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Abstract

Singlewalled carbon nanotube / polyvinylalcohol composite nanofibers were electro-
spun onto a silicon surface pre-patterned with trenches. These nanofibers were
prepared with different loadings of SWCNTs and had radii between 20 and 40nm.
Individual fiber sections were pinned across the trenches and laterally loaded by an
AFM tip to yield mechanical response curves. A simple model was exploited to
extract the tensile mechanical properties from the lateral force-displacement data.
Depending on the fibre composition, the tensile modulus was found to be between 3
and 85 GPa. In addition we have prepared fibers with tensile strength of up to 2.6
GPa. Such optimised fibers break at strains of ~4% and exhibit toughness of up to 27

MJ/m?.

1. Introduction
Electrospinning has been used since 1934(1) to continuously produce low diameter polymer fibers
from polymer solutions or melts(2). However, in recent years this technique has become more popular,

principally to produce low density, porous membranes. By continuous electrospinning of fibers onto a
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stationary electrode, it is possible to build up a network which can eventually develop into a membrane
some hundreds of microns thick. Potential applications suggested for these membranes range from use as
bone(3) or tissue-engineering scaffolds(4) to battlefield dressings(5) and protective clothing(6). For many of
these applications, mechanical strength and toughness are extremely important as even partial failure could
have catastrophic consequences. While the topological properties of the network have a significant influence
on its mechanical properties(7), the strength of the membrane is ultimately limited by the strength of the
individual fibers. As such, significant work has gone into reinforcing the individual fibers through the
incorporation of carbon nanotubes(7-15).

Well dispersed, well aligned nanotubes, which have been chemically modified to maximise polymer-
nanotube stress transfer(16) are expected to be the ideal filler for mechanically reinforced composites(17).
Due to their enforced alignment, nanotubes have shown significant promise as fillers in fibers(18-21).
Polymer-nanotube composite fibers with strengths of up to 4.2GPa have been demonstrated(21). Thus we
expect that individual nanotube-reinforced, electrospun fibers can attain high strengths and stiffnesses.
However, electrospun fibers typically have sub-micron diameters, making it very difficult to measure their
tensile properties. A small number of studies have appeared and strengths as high as 80MPa have been
reported for electrospun PMMA -nanotube fibers(22). However, we feel that it should be possible to produce
even stronger fibers by using alternative matrices. In recent years, a number of papers have appeared
demonstrating the strength of polyvinylalcohol (PVA)-nanotube fibers(18, 20) and films(23, 24). In
addition, surprisingly strong electrospun membranes have been produced from PVA(7).

In this work we electrospin very sparse networks of PVA-nanotube nanofibers onto silicon
substrates with pre-prepared micron sized trenches. We use an atomic force microscope to exert a lateral
force on individual fibers while monitoring both force and displacement. Using a simple tensile model, we
generate the tensile properties of the fibers from this force displacement data. For optimised nanotube

loading levels we have observed fibers with strengths and moduli of up to 2.6 GPa and 85 GPa respectively.



2. Experimental

The PVA used in this work was purchased from Sigma Aldrich (M=30 000-70 000 gmol™). Water-
soluble PABS-SWCNTs (www.carbonsolution.com) were chosen to achieve high-quality nanotube
dispersions in the PVA/water solutions(7, 16). A concentration of ZSOgL'1 of PVA was used to prepare
PVA/PABS-SWCNTs solutions with various mass fractions of SWCNTSs (from 1 wt% down to 0.06wt%).
Typically, each mass fraction of CNTs was first dispersed in 20mL of distilled water using a high—power
sonic tip for 5 min (VibraCellCVX, 750W, 20%, 20kHz). Subsequently, each dispersion was placed in a
lower-power sonic bath for 3h (Branson 1510, 42 kHz, 80W). Next, PVA powder was added slowly to the
solution and crushed with a spatula in order to minimise PVA agglomeration. Again, the solution was
placed under the sonic tip for Smin to break up any remaining polymer aggregates before placing it in a
sonic bath for further 24h until complete dissolution occurred. Finally, the solutions were sonicated with a

sonic tip for 2min immediately prior to electrospinning.

The electrospinning set up consisted of a 20mL glass syringe with a 16 gauge stainless steel needle

that was positioned on a horizontally moveable structure. A stationary stainless steel plate (15cm x 15cm)

silicon wafers with arrays of Sum wide trenches. Thus, these
silicon substrates were placed just in front of the steel
collector. For all the experiments carried out with this setup,

the distance between the needle and the collector was set at

20cm. The high voltage was provided by a Brandenburg high .
Figure 1. A) SEM image of a single polymer-

voltage generator. For each run, the voltage was kept at 20 kV.
nanotube composite fiber spanning several

The needle was positively charged while the collector was (.anches on a Si0, substrate. B) Schematic
grounded. A syringe pump (KDS 200 syringe pump) was used showing the mechanical measurement technique
to ensure a constant flow rate at 0.003 mLmin'l. and the parameters involved in the calculation
of the tensile model. C) AFM image of a fiber

spanning over a trench before and D) after

fracture. The scale bar is 1pm.



Solutions were electrospun for a very short time (~45 s), resulting in a low density mesh of fibers
with radii between 20 and 40 nm. Mechanical measurements were performed following a technique
previously developed for metallic and semiconducting wires(25-27). Scanning electron microscopy was
used to monitor both the density and the position/alignment of the nanofibers across the trenches. Fibers
spanning the trenches perpendicularly were pinned down by electron beam induced deposition of platinum
inside a scanning electron microscope chamber(25) as shown on Figure 1A. Both the diameter and
suspended length were measured for all fibers using an atomic force microscope (AFM). Fibers, pinned on

either side of a trench, were laterally loaded by an AFM tip while the force-displacement (F-A&) curves were

recorded. Rectangular cantilevers with resonance frequencies of around 300 kHz and lateral and normal
force constants of 100-300 Nm™ and 20-40 Nm'' respectively were used. For the relative directions of force,
displacement and fiber, see Figure 1B. An x-y-z closed loop scanner was used to position the tip extremely
accurately at the loading point (centre of spanning fibre) and deep enough into the trench to avoid slippage.
For each mass fraction 15 to 20 fibers were tested. Figures 1C and 1D are AFM micrographs of a fiber,

before and after mechanical loading.

3. Results and Discussion

3.1 Force-displacement measurements
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Figure 2. Lateral force versus displacement
curves for some of the fibers studied. A)
Representative  lateral force  versus
displacement curves for fibers filled with
different nanotube mass fractions. Inset: the
same graph displayed on a log-log scale. B)
Lateral force versus displacement curves
for a single fiber, strained repeatedly to

different maximum values of A.

of plasticity at displacements of <700nm (<4% tensile strain). In
addition, this reversible behaviour coupled with the fact that
fibers always break at the point of loading (i.e. center of
suspended fiber) implies the absence of pull-out at the Pt clamps
points. However, we note that pull-out has previously been used
to measure interfacial shear strength(28). The simplest data
which can be obtained from these curves are the force and

displacement at break. These parameters are shown in Figure 3A

and B respectively, as a function of nanotube content. For low mass fractions, the force to break is increased

on adding CNTs, while the displacement at break is reduced. Some saturation is observed at higher mass

fractions, possibly due to nanotube aggregation.

3.2 Theoretical Considerations

A theoretical model needs to be developed to extract the
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assuming the material to fail by brittle fracture, we can obtain lower Figure 3. Mean values for A) Force at

bounds for both tensile elastic modulus, E, and toughness Tg. In

break and B) displacement at break, as a

function of nanotube mass fraction for all

what follows, the subscript B denotes the value of a quantity when

the fibers studied in this work. In both

the fiber breaks. We assume that the AFM tip applies the lateral

cases the error bars represent the

force, F, to the centre of the fiber, in a direction perpendicular to the ,ndard errors calculated from 10-15

initial fiber length as shown in Figure 1B. The elastic string analysis measurements.

gives a relationship between the lateral force and the perpendicular displacement, Az:



F =87ER’A’ /1 L Eq 1

where E is the tensile modulus of the fiber, R is the fiber radius and Ly is the initial fiber length. Assuming
the tension in the fiber can be written as 7 = F/2Sin@ and writing the fiber tensile strength as
o, =T,/ 7R’, (T is the tension when the fiber breaks) we can express the tensile strength as

0, = F,L,/47R*Az,, Eq2

where Fg and Az, are the values of lateral force and perpendicular displacement when the fiber breaks.
Similarly, we can write the strain at break as

g,=(L, — L))/ L, =2Az, ] L; Eq 3

(L is the fiber length on fracture). The force displacement curves show sub-cubic behaviour (quite close to
quadratic), as seen on the inset in Figure 2A, which we believe is due to a slightly sub-linear relationship
between tensile stress and strain. We attribute this to non-Hookian behaviour, often observed for polymers,
rather than plasticity. Repeated stretching of the fibers show no signs of plasticity for &<700nm (&4%) at
least. However, without precise knowledge of the constitutive equation for this material, modelling of such
non-ideal behaviour is extremely difficult. In the absence of further knowledge, this tensile model is a valid
approximation which directly gives values for g and & as described above. However we note that the non-
cubic behaviour observed in the measured data makes it inappropriate to use equation 1 to find E. To

estimate E we must make the approximation that @e over the whole strain range. This gives us an under
estimate of the Young’s modulus from E = o, /¢&,. Similarly, we can get an under estimate of the toughness

fromT, =~ 0}/ 2E .

3.3 Data Analysis

The tensile modulus was calculated for each fiber using the tensile model as described above. The
moduli values for individual nano-fibers varied between 3 and 85 GPa, depending on the SWCNT mass
fraction with significant spread in the moduli for different fibers of the same mass fraction. Over the range

of mass fractions studied, the mean moduli varied between 10 and 50 GPa. This range is not unexpected

6



since PVA/SWNT coagulation spun fibers have shown similar moduli, varying between 10 and 80 GPa(18-

20).
The strengths of the individual composite fibers
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varied from 0.5 GPa to 1.4 GPa. In addition, the
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mechanical properties of these nanofibers are
E (GPa)

maximised for SWCNT mass fractions of 0.06% and Figure 4. Plot of fiber tensile strength versus fiber tensile
0.125%. modulus. Also shown are data, taken from the literature,

for PVA/nanotube composites in form of fiber-like
We note that the model used to calculate the

material or aligned tapes (stars). Note that the literature
tensile strength is approximate as described above. In

data tend to sit on a straight line defined by ¢-0.04E.

addition, to calculate the modulus we resort to
assuming purely brittle failure, a significant simplification. We can test the validity of these assumptions
fairly simply by noting that, for a range of reported PV A-nanotube composites(7, 18, 30), the strength scales
linearly with the modulus (o5=0.04E) as shown in Figure 4. For comparison, we plot the calculated strength
versus the calculated modulus for our fibers in Figure 4. Here, the strength scales approximately linearly
with the modulus as expected. However, more importantly the fiber data lies close to the straight line
described by o5=0.04E which is typical for PVA- nanotube composites. This agreement between our results
and those available in the literature give us confidence that our model works reasonably well.

Mean tensile modulus, tensile strength, toughness and strain at break for these fibers as a function of
nanotube volume fraction are presented in Figure 5. Note that we have transformed the nanotube content
from mass fraction to volume faction to facilitate analysis using the rule of mixtures. Also we remember

that, within the framework of the model used, both modulus and toughness are underestimates. For both

modulus and strength (Figure 5SA and B), significant increases are observed at low SWCNT content
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Figure 5. Data calculated using the tensile
model, plotted as a function of composite mass
fraction: A) Young’s modulus E, B) tensile

strength @, C) strain at break & and D)

toughness Tg. The right axis shows the

toughness plotted by mass (calculated taking

@va=1300 kg/m’). The error bars are the

standard errors calculated from 10-15

measurements.

(<0.2vol%), with mean modulus and strength reaching values
as high as 50 GPa and 1.4 GPa respectively. These values are at
the high end of what has been observed for polymer-nanotube
composite fibers(23). The rate of increase of both modulus and

strength in this regime are dE/dV~27 TPa and dg/dV~600

GPa respectively. These extremely high values cannot be
explained by the standard Rule of Mixtures which can account

for values of dE/dV; and d@/dV; no larger than the nanotube

modulus and strength respectively (~1TPa and ~100GPa)(17).
It is likely that some other form of reinforcement is present to

explain these results. A likely possibility is nanotube-nucleated

polymer ordering which is often observed in PVA based
composites(31) and is known to result in significantly
enhanced mechanical properties(17, 24). At volume fractions
above 0.2vol%, both modulus and strength tend to fall off
slightly. This is generally attributed to nanotube aggregation,
which is unsurprising given that adjacent aligned nanotubes are
typically only ~20 nm apart at a volume fraction of 0.2vol%.
The data for fiber strain at break and toughness are shown

in Figure 5C and D. The strain at break, §, was 6% for a PVA

only fiber and falls off slightly as nanotubes are added, saturating at ~4%. The PV A-only fibers displayed

toughnesses of ~15 MJ/m’. On adding nanotubes, the toughness increased slightly to a maximum of 27

MJ/m’, equivalent to 20 J/g. At higher mass fractions, the toughness fell off, in line with the fall off in

strength. It should be noted that these fibers display reasonably high toughness. For comparison, Kevlar

fibers have toughness in the region of 35 J/g(32). Although our fibers are not super-tough, as has been

reported for SWCNT-PVA fibers produced by coagulation spinning(18), they have one significant
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advantage. Their toughness comes from energy absorbed at low strain (<4%) as is the case for Kevlar and
other tough fibers(33). By contrast, super-tough fibers tend to be tough because they are ductile(18).
However, in many cases they absorb very little energy at strains below 5%, making them unsuitable for
many applications. Thus, these electrospun fibers may be useful for ballistic-type applications requiring the

absorption of large quantities of energy over small distances.

4. Conclusions

We have developed a method to deposit electrospun nano-fibers across pre-prepared trenches on
silicon substrates. Using an AFM to apply a lateral force to the centre of the fiber we measure both force
and displacement as the fiber is strained. We present a simple model which we use to generate the tensile
properties; modulus, strength, strain at break and toughness from the force displacement data. We find the
tensile properties are optimised around 0.05vol% nanotubes. We have observed maximal strengths and
moduli of 2.6 GPa and 85 GPa respectively. Optimised fibers break at strains of ~4% having absorbed ~27

MJ/m’.
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Table of figures

Figure 1. A) SEM image of a single polymer-nanotube composite fiber spanning several trenches on a SiO;
substrate. B) Schematic showing the mechanical measurement technique and the parameters involved in the
calculation of the tensile model. C) AFM image of a fiber spanning over a trench before and D) after

fracture. The SCAle DAl IS 1ML ..cccuiiiiiiiiiiieiie ettt e st e e sbe e e sabe e sssaesnteeesbbaeesseesnsaesnnseenns 3

Figure 2. Lateral force versus displacement curves for some of the fibers studied. A) Representative lateral
force versus displacement curves for fibers filled with different nanotube mass fractions. Inset: the same

graph displayed on a log-log scale. B) Lateral force versus displacement curves for a single fiber, strained

repeatedly to different maximum Values Of A. .......ccccoiiiiiiiiiie ettt et 5

Figure 3. Mean values for A) Force at break and B) displacement at break, as a function of nanotube mass
fraction for all the fibers studied in this work. In both cases the error bars represent the standard errors

calculated from 10-15 MEASUTEIMEIILS. ..covveetieeiteeeeeeeeee ettt e e e 5

Figure 4. Plot of fiber tensile strength versus fiber tensile modulus. Also shown are data, taken from the
literature, for PV A/nanotube composites in form of fiber-like material or aligned tapes (stars). Note that the

literature data tend to sit on a straight line defined by G=0.04E. ........ ..o, 7

Figure 5. Data calculated using the tensile model, plotted as a function of composite mass fraction: A)

Young’s modulus E, B) tensile strength @, C) strain at break & and D) toughness Tg. The right axis shows
the toughness plotted by mass (calculated taking pya=1300 kg/m>). The error bars are the standard errors

calculated from 10-15 MEASUTEIMEILS. ......ccoeviviiiiiiiiiiieiieeee ettt 8
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