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a b s t r a c t

Recently, researchers discovered that in contrast to isolated twins, periodic twins with nanoscale spa cing

can dramatically improve mec hanical properties. Ceramics engineers now seek to incorporate this

“ ”nanotwinning into icosahedral solids because of their high strength, high stability, and low ma ss

density. In this manuscript, we assert that boron suboxide, while far less studied than boron carbide (i.e.,

the most popular icosahedral solid), pos sesses higher propensity for nanotwinning and higher theo-

retical promise. For boron suboxide, the in uence of processing on twin spacing is explored throughfl

mechanical testing and transmission electron microscopy. Quantum-mechanical simulatio ns are then

performed to suggest a critical twin spa cing that would maximize performance and to show how to track

experimental nanotwinning with x-ray diffraction. Fina lly, transmission electron microscopy and Raman

spectroscopy show that amorphization , the localized loss of crystallinity, drives mechanical failure in

ways unique to boron suboxide.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. Al l rights reserved.

1. Introduction

Twins are crystallographic defects represented by a re ection offl

a parent lattice. They can occur during nucleation, growth, phase

transformation, recrystallization, annealing, or deformation.

Regardless of origin, twins generally induce stress concentrations

that promote crack nucleation and lower mechanical performance

[ ]. However, recent investigations showed that increasing twin1

density (i.e., reducing twin spacing, l) at the nanoscale can

dramatically increase mechanical properties even beyond those of

nanograined structures [ , ]. Nanotwinned copper (nt-Cu) pro-2 3

duced by pulsed electrodeposition exhibited an order-of-

magnitude increase in yield strength over regular copper (i.e.,

90 0 vs. 70 MPa) without lowering electrical conductivity [ , ]. A4 5

later study showed nt-Cu had up to an 85% increase in fatigue

strength (i.e., 370 vs. 80 MPa) [ ]. Nanotwinned cubic boron nitride6

(nt-c-BN, lz3 8 ) produced from onion nanoparticles exhibited: nm

a 40% increase in microhardness ( 100 GPa) and a 140% increase in>

fracture toughness ( 12 MPa m>
1/2

) [7, ]. Also produced from onion8

nanoparticles, nanotwinned diamond (nt-D, lz5 ) reached anm

20 0-GPa record hardness and showed improved thermal stability

[ ].9

The latest proposals for nanotwinning are two ceramics: boron

carbide (nt-B4 C) [ ] and boron suboxide (nt-B10e12 6O o r b-B 6O)

[ ]. Experimentally, both B13 15e 4C and B 6O have exhibited super-

hardness (i.e., microhardness above 40 GPa), low mass density

(2.52 g/cm
3

for B 4C and 2.60 g/cm
3

for B 6O), and moderate fracture

toughness (3.4 MPa m 1/2 for B4C and 4.2 MPa m1/2 for B 6O) [ ].16e20

Crystallographically, these materials share boron-based icosahedra

but have important differences [see (a) and (b)]. BFig. 1 4C has three-

atom chains that connect icosahedra, but the oxygen atoms that

bond icosahedra in B6 O do not form chains. Icosahedral carbons can

break the sixfold-symmetry in B 4C but not in B6 O. Also, B 4 C is

highly susceptible to structural heterogeneity due to poly-

morphism [ , ] while B17 21 6O is n ot [16 ]. These differences in crystal

structure affect the orientation of planar defects, such as twins. In

B6 O, the f100gr family of planes is preferred for twinning [ ,14 15 , ]22

while many factors, such as stoichiometry and processing, strongly

affect the preferred planes in B4 C [12, , ]. As explained later, we23 24

believe these differences make B 6O more structurally* Corresponding author.
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homogeneous and therefore a better candidate for nanotwinning.

Hence, this manuscript focuses on B 6O but compares to B 4C when

warranted.

Just as nanograining has a critical grain size that maximizes

mechanical strength (i.e., Hall-Petch relationship), nanotwinning

has a critical twin spacing (lcr). Both experimental [ , ] and5 25 

theoretical [ ] investigations on nanotwinned metals suggest26 28e

that twin boundaries bene cially act as barriers to slip (i.e., dislo-fi

cation motion) but deleteriously act as nucleation sites for partial

dislocations. The balance of the effects of slip barriers and

dislocation-nucleation sites is material-dependent and ultimately

dictates lcr . Importantly, recognize that this mechanism was

developed for metals. Ceramics, on the other hand, have strong

chemical bonds that largely counter slip [ ]. Regardless, some still29

argue that nanotwinning bene ts ceramics by resisting slip [fi 7, ].29

Others argue that nanotwinning bene cially increases quantumfi

con nement of bandgap energy of ceramics [fi 7, ]. Few in-30

vestigations of nanotwinned ceramics are available, so the correct

mechanism may not have been speculated yet.

Determining lcr for B 6O represents a rst step in demystifyingfi

the mechanism of nanotwinning in ceramics and in potentially

achieving record properties for boron suboxide. To begin, a prior

work established a new nomenclature for B 6 O [ 14 ]. They retained

the name of a-B 6O for the non-twinned structure but discarded b-

B 6 O and nt-B 6O for the nanotwinned structure. Instead, they pro-

posed it-B6 O where represents the number of layers of icosahedrai

between twin boundaries. For example, t-B 6 O has twin boundaries

separated by a single layer of icosahedra and a l of approximately

0.44 nm [ (c)]. Likewise, 2Fig. 1 t-B6 O has twin boundaries separated

by two layers of icosahedra and a l of approximately 0.89 nm

[ (d)]. That study also found that the DFT ground-state staticFig. 1

energies of a-B 6 O, t-B 6O, 2t-B6 O, 3t-B6 O, and 4t-B 6O were essen-

tially equivalent. Therefore, we predict that experimentally varying

twin spacing is feasible and that a fabricated sample could contain

multiple regions with dissimilar twin spacings.

Apart from nanotwinning at critical spacing, countering solid-

state amorphization represents the principal concern for maxi-

mizing the mechanical strength of many boron-rich icosahedral

solids, including B 6 O. In this deleterious mechanism, high pressures

induce disordered bands at the nanoscale to concentrate stress and

promote microcracking, post-yield softening, and catastrophic

failure [ ]. Before the present work, only two studies have17

experimentally observed amorphization of B 6 O. They showed that

nanoindentation induced amorphous bands with a width of

2 3 nm and a length of 20 0 30 0 nm mostly alonge e f0111g and

1012g [ , ]. Although no other experimental works covered the15 31

amorphization of B 6O, similarly sized amorphous bands were

frequently found in B 4C [ 17, ]. In contrast to amorphization of32 34e

B6 O, however, the amorphous bands in B4C lay along numerous

planes: 11ð 23 and 2113 for ballistic impact [ ], 2135 andÞ ð Þ 32 ð Þ

ð2201 for laser shock [ ], 3140 for hydrostatic depressurizationÞ 35 ð Þ

[ ], and many planes for indentation [ , ]. We believe this va-36 33 37

riety of preferred directions in B4 C is due to its aforementioned

polymorphism-driven heterogeneity. Therefore, we expect less

variety in the preferred directions for B6 O, which is much more

homogeneous crystallographically. Regardless, the origins of

amorphization, especially for B6O, remain unclear.

The objective of this manuscript is to characterize and ratio-

nalize the mechanical response of nanotwinned B 6O. We rstfi

present the results of pulse-echo ultrasound, quasistatic/dynamic

indentation, and quasistatic compression for both hot-pressed (HP)

and spark-plasma-sintered (SPS) samples. To our knowledge, this is

the rst dynamic testing of Bfi 6O. With scanning electron microscopy

(SEM) and high-resolution transmission electron microscopy (HR-

TEM), we explain the trends in properties through measurements

of porosity, grain size, nanotwinning, and amorphization. We

demonstrate that the twins and amorphous bands in B6O heavily

prefer certain crystallographic planes. We also employ Raman

spectroscopy to investigate the uniqueness of the amorphization of

B6O. With experimental and quantum mechanical x-ray diffraction

(XRD), we present a potential tool for quantifying the volume

fraction of nanotwinning, which we believe to be bene cial tofi

mechanical response. Finally, we perform biaxial shear simulations

to suggest the critical twin spacing specific t o B6 O.

2. Experimental

2.1. Materials

This study covers the two most popular high-pressure-high-

temperature (HPHT) processing techniques for polycrystalline ce-

ramics: hot pressing (HP) and spark plasma sintering (SPS). While

both techniques mechanically apply uniaxial pressure, HP and SPS

apply temperature through radiation and conduction, respectively.

This difference in heating mechanism makes SPS signi cantly fasterfi

than HP and therefore can produce microstructural differences. The

Fig. 1. The crystal structures of (a) (B 11 Cp )CBC, (b) a-B6 O, (c) t-B 6O, and (d) 2t-B6 O share icosahedral fundamental units. Spheres are colored by element (i.e., green for boron, grey

for carbon, and red for oxygen) and are sized according to covalent radius. Bends in the dashed yellow lines indicate twin planes. Note that the (a) C-B-C linear chains in B 4C are

serially bonded while the (b d) oxygen atoms in Be 6O do not form chains. (For interpretation of the references to color in this gure legend, the reader is referred to the Web versionfi

of this article.)
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HP sample was produced with a peak temperature of 1850 C, peak

pressure of 50 MPa, and total time of 2 h. The SPS sample was

produced with a peak temperature of 160 0 C, peak pressure of

55 MPa, and total time of 15 min. Starting powder for both samples

was obtained from the sole provider: Fraunhofer Institute for

Ceramic Technologies and Systems. After processing, both samples

were ground and cut into rectangular prisms measuring

3.4 3.4 5.0 mm. Because processing methods for B  6O are still

unre ned, the grinding and cutting revealed severe cracking infi

both materials. Hence, only a few intact samples were extracted for

mechanical testing.

2.2. Indentation, compression, and ultrasound

Both HP and SPS samples were polished to a 1-mm surface nishfi

with lapping under maximum pressures of 40 N for 50 min. Qua-

sistatic indentation (i.e., z103 s1 ) was performed with a Wilson

Instruments Instron Tukon® 210 0B hardness tester with a Vickers

indenter and loads ranging from 0.98 to 14.7 N. Dynamic indenta-

tion (i.e., z10þ3 s1 ) was performed with a Vickers indenter and a

custom dynamic hardness tester that uses a momentum trap to

ensure single indentations within a hundred microseconds [ ].38

For these dynamic tests, load was stochastically varied from 2.40 to

17.3 N. To facilitate direct comparison of the quasistatic and dy-

namic tests and to standardize measurements across in-

vestigations, we computed slope hardness (HVGPa) [18 , ], which is39

given by the slope of Eq. . Here,(1) PN is the indentation load in N,

and dmm is the average indentation diagonal in mm.

0 0018544: PN ¼ ðHVGPaÞd
2
mm (1)

Limited sample size precluded fracture-toughness testing using

Chevron-notch specimens. Instead, we approximated fracture

toughness from indentation-induced radial cracks. This technique

may suffer error up to 25% [ , ] but provides a common semi-40 41

quantative comparison of materials. At low loads, radial cracks

were either non-existent or unmeasurable in scanning electron

microscopy. At high loads, the diversion of some energy from radial

cracking to lateral cracking induced error in the toughness calcu-

lation. Hence, the tip-to-tip lengths of the radial cracks ( ) and2c

diagonals ( ) from 9.8-N indents were measured and substituted2a

into Eq. , which is one of several empirical estimates of fracture(2)

toughness (KIC) [42].

KIC ¼ ð Þ0 16: c a= 1 5: HVa1 =2 (2)

Due to limited number of samples, quasistatic compression was

performed on a single sample of HP B6 O with a TestResources®

Model 314-150 with a 222-kN (50-klbf) load cell. To avoid inden-

tation of the small ceramic sample into the metal platens, tungsten-

carbide (WC) inserts were placed around the sample in the loading

column.

The mass densities of the HP and SPS samples were obtained by

performing Archimedes' method on several rectangular specimens.

We measured elastic moduli through pulse-echo ultrasound with

an Olympus 5072PR pulser/receiver, Olympus longitudinal/shear

piezoelectric transducers, and an In niiVisionfi
® MSO-X 2012A

Mixed-Signal Oscilloscope.

2.3. Electron microscopy

Microstructural observations of porosity, phase composition,

and fracture patterns were made on a FEI Nova NanoSEM 430.

Because B6 O is highly resistant to thermal and chemical etching,

grain size was approximated from micrographs of fracture surfaces

induced by 30 0-N indentations. Because observation of nano-

twinning, amorphization, and other crystallographic defects

required higher magni cation, HR-TEM was performed on a JEOLfi

2010F with a 20 0-kV accelerating voltage and a Gatan Orius SC20 0B

camera. TEM samples were prepared from both virgin and indented

(0.98 N, Vickers) regions on an FEI Helios Nanolab 60 0 with an

Omniprobe Autoprobe 20 0. Because of the hexagonal crystal

structures, 11±½ 20 was chosen for the zone axis for TEM imaging.

2.4. Raman spectroscopy

For B 4C, several studies suggested that volume of amorphized

material can be correlated to the intensities of the Raman peaks at

1340 (i.e., D peak), 1580 (i.e., G peak), and 1820 cm“ ” “ ”

1

[ , ]. In particular, tracking the 1340-cm17 32 34e

1
peak produced by

a 532-nm laser is popular. Because Raman-active vibrational modes

require bonding, considerable debate questions why new Raman

peaks (i.e., new bonding characteristics) accompany amorphization

(i.e., a loss of bonding). Regardless, to investigate if this quick and

non-destructive technique could track amorphization in B 6O a s

well, Raman spectroscopy was performed on virgin and indented

regions of HP and SPS B 6O with a Renishaw InVia® Raman spec-

trometer. A prior experimental investigation [ ] indicated that red43

and green lasers induce uorescence in Bfl 6O, so both 325-nm (i.e.,

ultraviolet) and 532-nm (i.e., green) lasers were used.

2.5. X-ray diffraction

As nanotwinning was previously shown to minimally affect the

static energy of B 6O [14 ], experimental samples likely contain a

mixture of a-B6O and nt-B 6O. This coexistence of a-B6O and nt-B 6O

is supported by the HR-TEM images presented in the results sec-

tion. Therefore, an ef cient means of quantifying the volume offi

nanotwinned material would be useful for processing in-

vestigations that seek to optimize nanostructure for mechanical

response. HR-TEM can detect nanotwinning when appropriately

aligned but is time-consuming and only probes a small volume.

Therefore, we performed x-ray diffraction (XRD) on a PANalytical

X'Pert3® Powder XRD system. This bulk measurement should be

able to nondestructively detect and perhaps quantify the twin

boundaries in a sample of B 6 O.

For comparison to the experimental XRD scans, we also per-

formed quantum mechanical (QM) simulations of a-B 6O, t-B6O, and

2t-B 6 O. First, we obtained the relaxed atomic positions and lattice

parameters from density functional theory (DFT). For the smaller

systems (i.e., a-B 6 O and t-B6O), we used the ABINIT® software

[ ] with plane-wave-basis sets, periodic boundaries,4 4e46

Troullier-Martins norm-conserving pseudopotentials, the Teter-

Pade local-density approximation (LDA) of the exchange-

correlation functional [ ], and a 1900-eV cutoff energy. We had46

previously used these parameters to successfully calculate static

energies and relative abundances of B 4 C polymorphs in HP and SPS

samples [ , ]. For the large-atom system (i.e., 221 47 t-B6O), we used

the Vienna Ab initio Simulation Package (VASP) [ ] with4 8e51

plane-wave-basis sets, periodic boundaries, the projector-

augmented-wave (PAW) method, the Perdew Burke Ernzerhof 

(PBE) exchange-correlation functional, and a 60 0-eV cutoff energy.

After computing ground-state con gurations (i.e., the relaxedfi

atomic positions and lattice parameters) for all three structures,

XRD spectra were simulated with the CrystalDiffract® software.

2.6. Biaxial shear

To help determine the critical twin spacing of B6O, we simulated

biaxial shear deformations parallel to the twin boundary [i.e.,
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(001)/ in the rhombohedral system] on structures with one<10 0>

[i.e., t-B6 O, lz 0.44 nm, (c)], two [i.e., 2Fig. 1 t-B6O, lz 0.89 nm,

 Fig. 1(d)], and four (i.e., 4t-B 6O, lz 1.75 nm) layers of icosahedra

between twin boundaries. Biaxial shear approximates the complex

stress state under indentation experiments [ , ]. To mimic a14 52

Vickers indenter, we set zz ¼ zx tan 68ð Þ and relaxed strains in

the other directions [ , ]. For this biaxial shear, we used the14 52

Vienna Ab initio Simulation Package (VASP) [ ] with the4 8e51

aforementioned computational parameters.

3. Results

 Table 1 compares the results of the indentation, compression,

and ultrasonic testing of HP B 6O and SPS B 6O to those from a prior

study on SPS B4 C [18 ]. First, see that all three materials exhibited

strain-rate hardening (i.e., the dynamic properties superseded the

quasistatic ones for a given material). Most importantly, see that for

most mechanical properties, SPS B 6O outperformed the other two

materials. At both quasistatic and dynamic strain rates, the hard-

ness of SPS B 6O superseded those of SPS B4 C and HP B6 O by sig-

ni cant margins. For approximate fracture toughness, which mayfi

have large uncertainty outside the standard error reported in

 Table 1 (e.g., from differences in measurement method), SPS B 6O

surpassed its hot-pressed variant by 10% but lost to B 4C by 8%. For

quasistatic strength, HP B 6O dominated SPS B 4 C by almost 40%. This

extraordinary 5-GPa strength is the highest ever reported for B 6O.

Limitation of number of SPS-B 6 O specimens precluded measure-

ment of the quasistatic strength of SPS B6 O, but its superior hard-

ness and fracture toughness suggest a strength even higher than

that of HP B6O. Finally, all elastic moduli were signi cantly higherfi

for SPS B 6 O than the other two materials. Hence, our mechanical

testing demonstrated not only the promise of B6O but also the

advantage of SPS.

The SEM micrographs of the fracture surfaces ( ) show thatFig. 2

both samples bene ted from phase uniformity (i.e., no major sec-fi

ondary phases) but that HP produced more porosity than SPS. This

finding is consistent with the relative densities of the HP and SPS

 samples in Table 1. Assuming a theoretical density of 2.68 g/cm 3

(i.e., the value from our ground-state DFT simulations), HP and SPS

B 6 O achieved 96% and 99% mass density, respectively. This porosity

disparity could contribute to the differences in elastic moduli, yield

strength, hardness, and fracture toughness. For example, see that a

3% difference in porosity (i.e., 96% vs. 99% mass density) correlated

with a 13% drop in Young's modulus (i.e., 4 84 vs. 427 GPa). This

observation is consistent with a prior study that revealed a 5% drop

in Young's modulus for approximately each percent of porosity in

zirconia, another hard ceramic [ ]. Finally, the SEM images reveal53

that the two B6 O samples had the same grain size as the previously

studied SPS B4 C (i.e., 300 nm) [ ]. Hence, differences in18 Table 1

cannot be attributed to grain size.

 Fig. 3 presents representative HR-TEM images of virgin B 6O.

Consistent with the SEM images, (a) indicates a grain size ofFig. 3

approximately 30 0 nm. As shown by (b) and (c), both samplesFig. 3

exhibited heterogeneous nanotwinning. For regions with the

densest twinning (see gure inserts), HP Bfi 6O had double the twin

spacing of SPS B 6O (i.e., 2 vs. 1 nm). As proposed in the Discussion

section, nanotwin spacing could affect hardness, toughness, and

strength (see ). However, nanotwinning generally does notTable 1

affect elasticity (see Introduction) so cannot account for the dif-

ferences in moduli. Regardless of processing method, twins and

faults were found along 0ð 111 as in previous studies [ , ] and inÞ 15 31

contrast to B 4C, which had many more preferred directions (see

Introduction).

 Fig. 4(a) shows that indentation induced amorphous bands

within a depth of two microns from the indented surface. These

bands were only a few nanometers in width but extended over

several hundred nanometers in length. At this low magni cation,fi

the growth of these bands seems randomly oriented as in B4 C.

However, higher magni cation shows that the nucleation of thesefi

bands was preferentially along 01ð 12 . (b) and (c) show thatÞ Fig. 4

these amorphous bands can shear apart twins along 0½ 111 by up

to a few nanometers (see dotted lines). This deformation highlights

the shear-driven nature of amorphization.

Although the HR-TEM clearly indicated the presence and dis-

tribution of amorphous bands, tremendous effort is required to

sample a large region. To evaluate if Raman spectroscopy can track

amorphization, presents the Raman spectra of virgin andFig. 5

indented samples of B6 O probed by a 325-nm laser (note: the 532-

nm Raman scans had similar features but excessive uorescence).fl

The scans of the virgin HP and SPS B 6O differ mostly by intensities

at 330, 790 and 1290 cm1 [see (a)]. This observation parallelsFig. 5

the fact that HP and SPS B 4C differ by the Raman intensities around

265, 320, 480, 533, and 825 cm
1

[ ]. However, this similarity of21

the trends in Raman spectra of B4 C and B6O did not extend to

amorphization. While three new Raman peaks appear in amorph-

ized B4C [ 17], the Raman spectra of virgin and indented B 6 O a re

nearly identical [see (b) and (c)]. Hence, Raman spectroscopyFig. 5

can ef ciently track amorphization in Bfi 4C but not in B 6O.

Unlike Raman spectroscopy, XRD cannot easily differentiate HP

and SPS B 6O [see (a)]. To assess if XRD can quantify volume ofFig. 6

nanotwinned material, (b) (d) present the simulated x-rayFig. 6 e

diffractions of a-B 6O, t-B 6O, and 2t-B 6O. See that the simulated

XRD pattern of a-B 6  O [Fig. 6(b)] captures all of the features of the

experimental scan [ (a)]. This similarity suggests that theFig. 6

heterogeneous nanotwinning revealed by the HR-TEM [see (b)Fig. 3

and (c)] occupies a negligible volume fraction of the fabricated

samples. This nding is consistent with the fact that the experi-fi

mental hardness values of B6 O were not excessively larger than

those of B4C [see ]. Interestingly, see that the simulated XRDTable 1

spectra of t-B 6O and 2t-B 6O have only minor differences, which

may be due to differences in software (i.e., ABINIT vs. VASP) and

parameters (e.g., exchange-correlation functional). Most impor-

tantly, a strong peak at 2 z 37 exists for both nanotwinned

structures but not for a-B6 O. Hence, we propose that this peak

could be used to track the volume fraction of nanotwinning in

fabricated B 6O.

From the stress-strain curves for the biaxial shear [ (a)], theFig. 7

critical (i.e., maximum) stress of 2t-B6O (i.e., 37.8 GPa) exceeded

than that of t-B6 O (i.e., 36.2 GPa) and 4t-B6 O (i.e., 36.3 GPa). Like-

wise, the energy (i.e., area under the stress-strain curve up to

critical stress) is highest for 2t-B6O by over 15%. Hence, the defor-

mation of 2t-B6O is most dif cult, and the ideal twin spacing (fi lcr )

for B 6O is likely around 0.89 nm. We note that this ideal twin

spacing was achieved in the heavily nanotwinned regions of the

fabricated SPS B 6O [see (c)]. Although other factors may be atFig. 1

play, especially heterogeneous nanotwinning and porosity, note

Table 1

Experimental properties show the superiority of SPS B 6O over HP B 6 O and SPS B 4C.

Reported hardness values are independent from the indentation load through the

slope-hardness calculation.

Experimental Property HP B 6O SPS B 6O SPS B4C [16 ]

Quasistatic Hardness (HV QS, GPa) 27.0 0.3 29.9 0.4 29.3 0.3± ± ±

Dynamic Hardness (HVD, GPa) 29.5 0.5 31.8 0.5 29.9 0.7± ± ±

Quasistatic Toughness (K IC , MP a$m
1/2

) 2.77 0.04 3.15 0.05 3.4 0.1± ± ±

Quasistatic Strength (sQS , GPa) 5.0 N/A 3.6 0.2±

Bulk Modulus (K, GPa) 203 243 229

Shear Modulus (G, GPa) 186 207 186

Elastic Modulus (E, GPa) 427 484 460

Mass Density ( , g/cm 3) 2.57 2.64 2.50
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that the ideal twin spacing coincides with the superior properties

 in Table 1. Understanding why this nanotwin spacing may be ideal

is complicated by the absence of a consensus on the mechanisms by

which nanotwinning affects ceramics and by potential limitations

of the computational modeling. Hence, we provide new arguments

for this strengthening mechanism in the Discussion section.

4. Discussion

Recall from the Introduction that for metals, nanotwins are

thought to bene cially resist slip but deleteriously promotefi

formation of partial dislocations. Although slip is typically far more

dif cult in ceramics than in metals, some still argue that these ma-fi

terials may share the same mechanisms. For example, see that the

twin boundaries (i.e., sites susceptible to partial dislocations) are

most numerous in t-B 6O and are close together at critical stress [see

 Fig. 7(b)]. Perhaps proximity of these dislocation-nucleation sites

promotes the formation of enough dislocations to counter the

bene ts of the increased number of barriers to slip. Alternatively, 2fi t-

B6 O has an entire layer of icosahedra between the twin boundaries to

avoid interaction of the partial-dislocation sites but still bene tsfi

from barriers to slip [see (c)]. Adding another two layers ofFig. 7

Fig. 2. Fracture surfaces of (a) HP B6 O and (b) SPS B 6 O reveal porosity and a 30 0-nm grain size.

Fig. 3. Representative HR-TEM of virgin B 6O shows (a) 30 0-nm grain size, (b c) heterogeneous nanotwin spacing, and (b c) a preferred twinning plane of 0111 . Minimum twine e ð Þ

spacing is larger in (b) HP B6O than in (c) SPS B 6 O.

Fig. 4. Representative HR-TEM of indented B 6O shows (a) an indentation pro le with cracking and (b c) amorphous bands primarily along 0112 . These bands can shear apart thefi e ð Þ

twins (see dotted lines) and were only found in regions with large twin spacing.
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icosahedra between twin boundaries in 4t-B 6O may merely reduce

the number of barriers to slip without signi cantly further reducingfi

the interaction of partial-dislocation sites [see (d)].Fig. 7

In light of the fact that dislocations typically initiate cracks

rather than slip in ceramics, perhaps the twin boundaries bene -fi

cially resist the growth of cracks and/or amorphous bands instead

of slip. After all, nanotwinning and nanograining share character-

istics, such as a lack of in uence on elastic properties. For nano-fl

graining, the variation of fracture toughness with grain size is of ten

explained with crack de ection. Maybe nanotwins work in a similarfl

way to arrest/divert growth of cracks or even the amorphous bands

that are thought to initiate cracks. The fact that amorphous bands

were exclusively found in non-twinned or lightly twinned regions

in the HR-TEM [e.g., ] supports this idea.Fig. 4

Testing this theory that twin boundaries resist the growth of

cracks and/or amorphous bands, however, requires expensive

computational modeling different from the high-periodicity

models of the current investigation. Cracks and amorphous bands

relieve stress locally so would likely be spread out. Hence, devel-

opment of molecular-dynamics potentials to enable simulation of

larger cells may prove useful. Also, a fundamental model for the

amorphization of B6 O would be needed to properly simulate the

effect of twin boundaries on the growth of amorphous bands. Most

predict that amorphization is the dominant failure mechanism for

many icosahedral solids [31e33 54], [ ], but the speci cs of thefi

mechanism are frequently debated. The amorphization of B 4C is

most studied [ ], but the results of the current investigation seem33

to suggest that the amorphization of B6O is unique. The HR-TEM

revealed that the amorphous bands formed along much fewer

number of directions in B 6O than in B 4C. This nding suggests thatfi

the deformation of B6 O is much more ordered than that of B 4C. Also,

amorphization altered the Raman spectrum of B4 C [ 17] but not of

B6O (see ). This nding suggests that the bonding in BFig. 5 fi 6 O

changes differently than in B 4C when deformed.

We attribute these amorphization differences between B 4 C and

B6O to crystal structure. In the most abundant polymorph of B4 C,

the serially bonded, C-B-C chain [see (a)] is susceptible toFig. 1

bending that has been theorized to initiate amorphization [ , ].55 56

On the contrary, the two oxygen atoms that bond icosahedra in B6 O

are not bonded serially, and there is no easily displaceable central

chain atom [ (b)]. Further, BFig. 1 4C suffers from structural hetero-

geneity due to polymorphism [ ] while B21 6O does not.

Polymorphism-induced differences in adjacent cell volumes have

been theorized to affect stability [ ]. Overall, we believe these57

structural differences allow the amorphization in B 6O to be

different from that of B4C. Therefore, we recommend future studies

on experimentally tracking and theoretically modeling the unique

amorphization of B6O.

Regardless of modeling dif culty, we assert that Bfi 6O is highly

susceptible to nanotwinning. The highly ordered nature of nano-

twinning likely requires a crystal structure with little crystallo-

graphic variability. B6O is largely immune to polymorphism and

substitutional disorder, and the current HR-TEM showed twins and

amorphous bands along few directions. Consistent with prior

modeling of the static energies of a-B 6O and nt-B 6O [11,13,14], the

current HR-TEM also experimentally showed nanotwinning in B6 O.

Unfortunately, the properties of our experimental samples (see

  Table 1 Fig. 2) were likely limited by porosity (see ) and non-critical

twin spacing (see ). Therefore, we suggest future work focusedFig. 3

on the careful control of processing kinetics (e.g., selection of

starting powder and processing parameters) Af ter all, nt-c-BN [ ]7

and nt-D [ ] were only fabricated after starting from onion-like9

nanoparticles. To guide processing of nt-B6 O, we recommend

tracking the XRD peak at 37, which likely indicates the abundance

of nanotwinning (see ).Fig. 6

Fig. 5. (a) Raman spectra (325-nm laser) of virgin HP and SPS differ mostly by in-

tensities of the peaks at 330, 790, and 1290 cm1 . Indentation has little effect on

Raman spectrum for both (b) HP B 6 O and (c) SPS B 6 O.

Fig. 6. X-ray diffraction (XRD) of (a) experimental B 6 O, (b) simulated a-B6 O, (c)

simulated t-B6O (i.e., b-B6 O), and (c) simulated 2t-B6 O suggest limited nanotwinning

in experimental samples. The unique peak at 2 ¼ 37 in t-B6 O and 2t-B 6 O correlates

with nanotwinning regardless of twin spacing.
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5. Conclusions

Through mechanical, structural, and spectral characterizations,

we demonstrated the promise and uniqueness of B6O, especially

with respect to B4 C. For example, quasistatic compression revealed

a strength of over 5 GPa, which is both a record for B6O and superior

to that of B 4C. The HR-TEM demonstrated heterogeneous nano-

twinning at non-ideal twin spacing and amorphous bands along

few directions. Because nanotwinning has set mechanical records

for other ceramics, the TEM suggests high potential of B6O as a

structural ceramic. Raman spectroscopy was also performed to

demonstrate the uniqueness of B6 O's amorphization as opposed to

that of B4C. To guide future investigations in exploiting nano-

twinning in B6 O, quantum mechanical simulations were performed

to predict the critical twin spacing (i.e., lc ¼ 0.89 nm) and develop a

tool for tracking volume fraction of twinning (i.e., x-ray diffraction

at 2 z 37). Overall, these ndings support the uniqueness andfi

promise of boron suboxide as a superhard superhard material. They

also signi cantly advance the eld toward the ultimate goal offi fi

determining the exact mechanism by which nanotwinning in-

fluences structural ceramics.
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