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In this work, preliminary results are presented on attempts to develop a new family of titanium alloys with high ductility induced
by combined transformation-induced plasticity and twinning-induced plasticity effects. Mechanical tests carried out on a binary
B-metastable Ti—12 wt.% Mo alloy designed by a formulation strategy based on the “d-electron alloy design” show a very high work
hardening rate. X-ray diffraction, electron backscattered diffraction and transmission electron microscopy reveal the mechanical

activation of twinning and of o', o’ and ® phases.
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As titanium alloys display a unique profile of
properties, they are being used increasingly in numerous
application fields, ranging from aerospace structures to
biomedical devices. Among the recently developed Ti al-
loys, the B-Ti alloys seem to present a promising combi-
nation of mechanical properties. For example, a new
generation of B-Ti alloys based on biocompatible alloy-
ing elements such as Ta, Nb, Zr and Mo has been de-
signed as low modulus alloys [1] or nickel-free
superelastic materials [2,3], mainly for orthopaedic and
dental applications as osseointegrated implants. These
B-Ti alloys display several reversible or irreversible defor-
mation mechanisms as a function of the B phase stability,
such as stress-assisted martensitic phase transformation
(B—o"), mechanical twinning and dislocation slip [4,5].

The design strategy of these new Ti alloys has often
been based on theoretical prediction tools [6]. Morinaga
et al. [7-9] proposed the “d-electron alloy design meth-
od” to guide the selection of adapted contents of specific
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alloying elements to bring about the activation of super-
elasticity. This approach aims to provide a physical
background to the phase stability and phase transforma-
tions of titanium alloys by connecting the values of two
electronic parameters, Bo (the covalent bond strength
between Ti and alloying elements) and Md (the mean
d-orbital energy level concerning electronegativity and
elements radius), to the chemical stability of the high-
temperature B phase. This model is based on the cluster
DV-Xa method [10] for the calculation of these Bo and
Md parameters for binary additions. “Alloying vectors”
on a Bo/Md map, originating from the Bo and Md val-
ues of pure Ti, then represent the ability of each element
to stabilize either the o phase or the  phase in binary
alloys. Based on this kind of stability map, correlation
with superelasticity properties has been established [8],
experimentally validating this tool. It was extensively
used in the design and optimization of Ti alloys present-
ing two specific mechanical properties: low apparent
modulus and large reversible superelastic deformation.

If B-Ti alloys can now be designed to have adequate
elastic properties, this is not yet the case for their plastic
behaviour. Indeed, B-Ti alloys for which plasticity is
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driven by dislocation glide present a very low work
hardening rate, bringing about rapid strain localization
and low ductility levels. This lack of work hardening
compared to other body-centred cubic (bcc) materials
such as ferritic steels is not thoroughly understood, even
though it represents a major drawback for Ti alloys in
all kinds of applications requiring plasticity. On the
other hand, some Ti alloys can exhibit other deforma-
tion mechanisms, namely mechanical twinning or
mechanically induced martensitic transformation when
the B phase chemical stability decreases. Several studies
have reported the activation of {332} (113) twinning in
some metastable -Ti alloys, resulting in a significant in-
crease in the work hardening rate [11,12], though this in-
crease has not yet been fully explained. On the other
hand, the occurrence of twinning is generally accompa-
nied by a small yield stress. Furthermore, the effect of
mechanically induced martensitic transformation on
the plastic properties of Ti alloys has hardly been inves-
tigated and optimized.

The present study aims to show that the alloy design
procedure initially developed for superelastic properties
of Ti alloys can be extended to their plastic properties,
particularly to the prediction of improved work harden-
ing rate, bringing a combination of strength and ductility
hardly reported before for Ti alloys. This extension is not
straightforward. In order to reach such a combination of
properties, another combination of Bo/Md parameters
than that initially proposed by Morinaga et al. [8] for
superelasticity was selected and tested. The present study
confirms the activation of several deformation mecha-
nisms and a large work hardening rate.

Figure 1 corresponds to the region of the d-electron
alloying map of titanium alloys where the transition be-
tween several deformation mechanisms of the  phase is
predicted. The design procedure followed here considers
that improvements of the work hardening rate could be
reached as a result of the activation of several mechani-
cally activated deformation mechanisms (mechanical
twinning, stress-induced martensitic transformation
and dislocation glide). The alloying vector of Mo is also
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Figure 1. Magnified part of interest of the d-electron alloying map for
titanium alloys with the alloying vector of molybdenum. The dark
linear dashed line indicates the strategic location at which the Ti-
12 wt.% Mo alloy is located.

represented in this figure, showing that Mo could be a
promising candidate for the development of binary tita-
nium alloys with enlarged plastic properties thanks to the
activation of these various deformation mechanisms.
Along the alloying vector of Mo, the composition Ti-
12wt.% Mo is located about halfway between the
boundaries of the domains of mechanical twinning and
stress-induced martensitic transformation. With the val-
ues Bo =2.807 and Md = 2.4158, this alloy was chosen
as a good candidate for the improvement of the mechan-
ical properties of as-quenched P phase thanks to ex-
pected competition between (mostly) two plastic
deformation mechanisms, the transformation-induced
plasticity (TRIP) and twinning-induced plasticity
(TWIP) effects. It is worth noting that, whereas the Ti-
15 wt.% Mo alloy has been extensively studied, hardly
any complete study of the microstructure—mechanical
properties relationship has been reported in the case of
the Ti—12 wt.% Mo alloy. Blackburn and Williams [13]
reported the occurrence of mechanical twinning and ®
phase in cold rolled samples of Ti—11.6 wt.% Mo. How-
ever, they did not measure the mechanical behaviour of
these samples. On the other hand, Williams et al. [14]
measured the mechanical properties of several Ti-Mo
alloys but without any microstructure characterization.
More recently, Sun et al. [15] analysed the ageing behav-
iour of deformed Ti—12 wt.% Mo samples.

The binary Ti-12 wt.% Mo alloy was processed by
the cold crucible levitation melting technique under a
pure Ar atmosphere. The 20 g ingots produced were
then remelted in an arc furnace under a high-purity Ar
atmosphere, with a non-consumable tungsten electrode
on a water-cooled copper module. The ingots were then
cold rolled down to 0.5 mm sheets, corresponding to a
reduction level larger than 95%. Cold rolled sheets were
reheated under a high vacuum (10~" mbar) up to 1143 K
for 30 min for recrystallization and then water quenched
to keep the fully f microstructure at room temperature.
The resulting grain size was of the order of several tens
of microns, while X-ray diffraction showed that this as-
quenched microstructure was in a p state, with some
athermal ® phase. Great care was taken throughout
the processing of the samples to keep the oxygen content
as low as possible since it influences the mechanical
behaviour. Prior to the mechanical tests, the measured
oxygen content was 0.0115 wt.%.

Mechanical properties were measured in tension on
specimens with a calibrated gauge length of 24 mm
and a width of 4 mm. Specimens deformed to different
levels were then observed by electron backscattered dif-
fraction (EBSD) and transmission electron microscopy
(TEM). Prior to the EBSD observations, samples were
first mechanically polished down to 1 pm and then elec-
tropolished using a solution of 53.5% CH;OH, 33%
C4H 0O, 11.5% HCIO4 and 2% HCI, held at 253 K.
EBSD scans were performed using a field emission gun
scanning electron microscope operating at 10, 15 or
20 kV, with step sizes ranging from 0.1 to 0.05 um. A
JEOL 2010 field emission gun microscope operating at
200 kV was used. X-ray diffraction measurements (with
Cu K, radiation) were also carried out on these de-
formed samples in order to highlight the appearance
of new phases in the course of plastic straining.
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Figure 2. (a) Tensile true stress—true strain curve and (b) evolution of
the work hardening rate (0c/0g) with the true stress of the investigated
Ti-12 wt.% Mo alloy.

Figure 2 presents the tensile true stress—true strain
curve, as well as the evolution of the work hardening rate
(6=00/0¢) with stress. The present Ti-Mo alloy exhibits
enhanced mechanical properties, particularly a large
work hardening rate, bringing about levels of true stress
and true strain at necking of 1000 MPa and 0.37, respec-
tively. These values fit with the levels reported by Wil-
liams et al. [14], even though their oxygen content was
four times higher than in the present study, meaning that
this alloy presents a tolerance to the addition of oxygen.
The stress—strain curve and, more pronouncedly, the
work hardening rate show non-monotonous evolutions.
After the elastic—plastic transition, the work hardening
rate exhibits a large hump, followed by a smooth de-
crease down to the point where the Considere criterion
is fulfilled. As it will be explained below, these different
steps in the work hardening rate evolution are related
to the activation of different deformation mechanisms.
It should be noted that the maximum work hardening
rate is close to the theoretical limit (p/20) [16].

Figure 3 shows EBSD maps of a specimen deformed
to a tensile strain of 0.05. These maps show that, in the
Ti-12Mo alloy, the strain is actually accommodated by
a combination of several deformation mechanisms. This
figure first shows that mechanical twinning is activated
well at a strain of 0.05. Two twinning systems forming
a regular pattern are observed and indexed as {332}
(113) twins in the bee B phase. Observation of the band
contrast of the individual twins (Fig. 3(a)) suggests that
additional internal deformation mechanisms (twinning
and/or mechanically induced o”) occur at the nanoscale,
showing that the strain is accommodated at different
microstructural scales. Extra characterization is needed
to clearly identify these internal features.

Besides mechanical twinning, some features of the de-
formed microstructure were indexed as hexagonal close-
packed o phase (represented in red in Fig. 3(a)). The
presence of this mechanically induced o phase was also
confirmed by X-ray diffraction measurements at strain
levels as low as 0.02. The mechanical activation of the
o phase is not common and was not anticipated in the
present alloy, even though it has already been reported
in some B-metastable Ti alloys [17,18].

Figure 4 shows TEM micrographs of a sample
strained to necking (¢ = 0.38), illustrating the complex
mixture of strain-induced coexisting networks of o”
phase and mechanical twins. Figure 4(a) corresponds
to a bright-field (BF) TEM micrograph along the
(113) zone axis. The spots corresponding to the o” phase

Figure 3. EBSD maps of a specimen deformed to a tensile strain of
0.05. (a) Band contrast map with the o phase represented in red; (b)
inverse pole figure map for the rolling direction. The indexed o
bands satisfy the Burgers relationship (111)g][(11-20),/ and
{110}1{0001},/, while {332} (113)-type mechanical twinning
occurs. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

are clearly visible. The formation of this strain-
induced orthorhombic o” phase leads to a dense
network of nanoscale needles. The presence of this phase
was also detected by X-ray diffraction from as low a
strain level as 0.10. On the other hand, Figure 4(b) corre-
sponds to another BF TEM micrograph of a zone close
to the lower right corner of Figure 4(a). In this figure, an-
other dense network is visible, corresponding to mechan-
ical twins. A magnified view of these mechanical twins is
given on the (110)g HRTEM micrograph of Figure 4(c).
This figure confirms the occurrence of the {332} (113)
mechanical twinning. Furthermore, the power spectra ta-
ken on both sides of the twinning plane exhibit the dif-
fracting signature of the ® phase close to the twin
boundary. This ® phase formation is believed to happen
to accommodate the deformation induced by the twin
formation, as already previously reported in association
with the {332} (113)-type twins. This study thus high-
lights the fact that the enhanced mechanical behaviour
of the Ti—12 wt.% Mo alloy relies on a complex combina-
tion of several deformation mechanisms, including
stress-induced martensitic transformations (from B to
o and/or o”) and an intense mechanical twinning associ-
ated with the formation of the » phase. The exact chro-
nology regarding the occurrence of the different
mechanisms is still not completely understood, especially
concerning a possible transition from the f—ao' stress-in-
duced transformation to the more classical f—o” trans-
formation when the strain level is increased.

As predicted by the d-orbital design strategy, the po-
sition of the investigated composition on the Bo-Md
map seems to result in a competition between stress-
induced martensite (p—o’ and f—ao”) and mechanical
twinning as deformation mechanisms. While the large
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(c)

Figure 4. TEM micrographs of a specimen deformed to 0.38. (a) BF
micrograph along the (113)g zone axis illustrating the formation of
stress-induced o martensite; (b) BF micrograph showing the occur-
rence of intense {332} (113) mechanical twinning; (c) (110)g high-
resolution TEM micrograph of a zone of (b) corresponding to a {332}
(113) mechanical twin boundary. Spots corresponding to the ® phase
are also visible on the power spectra.

increase in the work hardening rate seems to depend on
the activation of these phenomena, the role of each of
them is not yet clearly established. Indeed, the present
evolution of the work hardening rate is not usual for
bee titanium alloys. Several analyses have been carried
out in other metallic systems, such as advanced steels,
in which such deformation mechanisms also occur
[19,20]. Tt was proposed [20,21] that the hardening
resulting from mechanical twinning, for example, is re-
lated to a decrease in the effective grain size (a so-called
dynamic “Hall-Petch” effect) since new, highly misori-
ented twin boundaries are continuously created, bring-
ing about a decrease in the dislocation mean free path.
Additionally, the formation of twins could also induce
some kind of composite effect, with twins developing
their own mechanical behaviour with respect to the im-
posed stress. Moreover, the twin boundaries are proba-
bly accompanied by the creation of new dislocations on
both sides of the boundaries, which will harden the ma-
trix by deforming it. Figure 4(b) also shows that
mechanical twinning continues to be activated at larger
strains, bringing about complex nanostructured patterns
of highly disoriented grains.

It is thought from these results that the successive
stress-induced transformations actually participate to
the strain hardening behaviour. This is consistent with
previous work reporting that B-metastable alloys with
stress-induced martensite f—ao” transformation had a
higher work hardening rate than corresponding o + B
alloys, where only dislocation slip is occurring [22].

In summary, several deformation mechanisms have
been identified in the present Ti—12 wt.% Mo alloy, i.e.
{332} (113) mechanical twinning and the formation
of o, o and ® phases. The formation of o' essentially
happens at the onset of plasticity, while the other mech-
anisms are active during the whole plastic straining.
Such a complex combination of deformation mecha-
nisms has been hardly reported in the literature
[23,24], and this first set of results is promising for the
development of a new family of B-metastable Ti alloys
exhibiting TRIP/TWIP effects, resulting in a unique
combination of strength and ductility. Furthermore,
the simultaneous occurrence of these effects suggests
that the extension of the d-electron alloy design strategy
for plastic properties is reasonably valid in binary alloys.

This work was carried out within the frame-
work of the IAP programme.
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