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Abstract 

Titanium-based shape memory alloys undergo a cubic to orthorhombic martensitic 

transformation (β to α’’ martensite). A new easy way operating as a reconstruction of the 

parent microstructure is used from electron backscattered diffraction. It is shown that the 

electron backscattered patterns of the martensitic microstructure can be directly indexed as the 

parent phase in order to obtain the correct orientation of the high temperature microstructure. 

This method is however specific to the cubic/orthorhombic martensitic transformation in 

titanium shape memory alloys. 
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Electron BackScattered Diffraction (EBSD) measurements are commonly used in order to 

determine the Orientation Relationships (OR) between the parent phase and the product phase 

that exists in displacive transformations and enables to determine the crystallographic 

orientation of the high temperature phase before transformation. This technique which is 

named phase reconstruction was already used for the α/β transformation of titanium and 

zirconium alloys [1–4] or for the martensitic transformation in steels [5–7].  

In titanium alloys, the OR between the stable low temperature α phase and high temperature β 

phase is known as Burgers relationship. However, the application of the OR on the α phase 

(hexagonal) is not sufficient to determine the orientation of the β (body-centered-cubic) 

parent phase because there are 6 equivalent ways to apply the OR on the α phase leading to 6 

possible different β orientations [1,3]. It is thus not possible to determine exactly the 
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orientation of the former β phase with this technique and the real orientation has to be 

determined at high temperature, on residual β-phase existing at room temperature or by other 

advanced techniques [4]. In Ti-based alloys, it also exists the metastable martensitic 

orthorhombic α’’ phase, which can be obtained by quenching from the high temperature β-

phase domain. Indeed, in the case of metastable β titanium alloys, a sufficient amount of β-

stabilizing elements (such as Ta, Nb, Mo, V…) allows the reversible martensitic 

β/α’’ transformation [8–11]. A major application of titanium alloys showing such a displacive 

transformation is the production of shape-memory or superelastic nickel-free biocompatible 

alloys for medical applications [10,12–14] The martensitic α’’ phase has a C-centered 

orthorhombic structure and the β/α’’ OR is described in literature as a Burgers type except 

that the shear and atomic shuffle from the β to the hexagonal α phase do not go to completion 

[15]. The Burgers OR becomes thus for this β/α" transformation [9,16]: (-110)β // (001)α’’ and 

[111]β // [110]α’’. An illustration of the correspondence between structures of the β phase and 

the α’’ martensite is given in supplementary material. By application of the OR, each β grain 

is decomposed during the quench into several possible α’’ variants by application of 6 

possible lattice correspondences, leading to a α’’ selfaccommodating room temperature 

microstructure [17] and a shape memory effect [8,18]. 

The shape memory effect comes from the fact that there is one unique path to do the inverse 

transformation upon heating. From the crystallographic point of view, this means that each of 

the six α” variant can only transform into a same and unique parent crystal. Hence, the 

crystallographic reconstruction of the parent phase in an α’’ microstructure is expected to be 

simpler than for other martensitic transformations, for which several paths to do the inverse 

transformations are possible [1,3]. A classical way to reconstruct the parent phase would be to 

apply the OR on each lath of α’’ martensite. However, the microstructure in such shape 

memory alloys in usually very fine with nano-sized laths [15,17] leading to difficulties (or 

impossibility in some cases) to index individual lath by EBSD and thus reconstruct the 

orientation of the parent phase from martensite indexation. The objective of this paper is to 

show, in the specific case of the cubic to orthorhombic martensitic transformation, the 

possibility to directly determine the crystallographic orientation of the high temperature 

parent phase from the room temperature martensitic microstructure by indexing Electron 

BackScatter Patterns (EBSPs) without any further data processing and without indexation of 

the martensite.  
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The composition of the alloy for this study is Ti-25Ta-20Nb (mass%). It underwent an 

annealing at 850°C for 0.5 h, followed by water quenching in order to obtain the α’’-phase 

microstructure. Preliminary experiments showed that this alloy exhibits a shape memory 

effect with austenite start and austenite finish temperatures of As=205°C and Af= 232°C, 

respectively. The phases repartition is determined by X-ray diffraction (XRD) using a Bruker 

D8 Advance diffractometer with LynxEye detector and Cu Kα radiation. EBSD studies are 

carried out in a Merlin scanning electron microscope (SEM) from Carl Zeiss equipped with a 

Nordlys 2 camera. An accelerating voltage of 20 kV and a probe current of 3000 pA are used. 

The samples were prepared by mechanical polishing to a “mirror finished” state. Chemical 

etching with a solution of 5% HF, 5% HNO3 and 90% H2O (vol.%) was used to remove the 

residual deformation layer induced by polishing. 

Fig. 1 shows EBSD maps of the water quenched Ti-25Ta-20Nb sample and the X-rays 

diffractogram. The diffractogram (Fig. 1d) shows that the sample is only composed of α’’ 

martensitic phase which lattice parameters, known to be dependent on the chemical 

composition [9], are measured as: a=0.3174 nm, b=0,4826 nm and c=0,4638 nm. The Band 

Contrast (BC) map (Fig. 1a) is used to reveal the microstructure. Hence, grain boundaries and 

martensite/martensite interfaces have a lower crystallinity than the rest of the microstructure 

and appear darker. One can observe large domains delimited by dark lines corresponding to 

the lowest BC, which seem to correspond to grain boundaries of former β grains present at 

high temperature: these dark lines are thus a signature of the high temperature β 

microstructure. These ex-β grains will be called grains further in this paper. In these grains, a 

microstructure made of laths and needles is also visible. This thinner microstructure 

corresponds to a mix of the different possible variants of α". The BC map confirms the effect 

of the thermal treatment: the β microstructure at high temperature is decomposed into α’’ 

martensite when the alloy is quenched. Fig. 1b shows the orientations represented by Euler 

angles (see color online) when the EBSPs are indexed using the α’’ phase. The largest laths 

are unambiguously oriented while the orientation of some domains with a thinner 

microstructure is more imprecise. Indeed, the indexation rate is close to 60 % which is mainly 

due to a nanometric sized α’’ microstructure in some domains [15,17]. However, five 

different α’’ orientations are unambiguously detected in the largest laths in the grain at the 

center of the figure. As it will be shown further, all these five α" variants are formed from the 

same β grain at high temperature (delimited by the dark lines on Fig. 1a). 

Usually, reconstruction of the parent phase orientation should be made by applying the 

Burgers OR on the orientation of each α" variant found previously, needing additional 
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calculations. Another possible way to determine the orientation of the parent β phase would 

be to index the residual β phase by EBSD, but it is impossible in the present case since there 

is no β phase in the microstructure (see XRD result in Fig. 1d). In order to determine easily 

and directly the orientation of the β parent phase, the idea is now to force the indexation of the 

same EBSPs acquired previously with the β phase, even if, of course, there is no β phase in 

the microstructure. If the choice between the α" and β phases was let possible, the EBSD 

software would select automatically the α" phase to index the EBSPs due to a better matching 

than with the β phase. That is why only the β phase is proposed in the EBSD software as 

possible phase in order to force the indexation with the parent phase. However, all EBSPs 

cannot be indexed with the β phase, but relatively few can be indexed because of the 

similarity of both phases. As a consequence, the indexation rate drops to 25 %. Even if this 

value is dramatically low, there is no area wherein no pixel is indexed: indexed pixels are thus 

uniformly distributed in each ex-β grain (even when the α’’ microstructure is very thin) 

making a noise reduction by neighbor extrapolation possible (Fig. 1c). Moreover, the as-

obtained orientations of the β phase are now delimiting grain boundaries that correspond to 

the expected ex-β grain highlighted in the BC map (Fig. 1a). Each ex-β grain is thus actually 

indexed as a unique β orientation from this method, i.e. each α" variant in a given ex-β grain 

is indexed as a same and unique β orientation, as theoretically expected. It will also be shown 

further that the obtained orientation of the β phase is accurate in spite of the very low 

indexation rate. In turn, although the sample is only composed of α’’ phase (Fig. 1d), directly 

indexing the EBSPs with the β phase operates as a crystallographic reconstruction of the 

parent phase.  

It is now necessary to verify if the orientation of the β phase found by this “direct 

reconstruction” corresponds to its real orientation. In order to verify this orientation, the OR 

with the α" martensite is first tested and, finally, a thermal treatment is performed to allow a 

direct indexation of the real β phase by EBSD. 

The pole figures of the β orientation and the five α’’ orientations obtained from EBSPs 

indexation are given in Fig. 2. It can be clearly seen that the (001)α’’ pole of each α" variant 

corresponds to a {110}β pole of the β parent phase and each [110]α’’ direction corresponds to a 

[111]β direction, which is in accordance with the OR between these two phases. The 

maximum misfit between poles of the two phases is 2° but is mainly measured to be lower 

than 1° (Fig. 2). Moreover, each different α" variant gives a same and unique orientation of 

the β phase that is consistent with the expected microstructure of a shape memory alloy. The 
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orientation of the β phase determined by direct reconstruction is thus in accordance with the 

OR applied with the five α" orientations that are really present in the microstructure: the 

direct indexation of the martensitic phase by the parent β phase respects the OR.  

Once the crystallographic reconstruction is achieved, one technical difficulty is to evaluate the 

error made on the orientation of the reconstructed crystal. This is generally done by orienting 

the residual high temperature phase (β phase in titanium alloys or austenite in steels) [4]. With 

the alloy family that is studied in this paper, no residual β phase is present in the 

microstructure, but it is possible to obtain the high temperature parent phase at room 

temperature after a short annealing above Af temperature followed by air cooling. The same 

sample investigated previously (Fig. 1) is thus annealed at 300°C for 1 minute and then air 

cooled to obtain the real β microstructure. A short annealing duration is required to prevent 

significant formation of ω phase which is favored in this temperature domain. As previously, 

the sample is then prepared once again for EBSD characterization by mechanical polishing 

and chemical etching. Fig. 3 shows an EBSD mapping of the same area as in Fig. 1 and the 

associated X-ray diffractogram after annealing. The grain morphology is quite different to the 

Fig. 1 due to the thin metallic layer that is removed during the new polishing step. It is clear 

that the lath morphology inherited from the martensitic transformation is no more present, and 

the indexation rate is now excellent (over 99%) when EBSPs are indexed with the β phase. 

The diffractogram also confirms that the sample is mostly composed of β phase (Fig 3b). A 

few amount of ω phase is also detected. But, as ω phase is known to be nanometric sized and 

fully coherent with the β phase [16,19], its presence has not effect on the EBSPs indexation. 

The parent phase microstructure obtained at room temperature after annealing is thus suitable 

to be compared with the orientation that was obtained by direct crystallographic 

reconstruction from the martensitic microstructure. An accurate measurement of the 

misorientation between the ex-β grain in the center of Fig. 1 and the same β grain on Fig. 3 is 

4.4°. This operation is done on each grain of the map and gives an average value of 5.2°. 

These relatively high values of misorientation are mainly due to the experimental conditions 

(annealing, sample repreparation and sample repositioning in the SEM between the two 

mappings). In order to prove that, the classical phase reconstruction is used in order to 

reconstruct the ex-β grain at the center of the figure, i.e. the OR is applied on each variant of 

martensite which is detected in this grain. The difference between this classical method and 

the one which is proposed in this paper is of 1.1° in average, proving that the rest of the error 

is due to the experimental conditions. It confirms that the β orientation that is determined on 
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Fig. 2c from the martensitic microstructure corresponds to the actual orientation of the parent 

phase. The “direct reconstruction” from the martensitic microstructure gives thus the real 

orientation of the former high temperature phase with a rather good precision in spite of a 

very low indexation rate. 

Obtaining the orientation of the parent phase by indexing EBSPs of martensite as it was the 

parent phase can seem very peculiar. This orientation matching can be explained by the 

similarity of the EBSPs of the two phases. As an example, Fig. 4 shows a simulated EBSP 

based on the Euler angles obtained from the β indexation of Fig. 1c and a simulated EBSP 

obtained with one of the five α’’ orientations determined on the same domain (Fig. 1b). One 

can observe that the main Kikuchi band intersections on Fig. 4a and Fig. 4b match very 

closely. Moreover, the (101)β pole matches exactly to the (001)α’’ pole, confirming that the OR 

is directly applicable for the indexation of the EBSPs of α" phase by the β phase. This 

similarity of EBSPs is due to the similarity of both structures wherein positions of atoms are 

very near: a small displacement of some atoms of the β phase leads to the orthorhombic 

structure of the martensite.   

As a summary, we demonstrate that the orientation of the high temperature parent β phase in 

titanium shape memory alloys can be easily obtained from EBSD experiments by directly 

indexing the α’’ martensitic microstructure with the parent phase. The quality of indexation 

decreases but is sufficient to obtain the real orientation of the parent phase, even if this phase 

is not present in the microstructure. This new method does not need any further data 

processing after EBSD experiments and is easier than those commonly used. But this method 

works when martensite can only transform into a same and unique parent crystal with simple 

martensitic transformations such as body-centered cubic to orthorhombic. It would not work 

with more complex transformations such as bcc to hcp or fcc to bcc. As it does not need 

indexation of the martensite, it can also be applied when the martensitic microstructure is too 

thin to be indexed unambiguously by EBSD to allow classical reconstruction.  
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Fig. 1. EBSD maps of Ti-25Ta-20Nb alloy: band contrast (BC) only (a); BC superimposed to 

Euler angles obtained from indexation with the α’’ phase (b); BC superimposed to Euler 

angles obtained from indexation with the β phase (c); X-rays diffractogram (d). 
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Fig. 2. Poles figure of the ex-β grain in the center of the Fig. 1. The {110}β  and <111>β 

obtained from EBSD indexation are superimposed to the (001)α’’ and [110]α’’ of the five 

orientations of α" detected by EBSD. 
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Fig. 3. EBSD mapping of the same area as in Fig. 1 after annealing: band contrast and Euler 

angles from β indexation (a) and X-rays diffractogram (b). 
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Fig. 4. Simulated EBSP of the β phase orientation of the ex-β grain in the center of Fig. 1c (a) 

and one of the α’’ orientation determined on Fig. 1b in the same ex-β grain (b). 

 

 

 

 

 

 

 

Supplementary Information. Correspondence between structures of the body-centered cubic β 

phase and the C-centered orthorhombic α’’ phase.   

 


