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The compression behavior and stress state of nanocrystalline tungsten boride (WB) were investigated
using radial x-ray diffraction (RXRD) in a diamond-anvil cell under non-hydrostatic compression up
to 60.4 GPa. The compression properties and stress state are analyzed using lattice strain theory.
Experiments were conducted at beamline X17C of the National Synchrotron Light Source. The radial
x-ray diffraction data yield a bulk modulus that is qualitatively consistent with density functional
theory calculations and demonstrate that WB is a highly incompressible material. A maximum
differential stress, t, of about 14 GPa can be supported by nanocrystalline WB at the highest pressure.
This corresponds to about 5% of the shear modulus, G, which is smaller than the values of t/G
(8%–10%) observed for BC2N, B6O, TiB2, and c-Si3N4 at high pressures. Thus, while WB is
highly incompressible, its strength is relatively low at high pressures compared to other hard
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4728208]
ceramics. V

INTRODUCTION

There has been recent interest in transition metal borides
(TMs) as potential new avenues for synthesizing hard
materials.1–4 Tungsten borides, WBx, which include WB,
WB2, and WB4 and are analogous to tungsten carbides, have
been reported to have numerous useful physical and chemical characteristics.3,5–8 Tungsten boride, WB, has a Vickers
hardness of about 28 GPa.3 It combines high hardness with
high heat resistance, good wear resistance, and high electrical resistance at high temperatures.9–12 These attributes
make tungsten boride attractive for potential abrasive,
corrosion-resistant, and high-temperature applications.3
Moreover, a comparative study13 between WB polycrystalline compacts and WC-8 wt. % Co composites confirmed
that WB and its composite materials have potential as new
hard alloy tools for industrial use. Despite its potential applications, the high-pressure behavior of WB is poorly characterized. WB has not been investigated to date under static
compression. Chen et al.13 determined the elastic properties
of polycrystalline WB compacts using ultrasonic methods at
ambient conditions. The bulk modulus (K), shear modulus
(G), and Young’s modulus (Y) were determined to be
K ¼ 266.9 GPa, G ¼ 178.3 GPa, Y ¼ 437.5 GPa.13 In contrast,
theoretical studies5,6 using first principles methods predicted
much higher elastic moduli (K ¼ 350 GPa, G ¼ 220 GPa,
and Y ¼ 550 GPa).
In order to determine its compressive behavior and mechanical properties, we performed a compression study on
nanocrystalline WB up to 60.4 GPa in a diamond anvil cell
using angle-dispersive x-ray diffraction in a radial
geometry.14–17 Radial x-ray diffraction together with lattice
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strain theory14,18,19 enables us to measure the variation of the
lattice strain at any orientation with respect to the loading
axis and to obtain constraints on the compression behavior
and the equation of state. From the analysis of lattice strains,
we can determine the differential stress supported by the
sample. This approach enables us to characterize both compressibility and shear strength.20–22
THEORETICAL BACKGROUND

The stress state in a polycrystalline sample under uniaxial loading in a diamond anvil cell is characterized by a maximum stress along the DAC loading axis, r3, and a minimum
stress in the radial direction, r1. The difference between r3
and r1 is the macroscopic differential stress, t. Lattice strain
theory14,18,19,23,24 relates stress conditions to differences in
lattice strain as a function of orientation relative to the compression axis and crystal anisotropy. The measured d-spacing
(dm) is a function of the angle w between the DAC loading
axis and the diffraction plane normal and diffraction plane
(hkl)
dmðhklÞ ¼ dp ðhklÞ½1 þ ð1  3cos2 wÞQðhklÞ;

(1)

where dp(hkl) is the d spacing under the mean normal stress
rp ¼ ð2r1 þ r3 Þ=3 and Q(hkl) is the orientation dependent
lattice strain23,24
QðhklÞ ¼ t=½6GX ðhklÞ:

(2)

GX (hkl) is the diffraction shear modulus for the (hkl) lattice
planes, which is given by
n 
o
1
1
ðhklÞ
þ
ð1

aÞ½G
ðhklÞ
½GX ðhklÞ1 ¼ a GX
: (3)
V
R
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GX
R ðhklÞ is the diffraction shear modulus assuming stress
continuity (Reuss limit) across the grain boundaries and GV
denotes the aggregate shear modulus under strain continuity
(Voigt bound) across the interfaces between the crystallites,
respectively. a is the parameter specifying the degree of
stress and strain continuity across grains in the polycrystalline sample. While normally the value of a is considered to
be between 0.5 and 1, recently it has been shown that the
value of a can be greater than 1 for materials for which the
elastic anisotropy, x ¼ 2C44 =ðC11  C12 Þ, is less than
one.24,25 Equation (1) indicates a linear relation between dm
and 1  3cos2 w: The intercept, 1  3cos2 w ¼ 0, is the
d-spacing at w ¼ 54.7 , which corresponds to dp. Thus the
hydrostatic compression curve can be estimated from the diffraction data at w ¼ 54.7 . The slope of the fit yields the
product dp ðhklÞQðhklÞ: The differential stress of the sample
can be given by14,19
t ¼ 6GhQðhklÞif ðxÞ;

(4)

where hQ(hkl)i represents the average value of Q(hkl) over
all observed peaks and G is the aggregate shear modulus of a
randomly oriented polycrystalline sample. f is a function of a
and the elastic anisotropy parameter, x, which is close to 1
over a wide range of a and x values.14,24,25 This method
has been applied successfully to a large number of
materials.13,14,16,17,19–21
EXPERIMENTS

Nanocrystalline tungsten boride (WB) was synthesized
at 3 GPa and 1000  C in a large volume press3 from a 1:1
molar mixture of tungsten and boride. The WB nanocrystals
(average grain size 37 nm as determined from highresolution transmission electron microscopy) have a tetragonal structure (space group I41/amd No.141) with lattice parameters a ¼ 3.114 Å and c ¼ 16.932 Å. The sintered sample
was ground to a powder and then loaded into a 100 -lm-diameter hole in a beryllium gasket in a diamond anvil cell.
The gasket was pre-indented to 30 -lm thickness. A piece
of 20 -lm-diameter W foil was placed on top of the sample
within 5 lm of the sample centre to serve as a pressure
marker as well as the sample position reference. A symmetric diamond anvil cell with a culet size of 300 lm was used
to compress the sample. By design, no pressure medium was
used thereby creating non-hydrostatic conditions in the sample chamber.
Angle dispersive x-ray diffraction in a radial
geometry14–17 was performed at the X17C beam line of
National Synchrotron Light Source at Brookhaven National
Laboratory. The diamond anvil cell was oriented with the
incoming x-ray beam perpendicular to the diamond axis and
passing through the Be gasket. The x-ray beam had a wavelength 0.3768 Å and was focused to 25 lm  30 lm using
Kirkpatrick-Baez mirrors. The diffracted intensity was
recorded with a Rayonix SX-165 CCD detector. The 2D diffraction images were analyzed with the program FIT2D
(Ref. 26) after calibration of the detector distance and orientation using a CeO2 standard.

Diffraction patterns were collected at steps of 5 GPa.
After each pressure increase, sufficient time was allowed for
stress relaxation prior to collection of the x-ray diffraction
patterns. The (004), (101), (103), (105), (112), (008), (107),
(116), and (200) diffraction peaks of WB were visible
through the entire experimental range, but the (112), (008),
(116), and (200) diffraction peaks were overlapped for all or
part of the pressure range so these peaks were not used for
lattice parameter determination or in the lattice strain analysis. The pressures were derived from the equation of state of
W (Ref. 27) using the unit cell volume obtained from the
(111) peak of W.

RESULTS AND DISCUSSION

In order to determine the variation in the positions of the
diffraction peaks with the azimuthal angle, d, the diffraction
patterns were cut into small arcs of 3 to 5 intervals, in steps
from 0 to 90 and integrated with FIT2D. Figure 1 presents
representative diffraction patterns at 46.1 GPa at selected d.
The azimuthal angle is defined as zero in the maximum
strain direction along the loading axis.16 The diffraction
peaks shift to larger diffraction angle 2h at smaller d corresponding to smaller d spacing in the maximum stress direction. Diffraction peak positions were fitted individually with
Voigt line shapes and a linear background. The pole distance, w, is calculated from cos w ¼ cos h cosd.16 Figure 2
shows the variation of d-spacing of the 103 line of WB versus ð1  3cos2 wÞ which yields the expected linear variation.
The increase in slope with pressure reflects the increase in
Q(103) resulting from the increase in differential stress, t,
with compression.
Figure 3 shows the volume-pressure relation at w ¼ 0 ,

54.7 , and 90 , respectively. At w ¼ 0 and 90 , the lattice parameters show maximum and minimum lattice strain, respectively.14,18,19 According to Eq. (1), the hydrostatic lattice
parameters can be determined from the d-spacings at ð1 
3cos2 wÞ ¼ 0 (w ¼ 54.7 ).14 The hydrostatic pressure is determined from the lattice parameter of W at w ¼ 54.7 together
with its equation of state.27 The compression curves are fitted

FIG. 1. Representative diffraction patterns at different azimuthal angles, d,
for WB at 46.1 GPa. Diffraction peaks of WB (with hkl), W, Be, and BeO
are labeled in the figure.
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TABLE I. A summary of the bulk modulus of WB and its pressure derivative from this work and published values.

FIG. 2. Dependence of observed d spacing vs. 1-3cos2w for the (103) diffraction line of WB at selected pressures. The solid lines are least-squares
fits to the data.

to the third-order Birch-Murnaghan equation of state, which
yields the bulk modulus and its pressure derivatives at the
three diffraction angles. The compression curve at w ¼ 54.7
yields a zero-pressure bulk modulus K0 ¼ 417 6 18 GPa, and
a pressure derivative K0 0 ¼ 4.6 6 1.1. The fitted results together with values from other work are listed in Table I. The
hydrostatic zero-pressure bulk modulus obtained at w ¼ 54.7
in this work is much higher than that of the bulk sample from
the previous ultrasonic study.13 The bulk modulus we have
determined is closer to but still larger than the results from
theoretical studies using density functional theory.5,6 The high
bulk modulus of our WB sample may be enhanced by the
nanocrystalline grain size of the sample.28–33 While the effects
of grain size on compressibility is complex, an enhanced bulk

FIG. 3. Volumetric compression of WB measured at w ¼ 0 , 54.7 , and 90 .
The pressure is for each curve calculated from the measured diffraction data
of W at the corresponding angle. The solid lines are Birch-Murnaghan equation fits to the data at each angle. Inset:Relative lattice parameters vs. pressure of WB. The solid lines are third-order Birch-Murnaghan equation of
state fits to the relative unit cell parameters.

K0 (GPa)

K00

Reference

417 6 18
428 6 4
267 6 1
360
375

4.6 6 1.1
4.0 (fixed)

This study XRD w ¼ 54.7
This study XRD w ¼ 54.7
Ultrasonic (Ref. 13)
Density functional theory (Ref. 5)
Density functional theory (Ref. 6)

modulus in nanomaterials has been observed previously28,34
and may be consistent with a core-shell model.30–32 However,
other materials do not show compressibility dependence on
the grain size.35–38 In addition, based on previous studies
using this technique,15,20,22 the equation of state at w ¼ 54.7
in the radial geometry may overestimate the value of K0 due
to local deviatoric stresses which would invalidate the
assumption of uniaxial stress required for Eq. (1).39,40 For
more precise determination, it is necessary to follow-up with
experiments under hydrostatic or quasi-hydrostatic conditions.
Nevertheless, our results provide empirical support for the theoretical calculations that indicate that the bulk modulus is
greater than 350 GPa, and thus WB is a highly incompressible
solid. For WB, the a axis is slightly more compressible than
the c axis and the c/a ratio remains nearly constant with
increasing pressure. The variation of relative lattice parameters with pressure at w ¼ 54.7 is shown in the inset of Fig. 3.
The linear incompressibilities are 406 GPa (Ka) and 445 GPa
(Kc), respectively, from an equation of state41,42 fit to the unit
cell parameters.
The lattice strain Q(hkl) was obtained directly from the
linear relation between the observed d spacing and ð1 
3cos2 wÞ from Eq. (1). The ratio of differential to shear modulus, t/G, was evaluated from Q(hkl) from Eq. (4) assuming
f ¼ 1. Figure 4 compares the increase of t/G with pressure of
WB to that of other selected ceramics. t/G for WB first

FIG. 4. Ratio of differential stress to aggregate shear modulus (t/G) of WB
and selected ceramics17,22,43,44 as a function of pressure. The inset is the average of full width at half-maximum (FWHM) of WB (004), (101), (103),
(105), and (107) diffraction peaks at w ¼ 54.7 . The solid lines are an exponential fit to the data.
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slightly more incompressible than the a axis. The hydrostatic
compression curve at w ¼ 54.7 yields a bulk modulus of
417 GPa with a pressure derivative of 4.6. While these values
are only semi-quantitative, they support recent density functional theory calculations that indicate the bulk modulus of
WB is greater than 350 GPa, and thus it is a highly incompressible solid. Future measurements under hydrostatic or
quasi-hydrostatic conditions are necessary to better constrain
the bulk modulus. From the lattice stain anisotropy, a maximum differential stress of 14 GPa is observed for WB at
60.4 GPa. This is about 5% of the value of the shear modulus
at this pressure. At high pressures, WB is relatively weaker
than other hard ceramics which can support differential
stresses of 8%–10% of the shear modulus at comparable
pressures. Thus, while WB is highly incompressible, its
strength is relatively low.
FIG. 5. Differential stress as a function of pressure. Solid squares: WB;
Open symbols: other hard materials reported in the literature (5: BC2N,44
*: B6O,43 䉫: TiB2,17 D: c-Si3N4 (Ref. 22)).

increases with pressure as differential stress builds in the
sample, but then leve1s off and increases more slowly above
20 GPa with a similar trend that is observed in the variation
of the average FWHM (full width at half maximum) of WB
diffraction lines with pressure (inset, Fig. 4). The broad diffraction peak widths of tungsten boride are due to the local
deviatoric stresses among WB grains under nonhydrostatic
compression as well as its nanostructure. Taken together,
these observations indicate that WB starts to yield at
20 GPa. At pressures of 40–60 GPa, the differential stress
supported by WB is 5% of the shear modulus, which is
smaller than the values of other hard solids such as TiB2,
B6O, c-BC2N, and c-Si3N4 (Fig. 4). These strong
ceramics17,22,43,44 achieve a value of t/G  8%–10% at the
highest pressures. Thus, while WB is relatively incompressible, its strength is a smaller fraction of the shear modulus
than that of other strong solids.
The aggregate shear modulus at high pressure was estimated by extrapolating the theoretically calculated ambient
value6 using an assumed pressure deviative, dG/dP, in the
range of 1.0–1.5, which are typical values for ceramics.45
This allows the differential stress of WB to be estimated as a
function of pressure from Eq. (4) (Fig. 5). The maximum differential stress corresponds to the yield strength of the material once plastic deformation begins.14 The yield strength of
WB at 60.4 GPa is 14 GPa. The supported differential
stress of a number of hard materials with increasing pressure
is also shown in Fig. 5. WB shows similar differential stress
as other strong ceramics17,22,43,44 below 15 GPa. However,
WB is much weaker compared to these strong solids at
higher pressure.
CONCLUSIONS

The high pressure behavior of nanocrystalline tungsten
boride (WB) has been investigated experimentally up to
60.4 GPa using radial x-ray diffraction techniques in a diamond anvil cell. The compression properties and stress state
are analyzed using lattice strain theory. The c axis of WB is
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