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Abstract. We have investigated {332}<113> twinning and detwinning mechanisms in a 

multilayered Ti-10Mo-xFe (x =1–3) alloy fabricated by multi-pass hot rolling. A strong 

influence of the Fe-graded structure on both phenomena is observed. The propagation of twins 

that are nucleated in Fe-lean regions (~1 wt.% Fe) is interrupted in the grain interiors at about 

2 wt% Fe. We ascribe this effect to the role of the Fe content on the stress for twin propagation. 

The unusual twin structure determines the subsequent detwinning process upon thermal 

annealing. This process consists of two independent detwinning events that occur at two 

different microstructural regions, namely at twin tips located at grain interiors and at grain 

boundaries. Both detwinning modes can be explained from a thermodynamic standpoint 

whereby the boundary dissociation processes minimize the boundary free energy. 

1. Introduction 

In the last decade, -Ti-Mo alloys have received considerable attraction as structural materials in 

several technological areas including the aerospace, automotive and biomedical industries. These 

alloys exhibit an outstanding combination of high specific strength, low elastic modulus and excellent 

bio-compatibility [1-6]. From an engineering standpoint, several processing techniques such as rolling, 

drawing and forging are typically used to optimize their mechanical behavior. For instance, Min et al. 

[6] have recently processed a multilayered bcc-Ti-10Mo-xFe (x= 1-3 wt.%) alloy by multi-pass hot 

rolling that exhibits a superior combination of strength and ductility (yield strength of 800 MPa; total 

elongation of 28%), compared to those of the individual alloys. This material contains a macroscopic 

gradient in Fe that tailors the combination of specific deformation mechanisms, namely <111> 

dislocation slip [7-9] and {332}<113> deformation twinning [10-12], resulting in superior mechanical 

behavior.  

The activation of deformation modes in -Ti-Mo alloys is associated with the stability of the -Ti 

(bcc phase) compared to the -′and -″stress-induced phase transformation [13-15]. In bcc-

stable -Ti-Mo alloys the propagation of {332}<113> twins play an important role on the strain-

hardening behaviour. The influence of microstructure on twin propagation is a complex phenomenon 

due to the different types of interfaces that exist in the microstructure (grain boundaries and twin 

interfaces), resulting in complex twin-interface interaction phenomena [16-21]. On the other hand, 

multilayered materials contain another microstructural feature that also influences twin propagation, 

namely, a chemical graded structure. The propagation of twins through a composition gradient may be 
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different to that occurring in homogeneous alloys due to solute effects on twinning [10, 11, 16, 18-20]. 

Another relevant feature of twinning is the thermal and mechanical stability of twin interfaces upon 

thermal annealing, including strain path reversion at room/high deformation temperature or under 

specific stress states. This phenomenon is associated with the thermal and mechanical stability of twin 

interfaces, which is controlled by the twin interface structure [16, 21, 22]. In bcc metals, the 

detwinning mechanism has hardly been analyzed [23] in spite of the large number of reports on 

{112}<111> and {332}<113> twinning modes [11, 16, 24, 25]. The present work aims at investigating 

different aspects of {332}<113> twinning and detwinning in a multilayered -Ti-10Mo-xFe (x: 1-3). 

We investigate the propagation behaviour of twins through the Fe-graded structure and the detwinning 

behaviour upon thermal annealing at 900°C. Twin and detwin structures are characterized by electron 

backscatter diffraction (EBSD) and electron channeling contrast imaging (ECCI).  

2. Experimental procedure 

The material investigated in this work was a multilayered material consisting of ten alternating layers 

of Ti-10Mo-1Fe and Ti-10Mo-3Fe (wt.%) alloys. The material was fabricated by multi-pass hot 

rolling at 1000 °C from individual layers of about 3.5 mm in thickness, and was subsequently solution 

treated at 900 °C for 1 hour followed by water quenching. Details of the processing procedure are 

described in [7]. The final thickness of the as-processed 10-layer material was about 2.7 mm. Tensile 

samples were machined from the multilayered material and from individual alloy sheets, namely, Ti-

10Mo-1Fe, Ti-10Mo-2Fe and Ti-10Mo-3Fe. The tensile samples had an 18 mm gage length, a 4 mm 

gage width and a 2.5 mm gage thickness. The tensile axis was parallel to the rolling direction (RD). 

The detwinning process was investigated in samples annealed at 900 °C for 60 and 90 seconds in air 

followed by water quenching, as suggested by a former study [23]. Tensile tests were performed in an 

Instron 5581 tensile machine at room temperature and at an initial strain rate of 1 × 10
-5 

s
-1

. Twin and 

detwin structures were examined on the longitudinal section defined by the tensile direction (TD) and 

normal direction (ND). Microstructural characterization was performed using two electron microscopy 

techniques, namely, electron channeling contrast imaging (ECCI) and electron backscatter diffraction 

(EBSD) in a Sigma Zeiss field emission gun scanning electron microscope (FEG-SEM) equipped with 

a backscattering electron detector (BSE) and a TSL orientation imaging microscopy (OIM) EBSD 

system. ECC images were obtained with optimum channeling contrast following the procedure 

described in [26]. ECCI was carried out at a working distance of 4 - 5 mm and at 9 kV accelerating 

voltage using an aperture size of 120 μm. EBSD maps were taken at 20 kV accelerating voltage, a 

working distance of 15 mm and with step sizes ranging between 100 nm and 2 µm. Elemental 

mapping was performed using electron probe microanalysis (EPMA) on a JEOL JXA-8900F system 

operated at 15 kV. 

3. Results and discussion 

Figure 1 shows the deformation microstructure (a) and the elemental distribution (b) of the 

multilayered material tensile-deformed to a true strain of 0.04. The elemental map shows that the 

multilayered alloy contains a macroscopic gradient of Fe, ranging between 1 and 3 wt%, distributed in 

the form of bands parallel to the RD. The Ti and Mo are homogeneously distributed within the Fe-

graded structure [28]. The Fe-graded bands are about 130 μm thick and are situated between the 

original 1 wt.%Fe and 3 wt.%Fe layers, which are about 50 μm thick.  
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Figure 1. (a) ECC image of the deformation structure of the multilayered Ti-10Mo-xFe (x = 1–3) 

material tensile deformed to 0.04 true strain. (b) EPMA map showing the Fe distribution [27]. 

 

Figure 2(a) shows an example of the deformation structure of a grain oriented close to the [1 15 16] 

crystallographic direction. The figure reveals that the deformation structure is formed by {332}<113> 

deformation twins and by <111> slip traces. This structure is similar to that reported in conventional 

(chemically homogeneous) β-Ti-Mo alloys [9, 10]. However, in the present multilayered Ti-Mo-Fe 

alloy the propagation of deformation twins is interrupted within the grain interiors. In particular, in the 

grain shown in figure 2(a) twins are nucleated at the grain boundary GB1 (TN: twin nucleation) and 

are interrupted in the grain interior at about 1.8 wt% Fe (TT: twin tip). Elemental mapping reveals that 

the grain contains a Fe gradient of about of about 0.01 wt% Fe/μm over a region 160 μm long. The Fe 

content varies between 1.2 wt% (at the grain boundary, GB1) and 2.8 wt% (at the low angle grain 

boundary marked LAGB2). In the same area the Mo content is relatively homogeneous and ranges 

between 9.8 and 10.2 wt%. The EPMA line analysis in figure 2(b) shows that the Fe variation within 

the graded structure is smooth, i.e. no sharp homophase interface occurs. Interestingly, under the 

current thermomechanical conditions, the role of precipitates such as ω-omega phase, on the 

precipitate-twin interaction can be ruled out due to their small volume fraction (<0.01) and their 

shearable nature [28]. These observations indicate that the variation in Fe content is the main 

microstructural parameter controlling twin propagation. 

 

Figure 2. (a) ECC image of the deformation structure of a grain oriented close to [1 15 16]; (b) 

chemical line analysis performed by EPMA along the dashed line within the grain shown in (a). TN: 

twin nucleation; TT: twin tip; GB: grain boundary; LAGB: low angle grain boundary [28]. 

 

As the processed material does not contain any sharp interface between chemical layers, due to the 

evolution of the original layer interfaces into migrating grain boundaries, we assume an iso-stress 

condition for the in-grain propagation of twins. In order to clarify the role of Fe content on twin 
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propagation, we have experimentally determined the twinning stress, tw, of the Ti-10Mo-xFe (x = 1–

3) system. We define tw as the macroscopic stress at which twins are detected. According to 

dislocation-based models of twinning in bcc metals, the experimental twinning stress corresponds to 

the stress to grow an existing twin nucleus [16, 19, 20, 25]. Specifically, tw for each of the three 

individual alloys, namely Ti-10Mo-1Fe, Ti-10Mo-2Fe and Ti-10Mo-3Fe (wt.%), was determined by 

tensile loading experiments. The alloys contained similar average grain sizes of ~250 μm in order to 

avoid any grain-size effects on the twinning stress. In the alloys with lower Fe content, i.e. Ti-10Mo-

1Fe and Ti-10Mo-2Fe, {332}<113> twins readily formed at yielding. For these alloys we thus 

consider the twin stress to equal the yield stress. In contrast, deformation twins were not visible in the 

Ti-10Mo-3Fe alloy at any investigated strain level. Accordingly, we can only estimate a lower bound 

of the twinning stress for this alloy system. The experimental values of the twin stress as a function of 

Fe content are plotted in figure 3. 

 

Figure 3. Effect of Fe content on the twinning stress in the Ti-10Mo alloy system. Error bars indicate 

the experimental deviation [27]. 

 

Figure 3 shows that twinning stress increases with Fe content. Specifically, we observe that 

additions of Fe higher than 1 wt% promote a significant increase of the twinning stress, namely, 2 

wt% Fe increases the twinning stress about 205 MPa, and 3 wt% Fe increases the twinning stress at 

least 330 MPa compared with the 1 wt% addition. These findings indicate that the stress to propagate a 

twin plate nucleated in a Fe-lean region and propagating through a Fe-graded structure increases 

significantly with the propagation distance. For the graded alloy in the present study the deformation 

conditions are such that the macroscopic applied stress is about 830 MPa, which is slightly higher than 

the twinning stress for the Ti-10Mo-2Fe alloy (tw = 780 MPa). This result indicates that twins 

nucleated in the Fe-lean region (~1 wt% Fe) are able to propagate within the interior of a grain up to 

an area containing about 2 wt% Fe, which is close to the experimentally observed value of 1.8 wt% Fe.  

{332}<113> detwinning was also investigated using EBSD in a grain oriented favorably for 

deformation twinning, namely the [-13 14 5] crystallographic direction (Schmid factor, SF, for 

twinning of 0.49), see figure 4. At a true strain of 0.04 (figure 4a) the grain contains two active twin 

systems, namely (3-32) [1-1-3] and (233) [-311], which correspond to the twin systems with the 

highest Schmid factors (SF = 0.49 and SF = 0.3, respectively). Due to the negligible volume fraction 

of secondary twins, we have only analyzed the detwinning mechanism of primary twins, i.e., the (3-

32) [1-1-3] system. Figure 4(b,c) shows the further evolution of the twin structure after short annealing 

treatments at 900°C of either 60 s (figure 4b) or 90 s (figure 4c). The IPF-EBSD maps show that 

detwinning is characterized by the gradual detachment of the twinned volumes from grain boundaries 

(GB) and also show the evolution of the boundaries that form the twin tip (TT) into a single twin 

boundary. These results indicate that the unusual deformation twin structure of the present 
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multilayered material (figure 2) determines the detwinning behaviour, which is characterized by two 

independent events occurring at different microstructural regions, namely twin tips (TT) located in 

grain interiors and at grain boundaries (GB). 

 

Figure 4. IPF-EBSD maps colored according to the tensile axis direction showing the evolution of the 

{332}<113>twin structure with annealing time at 900 °C in a grain with [-13 14 5] crystallographic 

direction; (a) deformation twin structure at 0.04 true strain; (b) detwinned structure at 900 °C/60 s; (c) 

detwinned structure at 900 °C/90 s. (GB grain boundary; TT twin tip.) [29] 

 

Figures 5(a,b) show the evolution of the detwinning process occurring at twin tips in more detail. 

The underlying boundary reactions were analyzed by EBSD. Twin crystals are delimited by coherent 

twin boundaries (CTBs), characterized as twin boundaries with angle/rotation axis pair of 50.5°/<110>. 

Twin tips are formed by incoherent twin boundaries (ITBs), which are characterized as twin 

boundaries with angle/rotation axis pair of 60°/<110>, figure 5(a). Upon annealing at 900°C for 60 s, 

ITBs evolve into a single 3 boundary that is characterized by an angle/rotation axis pair of 

70.3°/<110>, figure 5(b). The evolution of a high angle grain boundary into a 3 boundary has been 

frequently observed in [110]-misoriented tilt boundaries, such as 11 boundaries, in fcc metals [21, 

30]. The process can be explained from a thermodynamic standpoint since the reaction process 11 → 

3 minimizes the overall boundary free energy. In the present detwinning event, the driving force for 

the subsequent mobility of the 3 boundaries upon thermal annealing is the stored energy of plastic 

deformation localized around the twin tips [27]. 

   

Figure 5. Evolution of the {332}<113> detwinning process at twin tips. (a) Deformation twin 

structure at 0.04 true strain. (b) Detwinned structure at 900 °C/60 s. (c) Detwinning process at a grain 

boundary upon annealing treatment of 900 °C/90 s.  indicates misorientation angle; GB grain 

boundary; CTB coherent twin boundary; ITB incoherent twin boundary. 
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Figure 5(c) shows details of the detwinning events occurring at grain boundaries. Specifically, this 

figure shows the detwinned structure close to a grain boundary after annealing 900°C for 90 s. It can 

be seen that detwinning process is characterized by the detachment of the twinned volumes from grain 

boundaries by the formation and migration of incoherent twin boundaries (ITBs) that are 

perpendicular to the existing 11 {332} CTBs, as revealed by plane trace analysis. Crystallographic 

analysis by EBSD reveals that ITBs correspond to 11 {113} incoherent twin boundaries that are 

characterized by an angle/rotation axis pair of 50.5°/<110>. The detwinning process occurring at grain 

boundaries can also be explained from a thermodynamic standpoint where the boundary dissociation 

process minimizes the overall boundary free energy [21,31,32]. Recent calculations of grain boundary 

energies in bcc metals (Fe and Mo) by the embedded atom method have shown that 11 {113} is a 

low energy grain boundary [31, 32] and hence, its formation reduces the grain boundary free energy. 

Thermal energy triggers the subsequent migration of ITBs resulting in the formation of large-scaled 

facets in the twin interface structure upon thermal annealing, as seen in figure 5(c).  

The present results indicate that the detwinning process occurring at grain boundaries is controlled 

by the formation and migration of 11 {113} ITBs, which leads to the formation of large facets in the 

detwinned structure that are perpendicular to the existing CTBs. It is worth commenting that the 

geometry of the detwinned structure observed in the present bcc-TiMoFe alloy is similar to that 

commonly observed in fcc metals consisting of 3 {111} CTBs containing perpendicular facets 

formed by 3 {112} ITBs [21, 30, 33, 34]. In fcc metals, 3 {112} ITBs are represented by a set of 

Shockley partial dislocations on every {111} plane with a repeatable sequence b2:b1:b3 (where bi 

represents the Burgers vector of the Shockley partials) and where the sum of the Burgers vectors in 

each unit set of three planes equals zero. However, as the crystal defect configurations of 11 {332} 

CTB and 11 {113} ITB are still unknown [10–12] we cannot perform a sound analysis of the 

{332}<113> detwinning structure. Further work is required to elucidate this relevant point. 

Interestingly, the role of ITBs on the twinning and detwinning processes in fcc metals such as coarse 

grained, nanocrystalline and sputtered thin films has been recently addressed [33,34]. These works 

suggest that the formation and migration of ITBs control the kinetics of detwinning. The present 

results also underline the key role of ITBs on the detwinning of {332}<113> twins in bcc–Ti–Mo 

alloys and, in particular, on the detachment of twins from grain boundaries. Further work is, however, 

required to understand the mechanism of formation and migration of {113} ITBs in bcc–Ti–Mo alloys. 

4. Conclusions 

We have investigated using EBSD and ECCI the propagation and detwinning behavior of {332}<113> 

twins in a multilayered Ti-10Mo-xFe (x = 1–3) alloy fabricated by multi-pass hot rolling. We observe 

that the Fe-graded structure has a significant influence on both phenomena. The propagation of twins 

that are nucleated at grain boundaries in Fe-lean regions (~1 wt% Fe) is interrupted in the grain 

interior at an Fe concentration of about 2 wt%. We ascribe this effect to the strong influence of the Fe 

content on the stress for twin propagation. Additionally, it is found that the detwinning process upon 

thermal annealing consists of two independent detwinning modes that occur in two different 

microstructural regions, namely twin tips located in grain interiors and at grain boundaries. The first 

detwinning mode is characterized by the evolution of incoherent twin boundaries (ITBs) into a 3 

boundary followed by subsequent migration of the 3 boundary. The second detwinning process is 

characterized by the detachment of twin volumes from a grain boundary by the formation and 

migration of  11 {113} incoherent twin boundaries (ITBs). Both detwinning modes can be explained 

from a thermodynamic standpoint whereby the observed boundary dissociation processes minimize 

the boundary free energy. 
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