand, cold-rolled specimens were solution treated at 900 °C under high vacuum for 30 min followed by water quenching (solution treated state, ST); on the other hand, cold-rolled specimens were flash treated at 700 °C for 3 min followed by air cooling (flash treated state, FT). After thermal treatments, all specimens were cleaned in an acid solution made of 50% HF and 50% HNO 3 (in volume) to remove any oxidation layer.

Microstructures were observed by optical microscopy (Leica microscope). To be observed, the specimens were mechanically prepared and finally "mirror" polished using a colloidal silica suspension solution. To reveal the microstructure, each specimen was etched in an acid solution composed of 8% HF, 15% HNO 3 and 77%

H 2 O (in volume).
The mechanical properties of the Ti2448 alloy (ST and FT states) were evaluated by conventional tensile tests until rupture using an INSTRON 3369 tensile machine with a strain control mode at a rate of 10 -4 s -1 . To check the reproducibility of the mechanical properties, conventional tensile tests were performed on 3 different samples for each state. The superelasticity was more precisely characterized by cyclic loading-unloading tensile tests using the same tensile machine (strain control mode at a rate of 10 -4 s -1 for both loading and unloading). With these kinds of tests, the strain was incremented by steps of 0.5% until an elongation of 5% and each step was followed by a total release of the stress. The tensile direction of the specimen was chosen parallel to the rolling direction. The tensile specimens used have a gauge width of 3 mm and a thickness of 0.5 mm.

In situ synchrotron X-ray diffraction (SXRD) under cyclic tensile tests was conducted on beam line ID31 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). For these in situ tensile tests, a 5 KN Gatan micro-tensile dispositive was used. The ID31 offers a high-resolution incident X-ray beam (λ = 0.040002106 nm).

Nine-channel multi-analyzer installed as detectors can collect scanning data over the angular range 2-14°, with a scanning step of 0.005°. These in situ cyclic tensile tests under synchrotron were realized on tensile specimens (gauge width of 3 mm and a thickness of 0.5 mm) with increments of 0.5% until 5.0% and then increments of 1.0% until 10%. SXRD scans were then obtained after each increment for both loading and unloading conditions. Dynamic mechanical analysis (DMA) was done with a Metravib DMA50 in tensile mode. Samples for DMA were cut with a low-speed diamond wire saw. The cooling/heating thermal cycle was chosen between -150 °C and 50 °C with a rate of 5 °C/min. The frequency of the sinusoidal dynamic mechanical solicitation was fixed at 1 Hz and the dynamic/static ratio was kept at σ dyn /σ stat = 1/4. The tests were performed with the tensile direction parallel to the rolling direction for different static stress values: 160, 200, 240 and 280 MPa. Two important characteristic parameters of the DMA analysis: storage modulus (E ' ) and damping factor (tanδ) as a function of temperature can be obtained by this method. The determination of characteristic transformation temperatures is based on intersection of tangents from the curves obtained.

Results

Microstructure and mechanical properties

The microstructures of the Ti2448 alloy observed by optical microscopy are shown in Fig. 1 for the solution treated alloy (ST, Fig. 1a) and for the flash treated alloy (FT, Fig. 1b), respectively. The grain sizes after ST and FT were evaluated to be about 50 µm and 7 µm on these micrographs, respectively. Fig. 2 displays examples of conventional and cyclic tensile curves for the ST (Fig. 2a) and FT (Fig. 2b) conditions. From all tensile tests, elongation at rupture, ultimate tensile strength and incipient Young's modulus were measured to be 10±2%, 870±20MPa and 56±6GPa for ST and 9±2%, 990±30MPa and 59±8GPa for FT, respectively. There is no obvious variation for both ductility and Young's modulus for the two thermal conditions. Only higher strength is obtained for the FT condition due to the reduced grain size observed. On these tensile curves, a double yielding phenomenon associated with the superelastic effect was observed, suggesting that the SIM transformation has occurred for both ST and FT conditions. The first yielding corresponds to the critical stress inducing the SIM transformation, which is experimentally determined at the end of the linear part on each tensile curve as shown in Fig. 2. Thus, the critical stress to induce the SIM transformation was measured to be 410 ± 10 MPa for ST and 440 ± 10 MPa for FT, respectively. The highest recoverable strain of 2.75% is obtained for the FT while 2.3% maximum is reached for the ST. The higher value of recoverable strain for the FT sample was attributed to grain refinement in a recent work [11].

In situ synchrotron X-ray diffraction

For obtaining a direct evidence of the SIM transformation and further the crystallographic information of both β and α" phases during all the deformation stages, in situ SXRD during cyclic loading/unloading tensile tests were conducted.

The whole angle range spectrums at 0% strain and after 10% strain are first displayed in Fig. 3a for the ST sample and Fig. 3b for the FT sample, respectively. Before any deformation, both ST and FT samples display only the β phase and its typical diffraction peaks: (110) β , (200) β , (211) β and (220) β as shown in Fig. 3a andb. But after being deformed up to 10%, the diffraction peaks (020) α" , (002) α" , (111) α" , (021) α" , (022) α" , (131) α" , (1 1 3) α" , (0 4 0) α" and (0 0 4) α" of the martensitic α" phase are well detected in both ST and FT samples, which coexist with residual β phase. Thus, stress-induced martensitic transformation was clearly evidenced for both ST and FT alloys.

In order to characterize more precisely the SIM transformation, Fig. 4 displays the SXRD patterns obtained during the in situ cyclic tensile tests: on the ST sample after loading (Fig. 4a) and after each unloading (Fig. 4b) and on the FT sample after loading (Fig. 4c) and after each unloading (Fig. 4d). The different strains reached are indicated beside the spectra. In these figures, only the partial spectra in the angle range 8-11.5° around the main (110) β peak, where the most intense peaks are present, are shown.

From Fig. 4a, the (020) α" , (111) α" , (021) α" peaks start to be visible from 1.5% of strain and their intensities continue to increase as the applied strain increases. At the same time, the (110) β peak intensity decreases meaning that the SIM transformation has occurred on loading in the ST alloy. After unloading (Fig. 4b), it can be clearly observed that all the martensitic α" phase could be transformed back to the β phase as the (110) β peak intensity is recovered while the α" peaks disappear.

The SIM transformation and its reversibility is also evidenced in the FT alloy (Fig. 4c andd) with the difference that in this case, the SIM transformation seems to start later as the α" peaks start to be visible at about 2% on loading. These values are in good agreement with the tensile curve results.

From the loading spectra (Fig. 4a andc), a clear shift to the lower angles of the α" and β peaks due to cell parameter variations can also be observed. Thus, from each SXRD spectrum, the angular positions of all peaks were determined to evaluate the different cell parameters and their variations under loading. The evolution of these cell parameters (a β , a α" , b α" and c α" ) were plotted as a function of the applied percentage strain for the ST alloy (Fig. 5a) and the FT alloy (Fig. 5b), respectively.

Dynamic mechanical analysis

Fig. 6 displays the evolution of the storage modulus (E ' ) and the damping factor (tan δ) upon cooling and heating as a function of temperature under various applied stresses for the Ti2448 alloy after ST (Fig. 6a) and after FT (Fig. 6b). On these figures, E ' curves are presented in black and tanδ curves in red. On cooling, E ' and tanδ curves are represented with solid circles, while on heating, they are represented with open circles. The applied static stress (σ stat ) was initially fixed at 160 MPa and then was subsequently increased by 40 MPa after each temperature cycle until 280 MPa on the same specimen. All the figures show that both the martensitic transformation on cooling and the austenitic transformation on heating are characterized by a decrease of the storage modulus and an increase of the damping factor. Thus, modulus drops and damping peaks are clearly observed.

In order to characterize the martensitic transformation in the present case, the martensite start (M s ) and austenite finish (A f ) temperatures can be evaluated on the E ' curves. The characteristic temperature of M s is the point at which the change of slope on the E ' curves occurs, and also corresponds exactly to the initial increasing point on tanδ curve upon cooling, while the A f is determined on E ' curves upon heating. Other detected characteristic temperatures are M max and A max , which correspond to the maximum SIM α" transformation.

Therefore, all the detected characteristic temperatures M s , M max , A f , and A max were plotted as a function of the applied stress in Fig. 7 for the ST alloy (Fig. 7a) and for the FT alloy (Fig. 7b). As shown, a quite good linear fitting can be obtained in good agreement with the Clausius-Clapeyron relationship. It can be found that the slope is 0.19 K/MPa for M s and M max , 0.32 K/MPa for A f and 0.24 K/MPa for A max for the ST sample. On the other hand, all the slopes were found to be 0.20-0.22 K/MPa for the FT sample.

Discussion

From the evolution of the different cell parameters determined by SXRD (Fig. 5), it can be observed firstly that the β phase is elastically deformed in the 0-2.0% strain range (Fig. 5a) and in the 0-2.5% strain range (Fig. 5b) for ST and FT alloys, respectively. As shown, the a β increases from 3.30 to 3.33 Å (in ST alloy) and from 3.30 to 3.34 Å (in FT alloy). On the other hand, once the α" phase appears, this phase is observed to be elastically deformed up to 4.5% for ST and 5% for FT, respectively. This elastic deformation is clearly observed to be accommodated by an increase of the b α" and c α" parameters and by a decrease of the a α" parameter. These observations are in agreement with the tensile curves. Consequently, from both SXRD analysis and tensile tests, a three-step deformation sequence can be established as follows: firstly, the β phase is elastically deformed up to around 1.5-2% of strain in the ST alloy (2-2.5% for FT alloy); secondly, the deformation is accommodated by the SIM α" transformation, which is elastically deformed up to 4.5% in ST (5% in FT); from this value, both residual β phase and α" phase start to be deformed plastically.

From the DMA experiments, the martensitic transformation is particularly well highlighted by the tanδ curve. This kind of damping peak was commonly observed in other shape memory alloys such as Ni-Ti [12,13], Ti-Nb based alloys [14,15] and Cu-Al-Ni alloys [16]. It is well known that the reversible SIM transformation, which is accompanied by the movements of coherent austenite/martensite interfaces, can induce mechanical energy dissipation and thus constitutes an important damping source [13]. Consequently, a clear damping peak is observed in the present case and its maximum (P max ) corresponds more or less to M max . The high value of damping factor Tanδ (0.2-0.25) due to the SIM α" transformation in the Ti2448 alloy (Fig. 6) shows a superior damping capacity by comparison with the other β-type Ti-Ta-Nb [14] and Ti-Nb-Al [17] alloys under the same tensile mode under 1 Hz frequency. On the other hand, higher damping capacity is observed for the ST sample by comparison with the FT sample. This is caused by the larger β grain size observed in ST that permits longer distance mobility of the α"/β interfaces.

It has to be mentioned that the M f and A s temperatures cannot be clearly detected in the present case. This is due to the fact that the damping peak includes also the contribution of martensite/martensite interface movement as it was explained in a recent work [14]. The hysteretic movement of twin boundaries between martensite variants is another important damping source to dissipate mechanical energy that can overlap the movements of the austenite/ martensite interfaces [13]. That is also for this reason that the position of P max does not correspond exactly to the M max, especially under high applied stress.

From the tensile curves obtained at room temperature (Fig. 2), the critical stress inducing the SIM α" transformation was found to be 410 ± 10 MPa for the ST sample and 440 ± 10 MPa for the FT sample, respectively. From the DMA analyses, the critical stress inducing the SIM α" transformation at room temperature can also be obtained by extrapolating the data plotted in Fig. 7 (dot-lines). Indeed, at 20 °C the critical stress corresponding to the M s value was found to be 415 MPa for the ST sample and 440 MPa for the FT sample, respectively, as it is indicated in Fig. 7a andb. These critical stress values coincide perfectly with those obtained by tensile tests meaning that DMA analysis and mechanical tensile tests are in very good agreement.

In this work, the SIM α" transformation could be clearly evidenced by tensile tests, SXRD and DMA. However, the SIM α" phase morphology could not be observed in the present study although great efforts have been done by using transmission electron microscopy (TEM). Indeed, only the β phase was observed by TEM. One reason can be due to the fact that it is well known that spontaneous strain relaxation occurs during the preparation of the thin TEM specimens and consequently the SIM α" phase could have been transformed back to the β phase [START_REF] Lütjering | Titanium[END_REF].

One another reason can be linked with very recent works concerning the presence of nanodomains in this kind of alloy [START_REF] Liu | [END_REF], which were first reported by Miyazaki et al. [20,21]. As reported, nanodomains consist of nanosized modulated domain structure distributed homogeneously and randomly in the β phase and acted as obstacles for the long-range martensitic transformation. Consequently, nanodomain observation by conventional TEM remains tricky and high resolution TEM investigations are required for such characterization.

Conclusions

In this study, the superelastic Ti-24Nb-4Zr-8Sn alloy was investigated by tensile tests, in situ SXRD and DMA in order to characterize the martensitic transformation.

From all the characterization methods used, the following conclusions can be made:

(1) By tensile tests, the Ti2448 alloy showed low Young's modulus, high strength and good superelasticity, which enable it to be used as bone substitutes (implants or prostheses) for biomedical applications.

(2) By in situ SXRD, the typical diffraction peaks of the β and α" phases during loading and unloading were clearly observed and the reversible transformation between the β phase and the SIM α" phase was evidenced for both ST and FT states.

On the other hand, variations of the β and α" cell parameters were characterized in both loading and unloading conditions.

(3) From both SXRD analysis and tensile tests, a three step deformation sequence could be established as follows: firstly, the β phase is elastically deformed up to around 1.5-2% of strain in the ST alloy (2-2.5% for FT alloy); secondly, the deformation is accommodated by the SIM α" transformation, which is elastically deformed up to 4.5% in ST (5% in FT); from this value, both residual β phase and α" phases start to be deformed plastically.

(4) From the DMA experiments, clear damping peaks were observed and the characteristic temperatures detected (M s , M max , A f , and A max ) were plotted as a function of the applied stress. A quite good linear fitting could be obtained in agreement with the Clausius-Clapeyron relationship.

(5) Very good accordance concerning the critical stress inducing the martensitic transformation was obtained by comparing the results obtained from SXRD, DMA and conventional tensile tests. 
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 1 Fig. 1. Optical micrographs of the Ti2448 alloy microstructure after (a) solution treatment at 900°C for 30min and (b) flash treatment at 700°C for 3min.
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 2 Fig. 2. Conventional and cyclic tensile strain-stress curves for the Ti2448 alloy after (a) solution treatment at 900°C for 30min and (b) flash treatment at 700°C for 3min.
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 345 Fig. 3. In situ SXRD spectra of the Ti2448 alloy before deformation and after to be deformed at 10% of strain for ST (a) and FT (b).
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 6 Fig. 6. Storage modulus and damping factor (in black and red, respectively) evolutions as a function of the σ stat during cooling and heating (in solid and open circles, respectively) for the Ti2448 alloy after (a) solution treatment at 900°C for 30min and (b) flash treatment at 700°C for 3min.

Fig. 7 .

 7 Fig. 7. Characteristic temperatures of M s , M max , A f and A max as a function of the applied static stresses σ stat for the Ti2448 alloy after different thermal treatment: (a) solution treatment at 900°C for 30min and (b) flash treatment at 700°C for 3min.

  

  

Table 1 .

 1 Chemical composition of the hot forged Ti2448 alloy (wt%).

	Nb	Zr	Sn	O	Ti
	23.9	4.05	8.22	0.16	Bal.
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