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Abstract The distribution of particles within modern

materials must be defined to understand the change in

properties attained by their addition. Two methods of

analysis, which use different size scales, are presented here.

These methods are applied to characterise the dispersion of

multi-walled carbon nanotubes in a thermoplastic-tough-

ened epoxy polymer. First, the greyscale method uses

transmission optical micrographs, and calculates the ratio of

the variance/mean of the greyscale values. Higher values

indicate a greater degree of clustering; lower values may be

described as showing a ‘better’ distribution of nanotubes,

hence allowing the results to be ranked. This method is

relatively easier to carry out, but care must be taken to use a

consistent small thickness of sample. Secondly, the quadrat

analysis uses transmission electron micrographs of the same

materials, after identifying the centre of each nanotube

observed. This defines the distribution on the scale of the

nanotubes. Peaks in the relationship between the ratio of the

variance/mean and cell size are related to microstructural

features such as agglomeration. This scale is expected to be

related to the scale of microstructural deformation mecha-

nisms which determine global material properties.

Introduction

Carbon nanotubes were first reported by Iijima [1]. They

are finite carbon structures consisting of tubes of graphene

sheets. Since then much research has been carried out to

determine the properties of nanotubes, as reviewed by Xie

et al. [2]. This study has shown that carbon nanotubes have

excellent mechanical properties, including a high modulus

and strength. These properties have led to interest in their

use as reinforcement for polymers.

Hence, many tests have been performed to determine the

properties of nanotube-reinforced epoxy polymers. Hsiao

et al. [3] investigated the effect of adding multiwalled

carbon nanotubes (MWNTs) on the shear strength of

adhesively bonded single-lap joints. The results showed

that the average shear strength of the lap joint specimens

increased as the percentage of carbon nanotubes increased,

but this was accompanied by a change in the failure locus

from interfacial for the control epoxy to substrate failure

for the nanotube-modified adhesives. Ganguli et al. [4]

recorded an increase in flexural strength through the

addition of carbon nanotubes for a tetrafunctional epoxy

cured with diaminodiphenyl sulfone (DDS). The addition

of 1 wt% MWNT increased the strength from 70 MPa for

the control epoxy to 170 MPa. The fracture toughness

showed a 3-fold increase when 1 wt% MWNT were added,

from 1.3 to 4.0 MPa/m1/2. Therefore, it was concluded

there was a significant improvement in both the toughness

and the ultimate strength of the epoxy.

Improvements in mechanical properties have not been

reported by all researchers. Liu and Wagner [5] found no

effect on the tensile properties of an amine cured diglycidyl

ether of bis-phenol A (DGEBA), with the addition of up to

1 wt% MWNT. Hernández-Pérez et al. [6] investigated the

effect of aspect ratio of nanotubes on various properties of

nanotube/epoxy composites. They found that the fracture

properties, especially, were much improved for nanotubes

with high aspect ratios. Nanotubes with low aspect ratios,

around 50, gave very little improvement in fracture prop-

erties, although they were easier to disperse than the

nanotubes with high aspect ratios.
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This inability to achieve a good dispersion is one of the

main problems with using carbon nanotubes, since it

appears that the full potential of these materials cannot be

realised unless good dispersion is attained. Nanotube-

reinforced polymers have been predicted to have excellent

properties, but poor dispersion of the nanotubes within the

polymer and the presence of entanglements or aggregates is

one factor leading to drastic weakening of the nanotube-

modified materials [2]. Single-walled nanotubes have a

specific problem dispersing since they tend to form rope-

like bundles due to the strong van der Waals forces and

they have a high surface area, a lack of functional sites and

stable chemical characteristics [7]. Song and Youn [8]

investigated the effects of dispersion on a variety of

properties. They found that dispersion had little effect on

the tensile modulus. The tensile strength and elongation at

break were increased with an increasing percentage of

well-dispersed nanotubes, but with poorly dispersed

nanotubes, the tensile strength decreases.

Sonication has been shown to improve the dispersion of

carbon nanotubes in epoxy by Lau et al. [9] and Fiedler et al.

[10], and of carbon nanofibres by Gershon et al. [11]. Lau

et al. found that the nanotubes in the unsonicated mixtures

would be agglomerated together with a non-uniform dis-

tribution of the nanotubes. Ganguli et al. [4] achieved dis-

persion using a dual axis centrifugal mixer. When an

unnotched fracture surface was examined with a scanning

electron microscope (SEM) it was found that the nanotubes

were well dispersed and that there was no evidence of

agglomeration of nanotubes. Calendering was used by

Fiedler et al. [10] along with sonication and stirring. While

sonication was found to leave agglomerates, stirring and

especially calendering gave good dispersion. Xie et al. [2]

suggest that chemical functionalisation is needed to achieve

good dispersion. However, Gong et al. [12] found that

dispersion was not perfect even when a surfactant was used.

Although the mechanical properties of carbon nanotubes

are good, the performance of nanotube-modified epoxies

can be poor. Many authors have explained this as a result

of poor dispersion. Hence, much study has been undertaken

to investigate various methods of dispersion. However,

little study has been undertaken on how to quantify the

degree of dispersion, which would allow a better compar-

ison of the efficacy of dispersion techniques.

An exception is the recent study by Gershon et al. [11],

who measured the modulus of a polymer, of dispersed

carbon nanofibres and agglomerated nanofibres using

nanoindentation. They then used a rule of mixtures

approach to calculate the volume fraction of each phase

(i.e. polymer, dispersed particles, agglomerated particles)

and compared this with the volume fraction measured

using transmission optical microscopy. This article pre-

sents methods to quantify the degree of dispersion of

carbon nanotubes from micrographs, using a greyscale and

a quadrat technique.

Measurement of dispersion

Quadrat method

The method of quadrat analysis dates from geographical

methods developed during the Second World War to

quantify crop production. The method has been fully

described elsewhere [13]. The analysis is applied to a

2-dimensional image of the dispersion with the objects of

interest clearly defined, for example via grey scale. The

scale of the smallest object of interest is identified and the

area is then divided into square cells or quadrats of that

scale. Within each quadrat the number of, or the area

occupied by, the objects of interest is determined. This

data, including the location of each quadrat, is then trans-

ferred to a spreadsheet for further analysis.

The variability of the measurements can be expressed as

the variance [14]. The variance of the data and the mean

value in the measured quadrats is determined. Data for

conglomerates of quadrats, described as cells, is then cal-

culated; these cells may be square areas or lines of

neighbouring quadrats along orthogonal axes with respect

to the dispersion. The variability of variance and mean with

cell area or length is thus determined.

For a perfectly random distribution, the mean value is

equal to the variance [14]. For each cell size, the ratio of

variance to mean is determined. The variability of this ratio

from unity describes the non-random or clustered nature of

the distribution. The scale of clusters can be identified from

the cell size associated with peaks in the graph.

Greyscale analysis

This method of analysis is closely related to the quadrat

method. The greyscale of an image and its variability is

captured using image analysis software; the variance of the

data is calculated. Essentially, this method is identical to

quadrat analysis at one single scale, namely the pixel size

used, assuming that a 2-dimensional image is measured.

Materials

Constituents

The aim of the analyses is to determine the dispersion of

carbon nanotubes within an epoxy matrix. The effect of

addition of a further thermoplastic phase is also assessed.

The epoxy used was a blend of two amine cured resins:
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triglycidyl aminophenol (TGAP), (MY0510) and a di-

glycidyl ether of bisphenol F (DGEBF), (PY306). Both

were manufactured by Huntsman, Switzerland. The curing

agent was an amine hardener, 4,400-methylenebis-(3-chloro

2,6-diethylaniline), (MCDEA) from Lonza, Switzerland,

which is in powder form and has an active hydrogen

content of 94.85 g/equivalent. The thermoplastic used is

from Cytec Engineered Materials, Wilton. It is a poly(ether

sulfone) copolymer with reactive endgroups, and is sup-

plied in powder form. The exact structure is confidential, as

are many of its properties; however, it is known to have a

glass transition temperature between 180 and 190 �C.

Multiwalled carbon nanotubes were sourced from

Thomas Swan & Co (Consett); these are chemical vapour

deposition formed nanotubes which are not functionalised.

These have the product reference P940 and have the fol-

lowing typical properties: average diameter of 10–12 nm;

average length of microns; purity of 70–90% [15]. Samples

were prepared using either the dry nanotubes, or using the

nanotubes dispersed within the thermoplastic at a loading of

1% by weight.

Preparation of blends

The amine cured epoxy system used the constituents in the

following ratio, 1 PY306:1.17 MY0510:1.42 MCDEA by

weight. The two epoxies were put in a beaker and mixed

briefly together using a spatula.

The dry nanotubes were added to the mixed epoxy

resins. The nanotubes were stirred in using a spatula, and

the beaker was placed in an ultrasonic bath (Grant MXB6)

for sonication. The bath was run continuously and the mix

was stirred thoroughly each day using a spatula. The

nanotubes were sonicated into the epoxy for approximately

120 h.

Samples incorporating the thermoplastic were prepared

using both the dry nanotubes dispersed in the epoxy and

nanotubes supplied dispersed within the thermoplastic. The

dry nanotubes were added as described above by sonicating

the nanotubes into the epoxy, before adding the thermo-

plastic. The thermoplastic powder was added and this was

stirred in using the mechanical stirrer at 650 rpm for at least

2 h at 120 �C until all the thermoplastic had dissolved. For

the nanotubes supplied dispersed in the thermoplastic, the

thermoplastic/nanotube mixture was added to the epoxy and

stirred as for the pure thermoplastic.

When 25 wt% thermoplastic was required, the thermo-

plastic was added in two batches of approximately equal

weight, each batch being stirred in for 2 h at 650 rpm and

120 �C. The mix was allowed to cool overnight, re-heated

the following day before the MCDEA was added.

The MCDEA was added and the mix was placed in an

oven at 120 �C and stirred for 1 h with an overhead stirrer

fitted with a radial flow impeller. The unmodified epoxy was

stirred at about 200 rpm, and the thermoplastic-modified

epoxy at 650 rpm. This ensured that the MCDEA, which

was added in powder form, dissolved fully into the epoxy.

Curing of the formulations in situ in the transmission

optical microscope showed that the nanotubes are rela-

tively mobile [16]. The nanotubes were found to agglom-

erate during the cure cycle. The higher the percentage of

thermoplastic then the lesser the degree to which the

nanotubes agglomerate, and the higher the temperature

needs to be before the nanotubes begin agglomerating

during curing. It is thought that this is due to the increase in

viscosity of the resin with adding thermoplastic. The higher

the viscosity then the harder it is for the nanotubes to move

through the resin, so the slower they move and the higher

the temperature needs to be before the viscosity drops to a

level at which the nanotubes can move. The addition of

either thermoplastic or nanotubes increased the viscosity.

Once the resin reaches the gel point the nanotubes can no

longer move, and the current dispersion is frozen. The

nanotubes in the resin with higher percentages of thermo-

plastic begin moving later in the cure cycle (i.e. at a higher

temperature), and move more slowly, so it is to be expected

that the final dispersion is better.

Preparation of samples

Plates were prepared using picture frame moulds. The

mixture was degassed in a vacuum oven before and after

pouring into the mould. The plates were cured by heating at

1 �C/min and then held at 180 �C for 5 h. The plates were

left to cool to room temperature in the mould. The cured

plates were typically 6-mm thick. Samples for mechanical

and fracture testing were machined from the plates, as

described by Brooker et al. [17].

Resultant morphology

The unmodified epoxy was a homogeneous thermoset.

When 15 wt% of the poly(ether sulfone) copolymer was

added, the morphology of the thermoplastic/epoxy com-

posites showed an apparently random distribution of equally

sized thermoplastic spheres of about 1-lm diameter [16, 17].

However, when the content of thermoplastic was increased

to 25 wt%, the morphology becomes co-continuous, with

interpenetrating regions of the thermoplastic-rich phase and

the epoxy-rich phase. There is also some localised phase-

inversion within the thermoplastic-rich phase, which may be

observed as spheres of epoxy polymer up to 0.6 lm in

diameter in the thermoplastic phase. There are also ther-

moplastic spheres in the epoxy-rich phase with a diameter of

0.5 lm. The morphology of the thermoplastic appeared
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unchanged with the addition of the nanotubes. The nano-

tubes were mostly dispersed within the epoxy phase rather

than within the thermoplastic.

Analysis

The quadrat analysis required the resolution of the indi-

vidual nanotubes, which was achieved using transmission

electron microscopy; magnification of times 80,000 was

used. Specimens for transmission electron microscopy

(TEM) were prepared using an ultramicrotome at room

temperature. Planar sections were cut from the specimens

with a diamond knife and were floated on water. Sections

with a thickness of about 90 nm were selected and trans-

ferred to a copper grid. The transmission electron micro-

scope used was a JEOL 2000FX Mk2, used at 200 kV.

Overlapping images, each representing an area of approx-

imately 1.7 lm by 1.3 lm, were taken to allow a montage

to be assembled. A typical montage contained around 30

images analysing an area of about 66 lm square. The

maximum extent of the montage is limited by the mesh size

of the copper grid used to support the sections.

The greyscale analysis does not require the resolution of

individual nanotubes; optical microscopy can be used. A

transmission optical microscope (Nikon Optiphot II) was

used. A planar section of the specimen, approximately

6 mm square, was taken and bonded onto a glass slide with

Araldite instant clear. The surface was then polished using

a rotary plate polisher, starting with a 6-lm diamond

solution, the finest solution used was a 1-lm diamond

solution. The samples were then carefully cut off the slides

with a hacksaw and bonded with M-bond AE10 from

Vishay Measurements Group, polished sides down onto

new slides. The samples were then ground down to about

70-lm thickness with a Struers grinder/polisher and pol-

ished again. The image was recorded as a greyscale image

of size approximately 420 9 420 pixels. The digital

images were imported into Corel Paint Shop Pro or Adobe

Photoshop CS5 to analyse the greyscale distribution. The

software packages gave identical results.

The range of samples analysed is shown in Table 1. The

concentration of thermoplastic was zero, 15 or 25 wt%.

Four different concentrations of nanotubes were used

without thermoplastic; three different concentrations were

used when thermoplastic was present.

Results

Quadrat method

A typical transmission electron microscopy image is shown

in Fig. 1. This image is from the sample containing

15 wt% of thermoplastic with 0.178 wt% of nanotubes

dispersed in the thermoplastic. A part of a thermoplastic

sphere is shown; it is clear that the nanotubes are dispersed

within the epoxy even though they were added to the mix

dispersed within the thermoplastic. Nanotubes are observed

oriented both parallel to and perpendicular to the cutting

plane.

The analysis method chosen was to count the number of

nanotubes within a quadrat; or strictly the number of sec-

tions of nanotube, as a nanotube may extend out of the

image volume. This was done manually. The alternative

more automatic approach of recording fractional area

occupied by nanotubes was not successful since the

nanotubes are insufficiently distinct from the epoxy,

especially when they are oriented perpendicular to the

cutting plane (see Fig. 1). Each nanotube was assigned a

nominal centre, and the nanotube was counted if that centre

occurred within the quadrat. This process ensured that each

nanotube was only counted once. The quadrat size used for

the counting varied for each image between 50 and 80 nm

square. Observing Fig. 1, it is clear that this quadrat size is

Table 1 Samples analysed
Sample wt%

Thermoplastic

wt% nanotubes

Sonicated

into epoxy

Dispersed in

thermoplastic

0-0.1-S 0 0.1 –

0-0.178-S 0 0.178 –

0-0.336-S 0 0.336 –

0-0.5-S 0 0.5 –

15-0.1-S 15-0.1-D 15 0.1 0.1

15-0.178-S 15-0.178-D 15 0.178 0.178

15-0.336-S 15 0.336 –

25-0.1-S 25-0.1-D 25 0.1 0.1

25-0.178-S 25-0.178-D 25 0.178 0.178

25-0.336-S 25-0.336-D 25 0.336 0.336
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at the same scale as the objects of interest. Typical mon-

tages used for the counting are shown in Fig. 2; the correct

alignment of neighbouring images could only be carried

out manually. The acquisition and assembly of the montage

was a very time-consuming process; the analysis was car-

ried out for a sufficient range of samples to define the

trends but not the full set of samples. Figure 2a is for a

‘good’ dispersion, while Fig. 2b is for a ‘poor’ dispersion

(see section ‘Discussion’).

The analysis for larger cell sizes was carried out by

increasing the cell size in two orthogonal axes, x and y;

these are in-plane directions with respect to the sample so

results along these two axes should be in reasonable

agreement. The larger cell sizes were analysed either using

contiguous cells or overlapping cells. For overlapping

cells, the starting quadrat used to form the larger cell is one

quadrat beyond the starting quadrat for the previous cell.

Typical results are shown in Fig. 3. The value of the

ratio of variance/mean is plotted, the ratio describing the

deviation of this value from unity which would occur for a

random distribution. The ‘cell size’ describes the number

of quadrats combined in that axis direction; the number of

quadrats in the orthogonal direction is always one. The

results from Fig. 3a are for overlapping cells; the results in

Fig. 3b are for contiguous cells. All results showed an

increasing value of the ratio with increasing cell size. Most

of the results using contiguous cells showed distinct peaks

but most of these peaks disappeared when overlapping

cells were used. Such peaks using contiguous cells most

probably arose from changing the number of cells analysed

as observed previously [18], and hence can be considered

to be spurious. In some results distinct peaks were found

for overlapping cells; a typical result is shown in Fig. 4.

These peaks may be related to a scale of pattern; the cell

lengths associated with such peaks are shown in Table 3.

Peaks were commonly observed at 600 nm. Further, no

peaks were observed at less than 400 nm.

The results for the different materials analysed using

overlapping cells are summarised in Table 2. Since dif-

ferent measurement quadrat sizes were used for the dif-

ferent samples, the graphs have been analysed to find the

predicted value of variance/mean ratio for cell lengths of

100 and 600 nm. The two orthogonal directions are both

Fig. 1 TEM image showing thermoplastic sphere and carbon nano-

tubes, for epoxy containing 15 wt% of thermoplastic and 0.178 wt%

of carbon nanotubes (15-0.178-D)

Fig. 2 Typical montages of

TEM images for quadrat

analysis, for epoxy containing

a 25 wt% of thermoplastic and

0.336 wt% of carbon nanotubes

(25-0.336-D) showing relatively

good dispersion, and b 15 wt%

of thermoplastic and 0.1 wt% of

carbon nanotubes showing

relatively poor dispersion (15-

0.1-S). (Micron bars are 0.2-lm

long)
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in-plane directions with respect to the plate. Results from

the two directions are expected to be similar as is shown in

Fig. 3b. The results in Table 2 for the two cell lengths are

the mean results for the two directions. The values of

variance/mean ratio at the two cell lengths have been

ordered as ‘Rank’ describing the values of ratio, rank 1

representing the lowest value of the variance/mean ratio.

Note that the rank orders for the two cell lengths are

generally approximately equal.

Two example montages are shown in Fig. 2. The mon-

tage in Fig. 2a is for the 25-0.336-D sample. Observing the

ranking in the quadrat analysis in Table 2 shows that this

has a relatively even distribution of nanotubes. The length

of several of the clusters of nanotubes appears to be around

400–600 nm; this is discussed in section ‘Size of clusters’.

Figure 2a shows that the dispersion is relatively ‘good’, but

that clusters are observed on a similar scale to those

identified by the quadrat method.

The rank orders for the two cell lengths are generally

approximately equal except for the 15-0.1-S material,

where there are large differences in the ranks. The ranks

are 2 and 7, respectively, at the lengths of 100 and 600 nm.

This difference indicates that the degree of dispersion

differs considerably at the two lengths used. The good rank

at the small length scales shows that the nanotubes are

reasonably well dispersed at the small scale, i.e. that they

are in loose agglomerates. However, the poor rank at the

larger scale indicates that the agglomerates are poorly

dispersed. This is confirmed by observation of Fig. 2b,

which shows a ‘poor’ dispersion with a high degree of

clustering and significant areas containing no nanotubes.

Greyscale analysis

The greyscale analysis is carried out on the macro-scale

using transmission optical microscopy. The images were

imported into software which assigned a greyscale to each

pixel in the image. The software presented a histogram of

the greyscale. The number of pixels of each shade of grey

were read off and transferred to a spreadsheet so the mean

grey level, standard deviation from that mean and variance

could be calculated. Example images and histograms are

shown in Fig. 5. The results for the different nanotube-

modified materials are summarised in Table 3.

The thickness of the samples analysed was 70 lm,

which is much larger than used for the quadrat analysis of

90 nm (0.09 lm). The samples were approximately 6 mm

square, and the images were approximately 412 pixels

square. Hence, each pixel covers approximately 15 lm

square. The nanotubes were supplied with an average

diameter of 10–12 nm, and an average length of 5 lm after

sonication. Note that sonication does not significantly

reduce the length of the nanotubes. The samples were

viewed using unfiltered visible (white) light, which covers

wavelengths in the range of 390 to 780 nm [19]. The best

spatial resolution for a stereo microscope is typically 2 lm

[20]. Hence, nanotube agglomerates would be visible, and

although individual nanotubes may not be visible due to

their small diameter, they will scatter light.

The thermoplastic phase will also scatter light. The

spherical particles in the epoxy containing 15 wt% ther-

moplastic were measured to be approximately 1 lm in

diameter, and well dispersed in the epoxy. The epoxy

containing 25 wt% of thermoplastic showed a co-continu-

ous morphology, with interpenetrating regions of the

thermoplastic-rich phase and the epoxy-rich phase. There

was also some localised phase-inversion within the ther-

moplastic-rich phase, with epoxy spheres up to 0.6 lm in
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diameter within the thermoplastic, and some thermoplastic

spheres in the epoxy-rich phase with a diameter of 0.5 lm

[17]. Greyscale analysis of these control samples, i.e., those

without nanotubes, gave a relatively narrow peak in the

greyscale distribution. The calculated variances for the

unmodified epoxy and the sample with 15% thermoplastic

were approximately 5. The 25 wt% thermoplastic sample

gave a variance of 11. These values are an order of mag-

nitude, or two orders in some cases, less than the variances

measured for the nanotube-modified samples, see Table 3.

Thus, it is reasonable to assume that the presence of the

thermoplastic has no significant effect on the measured

values for the nanotube-modified samples.

The most reliable comparison of results in Table 3 is the

ratio of variance/mean value of the grey level. The value of

this ratio takes into account any variation in the overall

brightness of the image. All values in Table 3 are greater

than one, indicating a tendency to cluster at this scale of

measurement. Higher values indicate a greater degree of

clustering; lower values may be described a showing a

‘better’ distribution of nanotubes. The results have been

ordered as ‘Rank’ describing the values of ratio, rank 1

representing the lowest value of the variance/mean ratio.

The results in Table 3 and Fig. 6 show that the disper-

sion is generally the best for the samples with 25% of

thermoplastic, while the samples with no thermoplastic

show the highest ranking and hence the poorest dispersion.

These numerical values are supported by comparing

Fig. 5b, d and c, e. An exception to this trend is the

0-0.178-S sample, where the dispersion was so poor that

few nanotubes are observed in the image, as they are

generally collected at one end of the sample.

In general, the samples where the nanotubes were son-

icated into the epoxy show a lower ranking, and hence a

better dispersion than those samples made with nanotubes

originally dispersed in the thermoplastic. This can be seen

from Table 3, or by comparing Fig. 5b, c and d, e.

The greyscale images in Fig. 5 show that the nanotubes

are typically present in necklace-like structures. This can

give two peaks in the greyscale histograms, one for the

nanotube-rich areas and one for the nanotube-poor areas,

see Fig. 5c for example.

Discussion

Comparison of methods

The greyscale analysis is essentially the same analysis

approach as the quadrat analysis but at a single cell size and

at a much larger scale. The results from the quadrat analysis

have been compared for two different cell lengths. The cell

lengths corresponding to the peaks, using overlapping cells,

have been identified (see Table 2). The results from the

greyscale analysis are for cell size approximately 15 lm

square, i.e., the pixel size, which is about three orders of

magnitude larger than the cell sizes for the quadrat analysis.

The quadrat analysis uses the position of the centres of the

sections of nanotube, without considering the length or the

position of the rest of the nanotube.

Table 2 Summary of results

from quadrat analysis using

overlapping cells
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The rankings from both techniques are shown in

Tables 2 and 3, but these rankings show significant dif-

ferences. Inspection of the images in Fig. 5 helps to explain

the differences. On the macroscale, as shown by the

greyscale images and analysis, the samples are very inho-

mogeneous, see Fig. 5c for example. Thus there will be

large difference in the number and dispersion of nanotubes

in different areas of the sample on the microscale, and

hence large variations would be expected from quadrat

analyses from these different areas. Inspection of the

montages used for the quadrat analyses, as shown in Fig. 2,

also shows why it is necessary to use a quantitative

technique to assess dispersion, and why a relatively large

sample size should be used, as there is considerable vari-

ation in the dispersion of nanotubes at the nanoscale. This

also shows why the use of a single TEM image to char-

acterise the dispersion of nanotubes can be very

misleading.

Even for samples that are identified as relatively

homogeneous by greyscale analysis, the dispersion mea-

sured by the quadrat method can be poor. An example is

the 25-0.178-S sample, see Fig. 5d. This shows a rank of 1

by the greyscale method, but of 8 and 5 by the quadrat

method at 100 and 600 nm, respectively. Hence, the dis-

persion at the macroscale is good, but relatively poor at the

nanoscale. Thus, it is not sufficient to simply use one of

these methods to fully characterise the dispersion of

nanotubes.

Comparison of methods of dispersion

The results in Table 3 for the greyscale analysis include

five cases where both sonication and dispersion within the

thermoplastic has been used to disperse the nanotubes; the

pairs of data are highlighted with matching shading in

Table 3. For all five cases, lower ratio values are found for

the material where sonication into the epoxy has been used.

It is concluded that this method reduces the clustering of

the nanotubes at this microstructural scale. The results in

Table 2 for the quadrat analysis include three cases where

both sonication and dispersion within the thermoplastic has

been used to disperse the nanotubes; the pairs of data are

highlighted with matching shading in Table 2. For the

lower cell length of 100 nm lower ratio values are found

for the material where dispersion within the thermoplastic

has been used for all three cases. The relative ranking at

cell length 600 nm is reversed for two sets of data,

although it is noted that values of ratio for these sets are not

far apart.

These comparisons for the different scales of nanotube

dispersion may be explained in terms of the different

methods of dispersion. At the larger scale, demonstrated by

the results of the greyscale analysis, sonication leads to a

more even overall dispersion of the nanotubes within the

whole sample. However, at the scale of the nanotubes

themselves, demonstrated by the results of the quadrat

analysis, dispersion within the thermoplastic reduces the

tendency for the nanotubes to attract each other into clus-

ters. Note that all the nanotubes sonicated into the epoxy

are observed within the epoxy phase rather than the ther-

moplastic phase, see Fig. 2b. When the nanotubes were

supplied dispersed in the thermoplastic, most of the

nanotubes in the cured material are observed within the

epoxy phase, although some are present within the ther-

moplastic, see Fig. 2a.
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Fig. 6 Ratio of variance/mean versus nanotube content for greyscale

analysis of epoxy with 0, 15 and 25 wt% of thermoplastic (*: 0-0.178-S

sample shows very poor dispersion at macroscale)

Table 3 Summary of results from greyscale analysis
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Addition of thermoplastic

The addition of 25 wt% of thermoplastic leads to some

changes in overall morphology of the composite. The effect

of thermoplastic addition can be assessed by comparing the

results between zero content and 15 or 25 wt% content

with the nanotubes dispersed using sonication. For the

quadrat analysis (see Table 2), the only comparison that

can be made is for samples containing 0.178 wt% of

nanotubes (0-0.178-S, 15-0.178-S, and 25-0.178-S). (Note

that the 15-0.178-S sample shows very poor dispersion at

the macroscale, so the results from this sample should be

considered with care.) Comparison of the results clearly

shows that the increase in viscosity from addition of

25 wt% compared to 15 wt% of thermoplastic reduces the

tendency to cluster.

Three sets of comparisons can be made for the results

from the greyscale analysis; the values of ratio are com-

pared in Fig. 6. The increase in viscosity from addition of

15 or 25 wt% of thermoplastic reduces the tendency to

cluster. This agrees with the observations from the quadrat

analysis. For the lower nanotube contents, the ratio for

25 wt% thermoplastic is much less than the other data,

which may indicate that the change in morphology may

have an effect on the clustering of the nanotubes.

Addition of nanotubes

The results in Fig. 6 show no clear trends in measured

distribution from the greyscale analysis arising from the

addition of nanotubes. The results from dispersion within

the thermoplastic for the greyscale analysis similarly show

no clear trends. The results from the quadrat analysis have

been carefully examined, and similarly show no clear

trends in distribution with addition of nanotubes. The

addition of thermoplastic has a much more significant

effect than the concentration of nanotubes at these small

weight percentages.

Size of clusters

The quadrat analysis finds distinct peaks which may be

attributed to cluster size. Such peaks are distinct, as shown

in Fig. 4, or more gradual, as shown in Fig. 3a. The cell

length associated with these peaks is quoted in Table 2;

many peaks were found at around 600-nm cell length. This

length may be associated with the observed length of

apparent clusters as seen in the montages in Fig. 2. These

clusters are loose agglomerates of nanotubes. The grey-

scale images in Fig. 5 also show clustering, as the nano-

tubes are typically present in necklace-like structures tens

of microns wide. Hence, clustering is observed at many

size scales.

Comparison with mechanical tests

The mechanical properties and fracture performance of the

thermoplastic-modified epoxy have been discussed by

Brooker et al. [17]. For the unmodified epoxy, a Young’s

modulus of 2.55 GPa was measured. A 0.2% proof stress of

65.2 MPa and a tensile strength of 44.8 MPa were mea-

sured. The measured values of Young’s modulus and 0.2%

proof stress were unaffected by either the addition of

nanotubes or the thermoplastic. The tensile strength

showed a steady increase as the content of the thermo-

plastic copolymer was increased, which confirms that there

is good adhesion between the epoxy and the thermoplastic

phases, as poor bonding would result in a decrease in the

tensile strength.

A fracture toughness of 0.68 MPa/m1/2 and a fracture

energy of 215 J/m2 was measured for the unmodified

epoxy. For the samples with no nanotubes, the fracture

toughness and fracture energy of the formulations were

found to increase steadily with increasing thermoplastic

content, from a fracture energy of 245 J/m2 using 15 wt%

of poly(ether sulfone) copolymer up to a maximum of

530 J/m2 for the epoxy with 35 wt% thermoplastic. This

increase was not, however, linked to the observed changes

in morphology, but simply to the weight percentage of the

thermoplastic added to the formulation [17]. The addition

of carbon nanotubes gave no significant difference in the

measured values compared to those for thermoplastic

alone. Further study has shown that it is difficult to toughen

this particular epoxy [21, 22], and hence it is not surprising

that the addition of nanotubes has little effect.

There was no significant difference in the mechanical

and fracture properties whether the nanotubes were soni-

cated into the epoxy or dispersed in the thermoplastic. The

addition of the nanotubes also caused no obvious changes

in the morphology of the thermoplastic phase.

Conclusions

The distribution of nanotubes within modern materials

must be defined to understand the change in properties

attained by their addition. Two methods of analysis have

been presented here, which described the dispersion of

nanotubes at the macro- and nanoscale. However, care

must be taken with the interpretation of the results when

dispersion is very poor. The analyses showed that increased

thermoplastic content, and hence increased viscosity of the

resin, led to a better dispersion.

The greyscale method is relatively easier to carry out,

although care must be taken to use a consistent small

thickness of sample. The quadrat analysis defines the dis-

tribution on the scale of the nanotubes and the results of
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this analysis can be related to visual observation of the

electron micrographs. This scale is expected to be related

to the scale of the microstructural deformation mechanisms

which determine global material properties. The develop-

ment of the experimental techniques required to carry out

this analysis, including spatial definition of the position of

neighbouring micrographs, may make this analysis method

more tractable. Further applications of this method of

analysis will lead to proper definition of modern nanofilled

materials.
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