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Transformation Induced Plasticity and Twinning Induced Plasticity (TWIP) titanium alloys
are well-known to display a good combination of strain–hardenability and ductility.
However, a large range of strain–hardening rates, which cannot be predicted by the
actual design method based on electronic parameters, is obtained. In order to explain
this wide range of properties, two different alloys displaying a large difference of
strain–hardening rates, but similar chemical stability, have been studied and compared:
Ti–12Mo and Ti–8.5Cr–1.5Sn (in wt%). Evolution of both twin size and density during
in situ tensile tests has been followed by SEM/electron backscatter diffraction mapping,
and two distinct behaviors can be highlighted: the growth of existing twins (Ti–12Mo)
and the nucleation of new twins (Ti–8.5Cr–1.5Sn) upon loading. The last one may lead
to an improvement of the dynamic Hall–Petch effect by multiplication of twin/matrix
interfaces, with subsequent improvement of the macroscopic strain–hardening. It is
thought that this competition may be related to the crystal lattice distortion induced
by the alloying elements and the subsequent reduction of the migration velocity of the
twin/matrix interfaces.

Impact Statement: This work reports on distinct behaviors of mechanical twins in
TRIP/TWIP titanium alloys, highlighting for the first time a competition between growth
of existing twins and nucleation of additional twins upon loading. This effect is assumed
to be due to the solute-strengthening effect in the studied alloys and modify, as a
consequence, the strain–hardenability of the TRIP/TWIP alloys.

Keywords: titanium alloys, β-metastable, TRIP/TWIP effects, strain–hardening, in situ investigation, lattice
distortion

INTRODUCTION

For a few years, strain-transformable titanium alloys have attracted a lot of attention, thanks to their
specific mechanical properties, allowing a breakthrough from usual β-metastable titanium alloys
mechanical properties (Marteleur et al., 2012; Sun et al., 2013; Brozek et al., 2016; Gao et al., 2018;
Ren et al., 2018; Sadeghpour et al., 2018; Lilensten et al., 2019). The combination of Transformation
Induced Plasticity (TRIP) and Twinning Induced Plasticity (TWIP) effects is now known to lead to
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a drastic improvement of both strain–hardening and ductility
compared to “classical” titanium alloys. The occurrence of the
TRIP and/or TWIP effects in Ti-alloys depends on the chemical
stability of the β-phase, which is influenced by the alloying
elements and the grain orientation depending on the tensile axis.
Indeed, Lilensten et al. (2019) showed that the main deformation
mechanism in a grain can be predicted by the Schmid factor
calculation. So far, most of the design strategies for TRIP/TWIP
titanium alloys have been almost exclusively based on the “d-
electron”–guided approach using the Bo–Md (where Bo stands
for average bond order and Md for average d-orbital energy)
method in order to predict the β-phase chemical stability (Abdel-
Hady et al., 2006). This tool has clearly shown its efficiency
in designing new strain-transformable alloys with a surprising
robustness but failed in predicting the strain–hardenability of
the developed alloys (which is spread over a large range)
because several additional microstructural parameters may be
involved. Yet, strain–hardening is generally attributed to both a
dynamic Hall–Petch effect mainly and to a “mechanical contrast”
effect (Sun et al., 2015; Brozek et al., 2016). So far, the total
twinned fraction has been used as the main consistent variable
to characterize the twinning behavior for different TWIP alloys.
However, recent researches by Zhao et al. (2019, 2020) confirmed
that the key microstructural parameter determining the TWIP-
based hardenability is the dynamically reduced intertwin spacing,
which is as a function of both the twin-density and twin-fraction.
This raises new fundamental questions closely related to twin
evolution mode upon loading, that is, nucleation versus growth of
twins as dominant mechanism to reach a given fraction of twins.
Therefore, further optimization approaches for highly strain-
hardenable alloys now require an improved knowledge to better
understand the “twinability” mode of TRIP/TWIP alloys.

To exemplify these statements, two alloys from the literature
exhibiting a large difference of strain–hardening rate have been
investigated: Ti–12Mo (Marteleur et al., 2012; Sun et al., 2013)
and Ti–8.5Cr–1.5Sn (Brozek et al., 2016) (both in wt%). It
is worth noting that the two alloys display isostability with
respect to the couple of Bo/Md electronic parameters for design.
The active deformation mechanisms have been extensively
investigated previously in these two alloys by the same authors
(Marteleur et al., 2012; Sun et al., 2013; Brozek et al., 2016),
highlighting a stress-induced precipitation of α” martensite and
a dense network of {332}<113> twins. On this basis, it is worth
noting that the present work is focused on the “twinability”
contribution to the macroscopic strain–hardening. The deformed
twinned microstructures have been then correlated with their
observed strain–hardening rates. Based on these observations,
two different families of “twinability modes” have been evidenced.
In order to initiate promising routes toward improved strain–
hardenability, this article proposes to take into account the
solute strengthening nature of the targeted alloying elements in
the design approach. Thus, the main objective of this work is
to bring a first proof of concept related to the close relation
between a “lattice distortion” parameter, directly depending
on the solution-strengthening ability of alloying elements, and
the strain–hardenability of the designed strain-transformable
titanium alloys.

MATERIALS AND METHODS

Small cast ingots of the studied Ti–12Mo (in wt%) and
Ti–8.5Cr–1.5Sn (in wt%) alloys were prepared by arc-
melting furnace under high-purity Ar atmosphere. Element
quantification had been performed for both alloys by EDX
analysis (Rabadia et al., 2018b, 2019). Results are given in
Table 1.

After a first stage of recrystallization heat treatment at
1,173 K under air for 1.8 ks, followed with a water-quenching,
slide-cut samples were cold rolled until 0.6 mm of thickness
(corresponding to 85% of reduction). In order to keep a similar
grain size between the two materials, sheets were re–heat treated
in the β-domain at adequate temperatures: 1,173 K during
1.8 ks for Ti–12Mo (Tβ = 1,073 + 100 K) and at 1,123 K
(Tβ = 1,013 + 110 K) during 1.8 ks for Ti–8.5Cr–1.5Sn under
high vacuum and then water-quenched (Figure 1). As a final
microstructure, both alloys display a fully β structure with an
average grain size of 100 µm. Tensile specimens were prepared by
wire EDM, with gage dimensions of 50 mm × 5 mm × 0.6 mm.
Three uniaxial tensile tests by alloy, showing equivalent results,
were carried out along the rolling direction at room temperature
using an INSTRON 5966 machine with a 10-kN load cell and
an external extensometer with a gage length of 10 mm, at
a strain rate of 1.7 × 10−3 s−1. In situ SEM tensile tests
were performed using a Proxima 100-Micromecha machine
on samples with dimensions 35 mm × 2 mm × 0.6 mm
prepared by electropolishing. Electron backscatter diffraction
(EBSD) scans were collected during straining using a field
emission gun scanning electron microscope operating at 20 kV,
with step size of 0.8 µm. Electron backscatter diffraction
scans were recorded at four stages of strain: 5, 7, 10, and
15%. Electron backscatter diffraction scans at the last stage
of strain (15%) were recorded on the unloaded state after
a slight electropolishing step to remove the surface relief of
a few microns. The different deformation steps have been
selected in order to cover a regular increase of strain from
5%, where twins can be indexed by EBSD analysis, to 15%,
where indexation starts to be more complex and tricky by
EBSD method, due to the strong crystal distortion induced by
mechanical twinning.

RESULTS AND DISCUSSION

Mechanical Properties and Initial
Microstructures
The design strategy of both Ti–8.5Cr–1.5Sn and Ti–12Mo
alloys has been performed based on “d-electron” Bo–Md maps

TABLE 1 | EDX analyses of the Ti–12Mo and the Ti–8.5Cr–1.5Sn alloys.

Ti (wt%) Mo (wt%) Cr (wt%) Sn (wt%)

Ti–12Mo Balance 11.9 – –

Ti–8.5Cr–1.5Sn Balance – 8.4 1.58
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FIGURE 1 | (A) Scheme of the Ti–12Mo and Ti–8.5Cr–1.5Sn thermomechanical sequences. (B) Scheme of tensile specimen dimensions.

(Rabadia et al., 2018a). As stated in various previous works
(Marteleur et al., 2012; Sun et al., 2013; Brozek et al., 2016), the
figurative position of the two alloys has been carefully set to be on
the Md = RT transition line on the Bo/Md stability map, to reach
combined TRIP and TWIP effects upon loading (Figure 2).

After treatment in the β field, both alloys show a fully β

recrystallized microstructure. It is worth noting that the two

investigated materials display similar average grain size (100 µm)
and texture (mainly γ-fiber texture) (Figure 3).

Tensile true stress–true strain curves and associated
strain–hardening rates as a function of strain for Ti–12Mo
(in red) and Ti–8.5Cr–1.5Sn (in blue) are presented in Figure 4
and the tensile properties in Table 2. Young moduli have
been calculated from the extensometer measurements and
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FIGURE 2 | Location of the Ti–12Mo and the Ti–8.5Cr–1.5Sn alloys (in wt%) in Bo−Md map.

corresponded to the linear slope. Work-hardening rate have been
calculated from the true stress–strain curves.

It can be noted that the measured elastic moduli are very
similar between the two alloys, and hence their shear moduli
should be similar as well. Both alloys display classical (and similar
in shape) TRIP/TWIP stress–strain tensile curves with several
apparent successive stages, namely, the more or less marked
plateau from their plastic threshold to ε ≈ 0.1, followed by
a strain–hardening increase, presumably associated to the α”
transformation as reported elsewhere (Miyazaki et al., 1981;
Lilensten et al., 2019) and finally a smooth and stable decrease up
to fracture. It is worth noting that the role of α′′ stress-induced
precipitation in the overall shape of the strain–hardening profile
is actually far to be negligible. The α′′ precipitation may
provide a notable contribution to the observed macroscopic
strain–hardening, inducing a “plateau” shortly followed by a
strong “bump” on the stress-strain curves. This bump can
be interpreted as the elastic deformation contribution of the

newly formed α′′ martensite to the overall strain–hardening
(then, playing the role of an “elastic inclusion”), which ends
when the martensite itself enters into plasticity (at ε ≈ 0.1,
for these two alloys). Comparing the two curves, it can be
observed that the “bump” is actually much higher on the Ti–
12Mo alloy than on the Ti–8.5Cr–1.5Sn alloy. This suggests a
much higher volume fraction of stress-induced precipitated α′′

on deformed Ti–12Mo. This is actually clearly consistent with
the published work on the two alloys (Marteleur et al., 2012;
Sun et al., 2013; Brozek et al., 2016). This fact is noticeable and
has been kept in mind in the course of this work. However,
this is not the main scope of this article because it can be
observed that, despite the larger contribution of α′′ precipitation
in Ti–12Mo strain–hardening rate, the strain–hardenability is
kept to a much higher level on Ti–8.5Cr–1.5Sn alloy, combined
with a higher yield stress. It is presently thought that this
difference of strain–hardenability can be interpreted in terms
of “twinability mode,” related to the dominant mechanism
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FIGURE 3 | Electron backscatter diffraction maps of initial microstructures before deformation of (A,B) Ti–12Mo and (C,D) Ti–8.5Cr–1.5Sn. (A,C) inverse pole figure
(IPF) along the normal direction (ND) and (B,D) Schmid factor maps for the {332}<113> system. Studied areas during in situ tensile tests are indicated by dashed
lines.

FIGURE 4 | (A) True stress-true strain curves of Ti–12Mo (in red) and Ti–8.5Cr–1.5Sn (in blue) and (B) corresponding strain–hardening rate curves.
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TABLE 2 | Tensile properties at room temperature for a 1.7 × 10−3 s−1 strain rate
of the Ti–12Mo and the Ti–8.5Cr–1.5Sn alloys.

Alloy (wt%) E (GPa) σ0.2 (MPa) Rm (MPa) εuniform

Ti–12Mo 83 550 1265 0.36

Ti–8.5Cr–1.5Sn 81 480 970 0.4

(nucleation and/or growth) to reach a high-volume fraction of
twinned crystal.

In situ EBSD Observations of the
“Twinability Mode” in Both Alloys
As often reported in the literature, mechanical twinning appears
to be the main origin of strain–hardening in TRIP/TWIP
titanium alloys, by dynamical reduction of the mean free path
of dislocation (Rusakov et al., 2006; Marteleur et al., 2012; Min
et al., 2013; Brozek et al., 2016; Ren et al., 2018). In order to better
understand the specific twin contribution (beyond the classical
twinning-fraction parameter) to the strain–hardening rate, in situ
monitoring of the deformation has been performed (at the same
stages of strain: 5, 7, and 10% in loaded conditions and 15% after
unloading), using EBSD, for both alloys with a special focus on
mechanical twinning and twin-size evolution, as a function of
external strain. To be able to consistently compare results, several
conditions have been fixed:

(1) As a few studies report an homothetic relationship between
grain size and twin width (Beyerlein et al., 2010; Ghaderi
and Barnett, 2011; Li et al., 2019), thermal treatments have
been adapted for both alloys to reach similar grain size
(∼100 µm).

(2) Measured twin width depending on the grain orientation,
grain orientations have been selected to be similar and close
to <111> (γ fiber, blue color on the inverse pole figure along
normal direction) for observations.

(3) Observed grains have been chosen for their high Schmid
factors with respect to the {332}<113> twinning system.
Therefore, all studied grains have similar orientation along
the normal direction (γ fiber) and an orientation close to
45◦ along the rolling direction. Similarly, a similar grain
environment (texture) has been selected for observations.

Electron backscatter diffraction maps and the corresponding
image qualities are presented in Figures 5, 6 for Ti–12Mo
and Ti–8.5Cr–1.5Sn alloys, respectively. Red lines represent a
CSL (coincidence site lattice) 611 interface, corresponding to
{332}<113> twin boundaries, and confirm the Schmid factors
predictions; that is, selected grains deform mainly by a TWIP
effect. It can also be noted that some α” bands can be observed
on the Ti–12Mo EBSD maps (blue interfaces on Figure 5),
but exhibiting a small Schmid factor with respect to external
stress. It may be postulated that martensite in these grains is
created to accommodate internal stress, as highlighted by Danard
et al. (2019). Comparison of Figures 5, 6 allows highlighting
two different behaviors. The applied stress seems to be mainly
accommodated by twin growth for Ti–12Mo. At the opposite,

FIGURE 5 | In situ follow of the deformation in Ti–12Mo. (A–D) Electron
backscatter diffraction IPF images along the normal direction at 5, 7, 10, and
15% after unloaded (surface slightly electropolished) and (E–H) corresponding
image qualities. Bands in red correspond to a 50.5◦ <110> misorientation
(CSL 611) equivalent to {332}<113> twins and bands in blue to α′′/β matrix
interphases.

the nucleation mechanism appears to be favored in Ti–8.5Cr–
1.5Sn, resulting in a high quantity of twins/matrix interfaces, at
higher strain levels and despite an apparently smaller twinned
area fraction.

To quantify more precisely these evolutions, several
parameters have been measured using image analysis. Thereby,
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FIGURE 6 | In situ follow of the deformation in Ti–8.5Cr–1.5Sn. (A–D) Electron backscatter diffraction IPF images along the normal direction at 5, 7, 10, and 15%
after unloaded (surface slightly electropolished) and (E–H) corresponding image qualities. Bands in red correspond to a 50.5◦ <110> misorientation (CSL 611)
equivalent to {332}<113> twins.
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three parameters have been measured to evaluate twin-size
evolution:

(1) the length of twin/matrix interfaces by surface unit (in
µm−1), estimated from the length of CSL 611 lines (in
µm) given by the OIM software and the size of grains (in
µm2) by image analysis using the ImageJ software

(2) the average fraction of twinned surface per grain, measured
by the ImageJ software

(3) the average number of twins per grain at equal surface areas
using the ImageJ software

The results are reported in Figure 7, in red for Ti–
12Mo and in blue for Ti–8.5Cr–1.5Sn. The low quality of
indexation in some areas (mainly for higher deformation rates)
induces inevitably some uncertainties; nevertheless, some clear
tendencies can be highlighted.

Figure 7A shows that the length of interfaces per surface unit
is much higher for Ti–8.5Cr–1.5Sn that for Ti–12Mo, all along the
strain range. For Ti–8.5Cr–1.5Sn, it increases at the beginning,
and then it starts to stabilize at 10%. At the opposite, for Ti–12Mo,
the length of interfaces per surface unit increases slightly up to 7%
of strain and then decreases. Consequently, at 15% of strain, this
parameter is five times lower in Ti–12Mo than in Ti–8.5Cr–1.5Sn.
The decrease of interfaces quantity in Ti–12Mo can be explained
by the fact that twins grow quickly and just start to coarsen at
7% strain, as it can be seen in Figure 5B. A similar phenomenon
is also visible for Ti–8.5Cr–1.5Sn but only for a strain of 15%
(Figure 6D), explained by the fact that twins widen less in this
alloy compared to Ti–12Mo. For Ti–12Mo, it can be reasonable
to consider that after 15% of strain the grain shows the tendency
to be fully twinned. This coarsening also allows explaining the
reduction of number of twins per grain in Figure 7C, where
it starts to decrease at 7% for Ti–12Mo and at 15% for Ti–
8.5Cr–1.5Sn. Nevertheless, the number of twins per grain for the
studied grains is twice lower for Ti–12Mo than for Ti–8.5Cr–
1.5Sn all over the studied strain range. The combination of a low
number of interfaces and twins per grain for Ti–12Mo seems to
confirm that a growth mechanism is favored to accommodate
the applied stress. At the opposite, twins seem to multiply by
additional nucleation for Ti–8.5Cr–1.5Sn as it is indicated by the
high density of interfaces and twins per grain, suggesting that
the favored deformation mechanism is new twin nucleation in
this alloy. These suggestions are corroborated by the fact that,
starting from the same percentage of twinned surface per grain
at 5% of strain, the total area fraction of twins will increase
much more for Ti–12Mo (Figure 7B), without an increase of twin
boundaries density.

These observations show that two mechanisms, twin growth
and twin multiplication, coexist but may be in competition
during deformation:

(1) The growth of twins appears to be the favored mechanism
for Ti–12Mo, as it can be concluded from the rather
low increase of twin/matrix interfaces length and number
of twins during the deformation as opposed to the high
quantity of twinned surface per grain.

(2) The applied stress seems to be mainly accommodated by
twin nucleation during deformation for Ti–8.5Cr–1.5Sn,
with a large increase of the length of interfaces and of the
number of twins per grain.

For both alloys, it also fits correctly with the evolution of
strain–hardening rates. Indeed, hypothesis can be made that, if
nucleation is the promoted mechanism, it leads to the creation
of a great number of new interfaces, greatly enhancing the
dynamic Hall–Petch effect with a correlated increase of the
strain–hardening, as it appears to be the case for Ti–8.5Cr–1.5Sn
(Rusakov et al., 2006; Marteleur et al., 2012; Brozek et al., 2016;
Ren et al., 2018). On the contrary, if the growth of twins is the
favored accommodation mechanism, the number of interfaces
will not increase during deformation, leading to a minor mean
free path decrease and thereby leading to a moderate strain–
hardening rate, such as for Ti–12Mo. Altogether, the remaining
question is to understand how one of these two deformation
mechanisms can be alternatively favored, depending on the
studied alloy but considering an isostability assumption for the
β phase (with respect to Bo/Md electronic parameters).

Strain–Hardenability of TRIP/TWIP
Titanium Alloys: Twin Growth Versus
Nucleation
The main twinning system activated in TRIP/TWIP titanium
alloys is well-known to be the {332}<113> system. However, its
mechanism of formation is still unclear. Two main models have
been proposed: a mechanism involving shear then shuffle of
atoms (Crocker, 1962) or a model of pole dislocation mechanism
involving partial dislocations sliding (Rusakov et al., 2006). The
second one is in adequacy with Cottrell and Bilby’s theory of twin
nucleation and growth (Cottrell and Bilby, 1951). They propose
that twins are generated by the motion of partial dislocations
into the twinning plane. When the first twin layer is created,
twins then grow by the propagation of partial dislocations in the
neighboring planes. This theory is applied to {332}<113> system
by Rusakov et al. (2006), who proposed a successive slip of partial
dislocations a/22<113> in pairs of neighboring {332} surfaces
followed by a reshuffling of atoms of these two planes toward each
other in direction±a/22<332>.

Even if the mechanism of {332}<113> is still not fully
understood, two mechanisms of twin evolution may be
highlighted. As proposed by Cottrell and Bilby (1951), twin
growth should be easier than nucleation of a new one as
the formation of the first layer requires more stress than the
subsequent growth of successive layers. However, Sumino (1966)
highlights the fact that twins, during their propagation, may meet
defects, as other dislocations, precipitates, or solute atoms, which
will limit the mobility of interfacial dislocations and subsequently
their growth velocity. The local stresses induced by these defects
may increase the stress, which is necessary for existing twins to
grow, and as a consequence, the twin growth will be delayed. In
order to continue to accommodate external stress, nucleation of
new twins may be then favored (Sumino, 1966).

These hypotheses may allow a simplified consideration of
twin evolution during straining, despite the high complexity
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FIGURE 7 | Evolution of (A) length of interfaces per surface unity, (B) percentage of twinned surface per grain, and (C) average number of twins per grain for
Ti–12Mo (in red) and Ti–8.5Cr–1.5Sn (in blue).

of activated mechanisms during mechanical twinning. Indeed,
it may be supposed that, starting from an initial state where
twins have been created (as on the first stage of strain on
the studied alloys on Figures 5, 6), two internal mechanisms
are in competition to accommodate the applied stress. On one
hand, if the mobility of interfacial dislocations is not limited,
accommodation will be done by twin growth because it is
supposed to be the easiest mechanism (Cottrell and Bilby,
1951), such as for Ti–12Mo, and on the other hand, if the
mobility of interfacial dislocations is somehow limited through
short range interactions with local elastic fields, for example,
accommodation will mainly be accomplished by nucleation of
new twins, as for Ti–8.5Cr–1.5Sn. Competition between these
two accommodation mechanisms can then be correlated to the
strain–hardening rate, as it was proposed previously.

Toward Complementary Parameters in
the Design Method of TRIP/TWIP Ti
Alloys
Considering the observations of the twinned microstructures, a
competition between two families of behaviors can be assumed:
the growth of already existing twins (exemplified by Ti–12Mo)
and the nucleation of new mechanical twins to accommodate
the external stress (exemplified by Ti–8.5Cr–1.5Sn). From the
existing design approach, exclusively based on Bo/Md electronic
parameters, this evolution of behavior can hardly be explained
because the two alloys can be considered to display a similar
chemical stability. This leads to the hypothesis that the design
strategies, so far performed for TWIP and/or TRIP effects, are

somehow insufficient to predict this kind of character and, as a
consequence, the strain–hardenability.

From these first observations, the key concept to explain
this evolution of behavior might be the intrinsic mobility of
the twins/matrix interfaces. As proposed previously by Sumino
(1966), one assumption could rely on the possible solid-solution
strengthening effect induced by the chosen alloying elements.
In that case, local elastic fields (local distortions of the crystal
lattice) due to point defects may interact strongly and therefore
limit the mobility of interfacial dislocations and thus the
subsequent velocity of twin growth. With this statement, the
natural way to reach strain–hardenability by maximization of
twins/matrix interface density in TWIP alloys should be to
increase the solid-solution strengthening effect for a given level
of chemical stability.

TABLE 3 | Atomic radius used in this study for the crystal lattice distortion
parameter calculation (Zhang et al., 2014).

Ti Mo Sn Cr

Atomic radius (pm) 146.15 136.26 162 124.91

TABLE 4 | Crystal lattice distortion parameters calculated for Ti–12Mo and
Ti–8.5Cr–1.5Sn.

Alloys (wt%) Distortion δr (%)

Ti–12Mo 1.66

Ti–8.5Cr–1.5Sn 4.09
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For this purpose and in order to quantify this crystal
lattice distortion, we calculated an average distortion parameter
for both alloys, using the following formula proposed by
Zhang et al. (2008):

δr =
√∑

ci(1−
ri
r̄
)2 with r̄ =

∑
ciri (1)

where ci is the atomic percentage of the i components; ri, the
atomic radius of the components; and r̄, the average atomic
radius. The atomic radii used are listed in Table 3, and the
calculated distortion parameters for Ti–12Mo and Ti–8.5Cr–
1.5Sn are reported in Table 4.

The calculated average distortion parameters display a
significant difference, suggesting a much larger solid-solution
strengthening effect in Ti–8.5Cr–1.5Sn system when compared
to Ti–12Mo. This might have a direct effect on the “statistical”
dislocations inside the β-matrix; however, it is well-known that
the intrinsic strain–hardening effect is not favorably modified by
any solution hardening in the BCC β-phase in titanium alloys.
Instead, a positive effect is expected regarding the evolution of
the yield stress, consistently with what observed on the presented
stress–strain curves (Figure 3) and with results from the literature
for TRIP/TWIP Ti-alloys [see, e.g. (Sadeghpour et al., 2018;
Ren et al., 2020)].

According to the results of this study, hypothesis is made
that the major effect, with respect to strain–hardening itself,
relates to the competition between nucleation and growth of
mechanical twins. In materials with strong lattice distortion
(such as Ti–8.5Cr–1.5Sn), the nucleation mechanism displays
a tendency to become predominant compared to growth of
existing twins. This leads to the quick development of a high
fraction of new twin/matrix interfaces, which strongly enhances
the dynamical Hall–Petch effect, considered as the main strain–
hardening mechanism.

CONCLUSION

Altogether, this study gives a new insight on the “twinability
mode,” which is related to two possible evolutions of twins
in competition to accommodate the applied stress. Electron
backscatter diffraction analyses coupled with in situ tensile
tests allow highlighting the fact that two distinct behaviors
are visible during deformation: twin growth or new twin
nucleation. Therefore, it may bring additional insights in
order to predict more accurately the strain–hardenability

of each alloy depending on their chemical composition
from additional designing parameters including a “distortion
parameter.” This parameter is still not quantitative but may be
used as an additional “guiding tool,” complementary to Bo/Md
electronic parameters, with an improved prediction regarding
twin evolution. In the course of this work, the “twinability
mode” has been “isolated” on purpose, considering similar
experimental conditions between the two alloys. However, in
addition, it is clear now that TRIP/TWIP titanium alloys
generally display heterogeneous microstructures and subsequent
additional microstructural parameters that may also influence the
global strain–hardening rates, as the TRIP effect (Danard et al.,
2019) and the density of statistical dislocations generated that are
not considered in this study. Nonetheless, this work highlights
the fact that deformation sequences of TRIP/TWIP titanium
alloys are not always similar and that the evolution of strain–
hardening rates may be partially explained by the evolution
of twin size depending on the solute-strengthening effect of
alloying elements.
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