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Abstract

As expected from the alloy design procedure, combined Twinning Induced Plasticity (TWIP)
and Transformation Induced Plasticity (TRIP) effects are activated in a metastable P
Ti-12(wt.%)Mo alloy. In-situ Synchrotron X-ray diffraction (XRD), electron backscatter
diffraction (EBSD) and transmission e lectron microscopy (TEM) observations were carried
out to investigate the deformation mechanisms and microstructure evolution sequence. In the
early deformation stage, primary strain/stress induced phase transformations (p->w and ->a.’)
and primary mechanical twinning ({332}<113> and {112}<111>) are simultaneously
activated. Secondary martensitic phase transformation and secondary mechanical twinning
are then triggered in the twinned  zones. The {332} <113> twinning and the subsequence
secondary mechanisms dominate the early stage deformation process. The evolution of the
deformation microstructure results in a high strain hardening rate (~2GPa) bringing about

high tensile strength (~1GPa) and large uniform elongation (> 0.38).

1. Introduction

During the past few decades, the interest for titanium alloys has been continuously increasing
due to their combination of properties such as high strength [1-6], low density,

biocompatibility [7-10] and good corrosion resistance [11, 12]. However, both their low
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ductility (uniform elongation typically less than 0.20) and their lack of strain-hardening when
compared with steels or Co-Cr alloys [11, 13], limit their use in advanced applications where
superior combinations of strength and ductility are required.

A strategy dedicated to a general improvement of the mechanical properties based on
transformation induced plasticity (TRIP) or twinning induced plasticity (TWIP) has been
widely investigated in the case of steels [14-16]. An optimization of mechanical properties can
be also achieved in Ti-based alloys, when controlling the metastability of the f matrix through
its chemical composition [4, 5, 13, 17, 18] that strongly influences the martensitic start (Ms)
temperature [5, 13, 19] and the critical resolved shear stress (CRSS) for twinning. Indeed, it
has been reported that several deformation induced phase transformations, i.e. ® phase and a”
phase precipitation, and two twinning modes, {112} <111> type and {332}<113> type, could
be activated under different stress conditions (strain rate, temperature, etc.) in some specific Ti
alloys [3, 20-25]. These mechanisms can be activated in various alloys exhibiting shape
memory effect [19], superelasticity [18-20, 23, 24, 26] or strain hardening behaviour [3, 4, 27,
28].

Recently, an electronic design approach for the development of a new family of titanium
alloys exhibiting a combination of high ductility and improved strain hardening rate has been
proposed and exemplified in the binary Ti-12(wt.%)Mo grade [3, 27]. The chemical
formulation of such alloys was designed following the Morinaga model based on the cluster
DV-Xa method by mapping electronic parameters Bo (bond order) and Md (d-orbital energy)
[29, 30]. This map is of great interest since it can be used as a tool to design new titanium

alloys exhibiting specific improved performances. So far, this kind of stability diagrams has



specially been used for the design of the last generation of low modulus/high strength alloys,
such as the “Gum metals” series [31].

In the case of the high strain hardening rate in Ti-12(wt.%)Mo alloy, the design approach aims
at activating simultaneously various deformation modes [27]. It is well known that, in
titanium alloys, the main deformation mechanism evolves from dislocation glide to
mechanical twinning then to martensitic transformation when the B phase chemical stability
decreases. Domains corresponding to the transition between these two last deformation modes
have then been targeted on the Bo/Md map [27]. Experimental validation of this design
procedure was reached with the Ti-12Mo alloy exhibiting true stress - true strain values at
necking, of about 2000MPa and 0.38, respectively, with a large strain hardening rate close to
the theoretical limit [27, 32]. These values of strength and elongation were hardly reached
before in BCC alloys. Both mechanical twinning and stress/strain induced phase
transformations were observed in deformed samples, in good agreement with the theoretical
predictions. However, the sequence of deformation processes, involving both twinning
induced plasticity (TWIP) and transformation induced plasticity (TRIP) is still unclear and
needs to be investigated in more details to understand the role of the synergy between these
mechanisms in the improvement of the strain hardening. As a conseqguence, the present work
focuses on the characterization of the deformation mechanisms of the Ti-12Mo alloy strained
from 0 to 0.08 owing to in-situ synchrotron X-ray diffraction (SXRD), electron backscattered

diffraction (EBSD) mapping and transmission e lectron microscopy (TEM).



2. Experimental

The binary Ti-12wt.%Mo alloy was processed by the self-consumable melting technique
giving an ingot of 9kg. The chemical composition of the raw ingot is listed in Table 1. Plates
of 10mm in thickness were cut, followed by solution treatment (ST) at 1173K for 30 minutes
and water guenching. The specimens were then cold rolled down to 0.5mm thick sheets,
corresponding to a reduction level of 95%. These sheets were finally recrystallized at 1173K
for 30 minutes and water quenched to restore a fully B state. The mentioned heat treatments
were carried out in tubular furnaces under vacuum (10" mbar) to prevent oxidation.

In-situ synchrotron X-ray diffraction data were collected at the high resolution beam line ID31
of the European Synchrotron radiation Source (ESRF), Grenoble (France), from a tensile
sample with gauge width of 4mm and 0.5mm in thickness. The incident X-ray wavelength
was 0.4 A. Data collection was performed over the angular range 2-14< with a step size of
0.005< Nine scanning stages were carried out at room temperature, starting from the unloaded
state, then for increasingly loaded states up to a strain of 0.08 and finally after unloading.
Analysis of the diffraction patterns consisted in identifying the phases corresponding to the
different peaks and then estimating the lattice parameters owing to Pawley refinement using
TOPAS [33]. Estimation of the intensity of specific peaks was also carried out.

Cyclic tensile loading/unloading steps were applied to a prior polished sample, bringing about
some surface relief related to the activated deformation mechanisms.

Finally, specimens deformed to various strains were also prepared for electron backscattered

diffraction (EBSD) and transmission electron microscopy (TEM). Prior to the EBSD



observations, samples were first mechanically polished down to 1pm and then chemically
polished with a solution of H,O, and OP-S (Oxide Polishing Suspension from STRUERS, a
colloidal silica suspension with a pH of 9.8 and a grain size of about 0.04 micron). EBSD scans
were performed using a field emission gun scanning electron microscope operating at 15 kV,
with step sizes ranging from 0.1 to 0.05 pm. A JEOL 2000FX transmission electron
microscope operating at 200 kV was also used. Thin foils were prepared by twin-jet electro

polishing technique using a solution of 4% perchloric acid in methanol.

3. Results

3.1 Tensile behaviour

The uniaxial tensile loading curve of solution treated Ti-12Mo specimen is shown in Fig. 1.
The true strain/true stress curve exhibits a large uniform elongation close to 0.4 as well as a
significant strain hardening rate, much larger than in the case of the conventional titanium
alloys [34, 35]. The corresponding strain hardening rate (do/de) also represented in Fig. 1
illustrates a multi-stage deformation process as classically observed in microstructures
exhibiting multiple plasticity phenomena [14-16, 36]. From elastic limit to £=0.1, there is first
a monotonic increase of the strain hardening rate that reaches a maximum value around 2000
MPa, which is close to the theoretical limit of such alloy (E/50) [27, 32]. Three stages of the
strain hardening rate are defined in the deformation process (see Fig. 1). Stage | corresponds
to the conventionaltransition between the elastic and plastic regimes. Stage 11 relatesto a large
increase of the strain hardening rate from the elastic limit to €&=0.1. The strain hardening then

decreases in Stage I1. In previous work on Ti-12Mo, it was shown that two major deformation
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modes [27], martensitic phase transformation and mechanical twinning, are active during
stage Il and are continuously interacting throughout the plastic deformation range. Therefore,
the evolution of the deformation modes in stage Il is of great importance in clarifying the

origin of the particular strain hardening behaviour and the corresponding large ductility.

3.2 Synchrotron X-ray Diffraction

The SXRD patterns corresponding to different strain levels are given in Fig. 2. Diffraction
peaks corresponding to additional deformation-induced phases can be noticed on these
diffraction patterns (Fig. 2a). Pawley refinement [37, 38] was applied on each SXRD pattern
for identification and characterization of the phases induced upon deformation. Fig. 2b gives
an example of the refinement after unloading, where strong stress or strain-induced martensite
(SIM) o diffraction can be clearly identified. Fig. 2c presents the position and intensity of the
major diffraction peaks of ®, o’ and B phases. As classically observed for metastable  Ti
alloys, the initial ST microstructure of the present Ti-12Mo alloy exhibits some athermal ®
phase together with the B matrix. The characterization of this « phase is always difficult by
conventional XRD technique due to its size and distribution at the nano-scale. Here, the
accurate SXRD scans are able to provide precious information on the evolution sequence of
this ® phase in the strained bulk material. The volume fractions of the phases are directly
proportional to the integrated intensity of their specific diffraction peaks. Due to the strong
orientational preferences of the transformed phases, the in-situ evolution tendency of the
transformed phases is qualitatively illustrated by plotting their SXRD intensities versus

deformation strain. Fig. 2d shows the evolution of the integrated intensity of the (0001)® and



(110)a>  characteristic ~ diffraction  peaks, illustrating  the  sequence  of
appearance/disappearance of the @and o" phases. In the initial ST state, the intensity of the ®
peaks is due to the quenched-in athermal o precipitates [3]. At the onset of plastic yielding
(e=0.5%-0.7%), the ® intensity exhibits a sudden increase then followed by a decrease. The
diffraction peaks of ® phase start to vanish after £>0.7% when the SIM «” signature starts to
increase monotonically with strain. Finally, the volume fraction of SIM o” phase reaches a

maximum at about 8% strain and displays a reduction after unloading.

3.3 EBSD and TEM investigations

EBSD mapping has been performed on specimens strained to different levels, to highlight the
complex patterns. No deformation bands were observed by EBSD with its own spatial
resolution for specimens strained up to €=0.005. However, both {332}<113>twins and SIM o
plates have been observed at €=0.01, as illustrated on Fig. 3a-d. Fig. 3a shows that two
twinning systems are activated from the beginning of plasticity. It is worth noting that twins
are not confined into one grain like in TWIP steels [16, 39]. Indeed, they propagate through
grain boundaries to surrounding grains while undergoing a small misorientation
corresponding to the one between these neighbouring grains. The width of these twins has
been measured and ranges between 600 and 800 nm. In Fig. 3b and d, band contrast and phase
identification also suggest the formation of a three-variant network of SIM o needles deeper
beneath the sample surface with conventional o”/p orientation relationship, ie. (110),-
11{112}4 and [001],-//<110>, with a width ranging from 250 to 400 nm. Moreover, one can

notice a small band of o phase within the twin indicated by the open arrow in Fig. 3b. This



phenomenon of a” precipitation within twin bands has been widely observed in specimens

strained to larger levels. Fig. 3c and d illustrate the complexity of the deformation features in
this alloy at a strain level as small as 0.01. SIM o” nanoscale precipitates are forming a
multi-variant deformation band. Some parts of this band are also indexed as 3 phase, either
with the matrix orientation or with a {332}<113>twin orientation. This kind of features is
more and more observed for increasing strain.

The indexing leve |l decreases very rapidly with strain as illustrated by Fig. 3e and f. Only a few
twins and martensitic plates can be indexed on this figure, while most of the deformation areas,
e.g. the dark clusters (black arrows) and the interiors of the coarsen bands (open arrows), are
left as unidentified.

Fig. 4 show bright and dark field images of a sample deformed to £=0.007. A set of parallel

thin lamella induced by deformation and identified as o can be clearly seen The appearance of
these bands at the onset of plastic activity is consistent with the synchrotron measurements of
Fig.2. It can be observed from the diffraction patterns (inset of Fig. 4b) that one of the two
variants of ® phase is favoured, resulting in an intensity increase of the diffracting spots. The

edge-on lamellas are parallel to (1-12)B plane.

Fig. 5 shows that the dark clusters (at £=0.015) that were not indexed by EBSD (Fig. 3e)
correspond to two sets of acicular plates of 200-300nm in thickness indexed as primary o”
martensitic plates on the corresponding SAED pattern. Furthermore, Fig. 6 presents a
representative example of the complexity of deformed samples, already at £=0.015.

Consistently with EBSD observations (Fig. 3), the diffraction pattern along the <111>f zone

axis (Figs. 6a and 6¢) shows that two kinds of deformation products, i.e. twin and martensite,



surrounded by the  matrix are present. The twinning system is identified as {332}<113> .
Selecting a set of diffraction spots corresponding to o™ and twin, dark field image of Fig. 6b
shows three zones of interest marked as Z1, Z2 and Z3, hightlighed in Fig.7. Figs. 7a and 7b
show that two different sets of o” variants can be found. They are present either within
twinned B (variant a”y; in zone Z1) or within the § matrix (variant oy, in zone Z2). The o,
yields conventional relationship with respect to the p matrix, i.e. (-110)a.’\,//(-112) 3, whereas
a”,; accommodates crystallographically to a {332}<113> twinned [ zone as
(-110)a”’\1//(-112),in. For convenience, they are called hereafter primary o’ martensite and
secondary a” martensite, respectively. It can be noticed from this dark field image, that the
{332}<113> B twin are almost completely fulfilled with the o> martensitic phase. In the case
of zone Z3 fulfilled with a high volume fraction of stress-induced o’ phase, Figs. 7c and 7d
show that the martensitic phase is actually internally twinned with the twinning plane
identified as (-110)a”v4, bringing about the variants o.’’\;, and oy, as illustrated on the Figs.
7e and 7f.

The bright field image reported on Fig. 8 displays some details of the mechanical twins found
after a deformation of £=0.005. The tip section of the {332}<113> twin band was examined
for microstructural details (Fig. 8c).The magnified image shows a set of alternated matrix and
twin zones (indicated by M and T). The micrograph also reveals internal structure composed
by plate-like bands of tens of nanometers in size. In order to further investigate the
morphologies and interfaces of this phenomenon, the specimen was rotated ~30°from Fig. 8a
position and tilted 45<around c-axis of the twin to superimpose the two twinning layers with
[010]+ zone-axis. The corresponding [010]B SAED (inset of Fig. 8d) reveals extra spots due to
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the lamella microstructure. Nano beam diffraction (NBD) analysis of the substructure was
performed on/near these internal bands and shows substructures lying in layers with
orientations switching from [010]p to [1-11]B. Such phenomenon can be interpreted from the
NBD and the pole figure analysis (Fig. 8f) as a multiple twinning effect in the {332}<113>
twinning system, with nucleation and growth of a {332}<113> type secondary twinning
system within the primary twins. The interlayer crystallographic relationship is schematically
demonstrated in the superimposed pole figure along [010]/[1-11]p zone axis of Fig. 8f. The
SAED pattern of this area exhibits a double diffraction effect due to the overlapping interfaces
among matrix/twin and twin/twin,.n,. The corresponding dark-field image (Fig. 8e) reveals
the morphology of nano-size internal twins. A schematic illustration of such structure is
shown in Fig.9. The twinning plane between T and T, shares (-3-2-3)rplane in [1-31]:
direction, whereas the twinning mode between T/M follows (3-32)+[1-1-3] relationship. The
doubled twin plates present an angle of 41.08°with two twinning vectors not coplanar with
each other.

Finally, it is worth noting that the {332}<113> twinning system was not the only twinning
system found in this alloy since the other well known twinning mode in BCC metals
{112}<111> was also observed. However, the volume fraction of this twinning mode is very
low according to the TEM analysis. This mode will not be discussed in the present paper since

it may be of minor importance in the final mechanical properties of the material

4. Discussion

As expected from the design strategy, the material displays a mechanical behaviour based on
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multiple deformation mechanisms. Regarding the complexity of the deformation process,
several characterization techniques have been used in a complementary way to identify the
different mechanisms activated during straining. Three main kinds of deformation
mechanisms have been shown to be activated: stress induced @ phase, stress induced o™
martensite and mechanical twinning. The conjunction of these deformation mechanisms leads

to a complex evolution of the microstructure already in the early stages of deformation.

4.1 Deformation mechanisms

4.1.1 Deformation induced ® phase

Three different ways of o precipitation have been reported for titanium alloys: (i) during
quenching from the high temperature B range owing to a shuffling mechanism (athermal ®
phase); (i) during low temperature aging, in a process controlled by a diffusion mechanism
(isothermal  phase); (iii) during straining (deformation induced  phase) by shear stress. [40,
41). Regarding the ST Ti-12Mo material, it is worth noting that the athermal o phase is present
in the microstructure prior to any deformation. Furthermore, in-situ SXRD (Fig. 2) reveals a
slight increase of the o volume fraction at the onset of plasticity, followed by its fast
disappearance. The TEM investigation of Fig. 4 confirmed the presence of a needle-like ®
phase displaying the typical signature of a shear-induced product in the specimens strained to
0.007 and 0.015. Since athermal @ phase is already present in the microstructure prior to
deformation, it is important to clarify if the increase of the ® volume fraction is actually based
on nucleation of a new deformation induced ® phase or on a preferential growth of the existing

athermal ® phase. Experimental evidences of such deformation induced ® precipitation are
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hardly reported for titanium alloys. However, similar observations were made on Ta based
alloys after shock-induced impact deformation [42] and on nanocrystalline Mo based alloys [43]
after severe plastic deformation process (high pressure torsion). These investigations revealed
that, similarly to deformation twinning, the <111> shear on {112} planes may play a major role
in the formation of ® phase. As a consequence, it was shown that this kind of ® phase can be
formed based on a dislocation mechanism during shear deformation [41-43]. The atoms in
different planes have to move a distance of VV12[111] (layer 2), 1/3[111] (layer 3) and 1/12[111]
(layer 4) in the transformation process from B phase to  phase. Therefore, it was demonstrated
that the  phase could be generated by the glide of partial dislocations of types 1/3[111],
1/6[111] and 1/12[111], which are dissociated from 1/2[111] perfect dislocations in the BCC

structure [44].

The assumption of a preferential growth of the m phase induced by an external strain, has been
previously simulated by phase field modelling [45]. The compressive or tensile stress may
modify the equi-probable growth of the four variants of athermal m phase. As a consequence,
a selective growth of specific variants occurs whereas the other variants are inhibited. Both
nucleation and growth mechanisms may lead to a change in the corresponding « diffraction
intensity (insets of Fig. 4), where w; is found to be much stronger than ®, (diffractions of ,
and o are not distinguishable from the P spots). The alignment of the promoted ® variants
constitutes the deformation induced ® lamellas (Fig. 4) and results in an increase of the ®

volume fraction, as observed on the SXRD (Fig. 2d).

Concerning the subsequent evolution of ® phase volume fraction, which is observed to

13



decrease from £=0.007 to £=0.04, a reasonable explanation can be given, based on shearing
and shuffling of the parent f lattice. The fact that o phase rapidly disappears is probably due to
a shear band mechanism. Similarly to the work of Gysler et al. [21], the ® phase destruction
may be due to the intense dislocation slip in the active {112}<111>slip system. Therefore,
these shear bands {112}<111>may destroy all ® particles within the strain concentrated
volume.

4.1.2 SIM ¢ transformation and mechanical twinning

It is really worth mentioning that SIM and mechanical twinning are triggered simultaneously
from the onset of plasticity in a deformed BCC alloy since very few examples have been
found in the previous studies dealing with TWIP and TRIP effects. However, this situation
was expected according to our design strategy of the chemical stability of the 3 phase and is
shown to result in large improvement both of tensile ductility and of the strain hardening
behaviour. It can be observed from Figs. 3, 5, 6 and 7 that a complex pattern of SIM o phase
is developed upon deformation, both in the matrix and in twins. This result is consistent with
previous work reporting the mechanical activation of the o.”” transformation in the range of 7%
to 12% of molybdenum addition [46] whereas pure twinning deformation mode occurs around
14% of Mo addition [47]. Since containing less B-stabilising Mo, the critical stress for the
activation of the martensitic transformation in the present Ti-12Mo grade is smaller than in the
case of previous work on Ti-14Mo. However, this critical stress is larger than the elastic limit
so that no pseudo-elasticity occurs in the first loading from ST state (Fig. 1), but it should be
noticed that a reverse transformation from o’’->f3 occurs at unloading process (Fig. 2d). While
the rewersible SIM always causes elastic softening [4] in metastable B titanium alloys,
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previous researches [20, 27, 32] suggest that the SIM activated in the plastic regime is able to
increase the strain-hardening rate when compared to typical B+a microstructures. In
metastable f Ti alloys, the activated twinning system shifts from {112}<111> to {332}<113>
when the  phase stability decreases [4, 17, 22, 48, 49]. For example, in a deformed Ti-14Mo
single crystal [28], two twinning modes were observed together. Howewer, {332} twins were
observed in a much larger volume fraction when compared to {112} twins in that material. In
the present Ti-12Mo alloy, due to the higher 3 instability, the transgranular {332} twins can be
seen as the major twinning system, whereas {112} twins have been scarcely observed.

With the different deformation mechanisms in Ti-12Mo, i.e. dislocations glide, SIM, {332}
twinning and {112} twinning, an “orientation factor”, similar to the well known “Schmid
factor”, may play a critical parameter for the determination of the resolved shear stress for
each deformation mechanism [50]. The preferential activation of a specific deformation
mechanism in different B grains depends on the crystallographic orientation with respect to the
applied shear stress. It is indeed illustrated on the EBSD maps of Figs. 3a-d, where twinning is
favoured in grain A while SIM is favoured in grains B and D and both deformation
mechanisms are activated in grain C. Furthermore, in-plate substructure composed by SIM
and twin is present in grain C, suggesting that the twinned 3 zones exhibit a modified
orientation factor when compared to the f matrix. These twinned zones are then subsequently
submitted to their own deformation pathway in which secondary deformation products are
favoured. Furthermore, the transformed volume fraction from  Twins to secondary SIM o is
much higher (Fig. 3d) than that in grain D (favoured in SIM). Similarly, secondary twinning
can also be activated in the primary twins (Figs. 8 and 9), depending on the modified
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orientation factor of the secondary twinning plane in the primary twins. This confinement
behaviour suggests a size effect in the nucleation and growth of the deformation products in
Ti-12Mo. Depending on the orientation factors of the twinned zones, two configurations can
occur: secondary SIM and secondary twinning. These two configurations have been observed
by EBSD and TEM (Section 3.3). However, the complexity of the deformation microstructure
is far beyond this investigation of the early stages of plasticity, more efforts will be made for

further understanding of the material.

4.2 Activation sequence

The establishment of the activation sequence of the different deformation mechanisms is of
great importance for the optimization of the macroscopic mechanical performance of the
material. A schematic representation of the activation sequence is given in Fig. 10, illustrating
the microstructural evolution from the initial ST matrix to the deformed state in the early
deformation stages. The initial B matrix after the ST process is composed by textured
recrystallized B grains with quenched-in athermal ® phase. The o phase is the first phase to
appear within the p matrix strained in tension. These o precipitates are first promoted and then
gradually disappear during subsequent straining as shown both by synchrotron diffraction
(Fig. 2). In the meantime, primary deformation mechanisms are activated simultaneously,
exhibiting a state with the combination of plate-like {332}<113> twins and needle-like SIM o,
precipitates. The volume fraction of both primary deformation products increases with strain.
The twinning mechanism is shown to dominate the primary deformation regime by forming a

transgranular network of twin bands in the § grains. The network of twins is formed at a larger
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scale than that of the SIM assembles (Fig. 3 and 5). After the formation of B twins, secondary
deformation mechanisms are triggered in the twinned 3 zones. It is thought that the activation
of the secondary mechanisms is actually regulated by locally modified orientation factors and
probably by size factor in the twinned 3 zones. As observed in the deformed twins, two
configurations are found with the activation of either a secondary twinning system or a
secondary SIM precipitation. It should be noticed that the secondary deformation mechanisms
are ery active in every twinned zone observed in this investigation. This situation could
probably due to the size effect of the twinned zone, which promotes the nuc leation and growth
of the secondary products. However, the situation seems in contradiction to some previous
reports [51-53]. The respective effect of orientation factor and size factor remains unclear

regarding the secondary mechanisms in twinned 3 zones.

The present Ti-12Mo alloy is thus characterized by the active competition between various
deformation mechanisms from early deformation stages, resulting in a complex network of
deformation induced products. Owing to this peculiar plastic activity, the present material
exhibits unprecedented strain hardening rate associated with an extremely large ductility,

when compared to conventional BCC alloys.

5. Conclusion

Combined TWIP and TRIP effects were shown to occur in the metastable B Ti-12Mo alloy, as

expected from the design strategy. The activated deformation mechanisms at the early stage of
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plasticity are phase transformations,  ->o and p ->a”’, and mechanical twinning, {332}<113>
and {112}<111>. The activation sequence of the mechanisms was revealed by means of
in-situ investigations and supplementary microstructuralanalysis. A high strain hardening rate
associated to a large ductility result from the peculiar sequence of different deformation
mechanisms. The features of the early deformation stage are summarized in the following
aspects.

(1) Deformation induced o precipitation was observed at the very beginning of the tensile
strain, prior to SIM phase transformation and mechanical twinning. The volume fraction of ®
phase reached a maximum value at £=0.005, then gradually disappeared around £=0.04. It is
thought that the ® precipitates were dissolved by the dislocation glide on {112} slip planes.
(2) Primary mechanical twinning and primary SIM a” precipitation were activated
simultaneously at €=0.007 in the B matrix. In the meantime, secondary mechanical twinning
and secondary SIM a” precipitation were triggered in the twinned p zones. The activation of
such in-plate phenomena could probably be due to the modification of orientation factor and
size factor in the twinned zones.

(3) The volume fraction of SIM o’ precipitates kept increasing during the early plastic
deformation regime. However, the primary SIM o’ mechanism was much lower in volume
fraction when compared to mechanical twinning. The dominating twinning system was
{332}<113> inthe early stage. The volume fraction of {112}<111> twinning system was very

limited.
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Figure caption:

Figure 1. Tensile true strain/ true stress curve of solution treated Ti-12Mo alloy is shown in black

line.

curve is shown in red. The monotonic raising of strain hardening rate reaches maximum value of

The corresponding strain hardening rate, do/dg, is plotted in black circles and the smoothed

about 2000 MPa from elastic limit to €=0.1, the early stage of the plastic deformation.

Figure 2. In-situ synchrotron x-ray diffraction (SXRD) results. (a) SXRD patterns corresponding

to increasing deformation levels. The stress/strain curve is shown in the inset; (b) An example of

the final Pawley refinement applied on the SXRD profile after release from 8.0% strain; (c) The

major diffraction peaks of ® and a” phases as a function of applied strain; (d) The evolution of the
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integrated intensity of the characteristic peaks (0001)w and (110)a’ as a function of applied strain.

Figure 3. EBSD superimposed band contrast and inverse pole figure maps showing complex

deformation patterns within different grains at e=0.01 and £=0.05. (a) Two {332}<113> twins with

different orientations crosses several grains; (b) Needle-like o’ martensite grains in the p matrix

are indicated by a black arrow, while a grain of o’’ martensite within the twin band is indicated by

an open arrow; (c) Several nanoscale {332}<113> twins are arranged to form complex

deformation bands; (d) Two variants of o’ martensite are forming deformation bands while

needle-like o’ martensite precipitates are indicated by a black arrow; (e) complex deformation

pattern presenting {332}<113> twins at £=0.05; (f) Two variants of o’ martensite are also present

in the complex deformation pattern at e=0.05.

Figure 4. TEM images of the deformation induced ® phase at ¢ = 0.007 and ¢ = 0.015. (a)

Bright-field image at €=0.007; (b) Dark-field image of the deformation induced ® lamellas at

€=0.007; (c) Dark-field image of the deformation induced ® lamella at e=1.5%. The corresponding

diffraction patterns are presented in the insets of each dark-field image, showing a difference of the

diffraction intensity between the two variants (o; and w4 of the 4 variants) of  precipitates.

Figure 5. Bright-field TEM image of deformation feature identified as acluster of o’ variants. The

corresponding SAED pattern is given in the inset.

Figure 6. TEM images of a sample deformed to £=0.015. (a) Diffraction pattern exhibiting

multiple phases; (b) corresponding dark field image of the deformation products by selecting the

diffraction spots highlighted on (a). Three morphologies of the deformation products are revealed,
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labeled as Z1, Z2 and Z3. (c) Indexed diagram corresponding to {332} B twinning, » phase and

two kinds of of” martensite, noted as o’y and o’ vy.

Figure 7. Detailed TEM micrographs of the zones Z1, Z2 and Z3 indicated on Figure 6. (a) Dark
field image and corresponding diffraction pattern (inset) of zone Z1 showing a {332} B twin which
is almost fulfilled with a’’\, martensite; (b) Dark field image and corresponding diffraction pattern
of zone Z2 showing a plate-like o”’\; martensite with conventional crystallographic relationship to
B matrix; (¢) Dark field image of o”’y; martensite in zone Z3 presenting a twin relationship; (d)
Dark field image of the morphology of the twinned a”’\4 martensite at zone Z3, denoted by a”\1;
(e) diffraction pattern corresponding to zone Z3 showing the twin relationship between o\,
anda”\y1; (f) calculated diffraction pattern corresponding to zone Z3 highlighting the

conventional {110} o’ twinning relationship of the martensite.

Figure 8. TEM images of major deformation features. (a) Bright-field image of a set of {332}<113>
twin bands; (b) The corresponding SAED pattern illustrates twinning plane and twinning axis; (c)
The magnified region shows the sub-structures of fine internal bands; (d) Bright-field image of the
region after rotating and tilting the specimen. Corresponding SAED pattern is shown in the inset.
Nano-beam diffractions (NBD) were performed on the nano-bands indicated by red dots; (e)
Dark-field image in twin spot (DF) of the secondary twins marked by T,.q; (f) Aschematic stereo
projection figure to illustrate the crystallographic relationship of internal {332}<113> twin layers

along zone axis [010]//[1-11]beta.

Figure 9. Schematic illustration of the structural relationship between the p matrix (M), the

{332}<113> twin band (T) and nano-size internal twinning lamella (T2.q). The overlapping of T
22



and Tog contributes to the double diffraction in the SAED pattern.

Figure 10. Schematic illustration of the evolution of the microstructure of the Ti-12Mo alloy when
deformed in tension. The activation sequence of different deformation mechanisms are shown
from ST state to the early deformation stages (Stages | and 1), i.e. deformation induced o phase,
mechanical twinning and SIM a”. The secondary deformation twins and SIM o’ phase are

denoted with subscript “2nd”.

Table list:

Table 1. Ingot chemical composition (wt.%)
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Table 1. Ingot chemical composition (wt.%)

Mo Fe H (0] N C Ti

12.3 0.02 0.004 0.06 0.004 0.011 Balanced
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Figure 1. Tensile true strain/ true stress curve of solution treated Ti-12Mo alloy is shown in black
line. The corresponding strain hardening rate, do/de, is plotted in black circles and the smoothed
curve is shown in red. The monotonic raising of strain hardening rate reaches maximum value of

about 2000 MPa from elastic limit to €=0.1, the early stage of the plastic deformation.
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Figure 2. In-situ synchrotron x-ray diffraction (SXRD) results. (a) SXRD patterns corresponding

to increasing deformation levels. The stress/strain curve is shown in the inset; (b) An example of

the final Pawley refinement applied on the SXRD profile after release from 8.0% strain; (c) The

major diffraction peaks of w and o’ phases as a function of applied strain; (d) The evolution of the

integrated intensity of the characteristic peaks (0001)w and (110)a” as a function of applied strain.



Figure 3. EBSD superimposed band contrast and inverse pole figure maps showing complex
deformation patterns within different grains at £=0.01 and £¢=0.05. (a) Two {332}<113> twins with
different orientations crosses several grains; (b) Needle-like a”” martensite grains in the B matrix
are indicated by a black arrow, while a grain of a’’ martensite within the twin band is indicated by
an open arrow; (c¢) Several nanoscale {332}<113> twins are arranged to form complex
deformation bands; (d) Two variants of o’ martensite are forming deformation bands while
needle-like a” martensite precipitates are indicated by a black arrow; (e) complex deformation
pattern presenting {332} <113> twins at £=0.05; (f) Two variants of o’ martensite are also present
in the complex deformation pattern at e=0.05.
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Figure 4. TEM images of the deformation induced ® phase at ¢ = 0.007 and ¢ = 0.015. (a)
Bright-field image at €=0.007; (b) Dark-field image of the deformation induced ® lamellas at
€=0.007; (c) Dark-field image of the deformation induced ® lamella at e=1.5%. The corresponding
diffraction patterns are presented in the insets of each dark-field image, showing a difference of

the diffraction intensity between the two variants (o, and o, of the 4 variants) of o precipitates.



Cluster of o’ variants

Figure 5. Bright-field TEM image of deformation feature identified as a cluster of o variants. The

corresponding SAED pattern is given in the inset.
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Figure 6. TEM images of a sample deformed to £=0.015. (a) Diffraction pattern exhibiting
multiple phases; (b) corresponding dark field image of the deformation products by selecting the
diffraction spots highlighted on (a). Three morphologies of the deformation products are revealed,
labeled as Z1, Z2 and Z3. (c) Indexed diagram corresponding to {332} B twinning, ® phase and

two kinds of o’ martensite, noted as a”v; and o’’vy.
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Figure 7. Detailed TEM micrographs of the zones Z1, Z2 and Z3 indicated on Figure 7. (a) Dark
field image and corresponding diffraction pattern (inset) of zone Z1 showing a {332} B twin
which is almost fulfilled with o’’y; martensite; (b) Dark field image and corresponding diffraction
pattern of zone Z2 showing a plate-like oy, martensite with conventional crystallographic
relationship to B matrix; (c) Dark field image of o’’\, martensite in zone Z3 presenting a twin
relationship; (d) Dark field image of the morphology of the twinned o\, martensite at zone Z3,
denoted by a”v11; (€) diffraction pattern corresponding to zone Z3 showing the twin relationship
between a”y;anda’’\q1; (f) calculated diffraction pattern corresponding to zone Z3 highlighting

the conventional {110} o’ twinning relationship of the martensite.
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Figure 8. TEM images of major deformation features. (a) Bright-field image of a set of

{332}<113> twin bands; (b) The corresponding SAED pattern illustrates twinning plane and

twinning axis; (c) The magnified region shows the sub-structures of fine internal bands; (d)

Bright-field image of the region after rotating and tilting the specimen. Corresponding SAED

pattern is shown in the inset. Nano-beam diffractions (NBD) were performed on the nano-bands

indicated by red dots; (e) Dark-field image in twin spot (DF) of the secondary twins marked by

Tong; (F) A schematic stereo projection figure to illustrate the crystallographic relationship of

internal {332}<113> twin layers along zone axis [010]//[1-11]beta.
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Figure 10. Schematic illustration of the evolution of the microstructure of the Ti-12Mo alloy when
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deformed in tension. The activation sequence of different deformation mechanisms are shown
from ST state to the early deformation stages (Stages I and I1), i.e. deformation induced ® phase,
mechanical twinning and SIM «’’. The secondary deformation twins and SIM o’ phase are

denoted with subscript “2nd”.
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