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a b s t r a c t 

New theory is presented to describe the occurrence of plasticity-induced transitions in titanium alloys. The ap- 
proach is able to predict the composition dependence of transformation induced plasticity (TRIP), superelasticity, 
as well as martensite formation upon quenching. Martensite formation in the absence of stress is considered as 
the result of a competition between elastic strain energy and chemical driving force. Assuming that the formation 
of martensite is the result of a thermally activated nucleation process followed by athermal growth, a nucle- 
ation parameter is postulated to describe the conditions under which martensite is formed upon quenching; the 
parameter accounts for the ratio between the available thermal energy and an energy barrier for nucleation, sug- 
gesting that 𝜔 phase is not the main factor controlling martensite inhibition. This nucleation parameter is able 
to describe, for the first time, martensite occurrence in 130 alloys from the literature, quantifying the martensite 
start temperature ( M s ) reported for 49 alloys with great precision. An empirical parameter ([Fe] eq ) is proposed 
and, when combined with the M s prediction, it allows to define regions within which TRIP and superelasticity 
occur. By defining threshold values for the M s , the [Fe] eq and the nucleation parameter, candidate alloys likely 
to display TRIP, superelasticity or martensitic transformation upon quenching can be identified. As a result, this 
method can be adopted to design alloys with tailored plasticity behaviour. 
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. Introduction 

Titanium alloys are used for various industrial applications in-
luding aircraft, medical devices and marine structures [1] . Among
hem, metastable 𝛽 alloys have received special attention due to their
eformation behaviour, sometimes displayed as transformation induced
lasticity (TRIP), twinning induced plasticity (TWIP), shape memory or
uperelasticity effects. Superelasticity, observed in a variety of systems
ncluding nickel alloys, ferrous alloys and titanium alloys [2,3] , is the
apacity of an alloy to return to its original shape upon unloading even
fter having been deformed to strains of up to 7% or 8%. This property
s used, for example, in orthodontic wires [4] . Alloys presenting shape
emory can recover their original shape upon heating after having

een deformed. Shape memory alloys have been used for various
pplications such as civil structures [5] , actuators in robotics [6] or
iomedical implants [7] . TRIP alloys exhibit excellent ductility and
ood work hardening rate. Benefit can be taken from their relatively
ow initial yield stress combined with a high work hardening rate to
anufacture parts of intricate shapes; they are easily formable and the
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nished parts can reach a high yield stress, while keeping significant
uctility. Automotive industry has adopted TRIP steels for structural
arts such as bumpers, and although several studies on TRIP titanium
lloys insist on their suitability for biomedical implants [8] , their
roperties make them interesting candidates for structural applications
s well. 

The deformation behaviour of 𝛽 titanium alloys is strongly composi-
ion dependent and is generally assumed to be controlled by the stability
f the high temperature body-centred cubic (BCC) 𝛽 phase [9] . This sta-
ility can be increased by 𝛽 stabilisers such as Fe, Mo, V or Cr and it
an be decreased by elements stabilising the low temperature hexago-
al close-packed (HCP) phase such as Al or O. A minimum quantity of 𝛽
tabilisers is necessary to retain the BCC phase at room temperature and
t is reported that the least stable 𝛽 alloys exhibit stress-induced marten-
ite transformation, leading to TRIP effect when the martensite is me-
hanically stable or superelasticity when it is unstable. Upon increasing
he concentration in 𝛽 stabilisers, the deformation mode is believed to
witch to twinning, and when their concentration is further increased,
he deformation only occurs by dislocation glide [9] in a single stable 𝛽
cess article under the CC BY license. 
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Fig. 1. (a) Reproduction of the Bo–Md map 
from [10] . The four coloured zones correspond 
to the four expected types of behaviour accord- 
ing to Morinaga’s method. (b) Alloys from the 
literature disposed on the map from Morinaga. 
The experimentally observed behaviour of the 
alloys is indicated by the colour of the bul- 
lets (or by their number, with number code as 
shown in Appendix A .) (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of this 
article.). 
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hase. However, the mechanisms involved in the stress-induced trans-
ormations are not fully understood yet. 

A number of criteria have been adopted to design TRIP and TWIP
itanium alloys. A useful tool to predict 𝛽 phase retention is the em-
irical Mo equivalent ([Mo] eq ) parameter [9] . The criterion based on
his parameter is reliable but discards a certain number of 𝛽 alloys that
ave been shown to display TRIP. The most famous design tool for TRIP
nd TWIP alloys is the method initially proposed by Morinaga et al.
10] , sometimes called “Bond Order method ”. It consists in mapping al-
oys as a function of two composition-dependent electronic parameters:
he bond order between atoms (Bo) and the metal d-orbital level (Md).
he position of the Ti-alloys on the map allows to identify their defor-
ation behaviour. The original map in [10] is reproduced in Fig. 1 a.
lthough this approach has proven its effectiveness in designing nu-
erous new TRIP/TWIP compositions [11–13] , it displays some lim-

tations. The so-called phase stability map has been determined from
xisting systems, but some TRIP or TWIP alloys lie outside the drawn
orders (see Fig. 1 b), so that it is likely that many others exist in un-
xplored composition ranges. One aim of this work is to propose a new
pproach to design alloys undergoing martensitic transformation upon
eformation. 

A model combining thermodynamics and micromechanics is pro-
osed here to describe the martensite formation. It is assumed that
he nucleation of martensite during quenching is a thermally activated
rocess requiring an energy barrier to be overcome. An expression
or this barrier is suggested, leading to the definition of a nucleation
arameter that allows to predict whether martensitic transformation
ccurs upon quenching. Considering that martensite growth is the result
f a competition between elastic strain energy and chemical driving
orce, a martensite stabilisation temperature ( 𝑀 

∗ 
𝑠 
), which corresponds

o the experimental M s when the energy barrier can be overcome,
s calculated. Then, a criterion combining 𝑀 

∗ 
𝑠 

and a new empirical
arameter ([Fe] eq ) is proposed to identify the composition dependence
f TRIP, superelasticity or slip/twinning. This is the first approach
apable to predict the occurrence and composition dependence of such
ide range of transformation and deformation behaviours. 

. Microstructure at room temperature 

In order to design alloys displaying tailored deformation behaviour
uch as TRIP, TWIP, superelasticity or shape memory effect, it is first re-
uired to predict their microstructure at room temperature. Quenched
itanium alloys can be roughly divided into two categories. Firstly, al-
oys that form martensite upon quenching, and which microstructure at
oom temperature (prior to deformation) is either fully martensitic or
 mixture of martensite and 𝛽 phase. The martensite can either have
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n HCP structure, designated as 𝛼′ , or an orthorhombic crystal struc-
ure, designated as 𝛼″ [14] . The alloys of this category will hereon be
eferred to as martensitic. The second category consists of alloys that
xhibit only 𝛽 phase at room temperature. They will hereon be referred
o as 𝛽 alloys. It is generally thought that the latter have an M s below
oom temperature, but no experimental evidence supports this hypoth-
sis: some metastable 𝛽 alloys have been quenched down to cryogenic
emperatures and still display no martensite [15,16] . The purpose of this
ection is to propose a method to predict whether an alloy is marten-
itic after quenching, and to calculate M s if it is martensitic. The range of
actors influencing the transformation include the Gibbs free energy, the
lastic energy, the presence of martensite nucleation sites, the grain size
nd the quench rate. These are accounted for in the theory presented in
his and the forthcoming section. 

.1. Martensite start temperature calculation 

.1.1. Model 

In order to estimate the M s temperature, the change in energy ΔG

ssociated with the martensite product, treated here as an ellipsoidal
nclusion in the BCC 𝛽 phase, is computed as described by Wollants
t al. [17] . 

𝐺 = 2 𝜋𝑟 2 𝛾 − 

4 
3 
𝜋𝑟 2 𝑐 (Δ𝑔 𝑐ℎ − Δ𝑔 𝑒𝑙 ) (1)

here c is the semi thickness of the martensite ellipsoidal inclusion, r is
ts radius, Δg ch 

1 is the volumetric chemical driving force. Δ𝑔 𝑐ℎ = 𝑔 𝛽 − 𝑔 𝛼′

here g 𝛽 and 𝑔 𝛼′ are respectively the Gibbs free energies of the BCC
nd the HCP phases. This quantity is computed employing thermody-
amic software (Thermo-Calc ®) and ’TCTI1’ thermodynamic titanium
atabase 2 , and by assuming that the free energy of the orthorhombic
hase 𝛼″ can be approximated by the free energy of the HCP phase 𝛼′
discussed in Section 5.3 ). Δg el is the volumetric elastic strain energy
nduced by the presence of the plate; 𝛾 is the interfacial energy per unit
rea of product phase. The interfacial and elastic energies oppose the
ransformation. 

omputation of the elastic strain energy 

The eigenvalues of the strain tensor describing the transformation
rom the BCC structure to the orthorhombic or HCP structure are [14] :

1 = 

𝑎 𝛼𝑖 − 𝑎 𝛽

𝑎 𝛽
(2) 

2 = 

𝑏 𝛼𝑖 − 

√
2 𝑎 𝛽√

2 𝑎 𝛽
(3) 
1 The convention adopted here is such that the driving force is positive when 
he transformation is promoted 

2 Calculations were performed as well with the concurrent database ’TTTI3’ 
hich produced similar results. Another database specific to 𝛽 titanium alloys 

abelled ’Ti-Gen’ has been proposed by Yan and Olson [18] . To validate this 
atabase, these authors showed that they could obtain good agreement between 
xperimental values of M s , and values of M s extracted from Ti-Gen database. 
owever, the model they used to compute M s included both values from the 
i-Gen database and fitting parameters. Therefore, potential inaccuracy in the 
atabase would be corrected by the fitting parameters, so that the adequacy of 
i-Gen can only be proven in the frame of this M s model. As soon as other equa- 
ions are used to compute M s , we therefore have no guarantee of the accuracy 
f the database. Since the approach used here is different than Yan’s approach, 
sing Ti-Gen has not been attempted. In addition, elements present in either 
TTI3 or Ti-Gen would allow their application to a much reduced number of 
lloys than TCTI1. 
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3 = 

𝑐 𝛼𝑖 − 

√
2 𝑎 𝛽√

2 𝑎 𝛽
(4) 

here a 𝛽 is the lattice parameter of the BCC structure, 𝑎 𝛼𝑖 , 𝑏 𝛼𝑖 and 𝑐 𝛼𝑖 
re the lattice parameters of the martensitic phase, where 𝛼i designates
′ if the martensite is HCP and 𝛼″ if it is orthorhombic. The expression
or the lattice parameters as a function of composition can be found
n the literature for binary alloys, and the elemental contributions are
ssumed to be additive. The expressions employed for lattice parameters
alculation are provided in Appendix B . 

The elastic strain energy is computed by considering an ellipsoidal
artensite plate in an infinite homogeneous isotropic elastic medium.
he martensite is considered to be elastically isotropic. The strain tensor

s divided into its deviatoric and hydrostatic components, as suggested
y Olson and Cohen [19] , so that the elastic strain energy Δg el can be
ivided into a transformation volume-change term ( Δ𝑔 𝑑𝑖𝑙 

𝑒𝑙 
) and a shape-

hange term ( Δ𝑔 𝑠ℎ𝑎𝑝𝑒 
𝑒𝑙 

), with Δ𝑔 𝑒𝑙 = Δ𝑔 𝑑𝑖𝑙 
𝑒𝑙 

+ Δ𝑔 𝑠ℎ𝑎𝑝𝑒 
𝑒𝑙 

. 
The volume change is approximated by a pure dilatation and the

ssociated elastic energy is computed as described by Eshelby [20] : 

𝑔 𝑑𝑖𝑙 
𝑒𝑙 

( 𝑇 ) = 

2 
9 
(1 + 𝜈) 
(1 − 𝜈) 

⋅ 𝜇( 𝑇 ) ⋅
(Δ𝑉 
𝑉 

)2 
(5)

here 𝜈 is the Poisson’s ratio, taken here as equal to 1 
3 , 𝜇( T ) is the

hear modulus at temperature T , computed as described by Galindo-
ava [21] : 

( 𝑇 ) = 𝜇𝑅𝑇 ( 𝑘 1 + 𝑘 2 𝑇 ) (6)

here 𝜇RT is the composition-dependent shear modulus at room tem-
erature ( RT ), obtained by a mixture rule, T is the absolute temper-
ture, k 1 and k 2 are the fitted constants described in [21] and yield
 1 = 1 + 

19 . 63689 
2(1+ 𝜈) and 𝑘 2 = − 

0 . 07193 
2(1+ 𝜈) . 

Δ𝑉 
𝑉 

is the relative change in volume accompanying the transforma-
ion: 

Δ𝑉 
𝑉 

= 

( 1 
3 
( 𝜆1 + 𝜆2 + 𝜆3 ) + 1 

)3 
− 1 (7)

The shape change is approximated by a pure shear and is computed
s described by Eshelby [20] : 

𝑔 
𝑠ℎ𝑎𝑝𝑒 

𝑒𝑙 
( 𝑇 ) = 𝜇( 𝑇 ) ⋅ 𝜋

2 
(2 − 𝜈) 
(1 − 𝜈) 

⋅ 𝜖2 ⋅
𝑐 

𝑟 
= 𝐾( 𝑇 ) 𝑐 

𝑟 
(8)

 ( T ) is introduced in Eq. (8) to shorten the notation, 𝜖 is the shear com-
onent of the strain associated with the phase transformation [19] and
s composition dependent via the lattice parameters: 

= 

√ 

1 
6 
(
( 𝜖1 − 𝜖2 ) 2 + ( 𝜖2 − 𝜖3 ) 2 + ( 𝜖3 − 𝜖1 ) 2 

)
(9) 

here 𝜖1 , 𝜖2 and 𝜖3 are the eigenvalues of the deviatoric component of
he strain tensor ( 𝜖𝑖 = 𝜆𝑖 − 

1 
3 ( 𝜆1 + 𝜆2 + 𝜆3 ) ) 

omputation of M s 

By combining (1), (5) and (8) : 

𝐺( 𝑇 ) = 2 𝜋𝑟 2 𝛾 − 

4 
3 
𝜋𝑐 𝑟 2 

(
Δ𝑔 𝑐ℎ ( 𝑇 ) − Δ𝑔 𝑑𝑖𝑙 

𝑒𝑙 
( 𝑇 ) 

)
+ 

4 
3 
𝜋𝑐 2 𝑟𝐾( 𝑇 ) (10)

Above T 0 , nucleation cannot occur and the alloy only displays 𝛽
hase ( Fig. 2 a). The nucleation of a product embryo of semi-thickness
 0 and radius r 0 occurs below the temperature at which the HCP and
CC Gibbs free energies are equal ( T 0 ). Then, as explained by Wollants
t al. [17] , when the temperature is such that 𝜕Δ𝐺 

𝜕𝑟 
< 0 , the embryo

rows radially (increase of r , Fig. 2 b), until it is blocked by a strong
bstacle (e.g. a grain boundary) and reaches a radius a /2, where a

s the size of the parent grain ( Fig. 2 b). From that point, the particle
ontinues to thicken in the direction normal to the plate plane (increase
f the semi-thickness c ), until it reaches a state such that the growth
oes not allow the system to further reduce its energy and a local
quilibrium is reached at the interface between the parent and product
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Fig. 2. Martensite nucleation and growth. (a) 
BCC 𝛽 phase at a temperature above T 0 (b) A 

martensite embryo nucleates and starts grow- 
ing radially (c) Radial growth is stopped by a 
grain boundary and the thickening starts. (d) A 

local thermoelastic equilibrium is reached and 
the thickening stops. Further cooling is neces- 
sary for the thickening to continue. 
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hases ( Fig. 2 d). The condition for such an equilibrium is: 𝜕Δ𝐺 
𝜕𝑐 

= 0
17] . When a product plate is formed from an existing defect, this
ondition is obtained by derivating Eq. (10) : 

𝑔 𝑐ℎ − Δ𝑔 𝑑𝑖𝑙 
𝑒𝑙 

− 2 𝐾 

𝑐 

𝑟 
= 0 (11)

Let us label c d the minimal detectable semi-thickness for a marten-
ite plate. This detectable semi-thickness is set to 50 nm; this roughly
atches the usual minimal thickness that is experimentally reported 3 .
hen, if a is the grain size, we define the martensite stabilisation tem-
erature 𝑀 

∗ 
𝑠 

as the temperature at which a plate of martensite reaches
 detectable size: 

𝑔 𝑐ℎ ( 𝑀 

∗ 
𝑠 
) − Δ𝑔 𝑑𝑖𝑙 

𝑒𝑙 
( 𝑀 

∗ 
𝑠 
) − 2 𝐾( 𝑀 

∗ 
𝑠 
) 
𝑐 𝑑 

𝑎 ∕2 
= 0 (12)

Any further cooling leads to further thickening, until the martensite
nish temperature is reached ( M f ) and the transformation is complete.
he martensite stabilisation temperature 𝑀 

∗ 
𝑠 

is defined as the highest
emperature at which martensite can reasonably experimentally be ob-
erved if nucleation has happened, and should therefore be very close
rom the experimental martensite start temperature. 
3 For example, Gao et al. investigated the deformed microstructure of a 
WIP/TRIP titanium alloy at different strain levels [12] ; for the lowest strain 
t which martensite plates were observed, they were approximately 100 nm 

hick (50 nm semi-thickness). Very detailed microstructural investigation was 
lso performed by Zhang et al. in a TRIP/TWIP alloy; they reported the presence 
f 30–150 nm thick martensite plates [22] . It therefore seems reasonable to as- 
ume that in the general case, the presence of a few plates of martensite less 
han 100 nm thick might go unnoticed, which justifies the chosen detectable 
imit. 
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𝑀 

∗ 
𝑠 

is obtained by iteratively computing the quantity on the left hand
ide of Eq. (12) for different temperatures. Since the elastic strain energy
epends on the structure of the martensite ( 𝛼″ or 𝛼′ ), 𝑀 

∗ 
𝑠 

is calculated
wice for each composition, by assuming both an HCP martensite and
n orthorhombic martensite (see Appendix B ). The retained 𝑀 

∗ 
𝑠 

is the
ighest of both. A flow diagram for this calculation is shown in Fig. 3 . 

The martensite temperature calculated here is taken to be that at
hich a plate of martensite reaches a detectable size. The compu-

ation of 𝑀 

∗ 
𝑠 

is thus based on a criterion regarding the growth of
he martensite and not its nucleation. Indeed, the equations described
bove are valid for an existing martensite plate. 𝑀 

∗ 
𝑠 

is computed by
ssuming that the nucleation has already taken place at a tempera-
ure somewhere in between 𝑀 

∗ 
𝑠 

and T 0 . This last point is developed in
ection 2.2 . 

The method described above has been applied to calculate the 𝑀 

∗ 
𝑠 

emperature of alloys from literature. Since the calculation depends on
he grain size a , which is not always reported, an average value of
00 𝜇m has been assumed for all alloys (the grain size dependency will
e discussed in Section 5.3 ). Fig. 4 shows the calculated 𝑀 

∗ 
𝑠 

for differ-
nt alloys together with their type of behaviour during plastic deforma-
ion. Referring to Fig. 4 , when the 𝑀 

∗ 
𝑠 

is approximately below − 100 °C,
artensite is not reported, neither upon quenching nor the application

f an external stress. The alloys for which the 𝑀 

∗ 
𝑠 

is around or just be-
ow room temperature are mostly superelastic. For these alloys, when an
xternal stress is applied, the driving force necessary for the martensitic
ransformation is supplied by the external work, but when the stress
s removed, the martensite is no longer stable and reverses back to 𝛽
hase. TRIP alloys entirely retain the 𝛽 phase following quenching, but
he 𝑀 

∗ 
𝑠 

for most of them lies in the range 100–300°C. Nevertheless, the
alculation of 𝑀 

∗ 
𝑠 

is not inconsistent with their behaviour. Indeed, for
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Fig. 3. Flow diagram for 𝑀 

∗ 
𝑠 

calculation. 

Fig. 4. Calculated 𝑀 

∗ 
𝑠 

for alloys grouped as martensitic at room temperature, TRIP, superelastic or slip/twinning (from left to right, the dotted lines separate the 
different types of behaviour). The horizontal axis is only to spread the alloys in the panel. The alloys which number is written in a grey background display TRIP, 
but have also been seen martensitic under certain experimental conditions. When the calculations indicated that there was no temperature for which martensite is 
thermomecanically more stable than 𝛽, the 𝑀 

∗ 
𝑠 

has been set to − 200 °. The number code for each composition is shown in Appendix A . 
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RIP alloys, when an external stress is applied, the martensitic trans-
ormation is induced and does not reverse when the load is released,
hich means that the martensite is probably stable at room temper-
ture and that it cannot be assumed that M s lies below room tempera-
ure. The model rightly predicts that martensite should be stable at room
emperature. 
In the case of TRIP alloys, it may seem paradoxical that the
alculated 𝑀 

∗ 
𝑠 

lies above room temperature when the experimental
vidence shows that no martensite forms upon quenching. The reason
or this is that the 𝑀 

∗ 
𝑠 

computation implicitly considers that martensite
ucleation has already taken place when the 𝑀 

∗ 
𝑠 

is reached. It may
herefore be assumed that in TRIP alloys, nucleation is inhibited upon
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Fig. 5. Calculated 𝑀 

∗ 
𝑠 

and experimental values for M s obtained upon quenching. The number code for each composition is shown in Appendix A . 
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uenching, and that at room temperature the external work triggers
ucleation. Once the martensite has nucleated due to external work, the
rowth can athermally start. As a consequence, it seems necessary to
ave a tool that allows to predict if the nucleation of martensite is likely
o occur upon quenching, or if the nucleation requires external work. 

Fig. 5 shows a comparison between the calculated 𝑀 

∗ 
𝑠 

and the ex-
erimental M s , when this experimental M s is measured during cooling
nd the transformation occurs in the absence of external stress. Some
artensitic alloys appear in Fig. 4 but not in Fig. 5 , these compositions

re known to be martensitic after quenching but no information was
ound regarding their M s . 

.2. Martensite nucleation upon quenching 

TRIP alloys display 𝛽 microstructure after quenching, even though
 

∗ 
𝑠 

computation indicates that martensite should be stable at room tem-
erature (see Fig. 4 ). The competition between martensite and 𝜔 phase
s a plausible hypothesis to explain the absence of martensite [18] . Al-
hough 𝜔 formation during cooling may play a role in martensite in-
ibition, thermodynamic calculations suggest that it is not necessary to
nvoke 𝜔 phase formation to explain the stabilisation of 𝛽 phase at room
emperature, as will be discussed in Section 5.2 . The purpose of this sec-
ion is to propose an explanation for the stabilisation of the 𝛽 phase at
oom temperature, and a method to quantify it. 

.2.1. Model 

Olson and Cohen [23] have shown that the first step of the transition
rom the BCC to HCP phase can be rationalised as the dissociation of a
1 
2 [111] screw dislocation on a (1 ̄1 0) plane into three partials according to

he reaction 1 2 [111] = 

1 
8 [110]+ 

1 
4 [112]+ 

1 
8 [110] [24] . Assuming that the

attice opposes the glide of the dissociating partials, an energy barrier
ust be overcome for the dislocation to split into partials (corresponding

o a high energy transition state between BCC and HCP, or to the energy
ecessary for the first steps of the dissociation of a perfect dislocation
nto partials). This energy barrier could, for example, be similar to a
eierls barrier (as it represents an opposition to the glide of a partial
islocation), and thus, if the energy barrier per dislocation is labeled
 

∗ , it could have a form such as [25] : 

 

∗ ( 𝑇 ) = 𝜒𝑏 3 𝜇( 𝑇 ) (13)

here 𝜒 is a constant independent from composition, b is the magnitude
f the Burgers vector of the screw dislocation, calculated as 𝑏 = 

1 
2 

√
3 𝑎 𝛽 .

his energy barrier is assumed to be overcome by thermal fluctuations.
or a characteristic dislocation vibration of frequency f 0 , the energy bar-
ier is successfully overcome at a rate f [25] : 

( 𝑇 ) = 𝑓 0 ⋅ exp (− 𝐸 

∗ ( 𝑇 )∕( 𝑘𝑇 )) (14)

here k is the Boltzmann constant. The nucleation rate of martensite is
xpressed as: 

𝑑𝑁 

𝑑𝑡 
= 𝑁 0 ⋅ 𝑓 ( 𝑇 ) = 𝑁 0 ⋅ 𝑓 0 ⋅ exp (− 𝐸 

∗ ( 𝑇 )∕( 𝑘𝑇 )) (15)

here N 0 is the number density of potential nucleation sites. If the cool-
ng occurs at a cooling rate 𝑄 = − 

𝑑𝑇 

𝑑𝑡 
, from Eq. (16) comes: 

𝑑𝑁 

𝑑𝑇 
= − 

𝑁 0 
𝑄 

⋅ 𝑓 ( 𝑇 ) = − 

𝑁 0 
𝑄 

⋅ 𝑓 0 ⋅ exp (− 𝐸 

∗ ( 𝑇 )∕( 𝑘𝑇 )) (16)

By dividing the cooling process in elementary ΔT temperature steps,
he number of embryos that nucleate at each step yields: 

𝑁( 𝑇 ) = 

||||𝑑𝑁 

𝑑𝑇 
Δ𝑇 

|||| = 

𝑁 0 ⋅ |Δ𝑇 |
𝑄 

⋅ 𝑓 ( 𝑇 ) (17)

The nucleation of martensite is assumed to start around T 0 as the
aximum temperature at which a martensitic embryo can potentially

orm, and it is therefore the temperature at which the thermal energy
or nucleation is maximum and the energy barrier is minimum (the bar-
ier is proportional to the shear modulus which linearly decreases with
emperature). Since there is no martensite nucleus above T 0 , the number
ensity N ( T 0 ) of martensite embryos nucleating during the first step of

he transformation can be approximated by 
(
𝑑𝑁 

𝑑𝑇 

)
𝑇 0 

⋅ Δ𝑇 . Thus, accord-

ng to Eqs. (14) and (17) : 
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Fig. 6. Nucleation parameter, calculated for alloys from the literature. The horizontal line is the threshold that is found to separate the martensitic alloys from the 
𝛽 alloys. The horizontal axis is only to spread the alloys in the chart. The alloys referred to as “martensitic or 𝛽” are the ones that have been reported martensitic or 
𝛽 depending on the experimental conditions. The number code for each composition is shown in Appendix A . 
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Fig. 7. Calculation of the nucleation parameter for binary systems. The dotted 
line shows the threshold expected to delimitate the martensitic alloys from the 
𝛽 alloys after quenching. 
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( 𝑇 0 ) = 

𝑄 0 
𝑄 

⋅𝑁 0 ⋅ exp (− 𝐸 

∗ ( 𝑇 0 )∕( 𝑘𝑇 0 )) (18)

here 𝑄 0 = |Δ𝑇 | ⋅ 𝑓 0 
The number of martensite nuclei appearing at any lower temperature

nterval is assumed to scale with the number density of nuclei at T 0 , so
hat the total number of nuclei should be roughly proportional to N ( T 0 ).
herefore, there should exist a critical number density of martensite
uclei N m 

, such that nucleation can be considered as occurring only if
 ( T 0 ) > N m 

. From Eqs. (13) and (18) , the condition for the martensite
ucleation upon quenching is: 

𝑘𝑇 0 

𝜇( 𝑇 0 ) 𝑏 3 
> 

𝜒

ln ( 𝑁 0 
𝑁 𝑚 

𝑄 0 
𝑄 
) 

(19) 

On the left hand side of Inequation (19) , the term kT 0 is the available
hermal energy for nucleation at the first stages of transformation and
he term 𝜇( T 0 ) b 3 is proportional to the energy barrier for nucleation. The
erm 

𝑘𝑇 0 
𝜇( 𝑇 0 ) 𝑏 3 

therefore scales with the ratio between an available thermal

nergy and a required energy for nucleation; it will hereon be referred to
s “nucleation parameter ”. The nucleation parameter strongly depends
n composition, through the partitionless equilibrium temperature T 0 
etween 𝛽 and 𝛼′ , coming from Thermo-Calc ®, and through the shear
odulus. Inequation (19) indicates that martensite can nucleate during

ooling only if the nucleation parameter exceeds a certain value, which
ill be referred to hereon as “critical nucleation parameter ”. This critical
ucleation parameter depends on the cooling rate but is composition
ndependent. By separating the alloys from the literature into two groups
martensitic and 𝛽), and computing for each of them the value of the
ucleation parameter, the value of the critical nucleation parameter can
hus easily be fitted. 

.2.2. Application to alloys from literature 

The nucleation parameter is computed for different alloys from the
iterature as shown in Fig. 6 , where it is clear that a critical nucle-
tion parameter set as [ ln ( 𝑁 0 

𝑁 𝑚 

𝑄 0 
𝑄 
)] −1 ⋅ 𝜒 = 1 . 24 ⋅ 10 −2 allows to separate

artensitic from 𝛽 alloys. This value is assumed to be valid for a con-
entional cooling rate. The nucleation parameter is also calculated for
inary systems, and shown in Fig. 7 . The black dotted line shows the
imit to retain 𝛽 at room temperature. In order to compare this with
he available experimental data, the critical compositions necessary to
etain 𝛽 at room temperature are extracted from the literature and gath-
red in Table 1 . The threshold of 1 . 24 ⋅ 10 −2 is also used to calculate,
or each binary system, the critical composition necessary to retain 𝛽 at
oom temperature. These calculated values are plotted as a function of
xperimental data from Table 1 in Fig. 8 . 

. Identifying TRIP, superelastic and slip/TWIP alloys 

This section proposes parameters to identify TRIP, superelasticity,
nd alloys deforming by dislocation slip or twinning. In this work, TRIP
ffect is defined as the formation of martensite upon deformation with-
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Fig. 8. Calculation of the critical concentration to retain 𝛽 upon quenching for 
different binary systems as a function of the experimental data. The horizontal 
lines represent the experimental ranges of critical compositions found in the 
literature, which references are shown in Table 1 . The dotted line is shown for 
reference. 

Table 1 

Critical compositions necessary to retain 𝛽 phase upon quenching in binary al- 
loys, extracted from the literature. 

Element Minimum concentration necessary to retain 𝛽 upon quenching 
in wt % 

Fe 3.5 [26] , 5.8 [27] , between 3.08 and 4.07 [28] 

Cr 6.5 [26] , 7.6 [27] , between 5.4 and 6.5 [28] 

Mo 10 [26] , 9.5 [27] 

V 15 [26] , 15.8 [27] , about 15 [28] 

W 22.5 [26] , 30 [27] , between 20 and 25 [28] 

Nb 29 [29] (high quenching rate) 36 [27] 

Ta 45 [26] , 68 [27] 
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Table 2 

Critical compositions necessary to retain the 𝛽 phase upon deformation in binary 
alloys, calculated and extrapolated from data available in the literature. 

Element Adopted limit 
wt.% composition 
for SIM 

Alloys used as references 

Fe 3.5 Ti–10Mo, Ti–10Mo–1Fe [30] 

Cr 9 Ti–10Cr [31] 

Mo 14 Ti–13Mo [32] , Ti–14Mo [33] 

V 20 Ti–16V [32] , Ti–20V [34] 

W 25 

Sn 27 Ti–3Mo–6Sn–8Zr at%, Ti–3Mo–6.5Sn–8Zr at% 

[35] 

Nb 43 Ti–40Nb, Ti–43Nb [36] 

Ta 75 Ti–72Ta [37] 

Zr 90 Ti–3Mo–7Sn–4Zr at%, Ti–3Mo–7Sn–5Zr at% [35] 

Al − 18 Ti–15–Mo–5Zr, Ti–15Mo–5Zr–3Al [34] 
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ut reversion to 𝛽 upon unloading, whereas the alloys referred to as
uperelastic are the ones in which the martensite that forms upon de-
ormation reverses upon unloading. So far, no solution was found to
redict twinning occurrence, so the alloys referred to as “TRIP ” may
lso display twinning, as often observed experimentally. Alloys referred
o as “slip or twinning ” may or may not display TWIP but do not display
artensitic transformation. 

dentifying slip and TWIP alloys 

In the present section, we focus on alloys that are fully 𝛽 at room tem-
erature. As the concentration in 𝛽 stabilisers increases, the deformation
ehaviour generally switches from stress-induced martensite (TRIP or
uperelasticity), to TWIP or dislocation slip. This transition cannot be
xplained solely by the value of 𝑀 

∗ 
𝑠 

( Fig. 4 ). It is assumed that, for such
lloys the critical stress for triggering the nucleation of martensite is
oo great and that twinning or dislocation glide is energetically more
avourable. The critical stress to trigger martensite, dislocation glide or
winning could not be assessed in the present work. An empirical cri-
erion is instead proposed; inspired but differing from the [Mo] eq . The
Mo] eq had been built thanks to experimental data on binary alloys in
rder to predict the tendency of an alloy to retain the 𝛽 phase upon

uenching . The proposed Fe equivalent ([Fe] eq ) criterion is tailored to
xperimental data in order to describe the tendency to retain 𝛽 upon

eformation . 
The suggested criterion uses Fe as a reference element because it has

he strongest stabilizing effect on the 𝛽 phase. The proposed “[Fe] eq ”
riterion is obtained in the following way: the coefficient to each term
n Eq. (20) is obtained by dividing the critical concentration of Fe nec-
ssary to retain 𝛽 under deformation in the Ti–Fe system by the critical
oncentration necessary to retain 𝛽 under deformation in the given bi-
ary system. When this critical composition was not found in the litera-
ure, it has been extrapolated from multicomponent alloys. In the case of
r and Fe binary systems, no composition has been reported to display
RIP; therefore, it is assumed that, for these strong 𝛽 stabilisers, the crit-

cal concentration to retain 𝛽 upon deformation is very close to, or lower
han the critical composition to retain 𝛽 at RT. The critical compositions
onsidered for the [Fe] eq expression are gathered in Table 2 , together
ith the compositions that were used to determine their values. Since in

he case of the Ti–Fe system, the critical concentration necessary to re-
ain 𝛽 upon deformation has been evaluated to [Fe] = 3.5 wt% ( Table 2 ),
he compositions such that the [Fe] eq exceeds 3.5% are expected to in-
ibit the martensitic transformation under deformation. The assessment
f this criterion on multicomponent alloys will be presented later. 

 Fe ] 𝑒𝑞 = 3 . 5 ⋅
( 
[ Fe ] 
3 . 5 

+ [ Cr ] 
9 

+ [ Mo] 
14 

+ [ V ] 
20 

+ [ W ] 
25 

+ [ Sn ] 
27 

+ [ Nb ] 
43 

+ [ Ta ] 
75 

+ [ Zr ] 
90 

− [ Al ] 
18 

) 
( wt% ) 

(20) 

dentifying TRIP and superelastic alloys 

When martensite transformation is induced by an external work, the
roduct phase can either remain or reverse to 𝛽 after unloading. The
rst case corresponds to TRIP alloys, the second to superelastic alloys.
nce the alloys that cannot form martensite under stress are identified
ia an [Fe] eq below 3.5 wt%, the 𝑀 

∗ 
𝑠 

computation can separate supere-
astic from TRIP alloys ( Fig. 9 ). If the 𝑀 

∗ 
𝑠 

exceeds 90 °C, it is likely that
he martensite reverse temperature is above room temperature; once
he nucleation is triggered by an external work, martensite is expected
o form and to remain after unloading. Thus, these alloys are expected
o display TRIP. If − 90 °C < 𝑀 

∗ 
𝑠 
< 90 °C, the energy provided by the

xternal stress may enable the growth of the martensite, but its sta-
ility at room temperature is not sufficient to remain once the load is
emoved. Thus, the alloys with − 90 °C < 𝑀 

∗ 
𝑠 
< 90 °C are expected to dis-

lay superelasticity. If 𝑀 𝑠 < − 90 °C, it is unlikely that the external stress
rovides enough work for the martensite to grow. Thus, the alloys with
 

∗ 
𝑠 
< − 90 °C are expected to display slip or twinning only. Therefore,

ombined with the [Fe] eq criterion, the 𝑀 

∗ 
𝑠 

calculation allows to predict
he type of deformation behaviour of 𝛽 alloys. 

Regions in 𝑀 

∗ 
𝑠 

-[Fe] eq space identifying systems undergoing slip or
winning, TRIP or superelasticity effects are shown in Fig. 9 

. Criteria for tailored deformation behaviour 

The criteria described above can be combined to predict if a com-
osition is likely to display martensite upon quenching, superelasticity,
RIP or Slip/TWIP effect. The prediction procedure is summed up in
ig. 10 . 
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Fig. 9. Map of the alloys from the literature. The three regions corresponding to the indicated deformation behaviour are outlined by the black dotted lines. The 
colours of the bullets correspond to the experimentally observed behaviour. When the calculations indicated that there was no temperature for which martensite is 
thermomecanically more stable than 𝛽, the 𝑀 

∗ 
𝑠 

has been set to − 200 °. The number code for each composition is shown in Appendix A . (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. Suggested procedure to predict the behaviour of titanium alloys as 
a function of their composition; the value of 𝑀 

∗ 
𝑠 

is the one that is calculated 
according to the procedure described in this article 
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The performance of the model in discriminating the microstructure
t room temperature is displayed in Fig. 6 , and the performance in iden-
ifying the deformation behaviour of 𝛽 alloys is shown in Fig. 9 . 

. Discussion 

.1. Thermally activated martensite nucleation 

To explain why some compositions retain 𝛽 at room temperature,
he assumption of a thermally activated nucleation process seems to be
upported by experimental data. Jepson et al. have demonstrated that
artensitic transformation can be inhibited in Ti–Nb alloys by quench-

ng at extremely high cooling rates [29] . Their observations are consis-
ent with a thermally activated nucleation mechanism; the higher the
ooling rate, the less time is spent at T 0 and the lower is the density
umber of martensite nuclei ( Eq. (18) ). This dependency on the cooling
ate is expressed in Eq. (19) . For a given composition, the nucleation
arameter is constant but the critical value for nucleation parameter
ncreases with the quenching rate, which suggests that the martensitic
ransformation can be inhibited upon quenching if the cooling rate is
igh enough; this is consistent with Jepson’s experimental work [29] .
n the other hand, if the energy barrier to martensite nucleation is too
igh, it may be that the maximal quenching rate that allows martensite
ucleation is very low. If it is too low, diffusion can occur during cool-
ng, in such a way that no quenching rate allows martensite formation
pon quenching. 

Moreover, the common statement according to which 𝛽 alloys have
n M s below room temperature is not in agreement with experimental
bservations. For example, the formation of martensite in Ti–10V–2Fe–
Al was investigated by Duerig et al. [16] on six specimens of the same
omposition. After quenching, one sample showed evidence of marten-
itic transformation and the five others exhibited a 𝛽 microstructure at
oom temperature. These 𝛽 alloys were cooled down to − 170 ∘C and still
xhibited no martensite. During tensile test, however, a critical stress



M. Bignon, E. Bertrand and F. Tancret et al. Materialia 7 (2019) 100382 

o  

v  

a  

a  

e  

t  

t  

1  

p  

t  

a  

t  

s  

i  

p  

f  

m  

s  

t  

p  

t  

t  

s  

m  

f  

w  

p  

n  

r  

C  

a
 

h  

t  

t  

(  

w  

i  

s  

t  

u  

t  

c  

t  

w  

t  

a  

m  

e  

a  

w  

l  

t  

p  

f  

r  

r

5

 

[  

i  

f  

d  

t  

a  

i  

d  

f  

h  

a  

a  

c  

𝜔  

h  

t  

a  

t  

t  

n  

c  

s  

e  

t  

𝛽  

c

5

 

e  

s  

a  

t  

n  

t  

m  

i  

c  

a
 

t  

t  

e  

O  

o  

[  

o  

t  

o  

t  

t  

S  

o  

p  

e
 

T  

t  

s  

t  

b  

g  

b  

e  

w  

l  

4 M s is sometimes estimated while applying a low stress during cooling (for 
example 50 MPa in [37] ). The M s measurements obtained with indirect methods 
are not displayed in Fig. 5 
f around 200 MPa induced martensite transformation that did not re-
erse to 𝛽 after unloading. The deformed specimens were then heated
nd the martensite was found to reverse to 𝛽 around 200 ∘C. The vari-
bility of the microstructure at room temperature between the differ-
nt specimens ( 𝛽 or martensite) for this composition is consistent with
he proposed nucleation parameter criterion; indeed, for this composi-
ion, 𝑘𝑇 0 ∕[ 𝜇( 𝑇 0 ) 𝑏 3 ] = 1 . 31 ⋅ 10 −2 lies very close to the critical threshold of
 . 24 ⋅ 10 −2 . Then, if the M s temperature was actually below room tem-
erature, it would have to lie below − 170 ∘C. The martensite reverse
emperature has been shown by experiment to be around 200 ∘C, and
n M s below − 170 ∘C would imply a hysteresis of more than 300 ∘C be-
ween the direct and reverse martensite transformation. This is unlikely,
ince the hysteresis for martensite transformation in titanium alloys typ-
cally lies around 10 ∘C when it can be measured. Other experiments
erformed on TRIP alloys show that the martensite formed during de-
ormation reverses to 𝛽 at temperatures exceeding room temperature by
ore than 100 ∘C [38,39] . Moreover, isothermal formation of marten-

ite that does not involve any diffusion has been observed in at least
hree different titanium alloys [40,41] . For these three cases, the tem-
erature at which martensite isothermally formed is below or around
he calculated martensite stabilization temperature 𝑀 

∗ 
𝑠 
. This supports

he statement that martensite formation in titanium alloys is a diffu-
ionless thermally activated process. Therefore, the hypothesis that the
artensite stabilisation temperature 𝑀 

∗ 
𝑠 

lies above room temperature
or TRIP alloys, and that martensite nucleation requires external stress,
hile growth occurs mainly athermally, seems to be consistent with ex-
erimental evidence. The existence of such a transformation, where the
ucleation is thermally activated but the growth is athermal, has been
eported by Laughlin et al. [42] , where it is designated as anisothermal.
ottrell also supports the idea that martensite nucleation is thermally
ctivated [43] . 

Moreover, this statement allows to explain the difference of be-
aviour between superelastic and TRIP alloys. It is sometimes believed
hat the difference between TRIP alloys and superelastic alloys lies in
he fact that martensite is somehow stabilized by plastic deformation
or “stress induced ”) in TRIP alloys whereas superelasticity is observed
hen martensite formation occurs before plastic deformation ( “strain

nduced ”). However, in TRIP alloys, martensite sometimes forms under
tress before plastic deformation occurs, as shown by the characteris-
ic double yielding on the stress–strain curve [44] , and still remains
pon unloading. This means that plastic deformation is not necessary
o stabilise the deformation induced martensite. Conversely, a signifi-
ant part of the martensite that forms upon deformation in superelas-
ic alloys reverses even in heavily plastically deformed samples [45] ,
hich means that plastic deformation alone is not sufficient to explain

he stabilisation of deformation induced martensite in the case of TRIP
lloys. Therefore, the concomitance between plastic deformation and
artensite formation is not necessary to explain the occurrence of TRIP

ffect. On the other hand, thermodynamic criteria (via 𝑀 

∗ 
𝑠 

calculation)
llow to separate superelastic from TRIP alloys. In both cases, external
ork triggers martensite nucleation at room temperature. For supere-

astic alloys, 𝑀 

∗ 
𝑠 

lies around room temperature and M f lies below room
emperature; the martensite is unstable at room temperature, which ex-
lains the reversion to 𝛽 phase upon unloading. For TRIP alloys, 𝑀 

∗ 
𝑠 

is
ar above room temperature, martensite is more stable than 𝛽 phase at
oom temperature, and once the transformation is triggered, most of it
emains and is unable to reverse to 𝛽 upon unloading. 

.2. Role of the 𝜔 phase 

The stabilisation of 𝛽 phase is often attributed to athermal 𝜔 phase
18,46] , which formation during quenching would occur above M s and
nhibit the martensitic transformation [18] . Assuming that 𝜔 phase
orms at temperatures above or around M s during cooling, it would in-
eed be likely that martensite formation is inhibited, due to a competi-
ion between both phases [46] . However, the idea that 𝜔 phase system-
tically forms above M s in alloys that retain 𝛽 phase upon quenching
s not supported by thermodynamic calculations. The thermodynamic
atabase ‘TCTI1’ of Thermo-Calc ® has been used to compute, for alloys
rom literature, the temperature 𝑇 𝜔 0 at which 𝜔 phase and 𝛽 phase ex-
ibit the same free energy. 𝑇 𝜔 0 is expected to be the highest temperature
t which 𝜔 transformation can possibly occur upon quenching. For most
lloys experimentally known to retain 𝛽 phase at room temperature, the
omputed 𝑇 𝜔 0 was lower than the calculated 𝑀 

∗ 
𝑠 
. This suggests that the

 phase nucleates below the temperature at which martensite should
ave formed, and that the absence of martensite cannot be attributed
o the prior presence of 𝜔 . Moreover, it has been shown that martensite
nd 𝜔 phase can coexist at room temperature after quenching, and that
he 𝜔 particles could transform to 𝛽 upon deformation, before further
ransforming into martensite [47] ; implying that the presence of 𝜔 is not
ecessarily an obstacle to martensite formation. Therefore, although it
ertainly plays a role in the deformation behaviour of titanium alloys, it
eems that the competition between 𝜔 and martensite is not necessary to
xplain the retention of 𝛽 at room temperature. The nucleation parame-
er proposed in this work, on the other hand, suggests an explanation for
retention, quantitatively supported by calculations and qualitatively

onsistent with experimental evidence. 

.3. M s prediction 

The martensite stabilisation temperature 𝑀 

∗ 
𝑠 
, which is the high-

st temperature at which martensite is observed if nucleation is pos-
ible, shows good agreement with experimental measurements of M s ,
s can be seen in Fig. 5 . However, it should be noted that among
he 54 compositions that are displayed in Fig. 5 , 43 correspond to bi-
ary alloys and 11 to multicomponent alloys, because limited informa-
ion is available on the M s of quenched multicomponent alloys 4 . The
odel for the 𝑀 

∗ 
𝑠 

temperature does not work well for alloys contain-
ng a significant concentration of tin ( Fig. 5 ). The reason for this is not
lear. Other M s models that include tin also had difficulties with such
lloys ( [18] ). 

In binary systems, the martensite generally has an HCP structure un-
il a critical composition at which the transition to orthorhombic struc-
ure occurs. The 𝑀 

∗ 
𝑠 

calculation is performed by assimilating the free
nergy of the orthorhombic phase to the one of the HCP phase. Yan and
lson made this assumption before, and justified it by the continuity
f the M s temperature at the HCP/orthorhombic transition composition
18] . In the present 𝑀 

∗ 
𝑠 

calculation, although the difference between
rthorhombic and HCP phase cannot be considered when performing
hermodynamic computation, it is taken into account in the calculation
f the elastic strain energy. Some authors have empirically calibrated
he value of the free energy in order to account for the difference be-
ween free energies of the HCP phase and the orthorhombic phase [18] .
ince good agreement between experimental and calculated values is
btained with the model proposed here ( Fig. 5 ), which is free of fitting
arameters, we suggest that it is reasonable to approximate the free en-
rgy of 𝛼′′ by the one of 𝛼′ . 

Several attempts have been made to predict the M s temperature in
itanium alloys. Galindo-Nava suggested a model free of fitting parame-
ers to calculate the M s temperature in binary alloys, but it does not con-
ider multicomponent alloys [21] , and mainly focuses on high tempera-
ures. Neelakantan et al. [48] as well as Yan [18] proposed an approach
ased on Ghosh and Olson’s theory [49] . These two models provided
ood results. However, they did not calculate the elastic strain energy,
ut used instead a linear function of the atomic fractions of the alloying
lements, supposed to include both elastic strain energy and frictional
ork, and fitted from experimental data. In the present work, the calcu-

ated 𝑀 

∗ 
𝑠 

is the temperature at which the energy of a martensite plate
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f detectable size reaches a local minimum (Eq. (12) ). This minimum
f energy, by definition, does not depend on the work dissipated during
he transition from one state to the other, and there is thus no need to
ompute any work related to internal friction to determine 𝑀 

∗ 
𝑠 

as it is
efined here. If frictional work that opposes the transformation is to be
onsidered in the model, it should be included both during growth and
ucleation under the form of an energy barrier. In the case of martensite
nduced upon quenching, the main source of energy to overcome the nu-
leation barrier is thermal. As martensite growth is very fast, it cannot
e assumed that growth requires significant thermal activation. Thus, if
ome frictional work opposes martensite growth, its magnitude has to
e smaller than the nucleation barrier, in such a way that overcoming
he nucleation energy barrier by thermal energy allows to overcome the
nergy barrier for martensite growth as well. Since the energy barrier
or nucleation is not explicitly calculated in this work, the proposed nu-
leation parameter obtained by collective fitting already incorporates
he effect of frictional work. 

The computation of 𝑀 

∗ 
𝑠 

takes into account the grain size effect
q. (12) . Note that the calculations were performed by assuming a grain
ize of 100 μm. As long as the grain size is in the range 20–100 μm, the
 

∗ 
𝑠 

calculation was found not to be very sensitive to grain size; the max-
mal difference between the 𝑀 

∗ 
𝑠 

calculated for 20 μm and the one for
alculated for 100 μm was 30 ∘C. The 𝑀 

∗ 
𝑠 

strongly varies with grain size
nly for smaller grains. 𝑀 

∗ 
𝑠 

decreases when the grain size is reduced,
ecause the elastic strain energy increases. The decreasing of the M s 

ith decreasing grain size has been confirmed in steels [50,51] . This
rain size dependency suggests that martensite growth becomes more
nd more difficult if the microstructure is refined. In particular, if twin-
ing occurs in conjunction with martensite nucleation, the free path
or martensite radial growth (see Fig. 2 b) can be considerably dimin-
shed. In the 𝛽 grains containing twins, the 𝑀 

∗ 
𝑠 

can therefore be dra-
atically decreased. For example, in the case of Ti–12Mo, the 𝑀 

∗ 
𝑠 

for a
tandard grain size of 100 𝜇m is 437 ∘C and stable plates of martensite
re expected to form upon deformation (which is consistent with ex-
eriments; TRIP effect is displayed in this alloy [22] ). If multiple twins
ucleate in a grain, reducing the apparent grain size to, say, 600 nm, the
 

∗ 
𝑠 

falls to 1 ∘C. With such a value of 𝑀 

∗ 
𝑠 
, any plate of martensite that

ould form between or inside the twins would be expected to reverse
pon unloading. This might help explaining why in TRIP/TWIP alloys,
he microstructure after deformation often consists of a mixture of 𝛽
nd martensite, and not of 100% martensite, despite a sometimes very
igh 𝑀 

∗ 
𝑠 
. In alloys displaying both TRIP and TWIP, a limited amount

f martensite has already been reported to reverse to 𝛽 upon unloading,
ven though most of the martensite remained after deformation [22,52] .
his seems to be consistent with the grain size dependency advanced
ere. 

In the end, the proposed model for 𝑀 

∗ 
𝑠 

provides a rather accurate
rediction of M s over a wide range of compositions and alloys, while
eing physically-based and using minimal fitting as opposed to most
xisting models. Fig. 5 is obtained without any adjustable parameter,
nd the only data-derived parameter is the threshold value of the nucle-
tion parameter 𝑘𝑇 0 

𝜇( 𝑇 0 ) 𝑏 3 
from Fig. 6 to account for thermally activated

ucleation. 

.4. Comparison with usual design tools 

icrostructure prediction 

The type of microstructure formed at room temperature can be pre-
icted with good accuracy: martensitic multicomponent alloys can be
dentified, as shown in Fig. 6 . Moreover, the proposed nucleation param-
ter criterion ( kT 0 /[ 𝜇( T 0 ) b 3 ]) seems to be a physically relevant indicator
ince it allows to predict for each binary system the critical composi-
ion necessary to retain 𝛽 at room temperature, as shown in Fig. 8 and
able 1 . The criterion that is used in the literature to predict the possi-
ility to retain 𝛽 at room temperature is the “molybdenum equivalent ”
[Mo] eq ) [26] calculated as follows: 

 Mo ] eq = [ Mo ] + 0 . 67[ V ] + 0 . 44[ W ] + 0 . 28[ Nb ] + 0 . 22[ Ta ] 

+ 1 . 6[ Cr ] + 1 . 25[ Ni ] + 1 . 7[ Co ] + 2 . 9[ Fe ] − 1 . 0[ Al ] (wt. %) (21) 

The coefficients to the concentrations in the [Mo] eq calculation have
een established in the following way: for each alloying element, the
ritical concentration to retain 𝛽 at room temperature in the Ti–Mo sys-
em (10 wt%) is divided by the critical concentration (experimentally
bserved) necessary to retain 𝛽 at room temperature for the given ele-
ent. It is generally accepted that an alloy can retain 𝛽 at room temper-

ture if [Mo] eq is greater than 10%. 
For binary alloys, both criteria ([Mo] eq and the nucleation param-

ter) - Inequation (19) give similar (and correct) results. However, the
quation of the [Mo] eq has been defined so as to provide correct re-
ults for binary alloys, so the challenge remains on the prediction for
ulticomponent alloys. For those, the nucleation parameter criterion
ay present an advantage. The microstructure prediction is successful

or 92% of the alloys with the nucleation parameter method, and for
8% of the alloys with the [Mo] eq method. The nucleation parameter
riterion also integrates the effect of Zr and Sn, absent in the [Mo] eq .
onsequently, although the [Mo] eq is a reliable tool to predict the mi-
rostructure, the nucleation parameter presents the advantages of of-
ering a physical explanation for the 𝛽 retention, of allowing more ac-
urate predictions and of being applicable to a more diverse palette of
lements. 

eformation behaviour prediction 

The deformation behaviour of 𝛽 alloys can be fairly well predicted
s well. The method presented in Fig. 9 to categorize the different 𝛽
lloys gives reasonable trends. Two compositions have 𝑀 

∗ 
𝑠 
> 90 °C and

till display superelasticity (Ti–31Nb–9Zr at % and Ti–3Mo–10Zr-–5.5Sn
t %). Both of them have a high concentration in Zr, and the 𝑀 

∗ 
𝑠 

may
e mispredicted because of a wrong estimation of the influence of Zr
n the lattice parameters. For most of the other wrong predictions,
he compositions involved are close from the borders defined by the
hreshold. 

Regarding the retention of 𝛽 upon deformation, the proposed [Fe] eq 
ssumes that the effect of each alloying element in multicomponent sys-
ems can be extrapolated from its individual effect in binary systems. It
s built in a similar way to the [Mo] eq , but while the [Mo] eq equation is
stablished with the critical concentrations necessary to retain 𝛽 upon
uenching in binary alloys, the proposed [Fe] eq is based on the critical
oncentrations necessary to retain 𝛽 upon deformation. Two elements
hat are not included in the [Mo] eq equation, Zr and Sn, are taken into
ccount in the [Fe] eq criterion. These two elements are often considered
o be neutral with respect to the 𝛽 stability, because they have little in-
uence on the 𝛽 transus temperature. However, it has been experimen-
ally shown in [35] that the concentration in Zr and Sn significantly
nfluences the deformation behaviour of 𝛽 titanium alloys. 

The method presented here offers a new approach for designing
artensitic, TRIP, or superelastic alloys, differing from the traditional
o–Md method [10] . To discuss its accuracy, literature data collected
or this work is gathered on a Bo–Md map ( Fig. 1 b). The correspond-
ng zones are displayed in Fig. 1 a. It can be seen that the boundary
etween martensitic and non martensitic alloys is relatively well pre-
icted by Morinaga’s map, and that most of the alloys displaying TRIP
re indeed in the “TRIP–TWIP ” zone. However, an appreciable quantity
f martensitic alloys are in the predicted TRIP–TWIP zone, some TRIP
lloys are outside the TRIP–TWIP zone, and so the boundaries do not
eem to describe very accurately the deformation behaviour. Moreover,
he significant number of TWIP alloys in the Slip zone does not sup-
ort the idea that a clear zone separates TWIP from slip (65% of the
lloys from Appendix A known to display TWIP are not in the TRIP–
WIP zone of the Bo–Md map). Additionally, as discussed above, the
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Fig. 11. Expected behaviour as a function of 
the Bo and Md parameters, according to the 
method described in this work. Morinaga’s map 
has been superimposed to the chart (plain 
lines) for comparison purpose; the behaviour 
expected in the zones delimited by black lines, 
according to Morinaga’s map, is displayed in 
Fig. 1 a. 
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tatement that the boundary between TRIP and martensitic alloys is de-
ned by the equation M s = Room Temperature (RT) is questionable, so

t should not be assumed that the M s is constant on the line displayed
s “M s = RT ” in Fig. 1 a. The lines separating the types of behaviour have
een drawn with existing alloys, and no physical background justifies
he peculiar shape obtained. 

The method proposed in this work on the other hand, is semi-
mpirical, meaning that it uses empirical thresholds with models that
ely on physical bases (for 𝑀 

∗ 
𝑠 

and the nucleation parameter). The quan-
ities to be calculated in order to predict the behaviour can be computed
ith a simple code that runs efficiently. Although the method does not

ely entirely on physics, it gives some leads to better understand the
omposition dependency of martensite formation, and allows to predict
ith good confidence the behaviour of the alloys, as can be seen in
ig. 9 and Fig. 6 . It offers advantages compared to the current meth-
ds. The composition space to be explored is not limited by the Bo–Md
ombinations defined by the frame of the map ( Fig. 1 a) and a criterion
s proposed to target superelasticity. In order to compare the predic-
ions obtained with the stability map with the ones obtained with the
resent work, the method described here has been applied to a set of ap-
roximately 6000 compositions chosen in such a way that they fill the
pace of the Bo–Md map. The corresponding predictions are displayed
n Fig. 11 . The overall shape of the martensitic zone is roughly similar
o the one of the phase stability map of [10] ( Fig. 1 a), but according
o the present calculation method, there should be many TRIP regions
n the middle of the martensite area. The regions corresponding to the
ifferent deformation mechanisms assessed with the method presented
ere are very scattered in the Bo–Md space; this suggests that the val-
es of Bo and Md may not be the most physically relevant parameters
o describe the deformation induced transformations in titanium alloys.
he method proposed in this work can be used to design TRIP/TWIP
lloys; it is capable to determine the compositional dependence of TRIP
nd superelasticity effects. It may constitute a useful tool to design 𝛽
itanium alloys exploring novel ranges of composition. 

. Conclusion 

A new model is proposed to describe the martensitic transforma-
ion in titanium alloys - either upon quenching or deformation - as a
unction of their composition. Although it uses ad hoc thresholds and
ne empirical criterion ([Fe] eq ), the proposed model relies on physical
pproaches to determine martensite nucleation and growth. The nucle-
tion parameter ( kT 0 /[ 𝜇( T 0 ) b 3 ]) allows to determine the type of mi-
rostructure present at room temperature, the [Fe] eq and 𝑀 

∗ 
𝑠 

criteria
hen allow to identify the deformation behaviour of the 𝛽 alloys. When
𝑇 0 ∕[ 𝜇( 𝑇 0 ) 𝑏 3 ] > 1 . 24 ⋅ 10 −2 , martensite is expected to form upon quench-
ng. Otherwise, the alloy retains 𝛽 at room temperature. If the alloy
isplays only 𝛽 phase at room temperature, it deforms by slip or twin-
ing if [Fe] eq > 3.5 or if 𝑀 

∗ 
𝑠 
< − 90 ∘C, whereas it can form martensite

pon deformation otherwise. Among the alloys that can form martensite
pon deformation, superelasticity is expected if − 90 ∘C < 𝑀 

∗ 
𝑠 
< 90 ∘C,

hereas TRIP is expected if 𝑀 

∗ 
𝑠 
> 90 ∘C. 

This approach can provide explanations for some characteristic fea-
ures of titanium alloys that had not quantitatively been modeled so far.
he assumption of a thermally activated martensite nucleation may ex-
lain why some alloying elements allow to retain the 𝛽 phase at room
emperature. The determination of a more precise expression for the en-
rgy barrier to martensite nucleation could constitute the focus of some
uture work. The 𝑀 

∗ 
𝑠 

model relies on thermodynamics and microme-
hanics and offers an explanation for the composition dependence of
RIP and superelastic effects. The combination of these models allows
o discriminate martensitic, TRIP, superelastic and TWIP/Slip alloys and
ay be used as a designing tool for tailored deformation behaviour. 
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Appendix A. Alloys from the literature 

n Alloy composition (w %) a Microstructure Ms Deformation mechanism Ref 

1 Ti–10Mo–1Fe 𝛽 TWIP {332} [30] 

2 Ti–10Mo–3Fe 𝛽 Slip [53] 

3 Ti–10Mo–5Fe 𝛽 Slip [53] 

4 Ti–15Mo–1Fe 𝛽 Slip [54] 

5 Ti–10V–3Fe–3Al–0.27O 𝛽 TRIP [55] 

TWIP {332} 

stress-induced 𝜔 

6 Ti–8Mo–4Nb–2V–3Al 𝛽 TRIP [56] [57] 

7 Ti–9.6Mo–4Nb–2V–3Al–0.25Fe 𝛽 Apparently no TRIP [56] 

8 Ti–11Mo–4Nb–2V–3Al 𝛽 No information [56] 

9 Ti–29Nb–13Ta–4.6Zr 𝛽 ? [58] 

10 Ti–10V–2Cr–3Al 𝛽 and a bit of 𝛼″ ? TRIP [59] 

11 Ti–10V–1Fe–3Al 𝛽 and a bit of 𝛼″ TRIP [59] 

12 Ti–3Al–5Mo–7V–3Cr 𝛽 TRIP [60] 

TWIP {332} 

13 Ti–31Nb–9Zr 𝛽 Superelastic (grain size 1 𝜇m ) [61] 

14 Ti–38Nb–1.4Al 𝛽 Superelastic [62] 

15 Ti–9Mo–6W 𝛽 TRIP [11] 

TWIP {332} 

stress-induced 𝜔 

16 Ti–32Nb 𝛽 [27] or 𝛼″ [36] TRIP [36] [63] [27] 

17 Ti–40Nb 𝛽 Superelastic [36] 

18 Ti–43Nb 𝛽 Slip [36] 

19 Ti–2Mo–37Nb Superelastic [36] 

20 Ti–3.3Mo–33Nb Superelastic [36] 

21 Ti–5Mo–29Nb Superelastic [36] 

22 Ti–30Nb–19Ta Superelastic [36] 

23 Ti-34Nb–9Zr Superelastic [36] 

24 Ti–15Nb–12Zr at % 𝛽 [64] 

25 Ti–16Nb–12Zr at % 𝛽 [64] 

26 Ti–17Nb–12Zr at % 𝛽 Superelastic [64] 

TRIP? 

27 Ti–18Nb–12Zr at % 𝛽 Superelastic [64] 

28 Ti–19Nb–10Ta at % 𝛽 Superelastic [64] 

29 Ti–12Nb–20Ta at % 𝛽 Partial superelasticity [64] 

30 Ti–13Nb–20Ta at % 𝛽 Partial superelasticity [64] 

31 Ti–62Ta–2Nb 𝛽 TRIP [64] 

32 Ti–61Ta–4Nb 𝛽 Superelastic [64] 

33 Ti–2Mo 𝛼′ 780 [65] 

34 Ti–3Mo 𝛼′ 740 [65] 

35 Ti–4Mo 𝛼′ 700 [65] 

36 Ti–6Mo 𝛼″ 610 [65] 

37 Ti–8Mo 𝛼″ 515 [65] 

38 Ti–12Mo 𝛽 TRIP [33] 

TWIP ({332} and {112}) 

39 Ti–14Mo 𝛽 pure TWIP [33] 

40 Ti–13V–11Cr 𝛽 Slip [66] 

41 Ti–5Al–5Mo–5V–3Cr 𝛽 TRIP [67] 

42 Ti–5Mo–6V–3Cr–3Al 𝛽 TWIP{112} and {332} [68] 

No information regarding TRIP 

43 Ti–11.5Mo–6Zr–4.5Sn 𝛽 (quenched 

-195°C)) 

TWIP {112} and{332} [34] [15] 

44 Ti–13Mo 𝛽 TRIP [32] 

45 Ti–16V 𝛽 TRIP [32] [69] 

TWIP 

stress-induced 𝜔 

46 Ti–13V 𝛽 [38] or 𝛼″ [28] TRIP [38] [28,38] 

47 Ti–4Al–9V–1.2Fe 𝛼″ 483 [18] 

48 Ti–3.2Al–14.6V 𝛼″ 493 [18] 

49 Ti–15.15V–3.17Al 𝛼″ 463 [18] 

50 Ti–15.6V–3.1Al 𝛼″ 423 [18] 

51 Ti–13V-3A–0.6Fe 𝛼″ 453 [18] 

52 Ti–13V–3Al–1Fe at 𝛽 + a bit of 𝛼″ TRIP [39] 

53 Ti–13V–1Al at 𝛽 + 𝛼″ [38] 

( continued on next page ) 
a unless ”at% is mentioned 
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( continued ) 

n Alloy composition (w %) a Microstructure Ms Deformation mechanism Ref 

54 Ti–13V–3Al at 𝛽 + 𝛼″ over 350 [18,39] 

55 Ti–16V–2Fe–2Al 𝛽 Slip [70] 

56 Ti–16V–2Fe 𝛽 Slip [70] 

57 Ti–16V–2Fe–Al 𝛽 Slip [70] 

58 Ti–16V–Fe 𝛽 TWIP {332} [70] 

stress-induced 𝜔 

59 Ti–14V–2Fe–Al 𝛽 TWIP {332} mainly [70] 

detection of stress-induced 𝛼″ 
60 Ti-12V-2Fe-Al 𝛽 TWIP {332} mainly [70] 

detection of stress-induced 𝛼″ 
61 Ti-16.1V-4Al 𝛽 TRIP [39] [71] 

62 Ti-15.4V-4Al 𝛽 + ordered 𝛼″ [71] 

63 Ti-13V-3Al-1.5Fe at 𝛽 ? [39] 

64 Ti-13V-3Al-0.5Fe at mainly 𝛼″ 𝐴 𝑠 = 240 [39] 

𝐴 𝑓 = 281 
M s ≈ 250? 

65 Ti-25Ta-25Nb 𝛽 Superelastic [72] 

66 Ti-25Ta-24Nb 𝛽 Superelastic [3] [73] 

TWIP ({332} and {112}) 

67 Ti-25Ta-30Nb 𝛽 TWIP {332} [73] 

68 Ti-15Mo-5Zr 𝛽 TWIP {332} [34] 

69 Ti-20V-6Al 𝛽 Slip [34] 

70 Ti-20V 𝛽 TWIP {332} [34] 

71 Ti-20V-0.15O 𝛽 TWIP {332} [66] 

72 Ti-15Mo-5Zr-3Al 𝛽 Slip [34] 

73 Ti-3Al-8V-6Cr-4Mo-4Zr 𝛽 Slip [34] 

74 Ti-15V-3Cr-3Al-3Sn 𝛽 Slip [34] 

75 Ti-8Mo-8V-2Fe-3Al 𝛽 Slip [34] 

76 Ti-13V-11Cr-3Al 𝛽 Slip [34] [10] 

77 Ti-10V-2Fe-3Al 𝛽 or 𝛼″ + 𝛽 TRIP [16] 

78 Ti-12Mo-6Zr-2Fe 𝛽 TWIP [10] 

79 Ti-20V-3Sn 𝛽 TWIP [34] 

80 Ti-4Al-7Mo-3V-3Cr 𝛽 TRIP [74] 

TWIP 

81 Ti-10Mo 𝛽 + 𝛼″ TWIP {332} [53] 

(segregation) ( + TRIP?) 

82 Ti-7Mo-3Cr 𝛽 TRIP [12] 

TWIP{332} and {112} 

83 Ti-1Cr 𝛼′ 800 [28] 

84 Ti-2Cr 𝛼′ 750 [28] 

85 Ti-3Cr 𝛼′ 700 [28] 

86 Ti-3.5Cr 𝛼′ 650 [28] 

87 Ti-4.2Cr 𝛼′ 620 [28] 

88 Ti-1.91V 𝛼′ 807 [28] 

89 Ti-4.24V 𝛼 727 [28] 

90 Ti-6.9V 𝛼 627 [28] 

91 Ti-8.5V 𝛼 527 [28] 

92 Ti-12.7V 𝛼 327 [28] 

93 Ti-22V 𝛽 TWIP {112} [75] 

94 Ti-28V 𝛽 TWIP {112} [75] 

95 Ti-2.9Al 𝛼 918 [29] 

96 Ti-5.9Al 𝛼 960 [29] 

97 Ti-9Al 𝛼 1015 [29] 

98 Ti-12.3Al 𝛼 1060 [29] 

99 Ti-1Fe 𝛼 760 [28] 

100 Ti-2Fe 𝛼 675 [28] 

101 Ti-2.5Fe 𝛼 630 [28] 

102 Ti-3Fe 𝛼 575 [28] 

103 Ti-4Fe 𝛼 475 [28] 

104 Ti-12W 660 [28] 

105 Ti-18W 480 [28] 

106 Ti-21.9W 350 [28] 

107 Ti-9.1Nb 759 [29] [48] 

108 Ti-10Nb 720 [29,48] 

109 Ti-13Nb 680 [29] [48] 

110 Ti-14Nb 650 [29,48] 

111 Ti-17Nb 578 [29,48] 

112 Ti-22Nb 485 [29] [48] 

113 Ti-25Nb 387 [29,48] 

114 Ti-29Nb 𝛽 or 𝛼″ 307 [29,48] 

115 Ti 855 [29] [28] 

116 Ti-12Mo-5Zr 𝛽 TRIP [76] 

TWIP {332} 

117 Ti-11Mo 𝛼″ [77] or 𝛽 [29] 

( continued on next page ) 
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( continued ) 

n Alloy composition (w %) a Microstructure Ms Deformation mechanism Ref 

118 Ti-15Mo 𝛽 TWIP {332} [54] 

119 Ti-10Zr 777 [48] 

120 Ti-17.5Zr 727 [48] 

121 Ti-24.42Zr 652 [48] 

122 Ti-32.52Zr 627 [48] 

123 Ti-25Nb-2Ta-3Zr 𝛽 TRIP [78] 

124 Ti-25Nb-10Ta-1Zr-0.2Fe 𝛽 TRIP [78] 

125 Ti-38Nb-3Zr-2.1Ta 𝛽 Superelastic b [79] 

TWIP 332 

126 Ti-50Nb 𝛽 TWIP {112} [80] 

stress-induced 𝜔 

127 Ti-15Ta 𝛼 760 [29] 

128 Ti-62Ta 𝛼″ or 𝛽 stress-induced Martensite c [37] [81] 

129 Ti-72Ta 𝛽 stress-induced Martensite d [37] 

130 Ti-8.5Cr-4.5Sn 𝛽 TRIP [82] 

TWIP {332} 

131 Ti-10Cr 𝛽 TWIP {332} [31] 

132 Ti-25Nb-3Zr-3Mo-2Sn 𝛽 TWIP {332} mainly [83] 

TWIP {112} 

TRIP 

stress-induced 𝜔 

133 Ti-6Cr-4Mo-2Al-2Sn-1Zr 𝛽 TWIP {332} [84] 

TWIP {112} 

stress-induced 𝜔 

134 Ti-10V-4Cr-1Al 𝛽 TWIP {332} [52] 

TWIP {112} 

TRIP (unstable) 

135 Ti-5Al-2Sn-4Zr-4Mo-2Cr-1Fe 𝛽 TRIP [85] 

136 Ti-3Mo-8Zr-5Sn at% 𝛽 TRIP [35] 

137 Ti-3Mo-9Zr-5.5Sn at% 𝛽 Superelastic [35] 

138 Ti-3Mo-5Zr-4Sn at% 𝛼″ [35] 

139 Ti-3Mo-6Zr-7Sn at% 𝛽 Slip [35] 

140 Ti-3Mo-10Zr-6Sn at% 𝛽 Slip [35] 

141 Ti-10Ta-4Fe 𝛽 Slip [86] 

142 Ti-7Ta-5Fe 𝛽 Slip [86] 

143 Ti-12Nb-5Fe 𝛽 Slip [86] 

144 Ti-13V at 𝛽 TRIP [38] 

145 Ti-16Nb-4Sn at 𝛽 + 𝛼″ 87 [87] 

146 Ti-16Nb-5Sn at 𝛽 + 𝛼″ − 53 [87] 

147 Ti-24Nb-3Al at mainly 𝛽 − 13 superelastic [62] 

148 Ti-35Nb 𝛽 or 𝛼″ 175 TRIP [88] [89] 

149 Ti-35Nb-3Sn 𝛼″ 77 [88] 
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ppendix B. Composition dependence of the lattice parameters 

When the composition dependency was not found in the literature,
he effect of the alloying element was either ignored or obtained by
xtrapolation (like the effect of Zr and Sn in the orthorhombic phase).
 i is the atomic fraction of element i . 

BCC (V, Mo, Fe, Cr from [27] , Nb from [14] , Zr and Sn from [35] ) : 

 𝛽 = 3 . 274 + 0 . 043 𝑥 Nb − 0 . 1259 𝑥 Mo − 0 . 2 𝑥 V − 0 . 55 𝑥 Fe − 0 . 15 𝑥 𝑊 

+ 0 . 044 𝑥 Ta + 0 . 11 𝑥 Sn − 0 . 4 𝑥 Cr + 0 . 31 𝑥 Zr Å

HCP (Zr from [90] , Mo, Nb, Ta from [91] , V, W, Fe from [92] , Cr
rom [93] ): 

 𝛼′ = 2 . 959 − 0 . 083 𝑥 Fe − 1 . 3 𝑥 𝑊 

+ 0 . 22 𝑥 Zr − 0 . 26 𝑥 Cr − 𝑥 V Å

𝑏 𝛼′ = 

√
3 𝑎 𝛼′Å

𝑐 𝛼′ = 4 . 68 + 0 . 2381 𝑥 Mo + 0 . 5 𝑥 Nb + 0 . 5 𝑥 Ta − 0 . 4 𝑥 𝑊 

− 0 . 4 𝑥 V 
+ 0 . 1 𝑥 Fe + 0 . 5 𝑥 Zr − 1 . 6 𝑥 Cr Å
b The alloy is not referred to as superelastic in [79] but after unloading, many 
artensite plates reverse to 𝛽. 
c no information on whether it is TRIP or superelastic (most likely TRIP). 
d no information on whether it is TRIP or superelastic. 

f  

c  

h  

t  

t  

n  
Orthorhombic (Zr and Sn from [35] , Ta and Nb from [73] , Mo from
91] , V, W from [92] , Cr extrapolated from [67] ), Fe and Al extrapolated
rom [18] : 

 𝛼′′ = 2 . 89 + 1 . 37 𝑥 Nb + 3 𝑥 Mo + 0 . 6 𝑥 Ta + 2 . 43 𝑥 𝑊 

+ 2 . 05 𝑥 Sn + 𝑥 V 

+ 3 𝑥 Cr + 0 . 9 𝑥 Zr + 0 . 083 𝑥 Al + 0 . 0223 𝑥 Fe Å

𝑏 𝛼′′ = 3 . 02 
√
3 − 1 . 68 

√
3 𝑥 Nb − 3 

√
3 𝑥 Mo − 1 . 21 𝑥 Ta − 1 . 42 

√
3 𝑥 𝑊 

− 2 . 64 𝑥 Sn 
−0 . 28 𝑥 Zr − 

√
3 𝑥 V − 5 . 67 𝑥 Cr − 0 . 018 𝑥 Al + 0 . 0504 𝑥 Fe Å

𝑐 𝛼′′ = 4 . 734 − 0 . 184 𝑥 Nb − 1 . 5 𝑥 Mo − 0 . 4 𝑥 Ta − 0 . 57 𝑥 𝑊 

+ 0 . 23 𝑥 Sn 
+ 0 . 4 𝑥 V − 2 . 67 𝑥 Cr + 0 . 3 𝑥 Zr − 0 . 0535 𝑥 Al − 0 . 0326 𝑥 Fe Å

As explained in the text, in order to compute M s , the elastic energy
as calculated both for the HCP and for the orthorhombic structure, by
ssuming that the composition dependence of the lattice parameters for
ach structure can be extrapolated in domains where they do not ex-
st. For each alloy, two M s were obtained (one for each structure) and
he retained one was the greatest of both. For all binary systems except
or Ti–V, this extrapolation of the lattice parameters allowed to find the
ritical composition at which the transition from HCP to orthorhombic
appens. For alloys containing Vanadium however, the extrapolation of
he composition dependency of the lattice parameters of the HCP struc-
ure in domains where this structure does not exist (V > 6% at [92] ) did
ot allow to find the critical composition where orthorhombic structure
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s more favourable than HCP structure. It seems that the extrapolation
f the lattice parameters of the HCP structure is not valid in this system.
hus, for alloys containing more than 6% at of vanadium, the calcu-

ations are performed by considering that the lattice parameters of the
artensite are those of the orthorhombic structure. 
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