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The Portevin-Le Chaterlier (PLC) effect in Ti-12Mo and Ti-15Mo alloys has been investigated by using uniaxial tensile tests in a temperature range of 25-350 ℃ with an applied strain rate of the order of 10 -3 s -1 , coupled with a digital image correlation (DIC) method. The experimental results show an increase of the yield stress from 25°C to 250°C followed by a decrease. Moreover, PLC effect occurs above 250°C and stress drop magnitude increases while the number of stress drops per unit time decreases with increasing the strain and temperature as well as decreasing Mo contents. These macroscopic features are related to the reduced intensity of interactions between ω phase particles and mobile dislocations as decreasing temperature and increasing Mo contents. Furthermore, a relatively higher temperature and lower Mo content tend to weaken the spatial cohesion of propagation bands and strengthen strain localization, leading to a change of PLC bands from type A to type B and the increase of strain rate within the PLC bands, which are related to the increased precipitation of ω phases.

Additionally, the elongation at fracture is significantly influenced by PLC effect in Ti-Mo alloys.

Introduction

Titanium alloys are widely used in many areas from aeronautics to biomedical devices due to their high strength-to-weight ratio, excellent hardenability, good corrosion resistance and enhanced biocompatibility [1][2][3]. In recent years, research on metallic biomaterials has focused on the β titanium alloys produced from nontoxic elements [4][5][6][7][8], particularly using Mo as the alloying element [9][10][11].

According to Banerjee et al. [12], the PLC effect, as a kind of plastic instability, is observed in Ti-15Mo alloy during uniaxial tension at elevated temperatures. Hence, to investigate the occurrence and development of the PLC effect in binary Ti-Mo alloys has become an imperious demand for a practical application of these materials.

The PLC effect typically manifests itself as serrated or jerky flow in stress-strain curves and localized deformation bands in specimens of metallic alloys [13]. Up to now, there is no unique mechanism for the PLC effect in different systems, though the repetitive releasing and arresting of mobile dislocations are considered as the common factor to be responsible for its occurrence [14]. For Al-Mg alloys, the solute atoms of Mg are widely considered as obstacles to block and release mobile dislocations [15]. While, for Ni-based alloys, γ′ precipitates are regarded as obstacles instead of solute atoms [16]. Focusing on titanium alloys, one of the earliest observations of the PLC effect in a commercially pure hcp titanium was reported by Garde et al. [17]. Then, Prasad et al. [18] investigated the PLC effect in α-Ti alloys and discovered that the pinning of dislocations is related to interstitial elements like C and N. Unlike α-Ti alloys, some researchers [START_REF] Banerjee | Phase Transformations: Examples From Titanium and Zirconium Alloys[END_REF][START_REF] Choudhuri | [END_REF][21] found that the PLC effect occurring in β-stabilized Ti-based alloys and Ti-Nb-Al intermetallics is mainly attributed to the presence of nano-scaled ω phases (1-30 nm) in the matrix of β phases. Notice that ω phases can be classified as athermal ω ( ath ) or isothermal ω ( iso ), whether they are formed during the quenching from high temperature or during isothermal ageing heat treatment in a specific range of temperature depending on alloy composition [22]. Furthermore, based on the investigation of Ti-15Mo (wt.%) alloy, a mechanism proposed by Banerjee el al. [12] is used to explain the occurrence of the PLC effect in β titanium alloys. They propose that mobile dislocations are first pinned by ω particles which form dynamically during testing at elevated temperature, then a sudden drop of the load occurs when ω precipitates are sheared. The passage of an avalanche of dislocations creates ω-free soft channels wherein dynamic restoration of ω particles occurs, leading to further pinning of dislocations, resulting in the rise of the load.

Until now, some studies have been performed on the PLC effect mainly from temporal and spatial aspects. Focusing on the former, Amokhtar et al. [23] investigated the evolution of serration morphology with different Mg contents and applied strain rates. Moreover, Pozuelo et al. [24] studied the stress drop magnitude in nanostructured binary Mg-Al alloys and discovered that it follows a linear relationship with the number of stress drops. Sarkar et al. [25] compared the stress drop magnitude in HT-9 steel at different temperatures, and the experimental results indicated that it is enlarged by increasing temperature. Furthermore, Chatterjee et al. [26] investigated the number of stress drops per unit time in Al-2.5Mg (wt.%) alloy, and found that it has a strong dependence on the applied strain rate.

Besides, a large amount of work [27][28][29] has been devoted to investigating the influences of alloying element contents and process parameters on the critical strain in Al-based alloys.

On the other hand, for the analysis of the spatial aspect, PLC bands were mainly observed by using four technologies as follows: shadowgraph [30], digital speckle pattern interferometry [31], digital image correlation [32] and infrared thermography [33]. Moreover, the propagation characteristics of PLC bands can be classified as type A, B and C, corresponding to continuous propagation, hopping propagation and random nucleation, respectively [34][35][36]. Yuzbekova et al. [37] reported the effect of microstructure on the PLC effect in Al-3Mg (wt.%) alloy at a high applied strain rate, and attributed the variation of propagation types to the grain size and lattice dislocation density of the material. Furthermore, Casarotto et al. [38] investigated the type A and type B propagation of PLC bands in Al-3Mg alloy, and the results revealed that the applied strain rate of type B is lower than the one of type A. Chihab et al. [39] investigated three band propagation types in Al-5Mg (wt.%) alloy, and discovered that the applied strain rate for the occurrence of type C is the lowest. Additionally, some researches [40][41][42] were carried out on quantitatively characterizing the width evolution of PLC bands at different testing conditions.

Note that although a large majority of studies on the PLC effect have been performed in Al-Mg alloys [43][44][45], steels [46][47][48] and Ni-based superalloys [49][50][51], to date, the PLC effect in metastable β Ti-based alloys is still less reported, especially regarding the effect of temperature on serration morphologies and propagation characteristics of the PLC bands associated with different alloying element contents. In this paper, Ti-12Mo and Ti-15Mo binary alloys are synthesized and tested in tension combined with a DIC technique. Tensile tests are performed at room (25 ℃) and elevated temperatures (250 ℃ and 350 ℃) with an applied strain rate of the order of 10 -3 s -1 . Thereafter, the thermo-mechanical behaviors of the two above-referenced Ti-Mo alloys are investigated. In particular, the spatiotemporal aspects of the PLC effect in Ti-Mo alloys are quantitatively analyzed.

Materials and experimental procedures

Two alloys with Ti-12Mo and Ti-15Mo chemical compositions (wt.%) are synthesized from commercially pure titanium (99.95 wt.%) and molybdenum (99.99 wt.%) by employing cold crucible levitation melting under Ar atmosphere in a water-cooled Cu crucible [10]. Moreover, in order to ensure the uniformity of compositions, the ingots are then subjected to a homogenization treatment at 950 ℃ for 20 h followed by quenching in water. Furthermore, after removing the surface oxide layer in an acidic bath (50 vol.% HF and 50 vol.% HNO 3 ), the heat treated ingots are cold rolled into plates with a 90% reduction in thickness, leading to a final thickness around 1 mm. Thereafter, tensile test specimens with a gauge size of 15×3×1 mm 3 are cut from the rolled plates along the rolling direction, as shown in Fig. 1(a). Finally, the specimens undergo a recrystallization treatment at 870 °C for 0.5 h, followed by quenching in water. The microstructure is analyzed by X-ray diffraction (XRD) with a Philips PW3710 diffractometer using Cu Kα1 radiation (λ = 0.154060 nm) and optical micrographs (OM). Prior to OM observations, samples are first mechanically polished with SiC abrasive papers, then mirror polished with a colloidal silica suspension (particle size: 50 nm) and finally chemically etched with a 5% HNO 3 , 5% HF and 90% H 2 O solution (vol.%). The diffractograms and optical micrographs are presented in Figs. 1(b) and (c), respectively. It can be found that the microstructures of the above specimens are basically the same after the whole elaboration process; they are both only constituted of β phase and the fully recrystallized microstructure is composed of equiaxial grains with a size of about 60-80 µm. For tensile tests at elevated temperatures, samples are heated to 250 ℃ or 350 ℃ using a constant heating rate of 10 ℃.s -1 , followed by a holding time of 10 s prior to the test. The fluctuations of temperature measured by thermocouples are maintained within 2 °C during the whole tensile process. Furthermore, in order to eliminate the influence of temperature gradients, only a small area with a length of 5 mm at the specimen center is selected to observe the PLC effect in Ti-Mo alloys where temperature heterogeneity remains rather small (7%), as shown in Fig. 2(c). The load-time curves obtained from tensile testing machines and strain-time curves measured by Aramis software are coupled and converted to engineering stress-strain curves using a linear interpolation; the average engineering strain is calculated by using a gauge length of 10 mm. Notice that each experimental test is repeated three times to ensure the reproducibility of the results. 

Results and discussion

Stress-strain curves and mechanical properties

Fig. 3 shows the engineering stress-strain curves obtained with different Mo contents in the temperature range of 25-350 ℃. It can be seen that no jerky flow is recorded at room temperature whereas serrated flow is observed at high temperature, which is similar to the phenomenon reported by Sarkar et al. [25]. Moreover, the serration morphology, related to the intensity of the interaction between mobile dislocations and obstacles, obviously changes at different temperatures. Based on the classification method of the PLC bands described by Manach et al. [34], it can be found from Fig. 3(a) that the serration type of Ti-12Mo alloy transforms from type (A+B) to type B and simultaneously the stress drop magnitude increases as the temperature increases. This is mainly because a relatively higher temperature contributes to a faster precipitation of ω particles, thereby resulting in enhancing the interaction between ω phases and mobile dislocations, further increasing the stress drop magnitude. This explanation is quite different from the traditionally accepted solute-dislocation interactions, and has been proposed by Banerjee et al. [12]. Furthermore, compared with the mixed serration type of Ti-12Mo alloy at 250 ℃, it can be found from Fig. 3(b) that the serration type of Ti-15Mo alloy is pure type A, and the stress drop magnitude is relatively lower. In addition, no jerky flow was previously recorded for Ti-25Mo alloy [12]. These phenomena can be attributed to the fact that Mo alloying element renders the β phase matrix more stable against the β to ω transformation, resulting in a lower fraction of ω phase particles, further leading to a weaker intensity of precipitate-dislocation interactions. This view can be indirectly supported by the recent investigation of Wang et al. [3] which found the formation of ω phase is suppressed with increasing Mo content in water-quenched Ti-Mo alloy specimens by using bright-field transmission electron microscopy observations. Fig. 4 shows the mechanical property evolution of Ti-12Mo and Ti-15Mo alloys in the temperature range of 25-350 ℃, corresponding to the engineering stress-strain curves presented in Fig. 3. It can be seen from Fig. 4(a) that, for Ti-12Mo alloy, the value of 0.2% offset yield strength (YS) decreases at the level of 615 MPa after a sharp increase when the temperature increases to a medium value of 250 ℃ from 25 ℃, which is highly consistent with the results reported by Banerjee et al. [12]. This phenomenon can be explained by a combination of the strengthening effect of ω phase particles and temperature softening effect. Increasing temperature results in the precipitation of ω phase, leading to an additional stress required by mobile dislocations to overcome ω phase particles. After 250 °C, however, the strengthening effect of ω phase particles is insufficient to compensate the temperature softening effect, which causes the decrease of YS. Like Ti-12Mo alloy, the YS evolution of Ti-15Mo alloy shows the same tendency though its value is relatively smaller. This is mainly because a higher Mo content weakens the formation ability of ω phase, thereby resulting in a lower strengthening effect caused by such particles. Moreover, it can be seen from Fig. 4(b) that, for Ti-12Mo alloy, the value of Young's modulus (measured in the strain range of 0.05~0.4%) at 25 ℃ is close to 90 GPa, which is consistent with the result reported by Sun et al. [10]. Furthermore, there is a nearly 7% increase in the Young's modulus value of both Ti-12Mo and Ti-15Mo alloys by increasing the temperature from 25 ℃ to 350 ℃. This phenomenon can be explained by the fact that the Young's modulus of ω phase is higher than the one of β phase [52] and by the influence of Mo content on the β to ω transformation as mentioned above. Unlike the Young's modulus, the temperature has an opposite influence on the elongation at fracture (EI) which is calculated by using the gauge length of 10 mm. There is a nearly 80% decrease in the EI value of both Ti-Mo alloys by increasing the temperature from 25 ℃ to 350 ℃. This is mainly because increasing temperature contributes to the precipitation of ω phase which causes the continuous localized flow within the PLC bands, leading to an extremely low elongation at fracture. Besides, it can be seen that the EI is the mechanical property the most sensitive to the PLC effect. In addition, the Ti-12Mo alloy is known to exhibit a high elongation at fracture at room temperature due to the combination of Transformation Induced Plasticity (TRIP) and Twinning Plasticity (TWIP) effects [53]. As both effects are temperature dependent, it can be assumed that both twinning and stress-induced phase transformation mechanisms are suppressed at high temperature, that also explains the strong decrease of ductility when increasing the temperature. 

Stress drop magnitude and the number of stress drops per unit time

To better reveal the intensity and frequency evolution characteristics of the PLC effect in Ti-Mo alloys presented in Fig. 3, the stress drop magnitude and the number of stress drops per unit time at 350 ℃ with different Mo contents are selected and analyzed quantitatively, as shown in Fig. 5. Similar tendencies are observed at 250°C though the results are not presented here. It can be seen from Fig. 5(a) that the stress drop magnitude of both Ti-12Mo and Ti-15Mo alloys shows a generally decreasing trend with the increase of engineering strain until rupture, corresponding to the reduced intensity of the PLC effect. These results appear to be opposite to those reported by Amokhtar et al. [23], who found that the stress drop magnitude is nearly proportional to strain in Al-Mg alloys. Combined with the dynamic strain aging (DSA) theory which considers stress drop magnitude as a function of solute concentration, the above finding indicates that the concentration of ω phase clustered around dislocations is reduced with increasing strain. This is mainly because the reconstruction rate of ω particles is lower than the destruction rate during the occurrence of the PLC effect. This explanation can be indirectly supported by Choudhuri et al. [START_REF] Choudhuri | [END_REF], who found that ω phase particles are sheared by mobile dislocations during the deformation process, leading to a significant decrease of ω phase concentration within the PLC bands in a β-stabilized Ti-Mo-Nb-Al alloy. Moreover, it is observed that the stress drop magnitude of both Ti-Mo alloys decreases over 50% and is approximately the same (about 7.5 MPa) when the deformation process enters the final stage, although there is a dramatically difference at the beginning stage. This phenomenon can also be related to the concentration of ω phase particles influenced by Mo contents as well as the destruction and reconstruction rates of ω phase. In addition, unlike the stress drop magnitude, the number of stress drops per unit time shows an opposite evolution trend with increasing the engineering strain, as shown in Fig. 5(b). This can be attributed to the fact that a larger stress drop magnitude is accompanied by a longer pinning time, resulting in a lower frequency of stress drops. 

Propagation characteristics of the PLC bands

Fig. 6 shows the propagation characteristics of the PLC bands described by strain rate maps, corresponding to the engineering stress-strain curves presented in Fig. 3. In order to provide a maximum contrast, the color scale is independent for each frame, based on the instantaneous maximum and minimum values of strain rates. The corresponding maximum strain rate and time are indicated over and under each frame, respectively. It can be observed that the distribution of strain rate at room temperature is relatively uniform and no localized bands appear in Fig. 6(a), while continuous propagation bands (type A) are exhibited in Ti-15Mo alloy at a higher temperature (250 ℃), as shown in Fig. 6(b). This phenomenon is highly consistent with the stress-strain curves and can be explained by the temperature effect mentioned in section 3.1. Moreover, compared with the former one, Fig. 6(c) shows the mixed propagation (type (A+B)) characteristics, which consists of continuous and hopping propagations. The main reason for the transformation of propagation types is that a relatively lower content of Mo alloying element contributes to strengthening the interactions between ω phase particles and mobile dislocations, resulting in a larger stress drop magnitude (Fig. 5(a)), and further leading to a higher reloading time. Therefore, it will provide more time for the plastic relaxation of the internal stress, thereby resulting in a smaller spatial coupling force, that comes from elastic stresses related to local plastic incompatibilities and controls the band propagation [54], further causing the switch from type A to type (A+B). This view is supported by Cai et al. [13], who reported that the variation of spatial coupling strength is responsible for the change of band propagation types. Furthermore, Fig. 6(d) shows a typical type B propagation characterized by discontinuous hopping, and its maximum strain rate value is almost double that of type (A+B) presented in Fig. 6(c), which suggests that the strain localization is increased within the deformation band. These results are in agreement with those reported earlier by Amokhtar et al. [23], who also found that the strain rate increases with increasing the stress drop magnitude in Al-Mg alloys. 

Conclusions

In the present paper, using uniaxial tensile test coupled with DIC technology, the thermo-mechanical behaviors of Ti-12Mo and Ti-15Mo alloys in a temperature range of 25-350 ℃ with an applied strain rate of the order of 10 -3 s -1 are investigated. In particular, the influence of temperature on several characteristics of the PLC effect in Ti-Mo alloys associated with different Mo contents is detailed. The following conclusions are achieved:

(1) The value of 0.2% offset yield strength decreases after a sharp increase as increasing temperature, depending on a combination of the strengthening effect of ω phase particles and temperature softening effect. Moreover, Young's modulus value increases as increasing temperature, which is mainly attributed to the precipitation of ω phase. In contrast, the elongation at fracture value decreases with the increase of temperature due to the occurrence of localized flow within the PLC bands. Besides, the elongation at fracture is the mechanical property the most significantly influenced by the PLC effect in Ti-Mo alloys.

(2) The stress drop magnitude is found to be positively correlated to temperature and negatively correlated to strain and Mo contents, while the number of stress drops per unit time shows an opposite trend. These findings indicate that the PLC effect of Ti-Mo alloys can be suppressed by decreasing temperature as well as increasing strain and Mo content which can be attributed to the reduced precipitation of ω phase, further leading to a weaker intensity of interactions between ω phase particles and mobile dislocations.

(3) The propagation types of the PLC bands are observed to be highly dependent on temperature and Mo content in Ti-Mo alloys. A relatively higher temperature and lower Mo content lead to the transformation of the propagation from type A to type B and the increase of the strain rate within the bands. These findings imply that the spatial cohesion of the bands is weakened and strain localization is strengthened within the PLC bands with the increase of temperature and decrease of Mo content, which are related to the increased precipitation of ω phase.
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