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bstract

his paper describes the mechanical properties of carbon nanotube-reinforced Al2O3 nanocomposites fabricated by hot-pressing. The results showed
hat compared with monolithic Al2O3 the fracture toughness, hardness and flexural strength of the nanocomposites were improved by 94%, 13%

nd 6.4% respectively, at 4 vol.% CNT additions. For 10 vol.% CNT additions, with the exception of the fracture toughness, which was improved by
6%, a decrease in mechanical properties was observed when compared with those for monolithic Al2O3. The toughening mechanism is discussed,
hich is due to the uniform dispersion of CNTs within the matrix, adequate densification, and proper CNT/matrix interfacial connections.
rown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Among ceramics, alumina (Al2O3) is the most widely used
n material’s industry and has potential applications covering
igh speed cutting tools, dental implants, chemical and elec-
rical insulators, wear resistance parts and various coatings.1,2

hese applications arise from their high hardness, chemical
nertness and high electrical and thermal insulation properties.
owever, low fracture toughness restricts this material from

dvanced structural applications, such as in aircraft engine parts,
ocket materials surviving in extreme environments and numer-
us other space engineering applications.3,4 The inferior fracture
oughness of Al2O3 is attributed to the presence of impurities,
ores and cracks formed during cooling after sintering; the elimi-
ation of such processing flaws in monolithic Al2O3 is extremely
xpensive and requires advanced processing technology. An
lternative and practical way to convert Al2O3 into a more use-
ul material is to fabricate a composite. Al2O3 can be reinforced

ith many materials ranging from metals such as Fe, Mo, Cr

nd Ni to ceramics such as ZrO, MgO, SiC and carbon fibres,
nd moderate improvements in fracture toughness have been

∗ Corresponding author.
E-mail address: Yanqiu.zhu@nottingham.ac.uk (Y.Q. Zhu).
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hness

eported.5–13 Recent advances in nanotechnology have emerged
long with numerous new nanomaterials possessing extraordi-
ary properties. It is postulated that these nanomaterials could
e incorporated into brittle ceramics to generate highly tough-
ned composites that will be suitable for advanced engineering
pplications. Among nanomaterials, carbon nanotubes (CNTs)
ave attracted much attention due to their outstanding mechani-
al properties, very good electrical characteristics and excellent
hermal performance. To date, CNT-reinforced Al2O3 nanocom-
osites have been reported and the resulting nanocomposites
ppeared to show wide variations in density, flexural strength,
ardness and fracture toughness.14,15 Consistently improved
echanical properties at low addition of CNTs (<4 vol.%) have

een obtained, however wide scattered values for the fracture
oughness are also observed, which is problematic when the
NT content is high (>4 vol.%).16–18 This phenomenon was
elieved to have arisen from porosity in the composites, lack of
niformity in the CNTs dispersion, weak interfacial connections
nd possible damage to the CNTs.19,20

In this paper, the fabrication of CNT-reinforced Al2O3
anocomposites consolidated by hot-pressing is demonstrated,

long with systematic mechanical testing of the resulting com-
osites. The aim is to show that Al2O3–CNT nanocomposites
an be potential candidates for advanced engineering applica-
ions.

All rights reserved.
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. Experimental procedure

.1. Materials and fabrication

Multi-walled CNTs (∅∼ 40 nm, Tsinghua University, Bei-
ing, China) were well-dispersed in distilled water by the
ombined actions of utilising ultra-sonication, adding surfac-
ant and choosing suitable incubation time. For example, 0.1 g
f hot nitric acid-treated CNTs were added into 100 ml of dis-
illed water in a beaker containing a small amount of sodium
odecyl sulphate (SDS, 1–2 wt.% of the CNT) surfactant and
rocessed for 30 min using an ultrasonic probe (Sonic processor
-100-20, manufactured by Sonic system, UK, using a power
f 30–40 W). The probe sonication can break the large bundles
n to small ones, so that the surfactant can be easily adsorbed
nto the CNT surfaces. The sonication duration was optimised
y visual observation of the CNT bundles in distilled water and
t was observed that short sonication process time (<30 min) led
o inadequate breakage of CNT bundles and few large bundles
ere found at the bottom of the beaker. Increasing the sonica-

ion time (>30 min) did not reveal any significant difference in
he size of CNT bundles in distilled water. The CNT/distilled
ater suspension was then incubated, at ambient conditions,

or 2–6 weeks to allow a thorough surfactant adsorption onto
he CNT surfaces, to effectively counter the Van der Waals
nteractions. After re-sonication, detangled and relatively stable
NT suspensions in distilled water was obtained.21 5 g δ-Al2O3
anoparticles (∅< 40 nm, Sigma–Aldrich, UK) were then added
nto the CNT/water suspension, for 4 vol.% CNT composites.
onication was again applied for 120 min. The mixture was
ried using a hot plate at 120–150 ◦C under sonication until a
lurry was formed and no further sonicating effect was observed.
fter milling in a mortar, the mixed powder was then consol-

dated by hot-pressing in a graphite die (University of Mining
nd Technology, Beijing, China) under a pressure of 40 MPa at
600 ◦C for 60 min, at a heating rate of 10 ◦C/min, under vac-
um (6.2 × 10−2 Pa).∅32 mm × 3 mm discs of nanocomposites
ith different CNT contents were produced. Monolithic Al2O3
as also hot-pressed under identical experimental conditions for

omparison.

.2. Structural characterisation

Structural features of the fractured samples were assessed
sing scanning electron microscopy (SEM), and images were
cquired using secondary electron (SE) signals. Prior to SEM
bservation, the samples were gold coated for 1 min. X-ray
iffraction (XRD, Siemens D500 and Bruker D8 Advanced X-
ay Diffractometer, using Cu kα radiation) was utilised to identify
he crystalline phase features of the nanocomposites, with the
ssistance of computer software (DIFFRACplus and by Bruker
dvanced X-ray Solutions). SEM and XRD techniques were

lso employed to determine the sample grain sizes. To reveal

he grain boundaries, for grain size determination using SEM,
amples were thermally etched for 15 min at 1400 ◦C under an
r atmosphere in a tube furnace. Prior to etching, all samples
ere polished up to 1 �m using diamond paste. Transmission

P
s

u

eramic Society 30 (2010) 865–873

lectron microscopy (TEM, JEOL 2000 FX and 2100 F) was
sed to characterise the interface structures of the nanocom-
osites. Two methods, chemical etching and FIB/SEM milling,
ere adopted to prepare samples for TEM analysis. In chemical

tching method, samples were prepared by deep etching small
ieces of the composites using NaOH for 2 weeks followed by a
horough rinsing with distilled water in order to remove traces of
aOH and recover the desired samples. The clean samples were
ispersed in acetone and then transferred onto a holey carbon
lm, supported on a copper grid, for observation. In FIB-SEM
FEI Quanta200 3D DualBeam FIB/SEM) sample preparation
echnique, the surrounding area of the desired section of the
anocomposite sample was removed by the bombardment of Ge-
ons. Subsequently, the milled section was carefully detached
rom the bulk sample by welding it with a special probe for
urther TEM analysis. Both techniques produced good qual-
ty Al2O3–CNT nanocomposite thin samples suitable for TEM
nvestigations.

.3. Properties evaluation

Archimedes method was employed to measure the densities
f the discs (using distilled water), and the relative densities
ere calculated by dividing the apparent density by the theoret-

cal density. In this study, 3.97 g/cm3 and 1.85 g/cm3 were used
s theoretical densities for Al2O3 and CNTs, respectively.20,22

icrohardness testing was carried out at 9.8 N loads for 15 s
M-400 hardness tester, LECO, Japan). The diagonal lengths
f the indents were measured using the attached microscope,
onverted to Vickers hardness number (HV) and further
onverted to GPa.13 The flexural strength (σf) was measured
n three-point bending, in which the specimen size was
5 ± 1.5 mm (length) × 2 ± 0.15 mm (breath) × 2.5 ± 0.20 mm
height). The bending span and the testing speed for the test
ere 20 mm/min and 0.50 mm/min respectively, and flexural

trength was assessed using Eq. (1):23

f = 3FL

2bd2 (1)

here F is the load at the fracture point, L is the span length, b
s the sample breath and d is the sample thickness.

The fracture toughness (KIC) was evaluated using the direct
rack measurement (DCM), indentation strength in bending
ISB) and single edge notched beam (SENB) methods. In the
CM method, the fracture toughness was obtained by applying
q. (2):24

IC = 0.016

(
E

H

)1/2 (
P

c3/2

)
(2)

here E is the modulus of elasticity, H is the hardness and c the
adial crack length generated by Vickers’s indentation. The crack
ength was measured from the indentation centre using scan-
ing electron microscopy, SEM, (Philips/FEI XL30-JEOL 6400;

hilips/FEI XL30 FEG-ESEM), in combination with computer
oftware ImageJ (Image Processing and Analysis in Java).

The indentation strength in bending (ISB) method was also
sed to evaluate the fracture toughness. In the ISB method, three
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Fig. 1. SEM images showing the dispersion of 4 vol.% CNTs in Al2O3. (a)
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amples were prepared with identical dimensions using similar
rocesses for preparing the flexural strength testing specimens.
n this case, an indent was made at the middle of the sample using
hardness tester with a diamond Vickers indenter using a load of
0 kg (98 N). This load was carefully selected to ensure that the
rack size was above the critical size, in order to obtain mean-
ngful results. During three-point bending, all samples broke
xactly at where the indent was made. The fracture toughness
as thus calculated using Eq. (3):25

IC = 0.59

(
E

H

)1/8

(σP1/3)
3/4

(3)

here E is the Young’s modulus, H is the hardness, σ the flexural
trength in the presence of the Vickers indent and P the load at
ailure.

For SENB method, three notched samples were prepared
ith identical dimensions. The ratio of the notch depth to spec-

men height is a/W ∼0.45–0.55. Three-point bent tests were
erformed at a loading speed of 0.05 mm/min. The fracture
oughness was calculated using the following Eq. (4):26

IC = 3PmaxL

2BW3/2 α1/2Y (4)

here P is the breaking load during three-point bending test, L
s the bending span, B is the specimen breath, W the specimen
eight and a is the notch depth, α is the ratio between a and W,
nd Y is the calibration factor which was calculated by Eq. (5),
iven below:26

= 1.99 − α(1 − α)(2.15 − 3.93α + 2.7α2)

(1 + 2α)(1 − α)3/2 (5)

A standard ultrasonic pulse-echo technique was used to
ssess the modulus of elasticity of monolithic Al2O3 and the
l2O3–CNT nanocomposites. During the pulse-echo measure-
ents, the time-of-flight velocities for both compression and

hear wave propagation through the samples were recorded.
ompression measurements were made using 20 MHz centre

requency,∅ 6 mm contact transducers (TMP-3, Sonatest, UK).
he equivalent shear measurements were performed with a
0 MHz centre frequency, ∅ 10 mm contact transducer (V221-
A, Panametrics, USA). Appropriate couplant materials were
sed in each case to ensure optimum contact between the sam-
les and transducers. From the velocity measurements, the
odulus of elasticity for monolithic Al2O3 and Al2O3–CNTs

anocomposites were calculated by employing Eq. (6):27

= V 2
s ρ(3V 2

c − 4V 2
s )

V 2
c − V 2

s
(6)

here E is the Young’s modulus, ρ is the bulk density of the
amples, Vc is the compression velocity and Vs the shear velocity.

. Results
Fractographic details of the nanocomposite reinforced with
vol.% of CNTs revealed the well-dispersed CNTs within the
l2O3 matrix (Fig. 1a). At higher magnification (Fig. 1b), the

m
1
n
n

ow magnification, (b) higher magnification (white arrows show CNTs), and
c) blocks of CNT (black arrowed) in nanocomposite at 10 vol.% CNT concen-
ration, and the inset shows the CNT agglomerate.

ndividually dispersed CNTs are clearly visible. At higher CNT
dditions (10 vol.%), a few CNT bundles were also observed, as
lack arrowed in Fig. 1c. The CNT contents affected the sintered
ensities of the nanocomposites, as summarised in Fig. 2. 99.7%
elative density for monolithic Al2O3 was obtained, however
.5% and 3.4% reductions were resulted for nanocomposites
ontaining 4 and 10 vol.% CNTs, respectively.

Phase analysis using XRD exhibited the typical peaks of
rystalline �-Al2O3 (JCPDS No. 01-078-2426) for the sintered

onolithic Al2O3, and graphite peaks (JCPDS No. 01-075-

621) for pure CNTs, as shown in Fig. 3a and b. However, their
anocomposites showed only peaks of crystalline �-Al2O3, and
o obvious peaks associated with CNTs are observed, as shown
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ig. 2. Density and grain size of Al2O3 matrix as a function of CNT addition.

n Fig. 3c and d. Due to the low CNT contents in nanocompos-
tes and the low X-rays diffraction density of CNTs compared
ith the highly crystalline Al2O3, the (0 0 2) peak of the CNT
as masked.
Structural features of the fractured and thermally etched sur-

aces of the samples were observed using SEM. Fig. 4a shows
arge and uneven grains for the monolithic Al2O3 however the
omposites exhibited a sharp decrease in the grain size, by 66%
t 4 vol.% CNTs and 75% at 10 vol.% CNTs, in comparison to
he monolithic Al2O3, as demonstrated in Fig. 4b and c, and
ummarised in Fig. 2. Close inspection of the thermally etched
anocomposite samples revealed interesting features, conven-
ional depression/negative curvature of grain boundary was
bserved for monolithic Al2O3 (Fig. 4a), as expected, however
ntirely new structural features were found in nanocomposites
amples where the Al2O3 grains appear to be etched away, leav-
ng the grain boundaries sticking out, as displayed in Fig. 4b
nd c. In addition to altering the grain size, the existence of

NTs also effectively modified the mode of matrix fracture,

rom inter-granular fracture (Fig. 5a) for monolithic Al2O3, to
rans-granular fracture in the nanocomposites, as exhibited in
ig. 5b and c.

ig. 3. XRD patterns. CNTs (a), and Al2O3–CNT nanocomposites containing:
b) 0 vol.%, (c) 4 vol.% and (d) 10 vol.% CNTs.

Fig. 4. Thermally etched surfaces of sintered (a) monolithic Al2O3 showing neg-
ative curvature or depressed grain boundary; (b) 4 vol.% CNT and (c) 10 vol.%
C
I

s
a
A
I
4
f
c
h
w
h
r

NT nanocomposites both exhibiting a positive curvature at grain boundaries.
nsets illustrating the grain boundary type.

The fracture toughness obtained by the SENB method
howed 94% and 66% improvement for 4 and 10 vol.% CNT
dditions respectively, when compared with the monolithic
l2O3 (Fig. 6). The results obtained by using the DCM and

SB methods were also displayed in Fig. 6, which improved by
2% and 47% for the DCM technique, and by 32% and 35%
or the ISB method, for the same 4 vol.% and 10 vol.% CNT
omposites, respectively. Marginal 12% and 6% increases in

ardness and flexural strength were also obtained for composite
ith 4 vol.% CNT addition. However, a small reduction of 7% in
ardness and a significant drop (21%) in flexural strength were
ecorded with 10 vol.% CNT addition, as shown in Fig. 7.
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niques which were widely used in numerous reports.
However, they have been challenged recently and are considered
less reliable than the SENB method for assessing the fracture
toughness of ceramics due to the three dimensional complexity
ig. 5. SEM fractured surface images. (a) Monolithic Al2O3 indicating inter-
ranular fracture; (b) Al2O3–CNT 4 vol.% nanocomposites exhibiting trans-
ranular fracture at low magnification, and (c) high magnification of (b).

. Discussions

.1. Structural features

Obtaining high theoretical densities is important for produc-
ng nanocomposites with good mechanical properties.17,21,28

ell-dispersed CNTs in a matrix lead to higher sintered den-
ities, whilst agglomerates result in lower densities. In this
ontext, successful dispersion of CNTs within the Al O matrix
2 3
as obtained. After hot-pressing, the SEM images of the frac-

ured composite surfaces have revealed the well-dispersed CNTs
ithin the matrix (Fig. 1a and b) at 4 vol.%, however a few F
ig. 6. Fracture toughness of Al2O3–CNT nanocomposites obtained by different
ethods, with different CNT additions.

mall bundles elucidate the difficulties of CNT dispersion at
igher CNT volume. The abrupt decrease in grain size at low
NT addition (4 vol.%) is associated with the grain boundary
inning phenomenon caused by CNTs, due to their tendency
o accumulate at grain boundaries during sintering process, as
hown in Fig. 4b. Furthermore, raising the CNT content up to
0 vol.% has a main effect of merely increasing the concentra-
ion of CNTs at the grain boundaries, rather than significantly
ncreasing the number of boundaries being pinned, thus only a
4% further decrease in the grain size was observed, as displayed
n Figs. 2 and 4c.31

.2. Mechanical properties

.2.1. Fracture toughness
Both the DCM and ISB methods are well-established tech-

18,28,29
ig. 7. Hardness and flexural strength of Al2O3 as function of CNT additions.
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ig. 8. SEM image of Vickers hardness indent cracks of Al2O3–CNT 4 vol.%
anocomposites at 9.8 N.

f indent cracks (Fig. 8), and possible surface damage that can
ccur around the indent cracks.30 Therefore, in this context, the
esults obtained by employing the standard SENB method have
een compared with those obtained in similar studies. Table 1
ummarises the fracture toughness results obtained using the
ENB method in this study, in comparison with data from liter-
tures concerning the Al2O3–CNT nanocomposites, along with
ther process parameters associated with CNT dispersion and
onsolidation.

In previous studies, Table 1, the CNT dispersion was mainly
elied on surfactant characteristics, however in this study pro-
onged reaction time was introduced which allowed surfactant
o thoroughly adsorb on the CNTs which led to CNTs dispersed
ell within Al2O3 matrix. This could lead to higher fracture

oughness for the nanocomposites.14–20 Indeed, the higher frac-
ure toughness values obtained in this study are believed to be
ue to the improved dispersion of CNTs with matrix, which was
chieved by adopting combined method.

CNTs/matrix interactions are other important factors in
xplaining the improvement in toughness. TEM studies dis-
lose various features of the CNT–Al2O3 interaction. It can be
een that a CNT was attached to three grains at the junctions
s shown in Fig. 9a, thus it is possible to strengthen the grain
oundaries of nanocomposites. This suggestion of grain bound-
ry strengthening is evidenced by the change of fracture mode in
anocomposites because trans-granular fracture dominates only
hen the strength of the grain boundary is close to that of the
atrix grain.31 Strongly bonded CNTs make the matrix fracture

hrough the grains rather than along grain boundaries, as prevails
n monolithic Al2O3.

Conventional toughening mechanism for fibre-reinforced
omposites includes fibre pull-out and crack bridging. In this
ontext, it is observed that CNTs formed bridges across the
l2O3 grains or gaps (arising from porosity and other pro-
essing defects), as displayed in Fig. 9b. Further SEM images
Fig. 10Ab and Bb) clearly demonstrate such bridging features
f CNTs, indicating a potential crack bridge toughening mecha-
ism. CNTs exist at the junction of grains (Fig. 10Ea), exhibiting
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ull-out features during crack propagation. Thus, it is believed
hat the conventional toughening mechanism is still applicable
o the composites.

However, with regard to the energy absorbing role of CNTs
uring pull-out, the friction forces at the nanoscale is much
ore complicated than those produced in conventional micro-

ized fibre-reinforced composites. CNTs that are located within
he matrix grains demonstrate new features for the toughening
echanism. During crack propagation, the CNTs can be elas-

ically deformed whilst keeping both tube ends firmly attached
o the base grains (Fig. 10Eb) because CNT can sustain 40%
train before fracture.32 In extreme cases, collapse or fracture
f the CNT may occur (Fig. 10Ec) during the course of crack
ropagation when the deformation of nanocomposites exceeds
he maximum strains of the CNT. Nevertheless, the CNT must
ave undergone large deformations, and owing to the high elas-
ic modulus (>1 TPa) and extraordinary flexibility,33,34 they
bsorbed significant amounts of energy which is associated with
he work done by the elastic extension of CNTs over a distance
t either side of the fractured surfaces, before collapse or frac-
ure. Hence, CNTs indeed contributed to the improvement in
oughness via an energy dissipation mechanism. Fig. 10C and

shows a broken CNT firmly attached to the matrix grain,
roviding evidence for such a mechanism.
The toughening effect strongly depends on the interfacial
onnection of CNTs with matrix. High-resolution TEM images
hown in Fig. 9c display the firm attachment of CNTs to the
atrix. We have previously reported that in the presence of

F
a
d
a

ig. 9. (a and b) TEM image Al2O3–CNT nanocomposites showing locations of the CN
arrowed).
eramic Society 30 (2010) 865–873 871

reducing atmosphere and at elevated temperatures, Al2O3
nderwent a carbothermal reduction in the presence of CNTs,
nd formed an interfacial oxycarbide (Al2OC) layer at the
l2O3/CNTs interface.35 This layer presumably has a high

hemically compatibility with both the CNT and the matrix,
hich has the capability to transfer loads effectively from the
atrix to CNT and vice versa. With such strong interfacial con-

ections, the matrix holds the CNTs firmly and the intrinsically
igh elastic properties of CNTs become functional, leading to
ncreased toughness for the composites. The positive curvatures
f grain boundaries in nanocomposites samples, Fig. 4b and c,
an be considered as an indirect evidence for the presence of the
ossible new interfacial phase between the CNT and matrix.35

uch features negate the impression of the oxidation of CNTs
uring thermal etching, however the preferential thermal etching
f matrix indicates that the new phase formed at grain boundary
round some of outer surfaces of CNTs is much more thermally
table, in comparison to the Al2O3 matrix.

The repression of nanocomposite fracture toughness (15%)
t higher CNT concentration (10 vol.%), when compare with
vol.% CNT addition, is primarily due to the presence of sub-
gglomerates of CNTs (Fig. 1c), underlining the complications
or achieving homogenous dispersion of CNTs at higher con-
entrations which have been discussed in various reports.20,21
urthermore, being high in volume in the matrix, CNTs prefer-
bly accumulated at grain boundaries and strongly inhibited the
iffusion mechanism, resulting in depressed density (Fig. 2)
nd weak interfacial connection between CNTs agglomerates

T, and (c) high-resolution TEM image showing the interface of the Al2O3–CNT
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ig. 10. SEM images of Al2O3–CNT nanocomposites (A) b—crack bridging
mages of (C) c—broken CNT and (D) high-resolution TEM images of the brok

nd matrix.16 Thus, these possible the toughening mechanisms
re not fully operative, resulting in a slightly reduced fracture
oughness.

.2.2. Other mechanical properties
CNTs also enhanced other mechanical properties of the

anocomposites, such as hardness and flexural strength (Fig. 7).
n this context, the increases in hardness and flexural strengths at
ow CNT addition are again associated with the strong connec-
ions of the well-dispersed CNTs with the matrix, which resulted
n effective load transfer from the matrix to the CNTs. However,

negligible improvement in stiffness at low CNT additions,
ollowed by a significant drop at high CNT contents can be
ttributed to adverse effects associated with poor densification
f the nanocomposites. Since CNTs hampered the densifica-
ion process, inhibited the grain growth, more elongated pores
xisted in the composite, as has been reported by many other
roups.36,37 This could be responsible for the lower flexural
trength in nanocomposites.

. Conclusions
The additions of CNT exhibited a strong influence over the
rain size, density, fracture mode and overall mechanical proper-
ies of Al2O3–CNT nanocomposites. Conventional hot-pressing
menon, (B) a—CNT pull-out, b—crack bridging and c—broken CNT; TEM
NT.

s an effective technique for achieving high performance ceramic
anocomposites at low CNT addition. A significant improve-
ent of 94% in fracture toughness at 4 vol.% CNT concentration

as been obtained, which is slightly decreased to 66% when
ncreasing the CNT content to 10 vol.%. The toughening mecha-
ism operative in the nanocomposite was discussed. It is believed
hat both the conventional fracture toughening mechanism (pull-
ut and crack bridging) and CNT energy dissipation mechanism
ia elastic deformation played their part in the nanocomposites.
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