
Journal of the European Ceramic Society 25 (2005) 1515–1523

Borosilicate glass matrix composites containing
multi-wall carbon nanotubes

A.R. Boccaccinia,∗, D.R. Acevedoa, G. Brusatinb, P. Colomboc,d

a Department of Materials, Imperial College London, Prince Consort Road, London SW7 2BP, UK
b Department of Mechanical Engineering—Materials Branch, University of Padova, via Marzolo 9, 35131 Padova, Italy

c Department of Materials Science and Applied Chemistry, University of Bologna, viale Risorgimento 2, 40136 Bologna, Italy
d Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA 16801, USA

Received 2 February 2004; received in revised form 24 May 2004; accepted 31 May 2004
Available online 3 August 2004

Abstract

Carbon nanotubes (CNTs) are in the range of the most promising reinforcing materials for structural composites, since they possess
extraordinary Young’s modulus and mechanical strength. In this study, multi-wall CNTs are considered for the first time as reinforcing
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lements in a borosilicate glass matrix. The densification behaviour and the microstructure characterisation of composites contain
ulti-wall CNTs are presented. The coating of CNTs with silica by a sol–gel process is effective in promoting the homogenisatio
ensification of the CNTs/glass powder mixtures. Cold pressing and pressureless sintering or hot pressing at moderate tempe
mployed to fabricate the composites. Pressureless sintering did not lead to well densified composites. The compaction degree
ot pressing (85% theoretical density), on the contrary, is found to be promising for the development of structural composites
ptimisation of the hot-pressing parameters is required to achieve higher densities.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Carbon nanotubes (CNTs) are some of the most inno-
ative materials developed in the recent years. Since their
iscovery,1 several studies have been performed on their
roduction, properties and structure characterization. Due to

heir molecular assembly, made from rolled graphene sheets,
NTs possess extraordinary electric, thermal, optical and me-
hanical properties. A single-wall CNT consists of a perfect
losed cylinder, with a diameter of a few nanometers. Sev-
ral concentric cylinders assembled together yield the so-
alled multi-wall CNTs. Both single- and multi-wall CNTs
xhibit a very large aspect ratio, i.e. their length is 1000 to
0,000 times their diameter. CNTs are extremely rigid; their
lastic modulus has been measured to be higher than 1 TPa
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(1000 GPa) and strong; their tensile strength being in th
der of 10 GPa.2–4 Such extraordinary and unusual mech
cal properties are due to the fact that the graphene shee
closed, while in the classic graphitic structure, which co
be found in the commonly produced carbon fibres,5 espe
cially in the so-called high-modulus fibres,6 the graphen
sheets are open, planar and linked with each other by a
bond. The extraordinary stiffness of the graphite struc
along its basal planes is therefore made available in C
for tubular three-dimensional morphology. The CNTs ca
consequently treated as the ultimate evolution of the ca
fibre.2

Despite other important properties, like their excel
electronic conductivity, CNTs may find extensive appl
tions in replacing carbon fibres as the reinforcement of
eral materials, such as polymers, metals or ceramics,4,7–10

thus forming innovative (nano-)composite materials. Un
metal and polymer matrix composites, the obtainmen
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high strength and high stiffness materials is not the unique
aim in ceramic matrix composites, including glass matrix
composites.11,12 In such composites the reinforcing phase is
intended to enhance the fracture toughness and decrease the
inherent high flaw sensitivity of the matrix. Although they
generally possess a high elastic modulus and a good me-
chanical resistance, particularly when related to the density,
monolithic ceramics cannot be employed in several struc-
tural applications mainly due to their brittleness. Such a situ-
ation is particularly notable with glasses, since the amorphous
structure does not provide any obstacle to the fracture prop-
agation. The reinforcement of glasses with carbon fibres has
been found to be successful since the late 1960s.13 Carbon
fibres are particularly effective since the interface is not ex-
tremely strong, but still enough for the load transfer between
the phases, thus allowing a notable amount of energy to be
dissipated during fracture propagation, due to debonding and
pullout of the fibres. The fracture toughness of carbon fibre
reinforced glass matrix composites may reach excellent val-
ues (sometimes over 30 MPa m0.5).14

In recent times, a significant research activity has been
conducted on exploiting the toughening ability of carbon nan-
otubes in ceramic matrices. CNTs are thought to be promising
since their dimensions and their aspect ratio provide a huge
interfacial area, so that the energy dissipation during fracture
propagation due to pullout could be highly enhanced.
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multi-wall CNTs are not best choice in terms of mechani-
cal properties, they were selected for this preliminary study
due to their lower cost in relation to single-wall CNTs. The
goal is to produce inorganic composites with improved frac-
ture toughness as well as enhanced electrical conductivity
and, possibly, optical properties. The method for dispersing
CNTs in the glass matrix is presented. The composites were
developed by two routes: (i) cold pressing, followed by pres-
sureless sintering, and (ii) hot pressing at moderate tempera-
tures. The densification behaviour and the microstructure of
the composites are discussed.

2. Experimental procedure

2.1. Starting materials

The matrix in the present investigation consists of pow-
dered Duran® borosilicate glass (Schott-Glas, Mainz, Ger-
many), with a particle size between 10 and 40�m. Duran®

is a relatively low thermal expansion coefficient glass; it is
very resistant to corrosion and it is consequently employed
extensively in the field of the chemical industry. The chemi-
cal composition and the physical properties of Duran® glass
are shown inTable 1.25 This glass has been used exten-
s 26,27 d
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The most significant results are those with SiC,15 MgO,
gAl2O4

16–18 and Al2O3
16–20 matrices. Zhan et al.20

chieved nearly fully dense nanocomposites of single
arbon NTs (10% volume fraction) in a nanocrystalline
ina matrix. Such composites exhibited a fracture tough
f about three times that of un-reinforced nanocrystalline
ina, thus confirming the toughening ability of CNTs
ards ceramics. Moreover, the wear behaviour of alum
eramics was found to be greatly improved by the add
f CNTs.19 The wear behaviour of such composites is
anced, since the lubricating ability of the carbon inclu
epends not only on the sliding of the concentric grap

ayers but also on the rolling motion of the CNTs.
Although the reinforcing of crystalline ceramics w

NTs is a reasonably well-established field of research,
ew works have been done considering amorphous glas
rices. Very recent works demonstrated the feasibility o
oating of CNTs with a silica matrix, mainly by the sol–
ethod.21–23 In one of the studies,23 the silica/CNTs com
osites were prepared for non-linear optical applications

he CNTs content was very low (0.25 wt.%). To the auth
nowledge, only the recent work of Ning et al.24 has focusse
n the application of CNTs as reinforcement in glass m
es with the aim of exploring the possible toughening ab
f the CNTs. They focussed on a silica matrix and fo
n increase of both bending strength and fracture toug
ith addition of 5 vol.% CNTs. In this work, we present

esults of a preliminary study on the manufacturing of C
einforced borosilicate glass matrix composites contain
ignificant amount of multi-wall CNTs (10 wt.%). Althou
ively as matrix in ceramic platelet and fibre reinforce
omposites.28,29

As shown inTable 1there is alumina in the chemical co
osition of Duran® glass: such addition is favourable sin

t should prevent the glass from crystallization (with cris
alite precipitation), which may occur when sintering or o
eat-treatments are performed.

The CNTs employed as reinforcing phase were multi-
NTs (Yorkpoint New Energy Sci. & Tech. Department
td., Guangzhon, China), with a distribution of diame
etween 10 and 40 nm.Fig. 1 reports a TEM micrograph o

he CNTs used, showing that the CNTs are tangled toge

.2. CNT/glass powder mixtures

Two different Duran® glass/CNTs mixtures were pr
ared. The CNT content was 10 wt.% in both mixtures

able 1
haracteristics of the Duran® glass25

hemical composition (wt.%)
iO2 81

2O3 13
a2O + K2O 4
l2O3 2

hysical properties
Density (g cm−3) 2.23
Modulus of rupture (MPa) 60
Elastic modulus (GPa) 64
Coefficient of thermal expansion (◦C−1) 3.3× 10−6

Refractive index 1.473
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Fig. 1. TEM micrograph of the carbon nanotubes in as-received condition.

the first case, CNTs were dispersed in a water solution con-
taining 10 wt.% of a surfactant (Triton100, Sigma-Aldrich)
and the dispersion was ultrasonicated for 2 h. Duran® glass
powder was added and the final mixture, called mixture A,
was sonicated for other 2 h. In the second case, CNTs were
dispersed in a water/ethanol solution containing 10 wt.% of
Triton, tetraethoxysilane (TEOS) and NaOH (the molar ratio
TEOS/H2O/NaOH was 1/5/0.01) and the dispersion was ul-
trasonicated for 2 h. Duran® glass powder was added and the
final mixture, called mixture B, was ultrasonicated for other
2 h. The mixtures were calcined at 200◦C in air to evapo-
rate water, ethanol and triton. Scanning electron microscopy
(SEM) (JEOL LV 5610) was used to assess the homogene-
ity of the CNTs/glass powder mixtures. It was not possible
to determine the density of the mixtures by gas pycnometry
due to considerable adsorption on the CNTs leading to in-
accurate results. The theoretical density of the mixtures was
therefore estimated from the rule of mixtures and data for the
density of the glass matrix (Table 1) and of CNTs. The den-
sity (volumetric weight) of multi-wall CNTs was assumed,
in a first approximation, to be 2.16 g cm−3, an average value
from data reported in the literature, which are in the range
2.09–2.25 g cm−3, the latter being the density of graphite.30

The density of carbon nanotubes is in fact a function of both
their diameter and their number of shells.20

2

fac-
t The
fi flow
p tures

were compacted into cylindrical shaped pellets (about 8 mm
diameter and 3 mm height) at room temperature, by applying
a pressure of about 10 MPa. In the first case the samples were
directly sintered in an argon atmosphere at a temperature
varying from 750 to 770◦C, with a heating rate of 3◦C/min
and a holding time varying between 2 and 6 h. In the second
case, a two-step method was employed. The samples were
firstly heated up to a holding temperature (varying between
400 and 500◦C) in an oxidizing atmosphere, in order to burn
out the organic residues from the preparation stage. TGA
analysis performed in flowing air showed that these temper-
atures are not high enough to cause an extensive oxidation of
the used CNTs (∼0.3% weight loss at 500◦C; ∼10% weight
loss at 600◦C). Subsequently, a vacuum was created in the
furnace, argon was introduced and the samples were heated
up to 750◦C, with a holding time of 3 h. The argon flow was
about 0.2 l/min for all inert atmosphere stages.

The third fabrication route consisted in hot pressing of
samples in vacuum at 750◦C, with a slow heating rate of
about 1.5◦C/min and a holding time of 2 h. The compaction
pressure was 10 MPa. The cooling rate was 3◦C/min. No
further heat-treatment (e.g. annealing) was performed on the
samples after fabrication.

2.4. Samples characterization
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.3. Composites manufacturing

Different processing routes were used for the manu
uring of the CNT reinforced glass matrix composites.
rst two routes start from the cold pressing and viscous
ressureless sintering of glass powders. The powder mix
In order to investigate the sintering behaviour of
NTs/glass mixtures, density measurements were cond
y the geometric and Archimedes’ methods. The refer

heoretical density for the glass matrix composites (
0 wt.% CNTs) wasρc = 2.22 g cm−3, calculated from th
ule of mixtures. X-ray diffraction (XRD) analyses were c
ucted on all samples in order to detect any crystalliza
f the glass occurred during sintering. SEM was condu
n fracture surfaces of selected samples in order to co

he integrity of CNTs after the thermal treatments, to iden
esidual porosity and other microstructural defects, and t
er the occurring of possible toughening events (crack-C
nteractions), essential to understand the potential of C
n reinforcing glass matrices.

. Results and discussion

SEM images showing the starting CNTs/glass mixt
re shown inFig. 2a–d. The micrographs show that the m

mum dimension of particles in Duran® glass powder is abo
0�m. At low magnifications (Fig. 2a and b) agglomerat
f glass powder and CNTs are clearly visible, together
ome glass powder that is not in contact with CNTs. The
lomerates in mixture B (Fig. 2b) seem to be smaller th

hose in mixture A (Fig. 2a), but they are more numero
t high magnification CNTs are clearly visible in both m

ures (Fig. 2c and d). In the agglomerates of the mixture
robably due to the introduction of a SiO2 interface betwee

he CNTs and the glass, a rather homogeneous mixing



1518 A.R. Boccaccini et al. / Journal of the European Ceramic Society 25 (2005) 1515–1523

Fig. 2. SEM micrographs of the starting CNTs/Duran® glass mixtures: (a) mixture A at low magnification; (b) mixture B at low magnification; (c) mixture A
at high magnification; and (d) mixture B at high magnification.

found, as shown inFig. 3. In addition, it seems, at least by
qualitative assessment, that the use of TEOS helped disentan-
gling CNTs in mixture B (Fig. 3). The surface modification of
CNTs is thus found to be useful, even though not sufficient to
ensure a complete homogenisation of the CNT/glass powder
mixture. This result agrees with literature reports considering
the need to modify the surface of CNTs in order to improve
their dispersion in ceramic matrices.31

All sintered samples were black and opaque. The data
from the density measurements of the glass matrix com-
posites fabricated by the different routes are summarized in
Table 2. Cold pressing and pressureless sintering techniques
were tried first because they constitute the most cost-effective
method to produce glass matrix composites offering also the
highest versatility in terms of shape of components that can
be fabricated. For the present CNT containing composites,
one-step pressureless sintering was found to be unsuitable,
since the densities achieved were very low and the samples

Table 2
Density and porosity values of one-step sintered, two-step sintered and hot-pressed samples

Powder type Thermal treatment Density (±0.02 g cm−3) Average estimated
porosity % (±2%)

A One-step sintering at 750◦C 1.02 54
B One-step sintering at 750◦C 1.11 50
A 1.98 11
A 1.14 49
B 1.94 13
A 1.66 25
B 1.81 18

Fig. 3. SEM micrograph at high magnification of CNTs/glass in the mixture
B revealing mixture homogeneity.
Two-step sintering (intermediate at 500◦C)
Two-step sintering (intermediate at 400◦C)
Two-step sintering (intermediate at 500◦C)
Hot pressing at 750◦C (10 MPa)
Hot pressing at 750◦C (10 MPa)
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Fig. 4. X-ray diffraction (XRD) patterns of samples made from (a) mixture A and (b) mixture B by two-step sintering method (first step at 500◦C) showing
cristobalite formation.

were weak. The estimated porosity in the samples was about
50%. The two-step pressureless sintering process led to
notably higher density for samples with an intermediate
treatment at 500◦C. For an intermediate step at 400◦C, the

F red samples: (a) one-step sintered sample (mixture B) showing CNT agglomeratesaround
n
a

samples showed a sintering behaviour comparable to that of
the one-step sintered samples.

XRD and SEM analyses were performed to explain the ob-
served sintering behaviour. Consistently with the literature,17
ig. 5. SEM micrographs of the fracture surface of pressureless sinte

ot fully sintered glass grains; (b) slight pullout of CNTs from a one-step sint
t 400◦C, showing CNTs; and (d) two-step sintered sample (mixture A) with
ered sample (mixture B); (c) two-step sintered sample (mixture A) withfirst step
first step at 500◦C, showing the absence of CNTs.
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X-ray diffraction analysis was not effective in revealing the
presence of CNTs; however XRD revealed that cristobalite
crystallization occurred in samples made using both mix-
tures and during all heat treatments. This behaviour is shown
in Fig. 4a and b for samples of mixture A and mixture B,
respectively, which were sintered by the two-step heat treat-
ment. Although the chemical composition of Duran® glass
renders this glass to be rather stable against cristobalite for-
mation, crystallization occurred in the present composites ac-
cordingly to the fact that the heat-treatments were rather long
and CNTs may have acted as nucleation centres. In fact, crys-
tallisation of Duran® glass powders free of inclusions does
not occur under heat-treatments similar to those used here.26

It is well known that crystallization hinders the densification
of glasses, since any crystal will act like a rigid inclusion, thus
enhancing the effective viscosity of the sintering mass.32 In
fact CNTs themselves are thought to be responsible for the
observed poor sintering behaviour: it has been widely shown
that inclusions with a high aspect ratio (fibre-like inclusions,
like CNTs, being the most critical) dramatically enhance the
viscosity of glass,33 and thus they should impair viscous flow
densification.34,35

The presence of CNTs in sintered samples was assessed
by means of SEM, as shown inFig. 5. In the one-step sam-
ples, the CNTs are clearly visible (Fig. 5a), together with not
completely sintered glass grains. Micrographs at high mag-
n
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Fig. 6. SEM micrographs of a hot pressed sample from mixture A: (a) pol-
ished surface revealing a relatively low porosity; (b) fracture surface (low
magnification) revealing the absence of large pores; and (c) fracture surface
(high magnification) showing dense sample but relative inhomogeneous dis-
tribution of CNTs (marked by arrows).

the sample made from mixture A, consistently with the lower
porosity content of the sample. High magnification images
(e.g. inFig. 8b) show the feasibility of CNT pullout in these
samples.

In this study CNT/glass matrix composites have been pre-
pared following the two traditional procedures for the manu-
ification reveal a slight pullout of the nanotubes (Fig. 5b).
he CNTs are still visible in the two-step sintered sam
ith an intermediate step at 400◦C (Fig. 5c), while they are
ot visible with an intermediate step at 500◦C (Fig. 5d). The

reatment at 500◦C caused, in practice, the combustion
he CNTs. This fact is consistent with the observed sinte
ehaviour: the two-step sintered composites with interm
te stage at 500◦C are the samples with highest density si

he number of inclusions hindering the densification has
rastically lowered.

The hot pressing treatment led to samples with a de
otably higher than those obtained by the one-step pres

ess sintering treatments. The estimated porosity conte
bout 25% for mixture A and 15% for mixture B. The coat
f CNTs with silica in the mixture B is found to favour t
ensification. This may also be due to more uniform di
ution of CNTs in these samples, as discussed below.
agnification micrographs of polished and fracture surf

or samples made from mixture A, as shown inFig. 6a and
, are consistent with the lower level of porosity. The
lomerates of CNTs and glass are still present, leadin

angles of CNTs surrounded by glass (Fig. 6c), together with
reas free of nanotubes. High magnification images of

ure surfaces, as shown inFig. 7, demonstrate the feasibili
f pullout of the CNTs in the hot-pressed samples made
ixture A. However, some areas of the samples seem
icate limited infiltration of the glass matrix inside the C

angles (Fig. 7b). The fracture surfaces of hot-pressed s
les made from mixture B are shown inFig. 8. The CNTs ar
ore visible and homogeneously distributed (Fig. 8a) than in
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Fig. 7. SEM micrographs of the fracture surface of a hot pressed sample
made from mixture A: (a) general view and (b) particular view revealing
the possibility of pullout of carbon nanotubes from the glass matrix, which
could be favourable for the toughness of the composite.

facturing of glass matrix composites, which consist of (i) cold
pressing followed by pressureless sintering or (ii) hot press-
ing at relatively low temperatures (when compared to those
temperatures required for processing polycrystalline ceramic
matrix composites). These procedures have been success-
fully applied in previous studies to produce dense monolitic
Duran® glass and Duran® matrix composites containing alu-
mina platelets,26 but they have not been considered so far
to fabricate equivalent glass matrix composites with CNTs
reinforcement.

DiMaio et al.23 were successful in manufacturing
CNT/silica matrix composites, however with a porosity con-
tent of about 20% and a very low CNTs content (0.25 wt.%).
Moreover, they employed a complex chemical formula-
tion for preparing the mixtures and an expensive thermal
treatment by means of Nd:YAG laser irradiation. Seeger
et al.22 have recently reported a preliminary study on a
CNT/silica glass matrix composite developed at high temper-
ature (1150◦C), but no information has been provided about
the density or the mechanical properties of their composites.
The reinforcement of SiC and Al2O3 matrices with CNTs is

Fig. 8. SEM micrographs of the fracture surface of a hot pressed sample
made from mixture B: (a) fracture surface (low magnification) showing dense
sample and clearly visible tangles of CNTs and (b) particular view, revealing
the pullout of carbon nanotubes from the glass matrix.

highly expensive, since the compaction must be performed
at very high temperatures,15,16–20,36 with a certain risk of
damaging the CNTs. Thus, taking into consideration the few
previous results published in the literature, it can be stated
that the present densification results are highly promising,
with a porosity content of∼15% achieved by means of hot
pressing at moderate temperature and pressure.

Since the sintering of glass-based mixtures depends essen-
tially on the effective viscosity of the system, further work
is needed for the optimisation of the operating temperature
in order to counterbalance the increased viscosity effect due
to the presence of extremely rigid inclusions of high aspect
ratio such as CNTs.

The relatively poor homogenisation of the CNTs/glass
mixtures may lead to samples with no significant improve-
ment of the mechanical properties, especially fracture tough-
ness and strength. The modification of the surface of CNTs
with silica, consistently with the findings of Seeger et al.,22

was found here to improve the homogenisation of the mix-
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ture, thus further efforts should focus on the optimisation
of the mixing of CNTs and glass powders based on “wet”
techniques. Two approaches are suggested on the basis of
the present results: (i) the coating of each individual glass
particle with a sol–gel silica layer containing the CNTs, or
(ii) the use of a sol–gel derived borosilicate glass to disperse
the CNTs prior to the mixture with the Duran® glass pow-
der. Other surface treatments proposed for CNTs, including
heat-treatment in nitrogen and ammonia atmospheres as well
as the use of alternative cationic or anionic dispersants,31

should be also considered. The dimension of the starting
glass powder is thought to be another key parameter: finer
glass powders are suggested for future experiences, in or-
der to achieve a better homogeneity at the stage of the
powder preparation, essential for obtaining denser materials
and exploiting fully the extraordinary reinforcing ability of
CNTs.

4. Conclusions

The present work was essentially a study of the den-
sification behaviour of carbon nanotubes/borosilicate glass
mixtures aimed at fabricating CNTs reinforced or functional
glass matrix composites. It has been shown that the presence
of CNTs decreases the sintering ability of the glass matrix,
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29. Beier, W., Starke Gläser.Der Zuliefermarkt, 1994,9, 98–102.
30. Cui, S., Canet, R., Derre, A., Couzi, M. and Delhaes, P., Character-

ization of multiwall carbon nanotubes and influence of surfactant in
the nanocomposite processing.Carbon, 2003,41, 797–809.

31. Sun, J. and Gao, L., Development of a dispersion process for carbon
nanotubes in ceramic matrix by heterocoagulation.Carbon, 2003,41,
1063–1068.

32. Zawrah, M. F. and Hamzawy, E. M. A., Effect of cristobalite forma-
tion on sinterability, microstructure and properties of glass/ceramic
composites.Ceram. Int., 2002,28, 123–130.

33. Boccaccini, A. R., On the viscosity of glass composites containing
rigid inclusions.Mater. Lett., 1998,34, 285–289.

34. Scherer, G. W., Sintering with rigid inclusions.J. Am. Ceram. Soc.,
1987,70, 719–725.

35. Rahaman, M. N. and De Jonghe, L. C., Effect of rigid inclusions on
the sintering of glass powder compact.J. Am. Ceram. Soc., 1987,
70, C348–C351.

36. Sennet, M., Chang, S., Doremus, R. H., Siegel, R. W., Ajayan, P.
M. and Schadler, L. S., Improved performance of alumina ceramics
with carbon nanotube reinforcement.Ceram. Trans., 2002,134, 551–
556.


	Borosilicate glass matrix composites containing multi-wall carbon nanotubes
	Introduction
	Experimental procedure
	Starting materials
	CNT/glass powder mixtures
	Composites manufacturing
	Samples characterization

	Results and discussion
	Conclusions
	Acknowledgements
	References


