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ABSTRACT

On the basis of literature ab initio data, we show that diamond nanorods would have a brittle fracture force and a zero strain stiffness that
exceeds carbon nanotubes for radii greater than about 1-3 nm, depending on the orientation of the diamond nanorod. The energetic stability
of diamond nanorods is predicted by molecular modeling to be comparable to single-walled carbon nanotubes. It is concluded that diamond
nanorods represent an important and viable target structure for synthesis.

With its exceedingly high bulk modulus and hardness,
dlamqn(lj ngas hllstorrllcally beenh Cor;5|dere|d_ thed ZtrongeStProperties of Bulk Diamond along Different Orientations,
material. Recently, oyvever, It has been claime ase OnGraphite, and Graphene (related strains in parentheses)
both theory and experiment that carbon nanotubes are both

Table 1: Selected Measured and Predicted Mechanical

stiffer and stronger along their axis than diamond. A problem o Young’s ab initio tensile

with this claim is that it is difficult to make a fair comparison ~_Structure  orientation modulus (GPa) _ strength (GPa)

between these two representatives from the macro- and diamond 0010 10522 225P (e = 0.37)

nanoscales unless some additional assumptions about their 0110 11692 130° (¢ = 0.24)

structure are made, for example an effective “thickness” of 1110 12142 90*: (€=0.14),

a sheet of carbon atoms comprising a nanotube. graphite 10209 95¢(e=0.13)
In this paper the mechanical properties of single-walled graphene  armchair 77¢ nN/nm

nanotubes (SWNTs) and multiwalled nanotubes (MWNTS) zigzag 71¢ nN/nm

are compared to the predicted properties of an equivalent a Calculated using experiment@} from ref 7. Theoretical value from
nanoscopic-scale diamond structure, namely a diamond et g cTheoretical ve?lue ?rom ref 8 From ref 27.¢ First principles estimate
nanorod (DNR). Our general analysis suggests that while a(ref 4).

SWNT will have a higher strength-to-weight ratio, above a ) . . .

critical radius between about 1 and 3 nm (depending on the agree well with theoretical estimates of yield strafroper-

DNR structure) the force needed for brittle fracture of a DNR Fles of SWNTs p?redicted from first pr.inciples calculations
exceeds that of a SWNT. This higher fracture force, which include a Young's modulus approaching that of a graphene

at the nanoscopic scale is a less ambiguous property thar‘Fheet £1.03 TP4) and a fracture strength 0f200 GPa

fracture stress, results from the larger load-bearing cross—(T_ables 1 and Zj,assumlng a 0'34 nm . nanotube wall

sectional area of DNRs compared to SWNTs at the S(,jm,iethlckn_ess. The failure str_ength estimated from theory and
diameter. Similarly, the calculations show that the zero strain expen_ment fqr a SWNT is over a factor of 3 larger t_han
stiffness of DNRs will exceed that of SWNTSs for radii greater established yield strengths for the strongest fibers typically
than about 1 nm used in fiber-reinforced composites (e.g., graphite, silicon

Experimental loading of SWNTSs in ropes has yielded nitride, silicon carbide, or aluminum oxide), which has
estimates for the tensile Young's modulus that range from made nanotubes attractive structures for reinforcing nano-

320 GPato 1.47 TPaand breaking strengths that range from composltgs. I\/Ilore receptly, the f'ert h/(l)\?\lsl\le‘rl'vitlonk'usn']g

13 to 52 GPa (a strain of up to almost 6%yalues that tran§m|SS|on electron microscopy of a reaxing in
tension was reportetBased on the measured force required

* Corresponding author. to break the nanotube, a tensile strength of 150 GPa
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*North Carolina State University. (experimental uncertainty30%) at a deformation estimated

8 Northwestern University. to be ~5% was reported.
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Table 2: Nanometer-Scale Mechanical Properties of Diamond and Gré&phite

ab initio tensile surface area per second derivative critical diameters

fracture force per atom at the fracture of strain energy for diamond YbSo
structure orientation atomP (nN) plane S (A?) (eV/atom)®© rods (nm) (nN)
diamond mo10 14.3 6.35 37.2 1.28 66.7
0110 5.85 4.45 41.3 2.17 51.8
1110 5.2 5.47 42.8 3.0 66.0

graphene armchair 14.9 6.6 59
zigzag 175 8.36 57.3 85.3

SWNTs ~56

aPredicted critical diameters for DNRs correspond to the values above which DNRs become stronger than SWNTs of the correspondingjFtiameter.
ref 9 (diamond) and ref 4 (graphenéEstimates based on the experimental Young’s modulus for diamond (Table 1) and using ab initio data in ref 3 for
graphene and SWNTSs.

s
2%]

Although the overall load bearing properties of MWNTSs
are impressive, it is important to note that there are limitations
for exploiting this property for practical applications. For
example, experiments by Yu et al. have shown that when
clamps are applied to the outermost shell of a MWNT and
the MWNT is tensile loaded, failure occurs only in the
outermost shefl. This result suggests very limited load
transfer between the outer and inner shells, and therefore
the inner shells under these conditions apparently do not
significantly contribute to the load bearing cross sectional Diameter, nm

area of the system.
Y Figure 1. Predicted fracture force as a function of diaméfed.

The measured and predicted Young’s moduli of bulk WNTs. O MWNTs. ® CL110DNRs. ¢ [110DNRs. M 0010
diamond are similar to that of carbon nanotubes, especially pNRs. The diameter of the inner shell for all of the MWNTSs is

in the [1110direction (Table 1). The strength measured at assumed to be 4 nm. Inset: Expanded view of the small diameter
the edge of contact of a Hertzian indenter and a diamond region of the results.
flat is 60 GP4. The predicted ultimate strength of diamond,
which exhibits almost ideal cleavage, is about 100 and 200 considered that have their long axis corresponding to one
GPa in thed111and @01 directions, respectively® These of three low-index axe$1110) [110C) or [100C] The strength
extreme macroscale mechanical properties suggest that ifvalues for different diamond orientations were obtained from
stable structures could be synthesized, DNRs would havefirst principles calculations carried out either by the same
mechanical properties that meet or exceed those of fullereneauthorg or by similar technique$.Therefore, all of the
nanotubes. parameters for our evaluations are consistent with one
Stress-strain relations are explicitly macroscopic scale another.
properties that require a definition of cross sectional area. The results of Figure 1 suggest that at small diameters,
In the case of fullerene nanotubes, values of mechanicalSWNTs are stronger than DNRs because of the superior
properties such as those above are typically derived assumingstrength of single bonds in graphene over those in diamond
an effective cross sectional width of a carbon sheet that (Table 2). However, as the diameter increases, the load
corresponds to the interplanar spacing of graphite (about 3.35bearing area (and correspondingly the total number of
A).3 At the nanoscale, a less ambiguous characteristic of bonding sites) increases linearly for SWNTSs and as the square
strength (at least for comparison of fiber-like nanostructures of the diameter for DNRs, leading to a larger fracture force
with similar diameters) is the maximum force before fracture for DNRs above a critical diameter that is between 1 and 3
for a given structure, rather than the maximum stress. Plottednm, depending on the orientation of the DNR (Table 2).
in Figure 1 is the theoretical dependence of fracture force Two additional important factors to consider when com-
versus diameter for SWNTs, MWNTs, and DNRs. This paring the mechanical properties of SWNTs and DNRs are
analysis is based on forces for bond breaking betweentheir relative compactness and strength-to-weight ratio. From
individual atoms (Table 2) and the number of atomic sites Figure 2 it is clear that DNRs are more compact than
in the cross-sectional area of the nanostructures. For theSWNTSs, and therefore a DNR would in general displace less
nanotubes, we assume @ () structure and use the ideal volume in a nanocomposite than a comparable SWNT. To
strength value for a graphene sheet from ab initio pseudo-illustrate the relative strength-to-weight ratios of DNRs and
potential total energy calculations carried out within the local SWNTSs, the ratio between the diameter of a DNR and a
density approximatioh(the values are summarized in Tables SWNT as a function of nanotube diameter is calculated for
1 and 2). The MWNTs are assumed to have a fixed inner two cases, at the condition of equal fracture force and the
diameter of 4 nm, which is typical for these structures, and condition of equal weight of the two structures being
different numbers of outer shells assuming an inter-shell compared. At the equal fracture force condition for the two
distance of 3.4 A. Three orientations for the DNRs are structures the DNR/SWNT weight ratio is constant and
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Figure 2. The ratio of the diameter of a DNR to a SWNT as a

function of nanotube diameter at the conditions of equal fracture Figure 3. Plot of stiffness (eq 3) as a function of diameter of the
force (open diamonds) and equal weight of the structures (solid nanostructure. Symbols are the same as Figure 1. Inset: Enlarged
squares). view of the small-diameter region of the plot.

equals 1.47! How diameters are related is apparent from the interlayer separation in graphite). The volume per atom
Figure 2; at diameters smaller than the critical diameter, can also be ascribed through the area per atom in the cross-
DNRs require a larger diameter to bear the same load as asectional area perpendicular to the direction of the applied
related SWNT. At the requirement of equal weight, the ratio force S; and a characteristic length per atdnalong the
between the related fracture forces of DNR/SWNT is 0%68. direction of the applied force (the last expression in eq 2).
At larger diameters DNRs are therefore stronger but at the Substituting the last expression in eq 2 into eq 1, it follows
cost of a lower strength-to-weight ratio. that the parametéfS; is unambiguous, and can be calculated
Similar to the strength analysis above, the stiffness of as a second derivative of strain energy divided by length
DNRs and SWNTs can be compared by considering them attributed to an atom along the direction of the tensile force.
as nanoscale structures (rather than as materials). TheThis characteristic is significantly higher for graphite as
thickness of the shells of carbon nanotubes required for compared to diamond (Table 2). This result reflects the fact
estimating Young’s modulu¥ is an ambiguous parameter, that C—C bonds in graphite are substantially stiffer than those
but the product ofY andA (the cross-sectional area) is not in diamond, but that the bulk materials have comparable
becauser-A is directly proportional to the spring constant stiffness (in-plane for graphite versus any direction in
of the nanostructure. Rather than developing a streain diamond) because of the higher density of diamond, 3.5
relationship, the dependence of elongation on applied forceversus 2.2 g/cffor graphite.
for SWNTs and DNRs with similar diameters is considered.  For a nanostructure under tension and using eq 1, the
To perform such an analysis, Hooke’s law is used in terms relation for total force-strain is
attributed to individual atoms. A typical stresstrain
relationship for uniform tension of a homogeneous system f=FM=SYMe=Ke ©)
can be written as

whereM is the number of atoms within a cross-sectional
Fa=SYe (1) area for a nanotube/nanorod of a given diamEt&r.A
nanostructure stiffnesk is introduced as a coefficient of
whereF, is the external load attributed to an atovhis the proportionality between the applied force and elongation. It
Young's modulus for a given orientation, e is the resulting iS a quantity, calculated using unambiguous paraméters,
deformation, an: is the area per atom in the cross-sectional that depends on the diameter of the nanorod (nanotdbe).
area perpendicular to the direction of the applied force. ~ The stiffnessk as a function of diameter is illustrated in
The Young’s modulus of a bulk structure can be calculated Figure 3 for DNRs, and for SWNTs and MWNTs. For a
using the volume per ato, and the second derivative of fixed diameterK multiplied by elongation is the total force
a strain energyy?E/de? per atom, the latter providing an required to achieve the elongation. As can be seen from
unambiguous characteristic of the elastic properties of Figure 3, botH001[Bnd[111'DNRs are stiffer than SWNTs
nanoscale structuréd Alternatively, the volume per atom  at diameters exceedingl nm.
can be described through other geometrical parameters of The results above establish that DNRsiarportanttarget

the structure as structures for synthesis. To explore whether DNRsaiele
target structures, we have used molecular modeling to
1 (5% 1 (€ 1 (%€ characterize binding e_nergies for several example DNR
:V(_Z) =—h(—2) =—|(—2) (2) structures. lllustrated in Figure 4 are four examples of
o\de® /=0 M de?) =0 S\ 3e?] =0 modeled DNRs that have different crystal orientations along

their long axis and different surface structures. These are
Typically, the Young’s modulus of a nanotube is calculated high-symmetry structures with faces cut from low Miller
using the surface area per at@mand the wall thickness of  index planes and therefore likely represent a subset of the
a nanotubd (usually assumed 0.335 nm in accordance with most stable nanometer-scale structures of this type. It had
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diamond whiskers have been formed by air plasma etching
of polycrystalline diamond films, particularly as-grown
diamond films?? where nanowhiskers were found to form
preferentially at grain boundaries of diamond crystals and
in films with molybdenum deposited as an etch-resistant
mask??22By dry etching diamond films with preformed Mo
deposits that acted as etch stops that protect the diamond
beneath small Mo islands, well-aligned diamond nanorods
60 nm in diameter were formed that had a density of 50
um? over the entire film surfac® The synthesis of well-
aligned diamond cylinders in an anodic aluminum oxide
template using microwave plasma-assisted chemical vapor
deposition was recently reportétiThe cylinders had lengths

of about 5um and average diameters of about 300 nm.

0 Interestingly, fabrication by a variety of techniques of

Figure 4. Ball-and-stick illustrations of representative DNRs.
Upper left: Principal axis corresponds to the diamaoiid 1]
direction. Lower left: Principal axis corresponds to tAO1]
direction with (011) and (001) facets. Upper right: Principal axis
corresponds to the diamon®01]direction, with (001) facets.
Lower right: A twinned structure with principal axis corresponding
to the diamondD11direction and (001) facets.

o -0
<5 = diamond rods with diameters as small asub® and lengths
= : 0.1 o’ of several hundred microns have been reported starting in
e 2 / the 1960%> 27 The rods were grown epitaxially from the
B8 % P gas phase under low-pressure conditions on diamond seed
& d crystals wetted with Ni, Fe, or M#. The growth of single-

037 ' ' ' ' crystal diamond filaments was also reportediamond

0 2 C/H l‘;atio 6 8 whiskers were also grown in an electron microscope on the

sharp edges of diamond or other dielectric crystals under
Figure 5. Binding energies given by a bond-order potential as a electron beam irradiation from carbon-containing residual
function of hydrogen-to-carbon ratio. Energies were calculated using gases at low pressuré&sDiamond whisker growth in a

a dimer reconstruction for all surfaces with structures corresponding metal-carbon system at high pressure and temperature

to the (100) diamond surface. Open circles: diamond nanorods. . . 8ty
Solid squares: (17,0) nanotubes of different lengths whose endsCondltlons has also been reportédtinally, a book® briefly

are hydrogen terminated. Energies are relative to systems ofmentionsastudy_in Which aggregates of needle-like diamor_ld
diamond and K with the same C/H ratio. crystals and particles with sharp edges of about 10 nm in

size were produced by a shock wave process, suggesting that

diamond nanowhiskers could potentially be produced b
been shown for diamond clusters that morphology (type and dletonation synmelsis wap ay produ y

number of exposed faces) plays a significant role in their
stability for both hydrogenated (most stable) and bare

4 L . :
surfaced? Plotted in Figure 5 are energies as a function of Roundy and Frank Fisher for useful discussions. O.A.S.

_the carbon-.to-h)_/drogen ratio for the four diamond ”af.‘omds acknowledges support from the Office of Naval Research
|IIusFrated In Figure 4. To compare these energies to through contract NO0014-95-1-0270. D.W.B. acknowledges
equivalent SWNTs, ".’"?0 plotted in Figure 5 are energies for support from the Office of Naval Research through contract
(17,0) SWNTs of finite length whose ends have been n54014.95.1-0270 and through a subcontract from the
hydrogen terminated. The energies reported were calculate niversity of North Carolina at Chapel Hill, and from

using a many-body bond-order potentiadnd are relative NASA-Ames and NASA-Langley. R.S.R. aéknowledges

o syst_ems Wit.h the same number of carb(_)n and hydrOgensupport from the NASA University Research, Engineering
atoms in graphite and asFholecules, respectively. For large and Technology Institute on Bio Inspired Materials under

carbon-to-hydrogen ratios, the DNRs and the SWNTs are award No. NCC-1-02037, and from the Office of Naval

roughly comparable in binding energy, while for small ratios Research through contract NO00140210870
the spg-bonded structures are energetically favored, in '

agreement with a previous analysis of carbbydrogen
clusterst’
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