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ABSTRACT

Beyond classic martensitic transformation-induced plasticity (TRIP), consecutive hierarchical twin-
ning in the primary martensite is observed providing additional tensile strain about two-to-three
times higher than the original transformation strain. The hierarchical twinning, operating in two dif-
ferent modes, contributes to at least one quarter of the plasticity in TRIP/TWIP Ti-12Mo alloy at early
deformation stage. During tensile unloading, a peculiar multi-step detwinning process reverses the
mechanically twinned martensite to its original orientation, resulting in rubber-like behavior. The
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complex reversible twinning process is investigated by combining in-situ EBSD/TEM experiments
and theoretical rationalization with respect to Schmid factors and twin variant selection.

Tension

IMPACT STATEMENT

The complex hierarchical twinning-detwinning mechanism in a” —martensite and the associated
rubber-like behavior have been clarified in TRIP/TWIP Ti-12Mo unprecedentedly via comprehensive

in-situ investigations.

Stress-Induced Martensitic transformation (SIM) (ortho-
rhombic martensite ") and mechanical twinning play an
important role in the improvement of strain-hardening
rate and the subsequent large uniform elongation dur-
ing tensile plastic flow in TRIP (Transformation Induced
Plasticity)/TWIP (Twinning Induced Plasticity) Tita-
nium alloys [1-3]. The {130} < 310> 4, martensitic
mechanical twinning (here after called 130a” DT) sys-
tem formed in martensite at plastic stage during tensile
stress has been widely observed in metastable § titanium
alloys [2-5]. Due to the crystallographic equivalences
of the twinning elements between 130¢” DT in «” and
(332} <113 > p in the parent B phase, the reversed trans-
formation from 130a” DT to B has been proposed to
possibly be the origin of {332} <113 > g twinning in
metastable alloys [3-6].

Besides, in-situ observations in TRIP/TWIP Ti alloys
have evidenced a detwinning process from 130«” DT to
its parent SIM «” during tensile unloading [1]. Regard-
ing the twinning activation, Yang et al. reported that
the selection variant of 130«” DT activated in primary
SIM o obey the Schmid law in Ti2448 alloy [7], and
similar phenomena were observed by Bertrand et al. in
Ti-25Ta-20Nb alloy [4]. Additionally to the 130a” DT,
the {110} < 110> 4, mechanical twinning (here after
called 110a” DT), with twinning elements equivalent to
{112} <111 > g mode in the parent B phase, has also
been reported to be operational in plastic deformation
stage near the surface of TRIP/TWIP Ti alloys [7,8]. Yang
et al. [9] suggested that the reversion of 110e”” DT may
be one of the origin of {112} <111 > g twinning in B
metastable alloys.

CONTACT FanSun @ fan.sun@chimieparistech.psl.eu @ Institut de Recherche de Chimie Paris, PSL University, Chimie ParisTech, CNRS, Paris 75005, France
@ Supplemental data for this article can be accessed here. https://doi.org/10.1080/21663831.2021.2013967

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2021.2013967&domain=pdf&date_stamp=2022-01-08
mailto:fan.sun@chimieparistech.psl.eu
https://doi.org/10.1080/21663831.2021.2013967
http://creativecommons.org/licenses/by/4.0/

46 (&) B.QIANETAL

However, the twinning mode selection, the twinning
process and the detwinning mechanisms are still unclear
due to the fact that the SIMa” twinning products can
be mechanically unstable. The twin products have been
observed to transform back to the parent SIMa” or S
phase during stress release [1,3-6]. The instability of o
twinning products, therefore, results in difficulties and
uncertainties of the ex-situ studies (EBSD and TEM [10]).
In order to clarify unambiguously the operative mecha-
nisms, studies have to investigate the deformation mech-
anisms of the martensitic mechanical twinning at the
micro-length-scale of these materials and under in-situ
conditions. Hence, the aim of present study is to clarify
the evolution of the two modes of martensitic mechan-
ical twinning in Ti-12Mo alloy with in-situ SEM and
in-situ TEM observations. The selection criteria between
the two mechanical twinning modes are quantitatively
characterized by crystallographical transformation strain
analysis. Then the study is extended to clarify the twin-
ning/detwinning process via in-situ electron microcopies
under tensile deformation. Regarding the macroscopic
tensile behavior, the rubber-like behavior observed in the
cyclic unloading test can be related to the detwinning of
SIMa”.

The fabrication process of Ti-12Mo tensile samples
and the In-situ tensile Electron backscatter diffraction
(EBSD) method was reported in our recent paper [11].
JEOL 2100plus transmission electron microscope (TEM)
operating at 200kV was used for in-situ traction test
on a Gatan heating-straining holder. The specimens
(11 x 2.4 x 0.2mm? plate with @2 mm hole near each
extremity) for in-situ TEM observations were machined
from alloy sheet at recrystallized state without deforma-
tion. The center of the plates was thinned by twin-jet
electropolishing using a solution of 4% perchloric acid in
methanol at 250 K. The Schmid factor (SF) of twinning is
calculated from EBSD measurements by:

SF = cos XA cosg (1)

where A and ¢ is the angle between the tensile direc-
tion and the twinning plane normal, and the twinning
direction, respectively.

The cyclic loading-unloading tensile tests at room
temperature are carried out until fracture with the incre-
ments of 5% strain, and the first cycle is presented in
Figure 1. A rubber-like behavior (RLB) is observed in the
unloading curve with a 0.6% recover strain (erLp).

More than 1000 grains in solution treated Ti-12Mo
alloy (same initial microstructure as in our previous study
[11]) are analyzed by in-situ EBSD mapping under ten-
sion. In order to clarify the activation and evolution of
the SIM«” and its twinning, the beta grains that deform
primarily by SIMe”” (> 300 grains) are further analyzed.
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Figure 1. The engineering stress-strain curve of first cyclic
loading-unloading test is presented, g p: rubber-like behavior
recover strain at room temperature after unloading.

According to our statistics, 130a” DT is more likely to
be activated than 110a” DT even for the orientations
where SF13007 DT < SF1100” DT OF SF1306” DT = SF1100”
pr- The orientations in this paper are for the tensile axis
to the orthorhombic system («”’) of the primary SIMa”.
Five cases with different orientations and their associated
Schmid factors all possible twinning variants are selected
and listed in Table 1 to analyze the martensitic twin-
ning selection mechanism. The activated variant among
the two systems of 130a” DT and 110«” DT is marked
by blue color. Two representative cases of martensitic
twinning, orientation I (130c” DT dominant) and ori-
entation II (110c”” DT dominant), are shown in details in
the following, to further investigate the microstructural
characteristics of 130a” DT and 110«” DT formation,
respectively.

Figure 2 shows in-situ EBSD mapping of orienta-
tion I, which is believed to be representative of orien-
tations I, III, IV and V where SIM displays 130c” DT,
according to Table 1. Plate-like deformation bands with
two different color contrasts (blue and green) appear
in the B matrix at ¢ = 0.05 (Figure 2(a)). These defor-
mation bands are identified to be SIM«”. According to
the crystallographic analysis (common poles marked by
red cycles in the pole figures in Figure 2(c)), the blue
SIM«” is the primary phase directly transformed from
B matrix following the classic orientation relationship:
{001} 4//{100}y s, {110}4//{010}y s, and {110}5//{001},,
[13]. The green SIM«”, although being predominant
within the total SIM«” analyzed surface, does not orien-
tate in classic relationship to the 8 matrix. Analysis of the
orientation relationships (Figure 2(c)) shows that both
the two variants have a common {130}, pole, which
suggested that the green variant yields 130«” DT rela-
tionship with primary blue variant. Therefore, the results



MATER. RES. LETT.

Table 1. Schmid factor for each martensitic mechanical twinning according to

the primary SIMa”.
Variant of Variant of Observed twinning

Orientation 130a"DT SF1304"DT 110a"DT SF110e"DT mode
I (130)[310] 0.26 (110)[110] 0.49 {130}
[391] (130)[310] 0.49 (170)[110] 0.32

Il (130)(310] 0.32 (110)(110] 0.45 (110}
[3257] (130)310] 0.43 (170)[110] 0.36

I (130)[310] 0.26 (110)[110] 0.48 {130}
[7215] (130)[310] 0.47 (170)[110] 0.31

v (130)[310] 0.35 (110)[110] 0.44 {130}
[3288] (130)[310] 0.42 (170)[110] 0.39

v (130)[310] 0.30 (110)[110] 0.50 {130}
[4150] (130)[310] 0.48 (170)[110] 0.35
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Figure 2. IPF (Inverse pole figure) of SIMa” phase + 1Q (image quality) maps of a grain with Orientation | taken from the same region at
(a) strain ¢ = 0.05 (loading) and (b) 0.05 (unloading); (c) pole figures of 8 matrix and SIMa”.

suggest that a mechanical twinning transformation could
have probably occurred before ¢ = 0.05 in the primary
SIMca”. The sample is unloaded from & = 0.05 by fully
releasing the tensile stress to investigate the detwinning
process of the 130a” DT during unloading. The EBSD
scan at the same zone is shown in Figure 2(b) at the
unloaded state. It can be noticed that some of the 130c”
DT (the green variant) detwinning to primary blue vari-
ant. The surface ratio of the primary martensite increased
from 0.09 to 0.55 suggesting a partial detwinning process
due to the release of tensile stress.

The other case is shown in Figure 3. At ¢ = 0.05,
SIMa” bands can be observed in the Figure 3(a), in
which some of the bands are composed by two vari-
ants different in color (the pink ones are in major-
ity, and the purple ones are indicated by arrows in

Figure 3(a)). By performing similar crystallographic
analysis (Figure 3(c)) as shown in the previous case, it is
found that none of the two & variants at this loaded state
(pink and purple in Figure 3(a)) orientates in classic rela-
tionship with respect to the 8 matrix. The pink orienta-
tion can be explained by the 110«” DT twinning of a pri-
mary SIMa” precursor However, no residual precursor
SIMa” is observed in these SIMa” bands at loaded state.
Regarding the purple variant, it matches the orientation
relationship of 130« DT product transformed from pink
variant (note the common {130}, plane marked by blue
cycle in Figure 3(c)). By unloading the sample, the EBSD
scan at the same zone (Figure 3(b)) identifies the missing
primary SIMa"” precursor (yellow variant), in which pro-
cess a classic relationship with the 8 matrix [13] (marked
by black cycles and blue arrows in Figure 3(c)). This
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Figure 3. IPF maps of SIMa” phase + 1Q maps of a grain with Orientation Il taken from the same region at (a) strain ¢ = 0.05 (loading)

and (b) 0.05 (unloading). (c) pole figures of 8 matrix and SIMa”.

classic orientation relationship suggests that the yellow
variant SIMa” could arise through a direct transforma-
tion from the g matrix. The crystallographic relationship
between the pink variant and SIM«” note the common
{110}, plane marked by red cycle in Figure 3(c), con-
firms a 110a” DT relationship between the two variants.
The finding corroborates the assumption that the pink
variant may probably be a secondary 110a” DT from the
primary SIMa” (yellow variant), revealing its orientation
relationship with the initial precursor after a detwinning
process occurring upon unloading. In fact, the detwin-
ning effect is also observed in the 130a” DT couple
between the pink and purple variants. As direct experi-
mental evidence, it can be noticed that the purple variants

(marked by blue arrows in Figure 3(a)) disappear com-
pletely in the Figure 3(b) after unloading. Regarding the
entire transformation pathway in a loading/unloading
cycle, these results suggest that primary SIMa” occurred
during loading and could be fully transformed to sec-
ondary 110e” DT, then this secondary 110«” DT could
partly transform to 3rd 130a” DT. Thus, a transforma-
tion cascade of B—a”—110a” DT—130c” DT and its
reversion are captured by in-situ EBSD mapping. Dur-
ing unloading, the detwinning process could occur in
reversion of the twinning sequence, which is 3rd 130a”
DT—>secondary 110«” DT— primary SIMa”.

It worth noting that, the non-classic &”/8 orienta-
tion relationships can be induced via different pathways
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€= 0.05 loading

Figure 4. In-situ tensile TEM investigations of SIMa" at Ti12Mo: (a, b) bright field image: at (a) ¢ = 0.03, (b) & = 0.05; (c and d) SAED
pattern taken from region indicated by circle in (b), and corresponding dark-field images of (e) primary SIMa” and (f) 110" DT,

respectively.

[14]. For case I, the observed pathway is §— classic pri-
mary SIMa” (detected by EBSD) — secondary 130
DT and the alternative pathway is f— {332} <113 >4
twinning — secondary classic SIMe” in {332} <113 > 4
twinning [2]. Similarly in case II, two different pathways
can achieve the specific non-classic orientation relation-
ship via (a) secondary SIMa” transformation in primary
{112} <111 > g twinning [9] or via (b) secondary 110c”
DT in primary o” (proposed in this study). In order to
clarify the new pathway b, i.e. the primary 8- transfor-
mation process and the subsequent 110a” DT process,
in-situ TEM observation under traction is performed to
reveal the real-time transformations.

Figure 4 (a and b) shows the bright-filed images under
loading. A set of primary SIM«” bands about 100 nm

in width, identified by diffraction patterns and dark-field
imaging, are observed during their initial nucleation and
growth processes from a pre-existing boundary under
tensile loading. Since the very early stage of the pri-
mary «” formation as shown in Figure 4(a), the 110a”
DT is found to be activated immediately after the nucle-
ation of primary a” band. The habit plane (755) of pri-
mary SIM «” is marked in Figure 4 by orange dash
line. The twinning plane is 110«” marked by white dash
lines in Figure 4. The in-situ TEM observations con-
firm the transformation pathway proposed based on the
EBSD studies that the primary SIMa” is activated firstly
from B matrix then twins almost immediately to form a
deformation band composed by primary and secondary
. The fraction of 110«” DT increases along with the
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The highest value of Schmid factor, SF
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Figure 5. Inverse pole figure showing the distribution of the highest Schmid factor, SF, of (a) 130« DT, (b) 110" DT and (c) the values

of SF130a,01r Minus SF110a/07-

growth of primary «”. It can be seen from Figure 4(b)
that one extremity of the SIMa” band (white arrows
in Figure 4(b)) has already fully twinned, presumably
because the twinning is favorable to provide efficiently
extra shear strain, to accommodate the local deforma-
tion.

In order to rationalize the DT mode selection in
«” in terms of orientation dependence criteria, calcula-
tions of the Schmid factor for random grain orientations
(Equation (1)) are performed for an orthorhombic o”
structure (Lattice parameters were measured under ten-
sile loading at & = 0.04 [2]). The 130a” DT and 110"
DT plane and the associated invariant strain direction
[12] are used for Schmid factor calculation. For each ran-
dom grain orientation, the Schmid factor values for every
130a” DT variants and every 110«” DT variants are cal-
culated and ranked, respectively. The highest values of
Schmid factor for each grain orientation among all vari-
ants of the two twinning modes, 130e” DT and 110c”
DT, are drawn in Figure 5(a and b) respectively. It can be
seen from these figures that the distributions of the high-
est values of Schmid factor are similar. To further see the
difference between the Schmid factor of 130«” DT and
1100” DT, the differences of Schmid factor (SF;30q” DT —
SF110¢ D) for random grain orientations are shown in
Figure 5(c).

According to the experimental statistics (5 orientation
details are listed in Table 1) of the secondary DT selec-
tion in «” at random grains, the 130a” DT is more likely
(98.33% in more than 300 cases) to be occurred com-
pared to 110«” DT (1.67%). The twin variant selection
could be dominated by the Schmid factor of the vari-
ant and the critical resolved shear stress (CRSS) of the
twinning modes. The selection of the twin variant in
each twinning system (130c” DT or 110«” DT) obeys
the Schmid law as shown in Table 1, which consist with
the results reported by Yang et al. in Ti2448 [7]. Regard-
ing the twin variant selection between both twinning

systems, the activation of 110a” DT requires a superior
Schmid factor as the necessary condition. The associated
Schmid factor of 110a” DT can be superior to that of
130a” DT in a narrow orientation range near to [010]y,,
(see orange and light blue in Figure 5(c)). The orientation
I investigated experimentally is in this range, marked by
star in Figure 5. However, it should be noticed that 130c”
DT is always observed as the operating twinning mode
instead of 110«” DT in this orientation range, where
SF130¢ DT is similar or slightly inferior to SF; 1~ DT (€.X.
Orientation I, III, IV, and V). It suggests that the Schmid
factor is not the only factor determining the selection
between two twinning systems. Tobe et al. [15] reported
that {130}y <310 > is expected to occur more easily
compared to {110}; < 110 > due to the smaller magni-
tude of shuffle in tetragonal structure. A similar result
was also reported by Chen et al. in the orthorhombic
martensite o” phase [12]. The smaller magnitude shuf-
fle of 130«” DT in orthorhombic martensite o’ phase
leads to a lower CRSS of 130a” DT compared to 110a”
DT, which could explain the prevalence of 130a” DT
twinning over than 110a” DT in metastable titanium
alloy.

It is worth noting that the calculation presents nearly
one third of the standard triangle is of negative range
(—0.42, 0) on the SF in both DT modes (Figure 5(a,b)).
The fact suggests that both mechanical twinning modes
are unfavorable for activation under tensile deformation.
In this range, the reorientation of SIMa”, i.e. the trans-
formation among correspondence «” variants, could be
preferentially operational to provide positive transforma-
tion strain, as reported in [4].

The mechanical twinning products in primary o”
exhibit reverse transformation during tensile unload-
ing through a detwinning process. Similar process has
been reported in Ti-Mo and Ti-Mo-Zr systems [1,11].
The spontaneous detwinning contributes to the rubber-
like recovery at room temperature during unloading



(Figure 1). Moreover, the detwinning process is found
to be the major contribution to the rubber-like recovery
since the SIM «” volume fraction is almost unchanged
before and after unloading (Figures 2 and 3). Such
detwinning induced rubber-like behavior has not been
reported.

In summary, the pathways of hierarchical twinning
operated in two different modes (130«” DT and 110"
DT) during loading in primary martensite and their
detwinning process during unloading are investigated
combining by in-situ investigations. A theoretical ratio-
nalization with respect to Schmid factors and twin vari-
ant selection is then proposed. It is shown that the
detwinning process reverses the mechanically twinned
martensite to its original orientation, resulting in rubber-
like recovery.
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