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Abstract The performance of a composite material sys-

tem depends critically on the interfacial characteristics of

the reinforcement and the matrix material. In this study, the

interfacial shearing strength (IFSS) of a composite with an

epoxy matrix and a novel carbon nanotube/carbon fiber

(CNT/CF) multi-scale reinforcement was determined by

single fiber-microdroplet tensile test, and the interfacial

reinforcing mechanisms of the composite were discussed.

Results show that the IFSS of the epoxy composite rein-

forced by CNT/CF is as high as 106.55 MPa, which is

150% higher than that of the as-received T300 fiber com-

posite. And the main interfacial reinforcing mechanisms of

this novel composite could be interpreted as chemical

bonding, Van der Waals binding, mechanical interlocking,

and surface wetting.

Introduction

Carbon nanotube/carbon fiber (CNT/CF) multi-scale rein-

forcement, which is synthesized by grafting CNTs onto the

CFs [1, 2] or growing CNTs through chemical vapor

deposition (CVD) directly onto a CF surface [3, 4], shows

the potential use for high-performance composite materi-

als. The performance of a composite material system

depends critically on the interfacial characteristics of the

reinforcement and the matrix material [5]. It has been

found that the interfacial strength between CFs and the

matrix in a polymeric composite could be greatly improved

by growing CNTs onto the surfaces of CFs [4]. In respect

of the multi-scale reinforcement obtained by grafting CNTs

onto the CFs, there exist chemical bonds between CNTs

and CFs, as well as between CNTs and the polymer matrix.

Chemical bonding [6] and the intimate contact between the

CNTs and the polymer matrix have been suggested as

responsible for the high interfacial shear stress. A strong

interface of the traditional CF-reinforced polymer com-

posite can also be achieved by forming chemical bonds

between CFs and the matrix through fiber surface treat-

ments [7, 8].

Although CNT/polymer composites and CNT/CF

multi-scale reinforcement have been the topics of several

recent studies, the interfacial bonding properties and

reinforcing mechanisms of the epoxy composite in which

CNT/CF synthesized by grafting CNTs onto the CFs is

used as mechanical reinforcement have not been studied

detail. The interfacial properties of polymer composites

reinforced by traditional fiber are usually studied by

single fiber model composites test [9, 10]. In this study, a

single CNT/CF filament-reinforced epoxy microdroplet

tensile test was carried out to investigate the interfacial

shearing strength (IFSS) of the novel composite, and the

interfacial reinforcing mechanisms of the composite were

discussed from the view of chemical bonding, Van der

Waals binding, mechanical interlocking, and surface

wetting.
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Experiment

Sample preparation

In order to prepare the CNT/CF multi-scale reinforcement,

the CNTs functionalized with hexamethylene diamine were

grafted onto the fiber surface treated by acid and SOCl2
through nucleophilic substitution reaction between amine

groups at the end caps of CNTs and acyl chloride groups on

the fiber surface [1].

During the preparation of the resin system, epoxy AG-

80 and p-diaminodiphenylsulfone were mixed in the ratio

of 3:1 and the viscosity of the mixture was regulated by

acetone. Single filament approximately 100 mm in length

was carefully separated from the fiber tow with a needle

and the end of the fiber was taped to parallel sides of a

specially designed fiber fixer (as shown in Fig. 1) by using

double-sided tape. Then resin microdroplets were applied

to the fiber using a syringe and a needle. A drop of the

prepared resin was made to flow to the needle tip and

allowed to contact with a fiber. After retraction of the

needle tip, some of the resin formed spindle-like micro-

droplets around the fiber under surface tension forces. Then

the microdroplets were allowed to cure at 120 �C for 4 h.

As-received T300, T300 rinsed by acetone, T300 treated by

thionyl chloride, and CNT/CF multi-scale reinforcement

[1] were selected to prepare single fiber-microdroplet ten-

sile test samples for comparison. The percentage of surface

elements of T300 and CNT/CF was analyzed by X-ray

photoelectric spectra (XPS).

IFSS test

Composite interfacial evaluation equipment (MODEL

HM410) was employed to determine the IFSS of single

fiber-microdroplet composites. The microdroplets with a

diameter of about 60 lm were selected and a loading rate

of 0.05 lm/s was applied to obtain the interfacial deb-

onding load. The IFSS is an average of at least 100 mea-

surements which can be calculated as the following Eq. 1:

IFSS ¼ F

pDfLe

; ð1Þ

where F is the maximum load, Df the diameter of the single

fiber, and Le is the diameter of the microdroplet.

Results and discussion

IFSS

The IFSS of four kinds of single fiber-microdroplet com-

posites with the same resin system is listed in Table 1.

As listed in Table 1, the IFSS of the as-received T300

composite is 42.62 MPa, whereas the IFSS for the T300

rinsed by acetone composite is 18.37 MPa, which is

56.90% less than that of the former. This is because the

polymer layer on fibers, which is used to protect CFs

during its processing and improve its adhesion property

[11], could be removed after rinsed by acetone, resulting in

the decrease in the wettability of the fiber surface. The

IFSS of the thionyl chloride-treated T300 fiber composite

is 56.19 MPa, which is increased by 31.84% compared to

that of the as-received T300 fiber composite. The reason

may be that the introduction of carboxyl and hydroxyl on

CFs after thionyl chloride treatment can improve the wet-

tability of the fiber surface. It should be noted that owing to

the incorporation of CNTs, the IFSS of the CNT/CF

composite is as high as 106.55 MPa, which is 150% higher

than that of the as-received T300 fiber composite.

The fracture surfaces of the composites reinforced using

T300 fibers and CNT/CF are shown in Fig. 2a, b. There is

almost no CF pull out observed in CNT/CF composite,

whereas it is serious in T300 fiber composite. It therefore

confirms that the CNTs on CF surfaces helped in improv-

ing the interface between the fibers and the matrix. The

shear delamination of the hybrid composite is thus reduced

and is reflected in their improved interfacial properties.

Interfacial reinforcing mechanisms

Chemical bonding

Load transfer ability could be effectively improved by

chemical bonding between the fiber and the matrix. There

are chemical bonds connecting CNTs and the CF toge-

ther, which make the CF like a branched fiber. TheFig. 1 Sketch of single fiber-microdroplet sample preparation

Table 1 The IFSS of four single fiber-microdroplet composites

Filament IFSS (MPa) Increase (%)

As-received T300 42.62 –

T300 rinsed by acetone 18.37 -56.90

T300 treated by thionyl chloride 56.19 31.84

CNT/CF 106.55 150
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chemical reactions at the composite interface are shown

in Fig. 3. One end of the CNT and the epoxy matrix

could react through amino and epoxy groups, respec-

tively. Meanwhile, previous study on the CNT/polymer

composites indicates that there are chemical bonds

between CNTs and polymer [12]. And the IFSS and load

transfer ability can be enhanced by over an order of

magnitude with the formation of crosslinks between CNT

and the matrix involving \1% of the nanotube carbon

atoms [13]. Therefore, it indicates that the high interfacial

shear stress could be ascribed, to a large extent, to the

chemical bonding at the composite interface.

Van der Waals binding

Due to the exceptionally high specific area of CNTs, the

Van der Waals interaction which depends primarily on the

contact area at the composite interface cannot be negligi-

ble. The representative area of the CNT/CF multi-scale

reinforcement (265 nm in width and 417 nm in length) is

shown in Fig. 4. The content of CNTs on the multi-scale

reinforcement is 1.2 wt% [1]. The total length of CNTs

measured in the selected area is 800 nm. The radius of the

T300 fiber is 3500 nm and the density is 1.76 g/cm3, and

those of CNT are 8 nm and 1.40 g/cm3, respectively. The

specific surface area of the T300 fiber is calculated as

0.4564 m2/g, and 0.6193 m2/g for the CNT/CF multi-scale

reinforcement, which is 36.23% lager than that of the T300

fiber. Thus, the incorporation of the CNTs at the composite

interface can increase the specific surface area of the

reinforcement filler significantly, which results in the

improvement of Van der Waals interaction at the com-

posite interface.

Mechanical interlocking

The mechanical interlocking between the reinforcement

and the matrix induced by fiber surface roughness could

Fig. 3 Sketch of CNT/CF composite interfacial chemical reaction

Fig. 4 Representative area of the CNT/CF multi-scale reinforcement

[1]

Fig. 2 SEM photos of the fracture surfaces of a T300 fiber composite

and b CNT/CF composite

3576 J Mater Sci (2009) 44:3574–3577

123



restrict the movement of the different phase of materials at

the composite interface reciprocally. But this could be

difficult for traditional CF-reinforced polymer due to the

glazed and inert surface of CFs. The CNT/CF microdroplet

composite interfacial structure is illustrated in Fig. 5. The

CNTs ‘‘nails’’ on the CF surfaces extend into the polymer

matrix and lead to micromechanical interlocking effect at

the interface regions, which improve the load transfer

ability efficiently. Meanwhile, the amino groups on the

end of the ‘‘nails’’ could react with the epoxy matrix during

curing process, leading to their connection through

chemical bonds. Thus, the incorporation of CNTs offers

potential for selective reinforcement, where nanoscale

reinforcement can be included in matrix-rich interlaminar

regions to improve through-thickness properties of polymer

composite and stiffen the fiber/matrix interface [4].

Surface wetting

Sufficiently good adhesion between fibers and matrix is

essential for the successful usage of fiber composite.

However, resins do not easily wet CFs, due to the relatively

inert and non-polar fiber surface [14]. This could be

improved by fiber surface treatments [15, 16]. The XPS

results of the surface elements percentage of T300 and

CNT/CF multi-scale reinforcement are listed in Table 2.

Table 2 shows that compared with those of the as-

received T300 fiber, the content of oxygen on CNT/CF

surface increases from 16.63 to 21.49%, and the content of

nitrogen and chlorine increases from 3.40 to 4.12% and

0.35 to 1.82%, respectively. Therefore the contents of

polarity functional groups on CNT/CF surface are

increased. A sequent of surface treatments on CFs [1]

populated the fiber surfaces with active chemical groups

such as hydroxyls, carboxyls, and carbonyls, which

improved the surface wettability of CFs, and in turn

maximized the degree of intimate molecular contact.

Conclusions

Single fiber-microdroplet tensile test indicates that the IFSS

of a composite with an epoxy matrix and a novel CNT/CF

multi-scale reinforcement is as high as 106.55 MPa, which is

150% higher than that of the as-received T300 fiber com-

posite. The main interfacial reinforcing mechanisms of this

novel composite could be interpreted as chemical bonding,

Van der Waals binding, mechanical interlocking, and surface

wetting.
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