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ABSTRACT

Fibers and yarns based on carbon nanotubes (CNT) are emerging as a possible improve-
ment over more traditional high strength carbon fibers used as reinforcement elements
in composite materials. This is driven by a desire to translate the exceptional mechanical
properties of individual CNT shells to achieve high performance macroscopic fibers and
yarns. One of the central limitations in this approach is the weak shear interactions
between adjacent CNT shells and tubes within macroscopic fibers and yarns. Furthermore,
the multiple levels of interaction, e.g., between tubes within a multi-walled CNT or between
bundles within a fiber, compound the problem. One promising direction to overcome this
limitation is the introduction of strong and stiff cross-linking bonds between adjacent
carbon shells. A great deal of research has been devoted to studying such cross-linking
by the irradiation of CNT based materials using either high energy particles, such as elec-
trons, to directly covalently cross-link CNTs, or electromagnetic irradiation, such as gamma
rays to strengthen polymer cross-links between CNT shells and tubes. Here we review
recent progress in the field of irradiation-induced cross-linking at multiple levels in CNT
based fibers with a focus on mechanical property improvements.

© 2012 Elsevier Ltd. All rights reserved.
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1. Experimental and theoretical demonstration sensor in situ a TEM, estimated that the interlayer shear

of weak shear interactions between CNT
tubes and shells

Despite the great potential of applying CNTs in composite
materials [1-8], an intrinsic limitation in directly scaling up
the exceptional mechanical properties of CNTs [9,10] to mac-
roscopic fibers and yarns exists in the form of weak interfacial
shear properties between adjacent CNT shells. The same un-
ique nature of in plane sp? bonding in CNTs, which achieves
high mechanical strength and stiffness, also leads to weak
out of plane bonding. This is exemplified in graphite which
exhibits some of the best solid lubricating properties found
in nature due to inter-planar shear. Such weak inter-plane
bonding is evident from theoretical predictions of interfacial
properties (cohesion energy, interfacial shear strength, etc.)
of stacked graphitic sheets and tubes. The cohesion energy
(or interlayer binding energy) in graphite has been calculated
by assuming a Lennard-Jones like potential to be 0.33)/m?
[11]. A variety of experimental studies have demonstrated
interlayer cohesion energies for sp? bonded carbon based
materials consistent with this theoretical prediction includ-
ing; multiwalled carbon nanotube (MWCNT) shells (0.198-
0.21J/m?) [12,13], CNT bundles (0.1-0.6 J/m?) [25], and graphite
(0.26-0.37 J/m?) [11,14]. Similarly the interfacial shear strength
(IFSS) of bare CNT shell-shell interfaces has been experimen-
tally estimated to be as low as 0.05-0.3 MPa [9,12,15]. To put
these interfacial properties in perspective the IFSS within typ-
ical high performance fiber reinforced composites, such as
aramid/epoxy and carbon fiber/epoxy composites, is two to
three orders of magnitude higher, on the order of tens of
MPa [16].

1.1. Shells within MWCNTs

The weak interfacial shear properties that exist between
shells within individual CNTs was experimentally elucidated
through in situ transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) shear experiments.
Cumings and Zettl [17] conducted one of the first direct dem-
onstrations of the sword-in-sheath failure and weak interfa-
cial shear between the inner shells of a MWCNT. In this
study the inner shells of a MWCNT were pulled out of the out-
er shell in a reversible process in situ TEM (Fig. 1c). They esti-
mated the van der Walls (vdW) interlayer force to be
approximately 2.3x 10 **N/atom. They also demonstrated
that the pulled out inner shells tend to be pulled back in,
due to the vdW interactions between the inner and outer
shells, with nearly zero energy dissipation. Subsequent pull-
out studies by Kis et al. [12], which utilized an AFM force

was dominated by van der Walls interactions with a corre-
sponding interlayer shear strength of <0.05 MPa and an inter-
layer cohesion energy of 33 meV/atom [12], in good agreement
with estimates determined from an energy analysis of bare
collapsed MWCNTs [13].

The shear interactions between shells of a MWCNT was
also quantified by Yu et al. [15] using a similar AFM cantilever
based method in situ a SEM. In these experiments, the outer
shell of a MWCNT was first pulled in tension, leading to the
outer shell rupture followed by the controlled pull out of the
inner MWCNT shells. The pull out force measured by Yu
et al. was described as being composed of two components:
(1) the shear interaction between shells, and (2) the capillary
effect and edge interactions by dangling bonds at the end of
the MWCNTs. In their study the static shear strength was
estimated to be 0.08-0.3 MPa (corresponding to an experimen-
tal force of 85-219 nN), and the combined capillary and edge
effect was measured to contribute 80-150nN, dominating
the experimentally observed forces.

The low force required for sliding between adjacent
MWCNT shells was further investigated by Espinosa and co-
workers using a MEMS platform in situ a TEM [9,21]
(Fig. 1d). They measured an even lower average post failure
force of 35nN required to pullout the 11 inner shells of a
14 nm diameter MWCNTwith respect to the outer shell. More-
over, using DFT, TB-DFT, and reactive force fields they investi-
gated computationally the interaction between tube shells
[9,21].

1.2. CNTs within bundles

Similarly weak interfacial interactions have also been pre-
dicted and measured experimentally at the next structural le-
vel of hierarchy in CNT fibers; CNT bundles. In-situ SEM
tensile experiments conducted on individual single- (SWCNT)
and double-walled (DWCNT) carbon nanotube bundles have
revealed a similar sword-in-sheath failure mechanism in
which inner CNTs within bundles pull out with respect to
an outer shell of CNTs [6,22,23].

Yu et al. [23] conducted tensile tests on SWCNT bundles
in situ SEM using an AFM cantilever based method. Their ten-
sile test data was best fitted by a model, which assumed that
only the outer perimeter of SWCNTs in the bundle carried the
load, consistent with a sword-in-sheath failure. Although
they did not measure the force required to pullout inner
SWCNTs from the bundles, the SEM images of the bundles
after tensile failure also suggested this mode of failure. More
recently a novel method of in situ SEM peeling between two
SWCNT bundles was used to measure an adhesion energy
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Fig. 1 - Shear interfaces at multiple length scales within CNT based fibers. (a) DWCNT bundle-bundle interfaces. Adapted
from [18]. (b) SWCNT-SWCNT interface within a SWCNT bundle. Adapted from [19]. (c) and (d) MWCNT shell-shell interfaces.
Adapted from [17] [9]. (e) Schematic of the different CNT yarn length scales. Adapted from [8].

of 0.12-0.16 nj/m [19] (Fig. 1b); however, the width of the con-
tact between the two bundles was not reported, therefore the
cohesion energy per unit area is unknown, making compari-
son with other studies difficult.

The force required to slide adjacent DWCNTs within bun-
dles was measured recently by Filleter et al. [22]. In this study
a normalized pullout force of 1.7 + 1.0 nN/CNT-CNT interac-
tion was measured for sliding of a smaller inner bundle of
DWCNTs out of a larger outer shell of DWCNTSs. This force
translates to a lower limit estimate of the average interfacial
shear strength of approximately 7.8 MPa. This estimation
considers as the interfacial area the continuous cylindrical
surface area of the small inner bundle of DWCNTs that is
pulled out in the experiment (A = n*l*d, where | is the DWCNT
overlap length and d is the inner bundle diameter). The true
shear strength of the interface is expected to be significantly
higher as the interfacial area is not continuous, but instead
composed of discrete CNT-CNT interfaces, and the interfacial
shear stress in the axial direction is not uniform [24]. Through
comparison with molecular mechanics (MM) and density
functional theory (DFT) simulations of sliding between adja-
cent CNTs in bundles it was identified that factors contribut-
ing to the pullout force (in units of nN/CNT-CNT interaction)
included the creation of new CNT surfaces (<0.4), carbonyl
functional groups terminating the free ends (<0.16), corruga-
tion of the CNT-CNT interaction (~0.1), and polygonilization
of the CNTs in the bundle (~0.02-0.08). In addition a top down

analysis of the experimental results revealed that greater
than one half of the pullout force was due to dissipative
forces. This finding of behavior at the CNT bundle level signif-
icantly differs from the behavior of pullout in individual
MWCNTs for which dissipation is found to be negligible [17].
These findings suggest that the bundle hierarchical level
may play an important role in energy dissipation and tough-
ness of CNT fibers and yarns. This is also consistent with
the greater shear strength measured for bundle pullout
(~7.8MPa) as compared to MWCNT shell pullout (~0.05-
0.3 MPa).

Yang et al. [25] experimentally investigated the friction
within macroscopic SWCNT fibers by loading large fibers in
tension. In contrast to the previously discussed studies here
the fibers were of very large diameter (10’s ym) and long
lengths (~3 mm). It should be noted that the authors of Ref.
[25] used the term “bundles” to describe the material under
study, however, that term is more typically used to refer to
close-packed, aligned CNT structures with diameters on the
order of 10’s of nm (Fig. 1). During the tensile loading, they
monitored both the elastic behavior and the inelastic behav-
ior of the yarns due to SWCNTs sliding on each other. They
estimated the cohesive energy per unit area of the SWCNTs
to be in the range of 0.1-0.6 J/m?, by normalizing the friction
energy (dissipated during the plastic deformation) by the
change in the contact area between the bundles. While this
method can be used to obtain an average value for the
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cohesive energy between SWCNTSs, it suffers from uncertain-
ties in the estimation of the edge effect and the true contact
area between SWCNTs. In addition the analysis assumes
close packing of SWCNTs in the large diameter fibers, which
leads to further uncertainties.

2. Irradiation methods for cross-linking of
graphite and CNTs

2.1.  High energy particle irradiation

One approach which can increase the shear strength of the
weak CNT interfaces described in the previous section is to
introduce interlayer covalent bonding between carbon atoms
of adjacent graphitic layers through particle irradiation [9,26-
30]. The effect of radiation on graphite has been a topic of
interest for many years [31-33]. For example, in 1963 Goggin
demonstrated that the Young’s modulus of graphite could
be increased by electron irradiation and thermal annealing
[33]. Radiation of carbon nanostructures, such as CNTs, have
only more recently been investigated due to the potential
beneficial effects. Such an approach requires locally modify-
ing the in-plane sp® bonding to sp> type bonding at specific
sites within the CNT material. The benefit to the interfacial
shear strength can be understood by considering the relative
single bond energies of the sp®> C-C bonds found in diamond
(~0.88 eV/atom) [34] as compared to the interplanar binding
energy of graphite sheets (~0.02 eV/atom) [35]. Recently, irra-
diation with high energy particles, including electrons, pro-
tons, and ions, has been both theoretically and
experimentally demonstrated as an effective method to intro-
duce interlayer covalent bonding in graphite and CNT materi-
als by the formation of cross-linking defects in the graphitic
structures [9,21,27,28,36-38]. High energy electrons, in partic-
ular, have been studied extensively with application to
mechanical property improvements achieved through cross-
linking CNT shells and tubes [9,21,27,30,31,37]. For a general
review of the effects of irradiation on other nanostructures,
the reader is referred to the following review articles [39,40].

2.1.1. Type and role of defects

Irradiation of CNTs and graphite layers with high energy elec-
trons leads to the formation of atomic-scale defects due to
the transfer of energy from the incident electron to the car-
bon atoms in the graphitic structures. The creation of a defect
requires that the target atom acquires sufficient kinetic en-
ergy to be displaced from its original position in the lattice.
The energy thresholds for electron irradiation induced defect
creation in graphite and CNT will be discussed further in
Section 2.1.2.

Defects formed by electron irradiation in graphite and
CNTs can be in the form of point defects [21,41] (Fig. 2a) or lar-
ger dimension defects such as dislocations and voids in gra-
phitic layers [42] (Fig. 2b). For applications aimed at
improving the mechanical behavior of CNT materials, point
defects that bridge adjacent layers are most desirable as lar-
ger in plane defects can significantly reduce the intrinsic
mechanical properties of the CNT shells. MM simulations
conducted by Mielke et al. [43] have demonstrated that CNT

strength, in particular, is very sensitive to clustering of vacan-
cies (holes), which can lead to strength reductions of as much
as 60% as compared to pristine tubes. In contrast, Sam-
malkorpi et al. [44] and Haskins et al. [45] have shown,
through molecular dynamics (MD) simulations, that the ten-
sile Young’s Modulus of CNTs is much less sensitive to de-
fects. Furthermore a small density of interlayer point
defects, can significantly improve load transfer between adja-
cent CNT shells and tubes [21,37].

Irradiation induced point defects bridging graphitic layers
can take several forms including; di-vacancy, interstitial, and
Frenkel pair defects [41]. Telling et al. [41] demonstrated
through first-principle quantum mechanics calculations, that
in addition to interstitials atoms, effectively cross-linking
adjacent graphitic layers, vacancies formed as a result of irra-
diation can also re-configure to covalently cross-link layers
despite the relatively large atomic spacing of adjacent layers.

2.1.2. Knock on energy requirements

There are minimum energy requirements of the incident irra-
diation particle to knock out a carbon atom from the CNT lat-
tice. A detailed discussion of these requirements can be found
in a previous review article on irradiation of nanostructures
[39]. Here we will briefly summarize the key points as related
to irradiation of CNTs. The knock on threshold energy of an
incoming particle is related to the displacement threshold en-
ergy (Ty) and the masses of the incoming particle (m;) and a
carbon atom (m.) as follows [39]:

(m; +me)?

Ep =
4m.m;

ey

In the case of electron irradiation, due to the large relative
mass of the carbon atom (m. as compared to the electron
(me), the expression can be simplified to: Ewn, ~ ¢ Tq suggesting
that electrons with high kinetic energy are required to satisfy
the threshold energy. This corresponds to threshold electron
energies on the order of ~100 keV required to displace carbon
atomsin the CNT lattice. More specifically the threshold energy
is dependent on a number of factors including CNT diameter,
chirality, angle of incidence between incoming electron and
CNT lattice. Theoretical studies have predicted displacement
threshold energies of ~15-22 eV [46-49] for incident electrons
perpendicular to the CNT tube surface and as high as ~33-
44 eV [47] for tangential incident electrons. Furthermore, small
diameter CNTs are predicted to require lower displacement
threshold than larger tubes [49]. These predicted displacement
thresholds translate to required threshold electron energies of
ranging from ~82 keV for small CNTs with electrons in a per-
pendicular configuration to as high as ~240 keV for large CNTs
in a tangential configuration.

2.2.  Electromagnetic irradiation

Another approach to enhancing shear interactions between
adjacent CNTs within CNT fibers is by electromagnetic irradi-
ation of polymer/CNT interfaces to bond polymer chains
between adjacent CNTs. Unlike high energy particle irradia-
tion, which creates covalent bonds directly between adjacent
CNTs, electromagnetic irradiation can lead to either covalent
bonding between polymer chains which bridge adjacent CNTs
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Fig. 2 - (a) Point defects bridging two shells of a DWCNT. Adapted from [21]. (b) HR-TEM images of a graphene layer before and
after electron irradiation exhibiting the formation of an edge dislocation. Adapted from [42].

or the enhancement of interactions with interstitial mole-
cules present between adjacent CNTs [50-54]. Polymer bridg-
ing, in the absence of irradiation induced cross-linking, has
been utilized to enhance the ductility of CNT fibers [6], how-
ever, this approach can still lead to lower strength due to
the absence of covalent bonds between polymer chains and
CNTs. Strong covalent bonding between polymers chains that
bridge the gaps between CNTs can be achieved by several
electromagnetic irradiation methods. Ultraviolet (UV) irradia-
tion has been demonstrated to induce covalent cross-linking
in polymer/CNT materials such as layer-by-layer SWNT-poly
(sodium 4-styenesulfonate) [54], and has been shown to in-
crease shear interactions between interstitial dimethyl-form-
amide (DMF) molecules and CNTs [51]. Microwave irradiation
has been shown to create very strong MWNT-polymer bonds
to poly(ethylene terephthalate) (PET) and polycarbonate (PC)
[53]. Finally, gamma irradiation can induce interstitial car-
boxyl like groups between adjacent CNTs which can poten-
tially increase shear interactions [50].

3. Electron irradiation induced mechanical
improvements at different length scales in CNT
fibers

In the following sections we review recent theoretical and
experimental demonstrations of the utilization of electron

irradiation induced cross-links for mechanical improvements
of fibers. A focus will be on applications at multiple length
scales within fibers.

3.1. Shells within MWCNTs

Peng et al. [9] and Locascio et al. [21] demonstrated the effects
of electron irradiation cross-linking through in situ TEM
experiments conducted on MWCNTs irradiated using the
electron beam (Fig. 3c). In these studies, it was found that
only the outer shell of un-irradiated MWCNTs carried the ten-
sile load prior to failure after which the outer shell slid with
respect to the inner shell. As the irradiation levels increased,
it was observed that multiple shells of the MWCNTSs contrib-
uted to the load carrying capacity through shear load transfer
to inner shells. Analysis of the true stress acting on the shells
carrying load revealed that at low levels of irradiation the out-
er few CNT shells had a remarkable failure stress and modu-
lus of ~100 GPa and ~1 TPa, respectively, whereas increased
irradiation, which allowed corsslinking of many inner layers,
led to a reduction in true strength and modulus to 35 GPa and
590 GPa, respectively [9].

MD and MM simulations of cross-linked DWCNTs have
demonstrated that only a low density (~0.01-0.4 defects/A)
of irradiation induced point defects is required to approach
theoretical limits of load transfer between the inner and outer
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Fig. 3 - Atomistic simulations and experiments on electron induced crosslining in CNT materials. (a) Molecular mechanics
simulations of cross-linking a DWCNT. Adapted from [21]. (b) Molecular dynamics simulations of cross-linking a SWCNT
bundle. Adapted from [37]. (c) In-situ TEM experiments of cross-linking MWCNTSs. Adapted from [9]. (d) AFM bending

experiments on SWCNT bundles. Adapted from [29].

shells and increase the interlayer shear strength by orders of
magnitude [21,55] (Fig. 3a). Both Huhtala et al. [55] and Loca-
scio et al. [21] found that di-vacancy defects were more effec-
tive at increasing load transfer and interlayer shear strength
as compared to interstitial defects, whereas Locascio et al.
[21] also found that Frenkel defects were even more effective
than the other two point defect types. Considering the exper-
imental and theoretical findings of irradiation of MWCNTSs
suggest that control of defect density and distribution within
the MWCNTs imparted by electron irradiation is a critical step
in optimizing their mechanical behavior. Only a low density
of cross-linking defects is required between each layer; how-
ever, achieving cross-link penetration, through many shells of
a MWCNT, may lead to a high defect density on the outer
shells and reduce their intrinsic strength and stiffness.

3.2. CNTs within SWCNT bundles

The next structural level in the hierarchy of CNT fibers is the
interaction between adjacent CNTs within close packed bun-
dles. At this level Kis et al. investigated the effects of electron
irradiation induced cross-linking defects on enhancing the
mechanical properties of SWCNT bundles by applying an
AFM based deflection method [27,29] (Fig. 3d). In their study
it was demonstrated that low doses (~5 x 10*° e/cm?) of elec-
tron irradiation at energies of 80 keV yielded a substantial in-
crease in the effective bending modulus up to ~750 GPa [29].

Higher irradiation doses were found to significantly reduced
the modulus, in this case to as low as ~100 GPa (at doses in
excess of 40 x 10%° e/cm?) due to the introduction of a high
density of defects in the SWCNT shells and a transition to
amorphous carbon structures. In addition, irradiation of elec-
trons with higher beam energies (200 keV) was not found to
lead to significant improvements in the bending stiffness.
This is likely attributed to both the resolution in the control
of the electron dose applied experimentally and the low resis-
tance to high energy beam damage for SWCNT (as compared
to MWCNTSs) [39]. One limitation of the AFM bending based
method is that it does not allow for a determination of the
strength of the irradiated SWCNT bundles.

In the absence of experimental measurements, MD simu-
lations of SWCNT bundles have provided insights into the
achievable strength of irradiated bundles. Cornwell and
Welch [37] conducted MD simulations of SWCNT bundles
with a varying density of interstitial carbon atoms used to
emulate interstitial defects created by electron irradiation
(Fig. 3b). Here it was demonstrated that the strength of dis-
continues SWCNT bundles increased with cross-link density,
with a strength of up to 62 GPa at the optimal cross-link den-
sity of ~0.7 nm~>. The authors reported that this configura-
tion consisted of 80.4 cross-links per CNT in the bundle
which had a length of 8000 A [37]. This corresponds to an
interfacial linear cross-link density between each SWCNT of
~0.01 cross-links/A. It is interesting to note that this optimal
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cross-link density, between tubes in a bundle, is in a similar
range to that found for the optimal cross-linking defect den-
sity, between shells in a MWCNT, as discussed in the previous
section [21,55].

In addition to the cross-link density, the length of individ-
ual CNTs within a CNT fiber can also influence the strength of
the fiber. MD simulations by Cornwell and Welch [37] pre-
dicted a high strength of ~50 GPa for cross-linked bundles
with 8000 A long CNTs with a cross-link density of only
0.1nm 3, whereas cross-linked bundles composed of 4000 A
long CNTs (with the same cross-sectional geometry) required
a crosslink density of 0.7 nm > to achieve a similar strength.
The implication of this finding is that CNT fibers composed
of longer CNTs would require lower irradiation treatments
(and hence a lower number of defects introduced) to achieve
the same improvements in strength.

3.3.  Cross-linking of shells and tubes within DWCNT
bundles and CNT yarns

In the last two sections, cross-linking of shells within
MWCNTs and cross-linking SWCNTs in bundles was dis-
cussed. Here we discuss a slightly more complex hierarchical
CNT structure, double-walled carbon nanotube (DWCNT)
bundles. This type of structure has two available levels of
interfaces that can be cross-linked by electron irradiation;
(1) the inner and outer shells within each DWCNT and (2)
the adjacent DWCNTs within the bundle.

Filleter et al. [30] have conducted experimental studies on
DCWNT bundles exposed to high energy electron irradiation
in a TEM (Fig. 4). As mentioned above this material has two
levels of hierarchy; inter tube shell-shell interactions as well
as inter bundle tube-tube interactions, which can be cross-
linked by irradiation. In this study it was found that both
the effective strength and elastic modulus of the DWCNT
bundles was increased by irradiation up to 17 GPa and
693 GPa respectively. The effective mechanical properties
were determined by considering a crossectional area, which
included the crossection of all tubes and shells with the
DWCNT bundles where the typical CNT shell thickness of
0.33 nm was assumed. The number of tubes within each bun-
dle was determined using a geometrical close packing model
and HRTEM images of the fringe patterns of each individual
bundle. The failure modes, identified from in situ TEM imag-
ing, of the bundles were found to depend on the irradiation le-
vel. In the case of minimally irradiated bundles (0.5 x 10%° e/
cm?) the outer tubes within the bundles failed during the ten-
sile test and slid with respect to the inner bundle of DWCNTs,
akin to the sword-in-sheath failure observed for MWCNT
shells. On the other hand, at optimal irradiation doses (~9-
11 x 10%° e/cm?) the bundles were found to fail across the en-
tire cross section of shells and tubes confirming effective load
transfer to the bundle interior.

In principle, the same mechanisms discussed above for
cross-linking adjacent CNTs within bundles can be applied
to cross-link the outer CNTs of adjacent CNT bundles. To date
this has not been demonstrated directly as both experiments
and simulations of the mechanical interactions between two
isolated CNT bundles, for example, are difficult and time
consuming. Initial demonstrations of the shear properties

between isolated CNT bundles have been achieved for poly-
mer cross-linked CNTs through in situ SEM and coarse-grain
modeling methods [18]. A future direction in such studies will
be to apply the same techniques to bundle-bundle junctions
exposed to electron irradiation.

3.4.  Comparison of electron beam energies and defect
densities

As discussed in Section 3.2 the incident electron beam energy
is an important criterion for inducing and controlling cross-
linking defects in CNT fibers. The beam energy must be above
a threshold of approximately 80 keV in order to create defects
between shells and tubes [39]. Studies of MWCNTs have
demonstrated that higher beam energies in the range of
100-200 keV can also be very effective at crosslining MWCNTSs
without significant degradation in the mechanical properties
of the CNT shells themselves [9,30]. This, however, is not the
case for SWCNTs that are less stable and can be rapidly
degraded under higher energy electron beams [29,39]. Even
higher electron beam energies of 1.25 MeV accompanied by
heating has also been shown to bond multiple SWCNTSs into
continuous junctions [56], however it remains to be studied
as to whether these modifications introduce significant de-
fects and voids which can degrade the mechanical properties
of the individual CNT shells.

A very important consideration in utilizing electron irradi-
ation for enhancing the mechanical properties of CNTyarns is
the optimization of the benefits of cross-linking to transfer
load, and the detrimental effects of defect introduction into
CNT shells. This tradeoff has been experimentally demon-
strated in the context of both SWCNT and DWCNT bundles
[29,30]. In these studies the optimal electron dose was found
to be in a similar range of (~5-10 x 10%° e/cm?). Furthermore,
Kis et al. [29] demonstrated that at high levels of irradiation,
the structure of SWCNT bundles is transformed into an amor-
phous carbon structure. This was supported by both TEM
images of the resulting structures as well as bending moduli
that approach that expected for amorphous carbon [29]. Ra-
man spectroscopy investigations of CNTs irradiated with
electrons have also demonstrated a transition to amorphous
structures for high irradiation dose [57].

A key challenge that remains in connecting experimental
demonstrations of cross-linking improvements in CNTs with
theoretical predictions is a comparison of cross-linking defect
densities. Experimentally, it is very difficult to measure or
estimate the actual defect density imposed by electron beam
irradiation. Most studies simply report on the variation in
mechanical properties with the electron dose (typically in
e /cm?). While this specifies the flux of electrons passing
though the material, the density of cross-linking defects
formed by the electron beam depends on a number of other
factors which include the electron energy, the curvature of
the CNT shells, the thickness of the CNT material, and the
mean free path of electron in the graphitic material. Although
this may be difficult to determine experimentally, direct com-
parison between experiments and atomistic simulations can
be used in the future to achieve insights into the experimen-
tal defect densities and help guide optimization of mechani-
cal properties. This will require modeling CNT systems that
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of irradiation dose for different DWCNTSs. Adapted from [30].

match those found in experiments. This requirement is in
principle already achievable as MD simulations have already
been demonstrated for SWCNT bundles (dpundgle =~5nm,
dent = ~0.7 nm Nepe =19, 1=~800nm [37]), which approach
sizes that have been tested experimentally (dpundie = ~10 nm,
Aent = ~2.5 nm, Nepe = 14, 1 = ~2600 nm [30]).

4. Application of irradiation cross-linking to
macroscopic CNT yarns

Macroscopic CNT based yarns and fibers have been realized
using a number of different synthesis techniques, most nota-
bly, direct spinning in situ [20,58] and post spinning of CVD
grown mats [6] and spinning continuously draw CNT mats
from forests [3]. While these methods produce CNT fibers
with good mechanical properties, such as typical strengths
of ~1 GPa, they do not take advantage of CNT cross-linking.
Several studies have applied irradiation techniques to cross-
link macroscopic CNT yarns and buckypapers [50,51,59]. Miao
et al. [50] used gamma irradiation to introduce increased lat-
eral interactions between CNTs within yarns spun from CNT
forests. Improvements in strength and stiffness of the yarns
were observed with irradiation, however no clear trend with
increasing irradiation level was observed (Fig. 5). The
improvements were attributed to the formation of carboxyl
like groups between adjacent CNTs due to gamma-irradiation
induced oxidation of the CNTs not by direct CNT-CNT cross-
linking. Ultraviolet (UV) light irradiation has also been applied
to cross-link CNT yarns by Miko et al. [51]. In this study in-
creases in both the elastic modulus and electrical conductiv-
ity were observed following UV irradiation. Here, similar to
the case of gamma-irradiation, the cross-linking was not in

the form of direct CNT covalent cross-linking of carbon
atoms, but instead by a UV initiated side reaction between
surface functional groups on the CNTs and DMF molecules
present from the original CNT suspension.

4.1. Key challenges: electron
penetration depth

current density and

The application of electron irradiation for directly cross-link-
ing adjacent CNTs within macroscopic CNT yarns and fibers
remains to be studied. The two key challenges in achieving
successful macroscopic cross-linking are; (1) applying a high
enough current density over a large area in order to approach
the irradiation doses used in smaller scale studies, and (2)
addressing the issue of limited electron penetration depth
in order to achieve uniform irradiation over the entire cros-
sectional area of macroscopic fibers. As discussed in Section 3
the irradiation doses found to be optimal for cross-linking
CNTs and CNT bundles lie in the range of ~5-10x 10%°e/
cm?. In the TEM setup used for these experiments, the current
density was varied in the range of 0.3-2 A/cm? [29,30], which
allowed the optimal doses to be delivered in a matter of sec-
onds or minutes. In contrast, industrial scale electron irradia-
tion equipment which is capable of delivering electron beams
which spread over large areas of mm or inches, typically oper-
ate on the order of ~uA/cm?. Under such conditions it would
require days or months to irradiate a single CNT yarn sample
to a comparable dose, as the dose rate would be orders of
magnitude lower. Even for low Z elements (such as carbon)
the penetration depth of 200 keV electrons is <1 um. Therefore
the electron beam will not be able to penetrate the entire
crossection of macroscopic CNT fibers which typically have
a diameter of 10-100 pm.
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modulus of CNT yarns exposed to different levels of gamma-irradiation. Adapted from [50].

4.2. Manufacturing approaches:
fabrication

continuous spinning

To address the above limitations novel approaches will need
to be applied for future studies. The issue of penetration
depth can in principle be addressed by integrating in situ
CVD spinning or spinning from a CNT forest with an electron
irradiation setup such that a thin mat of CNTs are irradiated
prior to final spinning into a fiber or yarn. This would enable
complete irradiation of a thin (~1 pm) CNT mat which will
then be the precursor to the macroscopic CNT fiber. The lim-
itation of electron beam current density is more difficult as
achieving a high density electron beam over a large area is
technically challenging. One possible approach would be to
conduct irradiation experiments at elevated temperature to
reduce the barrier to the formation of covalent cross-linking
between CNTs, which may require a lower electron irradia-
tion dose to achieve comparable cross-linking density. Other
approaches such as plasma irradiation are also possible®.

5. Summary

We have reviewed the application of irradiation for cross-link-
ing fibers and yarns based on CNTs, which are possible candi-
dates as reinforcement elements in composite materials.
Electron irradiation, in particular, has been demonstrated
through proof of principle studies to be effective in creating
strong and stiff covalent bonds between the outer walls of
adjacent CNTs and between the internal walls of MWCNTs,
which lead to improvements in mechanical performance.
Experiments and simulations on multiple length scales, from
shells within individual MWCNTs to adjacent DWCNTSs with-
in bundles, have shown orders of magnitude improvements
in strength and stiffness as a result of irradiation. A common
observation in the studies is a balance between the benefits of
shell cross-linking and the disadvantage of introducing de-
fects in the CNT walls. Initial studies on applying irradiation
cross-linking strategies to macroscopic CNT yarns and fibers
are beginning to reveal the benefits of the approach. However,
strategies using electron irradiation on macroscopic samples
face two key obstacles in applying high current densities and
achieving optimal electron penetration depths.

1 C. Welch, private communication, 2012.
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