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ABSTRACT: Tungsten diboride (WB2) solid solutions with increasing molybde-
num (Mo) substitution were synthesized by resistive arc-melting from the pure
elements and characterized for their mechanical properties. The WB2-type structure
is maintained up to 30 atomic percent (at%) Mo substitution. W0.70Mo0.30B2
achieved a maximum Vickers hardness of 45.7 ± 2.5 GPa at 0.49 N, resulting in
the hardest WB2 solid solution to date. In agreement with this fact, high-pressure
radial diffraction studies indicate that substitution of Mo into WB2 strengthens
metal−boron bonding, as the solid solution supports high differential stress and has a
bulk modulus of 355 ± 2 GPa. WB2 and W0.70Mo0.30B2 composites were then
synthesized with increasing additive content (0−30 wt%) of B4C or SiC to study
extrinsic hardening effects through multiphase formation. These composites show
extrinsic effects on the Vickers hardness because of secondary-phase precipitation.
While WB2−30 wt% B4C exhibited the highest hardness (53.8 ± 6.0 GPa at 0.49 N),
WB2−30 wt% SiC demonstrated the slowest oxidation rate. This work offers new
insights for tailoring transition-metal boride systems with optimized hardness, grain morphology, and thermal stability.

■ INTRODUCTION

The search for novel superhard materials is motivated by the
demand for high-performance cutting tools and abrasives with
enhanced mechanical properties and thermal stability.1,2 While
frequently reported at the high load asymptotic limit,
superhardness (Vickers hardness, Hv ≥ 40 GPa) is often
observed at lower load (0.49 N), which is more compatible
with real-world applications. Hardness values reported over a
range of low and high loads can be utilized to understand the
origin of hardness in the bulk material and to assess a material’s
utility at the applied loads required for various industrial
cutting operations. Although diamond is the most commer-
cially relevant superhard material, diamond’s use is limited by
its cost-prohibitive synthesis (requiring both high temperature
and high pressure) as well as its high reactivity to ferrous alloys
(resulting in poor cutting performance and poor stability above
700 °C).3,4 These shortcomings have inspired the creation of
new superhard materials that are readily synthesized, thermally
stable, and made from less expensive elements.5,6

Because of their highly covalent bonding networks, several
metal boride systems (e.g., ReB2 and WB4) have been
identified as superhard at low load.7,8 The intrinsic hardness
of these materials can be further increased through the
formation of solid solutions, where an alloying element with a
valence electron count and/or size that is different from the
parent metal is substituted into the host structure.9 These solid
solutions employ the Hume-Rothery rules, where the parent

metal and dopant atoms need to: (1) be less than 15%
different in atomic radius, (2) adopt similar crystal structures,
(3) have similar electronegativity values, and (4) be close in
valence electron density.10−12 When atom mixtures fall outside
of these bounds, two-phase coexistence generally occurs,
preventing favorable solid solution hardening. Two-phase
mixtures can, however, show increased hardness because of
extrinsic effects and include grain boundary strengthening and
precipitation hardening, where the reduction in the average
grain size and precipitation of secondary phase(s) increase the
degree of grain boundaries and dislocation pinning in the bulk
material.13,14

Transition-metal diborides have been extensively studied for
their superconductivity, electrocatalytic performance, and high
hardness.15−18 Most diborides, such as TiB2 and ZrB2, exhibit
an AlB2-type structure (P6/mmm), which contains flat boron
sheets and 12-coordinate metal layers.19,20 Such materials tend
not to be terribly hard, because of easy slip parallel to the flat
boron sheets. In the ReB2 structure (P63/mmc), boron sheets
adopt a corrugated, chair configuration that impedes slip plane
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motion.21,22 With a hybrid structure containing alternating flat
and corrugated boron sheets between metal layers, tungsten
diboride (WB2, P63/mmc) is a candidate structure in the design
of new superhard materials (Figure 1).23,24 Although pure WB2

is not intrinsically superhard, substitutional solid solutions of
WB2 have been characterized with hardness values measuring
in the superhard regime.25

In addition to single-phase systems, many studies have
examined the microstructure and properties of multiphase
composites based on metal diborides.26 For instance,
secondary additives, such as boron carbide (B4C) and/or
silicon carbide (SiC), have been shown to decrease the grain
size of metal diborides, such as ZrB2 and TiB2, in ultrahigh-
temperature ceramics and enhance bulk mechanical proper-
ties.27,28 Thus, it is of great interest to identify the
contributions of both intrinsic and extrinsic hardening effects
in order to optimize a material’s grain morphology and
mechanical properties.
In this study, we synthesize molybdenum (Mo)-doped WB2

solid solutions and characterize their mechanical properties as
a function of solubility. Given that Mo (1.45 Å)29 has the same
number of valence electrons (group 6) and a close atomic
radius to W (1.35 Å),29 we have obtained an extended range of
solid solutions. The material is phase-pure at concentrations up
to and including 30 at% Mo in WB2, but higher Mo
incorporation levels can be achieved in materials that contain
small amounts of β-MoB2 mixed with the WxMo1−xB2. Vickers
hardness measurements, high-pressure data, and scanning
electron microscopy (SEM) images are discussed in further
detail to demonstrate that the addition of Mo enhances bulk
material hardness through both solid-solution formation and
additional extrinsic affects through a change in surface
morphology. Additionally, we study the effects of secondary
phases, SiC and B4C, on both unsubstituted WB2 and 30 at%
Mo-substituted WB2 (W0.70Mo0.30B2), the hardest WB2 solid
solution created to date. These two-phase composites show
extrinsic hardening through the inhibition of grain growth and
increased oxidation resistance through enhanced phase stability
and protective oxide formation during thermal cycling.

■ EXPERIMENTAL PROCEDURE
Samples were prepared using tungsten (99.95%, Strem Chemicals,
USA), amorphous boron (99 + %, Strem Chemicals, USA),
molybdenum (99.95%, Strem Chemicals, USA), silicon (99.9%,
American Elements, USA), and carbon (graphite, 99+%, Strem
Chemicals, USA). Elemental boron and metal powders were weighed
and mixed according to the following nominal compositions:
W1−xMoxB2.0, where x = 0.02−0.50. Composites were prepared by
weighing and mixing elemental powders according to the
compositions: WB2.0-B4C, WB2.0-SiC, W0.70Mo0.30B2.0-B4C, and
W0.70Mo0.30B2.0-SiC, where the weight percentage of B4C or SiC in
each total composition was varied (10, 20, and 30 wt%). The powder
mixtures were pressed into 12.7 mm (0.5 in) diameter pellets under a
10-ton load using a hydraulic jack press (Carver, USA). The pressed
pellets were arc-melted on a water-cooled copper hearth in an argon
atmosphere with a maximum current of approximately 140 amps for
1−2 min. Each sample was arc-melted until molten, subsequently
flipped, and remelted, totaling three times to ensure homogeneity.

The sample ingots were bissected using a diamond saw (Ameritool
Inc., USA). One half of each sample was crushed into <45 μm powder
(−325 mesh) for powder X-ray diffraction analysis (PXRD) and
thermogravimetric analysis (TGA) using a tool steel Plattner-style
mortar and pestle set (Humboldt Mfg., model H-17270). The other
half was cold-mounted in epoxy using an epoxy/hardener set
(Buehler, USA) and polished on a semiautomated polishing station
(Buehler, USA). To produce an optically flat surface, each sample was
polished with silicon carbide disks (120−600 grit sizes, Buehler, USA)
followed by polishing cloths independently coated in polycrystalline
diamond suspensions with particle sizes ranging from 15 to 0.25 μm
(Buehler, USA). Polished samples were used for SEM, energy-
dispersive spectroscopy (EDS), and Vickers hardness testing.

PXRD was performed on a Bruker D8 Discover Powder X-ray
Diffractometer (Bruker Corporation, Germany) to determine the
composition and phase purity of the crushed powder samples. Data
were acquired using a CuKα X-ray beam (λ = 1.5418 Å) in the 5−100°
2θ range. PXRD data were compared with the International Centre
for Diffraction Data (ICDD) patterns, formerly known as the Joint
Committee on Powder Diffraction Standards (JCPDS), in order to
identify the phases present in each sample. Unit cell refinements were
performed using GSAS-II.30 An FEI Nova 230 high-resolution
scanning electron microscope (FEI Company, USA) equipped with
a backscattered electron detector (BSED) and an UltraDry EDS
detector (Thermo Scientific, USA) was used to analyze the surface
morphology and elemental composition of the polished samples.

Figure 1. (a) Crystal structure of tungsten diboride, WB2 [P63/mmc, Inorganic Crystal Structure Database (ICSD) 023716], where the unit cell is
indicated by the black box. Boron atoms are represented in green as flat and puckered alternating sheets. Tungsten atoms are represented in gray.
(b) Selected PXRD data of tungsten diboride (WB2) solid solutions with up to 50 at% molybdenum (Mo). The solubility limit is below 40 at% Mo.
WB2 (JCPDS 00-043-1386) is present at all concentrations of Mo, while β-MoB2 (JCPDS 01-075-1046) appears in the 40 and 50 at% Mo samples,
denoted by an asterisk (*).
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Vickers hardness measurements were performed using a multi-
Vickers hardness tester (Leco, USA) with a pyramidal diamond
indenter. Indentations were made on polished samples with applied
force loads of 0.49, 0.98, 1.96, 2.94, and 4.9 N. The lengths of the
diagonals of each indent were measured under 500x magnification
using a high-resolution optical microscope, Zeiss Axiotech 100HD
(Carl Zeiss Vision GmbH, Germany). Vickers hardness values (Hv in
GPa) were calculated and averaged for 10 indents per load using the
following formula (eq 1):

H
F

d
1854.4

v 2=
(1)

where F is the applied load (in Newtons) and d is the average length
of the diagonals for an indent (in micrometers). A minimum of 10
indentations were performed in pseudorandom locations throughout
the polished sample surface. Hardness values were reported at loads
ranging from 0.49 to 4.9 N (low to high) in order to gain insight into
the origin and load-dependency of a material’s hardness.
A Pyris Diamond TGA/DTA unit (TG-DTA, PerkinElmer

Instruments, USA) was used to study thermal stability (up to 1000
°C in standard nonmedical compressed air) under the following
parameters: heat in air from 25 to 200 °C at a rate of 20 °C/min, hold
at 200 °C for 30 min, heat from 200 to 1000 °C at 2 °C/min, hold at
1000 °C for 2 h, and cool from 1000 to 25 °C at 5 °C/min. PXRD
was used to identify the resulting phase(s) of the heated samples.
Nonhydrostatic in situ high-pressure radial X-ray diffraction was

performed in a diamond anvil cell at the synchrotron beamline 12.2.2
of the Advanced Light Source (ALS, Lawrence Berkeley National
Laboratory). Crushed powder of the sample (W0.70Mo0.30B2) was
loaded into a laser-drilled hole (∼60 μm in diameter, ∼60 μm in
depth) in an ∼400 μm diameter boron gasket made of amorphous
boron and epoxy. A small piece of Pt foil (∼20 μm diameter) was
placed on top of the sample to serve as an internal pressure standard.
A monochromatic X-ray beam (λ = 0.4959 Å, spot size = 20 μm × 20
μm) was passed through the sample, which was compressed between
two diamond tips up to 60 GPa of pressure, and two-dimensional (2-
D) diffraction data were collected using an MAR-345 image plate and
FIT2D software. A cerium dioxide (CeO2) standard was used to
calibrate the detector distance and orientation. The angle-dispersive
diffraction patterns were converted from elliptical to rectangular
coordinates using FIT2D. The integrated “cake” patterns, azimuthal
angle (η) versus diffraction angles (2θ), were then analyzed using Igor
Pro (WaveMetrics, Inc.). Peak positions were manually picked for
three easily resolvable diffraction peaks (004, 101, and 110). The one-
dimensional diffractions of X-ray intensity as a function of 2θ were
obtained at the magic angle (φ = 54.7°, effectively hydrostatic
condition). All peaks were indexed to hexagonal phases with no
indication of phase transition throughout the measured pressure
range.
The stress in the sample under uniaxial compression is described by

eq 2:
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where σ1 is the minimum stress along the radial direction, σ3 is the
maximum stress in the axial direction, σP is the hydrostatic stress
component, and t is the differential stress, which gives a lower-bound
estimate of yield strength. The d-spacing is calculated by:

d hkl d hkl Q hkl( ) ( ) 1 (1 3cos ) ( )m p
2 φ= [ + − ] (3)

where dm is the measured d-spacing, dp is the d-spacing at hydrostatic
peak position, φ is the angle between the diffraction normal and axial
directions, and Q(hkl) is the lattice strain under the uniaxial stress
condition. The differential stress, t, is directly related to the
differential strain, t(hkl)/G(hkl), by:

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

where G(hkl) is the shear modulus of the specific lattice plane.
Incompressibility can be determined using the third-order Birch−

Murnaghan equation-of-state (EOS), which is written as:
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(5)

where P is the pressure, K0 is the bulk modulus at ambient pressure, V
is the volume, V0 is the undeformed unit cell volume, and K0′ is the
derivative of K0 with respect to P. Eq 5 can be simplified to second-
order by fixing K0′ = 4. The Birch−Murnaghan EOS can also be
rewritten in terms of normalized pressure (F) and Eulerian strain ( f),
as shown in the following:

F
P

f f3 (1 2 )5/2=
+ (6)
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Eqs 6 and 7 can be combined to give a linear regression, where the
zero-intercept yields the bulk modulus at ambient pressure (K0) and
the slope gives the pressure derivatives of the bulk modulus (K0′).

■ RESULTS AND DISCUSSION
Intrinsic Properties of Mo-Doped WB2. Here, we

investigate the effects of molybdenum substitution on WB2
solid solutions (W1−xMoxB2). For a structure to be a solid
solution, it must exhibit a linear change in the unit cell volume
with increasing solute concentration. The concentration of
atomic substitution (at% of solute), before the secondary-
phase precipitation appears indicates the substitution thresh-
old, or solubility limit, for that particular solute. Figure 1 shows
PXRD patterns for W1−xMoxB2, where the solubility limit of
Mo in WB2 is below 40 at% Mo. Rietveld refinement was
performed using GSAS-II software to calculate the unit cell
parameters of Mo-substituted solid solutions through compar-
ison with the WB2 structure (P63/mmc). The c/a axial ratio
and unit cell volume for the WB2−Mo system from 0−50 at%
Mo addition are presented in Figure 2. As the percentage of
Mo increases, the c/a ratio decreases while the overall volume
increases. These results indicate a higher rate of unit cell
expansion along the a-axis with increasing Mo substitution.
The observed lattice expansion is in adherence with Vegard’s
law and substitutional solid solution formation as Mo
substitutes for W in W sites in the WB2 lattice across all
concentrations, despite the appearance of a small amount of β-
MoB2 in the higher Mo samples.
The systematic shift in the WB2 peaks across all 2θ values

and the collective change in the c/a ratio, shown in Figures 1
and 2, respectively, indicate the formation of solid solutions.
Moreover, the refined diffraction patterns in Figure S1 indicate
that no MoB2 (R-3m) is present at or below 30% Mo doping.
Some additional peaks do appear in the diffraction patterns at
lower Mo concentrations; however, the fact that the impurity
peaks appear at the same positions in all samples, including the
pure WB2 sample, indicates that the impurity is not a Mo-
containing phase. Indeed, the peak positions are in good
agreement with the WB diffraction pattern, and the relative
intensity of the WB peaks to WB2 peaks suggests that the
samples contain less than 5 wt% of the WB phase.
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SEM images and elemental maps of W0.70Mo0.30B2, the
composition of maximum Mo solubility, show an even
distribution of Mo up to 30 at% substitution and indicate no
secondary-phase formation (Figure 2). Above the solubility
limit, a secondary phase, β-MoB2 (P6/mmm), precipitates
upon cooling from the melt. While XRD analysis demonstrates
the presence of MoB2 precipitates above 30 at% Mo (Figure
1), the WB2 lattice still continues to expand linearly with 40
and 50 at% Mo substitution (Figure 2). This volume expansion
past the solubility limit suggests that many of the Mo atoms
may still further substitute into the WB2 structure in addition
to forming a secondary MoB2 phase.
Vickers microindentation hardness measurements from low

to high load (0.49 to 4.9 N) for the WB2−Mo system are
shown in Figure 3. All solid solutions exhibit load-dependent
hardness values, where the hardness increases as the applied
load decreases. This phenomenon, known as the indentation
size effect, has been observed in the hardness of other systems
and is likely due to the fact that more slip systems become
accessible at higher load.31 A gradual increase in hardness was
observed from 29.5 ± 1.7 GPa at 0.49 N for unsubstituted
WB2 to a maximum value of 45.7 ± 2.5 GPa at 0.49 N with 30
at% Mo. Above 30 at% Mo, the hardness abruptly decreases
because of the precipitation of the softer AlB2-type β-MoB2
phase (11.77 GPa at 0.49 N).32

Unlike ReB2, which adopts a puckered boron structure that
impedes dislocation slip, WB2 contains alternating flat and
puckered boron sheets, resulting in lower shear resistance than
ReB2. In situ X-ray radial diffraction was conducted under
nonhydrostatic compression up to 60 GPa to probe changes in
bond length and strength within W0.70Mo0.30B2 upon pressure.
The “cake” patterns recorded at the lowest and highest

pressures (3 and 60 GPa, respectively) and the integrated 1-
dimensional diffraction patterns are shown in Figure 4. At low
pressure (∼3 GPa), the diffraction lines are almost straight
because of the hydrostatic stress state. However, at high
pressure, the diffraction lines deviate to a higher angle (2θ) in
the high-stress direction (φ = 0°) and to a lower angle (2θ) in
the low-stress direction (φ = 90°). The sinusoidal variations of
the diffraction lines at high pressure indicate the lattice-
supported strains (Figure 4b). In the integrated one-dimen-
sional diffraction pattern obtained at the magic angle φ =
54.7°, all peaks can be indexed to the WB2 structure
throughout the measured pressure range (Figure 4a). A clear
shift to the higher angle is observed at the higher pressure,
indicating a decrease in the lattice spacing with greater
compression. The peak broadening is due to strain
inhomogeneity. The peak positions at φ = 54.7° are used to
determine the lattice parameters and volume, as summarized in
Table S2 and Figure S2. The pressure for each compression
step was determined from the EOS of Au standard, using its d-
spacing at φ = 54.7°.
As shown in Figure 5a, in the pressure range between 10 and

15 GPa, the c/a ratio undergoes a dramatic expansion, much
larger in magnitude than the contraction that occurs upon Mo
substitution (Figure 2). This sharp change in the c/a ratio is
indicative of a pressure-induced second-order phase transition.
Such transitions have not been observed in other layered
diborides that we have studied, such as ReB2,

33 but they have
been observed in more structurally constrained metal borides
that contain boron cages crosslinking the layers, such as WB4
and its solid solutions.34,35 Past studies have associated such
pressure-induced changes in the c/a ratio with rigid structures
that also tend to show high hardness. In addition to providing
a probe of phase behavior, the hydrostatic compression curve is
fit to extract the bulk modulus or volume incompressibility.
Because of the low phase transition pressure and the small
number of points below the phase transition, the data can only
be fit in the high-pressure phase, at pressures above 15 GPa. A
fit of volume change to the second-order Birch−Murnaghan
EOS is shown in Figure S2c, and a normalized pressure versus
Eulerian strain plot is shown in Figure 5b, yielding a bulk
modulus of 355 ± 2 GPa (K0′ = 4) and 368.5 ± 3.6 GPa (K0′
= 3.2) for second-order and third-order Birch−Murnaghan
EOSs, respectively.
To calculate the differential strain and stress, the measured

d-spacing is plotted versus the orientation function (1−

Figure 2. (Top) SEM BSED image and elemental maps for tungsten
(M line), molybdenum (L line), and boron (K line) for W0.70Mo0.30B2
showing a uniform distribution of tungsten and molybdenum
throughout the grains. (Bottom) Plot of (black) axial ratio, c/a,
calculated from XRD cell refinement and (blue) unit cell volume
calculated from W1−xMoxB2 lattice parameters versus Mo concen-
tration in atomic percentage. Dashed lines represent linear trendlines
as a function of Mo concentration. Unit cell parameters of all
compositions are provided in Table S1.

Figure 3. Vickers microindentation hardness versus atomic
percentage of Mo in WB2-Mo solid solutions from low (0.49 N) to
high (4.9 N) load. Concentrations of Mo were varied by increasing
the substitution of Mo from 0−50 at% on a metals basis.
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3cos2φ) for each lattice plane of interest; a linear correlation is
observed for the highest pressures, as shown in Figure S3 and
in good agreement with lattice strain theory (eq 3). The
hydrostatic d-spacings, obtained from zero-intercepts of linear
fits like those shown in Figure S2, are found to shift smoothly
with pressure, as shown in Figure S4. The ratio of the slope of
the line in Figure S3 to the zero-intercept is directly related to
the differential strain, Q(hkl), as given by Eq 3. As shown in
Figure 6, the measured differential strain for each lattice plane,
presented here as t/G according to Eq 4, increases linearly with
pressure and then appears to level off. The linear increase is
associated with elastic behavior, including the second-order
phase transition, and the plateau is interpreted to imply that
the lattice plane can no longer sustain additional differential

strain and presumably indicates the onset of plastic
deformation (which is not clearly identifiable in the X-ray
diffraction measurements). The plane with the lowest
differential strain plateau value supports the least deformation,
while planes with higher differential strain plateau values resist
more shear and dislocation movement. The (004) plane,
parallel to the boron layers, is prone to slip and therefore
exhibits the lowest differential strain, particularly at the highest
pressures. The (101) and (110) planes, both of which cut
through the metal−boron layers, support more lattice
deformation (Figure 6a). Interestingly, at lower pressures,
t(101)/G tracks almost perfectly with t(004)/G. However, part
way through the (004) plateau, t(101)/G deviates from
t(004)/G and eventually reaches a second plateau with the

Figure 4. Representative synchrotron (a) 1-D X-ray diffraction patterns and (b) 2-D cake pattern of W0.70Mo0.30B2 for low and high pressures. Cake
patterns were obtained by integration over a 5° slice centered at the magic angle (φ = 54.7°).

Figure 5. (a) Evolution of c/a upon pressure for W0.70Mo0.30B2 obtained at the magic angle. (b) Normalized pressure (F) as a function of Eulerian
strain (f). Second-order (red) and third-order (blue) Birch−Murnaghan EOS fits.

Figure 6. (a) Comparison of the differential strain, given by the ratio of the differential stress (t) to shear modulus (G), as a function of pressure for
both W0.70Mo0.30B2 (WMoB2) and ReB2. (b) Differential stress (t) calculated under Reuss (isostress, tR) and Voigt (isostrain, tV) conditions for
WMoB2.
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same value as t(110)/G at 60 GPa. Data for the hardest pure
metal diboride, ReB2, are included for comparison. ReB2
generally supports much lower differential strain and
specifically shows a much lower plateau value for the (004)
plane. ReB2 also does not show strain hardening in the (101)
plane. Together, these factors combine to indicate that
substituting Mo into WB2 may strengthen the metal−boron
bonds in W0.70Mo0.30B2.
The differential stress (t) value at the plateau indicates the

yield strength of the plane upon shear and is directly correlated
with hardness. Unfortunately, the appropriate choice of a shear
modulus, G, requires knowledge of the stress state in the
sample chamber during measurement. The differential stress
can be calculated under Reuss (isostress) and Voigt (isostrain)
conditions using the elastic stiffness constants provided in the
paper by Ding et al.36 Because the real differential stress is
likely a weighted average of the Reuss and Voigt conditions,
both values were calculated as upper and lower limits of the
true differential stress. The differential stress of the (110) plane
plateaus at 19 and 14 GPa under Voigt and Reuss conditions,
respectively, suggests that the plane has reached its yield
strength at the pressure achieved in this experiment (Figure
6b). The plateau in differential stress supported by (004), the
weakest plane, reaches 11−16 GPa, which is higher than the
strongest plane in ReB2 (9−10 GPa).33 The strain hardening
the (101) plane is also preserved under both Reuss and Voight
conditions. Although W0.70Mo0.30B2 adopts the WB2 structure,
which deforms more readily than ReB2, the presence of Mo
dopant atoms in WB2 apparently strengthens the covalent
bonds and enables W0.70Mo0.30B2 to support higher differential
stress. These results indicate that increased hardness upon 30
at% Mo substitution in WB2 is largely the result of intrinsic
solid-solution strengthening in the single-phase system.
Previous calculations have predicted that the WB2-type

MoB2 (WB2−MoB2, P63/mmc) is more energetically favorable
than the experimentally synthesized rhombohedral (R3̅m) and
hexagonal AlB2-type MoB2 (P6/mmm) structures.36 The
theoretically calculated strong covalency of the B-Mo bond
in the WB2−MoB2 structure can provide insight into the
observed high solubility of Mo in WB2 and corresponding high
hardness values.
Extrinsic Properties of WB2−Mo Composites with

SiC/B4C. Once the solubility and Vickers hardness of the
WB2−Mo system were optimized, B4C and SiC were
incorporated as additives to both unsubstituted WB2 and 30
at% Mo-substituted WB2 in order to examine the effects of B4C
and SiC precipitation on surface morphology and hardness in
multiphase composites. The formation and stability of a phase
from liquidus via arc-melting are dependent on the heat of
formation as well as the melting point of each respective phase.
In general, a phase is more likely to precipitate first upon
cooling if it has a higher melting point than another phase and
more likely to be stable if it has a highly negative heat of
formation.37 Both carbides have higher melting points than
WB2 (∼2450 °C for B4C

38 and ∼2700 °C for SiC39 versus
∼2365 °C for WB2

40) and exhibit high thermodynamic
stability. As a result, the addition of these secondary phases
can be used to template subsequent WB2 nucleation and grain
growth.
Figure 7 shows SEM images of arc-melted samples with

increasing SiC content in both WB2 and W0.70Mo0.30B2
composites. As the amount of elemental Si and C collectively
increases in the WB2 system, the SiC grains increase in size and

density. The addition of SiC to WB2 led to an overall increase
in hardness at 0.49 N from 29.5 ± 1.7 GPa for WB2 to 45.7 ±
6.6 GPa for WB2 with 30 wt% SiC (Figure 8a). The reasonably
large statistical variation in the measurements may be
attributed to variations in grain orientations and the fact that
the WB2 crystal structure is anisotropic. To make sure that this
did not bias the data, many different crystallographic
orientations were indented. In previous studies from our
group, the Vickers hardness of ReB2 was measured as a
function of crystallographic orientation, and statistically
significant differences were found in the hardness values
measured using indentations parallel to the hexagonal c-axis,
compared to those perpendicular to it.7 Therefore, in this
work, the hardness indentation locations were chosen pseudo-
randomly to avoid selecting any particular grains. Despite the
variation in measured values, the hardness was found to be
significantly enhanced relative to pure WB2 even considering
the scatter in the measurements. The hardness value of 45.7 ±
6.6 GPa for WB2 with 30 wt% SiC is comparable to the
hardness achieved in the hardest solid solution, W0.70Mo0.30B2
(45.7 ± 2.5 GPa). SiC has a Vickers hardness range of 21−29
GPa at varying load.31,41 Therefore, the individual SiC grains
do not provide any additional hardening in the WB2−SiC
system. Instead, the SiC precipitates apparently impede the
dislocation of smaller WB2 grains and additional stress must be
added for plastic deformation to occur, resulting in a harder
bulk material. Interestingly, hardness enhancement occurs only
in the unsubstituted WB2. For the W0.70Mo0.30B2 system, SiC
addition resulted in no change in average hardness (Figure 8b).
This could be because more dramatic grain structure changes
were observed in the pure WB2 with increasing SiC content, or
it may be due to the inherent solid solution hardening and
grain boundary strengthening already present in the single-
phase W0.70Mo0.30B2 material. These results demonstrate that
hardening effects are not necessarily additive, particularly when
both intrinsic and extrinsic effects contribute to the overall
material properties.
SEM images of WB2 and W0.70Mo0.30B2 composites with B4C

are shown in Figure 9. Both systems show an increasing grain
size and B4C precipitation as the amount of elemental B and C
increases. Unlike SiC, the excess elemental boron added to
form the WB2−B4C-based composites results in the formation
of a WB4 impurity in addition to B4C (Figure 10). PXRD data
also indicate that less WB4 is present in W0.70Mo0.30B2

Figure 7. SEM images of (top) WB2 and (bottom) W0.70Mo0.30B2
with 10, 20, and 30 wt% SiC addition. Light gray regions represent
areas of WB2 and W0.70Mo0.30B2, while dark gray regions represent SiC
grains.
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composites, where the substitution of Mo results in less W
available for WB4 formation (Figure S5). Similar to the WB2−
SiC composites, increased hardness was observed in the WB2−
B4C system (Figure 8c). However, the WB2−B4C system
showed greater hardness enhancement, going from 29.5 ± 1.7
GPa with no B4C addition to 53.8 ± 6.0 GPa with 30 wt% B4C
addition. This average increase in hardness is due to two
additional phases: WB4 (43.3 ± 2.9 GPa at 0.49 N42) and B4C
(∼38 GPa43), both of which are harder than the parent WB2
system. In W0.70Mo0.30B2−B4C, the system again plateaus to a
hardness value of approximately 45 GPa at all B4C percentages
(Figure 8d). The fact that the hardness of W0.70Mo0.30B2−B4C
shows no enhancement despite significant grain size changes
suggests that grain size is not the primary factor resulting in
increased hardness. The explanation more likely lies in the
inherent solid solution hardening and grain boundary

strengthening already present in the single-phase
W0.70Mo0.30B2 material.
Both oxidation resistance and hardness are important factors

in cutting tools, where the lifetime and wear resistance of a
material greatly affect its performance. To compare the thermal
stability of the hardest samples, thermogravimetric studies
were performed on fine powders of unsubstituted WB2 and 30
at% Mo-substituted WB2 as well as the two hardest

Figure 8. Vickers microindentation hardness versus weight percentage (0−30 wt%) of SiC addition in: (a) WB2 and (b) W0.70Mo0.30B2 using loads
ranging from low (0.49 N) to high (4.9 N). Vickers microindentation hardness versus weight percentage (0−30 wt%) of B4C addition in: (c) WB2
and (d) W0.70Mo0.30B2 from low (0.49 N) to high (4.9 N) load.

Figure 9. SEM images of (top) WB2 and (bottom) W0.70Mo0.30B2
with 10, 20, and 30 wt% B4C additions. Light gray regions represent
areas of WB2 and W0.70Mo0.30B2, while black regions represent B4C
grains. A higher content of additional WB4 impurity (shown as gray
areas surrounding WB2 and B4C) occurs in the WB2 system, where
more W is available for tetraboride formation.

Figure 10. PXRD data of WB2 with 10, 20, and 30 wt% (a) SiC
addition and (b) B4C. The growth of the secondary β-SiC phase
(JCPDS 03-065-0360) is denoted by an asterisk (*) in (a). All
patterns show (+) WB4 (JCPDS 00-019-1373) and (*) B4C (JCPDS
00-035-0798) in (b).
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composites, WB2−30 wt% SiC and WB2−30 wt% B4C. Figure
11 shows the oxidation behavior of the four samples up to

1000 °C in air. W0.70Mo0.30B2 reaches 10% mass change at the
lowest temperature (∼580 °C) followed by WB2−30 wt% B4C
and WB2 (∼640 °C). WB2−30 wt% SiC does not gain 10%
mass until 660 °C. At 700 °C, both W0.70Mo0.30B2 and WB2−
30 wt% B4C have 20% increased mass, while WB2 and WB2−
30 wt% SiC do not reach 20% mass change until 740 and 800
°C, respectively. At 30% mass change, the corresponding
temperature for WB2−30 wt% B4C is 760 °C, much lower than
the other three systems. While all systems increase the
hardness of unsubstituted WB2, their effects on oxidation
resistance vary. WB2−30 wt% SiC exhibits the slowest
oxidation rate followed by W0.70Mo0.30B2, WB2 and WB2−30
wt% B4C up until 30% mass change. While the composite
effect for enhancing oxidation resistance is not fully under-
stood, the presence of SiC and B4C enhances both hardness
and oxidation resistance in the WB2 system. Understanding the
grain morphology, hardness, and thermal stability of these
systems provides valuable information toward tailoring boride-
based materials for industrial applications.

■ CONCLUSIONS

The development of materials with high hardness, thermal
stability, and cost-effectiveness remains a challenge in the
manufacturing and machining industries. In this study, the
substitution of 30 at% Mo increased the hardness of the parent
WB2 structure, largely because of intrinsic solid solution effects.
These effects are observed both through Vickers hardness
measurements and through plateau differential stress values
that are both high and remarkably isotropic for a layered
crystal structure. Multiphase materials (WB2 with B4C and
SiC) exhibited additional extrinsic hardening through grain
size reduction and phase precipitation. This combination of
results indicates that the hardness of WB2 can be increased
both through solid solution effects, which is considered a form
of intrinsic hardening, and via composite formation, which is
often described as an extrinsic effect. Interestingly, for the WB2
system, these two mechanisms do not appear to be additive, as
the addition of B4C and SiC to W0.70Mo0.30B2 did not result in
increased hardness. These strategies demonstrate the ability to
design boride-based materials with enhanced mechanical
properties through the microstructure and composition,
while using less expensive alloying additives.
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