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A model has been developed in order to describe the influence of a prior plastic deformation of the β phase above the transus on the precipitation of the α phase occurring during a subsequent cooling. The model relies on the calculation of the nucleation and growth rates of the α precipitates at the grain boundaries, based on a model presented formerly. Two major modifications have been carried out: first, the geometrical representation of the β microstructure accounts for subgrains resulting from the deformation process; second, the calculation of the nucleation rate is dependent on the conditions of the plastic deformation. A careful analysis of the main parameters of the model has led to distinguish between several assumptions: the Widmanstätten colonies are likely to cross the subgrains during their growth; and the critical width of the transition from the allotriomorphs to the Widmanstätten plates is likely to decrease when the misorientation angle of the grain boundary decreases. Calculations performed for assessing the influence of the strain and strain rate on the transformation kinetics are in good agreement with previous measurements.

Introduction

The optimization of the thermo-mechanical treatments applied to titanium alloys relies on the prediction of the microstructure evolutions (grain growth, recrystallization or phase transformation) occurring during the different steps of the process (e.g. forging, cooling or aging). The key point for the modeling of the whole process is to predict how the microstructure resulting from one operation will affect the microstructure evolutions during the subsequent one. In this paper, we present a model able to predict the influence of a plastic deformation of the β phase above the transus on the precipitation of the α phase during a subsequent cooling. Indeed, it is well known that the mechanisms involved, and by the way the final microstructure as well as the transformation rate are greatly influenced by the parameters of a prior plastic deformation [1,2]. In a deformed β microstructure, the morphologies of the α phase which appear at the grain boundaries are favored to the detriment of the intragranular morphologies. It has been shown experimentally that this feature comes mainly from an increase of the nucleation sites density, as well as from an increase of the nucleation rate. These observations point out the two main issues which have to be dealt with for a quantitative modeling of the process: (i) the model must include an explicit calculation of the nucleation and growth rates of the α precipitates at the grain boundaries. (ii) Moreover, it is necessary to know the grain boundary density and, to this aim, to identify relevant geometrical parameters of the deformed β microstructure (e.g. grain size), as well as their dependence on the plastic deformation conditions.

In this study, the first issue is treated by adapting a model relying on the calculation of the nucleation and growth rates of the grain boundary precipitates [3]. The second issue could be inspired by former models developed for the case of steels [4,5], for which a prior plastic deformation of the austenite shows similar effects on the ferrite precipitation [4,[6][7][8][9]. Nevertheless, this analogy should be considered with care, because the microstructural evolutions in β occurring during a plastic deformation are very different from those in austenite. Thus, for the case of titanium alloys, a specific analysis is proposed here.

Model

Geometrical assumptions and overall transformation rate

Undeformed state

In the titanium alloys studied, the morphologies formed at high temperatures are allotriomorph precipitates wetting the grain boundaries, and Widmanstätten plates colonies growing from α GB as shown in Fig. 1. These morphologies will be called α GB and α WGB respectively. In our model, the mi- crostructure morphologies and their evolutions have been simplified as follows. (i) The solution treatment above the β transus causes the growth of large β grains ("initial" grains) with almost the same size (≈ 100 µm diameter). In order to simplify the calculations, these grains are represented by equivalent spheres with a specific surface very close to that of the real grains, and one diameter D gr for all grains, depending only on the temperature and duration of the solution treatment. The surface of the spheres is divided into 14 equal surfaces with area S face = π D 2 gr /14, to mimic the grain boundaries (GBs), which are mostly high angle GBs. (iii) During the cooling, the progression of the phase transformation follows the sequence shown in Fig. 2, following [3]: α GB allotriomorphs nucleate on GBs until complete covering. The resulting α GB layers are assumed to follow a diffusion controlled planar growth. Then, colonies of α WGB appear on α GB , and grow inside the initial β grains.

The progression of the transformation is calculated inside a representative volume embedding 100 initial β grains. Each of them is treated independently, i.e. the growing α precipitates cannot cross the initial β GBs to interact with the precipitates in neighbouring grains. At each time step, the width of α GB , the length of the α WGB colonies, the number of α WGB colonies per initial β grain and the volume fraction of each morphology are averaged in each β grain and then in the whole representative volume. 

Deformed microstructure

During plastic deformation, recovery and Continuous Dynamic Recrystallisation (CDR) of the β phase occur, generating small subgrains (subGBs) inside the initial grains [1,[START_REF] Chaussy | Revue de Métallurgie[END_REF][START_REF] Chaussy | Les alliages de titane beta. SF2M[END_REF][12][13][START_REF] Furuhara | Proceedings of the 10 th World Conference on Titanium[END_REF][START_REF] Furuhara | [END_REF], as explained in detail in [16]. The subGBs have almost the same size (≈ 10 µm diameter) and are also represented by equivalent spheres (Fig. 3). Their boundaries are low-angle as well as high-angle GBs. The number of subgrains depends on the deformation rate, when the misorientation of the boundaries/sub-boundaries depends on the deformation amount.

According to the observations on the β-Cez alloy [1,2] and to former studies on other titanium alloys [17,18], it is established that the new grain and subgrain boundaries generated by the CDR must be accounted for as nucleation sites as discussed below.

Moreover, despite some microstructural observations [1,[START_REF] Chaussy | Revue de Métallurgie[END_REF], it is not completely clear if the new boundaries are obstacles to the growth of the α WGB plates. Hence, geometrical assumptions corresponding to the two limit cases are considered in this study: (i) all the boundaries (GBs and subGBs) stop the α WGB plates. The calculation is performed as described above by simply replacing D gr by D sub , the diameter of the subgrains.

(ii) The subgrain boundaries can be crossed by α WGB , and the only obstacles are the GBs of the large initial β grains. In order to account for the new boundaries, the number of faces of each initial β grain is increased as following:

N face = 14 (D gr /D sub ) 3 (1) 
with surface:

S face = π D 2 sub /14 (2) 
Eqs. (1-2) assume that the new boundaries are distributed homogeneously inside the initial β grains. The calculations will then have to be considered with care, because the new boundaries have been observed to appear preferentially in the vicinity of the initial GBs, leaving the core of the initial β grains almost unchanged. However, this spatial heterogeneity of the substructure is observed only for small plastic strains [1].

Another effect which could be accounted for is the geometrical recrystallisation. It consists in the flattening/stretching of the initial β grains by the macroscopic strain, increasing their specific GB surface [1]. Conversely to other studies [4,19,[START_REF] Lacroix | Symposium on the Thermodynamics, Kinetics, Characterization and Modeling of Austenite Formation and Decomposition[END_REF], this effect is assumed negligible when compared to the generation of new subGBs as justified in [START_REF] Costa Teixeira | [END_REF].

Nucleation and growth of α GB

A prior plastic deformation of β increases the nucleation rate of α GB at the boundaries as clearly shown by [1,2]. In the present study, it is assumed that this is due to the increase of the misorientation angles of all the GBs by the CDR [1,16]. Consequently, their potential for heterogeneous nucleation increases with their energies. In our model, these processes are described by the time t n necessary for α GB to cover the surface of the GB where they have nucleated [3]. Following [START_REF] Costa Teixeira | [END_REF], t n is simply t n ≈ 1/J * , where J * is the nucleation rate. A pillbox geometry has been used for the α GB nuclei, following [START_REF] Menon | [END_REF]23]. J * can be expressed with the classical theory of heterogeneous nucleation [24]:

J * = 2ν at √ ǫD min x β min a 4 √ 3k B T exp - 4πχγ 2 b ∆G 2 v k B T (3) 
with χ = 2 γ αβ -γ ββ , γ ββ the grain or subgrain boundary energy, γ αβ the interfacial α/β energy at the upper face of the pillbox and γ b at its edge. The other terms are defined in [24] following their classical meaning found in any textbook.

In Eq. ( 3) the influence of the prior plastic deformation of β is accounted for by γ ββ , which is calculated from the misorientation angle θ of the boundaries. Indeed, there is no direct measurement of γ ββ available for these alloys, whereas distributions of the θ values have been determined experimentally for a large range of plastic deformation conditions [1]. These distributions are hence input data of the model: for each face inside the representative volume, a value of γ ββ is calculated from these distributions using the empirical relation proposed by Wolf, valid on the whole range of GB angles [25]:

γ ββ = γ 0 sin θ [A -ln(sin θ)] (4) 
where

A = 4π(1 -ν) k, γ 0 = µ b/[4π(1 -ν)]
, µ is the shear modulus, ν the Poisson ratio, b the modulus of the Burgers vector, and k = E core /(µ b 2 ) with E core the core energy of the dislocations.

Since there is no measurement of γ αβ and γ b , their values have been adjusted as described in the next section. The same value of γ b have been set to all the faces, whereas the values of γ αβ are distributed following a normal law to account for the many parameters which can play a role in the nucleation process. Indeed, vacancies and dislocations can enhance the nucleation rate by either decreasing the energy barrier or enhancing diffusion [5,19,26]. Morevover, the β grain misorientation influences the shape and size of the critical α GB precipitates [17,[START_REF] Gheorge | Proceedings of the 10 th World Conference on Titanium[END_REF][START_REF] Miyano | [END_REF][29], and thus the nucleation rate J * . Finally, the elastic energy stored near the grain boundaries during plastic deformation arising from the strain incompatibility between the grains depends on the grain misorientation [30]. Distributing the values of γ αβ is a crude but simple approach to include all these effects, because of the lack of accurate models.

According to some observations in the β-Cez alloy [2], the growth rate of α GB is almost not affected by a prior plastic deformation. Similar observations have been made for the case of steels [4,5]. Thus the approach followed in [3], for the case of non deformed microstructures, can be adopted here. The growth of α GB is assumed to be planar and controlled by the diffusion of the partitioning species. Assuming that the β phase is an ideal solution, the equilibrium at the α/β interface is described by a solubility product. Moreover, the β grain is assumed to be an infinite medium. This is reasonable for this morphology because the order of magnitude of the diffusion lengths in front of α GB is much smaller than the size of the β grains.

Appearance and growth of α WGB

The appearance of α WGB and its coupling with a prior plastic deformation are issues which have not been much studied. The morphological destabilization of α GB has been proposed on the basis of EDX measurements by [START_REF] Fujii | 6 th World Conference on Titanium[END_REF].

Other studies such as [29] have suggested that the α WGB plates appear by the sympathetic nucleation of α on the α GB layers. Recent observations of Widmanstätten ferrite in a low carbon steel [START_REF] Phelan | [END_REF] confirm the possibility of this last mechanism. Nevertheless, more experimental studies are necessary to place the modeling on a firmer footing. Therefore, the empirical approach proposed in [3] is followed in this study. At each face, one α WGB colony appears when a α GB layer has reached a critical width W c . In [3], W c was chosen equal to the measurements W 0 c by [2] in the β-Cez alloy for a non-deformed microstructure, i.e. for high GB angles. However, W c is likely to depend strongly on the misorientation angles θ of the boundaries. Indeed, there are many experimental evidences that the shape of the allotriomorph precipitates is correlated to the GB misorientation in different alloys: in Ag-Al [38], Al-Cu [33], Al-Zn-Mg [34,35], as well as in titanium alloys [17,[START_REF] Miyano | [END_REF][START_REF] Furuhara | Mat Trans[END_REF]. In particular, it is observed that the matching between the boundary plane and the habit plane of the precipitates would be the determining factor for nucleation. Considerations on the elastic energy to overcome during the nucleation of new precipitates [37] support these observations. However, most of these studies about the variant selection on the different grain boundaries (high angle, low angle and twin) do not give a clear picture of the trend that has been observed by [1]: "primary" sideplates are observed to grow directly from low angle GBs, when allotriomorphs are observed to grow prior to the "secondary" sideplates on high angle GBs. Similar observations were reported on by [18]. To give some clue to this tendency, Fig. 4 shows an orientation map obtained by electron back-scattered diffraction (EBSD) analysis of a near-β titanium alloy specimen. This specimen has been solution treated in the β phase field for 5 min., then quenched down to 800˚C and hold at this temperature until complete transformation. The orientation map was acquired in a SEM-FEG Philips XL 30 with a step size of 1 µm. Each measurement point is colored according to the color keys given with standard triangles, one for each phase. Small variations in the color of a same phase correspond to small misorientations. Most of the high angle GBs are occupied by α GB layers. The particular α WGB colony surrounded with a black line and labelled "A" has appeared directly at a subGB with a misorientation of 7˚separating two subgrains labelled respectively "I" and "II" (in light and dark pink), and has grown into subgrain I.

Of course, more experimental work is needed to lend support to these qualitative observations. Hence, at a first step, we have tested two empirical approaches. In the first one, one α WGB colony appears when the α GB layer width has reached W 0 c , independently of the misorientation angles. In the second one, the critical width of α GB is corrected such that the α WGB colonies appear more rapidly at low angle GBs:

W c = γ ββ γ 0 ββ W 0 c ( 5 
)
with γ 0 ββ the maximum energy of high angle GBs corresponding to θ = 90i n Eq. ( 4).

As for the α GB morphology, the growth of the α WGB colonies is not affected by a prior plastic deformation [2, 4,5]. The same approach as in [3] is taken to calculate their growth rate and the main hypothesis are recalled here. The plates are assumed to be parabolic cylinders which grow by a diffusion controlled process. The growth model relies on solving the conservation equations for each partitioning species in the β matrix and assuming the local equilibrium at the interface, with the accounting of the curvature of the plate tip. The β matrix is considered as an infinite medium, for the same reasons put forward for α GB : the characteristic lengths of diffusion in front of the colonies are very small compared to the β grain size. The hard impingement of the α WGB colonies is treated in a simplified way. Inside each β grain or sub-grain, the length of the colonies increases while the grain is not filled by them. That means that the length of the colony may go beyond the diameter of the grain. In practise, we verified that this happens very rarely and that the lengths averaged in the 100 β grains are always largely inferior to the grain diameter. Finally, Fig. 4 supports the assumption that α WGB can cross subGBs. Indeed, the colony labelled "B" clearly crosses the subGB with the misorientation of 7˚, between subgrains I and II. Similar observations were done in [1] on a greater number of specimens. Moreover, from an optical micrograph of a specimen with 0.25 of deformation at a rate of 10 -1 s -1 , the longest of the α WGB colonies can be estimated at about 70 µm, a size far greater than the average subgrain size obtained in these conditions (Tab. 1). Provided that the distribution of the sizes is narrow around its mean value as observed in [1], this would mean that the longest colonies are likely to have crossed subGBs, in agreement with Fig. 4.

Results

Data and parameters

The elastic constants of the β phase are necessary to use Wolf's relationship. According to Ogi [43], the Young modulus and Poisson coefficient are respectively E = 58 GPa and ν = 0.4 for pure polycrystalline titanium at 1000˚C. The value of k in Eq. ( 4) is unknown. It has been set such that Eq. ( 4) gives the energy of a real high angle GB for θ > 15˚. According to some measurements in pure titanium, TA6V [44], and Ti-5Al-2.5Sn [45], γ ββ ranges between 550 and 850 mJ/m 2 , corresponding to values of k between 0.1 and 0.15. This range is consistent with the values found in other metals such as nickel (k = 0.17) [46], or tantalum (k = 0.16) [47]. In this study, a value of 0.12 has been chosen, corresponding to a high angle GB energy of 800 mJ/m 2 . Values of γ αβ and γ b are also necessary for calculating the nucleation rate. There is unfortunately no direct measurement available. Usually, these parameters are adjusted on the basis of measurements of nucleation rates [START_REF] Menon | [END_REF]23,48]. Due to the lack of such measurements for our alloy, these parameters have been adjusted such that the calculated overall transformation kinetics fit the measurements for isothermal treatments without any prior deformation. Two different alloys have been considered to enlarge the data set used for the adjustement (β-Cez alloy [2], and Ti17 alloy [START_REF] Costa Teixeira | [END_REF]) between 750 and 830˚C. Because this temperature range is narrow, it is assumed that the interfacial energies do not depend on the temperature. We have found γ b = 20 mJ/m 2 , the average value γ αβ = 400 mJ/m 2 , and the standard deviation δγ αβ = 160 mJ/m 2 (i.e. 90% of the values are between 140 and 660 mJ/m 2 ).

Growth of the α WGB colonies inside the deformed β microstructure

First, we have determined whether or not the new boundaries resulting from the CDR must be considered as obstacles to the growth of α WGB colonies. In order to assess the two limit cases presented above, a β microstructure deformed at the rate ε = 0.1 s -1 to the total strain ε = 0.25, containing a large specific surface of subGBs, is considered, with features reported in Tab. 1 [1]. Calculations have first been performed assuming that all the new boundaries can stop the growth of α WGB . The transformed volume fraction ξ is plotted versus time in Fig. 5, for an isothermal treatment at 800˚C. As explained in detail in [3], its evolution can be split into 4 stages. The duration of the nucleation step is about 100 s. The parabolic growth of α GB is then predicted bewteen 100 s and 1000 s, followed by the growth of α WGB . After 1500 s, the transformation rate begins to decrease, when more and more sub-grains are filled. Finally, ξ reaches the maximum value of 0.81, far below equilibrium. Indeed, there is no transformation in about 19% of the subgrains. This quite unexpected result has two reasons. (i) The untransformed subgrains have mainly low angle boundaries where the nucleation is more difficult. Indeed, as explained in [3] and [START_REF] Costa Teixeira | [END_REF], nucleation occurs very quickly when γ ββ > 2γ αβ ; on the contrary, when γ ββ < 2γ αβ , the nucleation step is much longer than the duration of an isothermal treatment. As a result, the wetted specific surface correlated to the proportion of activated nucleation sites is small as shown in Tab. 2. (ii) It has been assumed that all the sub-boundaries are obstacles to the growth of the α WGB colonies. Without this assumption, α WGB colonies which originate from adjoining subgrains could cross the boundaries of the untransformed subgrains and fill them. Then, in order to study the second limit case (i.e. crossing of the subGBs by α WGB ), the initial β microstructure is modelled geometrically as one large β grain containing as many faces as there are GBs and subGBs. The respective diameters of the β grains and subgrains are 130 and 12 µm respectively (Tab. 1). According to Eq. 1, the total number of faces is 17800, which is large enough so that only one grain can be statistically representative of the deformed microstructure. ξ versus time is plotted in Fig. 6 for a treatement at 800˚C. Contrary to the first limit case, ξ reaches equilibrium. For 1500 s, the two cases are identical because the wetted surface per unit volume is the same. After 1500 s, ξ increases linearly to 1 because the colonies are not stopped by the subGBs. Indeed, the α WGB growth rate is constant for a given temperature, and soft impingement is neglected in the model [3]. This second limit case appears to be more realistic than the first one, because the equilibrium volume fraction of α is reached. Consequently, all the further calculations are performed with this assumption.

Appearance of α WGB on the sub-grain boundaries

The previous results have been compared with experimental results [1] in Fig. 7a. These calculations were performed assuming that the maximum width of α GB is W 0 c for all the misorientation angles. The total duration is quite well estimated: the time necessary to reach ξ = 0.9 is only 300 s later than the experiment. Moreover, the slope of the curve during the α WGB growth stage is in fair agreement with the experiments. A good agreement is also found for the number of α WGB colonies per unit volume, supporting the calculation of the GBs surface available for the nucleation of α (Tab. 1). However, it can be noticed that the transformation rate is largely underestimated during the first stage, with an unobserved sharp transition from α GB to α WGB at about 1000 s. This sharp transition comes from the assumption that all the α WGB colonies appear when the α GB width has reached the same value W 0 c whatever the considered face. Indeed, the distribution of the nucleation durations t n is sharp. As a consequence, all the α GB layers reach the critical width W 0 c at almost the same time, corresponding to the transition from α GB to α WGB . The overestimation of the duration of the α GB growth stage can also be explained by the nucleation stage. Indeed, the hypothesis of an underestimated parabolic growth rate can be dismissed, when examining the results obtained for the non-deformed case (Fig. 7b). In this last case, there are mostly high angle GBs for which the average α GB width has been determined experimentally to be W 0 c [2]. On the contrary for the deformed microstructure, two thirds of the wetted surface belongs to low angle GBs resulting from the CDR (Tabs. 1-2). The α GB widths have never been measured systematically on these subGBs, and the available SEM micrographs do not even show a significant precipitation of α GB on these sites. Hence, due to the lack of accurate observations, the critical width of α GB has been corrected with Eq. 5, accounting for a link between the misorientation angle and the transformation sequence.

The calculation accounting for this correction is compared to the experiment in Fig. 8a. It is very close to the experiment for the α WGB growth stage as well as for the beginning of the transformation. Instead of the former sharp transition from α GB to α WGB , the growth rate increases smoothly. Indeed, the α GB layers do not reach W c at the same time. This is confirmed in Fig. 8b: the number of α WGB colonies per initial β grain is plotted versus time along with the result without correction. It can be noticed that the final number of α WGB colonies is the same with and without correction because the nucleation rate is the same in both case. For the non deformed β microstructure, the correction of W c has negligible consequences because the distribution of the GB misorientation angles is narrow (Tab. 1): the distribution of the critical widths is thus also narrow. 

Influence of the sub-grain size

The influence of the sub-grain size on the transformation rate has been assessed by considering 3 different β microstructures deformed to the total strain ε = 0.25. Their respective sub-grain sizes have been controlled by the strain rate ε (Tab. 1) [1].

In Fig. 9a, ξ versus time is plotted for the 3 deformation rates during an isothermal treatment at 800˚C. The non deformed case is also shown for comparison. As expected, all the deformed β microstructures undergo quicker transformations than the non deformed one. Indeed, a decrease of the subgrain size induces an acceleration of the transformation beginning, as well as an increase of the overall transformation rate. In order to explain these features, the specific wetted surface is plotted versus time in Fig. 9b and reported in Tab. 2, because it is directly related to the area per unit volume of the faces where α WGB is growing. The beginning of the transformation is quicker when the sub-grain size is smaller: there are more low angle GBs where α GB reaches its critical size more quickly to give fast growing α WGB colonies. The increase of the overall transformation rate results from a greater final specific wetted surface (Tab.

2). It can be noted that the wetted surface stops increasing at the same time for all the cases, when the α GB layers at the most misoriented GBs reach W 0 c

It is important to note that inside all the deformed β microstructures, the proportions of activated nucleation sites are very close to each others (Tab. 4). Therefore, the increase in the overall transformation rate is linked to the subGB size and not to the misorientation angle distributions. The calculations are compared to experimental transformation kinetics [1] in Fig. 10. For all the sub-grain sizes, the overall agreement is good. This proves the relevance of the sub-grain size as a key parameter for predicting the transformation rate. However, for a sub-grain size of 60 µm (the lower deformation rate), the transformation rate is slightly overestimated. For this particular case, Chaussy [1] had observed that the new subGBs are located near the initial GBs: thus the assumption of an homogeneous layout of the subGBs leads to underestimate the hard impingement of α precipitates growing in the vicinity of initial GBs. So as to further validate our model, we have compared its predictions of some microstructural features with measurements. Because there were no microstrutural measurements available in [1], we have used for that purpose the measurements from [2], on the same alloy which has undergone treatments similar to [1]. Unfortunately, the precise characterization of the misorientation angles distribution was lacking. Nonetheless, a crude estimate on optical micrographs of a specimen deformed at 25% with a rate of 10 -2 s -1 gives an average subgrain size about 60 µm. This corresponds to the specimen of [1] deformed at 25% but with a rate of 10 -3 s -1 . To proceed further, we have thus taken the distribution of the misorientation angles obtained by [1] corresponding to the subgrain size of 60 µm.

A first comparison has been performed in the case of an isothermal treatment at 790˚C. A fairly good agreement has been achieved for the global kinetics, but a little bit less satisfactory than in Fig. 10: the growth rate during the α WGB stage is slightly underestimated when compared to the measurements. In Fig. 11, we have compared the time evolution of the number of α WGB colonies. We have divided the predicted numbers by 7/3 and 7/4 correponding to the numbers of faces in a tetrakaidecahedron cut by a plane (depending on the orientation), to account for the change from three to two dimensions. 7/4 and 7/3 defines an upper range which is believed to be representative of what is observed on a micrography. As shown in Fig. 11, the agreement is satisfactory between the corrected predictions and the experiments. The slight underestimation of the final number of colonies explains the underestimation of the global kinetics during the α WGB growth stage. These discrepancies may be explained by the uncertainties on the average subgrain size as well as on the distribution of the misorientation angles.

We have performed the same kind of calculations for 750 and 830˚C, so as to compare the variation of the width of α GB with the temperature. Indeed, it has been observed by [2] that there is a very small dependence of the average α GB upon the deformation, as shown in Fig. 12 (black symbols), whatever the temperature. A very good agreement is achieved between the experiments and the calculations, which are quite insensitive to moderate variations of the average subgrain size.

These results tend all to confirm the validity of the assumptions of our model. Fig. 12. Average α GB width versus temperature for non deformed specimens (squares) and specimens deformed of 25% at 10 -2 s -1 (circles); calculations are with white symbols and experiments with black ones.

Influence of the boundaries misorientation

The influence of the distribution of misorientation angles has been studied by considering different deformed β microstructures with features appearing in Tab. 3. They all have the same sub-grain size of 12 µm (associated with a same deformation rate), but different distributions of the misorientation angles with the average value increasing with the plastic deformation. In Fig. 13, the calculations for the different plastic deformations are plotted in the case of an isothermal treatment at 800˚C. As expected, the lowest prior plastic strain ε = 0.25 leads to the slowest beginning and to the lowest overall transformation rate. For higher plastic deformations, the transformation kinetics are surprisingly almost identical. In fact, the lowest overall transformation rate results from the lowest wetted specific surface. On the other hand, the almost identical transformation rates for ε ≥ 0.75 result from very close specific wetted surfaces (Tab. 4).

The calculations are compared to experimental results [1] in Fig. 14. In all cases, the calculated durations of the transformation are in good agreement with the measurements, showing that the wetted GB surface by α is well assessed. Moreover, the evolution of the average slope with respect to the strain is in agreement with the experimental observations: ε = 0.25 has the smaller slope, whereas the higher strains have a greater slope, almost the same. These trends are consistent with the calculated specific GB surfaces wetted by α (Tab. 4). These results hence support the relevance of the misorientation angles as parameters for describing the deformed β microstructure.

However, the calculations do not predict the continuous shift of the beginning of the transformation when the plastic strain increases, as observed in experiments: a more accurate modeling of the transformation at the beginning is necessary. Indeed, on one hand it should be necessary to further analyze our hypothesis of a stoechiometric α phase, and a possible accelerated diffusion at the GBs (with effect or not of the deformation). On the other hand, the mechanism of appearance of α WGB needs to be studied experimentally in more detail. Moreover, the plastic strain stored in the vicinity of the GBs due to grain incompatibilities is likely to influence the nucleation and growth rates. Indeed, considering the elastic constants of the β phase, a simple assessment of the stored strain energy gives an order of magnitude of 10 6 J/m 3 . This value is not negligible when compared to the nucleation driving force, especially at high temperatures, as reported in Tab. 5. 

Conclusion

A model has been developed in order to predict the influence of a prior plastic deformation of the β phase above the transus temperature on the α phase precipitation occurring during a subsequent cooling. The model relies on the explicit calculation of the nucleation and growth rates of the precipitates, as developed in [3]. Two major improvements has been carried out to this model in the present study: first, a suitable geometrical representation of the microstructure is proposed where subGBs are additional nucleation sites for the α GB allotriomorphs. Second, the calculation of the nucleation rate at the GBs is now dependent on the plastic deformation conditions, through the distributions of the misorientation angles. Preliminary calculations have been performed to assess the relevance of some assumptions related to the appearance and growth of the α WGB colonies: the α WGB colonies are hence likely to cross the subGBs; and the critical width of the α GB layers controlling the transition to α WGB must decrease with decreasing misorientations for the calculated kinetics to match the measurements. Of course, additional experimental work is required to confirm these conclusions. Finally, calculations have been compared to experiments for initial deformed β microstructures with different conditions. A very good agreement has been achieved concerning the influence of the strain rate changing mainly the subgrain size: the faster the strain rate, the smaller the subgrain size and the faster the transformation. The agreement is fair concerning the influence of the strain which changes dramatically the distribution of the misorientation angles. The tranformation rate during the α WGB growth stage saturates at higher strain as observed. Unfortunately, the model is unable to describe the influence of the strain on the first stage of the transformation, involving the nucleation of the allotriomorphs as well as the transition to the Widmanstätten colonies. More experiments are obviously needed to understand the involved mechanisms and their link to a prior plastic deformation. Nonetheless, a better analysis of the formation of α allotriomorphs, which would account for the strain stored in the vicinity of the GBs, has been suspected to be an essential ingredient for describing quantitatively this effect.
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 1 Fig. 1. SEM micrograph showing typical morphologies of the α phase in a near β titanium alloy.

Fig. 2 .Fig. 3 .

 23 Fig. 2. Sequence of the phase transformation modelling for the high temperature morphologies: (a) nucleation of α GB , (b) growth of α GB , (c) appearance of α WGB , and (d) growth of α WGB [3].

Fig. 4 .

 4 Fig. 4. Orientation map of a near β titanium alloy, solution treated in the β phase field, and hold at 800˚C until complete transformation.

Fig. 5 .

 5 Fig. 5. Transformed volume fraction ξ versus time for an isothermal treatment at 800˚C, assuming "impervious" sub-grains.

Fig. 6 .

 6 Fig.6. Transformed volume fraction ξ versus time for an isothermal treatment at 800˚C, assuming sub-grains "impervious" (thin line) or not (thick line) to the growth of α WGB .

Fig. 7 .

 7 Fig. 7. Transformed volume fraction ξ versus time for an isothermal treatment at 800˚C (calculations in continuous lines and experiments with dots): (a) deformed (experiments from [1]) and (b) undeformed β microstructure (experiments from [2]).

Fig. 8 .

 8 Fig. 8. Isothermal treatment at 800˚C: (a) calculated ξ versus time with corrected W c (continuous line) compared with measurements (dots); (b) number of colonies per initial β grain, with (thick) and without correction (thin).

Fig. 9 .

 9 Fig. 9. Isothermal treatment at 800˚C: influence of the sub-grain diameter. (a) Transformed volume fraction ξ versus time, for different strain rates; (b) specific wetted surface versus time.

Fig. 10 .

 10 Fig. 10. Isothermal treatment at 800˚C: transformed volume fraction ξ versus time for different sub-grain diameters (calculations in continuous line and experiments with dots).

Fig. 11 .

 11 Fig.11. Isothermal treatment at 790˚C of a specimen deformed of 25% at 10 -2 s -1 : time evolution of the number of colonies in a 2D section (calculations in continuous line and experiments with dots).

Fig. 13 .

 13 Fig. 13. Isothermal treatment at 800˚C. Calculated transformed volume fraction ξ versus time, for different plastic strains.

Fig. 14 .

 14 Fig. 14. Isothermal treatment at 800˚C. Calculated and experimental transformed volume fraction vs. time, for different plastic strains.

Table 1 Parameters

 1 

	Deformation rate (s -1 )	Non deformed 10 -3 10 -2 10 -1
	Sub-grain or grain diameter (µm)	130	60	20	12
	Available specific surface (10 4 m -1 )	4.6	10	30	50
	0 < θ < 15˚0 < γ ββ < 510 mJ/m 2	15%	54% 70% 87%
	15 < θ < 30˚510 < γ ββ < 700 mJ/m 2	15%	14% 10% 10%
	θ > 30˚γ ββ > 700 mJ/m 2	70%	32% 20%	3%
	Final specific wetted surface (10 4 m -1 )	2.0	2.6	4.0	5.8
	Proportion of activated nucleation sites	44%	26% 13% 12%

used to describe the β microstructures resulting from a solution treatment in the β field for 20 min. followed by a plastic deformation at the same temperature with ε = 0.25 at different strain rates

[2]

. Deformation rate (s -1 ) Non deformed 10 -3 10 -2 10 -1

Table 2

 2 Results for the β microstructures of Tab. 1 after an isothermal treatment at 800˚C.

Table 3

 3 Parameters used to describe the β microstructures resulting from a solution treatment in the β field for 20 min. followed by a plastic deformation at the same temperature with the same strain rate but with different total strains[1].

	Plastic deformation	Non deformed 0.25 0.75	1	1.5
	Final specific wetted surface (10 4 m -1 )	2.0	5.9	9.1 10.2	10
	Proportion of activated nucleation sites	44%	12% 18% 20% 21%

Table 4

 4 Results for the β microstructures of Tab. 3 after an isothermal treatment at 800˚C.