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This work describes the microstructure and fracture toughness of zirconia toughened alumina (ZTA)
nanocomposite in which multi-wall carbon nanotubes (MWCNTs) and nanosized ZrO, particles were
used as reinforcement. The ZTA nanocomposites with additions of 0, 0.005, and 0.01 wt.% MWCNTSs

and 2 wt.% nanosized ZrO, particles were pressureless sintered in an anti-oxidant sagger with graphite
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powder bed at 1520 °C during 1 h in air and then HIPed at 1475 °C in argon atmosphere 1 h at a pressure
of 150 MPa. Relative densities ranging 94-98% were reached. In HIPed composites the hardness and frac-
ture toughness values were increased up to ~17% and ~37%, respectively, compared to the “as sintered”
composites free of carbon nanotubes. A combined fracture mode, crack deflection, pull-outs of a small
amount of carbon nanotubes, and bridging effect were the mechanisms leading to the improvement in

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

From many years, there has been an increasing interest in
development of advanced ceramic composites with excellent
mechanical and physical properties by incorporating strong parti-
cles/whiskers into ceramic matrices [1-3]. Since carbon nanotubes
were first observed by lijima [4], the potential for nanoreinforced
ceramics with single-wall and multi-wall carbon nanotubes
(SWCNT and MWCNT), having extraordinary stiffness and strength,
represents an important step in the development of ceramic nano-
composites with improved fracture toughness and strength over
monolithic ceramic materials [5,6]. Carbon nanotubes (generally
abridged as CNTs) have exceptional mechanical properties where
their tensile strength and Young’s modulus have been measured
to be as high as 200 GPa and 1 TPa, respectively, even much higher
than that of whiskers [1,7,8]. Yu et al. [9] measured Young’s mod-
ulus of the outermost layer on MWCNTs as varying from 270 to
950 GPa and the tensile strength of this layer as ranging from 11
to 63 GPa.

There are two main types of carbon nanotubes: single-wall car-
bon nanotubes (SWCNT) consisting of a single graphene sheet
rolled-up into a cylinder with diameters as small as 1 nm [10,11].
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Otherwise, multi-wall carbon nanotubes (MWCNTSs) are simply
composed of a number of concentric single-walled nanotubes held
together with relatively weak van der Waals forces [5,12] where
the measured interlayer distance (0.34 nm) is very close to that
measured between graphene sheets in graphite. Nanotubes are
long, slender fullerenes where the walls of the tubes are hexagonal
carbon (graphite structure) and often capped at each end [5].

In order to prepare single-walled and multi-walled nanotubes
methods that include arc discharge in the absence or presence of
metal, laser-vaporization of a metal-graphite composite target
[12,13] or spray pyrolysis [14] are frequently used. Considering
the application of carbon nanotubes as reinforcement in ceramic
composites which requires an economic production of CNTs, gas
phase techniques like chemical vapor deposition (CVD) can offers
great potential for optimization of nanotube production and also
allows to synthesize aligned arrays of carbon nanotubes with
controlled diameter and length. It is noteworthy that although sin-
gle-walled nanotubes possess better properties compared with
multi-walled ones, their production and purification is easier and
therefore, makes it more economical for most applications includ-
ing dispersing in ceramic matrix [13].

A lot of research work on carbon nanotubes contained compos-
ites has concentrated on polymer-matrix materials for improved
electric conductivity, optical devices and higher strength [15].
However, there are few studies carried out on CNTs reinforced
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ceramic matrix composites, and successful cases are even fewer
[16]. It is well known that CNTs tend to be agglomerated each
other due to strong van der Waals attractive forces and their fibr-
iform structure, particularly when the matrix material is in the
granular form such as ceramic powders, resulting in the degrada-
tion of the mechanical and physical of the composite [17,18]. The
major concern is to obtain a uniform dispersion of nanotubes in
the matrix. Single-wall as well as multi-wall carbon nanotubes
and different processing techniques have been used in order to
prepare CNTs/ceramic nanocomposites including sinter and post-
hot isostatic pressing (HIP) to attain full densification [2,19], and
hot pressing (HP) [20]. However, it is noteworthy that consolida-
tion by means of hot pressing at temperatures higher than
1500 °C damages some CNT producing disordered grapheme layers
which gather at matrix junctions [10]. Recently spark plasma sin-
tering (SPS) has been used with the aim to reduce the damage of
the carbon nanotubes by the use of low sintering temperatures
and short sintering times [2,21].

The use of the extraordinary mechanical properties of carbon
nanotubes as reinforcement in ceramics has not been very success-
ful although some interesting achievements have been obtained.
For example, An et al. [22] studied the influence of CNT content
on the tribological properties of CNT/Al,O3 composites and re-
ported an increase in microhardness of 30% more than pure
Al,O3; Siegel et al. [23] obtained an increase in fracture toughness
about 24% in alumina reinforced with 10 vol.% MWCNTs. More re-
cently, Zhan et al. [24] reported a fracture toughness of
9.7 MPa m'/? in spark plasma sintered 10 vol.% SWCN-AIl,O5 nano-
composite at 1150 °C during 3 min being nearly three times that of
nanocrystalline alumina. It is well known the ZrO, additions may
increase the fracture toughness of ceramic materials due to the
tetragonal to monoclinic phase transformation accompanied of a
volume increasing generating stresses in the ceramic matrix,
which results into difficult crack propagation [25]. In reason of this,
in this work, we report for the first time the microstructure, hard-
ness and fracture toughness before and after HIP of a new ceramic
nanocomposite based Al,03 (zirconia toughened alumina (ZTA))
reinforced by MWCNTs and pure monoclinic and nanosized ZrO,
particles. The excellent mechanical and chemical properties of
multi-wall carbon nanotubes could offer the opportunity for ad-
vances in design of multipurpose orthopedic implants, taking also
advantage that they are highly hydrophobic, chemically inert, as
well as little soluble in both organic and aqueous solvents. How-
ever, assessments of the in vitro and in vivo pharmaceutical profile
of the carbon nanotubes are necessary before these can be consid-
ered for future clinical applications [26].

2. Experimental procedure

High purity o-Al,03 (Baikalox SM8, Baikowski, USA; primary
particle size 50 nm, purity >99.99%, surface area 10 m? g '), MgO
(500A, UBE Chemical Industries, Japan; primary particle size
53 nm, purity >99.999%, surface area 32 m?g~'), ZrO, + 3 mol%
Y,05 (thereafter abridged as TZ-3Y, Tosoh, Japan; primary particle
size 75 nm, purity >99.99%, surface area 17 m? g~!), monoclinic
ZrO, (Aldrich, USA; primary particle size <50 nm, purity >99.99%,
surface area 15-35 m? g~!) powders and MWCNT (Catalysis Labo-
ratory of CIMAV S.C. according to process detailed in Ref. [14],
diameter 70-110 nm, length 120-160 pum, purity >95%, surface
area 25 m? g~!) were used as starting materials. An homogeneous
mixture of Al,0;+0.025% MgO +13% TZ-3Y + 2% ZrOy:y) with
additions of 0.005 and 0.01 wt.% of MWCNTSs was prepared. A com-
posite without additions of carbon nanotubes was also prepared as
comparison. Care was taken to mix the nanopowders and
MW(CNTSs. The as-received multi-wall carbon nanotubes were care-

fully dispersed in 500 mL ethanol with ultrasonic agitation for 2 h.
Nanopowders were intensely mixed with the dispersed carbon
nanotubes alcohol media by stirring with a magnetic stir bar until
most of ethanol was evaporated and then the mixture was dried at
100 °C for 12 h. The agglomerated mixture was ground intense and
carefully in an agate mortar. To avoid any variations that could oc-
cur due to relative ambient humidity changes, all experiments
were done at the same time.

About 2.5 g of the mixture was uniaxially pressed at 50 MPa in a
disk (steel die) with 16 mm diameter and 7 mm height using an EI-
vec Hydraulic Press (by ELVEC S.A. de C.V., Mexico) at a constant
strain rate. As shown in Fig. 1 (for pressureless sintering experi-
ments), green samples with additions of carbon nanotubes were
placed into an alumina sagger with high purity graphite packing
powder (graphite powder, crystalline, —300 mesh, 99%, Alfa Aesar),
where the alumina powder fills the space between the two high
alumina crucibles. A third crucible covers the one containing the
graphite powder bed with the sample. Samples without additions
of MWCNT were set in Al,03 crucible with a ZrO, + Al,03; powder
bed. All samples were sintered at 1520 °C during 1 h in air at a
heating rate of 10°C m~'. After sintering, the furnace was shut
off and it was allowed to cool down. For hot isostatic pressing
experiments a set of sintered samples with and without additions
of MWCNTs was introduced in a boron nitride crucible with an alu-
mina powder bed to minimize possible reaction with the graphite
heating element and subsequently hot isostatic pressed in an
ASEA-HIP (QIH-6) equipment (by ABB, Kent, WA, USA) at 1475 °C
at heating rate of 20 °C min~! under argon atmosphere at a pres-
sure of 150 MPa during 1 h. Density was measured geometrically
and by a Quantachrome Multipycnometer (by Quantachrome
Instruments, USA) using helium as displacement gas for the as-sin-
tered and HIPed samples.

The samples were ground through by SiC paper in sequence of
#400, #800, and #1200, and then polished by diamond pastes of
both 0.5 and 0.25 pm. Samples without CNTs additions were ther-
mally etched in air at 1370 °C for 45 min, while the samples with
carbon nanotubes additions followed the same procedure but
using the set shown in Fig. 1 in order to preserve the carbon nano-
tubes. The polished and fracture surfaces as well as the MWCNTSs
were characterized by scanning electron microscopy (SEM: JEOL
JSM 5800 LV, Japan, and FEG SEM: JEOL JMS 7000F, Tokyo, Japan)
using an accelerating voltage of 2-10 kV. Transmission electron
microscopy (TEM: CM200 Phillips, the Netherlands) was applied
to observe the morphology of the carbon nanotubes. The average
grain size in as-sintered and HIPed composites was measured
using the linear intercept technique using 300-400 grains for each
sample.

ALOj3 crucible

Sample

Graphite
powder

ALO;: powder

Fig. 1. Schematic showing sagger structure to pressureless sintering of ZTA
composites in air.
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Vickers hardness measurements were carried out on sintered
samples by using a microhardness tester FM-7 (by Future-Tech, To-
kyo, Japan). Indentations were made on polished surfaces with a
load of 1 kg held for 10 s. Approximately 20-30 indents were made
for each composition and the average hardness was determined.
The corresponding indentations sizes and crack lengths were mea-
sured using an optical microscope Olympus PMG3 (by Olympus
Co., Japan). The indentation fracture toughness (K;c) was derived
from the average crack length. For a ratio c/a > 2.5 (present study),
where c is the crack length and a is the half diagonal length of the
indentation impression, Kjc is calculated using the following equa-
tion [27]:

Kic = 0.0752P/c*? 1)

where K¢ is the fracture toughness, P the load and c the crack
length.

3. Results and discussion

SEM and TEM images of the starting multi-wall carbon nano-
tubes are shown in Fig. 2. Numerous carbon nanotubes (Fig. 2a)
having similar diameters (approximately 65 nm) with a length
ranging from several hundred of nanometers, appearing to be very
flexible, are observed. The Fig. 2b is a typical TEM micrograph
showing two MWCNTSs with walls aligned corresponding to the fi-
nal step of the formation mechanism of multi-wall carbon nano-
tubes. This micrograph clearly shows that the nanotubes are
multi-walled hollow tubes and not solid fibers. Impurities in the
form of catalyst particles as well as amorphous carbon can also
be observed.

The MWCNTs reinforced ZTA composites were sintered at
1520 °C and subsequently HIPed at 1475 °C under argon atmo-
sphere. The relative densities of the specimens as a function of
the carbon nanotubes content are shown in Fig. 3. It can be noted
that the relative densities of the composites before and after HIP
are in all cases higher than 94%. For the as-sintered samples, the
density for composite with 0.005 wt.% carbon nanotubes addition
was slightly lower suggesting a connected porosity with the clus-
ters of the CNTs present in the microstructure which hinders the
densification in the specimens due to the formation of agglomer-
ates. Increasing the CNTs content up to 0.01 wt.% the relative den-
sity is slightly increased, but it is still lower than that of the
composite without CNTs. This observation is in contrast to the gen-
eral trend which is agreement with observations of Ahmad and Pan
[28] and Sun et al. [15] for alumina reinforced with different
amounts of MWCNTs, where the relative density is slightly de-
creased when the CNTs content is increased. It is also observed
in this figure that the density of the pressureless sintered samples
is increased by HIP (carried out at a lower temperature than PS:
1475 vs. 1520 °C), indicating that in all cases closed porosity was
obtained by pressureless sintering, that can be almost all removed
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Fig. 3. Relative density as a function of the MWCNT content.

by hot isostatic pressing. Besides, the relative density of the HIPed
specimens is almost constant for the different CNTs contents. In
fact, these density data clearly showed that, within experimental
scatter, the sintered densities before and after HIP treatment are
approximately the same. It is also shown that the maximum den-
sity obtained after sintering (by HIP) was approximately 98% TD.
X-ray diffraction (XRD) studies not shown here in 0.005 and
0.01 wt.% multi-wall carbon nanotubes reinforced zirconia tough-
ened alumina nanocomposites, revealed that the composites con-
sisted of mainly Al,Os; phase, t-ZrO, phase and small amounts of
m and c-ZrO, phases. Fig. 4 shows representative SEM micrographs
of polished and thermally etched surfaces of as-sintered specimens
with (Fig. 4a) and without (Fig. 4b) additions of MWCNTs, respec-
tively. On the other hand, pressureless sintered and HIPed zirconia
toughened alumina (ZTA) composites with 0.01 wt.% carbon nano-
tubes content is shown in Fig. 4c. As can be seen in these figures, all
composites exhibited a similar microstructure with measured
grain sizes of 0.6 + 0.2, 0.60 + 0.26 and 0.7 + 0.3 pum for pressureless
sintered composites with 0 wt.%, 0.01 wt.% MWCNTs content and
HIPed samples reinforced with 0.01 wt.% MWCNT, respectively.
In these figures ZrO, grains are also observed (the brightest phase)
homogeneously distributed in an Al,05 matrix (darker phase). The
presence of zirconia particles on the grain boundaries suggests that
they could inhibit notably the alumina grain growth. Likewise, it is
clearly observed that all samples were crack-free with submicron
equiaxed grains and some isolated pores only in the case of pres-
sureless sintered ZTA (Fig. 4a and b). An almost fully dense surface
morphology can be seen in the HIPed composite (Fig. 4c), where
isolated pores were practically absent, indicating a higher density
as result of pore removal during hot isostatic pressing treatments.
When multi-wall carbon nanotubes reinforced zirconia tough-
ened alumina nanocomposites are carefully manufactured and

100 nm

Fig. 2. Typical SEM (a) and TEM (b) micrographs of the starting MWCNT synthesized by spray pyrolysis.
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Fig. 4. Typical SEM micrographs of polished and thermally etched surfaces of as-pressureless sintered Al,03 + 0.025% MgO + 13% TZ-3Y + 2% ZrOy(;»y composite with additions
of (a) 0.01 wt.%, (b) 0 wt.% of MWCNT, and (c) pressureless sintered and HIPed composite with 0.01 wt.% of MWCNT.

the optimization of powder processing is possible, the obtained
Vickers hardness values are higher than 14 GPa. The dependence
of Vickers hardness and grain size on carbon nanotubes content
in the pressureless sintered composite before and after HIP treat-
ment is illustrated in Fig 5a and b, respectively. From this figure
it is clearly observed that for a constant amount of carbon nano-
tubes additions, the hardness is increased when hot isostatic press-
ing is applied to the composites, related to their higher relative
density. Regarding the influence of the CNT content, it can be seen
that for pressureless sintered samples the hardness decreases
when the carbon nanotubes content is increased (Fig. 5a). On the
other hand, in HIPed samples a decreased in hardness is observed
for contents of 0.005 wt.% CNTs, meanwhile a slightly increases in
hardness is observed for additions of 0.01 wt.% of carbon nano-
tubes (Fig. 5b), although its hardness is also lower than the com-
posite without CNTs additions. On the other side, it is observed
that Vickers hardness for pressureless sintered and HIPed samples
decreased with final grain size up to 0.005 wt.% of carbon nano-
tubes additions indicating a major residual porosity in the case of
pressureless sintered specimens (Fig. 3), which in turn could inhi-
bit the grain boundary migration during sintering process hinder-
ing the grain growth. For contents of 0.01 wt.% CNTs, the hardness
had a slight increasing when the grain size is also increased due to
the reduction of remain porosity facilitating the grain boundary
migration resulting in a slight grain growth [29].

It is known that the hardness of ceramic materials is usually af-
fected by the intrinsic deformability of the ceramic and different
microstructural parameters such as multiphases, grain size and
orientation, porosity [30]. In the existing literature, the hardness
and the fracture toughness values of ceramics are commonly re-
ported as a function of the grain size. For example, Daguano
et al. [31] reported reduction on hardness in sintered ZrO,-Al,03
attributed to increase of the grain size. Suzuki et al. [32] reported
that Vickers hardness is correlated with porosity and grain size.
Whereas, no significant dependence of Vickers microhardness on
grain size was reported by Chaim and Hefetz [33] in nanocrystal-
line ZrO,-3 wt.% Y053 cold pressed, presintered and hot isostatic
pressing (HIP) to dense specimens, a direct influence of remain
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Fig. 5. Dependence of Vickers hardness and grain size on MWCNT content in the
Al03 +0.025% MgO + 13% TZ-3Y + 2% ZrOy(m) composite pressureless sintered (a),
and after HIP treatment (b).

porosity on the hardness was reported by Jiang et al. [34] in
Al,03-10 vol.% SWCNTs composite sintered by SPS at different
temperatures.
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Fig. 6 shows the dependence of fracture toughness and grain
size on carbon nanotubes content in the pressureless sintered com-
posite before (Fig. 6a) and after (Fig. 6b) hot isostatic pressing
treatment. It can be seen that for the “as sintered” samples
(Fig. 6a) the fracture toughness increases with the addition of car-
bon nanotubes, while the grain size decreases at contents of
0.005 wt.% MWCNTs remaining constant at contents of 0.01 wt.%.
Conversely, in HIPed samples a slight increase in grain size is ob-
served at 0.01 wt.% MWCNTSs content which would be in disagree-
ment with experiments reported by Zhan et al. [24] where the
results suggested that carbon nanotubes could inhibit the grain
growth in ceramic matrix composites. After HIP treatment
(Fig. 6b) it can be seen that with 0.005 wt.% MWCNTs additions,
the fracture toughness of the sintered nanocomposites is lower
than that obtained for the nanocomposite free of carbon nano-
tubes, whereas for 0.010 wt.% MWCNT the fracture toughness in-
creases, indicating that the mechanical properties could be
enhanced only if an optimum amount of carbon nanotubes are
present in the matrix of the composite. Therefore, this low fracture
toughness in 0.005 wt.% carbon nanotubes content could be due to
poor bonding of CNTs to the matrix (for the presence of many pores
in the composite so they did not carry the load which must be dis-
tributed throughout the nanotube in order to ensure that the out-
ermost layer did not shear off [18]).

As can be seen from Fig. 6b, the composite with 0.01 wt.% CNTs
addition possess the higher fracture toughness (~4.4 MPa m'/?)
being about 7% and 37% higher than that of the sample without
HIP treatment (~4.1+0.78 MPam'?) and “as sintered”
(3.2 £0.5 MPa m'/?, Fig. 6a) composite without additions of carbon
nanotubes, respectively. On the other side, an increasing in grain
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Fig. 6. Dependence of the fracture toughness and grain size on MWCNT content in
the Al,03 +0.025% MgO + 13% TZ-3Y + 2% ZrOy,y composite pressureless sintered
(a), and after HIP treatment (b).

size in HIPed composites was observed for the different contents
of CNTs compared with samples without hot isostatic pressing
treatment. This behavior could be related to the pore removal dur-
ing HIP and this can be supported in Fig. 3 where an increase in rel-
ative density after HIP treatment denotes an additional shrinkage
as consequence of the removal of closed porosity. Note in this fig-
ure that the lower relative density corresponded at pressureless
sintered composites with additions of 0.005 wt.% carbon nano-
tubes and where the pore removal was remarkable, and reached
the higher relative density after hot isostatic pressing (~98%). In
contrast, it can be noticed that an addition of 0.005 wt.% of carbon
nanotubes to the composite produces a decrease of grain size, both
before and after HIP, whereas higher additions (0.01 wt.%
MWCNTSs) slightly increase grain size (more significantly by HIP).
The intimate contact between carbon nanotubes and matrix sug-
gests that the extent of interfacial bonding will be a factor in
increasing the toughness in HIPed samples, and not grain size, with
additions of 0.01 wt.%» MWCNT nanocomposites. Conversely, in
HIPed samples with additions of 0.005 wt.% carbon nanotubes,
the network structure seem to disappear and the fracture tough-
ness is slightly lowered [24]. We could speculate that the amount
of carbon nanotubes was not enough to obtain a homogeneous dis-
persion in the whole ceramic matrix, thus weak regions were orig-
inated where the cracks could nucleate, leading thus to the
decreasing of hardness and fracture toughness. For a better under-
standing, Table 1 summarizes the mechanical properties of “as
pressureless” sintered composites and HIPed ones at 1475 °C (dia-
grams Figs. 3, 5 and 6) as a function of multi-wall carbon nano-
tubes (MWCNTSs) content.

Fig. 7 shows a representative SEM micrograph of typical Vickers
hardness impressions obtained on the polished and thermally
etched surface in the “as sintered” without additions (a), with
additions of 0.01 wt.% MWCNTs (b), and sintered and HIPed with
additions (c) of 0.01 wt.% MWCNTSs Al,05 + 0.025% MgO + 13% TZ-
3Y + 2% ZrO,(,y ceramic nanocomposites. The cracks emanating
from the four vertices were measured to determine K;c. From this
figure it is observed that the size of the indent in the HIPed com-
posite (Fig. 7c) is slightly smaller that the indent corresponding
to the “as sintered” samples (Fig. 7a and b without and with addi-
tions of 0.01 wt.% MWCNT, respectively). This suggests a smaller
intrinsic deformability of the HIPed composites as consequence
of a lower percentage of final porosity. The figures clearly demon-
strate the well-developed and almost symmetrical radial-median
crack morphology and that multiple cracking from single indent
corner is absent. At the applied load the plastic deformation could
be predominant and as a result much of the indentation energy is
consumed for material flow and displacement, which lowers the
apparent hardness in “as sintered” without HIP with additions of
0.01 wt.% MWCNTs (Fig. 7a and b).

On the other hand, observations at higher magnification of one
arm of an indented “as sintered” without additions (Fig. 7d), with
additions of 0.01 wt.% MWCNTSs (Fig. 7e), and sintered and HIPed
with additions of 0.01 wt.% MWCNT (Fig. 7f) ceramic nanocompos-
ites marked as “1” in Fig. 7a-c, showed the evidence of crack
deflection (zigzagged cracks). In Fig. 7d and e, the fracture pattern
is almost exclusively intergranular with cracks occasionally propa-
gating through the smaller grains. Similar appreciations have been
reported by Correa de Sa e Benevides de Moraes et al. [35]. Fig. 7f
corresponding to the HIPed composite with additions of 0.01 wt.%
carbon nanotubes revealed a combined transgranular and inter-
granular fracture mode. On the other hand, the intragranular frac-
ture mode indicates the grain boundary strengthening by the
concurrent nanosized ZrO, particles added to the composite (see
Fig. 7e and g). This behavior results in greater fracture energy
which leads to greater fracture toughness [28,30]. Likewise, the
toughening mechanism in this nanocomposite can be explained
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Table 1
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Summary of mechanical properties of “as pressureless” sintered samples and HIPed ones at 1475 °C as a function of multi-wall carbon nanotubes (MWCNTSs) content.

MW(CNTs Pressureless sintering at 1520 °C Pressureless sintering at 1520 °C and HIP at 1475 °C

(et Relative Vickers hardness  Fracture toughness Grain size Relative Vickers hardness  Fracture toughness Grain size
density (%) (GPa) (MPa m'/?) (um) density (%) (GPa) (MPa m'/?) (um)

0 95.61 15.59 £ 2.1 3.21+£0.5 0.60£0.2 97.45 18.20+£ 09 4.2+0.8 0.63+0.2

0.005 94.38 15.07+1.2 3.76 £ 0.5 0.54+0.2 97.70 16.89+ 1.6 3.9+0.7 0.57+0.2

0.01 95.11 143713 4.09 +0.5 0.55+0.2 97.60 17.18+1.1 44+0.6 0.66+0.3

by a crack bridging effect of the multi-wall carbon nanotubes
shown in Fig. 7g and labeled as a circle, where the carbon nanotube
bridge the two crack surfaces and remain intact during the crack
propagation.

Additional to the mentioned toughening mechanism, pulled-out
carbon nanotubes was also observed on the fracture surface of the
HIPed nanocomposite with additions of 0.01 wt.% MWCNT, as can
be seen in Fig. 8a and b (indicated by arrow marks). It is clearly ob-
served that the interface between CNTs and Al,Os matrix is
strongly bonded conducing to a significant load transfer from the
matrix to the carbon nanotubes during loading. It is noteworthy
in the microstructure that some carbon nanotubes were entangled
with Al,O3 grains. Similar observations have been reported by Mo
et al. [17] in carbon nanotubes reinforced alumina matrix nano-
composite prepared by sol-gel process and Ahmad and Pan [28]
with hybrid nanocomposites based alumina.

From an analysis of the crack geometry for each tested compos-
ite (Fig. 7d-f) it is possible to assume that the tortuosity of the
crack path tend to follow the grain boundaries (Fig. 7d and e)
and then, the crack deflection mechanism takes place and gives a
crack profile corresponding to the sample microstructure. The
deflection mechanism (less effective) [36] accompanied by the
presence of transgranular fracture as can be seen in Fig. 7f, leads
to a relatively high fracture toughness value. It is believed [37] that
the presence of a low degree of crack deflection depends on the
grain shape and on the intergranular fracture mechanism.

Taking into account the different thermal expansion coefficient
of the ALO; (5.5-8.1 x 10°%°C™") matrix, ZrO, (TZ-3Y) (10.3 x
107%°C™1) grains, monoclinic ZrO, (6.5 x 107®°C~!) nanosized
particles, and MWCNTs (1.6-2.6 x 107>°C~1), it is speculated
[38] that an additional increase in fracture toughness in the HIPed
Al,05 +0.025% MgO + 13% TZ-3Y + 2% ZrOym) nanocomposite with

Fig. 7. SEM of typical hardness impressions in Al;03 + 0.025% MgO + 13% TZ-3Y + 2% ZrO,(m) composites. “As sintered” without (a) and with additions (b) 0.01 wt.% MWCNT,
and sintered and HIPed with additions of 0.01 wt.% MWCNT (c). Magnification of the arm cracks labeled as “1” in (a-c) are shown in (d-f). Square indicated in (f) is closed up
in (g). The arrow marks indicate the beginning and final of the crack. Circle is explained in text. Bars correspond to 10 and 1 pm in (a-c) and (d-f), respectively.
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Fig. 8. SEM of fracture surface of the pressureless sintered and HIPed Al,03 +0.025% MgO + 13% TZ-3Y + 2% ZrOy»y composite with additions of 0.01 wt.% MWCNT (a);
magnification corresponding to square in (a) is shown in (b). IF = intergranular fracture, TF = transgranular fracture. Arrow marks in (a and b) are explained in text.

additions of 0.01 wt.% MWCNT ceramic nanocomposite could be
due to the increase in the amount of transformed monoclinic phase
on the fracture surface of the specimen, as result from the induced
stresses owing to mismatch between thermal expansion coefficient
of the alumina matrix and the CNTs used as reinforcement [10,28].

4. Conclusions

From the investigated multi-wall carbon nanotubes reinforced
Aly03(1)/MEO0 ()| Zr04(TZ-3Y )ny/ZtO(nym  (m = monoclinic) nano-
composite pressureless sintered and sinter + HIPed, we can
conclude:

(1) By using an adequate anti-oxidation sagger and a graphite

powder bed, it is possible to sinter in air MWCNTSs reinforced

zirconia toughened alumina (ZTA), with concurrent rein-
forcement of 2 wt.% monoclinic nanosized ZrO,.

Relative densities above 94% were attained by pressureless

sintering with and without additions of multi-wall carbon

nanotubes (MWCNTSs). The subsequent application of the
hot isostatic pressing treatment leads for all composites to
an increase of their relative density. In all cases the grain size
was maintained at submicron scale at the processing tem-
peratures. Grain sizes between 0.46+0.20 and 0.53 %

0.20 pm and 0.49 £0.20 and 0.6+0.3 pm were obtained

for pressureless sintered composites before and after HIP,

respectively.

(3) The Vickers hardness values decreased with the addition of
MW(CNTs in both pressureless sintered and HIPed samples.
However, for the same amount of MWCNTs the hardness
increases with hot isostatic pressing treatment; in compos-
ites with additions of 0.01 wt.% MWCNTSs the hardness can
be increased up to ~19%.

(4) The fracture toughness values were increased with the car-
bon nanotubes content for pressureless sintered composite.
Meanwhile, for HIPed composites a slight decreasing in frac-
ture toughness was attained with the addition of 0.005 wt.%
of MWCNTSs. When hot isostatic pressing is applied, it is pos-
sible to obtain an increase in fracture toughness of ~7% and
~36% compared to the “as sintered” composites with
0.01 wt.% CNTs and free of carbon nanotubes, respectively.

(5) A combined transgranular and intergranular fracture mode
was observed in HIPed composite with additions of
0.01 wt.% MWCNTSs. The intragranular fracture mode indi-
cates the grain boundary strengthening by the concurrent
nanosized ZrO, particles added to the composite. This
behavior results in greater fracture energy which leads to
greater fracture toughness. Crack deflection and change of

—
N
—

fracture mode from transgranular to intergranular, pull-outs
of a small amount of carbon nanotubes, the bridging effect of
CNTs during crack propagation, as well as thermal expansion
mismatch between the alumina matrix and CNTs are the
possible mechanisms that lead to the improvement in frac-
ture toughness.

(6) The presence of some carbon nanotubes agglomerates indi-
cates that there are difficulties in the preparation of
defect-free MWCNTs reinforced ZTA nanocomposites and
therefore, the mixing procedure needs to be improved. The
presence of such agglomerates could be responsible for the
lower density of the 0.005 wt.% MWCNTs content composite.

(7) The values reported in this work for zirconia toughened alu-
mina nanocomposite reinforced with multi-wall carbon
nanotubes and nanosized ZrO, particles would offer an alter-
native for the development in the field of orthopedic
implants although there are still great challenges to the
obtaining of well-dispersed carbon nanotubes-ceramic
composites.
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