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ABSTRACT
Body centered cubic (bcc) Ti-based alloys are of interest for multiple technological applications ranging from aerospace technology to
biomedicine. However, these alloys are usually unstable at low temperatures. Indeed, the calculated elastic modulus C′ of bcc Ti–V alloys
with low V concentrations is negative at 0 K temperature, indicating their mechanical instability. Here, we investigate elastic moduli of the
Ti–V system in the vicinity of mechanical instability theoretically and experimentally. Our calculations predict that mechanical stabilization
of bcc Ti–V alloys, which is governed by the hardening of C′, is possible at as low V concentration as 18 at. %. We synthesize single-phase bcc
alloys with as little as 22 at. % of V with low values of Young’s modulus. Moreover, we predict strong concentration dependence of anisotropy
of Young’s modulus in these alloys that can also be used in tuning the alloy composition to design materials for specific applications.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0023347

I. INTRODUCTION

Elastic moduli are among the most important parameters that
characterize a mechanical response of materials. For engineering
applications, it is often sufficient to use Young’s modulus (E),
which defines the linear relationship between stress and strain in
the elastic regime of a uniaxial deformation. To address the strength
characteristics and for analysis of the development of defect struc-
tures, one often uses the shear modulus (G), which is defined as the
ratio of shear stress to shear strain in the elastic regime. Moreover,
physical/engineering parameters connected to the material’s plastic
deformation and cutting performance are normalized to the shear
modulus. Therefore, theoretical calculations and experimental mea-
surements of E and/or G are highly valuable in guiding a search for
new materials.

Modern biomedical applications require new materials that
ensure biomechanical compatibility and uniform load distribution.
A typical example is the orthopedic design of implants. Most com-
mon are femoral implants in the elderly, whose bones become more
brittle with age. The main problem for the design of implants is

to find a material that is compatible with the bony tissue and has
elastic moduli 10 GPa–60 GPa, because any material with high elas-
tic moduli would harm human tissues. The search for such mate-
rials has been very active in past years.1–15 Elastic properties of
titanium alloys providing low Young’s modulus (E), which is suit-
able for various applications, have attracted the special attention
of researchers.5,16,17 Ti–V alloys with low elastic moduli are among
the prospective candidates: alloys with Ti coated with compatible
compounds to protect humans from the toxic V content could be
potentially suitable as materials for stents and other biomechanical
devices. Other applications of Ti–V alloys with low elastic moduli
may include motion detectors and shock absorbers, as well as sys-
tems of the spring type for the damping of vibrations, for example,
in aircraft engines.

Elastic constants of titanium–vanadium alloys have been mea-
sured in a number of experimental studies.18–20 It is now known
that β-Ti alloys with the bcc structure demonstrate a lower Young’s
modulus than that of α in the hexagonal close-packed (hcp) struc-
ture and α + β titanium alloys.10 Moreover, in recent years, first-
principles theoretical simulations have become an important tool for
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understanding and predicting the material properties, though elas-
tic properties of alloys are not that extensively studied as for pure
elements and compounds. Theoretical calculations on Ti–V alloys
have been carried out by several groups.21–23 In particular, in Ref. 23,
accuracy and efficiency of available theoretical methodologies for
calculations of elastic moduli in random substitutional bcc Ti–V
alloys have been compared considering V concentrations in the
range 0 at. %–100 at. % with a coarse step in the V concentration.
It has been observed that, though the elastic modulus C′ of alloys
with low V concentrations is negative at temperature 0 K, making
them mechanically unstable, it becomes positive with the increas-
ing V content, leading to mechanical stabilization of the alloys.23 An
apparent non-linear concentration dependence of elastic moduli in
Ti-rich alloys has motivated the authors to suggest that the effect
may be used for synthesis of alloys with low elastic moduli. The find-
ings and the suggestion require careful verification, theoretically as
well as experimentally.

The question that we address in the present work is whether
low values of E can indeed be obtained in bcc Ti–V alloys by tuning
vanadium concentration toward the region of mechanical instability.
We investigate the elastic moduli of the system at a fine scale of con-
centrations around 20 at. % of V theoretically and experimentally.
Since pure Ti is stable in the hexagonal close-packed (hcp) struc-
ture at room temperature, at some low concentration of V, bcc T–V
becomes unstable not only mechanically but also thermodynami-
cally. Accordingly, approaching the vicinity of a mechanical insta-
bility experimentally is challenging. Theoretically, we demonstrate
that mechanical stabilization of bcc Ti–V alloys occurs at 18 at. % of
V. Experimentally, we were able to synthesize single-phase bcc alloys
with V concentration as low as 22 at. %, in good agreement with our
theoretical prediction. Accordingly, low values of Young’s modu-
lus in the vicinity of the mechanical instability are confirmed both
in theory and experiment. Moreover, theoretical simulations pre-
dict very high anisotropy of Young’s modulus in these alloys, giving
an additional clue on how the alloys with desired elastic properties
could be designed.

II. THEORETICAL AND EXPERIMENTAL METHODS
For theoretical calculations, we used the Projector Augmented

Wave (PAW) method24 implemented in the Vienna Ab Initio Simu-
lation Package (VASP).25,26 The exchange–correlation effects were
included within the Perdew–Burke–Ernzerhof (PBE) generalized
gradient approximation.27,28 To investigate elastic properties of bcc
Ti–V alloys in the vicinity of mechanical instability, special quasiran-
dom structures (SQSs)29,30 were constructed for compositions 9.375
at. %, 12.5 at. %, 15.625 at. %, 18.75 at. %, 21.875 at. %, and 37.5 at. %
of V using 128-atom supercells (4 × 4 × 4 simple cubic cells).
For pure Ti and alloys with compositions 6.25 at. %, 25 at. %, and
50 at. %, we used the results calculated in Ref. 23. To ensure the
compatibility of the results, we have applied the same computational
setup as in Ref. 23.

In the experimental part of this work, a series of Ti–V alloys
with 0 at. %–30 at. % of V were prepared by arc-melting Ti and
V pieces (>99.5% purity) in an Ar atmosphere. The samples were
turned and remelted several times to increase the homogeneity.
A Ti getter was used to reduce the oxygen content during melt-
ing. After arc-melting, the alloy samples were cut to expose parallel

surfaces and polished to a mirror finish using colloidal silica in the
final step.

The composition of the samples was determined with x-ray
fluorescence using an Epsilon 3XL spectrometer from PANalytical,
while the crystal structures were determined with x-ray diffraction
data using a Bruker D8 Advance diffractometer equipped with a
Lynxeye XE detector and CuKα radiation. The mechanical prop-
erties were measured for three samples using a CSM Instruments
UNHT with a Berkovich diamond tip. Load–displacement curves
were measured at 20 spots to 150 nm in displacement control and
loading and unloading rates of 2.5 mN/min (maximum load < 2.5
mN). Elastic moduli were determined by the Oliver–Pharr method
using Poisson’s ratio of 0.37 calculated in Ref. 23.

III. RESULTS
A. Mechanical stability

The Born criteria for the mechanical stability of a cubic struc-
ture are a positive sign of bulk modulus and single-crystal elastic
moduli, C44 and C′ = C11−C12

2 . We note that bulk modulus and C44
of bcc Ti–V alloys are positive in the whole interval of concentra-
tions.23 Therefore, the mechanical stability of this system is solely
determined by the concentration dependence of C′.

Figure 1 shows the calculated dependence of the elastic constant
C′ on the concentration of V in the Ti-rich Ti–V alloy. For com-
pleteness, we show in Fig. 2 all the single-crystal elastic constants
calculated for bcc Ti–V alloys in the same concentration interval.

Our calculations show that the elastic constant C12 depends
very weakly on the V concentration in Ti-rich alloys: it increases
from 111 GPa in pure Ti to 114 GPa in Ti75V25 and 122 GPa
in Ti50V50. On the contrary, C11 increases significantly with the
increasing V content, from 86 GPa in pure Ti to 163 GPa
in Ti50V50. Consequently, the elastic constant C′ monotonically
increases with the increasing vanadium concentration in the vicinity
of the mechanical instability. As follows from Fig. 1, bcc Ti–V alloys
become mechanically stable when the content of V increases above

FIG. 1. Calculated elastic constant C′ as a function of the V concentration in the
vicinity of the mechanical instability of bcc Ti–V.
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FIG. 2. Calculated single-crystal elastic constants as a function of the V concen-
tration in the vicinity of the mechanical instability of bcc Ti–V. C11, C12, and C44
elastic constants are denoted by red circles, blue squares, and green triangles,
respectively.

18 at. %. Titanium-rich Ti–V alloys with lower V concentrations are
mechanically unstable.

B. Young’s and shear moduli
Calculated single-crystal elastic constants allow us to study

the behavior of polycrystalline elastic moduli of the Ti–V alloys in
the vicinity of the mechanical instability. The elastic characteris-
tics of polycrystalline materials are estimated by averaging the val-
ues obtained in the calculations of single crystals using the Voigt
(V)–Reuss (R)–Hill (H) procedure.31–33 Figure 3 shows the results
of such an assessment for Young’s and shear moduli. In addition
to the data obtained by the PAW-SQS method, we show in Fig. 3
polycrystalline elastic moduli calculated from data obtained in Ref.
23 by the Exact Muffin-Tin Orbitals (EMTO) method combined
with the coherent potential approximation (CPA).34 The former is
considered to be more accurate in general, however, as has been
demonstrated in Ref. 23, and the latter turns out to provide some-
what better agreement with the experiment for bcc Ti–V alloys in the
concentration interval of interest. Presenting both datasets allows us
to draw more reliable conclusions.

Young’s modulus E obtained by both methods increases
monotonously with the increasing vanadium concentration. The
moduli ER, EV, and EH obtained by the EMTO-CPA method
increase almost linearly with the increasing vanadium concentra-
tion in the range from 10 at. % to 50 at. % of V. The concentration
dependence obtained by the PAW-SQS method is characterized by
stronger nonlinearity. Interestingly, as can be seen in Fig. 3, EV, EH,
and ER begin to diverge when the alloy is approaching the mechani-
cal instability, and the divergence becomes strong in the region of the
mechanical instability. The concentration dependence of the shear
modulus G is quite similar to that observed for Young’s modulus:
it increases monotonously with the increasing concentration in the
range from 0 at. % to 50 at. % of V. In the vicinity of the region of the
mechanical instability, there is a significant discrepancy between the

FIG. 3. Calculated Young’s modulus E (a) and shear modulus G (b) as a function
of the V concentration in the vicinity of the mechanical instability of bcc Ti–V alloys.
The data obtained by the PAW-SQS method are denoted by orange lines. Elastic
moduli calculated from data obtained in Ref. 23 in the framework of the EMTO-CPA
method are shown with purple lines for comparison. The solid lines with squares
denote the Hill approximation. The dashed lines with triangles and dashed-dotted
lines with circles show values obtained by the Reuss and Voigt approximations,
respectively.

values of the elastic moduli GH, GR, and GV obtained with different
averaging methods.

It is well known that the Voigt averaging of the polycrystalline
elastic moduli provides their upper bounds, while the Reuss aver-
aging is often considered to provide the lower bound, with the Hill
averaging between the two. However, most often, they follow each
other quite close and show very similar concentration dependences.
The dramatic divergence of different averaging schemes of E and
G in the region of the mechanical instability may seem unusual.
However, it can be explained by different contributions of C′ in dif-
ferent averaging schemes. Indeed, GR for cubic crystals in the Reuss
approximation is calculated as

GR = 5C44C′

2C44 + 3C′
, (1)
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while GV is estimated as

GV = 2C′ + 3C44

5
. (2)

Thus, the former is proportional to C′ and goes to zero when C′

does. On the contrary, GV in the region of the mechanical insta-
bility driven by C′ passing through 0 becomes proportional to C44,
which increases with the decreasing V concentration (Fig. 2) lead-
ing to increasing divergence between GR and GV at low vanadium
concentrations. The divergence propagates into E because

E = 9BG
3B +G

(3)

and

B = C11 + 2C12

3
= 2C′ + 3C12

3
. (4)

FIG. 4. X-ray diffraction patterns from the series of Ti1−xVx samples with
x = 0.0–0.30. The peaks from the β-phase and ω-phase are marked. All other
peaks can be attributed to the α-phase. Note that panel (a) has another intensity
scale than panel (b).

TABLE I. Hardness (H) and elastic modulus (E) for single-phase Ti1−xVx samples
determined by nanoindentation.

x Phase H (GPa) E (GPa)

0 α 3.2(2) 138(9)
0.22 β 5.5(6) 100(6)
0.30 β 4.5(1) 125(4)

The observed divergence is the first sign of the increasing anisotropy
of bcc Ti–V alloys in the region of the mechanical instability, which
will be discussed in detail below.

C. Experimental measurements
The Ti–V phase diagram contains three equilibrium phases,

liquid, the hexagonal close-packed α-phase, and the bcc β-phase.35

At room temperature, the equilibrium phases are α + β, although
the metastable phases, martensite (α′ or α′′, depending on the V
concentration), and the ω-phase are sometimes observed in this sys-
tem.36 Thus, it is truly challenging to synthesize bcc Ti–V alloys with
V concentrations in the vicinity of the mechanical instability. X-ray
diffractograms taken for alloys synthesized in this work reveal the
presence of the hexagonal α-Ti phase in samples up to 10 at. % V (see
Fig. 4). The β-phase starts to form at x = 0.15 and is the main phase
at x = 0.18 and higher. It should be noted that very small amounts of
the ω-phase can still be seen in the diffractograms up to x = 0.18.
The peak intensity of this phase, however, is very small and not
seen in the intensity scale used in Fig. 4. Samples with 22 at. % and
30 at. % V can be considered single-phase bcc alloys. As can be
seen in the figure, the diffractograms of the β-phase show (110) or
(211) peaks with high intensity. This can be attributed to a texture
developed during sample preparation.

FIG. 5. Young’s modulus of bcc Ti–V alloys as a function of the V concentration
in the vicinity of the mechanical instability. The magenta solid line with triangles
denotes experimental data obtained in this work, while the magenta dashed line
with pluses denotes experimental results reported in Ref. 18. Theoretical PAW-
SQS and EMTO-CPA data are denoted by orange and purple lines with squares,
respectively.
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FIG. 6. Directional dependence of Young’s modulus as a function of the V concentration in the bcc Ti–V alloy from 0 at. % to 50 at. %. The minimum and maximum values
are obtained on the uniform (100 × 50) azimuthal-polar grid of the unit sphere.

The measured values of hardness and Young’s modulus of hcp
Ti, bcc Ti0.78V0.22, and bcc Ti0.70V0.30 are presented in Table I. One
can see that the elastic modulus is reduced from 125 GPa to 100 GPa
with the decreasing V content.

IV. DISCUSSION
Considering Young’s modulus of bcc Ti–V alloys, the experi-

mental values for bcc Ti–V alloys were reported by several groups,
e.g., in Refs. 10 and 18. However, the single-phase data were reported
down to ∼30 at. % V. In this work, we have measured Young’s mod-
ulus down to 22 at. % V, Fig. 5. The elastic modulus for our sample
with x = 0.30 is higher than that in Ref. 18. While a comparative
study of elastic modulus measurements using ultrasonic techniques
and nanoindentation on β-Ti alloys37 shows that these are in good
agreement, the accuracy of the values from nanoindentation mea-
surements depends on the indentation area and consequently on
the load. The validity of the elastic modulus values obtained from
nanoindentation measurements has been discussed by Attar et al.,38

where both elastic modulus and hardness are shown to be load
dependent. Taking into consideration that the texture and potential
surface hardening during sample treatment also have an influence
on the results obtained, our experimental values are higher than
other reported values and should be used carefully. In fact, similar
overestimation is observed in nanoindentation experiments for pure
α-Ti: our value in Table I, 135(9) GPa, is in agreement with that in
the nanoindentation experiment reported by Attar et al.,38 and both
of them are above the value of 103 GPa measured by Frantsevich
et al. in conventional experiments.39

However, the observed experimental trends indicate good over-
all agreement between the theory and experiment. Young’s mod-
uli obtained by the EMTO-CPA method show somewhat better
agreement with the experimental data. The PAW-SQS calcula-
tions reproduce nonlinearity, as in the experiment. This allows
us to draw qualitative conclusions on the behavior of Young’s
moduli in the vicinity of the mechanical instability of bcc Ti–V
alloys. Our results show that if one succeeds to decrease the vana-
dium concentration preserving the bcc structure, significant low-
ering of Young’s modulus can be achieved. In particular, this
means that the elastic properties of biomedical materials can be
improved this way. The proposed strategy makes it possible to
search for the optimal content of the alloying component, which

provides both mechanical stability and a given value of Young’s
modulus.

Let us finally consider elastic anisotropy of the studied bcc Ti–V
alloys. For cubic crystals, Young’s modulus for the direction with
directional cosines α, β, and γ relative to crystallographic axes is
given by39

1
Eαβγ

= s11 − 2(s11 − s12 + 1
2

s44)(α2β2 + α2γ2 + β2γ2), (5)

where sij are the average elastic compliances calculated from the
averaged elastic constants Cij.

Having all the single-crystal elastic constants calculated, we
have estimated the directional dependence of Young’s moduli in
bcc Ti–V alloys in the vicinity of the mechanical instability. In
Fig. 6, the dependences of Young’s modulus on the orientation
of the crystal are given for different V concentrations. The results
reveal strong dependence of Young’s modulus, both on the orienta-
tion and the V concentration. The anisotropy of Young’s modulus
changes in a peculiar way: while Young’s modulus itself decreases
with the decreasing vanadium concentration, its anisotropy clearly
increases.

As one can see from Fig. 6, in the range of the V concentrations
from 21.875 at. % to 37.5 at. %, close to the mechanical instability,
the directional dependence of Young’s modulus is very pronounced.
At concentrations near 50 at. % of V, this dependence is rather
weak. The obtained result indicates that if monocrystals are synthe-
sized or at least an appropriate texture of bcc Ti–V is controlled,
alloys with a required value of Young’s modulus can in principle
be designed. Materials with low Young’s moduli, which correspond
to those of polymer composite materials and biological tissues, are
of high interest for applications. Compatibility of elastic moduli of
monocrystals of Ti–V with elastic moduli of such materials will
provide compatibility of deformations under external loads.

V. CONCLUSIONS
We have investigated the elastic properties of the bcc Ti–V

alloys as a function of the V concentration by first-principles calcu-
lations as well as experimentally, focusing on the alloy composition
in the vicinity of the mechanical instability of the bcc phase. Single-
crystal elastic constants have been calculated, and the polycrystalline
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averages for Young’s modulus, E, and for the shear modulus, G,
have been obtained. First-principles calculations of elastic constants
carried out at a fine scale of concentrations in Ti-rich alloys with
the PAW-SQS method have allowed us to locate the concentration,
18 at. % of V, at which the elastic constant C′ in the system has
passed through zero. Alloys containing higher concentrations of V
have therefore been predicted to be mechanically stable. In addition,
we have observed divergence between different methods of aver-
aging of single-crystal elastic constants to obtain elastic moduli of
polycrystals in the vicinity of the mechanical instability. The effect
has been related to the concentration dependence of C′. A series
of Ti–V alloys with 0 at. %–30 at. % of V have been synthesized by
arc-melting Ti and V pieces in the Ar atmosphere. The composi-
tions of the melted samples have been determined with x-ray fluo-
rescence, while the crystal structure of the samples has been deter-
mined with x-ray diffraction. Elastic moduli have been determined
by nanoindentation. Good qualitative agreement between the the-
ory and experiment has allowed us to investigate the behavior of the
elastic moduli of the bcc phase at V concentration as low as 22 at. %.
A significant decrease in Young’s modulus in alloys with the low V
content has been observed both in theory and in experiment con-
firming the possibility to synthesize alloys with low values of Young’s
modulus in the region of the mechanical instability. Moreover, the-
oretical simulations have predicted very high anisotropy of Young’s
modulus in these alloys close to the instability. We conclude that
tuning the alloy composition to approach the mechanical instabil-
ity as close as possible and controlling the texture could be a way to
design materials with specific values of the elastic moduli suitable for
a broad range of applications.
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