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It has been widely expected that higher carbon content in ternary compounds BC,N, which crystallize in
cubic diamond structure, would lead to increased strength and hardness. This notion was derived from calcu-
lated elastic parameters and empirical hardness formulas based on structural and electronic properties of the
equilibrium structures. Here we report on a first-principles study of cubic BC¢N that exhibits only slightly
increased tensile strength, but decreased shear strength compared to cubic BC,N. More important, both com-
pounds show lower tensile and shear strength compared to cubic BN. We analyze these seemingly counterin-
tuitive results and show that material strength is determined by mechanical response at large strains which may
not always be in accordance with the properties of the equilibrium structure. Studies of stress-strain behavior
at large deformation, as demonstrated in the present work, are required for a reliable account for material

strength under various loading conditions.

DOI: 10.1103/PhysRevB.77.094120

I. INTRODUCTION

In recent years considerable effort has been devoted to the
synthesis and characterization of ternary BC,N compounds
that crystallize in cubic diamond (zinc-blende) structure.'~!?
The idea is to make new compounds that are a hybrid of
diamond and cubic BN (c-BN), the top two known strongest
solids, with the expectation that they will have the best of the
two worlds in their mechanical properties—namely, stronger
than c-BN and thermally more stable than diamond. It is also
expected that higher carbon content would help increase the
strength and hardness; this is based on the intuitive argument
that more carbon content should bring the hybrid compounds
closer to diamond in their mechanical properties because of
the larger proportion of the stronger C-C bonds in the struc-
ture. A variety of structural forms of BC,N were obtained
under high-pressure and high-temperature synthesis condi-
tions from different starting materials. The best characterized
and most studied are two cubic BC,N phases in the zinc-
blende structure: a high-density phase?’ obtained from com-
pressing a mixture of fine-milled graphite and graphitic BN
and a low-density phase* from a graphitic BC,N precursor.
They show large differences in lattice constants and elastic
parameters as probed by x-ray diffraction and equation of
state (volume-pressure) measurements>*> and in lattice dy-
namics as probed by Brillouin scattering measurements.
Identation measurements*> produced large (but different)
hardness values for the two BC,N phases, placing them in
the superhard category with the measured hardness above
that of c-BN. The difference in the measured hardness values
is a reflection of the sensitive dependence of hardness on a
large array of external and sometimes uncontrolled condi-
tions, including the loading conditions (load and loading rate
and configurations), indentor shape, and crack formation in
the sample, among others. This is why the indentation hard-
ness of a material is not uniquely defined and a comparison
of absolute readings of hardness from different indentation
experiments is often not very meaningful. Instead, relative
hardness values obtained under the same measurement con-
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ditions are the desired information for useful comparison.*>

Nevertheless, there is a well-defined common underlying
process that is key to understanding the structural deforma-
tion, strength, and hardness and can be tracked from first-
principles calculations. It is the ideal strength of a material
under specified loading conditions. It is defined as the stress
at which a perfect crystal becomes mechanically unstable
which sets an upper bound for material strength. A compu-
tational approach was devised'®!'* to determine the ideal
strength from first-principles density functional theory calcu-
lations. It has been recently applied to examine diamond,
c-BN, and BC,N under tensile and shear strains.!>"'® The
results shed light on the deformation mechanism of these
materials and demonstrate that elastic parameters and other
equilibrium structure properties do not provide a good indi-
cation for structural deformation at large strains. A limiting
case of the BCN compounds is several polymorphs of C3Ny,
which have been considered as possible candidates for super-
hard materials due to their short C-N covalent bonds that
give rise to the predicted high elastic moduli.?>-?> However,
recent ideal strength studies?>>>* showed that the B- and
pseudocubic C3Ny, where the C-N bonds are formed by the
sp? electron from N and sp? electron from C in the former
and by the sp> electron from N and sp? electron from C in
the latter, both are not as strong as c-BN since the calculated
ideal tensile and shear strength are much lower than ex-
pected.

It was recently proposed? that a cubic BC¢N phase could
exhibit higher strength and hardness than those of the isos-
tructural cubic BC,N. The calculated elastic parameters and
hardness from structural and electronic properties of the
equilibrium structure all point to the same conclusion. How-
ever, as seen in other similar B-C-N compounds,15’19’23’24
these indicators from equilibrium structure properties may
not offer a reliable assessment of the mechanical strength at
large strains. Moreover, the detailed deformation modes and
bond-breaking patterns, both critical to understanding the
atomistic mechanism of the structural deformation, can only
be obtained from the ideal strength calculations.

In this paper, we report the results of ab initio pseudopo-
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FIG. 1. (Color online) The two eight-atom zinc-blende-
structured unit cells of BCgN containing (a) no (BC¢N-1) or one
(BC4N-2) B-N bond.

tential local-density-approximation (LDA) calculations for
BC¢N and compare the results to those of diamond, c-BN,
and BC,N to study the effect of increasing carbon content.
The total energy, ground-state properties, elastic moduli, and
ideal tensile and shear strength were calculated for a system-
atic comparison. The results show that despite the increased
elastic moduli, BC4N exhibits only slightly increased tensile
strength well below the proportion of the carbon content in-
crease. Furthermore, its shear strength even decreases com-
pared to that of BC,N. We examine the atomistic deforma-
tion modes and bond-breaking sequences in these
compounds in close comparison with those in diamond and
c-BN to unveil the underlying mechanism for these unex-
pected mechanical behavior at large strains. The results pro-
vide useful insights for understanding structural deformation
of strong covalent materials and may also help understand
similar behavior in other classes of materials.

II. STRUCTURAL MODEL AND METHOD OF
CALCULATION

We consider the cubic BC¢N structures in an eight-atom
zinc-blende-structured unit cell. Among 8!/6! =56 possible
structural configurations, there are only two topologically
different structures as shown in Fig. 1. They are distin-
guished by the absence [BC¢N-1 in Fig. 1(a)] or presence
[BC¢N-2 in Fig. 1(b)] of the B-N bond in the unit cell. The
total energy of the system is calculated using a local-density-
approximation pseudopotential scheme with a plane-wave
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basis set.?®2® The normal conserving Troullier-Martins
pseudopotentials®® were used with cutoff radii of 1.3, 1.3,
and 1.5 au. for N, C, and B, respectively. The exchange
correction functional of Ceperley and Alder?’ as param-
etrized by Perdew and Zunger*® was used. The total energy
of the structure was minimized by relaxing the structural
parameters using a quasi-Newton method.3! The total energy
and stress calculation used an 8 X8 X8 Monkhorst-Pack
k-point grid*?> and a 100-Ry energy cutoff. The error in stress
caused by the energy cutoff and k-point grid is less than 0.1
GPa based on convergence tests. The bulk moduli are ob-
tained by fitting the Birch-Murnaghan equation of state. To
determine the elastic constants, we applied a series of posi-
tive and negative strains to the equilibrium structure with all
the atoms in the unit cell fully relaxed. Since the relaxed
cubic BC¢N structures are slightly deformed from cubic, we
calculated the average tetragonal [(C,;—C},)/2] and rhom-
bohedral [C,4] shear moduli.'?> The calculated structural and
energetic properties of the two cubic BC¢N phases are pre-
sented in Table I. For comparison, calculated results for dia-
mond, cubic BN, and a high-density phase of BC,N, which
exhibits the highest ideal strength among the cubic BC,N
phases in zinc-blende structure,'’ are also listed; these results
are all in good agreement with available experimental
data.'>!333 All the equilibrium properties of the two cubic
BC¢N phases (some are not listed in Table I since they are
not directly related to our discussion here) of cubic BC4N
obtained in our work are in good agreement with the recently
reported results.”> The only exception is that our calculated
bulk modulus for BC4N-2 is higher than that for BC4N-1. We
will address this issue below.

To calculate the ideal strength along different deformation
paths, we employed the method described in detail
previously.'>!# The lattice vectors were incrementally de-
formed in the direction of the applied (tensile or shear)
strain. At each step, the applied (tensile or shear) strain is
fixed which determines the calculated (tensile or shear)
stress, while the other five independent components of the
strain tensors and all the atoms inside the unit cell were
simultaneously relaxed until (i) all the residual components
of the Hellmann-Feynman stress tensor orthogonal to the ap-
plied strain are less than 0.1 GPa and (ii) the force on each
atom becomes negligible. The shape of the unit cell is deter-

TABLE I. Calculated structural, energetic, and elastic properties of cubic BC¢N. The results for diamond,

cubic BN, and BC,N are also listed for comparison. The average lattice constant a is defined as (abc)'’>.
Structure BC¢N-1 BC¢N-2 BC,N Diamond c-BN
a (A) 3.560 3.563 3.568 3.538 3.592
b (A) 3.572 3.563 3.568 3.538 3.592
c (A 3.572 3.563 3.607 3.538 3.592
a(A) 3.568 3.563 3.581 3.538 3.592
-E,,; (eV/atom) 160.04 160.15 165.07 155.47 175.50
E; (eV/atom) 0.441 0.325 0.420 — —
By (GPa) 412.7 421.8 400.8 459 393
Cyy (GPa) 5254 531.6 4923 599 472
(C11—-C1»)/2 (GPa) 427.0 423.9 314.1 469 311
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TABLE II. Calculated ideal tensile and shear strength for BC4N-1 and BC¢N-2 compared to those of

diamond, cubic BN, and BC,N.

Ideal tensile

Ideal shear

Structure Strength Direction
BC¢N-1 62.1 (111)
BCgN-2 584 (111)
c-BCN 55.8 (111)
Diamond 92.8 (111)
c-BN 65.6 (111)

Strain

Strength Direction Strain
0.170 65.8 (111)¢112) 0.205
0.160 63.0 (111)(121) 0.190
0.080 68.8 (111)(121) 0.270
0.130 96.3 (111)¢112) 0.345
0.110 70.5 (111)(121) 0.360

mined by this constrained atomic relaxation without any im-
posed boundary conditions. The obtained total energies of
the structures are fitted by smooth energy-strain curves.
From these energy-strain fit curves, we adopted a previously
described approach®* to calculate the tensile stress op=[(1
+€p)/ V(eg)]IE/ deg, where € is the engineering strain, and
the shear stress og=[1/V(e;)]dE/ der, where €7 is the true
strain. The obtained results are in excellent agreement with
those obtained from direct stress calculations. To identify the
weakest tensile direction, we calculated the tensile stress
along various crystallographic directions of the structures.
The critical shear stress was then calculated by applying
shear deformation in the easy slip plane perpendicular to the
weakest tensile direction. We examined the stress-strain re-
lation along the directions of high symmetry since the sym-
metry lowers the energy and leads to energetically favorable
relaxation pathways for structural transformation or failure.

III. RESULTS AND DISCUSSION
A. Equilibrium properties

From data listed in Table I, it is seen that all the BC,N
(x=2,6) structures have positive formation energy defined as
E;=Epc \J\,—(xEdiam,,nd+2EBN)/(x+2) where diamond and
c-BN are used as energy references for c-BC,N. This result
indicates that the c-BC,N compounds are all metastable and
tend to segregate into diamond and c-BN. However, these
metastable structures synthesized under high-temperature
and high-pressure conditions can be recovered at ambient
conditions as demonstrated in experiments.'~> We notice that
the relatively more stable BC4N-2 is lower in formation en-
ergy than the c-BC,N which is the most stable ¢-BC,N
among those with similar cubic structures.'? It shows that
increasing carbon content indeed lowers the formation en-
ergy and thereby reduces the trend toward the phase segre-
gation. The average lattice constants of ¢-BC¢N (BC¢N-1
and BCgN-2) are smaller than that of ¢c-BC,N, but within the
scale between diamond and c-BN, in good agreement with
the Vegard’s law,> which predicts a linear relation between
the lattice constants of alloys and the concentration of its
constitutional elements. The bulk moduli of c-BC¢N are only
slightly larger than that of c-BC,N, while their tetragonal and
rhombohedral shear moduli exhibit much more significant
enhancement. This contrast originates from the different un-

derlying mechanical processes. The bulk moduli measure
material response to isotropic compression whereas the shear
moduli to shape change involving bond compression and
elongation. The different types of bonds in the high-density
cubic phases studied in the present work have similar
lengths. Our calculated bond lengths for C-C, C-N, and C-B
bonds in BCgN-1 and BC¢N-2 are 1.536 A, 1.549 A,
1.559 A and 1.536 A, 1.550 A, 1.563 A, respectively. Ac-
cording to an empirical relation between bulk moduli and
bond length,*® the bulk moduli should not change much with
the increase of C-C bonds in these structures since there is
little variation in the overall bond length distribution. On the
other hand, these bonds behave quite differently when they
are stretched and distorted. As a result, the strong C-C bonds
can help improve the shear moduli more effectively. Such
differences become more pronounced at large strains as
shown below in the discussion of ideal strength calculations.
Differences also arise between BCgN-1 and BC¢N-2 in lat-
tice constants, elastic moduli, and formation energy. This can
be explained by the bond counting rule: BC¢N-1, which con-
tains four C-N bonds and four B-C bonds in each unit-cell, is
not as stable as BC¢N-2, which has some of the B-C and C-N
bonds in BC¢N-1 replaced by the energetically more stable
C-C and B-N bonds. Consequently, the lattice constant of
BCgN-2 is reduced, which leads to a slight increase in the
bulk modulus B, and rhombohedral shear modulus C,4, but a
slight decrease in the tetragonal shear modulus (C;—C;,)/2.
The different responses of these elastic moduli to the carbon
content variation are due to the differences in the corre-
sponding structural deformation modes associated with spe-
cific elastic moduli.

B. Ideal strength and deformation modes

The calculated ideal tensile and shear strength, the corre-
sponding strains at the peak stress values, and the weakest
tensile and shear deformation directions for cubic BCgN-1
and BCgN-2 are summarized in Table II. Also listed for com-
parison are the results for diamond, cubic BN, and an isos-
tructural high-density cubic BC,N phase. We first examine
the stress-strain relations under tensile loading along high-
symmetry paths, including all the body-diagonal, surface-
diagonal, and lattice vectors of the cubic unit cell for all the
materials considered here. The obtained ideal tensile strength
of diamond, ¢-BN, and BC,N are 92.9 GPa, 65.6 GPa, and
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FIG. 2. (Color online) Calculated stress-strain relation, bond
length versus strain, and the snapshots of the structural unit cell at
the critical steps near the bond breaking points for BC¢N-1 under
the (111) tensile loading. Solid circles and open squares represent
results from the energy-strain fit and direct stress calculations,
respectively.

55.8 GPa, respectively, all in the (111) crystallographic di-
rection. For BC¢N-1, the calculated peak tensile stresses
along the [001], [011], and [111] directions are 187.9 GPa,
96.2 GPa, and 62.1 GPa, respectively. Since all the body-
diagonal directions in BC4N-1 are equivalent, we identify the
(111) directions as the weakest tensile direction with an ideal
tensile strength of 62.1 GPa. The calculated peak stresses of
BC¢N-2 along the [001] and [011] are 131.3 GPa and 93.2
GPa, respectively. However, there are two nonequivalent
body-diagonal directions for BC4N-2—namely, its [111] and

[111] directions. These two directions can be distinguished
by the orientation of the B-N bond, which is parallel to the

[111] direction and perpendicular to the [111] direction. The
peak stresses for the [111] and [111] directions are 58.4 GPa

and 86.8 GPa, respectively. As a result, we identify the [111]
as the weakest tensile direction for BC¢N-2 with an ideal
tensile strength of 58.4 GPa. It is clear that an additional 24.5
wt % of carbon content in BC¢N over that in BC,N only
leads to no more than 11% of enhancement to its ideal tensile
strength. Moreover, even with this modest increase the ideal
tensile strength of c-BC¢N is still below that of ¢-BN.

To better understand the calculated ideal tensile strength
results, we examine the detailed local bonding arrangements
and atomistic deformation modes under tensile loading for
¢-BC¢N. In BCy¢N-1 (see Fig. 2), there are two C-C bonds,
one C-N bond, and one B-C aligned in the (111) direction.
These bonds are primarily responsible for the strength under
the (111) tensile loading because the tensile strain directly
stretches these bonds, causing bond breaking and structural
deformation. The stress undergoes an almost linear increase
up to the maximum point (€=0.09) where all the bonds re-
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FIG. 3. (Color online) Calculated stress-strain relations, bond
length versus strain, and the snapshots of the structural unit cell at
the critical steps near the bond breaking points for BCgN-2 under
the [111] and [111] tensile loading. Solid circles and open squares
represent results from the energy-strain fit and direct stress calcula-
tions, respectively.

main intact but the C-N bond is significantly stretched. At
further increased strain, the C-N bond breaks and the stress
starts to fall. The break of the two C-C bonds occurs around
the tensile strain of 0.135 with a drastic change of bond
length from 1.84 A to 2.26 A. At this point, only the B-C
bond remains connected and the stress turns negative imme-
diately afterwards, indicating that the repulsive stress is
pushing the structure away from equilibrium. Meanwhile, in
BC¢N-2 (see Fig. 3), the types of bonds parallel to the [111]
direction are the same as those parallel to (111) in BCgN-1,
producing the peak stress in the [111] direction for BC¢N-2
similar to that in the (111) direction for BC4N-1. The 5.5%
disparity in their values comes from the subtle differences in
local bonding environments. Meanwhile, there are three C-C

bonds and one B-N bond aligned in the [111] direction in
BCg¢N-2. The strong sp*> C-C bonds produce a much larger
tensile strength that is only slightly lower than the value for
diamond. However, the anisotropic mechanical response of
BC¢N-2 to tensile loading means that its ideal tensile
strength is determined by the lower value of 58.4 GPa. The
weakest tensile direction also determines the natural cleav-
age plane that is perpendicular to it. Similar to the situation
for BC¢N-1, the tensile deformation along the [111] direction
of BCgN-2 has two bond-breaking steps in the sequence of

C-N bond and then C-C bond. Meanwhile, in the [111] de-
formation, the B-N bond breaks first at the strain of e
=0.16 after a long continual elongation; it is followed by a
sudden break of the three equivalent C-C bonds which leads
to a steep drop in tensile stress. The contribution from these
strong carbon bonds is the key to the large tensile strength in

the [111] direction.
We now examine the stress-strain relation of c-BCgN un-
der shear deformation. Several shear directions in the easy-
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FIG. 4. (Color online) Calculated stress-strain relations, bond
length versus strain, and the snapshots of the structural unit cell at
the critical steps near the bond breaking points for BC4N-1 and
BC¢N-2 under the indicated shear loading. Solid circles and open
squares represent results from the energy-strain fit and direct stress
calculations, respectively.

slip (111) (for BCgN-1) and [111] (for BC¢N-2) planes were
checked. The ideal shear strengths of BC¢N-1 and BCgN-2
are determined to be 65.8 GPa and 63.0 GPa along the

{111}[112] and (111)[121] directions, respectively. These
values are below those for ¢-BN and ¢-BC,N (see Table II).
Since indentation hardness measurements produce volume
and shape changes beneath the indenter, it is expected that
shear strength is more closely related to the intrinsic hard-
ness of a material. In fact, it has been shown that the limit of
the structural stability is correlated with the maximum shear
strength.>” Our ideal shear strength calculations indicate that
c-BCgN is likely to be less hard compared to c-BN or
c-BC,N despite its increased carbon content. We examine
the atomistic structural deformation modes to understand this
result. Figure 4 shows the calculated stress-strain relations
and the lengths of the bonds that connect the shear planes as
a function of strain; the structural snapshots of the unit cell at
the critical steps near the bond-breaking points are also plot-
ted. It is seen that BCgN-1 and BC¢N-2 are significantly
deformed right before the bond-breaking points at the strain
of €=0.205 and €=0.195, respectively. The C-N, C-C, and
C-B bonds originally perpendicular to the [111] direction are
greatly stretched, similar to the case in ¢c-BC,N,'> However,
the shear deformation modes for c-BCgN are different from
those in diamond, c-BN, and ¢-BC,N in one regard. The
latter three materials all the relevant bonds connecting the
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FIG. 5. (Color online) Summary of calculated bulk and shear
moduli and ideal tensile and shear strength of the cubic BC¢N
phases in comparison with the results for diamond, cubic BN, and
BC,N. The dashed lines represent linear interpolations between the
data for c-BN and diamond.

shear planes break simultaneously, producing large peak
shear stress.!® However, in BCgN-1 and BC¢N-2, the C-N
and C-B bond-break at the peak stress point without much
participation of the C-C bond. This early partial breakdown
of chemical bonds in c-BC¢N is the weak link that is respon-
sible for their reduced ideal shear strength. The increased
number of stronger C-C bonds contribute to larger elastic
moduli and lead to higher estimated hardness from empirical
formulas derived from the equilibrium properties that is pro-
portional to carbon content. All these cannot prevent struc-
tural deformation and failure of cubic BC¢N at its weak link
mentioned above, and this weak link is not proportional to
carbon content.

We present a summary of our calculated elastic moduli
and ideal tensile and shear strength in Fig. 5 and compare
them against the linear interpolation between cubic BN and
diamond. It is seen that the elastic moduli follow the inter-
polation line (Vegard’s law) quite well: all the calculated
moduli show the correct trend in that more carbon content
leads to higher moduli; the quantitative agreement is also
very good (within a few percent in most cases). On the other
hand, the calculated ideal strength deviates significantly from
the interpolation: first, the values are much lower (20%-—
30%) than the interpolation line and, more significant, both
the ideal tensile and shear strength turn lower from cubic BN
to BC,N and then, for the shear strength, this opposite (to
Vegard’s law) trend continues to BC¢N. This can be ex-
plained by the distribution of various bonds in these struc-
tures and their response to large strains as discussed above.
The key to understanding this phenomenon is the realization
that structure failure occurs when the weakest bonds break
under specific deformation modes despite the larger propor-
tion of stronger C-C bonds in the structures.
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IV. CONCLUSION

In conclusion, our first-principles calculations of ideal
strength and deformation modes show that increasing carbon
content in cubic BC¢N leads to a slight increase of its tensile
strength, but a decrease of its shear strength compared to an
isostructural cubic BC,N. Both of these compounds show
lower ideal tensile and shear strength compared to cubic BN.
We elucidate the underlying mechanism for these unexpected
results by examining the structural deformation modes and
bond-breaking patterns at large tensile and shear strains
where the weak bonds in the tensile directions and those
connecting the shear planes lead to structural instabilities.
Given the prominent role played by the shear deformation
and strength in indentation hardness measurements, it is ex-
pected that cubic BC¢N is not likely to be harder than its
isostructural counterpart with reduced carbon content—
namely, cubic BC,N and BN. This is in strong contrast to the
corresponding elastic moduli that show a significant increase
with a larger amount of carbon content. This result indicates

PHYSICAL REVIEW B 77, 094120 (2008)

that empirical estimates of material strength and hardness
based on structural and electronic properties at equilibrium
may not be reliable when the bonding environment becomes
complicated despite their successful applications to relatively
simple materials. Meanwhile, it should be noted that the
ideal strength is not equivalent to hardness, although they are
closely related. Incorporating results from ideal strength cal-
culations into the evaluation of material hardness is expected
to provide more accurate predictions; but how to construct a
simple and reliable formula for this purpose remains to be
worked out.
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