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Impact statement

This work demonstrates how size effects can be used to dramatically enhance the properties of
superhard materials. While size induced hardening has been previously studied in softer
inorganic materials such as pure metals and some oxides, size effects in hard materials are
relatively unexplored. This investigation demonstrates that nanoscale size can be harnessed to
further enhance the hardness of already superhard metal borides. In this paper, we specifically
investigate the effects of crystalline grain size on the yield strength of rhenium diboride
nanocrystals using high-pressure radial diffraction experiments. We show that the yield strength
of ReB, systematically increases as the crystalline grain size decreases down to 20 nm, providing
a clear demonstration of size related hardening in this new family of superhard materials. In
addition to the hardening effects, the use of nanosized materials allows us to use Rietveld
refinement to obtain texture information from high-pressure diffraction on our nanosized ReB:.
Such studies directly show that decreasing grain size results in suppression of slip along the
primary (000l) system when compared to larger nanocrystals. These results thus provide both
proof of size dependent hardening and insight into the mechanistic role of size in tuning
deformation mechanics in nanoscale superhard materials.
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The superhard ReB, system is the hardest pure phase diboride
synthesized to date. Previously, we have demonstrated the
synthesis of nano-ReB; and the use of this nanostructured material
for texture analysis using high-pressure radial diffraction. Here, we
investigate the size dependence of hardness in the nano-ReB,
system using nanocrystalline ReB, with a range of grain sizes (20 nm
- 60 nm). Using high-pressure X-ray diffraction, we characterize the
mechanical properties of these materials, including bulk modulus,
lattice strain, yield strength, and texture. In agreement with the
Hall-Petch effect, the yield strength increases with decreasing size,
with the 20 nm ReB, exhibiting a significantly higher yield strength
than any of the larger grained materials or bulk ReB,. Texture
analysis on the high pressure diffraction data shows a maximum
along the [0001] direction, which indicates that plastic deformation
is primarily controlled by the basal slip system. At the highest
pressure (55 GPa), the 20 nm ReB, shows suppression of other slip
systems observed in larger ReB, samples, in agreement with its high
yield strength. This behavior, likely arises from an increased grain
boundary concentration in the smaller nanoparticles. Overall, these
results highlight that even superhard materials can be made more
mechanically robust using nanoscale grain size effects.

1. Introduction

Ultra-incompressible and superhard materials are good candidates
for applications in cutting tools, grinding, polishing, and wear
resistant coatings. The demand for superhard materials has steadily
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increased in the past decade as the prevalence of space-age metals
and ceramics become mainstream in the marketplace. The
traditional method for making synthetic superhard materials, such as
diamond and cubic boron nitride, is costly and entails both high
temperature and high pressure.>? Additionally, diamond cannot be
effectively used to cut ferrous metals due to its limited thermal
stability in air and tendency to form iron carbide byproducts.3
Inspired by the highly covalent bonding network of diamond, we
found that transition metal borides, which can be synthesized under
ambient pressure, are potential alternatives due to the low costs and
appreciable mechanical properties.*#>® These metal borides combine
highly incompressible transition metals (e.g., tungsten, rhenium,
osmium) with boron, which is capable of forming strong covalent
bonds.

The first example of a superhard metal boride following this
design principle was rhenium diboride (ReB,, P63/mmc). Like most
other metal diborides, the structure of ReB, consists of alternating
boron and metal sheets. However, unlike the more typical AlB,-type
structure which contains flat, graphene-like sheets of boron, ReB,
contains corrugated boron layers which resist slip along the layer
direction. Due to this beneficial structure, ReB, has a Vicker’s
hardness greater than 40 GPa under an applied load of 0.49 N and a
bulk modulus above 300 GPa, thereby classifying ReB, into both the
superhard and ultra-incompressible categories.>”® While there has
been debate surrounding the classification of ReB, as superhard,>0
the differences between measured hardness values are often a result
of differing synthesis or sintering conditions producing suboptimal
compacts. The large body of experimental and theoretical work on
ReB, generally agrees that it lies right on the arbitrary threshold that
defines a superhard material, and as such, it will be referred to as
superhard for the remainder of this study.>711-17

While the hardness of pure metal borides is quite high, a variety
of methods can be used to further increase hardness. For example,
A broad range of studies have shown that hardness can be enhanced
by solid solution effects, where one or more metals of different
atomic size or number of valence electrons are added into the host
lattice.819.20.2L.22 This addition serves to impede the slip within the
lattice, which is known as dislocation pinning. For example, our group
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has demonstrated that the hardness of ReB, can be increased to ~48
GPa by substitutionally doping tungsten into ReB, to form a Re;.
W,B, solid solution.?> On the other end of the spectrum, grain
boundary effects such as the finite size or multiphase effects, can
also produce higher hardness.?4252627.28 Stydies suggest that as the
grain size is reduced, the likelihood of dislocations running into grain
boundaries increases, leading to stronger barriers to dislocation
movement. Works in other nanoscale metal systems have shown
enhanced hardness through  suppressing  stress-induced
dislocation.?®3 This hardening phenomenon can be explained by
Hall-Petch effect that the maximum strength in materials can be
achieved by reducing grain size. As the grain size decreases, the
nucleation of dislocations becomes more energetically unfavorable,
leading to material hardening. Indeed, previous work from our group
has shown that nanosized ReB, materials can be synthesized, and
that such materials display evidence of the Hall-Petch effect.3!
Despite large enhancements observed in hardness, the deformation
mechanism is not fully understood, particularly the size-dependent
yield strength in the nanosized superhard materials, which are much
more resistant to slip than soft materials like metals.?®

In order to investigate the hardness of the nanomaterials, radial
diffraction is used instead of conventional indentation tests, because
indentation, whether nano- or micro-indentation can only be
performed on compact solid samples.? Alternatively, in-situ high-
pressure X-ray diffraction which directly measures the change of
bonding of the nanomaterials upon compression, gives yield
strength, which is the maximum stress the material can sustain
before bond breaking.3233 It is directly related to the hardness and
can be used to compare the intrinsic hardness of nano-ReB, of
different grain sizes. In the current study, we specifically compare
nanocrystalline powders of ReB, with 20 nm, 50 nm, and 60 nm grain
sizes to examine size effects.

The goal here is to tune the grain size of superhard materials and
investigate the plastic and elastic properties in response to external
pressure so that we can gain a better understanding of the
fundamental physics contributing to hardness. A major challenge is
that mechanical grinding below the micrometer scale is extremely
difficult for superhard materials—often due to oxidation or
contamination by the grinding media. To address this challenge, our
group previously developed a bottom-up synthesis of nano-ReB, at
ambient pressure based on a high-temperature salt-flux reaction.3!
Here, we report a synthetic approach to tune the nano-crystallite size
of ReB, by precise control of the soak time and temperature. We
then used synchrotron-based angle dispersive X-ray diffraction in a
radial geometry, in a diamond anvil cell (DAC) to determine the bulk
modulus and to examine the yield strength of the superhard material
up to ~50 GPa.3* Additionally, the texture, which is sensitive to the
active slip systems as well as stress, elucidates the microscopic
deformation mechanisms controlling the plastic behavior of the
material.3>36 Our results show size-dependent yield strength in ReB,,
in agreement with the Hall-Petch effect. In particular, our ReB, with
20 nm grain size has significantly higher yield strength than the
previously reported 50 nm ReB,. Notably, texture analysis on the
high-pressure diffraction data indicates that 20 nm ReB, undergoes
much less slip compared to the larger samples. Overall, this work
demonstrates that control over size and grain boundary effects in
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superhard materials can be used to produce new materials with even
more impressive mechanical properties.

2. Methodology
Synthesis of n-ReB,

Elemental rhenium (99.99%, CERAC Inc., USA) and amorphous
boron (99+%, Strem Chemicals, USA) powders were uniformly
mixed in the molar ratio Re:B = 1:5 using an agate mortar and
pestle for 60 nm and 20 nm ReB,. Note that the reaction needs
an excess of boron to avoid forming lower borides. We then
added 100x and 20x excess NaCl (99.5%, Sigma-Aldrich, USA) by
weight to the mixture for the syntheses of 60 nm and 20 nm
ReB,, respectively. In the previously published paper, 50 nm
ReB, was prepared by mixing elemental rhenium and
amorphous boron with 1:4 ratio, followed by adding 100x NaCl
by weight to the mixture. The mixture was then pressed into 13
mm diameter pellets under a 10-ton load using a hydraulic jack
press (Carver, USA), followed by heat treatment in a tube
furnace under flowing argon. The heating profile for 60 nm ReB,
was set as follows: ramp from 20°C to 1100 °C over 2 h, dwell at
temperature for 2 h, and then cool to room temperature over 5
h. The heating profile for 20 nm ReB, was set as follows: ramp
up to 850 °C over 50 min, dwell for 45 min at temperature, and
subsequently cool to room temperature over 5 h. The heating
profile for 50 nm ReB, was ramping up to 850 °C over 1.5 h,
dwelling for another 1.5 h, and then cool down to room
temperature over 5 h. Each sample was washed in water and
centrifuged several times in order to remove the NaCl flux. The
resulting powders were characterized by powder X-ray
diffraction (PXRD).

Characterization

Scanning electron microscopy (SEM) images were obtained using a
model JEOL JSM-6700F field emission electron microscope with 5 kV
accelerating voltage and 6 mm working distance. Samples were spread
onto double-sided copper tape and sputter-coated with gold for 60 s.
Transmission electron microscopy (TEM) was performed using an FEI
Titan S/TEM operating at 300 kV. Sample purity was assessed using
laboratory X-ray diffraction collected with a PANalytical X’Pert Pro
diffractometer operating with Cu Ka (A = 1.5418 A) using a 0.05° step
size, an accelerating voltage of 45 kV, and a current of 40 mA.
Resistivity data were collected using a two-point contact in which the
nanocrystalline ReB, powder was compacted into a CR2032 coin cell,
which was used both to press the powder into a pellet, and to make
the electrical contacts. The cell stacking was as follows: top casing,
stainless steel spacer (thickness = 0.5 mm), sample, spacer, Belleville
washer, bottom casing. The probes were attached to either side of
the cell and data were collected as the sample was heated from room
temperature up to 100 °C. Thermogravimetric analysis data were
collected on a PerkinElmer TGA 8000 under 40 mL/min dry air flow
from room temperature up to 1000 °C at a heating rate of 10 °C/min.

Radial X-ray diffraction

The in situ angle-dispersive X-ray diffraction experiments under non-
hydrostatic pressure were carried out at synchrotron beamline

This journal is © The Royal Society of Chemistry 2023
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12.2.2 of the Advanced Light Source (ALS, Lawrence Berkeley
National Lab). Each sample was loaded individually into a chamber
(~60 um in diameter and ~60 um in thickness) in a boron gasket
(~400 um in diameter and ~60 um in thickness), made of amorphous
boron and epoxy and subsequently embedded in rectangular
polyimide tape.3” A small piece of platinum foil (~15 um in diameter
and ~10 um in thickness) was placed on top of the sample to serve
as an internal pressure standard. No pressure-transmitting medium
was added to ensure the presence of non-hydrostatic stress upon
compression. In this experiment, the incident monochromatic X-ray
beam (25 keV in energy, 20 x 20 um in beam size) was perpendicular
to the loading axis. The diffraction was recorded using an MAR-345
image plate at each ~4 GPa pressure step. Calibration of the sample-
to-detector distance, beam center, and detector tilt was carried out
by using a CeO, standard and the program FIT2D.38

The ring-like diffraction patterns were “unrolled” and
transformed to rectangular coordinates, which are called “cake
patterns”. The diffraction data were analyzed by Rietveld refinement
as implemented in the software package MAUD.3*%0 The cake
pattern has azimuthal angle n (with 0° and 180° corresponding to the
low-stress directions and 90° and 270° corresponding to the high
stress directions) plotted versus 26. The 1-dimensional diffraction
patterns as a function of 26 were obtained at the magic angle ( =
54.7°), which corresponds to effectively hydrostatic condition.

The stress in the sample under uniaxial compression is described
by Equation (1):

op 0 O o, 0 0 —t/3 0 0
c=(0 o1 0|=[0 o, 0|4 O —t/3 0 (1)
0 0 o3 0 0 o 0 0 —2t/3

where g, is the minimum stress, g3 is the maximum stress, gp is the
hydrostatic stress component, and t is the differential stress.3241 The
differential strain is calculated from the d-spacing using:

dm(hkl) = dy(RkD[1 + (1 — 3cos?@)Q(hkD)]  (2)

where d, is the measured d-spacing, d is the d-spacing under
hydrostatic condition, ¢ is the angle between the diffraction normal
and axial compression direction, 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) = 6G(hkl)Q(hkl) (3)

where G(hkl) is the shear modulus of the specific lattice plane. Note
that the actual shear modulus lies between the two extremes
determined by the iso-strain (Voigt)*> and iso-stress (Reuss)*
conditions. For a hexagonal crystal, the expression of Gy and
Ghreuss(hkl) in terms of elastic compliance can be found in references
44 and 45_

Incompressibility can be determined using the third-order Birch-
Murnaghan equation-of-state (EQS)*¢ as following:

p=inf() - 6) ol 1))

where P is the pressure, K, is the bulk modulus at ambient pressure,
Vis the volume, V, is the undeformed unit cell volume, and K’ is the
derivative of K, with respect to P. Equation (4) can be simplified to
second-order by fixing Ky’ = 4. The Birch-Murnaghan equation-of-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structural characterization of nano-ReB,. (a) and (b)
Scanning electron micrographs of 60 nm and 20 nm ReB,,
respectively. (c) & (d) Low magnification transmission
electron micrographs of 60 nm and 20 nm ReB,, respectively,
showing the grain microstructure within the large primary
particles. (e) High resolution transmission electron
micrograph of 20 nm ReB, showing a single lattice domain
through a small particle. (f) Atomic resolution image of the
selected area in (e) showing the crystal structure of ReB,,
with alternating planes of Re (bright) and B (dark). Inset:
Fourier transform of the image in (f). (g) 1-D diffraction
patterns for 20 nm-, 50 nm-, and 60 nm-ReB, at ambient
pressure. Impurity peaks in the 50 nm-ReB, are labelled with
open circles.

state can also be rewritten in terms of normalized pressure (F) and
Eulerian strain (f),%” as shown in the following:
P
T 31+ 2™

f= %((%)2/3 - 1) (6)

Equations (5) and (6) can be combined to give a linear regression,
where the zero-intercept yields the bulk modulus at ambient
pressure (Kp) and the slope gives the pressure derivatives of the bulk
modulus (Ky’).

Texture analysis was carried out using the software package
MAUD.* The inverse pole figures, representing the variations of
intensities along different stress directions, reveal the grain texture

(5)

and signify the primary slip planes. The texture strength is measured
in multiples of the mean random distribution (M.R.D.), with random
texture at M.R.D. = 1 and stronger texture at higher M.R.D. values.

3. Results and discussions

3.1 Synthesis of nano-ReB,

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Representative synchrotron cake pattern and integrated 1-D X-ray diffraction patterns for (a,b) 20 nm-ReB, and (c,d) 60
nm-ReB,. The indexing for the relevant peaks is included on the image.

previous work, we showed that nano-ReB, could synthesized by a
flux reaction, where the formation of ReB, from the pure elements
could occur at high temperature in a molten salt.3! Here, we worked
to tune the particle size through control of nucleation and growth
rates with precisely controlled temperature profiles and variation in
the precursor-to-salt ratio. In the synthesis of nano-ReB,, excess
boron ensures complete formation of borides with the desired
stoichiometry. In our previous work, 50 nm particles were prepared
with excess NaCl flux, whose liquid phase serves as diffusion medium
as the temperature reaches above its melting point (850°C).3! The
nucleation of nanoparticles occurs above the melting point of NaCl,
and the prolonged soaking time ensures the crystal growth. In the
current study, larger particles are synthesized with higher
temperature and longer soaking time to ensure the full growth of
nanoparticles. Smaller particles are synthesized with a higher
precursor-to-salt ratio, lower temperature, and shorter soaking time.
With a higher precursor-to-salt ratio, nanocrystal nucleation is
facilitated, thus initiating the growth of many nanocrystals at once.

Faster ramp rates to above the melting temperature of NaCl further
facilitates rapid nucleation of nanoparticles. Efficient nucleation is
then accompanied by limited growth, which is achieved using short
soak times and the lowest temperatures that produce phase pure
material to limit grain growth. This combination produces
nanocrystals that are significantly smaller than those produced
previously.

SEM and TEM images (Fig 1a-f) show the morphology of the 60
nm and 20 nm samples. Both samples appear as large, agglomerated
particles which contain many smaller crystalline domains. Atomic
resolution microscopy reveals the layered structure of ReB, with
alternating layers of rhenium and boron. The agglomerated
morphology and large size of the primary particles make it difficult to
determine average crystalline domain sizes with microscopy, so the
average grain sizes of the nanocrystalline samples was determined
using Rietveld refinement of the peak widths of the X-ray diffraction
patterns. In our experiment, a highly crystalline calibration material
(Ce0,) was used to determine the instrumental broadening. Rietveld
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Fig. 3 Lattice constants and c/a ratio for 20 nm-, 50 nm- and 60 nm- ReB;, as a function of pressure calculated using Rietveld refinement.
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Fig. 4 Normalized pressure (F) vs. Eularian strain (f) for (a) 20
nm-ReB, and (b) 60 nm-ReB,. Data points are fit separately
to a second-order (black) and a third-order (red) Birch-
Murnaghan equation-of-state. The intercept of the solid line
yields the ambient pressure bulk modulus (Ko). The slope of
the line yields the pressure derivative (Ko).

analysis for the peak profile from the XRD of the unstressed nano-
samples shows crystallite sizes of ~20 nm, ~50 nm and ~60 nm.
Overlaying the diffraction patterns of the nano-samples, the peak
width of the diffraction pattern from the 20 nm particles is much
wider, and the 50 nm particles have very similar peak width to 60 nm
particles, which is consistent with the particle size estimation from
Rietveld refinement (Fig. 1g).

Two-point probe resitivity measurements on nanocrystalline
ReB, shows an ambient temperature resistivity of 1.25E-3 Q-cm. This
increase in resistivity compared to bulk ReB, (p = 3.5E-6 Q-cm) is
likely caused by the dramatic increase in grain boundaries in the
nanocrystalline samples and the fact that the powders were
compressed under a very modest load, both of which have been
shown to increase resistivity in polycrystalline samples. Despite this,
resistivity as a function of temperature shows an increase in
resisitvity as the temperature rises, indicating that the
nanocrystalline samples are still metallic, like their bulk counterparts
(Fig. S1).

Thermogravimetric analysis (TGA) under air shows a small
decrease in mass just before 100 °C, followed by an increase at
around 400 °C and then a more rapid loss of mass at around 675 °C
(Fig S2a). The decrease at around 675 °C matches what is seen in
bulk ReB, powder and is attributed to the formation of volatile ReO3
(Fig S2b).” Both the decrease in mass just before 100 °C and the
increase in mass starting at 400 °C differ from the bulk, but these can
both be attributed to the increased presence of amorphous boron,

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Hydrostatic compression curves of 20 nm-, 50 nm- and
60 nm-ReB, obtained at the magic angle (¢ = 54.7°). The solid
line is fit to the third-order Birch-Murnaghan equation-of-
state.

which is one of the precursors used in the salt flux synthesis. The
boron takes in some water when left in air, which is volatilized at
around 100 °C, and boron is known to start oxidizing into B,03 at
around 400 °C.*® The data thus indicates that the nanocrystalline
ReB; itself has a very similar thermal stability to bulk ReB, powders.

3.2 High-pressure radial diffraction

Given that the salt-flux synthesis technique described above only
produces small quantities (~100 mg) of nanocrystalline powder,
creating a sintered compact with which direct tensile/shear strength
and Vickers hardness measurements can be done is not possible.
Instead, we utilize in situ high-pressure X-ray diffraction, which is an
experiment uniquely suited to measure the mechanical properties of
these nanocrystalline powders. As detailed in the methodology
section, extremely small amounts of powder can be loaded into the
diamond anvil cell and compressed uniaxially without any pressure
medium. These nonhydrostatic conditions create differential
compressive stresses within the material that, when combined with
lattice strain theories,*44* provides insight into the strength,
deformation mechanisms, and elasticity of the materials.>°

In-situ high-pressure XRD experiments were conducted under
non-hydrostatic compression up to 50 GPa for 20 nm, 50 nm, and 60
nm-ReB,. The “cake” patterns recorded at the lowest and highest
pressures and the integrated 1-dimensional diffraction patterns for
the 20 and 60 nm materials are shown in Fig. 2. At low pressure, the
diffraction lines are almost straight due to the hydrostatic stress
state, while at high pressure, the diffraction lines deviate to higher
26 values (smaller d-spacings) in the high stress direction (¢ =0°) and
to lower 26 values (higher d-spacings) in the low stress direction (¢
=90°).33 The sinusoidal variation of each diffraction line indicates the
lattice-supported strain. The peak broadening in the high-pressure 1-
D integrations is thus due to strain inhomogeneity.

Quasi-hydrostatic high-pressure diffraction patterns can also be
obtained at the magic angle ¢ = 54.7°, and all peaks in these patterns
can be indexed to the ReB, crystal structure throughout the
measured pressure range. Moreover, the crystal structure is found
to be nearly identical before and after compression and
decompression, as shown in Fig. S3. This magic angle data can be
used to track the change in lattice spacing upon compression (Fig.

J. Name., 2013, 00, 1-3 | 5
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Fig. 6 Comparison of the differential stress (t) under iso-strain (tyoig) conditions as a function of pressure for 20 nm-, 50 nm-, 60
nm- and bulk-ReB, in the (002), (101) and (110) lattice planes. The data are separated by lattice plane (a) and by sample (b) to
more easily compare within and between the different samples. Differential stress (t) under iso-stress (tgeuss) conditions for each

sample can be found in the Sl (Fig. S6)

S4). As expected, all peaks shift to higher 26 values with increasing
pressures, but the shift is not identical for different sizes of
nanocrystals. We note that as shown in Fig. 2, the diffraction patterns
are very smooth, indicating high grain number statistics due to fine
particle size. Therefore, Rietveld refinement can be conducted on the
high-pressure data, where an entire diffraction pattern can be fit to
produce a calculated pattern in an iterative fashion to produce more
accurate lattice constants, which are shown as a function of pressure
in Fig. 3 and tabulated in Table S1. An example of refined data is
shown in Fig. S5. The pressure for each compression step was
determined from the equation-of-state of a Pt standard, using its d-
spacing at ¢ = 54.7°.

The d-spacings show a continuous, linear decrease without
abrupt changes upon compression, suggesting no phase transition
occurs and the hexagonal structure is maintained as pressure
increases. The lattice constants and their ratio (Fig. 3) show a
relatively linear decrease for all three nanocrystalline sizes. The ¢
lattice parameter, which is normal to the boron and metal layers,
compresses at a slower rate than the a lattice parameter, resulting in
a nonuniform deformation of the unit cell. This can be seen in the
positive slope when the c/a ratio is plotted as a function of pressure.
The magnitude of this difference appears to be related to the
crystalline grain size as well, with the 20 nm-ReB, having the smallest
c/a vs pressure slope while the 60 nm-ReB, has the steepest slope.
This indicates that smaller sized grain are preferentially more
resistant to compression parallel to the boron and metal layers.

With the lattice parameters, bulk modulus can be calculated.
Note that the bulk modulus (Kg) is sensitive to the choice of pressure
derivative (Ky'), so that large variations in bulk modulus can result
from slight variations in Ky'.*¢ As shown in Fig. 4, a fit to the third-
order equation of state in terms of normalized pressure and Eulerian
strain (red line) yields a bulk modulus of 3559 GPa (Ky'=0) and
393114 GPa (Ko'=5.1) for 60 nm- and 20 nm-ReB,, respectively. The
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second-order equation of state with fixed Ky’ = 4 (black line) yields a
bulk modulus of 304+8 GPa and 406+7 GPa for 60 nm- and 20 nm-
ReB,, respectively, but the quality of the fit for the second-order
equation is clearly inferior, particularly for the 20-nm nanocrystals.
As shown in Fig. 5, the hydrostatic compression curves, fit to the
third-order equation-of-state, shows higher incompressibility in 20
nm-ReB,, compared to 50 or 60-nm materials. The unit cell volume
of the smaller particle changes less upon compression and the trend
in compressibility is monotonic with size. Similar trends were
observed in titania nanoparticles, where it was found that bulk
modulus in tens of
nanometer-scale.®! In that system, it was hypothesized that as the

increases with decreasing particle size

particle size decreases, dislocation pileups become more prevalent
due to increasing interaction of the dislocations with interfaces, thus
shielding intervening regions from the external pressure.

It is true that a high bulk modulus is often observed in hard
materials, however, it is not the primary factor in determining
materials strength.185253 Bulk modulus, a measure of elastic
deformation, reflects a material’s resistance to volume change with
respect to pressure. Indeed, a number of mechanically soft materials
have high bulk moduli.>* Yield strength, on the other hand, defined
as the resistance to plastic deformation, is directly related to the
hardness of the material.>> In the current study, the plastic
deformation mechanism was studied using the evolution of the
differential stress (t) as a function of pressure in a lattice specific
manner. This is an ideal way to study hardness, as the plateau value
of the differential stress corresponds to the yield strength.

As described in the Experimental section, differential stress (t)
can be calculated from differential strain (t/G), given the shear
modulus (G). It is important to note that shear modulus (G) is
weighted average between the Voigt shear modulus (iso-strain) and
the Reuss shear modulus (iso-stress). The differential stress under
both conditions using the elastic stiffness

was calculated

This journal is © The Royal Society of Chemistry 2023
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constants.>®5” In Fig. 6, differential stress under iso-strain (tyeigt)
conditions are plotted for three different sizes of nano-ReB, (20 nm,
50 nm,3! 60 nm) and bulk ReB, in a lattice-specific manner. Data is
separated both by lattice plane (Fig. 6a) and by sample (Fig. 6b) to
compare the data more easily within and between each sample.
Differential stress (t) under iso-stress (tgeuss) conditions for each
sample can be found in the SI (Fig. S6). Note that the differential
stress increases linearly with pressure and then appears to level off.
The linear increase is associated with elastic behaviour, and the
plateau is interpreted to imply that the lattice plane can no longer
sustain additional stress, and presumably indicates the onset of
plastic deformation. The plane with the lowest differential stress
plateau value supports the least deformation, while planes with
higher differential stress plateau values resist more shear and
dislocation movement.

Bulk ReB, supports much lower differential stress compared to
the nano-samples in all three lattice planes studied, suggesting that
an enhanced resistance to shear is likely due to the dislocation-grain
boundary interaction in the boundary-rich nano samples. In addition,
the plateau in bulk ReB, appears much earlier and is flatter when
compared to the nanocrystalline samples, especially in the basal
(002) plane. The earlier plateau is indicative of a comparatively much
more rapid onset of plastic deformation in the bulk sample with slip
primarily occurring between the metal-boron layers. In addition, the
flatter plateau indicates complete transition from elastic to plastic
deformation upon reaching the yield strength. This is in contrast to
the nanocrystalline samples which appear to continue some degree
of elastic deformation after the onset of plastic deformation,
allowing the material to withstand much higher maximum allowed
differential stress.

Comparing the differential stress among the nano-ReB, samples,
we found that 20 nm-ReB, has the highest plateaued value, and the
50 nm-ReB, has very similar trends in differential stress to the 60 nm-
ReB,. This suggests that as the particle size gets significantly smaller,
the grain boundary concentration increases, leading to a higher
energy barrier for lattice dislocations to propagate through grain
boundaries. This phenomenon is known as the Hall-Petch effect, and
it states that the strength is inversely proportional to the grain

(@) [20nmReB, | 1270
10 GPa % 35GPa
y '@‘«sm a

<)
)] <

0001 1120

(b) | 60 nm ReB,
U
10 GPa 35GPa S

L/”f\ QJQ L\\(j_h

size.”®% As the grain size decreases, the nucleation of dislocations
becomes more energetically unfavorable, leading to material
hardening. Interestingly, the 20 nm sample shows a dramatic jump
in the differential stress of the (110) plane at around 40 GPa. This
appears to be at around the pressure that the basal (002) plane fully
plateaus. This is likely indicative of strain hardening behavior as the
prismatic (110) planes lock slip, which is accommodated by the
movement of the (002) and (101) planes.

The size dependent effects are not the same for all lattice planes.
The basal plane of the hexagonal closed packed crystal structure,
(002), has the lowest plateaued differential stress, implying it is very
likely to be the major slip plane. This plane shows the largest size-
dependent increase in differential stress, a fact that should translate
to large changes in measured hardness in a nanocrystal compact.
The (101) and (110) planes, which both cut through the boron and
metal layers, support higher plateau values of differential stress. The
(101) plane shows very similar differential stress data for all three
nanocrystal sizes, though the 20-nm sample appears to be slightly
higher.

3.3 Texture analysis

Further information about slip systems in these nanocrystal samples
comes from texture analysis, where a direct map of accessible slip
systems is derived from the peak intensity variation with stress
directions in the radial diffraction geometry. When shear stress is
applied to polycrystals in the DAC, individual grains tend to deform
preferentially on slip planes, inducing grain rotation to collapse at the
lattice-preferred orientation. Such orientation distributions are
represented by inverse pole figures (IPF), as shown in Fig. 7 and in
other literature.3' In the inverse pole figure, the color scheme
indicates the probability of finding the poles to the lattice planes in
the compression direction, with a random distribution corresponding
to mean random distribution (m.r.d.) =1, and stronger preferred
orientation at higher m.r.d. values.

In Fig. 7, the IPFs show the evolution of texture for both 20 nm-
and 60 nm-ReB, as a function of pressure. The texture (contrast in
m.r.d. intensities) gets stronger as the pressure increases. The trends
for the 60 nm ReB, are very similar to those observed previously for
50 nm ReB,, with the m.r.d. intensity concentrated at the (0001)

41 GPa 55 GPa z \
il | 'w“\ﬁ
. 1.
1.
42GPa mrd
0.80
0.60

Fig. 7 Inverse pole figures for (a) 20 nm- and (b) 60 nm-ReB; as a function of pressure. For both samples, (000l) direction is found

to be the primary slip system.
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corner at high pressure. This indicates that the (0001) lattice planes
are preferentially orientated perpendicular to the high-stress
direction, and thus that (0001)/(001) slips more easily. This confirms
that (000l) is indeed the slip plane, in good agreement with the
differential strain analysis discussed above and with the theoretical
slip system of (001)[110] for ReB,.% Interestingly, 20 nm-ReB, does
not show the same monotonic increase in texture. It exhibits
decreasing texture from 35 GPa to 41 GPa, followed by increasing
texture to 55 GPa. This finding is in good agreement with the strain
hardening observed in Fig. 6. A plateau in the differential stress
indicates slipping of a lattice plane, whereas an increasing
differential stress value indicates resistance to the slip. The
significant increase in differential stress for the (110) lattice plane of
20 nm-ReB, from 35 GPa to 41 GPa suggests a greater ability of
smaller particles to resist slipping at the basal plane, which results in
a weaker texture. At the highest pressure (55 GPa), nanoparticles
eventually fail to resist slip, and therefore, stronger texture was
observed. As shown in the IPF at 55 GPa, higher m.r.d intensities are
again more concentrated at the (0001) corner, as expected for basal
plane slip.

Comparing the data for the 20 nm- and 60 nm- ReB, at the
highest pressure collected for the 60 nm- sample (42 GPa) show
significant differences. At a similar pressure (41 GPa), 20 nm-ReB,
has weaker texture, especially at the (0001) corner, implying that slip
systems are suppressed in the smaller crystallites, which results in
higher differential stress. Similar size dependence of texture has
been observed in a number of metal nanocrystal systems.61.62:30 |n
the nickel nanocrystals, for example, nano-Ni with smaller grain sizes
shows weaker texture, indicating that dislocation becomes less
active with decreasing grain size.3° Since ReB, is much tougher than
soft materials like Ni, the dislocation creep on preferred slip systems
is less significant, and therefore the texture is much weaker, with an
m.r.d valude of only ~1.3 at the highest pressure in our experiment,
but the same trend of size-dependent texture follows. The texture
results, together with strain analysis, suggest that grain boundary
effects are key to impeding dislocation, thus influencing the plastic
deformation mechanism in the nanosized superhard metal borides.

Conclusions

In this paper, we used a molten salt flux growth method to produce
nanoscale ReB; ranging in size from 20 nm to 60 nm through control
over nanocrystal nucleation kinetics. In-situ high-pressure radial XRD
was performed under nonhydrostatic compression up to ~50 GPa.
The equation-of-state for nano-ReB, samples were calculated from
d-spacings under hydrostatic condition (¢ = 54.7°) and the bulk
moduli were obtained. The results indicate that the bulk modulus
was significantly increased in the smaller crystallites. Lattice-specific
differential strain analysis was performed on 20, 50, and 60 nm-ReB,
and the results were compared with bulk ReB,. The yield strength
was found to be inversely proportional to grain size, in good
agreement with the Hall-Petch effect. The basal planes of the
samples support the least differential stress confirming that (00l) is
the slip plane controlling deformation in all sizes of ReB,. Texture
analysis confirmed the slip system and showed a size dependence to
the development of texture in nano-ReB,; weaker texture was
observed in the smaller nanocrystals. This fact, coupled with the
strong correlation between yield strength and texture, indicate that
grain boundaries in these superhard materials can dramatically
reduce dislocation-induced plastic deformation.
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Although this is a fundamental study of nanocrystal powders,
spark plasma sintering (SPS) could be used in the future to produce
a densified nanostructured ceramics from these nanocrystals,
thereby allowing for more standard indentation hardness
measurements and comparison with other superhard materials. In
the meantime, these results have exciting implications for the
enhanced hardness of nanostructured metal boride ceramics that
may be produced from these precursors.
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