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We have prepared composite fibres based on the polyester, polyethylene terephthalate (PET), filled with
both single walled nanotubes and graphene by a combination of solution and melt processing. On
addition of =2 wt% filler we observe increases in both modulus and strength by factors of between x2
and x4 for both fillers. For the nanotube-based fibres, the mechanical properties depend strongly on
fibre diameter due to a combination of defect and nanotube orientation effects. For the graphene filled
fibres, the modulus is approximately invariant with diameter while the strength is defect limited, scaling
weakly with diameter. Using this production method, the best fibre we prepared had modulus and
strength of 42 GPa and 1.2 GPa respectively (2 wt% SWNT). We attribute this reinforcement
predominately to the dispersion quality resulting from the solvent exfoliation of both nanotubes and
graphene. In general, marginally better reinforcement was observed for the nanotube filled fibres.

However, because of the low cost of graphite, we suggest graphene to be the superior reinforcement

material for polymer fibres.

Introduction

Synthetic polymeric fibres are a very important part of modern
life and are used extensively in applications in areas such as
textiles, packaging and medical technology. Their widespread use
is largely due to their high strength and low density but also due
to their durability, abrasion resistance, and chemical and envi-
ronment stability. Polyester fibres are probably the most wide-
spread form of synthetic polymeric fibre,! while the most
common polyester fibres are produced from poly(ethylene tere-
phthalate) (PET).?> PET fibres are most widely used in textiles and
can be produced with Young’s modulus, strength and tensile
toughness up to ~10 GPa, ~1 GPa and 200 MJ m respectively.?
In addition, these fibres are reasonably ductile with strain at
break usually varying in the range ~20 to 100%. (We note that
bulk PET is generally less stiff, less strong and can be more
ductile.)* The strongest polyester fibre ever reported was
produced from polyethylene naphthalate (PEN) and had
modulus, strength and ductility of 26 GPa, 1.3 GPa and 7.6%
respectively (taking the density to be 1.35 g cm~3).°> However,
while these mechanical properties are impressive, they cannot
compare to high performance rigid rod polymeric fibres such as
ultra-high molecular weight polyethylene (Dyneema®), poly-
paraphenylene terephthalamide (Kevlar®) and
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polypyridobisimidazole (PIPD) which can display modulus and
strength as high as 330 GPa and 4 GPa respectively.® However,
one advantage of polyester fibres is that they can be melt-spun,
cheaply and in large quantities. Thus, there would be significant
advantages to modifying existing polyesters to produce fibres
with enhanced mechanical properties.

For any fibre, the mechanical performance can be partially
summarised by the breaking force, Fg, which can be achieved for
a given linear mass density, M/L. These quantities are related by
Fg = (o0/p)M/L, where o and p are the tensile strength and
density respectively. This means that to maximise the breaking
force for a given mass of polymer, op/p must be maximised. This
is an important goal; increasing op/p would mean that less
polymer is required for a given application (i.e. given Fg). For
example, doubling op/p would mean only half as much PET
would be required to produce a given length of fibre with a given
performance. As global production of PET fibre alone was ~30
million tonnes in 2010 (http://www.textileworld.com), achieving
this goal would have a huge impact on plastics usage and result in
considerable cost savings.

Over the last decade, a lot of work has been done to reinforce
polymeric fibres with nanoscale fillers.”® When stiff, strong,
rodlike (or planar) fillers are added to polymers, the mechanical
properties can be improved dramatically. The simplest possible
model to describe this reinforcement is the rule of mixtures (as
modified by shear lag theory) which predicts that the fibre
modulus, Y, and strength, g, depend on the filler volume frac-
tion, Vi, by:'%1

Y=momyYr — Yp)Vi+ Yp (1
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here the subscripts R and P refer to the reinforcing filler and the
polymer respectively. In addition 7y, 71, and 7, are efficiency
factors which vary between 0 and 1 and correct for the effects of
nanotube length and orientation respectively (N.B. different
forms of the length efficiency factor are used for modulus and
strength ie. nLy and ny respectively).'>!* These expressions
mean that the rate of increase in both fibre modulus and strength
with filler content have upper limits given by dY/dV; = Yy or
do B/d V[ = OR.

Due to their intrinsically high stiffness and strength, one of
the most exciting filler materials of recent years has been carbon
nanotubes. These high aspect ratio carbon cylinders have
diameters of ~1 nm, lengths of ~1 micron and display super-
lative mechanical properties with modulus and strength up to 1
TPa and 50-150 GPa respectively.*'*' Some significant
successes have been achieved by reinforcing polymers with
carbon nanotubes.® Polymer—carbon nanotube composite fibres
have been produced using a range of matrices and spinning
methods and in some cases have achieved exceptional
mechanical properties, with a number of papers describing
composite fibres with strength in excess of 1 GPa.'*20*
However, in many cases the key to such impressive results has
been the quality of the nanotube dispersion which is usually
achieved through solution processing. This often means that the
fibres have been formed from solution using methods such as
coagulation spinning.?® This is unfortunate as many commercial
plastic fibres are melt processed; it has proved more difficult to
produce excellent composite fibres from the melt than from
solution.®

Surprisingly few papers have reported the reinforcement of
polyester fibres. A small number of papers have described the
reinforcement of PET fibres with carbon nanofibres*® or orga-
noclays?” with limited improvements in mechanical properties. In
addition, some papers have reported the production of nano-
tube-PET composite fibres.?*3° Of these, the most impressive
results were those of Anand et al. who prepared composite fibres
by melt compounding, followed by spinning and drawing.?® They
obtained fibres with a modulus and strength of 15.9 GPa and 712
MPa respectively, significantly better than their measurements
for the pure polymer.

However, we believe that it is possible to build on this work to
generate fibres with significantly higher stiffness and strength at
reduced cost. It is known that some nanotubes are present as
large aggregates when melt mixed into PET.3® This is probably
a result of incomplete exfoliation during mixing. Such aggregates
act to concentrate stress and can instigate failure. We propose to
address this issue by first exfoliating the nanotubes in a solvent
before mixing into the PET melt. This should lead to a uniform
composite with well dispersed nanotubes and minimal aggre-
gates. Another problem with using nanotubes as a filler, is that
those types of nanotube with high strength (i.e. single walled
nanotubes) tend to be extremely expensive (~$500 per g). We
propose to resolve this issue by using solvent exfoliated graphene
as a filler material. Using these strategies we demonstrate the
production of composite fibres with high stiffness and strength,
using a filler (graphene) exfoliated from a starting material which
costs as little as ~$5 per kg.

Experimental procedure

Composite melts were produced by adding solvent-dispersed,
exfoliated single walled nanotubes or graphene to a PET melt
while stirring. After solvent evaporation, a uniform melt was
obtained with no visual evidence of aggregates. The procedure is
described in detail below.

Graphite powder (Aldrich product number 332461, batch
number 06106DE) was dispersed in N-methyl-2-pyrrolidone
(NMP, Aldrich) at an initial concentration of 3 mg ml~! (1800 mg
in 600 ml) by bath sonication (Branson1510E-MT) for 144 hours
using methods described recently.3'32 In order to produce a more
concentrated dispersion,®® this was then filtered on a porous
nylon membrane (Sterlitech, pore diameter 0.45 pm). The
deposited graphene was then re-dispersed in 15 ml of fresh NMP
by bath sonication for a further 24 h. This dispersion was then
centrifuged at 1000 rpm for 45 min and the supernatant collected.

SWNTs (HiPCO, Unidym) were dispersed in NMP at an
initial concentration of 5 mg ml~! using a sonic tip processor
(GEX600, 120 W, 60 kHz, flat head probe) operated in pulsed
mode (9 s on/9 s off) for 16 h.>*3¢ The resulting dispersion was
further sonicated in a sonic bath for 4 hours immediately before
use to ensure a good quality dispersion. The dispersion was not
centrifuged at any time. Under these conditions, we expect the
nanotubes to be arranged in bundles with diameters ~10 nm and
lengths of ~1 pm.3¢

The dispersed concentration was estimated by filtering 2 ml of
dispersion through a nylon membrane which was then dried in an
oven (60 °C) for an hour. The filtrate mass was found by careful
weighing, yielding concentrations of 5mg and 9 mg ml™! for
nanotube and graphene dispersions respectively. These stock
dispersions were then diluted to produce a series of dispersions
with a range of concentrations.

A 125 pm thick sheet of PET weighing 1 g (ST505 Melinex
PET made by Dupont Teijin, measured mechanical properties
Y = 1.3 GPa, g = 148 MPa, eg = 150%) was cut into pieces,
placed in a beaker on a hotplate (~200 °C) and allowed to melt
over the course of approximately 10 min. Composite melts were
produced by adding a dispersion of nanotubes/graphene con-
taining a given nanotube/graphene mass in a given volume of
NMP to the PET melt in order to achieved the desired polymer/
filler mass fraction. In all cases the same volume of dispersion
was added so that each melt would have been exposed to the
same volume of solvent. The nanotube/graphene mass was varied
by controlling the concentration. The mixture was constantly
stirred to give a homogeneous liquid. After approximately 10
min of heating, the NMP had evaporated to give a composite
melt. However, we note that it is likely that small amounts of
residual NMP remained in the melt. The mass fraction of the
composite is controlled by the mass of nanotubes/graphene
added and the PET mass. Nanotube and graphene filled
composite melts were prepared at mass fractions (0.5 wt%,
1 wt%, 2 wt%) and (0.25 wt%, 0.5 wt%, 1 wt%, 4 wt%)
respectively.

Fibres could be formed from either a PET or composite melt
by inserting a fine needle to which the melt adhered strongly. The
needle was drawn out of the melt at a rate of =40 cm s™' to give
a fibre. The fibres were left to cool in ambient conditions for
a minimum of 1h before drawing to the maximum possible draw
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ratio before failure. Interestingly, while the PET fibres could only
be drawn to ~200%, the composite fibres could generally be
drawn considerably further: SWNT fibres — (0.5 wt%, 400%
draw), (1 wt%, 250%), (2 wt%, 400%) and graphene fibres —
(0.25 wt%, 370%), (0.5 wt%, 350%) (1 wt%, 400%), (4 wt%,
undrawable). This is in contrast to the experience of Anand
et al.*® and Mun et al.*® who found that the maximum draw ratio
either remained constant or was reduced in the presence of
nanotubes in the vast majority of cases.?®*® In addition, the 1 wt
% nanotube fibres and 0.5 wt% graphene fibres were drawn to
a range of draw ratios (and so a range of final diameters). The
fibres were drawn while cool and released immediately afterward.
In all cases, they retained all of the drawn length.

Using this procedure, between 4 and 23 fibres were produced
for each volume fraction of both nanotubes and graphene. After
drawing, the fibre diameters were measured at typically 3 posi-
tions along their lengths using a profilometer (Dektak 6M Stylus
Profiler). The diameter variance along a fibre was typically small
(<10%). The mean diameter varied from 3 to 19 um for the
nanotube composites and 5 to 20 pm for the graphene compos-
ites. We note that using this procedure we have no control over
the fibre diameter before drawing but some control of the
diameter after drawing.

Tensile testing was performed on all fibres with a Zwick Z100
tensile at a strain rate of 5 mm min~'. In all cases the gauge length
was 1 cm. SEM measurements were performed using a Carl Zeiss
Ultra Plus Field Emission Scanning Electron Microscope. The
nanotube/graphene mass fraction was converted to volume
fraction assuming the densities: pper = 1300 kg m 3, pswnt =
1800 kg m™ and pgraphene = 2100 kg m~—.

Results and discussion
PET-nanotube fibres: volume fraction dependence

The processing procedure used in this work resulted in large set
of PET-nanotube fibres with a range of volume fractions and
diameters. SEM images of a selection of these fibres are shown in
Fig. 1. As shown in Fig. 1A the fibre diameter is uniform and the
cross-section relatively circular (Fig. 1B). In addition, the side-
walls are relatively smooth and well defined (Fig. 1C). No signs
of nanotube aggregates were observed in any fibres suggesting
dispersion quality to be high. Shown in Fig. 1D is a fracture

Fig.1 SEM images of melt processed PET-SWNT fibres. The scale bars
are (A) 20 pm, (B) 2 pm, (C) 10 pm and (D) 1 pm.

surface of a broken fibre. Close to the centre of the fibre,
a number of SWNT bundles can be seen protruding. This
suggests that the fracture mechanism is by nanotube pullout.
This implies that the nanotubes used here are shorter than the
critical length (i.e. the minimum filler length required for enough
stress to be transferred to the filler to result in breakage of the
filler particles).'? This usually means that the fibre strength
will not be limited by the nanotube strength but rather by the
polymer-nanotube interface.

Stress—strain measurements were made for all fibres. For
composites, the most fundamental question is how the mechan-
ical properties scale with filler content. The measured fibres (all
volume fractions and draw ratios) were divided into subsets
where the fibres had with similar diameters (maximum deviation
from mean diameter was ~10%). Note that less than half of the
total fibres could be grouped into such subsets. This allowed the
study of the effect of nanotube volume fraction on mechanical
properties without any contribution from varying fibre diameter.
This is critical as the mechanical properties of fibres can vary
strongly with fibre diameter.?**"** Shown in Fig. 2A are stress—
strain curves for a PET fibre and composite fibres with 0.36 vol%,
0.72 vol% and 1.4 vol% SWNT. In all cases the fibres were very
close to 5 pm in diameter. The measured mean modulus and
strength of this PET-only fibre was 4 GPa and 420 MPa
respectively. We note that these values are lower than expected
for high quality PET fibres. However, we attribute this to the
crude nature of our fibre formation methodology and note that it
may suggest the presence of residual NMP. We anticipate
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Fig. 2 Mechanical properties of PET-SWNT fibres with diameter D =
5 um as a function of nanotube volume fraction. (A) Stress—strain curves.
(B) Young’s modulus. The slope of the straight line is d Y/d V; = 1805 +
150 GPa. (C) Ultimate tensile strength. The slope of the straight line is
dop/dV; =51 + 12 GPa.
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significant improvements on moving to more advanced fibre
production techniques. On addition of the nanotubes the
modulus and strength increase significantly. We can quantify the
increases in modulus, Y, and strength, o, by plotting them as
a function of volume fraction, V7%, in Fig. 2B and C. The modulus
increases from 4 GPa for PET to 22 GPa for the 1.5 vol% sample.
The initial portion of this curve is linear with slope dY/dV; =
1805 £ 150 GPa. This is significantly beyond the upper limit of
1000 GPa set by the intrinsic nanotube modulus and the rule of
mixtures,®!+1243 indicating that an additional component of
reinforcement is present. This is not unusual, with nanotube-
nucleated crystallinity a common cause.**** When polymer
crystallinity is induced by the filler, the degree of crystallinity
tends to scale linearly with the nanotube content. Because the
crystallites are both stronger and stiffer than the amorphous
polymer, their presence acts to reinforce the composite over and
above what would be expected from the presence of nanotubes
alone.* In fact, this is a reasonable explanation as nanotube-
induced crystallinity has been observed in PET-nanotube
composites.?” However, we were unable to test for this induced
crystallinity in these fibres due to their small diameter and the
low quantity of material produced per draw.

Similarly, the strength increases from 420 MPa for PET to 820
MPa for the 1.5 vol% sample. Again, the initial portion of this
curve is linear with slope dog/dV; = 51 + 12 GPa. While this
value is not beyond the upper limit of ~50 to 150 GPa set by the
intrinsic nanotube strength and the rule of mixtures,®* it is high
compared to the majority of nanotube reinforced composites.*®
Because nanotubes are often shorter than the critical length (as is
the case here),'> composite strength is usually much lower than if
it was limited by the nanotube strength.®** Usually, the strength
increase is limited by either defects®® or the shear strength of the
polymer—nanotube interface (or the polymer shear strength
depending on which is smaller).**** The large value of dog/dV;
suggests that defects don’t dramatically affect the strength or
that the interfacial/polymer shear strengths are relatively large.
Alternatively, nanotube nucleated crystallinity may contribute
strongly to the reinforcement.** We note that both strength and
modulus behaved similarly for other fibre diameters as shown in
the ESI+.

We also measured the strain at break, eg, to be relatively
invariant with nanotube volume fraction, remaining between 20
and 40% for almost all volume fractions for each diameter set.
The same behaviour was observed for the tensile toughness, 7,
(energy per unit volume required to break the fibre) which
was typically between 75 and 175 MJ m~—3 for most samples
(see ESIT).

PET-nanotube fibres: diameter dependence

We can summarise the entire dataset by plotting each mechanical
parameter (Y, op, eg and 7) as a function of fibre diameter as
shown in Fig. 3. Both modulus and strength increase with
decreasing fibre diameter. The highest modulus and strength
observed were 42 GPa and 1.2 GPa, both for a 3.7 pm diameter
fibre. Recently, it was shown that both modulus and strength of
polymer—nanotube composite fibres scale with fibre diameter as
power laws;?* Y o« D~*and gp « D~“*® (we note that in ref. 23,
these exponents were described using different symbols). The
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Fig.3 Mechanical properties of PET-SWNT fibres as a function of fibre
diameter. For a given fibre the typical spread in the diameter is <10%. (A)
Young’s modulus, (B) ultimate tensile strength, (C) strain at break and
(D) tensile toughness. In (A) and (B) the dashed lines are power law fits to
the entire dataset. The nanotube contents are given as wt%.

diameter dependence of the modulus is controlled only by
changes in nanotube orientation with fibre diameter (as described
by «). The origin of this behaviour lies in the fact that the
orientation efficiency factor given in eqn (1) has been shown to
scale with fibre diameter as a powder law.?* This manifests itself
as a power law dependence of modulus on diameter. However,
the diameter dependence of the strength is controlled by
a combination of orientation effects and surface defects. In the
presence of defects it is known that the strength scales with fibre
diameter as a power law where the exponent, (3, is defined by the
defect distribution.?® Thus, combining the effects of defects and
orientation results in the power law behaviour given above. For
polyvinyl alcohol fibres reinforced by single walled nanotubes,
o = 0.6 while 8 = 0.3.2 We note that smaller values of these
exponents (i.e. a, 6 — 0) mean weaker diameter dependences.
We have tested for this behaviour here by fitting the entire
modulus and strength versus diameter datasets to power laws.
We find reasonable agreement in both cases with « = 0.86 £ 0.17
and o + 8 = 0.88 £ 0.11, consistent with 8 = 0.3. We can
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conclude from this that the observed diameter dependence is
entirely consistent with this defect/orientation model. However,
it is likely that the orientation controlled diameter dependence
here is slightly stronger and the defect controlled diameter
dependence slightly weaker than that observed previously.

The strain at break as a function of fibre diameter is shown in
Fig. 3C. In general the strain at break tends to increase with
increasing D, from ~10% to ~70% as D is increased from 4 to 18
pum. Interestingly there appears to be a peak in the strain at break
for D = 8 pum where ¢ reaches 130%. The origin of this remains
unclear. Shown in Fig. 3D is the tensile toughness as a function
of D. This remains relatively flat at ~100 MJ m~ but shows signs
of a peak again around D = 8 um. The highest value obtained
was 637 MJ m~* for composites containing 1 wt% nanotubes.
This is relatively large compared to tough materials such as
Kevlar and dragline spider silk (50 MJ m—* and 150 MJ m~%).*’
However, it is worth noting that in our case, the toughness is
attained at relatively large ductility i.e. >100%.

PET-graphene fibres

Polymer-nanotube composite fibres are relatively straightfor-
ward to prepare and have been known for over 10 years.*® In
contrast, polymer—graphene fibres have not been reported to
date. Like nanotubes, graphene is a promising filler due to the
exception mechanical properties of monolayer graphene which
has been reported at Y = | TPa and o5 = 130 GPa.** While
a number of papers have reported bulk composites based on
chemically modified graphene as a filler,**>7 in general the level
of reinforcement achieved has been significantly below that
predicted by the rule of mixtures.' This is probably due to
a combination of the relatively poor mechanical properties of
chemically modified graphene®® and the fact that reasonably
large graphene flakes are required to achieve effective rein-
forcement.>**® However, it has recently been shown that high
quality, defect free graphene with relatively large flake size can be
produced by exfoliation of graphite in solvents or surfactant/
polymer solutions.3?3%6%6% Here, we use a solvent-based disper-
sion and exfoliation method recently pioneered in our group.’'-33
This method results in dispersions of few layer graphene flakes
with mean length, width and thickness (in this case) of 1.1 um,
0.51 um and 4.6 layers respectively. Raman spectroscopy shows
the flakes to be relatively free of basal plane defects (see ESIt for
more detail). As a result, we expect them to have mechanical
properties approaching that of monolayer graphene. Previous
work has shown such defect free flakes to be excellent reinforcing
fillers.®>%® This exfoliation method can be combined with the
polymer—nanotube fibre formation method described above to
prepare high quality polymer—graphene fibres.

PET-graphene fibres: volume fraction dependence

Shown in Fig. 4 are SEM images of PET—graphene fibres. Like
the PET-nanotube fibres, they are uniform in diameter, have
smooth, well defined walls and a circular cross-section. Again, no
signs of aggregates were observed suggesting dispersion quality
to be high.

Shown in Fig. 5A are stress—strain curves for a subset of PET—
graphene fibres with D = 13 pm. Here both modulus and

Fig. 4 SEM images of melt processed PET—graphene fibres. The scale
bars are (A) 10 pm, (B) 2 pym and (C) 2 pm.

strength increase with graphene content while the strain at break
tends to fall off. The modulus increases approximately linearly
with graphene volume fraction from ~7 GPa to ~16 GPa for the
0.3 vol% sample. The rate of increase is d Y/dV; = 2100 £+ 1300
GPa. Similarly the strength increases linearly with graphene
volume fraction from ~200 MPa to ~640 MPa for the 0.3 vol%
sample with a rate of increase of d Y/dV; = 145 + 15 GPa. Again,
these rates are at the upper limit of what might be expected from
the intrinsic properties of graphene and the rule of mixtures,
possibly suggesting the nucleation of crystallinity.'® We note that
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Fig. 5 Mechanical properties of PET-graphene fibres with diameter
D = 13 um as a function of graphene volume fraction. (A) Stress—strain
curves. (B) Young’s modulus. The slope of the straight line is d Y/dV; =
2100 £ 1300 GPa. (C) Ultimate tensile strength. The slope of the straight
line is dop/dV; = 145 + 15 GPa.
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at higher volume fractions, both modulus and strength fall off
dramatically, suggesting large scale graphene aggregation.
Similar data were found for other fibre diameters (see ESIT).

It is worth noting that the graphene flakes used in this work are
~4 to 5 monolayers thick on average (see ESIT). At first glance
such multilayer flakes might appear poor reinforcing agents due
to interlayer sliding. However, Gong et al.” have shown that
while such effects are present, they are mitigated by the fact that
higher mass fractions can be achieved with multilayer graphene.
In fact it has been shown that the most effective reinforcement is
achieved, not with monolayer graphene, but with few-layer
graphene.”

We also measured the strain at break and toughness of our
fibres as a function of graphene mass fraction (ESIT). Here, we
observed significant differences compared to the PET-nanotube
fibres. Both ductility and toughness fell significantly with gra-
phene content. The strain at break fell exponentially with volume
fraction from ~100% to 1-2% on addition of 4 wt% graphene. A
similar reduction was observed for toughness.

PET-graphene fibres: diameter dependence

As with the PET-nanotube composites, we can achieve an
overview by plotting the mechanical parameters as a function of
D as shown in Fig. 6. The modulus data (Fig. 6A) are extremely
scattered, hardly displaying any diameter dependence at all (i.e.
Y o« D~ with « = 0.1 £ 0.2, fit line not shown). This is perhaps
not surprising for a planar filler like graphene, as confinement
due to small fibre diameter may not result in orientation as
efficiently as it will for rodlike fillers. As a result the largest
modulus observed was 21 GPa for a relatively large fibre with
D =9.5 um.

However, the strength data in Fig. 6B does display a diameter
dependence, consistent with gg « D~“*® where o + 8 = 0.33 +
0.14. Ultimately, this means that 8 = 0.2 + 0.3, a value entirely
consistent with defect limited strength.?® As with modulus, the
strongest fibre had D = 9.5 pm and had o = 1.0 GPa.

The strain at break data are plotted as a function of D in
Fig. 6C. Here two things are of note. It is very clear that addition
of graphene results in a reduction of ductility. Secondly, the peak
in ductility observed previously, is much clearer here. The
toughness, as shown in Fig. 6D, shows similar behaviour.

Comparison of mechanical properties with previous work on
PET-nanotube composites

We can benchmark the mechanical properties found here by
comparing to literature values. As mentioned in the introduction,
there are only a handful of papers describing composites of PET
and nanotubes. For these papers, we plot the best results in terms
of strength as a function of modulus in Fig. 7. In addition, we
plot the same data for all of our fibres. Of the literature data, by
far the highest strength and modulus values were those of Anand
et al.*® who attained values of Y = 16 GPa coupled with g = 720
MPa. By comparison, our PET-nanotube (2 wt%) and PET-
graphene (0.5 wt%) composites show maximum moduli of 42
GPa and 21 GPa respectively and maximum strengths of 1.2 GPa
and 1.0 GPa respectively. We suggest that our data are superior
largely because we have very good dispersion of the filler in the

T T T T LI
1A A
o o " A
< A
— 10 = A A-k ° o < a IAA B
© ] ° L] ™ < ]
N A s, A
Qo n Aa Kl
> m PETonly ] A4
® 0.25% Graphene
1 A 0.5% Graphene
4 1% Graphene * L g
@ 4% Graphene
1 T T T L
T T T T L
B s P 033t0.14)
1000 oo A ]
] A ]
’a Tl SA‘ ~l~ A A A
o1 m s T RN,
s " oAg™ 2 <A &
= T — Al
© " ® [ ]
100 T T T L
T T T T
Cc . "
100 5 A __
] s 4 a - ]
=y A
s V *a 47
o ] - A<
(%) oh . AA. o <
A du ° -
]
10 T T T T
1000 5 . : —
1D " A ]
—~ o 4 4 R
)
S - LA
A © ) A
g 100_5 » A‘ - [ ] ‘. AT
= ] 4 <
A. A
n |
10 T T T T T
5 10 15 20

Diameter (um)

Fig. 6 Mechanical properties of PET—graphene fibres as a function of
fibre diameter. For a given fibre the typical spread in the diameter is ~7%.
(A) Young’s modulus, (B) ultimate tensile strength, (C) strain at break
and (D) tensile toughness. The graphene contents are given as wt%. The
line in (B) is a power law fit to the entire dataset.
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matrix (except for high graphene contents). This is almost
certainly due to the fact that we disperse the fillers in NMP prior
to mixing, guaranteeing minimal aggregation. In addition, it is
worth noting that our best values of modulus and strength are
competitive with the best polyester (i.e. polyester only) fibres
reported to date (Y = 26 GPa, g = 1.3 GPa for D = 20 um).?

Conclusions

A method has been developed to produce PET-nanotube and
PET-graphene fibres by combining solution and melt processing.
These fibres have exceptional mechanical properties, similar to
the best polyester fibres ever reported. For low loadings of both
filler types, the modulus and strength increased linearly with
volume fraction with slopes far in excess of rule of mixtures
predictions, suggesting the presence of filler-induced crystallinity.
For nanotube based composites, the diameter dependence of the
composites suggest the modulus to be limited by nanotube
orientation while the strength is limited by orientation and
defects. However, for PET-graphene composites, the modulus
was relatively invariant with D suggesting orientation to be
relatively unaffected by diameter reduction. While the strength
did depend on fibre diameter, the dependence was much weaker
than for the nanotube fibres. This is consistent with orientation
playing virtually no role and the strength being controlled largely
by defects.

While our best composites perform better than the best poly-
ester fibres, it is worth pointing out that our PET-only fibres are
inferior to commercial PET fibres. We attribute this to the
crudeness of our fibre formation procedures. We anticipate that
if sophisticated fibre formation techniques were applied to the
composite melts described here, significantly improved proper-
ties might be attained.

We note that the ability to successfully reinforce commodity
plastics with graphene is significant for purely economic reasons.
For example the cost of graphite is <€5 per kg. This means the
material cost of adding 0.5 wt% (ie. where the maximum
mechanical reinforcement is observed) graphene to a PET fibre is
<0.03 ¢ per km for a fibre with D = 100 um (cf. PET fibre costs
~1 ¢ per km). As the cost of high quality SWNT is ~€500 per g,
the cost per km of adding 2 wt% SWNT is approximately €100.
While this cost will certainly come down, it is unlikely to fall
enough to challenge the economics of graphene. In reality, the
cost of exfoliation/mixing, efc. will increase these estimates
somewhat. However, reinforcement using graphene may be
economically viable in a way that nanotubes never could be.
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