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Well-dispersed multi-walled carbon nanotubes (CNTs) reinforced Al,O; nanocomposites were success-
fully fabricated by hot-pressing. The resulting promising improvements in fracture toughness, by 94%
and 65% with 2 and 5 wt.% CNTs addition respectively, compared with monolithic Al,03, were attributed
to the good dispersion of CNTs within the matrix, crack-bridging by CNTs and strong interfacial connec-

tions between the CNTs and the matrix. The interfacial phase characteristics between CNTs and Al,03

Keywords:

A. Carbon nanotubes

A. Nanocomposites

A. Ceramic-matrix composites
B. Fracture toughness

B. Interface

were investigated via combined techniques. It is believed that a possible aluminium oxy-carbide as the
primary interfacial phase was produced via a localized carbothermal reduction process. This interface
phase presumably has good chemical compatibility and strong connections with both CNTs and the
matrix and led nanocomposites to higher fracture toughness.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Extreme brittle nature of ceramics restricted them from numer-
ous advanced structural applications [1]. In order to overcome the
toughness problem, incorporation of particulates (ceramics, pure
metal) and long/short fibres (glass, carbon), as a second phase, into
ceramics matrices to make composites is an eminent practice for
decades [2-4]. Recent advances in nanomaterials, in particular car-
bon nanotubes (CNTs), have offered exciting potentials for utilising
these novel materials for the production of toughened polycrystal-
line ceramics [5]. Single-walled and multi-walled CNTs show
excellent mechanical, electrical and thermal properties therefore,
it is postulated that the ceramics-CNT nanocomposites will dem-
onstrate multifunctional properties in addition to the higher
mechanical properties [6,7]. Among ceramics, Al,03 has a wide
range of applications in medical, aerospace and automobile indus-
tries, which arise from its superior hardness, chemical inertness
and electrical/thermal insulation properties but deprived tough-
ness is still a main issue [8,9]. In reported cases, reinforcing by
CNTs (both single and multi-walled) has upgraded the Al,0;
toughness however, wide scattered and highly debatable (repro-
ducibility and toughening mechanism) results were found, some
of the variations may purely arise from different testing techniques
used, such as single edged pre-cracked beam (SEPB), single edged
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notched beam (SENB), direct crack measurement (DCM) [10-21].
Physically, the presence of CNTs in an Al,O3 matrix is likely to ex-
hibit two major functions: (a) decreasing the sintered densities of
composite due to their existence at the grain boundaries, which
hinders achieving full density of the nanocomposite; and (b) shar-
ply reducing the grain size by restricting the grain from further
growth [22,23]. Mechanically, the improvement in properties is
due to bridging the crack surfaces by CNTs during crack propaga-
tion under applied load and CNT pullout mechanism [13-24].
These strengthening/toughening phenomena in CNTs reinforced
nanocomposites depend strongly on the interfacial bonding be-
tween CNTs and the matrix. Indeed, a good interface can transfer
the load between CNTs and the matrix [24]. Therefore, understand-
ing of the microstructure down to the atomic level is imperative in
order to improve the properties of ceramics based composites. For
example, in conventional fibre reinforced ceramics composites, the
interface between fibre and matrix is important and controls the
various micro-mechanisms, which act as energy dissipative pro-
cesses during mechanical loading, such as fibre debonding, fibre
pullout and crack-bridging. In fact, interface is a complex layered
transitional region between fibre and matrix therefore, controlling
the interface chemistry and tailoring smart microstructures are
essential steps in the fabrication of novel composites with high
fracture toughness and fracture strength [25]. However, the under-
standing of the nanostructured characteristics of the composites
and the interfacial phenomena between CNTs and the Al,03 matrix
is far from satisfactory [24-26]. In this context, the manufacturing
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of hot-pressed Al,03-CNT nanocomposites with a good dispersion
of CNTs is described. The mechanical properties, micro/nanostruc-
tural analysis and interface investigations of the nanocomposites
are presented.

2. Experimental procedure

Multi-walled CNTs having an outer diameter of ~40 nm (Tsing-
hua University, Beijing, China) were first chemically processed
with a H,SO4-HNOj3 solution, to thoroughly remove the metallic
catalyst. They were then dispersed into an aqueous solution con-
taining a small quantity (<2 wt.% of CNTs) of sodium dodycyle sul-
phate (SDS, Sigma-Aldrich, UK) surfactant, with the help of
ultrasonic probe sonication for 30 min (Sonic Processor D-100-20,
Sonic system, UK). The CNT slurry was incubated for 2 weeks, to al-
low the surfactant to thoroughly adsorb onto the CNT surfaces. §-
Al,03 nanoparticles with a mean size of 40 nm (Sigma Aldrich,
UK) was then added and sonicated again for 120 min. After drying,
the mixture was hot-pressed in a graphite die (University of Min-
ing and Technology, Beijing, China) under a pressure of 40 MPa at
1600 °C for 60 min, at a heating rate of 10 °C/min under vacuum
(6.2 x 10~ Pa). Diameter discs (32 mm) of the nanocomposites
were produced. Monolithic Al,O; was also hot-pressed under the
same conditions for comparison. Densities of the sintered samples
were measured by Archimedes method in distilled water and rela-
tive densities were calculated by dividing the measured densities
by theoretical densities, and for this purpose 1.8 g/cm® and 3.9 g/
cm?® were considered the theoretical densities for CNT and mono-
lithic Al,Os3, respectively [18,27]. Microhardness testing was
carried out at 9.8 N loads for 15 s (M-400 hardness tester, LECO,
Japan). The flexural strength (o;) was measured by three-point
bending method, and the size of specimens was 25 mm (length) x
2 mm (breadth) x 2.5 mm (height). The bending span and the load
speed for the strength were 20 mm and 0.5 mm/min respectively.
The fracture toughness (Kic) was evaluated by direct crack mea-
surement (DCM) technique and single edge notched beam (SENB)
method. In DCM technique, the fracture toughness was obtained
by measuring the crack length from the indentation centre using
scanning electron microscopy, SEM, (Philips/FEI XL30-JEOL 6400;
Philips/FEI XL30 FEG-ESEM), in combination with computer soft-
ware Image] (Image Processing and Analysis in Java) [28]. For SENB
method, three samples were prepared with identical dimension
using similar specimen preparation procedures as adopted for
the flexural strength samples [29]. However, a notch was produced
at the centre of the specimens, using a resin-bonded diamond
blade. Three point bend test was performed on the notched speci-
mens, at the loading speed of 0.05 mm/min and fracture toughness
was calculated. A standard ultrasonic pulse-echo technique was
used to assess the modulus of elasticity of the samples. During
the pulse-echo measurements, the time-of-flight velocities for
both compression and shear wave propagating through the
samples were recorded. Compression measurements were made
using 20 MHz centre frequency, ¢ 6 mm contact transducers
(TMP-3, Sonatest, UK). The equivalent shear measurements were
performed with a 10 MHz centre frequency, ¢ 10 mm contact
transducer (V221-BA, Panametrics, USA). Appropriate couplant
materials were used in each case to ensure optimum contact be-
tween the samples and transducers. From the velocities measure-
ments, modulus of elasticity of monolithic Al,05 and Al,O3-CNT
nanocomposites were then calculated [30].

Thermal investigations of the samples were carried out using a
SDTQ600 (TA Instruments, USA). During the thermal testing, sam-
ples were heated in Ar up to 1400 °C at a heating rate of 20 °C/min
and the evaluation of CO was simultaneously recorded using an at-
tached HPR20-QIC atmospheric gas analyser (Hiden Analytical,

UK). Although kinetically this atmosphere pressure analysis is dif-
ferent from the hot-press conditions, the thermodynamic and reac-
tion products may somehow be analogue to those formed in the
hot-pressed samples. Structural features from the fractured sam-
ples were assessed by SEM. X-ray diffraction (XRD) using Cu ko
radiation was performed (Siemens D500 and Bruker D8 Advanced
X-ray Differactometer) to identify the crystalline phase features of
the nanocomposites. SEM and XRD techniques were also employed
to determine the grain size of the samples. Transmission electron
microscopy (TEM, JEOL 2000 FX and 2100 F) were used to charac-
terise the interfacial structures in the nanocomposite. TEM sam-
ples were prepared by deep corrosive etching using NaOH for
2 weeks followed by a thorough rinsing with distilled water in or-
der to remove traces of NaOH. The clean samples were dispersed in
acetone and then transferred onto a holey carbon film supported
on a copper grid, for observation. This easy etching technique al-
lows for the partly removal of Al,03, by forming soluble NaAlO,,
whilst keeping the CNTs intact. In addition to chemical etching
method, focused ion beam (FIB) milling technique (FEI Quanta200
3D Dual Beam FIB/SEM) was also utilised to prepare thin samples
for TEM investigations. In FIB milling, selected area of nanocom-
posite sample was milled using Ge ions and then the milled section
was detached from the bulk sample by welding it with special
probe. Both techniques produced good quality samples for TEM
analysis.

3. Results and discussion
3.1. Results

TEM images shown in Fig. 1 display the morphology and surface
features of the CNTs used in this research. The surface of the CNTs
is not smooth, and a hollow core and numerous graphitic layers of
the CNTs are clearly visible, although the layers are not concentri-
cal on a long distance and many compartments exist, which is a
typical feature of CNTs made by chemical vapour deposition. After
consolidation of the CNT/Al,O3 nanoparticles mixture using hot-
pressing, the fractured sample surfaces of the sintered nanocom-
posites revealed good dispersion of CNTs within the matrix
(Fig. 2b and c). Fig. 2d clearly shows the individually dispersed
CNTs within the Al,03; matrix. A relative density of 99.6% has been
achieved for monolithic Al,O3, as shown in Table 1. However, 0.5%
and 3.4% reductions in the relative density were observed for nano-
composites containing 2 and 5 wt.% CNTs, respectively. Regarding
mechanical properties, a 13% increase in hardness at 2 wt.% CNTs
addition and a slight reduction by 7% at 5 wt.% CNTs addition were
observed for the nanocomposite, as summarised in Table 1. The ta-
ble also shows a 41% and 47% improvement in the fracture tough-
ness assessed by the DCM method for composites containing 2 and

Fig. 1. TEM image of the pristine CNTs and high-resolution TEM image of a CNT
(inset).
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Fig. 2. SEM images of the fractured surface of: (a) monolithic Al,0s, (b) Al,03-2 wt.% CNTSs, (c) Al,03-5 wt.% CNTs, (d) CNTs dispersion within matrix at high magnification
and location of CNTs (black arrow) in nanocomposite, (e) within grain, (f) at grain boundary, (g) CNTs (black arrows) bridging the grains and (h) a schematic of CNTs’
favourable locations (black arrows) within the Al,O3 matrix.

Table 1
Properties of Al,03-CNT nanocomposites.
Material Measured density Relative density Grain size Hardness Fracture toughness Flexural strength
(gfem?) (%) (pm) (HV) (GPa) (Kic) (MPam'’?) (o5) (MPa)
SENB method DCM method
Al,05 (monolithic) 3.88+£0.01 99.6 1.3+0.2 1604 3.5+0.2 3.0+0.2 357 £27
Al,05-2 wt.% MWCNTSs 3.82+£0.02 99.1 04 +£0.1 18+0.3 6.8+0.3 43+03 38018
Al;03-5 wt.% MWCNTSs 3.65 +0.02 96.2 03+0.1 15+0.5 58+0.2 45+0.2 2807
5wt.% CNTs respectively, as compared to the monolithic Al,0s. DCM technique is unreliable for assessing ceramic fracture

Most recently, there is a technical debate regarding the toughness toughness and that this technique could be fundamentally flawed,
testing methods for ceramics. It is considered that the decades old although numerous reports were based on it [19-21,31].
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Nevertheless, the standard SENB method was also employed in this
context. Interestingly, 94% and 65% increases in fracture toughness
were obtained for identical samples with 2 and 5 wt.% CNTs. This
result seems to reinforce the current debate and will be discussed
later. For the flexural strength, marginal improvement was ob-
served for 2 wt.% CNTs, and a 20% drop for 5 wt.% CNTs, when com-
pared with the unreinforced Al,Os.

3.2. Densification and structural features

The density reduction of the Al;03-CNT nanocomposites with
increasing CNT content in the matrix is a well-documented phe-
nomenon [12-18,32,34]. The decrease can be associated with the
presence of CNTs heaps, Fig. 4b, and the special densification
mechanism. Well-dispersed CNTs lead to nanocomposites with
higher sintered densities while CNT heaps result in lower densities
[31]. Generally, the elimination of pores and mass transportation
through bulk diffusion are two basic factors that determine the fi-
nal density during the sintering of Al,03 [33]. It is believed that the
addition of CNTs, even if they are well-dispersed, has adverse ef-
fects on the two important sintering parameters. Existence of CNTs
at grain boundaries prevented the grains closing during densifica-
tion and offered fine grains in the final nanocomposites by grain

pinning [32]. In addition to grain size reduction, existence of CNTs
in matrix changed the fracture mode from inter-granular fracture
in monolithic Al,O3 (Fig. 2a) to trans-granular fracture in the nano-
composites, as exhibited in Fig. 2b and c. The morphology of the
fractured surface of monolithic Al,05 has revealed clearly the edge
and corner fractural feature, which denotes the inter-granular frac-
ture mode and conversely, a blurry and glaze-like morphology is
indicative of the trans-granular mode of fracture caused by the
CNTs [23]. The fracture mode change is more apparent at higher
CNT contents, as shown in Fig. 2b. This shows that the CNTs, as sec-
ond phase, are responsible for altering fracture mode, as previously
reported [35].

3.3. Mechanical properties

Table 1 indicates that the addition of CNTs significantly affected
the density, grain size and offered variation in the overall mechan-
ical properties, in particular the fracture toughness, hardness and
flexural strength. Marginal improvement in hardness and flexural
strength at 2 wt.% CNT additions can be associated with the good
dispersion of CNTs and high nanocomposite densities. However,
significant reduction in hardness and flexural strength of the
nanocomposite containing 5 wt.% CNTs can be justified with the

Fig. 3. TEM images exhibiting the Al,05-CNT interactions: (a) CNTs (black arrow) showing their morphology in nanocomposite (FIB milling sample), (b) CNT exist at grain
boundary, (c) in porosity and (d) embedded within a single Al,O53 grain (corrosion etching sample).
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difficulties in achieving good dispersion for CNTs, differences in
densification as a function of CNT additions and the presence of
elongated pores in microstructures, as already proposed [23].
However, the 94% and 65% improvement in toughness at 2 wt.%
and 5 wt.% of CNT additions, respectively, cannot be correlated
fully with these proposed features. The evidence provided so far
by such physical and structural features is not enough for claiming
the reinforcing effect. The understanding of microstructure down
to atomic level is imperative. In this context, the interface was ex-
plored using combined techniques to assess the bonding strength
and possible chemical reactions occurred at the interface during
severe fabrication processing conditions of elevated temperatures
and high pressures. Combined SEM and TEM investigations at
higher magnification revealed detailed features of CNTs interac-
tions with the Al,O; matrix, as shown in Figs. 2 and 3. CNTs can
be embedded inside an Al,O3 grain, acting as a barrier for crack
propagation, as demonstrated in Fig. 2e. Furthermore, CNTs can
be seen between grain boundaries in Fig. 2f. In addition, CNTs
can form a bridge between Al,05 grains (Fig. 2g) which help to im-
prove the crack resistance. On the basis of these observations, we
have identified the favourable sites where CNTs are often pre-
sented within the matrix, as illustrated in Fig. 2h. TEM investiga-
tions further confirmed that CNTs occupied the same sites,
Fig. 3b-d, as observed in SEM studies.

Large and small CNTs pullout lengths in Fig. 4a indicate that
conventional pullout toughening mechanism is functional in nano-
composite and is likely operative at grain boundaries, where a
weak matrix/CNTs interface can be expected due to the CNTs accu-
mulation. During matrix cracking, the cracked surface are bridged
by the CNTs, which can be elastically deformed having both end
firmly attached with the matrix. Therefore, energy dissipation
mechanism, which is operative during nanocomposite fracture,
can be attributed with the work done by the elastic extension of
CNTs over a distance at either end of CNTs [36]. However, to ex-
ploit the elastic property of CNTs, a strong interfacial connection
at Al,O3/CNTs interface is vital.

3.4. Interface structures

Fractographic details of the nanocomposites are helpful in
understanding and assessing the interfacial bonding strength be-

Fig. 4. Fractured surfaces of Al,03-CNT nanocomposite: (a) CNT large pullout
(black arrows show CNTs at grain boundary), small pullout and (b) a CNT heap in
the matrix.

tween the matrix and CNTs, to some extent. Close inspections of
the pullout CNTs in the fractured surface of nanocomposites
(Fig. 4a), have revealed that the CNTs resisted in pulling out of
the Al,0s matrix, which can be associated with proper bonding.
In this regard, the surface roughness feature of the CNT surface
could be interesting. From Fig. 1, the high surface roughness of
the CNTs could result in two potential advantages: chemically
reactive and physically difficult to slide out of the matrix, com-
pared with a smooth surface. The former could help to improve
the interfacial bonding with the matrix and the latter can pose
much larger friction forces to stop the CNT pullout. High-resolution
TEM studies further revealed detailed interfacial features of the
nanocomposites. Fig. 5a and b depicts three distinct areas at the
CNT-Al,0s interface, and Al,0s was identified by its fringe spacing
of 0.26 nm and 0.34 nm corresponding to the (104) and (01 2)
planes, respectively. Based on the curvature and bending features,
CNTs can also be identified according to the 0.34 nm fringe separa-
tion which corresponds to the (0 0 2) graphitic plane. At the junc-
tion of Al,03-CNT, a thin layer is clearly visible, with an undefined
crystalline pattern, being neither Al,O3 nor CNTs.

3.5. Interfacial reaction

In order to obtain an insightful understanding of the bonding
between the Al,03 and CNTs, thermal analyses of monolithic
Al,03 and mixed powders, containing 2 and 5 wt.% CNTs, were car-
ried out using TGA and DTA (differential thermal analysis), and the
results are shown in Fig. 6. TGA results show an initial weight loss
of 1.3% below 400 °C, which includes a possible loss of moisture
absorbed from air and organic material added during processing
stage. Monolithic Al,03 exhibited a minimal weight loss ~0.5% be-
tween 400 °C to 1400 °C, whilst 1.05% and 1.31% weight loss were
recorded for samples containing 2 and 5 wt.% CNTs respectively,
for the same temperature range. DTA profile exhibits an exother-
mic peak at ~1242 °C which was assigned to reaction between
CNTs and Al,0s, as illustrated in Fig. 6a(ii and iii), and no such peak
is visible in Fig. 6a(i) for monolithic Al,03. The mass spectrum of
Al,03-CNT nanocomposite shows the presence of increasing CO
pressure, but not for the monolithic Al,O3; during the whole heat-
ing regime. The CO pressure recorded for the composite is signifi-
cantly higher than that of the monolithic Al,03, which agrees well

Fig. 5. (a and b) High-resolution TEM images of the Al,0s—CNT nanocomposite
interface (FIB milling sample).
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Fig. 6. (a) DTA and (b) TGA diagram for: (i) monolithic Al,0s, (ii) Al,03-2 wt.% CNT
nanocomposite, (iii) Al;O3-5 wt.% CNT nanocomposite; (c) mass spectrum of (i)
Al,03 and (ii) Al;03-2 wt.% CNT nanocomposites for CO.

with the exothermic peak seen in the DTA profile, as shown in
Fig. 6c¢.

XRD patterns of the nanocomposites show no sign of other phases
except for a-Al,0s. Fig. 7b-d suggests that even if a new phase was
formed the total amount would be extremely low, undetectable to
XRD. To verify the possible formation mechanism for such new
phases, a high CNT content (50 wt.%) composite powder was
prepared and sintered under similar conditions. Nevertheless,
except from the lower CNT contents in the nanocomposites, similar

+ALO, "ALOC x AIO *CNT

+(012)
(113)

+(024)
> (012)

(214)
+ (300)
112)

+(211)
+

Intensity [arb. unit]

20 [degree]

Fig. 7. XRD pattern of: (a) CNTs, (b) monolithic Al,03, (c) Al,03-2 wt.% CNT
nanocomposite, (d) Al,03-5 wt.% CNT nanocomposite, and (e) Al;03-50 wt.% CNT
nanocomposite.

reactions can be expected at the Al,03/CNT interface. The XRD
pattern has revealed the crystalline peaks of Al,OC (JCPDS No.
00-038-0148), AlO (JCPDS No. 01-075-0278) and Al,03 (JCPDS No.
01-078-2426) phase, in addition to CNTs, as shown in Fig. 7e. This
result confirmed similar reactions could actually have occurred
during sintering, underlining the possible reaction mechanism.

Upon heating, Al,05; forms gaseous Al,O in the presence of
reducing agent carbon, whilst gaseous AlO and atomic O are the
principal products when heated alone [37]. Therefore, it is likely
that Al,O3 nanoparticles in the presence of CNTs underwent a car-
bothermal reduction and formed gaseous Al,O which further re-
acted with the residual carbon to form Al,OC [38]. Other studies
have also described that Al,03; can be reduced by carbon to form
Al,04C which further reacts with carbon to produce Al,Cs
[39,40], according to the reactions described below:

Al,05 <= 2Al0, + Oy (1)
Al,05 + 2C <= Al,O) + 2COq 2)
AL Oy, + C <= Al,0C 3)
2A1,05 + 3C <= Al,04C + 2COy (4)
Al404C + 6C <= Al,Cs + 4C0 (5)

However, the formation of the final compounds depends on the
particle size of the starting Al;03, the reaction time and tempera-
tures. A fine particle size Al,05 leads to the formation of Al,OC;
and large particle promotes the synthesis of Al4Cs. High reaction
temperatures (>1800 °C) favour the growth of Al4C3 and low tem-
peratures (1500-1600 °C) result in Al,OC [35]. A long reaction time
(9 h) leads to Al4,04C and a short time to Al,OC [37]. In this context,
the use of Al,03 nanoparticles (~40 nm) as the starting material,
and the low sintering temperatures (1600 °C) and short reaction
times (60 min) would all favour reactions (1) and (2) and resulted
in Al,OC. This analysis agrees well with the Al,OC phase detected
in XRD. Further, the phase marked with “x” is very difficult to
identify in the XRD. It is not residue metal catalysts used for grow-
ing CNTs. It is close to the Al, 403 g phase, however according to the
above discussions and in the presence of reducing atmosphere, it is
more likely to be AlO.

3.6. Interface reaction model

Based on the HRTEM results and the possible chemical
reactions, a schematic model is proposed to explain the possible
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Fig. 8. A schematic model for the Al,O5-CNT interface.

reactions occurred at the Al,0s-CNTs interface, as illustrated in
Fig. 8. As temperature increases, the Al,03 nanopowder will react
with the neighbouring outer layer of a CNT and form Al,O or AlO
sub-oxide, as shown in Fig. 8b. In the mean time, CO gas will be
produced via a carbothermal reduction following reaction (2), as
evidenced by the mass spectrum results. Gaseous diffusion will
transport Al,O/AlO to further react with CNT layers, which subse-
quently creates the Al,OC intermediate phase following reaction
(3), Fig. 8c. It is expected that the Al,OC phase will form a thin layer
sheathing the CNT and restrict the CNT from further contact or
reaction with Al,0. Hence, the carbothermal reduction of Al,O3
would be terminated, leaving the remaining CNT intact (without
further destruction). The presence of the Al,OC layer between CNTs
and the Al,0; may act as a barrier to inhibit further chemical
reaction as schematically demonstrated in Fig. 8c. This seems to
be verified by the fact that the CNTs maintained their original mor-
phological and structural features in the composites, even after
sintering under high temperatures and high pressures (Figs. 3a
and 5a). It is believed that the Al,03-CNT interface is primarily
composed of Al,OC.

The strong bonding discussed above seems to suggest that this
intermediate interface is chemically compatible with both matrix
and CNTs, playing an important role in the fracture toughness
improvement. When the nanocomposite is ruptured, loads could
be transferred effectively from the matrix to CNTs through this
interfacial layer. Thus, the CNTs remain firmly bonded with the
Al,03 matrix and resist the pullout. They also bridged the gap of
cracks and significantly contributed to the improvement of tough-
ness and other mechanical properties.

4. Conclusions

Well-dispersed CNT-reinforced Al,0; nanocomposites have
been fabricated successfully with reasonably high density by hot-

pressing. A 2 wt.% of CNT addition increased the hardness, flexural
strength and fracture toughness of nanocomposites, however fur-
ther CNT addition up to 5 wt.% slightly decreased the hardness, re-
duced the flexural strength but improved the toughness. The
increase in mechanical properties, in particular toughness, is be-
lieved to be associated with the homogenous dispersion of CNTs
within the matrix and the strong interface connections between
the CNT and the matrix, which is essentially required to operate
toughening mechanism. Our results confirmed the existence of
an interfacial phase between the matrix and the CNTs. This Al,OC
intermediate phase was, possibly, produced via a carbothermal
reduction of Al,03, which appears to exhibit a good chemical com-
patibility with both the CNTs and the matrix. The well-dispersed
CNTs within the Al,0O3; matrix increased the pullout resistance,
bridged the crack gaps and hindered the crack propagation by
exploiting CNTs elasticity, leading to improved fracture toughness.
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