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The structural phase transition, strength, and texture of vanadium have been studied under nonhydrostatic compression
up to 70 GPa using an angle-dispersive radial x-ray diffraction technique in a 2-fold paranomic diamond anvil cell and
up to 38 GPa using an angle-dispersive x-ray diffraction technique in a modified Mao—Bell diamond anvil cell at room
temperature. We have confirmed a phase transition from body-centered cubic structure to rhombohedral structure at 27—
32 GPa under nonhydrostatic compression. The radial x-ray diffraction data yields a bulk modulus Ky = 141(5) GPa
and its pressure derivative K, = 5.4(7) for the bce phase and Ky = 154(13) GPa with K, = 3.8(3) for the rhombohedral
phase at ¥ = 54.7°. The nonhydrostatic x-ray diffraction data of both bcc and rhombohedral phases yields a bulk modulus
Ko = 188(5) GPa with K{; = 2.1(3). Combined with the independent constraints on the high-pressure shear modulus, it is
found that the vanadium sample can support a differential stress of ~1.6 GPa when it starts to yield with plastic deformation
at ~36 GPa. A maximum differential stress as high as ~ 1.7 GPa can be supported by vanadium at the pressure of ~ 47 GPa.
In addition, we have investigated the texture up to 70 GPa using the software package MAUD. It is convinced that the body-
centered cubic to rhombohedral phase transition and plastic deformation due to stress under high pressures are responsible
for the development of texture.

Keywords: phase transition, strength, texture, vanadium

PACS: 61.05.cp, 62.20.F—, 07.35.4k, 64.30.Ef

1. Introduction

Vanadium (V) is a transition metal with body-centered
cubic (bcc) structure under ambient conditions and its su-
perconducting critical temperature 7; is the subject of pre-
vious reports.l'# Later, the high-pressure structure of pure
crystalline V was the focus of an intense research effort.>~7]
Takemura et al.®! performed high-pressure diamond anvil cell
(DAC) powder x-ray diffraction (XRD) experiments on V un-
der hydrostatic conditions and reported that the body-centered
cubic (bcc) phase remained stable up to the maximum pres-
sure of 154 GPa. Suzuki and Otani® calculated the lattice
dynamics of the bcc phase of V in the pressure range up to
150 GPa using the first-principles theory. The authors found
that a remarkable anomaly of phonon occurred at pressures
higher than 130 GPa, indicating the possibility of a structural
phase transition. Subsequently, Landa ez al.”! calculated the
equation of state (EOS) and shear elastic constants of bcc V
as a function of pressure up to 600 GPa using first principles.
The authors found that pressure-induced shear elastic constant
anomalies (softening) appeared at ~ 200 GPa, suggesting the
possibility of a structural transition from bcc to another phase.

As far as the theoretical calculation was concerned, [©7]
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the early works raised a renewed interest in the phase transi-
tion of V. Subsequently, Ding et al.®! revealed a phase transi-
tion characterized by a rhombohedral lattice distortion in the
bece lattice at ~ 69 GPa at room temperature in V using syn-
chrotron x-ray diffraction technique in a DAC. The author re-
ported that the rhombohedral phase was stable up to the high-
est pressure of 155 GPa. In addition, they interpreted this
phase transition as a second-order transition, because the tran-
sition was not accompanied by any jump of the volume with
increasing pressure. This form of transition has never been
reported in any other transition metal or other pure elements,
thus represents an entirely different trend from the previous
ones.

Later on, the possibility of the rhombohedral phase
in V under pressure was confirmed by first-principles
calculations.®13] Lee er al.[! calculated the transition pres-
sure as 84 GPa and firstly discovered a re-entrant bce phase at
ultrahigh pressures above 280 GPa. Luo et al.l'% confirmed
that the first phase transition occurring at ~ 62 GPa was de-
rived by phonon softening from bee to hR1, and the authors
firstly predicted two new phase transitions: one from hR1
(110.5°) to distorted-hR1 (108.2°) at ~ 120 GPa, and finally
the re-entrance of the bcc phase at ~ 250 GPa, which became
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stable again up to the highest pressure of 400 GPa. Koci et
al.™l demonstrated that the elastic constant softening in V
arising from the Fermi surface nesting was responsible for the
bee— rhombohedral transition at 80 GPa. Qiu and Marcus!!2!
firstly reported one bcc— rh" (rhombohedral phase) transition
identified as a thermodynamic transition (not observed in the
previous experiment) at 32 GPa, and the other at 65 GPa as
an instability transition when the bcc phase became unstable
(observed in the previous experiment). In addition, the tran-
sition th" —rh! (the other rhombohedral phase) appeared at
115 GPa is a thermodynamic transition and an instability tran-
sition, and the transition rh! —bcc at 297 GPa is identified
as a thermodynamic transition. Subsequently, the structural
phase transition sequence was confirmed by Verma et al.['3]
as bce (60 GPa)—»Rhoml1 (o = 110.50°, 160 GPa)—Rhom?2
(00 =108.50°, 240 GPa)—bcc.

More recently, whether the transition from bcc to rhom-
bohedral phase in V is a second-order transition has been ex-
tensively discussed by first-principles calculations.['4!7] Lee
et al. " reported that the volume change associated with these
transitions was less than 0.15%, but the transitions were first
order, as calculations of the single crystal and polycrystal elas-
tic moduli (stress—strain) coefficients revealed a small discon-
tinuity in the shear modulus and other elastic properties across
the phase transition. Krasil’nikov e al.l">~17] calculated the
second- and third-order Brugger constants based on the Lan-
dau theory, and demonstrated that the phase transition ob-
served in V at the pressure of 69 GPa was a first-order elastic
phase transition close to a second-order one.

Recently, Jenei e al.''® found that the bec to rhombo-
hedral phase transition occurred at 30 GPa at room tempera-
ture and 37 GPa at 425 K under the nonhydrostatic condition.
The transition pressure of 30 GPa obtained by Jenei et al.!'8]
is much lower than the value of 69 GPa previously reported
by Ding et al.!® under nonhydrostatic compression at room
temperature. In the experimental reports on compressibility of
V,[818] the previous results present a large discrepancy of tran-
sition pressure as high as 39 GPa. Thus, it is of great impor-
tance to confirm the bce-to-rhombohedral transition pressure.

In the present work, we investigate the V sample un-
der nonhydrostatic compression using angle dispersive x-ray
diffraction (ADXRD) technique in a radial diamond anvil cell
(rDAC) and ADXRD technique in a modified Mao—Bell DAC.

19.201 the structural

Combined with the lattice strain theory,
phase transition, strength, and texture of V up to 70 GPa are

obtained.

2. Experimental details

For the radial x-ray diffraction (RXRD) measurements, a
2-fold paranomic DAC with 300 um culet diameter was used
to exert uniaxial compression on the V sample. A beryllium
(Be) gasket was pre-indented to ~ 25-um thick at ~ 20 GPa.

The V sample (—325 mesh, with a purity of 99.5% from Alfa
Aesar) was loaded into a 60-um-diameter hole in the Be gas-
ket for RXRD measurements. A ruby chip with a diameter
of ~ 10 um served as the pressure standard.?'! No pressure-
transmitting medium was used to ensure maximum nonhydro-
static stresses. The DAC was tilted to an angle of 28° to min-
imize the contribution of Be diffraction lines to the sample
patterns. (221

For the nonhydrostatic ADXRD experiments, we used a
modified Mao—Bell DAC with 300 um culet diameter. A T301
gasket was pre-indented to ~ 30 pm thick and a 100 pm di-
ameter hole was drilled at the center of the gasket. Powder
V sample was loaded in the sample chamber without a pres-
sure medium. A ~ 10 um ruby chip was used as a pressure
sensor(?! and placed on top of the sample center.

The in situ high-pressure RXRD experiments were con-
ducted at the 4W2 beam line of Beijing Synchrotron Radiation
Facility (BSRF) with a wavelength of 0.6199 A and the x-ray
beam was focused to the size of 30 pumx8 pm (FWHM) us-
ing Kirkpatrick—-Baez mirrors. The power diffraction patterns
were collected with a Mar345 image plate and integrated with
the Fit2D!?3! software package. At each pressure, the RXRD
pattern was collected for 20 min after ~ 30 min stress relax-
ation.

3. Theory

The RXRD data was analyzed using the lattice strain the-

19201 The measured d-spacing

ory developed by Singh er al.!
dm(hkl) is a function of the azimuthal angle y (between the
DAC loading axis and the diffraction plane normal hkl), and

can be calculated as
dm (hkl) zdp(hkl)[1+(l —3cos? v)Q(hkl)], €))]

where dy, (hkl) is the measured d spacing, and d,(hkl) is the
d spacing under the equivalent hydrostatic pressure. Q(hkl) is
the orientation-dependent lattice strain, and can be expressed
as the harmonic mean of the aggregate x-ray shear moduli un-
der assumptions of stress continuity and strain continuity. W

in Eq. (1) can be rewritten as/>*

oS Wy = sin B cos 6 cos By + cos B sin Opy, 2)

where 0 is the diffraction angle, & is the azimuthal angle in
the plane of the detector, and 3 equals 28°. Q(hkl) can be
expressed as

Q(hkl) = (1/3) { a[2GR (hk1)] ™' + (1—a)(2Gy) ™'}, (3)

where G is the termed shear modulus, and the subscripts R and
V denote Reuss (stress continuity) and Voigt (strain continu-
ity) assumptions, respectively. The superscript X denotes the
average relevant to XRD. a determines the relative weights
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of the Reuss and Voigt terms. In most high-pressure experi-
ments, satisfactory interpretations of the data have been made
with o = 1, and the following relation can be derived:

t = 6G(Q(hkl)), (4)

where (Q(hkl)) represents the average Q(hkl) over (hkl). G
is the aggregate shear modulus of the polycrystalline aggre-
gate. The pressure dependence of G can be obtained from the
extrapolation of ultrasonic or theoretically calculated single-
crystal elastic constant. If the differential stress has reached
its limiting value of yield strength at high pressures, /G will
reflect the ratio of yield strength to shear modulus. 232!

4. Results and discussion

The program Multifit 421241 was used to yield one-
dimensional plots of the x-ray intensity as a function of 20 and
fit peak positions. We used this software package to fit peak
positions with segments of 5° intervals in the azimuth angle,
in steps from 90° to 180°. RXRD spectra of V were collected
up to 70 GPa, where the pressures were derived from the
ruby chip.?!l The selected 26—intensity diffraction patterns of
the sample taken at Yp,; = 54.7° under different pressures are

@ £8 . ¥=547
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55 | @0 88 3y
I |- 1. =L N 70 GPa
58 GPa
2
a 45 GPa
E
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g 33 3 g
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17.2 17.6 18.0
20/(°)

Fig. 1. (color online) (a) Selected diffraction patterns of V under nonhy-

drostatic compression taken at y = 54.7°. (b) The cubic (110) diffrac-

tion peak splits into rhombohedral (—110) and (100) peaks during the
transition from the bce to rhombohedral structure at 27 GPa.

shown in Fig. 1(a). Five diffraction peaks (110, 200, 211,
220, 310) of the bcc phase were observed at low pressures.
During the transition from the bce to rhombohedral structure
at 27 GPa, the cubic (110) diffraction peak split into rhom-
bohedral (—110) and (100) peaks (see Fig. 1(b)), the cubic
(211) peak split into rhombohedral (—211), (—210) and (110)
peaks, the cubic (220) split into rhombohedral (—220) and
(200) peaks, and the cubic (310) peak split into rhombohe-
dral (—221) and (21 — 1) peaks. In spite of the transition from
the bee to thombohedral phase, the cubic (200) peak and the
rhombohedral (—111) peak remained as a single sharp peak up
to our maximum pressure of 70 GPa.

The nonhydrostatic ADXRD experiments were carried
out up to 38 GPa, and V remained in the bcc structure un-
til the (110) and (211) peaks split above 32 GPa. The (200)
diffraction stayed as a single sharp peak up to the maximum
pressure (see Fig. 2), thus confirming the phase transition from
the cubic to rhombohedral lattice.

38 GPa

34 GPa

32 GPa

27 GPa

Intensity

T

17 GPa

GPa

(200)
(211))

20 25 30
20/(°)

1

Fig. 2. (color online) Nonhydrostatic XRD of V at selected pressures.

4.1. Estimation of transition pressure

The rhombohedral structure can be described by a one-
atom unit cell with a =b = c and a = 8 = 7. The one-atom
bec unit cell can be represented as a special case of the 1-atom
rhombohedral unit cell with a = /3 /2ap and o = 109.47°,
where ag is the lattice constant of the conventional cubic 2-
atom bec cell.!'?! The volume of the rhombohedral unit cell is
given by V = a’(1 — cos@)y/1+2cosa. The transformation
from the bcc structure (Im-3m) to the rhombohedral structure
(R-3m) is illustrated in Fig. 3. The phase transition from the
bee to rhombohedral structure at high pressures corresponds
to a displacive distortion of the bce structure along the body
diagonal [111] on the a1 X a; plane.

A summary of the transition pressures obtained from the
experiments and theoretical calculations is given in Table 1.
Our transition pressures of 27 GPa and 32 GPa under non-
hydrostatic compression are consistent with the experimental
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value of 30 GPa obtained by Jenei et al.l'®! and the theoreti-
cal value of 30 GPa reported by Qiu et al.,['?) but much lower
than that of 69 GPa reported by Ding et al.®) under nonhydro-

s.[9-1L13] Jepej

static compression and other theoretical value:
et al.!¥ reported the transition pressures of 53 GPa, 63 GPa,
and 65 GPa in their quasihydrostatic experiments on V sam-
ples using different pressure media of Ar, Ne, and He, respec-
tively. From Ar to He, the quasihydrostatic condition becomes
better at high pressures and the transition pressure becomes
higher accordingly. In conclusion, the transition under the hy-
drostatic condition is significantly hindered and it can occur
at much lower pressure under the nonhydrostatic condition
compared with the ideal hydrostatic conditions. Nonhydro-
static conditions could provide the mechanical mechanism to
overcome the energy barriers of the transition and the stress
induced in the sample by the pressure gradients due to non-
hydrostatic compression. In addition, Jenei et al.!®! confirmed
the transition pressure of 37(2) GPa at temperature 425 K com-
pared to that of 30 GPa at room temperature. The transition
pressure at high temperature is higher than that at room tem-
perature, as the high temperature can reduce the influence due
to uniaxial stress.

Fig. 3. (color online) The transition from the bce structure (Im-3m) to
a rhombohedral structure (R-3m). The bee unit cell is depicted by the
black lines. The rhombohedral unit cell is framed with basis vectors a,
a;, and a3, corresponding to the vectors in the [11-1], [-110], and [111]
directions, respectively.

Table 1. A summary of the transition pressure obtained from various
methods. PTM refers to pressure-transmitting medium; and R. T. refers
to room temperature.

Transition pressure/GPa  Method PTM Temperature Reference
27 RXRD null R.T. Present work
32 XRD null R.T.

69 XRD null R.T. Ding et al.!®!
63 XRD heon R.T.

37 XRD null 425K Jenei et al.'8)
30 XRD null R.T.

53 XRD argon R.T.

62 XRD neon R.T.

65 XRD helium R.T.

84 theory - - Lee et al.”)
62 theory - - Luo et al.l'”
80 theory - - Koci et al.'!!
30 theory - - Qiu et al."?)
60 theory - - Verma et al.l13]
80 theory - - Lee et al.l'¥]

4.2. Hydrostatic equation of state

The d(hki) vs.
are shown in Fig. 4. As expected from the lattice strain

(1 —3cos? y) results in the variation

theory,!1%2%) the measured d-spacings vary linearly with 1 —
3cos? y.

bce(200)
1.50- b GPa
_b—cc.(i(.).o.).—.-.—.—.—-—ri—rml"—_ 12 GPa
1.484
_b_mﬁ,z.(.)g.)...-.—-—.—-—l—I—HH'"-— 16 GPa
< 1.46 L omssssnsssssssssssssssmm 24 GPa
@ bcc(200) 30 GPa
g 1.444 rhomohedral(-111)
o
wn
L ol 45 GPa
] rhomohedral(-111)
] 58 GPa
1.40 rhomohedral(-111)
] 70 GPa
1.38 rhomohedral(-111)
] T T T T T T T T T T
—0.8 —04 0 0.4 0.8

1—3cos?1)
Fig. 4. Dependence of observed d-spacing on 1 — 3 cos?  for the (200)
peak of bee phase and (—111) peak of rhombohedral phase diffraction
lines at different pressures. The solid lines are least-squares fits to the
data.

For the angle-dispersive RXRD experiments, the d-
spacings of d,,(110), d,(200), dj,(211), d,(220), and d,,(310)
were determined at Y = 54.7°, and were used to calculate the
lattice parameter a as well as the equivalent unit cell volume
of the bec phase. For the rhombohedral phase, the lattice pa-
rameter ar and angle ¢ could be calculated from the splitting
of the cubic (110), (211), (220), and (310) diffraction lines. At
the pressure of 45 GPa, we obtained rhombohedral unit cell
parameters ag = 2.4649(41) A and o = 109.61(2)°.

® cubic, ¥ =54.7°, this work
cubic, ¥ = 0°, this work
e cubic, ¥ =90°, this work
rhomohedral, 1) = 54.7°, this work
= cubic, ADXRD, this work
N 0 rhomohedral, ADXRD, this work

1.04

0.9

VIVo

0.8 b cubic, nonhydrostaitc, Ref. [8] ~ %
» rhomohedral, nonhydrostatic, Ref. [8] A,
A cubic, quasihydrostatic, Ref. [8]
A rhomohedral, quasihydrostatic, Ref. [8]
074 © cubic, quasihydrostatic, Ref. [18]

T T T

T
0 20 40 60 80
Pressure/ GPa

Fig. 5. (color online) Compression curves of V from lattice parameters
measured at 0°, 54.7°, and 90°. The solid lines are Birch—-Murnaghan
equation fitting lines to the data at each angle. Other reported compres-
sion data of V are also shown for comparison. The solid right triangles,
solid up triangles, open right triangles, and open up triangles are the
static compression data from Ref. [8]. The open hexagons are the static
compression data obtained by Jenei et al.!'®!

For the nonhydrostatic ADXRD experiments, we ob-
tained a rhombohedral unit cell of ar = 2.4962(63) with
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o = 109.63(25)° at the transition pressure of 32 GPa. The
values of o are in agreement with those reported in previous
experiments, 3181 while slightly smaller than the theoretically
calculated values (~ 110.25°).-14]

The normalized unit cell volumes of compression curves
for y =0°, y =54.7°, and y = 90° are shown in Fig. 5. For
comparison, the results obtained in the earlier reports are also
included. (8-18]

Fitting the P-V data with the third-order Birch—
Murnaghan equation of state (EOS),!?’! we obtained the Kj
and Ké. For the bce phase of RXRD data, we obtained the
bulk modulus Ky = 141(5) GPa and its pressure derivative
K}, = 5.4(7) at y = 54.7°. The bulk moduli obtained from
the fitting of the diffraction data at y = 0° and 90° were
109(4) GPa and 172(6) GPa, respectively. For the rhom-
bohedral phase, the RXRD data yielded a bulk modulus of
Ko = 154(13) GPa with K = 3.8(3).
ted the bce and rhombohedral phases and obtained the bulk
modulus and its pressure derivative as Ko = 153(1) GPa and

In addition, we fit-

K{ =3.9(1), respectively. It can be seen that the bulk modulus
of the rhombohedral phase is close to that of the two phases. In
addition, we classified the phase transition into a second-order
or subtle first-order phase transition, as the pressure—volume
plot of the two phases displayed no striking discontinuity in
the entire pressure range. For comparison, the bulk modulus
obtained from the nonhydrostatic ADXRD experiments was
Ko = 188(5) GPa with K, = 2.1(3) for the bce and rhombohe-
dral phases.

A comparison between our research results and the pre-
viously reported results’>~!13] on the bulk modulus (Kj) and
its pressure derivative (K(')) is shown in Table 2. It can be seen

that the bulk modulus of the bee phase derived from y = 54.7°
is consistent with that obtained from x-ray diffraction un-
der quasi-hydrostatic compression obtained by Takemura et
al.P! and Ding er al.!® within the experimental error. How-
ever, the bulk modulus derived at y = 90° of the bcc phase
is lower than that obtained by Ding et al.!®! under nonhydro-
static compression and Jenei et al.!'®! under quasihydrostatic
compression as well as those obtained by the latest theoretical
calculations.®~'#! For the rhombohedral phase, the bulk mod-
ulus derived from y = 54.7° is much lower than that reported
by Jenei et al.'¥! fitting a Vinet-form universal EOS of both
the bce and rhombohedral phases. In addition, the bulk modu-
lus of both phases obtained from nonhydrostatic ADXRD data
without pressure medium is in agreement with the values ob-
tained by Ding ez al.!8] under nonhydrostatic compression and
Jenei et al."8! under quasihydrostatic compression as well as
those obtained by the latest theoretical calculations,*~'#! but
much higher (18.6%) than the value derived from y = 54.7°
from RXRD data of the present work. The determination of
EOS greatly depends on the nonhydrostatic stress. However,
due to the solidification of the pressure medium at high pres-
sure, the ideal hydrostatic environment cannot be maintained
over 15 GPa.[2829] In most cases, the nonhydrostatic com-
pression curve yields a bulk modulus higher (10%—-20%) than
the value obtained from the quasihydrostatic curve at a given
pressure.*% The advantage of RXRD is that the EOS under
equivalent hydrostatic environment can be derived from the
data of highly nonhydrostatic compression without any pres-
sure medium, so that the limitation of solidification of pressure

medium at high pressure can be overcome.

Table 2. A summary of the bulk modulus Ky of V and its pressure derivative K|, obtained from various methods. PTM refers to pressure-
transmitting medium; GGA refers to the generalized gradient approximation; DFP refers to density-functional perturbation; GCECEFT refers
to gradient-corrected exchange and correlation energy functional theory; EMTO refers to exact muffin-tin orbital; LR-FPLMTO refers to

linear-response full-potential linear-muffin-tin-orbital.

Ky/GPa K() Structure Method and PTM Reference
141(5) 5.4(0.7) bee RXRD (y = 54.7°), null this work
109(4) 7.1(0.8) bee RXRD (y = 0°), null
172(6) 3.3(0.7) bee RXRD (y = 90°), null

154(13) 3.8(0.3) rhombohedral RXRD (y = 54.7°), null
153(1) 3.9(0.1) bee+rhombohedral RXRD (y = 54.7°), null
188(5) 2.1(3) bce+rhombohedral ADXRD, null

188 2.4 bee XRD, silicone oil Takemura et al.!
158(1) 2.4 bee XRD, helium Ding et al.l®]
195(3) 3.9(2) bee XRD, null
179(8) 3.1(1.2) bee XRD, neon Jenei ef al. I8!

202(37) 1.7(1.5) bee+rhombohedral XRD, null

194.6 3.0 bee theory (LR-FPLMTO, EMTO) Suzuki et al.1%]
183 bee theory (EMTO) Landa et al.!”}
182 bee theory (GCECEFT) Lee et al.l¥)
178 43 bee theory (DFP) Luo et al.l'0]
183 3.6 rhombohedral theory (DFP)

182 3.8 bece theory (GGA) Koci e al.l'!]
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The pressure dependence of the normalized lattice param-
eter of the two phases compared with the results reported by
Ding et al.'® and Jenei et al.l"® is shown in Fig. 6. The V
sample displays the characteristic of a second-order or subtle
first-order phase transition as the pressure dependences of the
lattice parameters are continuous, but their slopes are slightly
discontinuous within the experimental error.

cubic, nonhydrostaitc, Ref. [8]

a
1.00 A rhomohedral, nonhydrostaitc, Ref. [8]
> cubic, quasihydrostatic, Ref. 8]
» rhomohedral, quasihydrostatic, Ref. [8]
e ¥ cubic, quasihydrostatic, Ref. [18]
0.96

a/ap

m cubic, ¢ =54.7°, this work
0.924 e rhomohedral, ¥ = 54.7°, this work
cubic, AXRD, this work
rhomohedral, AXRD, this work

0 20 40 60 80
Pressure/ GPa

Fig. 6. (color online) Compressibility of the normalized lattice parameters
of V compared with the results obtained by Ding et al.'8 and Jenei er al.!'®!
The solid lines are quadratic polynomial equation fitting lines to the data.

4.3. Estimation of differential stress

The ratio of differential stress to shear modulus 7/G as a
function of pressure for V is shown in Fig. 7. It can be seen
that the ratio 7/G remains constant above 36 GPa, indicating
that the V sample starts to suffer yield with plastic deformation
at ~ 36 GPa and ¢ /G reaches its limiting value of 0.027 at this
pressure. The /G begins to fall after ~ 49 GPa, suggesting
that the local deviatoric stresses start to partially relax.

0.030 A
0.025 ii i Hﬁﬁ EH H
0.020 - Ei !
& 0.015 - ; ig
= 0.010 1 f
0.005 - ]
ii = cubic
04 ¢ e rhomohedral
—0.005 T T T T
0 20 40 60 80
Pressure/ GPa

Fig. 7. (color online) Ratio of differential stress to shear modulus (7/G)
as a function of pressure for V. The estimated errors are obtained from
the scatter of d(hkl) vs. 1 —3cos? y.

The volume-dependent shear modulus G is expressed
[31]
as

G = Go(1+2f)/? {1+ (31{0‘153/6;0—5)4, (5)

where f = [(Vo/V)?/? — 1], and K, and G are the bulk mod-
ulus and shear modulus at ambient pressure, respectively. By
using the single-crystal elastic modulus of V,13?! the G values
at high pressures were derived from Eq. (5).

The relationship between differential stresses and pres-
sure determined from the RXRD experiments of V and the
yield strength obtained by Klepeis et al.l’3! are shown in
Fig. 8. In spite of the existence of transition, the differen-
tial stress fitting to the data from 2 GPa to 30 GPa yields
t = —0.084(17) + 0.050(1)P (GPa), where P is the pressure
in GPa. The differential stress increases more slowly above
~ 36 GPa, indicating that V starts to suffer from yield at
~ 36 GPa with plastic deformation, and ¢ reaches its limit-
ing value of 1.58 GPa. A maximum differential stress as high
as ~ 1.66 GPa can be supported by V at ~ 47 GPa. Af-
ter ~ 49 GPa, the differential stress begins to fall. In ad-
dition, the differential stress in the entire pressure range of
the present work is lower than the yield strength obtained by
Klepeis et al.,’3 indicating the correctness of our results. As
t = 03— 01 <27 =Y, where 7 is the shear strength and Y is
the yield strength of the sample.?#

35 = cubic, this work

304 ° rhomohedral, this work
& 7] o yield strength, Ref. [40]
% 2.5
4 2.04
% 334
.TE 1.5 i; E EE ﬁi
= )
9 1.0+ %
& &
= | []
A 05 3

l.il
o4 o

0 10 20 30 40 50 60 70 80
Pressure/ GPa

Fig. 8. (color online) Differential stress as a function of pressure for
V. The open hexagons are the yield strength as a function of pressure
obtained by Klepeis ez al.33

4.4. Estimation of texture

The plastic deformation by dislocation glide generates
lattice-preferred orientation (LPO) or texture if the material
deforms by slip or mechanical twinning due to plastic de-
formation. In RXRD geometry, the texture is revealed by
variation of intensity along Debye rings and we can extract
quantitative texture information using the software package
MAUD. 33361 Figure 9(a) compares the inverse pole figures
for 3-24 GPa of the bcc phase. In contrast to typical bec
metals with dominant {110}(—111) slip,3”! the (001) lattice
plane is the most preferred LPO. Interestingly, when the bce
phase transforms to rhombohedral phase under uniaxial stress,
it immediately displays a strong texture with a maximum at
{10-10} (see Fig. 9(b)). The {10-10} plane of the rhombohe-
dral phase corresponds to (001) lattice planes in the bcc struc-
ture. It is determined that the texture is developed by the bcc
to rhombohedral phase transition and plastic deformation due
to stress under high pressures, as individual crystals deform
preferentially on slip planes when the shear stress is applied to
polycrystals. [38]

036101-6



Chin. Phys. B Vol. 27, No. 3 (2018) 036101

high pressure of ~ 47 GPa. In addition, the bcc to rhombo-
hedral phase transition and plastic deformation due to stress
under high pressures are responsible for the development of
texture.

References

.5<46
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Fig. 9. (color online) Inverse pole figures of V along the compression di-
rection (normal direction) at high pressures. Texture strength is expressed as
mrd, where mrd =1 denotes random distribution, and a higher mrd represents
a stronger texture. (a) The bce phase. (b) The rhombohedral phase.

70 GPa

5. Conclusion

We have examined the structural phase transition,
strength, and texture of V up to 70 GPa using RXRD tech-
nique and up to 38 GPa using ADXRD technique at room
temperature. We are convinced that the phase transition from
the bee to thombohedral structure occurs at 27-32 GPa. The
RXRD data yields a bulk modulus Ky = 141(5) GPa and its
pressure derivative K, = 5.4(7) for the bce phase and Ky =
154(13) GPa with K, = 3.8(3) for the rhombohedral phase at
v = 54.7°. Moreover, the nonhydrostatic ADXRD data yields
a bulk modulus Ky = 188(5) GPa with K = 2.1(3) for both
phases. The transition is classified to a second-order or sub-
tle first-order one in the present work as the pressure—volume
and pressure—lattice parameter curves show near continuity in
the entire pressure range. Together with the calculated high-
pressure shear modulus, we find that the V sample could sup-
port a differential stress of ~ 1.58 GPa when it starts to yield
with plastic deformation at ~ 36 GPa. A maximum differen-
tial stress as high as ~ 1.66 GPa can be supported by V at the
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