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Introduction

Ti-6Al-4V alloy accounts for most of the commercial use of titanium alloys, thanks to good mechanical properties combined with high corrosion resistance and biocompatibility. The mechanisms of plastic deformation in the regular equiaxed α + β microstructure have been widely investigated [START_REF] Lütjering | Titanium, Engineering Material and Processes[END_REF].

The impact of crystallographic orientation on activated slip modes can be evaluated by comparing experimental slip traces during uniaxial loading with the ones predicted using a Schmid analysis [START_REF] Bridier | [END_REF]. As the α (hexagonal compact, hcp) structure exhibits low symmetry, different critical resolved shear stresses (CRSS, τ c ) for different families of slip systems were proposed to best match experimental observations [3][4][5]. Different sets of CRSS values are found in the literature as the plastic behavior depends on chemical composition, microstructure (phases and morphology) and crystallographic texture. In uniaxial tension, mostly basal and prismatic slip modes are observed, while pyramidal systems are less activated [START_REF] Bridier | [END_REF]6].

When a high cooling rate is applied in the process, the formation of the α martensite phase is promoted. This phase presents a lath morphology and shows a similar hcp structure as the α phase [START_REF] Lütjering | Titanium, Engineering Material and Processes[END_REF], but with the β phase chemical composition in average. Although possessing a slightly higher strength, α usually shows a low ductility [START_REF] Lütjering | Titanium, Engineering Material and Processes[END_REF]. Consequently, little experimental data exist in the literature about its plastic behavior.

The aim of this work is to provide an improved quantification of the deformation modes of the α phase.

Scanning Electron Microscopy (SEM) combined with electron backscatter diffraction (EBSD) analysis is carried out on different α samples. A modified Schmid analysis is performed to determine optimum values of the CRSS values of the α phase that can be used to describe the plastic behavior of the α phase.

Material and methods

Two samples of quenched Ti-6Al-4V alloy, B348 grade 5 standard, were used, both presenting a 100% α' microstructure. The samples were cut by electrical discharge machining and mechanically polished for EBSD applications. Their overall length was 35 mm and the reduced gauge dimensions were 8 × 1×1 mm 3 . EBSD maps were recorded before and after deformation on a ZEISS Supra 55VP SEM equipped with an Oxford Instrument Symmetry EBSD camera, operated at 20 kV. Tensile tests were carried on a GATAN DEBEN 2000E tensile stage installed in the microscope. The slip traces of selected laths were additionally observed using SE imaging. The microstructure of both samples consists of 50-100 µm long laths (lath thickness around 1-5 µm) together with much smaller laths in between, sometimes hardly indexed (Figure 1a). The maximum length of the laths is limited to the diameter of the parent β grains. The number of α orientations present within a former β grain is limited by the Burgers orientation relationship between β and α phases in Ti alloys [7].

Moreover, the smallest laths could not be properly indexed using EBSD nor found in SE images. Therefore, 67 laths in total could be analyzed.
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The mean orientation of each analyzed lath was determined from EBSD analysis and the experimental slip trace angles were measured from SE imaging (Figure 1b andc). From the orientation of the laths, a normalized shear stress τ /τ c projected on each potential slip system was computed:

τ τ c = σ × cos φ × cos λ τ c = σ × (n • l) × (s • l) τ c ( 1 
)
where τ is the resolved shear stress, τ c is the CRSS, n the unit slip plane normal vector, s the unit slip direction and l the unit loading direction. cos φ × cos λ is the usual Schmid factor relating τ and the tensile stress σ. Potential slip modes of each analyzed lath were identified by comparing experimentally measured slip traces and calculated ones from the Schmid analysis, taking into account the different sets of CRSS listed in Table 1. Considering all slip planes and directions in the 5 different slip modes, 30 potential slip systems are listed. A Matlab script using the MTEX toolbox [10] was developed to isolate the analyzed laths from the EBSD maps, to display the slip plane traces and directions and to illustrate activated slip systems in the standard IPF triangle (Figures 1b,c and3a). An additional set of CRSS (Table 1, first row) was fitted to the present experimental slip traces using an exhaustive search among 15 5 configurations, with relative CRSS levels in the [1.0 -100] range. The fitted set minimizes the Root Mean Square Error of Prediction,

RM SEP = 1 n n i θ1 i -θ i 2 
, where n = 67 is the number of investigated laths, θ i is the experimental slip trace angle on lath i and θ1 i is the theoretical one, predicted on the slip system with the highest τ /τ c .

Results and discussion

For each investigated lath, the mismatch between the experimental slip trace angle and the theoretical one (highest τ /τ c ) was calculated in Figure 2, considering potential sets of CRSS in RM SEP amounts to 44.5°when homogeneous CRSS are considered and is even higher for CRSS from Funderberger et al.. One can note that the fitted set of CRSS in the present study turns out to be very close to Bridier's ones [START_REF] Bridier | [END_REF]5], obtained on a larger set of α grains covering the orientation space. Bridier's CRSS were therefore chosen as the reference values in the following.

The analysis was then re-run with Bridier's CRSS only, but considering now all potential slip systems within a 10°mismatch with the experimental slip trace. When several slip systems were included within the margin of error, as illustrated in Figure 1c, the slip system showing the highest τ /τ c factor was chosen.

Using such restriction on the slip trace mismatch, only one lath could not be indexed.

Figure 3a shows the distribution of the rank of the identified slip systems in the ordered list (decreasing τ /τ c ) of available systems. The identified system matches exactly with the one with the highest τ /τ c (rank 1) in almost 80 % of the cases. Such fraction rises to more than 90 % if one considers the first 3 slip systems.

This gives quantitative evidence that Bridier's CRSS allow a good description of the deformation behavior of α martensite.

The orientation dependence of the identified slip mode is plotted in Figure 3b 1 in Figure 3a).

The other traces are identified as pyramidal slip. Among them, a few 1 st order pyramidal c + a traces lie within (or very close to) their theoretical domains in Figure 3b, hence with a high rank in Figure 3a. A few others are identified as pyramidal a or 2 nd order pyramidal c + a , but this time rather far from their expected domains in the triangle and with a lower rank in the list of slip systems. These cases would require further investigations in order to understand the deviation from the present Schmid framework. Crossvalidation could be carried out by other experimental techniques such as transmission electron microscopy or electron channeling contrast imaging, which is beyond the scope of the present work. Note that similar difficulties in observing 2 nd order pyramidal c + a slip in the α phase were found in [6].

In order to obtain more reliable statistics for the identification of the different slip modes, it appears essential to cover a more uniform distribution of crystallographic orientations in the IPF triangle. The control of crystallographic texture and size of former β-parent grains appears as a key factor in this context, dictating the obtained laths after transformation.

Conclusions

Plastic deformation of Ti-6Al-4V α martensite under uniaxial tension was studied by EBSD and SE.

Slip trace analysis shows that the assumption of critical resolved shear stresses close to the α-phase on the different slip modes allows a good discrimination of activated slip systems. Bridier et al. 
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Figure 1 :

 1 Figure 1: (a) Tensile direction IPF map (IPF-TD). (b-c) Examples of the Schmid analysis performed on given laths: the yellow lines show the observed slip traces using SE imaging, which are later compared with the theoretical slip traces from the Schmid analysis. The example in (c) shows a measured angle compatible with two different slip systems.

  in the standard tensile direction IPF triangle (IPF-TD). The colored background in the triangle shows the theoretical slip mode (highest τ /τ c ) using Bridier's α phase CRSS. One can see that basal and prismatic slip modes match to the majority of observed slip traces for the α phase, mostly within the expected theoretical domains (i.e. rank

Figure 3 :

 3 Figure 3: (a) Identified slip mode illustrated in the standard IPF-TD triangle (equal-area projection), using Bridier's CRSS [5]. The background colored areas shows the orientation dependence of the theoretical slip systems based on the highest τ /τc. (b) Rank of the identified slip systems in the list of available systems ordered by decreasing τ /τc values.

  [5] α-phase CRSS values provide a slip trace mismatch with the first slip system (highest τ /τ c ) that is lower than 10°for ∼80 % of the laths, with a RM SEP value of 25.5°. The best fit among 15 5 configurations of CRSS levels provides similar CRSS values and slip trace mismatch (RM SEP = 23.2°). As observed in the α phase, basal and prismatic slip modes are dominant.

Table 1 :

 1 The slip modes considered in this work are listed in Table1, along with relative values of CRSS available in the literature for the α phase and the ones fitted in this study as detailed below. Relative CRSS values reported in the literature for the α phase in Ti-6Al-4V with values obtained in this study.

		Basal	Prismatic	Pyramidal a	Pyr. I c + a	Pyr. II c + a
	Reference	{0001} 2 11 0	{10 10} 12 10	{10 11} 1 210	{10 11} 2113	{2 11 2} 2113
	Present study (fit)	1	1.1	1.4	1.7	1.6
	Bridier et al. [5]	1.14	1	1.32	1.59	1.59
	Medina Perilla et al. [8]	1.2	1	1	1.35	-
	Funderberger et al. [9]	5	1	5	8	-
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	on top of

ones is obtained either for the fitted CRSS levels or for Bridier's CRSS, ∼80% of the laths showing a slip trace mismatch smaller than 10°in both cases and RM SEP values in the order of 23-25°. By contrast, Figure 2: Histograms of the absolute difference between experimental and theoretical slip trace angles in the α laths, considering CRSS values from

Table 1. RM SEP values: homogeneous 44.5°, fitting 23.2°, Bridier et al. 25.5°, Funderberger et al. 58.8°a nd Medina Perilla et al. 42.1°.
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