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Abstract Epoxy/single-walled carbon nanotube (SWCNT)

composites toughened by nylon particles (epoxy/SWCNT/

nylon) were prepared. The SWCNTs were functionalized by

oxidation and subsequent grafting with sulfanilamide. It was

found that surface functionalization can effectively improve

the dispersion of SWCNTs in epoxy, thus improving com-

posite mechanical properties. Meanwhile, preformed nylon

particles were utilized to enhance the fracture toughness

of the composites. The epoxy/SWCNT/nylon composites

prepared exhibit simultaneously improved stiffness, strength,

and toughness. B-staged (partially cured) epoxy/SWCNT/

nylon composites were successfully cast into thin films by

manipulating degree of cure and viscosity. These thin films

can be seamlessly integrated into laminated composite sys-

tems upon heating for improving mechanical properties

and compression after impact strength of the laminated

composites.

Introduction

Carbon nanotubes (CNTs), especially single-walled carbon

nanotubes (SWCNTs), have attracted significant attention

due to their extraordinary properties [1–4]. In particular,

high aspect ratio SWCNTs have been considered as an ideal

reinforcing agent for composite applications because of

their superior mechanical, electrical, and thermal properties

[5–7]. While CNTs have been incorporated into a wide

range of polymer matrices to explore different applications

[5–8], epoxy/CNT composites are particularly attractive

because of the widespread applications of epoxy in aero-

space, military, and sporting goods fields [6, 7, 9]. Various

epoxy composites containing nanoparticles [10–12], nano-

tubes/nanofibers [6, 7, 9, 13–18], and nanoplatelets [19–34]

have been explored to further improve its mechanical

properties and introduce additional functionalities so as to

better match the demanding requirements from the above

application fields, and lead to new applications where light-

weight and high strength are of primary interest.

A vast majority of studies on epoxy/CNT composites

focus on stiffness and strength improvement [5–7].

Although it has been reported that CNTs can toughen

epoxy, typically owing to the crack bridging effect of

CNTs [35, 36], the level of toughening is usually insig-

nificant [37–39] compared to the well-established tradi-

tional epoxy toughening approaches [40–42]. For example,

preformed core–shell rubber (CSR) particles have long

been used to toughen brittle epoxy [43, 44]. With the

incorporation of a small amount of CSR particles in epoxy,

the fracture toughness will usually be improved signifi-

cantly; however, the strength and stiffness of the epoxy will

exhibit a noticeable reduction [43, 44]. Nylon, typically in

the form of micrometer-scale preformed particles, has also

been frequently used to toughen epoxy, and its toughening
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mechanisms in epoxy composites have been extensively

studied [45–48]. In brittle matrix systems, where matrix

plastic deformation ahead of the crack tip is limited, the

nylon particles toughen thermosets by introducing particle

bridging and matrix dilatation bands under mode-I fracture

[47, 49]. Under mode-II fracture, where it has been shown

to strongly correlate with compression after impact (CAI)

strength of the composites, thermoplastic particles are

considered most effective in improving mode-II toughness

and CAI strength of the composites, mainly due to negli-

gible reduction in matrix modulus as well as effectiveness

in promoting localized shear deformation around the rigid

particles [45–48, 50, 51].

In this article, we propose to introduce both SWCNTs and

nylon particles into epoxy resin to prepare nylon toughened

epoxy/SWCNT composites with balanced stiffness and

toughness. In addition to regular composite panels for

mechanical property testing, nylon toughened epoxy/

SWCNT composite thin films were also fabricated. These

thin films are expected to find wide structural and functional

applications, such as interleaves for enhancing interlaminar

strength, fracture toughness, and CAI strength of laminated

composites [52]. Laminated carbon fiber reinforced epoxy

composites have been widely used in many structural

integrity demanding fields [53, 54]. While they exhibit

outstanding stiffness and strength, the interlaminar strength

and toughness of the laminated composites are typically

weak, which limits their applications [53–55]. The main

reason that laminated composites have low interlaminar

toughness is because of the presence of brittle resin-rich

pockets in the interlaminar region. Many approaches have

been developed to address the low interlaminar toughness

issues [50, 56], among which the incorporation of rein-

forcing agents [57] and/or toughening particles [45–47, 51]

in the resin-rich interlaminar regions appears to be one of the

most effective approaches to improve delamination strength

of laminated composites. Thus, epoxy/SWCNT/nylon com-

posite thin films with balanced stiffness and toughness could

be an excellent candidate for laminated composites appli-

cations. Strategy for introducing composite thin films into

laminated composites will be discussed.

Experimental

Materials

EPIKOTETM 862 resin and EPIKURETM W curing agent

were used for this study, both of which were obtained from

Hexion Specialty Chemicals, Inc. The SWCNTs (XD

Grade) having a reported aspect ratio of [1,000 were pro-

vided by Carbon Nanotechnologies, Inc., Houston, TX (now

known as Unidym). Sulfanilamide (99%) was purchased

from Sigma-Aldrich. The nylon 12 particles with a reported

particle size of ca. 10 lm and a melting point of 165 �C

were donated by Toray Industries. The thin film coater was

purchased from Elcometer Inc. (Rochester Hills, Michigan)

where a temperature control system was custom-built for

controlling the processing temperature. The release paper

was donated by Hexcel Corporation (Salt Lake City, UT).

An ultrasonic cleaning bath (Branson 1510R, 70 W-42 kHz)

was used for all the ultrasonication treatments in this study.

All chemicals were used as-received.

Preparation of nylon toughened epoxy/SWCNT

composites and thin films

Pristine SWCNTs (P-SWCNTs) were first acid-treated to

produce oxidized SWCNTs (O-SWCNTs) via procedures

reported elsewhere [13]. O-SWCNTs were further exposed

to sulfanilamide in acetone dispersion to form functional-

ized SWCNTs (F-SWCNTs) at a weight ratio of 1:1. The

acetone dispersion system was ultrasonicated for 10 min to

ensure good mixing and interaction.

The nylon particles were first dispersed in acetone. The

pre-dispersed F-SWCNTs in acetone were then mixed

with nylon acetone dispersion followed by an additional

5 min of ultrasonication to further promote dispersion. A

predetermined amount of epoxy monomer was added to the

solution and ultrasonicated for 15 min to achieve a SWCNT

loading of 0.5 wt% in the final composite. Multiple samples

were prepared in conjunction with the various states of

SWCNT treatment. Samples with nylon loadings of 5 and

10 wt% were prepared for evaluation. After removal of

acetone with a rotary evaporator in a water bath at 70 �C,

EPIKURETM W curing agent (26.4 phr) was then added.

Epoxy composite panels (ca. 3 mm in thickness) were

prepared for mechanical property tests. The epoxy com-

posite panels were fully cured in an oven at 121 �C for 2 h,

followed by 2 h of post-cure at 177 �C.

Composite thin films were fabricated using a thin film

coater. The samples were first B-stage cured (partially

cured) at 121 �C for 70 min in an oven [14]. Prior to the

removal of the epoxy/SWCNT samples from the oven, the

thin film coater was preheated to 90 �C. The B-staged

epoxy/SWCNT samples were quickly transferred from the

oven and immediately cast into thin films with a thickness

of 50 lm on top of release paper. The thin films can be

further cured, or remain to be partially cured depending on

their intended usage.

Characterizations

A Mettler Toledo (Model DSC821e) differential scanning

calorimeter (DSC) was used to obtain DSC thermograms
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at a heating rate of 10 �C/min under nitrogen purge

(80 mL/min). Viscosity profiles of epoxy/SWCNT/nylon

dispersions were recorded on an Anton Paar Physica MCR

300 Rheometer using a 25-mm diameter parallel plate setup.

The optical microscopy (OM) investigation was carried

out using an Olympus BX60 optical microscope. Scanning

electron microscopy (SEM) study on the fracture surfaces of

the composites were performed using a JEOL-6400 SEM.

The fracture surface was coated with a thin layer (ca. 3 nm)

of Au/Pd prior to SEM imaging.

Tensile properties of epoxy/SWCNT composites were

tested following ASTM D638-98. Dynamic mechanical

analysis (DMA) was conducted using a Q800 dynamic

mechanical analyzer (TA Instruments) under three-point-

bending mode at a fixed frequency of 1 Hz, and with a

temperature increment of 5 �C/step. The single-edge-notch

three-point-bending (SEN-3PB) test, based on ASTM

D5045, was performed to obtain the mode-I critical stress

intensity factor (KIC) of the neat epoxy and epoxy com-

posites, which was detailed in a previous report [13]. At least

five specimens were tested for tensile, DMA, and KIC

measurements, and average values are reported.

Results and discussion

In order to fully impart the unique properties of SWCNTs

into a polymer composite, it is necessary to achieve good

SWCNT dispersion and strong adhesion between SWCNTs

and the matrix [5–7]. A vast amount of research has been

carried out to address the above issues, among which surface

functionalization of SWCNTs has been demonstrated to be

most effective because it can address both the dispersion and

the adhesion requirements [58]. In this study, SWCNT was

first oxidized and then functionalized by sulfanilamide via

the interaction between the carboxylic acid groups on the

surface of O-SWCNTs and the amino groups of sulfanil-

amide. Since nylon particles can be easily dispersed and

form strong bonding in epoxy, they were used as-received

without any pre-treatment.

Morphology characterization

It was observed that the addition of both O-SWCNTs and

F-SWCNTs into the epoxy led to a dramatic increase in

viscosity and significant shear thinning behavior, as shown

in Fig. 1. Both the significant build-up in viscosity and

pronounced shear thinning characteristics indicate that

O-SWCNTs and F-SWCNTs have been well dispersed in

epoxy matrix [30]. The higher viscosity and more significant

shear thinning behavior of epoxy/F-SWCNT dispersion

compared to epoxy/O-SWCNT suggest that sulfanilamide

did help further improve the dispersion of SWCNTs in

epoxy. In contrast, the addition of the same concentration of

P-SWCNTs only increased the viscosity slightly, most

likely due to the low level of dispersion of P-SWCNT in

epoxy. The addition of 10 wt% nylon particles to the epoxy/

SWCNT dispersions exhibited only marginal effect on the

overall rheological behavior of the systems (Fig. 1). Prob-

ably because of its spherical shape, the addition of nylon

particles did not lead to shear thinning, and only increased

the viscosity slightly [59]. Meanwhile, the significantly

increased viscosity of epoxy/F-SWCNT/nylon dispersion

suggests that the addition of nylon particles did not nega-

tively affect the dispersion of F-SWCNTs in epoxy.

To confirm the above conjecture, OM was performed to

directly observe the dispersion of SWCNT in epoxy matrix

and compared with another functionalization agent, pol-

yamidoamine generation 0 (PAMAM-G0) dendrimer, which

yielded good dispersion and adhesion of SWCNT with

epoxy and improved mechanical properties in our previous

report [14]. The OM images presented in Fig. 2 show that

sulfanilamide gives a slightly higher degree of dispersion

when compared to PAMAM-G0 dendrimer. Considering its

lower cost and better dispersion than PAMAM G0 dendri-

mer, sulfanilamide appears to be a better candidate for the

functionalization and dispersion of SWCNTs in epoxy.

Fracture surface of epoxy/P-SWCNTs and epoxy/

F-SWCNTs composite samples were further examined. It

shows that, without any surface treatment, P-SWCNTs form

aggregates and their adhesion with epoxy matrix is generally

poor (Fig. 3a). Many tube bundles were pulled out of the

epoxy matrix. In contrast, sulfanilamide functionalized

SWCNTs are better dispersed. Broken F-SWCNT tube

bundles on the fracture surface were observed (see arrows in

Fig. 3b), which is indicative of excellent bonding between

epoxy matrix and SWCNT. The above results demonstrate

that similar to PAMAM G0 dendrimer, sulfanilamide can
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also help improve both dispersion and adhesion between

SWCNTs and epoxy matrix.

Dynamic mechanical behavior

The DMA test results are shown in Fig. 4. As expected, the

incorporation of F-SWCNT increased the storage modulus

of epoxy. The Tg of the epoxy composites is reduced

slightly after the addition of F-SWCNTs and nylon parti-

cles. The slight decrease of Tg of the composites is prob-

ably due to the presence of SWCNT and nylon particles

that caused under-curing of the epoxy matrix. Similar

results were reported earlier [60, 61].

Tensile behavior

Tensile test was performed to evaluate the effect of the

SWCNT surface functionalization and the addition of

nylon particles on the mechanical properties of epoxy. The

key tensile properties of bulk epoxy/SWCNT and epoxy/

SWCNT/nylon composites are listed in Table 1. The

results show that the incorporation of P-SWCNT can only

slightly improve the Young’s modulus of the composite.

The marginal property improvement is due to the fact that

most P-SWCNTs were poorly dispersed and still highly

bundled, which was also corroborated by the limited vis-

cosity increase as shown in Fig. 1. Oxidation of SWCNTs

leads to a better dispersion, thus better improvements in

mechanical properties. The incorporation of F-SWCNTs

leads to the best overall reinforcement effect. The tensile

properties of the epoxy composites exhibit a good corre-

lation with the dispersion level of SWCNTs in epoxy

matrix.

The addition of nylon particles in neat epoxy and epoxy/

SWCNT samples slightly reduced their Young’s modulus,

and a higher nylon loading led to a larger drop in Young’s

modulus. This is believed to be due to the lower modulus

nature of the nylon particles. As a result, the reinforcement

effect is slightly compromised. It should be noted that if

higher Young’s modulus is of concern, higher modulus

polymers, such as polyphenylene ether or polyetherimide,

instead of nylon particles, can be incorporated to maintain

or further increase the modulus of epoxy matrix [49].

Fracture behavior

The KIC values of the composite samples are also shown in

Table 1. There are only slight differences in KIC values

among the neat epoxy and the three epoxy/SWCNT

Fig. 2 OM images showing the dispersion of a PAMAM G0 and

b sulfanilamide functionalized SWCNTs (0.5 wt%) in epoxy matrix

Fig. 3 SEM images of the

fracture surface showing the

dispersion of a pristine SWCNT

bundles and b sulfanilamide

functionalized SWCNT bundles

in epoxy matrix
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composite samples, which is likely because of the inherent

brittleness of epoxy resin. The addition of SWCNTs in

epoxy cannot promote effective toughening mechanisms,

such as shear banding. However, the addition of nylon

particles to the epoxy/SWCNT composites is found to

significantly improve the fracture toughness by promoting

effective particle bridging mechanism. As expected, a

higher concentration of nylon particles in epoxy led to a

more significant fracture toughness improvement. The

epoxy/F-SWCNT/nylon (10 wt%) composite exhibits the

highest fracture toughness improvement, where over 40%

increase in KIC is observed.

SEM investigation on the fracture surfaces of the epoxy/

SWCNT/nylon composites clearly shows evidence of

fracture toughness improvement with the addition of nylon

particles. The crack tip regions of the fracture surfaces are

shown in Figs. 5 and 6. The neat epoxy shows a nearly

featureless fracture surface without any deviation in crack

growth, which is indicative of the brittleness of the sample.

With an addition of 10 wt% of nylon particles, the crack

propagation is accompanied by numerous crack steps,

which are indicative of the localized crack deflection and

crack bifurcation (Fig. 5). In addition, it is shown that the

nylon particles are drawn on the fracture surface, which

implies that particle bridging mechanism has also taken

place. The above toughening mechanisms account for the

increased fracture toughness for the epoxy/SWCNT/nylon

composite systems.

The crack tip regions of the fracture surfaces of epoxy/

F-SWCNT and epoxy/F-SWCNT/nylon (10 wt%) are

shown in Fig. 6. Rough crack steps that move toward the

SWCNTs and nylon particles are observed. The presence

of SWCNT and nylon particles has promoted crack

deflection, crack bifurcation, and microcracking. The nylon

particles can further promote crack bridging. Therefore, the

fracture toughness of the epoxy/F-SWCNT/nylon is greatly

improved.

Overall, the addition of F-SWCNTs and nylon particles

in epoxy leads to simultaneous improvements in modulus,

strength, and fracture toughness, without noticeable com-

promise in processability.

Thin film fabrication and applications

The epoxy/F-SWCNT/nylon composite thin films were

successfully prepared by manipulating the sample viscosity

via processing temperature and degree of cure. This

effective approach involves partial curing of the epoxy

samples in an oven at 121 �C for 70 min, leading to ca.

50% of cure [14]. The B-staged epoxy/SWCNT/nylon

samples were quickly transferred from the oven and

immediately cast into thin films at a thickness of 50 lm on

a thin film coater, which was preheated to 90 �C. As dis-

cussed above, probably because of their spherical shape,

the addition of nylon particles did not lead to shear thin-

ning, and only increased the viscosity slightly (Fig. 1) [59].

Therefore, the processability of the epoxy/SWCNT/nylon

samples is similar to the epoxy/SWCNT samples reported

earlier [14]. They maintain good processability even with

up to 10 wt% addition of nylon particles.

The choice of sulfanilamide as functionalization agent

for SWCNTs also helps to manipulate the viscosity of
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epoxy/SWCNT/nylon dispersions. Sulfanilamide contains

two amino groups with two distinctly different reactivities:

the aniline end of the molecule is more reactive than the

sulfonamide end. Thus, the SWCNT surfaces are likely to

react with the amino groups from the aniline side of sul-

fanilamide first during the functionalization step. This

leaves the SWCNTs grafted with short chains terminated

with sulfonamide groups. Since such sulfonamide groups

are less reactive when compared to the curing agent, the

functionalized SWCNTs will not be integrated into the

epoxy network until a later stage when curing temperature

is raised [62–64]. Therefore, the viscosity build-up is less

likely to occur during the mixing and B-stage curing step,

which facilitates the film casting process.

The B-staged thin films themselves can find a multitude

of applications, such as micro-devices, electronic packag-

ing [65–67], and coatings for corrosion protection [68]

after they are cured. But they can also remain B-staged, and

subsequently be co-cured with fresh epoxy monomers. ThisT
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Fig. 5 SEM images of the fracture surface of a neat epoxy and

b epoxy/nylon (10 wt%) composite. The inset shows nylon particles

are drawn on the fracture surface, which typifies the crack bridging

phenomenon
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allows the thin films to be integrated into the newly infused

epoxy system. A unique approach to introduce SWCNTs

into epoxy matrix only at locations of interest has been

developed by inserting epoxy/SWCNT B-staged thin films

into epoxy matrix followed by complete curing [16]. In this

way, expensive SWCNT can be used only at the designated

locations of interest, and thus lowering cost. Meanwhile,

the handling issue due to the high viscosity of epoxy/

SWCNT dispersion can be minimized.

The B-staged epoxy/F-SWCNT/nylon thin films pre-

pared in this study have been successfully utilized

as interleaves by vacuum-assisted resin-transfer-molding

(VARTM) to prepare high-performance laminated com-

posites. Good-quality composite panels with improved

mechanical performance have been prepared [69]. Their

effect on the mechanical performance of carbon fiber

reinforced composites, including interlaminar strength,

fracture toughness, and CAI strength, will be reported in

the near future.

Conclusion

Epoxy/SWCNT/nylon composites with a high degree of

dispersion of SWCNTs and nylon particles throughout the

matrix have been prepared. The high degree of SWCNTs

dispersion in epoxy was achieved by the functionalization

of oxidized SWCNTs with sulfanilamide, which improves

epoxy modulus and strength. Sulfanilamide is inexpensive

but effective as a functionalization agent to improve dis-

persion of SWCNT and does not compromise process-

ability. The addition of nylon particles to epoxy/SWCNT

composites improves fracture toughness, with only negli-

gible effect on modulus, Tg, and processability. B-staged

epoxy/SWCNT/nylon composite thin films were success-

fully fabricated by manipulating degree of cure and vis-

cosity. These thin films can be seamlessly integrated into

laminated composite systems and are expected to serve as

effective interleaves for improving mechanical properties

and CAI strength of the laminated composites.
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