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Abstract: 

Diverse pathways of the deformation-induced transformations are investigated in the β-

metastable Ti-12Mo alloy displaying combined TWIP ({332}<113>β twinning) and 

TRIP (stress-induced α″) effects by means of Schmid factor analysis and in-situ 

microstructural characterizations. Two sets of Schmid factors, for {332}<113>β 

twinning and stress-induced martensite, are calculated in grains of random orientation 

under uniaxial tension condition. Using in-situ EBSD characterization under tension, 

the correspondence is mapped between primary transformation products and the grain 

orientations. The correspondence results graphically in four grain-orientation domains 

in the inversed pole figure triangle, being twin-dominated, martensite-dominated, 

combination of both, and the domain unfavorable for both transformations. It is also 
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found that the crystallographic partition of the domains, i.e. the selection of 

transformation pathways with respect to grain orientations, is related to the threshold 

of Schmid factor for the activation of each transformation and the transformation strain 

of the corresponding martensite variant. Guided by transformation partition mapping, 

grains at two special orientations, dominated by stress-induced martensite with-or-

without primary {332}<113>β twinning, are targeted in in-situ microstructural 

observations to clarify the transformation pathways and the underlying deformation 

mechanisms. Among the different pathways revealed, experimental evidences are 

highlighted on the unprecedented formation mechanisms of {332}<113>β twins 

assisted by martensite {130}<310>α″  deformation twinning via two different ways. 

1. Introduction 

Due to its attractive combination of mechanical properties, the recent family of 

metastable β titanium alloys with martensitic TRansformation Induced Plasticity (TRIP) 

and TWinning Induced Plasticity (TWIP) effects has been investigated extensively, 

leading to great potential applications [1-6]. Combinable deformation mechanisms, 

mainly including {332}<113>β twinning, {112}<111>β twinning, Stress-Induced 

Martensitic transformation (SIM) (orthorhombic martensite α″), and dislocation glide, 

have been reported to be responsible for the excellent mechanical properties. Among 

those mechanisms, {332}<113>β twinning and SIMα″ have attracted much attention 

due to their effects on the improvement of strain-hardening rate, mainly as a result of 

dynamic Hall-Petch effect, and the subsequent large uniform elongation during tensile 

plastic flow. A large number of researches have been devoted to {332}<113>β twinning 

and SIMα″, focusing on the microstructure/mechanical property relationship [1-6], the 

hierarchical structure [1], the interface/dislocation interactions [2], the modeling of 

{332}<113>β twinning [3] and the crystallography of transformation products via 
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theoretical and experimental methods [4]. Among the reported results, the character of 

{332}<113>β twinning in the single TWIP Ti alloy has been well understood (Ti15Mo 

[5], Ti12Mo10Zr [2], Ti13Mo18Zr [6]). The tensile properties can be modelled by 

predictions from the models proposed by Zhao et al. [3], or based on twinning kinetics 

and from the viewpoint of solute-solution strengthening effect according to Danard et 

al. [7]. Details of the crystallography of SIMα″ in metastable Ti-alloys, such as the habit 

planes and directions [8] [9], and the dependance of the crystal structure to the 

composition have been well characterized by experimental observations, in good 

agreement with theoretical predictions. Based on the lattice parameters for Ti-12Mo 

alloy, which was calculated from the in-situ synchrotron X-ray diffraction results [10], 

and using {111}α″ (type I) twinning as the lattice invariant shear [9], the α″ 

crystallography for the alloys was predicted. Six lattice correspondence variants (CV) 

could derived from the β to α″[15]. The prediction for one variant of α″ (CV1) is shown 

in the table 1 as an example. Two habit plane variants, namely CV1 (+) and CV1 (-), 

were predicted for CV1, which are near to {755}β plane. The magnitude of the lattice 

invariant shear for both habit plane variants are very small, implying that almost no 

twinning is needed as the lattice invariant shear.  

Table 1 Prediction based on the invariant plane strain theory for the α" martensite 

crystallography in a Ti-12Mo alloy (Lattice parameters were measured under 

tensile loading at ε=0.024[10]) 

lattice parameter (Å) β α″ 

aβ aα″ bα″ cα″ 

3.27924 3.07871 4.91978 4.63289 

Transformation strain 

of CV1, ε1 (
-0.06188 0 0

0 0.03272 0.03177

0 0.03177 0.03272

)β 

Solution 1 Solution 2 

variant CV1(+) CV1(-) 

Habit plane (0.6875 0.5212 0.5057) β (0.6976 -0.5218 -0.4910) β 
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Transformation strain 

direction  (
-0.7409

0.4896

  0.4597

) (
-0.7315

-0.4889

 -0.4753

) 

lattice invariant shear 

magnitude 0.0058 0.0058 
 

About the relationship between the {332}<113>β twinning and SIMα″, their 

intrinsic coupled nature has been studied from a crystallographic point of view in a 

recent work [4]. The results of Sun et al. [10] have shown that, depending on the local 

Schmid factor with respect to the external stress, {332}<113>β twinning and SIMα″ 

could independently nucleate and propagate in the matrix grain, as well as in the 

twinned β volume (i.e. formation of secondary and tertiary deformation twins and 

SIMα″). Lilensten et al. have also reported a dependence of the deformation mechanism 

to the Schmid factor of the grain, which plays a role in the selection of the primary 

deformation mechanism, SIMα″ or deformation twinning in a TRIP/TWIP alloy, 

strongly suggesting that not all grains undergo the same deformation path [11]. 

Focusing on the model TRIP/TWIP Ti-12Mo alloy, Cho et al. [12] proposed a 

hypothesis regarding the deformation mechanism: SIMα″ can act as a nucleation site 

for {332}<113>β twinning, and then the SIMα″ could be progressively replaced by 

{332}<113>β twinning with further loading [12]. Despite numerous attempts, the 

interplay of the two deformation mechanisms and the transformation pathways 

occurring in metastable Ti-alloys remain only partially understood, which makes it 

difficult to predict the mechanical behavior of these materials. Besides, due to the 

extremely fine deformation features and reversible transformations, studies have to 

propose an investigation of the deformation mechanisms at the micro-length-scale 

under in-situ conditions, in order to grab operative mechanisms, or bricks to build an 

in-depth understanding of these materials. Hence, the aim of present study is to clarify 

these transformation pathways operating in the β grains of a β-metastable Ti-alloy for 
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different Schmid factor conditions via Schmid factor calculation coupled with in-situ 

SEM and ex-situ TEM observations. Ti-12Mo is selected in this study as it is considered 

in the literature as a model TRIP/TWIP alloy, benefiting from the existing results [10, 

12-14].  

2. Materials and methods 

The Ti-12Mo (wt. %) ingot wase fabricated by vacuum arc-melting using high 

purity Ti (99.6%) and Mo (99.98%) metals. The alloy was melted at least five times 

under a high purity argon atmosphere, and annealed in vacuum tubular furnace under 

2.0 x 10-4 Pa at 1173K for 1.8 ks, followed by water quenching. The quenched ingot 

was then cold-rolled to 0.5mm sheets, corresponding to a reduction rate of 95%. The 

cold-rolled sheets were recrystallized at 1173K under high vacuum (2.0 × 10-4 Pa) for 

1.8 ks and then quenched in water to retain the fully recrystallized β grains with size in 

the range 50-100 μm. In-situ EBSD tensile samples, with dimensions 40mm × 3mm × 

0.5mm, were prepared by electropolishing to obtain a smooth and damage-free surface. 

Deformation is followed by secondary electron imaging during the loading state and 

deformation microstructures were analyzed by using in-situ tensile tests coupled with 

EBSD scans at different strain, performed on a Proxima 100-Micromecha machine, in 

a field emission gun scanning electron microscope (FEG-SEM ZEISS LEO1530) 

operating at 20kV and a NORDIF EBSD camera with step size ranging from 0.02 to 

0.4 μm. The pixels with a confidence index higher than 0.08 were selected to analyze 

using the orientation imaging microscopy (OIM) software. A JEOL 2100plus 

transmission electron microscope (TEM) operating at 200kV was used to be 

complementary to the superficial analysis of EBSD. Samples for TEM observations 

were cut from the in-situ EBSD samples to select the grains with specific orientations 

with respect to the tensile axis, for comparison with the grains studied by EBSD. The 



   

 

6 

 

tensile direction was marked on the TEM disks by a straight edge. The disks were 

polished down from both surfaces to examine the microstructure near the sample core, 

about 100 microns beneath the surface, by twin-jet electropolishing, using a solution of 

4% perchloric acid in methanol, held at about 250 K. The Schmid factor (SF) is defined 

as: SF = cos λ cos φ, where λ and φ are the angles between the tensile direction and the 

normal to habit plane (or the twinning plane) and the associate invariant strain direction 

(or the twinning direction), respectively. The values of λ and φ in each grain were 

accessed by the EBSD data.  

Table 2 Six lattice correspondence variants (CV) derived from β to α″ crystals. 

Variant [100]α″ [010]α″ [001]α″ 

CV1 [100]β [011]β [01
-
1]β 

CV2 [100]β [01
-
1]β [01

-
1
-
]β 

CV3 [010]β [101]β [101
-
]β 

CV4 [010]β [101
-
]β [1

-
01

-
]β 

CV5 [001]β [110]β [1
-
10]β 

CV6 [001]β [1
-
10]β [1

-
1
-
0]β 

 

According to the orientation relationship of β matrix and α″ phase, six variants of 

SIMα″can be defined and were designated as CV1 to CV6, which are listed in Table 2. 

The principal strains during the β to α″ transformation is calculated as:  

η1 = (aα″ - aβ)/ aβ (Eq.1) 

η
2
= (bα''  - √2aβ)/√2aβ (Eq.2)  

η
3
= (cα'' - √2aβ)/√2aβ (Eq.3) 

where the lattice parameter of the β phase is aβ and those of SIMα″ are aα″, bα″ and cα″ 

(table 1). In the normalized  basis, the transformation strain, si, resolved on the tensile 

direction, [ ; u, resulting from the transformation of β phase to the each potential SIMα″ 
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CVi (i = 1 - 6) can be calculated as:  

si = (u ; β) (β εi β)[ β ; u]. (Eq.4) 

where (β εi β) is the transformation tensor for each CV given in ref. [15]. The notation 

scheme is adopted from the crystallography of martensite transformations introduced 

by Mackenzie and Bowles [16].   

3. Results 

3.1 The Schmid factor dependent primary deformation mechanism  

About 600 grains of various orientations are analyzed during in-situ tensile tests 

and their primary deformation mechanism at yielding is characterized by EBSD. Figure 

1a shows the EBSD statistical analysis of the primary transformation products in all 

these grains, originating from the same sample. In this paper, the term “primary” refers 

to the transformation products directly formed from β matrix at yielding (ε ~ 0.02) and 

“secondary” refers to the products formed within a primary product. Besides, some 

special cases observed in this study, such as transformation products that nucleate at the 

boundary of primary products but grow into the  matrix, are considered to be 

secondary products since their formation is dependent on the primary products. The 

orientations of the analyzed β grains are plotted in the inverse pole figure of Figure 1a 

with respect to the tensile axis. The color code corresponding to different deformation 

products is adopted. The blue color is attributed to the grains where the primary 

deformation products are {332}<113>β twinning. The red color highlights the grains 

showing both {332}<113>β twinning and SIMα″ as primary deformation products. The 

yellow color is used for grains with only primary SIMα″ transformation. Interestingly, 

distinct regions clearly appear on the inverse pole figure triangle, suggesting that the 

transformation products distribution is drastically grain-orientation dependent. The 

colors are roughly partitioned into three domains, corresponding to their associated 



   

 

8 

 

deformation mechanism, which indicates that the deformation mechanisms are not 

unique even in the same alloy. 

In order to interpret the orientation dependence characterized above in terms of 

criteria for selection of the deformation mechanism, statistical calculation of Schmid 

factor for random grain orientations is performed for a body-centered cubic (BCC) 

structure under tensile conditions. The {755}<10 7 7>β habit plane and the associated 

invariant strain direction [17] are used for Schmid factor calculation according to the 

agreement between theoretical prediction and EBSD measurement. For the 

{332}<113>β twinning, the habit plane and twin direction {332}<113>β are used for 

calculation. For each random grain orientation, the Schmid factor values for every 

{332}<113>β twinning variants and every SIMα″ variants are calculated and ranked, 

respectively. The highest values of Schmid factor for each grain orientation among all 

variants of the two transformation products, {332}<113>β twinning and SIMα″, are 

drawn in figure 1b and c, respectively.  

Three Schmid factor poles of 0.5 are presented by red dots in the inverse pole 

figure (Figure 1b and c); one corresponds to {332}<113>β twinning (figure 1b), and the 

other two (Fig. 1c and 1d) correspond to SIMα″ without or with applying 

transformation strain criterion (si ≥ 0, Eq.4), respectively. The criterion requires that the 

transformation strain of the SIMα″ variant should be non-negative under applied strain 

together with non-negative Schmid factor. The lattice strain along the tensile direction, 

si, for each potential SIMα″ variants thus need to be considered. The variant is therefore 

favorable for activation under tension when both of its Schmid factor and si are positive 

and preferably high [15]. Thus, the Schmid factor inverse pole figure of the variants of 

SIMα″ with positive value of si is shown in the figure 1d. There is only one Schmid 

factor pole of 0.5 corresponding to SIMα″with positive value of si in the inverse pole 
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figure marked red pot in the figure 1d.  

Empirically, the variants with Schmid factor higher than a material-specific 

threshold value can be considered to be active in metastable Ti alloys where only one 

transformation mechanism, either {332}<113>β twinning or SIMα″, is operative over 

the whole material [18]. However, in the TRIP/TWIP Ti alloys, with both mechanisms 

possibly activated, the Schmid factor threshold of single transformation mechanism 

proposed above is not sufficient to determine the selected mechanism. The activation 

of twinning or SIMα″ in a specific grain will thus depend on both the Schmid factor 

threshold for {332}<113>β twinning and the Schmid factor threshold for SIMα″, that 

have not been reported in previous literature according to the authors. In this study, we 

propose a novel method to assess the Schmid factor thresholds of each transformation.  

The proposed method is based on the computation of a series of theoretical 

transformation partition maps for different combinations of Schmid factor thresholds 

for {332}<113>β twinning and SIMα″. A laboratory made computer program calculates 

the Schmid factor of all variants of {332}<113>β twinning and those of SIMα″ at a 

given grain orientation with respect to tensile direction and si. Then, the program 

compares each Schmid factor of {332}<113>β twinning with an arbitrary given Schmid 

factor threshold for {332}<113>β twinning: the mechanical twinning mechanism is 

validated or rejected in the grain with the considered orientation, depending on the 

comparison of its Schmid factor and the defined threshold. The same approach is 

performed for SIMα″ with si >=0 consideration and a corresponding theoretical 

transformation partition maps is then produced, describing the expected deformation 

mechanism for each orientation. Comparison of the theoretical transformation partition 

maps and the experimental one finally allows to find the best match, ultimately 

providing the Schmid factor threshold for both deformation mechanisms. Practically, 
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the computation takes thresholds varying between 0.3 and 0.5, with 0.01 steps. For sake 

of clarity, only selected cases, for Schmid factor thresholds of 0.35, 0.4 and 0.45 for 

{332}<113>β twinning and Schmid factor thresholds of 0.3, 0.35 and 0.4 for SIMα″ 

compiled into invers pole figure maps are provided in Figure 1e. The red domain 

({332}<113>β twinning+ SIM") of each transformation partition map, corresponding 

to a pair of specific Schmid factor thresholds, is unique regarding the size and position. 

Such unicity allows to study, as suggested above, the Schmid factor thresholds in 

TRIP/TWIP situation by fitting the given experimental transformation partition maps 

to the computational ones. For the present Ti-12Mo studied alloy, the situation where 

the Schmid factor threshold of {332}<113>β twinning equals to 0.4 and the Schmid 

factor threshold of SIMα″ equals to 0.35, framed in Figure 1e, shows the best agreement 

between calculated and experimental transformation partition maps (Figure 1a).  

By experimental examination of grains with various orientation, and therefore 

belonging to distinct domains (Figure 1a), the miscellaneous deformed microstructures 

resulting from different deformation mechanisms and evolution sequence of 

{332}<113>β twinning and SIMα″ are observed. This results in a large diversity and 

complexity of the deformation microstructures over the whole sample. The 

transformation partition maps can therefore be used as a guide to select grains of 

interests for further investigation on their transformation pathways. For instance, the 

microstructure of the grains located in the blue and yellow domains (deformation 

dominated by primary {332}<113>β twinning or SIM") have been well investigated 

in many previous researches [1-5] [6]. These results presented that the selections of 

primary deformation mechanisms in these grains are heterogeneously dominated either 

by twinning or by SIMα"[11], resulting in the missing of the key information whether 

the formation of {332}<113>β twinning can be mediated from SIM". For this reason, 
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two special grain orientations, I and II marked in Figure 1, are investigated to complete 

the transformation pathway study between the two mechanisms, where both 

mechanisms are superior to their Schmid factor thresholds (at Orientation. I) and both 

of them are inferior to the thresholds (at Orientation. II).  

3.2 The orientation dependent pathways to {332}<113>β twinning 

At orientation I, the Inverse pole figure and phase maps from a specimen under 

loading are shown in figure 2a (EBSD scan with keeping the tensile force). Two 

primary deformation bands form independently, which are identified to be a 

{332}<113>β twinning (labeled by A in Figure 2a) and a SIMα″ band (labeled by B). 

The traces of the (3 2
-
 3)β and (5 7 5)β planes are drawn in Figure 2a (white dashed line 

and black dashed line, respectively), corresponding to the habit plane of each observed 

bands. It is the first time, according to the knowledge of the authors, that independent 

formation of primary {332}<113>β twinning and primary SIMα″ is observed 

simultaneously in the same grain. This can be rationalized by the fact that orientation I 

is located at the border between the blue region ({332}<113>β twinning dominated) 

and the red one (combination of {332}<113>β twinning and SIMα″).  

Besides, it can be noticed from Figure 2a that a thin layer of α″ is formed during 

loading at one of the {332}<113>β twinning interface. Similar phenomenon has been 

reported in previous studies [19], in which focused ion beam (FIB) sampling clarified 

that it was a superficial α″ layer near the twin interface. It has been proposed to be the 

evidence of α″-assisted {332}<113>β twinning mechanism [19], although other 

hypotheses on the origin of this layer could be suggested, such as SIMα″ formed to 

accommodate the mechanical contrast between the twin and the matrix, similar to what 

happens with the omega phase [20, 21]. As an extension, in this study, TEM thin foils 
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are prepared at the core portion of the sample to investigate such interfacial 

microstructure.  

TEM observations were performed on a grain with orientation I, in order to 

confirm the formation of interfacial α″ and reveal the microstructural details. The bright 

field image in Figure 2b shows a deformation band in the matrix. The upper region of 

the band is bordered by another band. The diffraction pattern acquired at the upper 

interface, pertaining the primary deformation band, the matrix and the interface, allows 

to identify the primary deformation band as a {332}<113>β twinning. However, 

additional diffraction spots that do not belong to the matrix (purple legend in Figure 2c) 

or the twin (blue legend in Figure 2b) are also visualized. A dark field on one of the 

spots (red circle (e) in Figure 2b) is provided in Figure 2e, and shows that the interfacial 

band is made of α″, composed by fine parallel α″ lamellae at {332}<113>β twinning 

boundary. The parallel α″ lamellae are separated by the matrix, as highlighted by the 

dark field of the matrix given in Figure 2f (from the spot (f) shown by a red circle in 

Figure 2d). The diffraction patterns (figure 2c and figure 2d) taken at the boundary 

between the {332}<113>β twinning, α″ and the β matrix and in the β matrix (c and d in 

Figure 2b), suggest that these α″ lamellae fulfil the classic (211)β // {110}α″ orientation 

relationship with the β matrix (illustrated in the key diagram in figure 2g). The trace of 

the habit plane of SIMα″, highlighted by the yellow dotted line in Figure. 2e, 

corresponds to the (7
-
55)β trace of β matrix. Due to the low resolution of in-situ EBSD 

mapping, it is difficult to conclude if the interfacial α″ observed by TEM and by EBSD 

are the same in microstructure. But the highly organized interfacial α″ lamellae (TEM 

images in Figure 2) are very different in microstructure than those reported in the 

literature.  
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A similar analysis is performed into grains with orientation II (Schmid factor of 

{332}<113>β twinning is 0.23, Schmid factor of SIM α″is 0.27), located in the difficult 

transformation domain (near [001]) of Figures 1a (yellow dot in Figure 1a). 

Deformation microstructure is once again monitored during in-situ tensile tests with 

EBSD scans at ε=0.02 and ε =0.05 (under loading) and after unloading from ε =0.05. 

Two SIMα″ bands appear first from the β matrix in the position (marked by the green 

arrows in figure 3a) where the grain boundary intersects the martensite in adjacent 

grains at ε=0.02 (Figure 3a). The trace of the habit plane of SIMα″ is parallel to (7 5 5)β 

trace (marked by orange line in Figure 3a), which can be identified as CV1[17]. The 

Schmid factor of the six potential SIMα″ in the orientation II as well as the 

corresponding lattice strain along tensile direction (si) are listed in Table 3. The first 

feature to notice that the CV6 process the highest Schmid factor of SIMα″among the 

six variants of SIMα″ (0.50), however it is hard to be activated during tensile process 

since the si value of CV6 is negative. At ε =0.05, it is observed that the α″ bands have 

thickened. The α″ color on the invers pole figure changes from purple to yellow in 

Figure3b, and crystallographic analysis identifies that these yellow products are 

secondary {130}<310>α″ deformation twinning of the primary α″. It should be noticed 

that two {332}<113>β twinning bands (marked by gray arrow in Figure 3b) form during 

the deformation, after the transformation of primary α″, as branches that extend from 

the main martensite bands into the matrix. The habit plane traces of these {332}<113>β 

twinning lie along (233)β, see black dashed line in Figure 3b, which is about 23° off the 

habit plane of the primary α″ bands but parallel to the (130)α″ twinning plane of the 

internal {130}<310>α″ deformation twinning (see purple dashed line in Figure 3b). 

After unloading from ε =0.5 (Figure 3c), it can be seen that most of the {130}<310>α″ 

deformation twinning are reversed to primary α″, strongly suggesting a detwinning 
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phenomenon. However, part of {130}<310>α″ deformation twinning is still preserved 

after unloading, including those which are aligned with the {332}<113>β twinning 

(marked by black and yellow arrows in figure 3c) and some others (marked by blue 

arrows in figure 3c) located at the boundaries between the primary α″ bands and the 

matrix.  

Table 3 Transformation lattice strain for each CV along the tensile direction. 

Variant Schmid factor si 

CV1 0.27 3.53% 

CV2 -0.23 2.98% 

CV3 0.27 3.53% 

CV4 -0.23 2.98% 

CV5 -0.50 -6.14% 

CV6 0.50 -6.16% 

 

In order to study the residual {130}<310>α″ deformation twinning at the primary 

SIMα″ boundary, as shown in figure 3c with blue arrows, TEM investigations are 

performed in a grain with orientation II and the results are shown in Figure 4. The bright 

field image in Figure 4a provides an overview of the internal microstructure. A large 

deformation band is identified as orthorhombic SIMα″. The trace of the interface 

between β matrix and the SIMα″ band (represented in blue in figure 4) is measured 

close to (1
-
 1 1

-
)β//(1

-
 2 0)α″ trace, which is one of the classic {hkk}β habit plane, but is 

different from the {755}β habit plane observed at the EBSD scale [12-14]. The 

diffraction pattern and dark field about this interface are shown in figure 4b. From the 

diffraction pattern, it can be seen that the α″ orientation does not conform to the classical 

orientation relationship, {211}β //{110}α″, with the β matrix [22]. 

The bright field image in figure 4a also shows that the martensite band contains 

internal secondary features. dark field imaging and analysis of the diffraction patterns 

provided in Figures 4c to figure 4e allow to identify three different types of features. 
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Dark field image 2 and diffraction patterns 2 in figure 4c show the presence of thin β 

platelets (variant 2 represented by purple color), with habit plane in the α″ martensite 

identified as (7 10 0)α″ and (7 5 5)β. Secondary {110}<110>α″ orthorhombic deformation 

twins are also observed in the martensite, as evidenced in Dark field image 3 and 

diffraction patterns 3 in figure 4d (represented by pink color). Finally, a second β variant 

with different orientation from the first ones (yellow color) is found, as illustrated in 

diffraction patterns 4 and diffraction patterns 4 in figure 4e. As shown in Figure 4, the 

three dark field images and their corresponding diffraction patterns demonstrate the 

morphologies and orientation relationships of three different subproducts transformed 

from the large SIM band (represented by blue color).  

4. Discussion 

4.1 Schmid factor -oriented selection of the deformation mechanism 

The computation of transformation partition maps revealed that the invers pole 

figure triangle is partitioned into three transformation zones and a domain unfavorable 

for both transformations, each of which corresponds to a deformation mode (figure 1e). 

This partitioning of deformation induced transformations in Ti-12Mo is originated from 

the differences of habit planes and shear directions between the {332}<113>β twinning 

and SIMα″. The minimal angle is 9.71° between the habit planes of twinning ({332}β) 

and SIMα″ ({755}β), and the minimal angle between the two shear directions is 19.47°. 

These geometrical differences result in the polarized distribution of effective Schmid 

factor (two poles of effective Schmid factor equals to 0.5) (Figure 1b and d). In the 

experimental invers pole figure (Figure 1a), three distinct domains can be identified, 

based on the type of activated transformations. This leads to a {332}<113>β twinning 

domain, a SIMα″ domain and a {332}<113>β twinning + SIMα″ domain. As a fact, the 

transformation partition maps is related to the Schmid factor, the threshold of Schmid 
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factor for the activation of each transformation, and the transformation strain of the 

corresponding martensite variant. For example, in a grain belonging to the 

{332}<113>β twinning domain at yielding point, the Schmid factor of at least one 

{332}<113>β twinning variant is sufficiently high so that reaching a high enough 

resolved shear stress initiates the nucleation of such variant to accommodate the local 

tensile strain. Additionally, in the same grain, the Schmid factor of any variant of SIMα″ 

is insufficient to reach enough shear stress to activate martensitic transformation. 

Similar situation happens in the α″ domain, where the grains have at least one operative 

SIMα″ variant but no operative {332}<113>β twinning variant. Both transformations 

may become operative, with at least one variant of each, inside the {332}<113>β 

twinning + SIMα″domain. In addition, the primary deformation products are actually 

be observed in the unfavorable domain (near [001] pole) where grains possess both 

lower Schmid factor of {332}<113>β twinning and SIMα″ than each threshold (figure 

3). The reason could probably be the stress concentrations due to the deformation 

incompatibility between the unfavorable grain and its neighbor grains, especially when 

the neighbors are favorable grains for transformations. Orientation II is of such situation 

(α″ transmission from neighbor grain marked by green arrows in Fig. 3) among several 

similar cases examined in this study (not shown in the paper).  

4.2 Pathways of twinning and martensitic transformations to accommodate the 

external and internal stresses 

In the view of local microstructure evolution, the deformation starts, in the grains 

dominated by twinning, with the formation of band-like variants of primary 

{332}<113>β twinning. The secondary products, SIMα″ and {332}<113>β twinning, 

occur due to the change of the β orientation by primary twinning operation and also 

possibly due to the stress concentrations at primary {332}<113>β twinning boundaries 
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[2, 10, 14]. In the grains governed by twinning and SIMα″, both {332}<113>β twinning 

and primary SIMα″ can nucleate and grow independently in the same grain to 

accommodate the external stresses. This is exemplified by the analysis of a grain with 

orientation I: for this orientation, Schmid factor of {332}<113>β twinning equals to 

0.50 and Schmid factor of SIMα″ equals to 0.41, therefore both Schmid factor are above 

their defined threshold. Indeed, experimental investigation of Figure 2a shows that at 

the onset of the plastic regime, both mechanisms are triggered in this grain. In the 

domain theoretically unfavorable for transformations, i.e. near [001] pole, the Schmid 

factor of the positive SIMα″ variant is always higher than Schmid factor of 

{332}<113>β twinning. Therefore, when stress concentration occurs at grain boundary 

due to the deformation incompatibility with respect to neighbor grains, SIMα″ could be 

activated as the primary deformation prior to {332}<113>β twinning. Nevertheless, 

{332}<113>β twinning could also be activated as secondary deformation mechanism as 

shown in Figure 3 and figure 4. Such secondary {332}<113>β twinning in primary 

martensite mechanism has not be reported in the previous studies of primary SIM α" 

behaviors in TRIP/TWIP alloys [2] [11], which are usually attributed by reversibility of 

martensite to beta matrix [11] or massive detwinning of the martensite [2].  

Secondary transformations are observed in the primary products or at their 

interfaces to accommodate local stress. The peculiar α″ martensite at the {332}<113>β 

twinning boundary (orientation I) exhibits a highly organized structure, in which 

alternate α″ lamellae of fixed thickness form a regular array. The structure is similar to 

the well-known transformation twinning microstructure in martensite. In martensite, 

the function of the array is to obtain an invariant plane strain to accommodate the 

transformation misfit at martensite/austenite boundary as required by the 

crystallographic theory of martensite [24]. Analogously, the α″ array at the 
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{332}<113>β twinning could probably fulfill the similar function to accommodate the 

stress concentration at the twin boundary by highly organized martensitic 

transformations. It has been well documented that very high stresses are generated in 

the boundary area of a deformation twin which is confined within an externally stressed 

parent crystal [25]. 

In the case of TWIP/TRIP Ti, the highly stressed areas would be at vicinities of 

grain boundary, {332}<113>β twinning boundaries and {130}<310>α″ deformation 

twinning boundaries. The high stress concentration could be related to the primary and 

secondary transformations. In the case of orientation II, the transformation is very hard 

to be activated due to its low Schmid factor for both {332}<113>β twinning and SIMα″. 

As show in the Table 3 the activated SIMα″ variant is CV1, and the Schmid factor of 

CV1 is only 0.27, which is less than the Schmid factor threshold of SIMα″ (0.35, see 

figure 1e). Even though the resolved shear stress is insufficient to activate this variant 

of SIMα″ operation according to Schmid factor calculation, the primary α″ band seems 

to be nucleated at the grain boundary, which would then help to accommodate the stress 

concentration caused by the intersection of grain boundary and SIMα″ (marked by 

green arrows in figure 3a) in adjacent grain. The Schmid factor of the variant SIMα″ 

activated in adjacent grain can be calculated as 0.36, which is higher than the Schmid 

factor threshold of SIMα″. Similar cases can also be observed in other grains belonging 

to the difficult transformation domain (near [001] pole, purple area in Figure 1e) in Ti-

12Mo alloy. Additionally, the secondary {130}<310>α″ deformation twinning in the 

primary α″ band (see Figure 3) is believed to provide extra shear strain along tensile 

direction, resulting in the almost fully reorientated parent α″. As observed in fully 

martensitic Ti alloy under tensile deformation, the reorientation of primary α″ variants 

are controlled by the local Schmid factor and deformation strain along the tensile 
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direction [23]. The α″ variant reorientation is known to be reversible after the removal 

of external stress and sometimes heating the sample and is responsible for the 

macroscopic superelasticity and shape memory effects. Regarding the detwinning 

phenomenon observed at Orientation II (Figure 3), the detwinning process is triggered 

immediately after the unloading, meaning that enough driving force has been stored in 

the material during the loading step. The driving force could be the stress concentration 

at the primary α″ interface. At this boundary, the secondary {130}<310>α″ deformation 

twinning shears is stopped by the primary α″ habit plane. The two shear planes (7 10 

0)α″ for primary SIM α″ transformation and (1 3 0)α″ for secondary twinning intersect 

each other, leading to strain misfit, between the two variant martensite on each side of 

the boundary. These stresses arise from the resistance of the β matrix and α″ martensite 

to the macroscopic change of shape in the twinned volumes [26]. In orientation II of 

Ti12Mo, the accommodation phenomenon of this interfacial stress, thought to be 

operative during tensile loading, is the {332}<113>β twinning branch nucleating at the 

primary α″ boundary after the {130}<310>α″ deformation twinning, that then grows 

into the parent β matrix along a {332}β plane (please note the portions marked by green 

arrows in Figure 3b). It is considered a secondary deformation mechanism related to 

the primary formation of martensite because the {332}<113>β twinning observed here 

has a Schmid factor (Schmid factor of {332}<113>β twinning equals to 0.23) below the 

Schmid factor for SIMα″ (Schmid factor of SIMα″ equals to 0.27), and the Schmid 

factor threshold of {332}<113>β twinning (0.4) is higher than that of SIMα″ (0.35). 

Correspondingly, the portion of {130}<310>α″ deformation twinning aligned with this 

{332}β plane is preserved after the unloading (note the portions marked by black arrows 

in Figure 3b). Regarding to the portion of {130}<310>α″ deformation twinning 

misaligned to accommodative {332}<113>β twinning branch, the detwinning happens 
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probably due to the release of stored backward stress. This leads to the hypothesis that 

the driving force might be weakened (accommodated) by the formation of {332}<113>β 

twinning branch, which therefore stabilizes the {130}<310>α″ deformation twinning, 

preventing it from detwinning after unloading the external tensile stress. Indeed, the 

fact that β grain chooses the {332}<113>β twinning to accommodate the backward 

stress is obviously reasonable, because the shear planes and directions are perfectly 

parallel between the equivalent {130}<310>α″ deformation twinning system and 

{332}<113>β twinning system operating in the same β matrix. Furthermore, the 

{332}<113>β twinning contributes to the overall shear strain for the tensile deformation 

of the grain, even though the resolved shear stress is insufficient to activate such 

twinning operation according to Schmid factor calculation (Schmid factor of 

{332}<113>β twinning equals to 0.23, which is lower than 0.4). Nevertheless, the 

formation of the {332}<113>β twinning branches as an extension of {130}<310>α″ 

deformation twinning into β matrix (marked by yellow arrow in figure 3c), or similar 

cases, have never been reported, according to the authors.  

4.3 Pathways of {332}<113>β twinning formation via {130} <310>α″ deformation 

twinning in martensite 

The situation of accommodation is more complicated in the preserved 

{130}<310>α″ deformation twinning without {332}<113>β twinning accommodation 

(see the portions marked by blue arrows in Figure 3c) in Orientation II. TEM 

observations reveal a complex secondary microstructure in one of this {130}<310>α″ 

deformation twinning that remains after unloading (Figure 4). The origin of these 

secondary features was rationalized by reconstructing their orientation relationships 

and habit planes in a stereographic projection given in Figure 5a along the zone axis 

and directions (A1 and A2, respectively) of figure 4.  
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The interface of the observed main α″ band (marked by blue color in figure 4) and 

β matrix is measured as (1
-
  1 1

-
 )β/(1

-
  2 0)α″.(as shown in figure 5a box 1#). From the 

diffraction pattern (figure 4b) it can be seen the main α″ band has an orientation 

relationship of (130) α″// (3
-
32

-
)β with β matrix (box 2#), which does not conform the 

classic orientation relationship to β matrix. This unexpected orientation relationship, 

compared to the one observed at the meso-scale by EBSD, was interpreted as the 

following: the β matrix (in red in Figure 5a) first formed primary martensite (marked 

by green dot in figure 5), with the conventional habit plane {5 5 7}β. The whole 

martensitic band then deformed by a {130}<310>α″ deformation twinning operation, 

which resulted in an unexpected habit plane and transformed orientation relationship. 

This band, being then fully a {130}<310>α″ deformation twinning, is somehow 

preserved after unloading probably due to the internal microstructure. In it, two variants 

of β phase and one variant of α″ phase are recorded. The two variants of β phase in the 

{130}<310>α″ deformation twinning band, β V1 marked by yellow dots and β V2 

marked by purple dots, conform with the classical orientation relationship (box 4# and 

6#), {211}β //{110}α″, and conventional {557}β habit plane (box 3# and 7#) with 

{130}<310>α″ deformation twinning. Besides, the one variant of α″ conforms a 

{110}<11
-
0>α″ twinning relationship with {130}<310>α″ deformation twinning (box 5#).   

Based on the TEM observations in figure 4, figure 5b and Figure 5c show a 

schematic illustration about the transformation pathway in the grain with orientation II. 

Primary SIM α″ appeared first in the deformation process and then {130}<310>α″ 

deformation twinning forms inside the SIMα″ until filling the whole martensitic volume, 

generating a new variant of α″. Part of it is then transformed via {110}α″ twinning mode. 
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Additionally, two variants of β phase are formed in the {130}<310>α″ deformation 

twinning needle. Among them, one variant (β V1) shows a {332}<113>β twinning 

orientation relationship with the β matrix while the other variant (β V2) does not 

conform to any known orientation relationship to the β matrix. It should be noticed that, 

the {332}<113>β twinning (β V1) exhibits a much longer interface trace with the 

{130}<310>α″ deformation twinning martensite than with the β matrix, suggesting that 

the {332}<113>β twinning (β V1) should form from the reverse martensitic 

transformation from α″ to β phase. This is the first experimental observation that the 

formation of {332}<113>β twinning can be induced by the reverse transformation from 

{130}<310>α″ deformation twinning in Ti-12Mo alloy. Thanks to the formation of 

{332}<113>β twinning (β V1), the habit plane between {332}<113>β twinning (β V1) 

and {130}<310>α″ deformation twinning becomes the normal {332}<113>β twinning 

interface (marked by red dashed line in figure 4a), showing deflections along the 

original trace (7-55)β habit plane (marked by yellow dashed line in Figure 4a). However, 

the rest (marked by blue dashed line in figure 4a) of the interface between the primary 

twinned α″ needle and the matrix can be identified as (111)β, which are still far from 

the ideal lattice invariant configuration ({755}β habit plane) between the α″ and β 

matrix, since the {130}<310>α″ deformation twinning is directly in contact with the β 

matrix without the parent primary α″ as intermediate layer (can be seen in Figure. 4b 

and outlined in Figure 5c). Based on the observation that the {130}<310>α″ deformation 

twinning is actually preserved with such microstructure, it is thought that all these 

internal transformations may be responsible for stabilizing the non-lattice-invariant 

interface, thus inhibiting the detwinning of the {130}<310>α″ deformation twinning 

otherwise observed in EBSD. 
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5. Conclusion  

In this work, we proposed a method to describe and predict the distribution of the 

primary deformation mechanisms for all the grain orientations in TRIP/TWIP Ti alloys. 

The proposed method is based on the experimental transformation partition maps and 

the computation of a series of theoretical transformation partition maps for different 

combinations of Schmid factor thresholds for {332}<113>β twinning and SIMα″. The 

following main results are obtained. 

1. The transformation pathway in Ti12Mo depends on the grain-orientation. The 

transformation pathways could be partitioned into four orientation domains in the 

stereographic triangle based on the Schmid factor simulation, leading to 

“transformation partition maps”. They correspond to twin-dominated- or 

martensite-dominated-deformation or a combination of both or the domain 

unfavorable for both transformations.   

2. The transformation pathways are highly diversified in TRIP/TWIP alloys due to the 

operations of the two transformations in a cascade manner with respects to the 

external tensile stress resolved in each grain; to the deformation incompatibility 

between neighbor grains belonging to different orientation domains; and to the 

strain-stress misfits at newly formed interfaces by {332}<113>β twinning and 

SIMα″. The transformations are adaptive to the local deformation condition at each 

grain without a unique pathway.  

3. Experimental evidences are highlighted on the unprecedented formation 

mechanisms of {332}<113>β twinning assisted by martensite {130}<310>α″ 

deformation twinning via two different ways. 
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Figures: 

 

Figure 1: (a) Experimental transformation partition map : Experimental Invers 

pole figure of the statistic of the primary deformation products in different Ti-

12Mo grains by in-situ EBSD under tensile strain (ε =0.02); (b~d) invers pole 

figure showing the distribution of the highest SF of {332}<113>β twinning(b) ,all 

variant of SIMα″(c), and the variant of SIMα″ with positive value of εi under 

tensile deformation; (e) theoretical transformation partition maps: invers pole 

figures of the calculation of the orientation domains as a function of the 

combinations of threshold SFs. The one marked by a dash square conforms the 

domain distribution observed experimentally in (a). The normal direction of 

invers pole figures is along the tensile direction.  
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Figure 2. EBSD and TEM investigations at grains with orientation I: (a) invers 

pole figure maps and phase + IQ maps of the deformed sample taken at ε=0.02 

(holding tensile stress); (b) bright-field image of a {332}<113> with interfacial 

SIMα″ in sample taken at ε=0.05 (unloading), (c-d) diffraction pattern taken from 

region indicated by circle in (b), (e) and (f) corresponding dark-field images of one 

variant of SIMα″and of the β matrix, respectively, and (g) key diagrams 

corresponding to the diffraction pattern in (c).  
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Figure 3. invers pole figure maps and phase + IQ maps of grain with orientation 

II taken from the same region at strain steps of (a) ε=0.02, (b) 0.05 (holding tensile 

stress), and (c) 0.05 (stress released).  
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Figure 4 TEM observations of a grain with orientation II in a specimen strained 

to 0.05 and unloaded. Micrographs of (a) bright field image, (b-e) dark field 

images and their corresponding diffraction patterns (DP) associated by arrows to 

the locations of the interfaces.  
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Figure 5 (a) The stereographic projections of the poles for all the deformation 

variants, identified in Figure 4 (orientation II) at the observation area along ZA 

[110]β / [001]α″ . The orientation relationship and habit planes are indexed in the 

text blocks around the pole figure. The normal of the observed traces are plotted 

in the pole figure by dash lines; (b) and (c) transformation path under tensile stress. 

The {332}<113>β twinning relationship is identified between β matrix and β V1. 

The color code used in the Figure is the same one as in Figure 4. 


