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Abstract-This chapter discusses some aspects of the mechanical and thermal properties of carbon nano- 
tubes. The tensile and bending stiffness constants of ideal multi-walled and single-walled carbon nano- 
tubes are derived in terms of the known elastic properties of graphite. Tensile strengths are estimated by 
scaling the 20 GPa tensile strength of Bacon’s graphite whiskers. The natural resonance (fundamental vi- 
brational frequency) of a cantilevered single-wall nanotube of length 1 micron is shown to be about 12 MHz. 
It is suggested that the thermal expansion of carbon nanotubes will be essentially isotropic, which can be 
contrasted with the strongly anisotropic expansion in “conventional” (large diameter) carbon fibers and 
in graphite. In contrast, the thermal conductivity may be highly anisotropic and (along the long axis) per- 
haps higher than any other material. A short discussion of topological constraints to surface chemistry 
in idealized multi-walled nanotubes is presented, and the importance of a strong interface between nano- 
tube and matrix for formation of high strength nanotube-reinforced composites is highlighted. 
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1. INTRODUCTION 

The discovery of multi-walled carbon nanotubes 
(MWNTs), with their nearly perfect cylindrical struc- 
ture of seamless graphite, together with the equally re- 
markable high aspect ratio single-walled nanotubes 
(SWNTs) has led to intense interest in these remark- 
able structures[ 11. Work is progressing rapidly on the 
production and isolation of pure bulk quantities of 
both MWNT and SWNT, which will soon enable their 
mechanical, thermal, and electrical properties to be 
measured[2]. Until that happens, we can speculate 
about the properties of these unique one-dimensional 
carbon structures. A preview of the mechanical prop- 
erties that might be expected from such structures was 
established in the 1960s by Bacon[3], who grew car- 
bon fibers with a scroll structure that had nearly the 
tensile mechanical properties expected from ideal 
graphene sheets. 

The mechanical and thermal properties of nanotubes 
(NTs) have not yet been measured, mainly because of 
the difficulties of obtaining pure homogeneous and 
uniform samples of tubes. As a result we must rely, 
for the moment, on ab initio calculations or on con- 
tinuum calculations based on the known properties of 
graphite. Fortunately, several theoretical investigations 
already indicate that the classical continuum theory 
applied to nanotubes is quite reliable for predicting the 
mechanical and some thermal properties of these 
tubes[4,5]. Of course, care must be taken in using such 
approximations in the limit of very small tubes or 
when quantum effects are likely to be important. The 
fact that both MWNTs and SWNTs are simple single 
or multilayered cylinders of graphene sheets gives con- 
fidence that the in-plane properties of the graphene 
sheet can be used to predict thermal and mechanical 
properties of these tubes. 

2. MECHANICAL PROPERTIES 

2.1 Tensile strength and yield strength 
Tersoff[4] has argued convincingly that the elastic 

properties of the graphene sheet can be used to pre- 
dict the stain energy of fullerenes and nanotubes. In- 
deed, the elastic strain energy that results from simple 
calculations based on continuum elastic deformation 
of a planar sheet compares very favorably with the 
more sophisticated ab initio results. The result has 
been confirmed by ab initio calculations of Mintmire 
et al. [6] This suggests that the mechanical properties 
of nanotubes can be predicted with some confidence 
from the known properties of single crystal graphite. 

We consider the case of defect-free nanotubes, both 
single-walled and multi-walled (SWNT and MWNT). 
The stiffness constant for a SWNT can be calculated 
in a straightforward way by using the elastic moduli 
of graphite[7] because the mechanical properties of 
single-crystal graphite are well understood. To good 
approximation, the in-plane elastic modulus of graph- 
ite, Cl, , which is 1060 GPa, gives directly the on-axis 
Young’s modulus for a homogeneous SWNT. To ob- 
tain the stiffness constant, one must scale the Young’s 
modulus with the cross-sectional area of the tube, 
which gives the scaling relation 

K = _!?,,(A, -A,)/& = E,(r,’ - r;)/r; (1) 

where A, is the cross-sectional area of the nanotube, 
and A, is the cross-sectional area of the hole. Because 
we derive the tensile stiffness constant from the ma- 
terial properties of graphite, each cylinder has a wall 
thickness equivalent to that of a single graphene sheet 
in graphite, namely, 0.34 nm. We can, thus, use this 
relationship to calculate the tensile stiffness of a SWNT, 
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which for a typical 1.0~nm tube is about 75% of the 0.1 [lo]. Using Bacon’s data, p = 0.025, which may in- 
ideal, or about 800 GPa. To calculate K for MWNTs dicate the presence of defects in the whisker. Ideally, 
we can, in principle, use the scaling relation given by one would like to know the in-plane yield strength of 
eqn (1), where it is assumed that the layered tubes have graphite, or directly know the yield strengths of a va- 
a homogeneous cross-section. For MWNTs, however, riety of nanotubes (whose geometries are well known) 
an important issue in the utilization of the high so that the intrinsic yield strength of a graphene sheet, 

strength of the tubes is connected with the question of whether flat or rolled into a scroll, could be deter- 
the binding of the tubes to each other. For ideal mined. This is fundamentally important, and we call 
MWNTs, that interact with each other only through attention to Coulson’s statement that “the C-C bond 
weak van der Waals forces, the stiffness constant K of in graphite is the strongest bond in nature[ 111.” This 
the individual tubes cannot be realized by simply at- statement highlights the importance of Bacon’s deter- 
taching a load to the outer cylinder of the tube because mination of the yield strength of the scroll structures: 
each tube acts independently of its neighbors, so that it is the only available number for estimating the yield 

ideal tubes can readily slide within one another. strength of a graphene sheet. 
For ideal tubes, calculations[8] support that tubes 

can translate with respect to one another with low en- 
ergy barriers. Such tube slippage may have been ob- 
served by Ge and Sattler in STM studies of MWNTs[9]. 
To realize the full tensile strength of a MWNT, it may 
be necessary to open the tube and secure the load to 

each of the individual nanotubes. Capped MWNTs, 
where only the outer tube is available for contact with 
a surface, are not likely to have high tensile stiffness 
or high yield strength. Because the strength of com- 
posite materials fabricated using NTs will depend 
mainly on the surface contact between the matrix and 
the tube walls, it appears that composites made from 
small-diameter SWNTs are more likely to utilize the 
high strength potential of NTs than those made from 
MWNTs. 

The yield strengths of defect-free SWNTs may be 
higher than that measured for Bacon’s scroll struc- 
tures, and measurements on defect-free carbon nano- 
tubes may allow the prediction of the yield strength 
of a single, defect-free graphene sheet. Also, the yield 
strengths of MWNTs are subject to the same limita- 
tions discussed above with respect to tube slippage. All 
the discussion here relates to ideal nanotubes; real car- 
bon nanotubes may contain faults of various types 
that will influence their properties and require exper- 
imental measurements of their mechanical constants. 

2.2 Bending of tubes 

A milestone measurement in carbon science was 
Bacon’s production of graphite whiskers. These were 
grown in a DC arc under conditions near the triple 
point of carbon and had a Young’s modulus of 800 
GPa and a yield strength of 20 GPa. If we assume that 
these whiskers, which Bacon considered to be a scroll- 
like structure, had no hollow core in the center, then 
the same scaling rule, eqn (1), can be used for the yield 
strength of carbon nanotubes. As a practical means 
of estimating yield strengths, it is usually assumed that 
the yield strength is proportional to the Youngs mod- 
ulus (i.e., Y,,, = PE), where /3 ranges from 0.05 to 

Due to the high in-plane tensile strength of graph- 
ite, we can expect SW and MW nanotubes to have 
large bending constants because these depend, for 
small deflections, only on the Young’s modulus. In- 
deed, the TEM photos of MWNTs show them to be 
very straight, which indicates that they are very rigid. 
In the few observed examples of sharply bent MWNTs, 
they appear to be buckled on the inner radius of the 
bend as shown in Fig. 1. Sharp bends can also be pro- 
duced in NTs by introducing faults, such as pentagon- 
heptagon pairs as suggested by theorists[l2], and these 
are occasionally also seen in TEM photos. On the other 
hand, TEM photos of SWNTs show them to be much 
more pliable, and high curvature bends without buck- 
ling are seen in many photos of web material contain- 

Fig. la. Low-resolution TEM photograph of a bent MWNT showing kinks along the inner radius of the 
bend resulting from bending stress that exceeds the elastic limit of the tube. 
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Fig. lb. HRTEM of a bent tube (not the same as la) showing the strain in the region of the kinks, in- 
cluding a stress fracture; note the compression of the layers at the kinks and their expansion in the regions 

between kinks. 

ing SWNTs. Alignment of tubes in a composite matrix 
caused by slicing of the matrix has indicated that the 
thinner MW tubes are also quite flexible[l3]. 

Considering a nanotube to be a graphite cylinder 
means that the extremely high elastic constant of in- 
plane graphite (C,, = 1060 GPa) can be used as the 
Young’s modulus for calculating both the elastic bend- 
ing and the extension of NTs. Thus, one can use the 
standard beam deflection formula[ 141 to calculate the 
bending of a tube under an applied force. For exam- 
ple, the deflection of a cantilever beam of length I with 
a force f exerted at its free end is given by 

d = f13/(3EI) (2) 

where E is the Young’s modulus and I is the area1 mo- 
ment of inertia of the cross-section of the tube about 
its central axis, I = x(r: - rf)/4. For a typical 
IO-layer MWNT with an inner diameter of 3 nm, an 
outer diameter of 6.5 nm, and length of 1 pm, the de- 
flection would be 2.3 nm/pdyne. This calculation as- 
sumes that the 10 SWNTs that make up this MWNT 
act as a single, uniform, homogeneous medium. 

Overney et al.[15] calculated the rigidity of short 
SW tubes using ab initio local density calculations to 
determine the parameters in a Keating potential. The 
Young’s modulus resulting from this calculation is 
about 1500 GPa, which is in very good agreement with 
the continuum value of 1060 GPa. Again, it appears 
that use of the continuum model of MWNTs and 
SWNTs based on the properties of the graphene sheet 
is well justified. It is important to recognize that in cal- 
culating the moment of inertia of a single walled tube, 
one must consider the wall thickness of the tube to be 
0.34 nm (i.e., the normal graphite layer separation). 
Thus, a typical 1 pm long single wall tube with a di- 
ameter of 1.1 nm will deflect 16 nm/ndyne; indeed, 
SWNTs are much more flexible than the thicker 
MWNTs, an observation that is well documented by 
the TEM photos of these tubes. 

One can calculate the vibrational frequency of a 

cantilevered SWNT of length 1 pm with the bending 
force constant. The fundamental vibrational fre- 
quency in this case is about 12 MHz, in a range that 
is easily observable by electrical methods. This range 
suggests a possible means of measuring the mechani- 
cal properties when individual isolated tubes are 
cantilever-mounted to a larger body and can be readily 
manipulated. 

The mechanical properties of the NTs have not as 
yet been experimentally studied because the difficulty 
of getting pure samples free of amorphous, graphitic, 
and polyhedral carbon particles and the need to char- 
acterize the tubules (e.g., their size and number of lay- 
ers). However, rapid progress is being made on the 
production, purification, and isolation of nanotubes 
so that it is likely that some definitive measurements 
will appear in the near future. Recent demonstrations 
of alignment of nanotubes using polymer matrices are 
showing promise as a method for alignment and sep- 
aration and may provide a means to investigate the 
mechanical properties of individual, as well as assem- 
blies of, SWNTs and MWNTs[13,16]. 

Work on the production and oxidation of SWNT 
samples at SRI and other laboratories has led to the 
observation of very long bundles of these tubes, as can 
be seen in Fig. 2. In the cleanup and removal of the 
amorphous carbon in the original sample, the SWNTs 
self-assemble into aligned cable structures due to van 
der Waals forces. These structures are akin to the SW 
nanotube crystals discussed by Tersoff and Ruoff; 
they show that van der Waals forces can flatten tubes 
of diameter larger than 2.5 nm into a hexagonal cross- 
sectional lattice or honeycomb structure[l7]. 

Since most SWNTs have diameters in the range of 
l-2 nm, we can expect them to remain cylindrical when 
they form cables. The stiffness constant of the cable 
structures will then be the sum of the stiffness con- 
stants of the SWNTs. However, just as with MWNTs, 
the van der Waals binding between the tubes limits ten- 
sile strength unless the ends of all the tubes can be 
fused to a load. In the case of bending, a more exact 
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Fig. 2. Cables of parallel SWNTs that have self-assembled during oxidative cleanup of arc-produced soot 
composed of randomly oriented SWNTs imbedded in amorphous carbon. Note the large cable consisting 
of several tens of SWNTs, triple and single strand tubes bent without kinks, and another bent cable con- 

sisting of 6 to 8 SWNTs. 

treatment of such cables will need to account for the 
slippage of individual tubes along one another as they 
bend. However, the bending moment induced by 
transverse force will be less influenced by the tube-tube 
binding and, thus, be more closely determined by the 
sum of the individual bending constants. 

2.3 Bulk modulus 

The bulk modulus of an ideal SWNT crystal in the 
plane perpendicular to the axis of the tubes can also 
be calculated as shown by Tersoff and Ruoff and is 
proportional to D I” for tubes of less than 1.0 nm 
diameter[l7]. For larger diameters, where tube de- 
formation is important, the bulk modulus becomes 
independent of D and is quite low. Since modulus is 
independent of D, close-packed large D tubes will pro- 
vide a very low density material without change of the 
bulk modulus. However, since the modulus is highly 
nonlinear, the modulus rapidly increases with increas- 
ing pressure. These quantities need to be measured in 
the near future. 

3. THERMAL PROPERTIES 

The thermal conductivity and thermal expansion of 
carbon nanotubes are also fundamentally interesting 

and technologically important properties. At this 
stage, we can infer possible behavior from the known 
in-plane properties of graphite. 

The in-plane thermal conductivity of pyrolytic 
graphite is very high, second only to type 11-a dia- 
mond, which has the highest measured thermal con- 
ductivity of any material[l8]. The c-axis thermal 
conductivity of graphite is, as one might expect, very 
low due to the weakly bound layers which are attracted 
to each other only by van der Waals forces. Contri- 
butions to a finite in-plane thermal conductivity in 
graphite have been discussed by several authors[7,19]. 
At low temperature (<140 K), the main scattering 
mechanism is phonon scattering from the edges of the 
finite crystallites[l9]. 

Unlike materials such as mica, extremely large sin- 
gle crystal graphite has not been possible to grow. Even 
in highly oriented pyrolytic graphite (HOPG), the in- 
plane coherence length is typicalIy < 1000 A and, at 
low temperatures, the phonon free path is controlled 
mainly by boundary scattering; at temperatures above 
140 K, phonon-phonon (umklapp processes) dominate 
[20]. TEM images suggest that defect-free tubes exist 
with lengths exceeding several microns, which is sig- 
nificantly longer than the typical crystallite diameter 
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present in pyrolytic graphite. Therefore, it is possible posites involving carbon nanotubes and plastic, epoxy, 

that the on-axis thermal conductivity of carbon nano- metal, or carbon matrices remain on the horizon at the 

tubes could exceed that of type II-a diamond. time of this review. 

Because direct calculation of thermal conductivity 
is difficult[21], experimental measurements on com- 
posites with nanotubes aligned in the matrix could be 
a first step for addressing the thermal conductivity of 
carbon nanotubes. High on-axis thermal conductivi- 
ties for CCVD high-temperature treated carbon fibers 
have been obtained, but have not reached the in-plane 
thermal conductivity of graphite (ref. [3], Fig. 5.11, 
p. 115). We expect that the radial thermal conductiv- 
ity in MWNTs will be very low, perhaps even lower 
than the c-axis thermal conductivity of graphite. 

The ultimate tensile strength of a uniaxially aligned 
fiber-reinforced composite is given to reasonable ac- 
curacy by the rule of mixtures relation: 

a, = UFVF + oA(l - I$.), (3) 

The thermal expansion of carbon nanotubes will 
differ in a fundamental way from carbon fibers and 
from graphite as well. Ruoff[S] has shown that the ra- 
dial thermal expansion coefficient of MWNTs will be 
essentially identical to the on-axis thermal expansion 
coefficient, even though the nested nanotubes in a 

MWNT are separated by distances similar to the in- 
terplanar separation in graphite and the forces be- 
tween nested tubes are also only van der Waals forces. 
The explanation is simple and based on topology: un- 
like graphene sheets in graphite, the nanotube sheet 
is wrapped onto itself so that radial expansion is gov- 
erned entirely by the carbon covalent bonding net- 
work; the van der Waals interaction between nested 
cylinders is, therefore, incidental to the radial thermal 
expansion. We, therefore, expect that the thermal co- 
efficient of expansion will be isotropic, in a defect-free 
SWNT or MWNT. 

where a, is the composite tensile strength, uF is the 
ultimate tensile strength of the fibers, uh is the matrix 
stress at the breaking strain of the fibers, and VF is 
the volume fraction of fibers in the composite. This 
rule holds, provided that 

1. 
2. 

3. 

4. 

5. 

The “critical volume fraction” is exceeded, 
the strength distribution or average strength of the 
fibers is known, 
the dispersion of fibers in the matrix is free of 
nonuniformities that are a consequence of the fab- 
rication process and that would give rise to stress- 
concentrating effects, 
the aspect ratio of the fibers is sufficient for the 
matrix type, 
the fiber is bound to the matrix with a high- 
strength, continuous interface. 

Stress patterns can develop between fibers and matrix 
in fiber-matrix composites, as a result of differential 
thermal expansion during composite production. An 
isotropic thermal coefficient of expansion for carbon 
nanotubes may be advantageous in carbon-carbon 
composites, where stress fields often result when com- 
mercial high-temperature treated carbon fibers expand 
(and contract) significantly more radially than longi- 
tudinally on heating (and cooling)[22]. The carbon 
matrix can have a thermal expansion similar to the in- 
plane thermal expansion of graphite (it is graphitized), 
and undesirable stress-induced fracture can result; this 
problem may disappear with NTs substituted for the 
carbon fibers. However, the very low thermal expan- 
sion coefficient expected for defect-free nanotubes 
may be a problem when bonding to a higher thermal 
expansion matrix, such as may be the case for various 
plastics or epoxies, and may cause undesirable stresses 
to develop. 

The five factors mentioned above are discussed in de- 
tail in ref. [23] and we mention only briefly factors 2 
through 4 here, and then discuss factor 5 at some 
length. 

The strength distribution of carbon nanotubes, fac- 
tor 2, could be estimated by a statistical fit to the in- 
ner and outer diameter of many (typically 100 or more 
nanotubes imaged in TEM micrographs) nanotubes 
in a sample. From such a statistical distribution of 
nanotube geometries, a strength distribution can be 
calculated from eqns. discussed above. Factor 3 is a 
fabrication issue, which does not pose a serious prob- 
lem and will be addressed in the future by experiments. 
TEM micrographs have shown SWNTs with aspect ra- 
tios exceeding 1000, and a typical number for nano- 
tubes would be 100 to 300. In this range of aspect 
ratios, the composite strength could approach that of 
a composite filled with continuous filaments, whose 
volume fraction is given by eqn (3), factor 4. 

3.1 Application of carbon nanotubes for high 
strength composite materials 

It is widely perceived that carbon nanotubes will 
allow construction of composites with extraordinary 
strength: weight ratios, due to the inherent strength of 
the nanotubes. Several “rules of thumb” have been de- 
veloped in the study of fiber/matrix composites. Close 
inspection of these shows that carbon nanotubes sat- 
isfy several criteria, but that others remain untested 
(and therefore unsatisfied to date). High-strength com- 

Factor 5 is an important issue for future experi- 
ments, and binding to a nominally smooth hexagonal 
bonding network in a nanotube could be a challenging 
endeavor. We suggest preliminary experiments to see if 
it is possible to convert some or all of the 3-coordinated 
C atoms in carbon nanotubes to tetravalent C atoms 
(e.g., by fluorination or oxidation). By analogy, fhro- 
rinated and oxygenated graphites have been made[24]. 
However, nanotubes may provide a strong topologi- 
cal constraint to chemical functionalization due to the 
graphene sheet being wrapped onto itself. The planes 
in graphite can “buckle” at a local level, with every 
neighboring pair of C atoms projecting up and then 
down due to conversion to sp3 bonding. Can such 

CAR 33-7-C 



930 R. S. RUOFF and D. C. LORENTS 

buckling be accommodated on the surface of a carbon 
nanotube? For a MWNT, it seems very unlikely that 
the outer tube can buckle in this way, because of the 
geometric constraint that the neighboring tube offers; 
in graphite, expansion in the c direction occurs readily, 
as has been shown by intercalation of a wide range of 
atoms and molecules, such as potassium. However, 
Tanaka et a/.[251 have shown that samples of MWNTs 
purified by extensive oxidation (and removal of other 
carbon types present, such as carbon polyhedra), do 
not intercalate K because sufficient expansion of the 
interlayer separation in the radial direction is impos- 
sible in a nested MWNT. 

Achieving a continuous high strength bonding of 
defect-free MWNTs at their interface to the matrix, 
as in the discussion above, may simply be impossible. 
If our argument holds true, efforts for high-strength 
composites with nanotubes might better be concen- 
trated on SWNTs with open ends. The SWNTs made 
recently are of small diameter, and some of the strain 
at each C atom could be released by local conversion 
to tetravalent bonding. This conversion might be 
achieved either by exposing both the inner and outer 
surfaces to a gas such as F,(g) or through reaction 
with a suitable solvent that can enter the tube by wet- 
ting and capillary action[26-281. The appropriately 
pretreated SWNTs might then react with the matrix 
to form a strong, continuous interface. However, the 
tensile strength of the chemically modified SWNT 
might differ substantially from the untreated SWNT. 

The above considerations suggest caution in use of 
the rules of mixtures, eqn (3), to suggest that ultra- 
strong composites will form just because carbon nano- 
tube samples distributions are now available with 
favorable strength and aspect ratio distributions. 
Achieving a high strength, continuous interface be- 
tween nanotube and matrix may be a high technological 
hurdle to leap. On the other hand, other applications 
where reactivity shotrId be minimized may be favored 
by the geometric constraints mentioned above. For ex- 
ample, contemplate the oxidation resistance of carbon 
nanotubes whose ends are in some way terminated with 
a special oxidation resistant cap, and compare this 
possibility with the oxidation resistance of graphite. 
The oxidation resistance of such capped nanotubes 

could far exceed that of graphite. Very low chemical 
reactivities for carbon materials are desirable in some 
circumstances, including use in electrodes in harsh elec- 

trochemical environments, and in high-temperature 

applications. 
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