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Recently, nanotwinned cubic boron nitrides (NT c-BN) have demonstrated extraordinary leaps in

hardness. However, an understanding of the underlying mechanisms that enable nanotwins to give

orders of magnitude increases in material hardness is still lacking. Here, using transmission electron

microscopy, we report that the defect density of twin boundaries depends on nanotwin thickness,

becoming defect-free, and hence more stable, as it decreases below 5 nm. Using ab initio density

functional theory calculations, we reveal that the Shockley partials, which may dominate plastic

deformation in c-BNs, show a high energetic barrier. We also report that the c-BN twin boundary has

an asymmetrically charged electronic structure that would resist migration of the twin boundary

under stress. These results provide important insight into possible nanotwin hardening mechanisms in

c-BN, as well as how to design these nanostructured materials to reach their full potential in hardness

and strength. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961240]

Nanotwinned (NT) metals are an excellent example of

how the structure of internal boundaries can greatly influence

material strength and hardness.1–3 These materials are com-

prised of a high density of coherent twin boundaries (CTBs)

spaced tens of nanometers apart (100–102 nm).4–6 These

boundaries are stable and free of intrinsic defects, such as

vacancies and dislocations at grain boundaries (GBs).7,8 As

CTB spacing h decreases, hardness increases, following the

well-known Hall-Petch (HP) relation, �h�1/2.9 However, at

some critical value of h, the hardness is often observed to

plateau or even decrease with further reductions in h (e.g.,

�15 nm for polycrystalline NT copper).5,10–12 The break-

down in the HP relation is usually related to the nucleation

of dislocations from the other two types of boundaries found

in NT metals–incoherent twin boundaries (ITBs) and grain

boundaries (GBs), which contain point defects, dislocations,

and disconnections.13,14 This limited NT spacing h is unfor-

tunately significantly larger than the theoretical minimum

(e.g., �0.6 nm for copper) and hence the highest possible

hardnesses cannot be realized.15,16

In contrast to NT metals, a recent NT cubic boron nitride

(c-BN) exhibited no such softening in hardness as the twin

thickness was reduced to 3.8 nm.17 It is therefore possible

that even higher hardness values can be achieved; nonethe-

less the actual peak value of hardness has yet to be clari-

fied.18–20 However, NT c-BN also contains GBs and ITBs

arranged in a similar manner as in NT metals. It is, therefore,

puzzling why HP strengthening persisted in NT c-BN, even

at such small twin thicknesses.

Here, we provide evidence that plastic deformation in NT

c-BN likely involves glide of Shockley partials on CTBs and

reveal some unique structural features of these CTBs that

make this deformation mechanism highly difficult. As a con-

sequence, NT c-BN would be extraordinarily stable against

the mechanical stresses experienced in hardness testing.

Bulk NT c-BN was fabricated via the phase transforma-

tion of hexagonal BN (h-BN) powder under a high pressure

of 12 GPa and a high temperature of 1973 K.21 This fabrica-

tion process should involve plastic deformation, unlike c-BN

fabricated by rapid laser melting and quenching, which did

not show deformation defects, such as dislocations and

twins.22 It should be noted that the resulting material does

not possess a hardness as high as that reported to date.17 The

difference may be due to a different texture, a larger range of

grain sizes (101–103 nm), and an inhomogeneous distribution

of NT regions. Nonetheless, the present c-BN nanostructure

is still suitable for revealing the basic, intrinsic features of

nanotwins that can contribute to significantly enhanced hard-

ness.21 In what follows, we use transmission electron micros-

copy (TEM), scanning transmission electron microscopy

(STEM), and ab initio density functional theory (DFT) cal-

culations to examine the structures of the dislocations and

CTBs in the NT c-BN over a range of electronic, atomic, and

nano length scales.

For NT face centered cubic (FCC) metals, it has been

argued that the defects, mainly in the form of atomic steps,

tend to form in the CTBs as the twin thickness decreases

leading to a breakdown in the HP scaling since they can act
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as sources for mobile dislocations.10,23 Using TEM, we

examined the defect structure of 650 CTBs and confirmed

that the NT c-BN possesses a high density of CTBs and a

much lower density of ITBs that terminate within the grains

(Fig. 1(a) and also see supplementary material, Fig. S1).6

Figure 1(e) shows the twin spacing distribution. It is strongly

skewed such that many twin boundaries (75%) are spaced

2–4 nm apart and fewer are spaced greater than 5 nm apart,

giving an average spacing of 4.2 nm. Most (more than 60%)

CTBs associated with twin spacings greater than 5 nm con-

tain many defects, whereas a majority of the CTBs (more

than 70%) with spacings less than 5 nm are defect-free

(Fig. 1(b)). Further examination with high-resolution (HR)-

TEM reveals that, besides the ITBs (Fig. 1(d)), the defects

are predominantly in the form of atomic steps, varying in

height and width (Fig. 1(c) and also see supplementary mate-

rial, Fig. S2). Therefore, contrary to NT metals, CTBs in

c-BN are less likely to serve as sources for dislocations as

twin spacing decreases below 5 nm since they present signifi-

cantly less atomic steps. Larger spacings (>5 nm) provide

room for a dislocation to nucleate and move, and hence

greater opportunity for an interaction with CTBs and for gen-

erating defects. Finer spacings (<5 nm), however, do not

offer sufficient space. On this basis, the nearly defect-free

CTBs associated with the very fine twins ought to lead to

high hardness values for NT c-BN.

Understanding the plastic deformation processes during

hardness testing requires first uncovering the basic structure

of the governing dislocation. Fig. 2(a) shows a dislocation

found in this material, which is a glide-set dislocation, spread

on the (111) plane, which is just one of the types of disloca-

tions possible for the diamond cubic lattice crystal structure

of c-BN.24 To determine whether this type of dislocation

dominates, we employ DFT to calculate its stacking fault

energy [also see supplementary material for the methods].

The other class of dislocations in the c-BN diamond cubic

lattice is a shuffle-set dislocation.24 The energy barrier for

these dislocations can be expected to be different since the

atomic displacements associated with their formation are not

the same.25 Figure 2(b) compares the energy barrier with

atomic shifts along the h110i direction. The computation

shows that the barrier is higher for the glide-set than for the

shuffle-set dislocation.

The glide-set dislocations with higher energy barrier,

however, can dissociate into two glissile Shockley partials

with an intrinsic stacking fault in-between following the

same reaction as that for an FCC metal, i.e., a/2[1�10] ! a/

6[1�21]þ a/6[2�1 �1], as illustrated in Fig. 2(a). A similar dis-

sociation of the shuffle-set dislocations has not been revealed

in c-BN. In a similar material, diamond, it has been reported

that the most favorable energetic dissociation of the shuffle-set

dislocations does not lead to two glissile partials and would

require much more energy than the glide-set dissociation

FIG. 1. Nanotwinned structures and twin distribution: (a) morphology of the

nanotwins inside c-BN grains, (b) perfect coherent twin boundaries in twins

with thicknesses of only few nm, (c) defective twin boundary and (d) incoher-

ent twin boundary in twins with thicknesses of several nm and above, (e) dis-

tribution of twins and frequency of defective twins indicating a critical twin

thickness of 5 nm below which defects, specifically atomic steps, rarely exist.

FIG. 2. (a) Dissociation of a glide-set full dislocation into two partials; (b) and (c) the calculated energy profiles with possible dislocation paths: (b) glide-set

path and shuffle-set path along the h110i direction for full dislocations and (c) the h112i direction for partial dislocations. The higher energy barriers for full

dislocation path as compared to the partial dislocation path indicate that the preferable paths are partial dislocations. cuisf: unstable intrinsic stacking fault

energy, cisf: intrinsic stacking fault energy, cuesf: unstable extrinsic stacking fault energy, cesf: extrinsic stacking fault energy, cutsf: unstable twin stacking fault

energy, and ctsf: twin stacking fault energy.
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reactions.26 Using DFT, we compute the energetic barrier

(the unstable stacking fault energy) cuisf to form the glissile

Shockley partial to be 3.6 J/m2, which is substantially lower

than that to form either type of full dislocation. The penalty of

this intrinsic reaction is the energy associated with forming

the stacking fault cisf, which we calculate to be 179 mJ/m2.

The cisf in c-BN was recently measured to be 1916 15 mJ/

m2,27,28 consistent with this calculation. The width of a disso-

ciated glide-set dislocation can be estimated from an energy

balance to be w¼la2/(24pcI)¼ 5.5 nm, for cisf¼ 179 mJ/m2

and where l¼ 58.3 GPa is the effective shear modulus of

c-BN.29 This value compares well with the STEM observation

in Fig. 2(a).

Although these calculations show that the dissociation is

favorable, it is not yet evident whether dissociated full

(glide-set) dislocations or single Shockley partials prevail

during deformation. Movement of a full dislocation can take

place via concomitant gliding of a leading Shockley partial

and a trailing Shockley partial on the same glide plane. The

likelihood of this glide mechanism scales as cisf/cuisf, with

full dislocations preferred over partials for values greater

than 0.3.30 For FCC metals, this ratio can range from 0.1 to

1.30 According to our calculations, for c-BN, this ratio is

notably very low �0.05. Therefore, we can conclude that the

high energy barrier of the undissociated glide-set dislocation

and the extremely low cisf/cuisf ratio indicate that glide of

individual Shockley partials ought to predominate plastic

deformation in c-BN.

Results in the foregoing section reveal that defect-free

nanotwins with thicknesses less than 5 nm prevail in NT c-

BN. They suggest that during deformation of such fine NT

structures, such as hardness testing, Shockley partial disloca-

tions should dominate, and as NT thicknesses of 5 nm or less

do not provide sufficient room for the dislocations to glide

non-planar to the CTBs, they likely glide on the CTBs or on

{111} planes parallel to them. This basic process could cause

CTB migration, which would shrink or expand the nanotwin

thickness. However, as we have found via DFT, glide of

Shockley partial on CTBs has a high activation barrier, and

thus, as a plastic deformation mechanism during hardness

testing, it could give rise to outstanding hardness and contin-

ued HP strengthening as nanotwin thickness reduces below

5 nm. To uncover some signs of this mechanism, TEM was

used on NT c-BN. Figures 3(a)–3(c) show an intrinsic stack-

ing fault, an extrinsic stacking fault, and a twin, respectively.

Although these images were not viewed in-situ of the same

region, it is known that the first fault could develop by glide

of a single Shockley partial in a perfect lattice, the second by

successive glide of an identical partial on an intrinsic fault,

and the third by another partial gliding on the extrinsic fault.

Therefore, evidence in Fig. 3 suggests that these stacking

faults could have formed during plastic deformation of the

NT c-BN, as it happens in FCC metal. It should be men-

tioned, however, that an alternative mechanism for nanotwin

formation could be phase transformation of h-BN to c-BN

during fabrication. Nonetheless, when formed during plastic

deformation, twins accommodate strain, and when identical

Shockley partials glide on adjacent planes, the twin they pro-

duce would have an inclined ITB with an angle of about

70.5�. Figure 3(d) indicates that the twins we examined have

this feature. On this basis, it appears that Shockley partials

glide, along faults or CTBs, is a viable plastic deformation

mechanism during hardness testing.

As further support for this observation, we employ DFT

to compute the fault energy as a function of the number of

fault layers. We find that the fault energy associated with the

two-layer fault is 160 mJ/m2, which is lower than that of a

monolayer. Similarly, the fault energy of the three-layer

stack, i.e., a twin, is 158 mJ/m2, which is also lower than that

of a single fault. This calculation suggests that like many FCC

metals, a twin that is three-layers thick is favorable and sta-

ble.31 It also implies that twin thicknesses in c-BN could be

much finer,�0.6 nm, which is much lower than those reported

thus far, and thus much higher hardness could be possible.

Building a 3-layer twin requires the sequential nucle-

ation of Shockley partials on pre-existing faults. As before,

the energies required are computed using DFT. For a new

Shockley partial on a pre-existing monolayer fault, the

energy barrier is 3.5 J/m2, which is smaller than the cuisf for

creating the same partial in a perfect lattice. Repeating the

calculation for a Shockley partial on a two-layer stack, we

find that the energy is 3.56 J/m2, which again is smaller than

cuisf. These values are over one order of magnitude higher

than those in FCC metals,31 which can be expected since a

much higher energy is required to break bonds in c-BN.

Prior phase field based mechanics calculations have shown

FIG. 3. (a)–(c) Formation mechanism of a twin embryo via the layer-by-layer

growth mode of twinning dislocations with identical Burgers vectors: (a) an

HAADF-STEM image of an intrinsic stacking fault; (b) an HRTEM image of

an extrinsic stacking fault; (c) an HRTEM image of a three-layer twin

observed in the nanotwinned samples; (d) a NT giving an angle of about 70.5�

between the ITB and CTB.
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that the value of cuisf scales proportionally with the stresses

required to form the twin.32 Using the model by Joos and

Duesbery,33 a resolved ideal shear strength smax of 70 GPa

can be estimated from the maximum slope of the generalized

stacking fault energy (GSFE) curve. Thus, the extremely

large energetic barriers to form twinning dislocations in c-

BN imply that the formation of a twin in c-BN requires enor-

mously high mechanical stresses. By the same reasoning, it

explains why we can expect the hardness of NT c-BN to be

exceptionally high. As extreme mechanical forces are

required to form twins, similar extreme levels will be needed

to de-stabilize them.

The preference for Shockley partial dislocations and the

outstanding stability with respect to plastic deformation of

the nanotwins they build can be attributed to the one order of

magnitude difference (about 20 times) between the high

energy to form the partials and low boundary energy of the

CTB. In FCC metals, this difference is merely a few times.

The low energy of a CTB is partly a consequence of its

atomic structure. Here, STEM is used to determine the

atomic structure of the CTB in c-BN, with particular atten-

tion paid to the B-N bonding across the boundary. Figures

4(a) and 4(b) show the high angle angular dark field

(HAADF)-STEM image and corresponding angular bright

field (ABF)-STEM image of a CTB in NT c-BN. As

expected, the CTB coincides with a {111} plane. However,

unlike in FCC metals or NT Diamond, this CTB in c-BN has

pseudo-mirror symmetry, with anti-phase symmetry in the

B-N bonds at the twin boundaries, which is consistent with a

previous report.34

In addition to the atomic structure, the fault energies of

CTBs are an outcome of the disturbances in charge density

associated with the fault. Figure 5 shows the valence charge

density difference (VCDD) maps calculated via DFT for

the three types of stacking faults, i.e., intrinsic, extrinsic,

and twin boundary. The VCDD is defined as the difference

between the calculated total valence charge density of the

crystal minus the superposition of the valence charge densi-

ties of the neutral atoms.35 A positive value (yellow color)

means an increase of the negative charge, while a negative

value (cyan color) means a decrease relative to neutral

atoms. In these maps, a bigger cyan region means bond

weakening by stronger charge depletion. We observe that

an asymmetric field is generated at the fault, in which the

charge density decreases from the nearest neighbor plane to

the fault plane. Around the twin boundary, it is clearly seen

that the bigger cyan regions in the VCDD isosurface

appear; these are marked by red arrows in Fig. 5 (see supple-

mentary material for a contour plot of VCDD cross section

in Fig. S3). Such a discontinuity of charge distribution is

unique since sp3 hybridization in c-BN provides four ubiqui-

tous equal B-N bonds. The fluctuation in charge density by

the introduction of a stacking fault results in the variation of

the vertical B-N bond lengths shown in Fig. 5 by italicized

numbers. The longest bond length of �1.57 Å corresponds to

the peak charge depletion regions as marked by the red

arrows. A similar variation of bond lengths has also been

reported previously for the TiN/SiN/TiN heterostructure due

to Friedel oscillations at interfaces, which governs its

mechanical strength.36 We also note that this charge redistri-

bution is localized to the region at the fault. These two

effects are seen for all three boundary types and can explain

the relatively low boundary energy of the CTB. The fact that

the bond lengths inside the twins are nearly the same as those

within the bulk suggests that significant charge localizations do

not induce relatively long-range stress/strain field characteristic

of pure metals. This distinction is believed to be responsible for

the stability of the unusually high density of finely spaced twins

against stress-induced migration. Additionally, the unique asym-

metrically charged twin boundary will generate a distinct elec-

tronic partition or localization on both sides of the faulted region

(unlike in a pure metal), which could further stabilize it against

boundary migration and consequently hardness softening.

FIG. 4. (a) HAADF-STEM image and (b) ABF-STEM images of the same

(111) twin boundary. In the HAADF-STEM image, the heavier N atom col-

umns possess a brighter contrast, while in the ABF-STEM image the heavier

N atom columns present a darker contrast.

FIG. 5. The calculated isosurfaces of the

valence charge density difference

(VCDD): (a) an intrinsic stacking fault,

(b) an extrinsic stacking fault, and (c) a

twin boundary. These indicate strong

electronic localization and energetic sta-

bility. Blue and yellow regions signify

states of charge depletion (negative) and

accumulation (positive), respectively.

The charge depletion at the fault bound-

ary is distinguished by red arrows. The

italicized number shows the lengths of

vertical B-N bonds in units of Angstrom.
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Taken together, STEM and TEM analyses and ab initio
DFT calculations of the CTB structure in NT c-BN help to

reveal some intrinsic features of nanotwins in c-BN. They

not only indicate that plasticity is predominately carried by

Shockley partial dislocations but that these partials are

exceedingly difficult to nucleate (being 3.6 J/m2) compared

to those in FCC metals. Furthermore, as h decreases below

5 nm, we find that the CTBs become even less defective,

removing the possibility for them to serve as sources for

new dislocations. Thus, for plastic deformation in such fine

NT c-BN, it is likely that these dislocations are not gliding

on (111) planes inclined to the CTBs but rather on the

CTBs. In FCC metals, this mechanism is known to cause

softening.10,13,14,23 However, in c-BN, as we show, the

energy barriers associated with this mechanism are over

one order of magnitude higher than those in FCC metals.31

Thus, the extraordinary hardness of the NT c-BN CTBs

could be attributed to a high resistance to this plastic defor-

mation mechanism. The origin of the unusually high-

energy barrier may be related to the electronic structure of

the CTBs, which we find exhibit an anti-phase atomic con-

figuration and asymmetric charge density.

See supplementary material for experimental and simu-

lation details, as well as additional images of defective twin

boundaries.
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