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Abstract

Carbon nanotube (CNT) fibres, especially if perfadierms of purity and alignment,
are of extreme anisotropy. With their high axiaksgth but ready slippage between
the CNTs, there is utmost difficulty in transfegithe force applied uniformly. Finite
element analysis is used to predict the stresslison in CNT fibres loaded by grips
attached to their surface, along with the resultamgile stress-strain curves. This study
demonstrates that in accordance with St Venantixipte very considerable length-
to-diameter ratios (~ Epare required before the stress becomes uniforosadhe
fibre, even at low strains. It is proposed thaklatperfect orientation and presence of
carbonaceous material between bundles greatly eebathe stress transfer, thus
increasing the load it can carry before failingghwear. It is suggested that a very high
strength batch of fibres previously observed expentally had an unusually high
concentration of internal particles, meaning thatgressure exerted by the grips would
assist stress transfer between the layers. Wewsclhat the strength of CNT fibres
depends on the specific testing geometries andrtiparfections, whether by virtue of
less-than-perfect orientation or of embedded im@s;i are actually major positive

contributors to the observed strength.
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1. Introduction

Carbon nanotubes (CNTs) have inspired scientististb@ public imagination since
their dramatic rise to prominence in the early 998nd generated considerable
industrial interest for electrical, mechanical @easing applications [1]. There remain
however, challenges to realising their full potahiin useful materials. One limitation
is the fact that CNTs are of finite length andhaiigh they may have an aspect ratio in
excess of 1Y) they are still short compared with macroscopngta scales. While the
strength observed in the best CNT fibres is inrmge typical for conventional high
performance fibres, especially when expressedsgeeific stress (GPa/density) they
have many features in common with yarns. Indees tiheir yarn-like nature which
gives the CNT fibre filaments much greater touglkriean conventional rivals, making
these materials, for example, much more tractableeaving situations than ordinary
carbon fibre. In this paper, we address the questsato why the strength seen in CNT
fibres is (at least) 25 times smaller than thatha individual CNTs, and point to

strategies for future improvement.

1.1 Yarn science
It is well-established [2] that an increase inrfient length in staple yarns will lead to
an increase in breaking load, tenacity (specifiergjth), and elongation at break. On
the other hand there is no clear relationship betvatiffness and filament length. Also,
as with many other fibres, breaking strength desggavith increasing yarn diameter.
Unquestionably, yarn strength depends not onlyerstrength of the filament elements
and their length, but also on the initial alignmehthese elements and the uniformity
with which they carry the applied stress. Thereadse mechanical hysteresis effects
which are possibly associated with this lack ofamity [3].
Any yarn-like fibre will potentially show a trangin in fracture mode from the fibre
pulling apart by shear between the filaments toioméhich failure is due to the fracture
of the filaments themselves. This transition weipeénd not only on the length of the
filaments, but also on the friction between themwadl as their individual tensile
strength. In terms of CNT fibres there are two @xie scenarios: one for high inter-
filament friction, where the nanotube tensile sgitrwould determine the yarn strength,
and yarn-like properties such as the reported &fiimiency of 100% [4] would be lost
and traded for brittleness, and the other for Vewy inter-filament friction, where the



yarn might be viewed as formed from a lubricantaeriat, and one would hardly expect
it to be strong. In yarn science, the control @tion is a key objective [5], so we review

here what is known about friction forces betweenTG&yers.

1.2 Friction in graphene, graphite, and CNT assemblies
That the very low friction between the graphenestayin graphite is associated with
the comparatively weak interlayer interactionsasg-established [6]. It is clear that
the interlayer shear strength in graphite does cwtply with friction in the
conventional, macroscopic sense. Studies of fewrlgyaphene and highly oriented
pyrolytic graphite (HOPG) [7] suggest that thetioa force is not only very low but
tends to be independent of the normal force, and thoes not obey the first of
Amontons’ laws of friction. Studies on individualagphene layers are more difficult as
the probe produces a large local elastic deformdtis own moving indentation) which
complicates the interpretation [8], [9]. Howevédre tfrictional force is reported to be
proportional to the true area of contact [7]. Tlepehdence of the sliding friction on
the sliding velocity is not yet established beyatulibt. One study [8] suggests no
velocity dependence while another suggests a pegiélationship between velocity
and shear drag force [9].
Modelling of the shear force between graphene taglemonstrates both the observed
very low friction levels, and the effect of commerate stacking (crystallographic
register) in increasing friction [10], [11]. It iseasonable to assume that packing
between CNTSs, or between layers of multiwall CN$snormally incommensurate.
Measurement made in pulling out inner cylindersattiwall CNTs [12] or single wall
tubes from a stack of similar tubes [13], demonstkeery clearly the additional, and
reversible, contribution to the sliding forces asated with the creation of new
surfaces, a force independent of overlap length Briction measurements on parallel
CNTs in contact again indicate very low values luéas force which are independent
of overlap length within measurement accuracy. Hereif the CNTs are at all
defective or contaminated, the shear force, nogelgirproportional to overlap length,
is increased very considerably [15].
The contact area dependence for CNTs in fibredbban investigated by Zhang et al.
[16], who found that the collapse of CNTs led toreases in inter-tube friction by a
factor between 1.5 and 4. According to their catahs, un-collapsed CNTs would

have to be at least five times longer than colldgsees to lead to the same specific



strength. This agrees well with the observatio$ §hd also with molecular dynamics
simulations [18], [19], [20] that high tensile sigth fibres are seen in structures
comprised mainly of collapsed tubes. In summarg, ¢idence is that the shear
strength between CNTs in contact will be very losvlang as there is no surface
contamination, and that this shear strength witlinorease significantly with normal

pressure, with the result that in a tensile tdws,dressure of the grips will not assist

inter tube stress transfer over the gripped length.

1.3 Structure of CNT fibres
The structure of yarn-like CNT fibres consists ohbles of typically 50 nanotubes

which have a high level of mutual local alignmebi]f The CNTs have a very high
aspect ratio (> 19, as estimated by the small number of tube ensgisrobd in the TEM.

The CNT bundles form a continuous network, with thendles branching and

entangling but seldom terminating, at least asafais observable by SEM and TEM.
The structure is depicted in the electron microgsap Figure 1A and 1B. The diameter
of the single wall CNTs in the bundles is estimdtetn the positions of the Radial

Breathing Mode (RBM) peaks in the Raman spectruivet0.9 — 1.5 nm [22]. Figure

1B also shows carbonaceous contamination on therrettsurfaces of the bundles.
While the origin and composition of this extranemegerial is not yet clear, it is known
from the friction studies between CNTSs that it addmificantly to the inter-bundle

shear strength.
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Figure 1: A) SEM of the surface of a condensed Ci€.fThe CNT bundles are aligned with the fibre &séstical).

The branching provides a measure of interconnegtivetween the CNT bundles. B) TEM of a SWCNT bundle
evenly coated with co-synthesised carbonaceous imateranching at the lower right into smaller buedl
According to SEM and TEM, we treat CNT bundles ab#sic elements forming the fibre, rather than indial
CNTs.



In an earlier report [23], a calculation was matléhe strength of a bundle of CNTSs.
Given a literature-based estimate of the sheangtindoetween pristine CNTs of 50 kPa,
and an experimentally-based indication that th@tlef the individual CNTs in the
fibre is of the order of 1 mm [17], and that theré under consideration then consisted
of collapsed double wall CNTs, Vilatela et al. cdéted the strength of a bundle to be
3.5 GPa/specific gravity=(N/tex ,where tex is a unit of the fibre linear digy). A
corresponding estimate for a sample of single @&lTs, 1.5 nm in diameter, is of the
order of 4 N/tex ( [23], equation 2). It should peinted out, however, that these
estimates of bundle strength assumed that the emppgiress had been perfectly
transmitted to all of the CNTs comprising the bendl

For conventional twisted yarns such as cotton oolwbe twist imparted to the yarn
means that tensile stress causes the fibre to adngmaitself under tension and
considerably increase the inter-filament frictiarabling good tensile properties to be
achieved with filaments (staple fibre) which hagpect ratios as low as 1000 — 5000
([24] , p.252). However, even though any compresivees arising from twist in
CNT fibres are not predicted to increase the tiicts a result of increasing the normal
force — unlike conventional yarns — twisting witvrertheless increase the compaction
of the fibre and thus the inter-bundle contact afdeere is also a second order effect
in that compressive stress may increase the poiggiton at inter-CNT contacts thus
further increasing the contact area [25].

We have mentioned the possible role of contaminatioenhancing the inter-bundle
shear strength. However, there are other ways ichvbuch enhancement may be
achieved. Most of these involve the introductioncoivalent cross links between
neighbouring graphene layers whether by irradiaj@&j or thermal means. It should
be noted, however, that the introduction of crog¢slidoes increase the defect density
in CNTs themselves thus compromising the intrissiength of the tubes. Further, any
such improvement in the strength and stiffness NT @ibres is likely to come at the
expense of their outstanding toughness in bendunigh itself is a consequence of
comparatively easy inter-tube sliding.

It is clear that for yarn-like CNT fibres, the shatrength between the nanotubes or
their bundles is many orders of magnitude less tharstrength of the tubes in axial
tension. We now address the central question of ghper. With such a low shear

strength, how successful is a tensile test in trattisg the stress from the grips to the



whole cross-section of the fibre, so that all ti¢TS take a proportionate share of the
load? Or to put it another way, to what extent d8e&/enant’s principleapply to
specimens as anisotropic as ours? To answer tbgtiqn, we have modelled the tensile
test explicitly using Finite Element Analysis (FEA)

2. Strategy for the finite element model

2.1 Strategy
In order to increase the computational efficienéythee FEA procedure, we have
reduced our CNT fibre to a two-dimensional modeslafing layers. The steps in the
argument are illustrated in Figure 2.
The element type in each layer which we considdyetaritical is the bundle, as the
lateral contact within a bundle is almost perfdag@re 1B), while not as continuous
between the bundles (Figure 1A). The mode of fractf the fibres also appears
microscopically to involve a sliding apart of buesl[4]. However, as will become clear
in Figure 3, the choice between bundles or CNT&essliding elements will not
greatly influence the predicted results and woddéen as the difference between the
‘100’ and ‘1000 layer’ curves.
On the assumption of axial symmetry of the fibr@mgbed around its circumference,
each concentric layer of component filaments ihrag-dimensional model is deemed
to be uniformly stressed. The load transfer froroheeoncentric layer of a cylinder
model to the next can be assumed to be proportiorthile contact area, and thus the
radius, while the stress level in the layer intackiithe force has been transmitted will
be proportional to the force divided by the crosstional area, again proportional to
the radius. The scaling is thus the same as fonpla stack of sheets, as verified by
satisfactory agreement between the mechanicalgti@ds of the two models when run

1 st. Venant's principle states that “... the difference between the effetwo different but statically equivalent
loads becomes very small at sufficiently largeatistes from load.” [36,34], or in other words th&thution of the
stress over a cross section in a fibre equalis#sindéreasing distance from the test clamps inxaal anechanical
test. There are caveats in the literature von Mj8&§ that in absolutely strict terms St Venantiinpiple only
applies to long, thin structures with infinite aspratio. However, Timoshenket al.[35] suggest a rule of thumb
that the length over which the locally applied latays is about the diameter, although this wobidously only

apply to isotropic material.



in FEA (SOM Figure S 1) using a mesh of 4-nodedinguadrilateral elements in
Abaqus - called "CPS4". The 2D planar model istthsis for the following study.

Figure 2: The model of the fibre was derived by fn@gting the fibre into sliding elements represen@NT bundles.
In order to minimise computational time, the madegliwas performed on a planar, two dimensional agatoof
the fibre. From (A) a model of hexagonal elemesdsh depicting bundles of CNTs with perfect intenwaltact,
the fibre structure is first reduced to (B) a modetoncentric cylinders, under the assumption thatstress within
each cylindrical shell of bundles is constant. Now structure can now be further reduced to one af@t layers
(C) as the shear force transmitted from layer tcelaig proportional to the circumference. SOM Fig@® shows

the comparison of the stress distribution for thkncrical and plane sheet model.

2.2 Interface modeling and choice of parametric values.

While our major objective was to assess the beliawabthe model under stress and its
capability to qualitatively predict effects of clgamg mechanical testing parameters,
we also aimed to parameterise it as realisticalpa@ssible. Initially, the inter-bundle
shear strength was set to be 50 kPa, as discussed,an line with a range of literature
valuesand used previously in a simple analytical modeCT bundle strength [23].
For the model, the slip behaviour was divided iglstic shear of the layers using the
published value of shear modulus of 1.1 GPa [2d]@astic slip between the layers.
The computational routine also provides for elaskiear in the interface between the
layers up to a maximum value of 50 kPa reacheteabhset of plastic slip at 50 nm.
The model also requires a value for the axialretgs of each layer (CNT bundle),
which was set at 250 GPa. While this value is dlydar less than the ideal value for
in-plane graphite of 1109 GPa [28], CNT bundlesallgushow significantly lower
values than 250 GPa. The reason for these lowaesahay reside in the difficulty of
transferring the load to the CNT elements in thareeof the sample. As the presented
model uses bundles as the basic element, negleatergal sliding inside the bundles,
we chose values for the intrinsic stiffness of aatabe bundle which were in line with
experimental data where the transfer through shgjaears to be much more effective



as a result of cross-linking by heating or radiati@tween the nanotubes and nanotube
bundles [29].

The geometry of the model is shown in Figure 3hwhie dimensions defined. We have
a starting “standard model”, where the grip lengtls 2 mm and the gauge length is
20 mm. In the following we have changed the gaaggth and grip length of the model
relative to this standard. The model thickness taksn at 1gum in all cases; a value

in the middle range of our experimental results fifbre diameter. The grips were
assumed to be perfectly attached to the outer lafyre model.
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Figure 3: A) Schematic of a standard model compirisfeperfectly aligned layers, with gauge length Y&120 mm,
grip length (}) = 2 mm, fibre diameter (H) = 10m, and number of layers (N) = 2. (for clarity latéyecompressed)
B) The shear stress between the layers was definedrasinear, increasing untilz reached 50 kPa at a slip
displacement of 50 nm before sliding occurs. C)sStegrain curves for the standard model comprises, 40 or
20 layers. Extrapolating the trend lines (dotte@pfi when linearity is reached back to ordinate assign intercept
stress of 72 MPa for which the shear stress isaae and sliding commences. The trend lines arersiior the
three values of N, and for N = 2, 100 and 1000.

3. Results

3.1 Model testing
We applied the finite element analysis to the saathdnodel (as defined in Figure 3A),
varying the number of layers making up its thiclsme§H. If we consider the basic
structural element of our fibre to be an individuanotube, then, for the two

dimensional analogue considered here, we would npéd 10,000 layers. This would



be prohibitive in terms of computing resourcesywsomodelled fewer layers with the
aim to extrapolating to a more realistic numberFigure 3C, the stress-strain curves
are shown for the standard model comprised of uariayer numbers. The plots show
an initial slope slightly less than the prescrilaaghl stiffness for layers of 250 GPa.
The slope then begins to decrease, with the plastaally assuming linearity at a
much lower slope that is dependent on the numbeleofients into which the model is
divided. The initial slope corresponds to the gitrabefore sliding has started to occur.
Once sliding is initiated between the outside layand the layers immediately
underneath, the slope begins to decrease, evgnamsroaching linearity at a slope
corresponding to the axial stiffness of the out$aglers only. Beyond this point, sliding
is occurring both within the grips and along theigm length, so that any further
increase in load corresponds to the stretchindn@fouter layer only which is only a
fraction 1N of the total model thickness, wheXes the number of layers. Whéhis
large, this second slope will therefore be verylsna Figure 3C, it is seen that the
second portions of the curves approach lines whickxtrapolate back to the same
point on the stress axis. This point is at 72 Miach is the axial stress at which sliding
is established, the friction stres®eing exceeded. The sliding occurs between thex out
layer and that adjacent to it over the completgtlenf the sample both within the grips
and over gauge length.

For this most simple of model geometries, it isgiae to confirm the salient aspects
of the FEA-predicted stress-strain curves by a ngalculation. This exercise is
carried out here to check that the FEA model ptexis, which include stress-strain
curves and stress distributions both along andsactiee model, are in the expected
range. Assuming that the sample is of unit ‘dehthe third dimension, the axial
stress expressed as the friction force over thepkaiickness, where sliding is
assumed to occur over the full sample length (sholg that inside the grips) can be

approximated by:

o =1¢(GL/2 +alg)/H
1)

whereGL is the gauge lengthg is the grip length and#ll is the fibre diameter. The

factora can be assumed to be unity where there is noyeesffect enhancing friction



within the grips. For the dimensions of the “standdaodel” as described in Figure 3,
and a friction stress, of 50 kPa, the axial stress from this most singblequations is
60 MPa which is close to the FEA predictions ofMRa.

3.2 Cross-sectional stress distribution.

For the standard FEA model, which predicted thevesirof Figure 3C, the stress
distributions at different distances from the grip& 20 mm gauge length sample are
shown in Figure 4. At low strains (dotted line) dref plastic shear between layers
commences, the stress distribution is relativelifourm across the model thickness.
However, once sliding is well established (0.2%ist(solid line), c.f. Figure 4), the
stress concentration in the outer layer is veryaegm. These plots show that St
Venant’s principle takes a considerable distandeetmbme manifest in such a highly
anisotropic material. Indeed, for 0.2% strainsisome 780 fibre diameters before the
stress at the fibre core even reaches one haiboft the surface!
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Figure 4: The colour plots of the model demonstthgestress distribution for 0.01%, 0.045% and 0fain. For
better clarity the model is shown laterally comses by a factor of 200. The clamps are compresgedfbrther
factor of 10. In agreement with St. Venant's prifhgihe stress, which is initially concentrated oimythe outer
layers touching the clamp surface, gets transfeinsitle the fibre core over a long distance. Thessrsectional
stress distribution graphs for 3 positions - nda tlamps (distance 10 um), at quarter gauge leagthhalf gauge
length - illustrate that at a small strain of orfl}2% the stress at half gauge length (a factorGffQldiameters away
from the clamps!) has only barely reached equilibri

It is not surprising that if the gauge length of tmodel is reduced to 1 mm, there is
little transference of the stress from the surfegers to the material as a whole,
presenting an even starker challenge to the walidit the tensile test for these
parameters. The stress distributions of Figure iéstito the total inapplicability of
St Venant’'s principle when testing fibres of exteemanisotropy using normal
laboratory testing geometries. The predicted stsassn curve of Figure 5C shows an
intercept (sliding) stress of 22 MPa, compared withalue from the simplistic model
above of 12.5 MPa. It is interesting to note tiat initial modulus appears much less
than the axial value of 250 GPa chosen for eadtrlayhe reason is that at such short
gauge lengths, the elastic shear deformation, purated into the FEA model as a
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shear modulus, will account for a greater propartd the grip displacement relative

to the axial extension of the elements.
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Figure 5: (A) The colour plot (aspect ratio distort of 15) and graphs of cross-sectional stresgritistion in a
short gauge length model (GL= 1 mm), under othenstaadard conditions, show that even for low strairess-
sectional stress does not reach equilibration. TBE predicted stress-strain curves for gauge lerfttmm and
1 mm show a decrease of the initial modulus at shauge length, and of the intercept stress to @2\WPa,

indicating that the elastic shear deformation comaileg in the grips dominates over shear in the ffaege length.

For the situation when the gauge length is heldstaomn but the ratig/GL increased,

the influence on the stress-strain curves is pddity marked. From equation 1 we
would expect to see a pronounced increase in gperstress. The FEA outputs of
Figure 6 bear this out. The stress distributionB2) shows that at the grip exit point
more stress has been transferred to the innersléyethe longer grips are, and that the
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stress across the whole samples becomes esseutidtlym over a greater proportion

of the gauge length.
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Figure 6: A) Increase of grip length leads to inase of intercept stress, occurring at a stress sfhightly below
the maximum possible load. (B) Distance from thpsgwhere the variation of the axial stress disitibn has

reduced to 10% depending on the clamp length.

The axial stress for complete interlayer slidinge(intercept stress) was found to
depend linearly on the value used in FEA for tiaifmn stresstr (Figure 7). Increased
friction stress also meant that the through-thisknstress distribution become more
uniform at distances much closer to the grips redigtion also in line with the simple
model above. For a value of 500 kPa, ten timesahtiie standard model, the variation
in the through-thickness stress distribution wakiced to 10% at only 1.65 mm from

the grips. A degree of uniformity only reached & @m for the 50 kPa case.
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Figure 7: (A) Colour plots of stress distributionda(B) stress-distribution over the cross-sectiorhef standard
model for varied friction stresseg)( 50 kPa (standard), 500 kPa and 5 MPa. The higherfriction stress is, the
nearer to the clamps a uniform stress distributismeached. (C) The predicted stress-strain cunfesving the

effect of increasing:.

3.3 Summary of effect of geometric variables on the predicted sliding
stress.

The FEA model was run for a range of gauge length grip lengths leading to the
contour plot of predicted key stress parametem fitee stress-strain curves shown as
a function of geometry in Figure 8. The contour (egjure 8A) show the predicted
intercept values (c.f. Figure 3) which increasehbeith gauge length and grip length,
although somewhat more rapidly with the latter. Tritercept values predicted by the
simple algebraic model (equation 1) generate adbyamilar contour map as shown
in Figure S 3.

The contours in Figure 8B show the dependenceeoyitld tress at which the stress-
strain curves first deviate from the initial elasslope. This predicted stress value
appears to be largely independent of the gaugdhebging approximately directly
proportional to the grip length. The data all cepend to the assumed friction stress,
Tr,0f 50 kPaThe red circles represent experimental geometdesh will be discussed

below.
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Figure 8: Contours of (A) the intercept (sliding)ess and (B) the yield stress according to the FE#del, as a
function of grip lengthgland half gauge length GL for a shear stress value50 kPa. The typical experimental
geometries are shown as red dots. While the int¢stepss shows a distinct dependence on both gnigiteand
gauge length, the yield stress appears to be intigre of the gauge length up to grip lengths whighuntypical
for experimental test geometries. These plots epeaduced in SOM 3, where the point values of streage also

inserted in addition to the contours.

The model does not impose an upper limit of ste¢sghich point the sample would
break. There are however important indications ftbenpredicted stress-strain curves.
For situations wherHd is large, and we identify layers of the model WitNT bundles,
the curve will tend to horizontal at the intersentistress, with the implication that
failure by sliding will occur without any increaseapplied axial stress. The strain in
the outer (top and bottom) layers will continueiniorease until the failure strain is
reached. To estimate this failure strain, givenassumed axial modulus of 250 GPa,
one needs an estimate of bundle strength. We akél this to be 4 GPa/density, after
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the modelling-based estimate of Vilatela et al [2Bhich is somewhat above the
highest strength seen in fibores made routinelyun laboratory [22]. As we will be
comparing these predictions with measurements madires consisting of single
wall CNTs, the parameters used in their equatiensbghtly different with a reduced
polygonisation effect compensated by the factaiiahe carbon is now on the surface
of the single wall tube. In very simple terms, wewd expect that the failure strain to
be 4/250 expressed as a percentage, i.e. 1.6%.udowle stress and thus axial strain
in the outer layer is of course concentrated towaneé grips, (as shown in Figure 3),
so that the outer layer will break at a lower ollexgtension.

The stress at which the stress-strain curvesdepart from the initial linearity we will
refer to as the yield stress. For the standard kartige yield stress is well below the
intercept stress, although nearly coincident with the case of the short gauge length
example (Figure 5B). The fact that this stress setendepend only on the grip length
(Figure 8) suggests that it corresponds to thetpolrere slippage first occurs in the
grips. Where this is below the intercept stress,diwved part of the stress-strain plot
corresponds to the spreading of slippage alonggteye length. However, once
slippage occurs between the outside layers and thenediate neighbours, the
maximum stress that is translated into the cepadl of the sample within the grips is
capped, so that further extension of the model ahllays increase the stress in the
outer layers, especially adjacent in the grips,tand failure by inter layer sliding will
be assured. The FEA model predictions suggest ftirathe stress to be shared
uniformly between the layers right up to their pegedd axial breaking strength of 4 GPa
(for a friction stress of 50 kPa), the requiredpgength would be of the order of
420 mm! Of course there are many assumptions imtheel, but the results give an
important indication that, under the geometriesallgudeployed for testing, the axial
strength measured in samples with such high anisiess in terms of the ratio of axial-

to-shear strength, may be very considerable untiess.

3.4 Experimental values.
The two red circles plotted on Figure 8, correspianiivo testing geometries for which
data are available (SOM 6). In the context of thadet predictions, Type A2 and B
(SOM 6, and described in detail in [22]) show vemych higher strengths than the

contours would suggest, and also show no signifid@pendence on gauge length.
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However, for each sample the fracture mode appeansolve the pulling apart of the
bundle elements, i.e. failure by shear.

At first sight, it may be simply a matter that tredue taken for the friction stress is too
low by at least an order of magnitude. Runningrttuelel with different values af,
shows that this parameter behaves essentially stalang factor to the predictions
(Figure 3), so that both the yield stress and tibercept stress are proportional to its
value. However, bearing in mind that the experiralyptmeasured strength is the same
at both gauge lengths (SOM Figure S 6), we notethieapredicted values of intercept
stress are dependent on gauge length, with therk@&okel giving a reduction by a factor
of three on reducing the gauge length from thedsteth20 mm to 1 mm (a reduction
in aspect ratio from 2000 to 100). By contrast hesvethe yield stress (as defined by
loss of initial linearity) is not sensitive to tgauge length, as it corresponds to the onset

of slip within the grips.

3.5 Applicability of the model to the actual fibres
Before concluding that 50 kPa is far too low foe tshear failure stress inside CNT
fibres, it is important to consider the ways in @fhan actual fibre is different from the
simple model employed so far. By virtue of the REBAdel, it is also possible to address
some of this increasing complexity. The real filappears to be less than ideal in several
respects:
(&) The orientation of the CNT bundles being ldsant perfectly axial, with the
additional factor that there may be topologicabegtements despite the high degree
of alignment. (3.5.1)
(b) The CNT bundles having effective lengths l&ssitthat of the gauge length and the
total grip length. (3.5.2)
(c) The existence of other extraneous materidiénfibre samples which may increase
the interfacial shear strength between the bun{3es.3)
(d) The inclusion of particulate defects, oftenoassted with residual catalyst for fibres

drawn direct from a floating catalyst reactor. (8)5
3.5.1 Orientation.

The axial orientation of the CNT bundles is notfgetras may be seen in Figure 2A. It
has been quantified by small angle X-ray diffractithrough a measurement of the

azimuthal smearing of the fibre streak [30], whigne width at half magnitude was of
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the order of £6°, a value that is qualitatively gmatible with the image. The exact
relationship between the average quality of axiainenent given by scattering
measurements and the degree to which a given €&W'®§ or bundles, wanders from
attachment surface in the grips to transfer sttessigh the fibre thickness will depend
on the detailed model. However, a first indicatiam be achieved by assuming that the
CNT bundles undergo a random walk through the fibrekness with distance along
the fibre. Taking the mis-orientation to be +6%riha bundle of mean diameter 50 nm
will be displaced laterally with respect to therélaxis by an average distance of around
0.5um (50 nm/tan 6°).

Let us now consider a CNT bundle at the edge ofilthe, whose lateral displacement,
X, undergoes an unbiased random walk as a functiib® @osition along the axis of the

fibre,t’. In this case, the root-mean-squared value dattral displacement from edge
of fibre will be (x*)"*=aN" , wherea is the smallest length of each ‘jump’ (equal to

50 nm, the bundle diameter) aitis the number of lateral jumps made per unit

displacement along the fibre axis (equal to theldsement along fibre’, divided by
50 nm/tan 6° = 0.fim). Hence,(x*)"* =7x10°(t)**. The distance along fibre at which
the mean position of bundles that were originaityaded at edge of fibre are now

5x10°

2
WJ =5 mm.

located in middle of fibre (diameter 10n) is thent‘=[

While these calculations are very approximate,apmly to the two dimensional model
of the FEA simulations rather than the three dinered fibres, the important
conclusion is that the observed mis-orientationliesghat a significant fraction of the
fibres which were in contact with the grips woubiVk transmitted the applied stress to
the centre of the sample over a distance of thesader as the grip lengths used. The
guestion arises as to whether the transfer ofsttes to the wandering of less than
ideally aligned bundles can be seen simply as d&aremement of the inter bundle
friction stress. It is tempting to say that the era$timate of observed strengths arising
from the perfectly aligned models by an order ofmtude or more, can be corrected
simply by an increase mto some higher ‘effective’ value. In order to t#s$, an FEA
model has been generated in which the elementsaegehpositions at random,
although any model in which the same layer in atintgth the grip at one end returned

to contact the grip on the other fibre end was ielated. The stress distribution in the
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region of one of the grips is shown in Figure 9AeTpoints at which the layers
exchange positions (swap) are shown by the shaitaklines, and sometimes short
gaps. In this model there are two such points utitetop grip (note that the whole
model is scaled down horizontally by a factor 0028nd the region in the grips by a
further factor of 10. Note how the stress withia tivo layers which contact the upper

grip is high and how the stress is transferrechiurinto the sample with further swaps.

(A) lg+% GL=12 mm

(8) 05
—— model with cross-overs
041 __- perfectly aligned
T
o i -
CE .-
2 -7
2 0.2 .-
e -
a -
0.1 - =°
0 T T T T 1

0 0.2 0.4 0.6 0.8 1

Strain [%]

Figure 9: (A) The colour plot for a model in whidtetlayers change places at random positions inolgidine swap
in the grip touching layers, though no layer isoaled to be attached to the grip at both ends. Othan the
introduction of cross-overs the model correspordé long gauge length standard, laterally shroglk00 in the
gauge length, and by a further 10 in the grips. TBe comparison of stress-strain curves for thepsmadel with
the perfectly aligned model show an increased st the yield stress, corresponding to now 2 layeuching
each clamp and transmitting elastic shear to 2 heauring layers each. While for the simple mods, pull-out
stress will correspond to the intercept stress ti@r model including cross-overs it would corresptmthe upper,

nearly horizontal stress.

Figure 9B shows the predicted stress-strain cuovepared with that for the perfectly
aligned model. In each case the initial departuenflinearity, i.e. the yield stress,
corresponds to slipping within the material in gngped region, although, in the case
of the swap model, it will be under the first tvayérs, each of which is attached to the
grip at some point — see detail in Figure 9A. Asalibed above, the slope after the
yield stress of the perfect model is due to thetelatretching of the surface element
attached to both grips, and this slope will deaeagh increasing number of layers

becoming nearly horizontal for layer thickness gglént to bundle diameter. However,
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there are no such doubly-connected layers in tbgseover model, so the slope after
the yield will represent the stretching and sligpwithin the sample of each of the two
layers attached to each grip up to the point athvitie sliding stresgr, is reached
over their entire length. The cross-over model fill by pull out of layers which are
attached to the grip at one end, pulling right tiglo the gauge length and the opposite
gripped region, while failure for the perfect modell occur only when the top layer
reaches its failure strain in tension. The starhaf failure process for the cross-over
model shows on the stress strain curve (Figurea8Bhe onset of the initial horizontal
portion. If the number of layers attached to eath gopmponent remains at two, then
one would expect the second near-linear slopeeoptadicted stress strain curve to be
reduced as the axial stress on each grip-attacyed Will be increased. For lardé
the pull out stress would be the intercept stressiie perfectly aligned model. But for
the “cross-over” model it would correspond to tiress of the upper, near horizontal
portion of the stress strain curve: a stress abadtiines higher. The reason for this
higher stress can be understood in general tesrtbeae are now two layers attached
to each grip component, and each of these layacg ib becomes buried in the fibre,
experiences frictional retardation on both top loiom surfaces. There is thus a factor
of 4 expected on the basis of this most simpleraggu. Finally, if the mis-orientation
angle is to be preserved for a model with increpsaiues ofN, then one might expect
that a greater proportion of layers would haveatieantage of being in contact with,
and thus being pulled directly by the grips. Irstbase, one might expect that at high
N, the slope of the second near-linear portion efstiness-strain curve would be mainly
independent olN. However, the failure stress in shear would insedaearly withN.

We thus conclude that the fact that the CNT bundies not perfectly aligned
compensates for the inefficiency of stress transfehear between them, and is a much
more efficient mechanism of transferring the swefatress in the grips towards the
centre of the gauge length. Our FEA models sugdleatdack of perfect orientation is
a major contributor to the fact that the observedngith is at least an order of

magnitude higher than that predicted by the stah(jsarfectly aligned) model.
3.5.2 Samples with a characteristic length less than the gauge length.

The CNT fibre is certainly yarn-like, and by anafogith staple yarns such as those of
cotton, one would expect the strength to increasbdat gauge lengths which are less
than the length of the component, staple filamdhtsuch terminations are present in
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CNT fibre, they are difficult to identify. They clslinclude CNT ends, or bundle
terminations or indeed reversing loops of eithée microstructure of the fibre (Figure
1) gives only very limited evidence of any typet@mination. Another type of defect
may be a region parallel with the fibre axis in ghthere is limited or no exchange of
branching bundles giving an interface which woudddarticularly weak in shear. In
either case, bundle termination defects or defedise shear plane, one would expect
the strength of shorter tensile specimens to lgefdhan longer ones, in much the same
way as any sample with random defects will be weas the length and thus
probability of a defect increases, in accordanda wiWeibull-type analysis.

Even in the standard (perfect) model, the bundiesolimited length, i.e. the gauge
length plus both grip lengths. A very simple apptowould be to say that the influence
of increasing grip and gauge lengths in increasingss transfer into the fibre will be
limited in each case to the characteristic lenfith@components of the microstructure.
Hence the increase in the predicted axial streofgthe models both with gauge length
and grip length, and the increase in ‘yield stregish grip length, as summarised in
Figure 8, would be terminated once the charactedishgth of the fibre elements is
exceeded. While an increase in the effective value as discussed in the previous
section may at least in part account for the muighdr experimental strengths
compared with the model predictions, it will onlsate the predicted values, and will
not explain why experimentally the longer gaugegtangeometry does not give an
increased strength as predicted by the model. possible however, that the easier
sliding of the shorter gauge length sample is baompensated by the increased
probability of bundles traversing the whole samplegth without a defect causing a
termination (further discussion in SOM 4).

3.5.3 Carbonaceous impurity deposit.

While there is no doubt that the lack of perfeatiotation is an effective stress transfer
mechanism from the gripped surface towards thereaitthe tensile test sample, it
raises another issue: namely that the contacthemegfiveen adjacent CNT bundles is
compromised (see Figure 1A). The regions of lacloogitudinal contact can also be
seen as crack-like defects parallel to the fibiie ag envisaged in Figure 1. These axial
‘cracks’, which account for some 50% of the voluafi¢he fibre, while reducing the
effectiveness of stress transfer would also besites for the initiation of failure in

shear, and of course do not feature in the penfectel. Examination of the structure
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of the fibre in the TEM, typically shows a carboeaas deposit on the surface of the
bundles but not within the bundles where nanotu®tube contact appears to be
perfect. On some occasions the deposit containgiaged iron particles (SOM Figure
S 5). It appears that this carbonaceous matetiaéisesult of synthesis reactions as the
aerogel moves out of the hot zone of reactor [222], making the reasonable
assumption that not all of the carbon has beenexten into CNTs. We suggest that
this material is effective in mitigating the deleteis effect of the longitudinal crack-
like defects. We have previously observed [31] thatback diffusion of a monomer
into the fibre, followed by its UV initiated polymigation could double the observed
strength. There have also been reports of carbonaaeposit seen on the bundles in
direct spun fibres, which have been associated waithinfluence on mechanical
properties. In particular Espinosa and co-work&?$ have indicated that these deposits
could be the origin of the hysteresis observedress-strain curves on repeated cycling.
In a recent paper [22], we have reported mechadeta on fibres synthesised with a
much-reduced level of particulate impurities anthvea high proportion of single wall
tubes, which show strengths approaching 2 N/texes&Hibres also show a marked
carbonaceous deposit on the bundles, which we iass@dgth the good axial properties.
The exact properties, amount and identity of thidon-rich deposit appear to depend
strongly on the precursors used in the CNT synshesid are the subject of on-going
experiments. These deposits may prove to be a mhethoontrolling and enhancing
the mechanical properties of the fibres. We alse mere also the observation [33],
that CNT yarns infiltrated with pyrocarbons via ofieal vapour infiltration show an
increased strength and stiffness by factors oB2db6.5, respectively.

In the search for further analogies, we mention tiadural fibrous materials are often
stabilised and strengthened through inter-fibrilinding material. For example,
cellulosic fibrils in plant material are surroundegt hemicellulose and lignin, or
collagen fibrils of the animal kingdom surroundedHydroxyapatite within the cell
By forming a concave coating, the branching pooftshe fibres become softened,

which could be considered as starting points facks.
3.5.4 Particulate impurities.

The presence of internal particles, particularljarmge relative to the fibre diameter,
could be expected to reduce the bundle contactirapdir mechanical properties of

CNT fibres, both strength and stiffness. Furtheenavith stress being expressed as
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N/tex E GPa/SG), additional weight that did not contribmiechanically would further
compromise properties. On the other hand, catedgaiues, often with an over-coating
of carbon, typically of the size 4 — 7 nm thoughta20 nm, do not appear to disrupt
the bundle contact significantly. The samples domg particles tend to show an
enhanced strength at short gauge length2 ihm), an observation totally in accord
with the yarn-like nature of the individual as-sgfibre. As a result of recent process
developments [22], we have been able to decreasertiount of co-synthesised
impurities and residual catalyst leading to a umifand dense fibre structure. However
while such major reductions in particle contentduced no increase in strength at long
(20 mm) gauge length, surprisingly, the increasstiength apparent at shorter gauge
lengths was lost for the cleaner samples. Thoughctn also be due to a decrease in
characteristic length by decreased residence tirttgei reaction zone during synthesis,
we are faced with the experimental conclusion gmabedded particles do not reduce
the measured strength of the fibres, although titetend to reduce stiffness (further
discussion in SOM S6).

Data previously published in 2007 [17] showed argith peak of ~1 N/tex, but also an
increased probability of seeing strengths in thggore of 5 N/tex as the gauge length
was reduced. Subsequent testing of the same latehr bwn laboratory again showed
the secondary high strength peak in the distrilytioough at a lower strength of 3.5 -
4 N/tex. As made clear in the original publicatidghe result was peculiar to one
particular batch of fibre and could not be reprastuim general. It did however generate
an upper bench mark of what could be achieved@Na fibre, albeit at short gauge
lengths. We have now re-examined with high resotuBEM a remaining sample from
this original, extraordinary batch of fibre and eb&d that the fibre was exceptionally
impure (SOM Figure S 5A and 5B). It showed all laraf impurities discussed so far,
from deformed MWCNT fibres [22], polymeric co-sye#lised material [31], yet, the
carbon encapsulated catalyst particles were inual@bundance. Given the outcomes
of the modelling reported above, we suggest thatalhbut-beneficial influence of
particles in short gauge length testing, may betdubee role of the particles within the
gripped length, where they are compressed intaCiN& bundles, and enhance the
stress transfer from the grips into the body of fibee, acting rather as ‘internal
sandpaper’.
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4. Summary and Conclusions

An assessment of the structure and propertiesrofligge CNT fibres has indicated a
complex interplay between the properties expecfednoideal structure, where the
major challenge would be to transfer the force igplddy the grips throughout the whole
thickness of the fibre. This consequence of thé higal strength of the CNT elements
but the very low shear strength between them —earshktrength not enhanced by
pressure within the gripped regions — means thagafperfectly aligned model, the
stress transfer necessary for St. Venant's priadiplapply would require extremely
long total sample length. For the testing geometused so far, the predicted fibre
strength is more than an order of magnitude leas that observed experimentally,
although failure in each case is a result of sheaveen the axially strong structural
elements.

The lack of perfect alignment of the CNT bundlethvhe fibre axis provides a reason
why the stress transfer from fibre surface in thpsgacross the gauge length may be
enhanced, although a consequence of this lackigriraént between bundles is that
there are axial regions of much reduced interfeghalar strength. We suggest that the
deposit of amorphous carbonaceous material ontsutiace of the bundles which acts
as an inter-bundle ‘adhesive’ mitigates the weakgmeifect of the longitudinal defects.
In samples with high particulate content, theradsdecrease in specific strength, but
actually an enhancement of strength at short gkeanggths. While it is possible that the
particles compromise the degree of alignment tmp@moving stress transfer across the
fibre, it is also possible that they enable gripgsure to enhance the stress transfer
within the grips, as a type of ‘internal sandpaper’

The work has shown that the strength achievab@Ni fibres results from a complex
interplay not only of the properties of the nan@sibhemselves, but defects in their
organisation and the presence of extraneous miageri@e of which is formed during
the cool-down stage of the process. The study stggarticular experiments which
can be made in as a result of adjusting processmders, especially with regard to the
post hot zone deposition of carbonaceous and scatatgterial, and measuring the
influence of this impurity material on mechanicabperties. The understanding the
various roles of defects in affecting mechanicapgrties, opens up the prospect of

tailoring these novel fibrous materials to provadeide range of properties to order.
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SOM

1 Cylindrical and stacked sheet model

(A) Cylindrical or
concentric model

Plane sheet model
| |
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(B) 10 um from clamp
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Figure S 1: Comparison of the stress distributioroas the half cross section for the cylindrical rb@otted) and

the plane sheet model (solid line) for short galeyeyth, otherwise standard (grip length 2 mm, fdntstressr =

50 kPa, at 0.2 % strain).
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2 Clamp length effect

% GL=10 mm

lg=20 mm,
(Shrinking factor 10)

S, S11

(Avg: 75%)
+8.000e-04
+7.130e-04
+6.260e-04
+5.390e-04
+4.520e-04
+3.650e-04
+2.780e-04
+1.910e-04
+1.040e-04
+1.700e-05
-7.000e-05
-1.570e-04
-2.440e-04

lg=10 mm
(Shrinking factor 5)

lg=2mm

Figure S 2: (A) colour plots of axial stress dibtrtion for grip length 2 mm, 10 mm, 20 mm. Fordratomparability,
the clamps have been scaled to the same lengtie iplots.
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3

Contour plot
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Figure S 3: Contour plots of the intercept stresadicted by (A) the algebraic model (equation 1) éB) the FEA
model, and (C) the yield stress from the FEA moEte. circles show the modelled geometries from thebahic
model (empty) and FEA (filled), labelled with théues in MPa from the respective model. The typmgakrimental
test geometries — short and long gauge length shosvn as red points. Given the simplicity of tlgeelataic model,
the values match the FEA derived values encouragingll. While the intercept stresses depend on batige
length and grip length, the yield stress appearshéolargely independent of the gauge length, butctly
proportional to the grip length.
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4 Short gauge length and effect of ends

Across all application fields, the influence of pilomns and CNT ends is normally seen
as detrimental. Electrically junctions are the marigin of resistance, mechanically
CNT and bundle ends are the ultimate defect. Thezefve now study the effect of
layer ends, by breaking the layers at random postalong the sample. Given the
estimated CNT length of several hundred pm, anduadle length which is
considerably longer but yet far off the long galegegth of 20 mm, we can only expect
to see a variation in number of layer ends for sgauge length tests. Hence the end
study was executed only for GL =1 mm.

The result of non-continuous layers is firstly tavh a stress-strain curve which is
horizontal once sliding is established over the iehength of the sample. Figure S 4
shows the very different effect of layer ends fdfedent friction stress scenarios. For
low friction, as assumed in the standard modelinvestigate 2 extreme cases. Firstly,
if both outer layers touching the grips are unbmkehile the core layers are unbroken,
the stress-strain curve overlaps exactly with ttamdard short gauge length curve.
Secondly, if the outer layers are broken, but tive tayers are all unbroken, the model
is equivalent to the fracture state of the standaodel, and after reaching the limit of
elastic shear the curve is horizontal and the méakl by pull-out from within the
gripped length.

For significantly higher friction, as could be as®d for a scenario with carbonaceous
coating increasing the friction between bundles additionally particulate deposits
increasing the friction between the grips, the fasiof the unbroken layers is no

longer crucial.
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Figure S 4: Study of the effect of layer ends enghuge length. In case of low frictign= 50 kPa (left) there are
two extreme cases. Are the outer layers unbrokem,dhrry the total load equivalent to the simplnstard model.
Are the outer layers broken, however, the modehtguthe fracture state of the standard model aridfaii by
pull-out of the core layers within the grips. As 8@s the outer layers are broken, the stress/strainves show no
difference whether any or all inner layers are uriten. In case of increased friction (right) in theuge length and
the clamps & ,cL = 500 kPa,7F grips = 5 MPa) rather than the position, simply the nembf unbroken layers in the
gauge length determines the stress reached.

33



5 Particulate deposits

Figure S 5: A+B) Scanning electron micrographs ighhstrength fibre sample [17] showing exceptioalount of
impurities of all kinds identified. C) TEM of buedlof Type Al fibre, showing left some deformed $hdfCNTs
responsible for the several um big cluster impesiti22] and grape like clusters of unused catalgstdues close

to the bundles, coated in carbonaceous materialgrged in D)
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6 Experimental short gauge length tests

Figure S 6 shows long and short gauge length tessthree different fibre samples: 2
MWCNT samples Type A (spun from methane, thiopheemekferrocene) impure (Al)
and pure (A2), and a predominantly SWCNT sampleeT®gtoluene, thiophene and
ferrocene), pure. The detailed description of TApend Type B can be found in [22].
Here, the term impurity relates primarily to thegence of large clusters of deformed
MWCNTs, whose synthesis can be prevented by areased carrier gas flow rate
during spinning, and to unused catalyst particléragment, which was also
significantly reduced (reduction of iron residue factor 10). However, as the
precursors for Type Al and A2 are the same, thmdton of the loadbearing CNTs

and the bundle coating material is equivalent.
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Figure S 6: Stress-strain curves (top row) and stethl stress evaluation (bottom row) of impure MWGNiTe

(Type A1, left), pure MWCNT fibre (Type A2, middie) pure SWCNT fibre (Type B, right). The short gdaggth

tests have been corrected for strain deformatiothan grips. Impure fibre (A1) shows an increasedrsjth the
shorter the gauge length, and a long elongatioh Taie combination of those features led to therpretation that
the short gauge length is in the range of the CN@tlenType B shows overall a higher strength, whickatirébute

to a high amount of bundle coating, but the typ&@rt gauge length strength increase fails to appe
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For impure fibre Type Al we observed the typicdidogour of staple yarns, showing
higher strength for shorter gauge length, partitylhen the gauge length gets close
to the staple length. We can distinguish two domamthe breakdown. The first
domain is due to the stretching of bundles aroomulirities, if present, and the aligning
of the bundles parallel to the fibre axis. The selcdomain is due to the breaking of
inter-bundle forces, sliding between or inside bo@dles, and plastic deformation up
to the breakdown. After the main breakdown, we plesan additional elongation tail
at short gauge lengths which can be attributetie¢coterlap of last bridging bundles,
after the majority of bundles in the fibre has gigt of contact with their neighbours.
This elongation tail is not observed for long galeygth as the standard test speed was
10% GL / min and is too fast to resolve the elomyetail of a few micron displacement.
Upon prevention of big cluster formation, the fiteucture was significantly improved
and the performance more consistent, however, Ithmate tensile strength was not
increased [22], and the strength is very considtamall gauge lengths. Type B, spun
from different precursors and showing a differeyppet of CNTs but above all a
significantly higher amount of co-synthesised benttbating, shows overall twice the
strength, but no further strength increase at sjarge length.

The after-break-elongation is about halved fromd i (3.6%) to Type A2 (1.4%),
and Type B (1.8%). It reasonable to assume, thatrédduced elongation indicates a
decreased CNT or bundle length, due to higheraragas flow which reduced the
residence time of the CNTSs in the reaction zone.Tipe A2 and B, we conclude that
the gauge length is still sufficiently large relatito the CNT length, so that we do not
yet see the yarn like strength increase for shemrgg length. For Type B for 1 mm and
0.5 mm the tensile strength is steadily increasimdpundles are actually drawn out of
the grips. Hence, the short gauge length test gesyiif indirectly, an estimation of the

CNT length, otherwise almost impossible to analydaulk.
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