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Abstract

Nanocomposites of Y2O3 doped Al2O3 reinforced with 2 wt% MWCNTs were fabricated by hot-pressing. The influence of a small Y2O3

addition (300 ppm) on the microstructure and mechanical properties of CNT-reinforced Al2O3 was investigated. The resulting Y2O3 doped
Al2O3-CNT nanocomposites showed near theoretical densities (499%) with an astounding 5 times finer grain size and substantial improvements
in the fracture toughness (40%), flexural strength (20%) and hardness (18%) than pure Al2O3, prepared under identical experimental conditions.
The Y2O3 addition improved the density of the matrix, eliminated the residual flaws and formed YAG (yttrium–aluminium–garnet) particles at
the grain boundaries in the nanocomposites. The submicron YAG particles, together with the CNTs, promoted the Al2O3 matrix to form fine-
grained microstructures and altered the fracture mode, thus leading to higher toughness and other mechanical properties. The improved
mechanical properties allows for the Y2O3 doped Al2O3-CNT nanocomposites to be used for applications in load bearing structures.
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Among structural ceramics, alumina (Al2O3) is appreciated for
high stiffness, excellent thermal stability and relatively low density,
but its extreme brittleness restricts this promising ceramic from
many advanced structural applications, such as in military armour
systems, as aircraft engine parts and in space engineering [1–6]. In
order to overcome the brittleness issue, carbon nanotubes (CNTs)
with extremely high strength and exceptional flexibility have
inspired researchers to investigate the possibility of incorporating
them into Al2O3. Several reports on the CNTs-reinforced Al2O3

have demonstrated large enhancements in fracture toughness,
hardness and other mechanical properties [7–13]. After years of
rigorous research, the role of CNTs in Al2O3 ceramics has been
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well-documented, such as hampering the densification process,
refining the matrix by grain pinning, increasing the fracture
toughness by crack bridging/crack deflection, improving the wear
resistance by sliding/rolling, and improving the electrical/thermal
properties [2–15]. In literatures, issues such as the homogenous
dispersion of CNTs, achieving higher densities of the nanocompo-
sites, understanding the toughening mechanism and Al2O3-CNT
interfacial bonding have been intensively discussed, whilst the
microstructural tuning is hardly attempted [7–15]. Tailoring the
microstructures of pure Al2O3 and Al2O3 based matrices with
metal oxide (MgO, Ce2O3, Li2O, Y2O3) has been an eminent
practice [16–24]. For an example, the addition of a small
amount of Y2O3 (o1000 ppm) has upgraded the monolithic
Al2O3 to a material with higher densities (99%), finer grains
and higher mechanical properties. The role of Y2O3 in improving
the densification, microstructures and mechanical properties of
the ZrO2-reinforced Al2O3 nanocomposites has been discussed
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[20–24]. Built on top of these successes, the study of potential
advantages of Y2O3 in CNT-reinforced Al2O3 ceramics is thus an
interesting subject.

This paper describes the fabrication and characterisation of
Y2O3-doped Al2O3 matrix nanocomposites reinforced by CNTs,
aiming to show the influence of a small amount of Y2O3 on the
structure (densities, grain size, residual porosity), mechanical
properties (fracture toughness, flexural strength, hardness) and
the fracture mode of the Al2O3-CNT nanocomposites.
2. Experimental procedures

2.1. Materials and manufacturing process

Well-mixed powders of 300 ppm Y2O3 and pure Al2O3

reinforced with 2 wt% of CNTs were hot-pressed to fabricate
the nanocomposites, as listed in Table 1. Fig. 1a shows the
transmission electron microscopy (TEM) image of the multi-
walled CNTs used in this study, supplied by Tsinghua
University, Beijing, China, and the CNTs exhibited an average
diameter ∅o40 nm. We first suspended the CNTs into
distilled water by adopting a colloidal chemistry technique,
as described earlier [12]. Al2O3 nanoparticles having a mean
particle diameter of�40 nm (Sigma-Aldrich, UK) were sepa-
rately suspended into distilled water with the aid of 60 min
sonication, then the desired amounts of Y2O3 nanoparticles
(∅25–30 nm, Sigma-Aldrich, UK) were slowly added to them.
The suspension was sonicated for another 60 min, in order to
obtain an even distribution for better results. Subsequently, the
well-dispersed CNT/water suspension was poured into the
Al2O3 and Y2O3 mixture water suspension, and the combined
suspension was again sonicated for 120 min to assure a
thorough mixing of the nanocomposite constituents. The
mixture was dried at 130–150 1C to acquire well-mixed
powders. A typical example of well-dispersed ceramic nano-
particles covering a single CNT, as revealed by TEM, is shown
in Fig. 1b. The dry powders were then hot-pressed in the form
of discs of ∅ 3270.5 and 370.5 mm thick, at the University
of Mining and Technology, Beijing, China. Hot-pressing was
carried out at 1600 1C for 60 min, under a constant pressure of
40 MPa during the whole sintering process under vacuum of
6.2� 10�2 Pa. Pure and Y2O3-doped Al2O3 reference sam-
ples, without CNTs, were also fabricated.
Table 1
Mechanical properties of Y2O3 doped CNT-reinforced Al2O3 nanocomposites.

Sample
designation

Matrix
material

CNT
contents
(wt%)

Y2O3

contents
(ppm)

Vickers
hardness
(HV) GPa

Flexural
strength
(sy)
MPa

Fracture
toughness
(KIC)
MPa m1/2

A0 Al2O3 – 0 16.070.3 357727 3.070.2
A3Y Al2O3 – 300 16.570.2 359722 3.270.3
A2C Al2O3 2 0 18.270.2 367718 4.370.3
A2C3Y Al2O3 2 300 19.470.2 442715 5.070.1
2.2. Density and structural characterisation

Apparent densities of all sintered samples were measured by
the water buoyancy (Archimedes) method using distilled
water. Prior to measurements, surface cleaning of all samples
was performed by using fine SiC paper. Theoretical densities
for Al2O3, Y2O3 and CNTs of 3.99 g/cm3, 5.01 g/cm3 and
1.85 g/cm3 respectively, were used for relative densities
calculations in this work [10,25].
Phases of sintered samples were acquired using a Cu Kα

radiation from a X-ray diffraction machine (D8 Advanced
X-ray Differactometer manufactured by Bruker Corporation),
and were identified with the help of Bruker Advanced X-ray
Solutions computer software. Fracture surfaces of selected
samples were studied using a Philips/FEI scanning electron
microscopy (SEM). For detailed grain boundaries study and
accurate determination of the grain size, all solid samples were
finely polished up to 1 μm and then thermally etched in a tube
furnace under an Ar atmosphere at 1400 1C for 15 min. Prior
to SEM observation, all samples were coated with a thin layer
of Au. An interesting and convenient chemical etching
technique was also adopted to prepare samples for TEM
analyses. Before chemical etching, the solid nanocomposite
sample was milled to fine size and immersed in NaOH solution
for several weeks then rinsed repeatedly with distilled water.
The residue was finally transferred to a carbon coated lacey
copper grid for subsequent investigation using a JEOL 2000
FX TEM.

2.3. Mechanical properties evaluation

All sintered discs were sliced into rectangular bars of
2571.5 mm (length)� 270.15 mm (breadth)� 2.570.20
mm (height) using a diamond cutting disc, which were subjec-
ted to three-point bending test using a 20 mm bending span
and 0.50 mm/min testing speed. Eq. (1) was used for the
flexural strength (sf) assessment, where F is the load at the
fracture point, L the span length, b the sample breath and d is
the sample thickness [12].

sf ¼
3FL

2bd2
ð1Þ

Small samples of 1071.0 (length)� 1071.0 (breadth)�
470.25 (thickness) mm were also prepared for hardness
evaluation. Prior to testing, all samples were cold mounted
using epoxy resin, and then ground on diamond pads of 120
and 220 grit and polished to 6 μm and 1 μm by using DP-
suspension on polishing cloths. 9.8 N loads for 15 s was
selected on a M-400 hardness tester (LECO, Japan) for the
microhardness testing and the Vickers hardness number (HV)
were further converted to GPa [6]. Young's modulus of all
samples was calculated by applying Eq. (2). In which E is
Young's modulus, ρ is the bulk density of the sample, Vc is the
compression velocity and Vs the shear velocity [26].

E¼ Vs
2ρð3V2

c�4V2
s Þ

V2
c�V2

s

ð2Þ



Fig. 1. TEM images of (a) pristine CNTs, (b) CNT/Al2O3 mixture, where a CNT (black arrow) is clearly visible within Al2O3 nanoparticles (white arrows),
(c) Fractured surface SEM image showing individually dispersed CNTs in Al2O3 matrix (black arrows) and (d) high resolution TEM image shows CNT pinning the
Al2O3 grain.
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The time-of-flight velocities for both compression and shear
wave propagation through the composite samples were deter-
mined by employing a ultrasonic pulse-echo technique.
20 MHz centre frequency, ∅ 6 mm contact TMP-3 transducer
supplied by Sonatest, UK, was utilised for compression
measurements, whereas 10 MHz centre frequency, ∅ 10 mm
contact V221-BA transducer manufactured by Panametrics,
USA, was used for the shear measurements. In all pulse echo
measurements, suitable couplant materials were used in each
case to ensure optimum contact between the samples and
transducers. Indent crack measurement (ICM) method was also
practiced in this case, only to provide a reference fracture
toughness (KIC) of samples, due to the increasing doubt on the
reliability of this technique. For this purpose, length of cracks
generated during indentation was carefully measured from the
center by using scanning electron microscopy, (Philips/FEI
XL30 FEG-ESEM), in combination with computer software
ImageJ (Image Processing and Analysis in Java).

KIC ¼ 0:016
E

H

� �1=2 P

c3=2

� �
ð3Þ

The fracture toughness was calculated by following Eq. (3),
where E is Young's modulus, H is the hardness and c the radial
crack length generated by Vickers's indentation [27].

3. Results and discussion

3.1. Physical properties and microstructure

SEM microstructure analysis of the fractured surface
(Fig. 1c) indicated the success of the colloidal chemistry
techniques adopted in this study [12]. It is found that uniformly
dispersed individual CNTs (2 wt% addition) exist in the
fractured Al2O3 matrix. Wrapping of individual CNTs around
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growing Al2O3 grain boundaries, as evident in Fig. 1d, during
the long hot-press sintering period, is another processing
challenge. Although it hindered the coalescence of the matrix
grains, resulting in fine grain size which is beneficial to the
final properties, this hindering effect, at the same time,
prevented the grains from sealing off the voids amongst them.
Hence, the final sintered densities were lower in the Al2O3-
CNT nanocomposites than that of the plain Al2O3, as
displayed in Fig. 2 [8,28,29]. High magnification SEM
microstructure images of the polished and thermally etched
surfaces of the dopant-free nanocomposites (Fig. 3b) showed
the presence of several flaws/porous features inside the matrix
grains (black arrows). Presumably, the generation and detach-
ment of these pores occurred as a result of grain boundary
migration during the course of high pressure and high
temperature consolidation process, which were subsequently
trapped inside the grains, thus contributing to the decreased
nanocomposite densities [30].

In case of CNT-reinforced nanocomposites with Y2O3

doping, the densities after consolidation nearly reached the
theoretical values (499%), as graphically represented in
Fig. 2. Several reports have stated that Y2O3 as a dopant has
an imperative role in altering the grain boundary chemistry,
lattice structure and surface diffusivity of Al2O3 matrix grains
in the nanocomposites. These improved sintering ability
arising from the control of grain boundary structure and pore
mobility, leads to higher densities [30,31]. The SEM micro-
graphs have clearly demonstrated the elimination of grain
porosities due to Y2O3 doping, in both monolithic Al2O3

(Fig. 3c) and Al2O3-CNT nanocomposites (Fig. 3d). In this
context, Fang et al. have previously suggested that Y2O3

doping serves two purposes, namely, (i) influencing the mass
transport of the Al2O3 matrix grains by controlling the
diffusion of Al and O ions and, (ii) hindering the detachment
of pores from the grain boundaries during the migration,
preventing them being trapped inside the matrix grains. The
pores are thus eventually shifted to grain junctions during the
last stage of sintering [18]. Based on these results, it is possible
that the Y2O3 doping has efficiently contributed towards
Fig. 2. Densities and grain size of monolithic Al2O3 and Al2O3-CNT
nanocomposite samples with/without Y2O3 doping.
eradicating the porosity from the matrix grains, besides sealing
the gaps at triple-grain junctions by segregating in the form of
YAG particulates, thus leading to higher sintered densities for
doped nanocomposites.
The solubility limit of Y2O3 in the Y2O3–Al2O3 system is

6–10 ppm. Hence, the excessive amount of Y2O3 generally
segregates at the matrix grain junctions in the form of another
phase [28,32]. This fact is corroborated by high magnification
SEM images of the thermally etched samples of the doped
Al2O3 and nanocomposites (Fig. 3e and f), in which the
existence of particulate precipitates of another phase at
junctions of the Al2O3 grain (indicated by white arrows) is
clearly revealed. EDS analysis of the same particulate con-
firmed the presence of yttrium (Y) and oxygen (O) in both the
doped Al2O3 and the doped nanocomposites (insets of Fig. 3e
and f). XRD patterns of all the samples, shown in Fig. 4, were
indexed for crystalline α-Al2O3 (JCPDS no. 01-078-2426) for
the matrix phase, and Y3Al5O12 (YAG) (JCPDS card no. 01-
072-1853) which must be corresponding to the precipitates.
The characteristic peaks of CNTs were absent in all nano-
composite samples due to their low content and possible
overlap of the strongest (0 0 2) peak of CNTs (JCPDS no. 01-
075-1621, included in Fig. 4 as a reference) with the (012)
peak of Al2O3.
The presence of CNTs along Al2O3 grain boundaries leads

to a 50% reduction in the grain sizes, by a grain impediment
phenomenon, as graphically (Fig. 2) and structurally (Fig. 3a
and b) represented. Moreover, the microstructure of dopant-
free nanocomposites in Fig. 3b demonstrates the discrete fine
and coarse grain areas (highlighted by black circle).These
structural irregularities may be attributed to the hitches in
achieving homogenous CNT distribution in Al2O3 matrix
[9,11,12]. Several factors such as Van der Waals tube–tube
attractions, fibrous morphology and high aspect ratio (length to
diameter) could have promoted the CNT entanglements, thus
controlling the ideal CNT concentrations level in the matrix to
a certain limit (o2 wt%). Studies suggested that homogenous
dispersion of CNTs below this concentration limit was attain-
able [8–12]. Taking into account the CNTs dispersion issue
and the heterogeneous microstructures in Fig. 3b, we believe
that CNTs may not be available at some Al2O3 grain
boundaries to act as a pinning agent. Thus, the grain impedi-
ment role associated with CNTs does not seem to be prevalent
in the entire microstructure of the nanocomposites.
Y2O3 doping in the same nanocomposites generated a fine-

grained and homogenous microstructure, as demonstrated in
Fig. 3d. A high magnification SEM image (Fig. 3f) of the
thermally etched doped nanocomposite has provided useful topo-
graphic details that are helpful in understanding the exact role of
the dopant in the microstructural improvements. Two important
features were particularly noted in Fig. 3f, (i) bimodal grain size
distribution representing relatively smaller YAG grains around
large matrix grains and (ii) defect-free prominent matrix grain
surfaces in Y2O3 doped nanocomposites that elucidate the excellent
thermal stability of Al2O3. Contrary to the physical/mechanical
dispersion of CNTs in the Al2O3 matrix, YAG precipitates are
thermodynamically formed from Y2O3–Al2O3 solid solution



Fig. 3. SEM images of polished and thermally etched (a) monolithic Al2O3-coarse Al2O3 grains, (b) Y2O3-free nanocomposites, showing heterogeneous fine and
coarse (black circle) grained microstructure with residual flaws/pores (black arrows) in inset, (c) Y2O3-doped Al2O3 showing equiaxed grains, (d) Y2O3-doped
nanocomposites exhibit flaw-free, fine-grained and dense microstructure, (e) Y2O3-doped Al2O3 showing submicron Y3Al5O12 precipitates (white arrow) at grain
junctions with EDS analysis of the same precipitates in inset, and (f) Y2O3-doped nanocomposite showing Y3Al5O12 precipitates (white arrow) within matrix grains,
at high magnification with EDS analysis of precipitate particle in inset.

Fig. 4. XRD patterns of powdered CNTs and sintered samples of Al2O3 and
Al2O3-CNT nanocomposites containing 0 ppm (A0, A2C) and 300 ppm (A3Y,
A2C3Y) Y2O3, respectively.
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through a phase-transformation process, thus their existence and
thorough distributions in the overall microstructure are rational
[31]. This leads to the advantages of potentially filling the voids
otherwise existed at grain junctions for an enhanced densification.
Simultaneously, they will also provide additional pinning sites in
those regions of microstructures where there are no CNT presences
(Fig. 3b–black circle). Numerical simulation has depicted that the
effectiveness of grain pinning in polycrystalline materials largely
depends on the end size (small particles are more effective than
larger ones) of the precipitate particle [32,33]. In fact, topographic
details of the doped nanocomposite samples (Fig. 3f) clearly
showed the very fine feature of the YAG precipitates, exhibiting
submicron dimensions around matrix grains. These results imply
that, compared with pure Al2O3, the initial 50% grain size
reduction in the dopant-free nanocomposites is purely due to
CNT’s grain pinning effect; however the further �30% grain
reduction in the doped nanocomposites is ascribed to the effect of
Y2O3. Concisely, the Y2O3 dopant will contribute in a number of
ways towards the quality improvement of CNT-reinforced Al2O3,
including (i) the removal of sintering defects (porosity) which
allowed the sintering pressures to consolidate further the matrix
grains, (ii) substitution of the grain junction voids with submicron
YAGs for enhanced densities, and (iii) provision of more grain



Fig. 5. SEM images. (a) The fractured surface of Al2O3-CNT nanocomposites,
exhibiting CNTs across the flaws (black circles), CNT pull-out (white arrows)
and (b) CNT bridging the crack surfaces (black arrow).
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pinning sites to suppress the matrix grain coarsening through Zener
pinning phenomenon [32]. The combined role of these phenomena
eventually led the Y2O3 doped Al2O3-CNT nanocomposites to
near theoretical densities and 5 times finer microstructures,
compared to the pure Al2O3.

3.2. Mechanical properties and toughening mechanism

Indent crack method (Chantikul model) was adopted to
assess the fracture toughness (KIC) of all sintered samples in
this study. Several empirical relationships based on indent
crack lengths have been adopted to evaluate the KIC of ceramic
materials and each led to different results [6–13]. For example,
most recently Sarkar et al. calculated the KIC values of Al2O3-
CNT nanocomposites by employing Niihara and Liang models
and reported moderately related and sufficiently higher KIC

values, compared to the KIC values of the same samples
obtained by SENB (single edge notched beam) testing
technique, respectively [34]. Inconsistent results have turned
down the indent crack technique for the validation of
engineering components especially for load bearing applica-
tions, however it is still widely employed for KIC value
comparisons [9,11,13,35]. The weak grain bonding, large
grain sizes, residual flaws and intergranular fracture mode
are generally attributed to the low fracture toughness/strength
of monolithic Al2O3. Our hot-pressed plain Al2O3 samples also
exhibited similar results (shown in Table 1), well in line with
those literature reports [2–16].

A 30% higher KIC value of the dopant-free nanocomposites,
against the reference monolithic Al2O3 (indicated in Table 1),
suggests that the CNTs have somehow transferred their strong
and flexible feature to the matrix. Fig. 5 clearly shows firm
attachment of numerous individually dispersed CNTs in the
matrix, representing a strong CNT/Al2O3 bonding, as proposed
by Ahmad et al. and Sarkar et al. in their separate reports
[10,34]. Furthermore, CNTs bridged the cracking gaps
(Fig. 5a, black circles and Fig. 5b, black arrow) and resulted
in resistance to pullout (Fig. 5, white arrows), thus strength-
ened the composites and led to higher fracture toughness. On
top of the influence of CNTs on toughness enhancements, a
negligible (3%) improvements in the flexural strength of
Al2O3-CNT nanocomposites than monolithic Al2O3 was
attained. Although Fig. 6b clearly showed the transgranular
fracture mode (operates when the grain boundary attained the
fracture strength near the matrix grain) in Al2O3-CNT nano-
composites, however the presence of residual flaws in the
microstructure of nanocomposites elucidated the low fracture
resistance [36]. The sensitivity of residual flaws in ceramics
can be gauged by an empirical square root relationship
(sF1l�0.5) which describes the fracture strength (sF) depen-
dency on the flaw (c), where (c) is calculated with the grain
size (l) [37,38]. Moreover, the flaw morphology and their high
population might have other influences in lowering the
amounts of stress required to initiate a crack. For example,
sharp flaws (Fig. 6b, white circle) are logically more suscep-
tible to stress concentration than blunt ones (Fig. 6b, white
square). Based on these topographic details, it is predicted that
the failure in Al2O3-CNT nanocomposites probably started on
piling a large amount of stresses around the flaws. Upon tensile
loading, fractures occur instantaneously at the flaw's edge,
rather than through intergranular, which normally occurs along
weakly bonded matrix grain boundaries. Though CNTs were
indeed observed inside these flaws (pointed with white arrows
in Fig. 6b), it is quite possible that they could not effectively
reinforce the materials due to the weak bonding with their
respective grains across these flaws, thus the failure started at
much lower loads than expected. The transgranular fracture
mode observed in the nanocomposites however depicts the
strong bonding between matrix grains and CNTs, and the
straight indent crack propagation profile confirms the existence
of such a failure mechanism in the dopant-free nanocompo-
sites, as shown in Fig. 7c. Hence, the failure in Al2O3-CNT
nanocomposite is thought to occur mainly through transgra-
nular fracture which led to the higher fracture toughness, rather
than the mixed inter-trans granular mode, as proposed by other
[34]. However, we believe that the residual flaws suppressed
the CNT's strengthening role and hindered the Al2O3-CNT
nanocomposites to gain maximum toughness and strength.
Thus their elimination is imperative.



Fig. 6. SEM images of fractured surface: (a) monolithic Al2O3-large grains with intergranular fracture; (b) Y2O3-free nanocomposites showing residual porosity
(white square), sharp flaws at matrix grain junctions (white circle), CNTs within flaw cavity (short white arrow), transgranular fracture (double-headed long white
arrows); (c) mixed mode fracture in doped Al2O3-CNT nanocomposites-transgranular (double-headed long white arrows), intergranular (short black arrows); and
(d) high-magnification SEM image of doped nanocomposites showing CNTs (short white arrows) at individual matrix grains.

Fig. 7. SEM images of (a) Vickers's hardness indent at 9.8 N used for fracture
toughness assessment and indent crack profile of (b) monolithic Al2O3,
(c) dopant-free nanocomposites and (d) Y2O3 doped Al2O3-CNT
nanocomposites.
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Y2O3-doped nanocomposites demonstrated a 40%, 15%
higher KCI, and a 20%, 17% higher flexural strength (sf) than
monolithic Al2O3 and dopants-free nanocomposite respectively,
as summarised in Table 1. By comparing the fractographs, a
distinctive fracture mode change from transgranular (Fig. 6b) in
the dopant-free nanocomposites to a mixed inter-transgranular
(Fig. 6c) in doped nanocomposites is clearly evident, without
obvious flaws and other structural defects. As illustrated in
previous section, the Y2O3 has improved the density, segregated
at the grain boundaries and formed the YAG phase preferably at
Al2O3 grain junctions in the doped nanocomposites, thus
offering the two potential advantages, (a) residual flaws
elimination and (b) grain size reduction. Furthermore, Takiga-
was et al. have suggested that a good contact between the YAG
phase and Al2O3 could exist, hence a smooth transfer of
dislocations (generated upon loading) from the matrix grains
to bi-grain junctions through the YAG phase instead of piling
up at triple-grain junctions may be deduced [39]. Deng et al.
have also proposed that due to Y3þ ions segregation on the
weak Al2O3–Al2O3 grain boundaries, an intergranular fracture
mode was expected in the doped nanocomposites, otherwise a
mixed inter-trans granular fracture mode was observed (Fig. 6c)
[40]. Indeed, Fig. 7d shows a mixed indent crack profile in the
doped nanocomposite which is neither zigzag nor straight,
indicating the complexity of the fracture modes.
High-magnification SEM image of fractured surfaces of the

doped nanocomposites has revealed that fewer CNTs are
within individual matrix grains, and the composite underwent
an intergranular fracture, as shown in Fig. 6d (white arrows).
It is probably that in regions where less CNTs exist the matrix
grains could not be properly reinforced, thus leading to the
intergranular fracture. This phenomenon may be associated
with deficient CNTs at individual grain level, and with the
weak matrix grain boundaries due to dopant segregation.
Despite these hurdles, the available CNTs, in both cases,
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dissipated energy via elastic deformation and nanofriction
through crack bridging and pull-out toughening mechanisms
respectively, as reported by many groups [7–12,34]. The fine-
grained structure in doped nanocomposites is beneficial to the
increased critical strain-energy release rate, by providing more
crack deflections during the intergranular fracture [40]. In this
way, the mixed (inter and trans granular) fracture modes with
the support of fine grains and flaw-free microstructure led the
doped nanocomposites to a higher fracture toughness (15%)
and flexural strength (17%) than the dopant-free counterparts.

The hardness of the monolithic Al2O3, dopant-free and
doped nanocomposites was measured to be 16.0, 18.2 and
19.4 GPa, respectively. Usually, grain boundaries and reinfor-
cing constituents are considered as pinning points in the matrix
microstructures, as they impede the dislocation movements
across their respective microstructures by hindering the onset
of plasticity, thus making the fine-grained ceramics based
composites harder [41,42]. Moreover, the Hall–Petch equation
(Eq. 4) that was originally developed to predict the relationship
between the yield strength and grain sizes of metallic materials
has also been found equally suitable for assessing the hardness
of ceramics [43].

H ¼HRþKd�1=2 ð4Þ
where H is the measured hardness by Vickers indentation, HR

is the reference hardness, K is the proportionality constant and
d the mean grain size. The relationship between hardness and
grain sizes is evident from Eq. 4. Hence, the 12% higher
hardness in case of the dopant-free nanocomposites than pure
Al2O3 is possibly due to the 50% finer grains and good CNT-
matrix bonding [10,34]. The role of Y2O3 doping in the
microstructure tuning in nanocomposite granted extra advan-
tages, such as minimising the stress concentration sites
(removal of residual flaws/pores), extra grain boundaries
(grains refinement) and additional crack resistance through
the mixed mode fracture mechanism (fracture-mode altera-
tion), and all these resisted deformations, and consequently
leading to a further 6% and 18% higher hardness than the
dopant-free composites and the parental monolithic Al2O3,
respectively.

4. Conclusions

A small amount of Y2O3 addition into the Al2O3 matrix refined
the overall microstructure of the Al2O3-CNT nanocomposites and
improved their key mechanical properties. The Y2O3 doping
resulted in a near theoretical density of 499%, which is
attributed to the improved sinterability and the removal of
residual flaws/pores within the matrix. A 80% reduction in the
grain size in the doped Al2O3-CNT nanocomposites than the pure
Al2O3 was due to the grain boundary pinning associated with
both the CNTs and submicron YAG (Y3Al5O12) participate
particulates. Furthermore, the Y2O3 doping also contributed to
the fracture mode transformation from the transgranular in
dopant-free nanocomposites to a mixed inter-trans granular
fracture mode in the doped nanocomposites. The fracture
toughness, flexural strength and hardness values for Y2O3 doped
Al2O3-CNT nanocomposites showed a respective percentage
increase by 40, 20 and 18 than the pure Al2O3 samples, while
an improvement of 15%, 17% and 6%, respectively, was
achieved than the dopant-free nanocomposites. These results
suggest that the microstructure refinement of the dopant, com-
bined with the excellent strength of CNTs, have upgraded the
Al2O3 to a mechanically superior nanocomposite that will be
suitable for a diverse engineering application.
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