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In situ synchrotron angle-dispersive x-ray diffraction experiments on niobium powders have been conducted at pres-
sures up to 61 GPa and room temperature using the diamond anvil cell technique. From the full width at half maximum
of the measured diffraction lines, the yield strength was derived with the line-width analysis theory. The niobium powder
sample was found to be compressed more packed firstly and then yielded at ~ 14 GPa—18 GPa. Following an initial increase
in the yield strength with pressure, an obvious decrease was observed occurring at ~ 42 GPa—47 GPa accompanying with
a typical pressure dependence above 47 GPa. The experimentally observed anomalous softening of the yield strength in
niobium surprisingly follows the trend of the predicted unusual softening in the shear modulus by the recent theoretical
investigations. The possible mechanisms, applicable to interpret the yield strength softening of materials at high pressure,

were also discussed in detail.

Keywords: x-ray diffraction, niobium, diamond anvil cell, yield strength, anomalous softening

PACS: 62.50.—p, 07.35.+k, 62.20.F—, 64.30.Ef

1. Introduction

Recently, the group-VB transition metals (V, Nb, and
Ta) have attracted numerous theoretical and experimental
studies!!"'% due to their unusual mechanical properties asso-
ciated with the peculiar electronic band structure effects under
pressure. Theoretical studies!'=3! predicted a pronounced soft-
ening in the trigonal shear modulus Cy4 of the body-centered
cubic (bcc) VB metals, driving a mechanical instability in
vanadium while only pressure softening of the shear modulus
in niobium and tantalum. The predicted structural transition
in vanadium was later confirmed by experiments, 4! as well
as by other theoretical studies.””! In situ synchrotron x-ray
diffraction (XRD) experiments'*>! observed a phase transition
in vanadium characterized as a rhombohedral lattice distortion
of the bec structure at ~ 35 GPa—69 GPa. Shock wave reverse-
impact experiment®! also observed a discontinuity in the
sound velocity against the shock pressure at ~ 60.5 GPa. Fur-
ther first-principles electronic-structure calculations!”—! elab-
orated the transition mechanism of the high-pressure rhombo-
hedral phases. For tantalum, an inelastic x-ray scattering (IXS)
experiment!!?l showed a softening in the aggregate shear ve-
locity in the 90 GPa—100 GPa range, and a typical pressure
dependence is restored when above 120 GPa. This behavior is
similar to the theoretically predicted pressure dependence of
the shear modulus. However, for niobium, so far there is no
experimental evidence to support the predicted shear modulus
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anomaly.
The shear modulus sets a natural scale for yield strength

U1 g0 this ex-

in the framework of the theory of dislocations,
traordinary softening of the shear modulus of the VB metals
might lead to an unusual effect on the yield strength and other
mechanical properties at the relevant pressure, even an anoma-
lous softening in the yield strength. The yield strength, the
minimum stress that allows one to plastically strain a material,
is of great interest partly because of the underlying physical
connection with shear modulus. For that reason, the yield
strength of the VB metals attracted numerous experimental
investigations.[!?-1®! Klepeis er al.['?! observed a decrease in
the yield strength of vanadium starting at ~ 40 GPa—50 GPa
both in polycrystalline foils and powders, following the soften-
ing trend of the shear modulus. Jing et al.!'* observed an ob-
vious reduction in the yield strength of tantalum at ~ 52 GPa—
69 GPa with typical pressure dependence above 69 GPa, which
is in accordance with the softening trend of the shear mod-
ulus by theoretical prediction®! and IXS measurements. ']
Dewaele et al.!'* measured the yield strength of single crystal
tantalum up to 93 GPa. In the two experimental runs, they ob-
served a distinct yield strength decrease at above 51 GPa and
84 GPa, respectively. Considering the possible orientation dif-
ference between the single crystals used in the two experiment
runs, the experimentally observed yield strength decrease still
followed the trend of the shear modulus qualitatively. 1%

However, in vanadium and tantalum’s group VB rel-
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ative niobium, the measured yield strength in previous
experiments!!>1% did not show the expected yield strength
softening under pressure. Using the radial XRD method!!”! in
combination with the lattice strain theory!'®!°! and the line-
width analysis method,?>>! the yield strength of niobium
was experimentally investigated up to 40 GPa.!!>:1¢] The ex-
periment results showed that the yield strength of niobium
initially increases with pressure and follows a subtle decrease
with a shallow maximum at ~ 12 GPa—13 GPa, and then re-
stored a monotonic increase beyond 13 GPa (the decrease in
“yield strength” below 13 GPa may be in connection with the
yielding of the initial sample, as discussed in Section 4). The
discrepancy between the experimental observation!!>19 and
the theoretical prediction!!=3] motivates us to revisit the yield
strength of niobium at high pressures.

In this work, the yield strength of pure niobium powder
is determined up to 61 GPa at room temperature using the
diamond anvil cell (DAC) combined with synchrotron angle-
dispersive x-ray diffraction. An obvious strength softening in
niobium is observed. Our experiment provides data to validate
theoretical models and to develop insights into the fundamen-
tal physical mechanisms controlling the pressure-dependent
yield strength of niobium.

2. Theoretical analysis

The stress state of polycrystalline sample, nonhydrostat-
ically compressed between two diamond anvils of DACs, is
generally considered as a superposition of a macroscopic dif-
ferential stress and a microscopic deviatoric stress,?’! which
result in macro- and micro-strains, respectively. The micro-
scopic strain causes the broadening of the diffraction lines and
the macroscopic one leads to the diffraction lines shifting. The
broadening and shift of the diffraction lines is valuable in-
formation for the mechanical properties of the sample. The
diffraction-line broadening, an indicator of the distribution of
the longitudinal micro-strain parallel to the diffraction vec-
tor, is used to analyze and to extract the high-pressure yield
strength. This method is termed as the line-width analysis
method.[1%21=23] In the framework of the line-width analysis
theory, the diffraction-line broadening due to microscopic de-
viatoric strain and crystallite size varies with diffraction angle

under angle-dispersive x-ray diffraction geometry as[>!-2?1
2ws(260) = KA /(Lcos9), (1)
2wp(20) =4ntanb, (2)

where 2wg(20) and 2wp(20) represent the line broadening
from the grain size and lattice distortion contributions, respec-
tively, 20 is the diffraction angle, K is the Scherrer constant,
A is the x-ray wavelength, L is the average grain size, and 1
is the microscopic deviatoric strain distribution parallel to the

diffraction vector. The combined strain and size broadening in
the case of Gaussian profiles is given as!?1->?]

(2wpki €08 O )* = (KA /L) + My sin® O, (3)

where (2w ) denotes line broadening on 26-scale, 6, is the
Bragg angle of reflection (hkl), and 7y, the microscopic devi-
atoric strain perpendicular to the diffraction plane (hkl). Equa-
tion (3) can be rewritten in terms of the single-crystal Young

modulus Ej; as[10]

(2w €08 Bt ) = (KA /L) + [4v /E (hkD))? sin® Oy, (4)

where Vv is the microscopic deviatoric stress. Once a sample
suffers plastic deformation and yields, v can interpreted as the
yield strength of the polycrystalline sample. Equation (4) sug-
gests that the (2w cos Oy)? versus [sin 8y /E (hkl)]? plot is
a straight line with a slope of (4v)? and the ordinate intercept
of (KA/L)?, from which v and L can be calculated.

For a cubic system,

L/E(hkl) = S11 —2(S11 — S12 — Saa/2)T (BkI),  (5)
where §;; are the single-crystal elastic compliances, and
L (hkl) = (WP 4+ K21+ Ph?) ) (B + 4 12)2. (6)

S;j can be expressed in terms of the single-crystal elastic con-
stants C;; as

S11=(C11+Cn)/(Cii —C)/(C11+2C2), (1)
Si2 = (—C12)/(Ci1 —C12)/(C11 +2C12), (8
Sag = 1/Cyy. ©)

C;j is usually extrapolated with the relationship (26]

Cij = C+(dCi;/dP) x P x (V /Vp)'/3, (10)

where Cl(.)j are the value at ambient conditions, (dC;;/dP) are
their first-order pressure derivative at ambient conditions, P is
pressure, while V and V denote the volume at high pressure
and ambient conditions, respectively. For niobium, (dC;; /dP)
and C?]» used in this work are taken from Ref. [27] and listed in
Table 1.

Table 1. The single-crystal elastic constants C?, and the first-order pres-
sure derivatives (dC;;/dP). (271

C9%/GPa  CY,/GPa (3,/GPa (dCy;/dP) (dCip/dP) (dCss/dP)

0.281

246.2 132.9 28.7 522 3.37

3. Experimental detail

The experiment was performed with 300-pm-diameter
flat diamond anvils mounted in a modified Mao—Bell sym-
metric DAC. A rhenium gasket, pre-indented from an original
thickness of 250 um to ~ 30 pm and drilled an ~ 80-pum-
diameter hole, was packed with the commercial polycrys-
talline niobium powders (99.9% purity, Alfa Aesar, a typi-

cal particle size of about 2 um). A 5-um ruby chip was
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loaded at the center of the niobium sample as a pressure
marker.8) A schematic diagram of the experimental con-
figuration is shown in Fig. 1. To maximize the nonhydro-
static stress, no pressure media was employed in the exper-
iment. Angle-dispersive x-ray diffraction experiments were
conducted at the 4W2 High-Pressure Station of the Beijing
Synchrotron Radiation Facility (BSRF). An incident x-ray
beam, with a wavelength of 0.6199 A monochromatized by
a double crystal (silicon 220), was focused to a size of 15 (ver-
tical) x28 (horizontal) umz of the full width at half maximum
(FWHM) by using Kirkpatrick—-Baez mirrors. The incident
x-ray beam covers the whole ruby chip as shown in Fig. 1
to make sure that the measured pressure by ruby can reliably
represent the pressure of the diffracted sample. The diffrac-
tion patterns were recorded with an MAR345 on-line image
plate with a typical exposure time varying between 5 min—
10 min. The distance between the detector and niobium sam-
ple, as well as the detector tilt, was calibrated by the CeO,
standard from the National Institute of Standards and Tech-
nology (NIST). All experiments were conducted at ambient
temperature. The collected two dimensional images were inte-
grated using the Fit2D program!?! to give the intensity versus
20 diffraction profiles. The FWHM and 20 of each diffraction
line were then obtained by fitting the diffraction profiles using
the PeakFit program. Refinement of bce and possible rhom-
bohedral structure were conducted using EXPGUI GSAS. 30!
By assuming that the ambient width of the diffraction lines in-
clude the instrument response and sample response as Zhang
et al.®!) suggested, the broadening due to microscopic devia-
toric strain at high pressures was then derived.

-

T incident x-ray

laser

Re gasket

diamond anvils

\

-

Fig. 1. (color online) The schematic diagram of the experimental con-
figuration. The incident x-ray beam covers the whole ruby chip. The
diamond anvils apply a uniaxial loading on the niobium sample, and the
rhenium gasket makes a radial restriction on the sample.

diffraction x-ray

4. Results and discussion

Typical results of fitting Eq. (4) to the line-width data are
shown in Fig. 2. Though only (110), (200), and (211) reflec-
tions from niobium were measured at all scanned high pres-
sures because of the limited angular aperture of the DAC, the

linear fittings as shown in Fig. 2 demonstrate a good accuracy.
The slope of the fitting lines (solid lines) increases with pres-
sure but for those between 42 GPa—47 GPa, which (indicated
by the dashed lines) displays a decreasing trend at elevating
pressures.

(2whklcosehkl)2/10—6

Sil’lz(ohkl) E(hk‘l)z/lo_ﬁ

Fig. 2. (color online) Some typical results of fitting Eq. (4) to the mea-
sured line width-data. The experimental data are denoted by solid sym-
bols and the straight lines are the fitting lines.

The microscopic deviatoric stress, calculated by the slope
[4v/E(hkl)]? and single-crystal Young’s modulus Ej, are
shown in Fig. 3 as a function of pressure. For comparison,
the experiment data from the microscopic deviatoric stress
analysis!'®! (S2015-1, fitting using Eq. (4), solid squares), the
microscopic deviatoric strain analysis!!® (S2015-2, fitting us-
ing Eq. (3), asterisks), and the radial XRD method!">! (S2011,
solid triangles) are also included in Fig. 3. It can be seen that
our results have a good agreement with the data of S2015-1
and S2015-2, but are somewhat larger than the data of S2011.
The data S2015-2 show a much larger scattering.

1.5 T T T T T T T
50
x* * é
1.2 1 23 .
&
< 0.9 A B
& x
E (1] * x*
0.6 xvxe i
<Y Wv" v this work
0.3 1 S2011 i
v ©° $2015-1
v S2015-2
0
0 10 20 30 40 50 60

Pressure/GPa
Fig. 3. (color online) The microscopic deviatoric stress as a function of pres-
sure. The experimental data measured in this work are denoted by the open
diamonds. Those of Ref. [16] obtained from microscopic deviatoric stress
analysis (S2015-1) and microscopic deviatoric strain analysis (S2015-2) are
denoted by the solid squares and asterisks, respectively. Those of Ref. [15]
(S2011) are denoted by the solid triangles.

The good quality of our data unequivocally indicates that
there are three unusual regimes in the microscopic deviatoric
stress versus pressure plot as shown in Fig. 3. The first one
is from 14 GPa to 18 GPa, where the microscopic deviatoric
stress continuously decreases and reaches a shallow minimum.

It is not difficult to find in Fig. 3 that a similar decrease in
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yield strength also presents in other results!!>1®! as between
6 GPa—12 GPa. Generally, by applying a uniaxial load, the
stress in conventional bcc metals continuously increases up
to its elastic limit and then follows a slight decrease. This
change corresponds to the material yield that is characterized
by a stress oscillation due to plastic deformation. This phe-
nomenon was also observed in tantalum, molybdenum, and
tungsten®?! at high pressure. In our experiment, the micro-
scopic deviatoric stress in the niobium sample increases from
zero at ambient condition to the elastic limit upon compres-
sion and then yields with the typical characteristics of stress
reduction and oscillation at 14 GPa~ 18 GPa, which could be
verified by the large error bar in the microscopic deviatoric
stress near 18 GPa, as shown in Fig. 3. So we conclude that
the reduction of the microscopic deviatoric stress of niobium
in this regime can be attributed to the sample yielding. This
interpretation is also applicable to the decreasing process in
the “yield strength” of niobium between 6 GPa—12 GPa found

in previous studies!!>-1¢]

since the same loading method was
employed. The different yielding pressures in these results
may be attributed to the different initial samples used in these
studies. The niobium sample in previous studies!>1%! was cut
from a rod in a compact form of the polycrystalline material,
whereas the powder sample was used in this work. The pow-
der sample loaded in DAC becomes more efficiently packed
firstly and achieves the maxima density above 10 GPa. So it
is reasonable to expect that the compact sample would firstly
undergo yielding. Beyond yielding, the microscopic devia-
toric stress in this work should denote the high-pressure yield
strength of niobium.

The second anomalous regime is between 30 GPa—
35 GPa and the third one is between 42 GPa—47 GPa. The
yield strength indicates a plateau between 30 GPa-35 GPa,
and then follows a continuous decrease above 42 GPa, ac-
companied with a minimum at 47 GPa. The decrease in the
yield strength is in accordance with the slopes of the fitting
lines, as shown in Fig. 2. Above 47 GPa, a typical pres-
sure dependence is followed. This strength softening is un-
usual since, as Bridgman!33! observed, strength and ductility
in metals commonly was enhanced by applying load/pressure.
Several possible mechanisms, applicable to conventional bcc
metals, are suggested to account for the pressure-dependent
yield strength softening in niobium. Firstly, the pressure
induced structural transformation was used to interpret the
strength loss in DAC experiments, e.g., the B;—B; transition
in NaCl,P4 the stishovite—CaCl, transition in SiO5,[>! and
especially the bcc-rhombohedral transition in vanadium.*! To
examine the possible structural transformation, we investi-
gated the pressure versus volume data of niobium at 300 K,
as displayed in Fig. 4. The solid circles are the experimental
data and the solid line is the 3rd order Birch-Murnaughan fit-

ting. The experimental data determined by Takemura et al. 136!
with helium (Takemura—He, open up-triangles) and methanol—
ethanol-water (Takemura—MEW, open right-triangles) pres-
sure media are also included in Fig. 4 for comparison. Our
experimental data are somewhat harder than that of Takemura
et al.®% but with a much smaller scattering. The 3rd order
Birch—-Murnaughan fit yields a bulk modulus Ky of 189(1) GPa
and its pressure derivative K{ of 2.6(0.1), respectively, whereas
Takemura et al.[3%! gives Ky = 168(4) GPa and K}, = 3.4(0.3).
Considering the nonhydrostatic loading and the possible stress
concentration around the ruby chip in this work, the differ-
ence in Ky and K(') between these two results is reasonable.
According to our experiment data, there is no distinct dis-
continuity in the pressure—volume curve. No evidence of
phase transition has been found in previous x-ray diffraction
studies too.[>1316371 Tt should be noted that a phase transi-
tion without a perceptible volume change has been observed
in vanadium,*3! characterized by the broadening and split-
ting of the (110) and (211) diffraction peaks. To look for
a similar phase transition in niobium, we also analyzed all
available high-pressure diffraction profiles. A fitting compari-
son between bcc and rhombohedral structures of niobium at
47 GPa is shown in Fig. 5 as an example. The deviation
of the simulated line (solid line) from the experimental data
(open circles) at the (211) diffraction line mainly originated
from the compressive anisotropy of niobium at high pres-
sure. Refinement of rhombohedral structure (wRp = 0.0193,
Rp = 0.0098) demonstrates a better accuracy than that of
bee structure (wRp = 0.0307, Rp = 0.0151). However, we
could not conclude the existence of a bcc-rhombohedral struc-
ture transformation, since it is natural that to fit the diffrac-
tion peaks with more lattice planes to take small distortions
into account would give a better fitting accuracy, especially
in the nonhydrostatic conditions of this work. Furthermore,
no resolved splitting peak can be found by observation of the
Debye—Scherrer diffraction rings, even though we used a long
x-ray wavelength (0.6199 A) and a large sample-detector dis-
tance (~ 270 mm) to improve the resolution. Additionally,
the lattice parameter o of the rhombohedral unit cell does
not show a consistent change with pressure as expected in
the rhombohedral structure, which varied from 109.729° at
30 GPa to 109.701° at 42 GPa, to 109.711° at 47 GPa, and
to 109.641° at 61 GPa. The small departure from the ideal bcc
value of 109.47° is not enough to secure it as a rhombohedral
phase.[®! Rather, it is more reasonable to interpret it as that the
niobium lattice suffers a trigonal shear and follows a subtle
distortion. It is worth noting that recently a very comprehen-

(38]

sive theoretical calculation showed that niobium does not

show any structure change in that pressure range. Their pro-

posed two softest distortions, along RH1 at 39 GPa and RH2 at

[38]

61 GPa, respectively,'”®' are in good accordance with our ob-
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served softening in the yield strength at 30 GPa and 47 GPa,
as shown in Fig. 3. As for the anisotropic broadening of the
diffraction peaks (110) and (211) at high pressures, it may be
related to the strong uniaxial stress of niobium under nonhy-
drostatic compression. Takemura et al.3! performed a de-
tailed analysis of the uniaxial stress component on niobium up
to 134 GPa and observed a distinct asymmetry and broaden-
ing of (110) and (211) peaks caused by the increasing uniaxial
stress. Consequently, niobium does not experience phase tran-
sition at least below 61 GPa, and its yield strength softening is
not an indicator of phase change.

80 T T T T T

A o this work

aAa > Takemura—MEW
601 : 4 Takemura—He i

—— 3rd BM fitting

Pressure/GPa
.
S

0_
0.75 0.80 0.85
V/Vo

0.90 0.95 1.00

Fig. 4. (color online) Pressure versus volume data for niobium at 300 K.
The solid circles are the experimental data measured under nonhydrostatic
conditions in this work and the solid line is the 3rd order Birch-Murnaughan
fit. The open up-triangles and right-triangles are the experimental data de-
termined by Takemura et al. 1361 in helium (Takemura-He,) and methanol—
ethanol-water (Takemura—MEW) pressure media, respectively. No distinct
discontinuity in pressure—volume was observed.

T T T T T T T I
bce, Im3m

wRp=0.0307, Rp=0.0151

a=2.689, « =109.471°

(211)

T ‘ T T T " T T T |‘ -
(d) ¢ rhombohedral, R3m
wRp = 0.0193, Rp = 0.0098

a=2.696, a=109.711(3)°

Intensity/arb. units

20/(°)

Fig. 5. (color online) A fitting comparison between bcc (a) and rhombo-
hedral (b) structures of niobium at 47 GPa. The circles are the integrated
diffraction patterns of niobium and the solid lines are the calculated pat-
terns. The short vertical lines label the 26 location of diffraction peaks. The
crystal structure, space group, fitting results, and lattice parameter ¢ of the
unit cell are shown in the right-upper panel. No resolved splitting peaks
were observed at all pressures.

Some researchers**%! advised that the texture/preferred
orientation of the sample at high pressures could lead to the
strain softening. The preferred orientation/texture could be
indicated by a non-uniform distribution or changes in the in-
tensity of the Debye—Scherrer diffraction rings.['?! Figure 6

shows the segments of the diffraction patterns of the niobium
at 18, 35, 46, and 61 GPa recorded by the Mar345 image plate.
The signal intensities do not change significantly relative to the
rest of the arcs as the pressure increases, which may suggest
that the degree of preferred crystallographic orientation in nio-
bium is not so notable at high pressures. However, it should
be noted that it is important to record the full diffraction rings
in any diffraction geometry before concluding the presence or
absence of texture.

Fig. 6. X-ray diffraction patterns of a niobium powder sample at 18, 35, 46,
and 61 GPa on MAR345 image plate.

Meade and Jeanloz!*”! found the yield strength of MgO
varies with the different initial thickness of the sample (thus
different strain at high pressures) and attributed it to the
preferred orientation of MgO. However, in one of their
independent experiment runs, the yield strength of MgO
monotonously increased with elevating pressures, which is es-
sentially different from how niobium behaves in this work.
Furthermore, the effect of the preferred orientation is a contin-
uously smooth function of pressure,*!! and the yield strength-
pressure curve would level out once the texture saturated, #%43]
which cannot interpret the observed decrease in yield strength
of niobium. Additionally, the texture/preferred orientation in
materials with bce structure is not so remarkable as those
with face centered cubic structure because of the reduc-
tion of slip systems, but the observed softening of the yield
strength in niobium was more than 15%, an amount even
significantly larger than the reported critical case of hcp-
Co,1#281 which is a highly anisotropic material. Weir ef
al.™ not only observed similar strain softening in Ta sam-
ples with different initial thickness as that in MgO,*! but a
notable falling of yield strength in each independent experi-
mental run. They attributed this yield strength anomaly to ma-
terial damage induced in highly strained specimens. A finite
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element modeling!**) revealed that the continuous decrease of
high-pressure yield strength of tantalum“°! could be caused by
unexpected influence from the cupping of the diamond anvils.
Nevertheless, Jing ez al.!'3! found that the yield strength of tan-
talum decreases at ~ 52 GPa—69 GPa but followed a contin-
uous increase from 69 GPa till the highest pressure 101 GPa,
which can never be interpreted by material damage or cupping
of diamond anvils. Obviously, the decrease of yield strength
in niobium is quite different from the cases in MgO®! and
Ta.[*9l Both strain softening and cupping of diamond anvils
fail to explain the yield strength variation with pressure, espe-
cially the decrease in yield strength above 42 GPa along with
a continuous increase.

In the Steinberg strength model,* the strain and pres-
sure are the major factors to affect the high-pressure yield
strength at room temperature. They both enhance the yield
strength at relatively low pressures, whereas the strain hard-
ening component is dominant and constrained by setting the
yield strength to an upper limit. After saturation of the plas-
tic strain, the pressure hardening component is the dominant
hardening mechanism. The corresponding typical character-
istics is that the yield strength versus pressure curve has an
initially larger slope followed by a smaller one, such as in

[46] In this work, the anomalous softening of

lithium fluoride.
yield strength in niobium is above 42 GPa, a pressure far be-
yond the plastic strain it saturates at, and pressure hardening
is dominant. Therefore, it is not unreasonable to conclude
that the anomalous softening of yield strength in niobium is
pressure dependent and caused by the pressure softening of
the shear modulus. A theoretical investigation suggested that
the latter could be a combined effect of Fermi surface nesting,
band John-Teller effects, and electronic topological transition
in this pressure range.*8! Our further confidence to make such
a conclusion is from the support of niobium’s group VB rel-
atives, vanadium and tantalum. An unusual yield strength
decrease under pressure was also observed in vanadium!'?!
and tantalum!'>'%! and followed the trend of the predicted
shear modulus softening by theoretical studies.!'=3! It should
be noted that the theoretical calculation of shear modulus is on
the basis of single crystal, whereas the experimental measure-
ment is from the powder sample. A comparison between these
results is in principle valid, but the differences should exist
to a certain extent. That is why the experimentally observed

[12-14] qualitatively agree

yield strength softening of VB metals
with the predicted shear modulus softening.!!'=>°! The analo-
gous characteristics of yield strength softening in vanadium
and tantalum and their consistence with the theoretical predic-
tion make us more confident to believe that the pressure- de-
pendent softening of yield strength in niobium has a close con-
nection with the unusual behavior of the trigonal shear modu-

lus.

5. Conclusions

In conclusion, the microscopic deviatoric stress of nio-
bium has been experimentally investigated up to 61 GPa.
Three distinct anomalous regimes were observed. Between
14 GPa-18 GPa, the microscopic deviatoric stress slightly
decreased with pressure due to yielding of the packed nio-
bium powder sample. Above 18 GPa, the microscopic devia-
toric stress can denote the yield strength of the polycrystalline
niobium. The second anomalous regime is from 32 GPa to
35 GPa, where the yield strength levels out. The strongest
softening is observed from 42 GPa to 47 GPa, where the
yield strength evidently decreases with pressure. The com-
prehensive analysis shows that the yield strength softening
in niobium is independent of phase transition, strain soft-
ening caused by preferred orientation (along with material
damage), and the cupping of diamond anvils. The experi-
mentally determined pressure-dependent yield strength of nio-
bium behaves similarly to the theoretically predicted pressure-
dependent trigonal shear modulus. We argue that there is a
systematic relationship between the anomalous strength soft-
ening of niobium and the unusual softening in the shear mod-
ulus. Further experimental evidence from quantitative tex-
ture/preferred orientation analysis and IXS measurement will
be helpful to evaluate the strain effect and to determine the
pressure dependence of the shear modulus in the concerned
pressure range, respectively.
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