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Interfacial Properties and Sensing of Carbon Nanofiber/'Tube and Electrospun
Nanofiber’Epoxy Composites Using Electrical Resistance Measurement and
Micromechanical Technique

Joung-Man Park™, Jin-Gyu Jung’, Sung-Ju Kim'

ABSTRACT

Nondestructive damage sensing and load transfer mechanisms of carbon nanotube (CNT) and nanofiber
(CNF)/epoxy composites have been investigated by using electro-micromechanical technique. The electrospun
PVDF nanofibers were also prepared as a piezoelectric sensor. The electro-micromechanical techniques were
applied to evaluate sensing response of carbon nanocomposites by measuring electrical resistance under an
uniform cyclic loading. Composites with higher volume content of CNT showed significantly higher tensile
properties than neat and low volume% CNT composites. CNT composites showed humidity sensing within
limited temperature range. CNF composites with smaller aspect ratio showed higher apparent modulus due to
high volume content in case of shorter aspect ratio. Thermal treated electrospun PVDF nanofiber showed higher
mechanical propertics than the untreated case due to crystallinity increase, whereas load sensing decreased in
heat treated case. Electrospun PVDF nanofiber web also showed sensing effect on humidity and temperature as
well as stress transferring. Nanocomposites and electrospun PVDF nanofiber web can be applicable for sensing
application.
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1. Introduction 50-200nm range was specially supplied from Applied
Science Inc. (U. S. A with different aspect ratio.
Recently, carbon nanomaterials (CNMs) such as single-wall Conventional carbon fiber (Taekwang Co., TZ-307, Korea)
carbon nanotube (SWCNT), multi-wall carbon nanotube with average diameter of 8 um was used as a reinforcement

(MWCNT), and carbon nanofiber (CNF) reinforced polymeric
matrix composites have attracted with considerable attention in
the research and industrial field due to their unique mechanical
purpose [1-3].
Carbon nanocomposites have high stiffness, strength and good
of
reinforcing CNM. Electrical and mechanical properties of CNM

and electrical properties for multi-functional

electrical conductivity at relatively low concentrations
reinforced polymer composites depend on many factors seriously,
such as inherent properties of CNM, the degree of dispersion,
orientation, interfacial adhesion, aspect ratio, fiber shape and
adding content, etc. Especially, the degree of dispersion is well
known as one of the very important factors to control many
uniform properties. Experimentally-observed percolation threshold
values strongly depend on the aspect ratio of the reinforcement.
CNMs or aligned buckypapers could be used for achieving the
desirable mechanical orientation in composite materials [4-5].
Recently new method was developed to fabricate bucky
nanocomposites which was preformed SWNT to be dispersed in
water-based suspension with the aid of surfactant and sonication

(6].

technique

efficient
polymer
electrolyte {7]. Thermal treatment electropsun PVDF nanofiber

Electrospinning has been recognized as an

for producing polymer nanofibers as
can improve physical properties and dimensional stability [8].
[9-12] has

nondestructive  evaluation (NDE)

The electro-micromechanical technique been

studied as an economical
method for damage sensing, the characterization of interfacial
properties, and nondestructive behavior because conductive fiber
can act as a sensor in itself as well as a reinforcing fiber. In
this work, contact resistance and sensing effect were evaluated
CNT, CNF,

composites by electrical resistance measurement. Especially, high

for electrospun PVDF  nanofiber reinforced

volume CNT composites and feasible humidity sensing was also
evaluated for nanocomposites.

2. Experimental

2.1 Materials

CNT (Ifjin Nanotech Co., Korea) and CNF (Applied
Science Inc. U. S. A.) as reinforcing and sensing materials
were used and their average diameters were 20 nm and 150
nm, respectively. Another type of CNF in the range of

and epoxy resin (YD-128, Kukdo Chemical Co., Korea)
based on diglycidyl ether of bisphenol-A was used as a
matrix. Diethyltoluene (KH100, Kukdo Chemical Co. Ltd.)
with 30 wt% CNT

composites. For CNF composites, toughened epoxy matrix

was used as curing agent for
was controlled by changing the ratio of Jeffamine D400 and
D2000 (polyoxypropylene diamine, Huntsman Petrochemical
Co.) in the curing mixture. Electrospun poly(vinylidene
fluoride) (PVDF) (Aldrich, M,: 180,000) was used in N,
(DMF)

acetone solution as piezoelectric polymer sensor.

N-dimethylformanide (Reagent Chemicals) and

2.2 Methodology

2.2.1 Prepanation for CNT or CNF composites

For CNT composites with a high volume content of 50
vol%, CNT was compressed using a roller to make film type
thin sheet. To reduce the viscosity of epoxy plus curing agent,
acetone was mixed with same amount of epoxy and then was
infiltered and poured into CNT sheet. Four copper wires were
fixed through thin sheet specimens. After evaporating acetone
from the specimen at room temperature for 2 hours, the
nanocomposite sheet was cured at 150 °C for 4 hours in the
oven. Specimen in strip shape was prepared with 2 mm in
width, 30 mm in length and 0.3 mm in thickness, respectively.
For 1 vol% CNT composite, 1 vol% CNT was mixed with
methanol and dispersed under ultrasonic process for 2 hours.
Epoxy resin was added and processed with ultrasonic process
for 2 more hours. Curing agent KH100 was added and dried
in oven at 60 °C for 4 hours to remove solvent. Specimen in
strip shape was prepared with 2 mm in width, 30 mm in
in thickness, respectively. Prepared

length and 0.5 mm

specimen was cured at 150 °C for 2 hours.

CNM, Ni /Epoxy Measurement Region
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Fig. 1 Experimenta scheme for the electrical vol

(a) ONT conmposite; and (b) CNF composite.

resistivity
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CNF were dispersed in ethanol-based epoxy solution by
sonication for 2 hours, and then solvent was evaporated under
sonication at 35 °C for 6 hours. Dispersion process was
Ultrasonic Co.). Residual

ethanol solvent was eliminated using vacuum oven at 60 °C for

processed using sonication (Crest

3 days. After epoxy mixture was poured into the mold, epoxy
was precured at 80 °C for 2 hours and then postcured at 120 °C
for 2 hours. Chosen CNF contents were 0.5 vol% by considering
viscosity of mixed solution for both types A and B, respectively.

2.2.2 Electrospinning Process

Figure 2 shows scheme of electrospinning process using
PVDF. PVDF with 20 wt% was dissolved in DMF plus 20
wt% acetone solution and then heated at 80 °C for 2 hours
to mix completely. Machine controlling syringe was used to
control uniform injection and PVDF nanofiber was winded in
Mixed PVDF

solution was poured into syringe and fixed at syringe pump.

rotating mandrel or plate aluminum sheet.
Working distance between needle and collector was set as 15
cm, whereas used voltage was set as 20 kV using High
voltage power supply (Korea Switching, KSH-P100/01CD).
Speed of syringe pump (KD Scientific Inc., Model: KDS100)

was 10 mL/hour and diameter of used needle was 300 pm.

Working
Distance

Rotating
mandrel

Fig. 2 Scheme of electrosy

g of PVDF.

2.2.3 Electrical resistivity measurement

Figure 3 shows the experimental scheme for the electrical
volume resistivity measurement. Electrical resistance of carbon
nanocomposites with volume fraction was measured by
four-point probe method. Electrical contact points were located
with regular distance using copper wire and silver paste.
"Electrical volume resistivity was obtained from the measured
electrical volume resistance, cross-sectional area of the carbon
nanocomposites, Ay, and electrical contact length, L, of the

testing specimen connecting to copper wire. Testing speed and

load cell were 0.5 mm/minute. and 100 N, respectively. After
the UTM grip, the
composite and the multimeter (HP34401A) were connected

a testing specimen was fixed into
electrically using thin copper wires. While 5 cyclic loads were
applied, the electrical resistance of the microcomposites was
measured simultancously with stress/strain changes. Electrical
resistivity was obtained from the measured electrical resistance,
cross-sectional area of the conductive fiber, 4y, and electrical
contact length, L, of the testing fiber connecting to copper
wire. The relationship between electrical volume resistivity, py

and electrical volume resistance, Ry is as follow:

p Vz(%;)va (K- cm) 0]

The electrical contact resistivity, p. is as follow:

p.=A xR, (R+cm? @
where, A. and R. are electrical contact area and electrical
contact resistance, respectively. To obtain statically meaningful

data, each 4 specimens were used at least.

2.2.4 Cyclic loading and humidity sensing tests

Cyclic loading test was performed using the mini-tensile
machine (HIKS, Hounsfield Equipment Ltd., U.XK.) with a
multimeter to measure electrical resistivity simultaneously
under uniform 5 cyclic tensile and compressive loadings.
Load cell of 100 N was used with testing speed of 0.5
mm/minute. Humidity sensing test was performed in the oven
by fixing temperature at 30 °C. Humidify range was set from

about 15 to 55 % due to the limited oven facilities.

Embedded Length
Carbon Fiber

@ Copper Wire

Fig. 3 Scheme of cyclic loading test.

3. Results and Discussion

3. 1 Sensing of carbon nanotube (CNT)/epoxy
composites
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Table 1 Mechanical properties of CNT composites and neat epoxy "o ! : 3 4 ’ Yo ! o 4 !
matrix under tensile test Time tmin) Time temin)
. - - Fig. 8 Electrical resitivity of two of CNF composites of different aspect
Tensile Tensile Elongation ratio under uniform cyclic loading.
Type Strength Modulus
(MPa) (GPa) (%)
Neat Epoxy 302 (43" 03 (0.2) 54 (1.3) Uniformity of reinforcement carbon nanomaterials is very
important for stress transferring application. Based on
1vol% CNT 472 (42) 43 (0.4) 44 2.1) i i )
brittleness of epoxy matrix, neat epoxy specimen was broken
9 168.0 (3.6 11.4 (0.5 2.1 (3.6 . . .
50 vol% CNT 36 ©.5 G5 before necking, whereas CNT composite showed necking due

1) S. D. (Standard deviation)

Table 1
properties for neat epoxy matrix and high and low volume

and Figure 4 show the comparison of tensile
content CNT composites. Tensile strength and modulus of 50
vol% CNT composites were much higher than neat epoxy
and 1 vol% nanocomposites as expected. For load bearing
purpose, volume content should be over 20 vol%. However,
conventional nanocomposites by mixing method cannot be
prepared due to high viscosity by added nanomaterials as
reinforcement. To solve such high viscosity properties, CNT
sheet was prepared by using compressing roller and compared
with conventional 1 vol% and neat

composites €poXy.

to the fracture toughness by the nano-sized reinforcement.

Figure 5 shows the change in electrical resistance on
humidity of CNT composite under constant temperature, 30
°C. When the humidity increases, the electrical resistance also
increases, although there are some noise level. Electrical
resistance on humidity change will be evaluated continuously
further for humidify sensing using different CNMs.

Figure 6 shows the electrical resistivity with changing
temperature using CNT composite. Electrical resistance was
responded reversely well with temperature profile due to
inherent thermal properties of CNT and internal and residual
stress between CNT and epoxy matrix as described in our

previous works [11].

Ap Q- cm x 10)



H18% # 4 % 2005, 8

WAFEY R OALFAGEE o §F VA YIRS 3 WP Yud el E BgARY Ausy 2 3R 47 25

3. 2 Sensing of carbon nanofiber (CNF)/epoxy
composites

Figure 7 shows two different carbon nanofiber. Different
aspect ratio can contribute to differiﬁg volume content.

Figure 8 shows the results of five uniform cyclic loading
of two different aspect ratio CNF composites, respectively.
Their reaching time was similar to‘each other. Figure 9
shows apparent modulus and their electrical resistivity. Since
short aspect ratio, type B has more CNF content than type A
case, stress transferring effect for type B showed higher
apparent modulus. Likewise, type B has more opportunity of

electrical connection than longer aspect type A case.
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Fig. 9 Comparison of apparent modulus for high and low aspect ratio.

3.3 Sensing of electrospun PVDF nanofiber web

Electrospinning is an useful technique to produce nanofiber

types
clectrospun nanofiber webs have nanoporous structure, they

webs  using many different of materials. Since
can have a potential application for a polymer electrolyte or
a sensor. PVDF nanofiber web can be also used as one of

polymer electrolyte binders.

Table 2 Mechanical properties of untreated PVDF nanofiber under 3
different thermal treatments

Tensile Tensile Elongation
Type Strength Modulus
(MPa) (GPa) (%)
Untreated PVDF | 41.5 (2.2)" 0.9 (0.9) 3.1 (5~1)
150 °Cfor2hrs | 82 (2.6) 1.6 (0.3) 2.6 (3.7)
160 °C for 2 hrs 93.4 (4.5) 1.8 (0.4) 2.3 (3.2)

1} S. D. (Standard deviation)

Table 2 and Figure 10 show the comparison of mechanical
properties of the untreated PVDF and thermal treated PVDF
nanofiber webs. Thermal treated PVDF nanofiber web showed
much higher tensile strength and modulus than the untreated
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Fig. 11 FElectrical resistivity for electrospun PVDF nanofiber web with

increasing stress.

PVDF case. It can be due to the increased crystallinity of
PVDF [8]. On the other hand, higher temperature might may
lose sensing capability despite of an increase of mechanical
property.

Figure 11 shows the electrical resistivity with applying
stress for two different electrospun PVDF nanofiber webs. For
untreated PVDF nanofiber web, the electrical resistivity was
responded proportionally well with the temperature profile due
to inherent thermal properties of PVDF nanofiber web as
described in our previous works [i1].

On the other hand, heat treated at 160 C for 2 hours
case, electrical resistance was much less responded with wider
noise. under applied load.

Sensing evaluation with different PVDF nanofiber types
will be studied further including actuation study. Further
actuation studies using above CNT, CNF, and elctrospun
PVDF

deformation change continuously.

nanofiber web will be performed for detecting
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4. CONCLUSIONS

Nondestructive and load transfer
(CNT) and

been

damage  sensing

mechanisms of carbon nanotube nanofiber

(CNF)/epoxy

electro-micromechanical

composites  have investigated  using
Electrospun PVDF
the feasible
piezoelectric sensor. Electro-micromechanical techniques were

obtain  the

technique.

nanofibers were also prepared to evaluate

applied to sensing response of  carbon

nanocomposites by measuring electrical resistance and
interfacial evaluation. High volume CNT composites showed
significantly higher tensile properties than neat and low
volume CNT composites. CNT composites showed humidity
sensing observed within limited range and temperature
response. CNF composites with smaller aspect ratio showed
higher apparent modulus due to high volume content in case
of shorter aspect ratio. Electrospun PVDF nanofiber/epoxy

composites showed sensing effect on stress transferring.
Dispersion and surface modification can be very important
to obtain and electrical

parameters improved mechanical

properties of CNMs for multifunctional applications.

ACKNOWLEDGMENT

This work was financially supported by Korea Research
Foundation Grant (KRF-2004-002-D00192).

REFERENCES

1) A. Allaoui, S. Bai, H. M. Cheng, J. B. Bai, “Mechanical
and electrical properties of a MWNT/epoxy composite,”
Compos Sci Technol., Vol 62, 2002, pp. 1993-1998.

2) O. Lourie, H. D., Wagner, “Evidence of stress transfer
and formation of fracture clusters in carbon nanotube-based
composites,” Compos Sci Technol, Vol. 59, 1999, pp.
975-987.

3) E. T. Thostenson, Z. Ren, T. W. Chou, “Advances in the
science and technology of carbon nanotubes and their
composites: a review,” Compos Sci Technol, Vol. 6],
2002, pp. 1899-1912.

4) O. Lourie, H. D. Wagner, “Evidence of stress transfer and
formation of fracture clusters in carbon nanotube-based
composites,” Compos Sci Technol, Vol. 59, 1999, pp.
975-7.

5) L. S. Schadler, S. C. Giannaris, P. M. Ajayan,. “Load

transfer in carbon nanotube epoxy composites,” App! Phys
Lent., Vol. 73, 1998, pp. 3842-3844.

6) Z. Wang, Z. Liang, B. Wang, C. Zhang, L. Kramer,
“Processing and property investigation of single-wall
carbon nanotube (SWNT) buckypaper/epoxy resin matrix
composites,” Comp. Part 4, Vol. 35, 2004, pp. 1225-1232.

7) Z. M. Huang, Y. Z. Zhang, M. Kotaki, S. Ramakrishna,
“A review on polymer nanofibers by electrospinning and
their applications in  nanocomposites,”
Technol, Vol. 63, 2002, pp. 2223-2253.

8) S. S. Choi, Y. S. Lee, C. W. Joo, S. G. Lee, J. K. Park,

K. S. Han, “Electrospun PVDF nanofiber web as polymer

Compos  Sci

electrolyte or separator,” Electrochimica Acta, Vol. 50,
2004, pp. 339-343.

9) S. Wang, S. I. Lee, D. D. L. Chung and J. M. Park,
“Load transfer from fiber to polymer matrix, studied by
measuring the apparent elastic modulus of carbon fiber
embedded in epoxy,” Compos. Interf, Vol. 8, No. 6, 2001,
pp. 435-441.

10) J. M. Park, D. S. Kim, J. R. Lee, T. W. Kim,
“Nondestructive damage sensitivity and reinforcing effect
of carbon nanotube/epoxy composites using electro-

micromechanical technique,” Materials Sci Eng. C, Vol

23, 2003, pp. 971-975.

11) J. M. Park, S. 1. Lee, J. H. Choi, “Strain-stress sensing

and nondestructive evaluation of single-carbon fiber
reinforced epoxy composites by electrical resistivity
measurement,” Compos Sci Technol, Vol. 65, No. 2,

2005, pp. 571-580.

12) J. M. Park, S. 1. Lee, J. H. Choi, “Strain-stress sensing

and nondestructive evaluation of single-carbon fiber
reinforced epoxy composites by electrical resistivity
measurement,” Compos Sci Technol, Vol. 65, No. 2,

2005, pp. 571-580.



