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Abstract
A new family of metastable beta type titanium alloys has recently been designed for ductility improvement with large strainhardening effect. Superior plastic properties were obtained due to collective effects of both phase transformation induced
plasticity and twinning induced plasticity. A series of stress induced phase transformations, including stress/strain-induced beta to
omega transformation and stress-induced martensitic beta to α’’ transformations, play particular roles at each deformation stage.
The SIM transformations were found to be closely related to the strain-hardening behavior of the material. In this work, the
relationship between SIM transformations and strain-hardening effect were studied by microstructural investigations.
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1. Introduction
Titanium and its alloys have been attracting increasing attentions due to their combination of properties such as
high strength [1, 2], low density, biocompatibility and good corrosion resistance [1, 3]. Among them, β-metastable
titanium alloys keep exhibiting attractive compromise regarding resistance/ductility combination through the
occurrence of several possible deformation mechanisms such as dislocation slip, mechanical twinning and stress
induced phase precipitation, as a function of the β phase stability [4-9]. In the past ten years, a large part of scientific
work has been dedicated to elastic properties, developing new β-type alloys with ultra-low Young’s modulus and/or
superelastic properties for biomedical applications [10-17]. 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 model alloys: binary Ti-12Mo (wt.%) grade [18, 19] and
the ternary Ti-9Mo-6W (wt.%) grade. The chemical formulation of such alloys was designed following the
Morinaga model [20-22] based on the cluster DV-Xα method by mapping electronic parameters Bo (bond order) and
Md (d-orbital energy).
In the case of the high strain-hardening rate in the model alloys, the design approach aims at activating
simultaneously various deformation modes. 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 β
phase chemical stability decreases. Domains corresponding to the transition between these two last deformation
modes have then been targeted on the Bo/Md map. In this paper, the experimental validation of this design
procedure is performed, revealing true stress - true strain values at necking, of about 1100MPa and 0.38,
respectively, with a large strain-hardening rate close to the theoretical limit. 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.
Furthermore, the role of stress-induced martensitic (SIM) α’’ phase transformation is characterized in a synergetic
relationship with mechanical twinning in stabilizing the plastic flow.
2. Experimental
The model alloys ingots were processed by the arc-melting technique. Plates of 10mm in thickness were cut,
followed by solution treatment (ST) at 950 ºC for 30 minutes and water quenching. The specimens were then cold
rolled down to 0.5mm thick sheets. These sheets were finally recrystallized at 950 ºC for 30 minutes and water
quenched to restore a fully β state.

Fig. 1. (a) The true stress-true strain curves of the designed alloys, Ti-12Mo and Ti-9Mo-6W, exhibiting excellent ductility and very good strainhardening effect. (b) The true stress-true strain curve and strain-hardening rate curve of a Ti-15Mo alloy, exhibiting pure TWIP effect without
TRIP effect [23].

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 4 mm and 0.5
mm in thickness.
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Specimens deformed to various strains were also prepared for electron backscattered diffraction (EBSD) and
transmission electron microscopy (TEM). 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 μm. A JEOL 2000FX transmission electron
microscope operating at 200 kV was used for conventional microstructural investigation. A JEOL 3010 TEM
operated at 300 kV was used to perform automatic crystal orientation measurements (ACOM-TEM) with an
ASTARTM system [23]. The orientation/phase identification was performed by diffraction pattern matching
algorithm to reconstruct the deformation microstructure.

Fig. 2. In-situ synchrotron x-ray diffraction (SXRD) patterns corresponding to increasing deformation levels. The stress/strain curve is shown in
the inset [19].

3. Results and discussions
3.1. Validation of design strategy on TRIP/TWIP effect
The mechanical behaviors of the designed alloys were examined by uniaxial tensile test. Excellent ductility and
very high strain-hardening rate were observed (shown in Fig. 1) as expected. In order to verify the activated phase
transformations upon deformation (TRIP effect), in-situ synchrotron XRD was performed on a ST Ti-12Mo
specimen. As shown in Fig. 2, strong α’’ signals were detected from ε=0.007, the onset of plastic regime, until
ε=0.08. The intensity of the α’’ peaks is increasing along with the applied strain. The main phase transformation
induced by stress is β-> α’’ martensite, which proves the activation of TRIP effect. On the other hand, the
mechanical twinning was identified by the TEM microstructural investigation on deformed specimen. Fig. 3 shows a
deformation twinning band along [011] β zone axis with an edge-on winning interface. The corresponding SAED
pattern on the interface identified a twinning configuration of twinning plane of (2-33)β and twinning direction of
[31-1]β, which is the typical twinning system {332}<113> in metastable β Ti-alloys. It can be noticed that the
TWIP and TRIP effects are activated simultaneously in the designed alloys. The activation sequence and early stage
deformation mechanisms have been investigated in detail in one of our previous works [19]. The results have shown
that the deformation microstructure is composed by the combination of a transgranular {332}<113> twinning
network (primary twinning) and thin SIM α’’ plates precipitated near the β twins (primary α’’) and inside the
twinned β zones (secondary α’’). A combined mechanism, dynamic Hall-Petch effect (twinning network) and
composite effect (TWIP+TRIP), has been concluded as a reasonable explanation of the unusual strain-hardening rate
and the subsequent superior ductility in BCC alloys. Thus, the design strategy is validated by the combined
TWIP/TRIP mechanisms.
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Fig. 3. TEM characterization of the deformation twinning in the deformed alloys (ε=0.05). (a) Bright-field image of a mechanical twin; (b) the
corresponding selected area electron diffraction (SAED) pattern on the twinning interface identifies a (2-33)[31-1] twinning relationship.

3.2. The role of SIM in the combined TRIP/TWIP effect
It can be noticed clearly that the ductility and strain-hardening rate of the designed alloys, showing combined
TWIP and TRIP effects, are very different from the performances of a Ti-15Mo alloy [24], showing only TWIP
effect (Figs. 1a and 1b). The activation of SIM in the plastic range seems effectively improving the uniform
plasticity and enhancing the strain-hardening effect. In order to clarify the role of TRIP effect in the total
contribution of the combined effects, dedicated microstructural investigations were performed. A confinement effect
of the α’’ precipitates was observed, leading to reasonable hypotheses on the role of α’’ in strain-hardening effect.
The strain-hardening rate may probably benefit from the three confined phenomena: (i) 2nd α’’ occupation; (ii) α’’
cluster; and (iii) composite band of α’’ + twinning. The EBSD mapping (Fig. 4) demonstrated three microstructural
features, 2nd SIM α’’ in β twins, the “dark clusters” and “composite band”, numbered by 1, 2 and 3, respectively. It
can be noticed that the β grain was divided into separated regions by the networking of deformation-induced bands.
Interestingly, no β twinning bands were identified in the map but several α’’ plates. By measuring the
crystallographic relationship between the α’’ plates and the nearby β matrix, no conventional relationship can be
determined. In fact, the α’’ martensite was precipitated in {332}<113> β twins, fully or partially occupying the
twinned β zones. It is unusual that such precipitation shows a typical confinement effect, preferring the nucleation
and growth of martensite in very limited volume (β twins with high misorientation interfaces). The mechanism of
such preference is still unclear besides several assumptions on orientation preference, size effect or defect density.
Nevertheless, one consequence can be assured is that the nature of the twin band, e.g. on responding the dislocation
reactions on the twin interfaces and on local strain misfit state, would be seriously influenced, resulting in the first
hypothesis: the confined α’’ occupation at β twins would probably contribute to the strain-hardening rate and
ductility by enhancing the macroscopic dynamic H-P effect and the composite effect.

Fig. 4. EBSD orientation contrast imaging of the deformed alloy (ε=0.05). (a) orientation map of β phase; (b) orientation map of SIM α’’
precipitates. Three microstructural features are shown in the figure: 2nd SIM α’’ in β twins, the “dark clusters” and “composite band”, numbered
by 1, 2 and 3, respectively.

The question following the first microstructural feature would be obvious that where locates the primary SIM α’’
phase? The labeled “2. dark clusters” (Fig. 4) would answer the question by showing confined clusters of needlelike SIM α’’ plates. The detailed microstructural works were realized by using ACOM-TEM technology and
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HRTEM imaging. Fig. 5a shows the orientation mapping of the SIM α’’ variants. An assumption of the contribution
of such α’’ clusters to the mechanical performance is suggested based on the emission of dislocations from the
enormous interfaces. Evidences were found by HRTEM investigations on these interfaces (Fig. 5b). Therefore, the
second hypothesis of the role of α’’ can be fairly addressed that the confined α’’ clusters serves as sources of
dislocations, which helps to stabilize the deformation flow in a synergetic way with twinning network.

Fig. 5. TEM characterizations on the feature “dark clusters”, (a) ACOM-TEM orientation mapping of SIM α’’ variants; (b) HRTEM imaging of a
joint position among two α’’ variants and β matrix.

The synergy effect between TRIP and TWIP can be further exemplified by the third microstructural feature, the
“3. composite band” (indicated in Fig. 4). Fig. 6 demonstrates a “composite band” by TEM bright-field imaging.
Detailed analysis by using ACOM-TEM technology (the NBD scanning) illustrates the delicate composition of the
band’s complexity. The band is actually constructed by the components of 1 st {332}<113> twins and 1st α’’
precipitates in a synergistic configuration (illustrated by blocks in Fig. 5b). Still, these tiny twin components are also
highly preferred by the occupation of 2nd α’’ phase, resulting in a continuous deformation bands showing a
composition of different α’’ variants (typical EBSD mapping features in all specimens at micrometric scale). No
evidences have been found, by us or from literatures, so far on the influences of such “composite band” to the
general mechanical behaviors of the material. However, if we consider this traversing band as a divider of the grain,
then not less significant (at least equivalent) contributions to the dynamic H-P effect could be suggested when
comparing to the mechanical twins.

Fig. 6. TEM characterizations on the feature “composition band”, (a) TEM bright-field image of the “composite band”; (b) ACOM-TEM phase
mapping of SIM α’’ (orange) and β phase (blue). The key NBD patterns of each zone of interest are also given. A schematic drawing of the
different phase blocks are added onto the (b) ACOM-TEM mapping [25].
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4. Conclusions
The design strategy of the TWIP/TRIP Ti-alloys is validated by model alloys and other designed alloys. The
excellent strain hardening and ductility are due to the synergetic effect between SIM and mechanical twinning. The
role of SIM in the combined TWIP/TRIP behavior was investigated by microscopic analysis. The main contributions
of SIM are improving strain hardening rate and stabilizing the plastic flow. The corresponding mechanisms can be
concluded in manner of a general confinement effects of the SIM α’’ precipitation: (i) secondary α’’ occupation in
the twinned beta zone; (2) clusters of nanometric needle-like α’’ plates; (3) a composite band constructed by
components of primary {332}<113> twins and α’’ variants.
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