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ARTICLE INFO ABSTRACT

Keywords: Recently developed p-metastable Ti grades take advantage of the simultaneous activation of TRIP and TWIP effects
Titanium alloys for enhancing their work hardening rate. However, the role of each plasticity mechanism on the macroscopic
Dis?“f‘tio“s mechanical response is still unclear. In this work, the nucleation mechanism of the first activated plasticity
zvv‘:’l:;(n}llz%demn mechanism, namely {112}(111) twinning, was investigated. Firstly, post-mortem TEM analysis showed that twins
TEM & nucleate on pre-existing microstructural defects such as thermal jogs with the zonal dislocation mechanism.

The precipitation of the w phase on twin boundaries has been observed, as well as the emission of numerous
dislocations from super-jogs present in these twin boundaries. It is also shown that {112}(111) twins act as effective
dislocation sources for the subsequent plasticity mechanisms such as f — «” martensitic transformation and
{332}(113) twinning. Secondly, in situ TEM tensile testing of the investigated Ti grade highlighted the primary
role of the initial defect configuration present in the microstructure. It is shown that twins cannot nucleate without
the presence of specific defects allowing the triggering of the dislocation decomposition needed for the twinning

mechanism highlighted in investigated bulk samples.

1. Introduction

Among the various mechanisms of plastic deformation, mechanical
twinning has gained more and more interest. Indeed, twinning has
been observed in various crystallographic systems, regardless of the
symmetry of the crystal lattice. Body-centered cubic (BCC) crystals can
exhibit {112}<111> mechanical twinning, mostly when strained at low
temperature. A faster increase of the flow stress for perfect dislocation
glide than for twinning with decreasing temperature is often proposed
as the explanation of this observation.

Twinning is also of primary importance in the global mechanical
response. Indeed, twin boundaries (TB) can potentially play the role of
barrier to dislocation glide resulting in pile-ups, as well as dislocation
sources. Interactions between gliding dislocations and twins in BCC
alloys have been theoretically discussed by Sleeswyk and Verbraak
[1] and experimentally observed by Levasseur [2] in a-Fe and by
Mahajan [3] in a Mo-Re alloy. Depending on the orientation of the
Burgers vector with respect to the crossed twins, they concluded that
the interactions could lead to growth or shrinkage of twins, while
allowing complete transmission of the initial perfect dislocation.

* Corresponding author.

Previous studies [4-6] showed that high levels of work hardening
rate in specific metastable BCC g-Ti alloys can be reached owing to
the simultaneous activation of several plastic deformation mecha-
nisms, namely stress-induced martensitic (SIM) transformation and
{332}<113> mechanical twinning. However, no complete understand-
ing of these plasticity mechanisms, particularly of how their mutual
interactions bring such an improvement of the work hardening has
been proposed yet. Investigations of the very early stages of plasticity
revealed also the activation of {112}<111> mechanical twinning [7].
Since this specific kind of mechanical twins has been often related to the
initiation mechanisms of microcracks, for example in cold worked Fe-Si
alloys [8], pure Mo [9-10] and pure Cr [11], a better analysis of the
role of this plasticity mechanism is necessary to assess its implications
in the deformation of metastable g-Ti alloys. Moreover, the activation
of both {332}<113> and {112}<111> twinning systems within each
grain was not expected. Indeed, it is generally admitted that only one
twinning system is activated depending on several parameters such
as the p phase stability [12] or the orientation of the parent grains
with respect to the loading direction [13]. Hardly any result has been
reported about the activation of both twinning systems.
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The aim of the present study is to identify the formation mechanism
as well as the role of {112}(111) mechanical twins in the global mechan-
ical behaviour of TRIP/TWIP titanium alloys. First, TEM foils of slightly
plastically strained bulk samples have been characterised to identify the
dislocations involved in the twinning process as well as their interactions
with the freshly formed mechanical twins. Secondly, quantitative in situ
TEM tensile testing of FIB-milled beams has been performed to under-
stand the very first steps of twin nucleation. In situ mechanical twinning
has recently been observed in low stacking fault energy (SFE) FCC met-
als like Au nanowires [14], but such direct observation of mechanical
twinning in BCC alloys has hardly been reported in the literature.

2. Overview of mechanisms of {112}<111> twin formation

Different mechanisms of formation of {112}(111) twin have been
proposed in the literature without a complete consensus. Several
detailed reviews dedicated to deformation twinning can be found in
[15-17].

2.1. Dislocation-based mechanisms

The first model of BCC twinning was proposed by Cottrell and Bilby
in 1951 [18]. It is based on the pole mechanism, where a sessile portion
of a perfect ‘5’[1 11] dislocation dissociates in a sessile %[1 12] pure edge
segment (the pole) and a glissile Z[11 1] partial twinning dislocation:

S0 - 2] + Sz

While the glissile part moves away from the pole on a (112) plane,
thus leaving a stacking fault behind it, it cross-slips in order to curl
around the pole dislocation, leading to an helicoidal shape. The twin
thus grows from a monolayer fault nucleus. It is worth noting that the
dissociation process is not energetically favourable.

Sleeswyk [19] adapted the Cottrell-Bilby model so that twinning
nucleation results from more common dislocation configurations.
Indeed, a three-layer twin nucleus is formed by the dissociation of
a perfect £(111) screw dislocation into three partials on three (112)

2
planes with threefold symmetry according to the reaction:

g(lll) - §<111>+ §<111)+ §<111>

This dissociation reaction is energetically favourable. The author
claimed that further twin growth arises by incorporation of crossing
§<111) screw dislocations by the pole mechanism of Cottrell and Bilby.
However, this proposed dissociation reaction has been shown to be
unstable [20], while one of the three partials has to cross-slip on
another (112) plane for the global configuration to be a viable twin
nucleus. Atomistic calculations performed by Vitek [20] suggested
that the energy of creation of mono-layered stacking faults in the BCC
lattice (both intrinsic and extrinsic, corresponding to the twinning and
anti-twinning single layer faults) is too large. Vitek [20] concluded that
multi-layered intrinsic stacking faults (I,) on n successive {112} planes,
with n > 3, could present sufficiently low energy to occur in practice,
namely the twinning case.

Other authors (Crussard [21] and Cohen et al. [22]) suggested
that dissociation of dislocations could arise on {110} planes instead
of {112} planes. The corresponding dissociation reaction on the (110)
plane gives:

a a a a
5 (111) = 2(110) + 2(112) + £(110)

However, calculation of the generalised stacking fault energy (y) sur-
faces by Vitek [23] showed that no stable stacking fault could exist on
{110} planes. Furthermore, experimental evidence of stacking faults in
BCC materials has been scarcely reported so far. Stacking faults on {112}
planes have been observed in tungsten specimens after heating by elec-
trical discharge in the electron microscope, thus bringing consequent
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stresses in the foil and probably leading to the stabilisation of the stack-
ing faults [24]. Stacking faults on {112} [25] and {310} [26] planes
were also observed in annealed niobium. In both cases, segregation of
impurities during annealing was argued as the source of decrease of
stacking fault energy, allowing the observation of these stacking faults.

Another mechanism for nucleation of {112} twins was proposed
by Priestner and Leslie [27]. They suggested that dissociation of
dislocations is due to pile-ups on sessile jogs. These sessile jogs form at
the intersections of slip planes by the reaction:

3 [111] + S[111]  afoo1]

The stress concentration induced by the pile-ups on the jogs brings
about a chain reaction that produces the three g[lil] twinning dis-
locations forming the twin embryo. The authors analysed the stress
concentration required for different kinds of slip plane intersections
and also gave some experimental evidence supporting their model in
the case of a-Fe alloys.

More recently, Hsiung and Lassila [28] applied the mechanism de-
picted by Hirth [29] to explain their experimental results in the case of
shock-induced deformation twinning in tantalum and tantalum alloys.
This mechanism is an extension of the Cottrel-Bilby model based on
the same dissociation reaction as Sleeswyk [19] on three successive and
parallel {112} planes, but with the addition of a zonal dislocation with
no net Burgers vector, a concept initially introduced by Kronberg for the
HCP twinning case [30]. The dissociation reaction can be written as:

2 HUI

g(lll) — zonal dislocation g(lll) + twinning dislocations %(111)

—a a
= (n g

A particular dislocation structure with individual dislocation lines
(jogs) two planes apart on {112} planes is mandatory in this mechanism.
Hsiung and Lassila argued that the large number of jogs present in the
characterised specimens explains its effectiveness. They claimed that
these jogs can be either grown-in thermal jogs or generated by the inter-
action of dislocations activated during the onset of plasticity. They also
showed that a different dissociation reaction could lead to the formation
of platelets of w phase instead of twins when the shock energy is suffi-
ciently large since it requires the activation of g(lll) anti-twinning par-
tial dislocation with much larger gliding energy than the one of 2(111)
twinning dislocations. This mechanism was also successfully applied to
mechanical twinning and e transition in a Ti-23Nb-0.7Ta-2Zr-1.20
at.% alloy (also called Gum metal) deformed in compression [31].

Finally, Ojha et al. managed to model the {112} twin nucleation
stress in Fe-based alloys with excellent agreement with experimental
values [32]. They used the dissociation mechanism of Sleeswyk and
calculated the generalised planar fault energy (GPFE) in order to
introduce it in the general expression of the energy of the system.

Their calculations confirmed the suggestion of Vitek that the stable
twin nuclei are made of three layers. According to them, the GPFE
approach is effective in illustrating the importance of these parameters,
which previously proposed models could not manage.

2.2. Shuffle mechanism

Wasilewski [33] proposed that a shuffle mechanism could lead to the
formation of {112} twins. He argued that such a mechanism does not
require a unique shear stress direction while it is also favoured by com-
pressive straining, both facts commonly observed experimentally. He
also suggested that the complete mechanism could be a mixture of shear
and shuffle to reach the final twin configuration. In their generalised the-
ory of deformation twinning, Bilby and Crocker [34] predicted all possi-
ble twinning modes for all crystal types by considering combinations of
shear and shuffle. To the best of the author’s knowledge, no experimen-
tal evidence supporting this shuffle mechanism has been reported yet.
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Fig. 1. (a) SEM micrograph of the push-to-pull MEMS device; (b) IPF map of the as-quenched Ti-12 wt.% Mo grade. The white line segment represents the location
where the FIB-milled sample has been extracted and the dashed line is a grain boundary. Inset gives the stereographic projection of {110} poles of the two grains in

the FIB-milled sample; (c) fixation of the sample on the PTP device.

In a recent study, Wu et al. [35] proposed a shuffle-based twinning
model based on the § to w phase transformation in a BCC Ti-30Nb-3Pd
(wt.%) alloy. They suggested that the reverse transformation, from
hexagonal to cubic phase, is the driving force for {112} twinning
following the sequence:

ﬂ—»a)—»ﬂT

The p to w phase transformation arises by the collapse of two
{111} planes [36]. In their model, Wu et al. [35] suggested that this
mechanism occurs twice to form a twin embryo. They argued that the
stability of the w phase is the key parameter for {112} twinning since
they did not observe twins in a Ti-30Nb (wt.%) grade where w phase
is more stable. Contradictorily, Lai et al. [37] demonstrated that the w
phase precipitation on twin boundaries in -Ti alloys is a consequence
of mechanical twinning, as a relaxation mechanism of the elastic strain
appeared at the twin/matrix interface.

3. Experimental procedure

The investigated grade is the binary Ti-12wt.% Mo alloy in which
mechanical twinning has been previously reported [7]. Ingots were pro-
cessed by arc melting from high-purity raw materials in Ar atmosphere.
Several remelting cycles were performed to ensure chemical homogene-
ity of the ingots. The alloy was then heated to 1223 K for 15 min in air
and water quenched to keep 100% f+w,q4, phase at room temperature.
The ingots were cold rolled to a thickness of about 1 mm, corresponding
to a reduction level larger than 90%. The oxide scale formed during
heat treatment was mechanically removed prior to cold rolling.

3.1. Post-mortem observation of strained Ti-12wt.% Mo specimens

Dog-bone tensile samples with a calibrated gauge length of 26 mm
and width of 6 mm were machined out of the rolled sheets with the
tensile direction parallel to the rolling direction. Tensile samples were
then reheated at 1173K for 10 min in air and water quenched to
regenerate an equiaxed f+ athermal o (w,y) microstructure. Again,
the oxide layer formed during annealing was mechanically removed
using SiC papers and samples were polished with diamond paste to
remove the hardened layer. The measured oxygen content prior to
mechanical testing was 0.0115 wt.%. The initial grain size was 50 um.

Interrupted tensile tests were conducted at a strain rate of 5104 s~!
on a universal stress rig equipped with a high-resolution extensometer
in order to perform TEM observation of deformed microstructure. 3 mm
in diameter discs were then machined out from the centre of the tensile
samples by electrical discharge machining (EDM), and then mechan-
ically thinned with SiC papers on both sides of the discs to reach a
thickness of 200 pm. Twin-jet electropolishing was then conducted with
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Fig. 2. True stress—true strain curve of the as-quenched Ti-12wt.% Mo. Inset:
magnification of the onset of plasticity with the indication of the strain level at
which TEM samples were extracted.

a solution of 4% HClO,4 in methanol at —20 °C with an applied voltage
of 5V and a current of 0.05 A. TEM observations were conducted on a
FEI-Osiris Field Emission Gun microscope operating at 200 kV.

3.2. In-situ observation of {112}<111> mechanical twinning

Fig. 1(a) shows the push-to-pull (PTP) device designed for quan-
titative in-situ TEM uniaxial tensile tests. A single-tilt PI 95 TEM
PicoIndenter (Bruker Inc.) is used to push on the PTP device, inducing
a displacement between the two parts located in the white square (see
[38-39] for more details). Nanobeams of Ti-12wt.% Mo were milled
from bulk material by focused ion beam (FIB) in a dual beam FIB/SEM
instrument. Prior to the FIB preparation, orientation mapping on a
wide zone located in the centre of the recrystallised sample had been
performed in order to choose particular orientations for the nanobeams
(particularly a [110] direction aligned with the electron beam in the
TEM). Fig. 1(b) shows the Inverse Pole Figure (IPF) parallel to the rolling
direction of the bulk sample with the location where the beam has been
extracted by FIB. The sample presents two crystalline orientations with
the grain boundary located near the centre of the sample. The stereo-
graphic projection given in the inset shows that the thin foil normal is
nearly aligned with a (110) zone axis for both grains. Electron-beam
assisted Pt deposition was first applied on the surface of the bulk sample
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® P matrix
® W matrix

® P twin

Fig. 3. (a) Bright-Field TEM micrograph of Ti-12 wt.% Mo sample strained to e =0.007. The white arrows highlight twinning sources. (b) SAD pattern of the grain
shown in (a) taken along a [011]  zone axis. (¢) Dark-Field micrograph of a magnified region from (a) obtained from the (011) spot of the /i twin (circled in red in
(b)). (d) Key diagram showing the correspondence between the matrix and the twin diffraction patterns along the [011] 5 ZOne axis.

with very low energy electrons (5kV, 0.8 nA) to avoid damaging the sur-
face, followed by an ion-beam assisted Pt layer deposition (30kV, 0.23
nA), which prevents the penetration of Ga* ions in the top surface of the
sample. After the thinning steps, a final cleaning of both sides of the thin
lamella was performed using a very low energy ion beam of 1 kV and 95
PA to minimise damage and/or amorphisation. Subsequently, the Ti-Mo
thin lamella was cut from both sides using the Ga* ion beam to achieve
the desired dimensions and transfer it to the PTP device using an Om-
niprobe micromanipulator on the zone located in the white square of
Fig. 1(a), as shown in the magnification in Fig. 1(c). The sample was then
attached to the PTP device using electron-beam-deposited Pt (Fig. 1(c)).
This layer acts as the jaws of a tensile machine and maintain the sample
attached during mechanical testing. The dimensions of the nanobeams
are about 4x1x0.2pum. The experiment has been performed in load
control mode with a stress plateau to observe the plasticity mechanisms.
The displacement rate to achieve the first stress plateau was 0.5nm/s,
and the stress was maintained at a level of 2.25GPa for 240s before
unloading. A second stress plateau at a level of 2.5 GPa was applied to
the sample where fracture occurred. The whole experiment has been
recorded by a CCD camera with a frequency of 5 Hz.

4. Results
4.1. Post-mortem {112}<111> mechanical twins

True stress-true strain curve of as-quenched bulk Ti-12 wt.% Mo sam-
ple is given in Fig. 2. For this study, bulk samples were strained very
close to the onset of plasticity (¢ =0.007), corresponding to a macro-
scopic tensile stress of 600 MPa as highlighted by the inset in Fig. 2. Typ-
ical defects resulting from this level of plastic deformation are illustrated
in the bright-field (BF) TEM micrograph of Fig. 3(a). A dense stack of
parallel straight lamellas can be observed. These defects can be indexed
as {112}(111) mechanical twins as shown by the selected area diffrac-
tion (SAD) pattern taken along a [TIO]ﬂ zone axis in Fig. 3(b). These
mechanical twins present a mean thickness of 40 + 5nm measured in
edge-on orientation, while their mean spacing is 180 + 50 nm. The dark-
field (DF) micrograph of Fig. 3(c), highlighting the twins, corresponds
to the (011)4r diffraction spot. It is worth noting that it also corresponds
to the (1011),, diffraction spot, explaining the observation of homoge-
neously dispersed nanoscale w,q, precipitates in the matrix in Fig. 3(c).
However, the indexation cannot be ensured solely based on the SAD



M. Marteleur, H. Idrissi and B. Amin-Ahmadi et al.

Materialia 7 (2019) 100418

Fig. 4. (a) HR-TEM micrograph of a {112} mechanical twin including a FFT taken from the entire zone shown in (a) as inset and (b) magnification of the white
square zone in (a) illustrating the BCC packing within the twin as well as the presence of w phase at the twin/matrix interface (rectangle dot pattern with 0.41 nm
spacing in the red rectangles). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pattern taken along [110] s since all the diffraction spots from the twins
coincide with w phase spots, as shown in the key diagram of Fig. 3(d).

Fig. 4 exhibits HR-TEM analysis of one of the deformation-induced
bands shown in Fig. 3(c). It clearly shows that the band has a BCC stack-
ing with a {112}(111) twin relationship with the matrix as confirmed by
the Fast Fourier Transform (FFT) in the inset. Furthermore, @ phase
is observed as a rectangular dot pattern with a spacing of 0.41 nm at
the twin/matrix interface with a (211),]/(0110),, lattice coincidence, con-
firming the limitation of w reflections to the # matrix as seen in Fig. 3(b).

Fig. 5(a) presents similar features to Fig. 3(a), with a specific
emphasis, however, on the defects that seem to be the sources of the
identified {112}(111) twins. The possibility that these defects actually
come from shearing of the twins during deformation is discarded since
in some cases the number of twins is not the same on both sides of the
defects as highlighted by the red rectangles. These defects (indicated
by white arrows in Fig. 5(a)) are believed to be jogs initially present
in the microstructure. The twins present a thickness of a few tens of
nanometres, while their length corresponds to the grain size (tens of
micrometres). Fig. 5(b) illustrates the typical interactions between
dislocations identified as screw dislocations and the {112}(111) twins
observed in Fig. 5(a). White arrows in Fig. 5(b) depict pinning points
of the screw dislocations when encountering the twin bands (indicated
by the black arrows). It can also be seen that the dislocations undergo
a large amount of cross-slip, which is typical in BCC alloys due to the
non-uniqueness of the gliding plane possibilities.

Fig. 5(c) illustrates the twins after tilting the sample far from the
edge-on configuration. Discontinuities in the twin boundaries can be
observed as emphasized by the white lines. Such discontinuities are
important features of the microstructure for further plastic behaviour of
the material. Indeed, as shown in Fig. 5(d), the twin boundaries act as
very effective dislocation sources. Large numbers of dislocation loops
are emitted from the discontinuities in the twin boundaries. Dislocations
can also be clearly observed within the twin boundaries as indicated by
white arrows in Fig. 5(c). Their origin will be discussed later.

4.2. Quantitative in situ tensile test of nanobeam

As mentioned in Section 3.2, the tensile FIB-extracted sample
presents two crystalline orientations, labelled G1 and G2 for simplicity.
Stress—strain curves of the first loading stage of the in situ tensile test are

given in Fig. 6 for both crystals. The strain values for both grains have
been extracted by applying Digital Image Correlation (DIC) on tracked
features of the beam. The curve for grain G1 shows a linear relationship
between stress and strain on the complete stress range of the test, while
grain G2 exhibits a change of slope for a stress level of around 2000 MPa.

Fig. 7(a) shows TEM micrographs of the sample before loading. In
this orientation, grain G2 was aligned with [011] zone axis parallel to the
electron beam as shown in the SAD pattern of Fig. 7(c). Grain G1 was
slightly tilted from the same zone axis; its SAD pattern along the [011]
zone axis can be seen in the inset of Fig. 7(a). In these conditions, grain
G1 has a {111} plane nearly normal to the loading direction (not visible
on the SAD pattern). The loading direction of grain G2 is nearly normal
to a {112} plane. The theoretical EPX! values for the {111} and {112}
families of planes are 110 GPa and 72 GPa, respectively. Fig. 6 shows
that the experimental values are very close to the calculated ones (black
dotted lines), validating the strain measurement methodology. In this
grain, a high density of small dots can be observed in Fig. 7(a). They
can be attributed to either FIB-induced damages [40] or to the presence
of w,,,. Fig. 7(b) corresponds to the sample after a cycle of loading up
to a stress level of 2.25 GPa during 240s. It can be seen that numerous
bands appeared in grain G2, while no specific contrast clearly appeared
in grain G1. It should be noted that the sample has been slightly tilted
between Fig. 7(a) and (b) to enhance the contrast in G2, which explains
the disappearance of numerous aforementioned dots. The dark-field
image of Fig. 7(d) corresponds to the (011), spot. It suggests that the
thin bands are in twinning relationship with the matrix. It is worth
noting that some variations were detected within the bent contours in
grain G1. However, tilting the sample after unloading to orientations
close to zone axis or 2-beam conditions did not highlight any lamellas
or long dislocations. The irregularities observed at the bent contours
are probably due the huge amount of small dots observed in Fig. 7(a)
in the same grain. It should also be noted that the bent contours of
both grains evolved during the loading plateau, thus suggesting slight
rotations of the crystals with respect to the electron beam.

The comparison of Fig. 7(a) and (b) highlights the appearance of nu-
merous nano-twins within grain G2. All these nano-twins formed within
a time interval of 0.4, corresponding to a strain increment of 5-:107°.

Beside the variations in the bent contours and the formation of nano-
twins, Fig. 8 illustrates that a straight line crossing the whole grain G2
appeared within the time interval. This line has been identified as being
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Fig. 5. TEM micrographs illustrating (a) the initially present jogs (white arrows) aligned in a (011),; plane and multiple twinning nucleation sites (red rectangles); (b)
cross-slip events (white arrows) in screw dislocations due to jog formation resulting from its interactions with twin/matrix interfaces (black arrows); (¢) discontinuities
(white bars) of the twin boundaries due to super-jogs formation and dislocations within twin boundaries (white arrows); (d) emission of dislocations from the jogged
twin/matrix interfaces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a perfect {321}(111)-type screw dislocation by trace analysis on stere-
ographic projection. Indeed, no fringes could be observed while tilting
the beam, rejecting the possibility of a stacking fault or an edge-on twin.
This dislocation could have nucleated either at the visible grain bound-
ary, or from another defect located in the hidden part of the sample.
The measured angle between the nano-twins and the dislocation line is
84°, which corresponds well to the theoretical value of interplanar angle
for either the (132) or the (123) planes with respect to the (211) plane
(83.74°). Since it was not possible to determine the exact type of disloca-
tion due to the single-tilt sample holder of the push-to-pull device, this
dislocation will be called a {321}-type dislocation in the rest of the text.

The sample has then been reloaded with the same displacement
rate up to a second plateau with a higher stress level of 2.5GPa,
where fracture happened quickly within grain G1. Fig. 9 illustrates
the evolution of the microstructure during this second loading stage
by comparing the same area before (Fig. 9(a)) and during (Fig. 9(b))
loading. Fig. 9(a) illustrates the sample slightly tilted before the second
loading cycle to enhance the contrast of the nano-twins. The black
arrows highlight some of the twins formed during the first cycle, while

the white arrows in Fig. 9(b) show new twins formed just after reaching
the second stress plateau. It is worth noting that the former twins do
not thicken after reaching a higher stress level.

5. Discussion

In a previous study on the same grade, several plastic deformation
mechanisms were identified in the early stages of plasticity, namely
mechanical twinning and strain-induced phase transformations [7].
Particularly, deformation products were identified as strain-induced
w phase by conventional SAD. In the present investigation, samples
strained to the same level revealed the presence of dense stacks of
parallel bands as the one shown in Fig. 3(a). They were identified by
high-resolution analysis as being {112}(111) twins accompanied by w
phase precipitation on the twin boundaries (Fig. 4). Since all diffraction
spots of the twins are superimposed to w phase spots, high-resolution
microscopy is necessary to avoid any confusion. The observation of
 phase precipitation is consistent with the results of Lai et al. [37].
Indeed, this w phase precipitation would result from the shear process
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Fig. 6. Stress-strain curves of grains G1 and G2 during the in situ TEM first
loading cycle. Black dashed lines represent the theoretical moduli of each grain.

involved in {112} twinning that brings enough local elastic energy for
triggering this transformation. It is worth noting that a large amount of
new interfaces are formed at a strain level as low as e =0.007.

The results presented in this work indicate that {112}(111) mechan-
ical twinning in the case of as-quenched Ti-12wt.% Mo alloy requires
the existence of numerous thermal jogs within the grains, similarly
to previously reported results of Hsiung and Lassila in the case of Ta
alloys [28]. It should be mentioned that such defects are too small
to be observed in conventional TEM. Indeed, these jogs consist of
fragments of dislocations that were not completely annihilated during
heat treatments, due to the very low energy associated with such
defects. The particular arrangement of the jogs observed in this work,
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shown by white arrows in Fig. 5(a), can be explained as a result of the
scenario schematically represented in Fig. 10. This scenario is similar to
the one for pure Nb depicted by Louchet and Kubin [41]. Dislocations
move within the grains during cold-working, bringing long straight
screw segments due to the velocity difference between edge and screw
parts in the BCC structure. Indeed, the strain field associated with the
core of the screw segments is spread over several planes containing
the Burgers vector direction [20], which increases the frictional forces
that need to be overcome compared with non-screw segments. During
subsequent heat treatment, the dislocations reorganise themselves,
forming a zigzag pattern by climbing to decrease their energy. A helix
progressively appears, up to the point where only coaxial prismatic
loops remain within the grains. These jogged loops act as dislocation
sources once the critical resolved shear stress (CRSS) is reached. The
mechanism proposed by Hsiung and Lassila [28] can then be activated.
Jogs are aligned on a (011) plane, which is coherent with the forma-
tion mechanism previously presented. Perfect g(lll) dislocations are
emitted from these jogs, which then decompose into three g(l 11) par-
tials that glide on successive {211} planes, inducing the same amount of
shear on these planes and resulting in a three-layer micro-twin domain.
As pointed out in Section 2.1, Ojha et al. [32] concluded that three-
layer twin domains are stable and grow by the incorporation of further
dislocations. Since the velocity of twinning screw segments is much
smaller than their edge counterparts, the nano-twins present a straight
elongated shape, so that they finally present a very limited thickness.
As stated before, a growth mechanism by dislocation incorpora-
tion is assumed with further deformation. Numerous twin bound-
ary/dislocation interactions have been observed as illustrated by the
white arrows in Fig. 5(b), which seem consistent with the proposed
mechanism. The incorporation of screw dislocations has been theoreti-
cally discussed in detail by Sleeswyk and Verbraak [1]. It was shown that
incorporation could result in growth or shrinkage of the twins, with the
creation of jogs at the twin/dislocation intersections. These jogs are nor-
mally too small to be observable in conventional TEM microscopy since
their height is one or two {112} interplanar distances depending on the
Burgers vector of the incoming dislocation. However, the accumulation

Loading axis

Fig. 7. (a) Bright-Field image of the sample before loading. Inset: SAD pattern of grain G1; (b) bright-field image of the sample after the first loading cycle, showing
appearance of numerous bands; (c) SAD pattern of grain G2; (d) dark-field image corresponding to the (0111),,||(011), diffraction spot.
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Fig. 8. TEM micrograph of grain G2 rotated 90° just after the appearance of
a straight screw dislocation and mechanically induced nano-twins observed in
Fig. 7(b). The red dashed lines correspond to some nano-twins while the white
arrows highlight the features that could act as nucleation sites for these twins.
The thin foil normal is close to [011] zone axis. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

of such incorporation events can progressively bring the formation of
“super-jogs”. It is postulated that the discontinuities observed in the twin
boundaries on Fig. 5(c) are a consequence of these superjogs. Further-
more, the dislocations observed in the tilted twins (Fig. 5(c)) indicate
that the growth mechanism involves the incorporation of twinning par-
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tials (%(111)) gliding along the twin boundaries. These growth partial
dislocations form due to the dissociation of a perfect dislocation cross-
ing the twin boundaries, as suggested by Sleeswyk and Verbraak [1].

In order to present a high strain-hardening capacity, a large number
of dislocation sources must be present in the material, as well as
effective obstacles for their motion. It is shown here that the number of
dislocation sources rapidly grows within the microstructure. Indeed, the
superjogs are very effective dislocation sources as shown in Fig. 5(d). A
large number of dislocation loops are emitted from the twin boundaries
inside the matrix. The {112}(111) twins thus mostly play a role of
dislocation sources in the global plasticity of Ti-12 wt.% Mo.

In situ tensile testing of a small-scale sample of Ti-12 wt.% Mo grade
exhibited large differences of mechanical behaviour compared to its
bulk counterpart. Such differences are generally attributed to the lack
of dislocation sources available in the small volumes tested together
with the high surface/volume ratio [42]. These effects lead to a large
mechanical resistance but very low strain-hardening capacity. Indeed,
the density of defects in the volume tested in this work is observed to
be very low. The origin of the dislocation highlighted in Fig. 8 has not
been identified. It can be assumed that it nucleates from a FIB-induced
dislocation loop or from the grain boundary. A better look at this
dislocation suggests that the nano-twins nucleate on specific sites on
this dislocation (white arrows in Fig. 8), even if the possibility that they
nucleate from the surface of the beam cannot be completely discarded.
It is worth noting that the enhancement of diffraction contrast of these
sites can be explained by the increase of the local strain field due to
the interaction of the screw dislocation with some pre-existing w,g,
nanoprecipitates or FIB induced nanoclusters, thus leading to cross-slip
and the formation of jogs. Such jogs act as preferential nucleation sites
for the {112}(111) nano-twins, by the partial dislocation mechanism
exposed previously and illustrated in Fig. 11 for the particular case of
this in-situ tensile test. High resolution analysis could not be performed
on the sample after the tensile experiment to validate the proposed
mechanism since the sample was highly damaged during the transfer
operation to a classical copper grid.

The very high level of stress achieved by the FIB-extracted nanoscale
sample is much larger than its bulk counterpart, which is an extrinsic
size effect. Moreover, it is coherent with the absence of dislocation
activity. However, it is possible that some dislocations appeared in
grain G1 without being observed if they were not in the right Bragg
conditions, or that newly formed dislocations escape from the sample at
free surfaces without being pinned. This last point seems rather unlikely
since no strain burst was observed. Furthermore, the surface defects
created during FIB preparation as well as the presence of nanoscale w,,
precipitates do not seem to act as dislocation sources, even though the
acquisition rate of the recording setup is not fast enough to ensure that
the {321}-type screw dislocation observed did not nucleate from such
Wy Precipitates. It should also be mentioned that the formation of this

Fig. 9. (a) Bright-Field micrograph of grain G2 of the strained sample after the first loading cycle and (b) during the second stress plateau (2.5 GPa). Black arrows
show some twins formed during the first cycle while white arrows highlight new twins formed during the second plateau.
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[111]

(110)

-
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screw dislocation

w precipitates

1/6 [111] partial

Stacking fault

Fig. 11. Schematic representation of the nano-twins formation during the in situ tensile test: (a) cross-slipping of the screw dislocation when encountering w,,

precipitates; (b) nucleation of nano-twins on the jogs of the dislocation.

Table 1
Calculated Schmid factors for some slip systems
in both grains of the beam shown in Fig. 7.

Slip system Schmid factor

G1 [T11](112) 0.351
[111](121) 0.351
[111](110) 0.322
[111]1(132) 0.033
[111](123) 0.033
G2 [111)211) 0.386
[111](110) 0.334
[111](101) 0.334
[1111(132) 0.035
[111](123) 0.035

type of dislocation as first active slip system is rather unusual. Indeed,
even though these planes are often cited as possible slip planes in the
BCC lattice, most of the reported results consider {110}- and {112}-type
slip systems [43]. Kaun et al. reported a nearly simultaneous activation
of {110} and {321} slip systems during tensile loading of macroscopic
BCC single crystals when the loading direction is close to a (110)
direction of the crystal [44], which is the case here. Schmid factors of
both grains for several BCC slip systems have been calculated, and the
obtained values are listed in Table 1. It can be seen that amongst the
{110} and {321} slip systems, the highest Schmid factor corresponds to
the former type. The activation of a dislocation with such a low Schmid
factor (0.035) is quite surprising. However, the very small volume
(0.8 um?) tested in this experiment does not contain any pre-existing
dislocation, so that it has first to nucleate. The nucleation of dislocation
does not follow the Schmid factor rule, so it is believed that the Schmid
factor is not a correct descriptor in the present situation.

When the load is maintained at a given level, {112} nano-twins with
a thickness smaller than 10 nm form quite instantaneously within one

of the grains (Fig. 7(b)). It is worth noting that the twins encounter-
ing the grain boundary did not cross it, contrarily to {332} twins as
reported in previous studies [7,45]. It can be seen in Table 1 that the
[111](211) slip system of grain G2 presents the highest value of Schmid
factor that corresponds to the twin system activated during the experi-
ment. In this case, since fragments of dislocations exists, i.e. jogs formed
at the intersection between the {321}-type dislocation and w precipi-
tates, the Schmid factor rule seems to be correctly followed. The acti-
vation of a {112} slip plane instead of a {110} one (corresponding to
the most dense packing in BCC lattice) has been largely observed in
pure BCC refractory metals and interpreted by Seeger [46] as a conse-
quence of the core structure of the screw dislocations based on its theory
of kink-pair formation on screw dislocations [47]. Recently, Kamimura
et al. proposed a generalised Peierls-Nabarro model and showed that
the normalised Peierls stress (rp/G) of dislocations is largely dependent
on the crystal structure [48]. They showed that the Peierls stresses for
BCC transition metals range from 2:10~3 to 81073 G for %{110}(111)
screw dislocations, where G is the shear modulus. This corresponds to
stress values of 70—280 MPa in the case of Ti-12 wt.% Mo (G = 35 GPa),
which seems consistent with the TEM post-mortem observations since
numerous twins as well as dislocations have been found in bulk samples
loaded up to a macroscopic stress level of 600 MPa (Section 4.1). In this
in situ experiment, the resolved shear stress corresponding to the highest
Schmid factor in grain G2 is equal to 7. = 868 MPa. This large difference
of stress required for the activation of dislocation motion between the
bulk and monocrystalline samples can be attributed to the lack (or the
small size) of effective dislocation sources in the nanoscale sample. In-
deed, the first nanotwins have been observed as soon as one screw dislo-
cation has been formed within the grain. It is interesting to note that the
resolved shear stress corresponding to the {321}-type dislocation equals
79 MPa, which lies in the stress range defined by Kamimura [48]. The
time resolution of the camera is not sufficient to conclude that the first
nanotwins form after the dislocation. However, since some twins have
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appeared in a later frame, it can be supposed that the dislocation is
mandatory for the formation of twins. The mechanism of mechanical
twinning is intimately related to the defect structure of the initial crys-
tal. Once the stress concentration level is reached for generating the first
dislocations in the sample, nanotwins are immediately emitted from jogs
at the screw segments at a sonic velocity to relax the elastic strain im-
posed to the sample. Furthermore, the in situ TEM observations showed
that, in contrast to bulk samples, the twins do not thicken after their nu-
cleation. Again, this indicates that the growth of twins is supported by
incorporation of partial dislocations, as suggested by Sleeswyk and Ver-
braak [1]. This mechanism is hindered in the thin sample by the lack
of gliding dislocations. During the second loading plateau at a higher
stress level, new twins form again as a relaxation mechanism.

The lack of observation of stable stacking faults suggests that the
SFE in the as-quenched Ti-12wt.% Mo grade is high, consistently with
previous calculations of SFE for other BCC materials such as Fe-based
alloy [32] and Ti-Nb alloys [49]. A decrease of the SFE with decreasing
stability of the g phase of Ti has been confirmed by ab initio simulations.
However, the lower values of SFE are still quite large compared to FCC
alloys (more than 200 mJ/m? for the less stable Ti—Nb alloy). Further
investigations are necessary to determine experimentally the SFE of the
Ti-12wt.% Mo grade. It is believed that the decomposition of a perfect
g(lll) dislocation in three g(l 11) partials is a metastable state that can
exist only when the system is highly stressed. In the absence of twin
formation by the mechanism depicted here, these metastable partials
will recombine once the stress is removed. Finally, the presence of w,q,
precipitates could also be a source of local lowering of the SFE in the
alloy, leading to preferential sites for twin nucleation.

6. Conclusion

Both post-mortem observations of deformed samples and quanti-
tative in situ tensile testing have been performed to investigate the
{112}(111) twin nucleation mechanism in the as-quenched Ti-12 wt.%
Mo grade. It was shown that this type of mechanical twinning happens
at the onset of plasticity, bringing a microstructure presenting such
kind of mechanical twins. It seems that these twins essentially play the
role of dislocation source for further deformation mechanisms such as
p—a” transformation and subsequent {332}(113) twinning, since this
first plasticity mechanism is substituted by the two latter ones with
increasing plastic deformation. Furthermore, a ribbon of @,y phase
appears at the twin boundaries to relax the elastic strain field associated
to the creation of the interface.

The present observations are consistent with the nucleation mech-
anism proposed by Hsiung and Lassila [28], with the initial presence
of defects like thermal jogs acting as nucleation sites. Moreover, in situ
tensile tests on nanoscale samples confirm the need of such nucleation
sites for triggering mechanical twinning. The defect-free material does
not bring the formation of the partials needed for the formation of
twins. In contrast, once a defect such as a screw dislocation appears in
the material, the formation of twins is nearly instantaneous in order to
relax the elastic strain inside the beam. The initial defect configuration
thus plays a major role in the mechanical behaviour of this alloy.
Finally, growth of twins arises by partial dislocation incorporation,
leading to the formation of superjogs at the twin boundaries, which act
as new dislocation sources.
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