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Formation of slip bands and microstructure evolution of

Ti-5Al-5Mo-5V-3Cr-0.5Fe alloy during warm deformation process

Introduction

Metastable β titanium alloys are important structural materials for aeronautical applications due to their high strength to density ratio, superior strength and ductility combination and good workability [1,2,3,4]. Thereupon enormous work and effort in resolving the complex microstructural evolution related to thermomechanical process (TMP) and their correlations with the resultant mechanical properties have been done in the past decades [5,6,7,8]. Various alloy compositions and microstructures of titanium alloys are related to the different deformation mechanisms.

The pure titanium (hexagonal close-packed structure, HCP) is mainly dominated by twining mechanism [9], while it has been reported that the deformation modes in the β
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-3 -phase of titanium alloy include [10] (1) dislocation slip, (2) {332}<113> twinning, (3) stress/strain-induced martensitic transformation. The actual deformation behavior of single β phase of metastable β titanium alloys strongly depends on the degree of stability of the β phase [11]. However, this stability is associated with the extent of the β-stabilizing element. As the β phase stability increases, the deformation mechanism gradually changes from stress-induced martensite to twinning and eventually to slip.

In titanium alloys, the molybdenum equivalency ([Mo] eq ) is defined as the amount of β-stabilizing element relative to the amount of molybdenum required for the same degree of β phase stability, which is commonly a criterion to assess the stability of the β phase in titanium alloys [12]. It is expressed with the equation as:

[Mo] eq =Mo+0.28Nb+0.22Ta+0.44W+1.6Cr+1.54Mn+0.67V+2.9Fe+1.25Ni+…-Al [START_REF] Fujishiro | Metallurgy and technology of practical titanium alloys[END_REF]. Necessarily, the dynamic recovery (DRV)/dynamic recrystallization (DRV) and fragmentation/globularization occurring during hot deformation should also be considered seriously.

Plastic deformation of crystals often occurs by slipping on only a few crystallographically equivalent planes [START_REF] Fisher | [END_REF]. The relative types of localized banded structures in the deformation zones are called slip bands. They appear in preferentially-oriented single crystals and grains in polycrystalline materials.

Heidenreich [15] firstly observed the fine structure of slip bands on the surfaces of plastically deformed crystals. Until now, plenty of researchers [16,17,18] have made a substantial contribution to this field, especially to finding the relationship between the slip bands and plastic deformation. In polycrystalline materials, the presence of
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-4 -plenty of oriented grains leads to a more complicated plastic deformation. Researches found that 'soft' oriented grains with high Schmid factor tend to deform plastically and form slip bands, but most of these results are obtained by theoretical calculations rather than experiments. Specifically, the slip mechanisms of titanium alloys with lamellar [19] and equiaxed [20] initial microstructures have been investigated.

However, for the β quenched initial microstructure, the form of slip bands accompanied by the precipitation of α phase would happen during the TMP. The nucleation behavior and the crystallographic characteristics of α phase in slip bands are not completely understood.

In addition to the changes of distribution and size of structure, TMP has a significant impact on the other aspects. For the α variants selection mechanism (VS) [21,22,23,24] during the β→α phase transformation, the deformation process can dominate it significantly besides the effects of the misorientation between two adjacent β grains and the grain boundary plane [22]. R. Shi et, al. [25] developed a three-dimensional quantitative phase field model to predict variant selection and microstructural evolution in Ti-6Al-4V under the influence of both external and internal stresses. The results indicated that, for a given undercooling, the development of a transformation texture (also called microtexture) of the α phase due to variant selection during precipitation is determined by the interplay between externally applied stress or strain and internal stress generated by the precipitation reaction itself.

Thus, the VS mechanism during TMP might be much more complicated and severely restricted by the nature of the defects such as grain boundaries, stacking faults,
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dislocations and slip bands [26,27,28,29]. For instance, dislocations belonging to the {112}<111> slip systems would favor the nucleation and growth of a single a variant whose orientation relationship is described by the components of the specific slip system [26,27]. D. Qiu et, al. systematically elaborated the effects of low-angle grain boundaries (LAGBs) and dislocations on α phase morphology and variant selection mechanism through three-dimensional phase-field simulations [28,29]. Moreover, the lattice defects introduced by deformation increase the number of nucleation sites and consequently raise the nucleation rate of the product phase. The morphology of precipitated α phase could be also changed during the hot deformation [30], even the orientation relationship between α/β phases (Burgers orientation relationship (BOR), i.e., {0001} α //{110} β , 〈112 ത 0〉 //<111> β [31]) could be destroyed [32]. Because of these complications, limited work exists in the literature regarding the interplay between microstructure evolution and deformation defects. It is important to clarify the rules of α phase heterogeneous nucleation on defects for understanding the development of microstructure by diffusional phase transformation or precipitation reactions.

As discussed above, extensive studies of the microstructural evolution of titanium alloys related to TMP have been paid great attention. However, a clear understanding of the slip band formation during warm deformation accompanied by the dynamic precipitation of α phase in metastable β titanium alloy is still not available. As a representative metastable β titanium alloy, Ti-5Al-5Mo-5V-3Cr-0.5Fe (Ti-5553) is important in the aerospace industry applications due to its excellent combination of
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high yield strength, deep hardenability, fatigue and crack propagation properties as compared to the α+β titanium alloys [2,3,4]. The excellent mechanical properties of these alloys are attributed to the various sensitive microstructural compositions which are linked to a range of processing parameters, such as type of TMP, temperature, strain, strain rates and cooling rates. Thus, a systematic study was performed in present work on Ti-5553 alloy using transmission electron microscopy (TEM), scanning electron microscopy (SEM) and crystallographic calculations. The results could provide a valuable understanding and reference data for process optimization and the microstructural evolution control of metastable β titanium alloy.

Materials and research methodology

The material used in the present study is (α+β) forged Ti-5553 bar with chemical composition (wt. %) of Al: 5.26; Mo: 4.99; V: 4.80; Cr: 2.86; Fe: 0.42; Ti: balance.

The β transus temperature is approximately 870°C. Cylindrical specimens, 10 mm in diameter and 15 mm in height, were machined from the forged bar. They were then solution treated at 900°C for 30 min followed by water quenching in order to obtain a single β phase state with homogeneous microstructure. Uniaxial warm compression test was carried out with a Gleeble-3500 thermo-mechanical simulator along the cylindrical axis of the specimen. Prior to compression, each specimen was heated to the processing temperatures at a rate of 25°C/s and then held for 10s before the commencement of compression to ensure an establishment of homogeneous temperature field in the specimen. The temperature was controlled by a thermocouple welded to the central part of the specimen surface. Graphite lubrication was applied to
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the anvil and the specimen in order to reduce the relative friction between the two parts to enhance deformation homogeneity and also to prevent adhesion. The thermomechanical processing detailed parameters are shown in Table 1. After compression, all specimens were immediately cooled in water in order to retain the deformed microstructures. For comparison, specimens corresponding to all warm compression treatments were heat treated under exactly the same thermal conditions (heating, isothermal holding and cooling) just without deformation.

The deformed specimens were sectioned parallel to the compression axis and all microstructural and crystallographic characterizations were performed on this specimen section. For SEM (JSM-6500F) observations and EBSD measurements (OXFORD EBSD acquisition camera and the OXFORD-AZTEC online acquisition software), the specimens were first mechanically polished and then electro-polished with a solution of 20% perchloric acid in methanol under a voltage of 35V at 10°C for 6s. The EBSD maps, grain boundaries with misorientations between 2° and 15° were defined as low-angle grain boundaries (LAGBs), and those of misorientation >15° as high-angle grain boundaries (HAGBs). In EBSD maps presented in this paper, black and green lines indicate HAGBs and LAGBs, respectively. And for the secondary electron images, the specimens were etched in a modified Kroll's reagent of 10 Vol.% HF, 10 Vol.% HNO3 and 80 Vol.% H2O for 10s. For TEM (Philips CM200 operated at 200 kV) analyses, foil specimens were prepared firstly by mechanical thinning to about 80µm in thickness. Then discs with 3mm in diameter were punched off and further thinned to be electron transparent by twin-jet electro-polishing using a Struers 

Results and discussion

Initial microstructure of Ti-5553 alloy

Materials used in this study were obtained from a (α+β) processed Ti-5553 billet, the forged microstructure is shown in Fig. 1(a)-(b). Apparently, the forged microstructure consists of globular or rod-like α phase particles, β matrix and fine needle-like nano-scale α precipitations in the matrix. The single β phase microstructure obtained by solution treatment at 900°C for 30 min followed by water quenching, as shown in Fig. 1(c), is composed of β phase (Fig. 1(e)) with an average grain size of ~300 µm in equiaxed shape. Except for few low angle grain boundaries (LAGBs, 2°~15°), almost all of the β grains are surrounded by high angle grain boundaries (HAGBs, >15°) (Fig. 1(d)). The correlated misorientation angle distribution histogram in Fig. 1(f) displays that the initial microstructure possesses a disorientation angle distribution close to that of randomly oriented polycrystals (the line profile), suggesting that the alloy is not sharply textured.

Slip band and its crystallographic characteristics

Fig. 2 shows SEM images of the specimens isothermally compressed at 600°C. Deformations were performed either at the same strain (0.7) but under two different
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strain rates (0.01s -1 and 0.001s -1 ) (Fig. 2(a)-(b)) or at two different strains (0.7 and 1.2) but under the unique strain rate (0.001s -1 ) (Fig. 2(b)-(c)). The two groups of deformations have three isothermal holding times: 1.2min, 11.5min and 20min, respectively. All the microstructures, as shown in Fig. 2, contain large amount of regularly spaced bands (highly contrasted) about 500nm in width. In certain grains, the bands appear with several orientations, forming a kind of reticular structure (Fig.

2(a2))

. The morphology of the bands is deformation dependent. At higher strain rate, the bands are sharper and straighter (Fig. 2(a1)-(a2)) but with the decreasing strain rate, the bands become diffused and deviated (Fig. 2(c)-(d)). With increasing strain, the spacing of the bands turns out to be smaller and the number of bands increases (Fig. 2(c)). Moreover, these traces widen gradually with increasing strain and decreasing strain rate. Steps are formed at the intersections of the bands with the initial β grain boundaries, as shown in Fig. 3, evidencing that the deformation is localized in the band areas. Thus, these slip bands can be considered as strain localization areas that accommodate the macroscopic deformation [35].

The slips systems were further identified by firstly calculating the Schmid Factors (SFs) of all possible slip systems of a body centered cubic (BCC) structure and their slip traces on the macroscopic sample surface, using the orientation of the β phase, and then comparing them with the trace orientation of the observed bands. The possible slip systems sharing the same macroscopic trace on the surface of the sample are further discriminated using their SFs. The slips with higher SFs are considered as the ones with higher potential.
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The determination was done for the specimen deformed at higher strain rate (0.01s -1 ) and with a lower strain (0.7). The examined area is close to the upper surface of the cylindrical specimen (close to the anvil), where the strain is further reduced and the deformation bands are straight and sharp. As β phase is not much deformed, especially in the areas between the bands, the orientation of the initial β grains should not be too far from that before deformation. As the transformation progressed extremely rapidly, the β grains are largely transformed to α. In the areas between the bands, the β lamellas are ultrafine (<20nm in width). It is impossible to obtain SEM/EBSD Kikuchi patterns to resolve the crystallographic orientation of β matrix.

Hence, the orientation of the β phase was calculated indirectly from the measured orientations of the α variants under the determined BOR. C colored indicated in red, blue and green) can be observed in Fig. 4(a). For an unambiguous determination of the orientation of the parent phase, up to four distinct orientations of the product phase are needed [36]. However, this depends on the misorientation between the product phase variants. In the present case, 23 α phase orientations in the same parent β grains were measured manually to re-construct the β matrix (Table 2). These 23 orientations correspond to the two variants that are ൣ0.329 തതതതതതത 0.664 0.335 തതതതതതത 0.014 തതതതതതത ൧ /90.36° misoriented. They belong to the typical ሾ1 2.38 തതതതതത 1.38 0ሿ/90° α variants [37], although there is a small deviation. However, due to the deformations, orientations corresponding to the same variant may be 5° appart.
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Using a clustering approach, we have selected for each variant the potential one parent which was the closest to the majority of that overall, meaning that it was possible to have a rough estimate of the parent orientation (within an uncertainity of about 8°).

As illustrated in Fig. 5, plane ܲሺℎ݈݇ሻ ఉ of the β phase is parallel to plane ܲ′ሺℎ݈݇ሻ ఈ of the α phase. The direction ‪ሿݓݒݑ‪ሾ ఉ in plane P of β phase is parallel to the direction ‪ሿݓݒݑ‪ሾ ఈ in plane P′ of α phase. To derive the transformation matrix from the β phase crystal reference frame to that of the α phase under the defined orientation relationship, an orthonormal coordinate system is needed that can be set based on OR parallel plane and the OR direction in either phase.

As shown in Fig. 5, the orthonormal reference frame is set in such a way that the basis vector e ଶ is parallel to the crystal direction ‪ሿݓݒݑ‪ሾ ఉ and ‪ሿݓݒݑ‪ሾ ఈ . The basis vector e ଷ is parallel to the normal direction of plane P and P' (nሺℎ݈݇ሻ ఉ and nሺℎ݈݇ሻ ఈ ). The axis e ଵ is parallel to the vector cross product of ‪ሿݓݒݑ‪ሾ ఉ and nሺℎ݈݇ሻ ఉ , and of ‪ሿݓݒݑ‪ሾ ఈ and nሺℎ݈݇ሻ ఈ . Under the given orientation relationship, the following relation holds:

E i C E j C M S M T M S M T β β β α α α β α = (1) 
Knowing the orientation of the α variants, the orientation of the β phase with respect to the sample coordinate system expressed in matrix can be calculated with Eq.

(2)
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where, ܯ ா ఈ is the Euler angle matrix of α phase, which can be determined by SEM-EBSD. ܵ and ܵ are the rotational symmetry elements of cubic crystal system (β) and hexagonal crystal system (α), respectively. ܶ ఈ→ఉ is the coordinate transformation matrix from α lattice basis to that of β. ܶ ఉ and ܶ ఈ are the respective transformation matrix from the Bravais lattice basis of β phase and α phase to the orthonormal OR reference system. ܯ ఉ and ܯ ఈ are the transformation matrix from the orthonormal crystal coordinate system to the respective Bravais lattice basis of β phase and α phase.

The ሼ0001ሽ and 〈112 ത 0〉 pole figures are displayed in Fig. 6(a). The calculated β orientations represented with their ሼ110ሽ ஒ and 〈11 ത 0〉 ஒ pole figures are given in Fig. 6(b). It can be seen that the calculated β orientations form a kind of orientation "cloud" with some distribution but not very large, as the case of the 23 α variants in Fig. 6(a). From this orientation "cloud", the average orientation is calculated and taken as the initial orientation of the β grain. The Euler angles of the average β orientation with respect to the sample coordinate system are (179.39°, 80.72°, 335.06°).

Using the determined orientation of the β phase, the possible slip systems were further analyzed. For BCC metals, the most energetically favorable slip direction is 〈111〉. The 〈111〉 slips can be realized on six {110} planes, twelve {112} planes and twenty four {123} planes. Based on such an assumption, the orientations of the three families of crystal planes with respect to the sample coordination system are calculated and displayed as the respective plane pole figures in Fig. 7, where the SFs 

Warm deformation mechanism of metastable β titanium alloys

Slip, DRV/DRX and globularization

Compared with the results of high temperature deformation at 800°C in Ref. [38],

there is no significant change in the deformation mechanism of Ti-5553 alloy.

Well-defined thin slip lines in high temperature deformation are replaced by slip bands at low temperature deformation. The β grains are sheared relative to each other by the generation, movement, and rearrangement of dislocation in most titanium alloys upon hot deformation. Thus, each β grain might possess its own set of dislocations on the preferred slip planes that are distinctly oriented as compared to the adjacent grains (Fig. 3). That is consistent with the fact that the multiple-or cross-slips in BCC metal can appear easily due to the high stacking fault energy.

However, no cracks initiated along the bands or at the intersection sites between the slip bands and the grain boundaries, which implies excellent workability of Ti-5553 alloy [39].

The actual deformation behavior of titanium alloys strongly depends on the degree of stability of the β phase, especially at room temperature [11]. The β phase stability
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increases, and the deformation mode at room temperature gradually changes from stress-induced martensite to twinning and eventually to slip. [1]. The β phase has a close to critical [Mo] eq of 9.6 in Ti-5553 alloy, which can be attributed to the fact that the addition of enough β-stabilizing elements inhibits the formation of stress-induced martensite and twins [11]. Furthermore, the dislocation slip systems are controlled by thermally-activated process. That is why dislocation slip is the predominant hot deformation mode in metastable β titanium alloys, whether deformation at the high temperature (for example 800°C [38]) and lower 600°C) or room temperature. The slip as a predominant deformation mechanism was also observed in other Ti-alloys by S. Hanada et al. [40]. Although people observed deformation induced α'/α''/ω/twin closer to room temperature conditions occasionally [START_REF] Neelakantan | Rivera-Díaz-del-Castillo[END_REF]42], dislocation slip still dominates the process. Besides, it is generally accepted that the predominating softening mechanism of metastable β titanium alloys in high temperature range is DRV [3], accompanied by some degree of DRX. The DRX could be identified as typical continuous dynamic recrystallization (CDRX), which involves a transformation of low angle boundaries into high angle boundaries of the subgrains [43,44]. Furthermore, for titanium alloy materials, there is also a common deformation mechanism operating almost in the entire deformation temperature range, which is the fragmentation and globularization of the microstructure. It should also be noted that the fragmentation and globularization of α/β microstructure are related to the loading direction [45] and detailed deformation parameters [46]. According to the
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-15 -discussion above, the deformation mechanisms in metastable β titanium alloy related to temperature are shown in Fig. 9.

Deformation induced phase transformation

The amount of α precipitates quantified in the warm compressed specimens and their heat treated counterparts is displayed in Fig. 10(a). It can be seen from the figure that the amount of α phase is significantly different between the deformed specimen to 0.7 at 0.01s -1 and the aged specimen (1.2min), about 41% and about 1.5%

respectively. This indicates that the deformation promotes the phase transformation due to the much more crystallographic defects as the precipitates nucleation sites [30].

However, with the increase of the holding time for both the deformed and the aged specimens, the difference is greatly reduced from about 45% (deformed, 0.7 at 0.001s -1 ) versus about 52% (aged, 11.5min) to about 54% (deformed, 1.2 at 0.001s -1 ) versus about 53% (aged, 20min). This means that with the progress of the transformation, the equilibrium amount of transformation is reached in both deformation and ageing conditions. In this context, the deformation can significantly affect the transformation kinetics, but has little effect on the phase equilibrium.

The effects of deformation on the extents of β→α transformation are completely different between high (800°C) and low (600°C) temperature deformation processes by comparing the corresponding area fraction of α phase (Fig. 10). Actually, the two transformation processes, DRV/DRX and β→α transformation, occurred competitively during almost the whole hot compression (Fig. 11 

Dynamic precipitation of nano/ultrafine α phase and orientation relationship

Examinations at higher magnification revealed that the slip band areas in all the deformed specimens are composed of equiaxed constituents (around 50~200nm in diameter), whereas the areas between the bands consist of lamellar constituents (about 20nm in width) and minority of irregular fragmentized structures (about 20nm in width). Thereupon the nano/ultrafine-trimorphic structure is formed during the warm deformation process (600°C), as shown in Fig. 12. These three constituents coarsen with the increasing deformation time, represented by decreasing strain rate at constant strain or by increasing strain at constant strain rate. What needs to be stressed is that all of the various α phase precipitated dynamically during the compression tests. under the effect of dense dislocation configurations with the increasing strain. When higher compression strain is applied, slip bands might form directly and across α/β lamellae gradually. Thereupon there is a critical value (σ c ) during deformation process used to divide the kinking and fragmentation of α/β lamellar structure. The typical microstructure evolution during the plastic forming process can significantly affect the flow softening behavior of alloys. Therefore, the analysis of the microstructure evolution characteristics of the alloy material with the lamellar structure during the deformation process should be seriously considered.

Conclusions
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The formation of slip bands and microstructure evolution (morphology, distribution and variant selection mechanism of α phase precipitated dynamically)

during the warm deformation were investigated in the Ti-5553 metastable β titanium alloy with single β phase initial microstructure, using the SEM, TEM and crystallographic calculations. The deformation mechanisms were analyzed and discussed in detail. The following conclusions can be drawn:

(1) Dislocation slip is a leading deformation mechanism for the Ti-5553 alloy, accompanying by a degree of fragmentation of α phase. Single or multiple-slip bands with two or three different propagating directions form during the warm deformation process. The slip bands are straighter and clearer for the higher strain rate deformation process. Moreover, the bands widen gradually with the increasing strain and decreasing strain rate.

( ► The hot deformation mechanisms of titanium alloys were systematically considered.

► Nano/ultrafine-trimorphic structure can be successfully produced in Ti-5553.

  twin-jet electropolisher in a solution of 20% perchloric acid in methanol under 10V at -35°C. Quantitative measurements were carried out using the Image-Pro-Plus analysis software [33]. The numerical calculations were programmed with the Matlab [34].

Fig. 4

 4 Fig. 4 displays a SEM image of the deformed microstructure and the examples of

  of the corresponding slip systems are also indicated. Comparing the slip plane traces and taking into account of the value of the SFs, the three distinctly oriented bands A, B and C could be estimated as slip bands of ሺ112ሻሾ111 ത ሿ , ሺ12 ത 3 ത ሻሾ11 ത 1ሿ and ሺ2 ത 13ሻሾ11 ത 1ሿ types. Thereupon, the stereoscopic crystallographic schematic can be constructed in the Fig.8.

  (a)). Although the Gibbs free energy change )ܩ∆( is increased due to the introduction of the stored energy ܩ∆ ௗ provided by deformation, it is not clear which one consumes the increased system energy preferentially. Both of these two processes are diffusive in nature, but the efforts required them to happen are not the same. As the Fig.11(a)shows, there should be a transit temperature (T trans ) above which the energy barrier for DRV/DRX is smaller and thereupon the dynamic softening is prevalent and β→α phase transformation becomes inhibited. Conversely, the energy barrier for phase transformation under the low temperature is much smaller than DRV/DRX, thus the DRV/DRX is suppressed and β→α phase transformation is promoted. Fundamentally, the kinetics of β→α phase transformation is significantly changed by the application of deformation, as the TTT schematic diagram Fig.11(b) shows.

  For comparison, the SEM micrographs of three specimens aged at 600°C with the same isothermal holding time corresponding to the warm deformation processes(1.2min, 11.5min and 20min corresponding to the Fig.2(a)(b)(c) respectively) are shown in Fig.13. It shows that α phase only forms continuously along β grain boundaries (α GB ) when held for 1.2min, (Fig.13(a)). When the specimens were held for 11.5min and 20min, respectively, large amount of plate-like α phase forms in the interiors of β grains (intragranular α, α I ) and in the vicinities of β grain boundaries (Widmanstätten α, α WGB ) (Fig.13(b)-(c)). Although these three α constituents are typical for Ti-5553 alloy when aged at 600°C, such microstructures are exceedingly different from the aforementioned deformed microstructures.Further TEM micrographs and SAED patterns are shown in Fig.14. The SAED pattern of the fine equiaxed microstructure shows that the α/β reflections tend to form arcs, suggesting the randomization of the crystallographic orientations of the two phases (Fig.14(a)). Obviously, the BOR between α and β phases have been destroyed gradually during the deformation process. Whereas, compared with the case of heat treatment process[24], all the α phase (α GB and α I ) generally maintains the BOR with the β matrix. The external warm deformation has a significant influence on the obeying of BOR during β→α phase transformation. For the lamellar constituents, they are composed of alternatively distributed α and β platelets, maintaining BOR (ሼ0001ሽ ∥ ሼ110ሽ ஒ , 〈112 ത 0〉 ∥ 〈111〉 ஒ ), as shown in Fig.14(b). The SAED pattern indicates that the α lamellae in one colony possesses the unique crystallographic orientation, which also means the strong α variant selection has taken place. According to the above SEM/TEM observations of the deformed microstructure, the detailed dynamic evolution process under the warm compression can now be better understood. Because the initiation of the slip bands produced by dense dislocations is accompanied by the nucleation of α phase during the warm deformation, the slip bands would be the preferential nucleation sites. Abundant cumulate dislocations and the drastic lattice rotation in the bands would result in α nuclei growing up to a fine equiaxed structure, as Fig.14(a)shows. These precipitates underwent a continuous rotation and increased misorientations to accommodate the continuous strain. On the other hand, the α platelets with certain stretching directions are favorable for nucleation and growth due to the variant selection under the applied force, as Fig.14(b) shows. When lower compression strain is applied, severe kinking of α/β lamellae occurred in the α/β lamellar colonies under the complicated shear stress state. And then, globularization (fragmentation) of the α/β lamellae may occur

)( 3 )( 4 )

 34 Slip in the β phase of the Ti-5553 alloy occurs predominantly on the {112} and {123}<111> slip systems. Comparing the slip plane traces and taking into account of the values of the SFs, the three distinctly oriented bands are slip bands ሺ112ሻሾ111 ത ሿ , ሺ12 ത 3 ത ሻሾ11 ത 1ሿ and ሺ2 ത 13ሻሾ11 ത 1ሿ respectively. Deformation induced phase transformation promotion of β→α process proceed during the warm deformation due to the higher number of induced deformation defects acting as the α phase nucleation sites and accelerated growth of α precipitates and retarded recovery/recrystallization. There is a competitive mechanism between DRV/DRX and α phase nucleation, and the specific performance depends on the deformation parameters and modes. Big differences could be found between the microstructures of warm compression and heat treatment specimens. A large amount of α phase with three different morphologie (lamellar α, equiaxed α and irregular α) precipitate dynamically during the warm deformation process, forming the nano/ultrafine-trimorphic structure. In the core region of the slip bands, equiaxed α/β grains, 50~200nm in grain size, are present without BOR. However, lamellar α and β phases between the band regions, ~20 nm in width and with strict BOR, are arranged alternately and orderly.
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Table captions Table 1

 captions1 Detailed thermomechanical processing parameters.

Table 2

 2 Sets of Euler angles of α phase in local region of unique β matrix.

	M A N U S C R I P T

Table 1

 1 Detailed thermomechanical processing parameters.

	Temperature (°C)	Strain rate (s -1 )	Strain
	600	0.001	0.7
	600	0.01	0.7
	600	0.001	1.2

Table 2

 2 Sets of Euler angles of α phase in local region of unique β matrix

	No.	ϕ1	Φ	ϕ2	No.	ϕ1	Φ	ϕ2
	1	66.88281 22.55277 49.88193 13 63.68449 22.00545 55.60367
	2	88.70051 110.7349 36.96032 14 93.39682 107.2791 35.88599
	3	67.68484	22.5097	48.20908 15 74.60153 19.26287 45.87702
	4	91.1031	111.0795 38.47552 16 65.32433 20.89918	57.7801
	5	60.72276 20.98019 55.10453 17 60.36485 22.01691 1.430637
	6	66.42749 22.25093	50.3376	18 94.92178 110.9403 35.79478
	7	65.57208 22.09155 51.32633 19 94.07244 109.1879 37.75416
	8	90.74396 111.4079 39.95787 20	73.3438	21.67609	43.2484
	9	62.57056 23.77268 55.63908 21 89.37614 109.8079 35.40767
	10 64.96496	22.9135	51.52016 22 72.50777 22.16612 43.62157
	11 91.05508 108.6209 38.77714 23	71.7724	22.7696	45.26417
	12 63.37646 19.96013 55.61627	/	/	/	/
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Appendix

For β phase, a=b=c, α=β=γ=90°, thus the coordinate transformation matrix from the orthonormal crystal coordinate system to the lattice basis is

ܶ ఈ→ఉ is the coordinate transformation matrix from α lattice basis to that of β. Its calculation process is more complicated, simple expression is

and ܶ ఈ are the respective transformation matrix from the Bravais lattice basis of β phase and α phase to the orthonormal OR reference system, as shown below.