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Complicated mechanism of softening in vanadium at high pressures
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The mechanical properties of materials at high pressures determine their applications in extreme conditions.
Vanadium, a rare-earth metal, exhibits abnormal strength softening at high pressures. However, the mechanism
of this remarkable softening is still open to debate up to now. In the present study, the dislocation density,
elastic modulus, and lattice distortion effects on the strength of vanadium at high pressure are investigated
systematically. The in situ dislocation density of vanadium as a function of pressure is measured. It is demon-
strated that the softening mechanism of vanadium is multifaceted: the elastic modulus softening, the anomalous
decrease of dislocation density, and the body-centered-cubic lattice distortion all contribute to the strength
softening of vanadium. Among these factors, the elastic modulus softening is the dominant one and the abrupt
drop of dislocation density has a moderate influence, while the body-centered-cubic lattice distortion has an
inappreciable contribution to the anomalous strength softening of vanadium. This work highlights the general
factors that affect the strengthening and softening mechanism of materials under extreme conditions.
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I. INTRODUCTION

Vanadium, a transition-metal element of the fifth subgroup
(VB) with a body-centered-cubic (bcc) structure (space group
Im-3m), has a broad spectrum of technological applications.
Vanadium-based alloys are considered a potential cover and
shielding wall of fusion reactors [1] owing to their small
neutron capture area, excellent corrosion resistance, and good
creep strength at high temperatures. Vanadium is an important
alloying element additive in the steel metallurgy industry [2],
in which it can effectively increase the strength, toughness,
and ductility of iron. In the aerospace industry, a small amount
of vanadium plays an important role as a strengthening agent
and stabilizer in titanium alloy [3]. Vanadium is also used as a
catalyst [4] in the chemical industry. In addition, vanadium is
an indispensable ingredient in producing colorants [5], vana-
dium batteries [6], vanadium nanomaterials [7], and vanadium
thin films [8].

Vanadium yet remains poorly understood from a physical
point of view to date. In past decades, continuous efforts
have been devoted to grasp the engineering complexities of
vanadium, because it does not behave like a normal metal
at high pressure, especially the mechanical behaviors. For
example, pure vanadium exhibits a significant and continuous
strength softening from 52.9 to 90 GPa [9]. This behavior of
vanadium is quite a contrast to general metals, which gain
strength and ductility enhancement if small amounts of load
or pressure are applied, as Bridgman [10] observed around a
century ago. Klepeis et al. [9] became aware of the similarity
between the strength-pressure relationship and the predicted
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pressure dependence of the shear modulus of vanadium, thus
considering that the structure transformation was responsi-
ble for the abnormal softening of vanadium. First-principles
calculations [11-13] discovered that the shear modulus of
vanadium softened drastically at high pressures, and even got
anegative value which induced the instability of the bec lattice
and consequently triggered the bce-to-rhombohedral struc-
tural phase transition. This bcc-to-rhombohedral structure
transformation was confirmed by later static high-pressure
experiments [14,15], indicated by the asymmetric broadening
of the (110) reflection. However, very recently, theoretical
and experimental investigations [16-20] discovered that the
bce phase was stable above 50 GPa and the rhombohedral
structure was a metastable phase. The asymmetric broadening
of the (110) reflection arises from the subtle lattice distortions
from cubic symmetry induced by the nonhydrostatic pressure
in the sample chamber of a diamond anvil cell (DAC, widely
used to generate static high pressures). The experimentally
observed rhombohedral phase [14,15] is far from being per-
fect and should be interpreted as a kind of lattice distortion
rather than a phase transition. A similar but less conspicuous
strength softening was also observed in the same VB group
elements Ta [21,22] and Nb [23]. Researchers assigned the
possible material damage, unusual softening of the micro-
scopic deviatoric strain, and the shear modulus softening to
the strength softening of those VB group metals. This com-
plicated strength softening mechanism in VB metals makes
the fundamental understanding of their mechanical behavior
ambiguous and calls for further investigations.

Yield strength, the minimum stress necessary to induce the
plastic deformation of materials, is strictly defined as flow
stress once suffering over much plastic strain. According to
strengthening mechanisms of polycrystalline metals, the flow
stress (oy) is the summation of the lattice friction stress (%)

©2024 American Physical Society
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and the contributions from various incremental strengthen-
ing mechanisms [including dislocation strengthening (Ao,),
grain boundary strengthening (Aoyy), stack fault strengthen-
ing (Aoy), and phase-transformation-induced strengthening
(Aopn)] under static loading. The pressure strengthening is
included in the lattice friction stress. To reveal the softening
mechanism, it is necessary to investigate individual con-
tributions systematically, especially the microstructure and
dislocation density.

Direct measurement methods of dislocation density and
microstructure cluster around transmission electron mi-
croscopy (TEM) [24,25]. Nevertheless, in the case of a
severely compressed vanadium sample at high pressure (usu-
ally with a dislocation density higher than 10'*m™2), it is
challenging to observe dislocations and carry out Burgers
vector analysis by conventional TEM because the sample is
encapsulated by the diamond anvils and metallic gasket in the
DAC [26]. Furthermore, for a heterogeneous system where the
dislocation density fluctuates within a grain in a submicron
scale, the TEM results just present a microscopic local dislo-
cation density [27]. Benefiting from the tremendous advances
of synchrotron-related techniques in the past two decades, we
have the capability to measure the diffraction profiles of ma-
terials with high accuracy. Accordingly, the x-ray diffraction
(XRD) line profile analysis method [28-30] offers a powerful
and promising alternative tool for dislocation density mea-
surement, especially in highly deformed metals. The XRD
line profile analysis method provides a macroscopic average
value for heterogeneous systems and can overcome the limit
of TEM up to 5x10" m~2 local densities by weak beam
techniques [29]. In the pioneering in sifu measurement of
dislocation density at high pressures, Nisr ef al. [31] used the
high-resolution three-dimensional x-ray diffraction technique
and x-ray line profile analysis to characterize the dislocations
in grains of MgGeQj3 post-perovskite up to 90 GPa. However,
as far as the authors are concerned, there are still no experi-
mental reports on the in situ study of the dislocation density
and flow stress of materials simultaneously at high pressures.

In the present work, the in situ dislocation density and
flow stress of vanadium were determined simultaneously by
performing an XRD line profile broadening analysis up to
62.4 GPa at room temperature. The dislocation density is
directly associated with the macroscopic strength. An appar-
ent strength softening was discovered and the multifaceted
strength softening mechanism was discussed thoroughly.

II. METHODS

A. Synchrotron-based x-ray diffraction

High pressure was generated using a modified Mao-Bell-
type symmetric DAC with a pair of diamond anvils with
culets size of 200 um. The rhenium gasket with an initial
thickness of 250 um was indented to around 30 um. A laser-
drilled hole in the center of the preindented region served
as a sample chamber. The vanadium powder (purity 99.5%,
-325 mesh, Alfa Aesar) was loaded into the sample chamber
directly. For maintaining a strict stress state and measuring
clean diffraction patterns, neither a pressure medium nor a
pressure scale was used. So, the sample stress condition is

highly nonhydrostatic according to a recent study [32]. Pres-
sure in the sample chamber was calculated according to the
equation of state of vanadium [14]. The pressure uncertainty
originates from the measured uncertainty of the unit cell vol-
ume and the uncertainty of the vanadium pressure scale used
[14]. The pressure discrepancies among different pressure
scales are discussed in detail in the Supplemental Material
[33] (see also Refs. [34—41] therein). The present calculated
bulk modulus and its pressure derivative are also compared
with the previous studies in Ref. [33]. The synchrotron-based
XRD experiments were performed at the 4W2 beamline of
the Beijing Synchrotron Radiation Facility (BSRF) at room
temperature. Monochromatic x-ray with a wavelength of
0.6199 A (20 keV) was collimated to several micrometers and
then illuminated on the sample. The diffraction signal was
collected by a Pilatus charge-coupled device (1475 x 1679
pixels with a pixel size of 172 x 172 um?) detector. The CeO,
and LaBg references from NIST were used to calibrate the dis-
tance from sample to detector, the tilt of the detector, and the
instrumental broadening, respectively. The two-dimensional
(2D) diffraction images were integrated using the Dioptas [42]
software to acquire the 26 intensity curves, which were further
fitted with a type-I Voigt function. The fittings yield peak
positions for pressure measurement according to the equation
of state of vanadium [14], and the full width at half maximum
(FWHM) for yield strength or flow stress (Sec. II C) [37-39]
and dislocation density analysis (Sec. II D) [28-30].

B. Theoretical calculations

The elastic constants of vanadium were calculated using
the energy-strain method [43,44]. The energy calculation was
carried out by using the VASP package based on density
functional theory (DFT) [45,46]. A plane-wave basis set was
employed with a kinetic energy cutoff of 900 eV. The electron-
core interaction was described by a projector-augmented
wave (PAW) pseudopotential [47] containing 13 valence elec-
trons (including 3s2, 3p®, 3d?, and 4s? states). The electron
exchange correlation was handled by a generalized gradi-
ent approximation with the Perdew-Berke-Ernzerhof (PBE)
parametrization [48]. The Monkhorst-Pack (MP) grid with a
size of 30x30x30 was adopted for K-point sampling. The
self-consistent field (SCF) convergence tolerance was set as
1078 eV /cell (0.001 eV/A) for energy (force), respectively.

C. Broadening analysis method

The stress of a polycrystalline sample nonhydrostatically
compressed is generally considered a superposition of mi-
croscopic deviatoric stress and macroscopic differential stress
[37], which result in micro- and macrostrains, respectively.
The microscopic strain causes the broadening of the diffrac-
tion lines and the macroscopic one leads to the shift of
diffraction lines. The x-ray diffraction line profile and the
peak broadening are used to characterize the microstructure
and dislocation density [28-30] of materials. In addition, the
diffraction peak broadening is used to analyze the microstrain
and then the yield strength and flow stress [37—41].

The yield strength or flow stress was determined by the
diffraction line broadening analysis method. For anisotropic
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materials, the diffraction line broadening due to microstrain
and crystallite size varies with diffraction angle under angle-
dispersive x-ray diffraction geometry as [41]

Qs c0sOr)* = (A/D)* + (4v)*[sin*Op /E (hkD)], (1)

where 2wy, is the FWHM of the peak from the (hkl) re-
flections at the Bragg angle of 26);. A, D, v, and Ej,; are
the wavelength of the incident x-ray, grain size, microscopic
deviatoric stress, and single-crystal Young’s modulus, respec-
tively. v can be extracted from the slope of the (2w cos O )?
vs [sin?6j /E (hkl ] plot (the so-called T" plot). Once the
polycrystalline sample yields and suffers plastic deformation,
v can be interpreted as the yield strength or flow stress. A
detailed analysis method is presented in Ref. [33].

D. Modified Williamson-Hall and modified
Warren-Averbach methods

The dislocation density was analyzed by combining
the modified Williamson-Hall (MWH) and the modified
Warren-Averbach (MWA) methods [30]. The MWH equation
approximates the dislocation density from x-ray peak broad-
ening as follows:

AK = 0.9/D + bM /7 /2p(KC"?), )

where AK is the peak width, D is the so-called apparent size
parameter or crystallite size, b is the magnitude of the Burgers
vector, M is a dimensionless constant known as the dislocation
distribution parameter, p is the dislocation density, K is the
magnitude of the diffraction vector, and C is the average
contrast factor of dislocations and is a function of the Miller
indices. The detailed analysis of C can be found in Ref. [33].

It should be noted that the MWH method only uses the
linewidth information and cannot give p and M separately.
It is needed to combine the MWA method [30] to determine
p and M independently. In the MWA method, the measured
diffraction pattern is expressed as a Fourier series and the
dislocation density can be obtained by using

~ s b 2 Re o~ 24
INA(L) = 1nA*(L) = p=—-LIn—K°C + OK’C).  (3)

where A(L) is the real part of the cosine Fourier coefficient
of the (hkl) diffraction profile depending on the Fourier length
L; L is the undistorted distance between a pair of cells along
the a3 direction and given as L = naj, where n represents the
integers starting from zero and az = A/[2(sinf, — sinf})], in
which (6, — 0;) is the angular range of the measured diffrac-
tion profile. AS is the size of the Fourier coefficient, and O
represents higher-order terms of K2C. By fitting InA(L) as a
quadratic function of K2C and AS(L), the slope X(L) can be
written as

2
XL(ZL) _ p%(InRe —InL). 4)

From the linear regression of X(L)/L* and InL, the dis-
location density p and the effective outer cutoff radius of
dislocation, R, can be determined. By combining the MWH
and MWA methods, the dislocation distribution parameter M
can also be calculated.

Intensity (arb. units)

20 (deg)

FIG. 1. XRD patterns of vanadium collected during compression
using synchrotron radiation with a wavelength of 0.6199 A (20 keV).
The Miller indices of corresponding reflections are indicated in the
figure. The right-hand panel enlarges the broadening of bcc (110)
peaks and the arrow indicates the commencement of the spliting of
the (110) peak.

III. RESULTS AND DISCUSSIONS
A. XRD results

Figure 1 presents the x-ray diffraction profiles of vanadium
integrated from the 2D patterns at high pressures. The right-
hand panel in Fig. 1 enlarges the (110) reflections of the bcc
structure, which indicates notable peak broadening at high
pressure arising from the strain increasing and/or grain size
decreasing. A slight asymmetric feature of the (110) reflec-
tions emerges at 31.0(3) GPa, which is consistent with the
previous results under nonhydrostatic compression (~30 GPa
reported by Jenei et al. [15] and ~27-32 GPa by Xiong and
Liu [49]). The FWHM of the (110) reflections as a function of
pressure is presented in Fig. 2. Following an initial increase,
a much-pronounced increase in the FWHM of the (110) re-
flection was observed between 31.0(5) and 43.5(5) GPa. This
slope change may originate from the lattice distortion. Above
43.5(5) GPa, the recovery from the distorted bcc phase leads
to a decrease of the slope.

B. Anomalous strength softening of vanadium

Figure 3 shows the typical I" plots of vanadium at selected
pressures. The flow stress can be directly extracted from the
slopes of the fitting lines of I" plots. The instrumental broaden-
ing is small compared to the peak width of vanadium and leads
to a negligible effect on the strength of materials, especially at
high pressures. The elastic constants needed to obtain the flow
stress according to Eq. (3) are calculated by the first-principles
method and shown in Fig. 4 (also see Ref. [33]). According
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FIG. 2. FWHM of bcc (110) peak as a function of pressure.
Dashed lines are a guide to the eye.

to the Born-Huang stability criteria [50], bcc vanadium is
dynamically stable up to the highest pressure of the present
research. The elastic constants at 0 GPa are listed in Table I
compared with the previously calculated [35,51] and experi-
mental [52] results. All the results show good consistency.
The deduced flow stresses of vanadium as a function of
pressure are shown in Fig. 5. The pressure error bars are
smaller than the symbol size. The results from Klepeis et al.
[9] using the pressure gradient (PG) method and Xiong et al.
[49] using the radial x-ray diffraction (RXRD) technique are
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FIG. 3. The I" plot at selected pressures.
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FIG. 4. The calculated elastic moduli of vanadium as a function
of pressure.

also presented in Fig. 5 for comparison. Considering the in-
trinsic discrepancy in strength between the powder and the
foil samples, Fig. 5 only illustrates the result of the powder
sample measured by Klepeis et al.

Two distinct regimes in the flow stress of vanadium as
a function of pressure are observed in Fig. 5. The flow
stress increases with pressure up to 51.1(6) GPa first, aris-
ing from the pressure strengthening effect as observed in
normal materials. As the pressure increases further, the flow
stress decreases up to the highest experimental pressure of
62.4(7) GPa. Below 20.0(2) GPa, the flow stress agrees
with the results from the PG method [9], which are much
larger than those measured by the RXRD method [49]. The
RXRD method determines the macroscopic differential strain,
so the measured differential stress between the axial and
radial directions would increase from the initial 0 GPa in
the DAC, which would lead to a smaller “flow stress” at

TABLE 1. The elastic modulus from various investigations at
0 GPa and temperature.

Elastic modulus (GPa)

Ref. Cll C12 C44 G E
This work 269.65 139.34  25.46 37.5 105.2
Landa et al. [51] 30

Koci et al. [35] 260 135 17.1

Greiner et al. [52] 23589  120.76 4655 474  1290.1
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FIG. 5. The flow stress of vanadium as a function of pressure.
The open circles denote the data from Xiong and Liu [49] and the
results of the powder sample from Klepeis et al. [9]. The typical
error bars of the PG method are presented at the lowest pressure and
highest pressure, respectively. The pressure error bars of the present
measurement are smaller than the symbol size.

relatively low pressures. Between 20.0(2) and 53.7(6) GPa,
the flow stress coincides with that measured by the RXRD
method [49], while the results from the PG method [5]
give much larger values. In the PG method, the diamond
culets usually undergo cupping deformation [53] at high pres-
sure, which leads to an overestimate of the sample thickness
and so too the flow stress. Above 53.7(6) GPa, all experi-
mental results accord with each other and show a uniform
trend by extrapolation. Notwithstanding the visible discrep-
ancy between the different methods, an evident strength
softening was discovered in all the experimental results de-
spite different techniques being employed. The flow stress
as a function of pressure reaches a maximum at 51.1 GPa,
which is in reasonable agreement with the previous results
(52.9 GPa by the PG method [9] and 47.4 GPa by the RXRD
method [49]). The discrepancy of the onset pressures of soft-
ening originates from the different pressure scales used. Based
on a series of shock reverse-impact experiments, Yu et al. [54]
discovered a continuous increase of strength in vanadium with
pressure, which is in contrast to the results from all the DAC
experiments. This difference may originate from the high
loading rate in the shock experiment and a strong rate-related
hardening effect.

To resolve the long-standing melting controversy of Ta
metal, Wu et al. [55] proposed a thermal-activated and shear-
induced plastic flow of Ta before melting. According to their
results, the yield stress of bcc metals turns out to be the
threshold stress of this plastic flow, which is predicted to
occur at high temperatures once the shear stress in the sample
chamber of the DAC exceeds the sample’s yield stress. Con-
sequently, one can expect that vanadium is prone to transform
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FIG. 6. The MWH plots of the FWHM for selected pressures
according to Eq. (2).

into a plastic flow at high pressure because of the discovered
pressure-induced softening of vanadium. This offers a plau-
sible reason for the flat melting curve of vanadium measured
using the speckle motion method [56].

C. Dislocation density decrease

The modified Williamson-Hall plots at selected pressures
are shown in Fig. 6. The XRD peak broadening from the
instrument was measured using the diffraction pattern of LaBg
reference, which was subsequently subtracted from the XRD
peak width. Since the intercepts and the slopes of the modified
Williamson-Hall plots are proportional to the reciprocals of
crystallite size and the microstrain, respectively, the crystallite
size D and the product of Mp!/? can be determined conse-
quently. Figure 7(a) shows the MWA plot [InA(L) versus K 2C
at different Fourier length L] of vanadium at 62.4(7) GPa. By
fitting InA(L) with a quadratic function of K>C, the slope X(L)
can be determined. From the linear regression of X (L)/L? and
InL, the dislocation density p and the effective outer cutoff
radius of dislocation, R., can be obtained. Figure 7(b) shows
the linear regression of X (L)/L? versus InL at 62.4(7) GPa and
the dislocation density is 1.61(26)x 10" m~—2.

Figure 8 shows the measured dislocation density of
vanadium as a function of pressure. The dislocation density in-
creases monotonously with pressure from 0.59(8)x 10" m—2
at 0.6(1) GPa to 2.16(40)x10"m=2 at 43.5(5) GPa.
However, a pronounced dislocation density reduction of
~33% from 2.16(40)x10° m~2 to 1.44(16)x10° m~2 is
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FIG. 7. (a) The MWA plot of Fourier coefficients for different Fourier lengths L according to Eq. (3) and (b) the linear regression of
X(L)/L? and InL according to Eq. (4) at 62.4(7) GPa. The Miller indices are indicated in the figure.

observed at 47.3(5) GPa. The abrupt reduction of the dislo-
cation density originates from the partial dynamic recovery of
dislocation induced by the local microstress relaxation during
the distorted bec lattice evolution at high pressures. Above
47.3(5) GPa, the dislocation density continues to increase with
pressure again and reaches 1.61(26)x 10" m~2 at the highest
experimental pressure of 62.4(7) GPa.

D. Multifaceted softening mechanism

For pure vanadium, if the stacking fault is not taken into
account at room temperature, the major contributions of the
overall high-pressure flow stress include the friction stress oy,
the dislocation strengthening Ao,, and the grain boundary
strengthening Aoyy,. The lattice friction stress oy resistant to
the dislocation glide can be estimated by the Steinberg consti-
tutive model [57], in which the shear modulus sets a natural
scale for strength. Consequently, the pressure dependence of
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£ (X10"° m?)
o
1
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1
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FIG. 8. Dislocation density of vanadium as a function of pressure
at 300 K. The dashed lines are a guide to the eye.

yield strength follows the trend of the pressure dependence
of shear modulus (shown in Fig. 4); thus it is expected that
vanadium exhibits a continuous friction stress reduction above
47.3 GPa.

The dislocation strengthening Ao, (strain hardening)
arises from the intersection of dislocations during deformation
in relatively larger grains and can be estimated using the
Taylor equation Ao, = aM'Gbp®> [58,59]. M’ is the Tay-
lor factor, which is 3.06 for bcc metals. « is a geometrical
factor specific to the material that depends on the type and
arrangement of the interacting dislocations. Strictly, o usually
decreases with increasing deformation. In this work, « is
approximately taken to be 0.3 at the initial pressure and 0.2
in the highest pressure due to an increasingly heterogeneous
dislocation pattern [60], and linear interpolation is applied
to obtain the values within the intermediate pressure. G is
the shear modulus (shown in Fig. 4). The estimated disloca-
tion strengthening contribution Ao, is presented in Fig. 9.
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0.25 A E
7 v

O
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FIG. 9. The dislocation strengthening contribution of vanadium
as a function of pressure.

184104-6



COMPLICATED MECHANISM OF SOFTENING IN ...

PHYSICAL REVIEW B 109, 184104 (2024)

T T T T T T
100 - i
= 804 _
£
£
N 60- .
(7]
2
E 40 V B
7]
13 o o)
204 ,
- Q OO%CO
0 4
T T T T T T
0 10 20 30 40 50 60 70

Pressure (GPa)

FIG. 10. The crystallite size dependent on pressure. The typical
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An obvious drop of Ao, is observed above 43.5(5) GPa,
originating from the dramatic decrease of the dislocation den-
sity above 43.5(5) GPa (see Fig. 8) according to the Taylor
equation because the shear modulus G and the lattice pa-
rameter a (subsequently the Burgers vector b) increase and
decrease continuously with pressure, without any kinks. How-
ever, the overall flow stress did not show an abrupt decrease
above 43.5(5) GPa, because the dislocation strengthening con-
tributes only a small part, ~17-26 %.

The grain boundary strengthening (Hall-Petch strength-
ening) Aoy, is grain size dependent and can be estimated
by the Hall-Petch relationship [61] Aog, = kup /dg's. Kyp is
the Hall-Petch constant and d, is the average grain size. To
the authors’ knowledge, the Hall-Petch constant data are not
available in the literature. It should be noted that the crystallite
size D given by the MWH and MWA methods represents the
coherent scattering domain size [29], which is not directly re-
lated to dislocation densities or distance between dislocations
and is far smaller than grain size. Only in nanocrystalline
materials can the crystallite size coincide with grain size.
Notwithstanding the lack of grain size in the literature, the
crystallite size dependence on pressure is similar to grain size.
Figure 10 indicates the pressure dependence of crystallite size.
We can expect a similar trend in the pressure dependence of
grain size. Consequently, the grain boundary strengthening
increases with pressure and does not contribute to the strength
softening according to the Hall-Petch relationship.

It should be noted that we observed a relatively slower
increasing rate of the flow stress with pressure between
31.0(3) GPa and 43.5(5) GPa (see Fig. 5). But the change of
the flow stress with pressure is continuous and quite different
from that in conventional structure transformation materials,

such as a—w of Zr [62], a—¢ of Fe [63], and B1—B2 of
NaCl [64]. These materials have an evident volume collapse
across phase boundaries, accompanying an abrupt strength en-
hancement [62,63] or decrease [64]. From this point of view,
we are inclined to consider that vanadium does not undergo a
structural phase transition in the range 31.0(3)-43.5(5) GPa.
The slight strength changes of vanadium between 31.0(3) and
43.5(5) GPa may be a result of the fact that the distorted bcc
structure has a relatively weaker strength.

Therefore, the strength softening of vanadium at high pres-
sure mainly originates from the decreasing of friction stress
and the anomalous decreasing of the dislocation strengthen-
ing. The decreasing friction stress arises from the softening
of the shear modulus above 47.3(5) GPa. The reduction of
the dislocation strengthening contribution originates from the
softening of the shear modulus and the decreasing of the
Burgers vector with pressures. The evolution of the distorted
bee lattice at high pressure leads to a dramatic drop in the
dislocation density due to a microstress relaxation. As the
dislocation density contribution is a relatively smaller amount,
the abrupt decrease of the dislocation density did not result
in an obvious drop in the overall flow stress. Because of
the coupling effect of the grain boundary strengthening, the
strength softening did not directly follow the trend of the shear
modulus but postponed to 51.1(6) GPa.

IV. CONCLUSIONS

In summary, we carried out room-temperature synchrotron
x-ray diffraction measurements on vanadium powder com-
pressed in a DAC apparatus. An obvious asymmetric broad-
ening of (110) reflection indicates a slight distortion of bcc
structure. By using the XRD line profile analysis, the dis-
location density of vanadium was in situ measured up to
62.4(7) GPa. An abrupt drop of the dislocation density was
observed above 43.5(5) GPa. A continuous strength softening
was found above 51.1(6) GPa using the XRD peak broadening
analysis. The strength softening in vanadium can be attributed
to the combined effect of the shear modulus softening, dislo-
cation density decreasing, and bec lattice distortion. The shear
modulus softening is the dominant factor while the bcc lattice
distortion has a slight contribution to the anomalous softening
of strength.
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