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Superhard materials: recent research progress and 
prospects
Bo Xu and Yongjun Tian*

Over the past several decades, great endeavors have been devot-
ed to superhard materials research, among which two topics are 
of central focus. One is to understand hardness microscopically 
and reveal the controlling factors for superhardness, which 
can be used to guide the design of novel superhard crystals; 
the other is to synthesize superhard materials with enhanced 
comprehensive performance (i.e., hardness, fracture toughness, 
and thermal stability), with the ambition to synthesize materi-
als harder than natural diamond. We proposed a microscopic 
understanding of the indentation hardness as the combined 
resistance of chemical bonds in a material to indentation, and 
established a microscopic hardness model for covalent and 
polar covalent crystals, which was further generalized to poly-
crystalline materials. Guided by the polycrystalline hardness 
model, we successfully synthesized nanotwinned cubic boron 
nitride and diamond bulks under high pressure and high tem-
perature. These materials exhibit simultaneous improvement of 
hardness, fracture toughness, and thermal stability, designating 
a new direction for superhard materials research.

INTRODUCTION
Superhard materials are defined as materials with Vickers 
hardness higher than 40 GPa [1]. This class of materials dis-
play superior mechanical performance in hardness, incom-
pressibility, toughness, and wear resistance, which can be 
utilized in a wide range of applications, such as cutting and 
polishing tools in machinery industry, drilling bits in mill-
ing and petrochemical industry, and diamond anvil cells in 
high pressure science. Diamond and cubic boron nitride 
(cBN), both of which can be produced massively [2,3], are 
the best-known superhard materials. Unfortunately, each 
of them shows some inherent shortcomings, such as the in-
ferior thermal stability for diamond, as well as the relatively 
low hardness and fracture toughness for cBN. Syntheses of 
superhard materials with improved comprehensive perfor-
mance, i.e., simultaneously improved hardness, toughness, 
and thermal stability, are thus highly desired [4–  9]. In ad-
dition, synthesizing materials harder than natural diamond 
has always been a sought-after goal of human beings [10]. 
In order to achieve these goals, a fundamental understand-
ing of the physical origin of materials hardness is necessary.
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Superhard materials are characterized by hardness. 
Macroscopically, hardness can be defined as the ability of 
a material to resist being scratched or dented by another. 
By such a definition, hardness has to be classified as an en-
gineering quantity, and distinct hardness scales have been 
developed experimentally depending on the specific mea-
surement methods (scratch, indentation, or rebound). This 
situation causes some difficulties in hardness prediction. 
For example, Mohs hardness measures the ability of one 
material to scratch another and is quantified by an integer 
(or half-integer) from 0 to 10 on the Mohs scale, which ob-
viously is discrete and non-linear. At present, indentation 
hardness scales (especially the Vickers and Knoop scales 
differing from each other in the shape of diamond indent-
er) are commonly used for hardness determination. Inden-
tation hardness measures a material’s resistance to perma-
nent plastic deformation resulting from a compressive load 
by a sharp indenter, and can be calculated from the indent-
er load divided by the contact (or projected) area of the 
permanent indentation formed on the sample surface [11]. 
Vickers hardness, for example, is calculated as HV(GPa) = 
1854.4 L/d2, where load (L) and average diagonal length of 
indentation (d) are in the units of N and m, respectively. 
Usually, the calculated hardness depends on the shape of 
the indenter, loading force and rate, indentation size and 
time, sample orientation, as well as surface condition. With 
all these factors taken into account, an essentially aptotic 
hardness value can be assigned to a specific material from 
the asymptotic-hardness region of a well-controlled in-
dentation process, providing a solid experimental basis to 
investigate the fundamental factors controlling materials 
hardness. 

Hardness prediction has been a great challenge for ma-
terials scientists. Traditionally, empirical models correlate 
hardness with the elastic properties of crystals [12–14]. 
However, such correlations are physically questionable 
since hardness characterizes a permanent plastic deforma-
tion, rather than a reversible elastic deformation [15]. In 
2003, Tian᾿s group [16] intuitively but constructively pro-
posed a microscopic picture of hardness: it can be defined 
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as the combined resistance of chemical bonds in a material 
to indentation. Based on this understanding and available 
experimental data, they established a microscopic hardness 
model to evaluate the intrinsic hardness of covalent and 
polar covalent crystals [16,17], which was later generalized 
to including the effects of metallicity and polycrystallini-
ty [18,19]. Following this success, other hardness models 
with similar considerations were proposed [20,21]. In these 
models, microscopic parameters (e.g., bond length, valence 
electron density, ionicity) that can easily be determined for 
a specific crystal are used to estimate materials hardness. 
Combined with state-of-the-art crystal structure predic-
tion methods, these models provide a powerful tool for 
theoretical design of superhard materials. 

Along with these theoretical advances of hardness cal-
culations, experimental progresses have recently also been 
achieved in superhard materials research, which can be cat-
egorized into two strategies. One is to design and synthe-
size new superhard materials, and two classes of materials 
are of special interest. The first class includes light-element 
compounds made of boron, carbon, nitrogen, and oxygen. 
In these systems, the intrinsically strong and direction-
al covalent bonds of the light elements lead to tight three 
dimensional bonding networks with extreme resistance to 
external shear, which are essential to realize superhardness. 
Significant progresses have been achieved in synthesizing 
superhard BCxN, BCx, γB28, B6O [22–27]. The second class 
consists of materials made of transition metals and light el-
ements (B, C, and N), such as ReB2, OsB2, WB4, FeB4, PtC, 
IrN2, OsN2, and PtN2 [28–36]. It was proposed that transi-
tion metals could introduce a high valence electron density 
to resist the elastic deformations while lights elements can 
introduce short and strong covalent bonds to prevent at-
oms from slipping under stress. Although the finding of su-
perhard materials in this class of materials is not successful 
yet [34,37–39], it provides a great searching pool for poten-
tial superhard materials. The other strategy is to enhance 
hardness of known materials through appropriate design 
or control of their microstructure. Following this strategy, 
nanocrystalline TiN/SiNx nanocomposites were synthe-
sized with hardness exceeding 100 GPa [9]. This hardness 
value is remarkably high especially when one considers 
the fact that both components, TiN and SiNx, are just hard 
materials. The hardness of diamond and cBN was also en-
hanced through formation of nanocrystalline microstruc-
tures [40–42]. Most recently, we synthesized nanotwinned 
cBN (nt-cBN) and nanotwinned diamond (nt-diamond) 
with marvelous hardness enhancement as well as simul-
taneous improvement in fracture toughness and thermal 
stability [43,44]. 

In this review, recent progresses in superhard materi-
als are presented. We start with the microscopic hardness 

model for covalent and polar covalent crystals as well as 
its generation to polycrystalline materials. Following that, 
our recent works on ultrahard nt-cBN and nt-diamond are 
discussed. A long-standing controversy about the criterion 
to perform a reliable indentation hardness measurement is 
clarified in the next section. We conclude this review with 
discussions of future developments in superhard materials. 
We have to point out that this review is not intended to be 
exhaustive, and is mainly focused on our own work with 
necessary discussion on selected important research from 
other groups. Several excellent reviews provided a more 
comprehensive overview on superhard materials research 
[1,4–7], which interested audience can refer to.   

UNDERSTANDING OF HARDNESS
Historically, researchers suggested linear correlations be-
tween indentation hardness and bulk modulus (B) or shear 
modulus (G) [12–14]. However, it is now accepted that 
hardness does not depend linearly on B or G because hard-
ness characterizes a permanent plastic deformation, while 
elastic moduli correspond to reversible elastic deformations 
[15]. Chen et al. [15] later proposed a macroscopic model 
based on G and Pugh’s modulus ratio (k = G/B). The value 
of k is closely correlated to the brittleness/ductility of ma-
terials, and highlights the relationship between elastic and 
plastic properties: brittle materials have high ratios while 
ductile materials have low ones [45]. In principle, covalent 
materials with high hardness are obviously brittle with a 
large k. In this macroscopic model, the Vickers hardness of 
polycrystalline materials can be estimated according to HV 
= 2(k2G)0.585−3, which provides better reliability for hard-
ness evaluation since k responds to both the elasticity and 
plasticity of materials [15]. Although the origin of hardness 
at the microscopic level may need to be further elucidated, 
Chen’s macroscopic model provides a very simple method 
to estimate the hardness of complex crystals, such as porous 
T-carbon [46]. However, direct quantification of hardness 
with microscopic parameters (i.e., a microscopic hardness 
model) would reveal the fundamental factors controlling 
hardness and provide valuable guidelines for design of new 
superhard materials. 

Hardness quantifies the resistance of a crystal against 
plastic deformation. The resistance to deformation de-
pends not only on the dislocation density created by a rigid 
indentation, but also on the original stored dislocation 
density [47]. The stored dislocation density in metals is 
usually high, leading to an extrinsic hardness for metals. 
We thus limit our discussion to covalent and polar covalent 
materials with localized chemical bonds. In such materi-
als, the stored dislocation density is negligible. First, let us 
consider single crystals, for which hardness is intrinsic and 
entirely depends on the resistance of the chemical bonds in 
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the crystal within the indentation area. 
When an indenter is pressed into the surface of a single 

crystal, as shown in Fig. 1a, the chemical bonds in the vicin-
ity of the indenter tip withstand bend, stretch, or compress. 
Based on this simple physical picture, Tian᾽s group [16] 
proposed an intuitive and constructive assumption that, for 
covalent and polar covalent crystals, hardness is equivalent 
to the sum of the resistance of each bond to the indenter 
per unit area. The plastic deformation associated with the 
formation and motion of dislocations is thus related to the 
breaking of electron-pair bonds in the crystals. Hardness 
then measures the combined resistance of chemical bonds 
to indentation: higher density and stronger resistance of 
chemical bonds would result in harder crystals. In covalent 
crystals, breaking a chemical bond energetically means that 
two bonding electrons are excited from the valence band to 
the conduction band, as shown in Fig. 1b. The activation 
energy required for a plastic glide is thus twice the band 
gap Eg [48]. The resistance force of a bond can be evaluated 
with the corresponding Eg. As a result, the hardness of pure 
covalent crystals can be evaluated as:
 H(GPa) = ANaEg, (1)

where A is a proportional constant, and Na is the number of 
covalent bonds per unit area, which is calculated as: 

     
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ni is the number of the ith atom in the unit cell, Zi is the va-
lence electron number of the ith atom contributing to bond-
ing, V is the volume of the unit cell, and Ne is the valence 
electron density. 

For polar covalent crystals, the valence electrons are 
preferentially distributed to the anion side (Fig. 1c), which 
weakens the binding of two atoms. This adverse contribu-
tion from the bond ionicity needs to be considered in the 
hardness evaluation of polar covalent crystals. Phillips [49] 

suggested that Eg for a binary polar covalent crystal can be 
separated into a covalent homopolar component, Eh, and 
an ionic heteropolar one, C, as E2

g = E2
h +C2. Eh determines 

the activation energy of a dislocation glide in polar co-
valent crystals [50], and can be estimated in electronvolt 
with the empirical expression Eh = 39.74d−2.5, where d is 
the bond length in angstroms [49]. The ionic contribution 
results in a loss of covalent bond charge and is account-
ed for by introducing a correction factor, e−αfi, to Equation 
(1). This correction factor describes the screening effect for 
each bond, where α is a constant and fi = 1−E2

h/E2
g is the 

Phillips ionicity of the chemical bond in a crystal [49]. The 
constants A and α, determined by fitting the hardness ex-
pression HV = ANa · 39.74d−2.5 · e−αfi to a experimentally de-
termined Vickers hardness dataset for covalent and polar 
covalent crystals, are 14 and 1.191, respectively [16]. We 
thus established a microscopic Vickers hardness model for 
binary (polar) covalent crystals in terms of d, fi, and Ne as:

 HV(GPa) = 556Nad 
−2.5e−1.191fi = 350Ne

2/3d−2.5e−1.191fi. (3)
This hardness model can easily be applied to a multi-

component system by assuming the average hardness to be 
the geometrical mean of the hardness of different types of 
covalent bonds in the system via:
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where HV
μ = 350(Ne

μ)2/3(dμ)−2.5e−1.191fi
μ is the hardness of a bi-

nary compound composed of μ bonds, and nμ is the num-
ber of μ-type bonds in the unit cell. Readers can refer to the 
original paper for further details [16]. 

The microscopic hardness model presented in Equation 
(3) was further generalized [17,18], which are presented 
briefly here. First, a new ionicity scale was proposed based 
on first-principles calculations [17]. For a specific crystal 
structure or cluster containing the same type of coordi-
nate configuration, an ionicity scale, fh, can be defined for 
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Figure 1  (a) Response of chemical bonds under an indentor during a hardness measurement. (b) Electron excitation accompanying chemical bond 
breaking. Two bonding electrons are excited from the valence band to the conduction band. (c) The distribution of valence electrons (VE) in the bonding 
region for pure and polar covalent bonds. Reprinted with permission from Ref. [19]. Copyright 2012, Elsevier.
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a bond based on the Mulliken bond overlap population as 
fh = 1−e−|Pc−P|/P, where P is the overlap population of a bond 
in the calculated crystal, and Pc is the overlap population 
of a bond in a pure covalent crystal with an identical struc-
ture to the calculated one. Phillips ionicity fi can then be 
replaced by a power law function of fh, fi = fh

m, where m = 
0.735. All the inputs for this hardness model can now be 
obtained through first-principles calculations.

Later, a factor of metallicity, fm = nm/ne, was introduced 
to account for the effect of metallicity on hardness, where 
nm = kBTDF is the number of electrons that can be excited at 
ambient temperature, and ne is the total number of valence 
electrons in the unit cell [18]. At ambient temperature, kBT 
≈ 0.026 eV and DF is the electronic density of states at the 
Fermi level, which can be acquired via electronic structure 
calculations. Similar to the contribution of ionicity to hard-
ness [16], the screening effect of the metallic component 
can be described with a correction factor of e−βfm

n, where 
β and n are constants. The contributions from d valence 
electrons in transition metal compounds to hardness were 
also considered. The bond strength of an s-p-d hybridized 
chemical bond is greater than that of an s-p hybridized 
chemical bond [51]. The intrinsic influence of the d va-
lence electrons should result in a proportional coefficient 
A’ for s-p-d hybridized crystals different from that for the 
s-p hybridized crystals in Equation (1). Including contri-
butions from both metallicity and s-p-d hybridization, the 
hardness equation is updated to [18]:
 HV (GPa) = 1051Ne

2/3d−2.5e−1.191fi
 −32.2fm

0.55
. (5)

Using fi = fh
0.735 = (1−e−|Pc−P|/P)0.735, all of the parameters in 

Equations (3) and (5) can now be determined from ab ini-
tio calculations. Equation (5) reveals that the metallic com-
ponent (fm) of a chemical bond has a stronger adverse effect 
on hardness than the ionic one (fi). The d valence electrons 
play an important role in increasing hardness by enhancing 
the directionality and consequentially the strength of the 
chemical bond. It should be noted that, for group IB and 
IIB metals with fully filled d orbitals, the prefactor for the 
hardness calculation is 350. The extension of this formula 
to multicomponent systems is similar to Equation (4), with 
attentions on the metallicity and prefactor for individual 
bonds [18]. 

Hardness predictions using Equations (3) have been 
extensively performed for a large class of theoretically de-
signed superhard structures in recent years [52–72]. Our 
hardness model is applicable to polar covalent crystals, 
oxides with a partial contribution from ionic bonds, and 
ionic crystals, as well as some multicomponent crystals 
with mixed types of interatomic bonds [19]. The overall 
agreement with experiments is highly satisfactory. This 
consistency indicates that hardness can be defined micro-

scopically as the combined resistance of chemical bonds in 
a crystal to indentation. 

Following our seminal work, several microscopic hard-
ness models have been proposed based on different treat-
ments of the deformation resistance of the chemical bonds 
to the indenter, such as the bond strength model [20] and 
the electronegativity model [21]. All of these models are 
based on the assumption that hardness is equivalent to the 
sum of the resistance of each chemical bond to the indent-
er. The difference among these microscopic models is that 
the resistance is expressed differently in each: by the ener-
gy gap in our bond resistance model, by the bond strength 
consisting of a reference energy in the bond strength model, 
and by the bond electronegativity consisting of the element 
electronegativity in the electronegativity model. An over-
all analysis of these models sheds light on the factors that 
should be considered when designing superhard materials. 
These factors include short and strong chemical bonds, high 
valence electron density or high bond density, and strong-
ly directional bonds (as suggested by the larger prefactor 
for d orbitals). Ionicity is adverse for hardness, as clearly 
demonstrated by the exponential factor, and metallicity is 
even worse. Readers are encouraged to refer to our recent 
reviews for more detailed discussion and comparison of 
these models [19,73]. In Ref. [73], our recent progress in 
microscopic models of tensile strength and bulk modulus 
are also discussed. It has to be emphasized that, although 
microscopic hardness models have been established for 
(polar) covalent materials with some success, a satisfying, 
general description of hardness for covalent crystals, ionic 
crystals, and metals still eludes materials scientists because 
of the inherent complexities [8,74,75]. 

HARDER THAN DIAMOND 
Synthesis of superhard materials with hardness higher than 
that of diamond has always been a pursued goal. This is 
truly a challenge to materials science, and some research-
ers are not optimistic to fulfill this goal [76]. In general, 
there are two pathways for this ambition: one is to identify 
novel superhard single crystals; the other is to enhance the 
hardness of known materials through microstructure mod-
ulation. The systems considered in the first pathway belong 
to the intrinsic superhard materials where high hardness is 
achieved through their strong chemical bonding. However, 
a recent research indicates that design of novel single crys-
tals harder than natural diamond seems unrealistic [77], 
leaving the second route as the only choice where extrin-
sic hardening can be achieved through nanostructuring. 
Recent progresses in TiN/SiNx nanocomposites [9], ag-
gregated boron nitride nanocomposites [41], nanograined 
cBN (ng-cBN) [42] and diamond [40] evidenced the fea-
sibility of the second pathway for hardness enhancement. 
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Here we give some qualitative considerations of harden-
ing effects due to nanostructuring in polycrystalline mate-
rials [19]. First, the dislocation activities inside the grain is 
suppressed with decreasing grain size due to the Hall-Petch 
effect, leading to the grain boundaries hardening described 
as H = H0 + KHP/√—D [78,79], where H0 is the hardness of 
the bulk single crystal, KHP is the Hall-Petch hardening co-
efficient, and D is the grain size in nanometer. In addition, 
Tse et al. [80] suggested a quantum confinement hardening 
effect for nanocrystals. Based on the Kubo theory and con-
sidering the quantum confinement effect, the band gap Eg 
in Equation (1) should be updated as Eg,nano(eV) = Eg,bulk + δP 
= Eg,bulk + 24/DNe

1/3 for nanocrystals. As a result, nanocrys-
tal hardness is enhanced by 211D−1Ne

1/3e−1.191fi
  compared 

with that of the bulk single crystal. Combining the Hall-
Petch and quantum confinement effects, the hardness for a 
nanocrystalline bulk material can be estimated as:
 H = H0 + KHP/√—D + Kqc/D, (6) 

where Kqc = 211Ne
1/3e−1.191fi is the quantum confinement 

hardening coefficient. This equation describes the observed 
relations between hardness and crystallite size in cBN and 
wurtzite BN (wBN) nanocomposites perfectly [41]. 

Suggested by Equation (6), a higher hardness would be 
expected with smaller grain size. In experiments, however, 
opposite variations of hardness were observed if the grain 
size is lower than ~10 nm [41,81]. The observed soften-
ing seems to originate from intergranular fracturing along 
poorly sintered grain boundaries rather than the reverse 
Hall-Petch effect resulting from grain-boundary sliding 
[81]. The synthesis of well-sintered nanograined superhard 
materials while maintaining a smaller grain size is techni-
cally difficult. It was known that coherent twin boundar-
ies possess excess energy typically one order of magnitude 
lower than that of grain boundaries [82].  In addition, twin 

boundaries at nanoscale show a hardening effect identical 
to those of grain boundaries for metals [82,83]. Nanotwin-
ning thus provides a more effective mechanism to achieve 
smaller characteristic size of microstructure. Accordingly, 
we managed to synthesize ultrahard cBN and diamond 
bulk materials with nanotwinned microstructures under 
high pressure and high temperature (HPHT).

Using onion-like BN nanoparticles (30150 nm in di-
ameter) as precursor, we successfully synthesized transpar-
ent single-phase nt-cBN bulks under HPHT [43]. Typical 
microscopic structures of onion BN precursor and nt-cBN 
synthesized at 15 GPa and 1800C are demonstrated in Fig. 
2 [43]. The naturally puckered BN layers, the high concen-
tration of stacking faults, and the spherical shape of the 
precursor nanoparticles ensure the formation of laminated 
nanotwins in cBN nanograins (Fig. 2a). cBN nanograins 
contained densely spaced lamellar {111} twins with an av-
erage twin thickness of 3.8 nm (Figs 2b and c). Hardness 
and fracture toughness of the bulk nt-cBN samples were 
measured with a standard Vickers diamond indenter (Fig. 
3). The formation of ultrathin nanotwins significantly im-
proved the material’s hardness and fracture toughness: a 
very high Vickers hardness (exceeding 100 GPa, the opti-
mal hardness of synthetic diamond) and a large fracture 
toughness (>12 MPa m0.5, well beyond the toughness of 
commercial cemented tungsten carbide of 10 MPa m0.5) 
were achieved. An onset oxidation temperature of 1294C 
was determined for nt-cBN, which is higher than those of 
single-crystal cBN (~1103C), ng-cBN (~1187C) [42], 
and commercial polycrystalline cBN (~1000C) [84]. The 
simultaneous improvement of superhard tools’ three key 
properties, namely hardness, toughness and stability, is ac-
complished, indicating the appealing application prospect 
of ultrahard cBN material. 

Following the same principle, we successfully synthe-

a c

50 nm 30 nm 2 nm

(111)
(111) (020)b

Y

Figure 2  (a) Transmission electron microscopy (TEM) image of onion BN nanoparticles. The inset is high resolution TEM (HRTEM) image corre-
sponding to the position marked with the red box emphasizing features of curved atomic layers, lattice puckering, and stacking faults. (b) Bright filed 
TEM image of a cBN nanograin. The inset shows an nt-cBN bulk sample with a diameter of 2 mm. (c) HRTEM image and corresponding selected area 
electron diffraction pattern (SAED, inset) along the [101] zone axis of the nanograin shown in (b). Lamellar nanotwins with various thicknesses (λ) are 
present in the nanograin. The twinning plane is of the {111} type with lattice fringe angles of 70.53° across the twin plane. The red triangles mark two 
Shockley dislocations. Reprinted with permission from Ref. [43]. Copyright 2013, Nature Publishing Group.
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sized transparent nt-diamond bulks under HPHT by us-
ing onion carbon precursor with diameters of 2050 nm 
[44]. Typical microscopic structures of onion carbon pre-
cursor and nt-diamond synthesized at 20 GPa and 2000C 
are demonstrated in Fig. 4 [44]. A high density of lamellar 
{111} nanotwins was observed, which are predominantly 
thinner than 10 nm with an average twin thickness of ~5 
nm. As shown in Fig. 5, this nanotwinned diamond shows 
excellent mechanical properties. Its Vickers hardness 
reaches unprecedented 200 GPa, twice that of natural dia-
mond, and realizes the lasting dream of human beings (i.e., 
finding a material harder than natural diamond). In addi-
tion, the fracture toughness goes up to 15 MPa m0.5. The 
trade-off between hardness and toughness of our nt-dia-
mond samples (Fig. 5b) is significantly superior to those 
of previously reported diamond-related materials [8588]. 

These nt-diamond bulks also show an enhanced thermal 
stability with in-air oxidization temperature 200C higher 
than that of natural diamond [44]. 

It is interesting to note that the old paradigm, i.e., the 
higher the hardness of a material, the lower the fracture 
toughness, is broken in both nt-cBN and nt-diamond 
bulks. The simultaneous improvement in hardness and 
fracture toughness in our nanotwinned samples is inti-
mately related to the ubiquitous nanotwinning microstruc-
ture. The presence of ultrathin nanotwins introduces extra 
hardening, which can be attributed to the joint contribu-
tion from the Hall-Petch and quantum confinement effects 
at nanoscale, meanwhile gliding of dislocations along the 
densely distributed twin boundaries enhances fracture 
toughness [89]. Our findings demonstrate a new strategy 
to manufacture advanced superhard materials. By select-
ing suitable starting materials and optimal P-T conditions, 
interlocked nanotwinned microstructures can be created, 
and a simultaneous improvement of hardness, fracture 
toughness, and thermal stability of superhard materials is 
expected. Such advantages of nt-diamond and nt-cBN en-
dow them wider applications in both industrial and scien-
tific fields, such as turning, milling tools with better perfor-
mance, and diamond anvil cell providing a pressure higher 
than 500 GPa. 

CRITERION OF INDENTATION HARDNESS 
MEASUREMENT
Along with these progresses in superhard materials re-
search, there exists a practical issue about hardness mea-
surement: how can indentation hardness be reliably mea-
sured? Previously, it was proposed that “it is not yet possible 
to express the hardness of a material ‘harder than diamond’ 
by a single number. We recommend that values higher than 
120 GPa should not be called ‘hardness’ to avoid confusion” 
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Figure 3  The Vickers hardness of an nt-cBN bulk sample, a synthetic 
diamond single crystal, and a cBN single crystal as functions of applied 
load. The inset shows an optical micrograph of the Vickers indentation at 
a load of 19.6 N with cracks produced for fracture toughness evaluation 
(KIC = 12.7 MPa m0.5).
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Figure 4  (a) HRTEM image of onion carbon nanoparticles. (b) TEM image of nanotwinned microstructure. The inset shows a photograph of the trans-
parent sample (1 mm in diameter). (c) HRTEM image of intersecting nanotwins (marked with the red box in (b)), viewed along the [101] zone axis of 
diamond. Lamellar {111} nanotwins, stacking faults are present. Twin boundaries are marked with red arrows. Grain boundaries (GB) are interrupted 
by interlocked twins. The inset shows SAED pattern corresponding to the central area of (b). The four-fold-like pattern is from the twin domains with 
four different orientations. Reprinted with permission from Ref. [44]. Copyright 2014, Nature Publishing Group.
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[90]. This traditional criterion (hereinafter referred to as 
the comparison criterion) implies that the test sample must 
be softer than the natural diamond indenter (with hard-
ness of 120 GPa) to ensure a hardness measurement. If the 
comparison criterion were correct, it would be impossible 
to characterize the hardness for these materials. However, 
experimentally there exist many counterexamples to the 
comparison criterion. For example, Vickers hardness of the 
annealed chemical vapor deposition (CVD) diamond as 
high as 170 GPa was reported previously [85], significantly 
higher than the suggested limit of 120 GPa. A scratch made 
by ReB2 on the surface of diamond was verified by atomic 
force microscopy even through ReB2 is much softer than 
diamond [91]. Another example contradict to the com-
parison criterion is the soft impressor method developed 
by Brookes et al. [92], where a plastic deformation can be 
formed even though the hardness of the impressor is much 
lower than that of the tested sample [93,94]. The successful 
application of the soft impressor method is that the resolved 
shear stress exceeds those requirements for dislocation ini-
tiation and multiplication [94]. To clarify this controversy, 
we now recall the definition of indentation hardness. The 
indentation hardness of a material is determined by the in-
denter load divided by the contact (or projected) area of 
the permanent indentation formed on the sample surface 
[11]. According to this definition, indentation hardness 
is a well-defined “engineering” quantity and can be mea-
sured as long as a permanent indentation (through plastic 
deformation) can be left on the surface of the tested sam-
ple. Obviously, the question about the criterion to perform 
an indentation hardness measurement comes down to the 
condition of forming a permanent indentation on the sur-

face. The specific stress states of the indenter and tested 
sample during an indentation hardness measurement are 
analyzed to identify this condition [95,96].

When the symmetric indentor is exactly perpendicular 
pushed into the tested sample, the horizontal force compo-
nents from opposite facets of the indenter are offset, leav-
ing only the perpendicular compressive force components 
to apply on the indenter. The tip of the diamond indenter is 
thus subjected to a compressive stress field. The stress state 
of the sample is different from that of the indenter though. 
In the sample tested zone surrounding the indenter, dislo-
cation initiation and multiplication cause slips and plastic 
strain when the applied stress exceeds the shear strength 
of the sample, leading to a plastic shear deformation of the 
sample and the formation of a permanent indentation on 
the sample surface. Indentation hardness can thus be mea-
sured reliably as long as the shear strength of the sample is 
smaller than the compressive strength of the indenter dia-
mond [95,96]. The compressive strengths, σ, of diamond 
are 223 GPa in the weakest 100 direction, and about 470 
GPa along 110 and 111 [97]. The shear strengths, τ, of 
hard and superhard materials are significantly lower than 
the compressive strengths of diamond [38,98–102], ensur-
ing the formation of an indentation. For example, the shear 
strength of superhard diamond, cBN, wBN, and B6O are 93 
[98], 58 [99], 62 [99] and 38 GPa [102], respectively. There-
fore, hardness measured exceeding that of natural diamond 
indenter does have physical meaning and is reliable.

PROSPECTS
Inspired by the success in nt-cBN and nt-diamond, we ex-
pect more achievements in superhard materials through 
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Figure 5  (a) The Vickers hardness of nt-diamond and natural diamond crystal as a function of applied load. Beyond 4.9 N, HV decreases to the asymp-
totic values of ~200 GPa for nt-diamond (red line). For natural diamond crystals, our measured HV values are ~110 GPa on the (110) face (blue line) 
and ~62 GPa on the (111) face (pink line). (b) Plot of HV against KIC for nt-diamond (solid red circle) in comparison with available data on other forms 
of diamond. Open upward triangle: type Ia natural diamond single crystal (SC-D), open square: type IIa natural SC-D, open downward triangle: HPHT-
grown SC-D, open hexagon: CVD grown SC-D, filled squares: annealed IIa natural SC-D, and filled hexagons: CVD-grown and HPHT annealed SC-D 
[85]; large grey circle: Co-polycrystalline diamond (PCD) [86]; large pink oval: CVD-grown PCD [87]; filled upward triangle: aggregated diamond rod 
[88]. Reprinted with permission from Ref. [44]. Copyright 2014, Nature Publishing Group.
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the strategy of nanostructuring. In the following, several 
topics of special interest are discussed. First, pursuing mi-
crostructure with thinner nanotwin sizes may lead to su-
perhard materials with even superior properties. Here we 
estimate the lower limit of nanotwin thickness and the 
corresponding ultimately achievable hardness (UAH) of 
diamonds [44]. Taking {111} twins in nt-diamond as the 
model system, the minimal twin thickness is λmin = 3 × 
d111 = 0.618 nm since the atomic stacking sequence along 
the 111 direction of diamond is ···ABCABC···. At such 
length scale, the Hall-Petch effect is no longer applicable 
[103,104]. With H0 = 90 GPa (hardness of single-crystal 
diamond) and Kqc = 211Ne

1/3 = 187.7 GPa nm, an extraor-
dinary UAH of 394 GPa is estimated for nt-diamond from 
Equation (6) (without contribution of the Hall-Petch ef-
fect). It calls for a technical challenge to synthesize nanot-
winned microstructures with the required twin thickness 
to achieve such an exceptional hardness property. If we can 
refine the precursor (onion carbon and onion BN) with 
smaller nanoparticle size, further decrease of twin thick-
ness in the synthetic nanotwinned bulks and consequen-
tial increase in hardness are possible. In addition, precur-
sors other than the onion-liked ones will be investigated 
under HPHT, such as the self-oriented carbon nanotube 
arrays and yarns [105,106]. The formation mechanism of 
the nanotwins may be revealed by comparison of HPHT 
products from spherical carbon onions and tubular carbon 
nanotubes. Note that the experimental HPHT conditions 
for synthesizing nt-diamond and nt-cBN are essentially 
identical. This opens up the possibility of manufacturing 
nt-diamond/nt-cBN nanocomposites. Such nanotwinned 
composites are expected to possess intermediate oxidation 
temperature and hardness between those of nt-diamond 
and nt-cBN but with greater fracture toughness as a result 
of the combined contributions from nanotwinning and 
composite effects. 

With nanostructuring, it is possible to tune a variety of 
hard materials (HV > 15 GPa) into superhard materials, 
and enrich the family of superhard materials. The key is, 
along with the decrease of nanograins size, the strong grain 
boundaries must be maintained to avoid the intergranular 
fracturing that induces hardness deficiency. Most recently, 
it was demonstrated that the Hall-Petch effect still func-
tions for fully dense spinel MgAl2O4 nanocrystalline ceram-
ics [107]. Sintering MgAl2O4 nanopowders with an average 
size of 25.8 nm under 2 GPa and 740C, nanocrystalline 
bulks with an average grain size of 28 nm were achieved, 
leading to a unique hardness of 20.2 GP (H0 = 13 GPa for 
MgAl2O4 single crystal). With carefully prepared precursor, 
smaller nanograin size, and higher pressure to restrict the 
grain growth, well-sintered nanocrystalline hard materials 
may be promoted into the family of superhard materials. 
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中文摘要    半个世纪以来, 超硬材料研究领域一直存在两个重要难题亟待解决: (1) 硬度的微观理论或超硬材料的设计原理; (2) 合成出
综合性能(硬度、韧性和热稳定性)更加优异的新型超硬材料, 尤其是实现人工材料比天然金刚石更硬这一梦想. 在过去的十多年里, 我
们提出了一个基本假设——微观上硬度等于晶体单位面积中化学键对压入的综合阻抗, 由此建立了共价和极性共价晶体硬度的微观模
型, 实现了晶体硬度的定量预测. 随后, 我们将晶体硬度的微观模型推广至多晶固体, 建立了多晶共价材料硬度的理论模型. 最近, 以多
晶硬度模型为指导, 我们在高温高压条件下分别合成出纳米孪晶结构的立方氮化硼和金刚石块材. 与单晶材料相比, 纳米孪晶立方氮
化硼和金刚石的硬度、韧性和热稳定性均得到明显改善, 为发展高性能超硬材料探索出一条崭新的途径. 
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