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ABSTRACT

Two grades of commercial, highly graphitic, vapor grown carbon nanofibers Pyrograf-1ll, that were pyrolytically
stripped and heat treated, with an average outer diameter of 150 nm, were tested for their tensile strength by a
MEMS-based mechanical testing platform. The applied force was measured by a surface micromachined loadcell
whose deflection was extracted by digital image correlation with an accuracy of 50 nm or better. The mean
strength of pyrolytically-stripped nanofibers was 2.93 GPa while the average strength of heat-treated nanofibers
was 2.54 GPa. The Weibull parameters extracted from experimental data showed significant randomness in the
flaw population in both types of fibers. High-resolution SEM images of matching ruptured surfaces showed purely
brittle fracture, and, in some occasions, distinct partial “sword-in-sheath” type of failure. The latter was potentially
due to mutual sliding of graphene planes during fiber fracture, which was attributed to the “dixie cup” structure of
Pyrograf-lll. This is the first experimental work that addresses the mechanics of carbon nanofibers at the
individual fiber scale. To date their strength has been assumed to be similar to conventional carbon fibers.

1. Introduction

Vapor grown carbon nanofibers (VGCNFs) have the potential of significantly improving the multifunctionality of
advanced composites for lightweight aerospace structures in terms of thermal and/or electrical conductivities as
well as other industries that require high performance materials [1,2,3]. VGCNFs are produced by catalytic (e.g.
nanoscale iron, nickel, or cobalt alloy particles) exposure of a gaseous hydrocarbons to high temperatures [4,5].
Over the length of the nanofibers, the resulting material structure is highly graphitic with an amorphous
“deposited” phase on top of the graphitic phase. Morphologically, the effect of this CVD deposited layer is
general thickening of the fiber and structural non-uniformities in the transverse fiber plane, depending on
variations in stoichiometric conditions at different sites along the fiber axis. In general, it can be claimed that this
outer annular portion of the fiber cross-section is less ordered and, perhaps more defect prone than the catalytic
phase, which bears highly ordered graphite-like carbon oriented in a cone-like geometry [6].

Two different grades of highly graphitic, Pyrograf®-1il, carbon nanofibers were examined in this study. The first
grade, with designation PR-24 XT HHT-OX, was high-temperature heat-treated form of surface functionalized
VGCNF. It has been shown that high temperature treatment creates a highly electrically conductive structure by
converting the partially amorphous turbostratic layer to a graphitic one [7]. The second fiber grade was PR-24 XT
PS. Post processing for these fibers differs from the previously described high temperature treatment in terms of
temperature and duration. Polyaromatic hydrocarbon residues, which are by-products of the CVD process, are
removed from the nanofiber surface at temperatures substantially below 2000°C. Although some analogies may
be drawn from microscale carbon fibers to VGCNFs, in order to predict the effect of such treatments on the
mechanical response of individual nanofibers, no direct experimental evidence exists in literature preceding this
study, mostly due to the associated difficulties of experimenting at this scale.

The two material systems investigated, i.e. PR-24 XT HHT-OX and PR-24 XT PS carbon nanofibers, are 1-D
nanostructures with aspect ratios of 500-1000. Taking the original formulations of Weibull [8] into account and



using the outcomes of previous studies by McCarty and Chasiotis [9,10] on quantitative failure analysis of
microscale structures, it is known that if scalability is established, the results of a properly conducted Weibull
analysis could be used to predict the probability of failure of larger, or smaller, self-similar structures. The primary
benefit of utilizing the Weibull probability function is that it enables the assessment of material reliability as a
function of load amplitude. Moreover, a properly conducted Weibull analysis also possesses the potential of
associating the active flaw population with certain geometric features of the investigated material system, in our
case the stacked herringbone graphitic cones, and the partially amorphous turbostratic carbon layer [5].

The goal of this work was to investigate mechanical strengths of two different grades of Pyrograf-1ll nanofibers. A
novel MEMS-based mechanical testing method with high resolution measurements was used in the fiber strength
evaluation. An effort was made to identify the principal failure modes of the two types of nanostructures, and
relate those to the material microstructure. The measured fiber strengths were analyzed in terms of the Weibull
cumulative function and the results are presented in this paper.

2. Experimental Method and Analysis

ﬂ" A MEMS-based experimental setup was used in this study following

External grip the work by Naraghi et al. [11,12]. Individual polysilicon loadcells were
picked-up by an external probe with UV curable adhesive, as in Figure
1. The spatial positioning of the loadcells was controlled with a 3D-
stage under an optical microscope which was equipped with a high
resolution CCD camera. VGCNFs were treated with distilled water to
remove agglomerates and isolate individual nanofibers by a sharp
tungsten probe. Various fiber disentanglement techniques, such as
ultrasonication and high shear mixing, were attempted to break the

Double column et U7 agglomerates but these were finally abandoned due to substantial
folded beam reduction in individual fiber length. A controlled amount of UV-curable
loadcell epoxy adhesive was deployed on the crosshead of the polysilicon

loadcell to mount each fiber, while the free end of the carbon nanofiber
was fixed to a moving platform.

Figure 1. SEM image of a 4.5-um thick _ )
loadcell used in experiments with The actual stiffnesses of the 4.5-um and 6-um thick folded beam

carbon nanofibers. double column loadcells were calibrated experimentally. Microscale

glass beads of known volume and density were hung on the loadcell
and their calculated weights were plotted with respect to the measured loadcell deflection (by means of DIC), see
Figures 2(a,b). Then, the loadcell stiffness was extracted from the slope of the least square fit, Figure 2(c). The
true stiffness of the 6-um thick folded beam loadcells was 1.59 N/m, which was about 4 times smaller than the
nominal value, computed by using the loadcell dimensions. On the other hand, the geometry definition of the 4.5
pm thick loadcells (after fabrication) was much more accurate and their true stiffness was 4.74 N/m, which was
less than 5% smaller than the expected stiffness. Both ends of the ruptured carbon nanofibers were imaged by an
SEM at 200kX to measure the inner and outer fiber diameter and investigate the mode of failure. Although it was
possible to determine the outer radius accurately, determining the inner radius of the hollow cylindrical structures
was not always possible due to e-beam induced motion (charging) of the ruptured fiber ends, and the difficulty to
position the fiber cross-section normal to the SEM detector.

The analysis of fiber strengths was done by the 2-parameter Weibull cumulative density function for uniform
tension. The location parameter in the original 3-parameter formulation [10] was assumed to be zero so that a
conservative description of strength is obtained. Then, the Weibull probability function takes the form:

m

o
P¢ (o) =1-expl —| —

o 1)



where the parameters m and o, are “material constants”. The stress, g, is the applied stress which results in
probability of failure, P; (0). The shape parameter (or Weibull modulus) m, indicates the degree of scatter in the
strength data. The stress level at which the probability of failure becomes 63.2% is the characteristic strength.
This value is useful for comparison purposes of the different grades of Pyrograf lll.

(b)

= 50

= 40 y=1.52833x+0.1026

8 R“=0.9999

5 30 +

L=

° 20 -

2

s 10

o

< o0 ‘ :

0 10 20 30
Loadcell deflection (um)

(a) (c)

Figure 2. (a) Calibration of a loadcell as imaged by a macro camera
objective lens, (b) detail of the loadcell grip deflection during calibration,
(c) force-deflection curve for a 6-um thick loadcell.

By taking twice the natural logarithm of both sides in equation (1), linear regression analysis could be applied to
find the Weibull modulus, m, and the scale parameter:
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For the relatively small sample sizes used in this work, Bernard's method of probability estimation is assumed
[13], so that
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where n is the total number of data points and i is the ordinal rank of a single datum point.

Because of the small number of samples, the maximum likelihood method was also applied to identify the best
description of our data sets [14]. In order to calculate the parameters of the optimum likelihood function which



provides the best fit for the data set at hand, a system of equations can be generated by setting the partial
derivatives of the likelihood function with respect to the sought parameters m and o equal to zero. Hence, the

following system of coupled equations is obtained, which is solved numerically to determine m and &, i.e. the
maximum likelihood estimates of the Weibull modulus and the characteristic strength respectively:
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3. Results and Discussion

The average nominal strength of pyrolytically stripped nanofibers based on their outer fiber diameter was 2.93
GPa compared to the average strength of heat-treated functionalized nanofibers, which was measured to be 2.54
GPa. The Weibull parameters computed for the two data sets from Figures 3(a,b) are shown in Table 1. In both
fiber types the Weibull modulus was relatively small indicating a broad spectrum of flaws. The maximum
likelihood analysis provided better fitting of the probability of failure vs. fiber strength data, potentially due to the
small number of data that could not be described adequately by the probability estimator in Equation (3). It is
characteristic that the strength of pyrolytically stripped nanofibers was consistently about 20% higher than that of
heat-treated and functionalized nanofibers. Although it is expected that the heat-treated nanofibers will have
smaller and less broad flaw populations that the pyrolytically stripped ones, the process of surface
functionalization generates additional surface flaws that potentially decreased the average fiber strength but
reduced the scatter in flaw sizes. The latter argument is validated by the 50% large Weibull modulus of heat
treated nanofibers which points to a tighter distribution of flaws.

Table 1. Weibull parameters based on maximum likelihood and linear regression estimation methods

Maximum likelihood Linear regression
Weibull parameter function analysis
PR-24 XT | PR-24XT | PR-24XT | PR-24XT
HHT-OX PS HHT-OX PS
Weibull modulus, m 3.59 2.42 3.43 1.94
Characteristic strength,
., (GPa) 2.82 3.31 2.83 3.38

A contributing factor to the scatter in fiber strength values is the fact that these parameters were extracted taking
into account the nominal fiber strength, without accounting for variations in the inner fiber diameter. This is partly
justified because the hollow structure of VGCNFs is not taken into account when they are integrated in polymer
nanocomposites. Instead, their nominal strength values may be used in micromechanics models. Of course, this
is not true if polymer matrix is infiltrated into the hollow nanofiber. Additionally, two distinct types of HHT-OX
nanofibers were tested: Those with uniform cross-section, and fibers with fluctuating (rippled) cross-section. In
the second type, the fiber diameter was taken as the one at the fracture site. It must also be noted that the two



types of fibers (rippled and uniform) failed at similar nominal stress values, so no particular biasing of the data has
occurred. Finally, in both methods for parameter estimation, PS fibers were quite stronger than HHT-OX fibers.
Therefore it can be argued that although high temperature heat treating increases the degree of graphitization
and, thus, enhances their thermal and electrical transport properties, this functional improvement is achieved at
the expense of tensile strength, when combined with surface treatments.

Based on the effective strength values obtained by using the outer fiber diameter, no distinct scaling effect could
be identified between the experimentally determined fiber tensile strengths and the nominal outer diameter. This
fact might imply that the turbostratic layer could be the most influential parameter (i.e. location of critical flaw
population) in defining the tensile strength of VGCNFs. For the carbon nanofibers whose detailed cross-sectional
pictures could be taken at their rupture surface, the true strength calculated using the annular cross-section was
as high as 8.7 GPa, indicating that the intrinsic strength of vapor grown carbon fibers might indeed converge
towards those of graphite microfibers.

1 1
maximum likelihood
0.8 - B experiment 0.8 -
—_— - i ; m
o regression analysis °
3 3
‘® 0.6 506 1
(19 (] w
5 . s
2 0.4 204+
5 | ] maximum likelihood
3 3
) = B experiment
a 0.2 2 0.2 - p _ _
- = -regression analysis
o T T T T 0 T T T T T 1
0 1 2 3 4 6
0 Fiber Strzength (GPa? 4 Fiber Strength (GPa)
(a) (b)

Figure 3. Weibull probability of failure vs. applied uniform stress for (a) PR-24 XT HHT-OX and (b) PR-24 XT PS
carbon nanofibers.

Figure 4. Rupture surfaces of hollow PR-24 XT PS VGCNFs. The “sword-in-sheath” failure seen in the left figure
is associated with the “dixxie cup” structure of the fibers.



Mutual sliding of graphene planes, or the so-called “sword in sheath” type failure, occurred in parallel with brittle
fracture of the fiber outer shell, where failure was potentially initiated for nanofibers of both grades. Direct visual
evidence of this argument is provided in Figure 4, where a “sword in sheath” morphology was clear in the rupture
surfaces.

4. Conclusions

The strength of individual VGCNFs PR-24 XT PS and PR-24 XT HHT-OX was measured for the first time and
was analyzed in terms of the Weibull cumulative distribution function. The characteristic strength, obtained by the
maximum likelihood function, for PR-24 XT PS was 20% higher than that of PR-24 XT HHT-OX which indicates
that heat treatment, when combined with surface functionalization does not improve on the mechanical
performance of the nanofibers. On the other hand it was shown that heat-treatment does improve of the spectrum
of flaw distributions in the nanofibers decreasing the scatter in tensile strength values by as much as 50%. Post-
mortem SEM imaging showed that fiber failure is purely brittle in the amorphous outer fiber turbostratic layer,
followed by “sword in sheath” failure of the graphitic inner annulus.
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