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Abstract
Studies of dispersion and related properties, in carbon nanotube/epoxy composites, were conducted using
electro-micromechanical and wettability tests. Specimens were prepared from neat epoxy as well as com-
posites with untreated and acid-treated carbon nanotube (CNT). The degree of dispersion and its standard
deviation were evaluated by turbidity of the dispersing solution, as well as by volumetric electrical resis-
tivity. Acetone was a better dispersing solvent than purified water and various acid treatments of the CNT
also enhanced dispersion. Contact resistivity responded differently with dispersion degree. The apparent
Young’s modulus was higher for composites with acid treated CNT. The interfacial shear strength between
a single carbon fiber and CNT/epoxy was lower than that between a single carbon fiber and neat epoxy.
This difference is attributed to increased viscosity and decreased bonding availability in the matrix due to
the added CNT. The optimum CNT treatment, for maximizing interfacial adhesion while maintaining good
electrical conductivity was the sulfuric acid treatment. The CNT composites can also sense micro-damage
in terms of the stepwise increments of electrical resistivity combined with acoustic emission.
© Koninklijke Brill NV, Leiden, 2011
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1. Introduction

The unique properties of carbon nanotubes (CNT) have led to their use as reinforc-
ing fillers for composites. The CNT/based composites have been studied intensively
with various polymer matrices and show great promise for use in applications in
aerospace, transportation and other industries [1–3]. The considerable attention they
have recently received is in large part due to their unique mechanical, surface and
multi-functional properties. They exhibit a strong interaction with the matrix which
is associated with their nano-scale microstructure and extremely large specific in-
terfacial area [4]. CNT is typically subjected to a variety of different chemical
treatments to create chemical functionality thereby improving dispersion, interfa-
cial adhesion, and/or matrix compatibility that results in enhanced processability
and properties. It has been demonstrated, for example, that chemical modification
of CNT can significantly enhance its dispersion in various solvents [5–7]. For lack
of a better name, the dispersion agent is called a solvent throughout this paper,
although it is recognized that CNT is a suspension rather than a solute in the dis-
persing liquids.

Carbon nanomaterials (CNM) have high specific surface areas and can easily
aggregate. Surface functionalization of CNM is an effective method for enhanc-
ing dispersion in various media thereby producing new functional materials, with
unique characteristics and properties [8, 9]. In order to functionalize CNM, the
surface needs to be treated with acids or other chemicals. Treatment of the CNM
with either nitric acid or sulfuric acid leads to surface oxidation forming oxidized
groups such as carboxyl and carbonyl groups within the graphene sheet [10–13].
The surface functional groups of modified CNM are often characterized by FT-IR
or Raman spectroscopy. It is difficult, however, to obtain quantitative information
of the chemical species existing in a monolayer or only a few layers of the oxidized
surface of CNM by these analyses.

Currently, in an effort to increase strength and toughness, researchers are plan-
ning to use CNT in polymer composites for practical applications, especially as
an additional filler in the fiber–matrix macroscopic polymer composites. During
fiber breakage or interfacial debonding, in these macroscopic polymer composites,
CNT at the interface might bridge cracks. This could improve the interfacial shear
strength (IFSS) and toughness in these macroscopic composites [14].

Electro-micromechanical techniques have been developed and used as efficient
nondestructive evaluation (NDE) methods for sensing micro-damage in the char-
acterization of interfacial properties. In this technique, a single partially embedded
conductive fiber acts as both a sensing element and a reinforcing fiber [15, 16]. In
the study reported here, the single carbon fiber sensing and the reinforcing effects
for three types of acid-treated CNT/epoxy composites were investigated, using mea-
surements of electrical resistance and wettability. These electrical properties and
interfacial evaluations in carbon composites were then correlated with the different
types of acid treatments of the CNT.
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2. Experimental

2.1. Materials

Multi-wall carbon nanotubes (CNT, Iljin Nanotech Co., Korea) with diameters of
10–25 nm, aspect ratios of 400–1000 and a density of 1.55 g/cm3 were used for
composite reinforcement. Carbon fibers (T700S, Toray Inc., Japan), with an aver-
age diameter of approximately 8 µm were used as the single fiber sensor. Epoxy
resin (YD-114, Kukdo Chemical Co., Korea) based on dilute diglycidyl ether of
bisphenol-A was used as an inner matrix, with KBH-1089 (Kukdo Chemical Co.,
Korea) based on acid anhydride, as the hardener. The outer matrix epoxy resin (TD-
127, Kukdo Chemical Co., Korea) was used with polyoxypropylene diamine (Jef-
famine D-400 and D-2000, Huntsman Petrochemical Co.) as ductile curing agent
and KH-100 (Kukdo Chemical Co., Korea) as a rigid curing agent. Two solvents
were used for dispersion of the CNT, i.e., acetone, and two times purified water.
Three acids, i.e., H2SO4, HNO3 and Na2Cr2O7, were used for cleaning and treat-
ing the CNT. The four probe liquids used for contact angle measurements were two
times purified water, formamide, diiodomethane, and ethylene glycol.

2.2. Methodologies

2.2.1. Acid Treatment on CNT and Dispersion Process in Epoxy
Figure 1 shows schematically the processes used for: (a) acid treatment and (b) dis-
persion of the CNT for use in the CNT/epoxy composites. The CNT was treated
using three different acids, i.e., HNO3, H2SO4 and Na2Cr2O7 + H2SO4. The acid,
at a concentration of 30 wt% in water, was used to treat the CNT for 10 min at
50◦C in an oven. After the acid treatment the CNT was thoroughly washed, using
distilled water, and then dried for 3 days at 60◦C in a vacuum oven. As outlined in
Fig. 1(b), after acid treatment, the CNT was added to the dispersion solvent (either
acetone or water) and dispersed by sonication for 2 h. The epoxy resin was next
poured into the CNT solution and mechanically mixed, followed by sonication on
the mixture for 18 h, in an enclosed beaker. This solution was then further treated,
by sonication, in an open beaker for 2 h at room temperature, to facilitate evap-
oration of the solvent. Then the dispersive solvent was further removed from the
solution by evaporation under sonication at 35◦C for 3 days. Any residual solvent
was eliminated in a vacuum oven at 50◦C, for 3 days. The final steps in the prepara-
tion of the CNT/epoxy specimen involved the addition of the curing agent, pouring
this mixture into a mold and allowing it to cure as described later.

2.2.2. Electrical Resistivity Measurement
Figure 2 shows the layout of the specimen used for measurement of electrical vol-
umetric resistivity by the four-point method. Note the adjective volumetric is used
here to make clear that this resistivity is the resistance per unit volume in contrast
to the contact resistivity defined as the resistance per unit area as discussed in the
next section. Electrical contact points were located at regular intervals using cop-
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(a)

(b)

Figure 1. Schematic of the processes used for acid treatment and dispersion of the CNT: (a) acid
treatment and (b) dispersion.

per wire and silver paste. The volumetric electrical resistivity, ρv, was calculated
from the measured electrical volumetric resistance, Rv, the cross-sectional area of
the CNT/epoxy composites, Av, and electrical contact length, Lec of the testing
specimen by the following relationship:

ρv =
(

Av

Lec

)
× Rv (� · cm). (1)

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
6:

48
 1

7 
Fe

br
ua

ry
 2

01
3 



J.-M. Park et al. / Advanced Composite Materials 20 (2011) 337–360 341

Figure 2. Schematic of the layout of the experimental specimen for measuring volumetric electrical
resistivity using the four-point method.

2.2.3. Measurement of Apparent Young’s Modulus and the Electrical Contact
Resistivity
A single carbon fiber sensor in a carbon fiber/CNT/epoxy composite under cyclic
strain was used as test specimens in an electro-pull test. Figure 3 shows schemati-
cally the experimental specimens used for measuring: (a) apparent Young’s modu-
lus and (b) electrical contact resistivity. In this study, the apparent Young’s modulus
is defined as the stress in the bare fiber (load/fiber area) divided by the effective
strain of the carbon fiber (change in length of both the embedded and bare seg-
ments/initial length) in the specimen shown in Fig. 3(a). Clearly, if the CNT/epoxy
composite had no reinforcing effect on the fiber (i.e., no interfacial bonding) the
apparent Young’s modulus would be simply the Young’s modulus of the bare car-
bon fiber. Therefore, the difference of the apparent Young’s modulus from this base
value provides a convenient indirect measure of the IFSS or stress transfer between
the carbon fiber and the CNT/epoxy composite.

In both the apparent Young’s modulus and the contact resistivity experiments, the
specimens were exposed to constant amplitude cyclic strain using a mini-Universal
Testing Machine (UTM) (H1KS, Hounsfield Equipment Ltd., UK), with an attached
multimeter (HP34401A, USA). A 100 N load cell was used and the specimens
were exposed to cyclic triangular waveform deformation with a loading/unloading
rate of 0.5 mm/min. The specimens were loaded into the mini-UTM grips, and the
multimeter was connected electrically to the carbon fiber with thin copper wires as
shown in Fig. 3(a). The reinforcing effect was determined indirectly by the apparent
Young’s modulus test under cyclic loading as described in the previous paragraph.

During the electro-pull test, the change in electrical resistance, �R, was mea-
sured during the cyclic fiber tension, along the path involving the conductive matrix,
the interface and the segment of the carbon fiber between the voltage measuring
points shown in Fig. 3(b). The total electrical resistance, RT, is related to the vol-
umetric resistances of the fiber, Rfiber

v and composite, R
composite
v , and the contact

resistance, Rc, between the fiber and the sample matrix by:

RT = Rfiber
v + Rc + R

composite
v . (2)
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(a)

(b)

Figure 3. Experimental specimens for measurement of (a) apparent Young’s modulus and (b) contact
resistivity during constant amplitude cyclic strain tests.

The experiments indicated, however, that this total electrical resistance, RT, was
largely dominated by the contact resistance at the carbon–composite interface, Rc.
For making these measurement by the four-point method two electrical contacts
were formed on the carbon fiber and the other two electrical contacts were formed
around the perimeter of the CNT/epoxy composite.

2.2.4. Preparation of Microdroplet Specimens and IFSS Measurement
The IFSS between the carbon fiber and the CNT/epoxy surface was measured by
a microdroplet test which can be described as follows. Carbon fibers were fixed at
regularly spaced intervals in a steel frame. Microdroplets of CNT/epoxy compos-
ite were formed on each carbon fiber using a pin tip (as described in Section 3.3
and shown in the photographs of Fig. 12), followed by curing for 2 h in an oven at
120◦C. For testing of these samples, one end of the fiber was attached by epoxy ad-
hesive to a paper strip. This paper strip was fixed in a clip–grip attached to load cell
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in a UTM (LR 10K, Lloyd Co., UK). The microdroplet, on the specimen, was held
in place for pullout testing by a specially designed microvice composed of two thin
plates brought into near contact with the carbon fiber, just above the microdroplet.
The IFSS, τ was calculated from the measured pullout force, F using the following
equation:

τ = F

πDfL
, (3)

where Df and L are the fiber diameter and the length of fiber embedded in the
matrix.

2.2.5. Measurement of Wettability and Surface Energies
Dynamic contact angle [17, 18] was determined by the Wilhelmy plate method
(Sigma 70, KSV Co., Finland) for evaluating wettability and surface energy, rather
than by conventional static contact angle measurements. The ‘plates’ used in these
tests were either single carbon fibers or small plates of CNT/epoxy composites.
The dynamic contact angles of carbon microfiber for each of different acid-treated
CNT/epoxy composites, and for neat epoxy were determined from the plate immer-
sion pullout values using standard methods and techniques for the Wilhelmy plate
method [17, 18]. Four dipping liquids were used for these tests, i.e., two times pu-
rified water, formamide, ethylene glycol and diiodomethane. Donor and acceptor
components, and polar and dispersive free energy terms were calculated from the
dynamic contact angle values. The basic equation for the Wilhelmy plate method
is:

F = mg + PγLV cos θ − Fb, (4)

where F is total force, m is the mass of the plate, g is the acceleration of gravity,
Fb is the buoyancy force, P is the fiber perimeter, γLV is the surface tension of
the liquid, and the difference F − mg is equal to the measured force. Because the
value of the buoyancy force is zero at the immersing interface, equation (4) can be
rearranged as:

cos θ = Mg

πDγLV
, (5)

where Mg is the experimentally measured force.
The total surface energy, γ T is the sum of the Lifshitz–van der Waals component,

γ LW and the acid–base component, γ AB which for a solid and a liquid this can be
expressed as:

γ T
S = γ LW

S + γ AB
S , γ T

L = γ LW
L + γ AB

L . (6)

The acid–base component (or hydrogen bonding) includes the electron acceptor,
γ + and the electron donor, γ − components, which are not additive and can be
expressed for a solid and a liquid as:

γ AB
S = 2

(
γ +

S γ −
S

)1/2
, γ AB

L = 2
(
γ +

L γ −
L

)1/2
. (7)
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With the modified Young–Dupre equation the above components can be used to
obtain the work of adhesion, Wa, as:

Wa = γL(1 + cos θ) = 2
(
γ LW

L γ LW
S

)1/2 + 2
[(

γ −
S γ +

L

)1/2 + (
γ +

S γ −
L

)1/2]
. (8)

The value of γ LW
S for the solid is evaluated from the contact angle for a polar liq-

uid, which is a non-polar liquid without donor and acceptor components, such as
diodomethane on the solid and equation (8) reduces to:

γL(1 + cos θ) = 2
(
γ LW

L γ LW
S

)1/2
. (9)

This equation assumes that the liquid has negligible acid–base interaction with
the solid. It is also assumed that γL, γ LW

L and γ +
L and γL are known for the testing

liquids and that cos θ can be determined using equation (5). With known values
of γ LW

S and the contact angles obtained using different liquids on the solid, the
two resulting equations (8) can be solved simultaneously to obtain the values of
γ +

S and γ +
S for the two test solvent sets.

A commonly-used approach in considering solid surface energies is to express
them as a sum of dispersive and polar components which can influence the work of
adhesion, Wa between the surface of the reinforcement material and the matrix. To
determine the polar and dispersive surface free energies, the Owens–Wendt equa-
tion [19] is used, expressed as:

Wa = γL(1 + cos θ) = 2
(
γ d

S γ d
L

)1/2 + 2
(
γ

p
S γ

p
L

)1/2
, (10)

where γL, γLd and γ
p
L are known for the testing liquids and γ

p
S and γ d

S can be cal-
culated from the measured contact angles. In this way, the dispersive and acid–base
components of both the reinforcement material and the matrix can be determined. It
is possible to calculate the work of adhesion, Wa between the embedded the carbon
fiber (F ) and the CNT/epoxy matrix (M) at the interface, using the equation:

Wa = 2
[(

γ LW
F γ LW

M

)1/2 + (
γ −

F γ +
M

)1/2 + (
γ +

F γ −
M

)1/2]
. (11)

2.2.6. Acoustic Emission Measurements using a Double-Matrix Composite
Specimen
Figure 4 shows the experimental layout for micro-damage sensing, using electrical
resistance and acoustic emission (AE) (Mistras 2001 System, Physical Acoustics
Co., USA). The double-matrix composites (DMC) specimens, used for this study,
were composed of a single carbon fiber embedded in a brittle layer of CNT/epoxy
surrounded by an outer more ductile epoxy support layer. The DMC test was de-
signed to provide information and insight into the IFSS of the interface between
the carbon fiber and the inner more brittle layer. During testing, the DMC test was
performed to monitor carbon fiber fracture and/or slippage of the carbon fiber em-
bedded in the inner conductive composite.

To prepare a sample for the DMC test, the carbon fiber was situated and fixed
in a silicone mold. The CNT/epoxy mixture was then poured into the mold, and
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Figure 4. Schematic of the experimental system used for micro-damage sensing by means of electrical
resistance and AE measurements.

pre-cured at 80◦C for 2 h. The final step in the sample preparation was to situate
this single carbon fiber/CNT/epoxy inner strip into the dog-bone silicone mold and
filling it with the ductile epoxy and curing at 80◦C for 2 h, followed by a post-cure
for 2 h at 120◦C. The DMC specimens used for determination of AE parameters
and electrical resistance were tested in tension using another mini-UTM (Pico In-
dustrial Inc., Korea) with a 100 kgf load cell at a test speed of 0.5 mm/min. The
change in electrical resistivity, associated with fiber fracture, was measured and cor-
related with the simultaneously measured AE parameters. Such AE measurements,
in combination with micromechanical tests, have been used to provide information
and insight into the fundamental microfailure mechanisms occurring in composite
materials [20]. The test specimen was loaded into the grips of the UTM and an
AE-Piezoelectric Transducer (PZT) was attached to the center of the sample, using
vacuum grease. The AE-PZT output was amplified by a 40 dB preamplifier and
passed through a 100 to 1000 kHz band-pass filter, at a threshold level of 40 dB.
The elastic waves resulting from microfailure were transformed to voltage signals
by the PZT sensor, amplified and recorded as AE parameters.

3. Results and Discussion

3.1. Comparison of Dispersion of CNT for the Two Dispersion Solvents

Figures 5 and 6 show the turbidity of CNT with different acid treatments at different
elapsed times in acetone and two times purified water. These two solvents were
chosen as ‘good candidates’ from recent prior work [21]. These measurements of
the degree of dispersion, as evidenced by the turbidity for different elapsed times,
were preformed after 2 h of sonication and with a CNT concentration of 0.02%
by weight. Different turbidity was exhibited as a result of the difference in degree
of dispersion and stability in acetone (Fig. 5) and water (Fig. 6). The degree of
dispersion could be also varied through the use of different acid treatments. The
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Figure 5. Comparison of turbidity of 0.02 wt% CNT in acetone for different CNT treatments: (A) un-
treated; (B) H2SO4; (C) HNO3 and (D) Na2Cr2O7 + H2SO4 after different elapsed times: (a) initial;
(b) 30 min; (c) 3 h and (d) 12 h. This figure is published in color in the online version.

Figure 6. Comparison of turbidity of 0.02 wt% CNT in water for different CNT treatments: (A) un-
treated; (B) H2SO4; (C) HNO3 and (D) Na2Cr2O7 + H2SO4 after different elapsed times: (a) initial;
(b) 30 min; (c) 3 h and (d) 12 h. This figure is published in color in the online version.

turbidity in acetone was much more stable than that in water. Untreated CNT was
also more stable, in the acetone solvent, than was acid-treated CNT.

Figure 7 shows field emission scanning electron microscope (FE-SEM) pho-
tographs of the fracture surfaces for 0.5 vol% CNT/epoxy composites. These
samples were prepared using acetone as the dispersion solvent and with the four
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Figure 7. FE-SEM photographs of fracture surfaces for 0.5% CNT–epoxy nanocomposites
with different CNT treatments with acetone solvent: (a) untreated; (b) H2SO4; (c) HNO3 and
(d) Na2Cr2O7 + H2SO4.

different CNT treatments: (a) untreated; (b) H2SO4; (c) HNO3 and (d) Na2Cr2O7 +
H2SO4. The fracture surface morphology of CNT/epoxy composites was observed
to depend on the comparative degree of dispersion of the CNT. The degree of disper-
sion was likewise found to depend on the dispersion solvent and the acid treatments.
As a general rule, better dispersion resulted in composites with smoother fracture
surfaces.

Figure 8 shows the volumetric electrical resistivity of CNT for the two solvents.
The degree of dispersion of the CNT/epoxy composite was affected by both the
type of dispersion solvent and the type of acid treatment used. Better dispersion
generally resulted in lower electrical resistivity, which is attributed to better dis-
tribution of the CNT in the matrix as well as more and better electrical contact.
Consequently, the degree of dispersion in CNT/epoxy composite using acetone for
dispersion was better than that using water. The volumetric electrical resistivity of
acid-treated CNT was generally somewhat higher than it was for untreated CNT
in epoxy matrices. This is attributed to the fact that acid-treated CNT compos-
ites are less conductive due mainly to polymeric functionalization on the CNT
surfaces, even though they typically exhibit improved interfacial adhesion. The
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Figure 8. Volumetric resistivity of CNT/epoxy composites for different CNT treatments with acetone
and water dispersion solvents.

Figure 9. Comparison of the SD of the volumetric resistivity for composites of untreated and the three
acids-treated CNT/epoxy composites.

Na2Cr2O7 + H2SO4 treated material exhibited poor dispersion and the resulting
composites had extremely high volumetric resistivity, comparatively speaking.

Figure 9 shows a comparison of the standard deviation (SD) of volumetric elec-
trical resistivity of CNT in epoxy for different CNT treatments. The SD value can
be closely correlated with the comparative degree of dispersion which was also re-
lated to the probability of the degree of electrical contact between the CNTs. The
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SD for composites with acid-treated CNT was somewhat larger than the SD for
the composites with untreated CNT, which the authors had not expected. Although
the acid treatments did not significantly affect electrical conductivity, the associ-
ated enhanced interfacial adhesion generally resulted in improvement in mechanical
properties.

3.2. Load Sensing of a Single Carbon Fiber Embedded in Acid-Treated
CNT/Epoxy Composites

Figure 10 shows (a) a plot of apparent stress versus strain and (b) the apparent
Young’s modulus for specimens of single carbon fiber/CNT/epoxy composites with
different CNT treatments and bare carbon fiber. This apparent stress and apparent
Young’s modulus were measured in constant amplitude cyclic strain tests. The in-
duced apparent stress for the three acid-treated CNT/epoxy composites was higher
than for neat epoxy and the untreated CNT/epoxy composite samples. The appar-
ent Young’s modulus for the three acid-treated CNT was also higher than that of
the untreated CNT material. These improved apparent moduli are attributed to en-
hanced stress transferring effects as a result of improved adhesion due to the acid
treatment.

Figure 11 shows plots of induced stress and changes in electrical contact resis-
tivity for the CNT/epoxy composites, with untreated and different CNT treatments,
during five cycles of constant amplitude cyclic loading. Acetone was used as the
dispersion solvent for the composites in Fig. 11. The results of these tests might
be summarized as follows. The induced-stresses in the samples were significantly
larger for the composites with the acid-treated CNT than for the untreated CNT,
particularly for the H2SO4 treatment. The single carbon fiber self-sensing mea-
surements were also distinctly different for the untreated and acid-treated CNT in
composite specimens in that the changes in contact resistivity were slightly higher
and exhibited more electrical noise for the acid-treated CNT composites than for
the untreated case. This is attributed to differences in the electrical contact at the
interface between the carbon fiber and the conductive CNT in the composites. This
sensing was poorest for Na2Cr2O7 + H2SO4 treated CNT composites.

3.3. Microdroplet Tests of a Carbon Fiber in Neat Epoxy and CNT/Epoxy
Composites

Figure 12 shows photographs of the microdroplets for neat epoxy and CNT/epoxy
composites. The fact that these microdroplets exhibited slightly different contact
angles is evidence for different degrees of wetting. Figure 13 shows comparisons
of the microdroplet pullout forces versus embedded length for the single carbon
pullout tests for microdroplets of neat epoxy, as well as for untreated and sulfuric
acid-treated CNT/epoxy composites. The open data markers, in Fig. 13, represent
samples in which the carbon fiber pulled out while the filled-in markers are for
samples where the fiber broke. This pullout force was higher for neat epoxy than
it was for either the untreated or sulfuric acid-treated CNT/epoxy composites. This
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(a)

(b)

Figure 10. Apparent stress and apparent Young’s modulus of 0.5 vol% single carbon fiber embed-
ded in CNT/epoxy composites for untreated and the acid treatment conditions: (a) stress–strain and
(b) apparent Young’s modulus.

is attributed to significantly increased viscosity of the filled epoxy, resulting in a
decrease in the interfacial shear stress (IFSS) of the CNT/epoxy composites due
to poor wettability on the carbon fiber surface. Sulfuric acid-treated CNT/epoxy
composites exhibited a slightly increased IFSS with the single carbon fiber surface
than did the untreated CNT composite.
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(a)

(b)

Figure 11. Induced stress and electrical contact resistivity of 0.5 vol% CNT/epoxy compos-
ites under constant amplitude cyclic strain loading: (a) untreated; (b) H2SO4; (c) HNO3 and
(d) Na2Cr2O7 + H2SO4.

3.4. Contact Angle and Surface Energy of CNT/Epoxy Composites

Figure 14 shows static contact angle measurements for water on neat epoxy and
a sulfuric acid-treated CNT/epoxy composite. This figure shows that the sulfu-
ric acid-treated CNT/epoxy composite exhibited more hydrophobicity, whereas
neat epoxy was more hydrophilic. Figure 15 shows dynamic contact forces, by
the Wilhelmy plate method, in water for: (a) a single carbon fiber and (b) small

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
6:

48
 1

7 
Fe

br
ua

ry
 2

01
3 



352 J.-M. Park et al. / Advanced Composite Materials 20 (2011) 337–360

(c)

(d)

Figure 11. (Continued.)

plates of neat epoxy and various acids-treated CNT/epoxy composites. Again the
CNT/epoxy composites exhibited more hydrophobicity than did neat epoxy and
this hydrophobicity increased with the acid treatments. It was also noted that the
contact forces of the acid-treated CNT/epoxy composites decreased with increas-
ing dispersion. The decrease in contact force would correspond to an increase in
contact angle. Therefore, the trend in the dynamic contact force measurements was
entirely consistent with the observation of the static contact angles.
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(a) (b)

Figure 12. Photograph of microdroplets on a carbon fiber: (a) neat epoxy and (b) CNT/epoxy com-
posites.

Figure 13. Comparison of carbon fiber ‘pull-out’ behavior for neat epoxy and CNT/epoxy composites
in the microdroplet test.

Table 1 shows the acid–base surface energy components (mJ/m2) of epoxy and
CNT/epoxy composites (with untreated and three acid-treated CNT) using the four
different solvents. Figure 16 shows a comparison of the work of adhesion, Wa be-
tween neat epoxy and composites of CNT with the different acid treatments. Fig-
ure 17 shows the correlation of IFSS and the apparent Young’s modulus with the
work of adhesion. The work of adhesion and apparent Young’s modulus both in-
creased with acid treatment of the CNT. From these two figures it is observed that
the work of adhesion, Wa for sulfuric acid-treated CNT/epoxy composite was nearly
the same as it was for the untreated CNT/epoxy composite, whereas the apparent
Young’s modulus of the sulfuric acid-treated CNT/epoxy composite was larger than
it was for the untreated CNT/epoxy composite. These observations indicate that
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(a) (b)

Figure 14. Static contact angle for water on surfaces of: (a) neat epoxy and (b) acid-treated CNT/epoxy
composites. This figure is published in color in the online version.

improved adhesion, better stress transfer IFSS, and work of adhesion all exhibited
similar trends. On the other hand, the apparent Young’s modulus and the work of
adhesion appeared to exhibit an opposite trend.

3.5. Acoustic Emission during Sensing of Micro-damage in DMC

Figure 18 shows acoustic emission (AE), along with the stress–strain behavior, and
change in electrical resistivity during the micro-damage sensing tests. The tests
were conducted on DMC specimens, as previously described and shown in Fig. 4,
made with sulfuric acid-treated CNT dispersed with acetone at: (a) neat epoxy;
(b) 0.5 vol% untreated CNT and (c) 0.5 vol% sulfuric acid-treated CNT. Testing of
the DMC specimens was at a constant rate of 0.5 mm/min in the mini-UTM. Dur-
ing testing, fracture of the single carbon fiber sensor occurred, often into a number
of segments, as the strain progressed. For the neat epoxy specimens, the electrical
resistivity increased in a sudden step to essentially infinity, at the time of the first
fracture of the single carbon fiber. The specimens containing 0.5 vol% CNT (un-
treated and sulfuric acid-treated) exhibited very different behavior. For these DMC
specimens, at the strain of first fiber fracture, a sudden (but finite) step increase in
the sample’s resistivity occurred. As the strain further increased, the sample’s resis-
tivity was observed to increase stepwise until, at a strain of more than double that
of the first sign of fracture, the resistivity again suddenly increased to essentially
infinity.

The electrical conductance of the DMC specimen involves the conductance of the
single carbon fiber and conductance rendered to the composite material by the CNT
filler. The resistance of the DMC specimen is a complex function, not only of the
reciprocal of this electrical conductance, but it also involves the contact resistances
between the carbon nanotubes and the carbon fiber fragments. The relatively small
stepwise incremental resistance change patterns, shown in Fig. 18(b) and 18(c), and
are attributed to successive fiber fracture during the straining. After these breaks
occur, the CNT filled inner matrix provides conductive bridges across the gaps be-
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(a)

(b)

Figure 15. Wilhelmy plate forces versus immersion depth for dynamic contact angle for: (a) carbon
fiber and (b) neat epoxy, untreated and three acid-treated CNT/epoxy composites.

tween fiber fragments. The effectiveness of these current bridges depends on the
degree of dispersion.

The open and filled circles shown in the curves of Fig. 18 for the higher AE am-
plitudes and energies are thought to be associated with micro-carbon fiber breaks,
whereas those at lower AE amplitudes and energies are probably associated with
epoxy matrix cracking and/or interfacial debonding between the carbon fiber and
the CNT/epoxy matrix. The neat epoxy DMC specimens failed mainly through
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Table 1.
The acid–base surface energy components (mJ/m2) of epoxy and untreated as well as three acid-
treated CNT/epoxy composites using four solvents

Condition γ LW
S γ − γ + γ T

S γ d γ p Wa
1

Epoxy YD-114 28.2 8.1 0.0 28.7 14.7 13.6 57.6

CNT–epoxy Untreated 24.0 1.2 0.3 24.9 21.2 2.7 54.0
H2SO4 24.7 0.5 0.2 25.3 24.5 1.2 54.0
HNO3 31.4 0.8 0.2 32.1 29.6 1.8 60.4
Na2Cr2O7 + H2SO4 33.3 0.7 0.3 34.0 32.2 1.7 60.8

1 Work of adhesion, Wa between a single carbon fiber and carbon nanofiber/epoxy composites.

Figure 16. Comparison of the work of adhesion for neat epoxy and for composites with different CNT
acid treatments.

breakage of the single carbon fibers. On the other hand, failure of the CNT/epoxy
DMC specimen was much more complex involving single carbon fiber breakage,
matrix cracking and debonding between the matrix at the interfaces between the
epoxy and the CNT as well as the carbon fiber. For the latter case, the AE signals
had significantly greater energy and somewhat greater amplitude. Another distinc-
tive feature observed in these experiments was that the AE energy and the AE
amplitude events during strain were higher for both types of CNT filled compos-
ites than they were for the specimens of neat epoxy. By strategically varying CNT
acid treatment, concentration, degree of dispersion, etc. it may be possible to design
composites with a trade-off between electrical and mechanical properties, thereby
optimizing the composites for specific applications.
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Figure 17. Apparent Young’s modulus, and IFSS versus work of adhesion for neat epoxy and two
CNT composites.

4. Conclusions

The effects of dispersing solution and acid treatment on CNT dispersion in
CNT/epoxy composites was evaluated by comparing turbidity of the dispersing so-
lution and electrical resistance, and its standard deviation. The volumetric resistivity
of the composites showed a very strong dependence on the surface treatment of the
CNT. The dispersing solution (water or acetone) also affects the volumetric resis-
tivity, with acetone being the better by a factor of 4–8. The standard deviation (SD)
of the volumetric resistivity was likewise strongly affected by both the acid treat-
ment of the CNT and the dispersing solution. While the different acid treatments
had some effect on dispersion, they more strongly influenced the nature of the CNT
surfaces resulting in differences in amount of electrical contact, and thereby contact
resistance.

The apparent Young’s modulus of the sulfuric acid-treated CNT/epoxy compos-
ites was higher than that for composites with the untreated CNT. Sulfuric acid-
treated CNT, with acetone was found to be the optimum conditioning for increasing
the apparent Young’s modulus. The electrical contact resistivity of acid-treated
CNT composites exhibited more electrical noise than did untreated CNT compos-
ites. The IFSS between the single carbon fiber and CNT/epoxy was lower than it
was between the single carbon fiber and neat epoxy. While the IFSS consistently
increased with work of adhesion, the apparent Young’s modulus decreased.

Electrical resistance measurements and acoustic emission were used to sense
micro-damage during straining of the DMC specimens. The resistivity and AE por-
tions were very distinctive. For the neat epoxy, at the time of the first fracture of the
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(a)

(b)

Figure 18. Plots of various measures of micro-damage versus strain for DMC samples with a single
carbon fiber sensor for CNT/epoxy composites with: (a) neat epoxy; (b) 0.5 vol% untreated CNT and
(c) 0.5 vol% H2SO4 CNT; open circles-AE amplitude; filled circles-AE energy.

central single carbon fiber the samples resistance increased to essentially infinity.
For both types of CNT/epoxy samples the resistivity behavior was very different.
At the first fiber fracture there was a sudden but finite jump in apparent resistivity
as now the surrounding conductive inner composite provided an electrical bridge
across the gap in the fiber.
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(c)

Figure 18. (Continued.)
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