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Magnesia tuned alumina ceramic nanocomposites, reinforced with multi-walled carbon nanotubes, were con-
densed using pressureless and hot-press sintering processes. Densification, microstructure and mechanical proper-
ties of the produced nanocomposites were meticulously investigated. Electron microscopy studies revealed the
homogenous carbon nanotube dispersion within the alumina matrix and confirmed the retention of carbon nano-
tubes' distinctive tubular morphology and nanoscale features during the extreme mixing/sintering processes. Pres-
sureless sintered nanocomposites showed meagre mechanical responses due to the poorly-integrated
microstructures with a slight improvement upon magnesia addition. Conversely, both the magnesia addition and
application of hot-press sintering technique resulted in the nanocomposite formation with near-theoretical densi-
ties (~99%), well-integrated microstructures and superior mechanical properties. Hot-press sintered nanocompos-
ites incorporating 300 and 600 ppm magnesia exhibited an increase in hardness (10 and 11%), flexural strength
(5 and 10%) and fracture toughness (15 and 20%) with respect to similar magnesia-free samples. Compared to
monolithic alumina, a decent rise in fracture toughness (37%), flexural strength (22%) and hardness (20%) was ob-
served in the hot-press sintered nanocomposites tuned with merely 600 ppm magnesia. Mechanically superior hot-
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press sintered magnesia tailored nanocomposites are attractive for several load-bearing structural applications.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have colossal interest due to their ex-
ceptional mechanical properties and functional traits thus being the
front-runner reinforcing nanomaterial for contemporary ceramic
composite technology [1,2]. Alumina (Al,03) is an important struc-
tural ceramic material that is widely used in conventional industries
and has promises for advanced load bearing structural applications
like military armour system, aircraft engine parts and space engi-
neering after curtailing its brittleness [3]. Therefore, a rigorous re-
search work was conducted, over the last few years, to transfer
the exceptional elasticity and strength of the CNTs to the brittle
Al,03 with numerous reports claiming success in this regard
[4-10]. Although CNTs have refined the matrix grains and enhanced
the strength, fracture toughness, wear resistance and electrical/thermal
properties of the monolithic Al,O3 [11-13], the fabulous properties of
CNTs could not be fully transferred to the nanocomposites due to
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hitches in obtaining even CNT distribution and near theoretical densi-
ties in the final nanocomposites, thus new strategies to address these
challenges are in demand [4,5,14].

From literature, it seems that the mechanical properties of the CNT-
reinforced Al,03; nanocomposites could be further improved by tuning
their microstructures using rare earth metal oxides [15,16]. In this per-
spective, microstructural modification of pure Al,03 and Al,03-based
composites containing rare-earth metal oxides such as magnesia
(Mg0), cerium oxide (Ce,0s), lithia (LiO) and yttria (Y,03) is an effec-
tive practice [ 17-20]. For example, small amounts (<1000 ppm) of Y503
doping into monolithic Al,O5 and ZrO,-reinforced Al,O3 nanocompos-
ites have shown notable improvements, resulting in high densities, de-
fect-free microstructures and enhanced mechanical properties [19]. A
recent study on the Y503 tuned Al,Os-CNT nanocomposites reported a
higher (>99%) density, fivefold grain refinement and toughness en-
hancement of 40%, compared with the reference monolithic Al,05 [20].
Similarly, small amounts of MgO (300 ppm) have been reported to re-
duce the effective sintering temperatures and restrict grain growth of
Al,03 reinforced with 5 vol.% silicon carbide (SiC) [21,22].

Besides these successes, the microstructural tweaking of the CNT-
reinforced Al,03 nanocomposites with MgO is rarely attempted. For
this purpose, MgO-tuned Al,03 ceramic nanocomposites reinforced
with 2 wt.% multi-walled carbon nanotubes (MWCNTSs) were fabricated
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at elevated temperatures under pressureless (PL) and high-pressure
(HP) sintering environments. The influence of small MgO additions
(300 and 600 ppm) on the density, microstructure, grain size, hardness,
flexural strength and fracture toughness of the nanocomposites is pre-
sented in this paper.

2. Materials and experimental procedures
2.1. Sample preparation

HP-sintering and PL-sintering techniques were used to fabricate
Al,03 matrix nanocomposites reinforced with 2 wt.% MWCNTs. Fig. 1
shows the fibre-like morphology and the multilayer tubular structures
of the MWCNTSs used as a reinforcing agent. MWCNTs were produced
at Tsinghua University, Beijing, China with >90% purity and outer diam-
eter, length and specific surface area values of ~40 nm, 0.8-2 pm and
60 m?/g, respectively. The MWCNTs were chemically modified with
H,S04-HNO; solution and then dispersed into an aqueous solution con-
taining small quantity (<1 wt.% of MWCNTSs) of the surfactant sodium
dodecyl sulphate (SDS, Sigma-Aldrich, United Kingdom) via sonication
for 30 min using an ultrasonic probe (Sonic Processor D-100-20, Sonic
system, United Kingdom). The aqueous MWCNT slurry was then in-
cubated for 3 weeks, in order to obtain thorough adsorptions of the
surfactant particles onto the MWCNT's surfaces. Nanopowders of
v-Al,03 ($30-40 nm, >98% pure specific surface area >40 m?/g)
and MgO ($25-30 nm, 99.9% pure), obtained from Sigma-Aldrich,
United Kingdom, were also incorporated at this stage according to
the compositions given in Table 1. The suspension was re-sonicated
for 120 min and divided into two equal batches after drying at
120-135 °C. One batch of the dried mixture was compacted into
12 mm diameter tablets at a pressure of 800 MPa using a high strength
stainless steel mould and 50 ton Moore Hydraulic Press and subse-
quently sintered without external pressures at 1600 °C for 60 min
under Ar atmosphere in a tube furnace (Elite, United Kingdom). The
second batch of the mixture was separately hot-pressed (University of
Mining and Technology, China) into $32 mm diameter tablets under a
constant pressure of 40 MPa at 1600 °C for 60 min under vacuum.
In both sintering processes slow heating (10 °C/min) and cooling
(30 °C/min) rates were maintained to prevent thermal spalling of
the samples. Monolithic Al,03 tablets were also fabricated using
both sintering methods.

Table 1
Chemical compositions, densities and mechanical properties of the HP-sintered monolith-
ic Al,05 and nanocomposites with and without MgO tuning.

Matrix ~ MgO CNT Measured ~ Flexural  Fracture Modulus of
material contents contents density strength  toughness elasticity
(ppm)  (wt%)  g/cm® (0y) (Kic) (E)
MPa MPa-m'?  GPa
Al,03 - - 3.884+0.01 340+21 32401 392410
Al,03 300 - 3904002 346+ 18 3.14+02 388+15
Al,03 600 - 3924001 355426 32+01 390+ 13
Al,O3 - 2 3.824+0.02 390+ 10 414+03 370414
Al,03 300 2 393 4+0.01 410+22 48402 364416
Al,05 600 2 3954001 435410 51403 353421

2.2. Density measurement and structural characterisation

Density of each sintered sample was measured by Archimedes
method in distilled water, and the relative density was calculated
by dividing apparent density with theoretical density. The theoreti-
cal density values for Al,03, MgO and MWCNT were considered to
be 3.97, 3.58 and 1.80 g/cm?, respectively [22,23]. Structural features
of the gold coated fractured samples were assessed using a scanning
electron microscope (SEM, Philips/FEI-XL30). A Siemens D500 X-ray
diffractometer with CuK,, radiation (DIFFRACP', Bruker Advanced
X-ray Solutions, Germany) was operated with 0.025°/s step size to
(i) identify the crystalline phases and (ii) estimate the crystallite sizes
of the sintered samples. Furthermore, the crystallite size was calculated
by measuring the peak width (full-width-at-half-maximum, FWHM) in
an X-ray diffraction pattern of the sintered polished samples, as given
by Scherrer Eq. (1) [24],

KA\
t= B cosf (1)

where B is the FWHM value of a specific plane (hkl) in radians, A is the
wavelength of the incident X-rays, 6 the centre angle of the peak, t the
crystallite size and K is the crystallite shape factor, having a typical
value of ~0.9. Thermal etching of all fine-polished samples was carried
out at 1400 °C for 15 min under Ar atmosphere. Chemical etching method
was practiced to prepare samples for transmission electron microscope

Fig. 1. TEM images of the pristine MWCNTSs, (a) at low magnification, show fibrous morphology and nanoscale dimensions and (b) at high-resolution, demonstrate a multi-layered tubular

structure.
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(TEM) investigations. For this purpose, finely milled (<150 um) HP-
sintered nanocomposite samples were dipped into a NaOH solution for
2 weeks and then rinsed with distilled water several times to remove
any NaOH traces. The cleaned samples so obtained were then suspended
in acetone medium using ultra-sonication followed by transfer onto a
holey carbon copper grid for further observation under TEM (JEOL 2000
EX, Japan) [12].

2.3. Mechanical testing

After fine polishing using 1 pm diamond suspension, microhardness
testing of the resin bonded sintered samples was carried out at 9.8 N
loads for 15 s by employing hardness tester (M-400, LECO, Japan).
Pulse-echo reflectometry, a non-destructive ultrasonic technique, pro-
vides a simple method to estimate modulus of elasticity of the sintered
samples. Compression measurements were made using a 20 MHz cen-
tre frequency using $6 mm contact transducers (TMP-3) provided by
Sonatest, UK. The equivalent shear measurements were performed
with a 10 MHz centre frequency using a $10 mm contact transducer
(V221-BA) supplied by Panametrics, USA. Appropriate couplant mate-
rials such as oil and set honey were used in each case to ensure optimum
contact between the samples and the transducers. From velocity mea-
surements, the modulus of elasticity of the samples was calculated by
employing Eq. (2) [14],

. V52p<3VL.2 —4v52)
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where E, p, V. and V; are Young's modulus, bulk density of the sample,
compression velocity and shear velocity, respectively.

Flexural strength (0j) is defined as strength of a material during
bending at the instant of failure and is expressed by the following equa-
tion (Eq. (3)) for a three-point bending test configuration [12],

3FL
AT 3
where Fis the load at the fracture point, L is the span length, b the sam-
ple breath and d the sample thickness. In this study, the oy was mea-
sured by a three-point bending method using an INSTRON-5569
universal testing machine according to ASTM 1161-02c protocol.
The breaking load was measured using a 5 kN load cell. For each
test, three samples were cut from a hot-pressed disc using a resin-
bonded diamond impregnated wafering blade (Buehler, Germany).
The specimen dimensions were 25 + 1.5 mm (I) x 3 + 0.2 mm
(b) x 2.5 &+ 0.2 mm (d). Before testing, all faces of the sample
were carefully polished to 1 um roughness using a diamond paste. The
bending span and the load speed were 20 mm and 0.5 mm/min,
respectively.

In the direct crack measurement (DCM) method, the lengths of crack
emerging from the corner of an indent generated during Vickers hard-
ness tests are used to determine fracture toughness (Kic). The crack
lengths were carefully measured using SEM, within 1-2 h after indenta-
tion, and the recorded images were analysed utilising image processing
and analysis software (Image]). The K¢ values were computed using
Eq. (4) [11],

EN'2/ P
K,C:O.016<ﬁ) <@> (4)

where E, H and C are the respective values of modulus of elasticity, mi-
crohardness (HV) and radial crack length generated through Vickers
indentation.

3. Results and discussion
3.1. Dispersion and stability of MWCNTs

A homogenous dispersion of the MWCNTs within the base Al,03
matrix is imperative to fabricate mechanically strong nanocomposites.
Studies on the MWCNT-reinforced ceramics described that an adequate
dispersion is attainable for up to 2 wt.% MWCNT reinforcement with
further additions always resulting in poor quality nanocomposites,
due to severe MWCNT agglomeration [12,16,20]. Keeping this in view,
a wet chemistry route was adopted to disperse MWCNTs homogenously
into the Al,03; matrix as described elsewhere [14]. In short, high fre-
quency ultrasonication, surfactant (SDS) and three week storage period
for thorough attachment of surfactant (SDS) particles onto the MWCNT
surfaces, all efficiently contributed to obtain even distribution of the
MWCNTSs within the parent Al,05 matrix. SEM fractography (Fig. 2a
and b) of the nanocomposite samples confirmed the even dispersion
of the MWCNTSs (marked with white arrows). The homogenous disper-
sion is believed to occur due to attachment of the hydrophobic
MWCNTs to the hydrophobic tails of the SDS surfactant particles,

Fig. 2. SEM fractured surface images of the MgO tuned nanocomposites showing well-
dispersed MWCNTs (white arrows) within Al,03 grains at (a) low and (b) high mag-
nifications and (c) TEM image of a MWCNT (white arrow) retrieved from sintered
nanocomposites exhibiting its structural and morphological stability.
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resulting in MWCNT surfaces being covered by positively-charged surfac-
tant molecules. Such envelope increases the magnitude of steric
hindrance between MWCNTSs and counteracts the van der Waals interac-
tion amongst them. Moreover, the sulfonic group in the surfactant (SDS),
through adsorption onto the MWCNT surfaces, changes the wetting
properties and makes MWCNTSs hydrophilic, thus facilitating their disper-
sion in the matrix [16]. Besides showing success in the MWCNT distribu-
tion, Fig. 2 also provides interesting details concerning the physical and
the structural stability of the MWCNTSs, which negate doubts about
their degradation during processes involving higher temperature and/
or pressures [25,26]. High magnification SEM micrograph details obtain-
ed from analysis of the nanocomposite fractured surfaces (Fig. 2a and
b) clearly show the typical fibrous-like tubular morphology with curly
features, which depict the retention of the promising high elastic strain
traits, predicted for the MWCNTs [2]. Furthermore, Fig. 2c shows the
TEM microstructure of a chemically etched nanocomposite sample
where a firm attachment of a tube-like structure of the MWCNT (white
arrow) with the Al,05; matrix (black arrow) is clearly visible. Such obser-
vations made during electron microscope studies corroborate with the
idea that the MWCNTs are both mechanically and thermally stable, main-
taining their tubular morphology and nanoscale features even under ele-
vated temperatures and high pressure sintering environments. These
findings, therefore, are well in-line with the inferences drawn from mo-
lecular dynamics simulation study for estimating physical, mechanical,
structural and thermal stability of the MWCNTSs [26].

3.2. Densification and structural features

Our results (Fig. 3a) show that with just 300 ppm and 600 ppm MgO
additions the relative density of the PL-consolidated unreinforced
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Fig. 3. (a) Densities of the monolithic Al,0; and nanocomposite samples as the function of
MgO concentrations, sintered under pressures and pressure-free conditions and
(b) comparison of the density of MgO-doped nanocomposites with previous reports.

Al,03 was raised to 92% and 94%, respectively, which are 2 and 4%
higher than that of PL-sintered pure Al,03 (90%). In this context,
studies explain that MgO efficiently controls the abnormal grain
growth, pore mobility and O, loss from Al,03 during the PL-sintering
by altering the grain boundary chemistry, lattice structure and surface
diffusivities, thereby leading it to higher density and fine microstruc-
tures [17,18,21,27].

A relative density of 86% could be achieved after PL-sintering the
nanocomposites, even with MgO doping at both levels, this barely con-
tributed towards any density improvement (Fig. 3a). It is well-known
that owing to the tubular morphology, high aspect ratio and thermal/
chemical stability of the MWCNTSs, material migration during the densi-
fication is restricted, thus preventing Al,Os; grain integration and
adversely affecting the densification of nanocomposites upon sintering
under pressure-free condition. Low magnification SEM fractographs of
the PL-sintered nanocomposites revealed a heterogeneous microstruc-
ture containing isolated dense patches separated by microcracks
(white arrows in Fig. 4b); whereas no such microstructural irregulari-
ties were observed in monolithic Al,03 samples (Fig. 4a). MWCNTs
seem to be the potential source of scanty densification of PL-sintered
nanocomposites. The presence of heterogeneous microstructures
maybe attributed to two potential reasons: (i) gaseous products (Al,O
and CO) are produced during the carbothermal reduction of Al,03 by
MWCNTs at elevated temperatures (~1600 °C) and it is quite possible
that these gases gradually generated pressure inside the nanocompos-
ite, producing microcracks as a consequence whilst escaping during
subsequent cooling, and (ii) MWCNTs being an effective grain refine-
ment agent hindered the Al,O5 grain growth during PL-sintering
through segregating at grain boundaries in addition to restricting the
grain coalescences, thus giving rise to porous or heterogeneous micro-
structures of the nanocomposites [16,28].

Conversely, the constant external pressures during HP-sintering
consolidated both pure Al,05 (Fig. 4c) and nanocomposite (Fig. 4d)
into a well-integrated, dense and homogenous microstructure, without
the above microstructural flaws, with high relative densities of 96.4 and
94.5%, which are 6 and 9% higher than their respective PL-sintered
counterparts (Fig. 3a). It is most likely that high pressure prevalent dur-
ing sintering simultaneously eliminated shrinkage-induced microcracks
or the microcrack/void formation due to escape of gases generated
during sintering, thus consequently consolidating the nanocomposites
to higher densities by overcoming the hurdles arising from MWCNTSs.
Furthermore, Fig. 3a shows that the MgO doping of 300 or 600 ppm
into nanocomposites of the same composition also raised the relative
densities of the HP-sintered samples to 97.8 and 99.6%, an increment
of 3 and 5%, compared with their MgO-free nanocomposite counter-
parts. These density increases suggest that MgO doping may have al-
tered the sintering characteristics of Al,03 in the nanocomposites
during HP-sintering. Diminution of O, from Al,03 during high tempera-
ture sintering (>1600 °C) is a known phenomenon that restrains Al,O3
matrix composites from attaining near-theoretical densities [29]. How-
ever, dopants like MgO influence the mass transport of the Al,O3 matrix
grains by controlling the diffusion of AI>™ and 0?~ ions as well as im-
prove the thermal stability of Al,Os, thus resulting in nanocomposites
with higher densities [30]. The significance of MgO doping in nanocom-
posites is also evident from graphical comparison (Fig. 3b) of the densi-
ty results with earlier reports. For example Ahmad et al. [12], and Wie
et al. [31], could obtain respective density values of 3.82 and 3.85
g/cm> for nanocomposites after HP-sintering, whereas Yamamoto
et al. [32], sintered nanocomposites to a density of 3.82 g/cm? using
SPS. Similarly, Ghobadi et al. [33], Ueda et al. [34], and Bakhsh et al.
[36], reported low densities of 3.70, 3.66 and 3.67 g/cm?, respectively,
for PL-sintered nanocomposites with the same constituents. Our HP-
sintered nanocomposites doped with 600 ppm MgO demonstrated a
density of 3.95 g/cm®, which is close to the theoretical density (99.6%).
These details corroborate the combined importance of the external
pressures and MgO, as dopant, during elevated temperature sintering
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Fig. 4. Low magnification images of the SEM fractured surface details of the samples sintered without external pressures, 600 ppm MgO-doped (a) monolithic Al,03, (b) nanocomposite,
microcracks clearly visible (white arrows) and HP-sintered MgO-free (c) monolithic Al;05, and (d) nanocomposite, exhibiting well-integrated flaw-free homogenous microstructure.

regimes in order to obtain advanced structures and properties in the
MW(CNT-reinforced Al,03 nanocomposites.

3.3. Grain size analysis and fractography

Compared with the PL-sintered monolithic Al,0s, the grain sizes re-
duced by 11 and 19%, respectively, upon tuning with 300 and 600 ppm
MgO, as evident from Fig. 5. Fig. 6a reveals the uneven grain growth in
the undoped Al,03, however, the MgO addition helped in the formation
of finer and more uniform grains (Fig. 6b and c). Indeed, MWCNTs acted
as a grain refining agent during the PL-sintering of the nanocomposites
(Fig. 6d), and the surface microstructure of the MgO-free CNT/Al,0O5
nanocomposite exhibits a 70% finer grain morphology than pure
Al;0s. A further drop in the grain size by 5 and 28% was observed in
the case of the PL-sintered nanocomposites tuned with 300 and
600 ppm MgO, respectively, as shown in Fig. 6e and f. In this context,
it may be assumed that the MWCNTSs are not present at all of the

2.0
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Fig. 5. Influence of the MgO contents on the grain size of the monolithic Al,03 and nano-
composites consolidated by PL-sintering and HP-sintering.

Al,0O5 grain boundaries to act as a pinning agent, because some studies
showed that MWCNTSs could be dispersed homogenous only up to
very low levels (2 wt.%) [20]. Therefore, grain refinement in the
tuned nanocomposites is probably due to the precipitates of magne-
sium-aluminate-spinel phase (MgAl,0,) that were present throughout
the microstructure and formed thermodynamically from the MgO-
Al,03 system through phase transformation process [19]. The XRD pat-
tern of the MgO-tuned Al,O3 (Fig. 7a) indicated the presence of diffrac-
tion peaks which are characteristics of the MgAl,04 phase (JCPDS card
no. 01-073-1959). Furthermore, the elemental constituents of the sam-
ples were confirmed from EDS analysis (Fig. 7c), spotted on areas
marked by white arrows in the thermally etched micrograph (Fig. 7b)
of the MgO-tuned sample. Presumably, these submicron sized precipi-
tates effectively pinned the grains of the tuned nanocomposites to
produce fine grain microstructures.

HP-sintered samples revealed exciting microstructural features as
graphically represented in Fig. 7. Regardless of the MgO addition, pure
Al,03 and nanocomposites, exhibited slightly larger grain sizes than
similar PL-sintered samples, respectively. The development of large
grains with homogenous sizes during the pressure-assisted sintering,
as shown in the SEM images of the fractured surface in Fig. 8, may be at-
tributed to the reduced magnitude of drag forces on boundary motion.
The applied pressures during sintering increased the consolidation
rate, thus causing reduction of drag forces. The high sintering tempera-
ture, used to densify the samples, together with the presence of external
pressure, could lead to unfavourable environment for grain growth, as
suggested in an earlier study.

Furthermore, the microstructural features presented in Fig. 8
provide an in-depth insight into the role of the MgO in nanocomposites,
because MgO-free nanocomposite samples presented numerous
microscale structural flaws (white arrows in Fig. 8d) which are larger
in dimensions and thicker in population. After MgO addition at either
levels (300 or 600 ppm), an obvious change in the microstructures
was observed as demonstrated in Fig. 8e and f, where a significant
drop in the destiny of structural defects is evident. These findings
support that MgO plays a significant role in altering the sintering mech-
anism, thereby leading to the production of far better and more homog-
enous microstructures in nanocomposites by somehow offsetting the
apparent disadvantages due to the inclusion of MWCNTs. Therefore,
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Fig. 6. Fractured surface SEM images of the samples that underwent PL-sintering, (a) untuned Al,0s, (b) 300 ppm MgO-tuned Al;Os, (¢) 600 ppm MgO-tuned Al,05, (d) untuned nano-
composite, (e) 300 ppm MgO-tuned nanocomposite and (f) 600 ppm MgO-tuned nanocomposite.

higher densities were obtained than those nanocomposites without
MgO. Indeed, this MgO-tuned structural modification in nanocompos-
ites is fairly advantageous in enhancing the degree of interaction
between the MWCNTSs and the Al,03 matrix, allowing for MWCNTS to
exhibit improved crack bridging and/or pull-out toughening capacities
[4,5,11,14].

3.4. Mechanical properties

Hardness measurements showed a 5% drop in hardness in the nano-
composites (16.2 GPa) from that of monolithic Al,05 (17.1 GPa)
sintered under similar PL-sintering conditions without any MgO tuning.
It is a fact that, even if homogenously dispersed as second phase,
MWCNTs showed unfavourable effects on some important sintering
mechanisms such as material diffusion and porosity elimination, thus
resulting in nanocomposites with poor densification, weak MWCNT/
matrix interface and reduced hardness [11,14]. Fig. 9 shows that as
opposed to MgO-free samples, the PL-sintered monolithic Al,03
(17.6 GPa) and nanocomposites (18.4 GPa) exhibited a higher hardness
after tuning with 300 ppm MgO. Meanwhile, a further increase of the
MgO content to 600 ppm did not appear to have any significant effect
on hardness (18.5 GPa). The 12% increase in the hardness of the nano-
composites after 300 ppm MgO additions is possibly due to the lower
sintering temperature during the PL-sintering which allows MWCNTSs
to attach firmly with the Al,03 grains for performing strengthening
mechanisms, as described in earlier studies [4,11]. Moreover, the higher
hardness in the case of MgO-doped nanocomposites may also be associ-
ated with the appearance of fine-grained microstructures (Fig. 6). In
ceramic nanocomposites, grain boundaries are potential pinning sites
in the matrix microstructures, offering obstacles for dislocation to

move across their respective microstructures by obstructing the onset
of plasticity, thus a finer-grained microstructure as in cases of ceramic
nanocomposites possesses increased the hardness value [20]. Fig. 9
further illustrates that the untuned and MgO tuned nanocomposites
(300 and 600 ppm), upon HP-sintering treatment, show improve-
ments in hardness by 15, 12 and 14%, respectively, when compared
with their PL-sintered nanocomposite counterparts. On the basis of
these hardness results, it can be deduced that the presence of exter-
nal pressure during the high temperature sintering process is vital
to increase the degree of interaction amongst the reinforcing
MWCNTs and the Al,03 matrix, which is highly desirable for good
matrix/reinforcement cohesion [11,12]. Certainly, external pressure
applied during the HP-sintering enhances the MWCNT/Al,03 adhe-
sion and improves consolidation through the elimination of micro-
structural defects; whilst at the same time, the MgO addition controls
the sintering mechanisms thereby increasing their hardness in the
doped-nanocomposites.

Accurate measurement of the K;c in MWCNT-reinforced ceramics is
challenging and the adopted indent crack length based techniques are
unreliable due to inconsistent values [35]. For example, Sarkar and
Das [28], calculated Kjc values of the Al,0s—-MWCNT nanocomposites
by employing DCM method using Niihara and Liang models and report-
ed better Kjc values than those obtained using (single-edge notched
beam) SENB technique whereas Ahmad et al. [14], reported higher K¢
values attained from SENB method than those obtained from the DCM
method using the Chantikul model. These conflicting reports suggest
that engineering components cannot be validated for structural load-
bearing applications using DCM method; however, this convenient
method is widely employed for K;c comparisons [11]. In this regard,
owing to prevailing doubts on its reliability, the DCM method employed
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Fig. 7. (a) XRD patterns of (i) pristine MWCNT, (ii) monolithic Al,Os, (iii) 300 ppm MgO-tuned Al,0s, (iv) 600 ppm MgO-tuned nanocomposite, (b) SEM micrograph of thermally etched
600 ppm MgO-tuned Al,O3 showing precipitates of MgAl,0, at Al;05 grain boundaries (white arrows) and (c¢) chemical composition of the same precipitates confirming the elements of

sample constituents.

in this study is used merely to provide reference Kjc values for compar-
ing Kjc values of all the sintered samples.

In monolithic Al,O5 ceramic, the low Kjc and oyare usually attributed
to structural inhomogeneities (flaws and porosity), deprived grain traits
(weak grain bonding, large grain size) and brittle failure mechanism
(intergranular fracture mode) [20]. HP-sintered monolithic Al,O3
samples with or without MgO, produced during this work, demonstrat-
ed almost similar results (Table 1) which are in good agreement with
previous reports [4,5,11]. After MWCNT's incorporation, the resulting
MgO-free nanocomposites showed reasonable increases in the K¢
(22%) and 0y (12%) values against the monolithic Al,O3 (Table 1). Earlier
studies suggested that the unique nanoscale features and firm interface

facilitate MWCNTs to perform efficient load-sharing between the
MWCNT and the Al,03; matrix through proposed matrix grain sharing
and crack bridging toughening mechanisms for higher Kjc and o5 [5,8,
13]. Furthermore, strengthening of Al,03 boundaries by MWCNTSs is
also evident from the appearance of the transgranular fracture mode
in the nanocomposites (Fig. 8b) rather than the typical intergranular
fracture mode which usually occurs in the monolithic Al,O3 (Fig. 8a).
The fractured surface details provide strong evidence about MWCNT's
contribution towards strengthening the Al,0; matrix grains, because
the transgranular fracture dominates only when the strength of the
grain boundary is close to that of the matrix grain [37]. It means that
the firmly bonded MWCNTSs surely supported the Al,03 matrix to
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Fig. 8. Fractured surface SEM images of the HP-sintered monolithic Al,O5 tuned with MgO contents (a) 0 ppm, (b) 300 ppm and (c) 600 ppm and nanocomposites tuned with MgO

(d) 0 ppm, (e) 300 ppm and (f) 600 ppm contents.

transfer fracture through the grains rather than along grain boundaries,
as is the case with monolithic Al,Os.

Compared with the MgO-free nanocomposite samples, reasonable
rises in the values of Kjc (by 15 and 20%) and oy (by 5 and 10%) were
gained upon MgO additions by as small amounts as 300 and 600 ppm.
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Fig. 9. Hardness Vickers profile of the monolithic Al,05 and nanocomposites tuned with
various (300 and 600 ppm) MgO contents and sintered with and without external
pressures.

Nanocomposites tuned with 600 ppm MgO demonstrated best Kjc and
o values of 5.1 MPa-m"/? and 435 MPa, respectively, which are 37
and 22% higher than those for the monolithic Al,03 i.e. Kic = 3.2
MPa-m"?2 and oy = 340 MPa, fabricated under identical processing con-
ditions. Apparently transgranular fracture mode was noted in the nano-
composite samples tuned with either MgO levels (Fig. 8e and f).
Although a superior mechanical response of ceramic composites is gen-
erally attributed to the fine-grained microstructure however, the exis-
tence of elongated pores in our MgO-free nanocomposite fractograph
(white arrows in Fig. 8d) had certainly curtailed the benefit of grain re-
finement, thus leading to deprive Kic and o, as shown in Table 1. This
implies that whilst MgO tuning barely affected the fracture behaviour
of the nanocomposites, it contributed to the improved mechanical
properties, probably by means of microstructural modification.
Analysis of the MgO-doped nanocomposite fractographs facilitated
an in-depth understanding of the role of MgO in improving the Kjc
and or. Numerous structural flaws are obvious in the MgO-free nano-
composite fractograph (Fig. 8d), however flaw reductions were ob-
served in the MgO-tuned nanocomposites (Fig. 8e and f). In ceramic
nanocomposites, microstructural flaws are a potential reason for low
fracture resistance because the fracture strength (o) depends on the
flaw (c), according to an empirical square-root relationship oy « 1722,
where the value of c is calculated using grain size (I) [19,38]. Further,
higher residual defect (pores/flaws) densities will lower the stress re-
quired for the crack initiation. Similar defects were observed in the
MgO-free nanocomposite fractograph (see Fig. 8d). Based on the infor-
mation from fractured surfaces, it may be deduced that failure in the
neat nanocomposites might have been initiated around these flaws in
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terms of stress concentration. Since the MgO addition improved the
nanocomposite densities by lowering sintering temperatures and segre-
gation of the MgAl,0,4 phase, preferably at Al,O3 grain junctions in the
tuned nanocomposites, two potential benefits are the elimination of re-
sidual flaws and grain refinement. The apparent drop in structural de-
fect density certainly minimizes the number of stress concentration
sites together with fine-grained structure that is beneficial to the in-
creased critical strain-energy release rate which provides more crack
deflections during the course of failure. The net contribution is superior
mechanical properties of the nanocomposites than pure Al,05 in terms
of increases in toughness, flexibility and hardness by 37, 22 and 20%, re-
spectively. We also compare our K;c and oyresults with values extracted
from the previous studies on Al,03 nanocomposites containing ~2 wt.%
MWCNTs and an obvious difference was noted, as graphically presented
in Fig. 10 [12,28,31,33-36,39,40]. It seems that the enhancements in
mechanical properties (K¢, 05) recorded in our case are presumably
due to the cumulative effect of the uniform MWCNT dispersion and
the MgO incorporation. The MgO incorporation altered the sintering
characteristics of nanocomposites by curtailing the densification hurdle
generated by MWCNTS, also by tuning the microstructures of the matrix
with fine grains and few defects.

4. Conclusions

The effects of MgO addition on microstructure and mechanical prop-
erties, at 300 and 600 ppm loading levels for 2 wt.% MWCNT-reinforced
Al,0O3 nanocomposites sintered by PL and HP techniques, were system-
atically investigated. The uniform MWCNT dispersion within the Al,03
matrix was successfully achieved through optimization of surfactant-
assisted and wet chemistry route. PL-sintering with and without any
MgO addition could not consolidate nanocomposites to well-integrated
microstructures with marginal differences in densities and hardness
values when compared with MgO-free nanocomposite samples. HP-
sintering and MgO addition had combined effects on the reduction in
the residual pores/flaw density and dimensions through modification
of the sintering mechanism, thus consolidating the nanocomposites to
near-theoretical densities (~99.6%) with well-integrated microstruc-
tures. HP-sintered nanocomposites tuned with MgO (0, 300 and
600 ppm) demonstrated higher hardness levels by 15, 12 and 14%, re-
spectively, when compared with their PL-sintered nanocomposite
counterparts. Moreover, MgO additions led to further improvement on
hardness (10 and 11%), flexural strength (5 and 10%) and fracture
toughness (15 and 20%). Finally, an overall enhancement of 37, 22 and
20% in fracture toughness, flexural strength and hardness respectively,
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Fig. 10. Comparison of the (a) Kicand (b) oyvalues obtained in the present study with pre-
vious reports.

was obtained in the HPed nanocomposites containing 600 ppm MgO,
against the monolithic Al;0s.
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