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Abstract. We have investigated twinning-microstructure relations in β-Ti alloys by statistical analysis of the evolving
twin structure upon deformation by in-situ SEM testing and electron backscattering diffraction (EBSD). In particular,
we have analyzed the effects of crystallographic orientation, grain size and chemical gradient structure on the
nucleation and propagation behavior of {332}<113> twins in a β-Ti-15 Mo (wt.%) alloy and a multilayered β-Ti-
10Mo-xFe (x: 1-3 wt.%). Microstructural parameters such as number of twins per grain and number of twins per grain
boundary area were statistically analyzed.

 

1. Introduction

Deformation twinning is considered as a key deformation mode to design structural β(bcc) Ti-alloys with enhanced
mechanical properties. The formation of a twinning substructure upon straining tends to enhance the strain hardening
behavior of polycrystalline materials and accordingly, novel alloy design strategies are currently developing to
optimize the twinning substructure in bcc-Ti alloys [1-6]. In particular, in these alloys two twinning systems have been
reported, namely, {112}<111> and {332}<113> [1-3, 6-12]. The nucleation mechanisms of these deformation twin
systems are still under debate as well as the alloying dependence of the activation of these deformation modes. {332}
<113> is the common twinning mode reported in bcc-Ti alloys [1, 2, 4, 5, 7, 8, 11]. This unusual twinning system has
been ascribed to either the low magnitude of the shear modulus along <110> directions on {110} planes (G110 = ((c11 -
c12)/2)) of the β phase (this effect favors the specific atomic shuffling involved in the {332}<113> twinning system
[7]), or the '' – β phase transformation [8]. On the other hand, {112} <111> twinning system is the common twinning
system in bcc metals [11]. However, in bcc-Ti alloys this twinning system has been only reported in a Ti-12 Mo alloy
[6] and in some multicomponent alloy systems such as Ti-V-Fe-Al [3], Ti-Mo-Cr [12] and Ti-Mo-Cr-Al-Sn-Zr [5]. In
polycrystalline materials, twinning behavior upon straining is strongly dependent on several microstructural features
such as grain orientation, grain size, grain boundaries, pile-ups, crystal defects, slip bands, twin interfaces and cracks
[11, 13-20]. Deformation twins have been observed mostly to occur in grains whose orientation results in a high
resolved shear stress on the twin system [11, 15]. In particular, several works on β-Ti alloys have reported that {332}
<113> twinning system follow Schmid’s law with respect to the macroscopic applied stress [9, 21, 22]. However,
recent reports on hcp metals (Mg, Zr and -Ti) have revealed that a large number of grains (~ 40 – 60 %) with low
macroscopic Schmid factors also contain deformation twins, which makes the validity of the Schmid’s law
questionable [23-26]. Grain boundaries and, in particular, their crystallographic structure and connectivity paly a strong
role on twin nucleation and propagation. Grain boundaries (including triple lines and quadruple points) are the primary
locations for stress concentrations in polycrystals that can supply the energy necessary to overcome activation barriers
for twin nucleation to occur. For instance, grain boundary misorientation has been reported to play significant role on
twin nucleation and propagation in hcp metals [23, 24, 26]. These results underline the importance of microstructure on
twinning behavior in bcc-Ti alloys. The present work reports quantitative analysis of microstructure-twinning relations
in β-Ti alloys. These relations were investigated by statistical analysis of the evolving twin structure upon deformation
at room temperature by in-situ SEM testing and electron backscattering diffraction (EBSD).

 

2. Experimental section

Two bcc-Ti alloys were investigated, namely, a Ti-15Mo (wt.%) alloy and a multilayered Ti-10Mo-xFe (x: 1-3; wt.%)
alloy. The Ti-15Mo (wt.%) alloy was prepared by cold crucible levitation melting under Ar gas atmosphere. The ingot
was hot forged at 1000°C to 40% thickness reduction and thereafter hot rolled at 900°C to 75% thickness reduction
followed by air-cooling. The hot-rolled material was subsequently solution-treated for 1 h at 900°C followed by water
quenching. The as-hot rolled material was finally annealed for 1 h at 1000°C. The multilayered alloy consisted of ten
alternative layers of Ti-10Mo-1Fe and Ti-10Mo-3Fe alloys and it was processed following the method described in
[27]. Tensile samples were machined out from the Ti alloys along the rolling direction (RD). The tensile samples of the
multilayered alloy had 18 mm gage length, 4 mm gage width and 2.5 mm gage thickness. Tensile tests were performed
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in an Instron 5581 tensile machine at room temperature and at an initial strain rate of 1×10-5 s-1. In-situ SEM tensile
tests were conducted in a tensile stage manufactured by TSL Solutions Japan (Sagamihara-shi, Japan) using a 1000 N
load cell. In-situ SEM tensile samples were flat dog-bone shaped samples with gage dimensions of 2.0 mm wide, 1.0
mm thick and 10 mm long. Mechanical tests were performed at room temperature at a constant displacement rate of
0.005 mm/s, which is equivalent to a strain rate of 2×10-4 s-1, to  ~ 10% by using a screw-driven tensile stage placed
inside the SEM. SEM images were taken in a Sigma Zeiss field emission gun scanning electron microscope (FEG-
SEM) equipped with a TSL orientation imaging microscopy (OIM) EBSD system. EBSD maps were performed at 20
kV, at working distance of 15 mm and step sizes between 100 nm and 2 µm. Statistical analysis of surface twinning
events was evaluated over 350 twinning events. We only evaluated twins that significantly contribute to the overall
plastic deformation, i.e. micron-scale twins that are associated with a nucleation event followed by in-grain propagation
of a detectable twin. Active twin systems were identified by the twin place trace approach described in [28]. Schmid
factors of active twin variants were calculated with respect to the sense and direction of the macroscopic loading, using
the twin plane (K1) and shear direction (η1). For each grain, the twelve possible twin variants v(i) were classified in
order of decreasing Schmid factor m(i) (i: 1, … 12). Variant v(1) has the highest Schmid factor m(1) and the twelfth
variant v(12) the lowest m(12).

 

3. Results and discussion

3.1 Effect of crystallographic grain orientation

We have investigated the effect of crystallographic grain orientation on {332}<113> twinning in a bcc-Ti-15 Mo alloy.
Fig. 1 shows the twin structure of the Ti-15Mo alloy  tensile deformed to : 430 MPa/e: 0.9% (a) and : 530 MPa/ :
8.8% (b). It can be seen that winning is activated readily after yielding. EBSD reveals that the twin structure consists of
primary twins, i.e. twin variants with the highest Schmid factor v(1), and secondary twins (twin variants with Schmid
factors v(2) to v(12)). Primary twins nucleate at grain boundaries (including triple lines and quadruple points) and
secondary twins nucleate at both grain boundaries and primary twin interfaces.

Fig. 1. (a) SE-SEM image of the {332}<113> twin structure strained to 430 MPa/ : 0.9% in a Ti-15Mo alloy; (b) EBSD map along TD
(deformation stage:  530 MPa/ : 8.8%) [28].

The effect of crystallographic grain orientation on deformation twinning is analyzed in Fig. 2. In particular, Fig. 2(a)
shows the distribution of the Schmid factor for twinning m of the active twin variants. This plot reveals that most of the
active twin variants follow the Schmid law with respect to the macroscopic applied stress, i.e. 80% of the twinned
grains are favorably oriented for twinning with m > 0.4. This finding agrees with several reports on {332}<113>
twinning in several β-Ti alloys [9, 21, 22]. Interestingly, this plot also shows that twins appeared in grains over a wide
range of m, i.e. they also appeared in grains oriented less favorably for twinning. The relative frequency of the twin
variants is plotted in Fig. 2(b). This plot shows that most of the active twin variants (~85%) are v(1)-type, i.e. they
correspond to the highly stressed twin system. These findings show that about 15 - 20% of the twinning events
analyzed in the present bcc-Ti alloy deviate from the Schmid law. Similar observations to those reported here have
been recently observed on {10-12} twinning in hcp metals such as Mg and Zr [14, 24, 25, 29]. However, the fraction of
twinned grains with unfavorable orientations observed in these materials, i.e. ~ 40 - 60%, is much higher than that
observed in the present study (~ 20%). This effect is related to the underlying mechanism controlling the growth of
twin variants with low macroscopic Schmid factor that can be ascribed to phenomena such as local strain accomodation
effects, competition between twin back-stress and in-grain stress state, and stress fluctuations at grain boundaries [25,
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30, 31]. Interestingly, our analysis reveals that most of the growth twins correspond to the higher stressed variant. This
result agrees with that obtained by Hanada et al. [32] in single crystals of β-TiNb alloys.

Fig. 2. (a) Twin number fraction as a function of the Schmid factor for twinning; (b) Twin frequency of v(1)…v(12)-type active twin variants
[28].

 

3.2 Effect of grain size

The role of grain size on {332}<113> twinning was analyzed in the Ti-15 Mo alloy system by the analysis of the
evolution of primary twinning upon straining. Two samples were analyzed, namely, a fine grain size sample (SG,
average grain size of 40 m) and a coarse grain sample (LG, average grain size of 120 µm). Fig. 3 shows the number
of twins per grain ntw as a function of the plastic strain (a) and macroscopic stress (b). These plots show that the
evolution of ntw with plastic strain follows the same trend on both samples. Specifically, ntw gradually increases with
plastic strain up to strain level of ε ~1.5 – 2.5%. Thereafter, it rises in a moderate fashion. This plot also reveals that the
grain size has significant role on ntw. Specifically, ntw in LG is about 1.5 times higher than that in SG. The evolution of
ntw with stress exhibits a more complex trend (Fig. 3(b)), which is related to the flow stress dependence on twin
parameters such as twin thickness and twin spacing. It can be seen that in the SG sample ntw scales almost linearly with
stress within the whole deformation range, up to  ~ 540 MPa. On the other hand, in the LG sample ntw scales linearly
with stress only within the early stages of deformation, up to  ~ 450 MPa. From that point on, ntw increases
remarkably from 4.0 to 9.8 in a small stress range of about 75 MPa. The scaling of ntw with grain size has been recently
explained by a probabilistic twin nucleation model where twin nucleation is described as a dissociation process of grain
boundary defects into twinning partials to create a twin nucleus [26,31]. The number of successful conversion events is
considered to follow a stochastic process where the rate is assumed to increase with local stress.

Fig. 3. Evolution of the number of twins ntw with plastic strain, , (a) and macroscopic stress, , (b). SG: Fine-grained sample; LG: Coarse-
grained sample [28].
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We have also analyzed the effect of grain size on the number of twins per unit of grain boundary area, nGBt . Details of
the analysis are described in [28]. The evolution of nGBt with strain level for both samples is plotted in Fig. 4. This
figure reveals that nGBt is significantly reduced with grain size (about six times). It can be also seen that both samples
exhibit similar evolution of nGBt with strain, namely, a rapid increase of nGBt with plastic strain up to strain level of ε ~
2.5–3.0%, and thereafter the increase is slightly moderated. The scaling of nGBt with grain size can be attributed to the
low resolved stress acting on the twin systems of the coarse-grain sample [28].

Fig. 4. Evolution of the number of twins per grain boundary area nGBt  with plastic strain, . SG: Fine-grained sample; LG: Coarse-grained
sample [28].

 

3.3 Effect of chemical gradient

Homophase interfaces such as grain boundaries, annealing twins, and mechanical twins play a significant role on the
propagation of mechanical twins in bcc metals. In particular, grain boundaries and twin interfaces can act as strong
barriers on twin propagation and, depending on the crystallographic orientation of the crystals involved, may even
completely hinder twin propagation. We have analyzed the effect of a chemical graded structure on the propagation of
{332}<113> deformation twins in a Ti-10Mo-xFe (x = 1–3) alloy. The alloy contains a macroscopic gradient of Fe
ranged between 1 and 3 wt% Fe that is distributed in the form of bands parallel to RD, while Ti and Mo are
homogeneously distributed within the Fe-graded structure, Fig. 5. These bands are about 130 μm thick and are stacked
between the original Ti-10Mo-1Fe and Ti-10Mo-3Fe layers, which are about 50 μm thick. The width of the Fe-graded
structure is determined by the specific thermomechanical conditions [27].

 

 

 

 

 

 

 

 

 

Fig. 5 Typical EPMA map of Fe distribution within a grain of the Ti-10Mo-xFe (x = 1–3) alloy.

We observe that the Fe-graded structure has a significant influence on the twin propagation behavior of {332}<113>
twins. In particular, deformation twins are interrupted in the grain interiors at a specific Fe content, namely, about 2
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wt% Fe, Fig. 6. EPMA and high-resolution EBSD mapping do not reveal the formation of any intragranular homophase
interface such as diffuse chemical interface, low angle grain boundary or annealing twin. 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 the small volume fraction (<0.01) and their shearable nature [33,34]. These findings indicate that Fe
content in solid solution is the main microstructural parameter controlling twin propagation in the chemical graded Ti-
Mo-Fe alloy.

Fig. 6. (a) ECCI image of the twin structure of the Ti-10Mo-xFe (x = 1–3) alloy strained to  ~4%; (b) Chemical line analysis performed by
EPMA along the dashed line of the grain shown in (a). TN: twin nucleation; TT: twin tip; GB: grain boundary; LAGB: low angle grain

boundary [27].

In particular, we found that Fe content has strong influence on the twinning stress in the present alloy system [28]. Our
results reveal that the stress to propagate a twin plate that is nucleated in the Fe-lean region (~1 wt% Fe) and
propagates through the Fe-graded structure increases significantly with the twin propagation length from the grain
boundary. At the current deformation conditions, 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 experimental value of 1.8 wt% Fe.

 

4. Conclusions

We have investigated microstructure-twinning relations in the {332}<113> twin system by quantitative characterization
of the deformation twin structure in a polycrystalline β-Ti-15Mo (wt.%) alloy and a multilayered β-Ti-10Mo-xFe (x: 1-
3 wt.%) alloy by in situ SEM and EBSD. We find that most of the primary twins (~80%) follow the Schmid’s law with
respect to the macroscopic stress. We also observe that most of the growth twins (~85%) correspond to the higher
stressed variant. These findings suggest that the twin systems with the highest Schmid factor are also those systems that
are most strongly stressed at the grain level. We find that in the grain size range studied here (40–120 m), grain size
has strong influence on the number of twins per grain ntw and number of twins per grain boundary area nGBt . We
ascribe these effects to the grain size dependence of different twin stress components. On the other hand, we observe
that a Fe-graded structure has strong influence on the twin propagation behavior so that twins are interrupted at the
grain interiors. We ascribe this effect to the role of Fe content on twinning stress.
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