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Abstract—Vapor grown carbon nanofibers (VGCF) were dispersed throughout phenylethynyl ter-
minated polyimide ‘Triple A PI (TriA-PI)’. TriA-PI is a newly developed thermosetting polyimide,
and the cured polymer exhibits excellent mechanical properties and high glass transition temperature
(Tg > 300°C). The resulting composites containing 0, 3.2, 7.7, and 14.3 wt% of VGCFs exhib-
ited relatively good dispersion in macroscopic observations. Dynamic mechanical analysis (DMA)
showed an increase in Ty with incorporation of VGCFs; however, increase in Ty was not pronounced
compared to multi-walled carbon nanotube (MWNT) dispersion. The experimental result suggested
that the VGCFs and MWNT are immobilizing the polyimide chains at elevated temperature, and the
chemical and physical interactions between nanofibers and the polyimide are governed by the surface
area of the nanofibers per unit volume in composites.

Keywords: Polyimides; carbon nanotubes; carbon nanofibers; thermomechanical properties.

1. INTRODUCTION

Carbon nanofibers (CNFs), including single and multi-walled carbon nanotubes
(CNTs), have a number of outstanding properties, so they are a very attractive re-
inforcement for polymer composites [1, 2]. There has been recent interest in the
development of CNT/CNF based polymer composites. The effects of nanofiber dis-
persion on mechanical, thermal, and electrical properties have been investigated for
various kinds of thermoplastic polymers such as polypropylene [3, 4], polystyrene
(PS) [5], poly methyl methacrylate (PMMA) [6—8], nylon 12, poly etheretherke-
tone (PEEK) [9], polycarbonate [10], etc., and increases in strength, elastic mod-
ulus, and electrical conductivity have been found. For thermosetting polymers,
many researchers investigated the properties of CNT/epoxy composites, and in-
creases in elastic modulus, electrical conductivity, and glass transition temperature
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(Ty) were reported [11-14]. On the other hand, there are few published papers
regarding CN'T/polyimide composites, e.g. SW-CNT/low color space durable poly-
imide ‘LaRC™ CP2’ composites for spacecraft application [15, 16].

The authors investigated processing and properties of multi-walled carbon nan-
otubes (MWNT)/thermosetting polyimide “Tri-A PI' composites [17]. Tri-A PI is
a new phenylethynyl terminated polyimide synthesized from asymmetric 2,3,3",4'-
biphenyltetracarboxylic dianhydride (a-BPDA), 4,4'-oxydianiline (4,4'-ODA), and
4-phenylethynylphthalic anhydride (PEPA) [18, 19]. The cured polymer exhibits
excellent mechanical properties and high glass transition temperature (7, > 300°C).
Because of the catenation from the dianhydride, the Tri-A PI have highly irregular
structures resulting in lower melting temperature, and the cured polymer exhibits
high T, in comparison to other kinds of phenylethynyl terminated polyimides such
as PETI-5 (Ty = 270°C) [20]. Dynamic mechanical analysis (DMA) showed an in-
crease in T, with the incorporation of MWNTs, e.g. T, increased by 24 deg (357°C)
for a 14.3% MWNT dispersed composite [17]. The experimental result suggested
that the MWNTs are acting as macroscopic crosslinks, and are further immobilizing
the polyimide chains at elevated temperature.

Recently, Showa Denko KK (Tokyo, Japan) began to produce vapor grown carbon
nanofibers (VGCF) on a large scale [21, 22]. Therefore, VGCFs can be obtained at
a reasonable cost compared to MWNTs. The objective of this paper is to examine
the effect of VGCF dispersion on the properties of thermosetting polyimide Tri-A
PI. The composites containing 0, 3.2, 7.7, and 14.3 wt% of VGCFs were made, and
the properties such as melt viscosity, dynamic mechanical behavior, and electrical
resistance were characterized. The experimental results were directly compared to
the MWNT/Tri-A PI composites.

2. EXPERIMENTAL
2.1. Starting materials

VGCFs used in this study were obtained from Showa Denko K.K. (Tokyo, Japan).
VGCFs were synthesized by chemical vapor deposition (CVD) process. Figure lais
an SEM micrograph showing the VGCFs. The diameter of the VGCF ranged from
150 to 200 nm, and the average length was a few micrometers. On the other hand,
MWNTs used in the previous study were obtained from Carbon Nanotech Research
Institute (CNRI) Inc, (Tokyo, Japan). An SEM micrograph is shown in Fig. 1b. The
diameter of MWNTSs was in the range of 20-80 nm, which was much smaller than
that of VGCE. Both VGCF and MWNT are highly entangled and randomly oriented.
Tri-A PI imide oligomer was provided by UBE Industries Ltd. (Tokyo, Japan).
The imide oligomer was synthesized from 4,4’-ODA, 2,3,3’,4-BPDA (a-BPDA),
and PEPA as shown in Fig. 2, and the calculated molecular weight (Mw) was
1560 g/mol. The detailed procedure of imide oligomer synthesis is described
elsewhere [18, 19]. The Tri-A PI is commercially available as UPILEX-AD™.
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Figure 1. SEM micrographs of vapor grown carbon nanofibers (VGCF) and multi-walled carbon
nanotubes (MWNT); (a) VGCF (Showa Denko KK., Japan), (b) MWNT (FT grade, CNRI Inc., Japan).
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Figure 2. Synthetic scheme of the imide oligomers from the reaction of a-BPDA, 4,4'-ODA, and
PEPA.

2.2. Composite preparation

VGCF/imide oligomer mixtures containing 0, 3.2, 7.7, and 14.3 wt% VGCF were
prepared using a mechanical blender without any solvent (dry condition) for several
minutes. The volume fractions of VGCFs are calculated to be 2.1, 5.2, 9.8 vol%
from the density of the CNTs (2.0 g/cm?®) and the cured polyimide (1.31 g/cm?).
Particle size of the imide oligomers was in the range of 0.1-10 um. There was no
significant loss of aspect ratio during the mechanical blending, so the VGCFs were
flexible enough for the mechanical blend process with the imide oligomers. The
VGCF/imide oligomer mixture was melted at 320°C for 10 min on a steel plate in
a hot press, and then cured at 370°C for 1 h under 0.2 MPa of pressure with PTFE
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spacer (thickness 1 mm). This process is the same as that for the MWNT/Tri-A PI
composites.

2.3. Characterizations

Rheological behaviors of nanofiber (VGCF or MWNT)/imide oligomer mixtures
were characterized using an AR2000 rheometer (TA Instruments, USA). The
measurements were carried out in an oscillatory shear mode using a parallel plate
geometry (25 mm diameter, 2 mm gap width) from 200 to 400°C at 4°C/min with
frequency of 1 Hz, and nominal strain of 0.1%.

The nanofiber dispersion of the composites was observed using an optical
microscope. In order to characterize the thermomechanical properties, composites
with different nanofiber concentrations were tested with a dynamic mechanical
thermal analyzer (DMA). A TA Instruments Q800 was used in the single cantilever
beam test mode with 17.5 mm span length, 5 mm width, and 1 mm thickness. The
tests were run from 30°C to 450°C at 3°C/min with cycling rate of 1 Hz, and strain
of 0.1%.

Tensile tests were conducted on a servo-hydraulic testing machine (Model 8501,
Instron, USA) under a constant displacement rate of 0.5 mm/min at room tempera-
ture in order to evaluate the strength as well as the elastic modulus of the composites.
GFRP end tabs (20 mm length, 2 mm thickness) were bonded on both sides of the
grip portions. The specimen size was of 1 mm thickness, 5 mm width, and 80 mm
overall length, and three specimens were tested. Longitudinal strain was measured
using a contact type extensometer (Instron, USA) with a gage length of 12.5 mm.

Electrical impedance was measured using an LCR meter (Model 3522-50, Hioki
E. E. Corp., Japan) from 10 Hz to 100 kHz under the peak electrical current of
1 mA. The specimen size was of 1 mm thickness, and 5 mm square, and electrical
impedances were measured through the thickness (1 mm). Electrodes were formed
on the surfaces using silver paste.

3. RESULTS AND DISCUSSION
3.1. Rheological behavior of powder mixtures

Dynamic viscosities, |n*|, of the pure Tri-A PI oligomer, VGCF/Tri-A PI and
MWNT/Tri-A PI mixtures, are shown in Figs 3 and 4, respectively. The relationship
between minimum melt viscosity and nanofiber concentration is plotted in Fig. 5.
The melt viscosities increase with nanofiber concentration, and such an increase
of the VGCF/Tri-A PI mixtures is more significant than that of the MWNT/Tri-A
PI mixtures. The viscosities of the 14.3 wt% CNF/Tri-A PI mixture increase to
4 orders for VGCFs, and 3 orders for MWNTs as compared to that of the pure
imide oligomer. The melt viscosity seems to be saturated for above 15 wt% of
VGCF addition, because the melt viscosity will become closed to that of the cured
polymer. Neither thixotropy nor rheopexy were observed clearly.
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Figure 3. Dynamic viscosities of the VGCF/Tri-A PI imide oligomer mixtures.
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Figure 4. Dynamic viscosities of the MWNT/Tri-A PI imide oligomer mixtures.

The minimum melt viscosity of PETI-5 was reported to be approximately 1000
Pa.s at 340°C [23]; this value is almost same as that of the MWNT 10 wt%/Tri-A PI
composite. Therefore, the melt viscosity of MWNT/Tri-A Pl is low enough to apply
composite matrix resin. The experimental result also suggests that VGCF/MWNT
can be used to control the melt viscosity of the imide oligomer.

3.2. Microscopic observations

Figure 6a and b, shows optical micrographs of the VGCF (7.7 wt%)/Tri-A PI and
MWNT (7.7 wt%)/Tri-A PI composites, respectively, after curing. The nanofibers
just below the surfaces could be observed through the transparent polyimide under
a dark image field. Dispersion of nanofibers is almost uniform, and remarkable
aggregations were not observed in micron scale. It seemed that the nanofibers
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Figure 5. Minimum melt viscosities of the nanofibers/Tri-A PI imide oligomer mixtures as a function
of nanofiber concentration.

Figure 6. Optical micrographs of the nanofibers/Tri A-PI composites (Dark field image); (a) VGCF
7.7 wt%, (b) MWNT 7.7 wt%.

dispersed in a composite formed secondary network structures with sub-micron-
order in addition to primary crosslink structure made of the polyimide.

3.3. Dynamic mechanical properties

The DMA curves (storage modulus E’, loss modulus E”, and the tan §) of the VGCF
(14.3 wt%)/Tri-A Pl and MWNT (14.3 wt%)/Tri-A PI composites are represented in
Fig. 7 and Fig. 8, respectively. The glass transition temperatures (7;) defined as the
onset temperature of decrease in the storage modulus E’ were summarized in Fig. 9
as a function of nanofiber loading. An increase in 7, and E’ with the incorporation
of the MWNTs was clearly observed. For example, the T, of the 14.3 wt%
MWNTs/Tri-A PI composite was 357°C, which was higher than that of the cured
polyimide by 24 degrees. It was supposed that a secondary network structure
was formed by the nanotubes in addition to the primary crosslink structure of the
polymers, and the nanotubes immobilize polymer chains at elevated temperatures.
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Figure 7. Dynamic mechanical traces of the VGCF (14.3 wt%)/Tri A-PI composites.
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Figure 8. Dynamic mechanical traces of the MWNT (14.3 wt%)/Tri A-PI composites.
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Figure 9. Glass transition temperature Ty versus nanofiber concentration.
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Figure 10. Glass transition temperature T versus nanofiber surface areas per unit volume.

On the other hand, the increase in 7T, of the VGCF/Tri-A PI composites was not
pronounced as compared to the MWNT/Tri-A PI composites, e.g. T, increased
only by 10 degrees for 14.3 wt% VGCF dispersion. Furthermore, the increase in 7,
was not observed for carbon fiber reinforced/Tri-A PI composites [23].

Figure 10 shows the relationship between T, and the surface area of the nanofibers
per unit volume in the composites. Surface areas per unit volume (S,,) were
calculated using the specific surface area of the nanofibers (S,), nanofiber volume
fraction (V), and the nanofiber density (o) as follows;

Spv= Spr,Of. (1)

The specific surface area was obtained from the nanofiber suppliers to be 15 m?/g
for the VGCF, and 45 m?/g for the MWNT. A simple relation between 7, and
surface areas was found. The experimental results suggest that there is interaction
between the polyimide and nanofibers, and the interaction is strongly affected by
surface areas of the nanofibers per unit volume in the composites. These chemical
and physical interactions contribute to the immobilization of the polyimide chains
at elevated temperatures, resulting in an increase in 7.

3.4. Tensile properties

The longitudinal elastic moduli (Young’s moduli), which were taken over the range
of 0.1 to 0.3% strain, are shown in Fig. 11 as a function of nanofiber concentration.
Compared to the base polymer, the elastic moduli of the nanofiber composites
increased slightly with an addition of nanofibers (e.g. 37% increase for 14.3 wt%
nanofiber dispersion). The elastic moduli of the VGCF composites were almost the
same as those of the MWNT composites.

Qian et al. characterized MWNT/polystyrene (PS) composites with the addition
of 1 wt%, and achieved about a 36-42% increase in the elastic modulus and a
25% increase in the tensile strength [5]. They estimated the elastic modulus of the
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Figure 11. Effect of the nanofiber volume fraction on Young’s modulus of the nanofibers/Tri-A PI
composites.

composites using an in-plane random oriented discontinuous fiber lamina model as

follows:
3/14+2-/d \% 5/14+2nsV
g |3 (L2 dpnVy Lo (L2, E,. 2)
8 1 — nLVf 8 1 - UTVf
ne ! gr = L1/Ew) — 1 3)

T (E;JEn) +20Us/dy) T (EfJEn) 42

where E represents Young’s modulus, [ is the length, and d is the diameter of the
nanotube. The aspect ratio ((/;/d) term) of the nanotube is much higher than 107,
so this term does not affect the estimated elastic modulus significantly. The elastic
modulus was calculated using this equation, and numerical curves are superimposed
in Fig. 11. The best fit elastic modulus of the nanofibers was 20 GPa, which is much
lower than the values reported for isolated carbon nanotubes (>300 Pa) [24, 25].
Therefore, it is supposed that the stress transfer between the matrix and nanofibers
is weak because of debonding and sliding at the interfaces between the nanofiber
and matrix or at the interlayer of carbon nanotubes [26].

The average tensile properties such as elastic modulus E, ultimate tensile strength
Oy, and failure strain €, are summarized in Table 1. In this study, an addition of
VGCF/MWNT results in a decrease in the failure strain by 35-65% as compared
to the base polymer. On the other hand, the failure strengths decrease by 15-30%
by VGCF/MWNT addition because of the balance of elastic modulus and failure
strain. It is known that the strength of nanofiber composites is strongly affected
by microscopic defects such as the voids and nanofiber aggregation. The failure
strain degradation with nanofiber addition is due to nanofiber aggregations in the
composites. The detailed discussion was made elsewhere [17].
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Table 1.
Properties of the VGCF/MWNT Tri A-PI composites
Filler Filler concentration Tg* E™ Outs Emax
(Wt%) (vol%) (°O) (GPa) (MPa) (%)
— 0 0 333 2.98 115.6 7.6
VGCF 3.2 2.1 335 2.98 81.6 3.8
7.7 5.2 336 3.52 95.6 4.4
14.3 9.8 343 3.87 94.8 5.0
MWNT 33 2.3 339 3.07 99.5 4.0
7.7 54 350 3.28 97.6 3.6
14.3 10.3 357 3.90 95.2 2.6

* Onset temperature of decreasing in storage modulus (DMA).
" Strain range of 0.1-0.3% (Tensile testing).

3.5. Electrical impedance

Figure 12 shows the electrical resistivity of the composites as a function of nanofiber
concentration at 1 kHz, 1 mA. An electrical percolation model has been often
applied for nanotubes/nanofiber composites as follows [4, 16];

Pcomposite = ,00(¢ - ¢th)_t: (4)

where pcomposie and pg are the electrical resistivities of the composite and of the
filler, and ¢y, is the threshold volume fraction of the fillers. When the filler volume
fraction exceeds the percolation threshold, a conductive path is formed due to the
interconnected fillers. The results of the least-square fit are py = 0.128 Qcm,
¢n = 2.2 vol%, t = 2.54 for the MWNT composite, and po = 0.15 Qcm,
¢ = 1.0 vol%, t = 1.85 for the VGCF composite. Fitting curves are superimposed
on Fig. 12. The percolation threshold values are almost the same as that for a
MWNT/epoxy composite [11], and lower than that for a VGCF/polypropylene (PP)
composite [4]. This percolation threshold of MWNT composites is a higher than
that of VGCF composites. It is known that high aspect ratio and large diameter of
nanofibers allow reaching this threshold with a small nanofiber fraction [11, 16].
Therefore, VGCEF dispersion is more effective in reducing electrical resisitivity than
MWNT dispersion.

4. CONCLUSION

In this study, vapor grown carbon nanofibers (VGCF) were dispersed throughout a
phenylethynyl terminated polyimide TriA-PI. The resulting composites containing
3.2, 7.7, 14.3 wt% VGCF exhibited relatively good dispersion. Tensile tests on
the composites showed a slight increase in the elastic modulus and decrease in
the failure stress and strain. Dynamic mechanical analyses (DMA) showed an
increase in the glass transition temperature (7y) with incorporation of VGCF;
however, the increase in T, was not pronounced as compared to MWNT dispersion.
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Figure 12. Electrical impedance of the VGCF/MWNT Tri-A PI composites at 1 kHz, 1 mA.

The experimental result suggested that nanofibers are immobilizing the polyimide
chains at elevated temperatures, and the chemical and physical interactions between
nanofibers and polyimide are governed by the surface area of the nanofibers per unit
volume in composites.
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