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Abstract Multi-walled carbon nanotubes, with a typical

length of 140 lm and a diameter of 120 nm, have been

used to modify an anhydride-cured epoxy polymer. The

modulus, fracture energy and the fatigue performance of

the modified polymers have been investigated. Microscopy

showed that these long nanotubes were agglomerated, and

that increasing the nanotube content increased the severity

of the agglomeration. The addition of nanotubes increased

the modulus of the epoxy, but the glass transition tem-

perature was unaffected. The measured fracture energy was

also increased, from 133 to 223 J/m2 with the addition of

0.5 wt% of nanotubes. The addition of the carbon nano-

tubes also resulted in an increase in the fatigue perfor-

mance. The threshold strain-energy release-rate, Gth,

increased from 24 J/m2 for the unmodified material to

73 J/m2 for the epoxy with 0.5 wt% of nanotubes. Electron

microscopy of the fracture surfaces showed clear evidence

of nanotube debonding and pull-out, plus void growth

around the nanotubes, in both the fracture and fatigue tests.

The modelling study showed that the modified Halpin–Tsai

equation can fit very well with the measured values of the

Young’s modulus, when the orientation and agglomeration

of the nanotubes are considered. The fracture energy of the

nanotube-modified epoxies was predicted, by considering

the contributions of the toughening mechanisms of nano-

tube debonding, nanotube pull-out and plastic void growth

of the epoxy. This indicated that debonding and pull-out

contribute to the toughening effect, but the contribution of

void growth is not significant. There was excellent agree-

ment between the predictions and the experimental results.

Introduction

Thermosetting polymeric materials, such as epoxy poly-

mers, are widely used in composite materials and adhesive

applications due to their relatively high modulus, strength

and chemical/thermal resistance. However, these polymers

are highly crosslinked, and hence are brittle. Therefore, an

appropriate modification for improving the toughness of

such polymers is required, without degrading their other

useful properties. Many ways to toughen thermosets have

been discussed, including the use of rubber (e.g. carboxyl-

terminated butadiene-acrylonitrile (CTBN) [1, 2]), ther-

moplastic [3, 4] and inorganic particles [5, 6].

More recently, the addition of nanoparticles has become

a well-established modification to improve the mechanical

properties and toughness of thermosetting polymers. Var-

ious types of nanoparticles have been used, including silica

nanoparticles [7, 8], nanoclays [9, 10], carbon nanotubes

[11–14] or nanofibres [15] and graphene [16]. Blackman

et al. [17] also showed that silica nanoparticles could

increase the cyclic-fatigue performance of epoxy polymers,

in addition to increasing the fracture toughness. Further-

more, this improvement in cyclic-fatigue performance has

been found to be carried through to an improved perfor-

mance of fibre-composite materials based upon such

modified polymeric matrices, as has been recently reported

by Manjunatha et al. [18].

Nanocomposites modified by carbon nanotubes (CNTs)

have been intensively investigated, as CNTs have excellent

mechanical properties [19, 20] and good interface
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properties when they are used as a reinforcement with

polymeric matrices [21]. For example, Yeh et al. [14] have

measured a significant increase in the Young’s modulus

and tensile strength of an epoxy polymer when CNTs were

added. Gojny et al. [22] have investigated the fracture

toughness of CNT-based polymeric nanocomposites and

concluded that using nanotubes several microns long with a

high aspect ratio could enhance the fracture toughness.

They also showed that the highest value of fracture

toughness was obtained when the CNTs were well dis-

persed in the polymer. Koratkar and co-workers [23–26]

have also reported that the addition of 10–20-lm long

CNTs to an epoxy polymer reduces the rate of crack

growth when the material is subjected to cyclic-fatigue

loading. However, these authors did not measure the

threshold values below which no further crack growth

occurs, which is a very important parameter for engineer-

ing design studies. The increase in the number of cycles to

failure in fatigue by the introduction of CNTs has also been

demonstrated for a methylmethacrylate copolymer [27]. In

comparison, the addition of milled carbon fibres to a sim-

ilar polymer gave no improvement in the fatigue life [28].

The main mechanism by which the addition of CNTs

increases the observed toughness of the thermosetting

epoxy polymers has been identified [22–24, 29] as pull-out

of the CNTs from the epoxy polymer when the crack faces

open as crack propagation occurs. Further, quantitative

modelling of this CNT pull-out mechanism during the

fracture of these nanocomposites confirmed that such a

mechanism may indeed account for the observed increases

in toughness [29, 30]. However, pull-out requires the CNTs

to debond from the matrix, which may also absorb energy.

Once debonding has occurred, the constraint on the epoxy

is relieved, and so plastic void growth may also occur.

This article discusses the behaviour of multi-walled

carbon nanotube (MWCNT)-modified epoxy polymers

when subjected to fracture and to cyclic-fatigue loading.

This study will use significantly longer MWCNTs than

those reported in the literature, and will show the effect of

their addition on the threshold fracture energy below which

no crack growth occurs. The relative contributions of the

debonding, pull-out and void growth mechanisms to the

toughness will also be predicted.

Experimental

Materials

The aligned MWCNTs, shown in Fig. 1, were produced

using a chemical vapour deposition (CVD) process. A

liquid solution of ferrocene in toluene (8.76 wt%) was

injected at a rate of 0.4 ml/min into a carrier gas preheated

at 200 �C [31]. The carrier gases used in this study were

argon and hydrogen, at slightly above atmospheric pres-

sure. The deposited CNTs were grown on silica substrates

inside a tubular furnace at a temperature of 760 �C. The as-

produced nanotubes are relatively straight and unentangled,

with a typical length of 140 lm and a diameter of 120 nm.

They were scraped off the substrate using a scalpel before

being added to the epoxy and sonicated as described below.

(It is known that sonication can damage nanotubes, so their

length was measured after sonication in the epoxy using

scanning electron microscopy after filtering the nanotubes

from the epoxy resin. After sonication, the nanotubes were

typically 120-lm long, indicating that the sonication pro-

cess did not seriously damage or shorten the nanotubes.)

A diglycidyl ether of bisphenol A (DGEBA) resin, ‘LY-

556’ from Huntsman (Duxford, UK), with an epoxy

equivalent weight (EEW) of 186 g/eq was used. This was

cured using a low viscosity anhydride, ‘HE 600’ from

Nanoresins (Geesthacht, Germany) with an anhydride

equivalent weight (AEW) of 170 g/eq. A concentration of

only up to 0.5 wt% of MWCNTs was used, as further

increases in the nanotube content resulted in very high

viscosities which prevented high-quality cured plates of the

materials being produced. The nanotubes were first mixed

with the DGEBA using an ultrasonic probe for 30 min and

a mechanical stirrer for 30 min at 50 �C. The mixture was

then blended with the curing agent using the mechanical

stirrer for 20 min at 50 �C, and degassed at the same

temperature using a vacuum oven. The resin was poured

into a release-coated mould and cured at 100 �C for 2 h,

followed by a post-cure of 10 h at 150 �C. The mechanical,

fracture and fatigue test samples were machined from the

resultant 6-mm-thick plates of cured epoxy polymer.

Fig. 1 Scanning electron micrograph of MWCNTs produced by

CVD
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Microstructure and thermal studies

Atomic force microscopy (AFM) was undertaken in the

tapping mode using a ‘MultiMode’ scanning probe

microscope from Veeco (Plainview, USA) equipped with a

‘NanoScope IV controlled J-scanner’. A very smooth sur-

face was first prepared using a ‘PowerTome XL’ cryo-

ultramicrotome from RMC Products (Tucson, USA).

Transmission optical microscopy (TOM) was performed

using slices with a thickness of 100 lm. The slices were

cut from plates of the unmodified epoxy polymer and the

nanocomposites, and bonded to a glass microscope slide.

The surface was then polished using a rotary plate polisher,

starting with a 6 lm diamond solution, and decrementing

to a 1 lm diamond solution. The samples were then

carefully cut off the slides and bonded, polished side down,

onto a new slide. The samples were then ground down to

about 100 lm and polished again. The slices were viewed

using an ‘Axio Scope A1 Materials Microscope’ from Carl

Zeiss.

Differential scanning calorimetry (DSC) was conducted

using a cured sample of about 10 mg, according to the ISO

Standard 11357-2 [32], employing a ‘DSC Q2000’ from

TA Instruments. The sample was tested using two cycles

with a temperature range of 30–180 �C at a scanning rate

of 10 �C/min. The results of the DSC studies were out-

putted as curves of heat flow versus temperature, in which

the glass transition temperature, Tg, was defined as the

inflection point in the second heating cycle.

Mechanical properties

The Young’s modulus was measured using uniaxial tensile

tests according to ASTM D638 [33] at 1 mm/min and room

temperature, using a clip-gauge extensometer to measure

the displacement of the gauge length. The surfaces of the

specimens were polished to remove machining defects.

Single-edge notch-bend (SENB) specimens were

machined from the plates, in accordance with ASTM

D5045 [34]. A chilled razor blade was tapped into the

notched specimens to produce a sharp natural crack. The

fracture tests were carried out at a loading rate of 1 mm/

min and at room temperature. The fracture energy was

calculated using the energy method, and the fracture

toughness was calculated using the fracture load.

The cyclic-fatigue tests were conducted using compact

tension specimens [34] in displacement control, with a

displacement ratio, dmin/dmax, of 0.5. Sinusoidal loading

was used, with a frequency of 5 Hz. The rate of cyclic-

fatigue growth per cycle, da/dN, was measured [35] as a

function of the maximum strain-energy release-rate, Gmax.

The crack length, a, was recorded using a crack propaga-

tion gauge, ‘Krak gage’ from Rumul (Neuhausen am

Rheinfall, Switzerland), bonded to the specimen using a

very brittle epoxy adhesive. Each test was run until the

cyclic-fatigue threshold could be clearly identified, which

was after approximately five million cycles. The cyclic-

fatigue data were analysed using the seven-point polyno-

mial method, according to [35].

Field-emission gun scanning electron microscopy (FEG-

SEM) of the fracture surfaces was performed using a Carl

Zeiss ‘Leo 1525’ with a ‘Gemini’ column, with a typical

accelerating voltage of 5 kV. All specimens were coated

with an approximately 5-nm thick layer of chromium

before imaging.

Results

The dispersion of the MWCNTs in the epoxy polymer was

examined using AFM and TOM. The AFM and TOM

images revealed that the nanotubes were agglomerated in

the epoxy polymer at all the concentrations employed, see

for example Fig. 2. AFM showed that these agglomerates

are typically about 5–10 lm in diameter. (Note that the

nanotubes were measured to be about 120-lm long after

sonication). Further, as the content of the MWCNTs is

increased, the size of the MWCNT agglomerates increases.

The FEG-SEM images of the fracture surfaces can also be

used to examine the dispersion of the nanotubes, see

Fig. 3d for example. It is clear that there are many

agglomerated CNTs on the fracture surface, a result which

agrees with the AFM and TOM observations, and confirms

the typical agglomerate size as observed by AFM.

The results of the DSC and quasi-static testing are

summarised in Table 1. A glass transition temperature of

147 �C was measured for the unmodified epoxy, which lies

within the range of 145 ± 2 �C quoted in the literature for

this material [7, 36]. The addition of nanotubes did not

affect the value of Tg within experimental uncertainty,

indicating that the polymer’s degree of crosslinking is

unchanged by the addition of the MWCNTs. A Young’s

modulus of 2.90 GPa was measured for the unmodified

epoxy, and this increased steadily as the nanotube content

was increased, as expected [14]. A maximum modulus of

3.26 GPa was measured for the epoxy containing 0.5 wt%

of MWCNTs.

The fracture toughness, KC, and fracture energy, GC, of

the epoxy polymers increased steadily as the nanotube

content was increased. The measured value of GC for the

unmodified epoxy was 133 J/m2, which shows that this is a

brittle polymer, and this value agrees well with that quoted

in the literature [7, 36, 37]. The value of GC was increased

to 223 J/m2 by the addition of 0.5 wt% of MWCNTs.

Examination of the fracture surfaces shows river lines

typical of brittle failures, see Fig. 3a, plus evidence which
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reveals the origin of the toughening mechanisms. Namely,

nanotube pull-out and bridging can be clearly observed in

Fig. 3a and b. Here, the mean pulled-out length is 7.8 lm,

with a standard deviation of ±2.8 lm. Note that the

MWCNTs are typically 120-lm long after sonication, so

the measured average pulled-out length is much shorter

than the nanotube length. Thus, the suggested sequence of

events is that the nanotubes will first debond from the

matrix to allow pull-out. However, as the nanotubes are

long and not straight, they rupture rather than pulling-out

completely. Therefore, energy will be absorbed by deb-

onding, by friction between the nanotube and the polymer

as it is pulled-out and by fracture of the nanotubes. Mea-

surement of the number of pulled-out nanotubes and cal-

culation of the total number of nanotubes from the volume

fraction showed that 100% of the nanotubes exhibited pull-

out when 0.1 or 0.2 wt% were used. At the highest volume

fraction of 0.5 wt%, then only 62% of the nanotubes

exhibited pull-out.

Voids due to debonding between MWCNTs and the

matrix followed by plastic deformation of the epoxy (i.e.

plastic void growth) can also be observed, see Fig. 3c. This

mechanism has been reported for this epoxy, but modified

with silica nanoparticles, by Hsieh et al. [38]. These pro-

cesses will also absorb energy, and hence increase the

measured toughness. However, note that void growth was

only observed around 8% of the nanotubes.

The fatigue performance of the MWCNT-modified

composites is shown in Fig. 4, as a plot of the logarithmic

rate of crack growth per cycle, da/dN, versus the loga-

rithmic maximum applied strain-energy release-rate, Gmax,

in the fatigue cycle. The data follow the expected modified

Paris law relationship [39]. In accordance with the fatigue

testing standard [35], the value at end of the test (when the

crack effectively stops growing) is the maximum applied

strain-energy release-rate in the threshold region, Gth, as

summarised in Table 2. From Fig. 4, it is clear that the

addition of the CNTs increased the threshold, from 24 J/m2

for the unmodified material to 73 J/m2 for the epoxy

polymer containing 0.5 wt% CNTs. The effectiveness of

the nanotubes at increasing the fatigue performance can be

seen by considering the ratio of Gth/GC. Typical values for

this ratio from the literature, e.g. [40–42], lie in the range

of 0.05–0.35, so the modification with nanotubes is highly

effective, as values of Gth/GC up to 0.33 were measured,

see Table 2. Similar increases in the threshold strain-

energy release-rate have previously been reported by

Blackman et al. [17] using silica nanoparticles. The gra-

dient of the logarithmic rate of crack growth per cycle,

da/dN, versus the logarithmic maximum applied strain-

energy release-rate, Gmax, in the Paris law region is not

significantly affected by the addition of the MWCNTs.

The fracture surfaces of the fatigue specimens were

examined using FEG-SEM. The fracture surfaces are

shown in Fig. 5, where the images are representative of

three different zones viz: the onset of fatigue crack initia-

tion (where Gmax is large), fatigue crack propagation and

the fatigue threshold (where Gmax = Gth) regions. The

crack initiation region was similar in appearance to the

fracture surfaces from the fracture tests described above,

which also showed river lines. The relatively featureless

glassy surface can be seen in the propagation and threshold

region. At the high magnification, nanotube pull-out can be

observed clearly in the images. In the threshold region,

voids can be seen around the nanotubes, as shown in Fig. 6,

Fig. 2 TOM images of the nanocomposites containing: a 0.1 wt%,

b 0.2 wt% and c 0.5 wt% MWCNTs
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due to debonding between CNTs and the matrix followed

by plastic deformation of the matrix. By observing the side

of the tip of the wedged-open fatigue crack, the SEM

images, as shown in Fig. 7, clearly indicate the CNT pull-

out mechanism. Hence similar mechanisms increase the

fatigue performance as were observed to increase the

fracture energy in the quasi-static tests.

Modelling studies

Young’s modulus

An analytical model was used to describe the Young’s

modulus, E, of the CNT-modified polymers. The Halpin–

Tsai model [43–45] was designed for unidirectional fibre-

reinforced polymers, and the predicted modulus is given

by:

E ¼ 1þ ngVf

1� gVf

Em ð1Þ

in which Vf is the volume fraction of reinforcement, Em is

the Young’s modulus of the matrix and n is the shape

factor, given by:

n ¼ 2
lf
Df

� �
ð2Þ

where lf is the length of the reinforcement, Df is the

diameter of the reinforcement, and

g ¼
Ef

Em

h i
� 1

Ef

Em

h i
þ n

ð3Þ

where Ef is the Young’s modulus of the reinforcement.

Equation 1 was deduced for composites with aligned

fibrous reinforcements. However, in this study the orien-

tation of the MWCNTs has a more random distribution.

The nanotubes themselves are also not straight. The effect

of nanotube waviness on the modulus of nanotube-modi-

fied polymers has been analysed by various authors, e.g.

[46–48]. However, waviness can be considered to simply

locally change the orientation of the nanotubes. Cox [49]

considered the effect of orientation on the stiffness of

Fig. 3 FEG-SEM image of the nanocomposite containing 0.5 wt% MWCNT, showing a nanotube pull-out, b nanotube bridging, c voids around

nanotubes and d nanotube dispersion. (Crack growth is from right to left)

Table 1 Glass transition temperature, Young’s modulus, fracture

toughness and fracture energy of the formulations

Formulation Tg (�C) E (GPa) KC (MPa m1/2) GC (J/m2)

Mean SD Mean SD Mean SD

Control 147 2.90 0.09 0.69 0.03 133 8

0.1 wt% 147 3.01 0.06 0.85 0.04 162 14

0.2 wt% 146 3.11 0.05 0.88 0.02 188 7

0.5 wt% 144 3.26 0.05 0.98 0.05 223 13
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composites and introduced an orientation factor, a, into the

Halpin–Tsai model by modifying the value of g:

g ¼
aEf

Em

h i
� 1

aEf

Em

h i
þ n

: ð4Þ

The orientation factor presents the relationship between

the thickness of the specimen and the length of the

reinforcement. When the length of the reinforcement is

much smaller than the thickness of the testing specimen,

a = 1/6 is used [49]. However, when the length of the

reinforcement is much longer than the thickness of the test

specimen, a = 1/3 is used. The length of the nanotubes

used in this study is around 120 lm, which is much smaller

than the thickness of the tensile testing specimens (of

6 mm); therefore, the orientation factor a = 1/6 will be

used.

In Eqs. 1, 2 and 4, the only unknown is Ef ; as lf , Df and

Em can be measured from the micrographs and the tensile

tests of the unmodified epoxy. The value of Ef can be found

by linear regression to the experimental data at low nano-

tube contents, see Fig. 8. This gives the effective Young’s

modulus of the MWCNTs to be 1100 GPa. This value

agrees well with the typical Young’s modulus of MWCNTs

which is quoted to be in the range from 250 to 1200 GPa

[50]; however, it does appear somewhat high for catalytic

vapour grown nanotubes.

Yeh and co-workers [51, 52] have reported that the

modulus of nanotube-modified thermosets does not

increase linearly, but that the reinforcement effect reduces

at higher volume fractions due to agglomeration. The

results shown in Fig. 8 show this effect, as the improve-

ment of the Young’s modulus is not linear at higher volume

fractions. Yeh et al. [51] modified the shape factor, n,

introducing an exponential factor to account for the effect

of agglomeration on the stiffness:

n ¼ 2
lf
Df

� �
e�aVf�b ð5Þ

in which a and b are constants related to reinforcement

agglomeration. However, this expression has three

unknowns, Ef, a and b. These were ascertained after Yeh

et al. [51], by fitting to the linear portion of the data to

find Ef, then fitting for a, and finally b. Values of

Ef = 1100 GPa, a = 9.15 and b = 0.12 were calculated.

All the values used in the modified Halpin–Tsai equations

are shown in Table 3. The results can be compared with

those of Yeh et al. [51], who calculated values of a = 75

and 55, and b = 1 and 0.5 for a phenolic polymer modified

with two types of MWCNTs. The lower values of a and b

in this study indicate less agglomeration than that observed

by Yeh et al.

Fracture energy

The modelling work in this study also focuses on the

toughness of the nanotube-modified materials. The

observed toughening mechanisms were nanotube pull-out,

plus debonding and plastic void growth. (Note that shear

banding is generally not considered for short-fibre com-

posites, and indeed plane-strain compression tests showed

none of the strain softening which is generally considered

to be a requirement for shear banding to occur [53–55].

Thin sections were cut from the tested plane-strain com-

pression samples. These were placed between crossed po-

larisers and inspected using TOM, and no evidence of the

formation of shear bands was observed).

Fibre pull-out is considered to be the main toughening

mechanism in short-fibre-reinforced composites. For

MWCNT-modified polymers, Blanco et al. [29] identified

(i) nanotube pull-out from the matrix and (ii) sword-in-

sheath pull-out as the toughening mechanisms. For the

sword-in-sheath mechanism, the outer shell of the

MWCNT fractures in tension and the inner shells pull-out

from within it. This leaves the broken outer shell embedded

1.2 1.4 1.6 1.8 2.0 2.2 2.4
-8
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-1

 Unmodified Epoxy
 0.1 wt% CNTs
 0.2 wt% CNTs
 0.5 wt% CNTs
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g(

da
/d

N
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 m
m

/c
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s

log(G
max

), J/m2

Fig. 4 Rate of crack growth versus maximum applied strain-energy

release-rate in the fatigue cycle for unmodified epoxy and

nanocomposites

Table 2 Fracture energy, fatigue threshold strain-energy release-rate,

Gth, and Gth/GC ratio for the formulations

Formulation Vf (%) GC (J/m2) Gth (J/m2) Gth/GC

Mean SD Mean SD

Control 0 133 8 24 8 0.18

0.1 wt% 0.063 162 14 32 4 0.20

0.2 wt% 0.125 188 7 52 7 0.28

0.5 wt% 0.313 223 13 73 2 0.33
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in the polymer. For void growth to occur, the polymer

would need to debond from the shell, so the shell would be

observed in the void. This was not observed on the fracture

surfaces. Alternatively, the nanotube shell could dilate with

the matrix during plastic void growth. However, the high

hoop stiffness of the nanotube will prevent void growth

occurring. As void growth is observed, the sword-in-sheath

pull-out mechanism can be discounted.

Pull-out from the matrix may significantly increase the

toughness by the interfacial friction between the fibre and

the matrix. Nanotubes possess a high specific surface area

(SSA) of typically between 1000 to 1200 m2/g [56], which

results in a high potential for toughening polymeric com-

posites via this mechanism. The examination of the

toughening mechanisms using FEG-SEM of the fracture

surfaces shows that nanotube pull-out is indeed present and

will contribute to the increase in the toughness of the

nanotube/epoxy composites. The energy, DGpull�out,

required to pull-out a nanotube can be written as the

product of the number of nanotubes involved and the

energy required to pull-out each nanotube, by a similar

analysis to that of Hull and Clyne [57] for fibres:

DGpull�out ¼
Zle

0

Ndx

le
prfx

2si ð6Þ

where le is the effective pulled-out length, rf is the radius of

the fibre (nanotube), x is the length involved in pull-out, si

is the interfacial shear strength and N is the number of

nanotubes per unit area:

Fig. 5 FEG-SEM images of the fatigue fracture surface of the nanocomposite containing 0.2 wt% MWCNTs, for the regions of a, b crack

initiation, c, d propagation, e, f threshold. (Crack growth is from right to left)
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N ¼ Vf

pr2
f

ð7Þ

where Vf is the volume fraction of nanotubes. Note that the

effective pulled-out length will not be equal to the total

length of the nanotube, as only a small portion of the

nanotube pulls out. The interfacial shear strength between

the matrix and the nanotube is unknown for this epoxy

matrix. However, Barber et al. [58] measured a value of

47 MPa for polyethylene-butene. Further tests [59] gave a

range of values between 15 and 86 MPa. Blanco et al. [29]

suggested that the value of the interfacial shear strength

would lie between 1 and 100 MPa, so 47 MPa is a good

estimate for use in this study. Substituting Eq. 7 into 6 and

integrating gives:

DGpull�out ¼
Vfpol2esi

3rf

ð8Þ

where Vfpo is the volume fraction of nanotubes which are

observed to pull-out. As discussed above, not all of the

nanotubes were involved in pull-out for the 0.5 wt%

nanotube-modified material. Here, only 62% of the nano-

tubes showed pull-out, and the volume fraction, Vf, of

nanotubes added to the epoxy is corrected accordingly in

Eq. 8. The observed bridging can be considered to be part

of the pull-out process. The effective CNT pulled-out

length used in the model is 7.8 lm, which is the mean

length of the pulled-out nanotubes measured from the

fracture surfaces by FEG-SEM.

In addition to the nanotube pull-out mechanism, the

plastic void growth of the epoxy matrix initiated by deb-

onding between the nanotubes and the matrix is a major

mechanism for improving the toughness. Previous studies

[38, 55] have calculated the fracture energy contributed by

the plastic void growth mechanism, which can be written

as:

DGv ¼ ð1� l2
m=3ÞðVfv � VfpÞrycryuK2

vm ð9Þ

where Vfv and Vfp are the volume fraction of the voids and

the volume fraction of nanotubes which showed void

growth around them, lm is the material constant allowing

for the pressure-dependency of the yield stress [60]. Kvm is

the maximum stress concentration for the von Mises

stresses around a debonded particle, which is dependent on

the volume fraction of the reinforcement [61, 62], and lies

between 2.11 and 2.12 for the volume fractions used in this

study. ryc is the compressive yield stress, and ryu is the

plastic zone size at fracture of the unmodified epoxy

polymer, which can be calculated using

Fig. 6 FEG-SEM images showing voids around nanotubes in the

threshold region of the fatigue fracture surface of the nanocomposite

containing 0.2 wt% MWCNTs

Fig. 7 SEM image showing nanotube bridging and pull-out during

the fatigue cracking
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Fig. 8 The experimental Young’s modulus fitted by the modified

Halpin–Tsai equations
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ryu ¼
1

6p
EmGCU

1� t2ð Þr2
y

ð10Þ

where GCU is the fracture energy, m is the Poisson’s ratio

and ry is the tensile yield stress of the unmodified material.

(Note that this approach effectively predicts the size of the

plastic zone in the nanotube-modified polymer. Previous

work on nanoparticle-modified epoxies [38] has shown that

the predicted diameter of the plastic zone agrees very well

with the measured diameter.)

Each void is assumed to be a conical frustum (i.e. a

truncated cone) with its smaller diameter equal to the

diameter of the nanotube (120 nm). The larger diameter,

i.e. the void size, can be calculated by considering the

maximum hoop strain around the nanotubes. If the fracture

strain measured from the plane-strain compression tests,

i.e. a true strain of 0.75 (see Table 3), is equated with the

maximum hoop strain around the void, then a void diam-

eter of 210 nm is predicted. The values used in the mod-

elling are given in Tables 3 and 4.

Interfacial debonding is essential because it reduces the

constraint at the crack-tip, consequently allows the nano-

tubes to be pulled-out from the matrix, and the epoxy

matrix to deform plastically via void growth. The interfa-

cial debonding energy, DGdb, is given by [57]:

DGdb ¼
VfdblfGi

Df

ð11Þ

where Vfdb is the volume fraction of nanotubes which de-

bond, and Gi is the interfacial fracture energy between the

CNTs and the epoxy. Barber et al. [59] reported Gi values

of between 13 and 34 J/m2 from Zhandarov et al. [63] for

glass fibres and vinyl ester (which is quite similar to the

epoxy used here). They also reported values for CNTs and

polyethylene-butane of a similar magnitude. Hence, a value

of 25 J/m2 will be used here in this study.

From the observations of the fracture surfaces using

FEG-SEM, the toughening mechanisms responsible for the

increase in the fracture energy of the nanotube-modified

epoxy materials are recognised as nanotube pull-out,

Table 3 The parameters used

in the modelling studies
Name Symbol Unit Value Source

Diameter of nanotube after sonication Df nm 120 Present study

Length of nanotube after sonication lf lm 120 Present study

Density of nanotube qf g/ml 1.8 [52]

Young’s modulus of nanotube Ef GPa 1100 Calculated

Young’s modulus of unmodified epoxy Em GPa 2.90 Present study

Density of unmodified epoxy qm g/ml 1.2 Present study

Fracture energy of unmodified epoxy GCU J/m2 133 Present study

Orientation-related constant a – 1/6 [49]

Agglomeration-related constant a – 9.15 Calculated

Agglomeration-related constant b – 0.12 Calculated

Effective pulled-out length le lm 7.82 Present study

Interfacial shear strength si MPa 47 [58]

Poisson’s ratio of unmodified epoxy m – 0.35 [55]

Plane-strain compressive yield stress of unmodified epoxy ryc MPa 120 [38]

True fracture strain of unmodified epoxy cf 0.75 [55]

Pressure-dependent yield stress parameter lm – 0.2 [60]

Maximum von Mises stress concentration Kvm – 2.11–2.12 [55]

Uniaxial tensile yield stress ry MPa 88 [38]

Interfacial fracture energy Gi J/m2 25 [59]

Table 4 Measured and

predicted values of the fracture

energy

MWCNT

(wt%)

Vfpo

(%)

Vfv - Vfp

(%)

Vfdb

(%)

DGpull�out

(J/m2)

DGv

(J/m2)

DGdb

(J/m2)

GC (J/m2)

predicted

GC (J/m2)

measured

0 0 0 0 – – – – 133

0.1 0.063 0.005 0.063 10.0 0.07 15.7 159 162

0.2 0.125 0.009 0.125 20.0 0.15 31.2 184 188

0.5 0.194 0.024 0.194 31.0 0.37 48.6 213 223
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interfacial debonding and plastic void growth; therefore,

the values of the fracture energy of the nanotube-toughened

composites can be written as:

GC ¼ GCU þ DGpull�out þ DGv þ DGdb ð12Þ

where GCU is the measured fracture energy of the

unmodified material and has a value for the present epoxy

polymer of 133 J/m2. The predicted values are compared

with the experimental results in Table 4 and Fig. 9. Note

that the predictions are non-linear with the CNT content as

not all of the CNTs show pull-out, or debonding, at the

highest content of 0.5 wt%. There is excellent agreement

between the measured and the predicted values.

The contributions to the fracture energy from debonding

and pull-out of the nanotubes are similar, considering the

assumptions made. Void growth of the epoxy matrix after

debonding does not contribute significantly to the increase

in toughness.

Conclusions

The modulus, fracture energy and the fatigue performance

of an anhydride-cured epoxy modified by MWCNTs have

been investigated. The dispersion of the nanotubes was

examined by TOM and FEG-SEM, and showed that the

nanotubes were agglomerated. Increasing the nanotube

content increased the severity of the agglomeration. The

addition of nanotubes increased the modulus of the epoxy.

The measured fracture energy was also increased, from 133

to 223 J/m2 with the addition of 0.5 wt% of nanotubes. The

addition of the CNTs also resulted in the increase in the

fatigue performance. The threshold strain-energy release-

rate, Gth, increased from 24 J/m2 for the unmodified

material to 73 J/m2 for the epoxy with 0.5 wt% CNTs.

FEG-SEM of the fracture surfaces shows clear evidence of

the nanotube debonding and pull-out, with some voids

around the nanotubes in both the fracture and fatigue tests.

The modelling study showed that the modified Halpin–

Tsai equation can fit very well with the measured values of

the Young’s modulus, when the orientation and agglom-

eration of the nanotubes are considered. The fracture

energy of the nanotube-modified epoxies was predicted, by

considering the contributions of the toughening mecha-

nisms, of nanotube debonding, nanotube pull-out and

plastic void growth of the epoxy matrix. This indicated that

debonding and pull-out contribute significantly to the

increase in toughness, but the contribution of void growth

is not significant. There was excellent agreement between

the predictions and the experimental results.
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