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Carbon nanofiber (CNF)/resole phenolic resin (Hitco 134A) composites exhibited very large
increases of bending storage modulus above the glass transition temperature and had
higher glass transition temperatures with increasing CNF weight percentage. Small angle
neutron scattering (SANS) from dilute suspensions of surface-oxidized CNF in D,0 exhib-
ited a Guinier plateau in the q range examined, indicating that isolated scatterers exist.
The CNF dispersion, average fiber diameter, average core diameter and polydispersity
within the composites and in D,O were quantified by approximating the small angle neu-
tron scattering data with a hollow tube model. The scattering from CNF/phenolic resin
composites exhibited a q~* power law behavior, indicating the presence of sharp interfaces
between fibers and phenolic resin. Surface-oxidized (PR-19-PS) CNF nanocomposites
exhibited lower surface to volume ratio values and larger shell thickness compared with
heat-treated (PR-19-HT) CNF composites. However, carbon nanofibers, with and without
oxygenated surface groups, exhibited some agglomerates with fractal dimensions within
the phenolic resin composites. Fiber surface treatment with nitric acid appears to promote
dispersion and results in looser bundles of nested fiber networks.

© 2008 Elsevier Ltd. All rights reserved.

polymer/CNF composite thermal and mechanical properties
[7,8] as well as electrical properties [10] and electromagnetic

1. Introduction

The discovery of carbon nanofibers [1,2] promoted many stud-
ies of their applications including catalyst supports for direct
methanol fuel cells 3], hydrogen storage media [4], remotely-
actuated shape-memory characteristics [5,6], composite rein-
forcements [7,8], electromagnetic shielding, [9] and highly
conductive coatings [10]. The extraordinary enhancements in
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shielding [9,10] are due to the large tensile moduli [11] and high
thermal and electrical conductivities of CNFs [12]. The final
properties of CNF composites are dictated by the inherent
properties, interfacial characteristics, three-dimensional ori-
entation and morphology of the fibers. Overcoming the attrac-
tive forces causing formation of fiber aggregates, disentangling
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fiber nests, controlling polymer fiber interactions and promot-
ing dispersion and CNF orientation have been major chal-
lenges to achieve optimized properties both in thermoset
and thermoplastic resins. High (30-50)% by weight loadings
of CNF in resole phenolic resin exhibited remarkable high tem-
perature erosion resistances in plasma torch tests at 1650 °C,
potentially providing new materials for rocket nozzle applica-
tions [13] and solid propellant rocket motor liners [14,15]. CNF
phenolic resin composites have also been examined as precur-
sors for carbon-carbon composites [16].

Thermal and mechanical properties of composites are
impacted by the fibers’ modulus, stiffness, thermal and elec-
trical conductivities and also by the fiber dispersion and
three-dimensional orientation in the polymer matrix. Carbon
nanofibers have strong tendency to agglomerate, due to
strong attractive fiber van der Waals forces. They form nest-
like entanglements due to their curvature and high aspect ra-
tios. The extent of disagglomeration and dispersion both in
liquids and in resins depends on the relative van der Waals
forces (for carbon nanofibers), curvature and on the relative
surface energy of CNFs versus that of the solvent or resin.
Mechanical energy and intense ultrasonication have fre-
quently been used to overcome attractive forces, but some
rebundling of the aggregates can occur after discontinuation
of the external force. Surface modifications can improve the
CNF dispersion. Plasma [17-19] and acid treatments [20] gen-
erate surface functionality that improves dispersion. Surface
grafting to improve distribution in thermoplastics has been
reported [15-17]. Despite the critical role that dispersion
plays, the effect of the CNF size, geometry and extent of dis-
persion in resin composites has not been well understood.

We now report large improvements in dynamic storage
bending moduli above Ty for carbon nanofiber/phenolic resin
composites with small weight percentages of CNFs. For the
first time, some in-situ geometrical characteristics of CNFs
within cured phenolic resins have been analyzed. A modified
polydisperse hollow tube model and a generalized unified
fractal model [21] were utilized to provide an understanding
of the small angle neutron scattering (SANS) from CNF in
the composites and in dilute water dispersions. Attempts
were made to correlate the fiber characteristics and disper-
sion with thermal and mechanical properties.

2. Experimental
2.1. Sample preparation

A resole phenolic resin (Fig. 1), Hitco 134A containing
30-40 wt.% isopropyl alcohol and amine components (Hitco
Carbon Composites, Inc.), D,0, 99.9 atom% D, and tetrahydro-
furan (THF) (Aldrich Chemical Co.) were used without further
purification. A Resole phenolic resin is composed of a variety
of monomeric, dimeric, and trimeric hydroxylmethylated
phenols (Fig. 1). Pyrograph III carbon nanofiber PR-19-HT
(without treatment) and PR-19-PS (Applied Sciences Inc.)
(after acid treatments) were used. Highly graphitized PR-19-
HT fiber had been heat-treated to 2800-3000 °C during the
fiber synthesis. PR-19-PS, a pyrolitically stripped fiber with
larger diameters, was treated with 60% by weight nitric acid
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Fig. 1 — Resole phenolic resin molecular structure.

at 115 °C for 1 h to generate surface ester, anhydride, quinoid,
and phenolic hydroxyl functions [20]. These fibers contain
highly preferred graphitic hexagonal basal planes which can
lie from almost parallel to the normal axis of the fiber to a
cant angle ~25°. These inner filament structures (Dixie cup
morphology) can be thickened by a turbostratic CVD-depos-
ited outer layer as the residence time increases [22-25].
Heat-treated 2800-3000 °C carbon fibers are highly graphi-
tized and have smaller average diameters 50-200 nm. Pres-
ence of amorphous carbon at the canted edges provides the
possibility of surface oxidation.

PR-19-PS fibers were oxidized in refluxing 60-70% by
weight HNO; as described in our earlier work [20]. This fiber
was dispersed in D,0 by sonicating for 10 min (ultrasonic pro-
cessor Model GE501, Ace Glass, 20 KHz, 500 W). Phenolic re-
sin/(1-4)% by weight CNF composites were prepared by
dispersing CNF in THF, sonicating for 30 min and then mixing
with 40% by weight phenolic resin THF solutions. These dis-
persions were sonicated for another 30 min to further dis-
perse the fibers and wet the CNF surfaces with phenolic
components followed by solvent removal in a vacuum oven
(10 mbar) for 17 h at 70 °C. Partial phenolic resin pre-curing
also occurred, locking the CNF in place and preventing reag-
gregation. The pre-cured phenolic resin/CNF was then cooled
to room temperature and powdered by a mixer/crusher. The
CNF/phenolic resin pre-cured powder was then placed in a
steel mold and cured in a hot press at 88 °C for 45 min, fol-
lowed by 149 °C for 5 h.

2.2. Characterization methods

2.2.1. SANS measurements

Ultra high resolution small angle and small angle neutron
scattering (USANS and SANS, respectively) experiments were
performed at the National Institute of Standards and Technol-
ogy (NIST), Center for Neutron Research (NCNR) using the
30 m NG-7 SANS instrument and the BTS5 perfect-crystal dif-
fractometer. For the SANS measurements, a cold neutron
wavelength of /=6A (A}/i=10%) and sample to detector
positions of 1, 4 and 15m (i=8A) were used
(103 < q(A~Y) < 0.3). Scattered intensities were reduced and
corrected for the transmission, background and parasitic



CARBON 46 (2008) 577-588 579

scattering using Igor Pro® version 5.0 (WaveMetrics, Inc.) and
software supplied by NIST [26]. The scattered intensities were
then circularly averaged to produce a one-dimensional graph
of scattering intensity, I(q), as a function of the wave vector, g,
where q=(4n/7)sin(f/2) and 6 is the scattering angle [26].
USANS experiments covered a g-range of 0.00005<q
(A% <0.01, corresponding to a real-space length scale of
0.1-10 pm [27,28].

2.2.2. Modeling of scattered intensities

The coherent scattering intensity, I(q), from a concentrated
dispersion is defined as the product of the form factor, P(q),
the structure factor, S(q) and the instrumental constant k.

1(q) = kP(q) - S(q) ey

P(q) is related to the scattered wave amplitude arising from
the particle shape and the structure factor is due to parti-
cle—particle interactions. The structure factor is equal to one
for a dilute dispersion (S(q) = 1). Therefore, the scattering from
a non-interacting particle suspension is proportional to the
particle form factor. The form factor for a hollow cylinder,
Fig. 2, is defined as a function of cylinder volume, V., scatter-
ing length density (SLD) of the solvent, psov. and the scatter-
ing length density of the cylinder shell, p; (Eq. (2)). The
polydispersity in radius has been taken into consideration
using a log-normal distribution (Egs. (3) and (4)), where the
length and the shell thickness are monodisperse [29-32].
The angle of the cap was negligible:
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The cylinder form factor is averaged over all orientations,
where theta is the angle between the cylinder axis and the
scattering wave vector, q. J1(x) is the first order Bessel function,
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Fig. 2 - Schematic representation of the hollow cylinder
model.

Rp is the core radius, Hp is the core length. The mean core ra-
dius is Ry, with a standard deviation of the Gaussian distribu-
tion, op. The face shell thickness and fiber radius is obtained by
H, = Hp + 2" face thickness and R, = Rp + radial thickness.

This model can be simplified to a cylinder form factor
where R, is the fiber radius and H, is the fiber length. The con-
trast term is the difference between SLD of medium (psor.)
and SLD of fiber (p1).

The radius of gyration for a system of non-interacting par-
ticles can be obtained from a Guinier approximation to the
low q data when gqRg < 1 [29,30].

I(q) = Ioexp(—q°Rg/3) (6)

Here, I, is the intensity at q = 0 and R is the radius of gyration.

A two-step unified exponential/power law (Beaucage mod-
el) describes the CNF morphology and structure of fractals
[21]. This model assumes that scattering results from fractal
objects in several length scales. Therefore, predicting these
length scales by the unified model can describe fibers’ radius
of gyration and also provide information regarding nesting
and aggregates structure in the low q regime. Each structural
level is described by a radius of gyration at low q and a power
law slope at higher q.

. . 3P;
I(q) = EN: Giexp(—q°Rgi/3) + Bilerf)qRy,/ V)™

P
i=1 q-

7)

The scattered intensity was compared with Beaucage’s uni-
fied model (Eq. (7), N =2) to extract Ry, the power law expo-
nents, P, the Guinier prefactors, G, and the power law
prefactor, B, associated with each length scale.

2.2.3. Transmission electron microscopy

High resolution TEM analyses were performed with a Philips
CM200 Field Emission Gun (FEG) instrument operating at
200 kV using A CCD camera. Images were collected on SO-
163 film and digitized using a Minolta DIMAGE scanner at
2400 dpi resolution. Composites were ultramicrotomed with
a RMC PowerTome XL to the thickness of (50-70) nm at room
temperature using a 45° diamond knife with a 6° clearance
angle. Cryomicrographs were taken after placing a droplet
of oxidized PR-19-PS/D,0 dispersion on a copper grid and in-
stantly cooling to liquid nitrogen temperature.

2.2.4. Dynamic mechanical thermal analysis (DMTA)

The dynamic storage modulus (E’) and loss factor (tand) were
determined by DMTA, performed in bending mode versus
temperature 25-300 °C at a heating rate of 2 °C per min) using
a Polymer Laboratories DMTA MK III instrument. A dual
cantilever beam bending mode was employed. Small ampli-
tude bending oscillations (10 Hz) were used at a gap setting
of 8.00mm. The test samples were approximately 3.0-
4.0 mm thick, 4.5-5.5 mm wide, and 38 mm long.

3. Results and discussion

3.1. Carbon nanofiber characterization

PR-19-HT and PR-19-PS (after a 12h treatment in 70% by
weight HNOsat 115 °C) exhibit a bamboo type structure and
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Fig. 3 - Typical SEM electron micrographs of dry CNF: (a) PR-19-HT carbon nanofibers and (b) Nitric acid-oxidized PR-19-PS

carbon nanofibers.

some show a conical head (Fig. 3a and b). Their surfaces ap-
pear to be smooth and most fibers are hollow with diameters
ranging from 60 to 200 nm and lengths of several hundred
nanometers to many microns. The fibers form clusters of
small nested balls in their dry state. Nested aggregates range
from 1 to 2 ym to 100 um in diameter in as-received samples
prior to dispersion. PR-19-HT shows less polydispersity in
both diameter and length, perhaps a result of the high tem-
perature treatments and more highly graphitized structure.
Oxidized PR-19-PS fibers have larger thicknesses and a few
appear to be solid cylinders and not hollow tubes. The aver-
age diameters of PR-19-HT and oxidized PR-19-PS were
84 +3nm and 164 + 7 nm, respectively (determined by SEM
averaged over 150 individual fibers in each case). Both sam-
ples exhibit large diameter polydispersities.

3.1.1. Carbon nanofiber in D,0

Dilute dispersions (0.025 volume fraction) of PR-19-HT and
oxidized PR-19-PS in D,0 were studied by SANS and cryo-
TEM to determine the fiber dimensions. PR-19HT carbon
nanofibers in D,0 precipitated due to the poor interaction
between graphitic carbons and polar water molecules.
The precipitation of oxidized PR-19-PS in D,O occurred far
more slowly because of hydrophilic interactions between

oxygenated functional groups (-COOH, -OH, quinoid, anhy-
dride and ether groups) present at the surface of oxidized
CNF. This higher dispersion stability allowed small angle
neutron scattering experiments to be performed on the D,0
dispersion.

Cryo-TEM examination of 0.025 volume fraction oxidized
PR-19-PS/D,0 dispersion exhibited predominantly single fi-
bers (Fig. 4a). Micrographs were taken while the ice was con-
stantly subliming upon a few minutes of exposure to the
electron beam. A very small fraction of fibers interacted with
other fibers (Fig. 4b). Observed fibers did not exhibit as much
bending and curvature in the frozen state as appeared in the
as-received dry fiber or the dried fiber after nitric acid oxida-
tion. The internal structures of the hollow fibers appear to be
filled with ice. This interesting observation may suggest that
oxygenated functions possibly exist on the inside surfaces
of the hollow tube fibers. The high aspect ratios of these tubes
would make it very difficult for water to penetrate throughout
the longitudinal axis if these inner surfaces were hydropho-
bic. The radii of the oxidized PR-19-PS CNF in micrograph 4a
and 4b are in the range (55-142) nm and the fiber wall thick-
nesses are (25-74) nm. These values are measurements only
from fibers in the micrographs Fig. 4a and b and are not aver-
aged values over a large number.

Fig. 4 - Cryo-TEM imaging of the dispersed nanofibers in D,O showed predominantly isolated fibers with a small fraction
of the aggregates: (a) Isolated oxidized PR-19-PS in ice with infusion of ice inside oxidized PR-19-PS and (b) CNF in ice with
fiber—fiber interactions. Nitric acid-oxidized PR-19-PS fibers show little bending or curvature in the frozen state.
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Fig. 5 - Comparison of the polydisperse hollow cylinder
model (red, O) with the experimental scattering data from
oxidized PR-19-PS in D,O0 (blue, +). (For interpretation of the
references in colour in this figure legend, the reader is
referred to the web version of this article.)

3.1.2.  SANS of CNF in D,0

The scattered intensity versus q of the oxidized PR-19-PS
dispersion (0.025 volume fraction of CNF) in D,0 shows a pla-
teau in the low g region (Fig. 5), indicating the presence of
non-interacting scatterers in solution within the examined q
range. This agrees with predominantly isolated oxidized PR-
19-PS fibers within examined q range and length scales [30].
Applying the Guinier approximation (Eq. (6)) leads to an I, of
141.2 1/cm and Rg = 54 nm.

Scattering data from the oxidized PR-19-PS fibers in D,0 is
approximated by the polydisperse hollow cylinder form factor
model (Eq. 3, Fig. 5). Comparing the polydisperse hollow cylin-
der model with the scattering data gives a mean fiber radius
of 75.5 nm, a shell thickness of 56 nm, and a fiber core radius
of 19.5 nm and radial polydispersity of 0.96 when the scatter-
ing contrast is 3.3e—7 A2 (scattering length density of C
6.66e—6 A~?) (Table 1). The model was not very sensitive to
the fiber length and a range of length 60-150 nm with the best
fit value of 69 nm was predicted by the model. The fiber
lengths obtained by cryo-TEM are in the range of microns
which is not in agreement with this model prediction.

Table 1 - Physical properties of materials

Material Molecular Density Neutron scattering
mass (g)  (g/cm?® length density®
(SLD) (A ?)
C 12.01 2.0 6.66x10°°
D,0 20.03 1.1 6.33x10°°
Phenolic resin, 124.1 0.9 1.85x10°°
(C6H403)n

a Calculated from the formula: SLD = " b;/Um, (bt is the bound
coherent scattering length of ith of a molecule and vm is the
molecular volume (http://www.ncnr.nist.gov/resources/sldcalc.
html).

Fig. 6 - SEM micrograph of PR-19-PS in dry state illustrates
CNF in three-dimensions.

Although the neutron scattering contrast is small, D,O (SLD:
6.33e—6 A ?) was used in preference to H,0 (SLD: —5.6e—7)
to reduce the incoherent scattering. The contrast was suffi-
cient to result detectable scattering intensity for dilute disper-
sions of CNF. The small contrast between CNF and D,0 results
in minimal scattering from the core (a cylinder model can
predict the same fiber radius). The mathematical expression
of the hollow cylinder can be simplified to the cylinder form
factor if the scattering contrast between core and fiber is neg-
ligible. The fiber radius predicted by the models (75.5 nm) is in
the range of cryo-TEM observation (55-142) nm. The fiber
shell thickness to fiber radius ratio predicted by the hollow
tube model is 0.74 versus 0.45-0.52 observed in cryo-TEM
micrographs. Fig. 6 exhibits a three-dimensional structure of
oxidized PR-19-PS. The fiber radius, shell thickness, core ra-
dius and polydispersity obtained in this analysis should not
be compared with the fiber characteristics in the phenolic re-
sin because fibers were partially precipitated in D,O. Data
analysis is only reproducible for the exact concentration of
the oxidized PR-19-PS (with the same fiber size range) when
characterized in the neutron beam at the same wave length
(and dispersion), beam flux and acquisition time. Any change
in these parameters will vary the data.

Scattering from this oxidized PR-19-PS/D,0O suspension
exhibits a power law slope of ~—3.8 in the medium q range.
A power law slope of —4 indicates a sharp interface between
two phases while a power law slope of —3 has been attributed
to the presence of three-dimensional fractal objects [28-31].

3.2 Composite properties

3.2.1. Thermal and mechanical properties of composites

Figs. 7 and 8 illustrate the dynamic thermal mechanical
(DMA) data of the PR-19-HT carbon nanofiber phenolic resin
composites. The composite’s storage bending modulus
increased modestly at temperatures below Tg with PR-19-HT
fibers. However, this modulus increased greatly at tempera-
tures above T, as the CNF content in the resin was raised. This
is consistent with reported DMA results from epoxy/carbon
nanofiber composites [33]. Oxidized PR-19-PS fiber/phenolic
resin composites gave the same trend. CNFs have very high
modulus that changes minimally with increasing tempera-
ture. CNF reinforcement results in high storage bending
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Fig. 7 - Storage bending modulus of PR-19-HT phenolic resin composites at 10 Hz. With the addition of CNF, there is a modest
increase of the modulus below T,;. Above Tg, there is a large increase in the elastic bending modulus that is larger as the

concentration of CNFs is increased.
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Fig. 8 - tané of 1%, 2%, and 4% by weight PR-19-HT/phenolic resin composites.

modulus of CNF/phenolic resin composites at elevated tem-
peratures, allowing their application at higher temperatures.

Fig. 9 illustrates the Ty increase (ATg=Tg composite —
Tg cured phenolic resin) When either PR-19HT or oxidized PR-19PS
nanofibers were incorporated into the phenolic composites.
T values increased for both composite series up to 4% by
weight CNF loading. Further increases in the CNF loading re-
sulted in a T decrease. Enhanced Tgs have been reported pre-
viously for high CNF loadings in CNF/epoxy resin composites
[33]. The T, enhancement was more prominent for surface-
oxidized PR-19-PS/phenolic resin versus PR-19-HT/phenolic
resin composites both at 1% and 2% by weight CNF loadings.
Tg increased linearly with an increase in loading for PR-19-HT
composites with up to 4% by weight CNF. However, the signif-

icant T, increase for 1% and 2% by weight PR-19-PS samples
did not continue upon raising the CNF loading to 4% by
weight. The Tg of the 4% by weight composite was slightly
lower than that of its 2% analogue, but absolute T remained
higher than that of the pure phenolic resin.

The CNF surfaces restrict adjacent polymer chain segmen-
tal motions if physical or chemical interactions between the
polymer and the CNF surface exist. Resin species with hydro-
xyl functionality can be adsorbed on CNF surfaces with oxy-
genated functional groups. Hydrogen-bonding and, after
curing, chemical resin-to-fiber bonding can restrict adjacent
polymer segments mobility. Therefore, CNF present in cured
phenolic resins have a significant influence on the composite
properties. The large nanofiber surface area per unit weight
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Fig. 9 - The increase in glass transition temperature of the
cured resole phenolic resin (Hitco 134A) upon incorporation
of oxidized PR-19-HT (O) and PR-19-PS (M) nanofibers. T,
increase is plotted as ATg = Tg composite — Tg phenolic resin
versus CNF weight percentage.
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Fig. 10 - Decrease in the magnitude of the maximum tané
(tané = E'/E") values upon incorporation of PR-19-HT (O) and
PR-19-PS (M) nanofibers. The decrease in tané

(Atan5 =tandcurea phenolic resin — tan 5composite) is Ploued
versus CNF weight percentage.

emphasizes the importance of the interfacial region’s proper-
ties on the composite properties.

The decrease in the magnitudes of the maximum tan val-
ues for the composites versus that of the pure cured phenolic
resin (Atand = tandphenolic resin — taN dcomposite) 1S plotted ver-
sus CNF loading (Fig. 10). The maximum value of tand
(tand = E'/E") decreases with increasing CNF content. Further-
more, the absolute value of this magnitude change (e.g.
Atan/) is increasing. This increase in Atané is more signifi-
cant for the oxidized PR-19-PS/phenolic resin composites.
This observed damping reduction shows that CNF addition
is making the composite more elastic and less viscous. The

stronger fiber-to-resin interactions of the surface-oxidized fi-
bers cause a larger damping reduction. These effects are
remarkably large for such small fiber weight fractions. Fur-
thermore, the fiber volume fractions are about one half of
their weight fractions because the fiber density is about twice
that of the phenolic resin. This emphasizes that large prop-
erty changes are induced by small concentrations of
nanofibers.

The tané peaks broaden with increasing CNF content,
indicating the presence of a broad range of polymer segment
relaxation times. These tand curves are progressively dis-
placed to higher temperature with more CNF content.
Increasing crosslinking density could contribute to increase
in Ty and modulus. Assuming similar degrees of polyconden-
sation and crosslinking, this trend can be attributed to de-
creased segmental freedom due to fiber-resin interactions
in the interfacial regions. As CNF loading increases, interfa-
cial regions constitute an increasing volume fraction.

The bending storage moduli increase with CNF addition.
Fig. 11 illustrates the percentage increase in composite mod-
ulus upon the addition of 1-4% by weight of oxidized PR-19-PS
or PR-19HT fibers. The bending storage modulus, E’, for both
composite series exhibited modest enhancements with
added CNF below Tg, ranging from 13.5% to 23.7% and 25.9%
to 46.2% for oxidized PR-19-PS/phenolic and PR-19-HT/pheno-
lic composites, respectively. In contrast, much larger in-
creases in the bending storage modulus were observed
above the glass transition temperature. A similar trend has
been reported for storage bending modulus of CNF/epoxy re-
sin composites [33].

These remarkable enhancements above the Ty do not fit
any standard rule of mixtures or other straightforward analy-
sis. The larger increase of the modulus of the oxidized PR-19-
PS containing composites could be due to better fiber-resin
adhesion, covalent bonding of the fiber to phenolic resin
and improved fiber dispersion.
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Fig. 11 - Increase of the bending storage modulus of the
composites (AE’, expressed as percent) versus that of the
cured phenolic resin (AE/ = AE’ccumposite - AE/cured phenolic resin) at
100 °C (below Tg) and at 265 °C (above Tg) plotted versus CNF
weight percentage. The symbols are PR-19-HT (O) and PR-
19PS (0J) for AE’ at 100 °C and PR-19-HT (@) and PR-19PS (H)

for AE’ at 265 °C.
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3.2.2. SANS of CNF/phenolic resin composites

Previous studies in our laboratories have shown no ther-
mal and mechanical property enhancement when large fiber
aggregates and nesting exist. Properties can deteriorate.
Therefore, it is crucial to understand the fiber structure and
dispersion in the cured composites where properties were im-
proved. Fiber dimensions and the degree of dispersion in the
composites were elucidated by neutron scattering and elec-
tron microscopy to correlate with properties. Scattering
intensities of 1-4% by weight oxidized PR-19-PS, or 1-4% by
weight PR-19-HT composites were normalized versus volume
fraction after subtraction of the incoherent background. This
resulted in one normalized curve, confirming that both mor-
phological parameters and CNF dispersion in phenolic resin
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Fig. 12 - (a) Scattered intensity versus q of oxidized PR-19-
HT/phenolic resin composites, normalized with respect to
volume fraction (¢ = 0.00553, 0.0111, 0.0224), (b) Theoretical
representation of the polydisperse hollow cylinder model
(blue, O), experimental SANS data of oxidized PR-19-PS/
phenolic resin, ¢ = 0.011, (red, +), and theoretical
representation of the unified model (black, A) are plotted.
The oscillation of the polydisperse hollow cylinder model in
the medium q range is due to monodisperse fiber lengths
and thicknesses in the model calculation. (For interpretation
of the references in colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 13 - (a) Scattered intensity versus q of PR-19-HT/
phenolic resin composites, normalized with respect to
volume fraction (¢ = 0.00553, 0.0111, 0.0224), (b) Theoretical
representation of the polydisperse hollow cylinder model
(blue, O), the experimental SANS data of PR-19-HT/phenolic
resin, ¢ = 0.0224, (red, +) and the theoretical representation
of the unified model (black, A) are plotted. The oscillation of
the polydisperse hollow cylinder model in the medium q
range is due to monodisperse fiber lengths and thicknesses
in the model calculation. (For interpretation of the
references in colour in this figure legend, the reader is
referred to the web version of this article.)

were independent of CNF loadings up to 4% by weight fiber
within the examined g-range (Fig. 12a and 13a). Although
the CNFs are microns long, the fiber-fiber interactions do
not have any influence on the scattering features in the g-
range that was measured. Therefore, only one set of scatter-
ing data was analyzed for each series of the three composites
to quantify the fibers form factor.

The experimental scattering data from the oxidized PR-19-
PS and PR-19-HT phenolic composites (with incoherent
background subtracted) were compared with a polydisperse
hollow cylinder model (Fig. 12b and 13b). The difference
between scattering length density (SLD) of carbon,
6.66x10°° A2 and that of the phenolic resin, 1.85e—6 A2
was 4.81x10°° A2 The SLD of phenolic resin were calcu-
lated from the density of phenolic resin (0.9 g/cm®). Its atomic
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Fig. 14 - The SANS data from oxidized PR-19-PS/phenolic
resin composites plotted as I - q* versus q, where I is the
normalized scattering intensity with respect to fiber volume
fraction. The plateau value is proportional to the specific
surface area, S/V.

composition was obtained from elemental analysis (Table 1).
The experimental scattering data from the three fiber load-
ings in each of the two CNF composite series exhibit a Porod
scattering with a power law slope of —4 when q > 0.01 1/A.
This confirms the presence of a sharp carbon nanofibers
and matrix resin interface [30-32]. The interfacial areas were
found from the limiting values of I - q* versus q plots (Fig. 14).
limI-q* = 2rAp%($)

q— o0

(8

The limiting value is proportional to the ratio of the surface
area to volume (S/V) and square of the contrast (difference be-
tween scattering length densities). The calculated S/V ratios
for PR-19-HT and oxidized PR-19-PS fibers in the cured pheno-
lic resins are 0.0167 and 0.0028 A%/A3, respectively. The larger
diameter fiber, oxidized PR-19-PS, has the smaller S/V value.

The S/V for a hollow cylinder is 2/(ro — ;) from which an aver-
age value for the fiber shell thickness can be found. These fi-
ber shell thickness averages were 71.5 and 12 nm for oxidized
PR-19-PS and PR-19-HT fibers, respectively. The smaller aver-
age PR-19-HT thickness results from high temperature fiber
treatment that enhances crystallinity, density, and graphiti-
zation. Fig. 15a exhibits the cross section of CNF in phenolic
resin (Fig. 15a) where the fiber with the bamboo structure is
filled with phenolic resin. Fig. 15b illustrates the graphitic
planes composing the CNF cross sections.

The shell thickness values from Porod analysis were used
as known values in the polydisperse hollow cylinder model.
The SLD of the phenolic resin was used for the inner volume
of the hollow cylinder. Only carbon nanofiber form factor con-
tributions to the scattering data were considered. The poly-
disperse hollow cylinder model with a face thickness was
used to predict oxidized PR-19-PS structural parameters in
the cured phenolic composites (Fig. 12b). A radial polydisper-
sity of 0.94, a face thickness of 6.5 nm, a mean core radius of
38.5nm and an average fiber length of 2.4um for the
q>3.1x10"* A~%, when employing the known carbon nanofi-
ber volume fraction, scattering length density and fiber shell
thickness were predicted. The model’s minimum accuracy
for fiber length is +50 nm. The large size of fibers precludes
accurate model prediction. The theoretical model exhibits
oscillations for q > 0.00571 1/A, due to the use of monodis-
perse fiber lengths and shell thickness in the theoretical mod-
el. The low q upturn is most likely due to the presence of loose
fiber networks within the resin.

The experimental scattered intensity of the 1%, 2%, and 4%
by weight PR-19-HT composites, normalized with respect to
volume fraction, are compared with the polydisperse hollow
cylinder model (Fig. 13b). The fiber shell thicknesses obtained
from Porod analysis and the scattering length densities were
used as known values for input into the model. This model
predicted a PR-19-HT fiber core radius of 32 nm, a radial poly-
dispersity of 0.83, a face thickness of 8.5 nm and an average
length of 1.55um for q>8.2x10™*A~! (Table 2). Since, the
model is not sensitive to large values of fiber length, it can

Fig. 15 - Bright field, high-resolution transmission electron micrographs showing, (a) bamboo structured and cylindrical
hollow carbon nanofibers (oxidized PR-19-PS) within the cured phenolic resin, (b) cross sections of oxidized PR-19-PS
illustrating graphitic planes with turbostratic partially amorphous carbon appearing on the outer surface (upper right corner).
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Table 2 - Carbon nanofiber dimensions in phenolic resin composites, in D,O and as-received determined from SEM and

SANS

Carbon nanofibers

SEM PR-19-HT
Average fiber radius (nm) 42
SANS

Porod analysis
Average surface to volume ratio (A%/A3) 0.0167
Shell thickness (nm) 12

Polydisperse hollow tube model

CNF in phenolic resin

Oxidized PR-19-PS
82

0.0028
71.5

CNF in D,0

PR-19-HT Oxidized PR-19-PS Oxidized PR-19-PS
Average core fiber radius® (nm) 32 38.5 19.5
Average shell thickness® (nm) 12 71.5 56
Average fiber radius® (nm) 44 110 75.5
Polydispersity 0.83 0.94 0.96
Fiber length® (um) 1.55 2.44 0.69

a The error in the reported radii values are less than +0.5 nm.
b The error in the reported lengths are minimum +50 nm.

only predict lengths with a minimum accuracy of +50 nm. We
know fiber lengths above 10 um are present in the as-received
fibers so the length results from this treatment are not good
estimates of the real length distributions. Sonication, crush-
ing and grinding during composite fabrication may lower
the average fiber length via fiber breaking. Thus, it is difficult
to estimate the accuracy of establishing fiber lengths by this
method. The fiber lengths exceed the size scales suitable for
characterizations by SANS and USANS. Oscillation of the the-
oretical model is due to the use of monodisperse fiber length
and shell thickness and aggregation which starts at
q>1.73x10"2A"? for PR-19-HT.

Fiber diameters predicted from SANS data by the polydis-
perse hollow cylinder model (220nm for PR-19-PS and
88 nm for PR-19-HT) are somewhat larger than those observed
in SEM micrographs (164 and 84 nm, respectively). The stan-
dard deviations of the Gaussian distributions for fiber core ra-
dii were 0.94 and 0.83, indicating high fiber core radius
polydispersity. The average oxidized PR-19-PS fiber length
predicted within the resin (2.4 ym) is larger than that of the
PR-19HT fibers (1.55 um). This was expected based on the
known larger PR-19-PS dimensions observed in SEM (Table 2).

The Beaucage unified model is compared to the experi-
mental data from both the PR-19-HT and oxidized PR-19-PS
composites (Fig. 12b and 13b). The unified model prediction
for the quasi power law slope of the PR-19-HT fiber compos-

ites is P =2.65, g 2%°, in the range of q<0.01561 1/A (Table
3). The Guinier radius of gyration R, predicted for this q range
is 7.8 ym. Predicted values for the oxidized PR-19-PS/resin
composites are P =1.64 for q<0.00165 1/A and Rg=2.89 um.
The smaller Ry value and smaller absolute value of the power
law slope (1.64) for oxidized PR-19-PS suggest a looser fiber
network and improved dispersion. Better dispersion is ex-
pected because the carboxylic, phenolic hydroxyl, and qui-
noids functions on the fibers promote resin/fiber
compatibility. The high q quasi power law slope was —4 for
both PR-19-HT and oxidized PR-19-PS composites.

3.2.3.  TEM of CNF phenolic resin composites

Nanofiber dispersions in the PR-19-PS and PR-19HT phenolic
resin composites were examined using TEM (Fig. 16a and b).
Fiber bundles and aggregates were more evident in the
PR-19-HT composites, even at low loading levels. Composites
with oxidized PR-19-PS fibers exhibited improved dispersion
with larger fiber/fiber distances. This is consistent with the
smaller radius of gyration (2.89um for PR-19-PS versus
7.89 um for PR-19-HT fibers) predicted by the Unified Beau-
cage model and a quasi power law slope of —1.64 for PR-19-
PS (versus —2.65 for PR-19-HT). Some loose fiber bundles
and aggregates still exist in the oxidized PR-19-PS composites.
PR-19-HT carbon nanofibers exhibit nesting with some infu-
sion of phenolic resin into these aggregates.

Table 3 - Carbon nanofiber dispersion in phenolic resin composites predicted by unified model

Low q High q
PR-19-HT Oxidized PR-19-PS PR-19-HT Oxidized PR-19-PS
Unified Beaucage model
Rgy (um) 7.89 2.89 Ry, (um) 0.0162 0.076
Power 2.65 1.64 Power 4 4
B (cm 'sr?) 0.0008 0.79 B (cm 'sr ) 3e-6 3.4e—7
G (cmtsr? 115 102 G (cmtsrY 135 850
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Fig. 16 - Transmission electron micrographs of (a) 4% by weight oxidized PR-19-PS/phenolic resin and, (b) 4% by weight
PR-19HT/phenolic resin composites. Circled areas in micrograph (b) denote the CNF aggregates.

4, Conclusions

Nitric acid-oxidized PR-19-PS and unoxidized PR-19-HT car-
bon nanofiber composites exhibited increased glass transi-
tion temperatures and substantially higher dynamic
bending modulus at temperatures above T, versus the neat
cured phenolic resin. Oxygenated surface functions produced
by nitric acid oxidation improved both fiber/water and fiber/
phenolic resin compatibility. Water suspensions of oxidized
CNFs settled much slower than unoxidized CNFs. The CNF
dispersion and the morphological parameters in the resin
were independent of fiber loading between 1% and 4% by
weight. Analysis of SANS and USANS data from PR-19-HT
and oxidized PR-19-PS composites and by the polydisperse
hollow tube model provided the average fiber core radii, aver-
age fiber diameters, radial polydispersities and fiber lengths
in-situ. Both PR-19-HT and oxidized PR-19-PS composites
exhibited a Porod scattering with a power law slope of —4,
indicating the presence of sharp fiber/phenolic resin inter-
faces. The radii of gyration and power law slopes were ob-
tained from the unified Beaucage model. The smaller radius
of gyration and a power law slope of —1.64 for oxidized PR-
19-PS in phenolic resin agree with the dispersion results ob-
tained from TEM.
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