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materials, diamond and cubic boron nitride (c-BN), are
expensive and difficult to synthesize since they require
high-pressure high temperature (HPHT) conditions in
order to form. Owing to these limitations, research efforts
have focused on the search for novel superhard materials
that are less expensive to fabricate. Successful candidates
have been compounds that contain light elements (C, B, O,
and N). Among these candidates, transition metal borides
exhibit high hardness and can be readily synthesized at
ambient conditions, leading the way for the next generation
of superhard materials.
This article first reviews the concept of hardness, as well
as the high-pressure (HP) experimental techniques used
to characterize hard materials. Next, we summarize the
synthesis and mechanical properties of ultrahard materials
(i.e. diamond and c-BN) and discuss other potential compounds in the B–C–N ternary system. Then, we cover the
synthesis and characterization of hard and superhard materials, such as nitrides, oxides, and borides. Special focus is
given to transition metal boride systems, particularly tungsten tetraboride (WB4 ) and the effects of metal atom substitution on its hardness and surface morphology. In general,
this article provides an overview of bulk single-phase substances. The extensive research and advancements on thin
films and composites must be discussed in a separate review.
While this article highlights work performed from 2012 to
the present, references to important work before this period
are included and discussed, as needed.
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1 INTRODUCTION
The study of superhard materials (Vickers hardness ≥ 40 GPa) is a significant area of research interest
for applications in the machining and manufacturing
industries. With the exception of plastics, most humanmade objects have been cut, drilled, or formed by tools that
are either hard or coated with a hard material. Industries
often look to the use of superhard materials for tools used
in these processes because higher hardness affords longer
lifetimes and higher wear resistance. Traditional ultrahard
Update based on the original article by Timothy P. Hanusa, Encyclopedia of
Inorganic Chemistry © 2011 John Wiley & Sons, Ltd.

2 HARDNESS AND HIGH-PRESSURE BEHAVIOR:
CONCEPT AND MEASUREMENT TECHNIQUES
The forefront of hard materials research focuses on the
search for new superhard materials with elastic properties and hardness that rival the attributes of diamond.
This objective is significant in both fundamental science
and technological applications. The direction of superhard
materials research can be divided into two main areas
of interest: experimental work towards synthesizing new
materials and theoretical predictions of new phases and
their elastic properties.
Hardness is a complex property that is typically defined
as a material’s resistance to plastic deformation (i.e.
imprinting or scratching) by another material. In general,
hardness is a weighted sum of both intrinsic effects, such
as chemical bond strength, and extrinsic effects, such as
grain boundaries and surface morphology.1 In addition,
hardness measurement values are dependent on the testing
technique, the applied load, the geometry of the indenting
or scratching device, and the experience of the person
performing the hardness test. Thus, the effects of both
microscopic and macroscopic properties on hardness must
be considered when comparing the merits of superhard
materials.
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atomic size of the initial metal and the dopant (no greater
than 15% difference in atomic radii). The main mechanism
of hardness enhancement, in this case, is through pinning
of dislocations in a material to the locally distorted crystal
lattice, due to the different atomic sizes of the doping
atoms.
Extrinsic hardening effects, such as grain boundary
hardening (the Hall–Petch effect),18–22 patterning,23–25 and
nanomorphology,26 can be seen in the surface morphology
and grain structure of a material. For example, changing
the cooling rate through the addition of various dopants
can alter the average grain size of a material23 and result in
changes to overall surface morphology and patterning.23,25
In grain boundary hardening, or the Hall–Petch effect,
decreasing the average grain size leads to more grain
boundaries. This results in a higher likelihood of dislocations running into grain boundaries, and consequently,
higher hardness. By controlling these factors, the contribution of extrinsic factors can be increased and overall
hardness enhanced. Section 4.2 provides some examples of
these effects.
Hardness measurements (i.e. Vickers hardness) are
performed by micro-indenting the surface under a given
applied load. As the indent has a relatively small depth,
this method is highly susceptible to grain morphology and
patterning (extrinsic effects) in addition to the underlying
crystal structure of the phase (intrinsic effects). On the
other hand, HP methods probe only the underlying structure (intrinsic effects) and are independent of extrinsic
effects.

Intrinsic and Extrinsic Contributions to Hardness

Although mechanical hardness is a function of many
variables, in most cases, this relationship can be simplified to a weighted average of intrinsic and extrinsic hardening effects. Intrinsic hardening effects are a function
of the composition of a material and its structure (the
bonding and arrangement of atoms). More specifically,
intrinsic hardness is the result of bond length and bond
directionality. Generally, for a material to be intrinsically
hard (e.g. diamond,2,3 c-BN,4 𝛾-boron,5,6 ReB2 ,7 WB4 8 ), it
must possess high resistance to volume change (bulk modulus), which directly correlates with elastic stiffness (incompressibility), as well as high resistance to shape change
(shear modulus), which correlates to the bending of bonds
as well as to the direction and plane of shear.9–11 For
instance, the majority of superhard metal borides have
either short, strong, and directional metal–boron bonds
(WB4 and ReB2 ),7,12 or boron–boron bonds which are
part of a larger cage structure (ZrB12 , YB66 ),13,14 as highlighted in Figure 1. In both of these cases, bond bending
(shear) and bond braking are highly energetically unfavorable processes. Although superhardness and incompressibility are often correlated and most superhard materials
are highly incompressible, having high incompressibility
does not translate into super- or high hardness for a material (e.g. Os metal). This is discussed in greater detail in
Section 4.2.
Alloys and solid solutions are an excellent way of
improving (increasing) the contribution of intrinsic hardening effects. The formation of solid solutions, in which one
type of atom is exchanged for another of a different atomic
size or valence electron count, is governed by the HumeRothery rules,15–17 which require similarity of crystal
structures, oxidation state (valency), electronegativity, and

2.2

Direct Measurement of Hardness

There are three general techniques used to measure and
report hardness: (i) a scratch test, (ii) an indentation test,

c

a

b

(a)

(b)

(c)

Figure 1 Crystal structures of: (a) rhenium diboride, ReB2 (P63 /mmc); (b) tungsten tetraboride, WB4 (P63 /mmc); and (c) a cubic-UB12
structural type (Fm3m) metal dodecaboride, where the unit cell of each structure is indicated by a black box. Boron atoms are represented
in green, while metal atoms are represented in gray. Partially occupied positions are denoted as partially filled atoms. The polyhedral
model of the cubic-UB12 structural type consists of a face-centered cubic (FCC) lattice of 24 boron atom cuboctahedra boron cages
that surround 12-coordinate metal atoms. Individual boron atoms exist at the vertices of each cuboctahedron but have been removed in
order to highlight the cage structure
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and (iii) a dynamic hardness test. The scratch test evaluates
materials based on their ability to scratch one another. The
Mohs scale is used to rate the hardness of different materials on a relative scale ranging from 1 to 10, with talc being
the softest (1) and diamond being the hardest (10). This
method is useful for developing an intuitive sense of hardness through qualitative comparisons. Dynamic hardness
tests are used less frequently than the first two options,
primarily because they are more difficult to perform. For
example, one type of dynamic hardness tester, the Shore
scleroscope, measures hardness from the rebound height of
an indenter. Among the three methods of measurement, the
most commonly used technique for scientific and practical
interest is the indentation hardness method, as it combines
quantitative hardness determination with relative ease of
measurement.
Indentation hardness is measured using the impression
made by an indenter on a specimen surface. Indentation
hardness tests vary in the size and geometry of the indenter
used for measurement and include Brinell, Meyer, Rockwell, Vickers, and Knoop tests. The most widely used
indenters for measuring hard materials with microhardness testers are the Vickers and Knoop indenters. While the
Vickers indenter consists of a square pyramid (apex angle
of 136∘ ), the Knoop indenter is an elongated pyramid with
a shallower depth of penetration than the Vickers indenter.
Both Vickers and Knoop hardness are measured by dividing the applied load by the area of the impression made by
the indenter, which is calculated by measuring the diagonal
length of the indentation. The equations for Vickers and
Knoop hardness are calculated using Equations 1 and 2,
respectively:
1.8544F
HV =
(1)
d2
where Hv is the measured Vickers hardness, F is the applied
force in kilograms-force, and d is the average diagonal
length of the indentation in millimeters, and
HK =

14.229F
d2

(2)

where HK is the measured Knoop hardness, F is the applied
force in kilograms-force, and d is the average diagonal
length of the indentation in millimeters. Hardness values
are typically reported in kilogram-force per square millimeter (kgf mm−2 ) or gigapascals (GPa). Many materials exhibit an inverse relationship between hardness and
applied load, where the measured hardness increases with
decreasing load (Figure 2). This phenomenon, referred
to as the indentation size effect (ISE), is predominantly
observed at low load and likely arises from the localization
of dislocations near the indenter-material surface interface.
Measurements in the low-load region should be reported
since the load curve represents the real load-dependent
hardness. Low-load hardness values offer insight into the

10:44 P.M.
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hardening behavior of a material along an applied load
range. While the load-dependent hardness of a material is
the measured hardness at a specified applied load, the loadindependent, or asymptotic, hardness is obtained from
the load-independent region of hardness as a function
of load.
Nanoindentation, often used for thin films, is another
common indentation hardness test. In this method, a
Berkovich (trigonal pyramid) diamond tip indents the
material’s surface to a certain depth or with a specified applied load and then unloads. The full load versus
displacement, or depth of penetration, curve is used to
calculate the nanoindentation hardness and Young’s modulus of the material. The nanoindentation hardness (H) is
calculated using
P
(3)
H = max
A
where Pmax is the peak indentation load, and A is the area of
the impression. The Young’s modulus (E) of the material,
is then calculated using
(1 − 𝜐2 ) (1 − 𝜐i 2 )
1
=
+
Er
E
Ei

(4)

where 𝜐 is Poisson’s ratio, and Ei and 𝜐i are the Young’s
modulus and Poisson’s ratio of the indenter, respectively.
The reduced Young’s modulus, Er , is calculated from the
elastic stiffness, S:
(
)
√
dp
2
= √
(5)
S=
Er A
dh
π
where p and h are the load and depth of penetration,
and dp/dh is the tangent to the unloading curve at the
maximum load.
Below, we examine hardness values reported from different sources in the literature. Owing to the complexity
of the factors contributing to hardness and the different
hardness measurements used by various groups, a comparison of hardness values must specify the technique and
applied load used for measurement. In order to establish a
basis for comparison, we report load-dependent hardness
values with their corresponding applied load and loadindependent hardness values with their minimum load
threshold, whenever possible. For almost all hardness data
presented throughout this article, we have specified the condition and measurement method used.
2.3

High-Pressure Characterization of Hard Materials

In addition to standard hardness tests, the recent development of synchrotron radiation and diamond anvil cells
(DACs) has created vast possibilities to study a material’s physical properties in situ at HP, and this, in turn,
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Hardness

d

Indentation
size effect
dominant

(a)

Load independent
region

Indentation load

d

(b)

Figure 2 (a) Schematic of Vickers microindentation hardness test. A diamond indenter is pressed into the material’s surface at an
applied load. The average diagonal length of the indentation (d) and the test load are used to calculate a Vickers hardness value. (b)
Plot of Vickers hardness versus indentation load. At low load, hardness is largely indentation size effect (ISE) dominant. The material
achieves its maximum hardness in this load-dependent region. As the load increases and exceeds a certain threshold, the hardness of the
material reaches an asymptotic lower limit, also known as the load-independent hardness

k

The sample state is then probed using an X-ray beam
that goes through one diamond, impinges on the sample,
and exits through the other diamond, in what is called an
axial geometry. Because the sample conditions are quasiisotropic, the orientation of loading axis and the diffraction axis is not considered important. To study processes
related to hardness, however, uniaxial loading, more akin
to the stress conditions under the indenter tip are needed,
and this is accomplished by omitting the pressure medium.
Structural changes are then probed with an X-ray beam
running perpendicular to the loading axis so that the lattice strain at any orientation relative to the load direction can be probed (Figure 3).40 This radial diffraction
geometry requires the use of X-ray transparent gaskets
based on boron or beryllium. Upon uniaxial compression,
the material first undergoes elastic deformation, where the
deformation is reversible upon removal of the load. As
compression continues, the material undergoes irreversible
deformation, which is called plastic deformation. The onset
of plastic deformation is called the yield point, and its
corresponding yield strength is directly related to hardness.
Radial X-ray powder diffraction in a DAC together with
lattice strain theory provides strength, elasticity, deformation, and rheology information. Under uniaxial compression in a DAC, the stress state (𝜎) is characterized by the
hydrostatic stress component (𝜎 p ) and the deviatoric stress
component (dij )

provides new opportunities to learn about deformations in
ultrahard materials under load. The design of ultrahighpressure DACs enables compression of very small samples to pressures beyond 400 GPa, which is equivalent to
pressure reached in the center of the earth.27,28 The highintensity X-rays emitted from a synchrotron light source
focus down to tens of micrometers spot size and can
thus be used to precisely probe samples in the DAC.29
Various experimental techniques based on synchrotron
radiation and DACs have been developed, such as X-ray
diffraction, X-ray spectroscopy, X-ray imaging, and Xray inelastic scattering. HP X-ray spectroscopy provides
information on the filled electronic states of the material and chemical bonding changes.30–32 HP X-ray imaging allows for the study of hierarchical structures, dynamic
processes, and internal strains.33,34 HP inelastic X-ray scattering enables measurement of electronic and magnetic
properties of materials.35,36 HP X-ray diffraction provides
information on the structure of single crystal, polycrystalline, and noncrystalline materials.37–39 Structural information as a function of pressure can, in turn, be used to
calculate a range of elastic constants.

2.3.1

Yield Strength and Plastic Deformation

For most HP DAC experiments, a pressure medium
is used to convert the uniaxial load of the two diamond
anvils into hydrostatic or quasi-hydrostatic compression.
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where dm (hkl) stands for measured d-spacing, dp (hkl)
stands for the d-spacing under the hydrostatic component
of stress, and 𝜑 represents the angle between the diffraction
normal and the maximum stress direction.

σ3
σ1
2θ

2.3.2
Figure 3 Schematic of Diamond Anvil Cell (DAC). The sample
is compacted in the X-ray transparent boron gasket compressed
between two diamond anvils. 𝜎 3 is the high-stress direction and 𝜎 1
is the low-stress direction. X-rays directly pass through the boron
gasket and the diffraction pattern (ring pattern) is collected in-situ
as the pressure increases. The ring pattern can be integrated along
azimuth (𝜂) angle and displayed in a cake pattern. In the cake
pattern, each curve represents diffraction from a specific lattice
plane. At high-stress direction (𝜎 3 ), the lattice planes are more
compressed and the corresponding d-spacing is smaller, therefore,
the diffraction line is shifted to higher angle (2𝜃). At low-stress
direction (𝜎 1 ), the d-spacing is bigger, so that the diffraction line
is shifted to lower angle

0 ⎤
⎡𝜎1 0 0 ⎤ ⎡𝜎p 0 0 ⎤ ⎡−t∕3 0
𝜎 = ⎢ 0 𝜎1 0 ⎥ = ⎢ 0 𝜎p 0 ⎥ + ⎢ 0 −t∕3 0 ⎥
⎢
⎥ ⎢
⎥ ⎢
⎥
0 −2t∕3⎦
⎣ 0 0 𝜎3 ⎦ ⎣ 0 0 𝜎p ⎦ ⎣ 0
(6)
= 𝜎p + dij
k
where 𝜎 1 is the minimum stress that is perpendicular to
the compression direction, 𝜎 3 is the maximum stress that is
parallel to the compression direction, and t is the difference
between the maximum (𝜎 3 ) and the minimum (𝜎 1 ) stress.
The physical meaning of t is the lower bound of the estimate
on yield strength (𝜎 y ), given by the von Mises yield criterion
as
t = 𝜎3 − 𝜎1 ≤ 𝜎y
(7)
Superhard materials typically exhibit high yield
strength. In other words, they sustain higher stress before
undergoing plastic deformation.
Differential strain (Q) is related to differential stress by
[
]
t
𝛼
1−𝛼
Q(hkl) =
+
3 2GR (hkl)
2GV

(8)

where GR (hkl) and GV are the shear modulus under the
Reuss (isostress) and the Voigt (isostrain) approximations,
respectively, and 𝛼 is a value between 0 and 1, which
describes the relative weight of the two shear modulus
values.41 While the value of 𝛼 is not generally known,
the pure Reuss and Voigt values provide upper and lower
bounds on the actual value. Differential strain (Q) can be
directly determined from the measured d-spacing given by
dm (hkl) = dp (hkl)[1 + (1 − 3cos2 𝜑)Q(hkl)]

(9)

Compressibility

HP X-ray diffraction can be utilized to determine the
compressibility of a material. The change of unit cell
volume is related to pressure by the Birch–Murnaghan
Equation-of-State (BM-EOS)42
⎡( )− 37 ( )− 53 ⎤
V
V
⎥
P = 1.5K0 ⎢
−
⎢ V0
⎥
V0
⎣
⎦

(10)

where K0 is the zero pressure bulk modulus, P is the pressure, V is the volume at the specific pressure, and V0 is the
unit cell volume at ambient pressure. The bulk modulus can
be determined from the finite strain equation-of-state,43
given by
(
(
))
3 ′
F = K0 1 + f
(11)
K0 − 6
2
where F is the normalized pressure and f is the Eulerian
strain, which denotes the change of volume according to
(( )
)/
V0 2∕3
f =
−1
2
(12)
V
Volume as a function of pressure can be obtained
either from axial diffraction collected under hydrostatic
or pseudo-hydrostatic conditions, or from nonhydrostatic
data collected at the magic angle of 54.7∘ in a radial
geometry.
2.3.3

Texture

Since HP X-ray diffraction generates anisotropic shear
stress on the sample, slip along specific lattice planes
induces lattice-preferred orientation or texture, which is
observed as a variation in peak intensity with pressure. Texture analysis provides information on microscopic deformation mechanisms controlling the plastic behavior of the
materials. Strong texture on a specific lattice plane indicates the preferred slip system due to dislocation creep,
while weak texture suggests grain boundary mediated plastic deformation.44
Because the total volume of the boron gasket chamber is very small (8 × 104 −1.5 × 105 μm3 ), it is often difficult to grind bulk materials down to grain sizes where
smooth Debye–Scherrer rings with homogeneous intensity
can be observed, as is typical of a standard powder pattern.
Unfortunately, variation in peak intensity with azimuth
angles can mask the development of texture, particularly
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for superhard materials, which are very difficult to bring
down in crystallite size using standard methods. The use of
nanomaterials, on the other hand, allows texture analysis
due to high grain number statistics so that peak intensity variations with azimuth angle accurately correlates to
the slip system(s). Texture analysis using Rietveld refinement provides inverse pole figures that show the probability
of finding the poles to lattice planes in the compression
direction.44–48

(a)

n-ReB2

21 GPa

0 GPa

1.5
1.4
1.3
1.2

0001

35 GPa

2.3.4

1210

1.1
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1.0 mrd
0.9
0.8
0.7

Research on Superhard Materials Using
High-Pressure Experiments

0.6
0.5

k

HP X-ray diffraction has been widely used to study shear
strength and elasticity in a lattice specific manner.49–51
Since the discovery of superhard transition metal borides,
HP radial diffraction has been used to demonstrate the
bond strength in this family of materials. Chung et al.7
revealed that the (110) plane of ReB2 , which is orthogonal to the slip planes, exhibits the highest differential stress,
whereas the slip plane (004) supports the least differential stress from a radial diffraction experiment. Xie et al.52
later performed HP radial diffraction experiments up to
48.4 GPa on WB4 polycrystallites to demonstrate the high
yield strength of several lattice planes. Recently, HP radial
diffraction has been conducted on nanocrystalline transition metal borides to study the extrinsic hardness in addition to intrinsic hardness. Lei et al.53 found that nanocrystalline transition metal borides exhibit higher yield strength
due to the enhanced grain boundaries that impede the dislocation propagation. The inverse pole figures reveal the
development of slip planes upon pressure (Figure 4).

Figure 4 Inverse pole figures for n-ReB2 showing texture evolution with pressure. The sample exhibits only weak texture, even
when compressed above 50 GPa. The (000l) direction is found
to be the primary slip system. [From Lei, J., Hu, S., Turner, C.
L., Zeng, K., Yeung, M. T., Yan, J., … Tolbert, S. H. (2019).
Synthesis and High Pressure Mechanical Properties of Superhard
Rhenium/Tungsten Diborides Nanocrystals. ACS Nano. © 2019,
American Chemical Society]

of all known materials. As a result of these remarkable
properties, diamond is the hardest covalent material
(Hv = 80–120 GPa) and has the highest isothermal zeropressure bulk modulus (K0 = 446 ± 1 GPa) measured to
date.54 Diamond is commonly used as an ultrahard material for applications such as wear-resistant abrasives and
cutting tools. In addition to its extreme hardness, diamond’s high thermal conductivity and large bandgap are
well suited for technological applications.
Although natural single crystal diamond (SCD) is the
hardest material known, this form of diamond easily
fractures along cleavage planes (i.e. {111}) and, more
importantly, suffers from poor chemical stability at high
temperature. At temperatures above 600–700 ∘ C, natural
diamond oxidizes in air to form CO2 , resulting in degradation and low wear resistance at elevated temperatures.55
Diamond is also highly reactive with iron and is not commonly used in the machining of ferrous materials.56 Thus,
the search for materials harder than natural diamond
and with high chemical stability is one of great research
interest.
Enhancing the hardness of diamond can be achieved
extrinsically through the formation of nanostructures, such
as nanograins and nanotwins. According to the Hall–Petch
effect, a reduction in average grain size leads to grainboundary strengthening and overall enhanced hardness.
Single-phase polycrystalline diamonds (PCDs) are therefore more desirable than SCDs for use as manufacturing
tools. The commercial production of sintered PCD requires
the use of a binder (i.e. up to 20 vol% Co),57 leading to
decreased mechanical properties. In 2003, a study reported

3 ULTRAHARD MATERIALS
Ultrahard materials are defined as materials with
extreme hardness (Hv ≥ 80 GPa) and superior mechanical
properties. In general, the synthesis of these materials
requires high temperature and HP. While diamond is the
only known intrinsically ultrahard material, the demand
for high-performance cutting tools with higher chemical
and thermal stability than diamond has driven the search
for new materials. This section discusses the developments of ultrahard materials and methods of achieving
extrinsic ultra-hardness in nanostructured materials and
nanocomposites.
3.1

Diamond

In the diamond structure, each C atom is bound to
four neighboring atoms in an sp3 configuration. Owing
to its short, covalent bonding network (1.54 Å), diamond
exhibits the highest atomic and valence electron density
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Table 1 Knoop hardness values (under an applied load of 4.9 N) of bulk single-phase (cubic) polycrystalline diamond synthesized
using various starting materials(a)
Starting material

Sintering condition: P (GPa), T (∘ C), t (s)

Grain size (nm)

Knoop hardness (GPa)

15, 2400, 78
21, 2300, 600
18, 2000, 1200
21, 1800, 600
21, 2250, 360
18, 2000, 1200
18, 1800, 1800
18, 2000, 2150

10–30
10–30
10–200
5–10
50–200
5–10
5–10
20–100

128–138
113–139
97–119
70–74
95–112
66–86
70–85
93–104

Graphite
Graphite
Amorphous carbon
Amorphous carbon
Glassy carbon
Glassy carbon
C60
C60
Single crystal synthetic type IIa, (001)[100]
Single crystal synthetic type Ib, (001)[100]

116–135
98–106

(a)
T. Irifune, A. Kurio, S. Sakamoto, T. Inoue and H. Sumiya, Ultrahard polycrystalline diamond from graphite, Nature, 2003, 421,
599–600; H. Sumiya and T. Irifune, J. Hardness and deformation microstructures of nano-polycrystalline diamonds synthesized from
various carbons under high pressure and high temperature Mater. Res., 2007, 22, 2345–2351.

k

the rapid synthesis of pure sintered PCD through the
direct transformation of graphite.58 A pure polycrystalline
graphite rod was placed in a multi-anvil apparatus and converted to diamond at high temperatures (2300–2500 ∘ C)
and HPs (12–25 GPa). The synthesized PCD (consisting
of granular crystals 10–20 nm across) reached a maximum
Knoop hardness of 140 GPa, significantly higher than the
hardness of SCD (60–120 GPa at a load of 1 kgf or 9.8 N).59
In addition, the material is stable up to 1200 ∘ C in an inert
atmosphere and does not require the use of a binder. At
elevated temperatures, the hardness of nano-polycrystalline
diamond (NPD) surpasses that of both conventional SCD
and PCD. While the high-temperature Knoop hardness of
SCD at a load of 9.8 N decreases to 60 GPa above 300 ∘ C,
the hardness of NPD at the same load remains above
100 GPa up to 800 ∘ C.60
Since then, researchers have focused their efforts on
the formation of nanostructured diamond through the
use of various carbon precursors.61 Nongraphitic carbon
sources, such as carbon black, fullerenes, glassy carbon,
amorphous carbon, and carbon nanotubes convert to
PCD (average grain size less than 10 nm) at 1600–2000 ∘ C
under pressures greater than 15 GPa. Knoop hardness
values (at 4.9 N) of bulk sintered PCD synthesized from
various starting materials are summarized in Table 1.
The high hardness of PCD synthesized by direct conversion of graphite (HK > 110 GPa)58 has been attributed
to the existence of layered crystals in a lamellar structure. Nanotwinned diamond was reported using onion
carbon nanoparticles at 20 GPa and 2000 ∘ C.62 The
sample contained a high density of lamellar {111} nanotwins, with an average twin thickness of 5 nm and
Vickers and Knoop hardness values at 4.9 N ranging
from 175–203 to 168–196 GPa, respectively. However,
due to unprecedented hardness values, this work has
received some criticism and has not been repeated to
date.63

Practical applications for diamond, such as polishing
and grinding, require the use of micron-sized diamond
powders. Another application is diamond’s use as thin
protective film coatings, which are widely produced by
chemical vapor deposition (CVD).64–66 While diamond is
the hardest and most incompressible material known to
date, it suffers from some limitations that have hindered its
extensive use in industrial applications: (i) natural diamond
is rare; (ii) its synthesis requires HPHT conditions, making
it an expensive process; and (iii) it is highly reactive to steel
and other ferrous alloys, resulting in the formation of brittle carbides on the surface of the material. These limitations
have motivated the search for alternative materials that are
more thermally and chemically stable than diamond.
3.2

Cubic Boron Nitride (c-BN)

c-BN is the second hardest bulk material known to
date. The short bonds (1.57 Å) between boron and nitrogen atoms in c-BN arrange in the same cubic close-packed
crystal structure as diamond. Unlike diamond, however,
c-BN is insoluble in iron and other metal alloys and does
not oxidize until ∼1300 ∘ C. c-BN’s superior chemical and
thermal stability compared to diamond make it an attractive alternative for many industrial applications, including its use in superabrasives and machining of ferrous
materials. However, its hardness is roughly half the hardness of diamond, with Vickers measurements of 62 and
115 GPa at a load of 4.9 N for single-crystal c-BN and SCD,
respectively.67
c-BN was first discovered in 1957 through the direct conversion of hexagonal boron nitride (h-BN) at HP (6–9 GPa)
and high temperature (1350–1800 ∘ C).68 A facile synthesis route to pure c-BN remains challenging. Like diamond,
the formation of c-BN requires HPHT conditions and
can result in impurities that alter bulk material properties. For instance, the presence of even a small amount of
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h-BN will decrease the overall hardness of a thin film of cBN.69 Polycrystalline c-BN has been synthesized from bulk
pyrolytic graphite-like BN (p-BN) at 8 GPa and temperatures of 2500 and 2800 K.70 Synthesis at 2800 K led to the
formation of a coarse-grained structure with a grain size
of 2–10 μm, while the grain size in the sample synthesized
at 2500 K ranged from 100 to 400 nm. The fine-grained
structure formed at 2500 K resulted in an increase in both
hardness and fracture toughness. Therefore, a lower temperature of synthesis would result in even further reduction
of grain size. In addition, the use of higher pressures would
increase the driving force for nucleation and decrease the
diffusion rate of grain growth, leading to smaller grain size.
These changes in synthetic parameters have been utilized in
the study and optimization of grain size reduction in polycrystalline c-BN.
While c-BN is an intrinsically superhard material,
nanocrystalline forms of c-BN have been synthesized and
measured in the ultrahard regime. Previous attempts to synthesize nano-c-BN from commercial p-BN at 18 GPa and
1900 K resulted in a superhard nanocomposite material
composed of c-BN and wurtzitic boron nitride (w-BN).71
Single-phase polycrystalline c-BN was formed at higher
temperatures (2370–2570 K) with a Vickers hardness of
59 GPa in the asymptotic-hardness region. Although
the c-BN/w-BN nanostructured material enhanced the
asymptotic Vickers hardness to 85 GPa, the presence of
metastable w-BN resulted in low thermal phase stability
and a drop in material hardness at high temperatures. The
complete conversion of p-BN to single-phase nanocrystalline c-BN was performed at 20 GPa and 1770 K.72 This
material reached a 100% increase in Vickers hardness
(Hv = 85(3) GPa at loads above 5 N with a grain size of
∼20 nm) compared to conventional microcrystalline c-BN
due to nanosized effects (Hv ∼ 40–50 GPa at a grain size
of >500 nm). The authors also demonstrated high fracture
toughness (KIc = 10.5 MPa m1/2 ) and thermal stability (up
to 1500 K) for the material. Later studies have reported
the synthesis of nanotwinned c-BN with an average twin
thickness of 3.8 nm from onion-structured BN precursor
nanoparticles.73 While the authors report an extremely
high asymptotic Vickers hardness (Hv = 108 GPa at loads
above 3 N), some researchers have questioned these
claims.74
3.3

the conversion of graphite-like BC2 N above 18 GPa at
temperatures above 2200 K.75 The study reported a bulk
modulus of 282 GPa and a load-independent Vickers
hardness of 76(4) GPa, bridging the hardness gap between
c-BN and diamond. However, it is important to note that
c-BC2 N is a metastable phase and can only be synthesized
in a narrow range of HPHT conditions. Other studies
have reported similarly high hardnesses in the B–C–N
system. For instance, sintered millimeter-sized BC2 N and
BC4 N were produced as nanocrystalline composites with
diamond-like amorphous carbon grain boundaries using a
pressure of 20 GPa and temperature of 2200 K.76 Vickers
microindentation performed at 9.8 N measured hardness
values of 62 and 68 GPa for BC2 N and BC4 N, respectively.
In conjunction with experimental work on the synthesis of ultrahard materials, theoretical predictions have been
developed in the search of new compounds. While these
methods are capable of predicting mechanical properties,
not all of the predicted structures exist or have been synthesized. For example, the theoretical calculation of a cubic
form of C3 N4 more incompressible and possibly harder
than diamond has motivated considerable and ongoing
efforts to synthesize this material.77–79 Nonetheless, the
advancement of modern algorithms and techniques offers a
promising outlook on the computational discovery of new
materials.80

k
4

SUPERHARD MATERIALS

This section reviews hard and superhard materials with
a focus on nitrides, oxides, and borides.
4.1

Nitrides and Oxides

Nitrides, oxides, and borides can all induce similarly
strong metal-anion bonds, but oxides and nitrides tend not
to form the extended network structures commonly found
in predominately covalent materials such as ultrahard diamond. Moreover, oxides and nitrides possess two completely disparate bonding modes that vary across the periodic table and produce a broad range of mechanical properties. The higher electronegativity of oxygen leads to more
polar bonding, while nitride structures can possess some
degree of covalent bonding like borides and other ultraincompressible materials (K0 > 300 GPa). This is a reflection
of the strong bonds formed between cations and nitrogen
anions and the low electronegativity of nitrogen. One candidate material that has eluded synthesis is spinel C3 N4 ,
first predicted in 1989.77 One can fit the bulk modulus of
similar compounds in the zinc blende structure following a
semiempirical formula: K0 = 19.71−2.2𝜆
, where 𝜆 is the iond 3.5
icity and d is the bond length, confirming that more covalent structures with shorter bonds should yield higher bulk

Other Ultrahard Materials

Given the unlikelihood of surpassing the extremely
high hardness of diamond, recent works have focused on
designing and synthesizing new materials that are more
stable than diamond and harder than c-BN. The objective
is to select compounds in the B–C–N ternary system
capable of competing with diamond and c-BN for highspeed cutting of ferrous materials. The most successful
attempt to synthesize cubic BC2 N was reported through
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modulus. In other words, more dense structures should be
incompressible.
Since then, there have been many new nitrides that
have been discovered, many of which were enabled by
advancements in HP synthesis in DACs. For many of
these compounds, hardness has not been measured, but
their high experimentally determined bulk modulus is
suggestive of potential high hardness. HPs are needed
to overcome the stability of N2 and force nitrogen into
metallic lattices. These nitrides can be roughly grouped
into two categories, with the first category being nitrides
that crystallize in isotropic structures81 which contain
discrete nitride anions. These isotropic materials radially
distribute the metal–nitrogen bonds, thus maximizing
incompressibility in all directions. These include compounds such as chromium nitride (CrN), which crystallizes
in the NaCl structure,82 where the bulk modulus could
potentially reach up to 361 GPa. Molybdenum nitride
(MoN) crystallizes in the NiAs structure and has a
reported bulk modulus of 345 GPa.83 Several rhenium
nitrides can be thought of as a rhenium metal structure
separated by nitrogen layers, and the incorporation of
nitrogen greatly raises the bulk modulus beyond that of
rhenium metal (360 GPa), as seen in Re3 N (395 GPa) and
Re2 N (401 GPa).84 Tungsten nitrides can be prepared at
pressures attainable in a large volume, multi-anvil cell by
reacting sodium tungstate and boron nitride to yield ultraincompressible hexagonal W2 N3 (331 GPa), cubic W2 N3
(376 GPa), and WN (396 GPa).85 Ultra-incompressible
spinels, first hypothesized in 1989, have finally been
realized in BeP2 N4 .86 The second category belongs to
anisotropic nitrides with complex bonding. With recent
advancements in DAC synthesis, one can choose nitrogen
precursors (i.e. nitrogen-rich azides) that would result in
a more thermodynamically downhill reaction pathway
with better means to control stoichiometry (i.e. azides can
simply be weighed out to control nitrogen content). In
the case of nitrides, this can produce increased nitrogen
content and more nitrogen–nitrogen bonding. This adds
structural complexity that has parallels to other anions
but have yet to been seen in nitrides. This is perhaps most
prominent in rhenium nitrides as seen in Re2 (N2 )(N2 ),
whose peculiar formula notation highlights the formation
of nitrogen dimers.87 Here, ammonium azides were used
as a solid-state precursor to enable a nitrogen-rich environment. The third-order Birch–Murnaghan equation of
state reveals a bulk modulus of 428 GPa, exceeding that of
rhenium metal (370 GPa). Nanoindentation reveals that
the hardness of Re2 (N2 )(N2 ), 36.7 GPa, is just below the
threshold for superhardness.
With the notable exception of B6 O, whose superior
mechanical properties come from B–B bonding as found
in borides,88 the search for superhard oxides follows the
guiding principle that dense materials tend to be incompressible as high packing densities maximize electron
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repulsion. The progression of mechanical properties in
naturally occurring silicon dioxide (SiO2 ) polymorphs
serves as a model system of this design principle.89 The
low-temperature polymorph of SiO2 is 𝛼-quartz comprised
of linked SiO4 tetrahedra. When temperature increases,
the tetrahedra rearrange into the less dense 𝛼-cristobalite
structure with SiO4 tetrahedra in a diamond-like lattice. Finally, when both pressure and temperature are
applied, the structure evolves into the stishovite form,
comprised of linked octahedral SiO6 isostructural with
rutile, one of the densest forms. One can order these
polymorphs by atomic packing density and bulk modulus
and this reflects on how the increased Coulombic repulsions from denser materials increases the bulk modulus
(K0 ): 𝛼-cristobalite (0.0704 Å−3 , K0 = 16.4 GPa), 𝛼-quartz
(0.0801 Å−3 , K0 = 37.1 GPa), and stishovite (0.1278 Å−3 ,
K0 = 313 GPa). Indeed, these values of stishovite define it
as ultra-incompressible, but its Knoop Hardness (33 GPa),
while impressive for an oxide, falls below the threshold for
superhardness.90 Since then, the search for harder oxides
have moved on to other dense structures, most notably
those that are isostructural to cotunnite, comprised of
nine-coordinate cations, with compositions including
ZrO2 (K0 = 444 GPa) and HfO2 (K0 = 340 GPa91 ). There
have also been several predicted dense phases seeking
experimental verification, most notably boron oxides.88,92
As with the aforementioned nitrides, these oxides exhibit
high bulk modulus values, but their hardness has not
been measured. Since incompressibility is a necessary, but
insufficient condition for hardness, these materials warrant
further investigation and measurement of hardness.
4.2

Metal Borides

For metal borides,93 the primary contributions to hardness are from the composition and the underlying crystal
structure. The atomic arrangement in metal borides can
range from lone boron and metal atoms to chains (subborides, M:B ≥ 1:1), all the way to boron backbones and
networks (higher borides M:B ≤ 1:4).93
For most metal borides, the electron density of the pure
metal correlates with the hardness of the boride (ReB2 ,
WB4 ), with the notable exception being OsB2 , which is
highly incompressible, but not superhard.94 This exception
highlights that incompressibility is a necessary, but insufficient condition for hardness. Although Os is the densest
metal, the resulting diboride has a hardness of about 50%
of ReB2 .7 This drastic difference can be explained by the
underlying crystal structure: in OsB2 the nets of boron are
arranged in a “boat” conformation (with a strong influence
of antibonding interactions of Os and B2 units), as opposed
to ReB2 having a “chair” configuration (all B–B bonds are
enhanced).95
For higher borides (M:B ≤ 1:4), the boron arrangement plays an important role. For metal dodecaborides
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(MB12 ),14,25,96–98 the high hardness comes not from the
high incompressibility of the metal, but from the 3D covalent network of boron atoms which form 24 boron unit
cuboctahedra with a metal atom inside. For other higher
borides, the hardness comes from the backbone framework
of B12 boron icosahedra (𝛽-rhombohedral boron, MB50 ,
and MB66 ). Both of these cases confirm the intrinsic nature
of the hardness of borides.
Extrinsic hardening effects (morphology, patterning,
and grain size) can be achieved by changing the cooling rate
of a phase via the addition of a secondary metal dopant.
For example, 8 at.% addition of Zr into WB4 23 causes a
rapid nucleation and cooling resulting in nano-grain morphology. The addition of Ti to WB4 causes phase templating through the formation of a TiB2 secondary phase
with a higher melting point than the main WB4 phase.23
Finally, the addition of rare-earth and lanthanide metals to
WB4 results in “dendritic” nanopatterning and fine-grain
morphology.25 Furthermore, nanoforms of bulk materials
with superior hardness can be achieved by these methods
(e.g. W0.5 Ta0.5 B nanowires and ReB2 nanocrystals).26,53

4.3

k

Structural variables
Composition variables
1. Atomic number
137. Space group number
2. Atomic weight
3. Period number
138. Crystal system
4. Group number
5. Family number
139. Laue class
6. Mendeleev number
7. Atomic radius
140. Crystal class
8. Covalent radius
9. Zungar radius
141. Inversion centre
10. Ionic radius
11. Crystal radius
142. Polar axis
12. Pauling EN
13. Martynov EN
14. Gordy EN
143. Reduced volume
15. Mulliken EN
16. Allred-Rochow EN
144. Density
17. Metallic valence
18. No. VE
145. Anisotropy
19. Gilman no. VE
20. No. S electrons
146. Electron density
21. No. P electrons
22. No. D electrons
147. Volume per atom
23. No. Outer shell electrons
24. First ionization energy
148. Valence e– density
25. Polarizability
26. Melting point
149. Gilman e– density
27. Boiling point
28. Density
150. Outer shell e– density
29. Specific heat
30. Heat of fusion
31. Heat of vaporization
32. Thermal conductivity
33. Heat of atomization
34. Cohesive energy
(a)
(b)

Predictive Modeling and Machine
Learning-Approaches to New Materials

The use of computational modeling to predict ideal
superhard materials starts with the ability of firstprinciples methods to computationally predict stable
crystal structures.99 Traditionally, the relationship between
properties such as hardness or fracture toughness and
material structure was used to develop linear models.100,101
More recently, however, machine learning (ML) methods
have been used to build more complex models that correlate various physical parameters with materials structure
using existing data as input. For example, Brgoch et al.
have applied ML, specifically support-vector machine
(SVM) regression models, to predict elastic moduli for
a range of crystalline structures.99 Using elastic moduli
as a proxy for hardness, the model can be used to direct
the search for superhard materials. By incorporating a
radial basis function (RBF) kernel, the model is able to
use nonlinear functions that can fit more closely to the
initial training data. The authors use cross-validation to
demonstrate that the model does not overfit the data. They
then went on to synthesize Mo0.9 W1.1 BC and ReWC0.8 ,
two compounds that the model predicted to be superhard.
Both materials were found to have bulk moduli within
10% of the predicted values. While the moduli the model
generates in cross-validation admittedly have considerable
error, this appears to be a useful method to direct the
search for new materials. For instance, insights from the
ML results were used in the study of the Mo2−x Wx BC solid
solution system in order to investigate the balance between
hardness, ductility, and compositional sustainability.102

k
Figure 5 Subset of 150 descriptors used to construct ML model.
The complete set of descriptors used in the study consisted of
(a) 34 compositional variables describing elemental and physical
properties and (b) 14 structural variables, such as crystal system,
electron density, and space group. These descriptors were used to
predict bulk and shear moduli with high accuracy in a fraction
of the time required for ab initio calculations. The prediction of
high elastic moduli served as a proxy for high hardness in order to
select compounds for synthesis as potential superhard materials.
[Based on Mansouri Tehrani, A., Oliynyk, A. O., Parry, M., Rizvi,
Z., Couper, S., Lin, F., … Brgoch, J. (2018). Machine Learning
Directed Search for Ultraincompressible, Superhard Materials.
Journal of the American Chemical Society, 140(31), 9844–9853]

We note that while ML methods are promising, this
component of the field is not fully mature. To date, the
application of ML techniques to predicting superhard
materials properties still requires manual vetting of “unreasonable” values, including negative moduli, incompatible
crystal types, and hydrogen-incorporated phases, which is
not a desirable element to incorporate during experimental
synthesis. In the study discussed above,99 manual vetting
was used to build the 150 descriptors used for the final ML
model. However, the incorporation of 150 unique descriptors (Figure 5) is valuable when assessing the compatibility
of components for superhard material synthesis and could
not easily be done with conventional assessments. While
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the incorporation of machine-learning methods in superhard chemistry has not been fully explored, many of the
calculations required for novel discoveries are beyond the
scope of current methods. Thus, SVM models and other
computational methods may lead the way as tools to direct
the search for new inorganic materials.
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14 SUPERHARD MATERIALS: ADVANCES IN THE SEARCH AND SYNTHESIS OF NEW MATERIALS
Abstract
Materials with superior hardness can be categorized as ultrahard (Vickers hardness, Hv ≥ 80 GPa) and superhard
(Hv ≥ 40 GPa). These materials are commonly used as cutting tools and abrasives in the machining and manufacturing
industries. With its extreme hardness, diamond is the best known and most used ultrahard material for industrial
applications. However, it is ineffective at cutting and drilling ferrous alloys due to diamond’s high reactivity with iron and
poor thermal stability in air. Additionally, the synthesis of diamond requires both high pressure (HP) and high temperature,
making it an expensive process. These limitations have driven the search for alternative superhard materials that are
capable of cutting steels and other materials at lower costs. This article reviews the concept of hardness and summarizes
advancements in the synthesis and mechanical properties of hard materials. It begins with a review of methods to measure
hardness, adding HP diffraction methods to more conventional hardness measurements. It then considers new ultrahard
materials that exist within the B–C–N ternary system, with hardness approaching diamond but improved chemical stability.
Finally, it surveys superhard nitrides, oxides, and borides as potential alternative materials, focusing on transition metal
boride systems where the synthesis can be readily achieved at ambient pressure and scaled for industrial applications. We
hope that this article serves as an overview of hard materials and guide for the comparison of data reported in the literature.
Keywords:
ultrahard

borides; bulk modulus; diamond; hardness; indentation; superhard; transition metals; ultra-incompressible;
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