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longside graphene, carbon nano-
A tubes are among the stiffest and

strongest materials known to man.
For well-graphitized single-walled nano-
tubes (SWNTs), the Young's modulus has
consistently been reported as close to 1 TPa
while the tensile strength is thought to be
in the range of 50—150 GPa."”’ Because of
these superlative mechanical properties and
due to their one-dimensional nature, SWNTs
are considered to be the ultimate filler for re-
inforced composite fibers.8~23 The simplest
possible model to describe the mechanical
properties of composite fibers is the rule of
mixtures, which predicts that the fiber modu-
lus, Y, and strength, o, are given by’24~2

Y= MY — YIVe + Yo = Ny Ve
(1)

05 = MNieOnr — Op)Ve + 0p = NNOnT Vs
)

Here the subscripts NT and P refer to nano-
tube and polymer, respectively. In addition,
Mo and m are factors which vary between 0
and 1 and correct for the effects of nano-
tube orientation and length, respectively.'®?*
(Note, m, takes different forms for modulus
and strength; n.y and m,. In addition, n., has
two forms depending on whether the nano-
tube length is greater or less than the critical
length.)?> The approximations are accurate
for appreciable nanotube volume fractions
and when the polymer modulus and strength
are significantly lower than those of the nan-
otubes. The latter condition is not generally

Www.acsnano.org

ABSTRACT We have prepared polyvinylalcohol —SWNT fibers with diameters from ~1 to 15 jum by
coagulation spinning. When normalized to nanotube volume fraction, V;, both fiber modulus, Y, and strength,
o, scale strongly with fiber diameter, D: Y/V; « D~ and ag/V; = D7, We show that much of this
dependence is attributable to correlation between V; and D due to details of the spinning process: V; o D°%,
However, by carrying out Weibull failure analysis and measuring the orientation distribution of the nanotubes,

we show that the rest of the diameter dependence is due to a combination of defect and orientation effects. For

0.64

a given nanotube volume fraction, the fiber strength scales as oy o< D~%2D~%%* with the first and second terms

representing the defect and orientation contributions, respectively. The orientation term is present and dominates
for fibers of diameter between 4 and 50 pum. By preparing fibers with low diameter (1—2 pum), we have obtained
mean mechanical properties as high as ¥ = 244 GPa and &g = 2.9 GPa.

KEYWORDS: polymer—nanotube composite - fiber - strength - modulus - defect -
orientation

true for high-performance polymers such as
PBO."> However, for coagulation spun fibers
such as those studied here, the polymer
chains are likely to be weakly aligned, result-
ing in relatively low values of Yp and op. We
have recently shown this approximation to
hold very well for PVA—SWNT coagulation
spun fibers with diameters of 5—10 um.?’
This means that the maximum possible rate
of increase of stiffness or strength with nano-
tube volume fraction is just the nanotube
stiffness or strength: dY/dV; ~ Yyr or dop/dV;
~ oy (i.e., when m, = m = 1). Thus, it should
be possible to prepare polymer—nanotube
composites with dY/dV; ~ 1 TPa and dop/dV;
~ 100 GPa. If appreciable volume fractions
can be achieved, excellent fibers are to be
expected.
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However, such exceptional properties are not gener-
ally obtained. While a number of papers have described
fibers with dY/dV; > 400 GPa (see table in ref 28, maxi-
mum 1270 GPa®), only two papers have described fibers
with dog/dV; > 40 GPa (56%° and ~116% GPa). In fact,
much of the reinforcement observed in the latter pa-
per can be attributed to the effect of nanotube-
nucleated crystallinity.”? It is important to point out
that very strong composite fibers have been produced;
strengths of up to 4.2 GPa have been observed.” How-
ever, such fibers have only been produced by reinforc-
ing already strong polymers at high loading levels, re-
sulting in relatively low values of dog/dV. Thus, the
question remains: Why is it straightforward to prepare
composites with dY/dVs approaching 1 TPa but very dif-
ficult to prepare fibers with dop/dV; approaching 100
GPa?

It is generally thought that fiber strength is limited
by nanotube length and the strength of the polymer
nanotube interface?*3! (or polymer shear strength in
some cases?’32), While these are always limiting factors,
two other parameters are critically important and per-
haps slightly overlooked: the effect of nanotube orien-
tation and the presence of defects. Fibers with greater
nanotube alignment have higher n, and so higher Y
and og. A number of papers have shown that drawing
improves nanotube alignment and therefore the me-
chanical properties.”?”?® However, detailed studies
comparing Y and o to parameters that describe the
nanotube orientation distribution have been lacking. A
systematic study comparing Y and o to m,, for example,
has yet to be published.?” More generally, materials fail-
ure is very often related to the presence of defects.
However, only a very small number of studies have
been carried out to investigate the role of defects in
polymer—nanotube fiber fracture mechanics.'® These
factors have never been considered together, and their
relative importance is not known.

In this work, we prepare composite fibers from poly-
vinylalcohol (PVA) and SWNTs by coagulation spinning.
We measure Y and o} for a range of fiber diameters
from ~1to ~15 wm. When normalized to nanotube
volume fraction, we observe power law scaling for both
modulus and strength with diameter. By performing
Weibull analysis on fracture stress data, we show that
the presence of surface defects can explain approxi-
mately one-third of the diameter dependence of the fi-
ber strength. By measuring the relationship between
nanotube orientation and fiber diameter, we show that
orientation effects can explain the other two-thirds of
the diameter dependence of the fiber strength and all
of the diameter dependence of the fiber modulus.

RESULTS

Fiber Formation. Polyvinylalcohol—SWNT fibers were
prepared by coagulation spinning.'218222333-38 Thjs jn-
volves the injection of a surfactant-stabilized nanotube

suspension into the center of a glass pipe through
which an aqueous polyvinylalcohol (PVA) solution was
flowing.>* Detailed analysis of the suspension showed it
to contain individual nanotubes and small bundles
(mean diameter, (d) = 1.8 nm and mean length (/) =
315 nm; see Figure S1 in Supporting Information). Expo-
sure of the dispersed SWNTs to the polymer solution re-
sults in destabilization of the suspension, resulting in
the formation of a fiber. These fibers were collected on
a mandrel in a rotating water bath. On removal from the
bath, the fibers contained large quantities of water. In
some cases, the fibers were drawn in this wet state to a
range of draw ratios, DR (DR = (L — Lg)/Lo). All fibers
were dried initially at ambient conditions and then un-
der vacuum for 48 h. In all cases, the dried fiber diam-
eter, D, was measured at typically 20 positions along the
length using a profilometer (Dektak 6 M Stylus Pro-
filer). For all fibers, the nanotube mass fraction was
measured by thermogravimetric analysis.?” This was
then converted to volume fraction, V4, using pswnt =
1800 kg/m?3 (this value includes the effects of iron cata-
lyst) and ppya = 1300 kg/m3. A detailed description of
the experimental methods and spinning parameters is
given in the Methods section.

While the parameter space associated with this pro-
cedure is large, once the apparatus is built, the only
spinning parameters that can easily be varied are the
concentration of the nanotube suspension, Cyr, and the
PVA and SWNT flow rates, Vpya and Vsyyr. Initially, we
prepared fibers with various diameters and nanotube
volume fractions by spinning with various combina-
tions of Cyr, Veva, and Vewnr. However, it became appar-
ent that the final fiber diameter scaled linearly with
Vownt/Veva (Figure S2A in Supporting Information). In ad-
dition, we found that V; scaled approximately linearly
with D, as shown in Figure S2B (V; o« D% a = 0.93 = 0.25),
a correlation that is probably due to the details of the
spinning process. This allowed some control of the fi-
nal fiber properties. We prepared a range of different fi-
bers with varying D (~1 to ~15 um) and V; (2—31%).
Three of these fibers were drawn to a range of draw ra-
tios (up to 63%). In all cases, the dried fibers were very
uniform along their length, as shown in Figure 1A. In ad-
dition, the cross sections were close to circular (Figure
1B inset). On tensile fracture, large quantities of nano-
tube bundles were observed protruding from the bro-
ken ends (Figure 1B).

Mechanical Properties. Stress—strain curves were
measured for all fibers using Zwick Z100 and Textechno
Favimat tensile testers. Shown in Figure 1C are
stress—strain curves for a V; = 26.5% fiber, drawn to 0,
15,and 61% (D = 10.2, 8.6, and 6.3 pm, respectively). It
is clear from this figure that the ultimate tensile
strength, o, and modulus, Y, increase on drawing. How-
ever, in this case, the strain at break, eg, tends to fall
off with drawing. The stress-strain curve for a very low
D fiber (D = 1.4 m) is shown for comparison in Figure
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Figure 1. (A,B) SEM images of coagulation spun polymer-
nanotube composite fibers (Vi = 26.5%, drawn DR = 15%).
(C) Stress-strain curves for fiber with V; = 26.5%, drawn to 0,
15,and 61% (D = 10.2, 8.6, and 6.3 p.m, respectively). (D)
Stress-strain curve for the strongest fiber studied (Vs = 2.2%,
undrawn, D = 1.4 pm).

1D. For all fibers measured, og, Y, and g were recorded
(as well as D and V). We have previously shown that,
for PVA—SWNT fibers, both o and Y scale in direct pro-
portion with V; in agreement with egs 1 and 2.2 How-
ever, the dependence of o3, Y, and gg on fiber diameter
has not been widely reported for polymer—nanotube
fibers.3® Shown in Figure 2A—C are Y, o, and &, respec-
tively, plotted as a function of fiber diameter, D. In each
case, the data are separated into undrawn fibers and
drawn fibers (three different Vy). From these data, it is
clear that both Y and o scale strongly with D. The mean
modulus scales from ~15 = 4 GPa for large D fibers
(~13 wm) to 244 = 160 GPa for very low D fibers (D =
1.4 = 0.7 pm, V; = 2.2%). To our knowledge, the stiffest
coagulation spun polymer-nanotube composite fiber
had Y ~ 80 GPa,'? while low diameter electrospun fi-
bers*® have been reported with moduli up to 85 GPa.
Similarly, the mean strength scales from 190 = 15 MPa
for large D fibers (~10 pum) to 2.9 = 1.9 GPa for very low
D fibers (D = 1.4 = 0.7 pm, V; = 2.2%). These high
mean strengths are consistent with similar fibers re-
ported by Dalton et al.'? (1.8 GPa), Miaudet et al.’® (1.6
GPa), and Minus et al."® (2.6 GPa). We note that the
strongest individual (rather than average over ~10 in-
dividuals) fiber we observed had og = 3.5 = 1.7 GPa (D

www.acsnano.org
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Figure 2. Mechanical properties of composite fibers as a
function of fiber diameter. (A) Young’s modulus, (B) ulti-
mate tensile strength, and (C) strain at break. The data set
marked undrawn consists of a range of different fibers with
different diameters and a range of nanotube volume frac-
tions between 2 and 31%. The data sets marked drawn con-
sist of fibers of a given volume fraction, drawn to different
DR values (and so different diameters). In (A) and (B), the
dotted lines represent D~' and D=2 behavior and have been
included for reference.

= 1.4 £ 0.7 pm, V§ = 2.2%, Figure 1D). This exceeds
the strongest previously reported coagulation spun
PVA—SWNT fiber, which displayed o = 2.6 GPa.'® The
trend is less clear for the strain at break. However, g ap-
pears to decrease with decreasing D before increasing
again at diameters below ~5 pm. (Note that the errors
in Y and o quoted above for the low D fibers are largely
due to the spread in diameter measurements. Given
that failure is more likely in low D regions of the fiber,
the negative parts of the error bars are probably over-
estimated.)

The data shown in Figure 2 are quite scattered
simply because all of the reported fibers had differ-
ent nanotube volume fractions. As both Y and op
scale linearly with V;, this will mask the true diam-
eter dependence. In addition, as V; scales with D (see
above), fibers with higher D tend to have higher V¢
and are thus stiffer and stronger. This results in the
undrawn data appearing to have a different slope in
Figure 2A,B compared to the drawn data. We can re-
move the effects of varying volume fraction by not-
ing that we can approximate the modulus and
strength as scaling in direct proportion to the vol-
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Figure 3. Same data as in Figure 2A,B. However, in this case,
the modulus and strength have been divided by the fiber
volume fraction. We expect that the resultant parameter will
be very close to the rate of increase of mechanical proper-
ties with volume fraction, dY/dV; and dog/dV; (better agree-
ment expected for larger diameter fibers).

ume fraction (eqs 1 and 2). This means we can cor-
rect for varying V¢ by dividing both Y and o by V4.
The added advantage of this procedure is that Y/V;
and o/V; can be thought of as measures of the de-
gree of the reinforcement achieved (i.e., approxi-
mately equivalent to dY/dV; and dog/dVy).” However,
we note that the approximation in eqs 1 and 2 is
only correct if the composite is much stronger/stiffer
than the polymer alone. While this is generally the
case, it may break down for high-performance fibers
with highly aligned polymer chains. In that case,
the mechanical contribution of the matrix is much
more important than that of the nanotubes.*! While
we have shown the approximation to hold for fibers
with D ~ 5—10 um,?” some of the lower diameter fi-
bers studied in this work may display some chain
alignment and therefore higher than expected stiff-
ness and strength. This could mean that Y/V¢ > dY/
dVs and o/V; > dog/dVs for the very low D fibers.

As described in the introduction, the upper limits
achievable are Y/V; = Yyr = 1 TPa and og/V; =~ ong =
100 GPa. We note that in some publications Y/V; and
og/Vs are referred to as Ygr and o, respectively. Shown
in Figure 3 are Y/V; and op/V; plotted as a function of
D. It is clear that the scatter is much reduced in each
case. The mean modulus data vary from Y/V; = 55 = 8
GPa(D=13um)to Y/V;=11*=7TPa(D =14+ 0.7
wm). Similarly, the mean strength data vary from op/Vs
= 800 = 55 MPa (D = 13 pum) to op/V; = 134 = 65 GPa
(D = 1.4 = 0.7 um). We note that the highest ob-
served values of Y/V; (11 TPa) are significantly higher
than the expected maximum. This has been observed
before'®324° and may indicate the presence of
nanotube-templated crystallinity. In addition, the maxi-
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mum value of op/Vs (134 GPa) is extremely high com-
pared to the majority of values reported in the litera-
ture. However, it is also possible that such low diameter
fibers tend to have well-aligned polymer chains, result-
ing in Y/V; > dY/dV; and op/V; > dog/dV; as described
above. Further studies will be required to test this
possibility.

The data shown in Figure 3 appear to be well-
described by power laws of the form Y/V¢ o« D™% and
og/Vs = D7V By fitting the data, we obtain u = 1.55 =
0.2 and v = 1.75 = 0.2. Remarkably, the data for both
undrawn and drawn fibers lie on the same curve. This
is interesting as it suggests that the fiber diameter
rather than the mechanism (drawing or spinning) is
the controlling factor which determines the diameter.
Given that V; o« D025 this means for a given V;, Y «
D—O.62t0.45 and og & D_0'8210'45.

ANALYSIS AND DISCUSSION

It is important to try to understand the nature of
the diameter dependence. It will be easiest to discuss
the fiber strength first. In fact, the tensile strength of
most fibers tends to scale with fiber diameter.3%42-46
The simplest model proposed to explain this behavior
is Smook’s*” modification of Griffith’'s model for stress
enhancement due to surface flaws.*® However, this
model does not match the observed diameter depen-
dence (Figure S3 in Supporting Information).

Fiber Strength: Defects. Perhaps more common are sta-
tistical models based on defect-induced fracture. The
Weibull model* assumes that defects are homo-
geneously distributed throughout the material and fail-
ure at the most serious flaw leads to total failure of the
material.*>#+>0 Within this framework, the probability of
failure of a sample under a stress, o, is given by

Po) =1 — exp[—n(g)b] (3)

0

where n is the number of flaws present (Weibull origi-
nally considered fracture of a chain of n links with frac-
ture occurring at the weakest link*), o is the scale fac-
tor, and b is the Weibull modulus. Generally, P(o) is
approximated by ranking a set of breaking stresses
(strengths) measured for a given fiber type in ascend-
ing order (in this work, for each fiber type, we typically
tested 10 fiber sections, each of gauge length L, = 10
mm). Then the probability of failure is taken as the i-th
stress in a group of N measurements as P(a) = i/(N + 1).
Equation 3 can be rewritten as

In[—In(1 — P(o))] = In(n/c®) + blno @)

Thus, plotting In[—In(1 — P(0))] versus In o allows one
to find b. This is important because it can be shown that
the mean strength, oy, is given by o = oon™"°T(1 +
1/b), where T is the gamma function.*? For any real
sample, the flaws may be on the surface or distributed
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in the bulk. This means that n is proportional to either
the sample surface area or volume, respectively. Thus
the mean fiber strength is given by

N

—=1/b
0p = GO(ZRDLO) T(1 + 1/b) (5)

or
—=1/b
0 = oo(\—’\j%‘DZLO) T + 1/b)

depending on the location of the dominant flaw (i.e.,
surface or bulk), where N/A and N/V are the surface and
bulk flaw densities and L, is the gauge length. This is im-
portant to us as it shows that g « D%, where « is 1
or 2, depending on the flaw type. We can find b for our
fibers by measuring the breaking stress a number of
times for each fiber type and analyzing the data using
eq 4. We have done this analysis for all fibers studied. An
example of this is shown in Figure 4A for a V; = 5.4% fi-
ber drawn to different draw ratios. In all cases, a very
good fit was obtained giving values of b close to 3.5 in
all cases. No dependence of b on V; was observed. Over-
all, we found b = 3.5 * 0.5, averaging over all samples
(see Figure S4 in Supporting Information). We note that
this value is very close to the value of b = 3.4 reported
by Liu et al. for electrospun polymer—nanotube fibers.
These values are relatively small compared to the val-
ues of b ~ 27 reported for polyethylene fibers,*? illus-
trating that the failure stress distribution is relatively
broad in these PVA-SWNT composite fibers.
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Figure 4. (A) Weibull analysis of the distribution of fiber
breaking stresses for a given fiber type. Here P(o) is approxi-
mately the probability that the fiber will fracture at a given
stress, o. In this figure, the Weibull analysis has been carried
out for fibers of volume fraction V; = 5.4%, drawn to different
degrees. The inset shows the strength plotted as a function of
gauge length, Ly, for undrawn fibers. In this case, D = 11.5 um
and V¢ = 11%. The dashed line has a slope of —1/b = —1/3.5.
(B) Krenchel's orientation parameter plotted as a function of fi-
ber diameter for both drawn and undrawn fibers.
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We can test the Weibull analysis by noting that ac-
cording to eq 5, o Ly "/, where L, is the gauge length
of the fiber under study. We performed mechanical
tests on fibers with identical diameter and volume frac-
tion (D = 11.5 pum, V¢ = 11%) at range of gauge lengths
from 1 to 10 cm. The fiber strength is plotted versus
gauge length in the inset of Figure 4A, showing a slight
decrease in strength with increasing gauge length.
The dashed line illustrates the type of dependence ex-
pected if the Weibull analysis is appropriate and taking
b = 3.5 (05 = Ly '>°). While the agreement is not perfect,
the data are certainly consistent with the Weibull analy-
sis within the error bounds.

Having measured b, we can compare the depen-
dence of fiber strength on diameter predicted by the
Weibull analysis with the data in Figure 3B. To do this,
we need the D dependence of ag/Vi. Remembering that
V; scales with D (V; &< D? a = 0.93 =+ 0.25), this means
os/Ve = D™%%9 From our values of b and a, we calcu-
late a/b + atobe 1.2 = 0.5 fora = 1 and 1.5 = 0.5 for
« = 2. Both of these values are compatible with our
measurements of o as a function of D (og/V;
D~(175+02)) 'with the volumetric flaw scenario (« = 2) a
much closer match. However, this is unlikely to be the fi-
nal answer. This is because the model described above
works best for homogeneous fibers, made from a single
component such as polyethylene*>*! or SiC.>2

Fiber Strength: Nanotube Orientation. However, the fibers
under study in this work are polymer—nanotube com-
posite fibers. In such structures, the strength is strongly
correlated with the nanotube orientation distribution.
This is represented in eq 2 by m,, Krenchel’s orientation
parameter.>® This parameter can vary from m, = 0 for
the nanotubes aligned in-plane perpendicular to the
applied stress to n, = 0.2 for randomly aligned nano-
tubes to m, = 1 for nanotubes perfectly aligned in the
direction of the applied stress. For fibers with diameters
on the order tens of micrometers or lower, the nano-
tubes tend to become partially aligned during fiber
spinning.>®3” Such alignment is expected to increase
as D decreases. Thus, we expect n, and so o to vary
with D due to orientation effects. This is in addition to
any flaw-related diameter dependence.

Wagner has proposed that eq 3 can be modified
slightly to account for orientation effects by introduc-
ing a diameter dependence to the Weibull scale param-
eter, oo « D¥.* This means a new component of diam-
eter dependence is added to the fiber strength,
allowing us to rewrite eq 5, including the dependence
of Vs on D:

0g/V; 0« D7D (6)

where a/b + ais 1.2 = 0.5 fora = 1 and 1.5 = 0.5 for
o = 2. Here, the D~/ part represents the effect of flaws
while the D™ part represents the effects of nanotube
orientation (the D™? part represents the diameter de-
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pendence of the volume fraction). By comparing eqs 2
and 6, we can associate D~ with the diameter depen-
dence of m,:

1(D) o< D %)

For the effects of defects and nanotube orientation
to fully explain the observed diameter dependence, it
will be necessary to show that eq 6 accurately describes
the data presented in Figure 3B. For this to occur, the
experimentally measured exponents must balance:

a
b

v=—-+a+ty (8)
where v is the experimentally measured exponent:
op/Vsx D™V (v = 1.75 = 0.2). This requires y = 0.25 =
0.7 for bulk defects (a = 2) or y = 0.55 = 0.7 for sur-
face defects (o = 1). We emphasize that v, b, and a were
measured independently by measuring the tensile
strength as a function of diameter, from the Weibull
analysis and from the scaling of volume fraction with fi-
ber diameter, respectively. To test our defect/orienta-
tion hypothesis, it will be necessary to measure the di-
ameter dependence of n, in our fibers.

It is possible to obtain information on the nano-
tube alignment using Raman spectroscopy.>* This
makes use of the fact that the observed Raman inten-
sity depends on the angle between the nanotube axis
and the electric field vector of the excitation beam.>® By
measuring the Raman signals with the incident beam
polarized parallel and perpendicular to the fiber, it is
possible to calculate® the Herman’s orientation param-
eter, S, where

S = [3(cos® ) — 1]/2 (9)

and 6 is the angle between a given nanotube and
the fiber axis (see Supporting Information for details,
S2 and Figure S5). This orientation parameter varies
from S = —0.5 for rods aligned in-plane to S = 0 for
random orientation to S = 1 for perfect axial align-
ment. We measured S for a number of undrawn fi-
bers of varying diameters between 4.5 and 14.6 pm,
giving values from 0.72 to 0.38, respectively. In addi-
tion, we measured S for one fiber type, drawn to dif-
ferent draw ratios. The diameter was measured for
all draw ratios. Here S scaled from 0.39 to 0.77 as
drawing reduced the diameter from 10.5 to 5.8 um.
In order to obtain m, for these fibers, we calculated
both S and r, for Gaussian distributions of fibers
with a range of angular widths (see Supporting Infor-
mation and Figure S6). By fitting these data, we
found an empirical relationship between S and m,:

N, = 0.19 + 0.525 + 0.265 (10)

This expression gives m, to an accuracy of 0.01 or
better. Thus, for this subset of fibers, we have data
for m, as a function of D. These data are plotted in

1

exponent parameter controlled value
a volume fraction, V; o< D a=1093 =025
u fiber modulus (measured), Y/Viec D™ u = 1.55 = 0.2
v fiber strength (measured), ap/Vioc D™ v =175 £ 0.2
ao/b strength (defects), o o< D~/ a/b =029 = 0.04
(ov = 1, surface defects)
Y strength (orientation), op o< DY vy =064 £0.1

Figure 4B. Here we see m, increase from 0.43 to 0.75
as D is decreased from 15 to 5.8 pm. Notably, both
the as-spun and drawn data follow the same curve,
showing that the orientation distribution is con-
trolled by D. The data follow a clear power law as
predicted by eq 7, with exponent y = 0.64 = 0.1.
This agrees extremely well with the requirement out-
lined above that y = 0.55 = 0.7 for surface defects
(@ = 1). (We note that all exponents are summarized
in Table 1.)

It is worth noting that such behavior can also be
seen in the data of other researchers. Both Badaire et
al3® and Pichot et al.>” prepared PVA—SWNT coagula-
tion spun fibers which they characterized by X-ray scat-
tering. They reported the fwhm of the nanotube distri-
bution as a function of DR. We have calculated m, for
their fibers, which we have plotted versus D (Figure S7).
These data show the sort of power law behavior pre-
dicted by eq 7, although notably with exponents signifi-
cantly different than ours (y = 1.19 and 1.17, respec-
tively). This shows that the details of the nanotube
distribution are set by the spinning parameters and
apparatus.

Young’s Modulus. The Young's modulus of fibers does
not tend to be as susceptible to defects as the strength
is. However, the modulus will depend on nanotube ori-
entation as described by eq 1. As described above, it is
now possible to separate the effects of defects from
those due to the nanotube orientation. The orienta-
tion dependence is described by the exponent vy, thus
we expect the modulus to scale with D as Y/V; o« D797,
where a accounts for the dependence of V; on D. We
have already measured a = 0.93 = 0.25 and y = 0.64
+0.1,givinga + y = 1.57 = 0.35. However, we have al-
ready measured the diameter dependence of the
modulus: Y/V; o« D7Y, where we obtain u = 1.55 * 0.2.
The agreement between observed and predicted
modulus exponents is almost perfect.

We can use the Young’s modulus data shown in
Figure 3A, coupled with the relationship between
Mo and D, to check that the measured moduli (and
hence the measured stresses in general) are in the
correct range. By plotting Y/Vs versus m,, we can use
equation 1 to estimate Yyr ~ 235 GPa (see Figure S8).
This is more or less as expected (a value somewhat
less than 1000 GPa) and agrees reasonably well with
our previous estimate of 480 GPa.?”’
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Relative Contribution of Orientation and Defects. It is
worth briefly considering the relative contributions
of defect and nanotube orientation to fiber strength.
For a given V4, the actual fiber strength depends on
D as og = DY, As we have seen, the data indicate
that a = 1, suggesting that surface defects initiate
failure. This allows us to write the diameter depen-
dence numerically as og o D~ 92D %% where the first
term describes the defect contribution while the sec-
ond term describes the orientation contribution.
This clearly shows that nanotube orientation is more
important than the presence of surface flaws in the
fibers studied here. We note that the balance may be
different for other types of fiber or indeed coagula-
tion spun fibers produced using different spinning
parameters.

It is important to realise that this diameter depen-
dence should not apply over the entire diameter range.
While the defect contribution should hold over a wide
D range, the orientation dependence should only apply
over the limited range of diameters where 0.2 < m, <
1. Outside this range, the nanotubes will either be ran-
domly orientated or completely aligned. By extrapolat-
ing the my(D) « D~ curve, we find that this m, range is
equivalent to 4 um < D < 50 wm. Thus, we expect co-
agulation spun fibers with D > 50 wm to have com-
pletely randomly aligned nanotubes and commensu-
rately poor mechanical properties. For D < 4 um, Y
should be diameter independent (no orientation or de-
fect effects) with Y/V; « D~ In addition, the orienta-
tion component of o should have saturated for D < 4
pwm, leaving a weaker defect controlled diameter de-
pendence (i.e., og/V; = D~**9), This means we should
expect to see two well-defined regions in the data in

METHODS
Purified SWNTs (HiPCO, Unidym), polyvinylalcohol (J. T Baker,

w = 77 000—79 000 g mol™"), and the surfactant sodium cho-
late (Aldrich) were all used as supplied. A surfactant solution was
prepared by dissolving sodium cholate in deionized water at 1
wt % (10 mg mL™") and stirring overnight. SWNTs were dispersed
in this solution at 0.35 wt % (3.5 mg mL™") using a sonic tip pro-
cessor (GEX600, 48 W, 24 kHz, flat head probe) operated in
pulsed mode (1 s on/1 s off) for 7.5 h. The resulting nanotube dis-
persion was mildly centrifuged at 5500 rpm for 90 min (Hettich
EBA12) to give a stock solution. The mean length and diameter of
the bundles in the stock were measured by atomic force micros-
copy to be 315 and 1.8 nm, respectively (see Figure S1 in Sup-
porting Information). The absorption spectra (Cary 6000i
UV—vis—IR spectrometer) measured before and after centrifuga-
tion were compared to calculate SWNT concentration in the
stock. The stock dispersion was diluted with surfactant solution
(1 wt %) to give a range of nanotube concentrations from 0.07
and 0.35 wt %. A 5 wt % (50 mg mL~") solution of polyvinylalco-
hol in deionized water was prepared as the coagulant by stir-
ring and then refluxed at approximately 110 °C until it became
transparent (3—5 h).

To prepare the fibers, the surfactant-dispersed, single-
walled nanotubes (SWNTs) were injected at well-defined
flow rates into the center of a cylindrical pipe (inner diam-
eter 5 mm) in which the polyvinylalcohol solution flowed.

Figure 3A,B. This is not observed, possibly due to poly-
mer chain alignment effects discussed above. On the
other hand, the effect may be present but obscured by
the error bars and residual scatter.

CONCLUSIONS

In conclusion, we have characterized the mechan-
ical properties of polymer—nanotube fibers as a
function of fiber diameter. We observed a strong de-
pendence of fiber modulus and strength on diam-
eter. This D dependence is a combination of the ef-
fects of nanotube orientation and surface defects.
We have determined the balance of these effects
and show that orientation effects are dominant for
fiber diameters between 4 and 50 pm. For low diam-
eter fibers, where the nanotubes are well-aligned,
we have prepared fibers with mean moduli ap-
proaching 250 GPa and mean strength of 2.9 GPa.

While the defect contribution to the diameter de-
pendence is relatively small (D~°%), this could prob-
ably be reduced dramatically by improving the spin-
ning process. Better processing should reduce the
surface defect density and increase b dramatically. The
orientation contribution to the diameter dependence is
larger (D%%%). However, it should be possible to change
v by changing the processing conditions (Pichot et al.
and Badaire et al. reported data consisted of y = 1.17
and y = 1.19, respectively). A reduction of vy, possibly by
optimization of needle and pipe diameters and flow
rates, would reduce the orientation contribution to the
diameter dependence. Such improvements could result
in extremely high stiffness and strength for higher di-
ameter fibers.

Contact with the PVA solution caused collapse of the nano-
tube dispersion into a continuous nanotube—PVA fiber,
which then traveled down the pipe to be collected on a man-
drel in a water bath. The fiber length was limited only by
the supply of the NT dispersion. The fibers collected from
the mandrel contained very large quantities of water: we re-
fer to them as wet-state precursor fibers. They were cut into
sections and removed from the bath for drying, initially at
ambient conditions and then under vacuum for 48 h. The di-
ameter of the fibers after drying was in the range of 1—15
pwm. Some experiments were performed on as-spun fibers
that were undrawn. In other cases, the wet-state precursor fi-
bers were drawn by attaching them to two rollers on a
custom-built rack. The rollers could be controllably rotated,
resulting in the drawing of the fibers to well-defined draw ra-
tios, DR (DR = (L — Lo)/Lo). After drawing, the fibers were
dried as described above.

Thermogravimetric analysis (Perkin-Elmer Pyris 1) was used
to calculate the nanotube mass fraction of a subset of fibers.
Scanning electron microscopy (SEM) was performed using a Hi-
tachi S-4300 field emission scanning electron microscope. Me-
chanical testing was performed with a Zwick Z100 tensile tester
using a 100 N load cell with a strain rate of T mm min~". The
gauge length was generally kept constant at 10 mm (except for
gauge length experiments). The sensitivity of this instrument in
this force range was verified by testing Kevlar fibers of similar di-
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ameter and known strengths. In order to check the accuracy of
this instrument, some low diameter fibers were also tested us-
ing a Textechno Favimat tensile tester with a 2 N load cell. For
each sample, mechanical tests were made on 10 fibers and the
mean and standard deviation of the relevant mechanical param-
eters calculated. A Renishaw 2000 system equipped with a 633
nm He—Ne laser was used to record Raman spectra of the fibers.
The laser spot size was 2 wm in diameter, and the power was
0.5 mW when the laser was focused on the fiber.
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