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Abstract  

The present study provides a fundamental understanding of the crystallography and the 

microscale behavior of the V-enriched and Al-depleted α’ martensite taking place during 

the microstructure formation and the deformation of the dual phase α + α’ microstructure 

produced in Ti-6Al-4V. This particular microstructure exhibits much larger work-

hardening capabilities than the conventional wrought product.  The as-quenched structure 
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of the martensite is analyzed using the Phenomenological Theory of the Martensite 

Crystallography (PTMC) coupled with EBSD analyses. This approach sheds new light 

on the microstructure configuration obtained during the dual-phase treatment and its fine-

scale mechanical behavior. The martensite preferentially forms into parallel groups of 3 

self-accommodating variants separated by a misorientation of 63.26°/[10



 5 5 3
]α’. TEM 

analyses additionally show that the variants of a same group are separated by a hitherto 

unobserved �134
1�
α’ type twin plane. Post-mortem analyses after tensile testing 

demonstrate that this twinning plane is mobile under deformation. This allows the 

martensitic microstructure to exhibit the remarkable property to reorient under uniaxial 

tension. This unique property is shown to be intimately related to the mobility of the 

�134
1�
α’ twinning plane thereby evidencing for the first time that twin boundary motion 

is not uniquely associated to the orthorhombic α’’ martensite but can also occur in 

hexagonal α’ martensite. Quantification of the Interaction Energy (IE) appears relevant 

to rationalize and predict the reorientation of the martensite. The critical influence of the 

parent β grains texture on the reorientation is evidenced, while the impact of this 

deformation mechanism on the ductility of the martensite is debated. 

1. Introduction 

Titanium alloys and Ti-6Al-4V in particular, are widely used in the aerospace for their 

excellent mechanical strength to density ratio and high corrosion resistance [1]. However, 

the relatively low work-hardening capabilities of these alloys compared to other metals 

like steels still restricts their usage [2]. This limited work-hardening is associated with a 

low uniform strain (typically in the order of 10% [3]) and a high sensitivity to strain 

localization [2]. Moreover, increasing the work-hardening is an efficient way to improve 
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the toughness and the damage tolerance of metallic alloys. Indeed, during ductile fracture, 

the growth and coalescence of the cavities will be influenced in the first order by the 

hardening capacity of the material between the growing defects. The improvement in the 

work-hardening rate is therefore an important challenge for the development of titanium 

alloys with an enhanced toughness, energy absorption ability and damage tolerance [4–

6]. Already crucial for structural applications, the damage tolerance criterion becomes 

particularly critical in 3D printed parts since fabricated alloys contain unavoidable 

randomly distributed defects inherent to the process, leading to early damage and fracture 

upon loading. de Formanoir et al. [7] recently reported that sub-transus annealing 

treatments followed by water quenching generate a dual-phase microstructure that offers 

a wide range of mechanical properties. The associated microstructure is a mixture of 

vanadium-depleted and aluminum-enriched alpha phase (α) and vanadium-enriched and 

aluminum-depleted martensite (α’). The latter is a particularly complex phase 

characterized by an extremely large number of interfaces between neighboring variants 

of acicular martensitic plates. The respective volume fraction of each phase as well as 

their grain size and chemical composition can be modified by varying the annealing 

temperature in the α+β field. A remarkably high work-hardening rate coupled with an 

interesting balance between strength and ductility was obtained when both phases were 

formed in similar volume fractions. The improvement of the work-hardening capabilities 

was attributed to the kinematic hardening that arises from the mechanical contrast 

between the α and α’ phase. Indeed, the V-enriched and Al-depleted α’ phase was found 

to be the first phase to yield and to deform to a larger extent than the α phase [8–10]. This 

behavior differs significantly from the dual-phase steels widely used in the automotive 

sector [11]. In that case, the carbon enriched α’ martensite is much harder than the ferrite 
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phase [12]. This finding also challenges the conventional ideas about α’ martensite. 

Indeed it is usually reported to be a hard and brittle phase when formed from the β-phase 

field in Ti-6Al-4V alloy [13-14]. As referred in [3][7][9][15-16], the V content of the β 

phase significantly increases and the Al content decreases when the annealing 

temperature in the α+β phase field decreases. It is worth noting that this compositional 

change results in a decrease in the c/a ratio for the quenched α’ martensitic phase.  

Similarly, Matsumoto et al. [14] recently argued that such a change in its chemical 

composition could partly explain the large room temperature ductility of α’ martensite 

when it is quenched from low temperature (850°C-900°C). Indeed, the aluminum-

depletion is suspected to bring a gradual change in the dislocations organization that goes 

from a heterogenous deformation substructure with dislocations that are arranged in 

planar configurations to a homogeneous deformation substructure with dislocation lines 

that exhibit a straight characteristic. This change triggers a progressive increase in the 

ductility of the martensite. A planar configuration promotes the pile ups of dislocations 

on a single slip plane that lead to a great decrease in the amount of plasticity achieved by 

the material [17-18]. Another characteristic reported in martensitic transformations is the 

need of self-accommodation between martensite plates that is required to minimize the 

transformation strain of the system [19]. From the above, it is clear that there is a lack of 

fundamental understanding of the crystallography and mechanical behavior of the V-rich 

and Al-poor α’ martensite present in the dual-phase microstructure. The aim of the present 

paper is to provide further insight into the microstructure developments at play during the 

dual-phase treatments in Ti-6Al-4V and into the fine-scale mechanical behavior of 

martensite during tensile testing.  
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2. Experimental methods   

A Ti-6Al-4V alloy manufactured by TIMET Savoie was used. It was forged, hot rolled 

in the α + β field, annealed at 730°C and finally machined to a 20mm diameter section. 

The chemical composition of the final bar is reported in Table 1. Its characteristics are in 

accordance with AMS4928 [20]. 

Table 1 Chemical composition of the as received Ti-6Al-4V alloy (wt%) 

Al V Fe O C N Y 

6.32 4.12 0.19 0.19 0.008 0.004 <0.0004 

 

100mm long cylinders were cut from the as-received bars and encapsulated into quartz 

tubes filled with Argon. A dual-phase microstructure composed of about 40% of α’ 

martensite was obtained by annealing for 2h at 880°C and quenching in water by breaking 

the capsules. The volume fractions of the α and α’ were determined by using quantitative 

Rietfel refinement of XRD data and further confirmed by image analysis. The chemical 

composition of the two phases were measured by using a XFlash® 6T | 60 Bruker EDX 

system attached to a Tecnai G2 20 S-TWIN TEM operated at 200kV. The heat-treated 

specimens were then machined to cylindrical tensile specimens characterized by a 

uniform section of 26mm in length and 4.5mm in diameter. Machining also allowed the 

thin oxidation layer formed during the heat treatment to be removed.  

The tensile specimens were deformed until fracture at a cross-head speed of 5. 10�� s�� 

using a Zwick Roell Z100 tensile testing machine.  

Specimens from the head (undeformed) and from the gauge length away from the necking 

region (uniformly deformed) of the tensile specimens were cut perpendicularly to the 
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tensile axis and conventionally prepared for metallographic inspection. The final 

polishing step was carried out with a solution of colloidal silica. Back-scattered electron 

(BSE) images were obtained on a ZEISS LEO 1530 FEG-SEM. EBSD measurements 

were performed on a Hitachi SU70 FEG-SEM operated at 15kV and equipped with a 

Hikari® CCD camera. A step size of 40nm was used. The analysis of the EBSD 

measurements was carried out using TSL® OIM analysis™ software. The reconstruction 

of the orientation of the prior β grains was performed using an in-house software whose 

algorithm is described in Appendix A. 1. 

Thin foils for TEM examination were cut from the head of the tensile specimen and 

mechanically ground down to a thickness of about 80µm. 3mm diameter discs punched 

from this plate were further electro-polished by the twin-jet method using a solution 

consisting of 95% of methanol and 5% of sulfuric acid at 20V and -40°C. TEM 

observations were performed on a FEI/Philips CM-20 operated at 200kV. Automated 

crystal orientation measurements (ACOM) were carried out using the ASTAR® system.   

3. Parameters of the PTMC calculation 

A complete description of the crystallography of the α’ titanium martensite was conducted 

in the framework of the Phenomenological Theory of the Martensite Crystallography 

(PTMC) of Bowles and Mackenzie [21]. This theory associates a unique shape strain 

matrix to each of the 12 variants that are generated during the phase transformation from 

the body-centered cubic (bcc) parent β phase to the hexagonal close packed (hcp) 

daughter or product α’ martensite. This association allows to rationalize the preferential 

formation of particular clusters of variants in a similar manner to that originally proposed 

by Bokros and Parker [22] in their seminal study of the mechanical couplings between 
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variants of martensite in an iron-based alloy. The full PTMC calculation was performed 

using PTCLab Software with the following hypotheses [23]. The lattice correspondence 

between the bcc and hcp structures obtained from the Bain strain was used [24]. The 

lattice parameters of both phases were taken as aβ=3.3065 Å for β and, aα’=2.95 Å, 

cα’=4.686 Å for α’ as measured by Wang et al. [25]. The choice of the lattice invariant 

shear (LIS) was more delicate since TEM observations show that the internal substructure 

of α’ martensite contains either dislocations or twins [3]. However, Wang et al. [25] 

showed that the nature of the clusters of variants was independent from the choice of the 

LIS. That the nature of the LIS does not significantly affect the crystallography of Ti 

martensite stems from the marginally small magnitude of the shear associated with the 

LIS needed to ensure an invariant plane. PTMC calculations show that this magnitude is 

m2=0.00517, that is two order of magnitude smaller than the total shape deformation. 

Hence, for the present study, the LIS was chosen to occur on dislocation glide on 

�110�〈1
11〉� to be able to compare the results with those of Wang et al. [25] who had 

already carried out a complete PTMC computation with this LIS. The crystallographic 

predictions for each variant are reported in Appendix A. 2. The Orientation Relationship 

(OR) is found to be only 0.5° away from the exact Burgers OR. Owing to this small 

difference, each variant will be referred to its corresponding closest Burgers variant. The 

predicted Habit planes (HP) are only 2.3° away from �334�� which is commonly reported 

for α’ titanium martensite [26]. The direction of the shape strain (D) is also reported in 

Appendix A. 2. The magnitude of the shape deformation was calculated to be m=0.2. 

Based on these features, the shape strain of a specific variant i (Svi) is estimated as follows 

in Eq. 1[27]:  
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 ��� �  �   ! ∗ #$�� ∗ %��&  Eq. 1 

 

Where I is the identity matrix.  

4. Experimental results  

 Description of the as-quenched α’ martensite of the Ti-6Al-4V dual-phase 

microstructure 

4.1.1. The morphology and variant groupings of as-quenched α’ martensite 

Fig. 1 is a SEM image of the α + α’ dual-phase microstructure formed after quenching 

from 880°C. Globular α grains, enriched in aluminum (6.3±0.2wt%) and depleted in 

vanadium (2.3±0.2wt%), appear dark. Their average diameter is about 10±2µm. The 

brighter phase corresponds to the vanadium-enriched (6.8±0.1wt%) and aluminum-

depleted (4.5±0.1wt%), α’ martensite. Using SEM, only the larger martensite plates can 

be distinguished, and their maximum width is about 300nm.  

Fig. 1 BSE micrograph of the α (dark phase) - α’ (bright phase) dual-phase microstructure.  
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Fig. 2 is a TEM bright field micrograph of the α + α’ dual-phase microstructure formed 

after quenching from 880°C. The martensite exhibits a typical acicular morphology 

containing �101
0�
α’ transformation twins and stalking faults. It is also observed that the 

martensite form parallel plates that all have the same length. This organization differs 

from the hierarchical organization of the martensite formed from the β-phase field or the 

martensite of a dual-phase microstructure quenched at higher temperature (typically 

950°C) [14][28]. In that case indeed, coarse (1st generation) as well as fine (2nd 

generation) variant cohabit in the microstructure.  

Fig. 2 TEM bright field micrograph of the α + α’ dual-phase microstructure formed after 

quenching from 880°C 

The crystallography of the α’ martensite of the dual-phase microstructure formed after 

quenching from 880°C was studied in detail by means of EBSD. Fig. 3a is the Inverse 

Pole Figure (IPF) map of the α’ martensite. The plates of α’ martensite form groups of 

parallel variants. The variants correspond to different orientations of the well-known 
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Burgers Orientation Relationship (OR) [28]: �101�� ' �0001�() and 〈1
11〉� ' 〈112
0〉
α’, 

that take place during the displacive phase transformation from the high temperature bcc 

β phase to the hcp room temperature α’ martensite. It can be shown that there are only 5 

possible misorientations between the 12 possible variants of the Burgers OR that could 

form from each parent β grain [29]. These misorientations are described as angle/axis 

pairs in Table 2.  

Table 2 5 possible axis/angle misorientations between the 12 variants of the Burgers OR that 

could form from each parent β grain 

Angle/axis pairs 

10.53°/[0001]
α’ 

60°/[112
0]
α’ 

60.83°/[−1.377, −1, 2.377, 0.359]
α’ 

63.26°/[10



 5 5 3
]α’ 
90°/[1, −2.38, 0.359, 0]

α’ 
 

Yet, the experimental distribution of intervariant misorientations observed in the α’ 

martensite of the dual-phase microstructure differs noticeably from that theoretically 

expected from a random arrangement of variants [29]. More precisely, among the 5 

possible misorientations that can take place between the variants, only the two intervariant 

boundary misorientations of 63.26°/[10



 5 5 3
]α’ and 60°/[1 1 2
 0]() are mainly 

observed (see Fig. 3a) . Moreover, the one at 63.26°/[10



 5 5 3
]α’ has a fraction which is 

3 times larger than the one at 60°/[1 1 2
 0]()  (0.40 compared to 0.14). Such a selection 

of misorientations has already been reported in pure Ti and its alloys, but in this case, 
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both misorientations (60° and 63.26°) were found to be present in similar proportions 

[29].  

Fig. 3b is a map of the reconstructed prior β grains using the algorithm described in 

Appendix A. 1. Using a set of reconstructed prior β grains maps, the average diameter of 

the prior β grains was estimated at 5µm. 

Knowing the parent β orientation allows a unique variant number to be associated to each 

α’ martensite plate. In Fig. 3c, a color gradient scheme is used to identify and track the 

variants.  

Comparison of Fig. 3b and c shows that each prior β grain is mostly transformed into one 

group composed of 3 variants that are separated by a specific misorientation, namely 

63.26°/[10



 5 5 3
]α’ (as grain n°1, 2 and 3). The other prior β grains (4, 5 and 6) are 

transformed into several groups composed of 3 variants. In this case, the same specific 

misorientation at 63.26°/[10



 5 5 3
]α’ is observed between the variants of the same group 

whereas a misorientation at 60°/[1 1 2
 0]α’ takes place between two groups. 

Misorientation analysis shows that 4 such groups of 3 variants separated by a 

misorientation of 63.26° can be formed among the 12 variants of the Burgers OR. To 

identify these groups, a shade of the same color and a letter from A to D are attributed in 

Appendix A. 2 to the variants that belong to the same group. In order to rationalize the 

preferential formation of these 4 particular clusters of variants, the shape strain matrix of 

each variant defined in Eq. 1 is used.  The average shape strain matrix of the variants V1, 

V5 and V8 reads:  

��/   ��0   ��13 � 2 0.99 0.01 −0.010.01 0.99 −0.01−0.01 −0.01 0.99 3 ≈ � 
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The average shape strain matrix of the 3 variants that compose a group gives a result very 

close to the identity matrix. In other words, each parent β grain is mostly transformed into 

one or more groups of 3 variants misoriented by 63.26°/[10



 5 5 3
]α’ that can mutually 

compensate their respective shape strains. Such clusters of variants that are able to 

minimize the transformation strains are referred to as self-accommodating plate groups. 

Using PTMC on pure Ti, Wang et al. [25] calculated the average shape strain matrices of 

all the possible groups of 3 and 4 variants that could form among the 12 possible variants. 

They identified two different families of groups composed of 3 variants that can mutually 

compensate their shape strains. Each of these two families of groups is fully characterized 

by a unique misorientation between their variants. The first family, referred as Self-

Accommodating Plate Group (SAPG) 1 in the following, is defined by a misorientation 

of 63.26°/[10



 5 5 3
]α’ and corresponds to the groups form in the present study. Each 

group is identified in Appendix A. 2 by a letter from A to D. For example, V1, V5 and V8 

pertain to SAPG 1B. The second family, referred to as SAPG 2 is defined by a 

misorientation of 60°/[1 1 2
 0]α’. In the present study, this misorientation is found to be 

much less frequent. Indeed, it can be seen from Figure 2a that this second misorientation 

can be observed in two cases. In a first case, it takes place between adjacent martensite 

variants pertaining to two neighboring priors β grains. In the second case, it is found 

between two adjacent martensite plates pertaining to neighboring SAPG 1s. However, no 

groups composed of three variants misoriented by 60°/[1 1 2
 0]α’ can be observed in the 

present microstructure.  

Fig. 3d is the �334�� pole figure of the habit planes of the variants formed in grain 1. It 

can be seen that the habit planes (HP) of the variants of the same SAPG 1 are about 14° 

away from each other and gather around the same �111�� plane of the prior β grain. These 
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results are consistent with the observation that the variants of the same SAPG 1 are almost 

stack in parallel.  An example is shown in Fig. 2d, where the projected traces of the HPs 

of the variants formed in grain 1 correspond closely to the long dimension of the plates 

and are all approximately parallel. Although various authors [25][30] have predicted 

theoretically that the SAPG 1 configuration offers the best possible accommodation 

among possible groups of variants that could form during the β to α’ transformation, it 

had, to the author’s knowledge, never been observed experimentally before the present 

study. Indeed, 63.26° misorientation has been reported so far to be one of the two 

misorientations predominantly taking place between two variants without forming 

complete SAPG 1s composed of 3 variants [29]. As shown in pure Ti using a stereological 

procedure, Beladi et al. [29] showed that the intervariant boundary plane associated with 

a misorientation at 63.26°/[10



 5 5 3
]α’ and thus, in our case, associated to a SAPG 1, is 

close to �41
3
0�
α’. However, the limited resolution of their method (about 10°) did not 

provide a definitive assessment of the nature of this interface plane. At this stage of the 

analysis and since the variants of the same SAPG 1 adopt a parallel morphology, it can 

be added that this intervariant boundary plane between these variants should be close to 

the �334�� habit plane (see Fig. 3d).  
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To summarize, α’ variants formed in the dual-phase microstructure are mostly clustered 

into self-accommodating plate groups of type 1 which are characterized by an intervariant 

misorientation of 63.26°/[10



 5 5 3
]α’. It remains therefore to characterize the nature of 

the intervariant interface associated with this particular misorientation. This is the aim of 

the following section. 

Fig. 3 a : IPF map of the α’ martensite, b : IPF map of the reconstructed parent β grains, c : 

Color coded map of the α’ martensite variants, d : �334�5 pole figure of the HPs of the variants 

formed in grain 1 and their corresponding traces superimposed onto the map of the variants. 
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4.1.2. Nature of the intervariant boundary plane associated with a misorientation of 

63.26°/[10



 5 5 3
]α’ 

TEM observations were performed to identify the nature of the interface between two 

adjacent variants of a SAPG 1. Fig. 4a is a bright field micrograph showing parallel 

martensite plates. Fig. 4b is the Selected Area Diffraction Pattern (SADP) taken from the 

area encircled in red in Fig. 4a. This area covers two variants as well as their interface. 

This SADP actually consists of two patterns of the 〈12
13〉
α’ zone axis related by a rotation 

of 180° about the normal to the �134
1�
α’ plane presented in Fig. 4c and d. The projected 

trace of this plane is parallel to the projected trace of the interface between the two plates 

(see Fig. 4a and b). Hence, the two plates are twin-related, and their interface plane 

correspond to the �134
1�
α’ twinning plane. Individual SADP of the variants on either 

side of the interface were indexed using ASTAR software. This enabled their absolute 

orientations to be determined. The following Euler angles (in Bunge notation) were 

obtained for the matrix and twin orientations: [192 32 329](M) = [224 149 150](T). The 

misorientation between these two orientations is calculated to be only 0.66° away from 

the ideal misorientation of 63.26° expected between the variants of a SAPG 1 [25]. All 

these elements show that variants pertaining to the same SAPG 1 are twin related with 

each other and that the associated twinning plane is �134
1�
α’. To the author’s knowledge, 

the experimental observation of such a twinning plane has never been reported in the 

literature so far. The exact nature of this twinning plane will be discussed in more details 

later. As mentioned above, Beladi et al. [29] estimated this interface plane to be �41
3
0�
α’ 

using a stereological procedure. This estimation is about 8.6° away from the exact 

�134
1�
α’ twinning plane identified in the present study.  
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 Fig. 4 a : Bright field micrograph of 2 parallel martensite plates, b : SAED pattern of the area 

encircled in red in  Fig. 4a , c : SAED pattern of the area encircled in yellow (lath in dark of the 

left on the studied interface) in  Fig. 4a, d : SAED pattern of the area encircled in orange (bright 

lath on the right on the studied interface) in  Fig. 4a. 

The identification of the intervariant boundary plane is further confirmed by a trace 

analysis on the EBSD map of the grain 2 of Fig. 3 presented in Fig. 5. The traces of the 

�134
1�
α’ interface planes between the variants of the same SPAG 1 formed in grain 2 of  

Fig. 3 in the stereogram (Fig. 5b) are parallel to the traces of the interfaces between the 

variants in the IPF map of this grain (Fig. 5a). Each pair of the three variants in the same 

SAPG 1 formed in grain 2 are related by a rotation of 180° around the normal of the 

�134
1�
α’ interface plane. In order to confirm that the same twinning relationship is found 

between each pair of the three variants in all the SAPG 1s, these observations has been 

checked on several different SAPG 1s. The stereographic projection of Fig. 5b reveals 
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another unexpected feature about the nature of the interface between the variants of the 

same SAPG 1. Indeed, it appears that each �134
1�
α’intervariant boundary plane in a 

SAPG 1 is strictly parallel to a �332�� plane which is best known as the specific twinning 

plane of β metastable alloys [31]. This observation has been checked on several different 

SAPG 1s. The significance of this observation will be discussed in more details later.   

In this first part, the crystallography of the α’ martensite of the dual-phase microstructure 

has been exhaustively studied. The following part aims at investigating its behavior under 

an applied stress during plastic straining. 

Fig. 5  a : IPF map of the variants formed in grain 2 of Fig. 3. ; b : �134
1�
α’ stereographic 

projections of the 12 possible variants that could form in grain 2 superimposed onto the �332�� 

pole figure of the parent β grain. 

 Effect of plastic deformation on the α’ self-accommodated structure  

Fig. 6a is the IPF map of the α’ martensite of the Ti-6Al-4V dual-phase microstructure 

after 7% of uniform deformation under uniaxial tension. The tensile direction is 

orthogonal to the plane of the image. The two particular misorientations 63.26°/
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[10



 5 5 3
]α’ and 60°/[1 1 2
 0]α’ between α’ martensite plates are still depicted by dark 

and grey lines respectively. In some grains, (like n°1, 2, 3 and 4), the fraction 

corresponding to 63.26°/[10



 5 5 3
]α’ misorientation has been greatly decreased.  More 

precisely, considering all the grains in the IPF map, the fraction of the one at 

60°/[1 1 2
 0]α’ has remained nearly unchanged (0.16) under an applied stress during 

plastic deformation whereas the one at 63.26°/[10



 5 5 3
]α’ has been greatly decreased to 

0.05.  

Fig. 6b is the color-coded map of the α’ martensite variants corresponding to Fig. 6a. 

Comparison with Fig. 3c shows that the microstructure has significantly changed during 

deformation. More precisely, after deformation, the variants of many prior β grain are not 

present in equal proportions and do not display well-defined plate shape. Two extreme 

cases are present. In one instance, a single variant remains in a prior β grain after 

deformation (see grains 1, 2, 3 and 4 in Fig. 6b). In the other case, the variants in a prior 

β grain are still present in almost equal proportions and display well-defined plate shapes 

after deformation (see grain 8 in Fig. 6b). In both cases, parent β grains are not composed 

anymore of complete SAPG 1s composed of 3 variants after deformation. This suggests 

that the interface related to the  63.26°/[10



 5 5 3
]α’ misorientation is mobile under 

deformation and that particular variants can grow at the expense of others. Such a specific 

deformation mechanism is known as variant reorientation1 and is usually a prerogative 

of the martensite formed in shape memory alloys [32]. In order to assess whether the 

martensite formed in the present alloy is capable of such a reorientation, it is proposed to 

                                                 
1 It is important to stress that reorientation does not actually mean that a specific variant undergoes a change 
in its crystallographic orientation.  It rather grows at the expense of the other variants of the same group. 
This preferential growth leads to a reorientation at the scale of the group of the growing variant. 



 

 

19

19

quantify the work done by the shape deformation associated with the formation of each 

variant in the direction of the applied stress. In other words, this work corresponds to the 

interaction of the stress with the shape deformation. This work is referred to as the 

Interaction Energy (IE) in the literature. More precisely, reoriented variants are expected 

to maximize this energy. The IE of a particular variant Vi is calculated to be [27]: 

 IE89 � :;<=>� ? ∗  ��@ & � Eq. 2 

IE89 and S89 are the interaction energy and the shape strain of variant Vi, respectively and 

? the macroscopic stress tensor, which in the present case is a simple uniaxial tension 

along the z-axis.  

Fig. 6c shows the IE map of two grains, each representing one of the two extreme cases 

(grain 1 and 8). IE values are represented using a color gradient from blue for the lowest 

to red for the highest. Each IE map comes along with a table gathering the IE of the 12 

variants that could form from the associated parent β grain as well as the surface fractions 

of the variants that are actually formed. Furthermore, the IPF of the tensile direction of 

each parent β grain is given.  

In the case of a complete reorientation (see prior β grain 1 in Fig. 6), variant V9 which 

has the highest surface fraction in the deformed sample, displays also the highest IE. Its 

corresponding IE map accordingly appears totally red. The two other variants that belong 

to the same SAPG 1D, namely variants V6 and V12, have negative IEs. Therefore, this 

SAPG 1 is composed of one favorably oriented variant that is growing upon deformation 

at the expense of two unfavorably oriented variants to accommodate the external stress, 

leading to a reorientation at the scale of the SAPG 1. In this case, the IPF of the tensile 
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direction (see Fig. 6c) shows that the direction of the prior β grain which is parallel to the 

loading direction is very close to the 〈101〉� direction.  

In grain 8 in Fig. 6, the variants exhibit roughly equal surface fractions and present well-

defined plate shapes after deformation. Variants from the four different SAPG 1s (A, B, 

C, D) are present in this grain. It can be checked that these three groups have in common 

to be composed of two favored variants (positive IE) and one unfavored (negative IE) and 

that the unfavored variant is not present after deformation. Therefore, this SAPG 1 is 

composed of two favorably oriented variants that grow upon deformation at the expense 

of the unfavorably oriented variant. All this suggests that reorientation occurs at the scale 

of two variants of the same SAPG 1 by the motion of the interface corresponding to 

misorientation of 63.26° when one variant is favored and the other is unfavored. In grain 

8, only few couples of variants in their respective SAPG 1s respect this condition leading 

to a small volume reoriented. In this case, the normal direction of the prior β grain 

orientation which is parallel to the loading direction is very close to the 〈100〉� direction 

(see Fig. 6c).  

Fig. 6b shows that grains n°5, 6 or 7 are partially reoriented. Grain 5 is a typical example 

of this intermediate case. A detailed analysis of its IE and variant surface fractions is 

given in Appendix A. 3. This grain is transformed into several SAPG 1s that are each 

made up of one favored variant and two unfavored. Though a similar configuration led to 

a complete reorientation in the case of grain 1, a significant surface fraction of unfavored 

variants remains after deformation in this grain. Nevertheless, the variants with the largest 

surface fractions are still in that case those with high IE. In this case, the direction of the 
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prior β grain which is parallel to the loading direction is not so far from the 〈101〉� 

direction (see Appendix A. 3). This scenario will be further studied later on.  

It can be stressed that the present analysis has been carried out on a total of 16 parent β 

grains with different reorientation scenarios: 7 completely reoriented, 6 partially 

reoriented and 3 that do not seem to be reoriented.  

In summary, it was demonstrated that a reorientation process takes place between the 

variants of a same SAPG 1 in the α’ martensite of the dual-phase microstructure under 

uniaxial tension. For the reorientation to be effective between two variants, one has to be 

favored (positive IE) and the other unfavored (negative IE). In that case, the favored 

variant grows at the expense of the other. Consequently, for the reorientation to be 

complete in the volume of a SAPG 1, it seems necessary for the SAPG 1 to be made up 

of one favored variant and two unfavored. This reorientation is thought to occur by the 

motion of the �134
1�
α’ twin boundaries between the variants of the same SAPG 1 which 

suggests detwinning of thermal martensite.  
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Fig. 6 a : IPF map of α’ martensite after 7% of deformation, b : Color-coded map of the 

reconstructed variants, c : IE of 12 possible variants of the transformation and their 

respective experimental surface fractions. IPF of the tensile direction in the parent β 

grain and color-coded IE map. 
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5. Discussion 

 Crystallography of the α’ martensite of the Ti-6Al-4V dual-phase microstructure 

5.1.1. Morphology of the α’ martensite 

The studies reported so far on titanium α’ martensite mainly concern the as-quenched 

phase, obtained when formed from the β-phase field [29]. In this case, the martensite is 

single-phase with a higher content of aluminum (wt%) and a lower content of vanadium 

(i.e. Ti-6Al-4V nominal composition) compared to the martensite of dual-phase 

microstructure composed of 4.5wt% of aluminum and 6.8wt% of vanadium. It is well 

known that during the annealing in the β field, β grains grow very rapidly to reach an 

average grain size about 500µm [29]. Hence, previous studies have focused on martensite 

formed in quite large β grains, and in such a case, the β to α’ phase transformation occurs 

through a sequential fragmentation process [19]. The first variants to form are large 

martensite plates that conforms to the constraining effect of the parent β matrix. 

Therefore, among all the 12 variants that could form from the parent β grain, there is a 

priori no reason for one variant to be favored among the others as the constraining effect 

of the parent β grain is the same for each variant. At this stage of the transformation, it is 

believed that all 12 variants are equiprobable. However, once a first variant is formed, the 

shape deformation associated with this transformation creates such a stress field around 

this variant that only a few other variants can form in its vicinity so as to minimize the 

overall deformation of the β grain. The next generations of plate form within the 

remaining spaces left untransformed by the plates of the previous generations. At each 

generation, the size of the transforming plates decreases in accordance with the 
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progressive reduction of the available space in the parent phase. In that case, coarse 

variants and fine variants are distinguishable. This progressive reduction of the 

transformable volume significantly constrains the martensitic transformation and 

increases the need for the martensite plate to mutually compensate for their shape strains. 

In the present study, the α’ martensite of the dual-phase microstructure is obtained 

through a quench from the sub-transus α+β field. During the annealing in the α+β field, 

β grains growth is impeded by the pre-existing equiaxed α grains and their average grain 

size remains below 10µm. This grain size scales roughly with the size of the last pockets 

that transform when the transformation occurs sequentially (see Fig. 1). Indeed, 

perpendicular and V-shape couplings of variant are much less frequent. Rather, all the 

martensite plates that form in one grain share the same characteristic length scale and are 

stacked in a parallel way (see Fig. 3). A similar configuration of parallel plates has been 

observed in precipitates of tetragonal zirconium surrounded by an untransformable 

material [33]. In that case, such parallel configurations were thought to result from the 

need of self-accommodation between the martensite plates that is required by the 

constraining effect of the untransformable environment. A similar explanation can be 

given in our case if one considers that in the dual-phase microstructure the prior β grains 

are surrounded by α grains that do not transform during quenching. These α grains should 

similarly constrain the phase transformation that takes place in the small β grains and 

explain the preferential formation of self-accommodating plate group of type I (SAPG 1) 

in the dual-phase microstructure (see Fig. 3).  
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5.1.2. Self-accommodating plate groups 

EBSD analysis confirmed that the martensite plates formed in the dual-phase 

microstructure are mostly cluster of type 1 self-accommodating plate groups of variants 

(SAPG 1). The characteristic parallel morphology of SAPG 1 is explained by the 

observation that the habit planes of the three variants of the same SAPG 1 are almost 

parallel to each other and close to a common �111�� plane. Various authors  have 

predicted theoretically that the SAPG 1 configuration offers the best possible 

accommodation among all the possible SAPGs that could form during the β to α’ 

transformation [25][30]. Despite this prediction, to the author’s knowledge, SAPG1s had 

never been observed experimentally before the present study. To date, indeed, the 

configuration of SAPG 2 is, by far, the most commonly reported in the cases of the β-α’ 

and β-α’’ (orthorhombic martensite) transformations [29][30] . In such a configuration, 

it can be checked that the HPs of the variants of the same SAPG 2 are at around 62° from 

each other which is consistent with the martensite plates of a SAPG 2 organizing 

themselves in a triangular manner [30]. The fact that the SAPG 1 configuration is favored 

over the SAPG 2 in the present case may hardly be related to the minor difference in their 

relative degree of self-accommodation [25]. Another possible explanation may be related 

to the nature of the intervariant boundary interface associated with each configuration and 

more specifically to the surface energy associated with these two particular interfaces. 

Previous studies showed that the variants of the same SAPG 2 (misorientation of 60°) are 

twin related on �101
1�
α’ type planes. Beladi et al. [29] confirmed that this twinning plane 

corresponds to the intervariant boundary plane between variants separated by a 

misorientation at 60° in a Ti-6Al-4V alloy. As stated out by Srivastava et al. [30], these 

�101
1�
α’ type twin planes derive from �110�5 mirror plane in the parent β phase and are 
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therefore thought to be favorable, form surface energy considerations. Based on 

molecular dynamic simulations, Beladi et al. [29] confirmed that the twinning plane is 

the low energy one and thereby, it is expected that this plane should be experimentally 

favored among the others possible intervariant planes. Yet, in our case, this �101
1�
α’ 

interface, which could only be observed in between two priors β grains or in between two 

SAPG 1s is much less favored than that between the variant of a same SAPG 1. Rather, 

TEM analysis clearly showed for the first time that the variants of the same SAPG 1 

(misorientation of 63.26°) are also twin related but, in this case, on �134
1�
α’ type 

twinning planes. Interestingly, the �134
1�
α’ twinning plane corresponds to the K1 plane 

of one of the possible twinning modes in titanium that have been predicted by the theory 

of  Bevis and Crocker [26]. However, these authors emphasized that the twinning mode 

associated with this �134
1�
α’ twinning plane was not expected to occur experimentally, 

based on the fact that, among its four twinning elements, only η1 was irrational. 

Noteworthy, similarly to the �101
1�
α’ twinning plane, the �134
1�

α’ twinning plane is also 

associated to a particular β plane. The stereographic analysis in Fig. 5 shows that each 

�134
1�
α’ interface plane is indeed strictly parallel to a �332�� plane of the parent β grain 

which is best known as the specific twinning plane of β metastable alloys [31]. 

Interestingly, Bertrand et al. [31] identified a similar correspondence between the 

twinning elements of the �130�〈310〉
α’’ mechanical twinning system of α’’ orthorhombic 

martensite and that of the �332�〈113
〉� mechanical twinning system of the parent bcc β 

phase in Ti-25Ta-20Nb shape memory alloy. Though it is rather difficult at this point to 

derive all the consequences of these correspondences, they both lead to the need of a 

better understanding related to the link between the �332�〈113
〉� twinning system and 

the martensitic transformation in Ti alloys.  
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 Reorientation of the variants of the α’ martensite on the Ti-6Al-4V dual-phase 

microstructure under the effect of deformation 

5.2.1. Rationalization and prediction of reorientation 

Another remarkable property of the �134
1�
α’ interface plane that has been indirectly 

evidenced for the first time in the present study is that it is mobile under deformation. 

This was experimentally assessed based on the sharp decrease in the number of its 

associated misorientations at 63.26° in the IPF map after 7% of uniform deformation and 

on the observation that particular variants grow at the expense of some others in the 

variant reconstruction map (see Fig. 3a and c). By contrast, the misorientation at 60° 

remains to its starting low proportion after deformation, which suggests that this interface 

is not mobile under deformation. Therefore, the reorientation phenomenon that takes 

place in the α’ martensite of the dual-phase microstructure is only due to the movement 

of the �134
1�
α’ interface. Such a specific deformation mode is generally thought to only 

occur in shape-memory alloys, including the titanium-based alloys that are highly 

enriched in β-stabilizing alloying elements such as Ti-Nb [34–36] or Ti-Ta-Nb [31] and 

transforming into orthorhombic α’’ martensite. In our case, hcp α’ martensite is also 

enriched in one β-stabilizing elements, namely vanadium. Previous studies [37] showed 

that its enrichment is about 6.5wt% of V content which is not enough to bring a change 

in the crystallographic structure from the hexagonal closed-packed α’ martensite to the 

orthorhombic α’’ martensite (the critical enrichment is about 10wt% [15]). However, 

similarly to Tobe et al. [38], this low enrichment in β-stabilizing alloying element may 

be sufficient to lower the magnitude of the twinning shear associated with the movement 

of the �134
1�
α’ interface. This could lead to a lower required stress to induce deformation 
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via the movement of this twinning plane and hence to the reorientation of the martensite 

of the dual-phase microstructure. In shape memory alloys, the usual method to predict 

reorientation differs from the one proposed here. More precisely, it consists in the 

determination of which Correspondence Variant (CV) maximizes the strain along the 

tensile direction instead of the determination of the one whose growth maximizes the 

work along the tensile direction (maximum IE). The former method is based on the 

calculation of the lattice deformation that is generated by the formation of each CV [31]. 

In contrast, in the present work, similarly to what is classically done in TRIP steels [27], 

the calculation is based on the shape strain associated with each variant. Beside the Bain 

deformation, the shape strain also includes a rotation and a LIS and constitutes therefore 

a more realistic description of the total deformation associated with the transformation. 

The reorientation predictions only based on the lattice deformation are reported in 

Appendix A. 4 and the description of the calculation are given in Appendix A. 5. As 

expected, comparison between Fig. 6c and Appendix A. 4. shows that both methods 

predict the same tendencies. The variants that are growing maximize the strain along the 

tensile direction. However, none of these two criterions (maximum IE or maximum strain 

along the tensile direction) is sufficient on its own to completely explain the growth of 

the variant considered. As shown in Fig. 6c, for the reorientation to be effective between 

two variants, one variant has to be favored (positive IE) and the other unfavored (negative 

IE). In that case, the favored variant can grow at the expense of the other and this 

reorientation is thought to occur by the motion of the �134
1�
α’ twin boundaries between 

the variants of the same SAPG 1. Therefore, for the reorientation to be complete in the 

volume covered by a SAPG 1, the favored variant (positive IE) has indeed to be 

accompanied in its SAPG 1 by two unfavored variants (negative IE) (see grain 1 in Fig. 
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6b). For this purpose, as soon as there are two favored variants of a SAPG 1, they can 

only grow in the volume covered by the unfavored variant which is indeed not present 

after deformation (see grain 8 in Fig. 6b). This suggests that, in that case, the tendency of 

each favored variant to grow at the expense of the other mutually compensate, thereby 

leaving the interface immobile between these variants. It has to be kept in mind that some 

parent β grains may transform into several SAPG 1s. In the SAPG 1s that respect the 

criterion to induce a complete reorientation, the favored variant will grow only in the 

volume covered by its own group. Its growth will indeed be stopped at the interface with 

its neighboring SAPG 1 (this case corresponds to grains 5, 6 and 7 in Fig. 6). After 

deformation, such grains are composed of at least as many variants as the number of 

SAPG1s and appear therefore partially reoriented.   

5.2.2. Effect of texture on reorientation 

The reorientation criterion of a specific SAPG 1 is closely related to the orientation of the 

parent β grain with respect to the loading direction. Experimentally, grain 1 and grain 8 

showed two very distinct behaviors depending on the orientation of the prior β grain with 

respect to the macroscopic tensile direction. In the case of a complete reorientation (grain 

1), the direction of the prior β grain which is parallel to the loading direction is very close 

to the 〈101〉� direction whereas, in the case of SAPG 1s composed of several favored 

variants (grain 8), the direction of the prior β grain which is parallel to the loading 

direction is very close to the 〈100〉� direction (see Fig. 6c). These results show that the 

reorientation critically depends on the loading direction. To get better insights into this 

dependency, a theoretical study was carried out. A set of 5000 random orientations of the 

parent β phase was generated. For each β orientation, the crystal direction parallel to the 
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loading direction is determined and the number of SAPG 1s of this β orientation that can 

induce a complete reorientation in the volume covered by the group, i.e. consisting of one 

favored variant and two unfavored variants is calculated. The results are plotted as a color 

coded IPF in Fig. 7, with the loading direction as a reference. There are four possible 

cases ranging from a minimum of zero to a maximum of three groups that meet the 

criterion among the four SAPG 1s. For a tensile direction within 25° of 〈100〉�, there is 

no SAPG 1 that fulfils the criterion to induce a complete reorientation. These orientations 

appear in grey in Fig. 7. Grain 8 in Fig. 6 corresponds to this particular case. As shown 

in Fig. 6c, the four SAPG 1s that could form from the parent β grain that is associated to 

grain 8 are indeed all composed of more than one variant which is favored. For all the 

other loading conditions, there is at least one SAPG 1 that fulfils the criterion to induce a 

complete reorientation. More precisely, two SAPG 1s fulfill the criterion when the 

loading direction is close to 〈101〉� (orange in Fig. 7). Grain 1 in Fig. 6 corresponds to 

this particular case. As shown in Fig. 6c, there are two SAPG 1s among the four that could 

form from the parent β grain associated to grain 1 that are indeed composed of one variant 

which is favored and two that are unfavored. Three SAPG 1s fulfill the criterion when the 

loading direction is close to 〈111〉� (red in Fig. 7) respectively. For the remaining loading 

directions, only one SAPG 1 fulfills the criterion.  
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Fig. 7 Color coded IPF of the tensile direction in the parent β grain showing the number 

of SAPG 1s that are composed of a favored variant and two unfavored variants (grey=0, 

yellow=1, orange=2 and red=3) 

This evidence the dramatic influence of the parent β phase on the reorientation. In the 

present study, the forging process is believed to induce a preferential 〈101〉� α fiber 

texture, which is favorable to induce complete reorientation [39]. This explains why it 

has been possible to observe many reoriented variant groups after deformation. The 

probability to induce a complete reorientation for the 〈111〉� oriented grains is higher 

than that of the 〈101〉� grains (3 groups from 4 can completely reorientate, in that case). 

However, the Interaction Energy (IE) associated with growth of the variants is not the 

same for both cases since it depends on the tensile direction. In order to quantify this 

dependency, a theoretical study is carried out on the same set of grains as in Fig. 7. For 

each β orientation, the maximum IE of the 12 possible variants is calculated. The results 

are plotted as a color coded IPF of the loading direction in Fig. 8. The maximum IE is 

obtained for 〈101〉� grains whereas the minimum corresponds to the 〈111〉� grains.  
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Fig. 8 Color coded IPF of the tensile direction in the parent β grain showing the maximum 

values of IE of the 12 possible variants 

As mentioned above, this IE is directly correlated with the lattice deformation of the 

variants which is better suited to quantify the strain associated to the growth of specific 

martensitic variants. Similar to Fig. 8, for each β orientation, the maximum lattice 

deformation of the 12 possible variants is calculated and the results are plotted as a color 

coded IPF of the loading direction in Fig. 9. The highest possible lattice deformation 

among the 12 variants that could form in each grain of Fig. 6 (from n°1 to n°8) is 

highlighted in Fig. 9. As expected, the maximum and minimum lattice deformations are 

obtained for 〈101〉� and 〈111〉� grains respectively. Hence, although 〈111〉� grains have 

the highest probability to induce complete reorientation (see Fig. 7.), they will poorly 

accommodate the stress (low strain along the tensile direction). By contrast, 〈101〉� 

grains correspond to a better compromise since they have a relatively high probability to 

induce complete reorientation and are very efficient to accommodate large strain along 

the tensile direction.   
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The maximum lattice deformation which is obtained in the most favorable case of 〈101〉� 

oriented grains is around 9%.  

Fig. 9 IPF of the tensile direction in the parent β grain showing the maximum values of lattice 

deformation of the 12 possible variants 

Interestingly, this value is twice as large as the maximum lattice deformation that can be 

reached by the reorientation of α’’ orthorhombic martensite in Ti-Nb shape memory 

alloys. This stems from the fact that in our case, the β to α’ (hcp) martensitic 

transformation is associated with a larger lattice deformation. As a consequence, the 

reorientation mechanism brings a large amount of ductility to the α’ martensite of the 

dual-phase microstructure in the parent β grains that have a 〈101〉� texture. By contrast, 

the α’ titanium martensite has generally a poor ductility that relies only on dislocation 

glide. In the α’ martensite of the dual-phase microstructure, the reorientation is an 

additional deformation mechanism that acts in combination with dislocation glide to 
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improve its ductility. The association of this very ductile α’ martensite with the hard α 

phase generates a strong mechanical contrast which is believed to be at the origin of the 

high work-hardening of the dual-phase microstructure.  

6. Conclusions 

 The V-rich and Al-poor hcp α’ martensite formed in Ti-6Al-4V dual-phase 

microstructure can reorient under uniaxial tension, a property rather usually associated to 

the orthorhombic α’’ martensite in β-Ti alloys and more generally in shape memory 

alloys. This unexpected deformation mechanism of hcp martensite occurs via the 

movement of a unique intervariant interface associated with the specific misorientation 

of 63.26°/[10



 5 5 3
]α’. This interface is a hitherto unobserved �134
1�
α’ type twin plane 

which is directly related to the �332�5 specific twinning plane of the parent β phase. 

Hence, the formation of self-accommodating plate groups of variants misoriented by 

63.26°/[10



 5 5 3
]α’ is crucial for the occurrence of the reorientation phenomenon. In the 

present dual-phase microstructure, the preferential formation of this specific kind of 

SAPG is believed to stem at least partially from the constraining effect of the 

“untransformable” α phase on the martensite during its formation. Furthermore, a detailed 

crystallographic analysis allowed to derive a necessary condition for a variant to grow at 

the expense of another under an external loading. It has to exhibit a positive interaction 

energy while the other one has to exhibit a negative one. Consequently, for the 

reorientation to be complete in the volume of a SAPG 1, it seems necessary for the SAPG 

1 to be made up of one favored (positive IE) variant and two unfavored (negative IE). In 

turn, the fulfillment of this criterion to induce a complete reorientation in the volume of 

a SAPG 1 was shown to depend on the relative orientation of the parent β grain with 
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respect to the tensile direction. This explains why 〈110〉� grains are more prone to 

reorientation than 〈100〉� grains. Theoretical calculations further predict that 

reorientation is highly probable can also occur in 〈111〉� grains. More generally, the 

reorientation mechanism contributes to the remarkable ductility of the dual-phase 

microstructure and shed new lights into the microscale deformation of the martensite 

phase in this newly developed dual-phase microstructure in the well-known Ti-6Al-4V 

alloy. Further investigations include the determination of the critical resolved shear stress 

of the reorientation and the observation of the possible reversibility of the mechanism 

upon heating.  
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Appendix A. 1 Prior β grain reconstruction algorithm 

The parent β grain reconstruction was performed with an in-house MATLAB® software 

working with α’ grains defined by a tolerance angle of 5°.  The proposed algorithm is 

based on a nucleation and growth principle. The originality of this algorithm is that it 

takes benefits from the fact that among the 5 possible misorientations (distinct from the 

identity) that exist between variants of the Burger OR, 3 of them correspond to 

misorientations between two variants sharing the same parent β orientation. Those 

specific misorientations are described by the following angle/axis pairs: 

60.83°/[1.377






 1
 2.377 0.359], 63.26°/[10



 5 5 3
] and 90°/[1 2.38





 1.38 0]. Incidentally, 

these misorientations frequently result from the martensitic phase transformation in pure 

Ti and Ti alloys as already shown in the present study and others [19][25]. Therefore, the 

existence of at least one of this misorientation in each transformed β grain is highly 
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probable thereby ensuring a reliable reconstruction of the parent orientation. In the 

nucleation step, such specific misorientations are systematically searched for among all 

the possible couples of neighbouring α’ grains. Once identified, those couples are turned 

into β phase and their orientation is changed into their common parent β orientation. In 

the second step of the algorithm, the regions of reconstructed β grains are allowed to grow 

at the expense of the adjacent α’ grains if the Burgers OR is fulfilled with a tolerance 

angle which is increased by step of 1° from 1° to 5°.  This algorithm proved robust and 

reliable on various martensitic microstructures formed in pure Ti and Ti alloys. 

Furthermore, since only misorientations between neighbouring grains are considered, this 

algorithm is faster than those previously proposed. For comparison, a set of 10 000 grains 

is reconstructed in 20 minutes on a Intel Core i7 CPU, 16Go RAM PC. [40][41] 

 

 

 

 

 

 

 

Appendix A. 2 PTMC inputs (Lattice correspondences, LIS) and outputs (closest Burgers 

variant, habit planes, shape strain directions) of the 12 variants obtained during the phase 

transformation of β to α’ – identification of the two Self-Accommodating Plate Groups (SAPG) 

characterized by their respective BC. DB°/[EF



 G G CH] and BF°/[E E DH F] misorientations 
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Correspondence 
LIS Variant Closest Burgers variant Habit plane Shape strain direction 

SAPG 1 

BC. DB°/
[EF



 G G CH] 

SAPG 2 

BF°/
[E E DH F] 

22 1 1
0 2 2
0 1 13 

�110��[1
11]� 1 �011��//�0001�(), [11
1]�/[112
0]() I0.715






 0.493






 0.495J�  K0.777 0.435






 0.455L� B A 

�1
10��[111]� 2 �011��//�0001�(), [111
]�/[112
0]() � 0.715  0.493






 0.495�� K0.777






 0.435






 0.455L� A B 

21
 1 2
2
 2 01 1 03 
�01
1��[111]� 3 �110��//�0001�(), [1
11]�/[112
0]() I 0.495
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J�  K0.455
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Appendix A. 3 α’ Interaction Energy (IE) map of grain 5 after 7% of deformation and IPF 

of the tensile direction of the parent β grains of grain 5 
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Appendix A. 4 α’ martensite lattice deformation reconstruction map after 7% of 

deformation on a completely reoriented grain (grain 1) and a not reoriented grain (grain 

8) 

 

Appendix A. 5 Calculation of the α’ martensite lattice deformation 

The strain along the tensile direction induced by the transformation of a parent β grain 

into a CV i among the 6 possible is given by:  

M@ �  :N M�@�: 

T is the tensile direction defined as a columnar vector in the coordinate system of the β 

phase. M�@� is the lattice deformation matrix of the CV i given by T. Inamura et al. [34]. 

The 6 M�@� are explicitly shown in Table 3.  

Table 3 Lattice deformation matrices of the CVs 

ε��� �
P
QR

η� 0 0
0 ηT  ηU2 ηT − ηU20 ηT − ηU2 ηT  ηU2 V

WX ε��� �
P
QR

ηT  ηU2 0 − ηT − ηU20 η� 0
− ηT − ηU2 0 ηT  ηU2 V

WX 



 

 

45

45

ε�T� �
P
QR

η� 0 0
0 ηT  ηU2 − ηT − ηU20 − ηT − ηU2 ηT  ηU2 V

WX ε�Y� �
P
QR

ηT  ηU2 ηT − ηU2 0ηT − ηU2 ηT  ηU2 00 0 η�V
WX 

ε�U� �
P
QR

η� 0 0
0 ηT  ηU2 − ηT − ηU20 − ηT − ηU2 ηT  ηU2 V

WX ε�Z� �
P
QR

ηT  ηU2 − ηT − ηU2 0
− ηT − ηU2 ηT  ηU2 00 0 η�V

WX 

 

[1, [2, [3 are the principal strains phase transformation of β to α’ given as:  

[1 � <\ − <]<]  

[2 � ^\ − √2<]√2<]  

[3 � =\ − √2<]√2<]  

 

 






