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Materials information and mechanical response of TRIP/
TWIP Ti alloys
Guohua Zhao 1✉, Xiaoqing Li 2✉ and Nik Petrinic1

Materials innovation calls for an integrated framework combining physics-based modelling and data-driven informatics.
A dislocation-based constitutive model accounting for both transformation-induced plasticity (TRIP) and twinning-induced
plasticity (TWIP) was built to interpret the mechanical characteristics of metastable titanium alloys. Particular attention was
placed on quantitatively understanding the composition-sensitive phase stability and its influence on the underlying
deformation mechanism. For this purpose, a pseudoelastic force balance incorporating thermodynamics and micromechanics
was applied to calculate the energy landscapes of β→ α″ martensitic transformation, {332}〈113〉 twinning and dislocation
slip. Extensive material data were probed, computed and fed to the model. Our results revealed that TRIP and TWIP may
operate simultaneously because of the presence of a noticeably overlapped energy domain, and confirmed {332}〈113〉
twinning is an energetically favourable deformation mechanism. The model validation further unveiled that the activation
of β→ α″ transition remarkably enhances the strain-hardening and plasticity, even though the dynamically formed α″
volume fraction is much less than that of deformation twinning. Our work suggests that the synchronised physical
metallurgy and data-driven strategy allows to identify the compositional scenarios for developing high-performance
engineering alloys.
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INTRODUCTION
The aerospace sector plays a significant role in driving materials
innovation1. Approximately one-third of the structural weight of
modern turbine engines is made up of Ti alloys2, thanks to their
excellent integrity of high specific strength, corrosion resistance
and good stability to the elevated temperatures. Ti alloys with
transformation-induced plasticity (TRIP) and/or twinning-induced
plasticity (TWIP) effects have been showing superior toughness
and ductility3. The enhanced damage-tolerance is especially
important for the highest safety-critical aeroengine components,
which is able to resist catastrophic crack growth and allows time
for inspection. However, the TRIP/TWIP and TWIP Ti alloys are not
fully exploited for engineering applications, and it requires a
thorough understanding of the underlying deformation mechan-
isms. This necessitates a comprehensive strategy incorporating a
selection of composition, microstructure and processing para-
meters to quantitatively capture the materials information and
mechanical response. Here the term TRIP/TWIP designates
simultaneous activation of strain-induced martensitic transforma-
tion and deformation twinning, whereas TWIP refers only twinning
is operative.
The strain-transformable Ti alloys present excellent plasticity (i.e.

uniform elongation (uEL)) via pronounced strain-hardening. For
determining the property, it is critical to quantify the rate at which
the critical stress evolves over strain or, equivalently, the rate at
which dislocations accumulate under strain4. This is performed
through modelling a key quantity, dislocation mean free path,
which is the distance travelled by a dislocation segment before it
is stored by the interaction with the microstructure features, such
as dislocation forest. The mean free path is reduced as strain
increase and may be interrupted by the transformation products
of TWIP and TRIP. Furthermore, deformation twinning and

martensitic transformation create extra shear to accommodate
the strain increase. {332}〈113〉 twinning is a featured and widely
exist twinning system in bcc (body-centred cubic) β Ti alloys,
which produces 1
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p shear strain and the rest atoms are transferred
by shuffling. Meanwhile, β phase may transform to α″ martensite
(C-orthorhombic) with the assistance of external load, and the
crystal structure of α″ is intermediate between bcc and hcp
(hexagonal close packed). TRIP and TWIP deformation modes may
undergo simultaneously because the mechanisms of martensitic
transformation and deformation twinning are intrinsically analo-
gous. A deformation twin is produced by a homogeneous shear of
the lattice parallel to the twinning (habit) plane; whereas
martensitic transformation occurs not only by a shear parallel to
the habit plane, but also together with a small dilatation normal to
the plane5. The analogy is also reflected on the dislocation
mechanisms of martensite and twin nucleation. For instance in fcc
(face-centred cubic) alloys, ε martensite nucleates by the
arrangement of intrinsic stacking faults on every second {111}
plane, whereas twins nucleates by overlapping three stacking
faults on successive planes; stacking faults typically form by the
dissociation of 1

2 f111gh110i dislocations into 1
6 f111gh112i Shock-

ley partials. However, the dislocation mechanism of {332}〈113〉
twinning or orthorhombic α″ martensite is lack of a thorough
understanding; there is few theoretical method considering both
transitions synthetically.
The purpose of this work is twofold. First, a dislocation-based

constitutive model is built for TRIP/TWIP Ti alloys to interpret the
microstructural evolution led by β→ α″ martensitic transformation
and {332}〈113〉 twinning. The TRIP/TWIP model was tested in a
wide range of alloys, and further compared with the previous
TWIP model6 in order to explicitly clarify the TRIP contribution to
stain-hardening. Second, we aim to quantitatively understand the
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composition-dependent phase stability and its influence on
deformation modes. A pseudoelastic model incorporating ther-
modynamics and micromechanics was applied to calculate the
threshold energy of each transformation. Extensive material
information was collected and fed to the algorithm for revealing
the composition sensitivity. A comprehensive computational
framework is developed to link alloy composition, strengthening
mechanism and mechanical response of TRIP/TWIP Ti alloys.

RESULTS
TRIP/TWIP alloys and deformation characteristics
Table 1 summarises the compositions, deformation mechanisms
and mechanical properties of TRIP/TWIP Ti alloys. Figure 1a
comparatively visualises strain-hardening vs. uEL over three major
groups of Ti alloys i.e. undergoing TRIP/TWIP, TWIP or dislocation
slip. The strain-hardening accounts for the difference between the
ultimate tensile stress (UTS) and the yield stress (σY). uEL is applied

Table 1. Major TRIP/TWIP alloys with their operative deformation mechanism, grain size (D, μm), initial strain rate (_ε, s−1) and mechanical properties
including yield stress (σY, MPa), engineering ultimate tensile stress (UTS, MPa) and uniform elongation (uEL) at the onset of necking.

No. Alloy (wt.%) Deformation mechanism D (μm) _ε (s−1) σY UTS uEL Ref.

1 Ti-12Mo β→ α″ & {332} & {112} & β→ω 80 1.0 × 10−3 485 661 0.35 3

2 Ti-12Mo (LTA) β→ α″ & {332} & {112} & β→ω 98 1.0 × 10−3 730 793 0.38 42

3 Ti-15Mo {332} 84 2.78 × 10−4 504 765 0.24 14

4 Ti-7Mo-3Cr β→ α″ & {332} & {112} 102 4.0 × 10−4 695 909 0.32 17

5 Ti-7Mo-3Cr-1Fe {332} 99 4.0 × 10−4 648 924 0.18 43

6 Ti-4Mo-3Cr-1Fe {332} & {112} 150 5.0 × 10−4 870 1092 0.27 26

7 Ti-3Mo-3Cr-2Fe-2Al β→ α″ & {332} 350 1.0 × 10−3 737 907 0.32 20

8 Ti-8Mo-16Nb β→ α″ & {332} 60 1.0 × 10−3 420 650 0.36 21

9 Ti-9Mo-6W β→ α″ & {332} & β→ω 50 1.0 × 10−3 528 791 0.33 19

10 Ti-10Mo-1Fe {332} 196 2.8 × 10−4 656 1033 0.24 15

11 Ti-9.1Mo-1Fe-6.8Sn {332} & {112} 59 3.3 × 10−4 740 835 0.15 44

12 Ti-11Mo-7Zr β→ α″ – 1.4 × 10−4 475 650 0.25 45

13 Ti-12Mo-5Zr β→ α″ & {332} 80 1.0 × 10−3 656 733 0.31 22

14 Ti-10V-4Cr-1Al β→ α″ & {332} 46 1.0 × 10−3 415 796 0.35 16

15 Ti-12V-2Fe-1Al {332} 48 5.0 × 10−4 597 824 0.22 46

16 Ti-12V-2Fe-1Al (LTA) {332} & β→ ω 48 5.0 × 10−4 724 825 0.15 46

17 Ti-7V-5Mo-3Cr-3Al β→ α″ & {332} 64 7.0 × 10−4 750 877 0.17 23

18 Ti-8.5Cr-1.5Sn β→ α″ & {332} 200 1.0 × 10−3 546 889 0.3 18

19 Ti-6Cr-4Mo-2Al-2Sn-1Zr {332} & {112} & β→ω 140 5.0 × 10−4 670 820 0.31 47

20 Ti-15Nb-5Zr-4Sn-1Fe β ! α0 50 5 × 10−4 546 911 0.17 48

Some work did not provide UTS value or engineering stress-strain curve, in this case the UTS was converted from the true stress at the onset of necking.
LTA low-temperature ageing.
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Fig. 1 Mechanical characteristics and TRIP/TWIP alloy compositions. a Strain-hardening vs. uniform elongation, where TRIP/TWIP alloys
exhibit the best combination of strain-hardening and tensile ductility. b TRIP/TRIP and TWIP Ti alloys are collectively located onto the Bo--Md
phase stability map.
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to describe the tensile plasticity and the value is approximated by
the Considère criterion7. The targeting mechanical properties in
the perspective of alloy design are to achieve over 300 MPa in
strain-hardening meanwhile preserving more than 0.3 in uEL8.
Most of TRIP/TWIP alloys’ uELs lie in the range between 0.3 and
0.36, whereas for TWIP alloys the number falls to 0.16 and 0.24.
Stabilised β alloys or α+ β alloys show negligible uEL due to the
lack of strain-hardening9. The TRIP/TWIP Ti alloys present the best
combined mechanical properties and some strain-hardening went
beyond 340 MPa, while the hardening decreases to 100–300 MPa
in TWIP alloys.
Many modern TRIP/TWIP and TWIP Ti alloys were successfully

discovered with the guidance of the Bo – Md map in Fig. 1b. The
electronic parameters Bo (bond order) and Md (metal d-orbital
energy level) of each element were determined by first-principle
calculations (DV-Xα molecular orbital method)10, whereas the
mean electronic parameters of the alloy were simply approxi-
mated from the compositional average11,12. Nevertheless for
complex multicomponent systems, this approximation is difficult
to prescribe the electronic state reasonably. The dashed lines
indicate empirical borders based on a small dataset11, which
divide the map into α, α+ β and β phase regions and aid in
distinguishing different deformation modes. This simple mapping
approach shows its efficiency in alloy design8. We calculated the
Bo and Md values of the major TRIP/TWIP and TWIP Ti alloys, then
placed them onto the plot in Fig. 1b. These alloys with main
alloying elements Mo, Cr and V group at two regions in the Bo –
Md diagram as highlighted. However, future alloy development
may not be limited to these regions. For example, one may
develop sustainable and low-cost alloys, while preserving desired
mechanical properties.

Microstructural evolution and mechanical response
A dislocation-based constitutive model was built to describe the
simultaneous activation of TRIP and TWIP effects, and the detailed

methodology is described in the “Methods” section. The model
was validated by the alloys in Table 1, where the tensile
deformation was subjected to quasi-static strain rates at room
temperature. Figure 2 shows the model validation in Ti-12Mo. The
experimental data of α″ martensite volume fraction (Fig. 2a) were
adopted from Cho et al.13 by in situ neutron diffraction. Both α″
martensite and twinning were activated at the onset of critical
strain (εT= 0.013). The growing rate of ftw was significantly higher
than that of fα″ at early stage of plastic deformation. Figure 2b
represents the total dislocation density ρ raised from an initial
value of 7.3 × 1013 till 4.6 × 1015 m−2. The dislocation accumulation
was significantly promoted by the reduced mean free path from
early to intermediate deformation stage. Eventually the rise was
suppressed by dynamic recovery at late stage due to the
dislocation annihilation. The experimental stress-strain curve in
Fig. 2c was adopted until the onset of necking. The modelled flow
stress is in reasonably good agreement with the experimental
result. For comparison, a virtual flow stress curve (dash curve)
subtracting TRIP effect was predicted using the same set of
parameters. It displayed considerable strain-hardening although a
decreased UTS was reached. Such mechanical behaviour is fairly
comparable to that of Ti-15Mo14 or Ti-10Mo-1Fe alloys15, where
only TWIP deformation mode was operated.
Figure 3 shows the model validation in Ti-10V-4Cr-1Al, a TRIP/

TWIP alloy with ultra-high strain-hardening effect developed by
Lilensten et al.16 in which α″ volume fraction was measured using
in situ synchrotron X-ray diffraction. The α″ martensite formed at
the onset of critical strain and fα″ increased rapidly to accom-
modate the strain. The growth of ftw was predicted by
incorporatively depicting the rise of fα″ and strain-hardening.
The model well reflected the microstructural evolution and
projected the experimental stress-strain curve. The strain-
hardening decreased when TRIP effect was subtracted (dash
curve in Fig. 3c), indicating around 300 MPa at UTS was attributed
to TRIP in Ti-10V-4Cr-1Al. This outcome corresponds to the rapid

Fig. 2 Microstructural evolution and mechanical response of Ti-12Mo. a The growth of {332}〈113〉 twin and α″ martensite volume fraction
(ftw and fα″, respectively) at the onset of critical strain. The error bars on twin fraction were adopted from the experimental measurement13.
b The evolution of total dislocation density. c The experimental and modelled flow stress. The dash curve predictively illustrates the flow stress
without TRIP contribution.

Fig. 3 Microstructural evolution and mechanical response of Ti-10V-4Cr-1Al. a The growth of twin and martensite volume fraction over
strain. The error bars on martensite fraction were adopted from the experimental measurement16. b The increase of total dislocation density.
c The experimental and modelled stress-strain curves, where the dash curve illustrates the flow stress subtracting TRIP effect.
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increase of fα″ at the early deformation stage and the subsequent
higher α″ fraction.
The model was tested in a wider range of alloys, such as Ti-7Mo-

3Cr17, Ti-8.5Cr-1.5Sn18 and Ti-9Mo-6W19, Ti-3Mo-3Cr-2Fe-1Al20, Ti-
8Mo-16Nb21, Ti-12Mo-5Zr22 and Ti-7V-5Mo-3Cr-3Al23. The differ-
ence in strain-hardening was reflected on the growing rate of ftw
and fα″ (Fig. 4). The alloys with lower phase stability tend to display
increased transition kinetics, which is facilitated by the easy
nucleation of deformation products. It is known that transforma-
tion kinetics is also sensitive to external deformation conditions,
e.g., strain rate and temperature, in which reduced strain rate or
elevated temperature may inhibit the transformation24. Given by
the experiments were operated within a narrow range of _ε (4.0 ×
10−4− 1.0 × 10−3 s−1) at room temperature, in this case the
kinetics was solely influenced by the intrinsic phase stability.
Table 2 shows the material parameters of the tested alloys. While
the values of Ftw and Fα″ were almost preserved constantly, the
deference in strain-hardening was governed by two internal
variables: twinning and martensitic transformation kinetics para-
meters (βtw and βα″). In the following subsection, the composition-
sensitive deformation mechanisms are evaluated.

Energy landscape of TRIP and TWIP
Extensive material data were collected and analysed by the
pseudoelastic model to determine the energy landscape of TRIP,
TWIP and dislocation slip. The current investigation not only
covers laboratory-developed TRIP/TWIP and TWIP alloys, but also
includes commercial or semi-commercial β-Ti alloys. The informa-
tion including composition, mechanical property and operative
deformation mode was constituted as a comprehensive dataset.

The Gibbs free energy difference ΔGβ→α at ambient temperature
was calculated using TCTI2:Ti alloys thermodynamic database25

developed by Thermo-Calc AB. Table 3 lists the input parameters,
i.e., Gibbs free energy change, yield stress, elastic strain energy
and frictional stress, as well as the output energy landscape.
Figure 5 visualises the variation of energy landscape ΔΓ vs. the
Gibbs energy difference ΔGchem. The alloys can be divided into
three groups according to their deformation modes, and each
group shows a distinctive ΔΓ energy domain. TRIP/TWIP alloys
locate in the ΔΓ region of 0–1100 J mol−1, whereas TWIP alloys
distribute in a wider range of −500–830 J mol−1. A noticeable
overlapping area between TRIP/TWIP and TWIP alloys (0–830 J
mol−1) is shown, revealing that the deformation twinning and
β→ α″ martensitic transformation are mutually inclusive and the
β→ α″ transformation may be activated jointly in the TWIP alloys
of this area. The high ΔΓ domain (830–1100 J mol−1) suggesting
the driving force is much higher than the opposing one, which
alloys are rather metastable that β→ α″ can be easily triggered
with the aid of stress. The TWIP only region (−500–0 J mol−1) is
associated with the increased β-stability, where β→ α″ can hardly
take place because the transformational resistance is too high to
overcome. β-phase is fully stabilised and the alloys only undergo
dislocation slip as ΔΓ ≤ 510 J mol−1. It is worth noting that some of
the alloys violate the model predictions. These alloys can be
categorised into three types. First, alloy no. 20, Ti-4Mo-3Cr-1Fe, is
located in the deep TRIP/TWIP region and showed typical TRIP/
TWIP mechanical characteristics, such as hump-shaped strain-
hardening rate over strain. Interestingly, α″ martensite was not
identified by the ex situ transmission electron microscopy (TEM)
observations26. TEM can only observe very localised areas, besides
α″ martensite may easily revert to the β-matrix after stress release.
Second, alloy No. 11, 36, 24, 25 are located close to the Slip/TWIP
boundary, indicating the phase stabilities of these alloys
accommodate in the vicinity of stable/metastable interface. It
suggests that a transition zone may exist between the energy
landscapes of Slip and TWIP. Besides, these alloys are more
sensitive to deformation conditions, e.g. strain rate and tempera-
ture. Third, alloy no. 10 and 50 (Ti-8Mo-16Nb and Ti-7V-5Mo-3Cr-
3Al) display TRIP/TWIP characteristics as revealed by experi-
ments21,23, but fall into the TWIP region due to low ΔΓ. Ti-8Mo-
16Nb shows significantly decreased chemical driving force
compared to other TRIP/TWIP alloys due to the relatively higher
Nb content. Nb plays an important role in stabilising the β phase
in the TCTI2:Ti database25. On the other hand, Ti-7V-5Mo-3Cr-3Al
exhibited a small amount of α″ martensite as revealed by the
experiments, which indicates that the β→ α″ transition was
suppressed due to insufficient transformational driving force.
Overall, it is possible to predict the potential deformation mode of
a given composition according to the energy landscape map.

Fig. 4 Model validation to multiple TRIP/TWIP alloys. a The predicted evolution of twin volume fraction ftw (solid curves) and α″ volume
fraction fα″ (dash curves) in Ti-7Mo-3Cr, Ti-8.5Cr-1.5Sn, Ti-9Mo-6W, Ti-3Mo-3Cr-2Fe-1Al, Ti-8Mo-16Nb, Ti-12Mo-5Zr and Ti-7V-5Mo-3Cr-3Al
alloys. b The modelled flow stresses reasonably well agree to the experimental data.

Table 2. Material variables of the tested TRIP/TWIP Ti alloys.

Alloy βtw βα″ Ftw Fα″

Ti-12Mo 20 ± 2 15 ± 1 0.6 ± 0.02 0.2 ± 0.01

Ti-10V-4Cr-1Al 13 ± 2 16 ± 2 0.6 ± 0.02 0.28 ± 0.02

Ti-7Mo-3Cr 10 ± 3 10 ± 1 0.6 ± 0.02 0.2 ± 0.01

Ti-8.5Cr-1.5Sn 17 ± 3 16 ± 1 0.6 ± 0.02 0.22 ± 0.01

Ti-9Mo-6W 11 ± 2 18 ± 2 0.6 ± 0.02 0.21 ± 0.01

Ti-3Mo-3Cr-2Fe-1Al 8 ± 1.5 5 ± 0.5 0.6 ± 0.01 0.21 ± 0.01

Ti-8Mo-16Nb 6 ± 1 5 ± 1 0.6 ± 0.02 0.21 ± 0.01

Ti-12Mo-5Zr 4 ± 1 3 ± 0.5 0.6 ± 0.01 0.21 ± 0.01

Ti-7V-5Mo-3Cr-3Al 9 ± 1.5 6 ± 1 0.6 ± 0.02 0.21 ± 0.01

βtw the twinning kinetics parameter and βα″ represents the kinetics of
martensitic transformation; Ftw and Fα″ the saturation volume fractions of
twin and martensite, respectively.
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Table 3. β-Ti alloy dataset including alloy compositions, Gibbs free energy change ΔGβ→α, elastic strain energy Δgstr, yield stress σY, frictional shear
stress τf and the energy landscape parameter ΔΓ.

No. Alloy ΔGβ→α (J mol−1) σY (MPa) Δgstr ( × 107 J m−3) τf (MPa) ΔΓ (J mol−1) Mechanism Ref.

1 Ti-12Mo 1440 485 3.93 ± 0.12 31.3 973 ± 168 TRIP/TWIP 3

2 Ti-15Mo 842 608 4.14 ± 0.13 36.6 350 ± 119 TWIP 14

3 Ti-9Mo-6W 1346 528 3.85 ± 0.18 32.2 890 ± 176 TRIP/TWIP 19

4 Ti-11Mo-7Zr 1342 475 3.90 ± 0.17 62.5 763 ± 129 TRIP 45

5 Ti-12Mo-5Zr 1203 656 3.94 ± 0.17 55.5 668 ± 101 TRIP/TWIP 22

6 Ti-12Mo-10Zr 971 730 3.95 ± 0.19 76.1 369 ± 127 TWIP 49

7 Ti-13Mo-18Zr 401 800 4.03 ± 0.21 107.3 −316 ± 165 TWIP 50

8 Ti-15Mo-5Zr 596 451 4.16 ± 0.19 60.1 −420 ± 126 TWIP 9

9 Ti-15Mo-5Zr-3Al 6 769 3.88 ± 0.22 63.7 −772 ± 81 Slip 9

10 Ti-8Mo-16Nb 242 420 3.90 ± 0.18 26.4 −212 ± 195 TRIP/TWIP 21

11 Ti-11Mo-5Nb-5Sn 37 490 3.84 ± 0.21 76.0 −584 ± 213 TWIP 6

12 Ti-11.5Mo-6Zr-4.5Sn 237 580 3.84 ± 0.22 93.8 −438 ± 131 TWIP 9

13 Ti-10Mo-1Fe 1316 660 3.94 ± 0.15 41.9 831 ± 93 TWIP 15

14 Ti-10Mo-2Fe 796 866 4.08 ± 0.15 54.1 278 ± 106 TWIP 51

15 Ti-10Mo-3Fe 272 935 4.27 ± 0.16 65.1 −537 ± 108 Slip 51

16 Ti-6.8Mo-4.5Fe-1.5Al −105 1034 4.08 ± 0.23 77.0 −969 ± 139 Slip 52

17 Ti-9.1Mo-1Fe-6.8Sn 486 740 3.82 ± 0.23 94.3 −169 ± 131 TWIP 44

18 Ti-8Mo-8V-2Fe-3Al −591 768 3.82 ± 0.26 61.3 −1350 ± 213 Slip 9

19 Ti-7Mo-3Cr 1548 695 3.93 ± 0.16 61.6 997 ± 162 TRIP/TWIP 17

20 Ti-4Mo-3Cr-1Fe 1617 870 3.82 ± 0.19 67.7 1086 ± 179 TWIP 26

21 Ti-7Mo-3Cr-1Fe 1044 648 3.85 ± 0.19 71.8 458 ± 163 TWIP 43

22 Ti-3Mo-3Cr-2Fe-2Al 1588 578 3.85 ± 0.23 77.8 971 ± 286 TRIP/TWIP 20

23 Ti-7Mo-3Cr-3Nb-3Al 1038 463 3.90 ± 0.26 65.7 445 ± 293 TRIP/TWIP 53

24 Ti-5Mo-5V-5Al-3Cr 438 588 4.30 ± 0.27 67.9 −438 ± 168 Slip 54

25 Ti-5Mo-5V-5Al-3Cr-0.5Fe 409 628 4.19 ± 0.27 72.7 −486 ± 146 Slip 55

26 Ti-8Mo-7V-3Cr-3Al −3 920 3.91 ± 0.21 71.3 −822 ± 151 Slip 56

27 Ti-8Mo-7V-5Al-4Zr 96 1460 4.07 ± 0.23 57.6 −571 ± 162 Slip 57

28 Ti-8Mo-3.9Nb-2V-3.1Al 506 568 3.88 ± 0.27 32.9 49 ± 96 TRIP/TWIP 58

29 Ti-4Mo-2Cr-1Fe-4Zr-2Sn-5Al 88 886 4.23 ± 0.31 90.6 −911 ± 213 Slip 59

30 Ti-10Cr 940 808 4.02 ± 0.12 114.9 197 ± 108 TWIP 60

31 Ti-8.5Cr-1.5Sn 1220 546 3.93 ± 0.13 112.3 464 ± 113 TRIP/TWIP 18

32 Ti-6Cr-4Mo-2Al-2Sn-1Zr 910 670 4.06 ± 0.25 104.4 188 ± 186 TWIP 47

33 Ti-6Cr-4Mo-8V-4Zr-3Al 8 698 4.16 ± 0.25 106.9 −1132 ± 211 Slip 9

34 Ti-15.5V 832 330 4.20 ± 0.15 26.6 335 ± 145 TWIP 61

35 Ti-20V 63 351 4.26 ± 0.15 31.5 −456 ± 123 TWIP 9

36 Ti-20V-3Sn 26 379 4.41 ± 0.17 58.8 −605 ± 164 TWIP 9

37 Ti-20V-6Al 217 501 5.28 ± 0.17 41.4 −579 ± 188 Slip 9

38 Ti-20V-2Nb-2Zr 19 528 4.24 ± 0.19 41.8 −513 ± 123 TWIP 62

39 Ti-16V-1Fe 328 710 4.04 ± 0.19 41.1 −157 ± 153 TWIP 63

40 Ti-16V-2Fe −1 886 3.91 ± 0.19 52.9 −689 ± 230 Slip 63

41 Ti-8V-5Fe-1Al −117 789 3.83 ± 0.21 77.9 −993 ± 236 Slip 64

42 Ti-10V-1Fe-3Al 1096 586 4.33 ± 0.23 40.2 567 ± 235 TRIP/TWIP 65

43 Ti-10V-2Fe-3Al 986 629 4.14 ± 0.23 51.8 444 ± 189 TRIP/TWIP 52

44 Ti-12V-2Fe-1Al 586 597 3.96 ± 0.23 50.9 58 ± 68 TWIP 63

45 Ti-14V-2Fe-1Al 244 705 3.97 ± 0.23 52.5 −278 ± 128 TWIP 63

46 Ti-16V-2Fe-1Al −31 886 3.99 ± 0.25 54.1 −736 ± 239 Slip 63

47 Ti-10V-2Cr-3Al 1068 406 4.58 ± 0.20 52.8 446 ± 183 TRIP/TWIP 65

48 Ti-10V-4Cr-1Al 840 415 4.27 ± 0.21 70.9 184 ± 162 TRIP/TWIP 16

49 Ti-13V-11Cr-3Al −618 895 4.66 ± 0.18 130.6 −1952 ± 260 Slip 9

50 Ti-7V-5Mo-3Cr-3Al 451 750 4.08 ± 0.25 67.3 −131 ± 197 TRIP/TWIP 23

51 Ti-15V-3Cr-3Sn-3Al −87 818 4.85 ± 0.28 87.2 −1133 ± 239 Slip 9
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DISCUSSION
The goal of this work is to build a comprehensive connection of
materials information and the mechanical response of TRIP/TWIP
alloys. A further important aspect is that the extensive data of Ti
alloys undergoing dislocation slip, TWIP or hybrid TRIP/TWIP were
analysed and fed to the pseudoelastic algorithm. Each deforma-
tion mode exhibits distinctive domain in terms of the transforma-
tional energy landscape. Within this framework, a dislocation-
based constitutive model was built to interpret the origin of the
exceptional strain-hardening by unveiling the evolution of α″
martensite and {332}〈113〉 twin. The excellent combination of
plasticity and strain-hardening stems from the reduced dislocation
mean free path via the synchronous activation of TRIP and TWIP,
as well as from the backstress generated by dislocation pile-up at
obstructive interfaces.
The phase stability of Ti alloys corresponding to specific

deformation mechanism necessitates a quantitative evaluation.
Although the assessment of the chemical driving force may offer a
rough guidance that alloys trend to be stabilised with lower Gibbs
free energy difference, it can hardly provide explicit energy
domains that identity different deformation modes. As suggested
by Yan and Olson27, the current treatment unifies the orthorhom-
bic α″ martensite and the hcp α0 phase in terms of the
thermodynamics. Given by the orthorhombic α″ has a crystal
structure intermediate between bcc and hcp, it is reasonable to
describe the β→ α″ transformation as a crystallographically
incomplete β ! α0 transformation that should have a smaller
transformation enthalpy change. Although the difference between
orthorhombic and hcp was not considered in the thermodynamic
computation, it was reflected through the elastic strain energy.
Another interesting phenomenon is that {332}〈113〉 twinning
widely exists in almost all the metastable Ti alloys, which is
understood by its energetically essential characteristics.
In summary, an integrated framework was developed combin-

ing physics-based modelling and data-driven informatics, which
effectively links composition, mechanical response and the
underlying deformation mechanism. The model takes explicitly
into account the microstructural evolution by synthetically
describing the martensitic transformation and deformation twin-
ning. The flow stress incorporates the enhanced isotropic
hardening by emerging obstacles and the kinematic hardening
from backstress. The modelling outcome reasonably well agrees
to the experimental data. Moreover, the mechanical behaviours

can be captured using a set of physically motivated parameters.
TRIP and TWIP modes may operate simultaneously because of the
existence of a noticeably overlapped domain in threshold energy,
which further indicates β→ α″ transformation and {332}〈113〉
twinning are mutually inclusive. Besides, the low shear strain of
{332}〈113〉 twin makes it an energetically essential deformation
mechanism for metastable Ti alloys. Our work suggests that the
synchronised physical metallurgy and data-driven strategy pro-
vides an effective tool for TRIP/TWIP alloy design. Furthermore, the
computational methodology shows flexible compatibility to a
broad range of strain-transformable alloys, e.g., austenitic steels,
Cu and high entropy alloys, meaning it may potentially serve and
benefit multiple industrial sectors.

METHODS
Threshold energy for transformation
β→ α″ martensitic transformation is facilitated by chemical driving force
(Gibbs free energy difference between parent and product phases) and
triggered by mechanical work. A martensitic embryo of a given volume
tends to adopt a shape by minimising the combined interfacial and elastic
strain energies. In the case of a thin martensite ellipsoidal inclusion with
radius a and semi-thickness c, the overall energy barrier associated to the
formation of a coherent nucleus is5,28:

ΔG ¼ 2πa2γ0 þ 4
3
πa2cðΔgstr � Δgchem � τTγT Þ (1)

Δgstr the volumetric elastic strain energy and Δgchem the volumetric
chemical driving force; γ0 the interfacial energy per unit area of a
martensitic nucleus; τT and γT the critical resolved shear stress and shear
strain at the onset of transformation, respectively.
Martensitic transformation occurs by a homogeneous shear parallel to

the habit plane together with a small dilatation normal to the plane, where
complete coherency is maintained at the interface29. Thus the elastic strain
energy Δgstr is divided into a shear-induced shape change Δgshearstr and a
dilatational volume change Δgdilastr with: Δgstr ¼ Δgdilastr þ Δgshearstr

30. The
shape change is approximated by pure shear and described as5,31:

Δgshearstr ¼ π

2
ð2� νÞ
ð1 � νÞ

c
a
s2μ (2)

where s the shear component, ν the Poisson’s ratio and μ the shear
modulus at ambient temperature. Here, the composition-dependent shear
modulus of β Ti alloys was calculated by means of the rule of mixture
following Galindo-Nava et al. and Toda-Caraballo et al.32,33, i.e., for isotropic
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polycrystal metals μ= μ0+ ∑i(μi− μ0)Xi. μ0= 37.5 ± 1.5 GPa the shear
modulus of pure Ti, Xi the atomic fraction of element i, and μi the shear
modulus of element i. The latter is available from ref. 34. The calculated
shear moduli of β alloys are approximated as μ= 40 ± 3 GPa, and the
predicted properties, such as flow stress and transformational threshold
energy are weakly influenced by the variation of shear modulus. The
Poisson’s ratio lies in a relativity narrow range for bcc Ti alloys and ν=
0.32 ± 0.01 was adopted35. On the other hand, the dilatational strain
energy caused by volume change comes from Eshelby’s elastic field theory
of an ellipsoidal inclusion embedded in an infinite elastically isotropic
matrix31:

Δgdilastr ¼ 2
9
ð1 þ νÞ
ð1 � νÞ

ΔV
V

� �2

μ (3)

The dilatation ΔV
V of β→ α″ transition can be calculated using a molar-

volume assessment36:

ΔV
V

¼ Vα00
m � Vβ

m

Vβ
m

(4)

where Vϕ
m is the molar volume (m3mol−1) of phase ϕ (α″ or β) and its value

can be calculated by a linear combination of pure elements plus a regular-
solution model for the excess volume36:

Vϕ
m ¼

X
i

XiV
ϕ
m;i þ

X
i < j

XiXjΩ
ϕ
i;j (5)

Xi and Xj denote the molar fraction of solute i and solvent j, respectively.

Ωϕ
i;j the molar volume interaction parameter between solute i and the

solvent.
The martensite growth mainly results from the competition between

elastic strain energy and transformational driving force. Before the applied
stress τ reaches the critical revolved shear stress τT, no transition takes
place and full β phase is retained. As the load increasing and once the
nucleation barrier has been overcome, the chemical volume free energy
term becomes so large that the martensite plate grows radially (∂ΔG/∂a <
0) until it hits a strong obstacle (e.g. grain boundary or twin interface).
From that point, the plate starts to thicken in the direction normal to the
habit plane (∂ΔG/∂c < 0), until it achieves a state that the growth does not
allow the system to further reduce its energy and a mechanical equilibrium
(∂ΔG/∂c= 0) is reached28. Combining Eqs. (1), (2) and (3) and differentiat-
ing energy barrier ΔG with respect to c, the equilibrium becomes:

∂ΔG
∂c

¼ 2
9
ð1 þ νÞ
ð1 � νÞ

ΔV
V

� �2

μ þ π
ð2 � νÞ
ð1 � νÞ

c
a
s2μ � Δgchem � τTγT ¼ 0 (6)

The above pseudoelastic force balance can be simplified as
Δgchem þ τTγT ¼ Δgdilastr þ 2Δgshearstr . The current equilibrium represents
an ideal energy balance in plate growth and reversal, where the
transformation strain is elastically accommodated and there is no frictional
resistance on the transformational interface. A frictional shear stress τf
acting to oppose the transition should be included, where the net driving
force for transformation is effectively reduced by the term τfγT. Thence the

force balance becomes:

Δgchem þ τTγT ¼ Δgdilastr þ 2Δgshearstr þ τf γT (7)

The frictional stress is generated by the interactions between dislocation
motion and solid solution; such effect was expressed by means of solid
solution hardening τf ¼ μλ4=3X2=3

i Z,where λ a misfit parameter accounting
for both lattice parameter misfit and the shear modulus misfit between
solute and solvent, Z a temperature-dependent numerical factor whose
value can be obtained from a plot of dτ=dX2=3

i vs. λ4/334. The frictional
resistance term becomes positive when the plate is thickening and
negative when it reverts.
In order to capture the threshold energy to trigger martensitic

transformation, the energy landscape ΔΓ is defined to describe the energy
margin between the transformational driving force and the resistance:

ΔΓ ¼ Δgchem þ τTγT � ðΔgdilastr þ 2Δgshearstr þ τf γT Þ (8)

The martensitic transformation is operative when ΔΓ > 0 because the
combined driving force (i.e. Gibbs energy difference and external
mechanical work) is larger than the transition resistance (i.e. elastic strain
energy and frictional stress)37. A flow chart in Fig. 6 illustrates the calculation
approach. The inputs include alloy composition, macroscopic yield stress
and grain size. The molar Gibbs energy difference can be obtained from a
thermodynamic database. In TRIP/TWIP alloys, the radius of martensitic
inclusion a initially equals to the radius of the grain size and it shrinks by the
dynamically reduced intertwin space. c is the minimal detectable semi-
thickness of a martensitic plate and c= 60 ± 10 nm is adopted17.

Constitutive model for TRIP/TWIP Ti alloys
A dislocation-based model was build integrating the simultaneous
activation of TRIP and TWIP effects. In this case, the increment of
macroscopic strain dε is not only mediated by dislocation glide dεdis, but
also accommodated by twinning and β→ α″ martensitic transformation:

dε ¼ ð1 � f tw � f α00 Þdεdis þ 1

2
ffiffiffi
2

p
M
df tw þ f α00dεα00 (9)

where ftw and fα″ are volume fraction of {332}〈113〉 twinning and α″
martensite, respectively. ftw and fα″ increase as a function of strain
meanwhile consume the volume fraction of the retained β matrix
(1− ftw− fα″). The shear strain of {332}〈113〉 twinning γf332gh113i ¼ 1

2
ffiffi
2

p

and the Taylor factor M= 2.8 representing an average texture orientation
in bcc metals. Since a strain-induced εmartensitic embryo in fcc alloys with
low stacking-fault energy forms by the stacking of single 1

6 h112i partials
dissociated from 1

2 f110gh111i perfect dislocations, it can be considered
that the strain accommodated by ε martensite dεε accounts for 2

3 of the
strain implemented by dislocation glide dεdis being the relation
dεε ¼ 2

3 dεdis
38. Given by the shear strain associated with β→ α″ transition

is one-half of that in a Shockley partial, it suggests that the strain
accommodated by α″ martensite accounts for a proportion dεα00 ¼ 1

3 dεdis .
This gives the relation dε ¼ ð1 � f tw � f α00 Þdεdis þ 1

2
ffiffi
2

p
M
df tw þ 1

3 dεdisf α00 .

Rearranging the expression it derivesdεdisdε ¼ 1
1� f tw � 2

3f α00
ð1 � 1

2
ffiffi
2

p
M

df tw
dε Þ.

Thereafter the evolution of dislocation density ρ over macroscopic strain
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Fig. 6 Workflow for the calculation of transformation energy. The landscape parameter ΔΓ captures the threshold energy to trigger the
transition.
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ε can be described as:

dρ
dε

¼ dρ
dεdis

dεdis
dε

¼ dρ
dεdis

1
1 � f tw � 2

3 f α00
1 � 1

2
ffiffiffi
2

p
M

df tw
dε

� �
: (10)

where dρ
dεdis

represents the evolution of dislocation density in the retained

β matrix resulting from the competition between dislocation storage dρþ
dεdis

and annihilation dρ�
dεdis

. The dislocation storage can be significantly promoted
by the reduced dislocation mean free path and the interaction with
dislocation forest. Thus the storage rate equals:

dρþ

dεdis
¼ k

b
ffiffiffi
ρ

p þ
X
i

M
bΛi

(11)

k
b

ffiffiffi
ρ

p
accounts for dislocation self interactions and k is a storage

coefficient; b= 2.8Å the magnitude of the Burgers vector; Λi the
dislocation mean free path of each type of obstacle. Deformation twins
or martensites can be regarded as thin circular disks according to the
stereological relationship39:

1
Λi

¼ 1
2ti

f i
1 � f i

(12)

where ti the mean width of the respective deformation product; here
twin width ttw= 1.2 ± 0.3 μm and α″ martensite width tα″= 0.3 ± 0.1 μm
were adopted14,17. Thereafter the evolution of the dislocation density
facilitated by dislocation glide becomes:

dρ
dεdis

¼ k
b

ffiffiffi
ρ

p þ M
bD

þ M
2bttw

f tw
1 � f tw

þ M
2btα00

f α00

1 � f α00
� f DRVρ (13)

The dislocation storage coefficient k= 0.03 ± 0.005 and dynamic recovery
coefficient fDRV= 3.0 ± 0.5 were obtained in this work and these values
were applied to all tested alloys. The kinetics of martensitic nucleation
can be interpreted by a shear-band intersection mechanism24, which is
further derived to express the growth of α″ volume fraction as a function
of strain: f α00 ¼ Fα00 f1 � exp½ � βα00 ðε� εT Þ�gm. Fα″ the saturation α″
volume fraction, m= 0.6 a fixed exponent for the TRIP/TWIP alloys and
εT is the critical strain at the onset of α″ formation; βα″ the nucleation
kinetics parameter sensitive to alloy composition.
In addition to the enhanced isotropic hardening, a kinematic hardening

term produced by dislocation pile-up should be added to the flow stress40.
Accounting for the emerging twin interfaces, the backstress can be
expressed as σb ¼ Mμbð 1

2ttw
f tw

1� f tw
þ 1

D Þn6, where n is the number of
dislocation loops on a given slip plane. The flux of dislocations arriving at
interfaces per slip plane in the retained β matrix is: dn

dεdis
¼ M λ

b ð1 � n
n� Þ,

where λ= 300 nm the mean spacing between slip planes41. n*= 8 ± 2 the
saturation number of dislocation pile-up. Analogous to the evolution
of dislocation density in Eq. (10), the flux of dislocations over total strain
is derived:

dn
dε

¼ M
λ

b

�
1 � n

n�
� 1
1� f tw � 2

3 f α00
1 � 1

2
ffiffiffi
2

p
M

df tw
dε

� �
(14)

In both Eqs. (10) and (14), twinning kinetics dftw/dε is presented, which
governs the growing rate of twin volume fraction. It can be obtained by
differentiating f tw ¼ Ftwf1 � exp½ � βtwðε � ε0Þ�gm over strain ε, where
Ftw is the saturation twin fraction.
The dislocation forest hardening led by the increase in total dislocation

density is expressed by the Taylor relation σF ¼ αMμb
ffiffiffi
ρ

p
, where α ≈ 0.3

reflects the average strength of dislocation interactions. The flow stress is
established by incorporating the transition enhanced isotropic hardening
and kinematic hardening:

σ ¼ σ0 þ αMμb
ffiffiffi
ρ

p þ Mμb
1

2ttw

f tw
1 � f tw

þ 1
D

� �
n (15)

σ0 comprises of the critical resolved shear stress of pure Ti (τCRSS), solid
solution hardening (σss) and grain boundary strengthening (σHP):

σ0 ¼ ½MτCRSS þ ðPiB
3=2
i XiÞ2=3 þ kYffiffiffi

D
p �GðT ; _εÞ, where Bi reflects the solid

solution hardening coefficient and kY= 0.87 MPa ⋅m0.5 is adopted as the
Hall–Petch coefficient of Ti alloys34. GðT ; _εÞ is a function of temperature
and strain rate. The yield stress can be calculated by:
σY ¼ σ0 þ αMμb

ffiffiffiffiffi
ρ0

p
, where ρ0 reflects the stored dislocation density.

The validation of the physics-based modelling framework is presented in
the “Results” section.
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