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Abstract The scope of this work is the analysis of the

reinforcement effect of carbon nanotubes in typical

matrix systems, such as epoxy resins. As is well known,

efficient dispersion is critical in achieving adequate

reinforcement. However, dispersion processes are also

well known to degrade the nano-phase. Degradation is

manifested as reduction in the aspect ratio as the

nanotubes de-agglomerate and break at the same time.

For the purpose of this study, multi-wall carbon

nanotubes (MWCNTs) with typical length of 1 lm

and diameter of 10–15 nm were used for manufactur-

ing MWCNTs/epoxy nano-composites. The inclusion

content was 0.5 and 1 % w/w respectively, and

dispersion was performed using a typical sonicator

gun. The tensile and the fracture toughness properties

of the specimens were initially assessed and subse-

quently optimized. The optimisation process resulted

in spectacular improvement in toughness properties.

Finally, the antagonistic mechanisms that govern the

reinforcement efficient were analysed via the applica-

tion of the Halpin–Tsai equations for the tensile

properties and the distinct contributions of the mech-

anisms that dissipate energy and enhance toughness,

such as the nanotube pull-out, the plastic void growth

of the epoxy and the nanotube debonding energy. The

de-agglomeration and the aspect ratio reduction were

shown to adversely affect the nano-composite proper-

ties and create an optimization envelop, well predicted

by the employed simple models.
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1 Introduction

Thermosetting polymers such as epoxies are widely

used in the composite material technology and adhe-

sive applications due to their relative high modulus

and strength and the high thermal and chemical

resistance they present. The curing process of such

epoxies results in an amorphous and very high cross-

linked network microstructure. This type of micro-

structure has many useful properties for structural

engineering applications. On the other hand, this high

cross-linking leads to a very brittle final material with

low resistance to crack initiation and crack propaga-

tion. Therefore, the incorporation of a second micro-

or even nano-structured phase for improving the

toughness of such epoxies is required, provided that

this type of modification will not affect the other useful

properties of the matrix.

Many types of nano-particles have been used to

toughen epoxy resins including rubber particles [1–3],
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thermoplastic particles [4], inorganic particles [5]. In

the recent years the nano-modification of the epoxy

resins to improve their mechanical and toughness

properties has become a standard method involving

silica nano-particles [6–8], nanoclays [9–11], carbon

nanotubes [12–17], carbon nano-fibers [18, 19] and

nano-graphene [20, 21].

Since carbon nanotubes were discovered [22], they

have been employed in a variety of applications such

as nano-electronics [23], hydrogen storage, nano-

devices [24], etc. During the past decade, carbon

nanotubes and nano-fibers have been in the forefront

of material research as filler material to epoxies for the

production of high performance composite structures,

extending from aerospace [25] to cultural heritage

applications [26], both for structural enhancement and

multifunctionality [27–35]. In this direction, the

excellent mechanical properties of carbon nanotubes

and their high aspect ratio [36, 37] as well as the good

interface with polymeric matrices when they are used

as reinforcement [38, 39], render them a strong

candidate material to achieve reinforcement at the

nanoscale. However, it is doubtful that their full

potential as reinforcing material can be easily

achieved, as their incorporation in the matrix involves

a series of technical challenges which often act in an

antagonistic way. For example, CNTs have huge

surface area and as a result are perfect for instigating

all the mechanisms at the interface which form the

basis of the remarkable properties of composites. This

very surface area is by definition the reason of the

agglomeration they are exhibiting. These agglomer-

ates may even act more like a defect of a higher order

of magnitude rather than reinforcement at the nano-

scale. It is also important to consider that the nano-

reinforcement also intervenes in the epoxy network

causing adverse behavior during the curing process

[40]. Pristine CNTs tend to re-agglomerate during the

curing process of the epoxy matrix. Their dispersabil-

ity is known to be an unstable process, especially at

elevated temperatures. The chemistry of the system as

well as physical parameters such as temperature and

viscosity are responsible for the stabilization of the

dispersed CNTs in the epoxy matrix [41]. It was found

that chemical functionalization of their surface results

in enhanced wettability with the epoxy resin. The

attachment of functional groups on their surface

prevents re-agglomeration by wrapping them with

polymer chains. According to this process, re-

agglomeration can be avoided at elevated tempera-

tures, producing composites with uniformly dispersed

CNTs [42].

Nonetheless, the introduction of nanotubes in

epoxy matrices has often been reported to increase

significantly the Young’s modulus and the tensile

strength of the final material [43–45], as well as its

fracture toughness [13, 44, 46]. Also, a reduction of

the crack propagation under cyclic fatigue loading,

was reported due to the introduction of well dispersed

CNTs in polymer matrices [47, 48]. Undoubtedly,

efficient dispersion is the key issue to the attainment of

properties, such as would be expected by the proper-

ties of the nano-graphitic reinforcement [46]. As

should be noted, typical homogenization methods

which describe the behavior of nano reinforced

systems do not account for dispersion effects, although

complicated phenomena such as nonlinearities due to

fibre-fibre interactions may be included in the model

[49].

The energy absorption capabilities of nano-modi-

fied epoxy resins is substantially enhanced by the pull-

out of CNTs from the epoxy polymer which follows the

opening of the faces of the crack during its propagation

[46, 50]. This mechanism is potentially the most

important one for the increase in the fracture toughness

of the nano-composites [51]. At the same time, the

CNT pull-out process cannot be initiated if it is not

preceded by their detachment from the epoxy matrix,

which is a mechanism that also absorbs energy.

Successive to the aforementioned mechanisms, is the

local reduction of the matrix volume fraction and the

possible appearance and development of plastic voids.

The aim of this work is to study the behavior of

multi-wall carbon nano-tubes reinforced epoxy poly-

mer in terms of their tensile and fracture toughness

properties. To this end, sonication was chosen as the

method to disperse the nano-particles to the epoxy

matrix. As is known, if the sonication treatment is too

aggressive and/or too long, CNTs can be severely

damaged, especially when a probe sonicator is

employed, suggesting the generation of defects on

CNT surface [52]. In extreme cases, the graphene

layers of CNTs are completely destroyed and the

nanotubes are converted into amorphous carbon [53].

Localized damage of CNTs deteriorates both the

electrical and mechanical properties of the CNT/

polymer composites. For these reasons, this investi-

gation was focused on how the introduction of nano-
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fillers affects the Young’s modulus, the tensile

strength and the fracture energy of the studied systems

in the presence of mechanisms that adversely affect

reinforcement, i.e. de-agglomeration and length

reduction caused simultaneously by sonication. Two

typical CNT loadings were employed, i.e. 0.5 and

1.0 % w/w ratio and for comparison purposes the

properties of neat epoxy matrix were also investigated.

In order to optimize the input sonication power of the

process and simultaneously protect the nano-inclu-

sions from deterioration due to the dissipated energy,

an optimization stage was chosen, based on the total

energy input required to disperse the nanotubes. Via

the introduction of simple models, the contribution of

both CNT de-agglomeration and breakage were

included in the calculation of the final composite

properties. Furthermore, the relative contributions of

the pull-out, debonding and void growth mechanisms

to the toughness energy were quantitatively modeled.

Under the assumption that both de-agglomeration and

breakage occur simultaneously, indicative values for

tensile modulus, strength and toughness were

calculated.

2 Experimental

2.1 Materials

MWCNTs supplied by ARKEMA, France were used

as reinforcement in this study. The tube diameter

ranged from 10 to 15 nm, the tube length was ranged

from 500 nm to 1 lm and the production method was

Catalyzed Chemical Vapor Deposition (CVD). A two

part low viscosity epoxy resin, i.e. Araldite LY 564

and Aradur 2954, supplied by Huntsman Advanced

Materials, Switzerland at a mix ratio of 100:35 by

weight was used as matrix material.

2.2 Specimen preparation

An ultrasonic mixer (UP400S, Hielscher, 400 W

power, ultrasonic frequency 24 kHz) was used to

disperse the CNTs into the epoxy resin. CNTs and

Araldite LY 564 resin were carefully weighed and

mixed together in a beaker. The total weight of both

constituents prepared for sonication was kept at 200gr,

corresponding to approximately 220 ml. A 22 mm

titanium ultrasonic probe (Sonotrode H22) was

employed for the mixing process. In order to avoid

overheating of the mixture [52], the temperature of the

mixture was kept low by submerging the container in a

controlled temperature bath (Grant) containing 50 %

H2O and 50 % Ethylene Glycol kept at 5 �C, as shown

in Fig. 1.

Two CNT contents (i.e. 0.5 and 1 w/w %) were

studied. Initially, the following sonication protocols

were used (i) initial stage: sonication for 1 h at full

power of the sonotrode was chosen, corresponding to a

total energy input of approximately 1.44 MJ, (ii)

optimization stage: sonication for 2 h at 50 % ampli-

tude corresponding again to a total energy input of

approximately 1.44 MJ. As should be mentioned at

this stage, the chosen sonication protocols were

designed after an extensive optimization process

which involved several protocols [13]. After the

sonication was complete, the hardener was added to

the modified resin and mixed using a mechanical

agitator for about 10 min. To remove entrapped air

and voids induced during mixing [54], the mixture was

degassed in vacuum oven for 10 min. Finally, the

mixture was transferred to silicon rubber molds and

cured for 2 h at 60 �C. All specimens were post-cured

at 120 �C for 4 h. The specimens for the tensile tests

were taken directly from the molds. Their surfaces

were grinded and polished before the testing to remove

any defect induced by the manufacturing process. The

Fig. 1 Sonication process
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specimens used for Single Edge Notch 3-Point Bend-

ing tests were cut from a plate and their surfaces were

again grinded and polished. The dimensions of the

specimens are shown in Fig. 2. At this stage both

tensile and SENB tests were performed. At the

optimisation stage that followed, only SENB tests

were performed, as the main target was to optimize the

fracture toughness of the epoxy, which is the most

important aspect in the CNT modified epoxy to be

employed as a matrix for advanced composites [29,

30, 55].

2.3 Testing procedure

2.3.1 Tensile tests

Tensile tests were performed to evaluate the mechan-

ical performance of the unmodified and modified

systems. The tests were performed according to

ASTM 638-03 [56].

The specimens were loaded to failure in displace-

ment control mode at a crosshead speed of 0.5 mm/min

(corresponding to a strain rate of app. 80 ls - 1). A

video extensometer was used to measure the axial

strain of the specimens. Their Young’s modulus was

calculated from the slope of the stress versus strain

curve at the initial stage and the maximum tensile

strength calculated from the maximum value of the

load. For all configurations five specimens were tested.

2.3.2 Single edge notch 3-point bending (SENB)

The toughness properties of the composites were

examined using notched prismatic specimens in single

edge notch 3-point bending configuration. Tests were

performed according to ASTM D 5045-99 [57].

A 3 mm notch was generated mechanically and a

natural crack was created by tapping on a razor blade

placed in the notch. The crosshead speed was 10 mm/min.

The fracture energy of the tested specimens was

calculated using the energy method. Five specimens

were tested for every one of the configurations. The

experimental configuration is shown in Fig. 3.

3 Results and discussion

3.1 Tensile properties

Figures 4 and 5 depict the Young’s modulus and

tensile strength of the tested specimens which were

manufactured at the initial sonication stage. As can be

seen in Fig. 4, an improvement of the Young’s

modulus is documented for both 0.5 and 1.0 % CNT

contents compared to the properties of the neat epoxy.

Fig. 2 Specimens

configuration and

dimensions

Fig. 3 SENB experimental setup

Fig. 4 Young’s modulus of the neat epoxy and nanocomposites
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Typical of the experimental behaviour of nano-

modified systems, is the fact that the tensile modulus

deteriorates with the increase in CNT content, imply-

ing that the behaviour of the system is nonlinear, or

that the reinforcement is limited by the loading of the

nano-phase. This effect is readily explained by the

assumption that de-agglomeration potential is

restricted with increasing CNT content, and therefore

reinforcement is inhibited.

It should be noted though that the system with

content 1 % w/w CNTs is the one with the highest

variation in values between the different specimens

tested. The lack of marginal improvement in stiffness

with a small addition of carbon nanotubes has been

reported [58, 59]. Theoretically, the reinforcement

effect from the CNTs to the epoxy resin is attributed to

the effective load transfer from the matrix to the

CNTs. Consequently, the optimal dispersion of the

nano-fillers to the matrix has to be achieved. However,

the larger the provided interface, the more difficult it is

to efficiently disperse the reinforcing phase [60].

The tensile strength of the specimens exhibited an

enhancement for the modified systems compared to

the neat resin. The conditions for the chosen sonica-

tion process are in good agreement with previous work

published on the effect of the sonication on the

mechanical properties of CNT modified epoxy sys-

tems, where it was shown that improvement was

achieved when sonication time varied between 1 and

2 h [61]. Notably enough, the CNT content increase

from 0.5 to 1.0 % did not affect the maximum value,

as the results for the modified systems are well within

the experimental scatter. Unlike in the case of

stiffness, the system with 1 % retains the improved

strength, which indirectly implies that the CNTs affect

more the properties that are less related to the linear

elastic behaviour of the composite.

3.2 Fracture properties

In view of the above, the incorporation of CNTs may

favour more properties which are more related to the

damage tolerance of the nano-composite or its resis-

tance to crack initiation and propagation [29], rather

than properties related to its elastic behaviour. The

mechanisms that could justify this enhancement relate

to crack deflection and bifurcation mechanisms which

are instigated by the presence of the nano-phase,

which involve failure at the nano-scale. These effects

may also indirectly affect the viscoelastic properties of

the nano-composites, as the scale of the damage

initiation and propagation is of the same order of

magnitude of the polymer microstructure [13, 25].

The requirement for maximum improvement in

properties is directly dependent on maximum de-

agglomeration and minimum damage of the CNTs,

which occur simultaneously during dispersion. It can

be safely postulated that these two mechanisms: (i) are

interdependent and (ii) possess an energy influx

threshold above which they are triggered. Obviously,

de-agglomeration favours reinforcement and CNT

breakage inhibits reinforcement. Being extremely stiff

and nano-scaled, CNTs required high energy influx to

break, and as a result, it may be assumed that the

energy required for the de-agglomeration of the CNTs

is lower than that required for the CNT breakage. This

postulation can also be based on the fact that CNT

strength is a length dependent property [62], as is

typically the case for carbon fibres [63, 64]. In this

case, even if de-agglomeration involves CNT break-

age, as CNT length is reduced their respective strength

is enhanced and therefore the energy density required

to break them is increasing. In other words, the

optimisation of the properties of the nano-composite

may be achieved via the modification of the sonication

power input for total input energies that indicate

property improvement, as indicated by the power time

product. Such an optimisation would involve the

examination of the optimal total energy throughput, as

well as the examination of different power inputs for

protocols that yielded the best fracture properties.

To this end, the dispersion protocol applied for both

CNT contents involved sonication for 2 h at 50 %

amplitude. In other words, the energy input in the

system was kept constant but the power was reduced to

half to favour CNT de-agglomeration to CNT break-

age. This protocol aimed at defining the optimisation

Fig. 5 Tensile strength of the neat epoxy and nanocomposites
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window for the maximum fracture toughness of the

CNT-epoxy nano-composites, as was successfully

performed in a previous study [13].

Figure 6 depicts the fracture toughness of the tested

materials during the two stages, the initial and the

optimisation stage. As can be seen, for the initial

experiments there is an enhancement of the fracture

toughness for both the doped systems. In the case of

the 0.5 %, the increase in fracture toughness is

spectacular reaching almost 400 % compared to the

initial sonication protocol and almost 600 % com-

pared to the neat epoxy system. The 1.0 % CNT

nanocomposite exhibits significant but much less

spectacular enhancement, with 50 % enhancement

compared to the initial sonication protocol and 130 %

enhancement compared to the neat epoxy. This

directly related to the effect that was observed in the

case of the tensile properties, where the increase in

CNT content does not improve or even deteriorate the

composite properties. The increase in CNT content

requires higher power to successfully de-agglomerate

the nanoparticles which in turn would favour damage

and breakage of the CNTs. This finding strongly

suggests that the dispersion effect on the reinforcing

ability for nano-composites systems are highly non-

linear in that they possess a CNT loading threshold

above which the degradation mechanism is favoured

to the de-agglomeration mechanism and therefore

becomes dominant for higher CNT contents.

Recapitulating the experimental findings, the dis-

persion process possesses an impressive optimization

window for improving toughness properties. At the

same time, the postulations that (i) different CNT

dispersion mechanisms in epoxy are triggered at

different powers and (ii) dispersion may be optimized

when only ‘‘favourable’’ dispersion mechanisms are

active which may be saturated (or optimized) at a

given energy input where also verified as the higher

CNT content exhibited less enhancement during the

optimisation stage.

3.3 Modeling studies

The experimental campaign that preceded this section

revealed that there are distinct antagonistic mecha-

nisms during dispersion that govern the reinforcing

ability of the nano-phase. In order to approach

theoretically this behavior, the assumption that two

mechanisms are simultaneously taking place with

constant volume fraction may be performed:

1. Dispersion of the agglomerates: The reinforce-

ment consists of cylindrical agglomerates with

constant length which reduce in radius from a

multiple of the original CNT diameter Df to 1Df

with the sonication process

2. Reduction of the aspect ratio of CNTs: The

reinforcement consists of well dispersed CNTs that

break with the sonication process, which would

reduce the original length Lf to a fraction of it.

Figures 7 and 8 depict the aforementioned princi-

ples. (i) the reinforcing particle is of cylindrical shape

where the height of the cylinder ranges from the initial

nanotube length Lf to a fraction of it (Lf/20) and (ii) the

diameter of the cylinder ranges from the nominal

reinforcement diameter Df to a multiple of it (20 Df),

while the total volume fraction of the reinforcement is

kept constant. The dispersion process involves both

Fig. 6 Fracture toughness

of the neat epoxy and nano-

composites
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the length reduction of the CNTs from their original

length Lf to Lf/20 and the de-agglomeration process

involves the de-agglomeration of the CNT bundles

from 20 to 1 Df where the single CNT possesses a

diameter Df and constant length Lf. If these processes

occur simultaneously, the common solution of the

composite properties for both mechanisms using any

homogenized model will provide the equivalent

properties of the nano-reinforced composite. Favoring

any of the two mechanisms will provide the optimi-

sation (or degradation) envelop that delineates the

process dependent properties of the composite.

In view of the above, the effect of the CNT length to

the respective property of the final material was

studied by reducing their length from 1 to 20 times.

The average length of the carbon nanotubes employed

for the initial calculation was the mean value provided

by the manufacturer (i.e. 750 nm) while the minimum

(500 nm) and the maximum (1 lm) were used for the

minimum and maximum standard deviation of the

results. Furthermore, the effect of the size of the

agglomeration was investigated. According to the

above hypothesis, we assumed effects from 1 single

nanotube (with diameter 15 nm) to agglomerations

with diameter 20 times the diameter of the single

nanotube. The average carbon nanotube’s diameter

was used for the calculations while the minimum and

maximum length was used again for the standard

deviation of the results. In the following modeling

studies, two different CNT contents were assumed, i.e.

0.5 and 1 %. The MWCNT density has been estimated

to be on average 1.65 g/ml [65], by assuming a tubular

structure of graphene planes, where the outer diameter

is twice the inner. However, if the voids near the

crossings between MWNTs (i.e. the spaces that cannot

be filled by other MWNTs) are accounted for, the

density is considerably reduced to 1.30 g/ml, as

reported via Scanning Electron Microscopy studies

[66]. This value is close to the density of the employed

matrix, i.e. 1.2 g/ml, as quoted by the manufacturer.

Therefore, for reason of simplicity, the density of the

matrix and the reinforcing nano-phase were assumed

to be equal for the purposes of this study, i.e. the

weight fraction of the reinforcement is assumed to

coincide with the volume fraction.

The next step of this work involves the adoption of

appropriate analytical models in order to adequately

describe the Young’s modulus, the tensile strength and

the fracture toughness of the modified nanocompos-

ites, as a function of the CNT length and the

agglomerate diameter.

3.3.1 Young’s modulus

She following analysis is based on the model proposed

by Yeh et al. [66]. Their model is based on the Halpin–

Tsai approach to describe the unidirectional fiber

reinforced composites properties based on the

improvement of the simple rule of mixtures to account

for shape and aspect ratio of the reinforcement [67].

According to this model the composite Young’s

modulus E is given:

E ¼ 1þ ngVf

1� gVf

Em ð1Þ

where Vf is the volume fraction of the nano-reinforce-

ment, Em is the Young’s modulus of the neat matrix, n
is a shape factor related to the aspect ratio of the

reinforcement given by:

n ¼ 2
lf

Df

� �
ð2Þ

Fig. 7 Representation of the assumption of the length reduction

of the CNTs
Fig. 8 Representation of the assumption of the agglomeration

of the CNTs
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Lf and Df are the length and the diameter of the

inclusion respectively and g is a parameter given by:

g ¼
Ef

Em

h i
� 1

Ef

Em

h i
þ n

ð3Þ

in which Ef is the Young’s modulus of the

reinforcement.

The Halpin–Tsai equation was originally used for

fibrous composite materials with aligned reinforce-

ment. In the case of randomly dispersed nano-mate-

rials the model has to be modified to account for

waviness or the random distribution on the properties

of CNT-modified epoxies [68–70]. The orientation

factor k was introduced by Cox into the Halpin–Tsai

equation by modifying the value of the aspect ratio

parameter, n in order to account for randomly oriented

fibres in the composite [71]. k accounts both for the

randomness of the discontinuous fibers and the

relationship between the thickness of the specimen

and the length of the reinforcement. In other words it

describes the difference between the two dimensional

and the three dimensional dispersion of the nanorein-

forcement in the matrix. Hence, when the fiber length

is smaller than the thickness of the specimen, the

parameter k = 1/6 is used for the Young’s modulus of

the material. On the other hand, when the length of the

reinforcement is longer than the thickness of the

specimen, k = 1/3 [71]. In our study the specimen

thickness was 4 mm while the length of the reinforce-

ment varied from 500 nm to 1 lm. In this respect, it

may be assumed that since the reinforcement is

considerably smaller than the thickness of the spec-

imen, the dispersion is three dimensional, which is

arguable the case for all nano-scaled fillers. Therefore

k = 1/6 was employed for this study.

Consequently the Eq. 3 is transformed as

following:

g ¼
kEf

Em

h i
� 1

kEf

Em

h i
þ n

ð4Þ

In Eqs. 1–4 the only unknown value is Ef. The length

and the diameter of the reinforcement (lf and Df), are

provided by the manufacturer of the CNTs, the volume

fraction (Vf), of the inclusion is defined by the exper-

imental protocol and the Young’s modulus of the matrix

was calculated experimentally and its value was in good

agreement with the value provided by the manufacturer

(datasheet). According to the literature [72], a good

estimation for the Young’s modulus of the reinforce-

ment is 1,100 GPa. This is in good agreement with other

sources where the tensile modulus of MWCNTs was

estimated at 953 GPa [73] or to at in range of 250–1,200

GPa [74]. In our work the Young’s modulus of the

reinforcement used was selected to be 1,000 GPa. It

should be noted that the difference over the full modulus

range results in less than 5 % variation in the maximum

value of the calculated composite stiffness.

As aforementioned, the Young’s modulus of the

nano-composite is not increased in a linear way with the

addition of higher loading of nano-reinforcement, but

may even be reduced at higher volume fractions due to

the agglomerations. To account for this effect, the n
parameter related to the aspect ratio of the reinforce-

ment was further modified, Eq. 5, introducing an

exponential factor to account the effect of the agglom-

eration to the stiffness of the final material [66, 75].

n ¼ 2
lf

Df

� �
e�aVf�b ð5Þ

In this representation of n, a and b are constants

related to the degree of the CNTs agglomeration.

According to Yeh et al. [66], for a phenolic polymer

modified with two types of MWCNTs, two values of

the parameters were calculated, 75 and 55 for the

parameter a and 1.0 and 0.5 for the parameter b. The

higher values represent MWCNTs arranged in a

network while the lower values represent MWCNTs

randomly dispersed. According to another approach

[72], parameter a was calculated 9.15 while parameter

b was calculated 0.12. The lower values for the

parameters in the last approach indicate better disper-

sion of the nano-fillers. In our study the mean value

was selected, i.e. the value 55 for the parameter a and

the value 0.5 for the parameter b because of the

randomly dispersion of the reinforcement. Again, the

sensitivity study on the range of a values revealed less

than 1 % variation in the variation in the maximum

value of the calculated composite stiffness.

The results for the Young’s modulus of the nano-

composites are shown in Figs. 9 and 10 below. In this

figures, the dispersion process is following the reduc-

tion of both the agglomerate diameter and the CNT

length. With the assumption the both mechanisms

occur simultaneously, the common solution of the two

functions corresponds to a value of 2.17 GPa for 0.5 %
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and 2.22 GPa for 1 %. According to the adopted

approach, any value above the calculated one denotes

that de-agglomeration prevails to the nano-reinforce-

ment breakage. On the contrary, any value below the

calculated one denotes either that the dispersion is not

efficient, or that the length of the nano-reinforcement

is substantially reduced.

For 0.5 % CNTs, the experimentally defined value

for the Young’s modulus was 2.27 ± 0.05 GPa

(Fig. 4), which compare well with the predicted

values from the Halpin–Tsai model. According to

the adopted approach, the experimentally achieved

value is above the common solution of 2.17 GPa,

suggesting that the employed dispersion protocol

yielded satisfactory values by favoring de-agglomer-

ation to breakage. On the contrary, the common

solution corresponding to the two antagonistic mech-

anisms for 1.0 % is 2.22 GPa as compared to an

experimental value of 2.18 ± 0.09 GPa, indicating

either that the dispersion protocol does not suffice to

break the agglomerates or that the nano-reinforcement

is damaged via the dispersion process. This is in good

agreement with previous studies [60], where it was

observed that as the CNT content increases, the larger

the provided interface, and consecutively the more

difficult it is to efficiently disperse the reinforcing

phase. In both cases, if the size of the agglomeration is

too big or the length of the nanotubes is reduced very
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much the results for the Young’s modulus come closer

to that of the neat epoxy resin.

3.3.2 Tensile strength

For the calculation of the tensile strength of the

specimens, the Halpin–Tsai equations were employed

similarly to that of the Young’s modulus, as reported

in the approach by Yeh et al. [66]. As is well known,

the Halpin–Tsai equations were formulated for elastic

properties and not for strength properties. However, on

a theoretical basis, the composite strength follows a

‘‘rule of mixtures approach’’ (i.e. the composite

property is the sum of the constituent properties

multiplied by their Vf), if both phases of the composite

fail at equal strain [76]. This is valid either for low

volume fraction if the fibre strain to failure is higher

than that of the matrix, or for high volume fractions if

the fibre strain to failure is higher than that of the

matrix [76]. Typical values for the employed epoxy as

given by the manufacturer are 4.5–5.5 %. On the other

hand, the strain to failure of MWCNTs is reported to

be as high as 12 % [77]. Thus, in the studied case, we

are dealing with a ‘‘low volume fraction system’’

where the matrix fails at lower strains than the

reinforcement. As aforementioned, in this case the

strain to failure of the composite is governed by the

strain to failure of the matrix and the rule of mixtures

hypothesis is valid for the strength of the constituents

[76]. Moreover, in the case of ‘‘large volume frac-

tions’’, the higher failure strain of the reinforcement

would result in macroscopic fibre bridging as is

typically the case in ceramic matrix composites.

However, this would not be plausible both due to the

scale and the random orientation of the reinforcement.

Indeed, as expected, no bridging effects were noted at

the macroscale during the experimental testing.

From Eq. 1, by substituting the tensile modulus

with tensile strength values the Halpin–Tsai equation

becomes:

r ¼ 1þ ngVf

1� gVf

rm ð6Þ

where Vf is the volume fraction of the nano-reinforce-

ment, rm is the tensile strength of the neat matrix, n is a

shape factor related to the aspect ratio of the

reinforcement given by Eq. 2 above and g is a

parameter given by Eq. 7 below.

g ¼
rf

rm

h i
� 1

rf

rm

h i
þ n

ð7Þ

As discussed in the previous section, Cox [71],

modified the parameter g by introducing the parameter

k used into the Halpin–Tsai equation by modifying the

value of the aspect ratio parameter, n:

g ¼
krf

rm

h i
� 1

krf

rm

h i
þ n

ð8Þ

According to Yeh et al. [66], and as was confirmed

by the preceding experimental campaign, nanocom-

posites exhibit a non-linear behavior by increasing the

CNT content, which is similar to the Young’s modulus

model described previously. Thus the shape factor n is

transformed according to the Eq. 9 below.

n ¼ 2
lf

Df

� �
e�aVf�b ð9Þ

According to Yeh et al. [66], for a phenolic polymer

modified with two types of MWCNTs, two values of

the parameters were calculated, 65 and 40 for the

parameter a and 1.1 and 1.0 for the parameter b. The

higher values represent MWCNTs arranged in a

network while the lower values represent MWCNTs

randomly dispersed. It should be noted that for total

range of a values, the calculated composite strength

varies less than 3 % of its maximum value, i.e. the

geometrical properties of the reinforcement are the

main variation in the calculated composite strength

values. For the calculation of strength, the second

solution was selected, i.e. the value 40 for the parameter

a and the value 1.0 for the parameter b because of the

random dispersion of the reinforcement.

Tensile strength of MWCNTs was found to range

between 11 and 63 GPa [73] and in some cases reaches

at 150 GPa [78]. In our study the average value of 30

GPa from [73] was employed. The tensile strength of

the epoxy matrix was defined from tensile tests of

unmodified epoxy specimens. As in the case of a, for

the total range of CNT strength values (0.1–1 GPa),

the calculated composite strength varies less than 1 %

of its maximum value, i.e. again the geometrical

properties of the reinforcement are the main variation

in the calculated composite strength values.

Following the same approach as for the stiffness,

(de-agglomeration vs. breakage) the calculated values
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for the tensile strength of the nano-composites are

shown in Figs. 11 and 12 below for 0.5 and 1.0 %

CNT loading respectively.

The calculated common solution for de-agglomera-

tion and breakage for 0.5 and 1.0 % loading is 24.7 and

25.2 MPa respectively. The experimentally defined

values are 29.3 ± 0.4 and 30.2 ± 1.0 MPa for 0.5 and

1.0 % loading respectively. In this case, both systems

seem to have attained the maximum possible reinforce-

ment efficiency with the 0.5 % CNT loading exhibiting

again higher reinforcement effect than the 1.0 %

loading. The attainment of the maximum reinforcement

efficiency for both systems as calculated via the

modified Halpin–Tsai model indicates either that the

composite strength is less sensitive to the dispersion

process than the tensile modulus or that the mechanisms

that lead to the tensile failure of the nano-reinforced

composite require more elaborate analytical description

than the modified Halpin–Tsai model since failure in the

presence of the nano-phase involves highly non-linear

processes related to the creation and propagation of

cracks at the nano-scale, as is elaborated in the next

section. This may also be attributed to the inherent

hypothesis of the model of equal strain to failure for both

the matrix and the reinforcement.

3.3.3 Fracture properties

The modeling approach adopted to study the effect of

the antagonistic reinforcing mechanisms is described by

Hsieh et al. [72]. In order to study the effect of the nano-

reinforcement to the toughness of the modified epoxies,
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three main toughening mechanisms were assumed to

contribute to the final fracture energy: (i) the CNT pull-

out energy, (ii) the energy from the debonding of the

CNTs from the polymeric matrix and (iii) the energy

from the plastic void growth due to the pull-out of the

nano-fillers. Fiber pull-out, has been shown to be the

main source of energy dissipation and thus toughness in

carbon fiber reinforced polymers [46, 79–82].

In the case of MWCNTs, there are two different

pull-out mechanisms, i.e. (i) the nanotube pull-out

from the epoxy matrix and (ii) the sword-in-sheath

mechanism [50]. In the case of the latter mechanism,

the outer shell of a MWCNT fractures in tension while

the inner shells pulls-out from it. Generally, the pull-

out phenomenon increases the toughness of the nano-

composites by the interfacial friction between the

body of the filler and the surrounding matrix. The

surface area of the carbon nanotubes typically ranges

between 1,000 and 1,200 m2/gr [15], which explains

the high potential of this mechanism towards the

increase of the final fracture energy.

The work due to the shear acting at the interface of a

single fibre during an infinitesimal slide dx is:

dU ¼ 2prxsi�ð Þdx ð10Þ

where x is the embedded length of the fiber si� is the

interfacial shear stress and dx is the distance of the

pull-out.

The total pull-out work for a single fibre is:

DU ¼
Zx0

0

2prxsi�dx ¼ prx2
0si� ð11Þ

The pull-out work of fracture Gcp for involved

fibres in the pull out process is given by:

Gcp ¼
ZL

0

Ndx0

L
prx2

0si� ð12Þ

The total number of the fibers, N, is related to the

fibre volume fraction:

N ¼ Vf

pr2
ð13Þ

Substituting to Eq. 12 and integrating, yields the

final expression for the pull-out energy:

DGpull�out ¼
Zle

0

Ndx

le
prf x

2si ð14Þ

DGpull�out ¼
Vfpol2esi

3rf

ð15Þ

where le is the effective pull-out length of the fiber

whose maximum value equals half the nanotube

length lf, rf is the radius of the fiber or nanotube, x is

the length involved in pull-out, si is the interfacial

shear strength, N is the number of the nanotubes per

unit area, Vf is the volume fraction of the nanotubes

and Vfpo is the volume fraction of the nanotubes which

are pulled-out. It is important to note that the effective

pull-out length is not necessarily equal to the total

length of the nanotubes, as only a portion of the

nanotube is involved in the pull out process, which

depends on the interfacial shear strength and the axial

strength of the reinforcement. However, in the case of

MWCNTs, the condition for the axial strength to

overpass the maximum embedded length, or half the

mean nanotube length is easily satisfied for lengths

less than 1 lm due to the extraordinary strength of the

tube, and hence it can be safely assumed that the

nanotubes are pulled out from the polymer matrix

without failing axially.

Several studies have been performed aiming at the

calculation or measurement of the interfacial shear

strength of CNTs in polymer matrices. Values

reported range from 1 to 100 MPa when strong

bonding between the fiber and the matrix is present

(i.e. covalent bonding) [50, 83, 84]. According to [83],

the interfacial shear strength between carbon nanotube

and polymer matrix was calculated to 47 MPa by

attaching a single MWCNT to an AFM tip. Similar

values are reported for typical carbon fibre epoxy

interfaces [29], or CNT modified carbon fibre epoxy

interfaces [32], which typically correspond to the

adhesion efficiency of oxidized or sized graphene

layers on epoxy resin [27]. Consecutively, a value of

47 MPa was chosen for the purposes of this study.

It should be noted that the pull-out process involves

the creation of a fracture surface and is not a volume

effect, and as a result not all the incorporated nano-

fillers are involved in pull-out phenomenon. As is

reported by Hsieh et al. [72], the CNT fraction that is

involved in the pull-out process depends on the CNT

volume fraction and is reduced as the CNT content

increasing due to agglomerations. Furthermore, as the

nanotubes are long and not straight, they rapture rather

than pulling out completely, decreasing the fraction

involved in the pull-out process. Based on their
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approach, the calculated fractions that are involved in

the pull out process are 0.317 for 0.5 % w/w CNT and

0.420 for 1 % w/w CNT.

As has been reported [85], the contribution from the

plastic void-growth mechanism to the fracture energy

is:

DGV ¼ 1� l2
m

3

� �
Vfv � Vfp

� �
rycryuK2

vm ð16Þ

where Vfv and Vfp are the volume fraction of the voids

and the volume fraction of the nanotubes, lm is the

material constant allowing for the pressure-depen-

dency of the yield stress and chosen to be 0.175 [86],

Kvm is the maximum stress concentration for the von

Mises stresses around a debonded particle, which is

related to the volume fraction of the reinforcement

[87, 88]. The value of Kvm was selected to be 2.11 [6,

88]. ryc is the comprehensive yield stress and accord-

ing to the datasheet varies between 110 and 140 MPa.

A median value (120 MPa) was used for the calcula-

tions. The value of (Vfv - Vfp) used for the 0.5 % w/w

CNT content was 0.024 %, [72], while for the system

with 1 % w/w of CNT content was 0.048 %, as it is

reported to vary linearly with volume fraction [72].

Finally, ryu is the plastic zone size at fracture of the

unmodified epoxy resin and can be calculated from

Eq. 17 below.

ryu ¼
1

6p
EmGCU

1� t2ð Þr2
y

ð17Þ

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

ratio and ry is the tensile yield stress of the unmodified

matrix. The Poisson’s ratio of the neat epoxy matrix is

0.35 according to the manufacturer’s datasheet; the

fracture toughness and the tensile yield stress of the

neat matrix were measured at 217.7 J/m2 and

24.0 MPa respectively.

The work done when a single fiber undergoes

interfacial debonding can be written as follows,

Eq. 18.

DU ¼ 2prx0Gic ð18Þ

where x0 is the embedded length of the fiber on the side

of the crack where debonding occurs (x0� le ¼ lf
2
) and

Gic is the fracture energy of the interface. Assuming

that there are N fibers per m2, then there are Ndx0

le
per m2

with an embedded length between x0 and (x0 ? dx0).

The total debonding work is given by:

DGdb ¼
Zle

0

Ndx0

le

2prx2
oGic ð19Þ

From Eq. 13, N is related to the fiber volume

fraction Vf and the fiber radius r and by substituting to

Eq. 19 and integrating the expression of the interfacial

debonding energy is yielded [16]:

DGdb ¼
Vfdblf Gic

2Df

ð20Þ

where Vfdb is the volume fraction of the nanotubes

which debond and selected to be 0.317 for the 0.5 %

w/w of CNT content and 0.420 for the 1 % w/w of

CNT content, Gic is the interfacial fracture energy

between the CNT and the epoxy matrix. Several

results for this parameter have been reported. Accord-

ing to [83, 89], values from 13 to 34 J/m2 have been

exported. Hence a median value of 25 J/m2 will be

used in our study.

By summing all the contributions from the distinct

energy dissipation mechanisms as described above,

the total fracture energy of the nano-modified epoxy

composites is:

GC ¼ GCU þ DGpull�out þ DGV þ DGdb ð21Þ

where GCU is the experimentally measured fracture

energy of the neat epoxy matrix at 217.7 J/m2. As

should be noted, in the above equation, GCU is

constant and DGV depends only on volume fraction.

For the studied cases, this yields a base value of

254.5 J/m2 and 291,3 for the for the 0.5 % and the 1 %

volume fraction respectively, where the effect of pull-

out and debonding are added to calculate the total

energy. In the employed model, the contributions from

pull-out and debonding are calculated to be approx-

imately equal.

The values of all parameters used for construction

of the model are shown in Table 1 below.

The results for the predicted values are shown in

Figs. 13 and 14 below.

In Fig. 13, the effect of the agglomeration and the

CNT breakage to the fracture energy for 0.5 % CNT

content is depicted. As was performed in the case of

modulus and strength, the common solution from the

two competing mechanisms yields a value of 369 J/m2,

which is very close to experimentally measured value

of 361 ± 52 J/m2, measured experimentally for the

initial sonication protocol. The optimized protocol
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that followed, yielded a value of 1.332 ± 98 J/m2,

which are shifted towards the optimal properties,

suggesting clearly that the de-agglomeration process

is becoming the dominant mechanism and the nano-

composite properties are close to being maximized,

although there is still room for improvement.

In the case of 1 % w/w CNT content, the assump-

tion of the common solution yields a value of 445 J/m2

which is substantially more that the measured value of

351 ± 61 J/m2. The minimum calculated value

assuming an agglomerate of 20 CNTs or equivalently

a 20-fold reduction in the CNT length is calculated to

be 352 J/m2, suggesting that the employed sonication

protocol barely managed to break the agglomerates to

diameters less than 250 nm, which was the limit for

the performed calculated values, and practically the

value where the energy asymptotically tends (Fig. 14).

As was the case for the composite stiffness, the results

suggest that the higher concentrations of CNTs inhibit

de-agglomeration suggesting again that there may be a

CNT loading limit above which the nano-reinforce-

ment may not be dispersed without seriously

Table 1 Values of the parameters used in the modelling studies

Name Symbol Unit Value Source

Diameter of the nanotube after sonication Df nm 12.5 12.5 or longer assuming agglomerations

Length of the nanotube after sonication lf nm 750 750 or lower assuming length reduction

due to process

Young’s modulus of nanotubes Ef GPa 1,000 [72–74]

Young’s modulus of unmodified epoxy Em MPa 2096.69 Present study

Fracture energy of unmodified epoxy GCU J/m2 217.7 Present study

Orientation related constant k – 1/6 [71]

Agglomeration related constant a – 55 [66]

Agglomeration related constant b – 0.5 [66]

Interfacial shear strength si MPa 47 [83]

Poisson’s ratio for unmodified epoxy m 0.35 Datasheet

Plane strain comprehensive yield stress

of unmodified epoxy

ryc MPa 120 Datasheet

Pressure dependent yield stress parameter lm – 0.175 [88]

Maximum von Mises stress concentration Kvm – 2.11 [6, 88]

Uniaxial tensile yield stress ry MPa 24.04 Present study

Interfacial fracture energy Gi J/m2 25 [83, 89]
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damaging it and compromising its reinforcing prop-

erties. However the application of the optimized

protocol yielded a substantial increase in the nano-

composite toughness, albeit not as impressive as in the

case of the 0.5 % loading. The attained value of

536 ± 99 J/m2, indicates that the applied sonication

protocol has successfully favored the de-agglomera-

tion mechanism to the breakage of the nanotubes,

suggesting that efficient reinforcement is still feasible

at 1.0 % CNT loading.

4 Conclusions

The aim of this work was to study the interrelation

between the efficient dispersion of MWCNTs is epoxy

matrix with the employed dispersion methodology.

Within the scope of the study was the realization of

optimisation strategies for the attainment of the

maximum reinforcing ability of the nanotubes in

conjunction with the identification of the competing

mechanisms that govern nanoreinforcement.

The major mechanisms that govern nanoreinforce-

ment were identified to be (i) the de-agglomeration of

the CNTs together with the (ii) damage of the CNTs as

manifested by the reduction of their aspect ratio. As

was successfully demonstrated experimentally, for

lower CNT contents the de-agglomeration mechanism

may be favored against breakage via the application of

‘‘softer’’ dispersion protocols, which, in this study

involved the application of lower amplitude ultra-

sound with increased sonication times while keeping

the energy input in the system constant. More

analytically, in the case of the 0.5 % CNT loading

the increase in fracture toughness was spectacular

reaching almost 400 % compared to the initial soni-

cation protocol and almost 600 % compared to the

neat epoxy system. The 1.0 % CNT nanocomposite

exhibited significant but much less spectacular

enhancement, with 50 % enhancement compared to

the initial sonication protocol and 130 % enhancement

compared to the neat epoxy. The discrepancy between

the two studied systems was attributed to the increas-

ing difficulty to disperse the nano-reinforcement with

increasing content, which potentially sets a limit to the

maximum CNT loading that may be efficiently

dispersed in the nanocomposite matrix.

The adoption of a simple geometrical analogue

which describes both dominant mechanisms that take

place during dispersion, allowed for the analytical

modelling of the dispersion process via the application

of well-known models that describe the equivalent

composite properties for stiffness, strength and finally

fracture toughness. The modified Halpin–Tsai model

was successful in depicting the antagonistic effect of

deagglomeration and breakage, both for stiffness and

strength, but the calculated strength values were

underestimated for both studied CNT contents. The

calculated toughness values were in very good agree-

ment with the experimentally obtained values. As was

shown, in the case of the 0.5 % CNT content, the

corresponding calculated values indicated that the

reinforcement efficiency of the initial dispersion proto-

col could be substantially optimised via the tailoring of

the dispersion process in order to favour the de-

agglomeration mechanism, which was successfully

performed in the optimized protocol. In the latter case,

the attained values were found to reach approximately
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80 % of the theoretically maximum reinforcement

efficiency. In the case of 1.0 % reinforcement, the

initial protocol was found to be totally unsuccessful in

efficiently dispersing the CNTs in the matrix, as the

experimentally measured toughness value barely

reached the minimum calculated value. The application

of the optimised protocol, indicated that even in the case

of 1.0 %, de-agglomeration may be favoured to break-

age, but, as was observed experimentally the attained

toughness values are far from optimal, suggesting again

that higher CNT loading poses a limit to the efficient

dispersion potential of the system.
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