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Abstract The development of a model CNT-brittle

matrix composite system, based on SiO2 glass containing

well-dispersed CNTs at up to 15 wt%, allows a direct

assessment of the effect of the nanoscale filler on fracture

toughness (KIC). Samples were prepared by colloidal het-

erocoagulation followed by spark plasma sintering.

Detailed KIC measurements, using both indentation and

notched beam techniques, show a linear improvement with

CNT content, with up to a twofold increase of fracture

toughness at maximum loading. The results from the two

methods used in this study show equivalent trends but

differing absolute values; the relative merits of these two

approaches to measuring nanocomposite toughness are

compared. Possible toughening mechanisms associated

with CNT pull-out, crack bridging, and crack deflection are

identified, and discussed quantitatively, drawing on con-

ventional short-fibre composite theory and the potential

effects of scaling fibre diameter.

Introduction

Carbon nanotubes (CNTs) are considered to have excellent

potential as reinforcements in a wide range of composite

systems, due to their exciting intrinsic mechanical and

other functional properties [1–4]. The vast majority of CNT

composite work has focussed on polymer matrices, whilst

comparatively few investigations have explored inorganic

(ceramic and glass) matrices [5]. However, in the last

decade, there has been growing interest in using CNTs in

brittle ceramic monoliths, particularly as toughening agents

in these otherwise strong and stiff materials [6–14]. Whilst

CNTs are sometimes viewed as a ‘new generation’ of

carbon fibre, the mechanical effects of a thousand-fold

diameter reduction, to a length scale that is closer to

molecular dimensions than conventional fibres, is not yet

clear. In addition to any improvements in toughness, CNTs

may have a significant influence on other properties such as

electrical conductivity, thermal expansion coefficient,

hardness, and thermal shock resistance. CNTs have also

been reported to improve the sinterability of ceramic

nanocomposites [15]. The combination of these properties

with the intrinsic advantages of ceramic materials such as

high temperature stability, high corrosion resistance, and

light weight makes CNT/ceramic composites very attrac-

tive functional and structural materials for a variety of

applications. A recent comprehensive review [5] discusses

the various processing routes developed in order to explore

the use of CNTs in ceramic matrix composites, and sum-

marises the resulting properties.
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Although CNTs have been reported to toughen brittle

matrices in a number of studies [5–14], the quantitative

extent of the effect is still unclear. In many cases, due to

the limited supply of materials and unusual processing

challenges, only a small number of samples have been

tested, at a small range of relatively low loading fractions,

often using non-standard methods. In most cases, it is

difficult to isolate the influence of the CNTs on composite

fracture toughness from changes in the matrix micro-

structure; the incorporation of CNTs can influence, for

example, grain size, grain orientation, and overall crystal-

linity. The state of CNT dispersion, which is very difficult

to quantify, is sometimes not even described, despite the

potential significance of agglomerates or segregation to

grain boundaries. Whilst different toughening mechanisms

have been qualitatively suggested by considering the

appearance of the fracture surface, there is surprisingly

little discussion of their quantitative contribution.

The different results reported in literature have led to a

continuing debate [7–11] on the appropriateness of differ-

ent fracture toughness measurement methods (IF: inden-

tation fracture toughness, SENB: single edge notch beam

fracture toughness) as applied to CNT/ceramic matrix

composites. The problem of identifying the actual tough-

ening effect of CNTs is particularly acute in polycrystalline

ceramics [6, 7], where variations in matrix microstructure

obscure the ‘true’ toughening effect of CNTs. Similar

problems are encountered with glass–ceramics [13], as the

majority of studies do not consider changes in the degree of

crystallinity, crystallite size or orientation in the glassy

matrix that are likely to be induced by the presence of

CNTs.

For these reasons, the present investigation focuses on

introducing CNTs into glass matrix composites; the result

is a model system in which microstructural variations

associated with grain size, orientation, and boundaries are

avoided by providing an amorphous linear elastic matrix.

Fully dense CNT/silica glass matrix composites were

produced by Spark Plasma Sintering (SPS) of heteroco-

agulated powder of CNTs and colloidal SiO2 nanoparticles.

The resulting composites were subjected to both indenta-

tion fracture and chevron notch fracture toughness mea-

surements, providing a direct comparison of both methods

on reproducible, model, CNT-containing composites.

Experimental

Carbon nanotubes

Multi-walled carbon nanotubes (CNTs) used in this study

were synthesised by the injection catalytic chemical

vapour deposition (CCVD) method, in which metallocene

(ferrocene) dissolved hydrocarbon solution (toluene) was

injected in an inert gas flow. Details of the method are

given elsewhere [16]. As-synthesised CNTs were refluxed

in concentrated H2SO4/HNO3 (3:1 volume ratio) mixture at

120 �C for 30 min to purify and improve the surface

chemistry of CNTs. Once oxidised, the CNTs were then

thoroughly washed with distilled water on 0.2 lm pore

PTFE membrane, until the filtrate was colourless and

showed no acidity. The CNT/H2O suspension was soni-

cated in ultrasonic bath, and centrifuged at 3000 rpm for

15 min to remove any remaining aggregates. The as-

refluxed CNT solution was diluted to 0.5 mg/mL, then

diluted further by mixing with ethanol (H2O:EtOH = 1:1

by volume). The final concentration of CNT in the

(H2O?EtOH) solvent was 0.25 mg/mL and the average

oxidised nanotube length was L & 4.2 lm

CNT/SiO2 composite fabrication

The as-prepared CNT suspension was added drop-wise

(400 mL/h) using a peristaltic pump to an equal volume of

magnetically stirred (300 rpm) silica suspension (RH200S,

Degussa, Germany) to promote electrostatic attraction

between the two phases. The heterocoagulated suspension

was dried in a standard oven at 80 �C to extract the solvent

mixture, and calcined at 350 �C for 3 h in air to burn out

any possible remaining organic residues. The powder

mixture was compacted using a uniaxial press in a 30 mm

graphite die prior to sintering. SPS was used to densify the

materials to avoid degradation of the CNTs during pro-

cessing [17]. The pre-compacted mixture was first heated

to in a vacuum (5 Pa) to 450 �C using a heating rate of

100 �C/min and uniaxial pressure of 5 MPa, and then to the

target temperature of 1200 �C at a heating rate of 100 �C/

min, under a linearly increasing uniaxial pressure, reaching

75 MPa at the target temperature. The pressure and tem-

perature were then maintained for 20 min, before releasing

the pressure and cooling to room temperature at 100 �C/

min. Composites were prepared containing up to 15 wt%

CNTs.

Characterisation methods

Scanning electron microscopy

Field emission gun-scanning electron microscopy (FEG-

SEM, 5 kV, Leo Gemini, Carl Zeiss, Hertfordshire, U.K.)

was used to observe polished and fractured surfaces of

selected samples. Sintered samples with low CNT loadings

(\5 wt%) were sputter-coated prior to SEM, but other

samples with high CNT contents were observed as-pro-

duced. SEM micrographs were used also to quantify

the length and diameter of the nanotubes in the initial
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dispersions. A total of 150 nanotubes per each sample were

examined by using image analysis software (ImageJ, NIST,

US). The average length and diameter of the various car-

bon nanotube samples are reported with their standard

deviations.

XRD

A Philips X-ray diffractometer (PW2273/20) was used to

identify possible crystalline phases in sintered composite

samples. Cu Ka radiation was used in the 2h range from

10� to 55� with a step size of 0.02�, integrated for one

second per step.

Vickers indentation fracture toughness (IF)

A computer-controlled microhardness tester (Zwick/Roell

Indentec ZHV, at 1 kg for 10 s) was used for determination

of microhardness and indentation fracture toughness. At

least 10 measurements were carried out on each sample, in

well-separated, randomly selected regions. A larger num-

ber of indentation tests were carried out during preliminary

tests but offered no significant improvement in the scatter

of data; therefore, indentation cracks and toughness values

from 10 independent indentations were considered suffi-

cient for this study. The equation derived by Anstis et al.

[18] and verified for glass matrix composite systems else-

where [19] was used to calculate the indentation fracture

toughness (KIC, MPa m-1/2):

KIC ¼ 0:0154� E

H

� �1=2

� P

C3=2

� �
ð1Þ

where E is Young’s modulus, H is hardness, P is load, and

C is average radial crack length. To apply the equation,

experimental Vickers hardness and elastic modulus

(determined by Grindosonic) values were determined at

each CNT concentration. E/H values, however, did not

change much with CNT content (E/H * 17).

Chevron notch beam fracture toughness (CNF)

Rectangular bar samples (2 9 3 9 25 mm) were prepared

with chevron notches cut using a thin diamond wheel saw

(thickness = 0.2 mm). The crosshead speed during 3-point

bending testing was 0.01 mm/min and the load cell

capacity was 1 kN. At least five samples were tested for

each condition. Graphs of load versus deflection were

recorded and the fracture toughness calculated from the

maximum load (Fmax) and the corresponding minimum

value of geometrical compliance function (Y�min) using the

following equation [20]:

KIC ¼
Fmax

BH1=2
� Y�min ð2Þ

where B and H are the breadth and height of the specimens,

respectively.

Results

Microstructural analysis

The relative density of the sintered samples was measured

by Archimedes’ method and found to exceed 98% in all

cases, independently of CNT content. An intrinsic CNT

density of 1.65 g cm-3 was used, based on linear

extrapolation of the density/loading fraction data; the

value is typical of MWNTs [2]. SEM observations of

fracture surfaces (Fig. 1) confirmed the almost total

absence of porosity and that the excellent nanotube dis-

tribution found in the green body was maintained fol-

lowing the high temperature consolidation process. There

are no obvious alignment effects; indeed, the uniaxial

process is expected to lead to approximately random CNT

orientation with only a weak in-plane tendency. Extensive

pull-out, as seen in Fig. 1b, is helpful for imaging the

distribution of CNTs; the implications for toughening are

discussed in detail below. The maximum and average

CNT pull-out lengths were determined to be: 1.2 lm and

700±200 nm (average of 100 independent nanotubes

measured from SEM images), respectively, for the

15 wt% composite.

XRD patterns (Fig. 2) show two small characteristic

peaks at 2h=22� and 27�, attributed to cristobalite and

CNTs (graphite), respectively, over a broad amorphous

silica background. The analyses show that no other crys-

talline phases (as a result of possible reaction between

CNTs and the silica matrix) have formed during the sin-

tering processing. The cristobalite peak is weak when

compared to the XRD spectrum of fully crystallised silica

monoliths (inset in Fig. 2); the degree of crystallinity can

be estimated by normalising the area under the peak

intensity at 2h=22� with the area of background spectrum

obtained on amorphous samples. Even the 1 wt% CNT

composite sample, which has the largest area under the

peak, has an estimated crystallinity of less than 5%; the

composites with higher nanotube content display a mono-

tonically decreasing degree of crystallinity and can be

considered to have an essentially amorphous matrix.

Despite the potential nucleating effect of a heterogenous

surface, the presence of CNTs appears to suppress the

crystallisation of silica. This effect may be associated with

reduced mobility of the silica network bound to the nano-

tube surface, or to the local stiffness of the nanotubes
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opposing the volume reduction associated with crystalli-

sation. Further analysis is beyond the scope of this study,

although we have observed identical behaviour for samples

consolidated by pressureless sintering, in several indepen-

dent studies (unpublished data). Importantly, the low level

of crystallinity is unlikely to have a significant influence on

the properties. If there were any reinforcing effect of the

crystallites, it would decline with increasing CNT content,

so could not lead to an overestimation of the CNT

contribution.

Fracture toughness measurements

The fracture toughness values measured by both indenta-

tion fracture (IF) and chevron notch fracture (CNF) tests

are compared in Fig. 3. Both methods show similar trends,

with a roughly linear increase in toughness. The absolute

values of KIC measured by the two techniques differ, but

the relative improvement over the matrix value is very

similar, reaching around 120% improvement for the

15 wt% composites. Both methods show a slight sub-linear

deviation for the 5 wt% sample, suggesting a systematic

issue with this material, but highlighting the similar sen-

sitivity of the two approaches. IF data (not shown) were

obtained for cracks running perpendicular and parallel to

the uniaxial pressing direction, but no difference was

observed within error, confirming the lack of significant

orientation effects in the current context.

Although all fracture toughness measurement methods

have some drawbacks, the validity of the IF technique to

determine KIC of CNT–ceramic composites has been spe-

cifically questioned in the literature [8, 21]. In the inden-

tation test, the size of the cracks formed depends on the

nature of the elastic–plastic damage response of the rela-

tively small volume of material under the indenter.

Therefore, some caution must be exercised before making

quantitative claims about the absolute magnitude of

fracture toughness. Wang et al. [7] suggested that CNT

Fig. 1 SEM images showing fracture surfaces of sintered 15 wt% CNT/silica composites at a low, and at b high magnification
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additions may allow shear deformation under the indenter,

which limits the cracking (shorter cracks or even no

cracking) around the indentation, resulting in artificially

high fracture toughness values. In this study, the classical

radial cracks at the corners of the indented region were

observed for both monoliths and composite samples (with

shorter crack lengths found for the composite samples).

The parallel trends in the IF and CNF data suggest that

localised shear deformation did not significantly affect the

IF results, although the IF data does show larger scatter, as

indicated by the error bars in Fig. 3. As expected, the

discrepancy between the two data sets is greater than the

experimental error and reflects fundamental differences in

loading geometry, stress state, measurement technique, and

sample preparation. Given the systematic offset between

the two methods, it seems clear that the indentation tech-

nique should not be used to determine absolute values of

KIC in CNT/ceramic composites [5]; however, despite the

criticism in the literature, the data demonstrate that IF can

be used to rank CNT composites effectively, for well-

densified materials with a good nanoscale dispersion. The

IF test remains attractive for its simplicity and minimal

material demands; as well as indicating relative fracture

toughness, it can be used assess contact damage resistance

and hardness.

Figure 4 compares known literature data for CNT–

inorganic matrix composites to the new fracture toughness

results shown in Fig. 3. The plot highlights the unusually

high loading fractions that have been successfully pro-

cessed in this study to yield a linear response. Other than

the labelled data points, mostly associated with the indi-

cated microstructural variations [6, 7, 13, 22, 23], the

scatter of data masks any systematic variation between the

Vickers and SENB data, again suggesting that both meth-

ods provide a reasonable measure of relative improve-

ments. The KIC improvement obtained in the current study

is consistent but relatively modest. However, the more

optimistic results in the literature seem to be associated

with a potentially significant change in matrix crystallinity

or grain size; in these cases, it is difficult to interpret the

specific contribution of the CNT addition. It should also be

noted that some of the work was carried out with SWNTs

and some with MWNTs. In contrast to much of the liter-

ature, the linearity of the new data, across a wide range of

loading fractions, provides reasonable confidence that the

observed toughening does relate directly to the CNTs, and

that the dispersion quality is maintained across all samples.

It is worth noting that the magnitude of the current

toughening is similar to a very recent paper on a glassy

aluminosilicate system, but avoids the agglomeration

and property decline observed at 15 wt% MWNT in that

case [24].
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Fig. 3 Fracture toughness

results measured by indentation

fracture (IF) and chevron notch

fracture (CVF) test methods, as

a function of CNT content

Fig. 4 Summary plot showing the relative (%) increase in fracture

toughness, as measured by Vickers indentation and single edge-

notched beam (SENB) methods. Volume fractions have been

converted to weight fractions assuming a nanotube density of

1.65 g/cm3. The referenced data points are discussed in detail in the

text (the full set of data is tabulated elsewhere [5]); the addition of

CNT may be associated with significant microstructural variations.

The continuous line represents the linear fit to the results obtained in

this study (see Fig. 3)
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Toughening role of CNTs

The consequence of reducing the reinforcing fibre diameter

by several orders of magnitude is not obvious and an

understanding of the scaling behaviour of different tough-

ening mechanisms is still required, particularly given the

recent availability of SWNTs, MWNTs, and other nanofi-

bres, with diameters of the order 1–100 nm. It is possible

that energy dissipation during fracture propagation due to

familiar mechanisms such as pull-out, crack deflection, and

crack bridging may be enhanced. Indeed, these three

toughening mechanisms have been suggested by many

authors in CNT/ceramic composites [13, 25], but based

almost always on qualitative fractography rather than

quantitative analysis. In this work on model CNT/SiO2

composites, extensive SEM characterisation has been car-

ried out on fracture and polished surfaces after indentation

tests and similar potential toughening mechanisms can be

identified (Fig. 5). However, CNT collapse in ‘‘shear

bands’’, a toughening mechanism described in the literature

[25], has not been observed in our samples. Given that the

potential contribution of traditional toughening mecha-

nisms has not often been considered quantitatively, a rather

simple, classical interpretation may be informative, and is

discussed further below. The validity of these equations as

the fibre diameter is reduced to the nanoscale is an open

question, but expectations from conventional fibre theory

are a reasonable starting point. It is worth noting that the

MWNTs used in this study are relatively large and straight,

and represent a good model system for exploring scaling

issues. Possible additional ‘nano’ toughening mechanisms

are discussed after first considering the classical theory.

In the light of experience with conventional fibre com-

posites [26], it is likely that the nature of the interfacial

bonding between the CNTs and the inorganic matrix will

play an important role in the toughening response. The

extent of the CNT pull-out seen on the fracture surface not

only highlights the quality of the CNT dispersion in the

sintered composites, but suggests an effective interaction

between the CNTs and the propagating cracks. In the

standard fibre theory, composite toughness is known to be

maximised when the fibre length is equal to a critical value,

Lc, known as the critical fibre length. Lc is the maximum

fibre length for which shear failure of the interface occurs

rather than tensile failure of the fibre (Lc = rr/s, with s
interfacial shear stress and r fibre radius); in other words, it

is the minimum length of fibre required for the stress to

reach the fracture stress of the fibre [23, 26]. Classically, for

short fibre composites with optimum fibre length, the fibre

length pulled out at fracture will vary between 0 and Lc/2. In

this study, the maximum and average pull-out lengths are

1.2 lm and 700 ± 200 nm (average of 100 independent

nanotubes measured from SEM images), respectively, for

the 15 wt% composite. From the maximum pull-out length,

the critical fibre length for the current composite system is,

therefore, estimated to be about 2.4 lm.

Fig. 5 SEM images showing different possible nanotube toughening mechanisms acting in the CNT/silica composites, including a, b crack

deflection and c, d crack bridging
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Since the actual average oxidised nanotube length

(L & 4.2 lm), measured before consolidation, is longer

than the critical length, an approximate upper estimate of

the average nanotube pull-out contribution to toughening

can be estimated from the following equation [26–28], by

assuming that the standard, uniaxial, short fibre pull-out

theory applies to the present composite system (a fraction

of the fibres, given by Lc/L, will pull-out):

Gpull�out ¼
Lc

L

� �
VfL

2
csi

12r
ð3Þ

where Vf is the volume fraction of CNTs, Lc is the critical

fibre length, si is the sliding interfacial shear stress, and r is

the CNT radius. Taking experimental values, Vf = 0.19

(15 wt%), Lc = 2.4 lm, L = 4.2 lm, and r = 35 nm,

together with a literature value [29, 30] si = 10 MPa, an

estimate for the pull-out toughening of 15 J/m2 can be

obtained. Since no direct measurements of si for CNTs in

glass matrices are available, the value used is based on that

typically found for carbon fibre in glass matrices [30]. The

very limited direct measurements that are available in

polymer matrices [31] generally indeed indicate similar si

values for nanotubes as for conventional fibres. Further

confidence is provided by considering the implied tensile

strength of the nanotubes, based on the measured maxi-

mum pull-out length and assumed si; the resulting value on

the order of 1 GPa, whilst at the lower end, is consistent

with the range of strengths observed for CVD-grown

nanotubes [32]. However, larger values of si are known for

carbon fibre in glass (for example, 10–35 MPa depending

on glass composition) [33], and would yield commensu-

rately higher estimated pull-out toughening and implied

CNT strength figures.

Using a similar approach, an upper estimate of the

energy absorbed in debonding the CNTs from the glass can

be obtained from the standard expression [34] weighted by

the fraction of fibres debonded:

Gdebond ¼
Lc

L

� �
2VfLcGi

r
ð4Þ

where Gi is the work of creating the new interface; the

value for the pure glass matrix can be calculated to be

*5 J/m2 using the following equation:

Gi ¼
ð1� m2ÞK2

IC

E
ð5Þ

where v is the Poisson’s ratio [35] (*0.17 for silica), and

KIC (0.59 MPa m1/2, Fig. 4) and E (67 GPa) [36] are the

experimental fracture toughness and modulus of elasticity

of the silica monoliths, respectively. Applying this value of

Gi in Eq. 4, gives an estimated debond energy *19 J/m2.

Alternatively, using a typical literature value [36] for the

glass Gi of 3 J/m2, the nanocomposite debond energy is

*12 J/m2. It is worth noting that both debond energy val-

ues are still expected to be overestimates since the Gi for the

glass-nanotube interface will be lower than the intrinsic Gi

for the glass [37]. In summary, the estimated contribution

from either CNT pull-out or debonding is around 15 J/m2.

This value can be compared to the observed toughening

contribution of the nanotubes, calculated by applying Eq. 5

to the measured KIC at 15 wt% CNT, and subtracting the

intrinsic toughness of the glass. The resulting nanotube

contribution is 16 J/m2, which is of the same order of

magnitude as the estimated toughening mechanisms. The

match is surprisingly close, given the uncertainties and

assumptions involved. It does not appear that any additional

toughening mechanism needs to be considered to account

for the improvement observed. It is worth noting that a

related, recent analysis for a MWNT/aluminosilicate glass

ceramic system [24] found a similar level of toughening but

attributed it to fibre bridging and debonding rather than fibre

pull-out (using a version of Eq. 7, below). However, an

equivalent calculation for the present system, suggests a

contribution\1 J/m2, due to the lower estimated nanotube

stiffness, strength, and critical length (see above). The dif-

ferent mechanism may relate to localised segregation or

crystallisation of the aluminosilicate glass–ceramic around

the individual CNTs, leading to failure in the matrix not at

the fibre surface. The resulting rough texture appeared to

prevent pull-out, leading to very short (\50 nm) protruding

CNT lengths and a lack of sockets, suggesting that CNT

fracture predominated over the pull-out observed in Fig. 1.

The matrix coating may also influence the effective fibre

radius, and interfacial/tensile strengths; unfortunately, the

real length of the MWCNTs, relative to the estimated de-

bond length, was not reported in this study.

Regardless of the exact mechanism, although the CNT

toughening contribution is significant for the brittle glass

matrix, the absolute magnitude of the effect is obviously

relatively small. Compare, for example, the fibre tough-

ening contribution of 350 J/m2 for 20 vol% randomly ori-

ented short carbon fibre reinforced borosilicate glass

composites [38, 39]. To understand this discrepancy in

more detail, it is worth considering scaling arguments

about how fibre toughening scales with fibre diameter. A

simple rearrangement of the pull-out toughening equation

[27, 28], assuming the fibres (strength rf) to be at their

optimal length (Lc), gives the energy absorbed per unit area

by pull-out:

Gpull�out /
r2

f r

si

ð6Þ

Thus the pull-out toughening scales linearly with radius

and, based on this simplistic model, becomes much less

significant as the fibre is scaled down to the nanoscale. In

this study, a multi-walled nanotube diameter (*70 nm) is

4776 J Mater Sci (2011) 46:4770–4779
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about 1/100th the diameter of a carbon fibre. On the other

hand, it has been argued that the greater tensile strength of

nanotubes will increase the toughening effects by

increasing pull-out length [40]. Clearly, the strength can

make a significant difference, as it is squared in Eq. 6.

However, the maximum measured strength of a single

highly crystalline nanotube shell (*100 GPa) [41] is about

10 times that of carbon fibre, once the central cavity of the

nanotube is considered, which is insufficient to yield a net

improvement of fracture toughness. In reality, the effective

nanotube strength is likely to be significantly lower, due to

the defects inherently present in the CVD-grown CNTs

usually employed in composites, internal shear failures, or

irradiation damage used to cross-link shells [41]; moreover,

most high quality nanotubes have smaller diameters than

mentioned here, down to around one ten thousandth of a

carbon fibre diameter for single-wall nanotubes. It is worth

noting that the total fibre volume that interacts with a planar

crack is smaller at the nanoscale than the microscale, as the

absolute pull-out length (critical length) is reduced;

comparisons based on assuming equivalent volumes are

only useful in constrained situations [40], such as

interlaminar toughening [42, 43]. Toughness could be

enhanced if the interfacial strength, si, could be reduced,

however, an increased nanotube length would be required

to exploit this benefit. In a large number of CNT composite

studies (mostly in polymer, though some in inorganic

matrices), the aspect ratio of pull-out remains relatively

similar to the values observed for conventional fibres

(*10–100), suggesting that the ratio r/s is similar. Thus

any benefits of increased CNT strength or reduced s remain

to be exploited. In the case of the debonding energy, the

behaviour is expected to be independent of length scale, as

long as the pull-out aspect ratio is constant, since the

surface area generated also remains constant; however, in

principle, higher nanotube strength would lead to an

increasing interfacial debonding contribution, as long as

the nanotube length could be optimised to match the

increasing critical length (see Eq. 4). Although not reliable

for the current system in which debonding toughening is

similar in magnitude to the intrinsic matrix toughness, more

significant debonding contributions are often correlated

with the associated relaxation in strain energy in the fibres

[44]. The maximum (L = Lc) debonding toughening can

then be expressed as [26]:

Gdebond;max ¼
r3

f rVf

12siEf

/ r3
f r

si

ð7Þ

where Ef is the fibre modulus. Since the modulus of CNTs

is essentially similar to carbon fibre (especially once the

central hole is considered), the debonding toughening can

be seen to scale similarly to the pull-out toughening, but

with a greater strength dependence, implying scope for

improvement, associated with increased critical length, as

discussed above. However, this same approach shows that

the ratio of the maximum work available in pull-out

and debonding is invariant with fibre dimensions and given

by [44]:

Gpull�out;max

Gdebond;max

¼ 3
Ef

rf

ð8Þ

Thus the contribution from the debonding, although

relatively increasing with fibre strength, may not signifi-

cantly compensate for lost pull-out toughening.

On the other hand, the simple models presented here are

probably too pessimistic, as other factors may need to be

considered at the nanoscale. For example, due to their high

lateral flexibility and robustness, many CNTs are pulled-

out even if not perpendicularly oriented to the crack plane

(at up to 60� to the loading direction, according to one

recent report [45]), leading to increased friction and

deformation; some analytical calculations of the effects of

nanotube curvature on toughening are just beginning to

appear [46, 47]. It is worth noting that the majority of bulk,

commercial, CVD-grown MWNTs have a significant

degree of intrinsic curvature, although the substrate-grown

CNTs used in this study are relatively straight and there is

little evidence of curvature in the pulled-out segments (see

Fig. 1). The use of more perfect nanotubes (with higher

strengths and larger aspect ratios) with precise control of

the interfacial bonding between nanotubes and matrix

should significantly increase the pull-out length, raising the

net toughening effects; it is worth noting that glass com-

position is known to have a strong effect on interfacial

shear strength with carbon fibres [33], suggesting a possi-

ble means to manipulate CNT/glass composites. Additional

classic toughening features such as crack bridging (Fig. 5a,

b) and crack deflection (Fig. 5c, d) are also evident in the

SEM images, and are prominent mechanisms in fibre

reinforced ceramic composites [48]; these mechanisms

may make a significant contribution to CNT composite

performance if optimised in the future.

In addition to adaptations of conventional fibre tough-

ening, it is possible that entirely new mechanisms may

emerge, for example relating to the shear relaxation asso-

ciated with the collapse of hollow nanotubes [25] with

large internal diameters, the spring-like character of regu-

larly coiled CNTs [49], or progressive telescopic failure of

nested MWNT shells. In general, it remains an open

question as to what extent the very traditional fibre com-

posite models discussed above can be applied to nano-

composite systems, particularly as fibre diameters shrink to

molecular length scales, as in the case of SWNTs. It should

be noted also that detailed model calculations applying the

combined micromechanical and finite element modelling, a

concept suggested previously [50], may contribute to better
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understanding of the quantitative effect of separate tough-

ening mechanisms acting simultaneously.

Conclusions

A model CNT–ceramic composite system based on a dense

and almost entirely amorphous silica glass matrix was used

to investigate the extent of nanotube toughening in brittle

materials. The particular advantage of this model system is

the absence of confounding microstructural features that

could affect KIC, such as porosity or grain boundaries.

Detailed KIC measurements using both the indentation and

Chevron notch tests showed that both techniques are able

to provide consistent evidence of the toughening role of

CNTs. Fracture toughness of the composite, as measured

by both methods, increased linearly to 100–120% relative

to the silica monoliths, up to unusually high CNT loadings

(15 wt%). However, it was also found that the fracture

toughness measured by the indentation method was over-

estimated by a factor of two, in the current experiments,

confirming the literature reports about the difficulty of

providing accurate absolute KIC measurements using the

indentation technique. Possible toughening mechanisms

associated with CNT pull-out, CNT crack bridging, and

crack deflection were identified by SEM observations,

although pull-out appears to dominate. Simple quantitative

estimates suggest that the conventional fibre pull-out

mechanism is indeed sufficient to explain the level of

toughening observed experimentally in these CNT/glass

composites. For these CVD-grown CNTs, the small

diameter is associated with a reduction in pull-out tough-

ening, but a broadly constant debonding contribution,

compared to conventional carbon fibre systems. However,

other mechanisms may become significant in the future, for

nanotubes with distinctive characteristics, such as small

diameter, high strength, or unusual morphology. Further

work on exploiting nanotubes for toughening brittle

matrices should concentrate on identifying new mecha-

nisms based on such features. In addition, a wide range of

other functional properties remain to be studied in these,

and other related, nanotube-filled inorganic matrix systems.
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