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a b s t r a c t

Carbon nanotube (CNT) sheets, also known as buckypaper, have high potential for structural applications

due to their high volume fraction of CNT, the strongest and stiffest materials known. In this work, two

different techniques, one based on positive pressure and another based on vacuum infiltration, are uti-

lized to impregnate single-walled carbon nanotube (SWCNT) buckypaper sheets of 50–70 lm in thick-

ness, resulting in a Young’s modulus of up to 15.4 GPa. Scanning electron microscopy demonstrates

that the vacuum-based technique results in more effective impregnation of the buckypaper than the posi-

tive pressure technique. Thermogravimetry analysis of vacuum-impregnated specimens indicated a void

content ranging from 5% to 32%. An advanced Mori–Tanaka-based micromechanics technique is also uti-

lized to predict the effect of SWCNT volume fraction and void content on Young’s modulus of nanocom-

posites. These calculations suggest a higher void content of around 40% for the vacuum-impregnated

composites.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Buckypaper sheets are typically formed by vacuum filtration of

a suspended solution of randomly distributed carbon nanotubes

(CNT). Buckypaper is appropriate for a wide range of applications

including electrodes [1], gas separators [2], field emitters [3], actu-

ators [4], and sensors [5]. Buckypaper sheets are also good candi-

dates for polymer reinforcement for structural applications due

to their high CNT content (up to 60% by weight after impregna-

tion). Hence, several researchers have investigated the elastic

properties of pristine buckypaper sheets [1,4,6–9] and their com-

posites [8–15]. The measured Young’s modulus of pristine bucky-

paper has been shown to range from 0.8 to 5 GPa. This property

was found to be dependent on the type and treatment of the

CNT [7] and the humidity content [1]. Table 1 summarizes experi-

mental results found in the literature for the elastic properties of

pristine buckypaper. These results are comparable to theoretical

values predicted with the classical Cox model [16]. The effect of

the CNT rope properties (diameter, length, and Young’s modulus)

and sheet porosity on buckypaper Young’s modulus were also

thoroughly investigated in [17]. Another theoretical model was

developed to predict the upper-bound moduli of buckypaper con-

taining nanotube ropes with an emphasis on the effect of joint

morphology [7]. The predicted buckypaper Young’s modulus ran-

ged from 1% to 10% of the bundle Young’s modulus. This suggests

the possibility of a 2- to 15-fold increase in buckypaper Young’s

modulus (versus the best experimental data) if the area (volume)

fraction and the connection numbers between CNT ropes were

increased.

Several researchers have tried to manufacture buckypaper com-

posites using different techniques such as through-thickness infil-

tration [11,12], intercalation [8,9], electro-spinning [13], and hot-

compression [10]. Also, different types of polymers were used

including epoxy [11], polycarbonate (PC) [12,15], polyvinyl alcohol

(PVA), poly vinyl pyrrolidone (PVP) and poly styrene (PS) [8,9],

poly-ether-ether-ketone (PEEK) [10] and different elastomers

[13]. A summary of the elastic properties of buckypaper compos-

ites with randomly oriented single-walled carbon nanotubes

(SWCNT) or multi-walled carbon nanotube (MWCNT) is tabulated

in Table 2. Typically, the Young’s modulus of buckypaper nano-

composites is measured by dynamic mechanical analysis [11,12],

quasi-static tests using dynamic mechanical analyzers [8–10,13]

and tensile tests using dog-bone specimens [14]. A recent study

[14] measured a Young’s modulus of 30 GPa for epoxy-impreg-

nated buckypaper composites. This value can be attributed to a

higher quality of impregnation as well as a higher content (40–

45% by weight) of CNT than other buckypaper composites reported

in the literature (Table 2). In another recent study, Cheng et al. [18]

reported a Young’s modulus of up to 47 GPa after the impregnation
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of randomly distributed buckypaper using bismaleimide resin as

well as 169 GPa after the impregnation of mechanically stretched

buckypaper sheets. This high value of Young’s modulus is likely

due to CNT alignment and high CNT content (60% by weight) as

well as a low void content.

Wide variation in the reported Young’s modulus of buckypaper

nanocomposites (Table 2) can be attributed to several factors

including the level of impregnation, the quality and content of

CNT within the buckypaper as well as the quality of the interface

between the CNT and the matrix resin. Therefore, the results pre-

sented in Table 2 are not conclusive for evaluation of the merits

of different manufacturing techniques. In this work, two different

impregnation techniques, vacuum infiltration and hot-compres-

sion, were used to impregnate thin sheets (50–70 lm thick) of

buckypaper sheets. A scanning electron microscope (SEM) was

used for qualitative evaluation of the impregnation techniques.

Bending tests and thermogravimetric analysis (TGA) were utilized

to obtain the Young’s modulus and void content of impregnated

buckypaper sheets, respectively. Experimental results were com-

pared with theoretical predictions based on a Mori–Tanaka

technique.

2. Composite manufacturing

2.1. Buckypaper manufacturing

In this work, raw SWCNT samples manufactured using our two-

laser oven technique [19,20] were subjected to a purification pro-

cedure involving cycles of solvent extraction, floatation and precip-

itation. The recovery of purified SWCNT was 30–50% by weight,

with a purity of more than 90% by weight [26]. Dried and purified

SWCNT samples (roughly 800 mg) were ground in a small amount

of tetrahydrofuran (THF) with a mortar. The fine paste was then

transferred to a 2 L beaker with 1.5 L of ethanol or methanol. The

mixture was sonicated with a sonication probe for about an hour

until a well dispersed suspension was attained. Using a water

pump, the suspension was filtered through a polycarbonate (PC)

membrane with a pore size of >20 lm and a diameter of 47 mm.

As soon as the solvent was drained, the water pump was stopped.

The wet buckypaper, together with the membrane, was placed be-

tween two sheets of wax paper and pressed overnight between

twometal cylinder blocks under a force equivalent to 10 MPa. After

pressing, the PC membrane was carefully removed. Finally, the

pristine buckypaper was dried in an oven overnight at 85 �C.

TGA tests were performed to characterize the purity of the pris-

tine buckypaper. A residue of 8–10% of the buckypaper weight was

measured after reaching 1000 �C in an oxygen environment, at

which point no CNT remained. The residue was composed of metal

oxides (around 3% of the buckypaper weight) and small particles of

quartz glass. This represents only those impurities that remained

following the heating process; additional impurities would have

been burned off at temperatures below 1000 �C. A Hitachi S-4700

field emission scanning electron microscope (FESEM) was also

utilized to characterize the pristine buckypaper. Fig. 1 shows

Table 2

Elastic properties of buckypaper nanocomposites.

Ref. EBP
a (GPa) CNT content Polymer EP

a (GPa) Impregnation method EC
a (GPa) EC/EBP EC/EBP

[13] – – Silicone elastomer 0.20 Spin coating 0.42 – 2.1

[9] 2.3 27–41 vol.% PVA, PS, PVP – Intercalation 6.9 3 –

[8] 0.9 27–41 vol.% PVP – Intercalation 3.2 3.5 –

[10] – – PEEK 2.7 Hot-compression 8 – 3

[11] – 28–39 wt.% Epoxy 2.8 Resin infiltration 13.3 – 4.7

[14] – 40–45 wt.% Epoxy 2.8 Intercalation and hot-compression 30 – 10.7

[18] 1.1 60 wt.% Bismale-imide – Intercalation and hot-compression 47 42.7 –

[12] – 20 wt.% PC 1.8 Vacuum infiltration 6.2 – 3.4

[15] 2.29 46–48 wt.% PC 1.7 Vacuum infiltration 3 1.3 1.8

a BP, P, and C stand for buckypaper, polymer and composite, respectively.

Table 1

Elastic properties of pristine buckypaper.

Ref. EBP (GPa) Type of CNT

[6] 0.8–5.0 SWCNT

[1] 0.3–2.2 SWCNT

[7] 1.1–4 SWCNT

[4] 1.2 SWCNT

[9] 2.3 SWCNT

[8] 0.9 SWCNT

[18] 1.1 MWCNT

(a) (b) 

Fig. 1. SEM images of pure buckypaper with (a) 25 K and (b) 100 K magnifications.
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images of pristine buckypaper with SWCNT rope diameters rang-

ing from 10 nm to 50 nm and the presence of impurities.

An average buckypaper density of 0.55 g/cm3 was calculated

from measurements of buckypaper weight, thickness and surface

area. Assuming a density of 1.3 g/cm3 for SWCNT ropes [21] and

a minimum of 10% impurities, an average SWCNT rope volume

fraction of 30% was measured for the buckypaper. This volume

fraction agrees well with buckypaper CNT volume fractions re-

ported by other researchers (Table 2). Table 3 summarizes the

measured properties of the pristine buckypaper developed in this

work.

2.2. Impregnation techniques

Two different techniques were employed to impregnate the

SWCNT buckypaper, as described below.

2.2.1. Vacuum infiltration technique

The first technique used was a vacuum infiltration technique

which is schematically illustrated in Fig. 2. Using this method, a

vacuum pressure of 28 in Hg (98.4 kPa) was applied to the system

to infiltrate the buckypaper with Araldite� MY0510 epoxy resin

supplied by Huntsman. 4,4-Diaminodiphenyl Sulphone (DDS)

was used as the hardener. A breather material was used to evacu-

ate the air from the buckypaper. A porous release film was inserted

between the buckypaper and the breather in order to separate the

buckypaper composite from the breather after impregnation. An

amount of resin sufficient for complete impregnation was placed

over the buckypaper using a stirring rod. A thin layer of vacuum

tape was placed around the edges of the buckypaper to prevent

the resin from escaping.

A TA instruments AR2000 Rheometer with an Environmental

Test Chamber (ETC) accessory was used to measure the viscosity

of the MY0510 epoxy resin and hardener as a function of time

for four different temperatures (60, 100, 120, and 140 �C). The vis-

cosity was found to be roughly 10 Pa s at room temperature,

decreasing to about 0.1 Pa s at 100 �C. It was found that infiltration

at 100 �C was the best option since this gave a sufficiently low vis-

cosity which was relatively constant over a period of over 3 h,

which was long enough for the infiltration process.

In accordance with Darcy’s law for one-dimensional flow, the

infiltration time (t) is given by [12]:

t ¼
gh

2

2K tDP
ð1Þ

Here, g is the viscosity of the resin, h is the sheet thickness,DP is the

vacuum pressure, and Kt is the permeability of the sheet.

Wang et al. [11] obtained a permeability (Kt) of 2 � 10�19 m2

through the thickness of a similar buckypaper sheet, assumed to

be a good first approximation for the permeability of the buckypa-

per used in this work. Using this value, an impregnation time of

around 2.5 h was calculated as being required to impregnate our

buckypaper sheets, assuming a typical thickness of 60 lm, a vac-

uum pressure of 98.4 kPa, and a resin viscosity of 0.1 Pa s. To en-

sure sufficient time for infiltration, vacuum was maintained for

an additional period of 3 h at 100 �C followed by a final cure at

177 �C for 2 h.

2.2.2. Hot-compression technique

The second infiltration technique employed was a hot-compres-

sion method using a hot press. Using this approach, a sufficient

amount of resin was first poured over the SWCNT buckypaper

within a cavity defined by an O-ring which prevented excess leak-

age. Steel shims were used to control the thickness (Fig. 3). The two

plates of the hot press were placed in contact with each other with

light pressure, and then heated to 100 �C. This temperature was

maintained while a force equivalent to a pressure of 40 MPa was

applied to the system for a period of 3 h. The buckypaper compos-

ite was then cured in situ at a temperature of 177 �C for a period of

2 h.

Table 3

Properties of buckypaper.

Property Value

Thickness 50–70a

Area 13–19 cm2

Impurity content by weight >10%

SWCNT diameter �1.3 nm

SWCNT rope diameter 10–50 nm

SWCNT rope aspect ratio >1000

Density 0.46–0.55 g/cm3

SWCNT rope volume fraction 25–35 (%)

Young’s modulus 0.5 ± 0.2

a Thickness variation of each film was ±1 lm.

Vacuum tape

Vacuum 
Vacuum bag

Buckypaper Resin 
Breather 

Release film
Glass plates 

Fig. 2. Schematic illustration of the vacuum infiltration technique used for impregnation of the buckypaper.

Steel plates 

Steel shim 

O-Ring

Buckypaper Resin 

Pressure 

Fig. 3. Schematic illustration of the hot-compression technique for impregnation of buckypaper.
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3. Qualitative characterization of buckypaper

Fig. 4 shows a cross-sectional view of a vacuum-infiltrated film.

Comparing the images of pristine and impregnated buckypaper, a

very different morphology indicative of the infiltration of resin into

the buckypaper (Fig. 4a) can be observed. The presence of small air

bubbles is also clear in the higher magnification images (Fig. 4b).

Fig. 5 shows SEM images of samples manufactured by the hot-

compression technique. Two distinct regions can be observed

(Fig. 5a); a resin-rich region and a non-impregnated region. Under

pressure, the resin is forced to penetrate the buckypaper, but due

to its extremely low permeability, this resin displaced the ropes,

creating channels through the buckypaper with lateral dimensions

of a fewmicrometers. It is also speculated that air trapped between

the two steel substrates and the O-ring (Fig. 3) may inhibit efficient

infiltration. Fig. 5b shows a magnified view at the boundary of the

two regions that suggests that the resin wets the CNT ropes well in

this area. However, Fig. 5c indicates an absence of resin in most re-

gions of the buckypaper. Recall that this was not the case for the

vacuum infiltration technique in which the vacuum was applied

more uniformly to the resin, resulting in a more uniform impreg-

nation of the buckypaper.

4. Elastic characterization of SWCNT buckypaper

A nanoindenter-based bending technique described in [22] was

used to obtain the elastic properties of pristine buckypaper, neat

epoxy and resin-impregnated buckypaper nanocomposite sheets.

In this method, bending tests are performed on clamped circular

plates to measure the Young’s modulus of thin sheets. This ap-

proach combines the micronewton and nanometer resolution of

a typical nanoindenter with the conceptual simplicity of a bending

test [22]. A maximum load of 1 mN was applied using the nanoind-

enter at a loading rate of 1 mN/s. This rate is the highest possible

for this instrument (Hysitron Triboindenter) and was chosen to

minimize viscoelastic effects. All sheets had thicknesses between

50 lm and 70 lm with a thickness variation of less than 1 lm
across individual sheets. Table 4 summarized the results of pristine

and impregnated buckypaper sheets as well as pure epoxy speci-

mens. The bending tests on pure polymer sheets lead to an average

value of 3.5 GPa, which compares well with the value indicated by

the resin manufacturer (3.4 GPa), demonstrating the accuracy of

the technique.

5. Impregnation quantitative evaluation

To evaluate the resin and void content of the buckypaper com-

posites, TGA tests were performed on pure polymer, pristine

buckypaper and thin nanocomposite sheets using a Netzsch TG

209 F1 Iris�. The system was operated with BOC UHP argon (5.3)

gas and residual oxygen was captured with a Supelco Big-Supel-

pure O oxygen/water trap. Tests were carried out from room tem-

perature to 600 �C with a heating rate of 10 �C/min. Two 20 min

holds were added to the temperature cycle at 450 �C and 600 �C

to obtain an accurate weight measurement of the residue from

each specimen at these two temperatures. Two to three tests were

performed on each sample (Fig. 6 shows the average for each sam-

ple). The variations between different tests on each specimen were

Pristine buckypaper Impregnated buckypaper 

(a) 

(b) 

Fig. 4. Cross-sectional view of vacuum-infiltrated samples. (a) A comparison between pristine buckypaper and impregnated buckypaper. (b) A fractured surface with

magnifications of 50 K and 200 K showing good impregnation of SWCNT buckypaper.
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very small (less than 3% by weight). To evaluate weight fractions of

polymer matrix (w.f.M) and carbon nanotube ropes (w.f.F) within

the buckypaper, we have:

1 ¼ w:f :F þw:f :M þw:f :I ðroom temperatureÞ ð2Þ

mC ¼ mFw:f :F þmMw:f :M þw:f :I ðelevated temperaturesÞ ð3Þ

where mF, mM, and mC are the weight residue of carbon nanotubes,

polymer matrix and the nanocomposite, respectively, obtained from

the TGA results, and w.f.I is the weight content of impurities and is

equal to 9% based on the results presented in Section 2.1. This per-

centage remains constant during the TGA heat treatments.

From Eqs. (2) and (3), the resin weight fraction is calculated

from Eq. (4):

w:f :R ¼
mF �mC þw:f :Ið1�mFÞ

mF �mR

ð4Þ

From the TGA results shown in Fig. 6, buckypaper composites

show the same weight loss trend as the neat resin system below

350 �C, which indicates resin decomposition only. However, above

this temperature, the trends and amounts of weight losses of each

(a) 

(b) (c) 

Fig. 5. Cross-sectional view of hot-compression samples. (a) Two distinct regions can be differentiated: a resin-rich region and a non-impregnated region. (b) Good resin

wetting can be observed at the boundary of these two regions. (c) Middle of CNT-rich region, showing no sign of resin infiltration.

Table 4

Young’s modulus of buckypaper, polymer and nanocomposite sheets (all values are

GPa).

Sample Neat

epoxy

Pristine

buckypaper

Nanocomposite

(vacuum-infiltrated)

Nanocomposite

(hot-compression)

Sample 1 3.8 0.58 6.4 4.1

Sample 2 3.5 0.74 15.4 3.1

Sample 3 3.5 0.40 7.3 3.8

Sample 4 3.4 0.30 14.5 2.9

Average 3.5 ± 0.2 0.50 ± 0.20 11.0 ± 4.7 3.5 ± 0.5

Fig. 6. TGA of polymer, buckypaper and thin nanocomposite sheets (hot-compres-

sion and vacuum-infiltrated). Tests performed with argon purge gas at a heating

rate of 10 �C/min with two 20 min holds at 450 �C and 600 �C.
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specimen become significantly different before weight losses stabi-

lized at about 450 �C. Also, the larger weight reduction of pristine

buckypaper at lower temperatures can be attributed to the mois-

ture content. Another possible reason could be due the presence

of thermally less stable, smaller diameter SWCNT within the

buckypaper. Also can be seen from Fig. 6, a weight residue of about

25% was measured for neat epoxy at temperatures above 450 �C,

which seems to be higher than the typical weight residue of most

epoxies. This higher weight residue can be due to the thermal

decomposition rather than burning of the epoxy as all TGA tests

were performed in an inert environment using argon purge gas.

Another possibility for this higher residue can be due to the fact

that the epoxy used in this work is specifically designed for high

temperature applications. From Eq. (4), the weight fraction of resin

inside the vacuum-infiltrated nanocomposites was measured from

the residual weights at 450 �C to be about 66%. However, the

weight fraction of resin within the nanocomposites manufactured

by hot-compression was only about 25%, confirming that this tech-

nique was not as effective as the vacuum method. The differences

between the weight fractions calculated at representative temper-

atures between 450 �C and 600 �C were negligible, below 0.5% and

4.5% for vacuum and hot-compression manufactured composites,

respectively.

In order to estimate void content, nanocomposite density (qC)

was evaluated from:

qC ¼
v :f :F
w:f :F

qF ð5Þ

where qF is the SWCNT rope density (considered to be 1.3 g/cm3)

and v.f.F is the rope volume fraction, which varied between 25%

and 35% (estimated for pristine buckypaper). Finally, the matrix

volume fraction (v.f.M) and void content (Vc) were obtained from

Eqs. (6) and (7):

v:f :M ¼ qC=qM � v:f :FqF=qM ð6Þ

Vc ¼ 1� v:f :M � v :f :F ð7Þ

where qM is the epoxy density (taken to be 1.2 g/cm3). Due to the

lack of information about the type and content of impurities within

buckypaper, the weight of impurities was ignored in void content

calculations.

Assuming a volume fraction of 25–35% for buckypaper SWCNT

ropes, a void content of 5–32% and 54–66% was calculated for

the vacuum-infiltrated and for hot-compression nanocomposites,

respectively.

6. Micromechanical evaluation of modulus and void content

Theoretical bounds for the elastic properties of the SWCNT

buckypaper composites were predicted using the Mori–Tanaka ap-

proach [23]. In the model the buckypaper composite was assumed

to be composed of ellipsoidal SWCNT ropes randomly distributed

throughout the matrix (Fig. 7a). SWCNT ropes were considered

transversely isotropic with an aspect ratio of 1000 and an axial

Young’s modulus of 580 GPa [24] (other elastic constants used

for the modelling of the ropes can be found elsewhere, see [25]).

A Young’s modulus of 3.5 GPa and a Poisson’s ratio of 0.4 were used

for the epoxy matrix.

Fig. 8 shows a comparison of experimental results with Mori–

Tanaka predictions for a range SWCNT volume fraction from 25%

to 35%. These results suggest that a threefold increase in the elastic

modulus of buckypaper composites is possible upon improvement

in the quality of impregnation. To evaluate the effect of void con-

CNT ropes 

(Ellipsoids) 

E=580 GPa 

Matrix 

E=3.5 GPa 

Fully impregnated buckypaper 

Non-impregnated area 

(Spheres) 

E=0.5 GPa 

Partially non-impregnated buckypaper 

(b)(a)

Fig. 7. Mori–Tanaka modelling of (a) fully impregnated nanocomposite and (b) a buckypaper composite with non-impregnated area represented by spheres.
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Fig. 8. A comparison between experimental measurements for different sheets (neat epoxy, pristine buckypaper and impregnated buckypaper) and predictions derived using

a Mori–Tanaka technique for SWCNT rope volume fractions from 25% to 35%, assuming perfect impregnation.

B. Ashrafi et al. / Composites: Part A 41 (2010) 1184–1191 1189



tent on Young’s modulus, un-impregnated regions were modelled

as spherical inclusions randomly distributed throughout the

impregnated buckypaper composites (Fig. 7b). A Young’s modulus

of 0.5 GPa and Poisson’s ratio of 0.3 were assigned to these

inclusions.

Experimental measurements and model predictions for the

Young’s modulus of the buckypaper composites as a function of

void content are shown in Fig. 9 and summarized in Table 5. For

nanocomposites manufactured through the hot-compression tech-

nique, model predictions of void content compare well with exper-

imental results. However, for vacuum-infiltrated buckypaper

composites, the model predicts a higher void content than mea-

sured. Different factors can explain this difference. First, the

Mori–Tanaka approach assumes perfect load transfer between re-

sin and nanotubes, which would overestimate the elastic proper-

ties in cases when the bonding between resin and SWCNT ropes

is poor. Second, in the theoretical calculations, a longitudinal

Young’s modulus of 580 GPa was assigned to the SWCNT ropes.

This value is for ideal SWCNT ropes and obtained thorough molec-

ular dynamics simulations [24]. In as-manufactured materials,

however, the presence of defects and missing SWCNT inside ropes

can result in degraded mechanical properties. Finally, SEM images

show a considerable quantity of impurities inside the pristine

buckypaper (Fig. 1), possibly higher than the amount of 10% as-

sumed here. This will reduce the actual volume fraction of SWCNT

ropes, resulting in a reduction of elastic properties.

7. Conclusions

Epoxy-impregnated buckypaper sheets manufactured through a

vacuum infiltration technique produced nanocomposites with a

Young’s modulus of up to 15.4 GPa. This was comparable to the re-

sults obtained through other experimental work reported earlier in

the literature (Table 2). However, due to different impregnation

techniques, different polymers used for impregnation, lack of infor-

mation about the elastic properties of pristine buckypaper and the

final buckypaper void content, a direct comparison between this

work and others is not possible.

Theoretical results obtained through Mori–Tanaka approach

suggest the possibility of a further increase of 3–4 times in the

elastic properties of impregnated buckypaper (Fig. 8). Experimen-

tal and theoretical evaluations of nanocomposite void content

clearly show that the impregnation process of buckypaper sheets

was imperfect. Moreover, the presence of a relatively wide range

of void content for vacuum-impregnated SWCNT buckypaper com-

posites (5–32%) is also consistent with the relatively wide range of

elastic Young’s modulus for these composites (6.4–15.4 GPa).
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