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Abstract

Multiwalled carbon nanotube (MWCNT)/alumina (Al,O3) nanocomposites containing CNT from 0.15 vol.% to 2.4 vol.% have been
successfully fabricated by simple wet mixing of as-received commercial precursors followed by pressureless sintering. Extent of densification
of nanocomposites sintered at low temperature (e.g. 1500 °C) was <90%, but increased up to ~99% when sintered at 1700 °C and offered superior
performance compared to pure Al,O5. Nanocomposites containing 0.3 vol.% MWCNT and sintered at 1700 °C for 2 h in Argon led to ~23% and
~34% improvement in hardness and fracture toughness, respectively, than monolithic Al,Os. In addition, the highest improvement (~20%) in
bending strength was obtained for 0.15 vol.% MWCNT/Al,0O5; nanocomposite compared to pure Al,Oz. Weibull analysis indicated reliability of
nanocomposites increased up to 0.3 vol.% MWCNT, whereas, beyond that loading consistency was the same as obtained for pure Al,O3. Detailed
microstructure and fractographic analysis were performed to assess structure-property relationship of present nanocomposites.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Carbon nanotubes having outstanding physicomechanical
properties are presently considered as next generation
reinforcing phase in polymers, metals and ceramics [1-5].
However, fabrication of a useful CNT reinforced nanocompo-
site also requires homogeneous filler dispersion, proper
adhesion between filler and matrix and optimum interface
properties [6,7]. Although, reports are available on CNT/
polymer and CNT/metal nanocomposites fulfilling above
mentioned features [2,3], for making structural CNT/ceramic
nanocomposites particularly using Al,O; which is the most
ancient, widely available and cost-effective structural ceramic,
major limitations are chemical incompatibility between these
phases due to dissimilar bonding character and high clustering
tendency of fibriform CNTs due to strong Van der Waals
attractive forces and hydrophobicity [7,8]. Instead of con-
tributing in property improvement, such agglomerated CNTs
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severely act as strength limiting defects in nanocomposites
[9,10]. In literature, although, a variety of techniques have been
proposed to improve dispersibility of CNTs in Al,O5 to
enhance interface properties [6-20], these routes involved
additional stringent steps, thus, limit easy processing and wider
use of such nanocomposites. In addition, spark plasma sintering
(SPS) [7-13] and hot-pressing (HP) [14-19] are the two
techniques that have been commonly employed to densify
CNT/AL,O3 nanocomposites. However, due to high cost
involvement, incapability of continuous production and limited
product shapes and sizes, SPS and HP are practically
inappropriate for fabricating nanocomposites of various
geometries having satisfactory performance at affordable price
[20,21]. More surprisingly, even after employing above
techniques, fabrication of CNT/Al,O3 nanocomposites with
optimum CNT dispersion and maximum interface performance
is still not achieved and significant divergences in available
mechanical property data of CNT/Al,05; nanocomposites have
been noticed [6-19]. Zhang et al. [20] have recently prepared
MWCNT/AL,0O3 nanocomposites by pressureless sintering
considering its commercial viability towards manufacturing
of complex geometries to near net-shape using typical ceramic
powder processing techniques. However, the initial precursor

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2011.07.023


http://dx.doi.org/10.1016/j.ceramint.2011.07.023
mailto:probal@cgcri.res.in
http://dx.doi.org/10.1016/j.ceramint.2011.07.023

424 S. Sarkar, PK. Das/Ceramics International 38 (2012) 423-432

treatment procedure adopted by Zhang et al. [20] was stringent
comprising of concentrated acid purification and surface
oxidation of as-received MWCNTSs for ~27 h and ball milling
of Al,O; powder for 24 h. Furthermore, the freeze drying
method used to prevent MWCNT segregation [20] is not a
readily available technique in industrial field.

In this study an attempt was made to explore opportunities
of fabricating structural MWCNT/Al,O3; nanocomposites
having superior performance than pure Al,O3 by a simple
and cost-effective process using commercial raw materials. To
evade chances of strength limiting nanoscale defect formation
on CNT surface by concentrated acid treatment [11,13], both
MWCNT and Al,O3 were used directly in their as received
state without any pre-treatment. In addition, normal air drying
of MWCNT/AL,O3 slurry was employed instead of freeze
drying. Nanocomposites containing five different CNT
volume fractions from 0.15vol.% to 2.40vol.% were
fabricated by wet mixing of as-received precursors followed
by pressureless sintering in Argon atmosphere at three
temperatures viz. 1500 °C, 1600 °C and 1700 °C. Nanocom-
posites were characterized in terms of density, apparent
porosity, Vickers hardness, fracture toughness and four point
bending strength. Microstructure of sintered and polished
specimens and fractographic analyses of flexure tested
specimens through gain boundary engineering were done to
predict structure-property relationship. Properties were com-
pared with pure Al,O; to assess changes in performance of
present nanocomposites.

2. Experimental procedures
2.1. Raw materials and sample preparation

MWCNT (>95 wt.% pure, Shenzhen Nano Port Co., China)
and Al,O3 powder (A-16-SG, 99.8 wt.% pure) of Almatis, ACC
Ltd., India were used in this study. Diameter and length of
CNTs were between 60—100 nm and 5-15 pm, respectively. As
per supplier’s specification, surface area and average particle
size of A-16-SG powder were 8.90m?%g and 0.5 um,
respectively.

At first, requisite MWCNT was dispersed in isopropyl
alcohol using ultrasonic agitation for 1 h in an ultrasonic bath
(Oscar Ultrasonic Pvt. Ltd., India). The dispersed slurry was
then mixed with aqueous suspension of Al,O; by magnetic
stirring for 1-2 h followed by drying at 100 °C to remove
volatiles and sieving through 60 mesh (B.S.) screen. Green
billets were prepared by cold isostatic pressing at 150 MPa.
Samples were finally sintered at 1500 °C, 1600 °C and 1700 °C
for 2 h each in a graphite resistance heating furnace (/000-
4560-FP20; Thermal Tech. Inc., USA) in static Argon (35—
70 kPa) at a rate of 10 °C/min. Details of all batches evaluated
in present work are given in Table 1.

2.2. Physical characterizations

Theoretical density of nanocomposites was calculated using
Rule of mixture (Table 1). For that, density of MWCNTs

Table 1
Details of MWCNT/AIL,O3 batches.

Volume % MWNT added Nomenclature Theoretical density (g/cm®)
0.00 A0 3.970
0.15 Al 3.967
0.30 A2 3.963
0.60 A3 3.957
1.20 A4 3.944
2.40 A5 3.917

(1.775 g/lem®) was measured by pyknometer (IS 1528:Part
9:1995) and that of Al,O; was taken as 3.97 g/cm3 [11].
Density and apparent porosity of sintered samples were
evaluated by Archimedes water immersion technique.

2.3. Mechanical characterizations

2.3.1. Bending strength

Room temperature bending strength was carried out as per
ASTM 1161-02C in a four point bending tester (422, Netzsch-
Geratebau GmbH, Germany) at constant stress rate of 0.03 N/
mm?-s. Inner and outer span of test fixture was 20 mm and
40 mm, respectively. Bending modulus values were evaluated
using standard formula [22]. 10 samples from each batch were
tested to check repeatability of data.

2.3.2. Vickers hardness

Vickers hardness of sintered samples was evaluated using a
micro-Vickers hardness tester (402 MVD, Wolpert-Wilson,
Germany) at 9.8 N with 10 s dwell. 10 indents were made on
each sample to verify consistency of data.

2.3.3. Fracture toughness

Indentation fracture toughness (Kjc;r) of all samples was
measured using direct crack measurement (DCM) method
using formulations proposed by Niihara et al. [23-25] and
Liang et al. [26]. Fracture toughness of specimens was also
determined by single edge notched beam (SENB) method using
ASTM C-1421-09. All tests were carried out in four-point
bending instrument at constant stress rate of 0.03 N/mm?-s.
Ratio of notch depth (a) to specimen thickness (w) i.e. « = a/w
was ranged from 0.35 to 0.60. Average fracture toughness
(Kic.senp) Was evaluated from 5 valid tests in which specimens
were failed exactly from notched region.

2.4. Microstructure and fractographic analysis

Morphology of as-received MWCNTSs has already been
reported in our earlier work [27]. Effect of high temperature
(1500 °C and 1700 °C in Argon) on structural stability of
MWCNTs was studied using transmission electron microscope
(TEM: Tecnai G230 ST, FEI Company, The Netherlands). Field
emission scanning electron microscope (FESEM: Supra-35,
VP-Carl Zeiss, Germany) was used to observe powder mixture
homogeneity, microstructure of sintered and thermally etched
specimens and fractographic analyses.
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3. Results and discussion
3.1. Morphology of heat-treated MWCNTs

Figs. 1 and 2a indicate that after heat treatments at 1500 °C
and 1700 °C in inert, the tubular texture of MWCNTSs was
favorably preserved with formation of internal bamboo
structure that possibly formed during catalyst particle removal
present in as-received MWCNTSs [27]. High resolution TEM
image of 1700 °C treated MWCNTSs showed mostly parallel
graphene layers and internal isolated compartments formed by
bent graphene layers (Fig. 2b). Such bamboo-structured
MWCNTs formed during high temperature exposure believed
to offer better mechanical properties than hollow MWCNTs
due to better connectivity with matrix, higher pull-out
resistance and lower inner-wall slippage of the former in
nanocomposites [28].

3.2. Microstructure and densification characteristics

As mentioned in earlier sections that in present study
MWCNT was used directly in as received state and hence, they
might had higher agglomeration i.e. clustering tendency in
Al,O5; matrix as suggested by others [7,8,20]. Therefore, to
minimize the effect of severe agglomeration of MWCNTSs, we
reinforced AlL,O; by MWCNTs from a low level i.e. from
0.15 vol.%. During FESEM studies of nanocomposite powder
mixtures it was found that although in the lowest MWCNT
containing batch most of the nanotubes were individually
dispersed in Al,O; matrix (Fig. 3a), with increasing CNT
content, clustering of MWCNTs in matrix increased gradually
due to enhanced effect of Van dar Waal’s attraction force among
tubes and eventually, majority of CNTs remained agglomerated
in A5 (Fig. 3b).

Relative densities of sintered samples vs. sintering
temperature are shown in Fig. 4. From the figure it is clear
that while sintering at 1500 °C produced partially densified

internal [

Fig. 1. TEM image of 1500 °C treated MWCNTs showing tubular structure and
internal bamboos.

specimens, sintering at 1600 °C offered significant improve-
ment in densification and finally, at 1700 °C, relative densities
of A1, A2 and A3 batches were close to that of A0 (>99%
dense). A common trend of decreasing sinterability with
increasing CNT loading was observed at each sintering
temperature not only due to incorporation of light weight
CNTs in Al,O3 (Table 1) but also due to porous rope-like
structure of CNTs and poor solubilization [9,11,16,18]. The
dual effect of sintering temperature and CNT content on
densification of MWCNT/AI,O3; nanocomposites can be more
clearly understood if we compare differential change (§) of
relative density and apparent porosity (%AP) of samples.
Fig. 5(a and b) indicates that up to 0.6 vol.% MWCNT, only

Fig. 2. (a) TEM image of 1700 °C treated MWCNTs having internal bamboo morphology (inset); (b) HRTEM image showing internal isolated compartments and

mostly parallel external graphene layers.
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Individual CNTs

Al Powder

Fig. 3. Morphology of (a) A1 powder showing individual MWCNTSs; (b) AS powder showing agglomerated MWCNTs.

temperature played the primarily role in controlling sinter-
ability of samples but beyond that, CNTs also had significant
role in lowering consolidation of Al,O; by restraining the
process of pore removal and material transport through grain
boundary even at high sintering temperatures. In addition,
MWCNT aggregates, mainly in A4 and A5 batches, acted as
pores of similar dimensions and played a negative role in
densification and resulted in less dense, porous samples.
Although, present results on densification data matched well
with existing results on pure Al,O; and MWCNT/ALO;
nanocomposites prepared by various sintering techniques in
1500-1800 °C temperature range in different atmosphere [8—
11,13-19,29-31], they differs from those reported by Zhang
et al. [20] where pressureless sintering at 1500 °C for <2 h was
sufficient to achieve relative density ~100% for pure Al,O3 and
>92% for MWCNT/AL,O3 nanocomposites up to 5 vol.%
MWCNT possibly due to enhanced dispersion of filler as well
as better filler/matrix interaction using modified precursors and
much higher green density of specimens compacted at 310 MPa
isostatic pressure. On contrary, pressureless sintering of pure
Al,O5 with or without sintering additives and alumina matrix
composites up to 1850 °C has been successfully employed by
several researchers and reported enhancement in mechanical

100 A, AT; A2; VB A3, BER A4
- T T

)

>

Relative density in %
(<]
o

7

Y
7

AR

Y

AN
1500 1600

Sintering temperature in °C

Fig. 4. Relative density of all samples after sintering at three sintering
temperatures.

properties of such composites are good enough [29-41] to
support the selected range of sintering temperature in present
investigation. Further, considering TEM observations of heat-
treated MWCNTs described in Section 3.1, it can be stated that
MWCNT/AI,O5; nanocomposites can be successfully consoli-
dated at high temperatures (at least up to 1700 °C) by
pressureless sintering in inert without damaging structural
stability of present MWCNTs. However, sintering of present
CNT/Al,0O5 nanocomposites beyond 1700 °C was not per-
formed due to the following reason. It has been reported that
Al,O5 in presence of carbon, undergoes carbothermal reduction
and depending on reaction temperature and system pressure,
reaction product may be either aluminum oxy-carbide (Al,OC
or Al,O04C) or aluminum carbide (Al4C3) [42]. Under reduced
system pressure, low temperature (1500 °C < T < 1700 °C) in
Al,03-C system is favorable for formation of Al,OC due to size
similarity between AlL,OC and Al,O3 molecules than Al,O,C.
As interface, Al,OC has chemical compatibility with both
Al,0O3 and CNT and forms a thin layer that is neither too strong
nor too weak and favorable for making tougher MWCNT/
Al,O5 nanocomposites [18]. On contrary, Al4C; may destroy
structural reliability of CNTs, therefore, is not desirable to
fabricate tougher composites. As far as stability of MWCNTs is
concerned, it has been reported that above 1700 °C, MWCNT
may suffer from nanoscale corrugations by splitting and
looping of external graphene layers [27] that can also adversely
affect nanocomposite properties. Thus, keeping these in mind,
sintering was restricted up to 1700 °C.

Microstructure of AQ sintered at 1500 °C for 2 h showed
small under developed grains (1-2 pm) having pores of similar
dimension (Fig. 6a). Sintering at 1600 °C resulted in dramatic
decrease in porosity comprising well developed and nearly
equiaxed Al,O5 grains of 4-5 um (Fig. 6b). AO sintered at
1700 °C showed further grain growth resulting in grain size
between 4 pm and 12 pm (Fig. 6c¢). Microstructure of
nanocomposites sintered at 1500 °C was similar to that of
pure Al,O3. However, less porous regions were also observed
(Fig. 6d). Nanocomposite containing 1.2 vol.% CNT sintered at
1600 °C showed dense microstructure having less void spaces
(Fig. 6e). Presence of MWCNTs showed formation of smaller
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Al,O5 grains (1-3 m) than pure Al,Oj3 sintered under identical
condition (Fig. 6b). At 1700 °C, nanocomposites showed larger
grains (2-8 pwm) due to additional grain growth (Fig. 6f).
Therefore, MWCNTs definitely possessed a grain refining
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Fig. 8. Vickers hardness (HV1) of samples sintered at three temperatures.

effect for alumina matrix that could help in enhancing strength
of resulting composites. During microstructure analysis of
sintered nanocomposites, different CNT/Al,O5 interactions
were also observed (Fig. 7(a—d)).

3.3. Vickers hardness

Average Vickers hardness of all samples is plotted in Fig. 8. As
discussed in Section 3.2 that sintering at 1500 °C produced
porous samples having small under developed grains and thus,
offered lower hardness and high scatter. Further, low sintering
temperature also resulted in poor CNT/Al,Os interface that led to
insufficient load sharing between filler and matrix in nanocom-
posites. However, the excellent flexible nature coupled with very
high energy absorption capability of MWCNTs offered 15-20%
improvement in hardness even in these partially densified
nanocomposites than pure Al,Oz (Fig. 8). Nanocomposites
sintered at 1600 °C showed better hardness and lower scatter of
experimental data due to sufficient densification and formation of
better interface that ensure effective load sharing (Fig. 8).
Hardness of nanocomposites sintered at 1600 °C increased up to
0.3 vol.% MWCNT and the highest value of ~21 GPa was
obtained for A2 which was ~22% higher than AQ. Nanocompo-
sites with more than 0.3 vol.% CNT offered lower improvement
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in hardness primarily due to the presence of clustered and non-
uniformly dispersed CNTs that acted as defects with no load
carrying ability and eventually, A4 specimen, offered ~14%
increase in HV1 than AQO. Similarly, among 1700 °C sintered
samples, the highest hardness (~21 GPa) was obtained for A2.
For A4 nanocomposite, hardness further increased with lower
scatter of experimental data (Fig. 8) than that obtained after
1600 °C. A4 sample offered ~16% higher hardness compared to
AOQ and this additional increase in hardness of A4 suggested that
higher CNT loaded samples required higher sintering tempera-
ture to achieve better consolidation and proper interface
performance. Interestingly, the extent of hardness improvement
of present nanocomposites was higher than commonly found in
literature [7,10-15,18,20] possibly because of homogeneous
dispersion of MWCNTs at low loading especially up to
0.30 vol.%; large aspect ratio (i.e. length: diameter ratio) of
present CNTs that successfully bridged several comparatively
smaller sized Al,O3 grains (Fig. 7(a—c)) and helped in enhancing
load bearing capacity of present nanocomposites. Due to lowest
densification and presence of mostly agglomerated MWCNTs in
A5 specimen, it was not possible to achieve required surface
finish for Vickers hardness test and thus, only flexural strength
measurement was performed.
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3.4. Fracture toughness (K;c)

Indentation fracture toughness values of samples were
measured from cracks produced by Vickers indentation. At an
applied load of 9.8 N, most of the cracks had (c/a) ratio below
2.5 and thus, were Palmgqvist in nature. However, in very few
indents, cracks of median type having (c/a) ratio above 2.5 were
also obtained. K¢ data of all samples evaluated using DCM and
SENB methods are shown in Fig. 9(a—c) in which toughness
data obtained by Niihara technique were moderately related
with those obtained from SENB method. However, Liang
method always produced sufficiently higher K;c than SENB
results. Such discrepancy in K;c measured by DCM and SENB
methods corroborates other reports [43,44]. As far as changes in
K;c of nanocomposites compared to pure Al,O5; was concerned,
Fig. 9a shows, irrespective of toughness evaluation technique
(DCM or SENB), except A4 specimen, all other nanocomposites
had improved K;c than pure Al,O5; densified at 1500 °C.
However, scatter of individual K, data was high that indicated
inconsistent toughening effect by CNTs in those partially
densified nanocomposites. Sintering at 1600 °C offered
additional enhancement in K;- having better reproducibility
indicating uniform toughening effect in nanocomposites
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Fig. 9. Toughness (K;¢) of samples sintered at (a) 1500 °C; (b) 1600 °C; (c) 1700 °C.
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Fig. 10. (a) Crack bridging and deflection by MWCNTSs; scale: 200 nm; (b) MWCNT pull-outs; scale: 100 nm.

(Fig. 9b). Similar observations were made in specimens
sintered at 1700 °C (Fig. 9¢). The highest K;¢ evaluated from
DCM and SENB technique was obtained for A2 specimen which
was ~34% higher than AO sintered at 1700 °C. However,
toughness of A4 specimen was still not improved much and was
only 6-8% higher than that of pure Al,O;. Features like crack
bridging and crack deflection by MWCNTs (Fig. 10a) and CNT
pull-outs (Fig. 10b) were observed indicating presence of useful
CNT/Al,O35 interface for load sharing and effective fracture
energy dissipation. The extensive bamboo structure formed
during high temperature exposure of MWCNTSs (Section 3.1)
also contributed in toughness improvement by providing
structural anchors to improve matrix/filler connectivity and
lowering the so called ““telescopic effect” of MWCNTs thereby
increasing the pull-out resistance compared to hollow
MWCNTs having smooth external surface [28]. Although,
improvement in K;c (6-34%) of present nanocomposites
matched favorably with available literature data [7,10-
12,19,20], in some cases the increase was also found to be
lower than achieved particularly in hot-pressed or spark plasma
sintered nanocomposites [8,15-18]. However, the observed
discrepancy in extent of toughness improvement in CNT/Al, O3
nanocomposites is quite common and reasons behind this are
not straightforward because several issues contribute in this
including purity and aspect ratio of CNT used, CNT orientation,
surface characteristics of filler and matrix, sintering technique,
interface composition and thickness, bridging characteristics,
residual stress field around filler and matrix and also matrix
grain size. Therefore, involvement of each of these features
finally resulted in observed K;c of nanocomposite.

3.5. Bending strength and modulus

From Fig. 11, it may be visualized that up to 0.6 vol.%
MWCNT loading, nanocomposites had higher bending strength
compared to A0 (~225 MPa). Bending strength values of
present specimens including pure Al,O; were lower than
normally found in recent literature [9,11,15,16,18-20] possibly
due to densification of alumina without any sintering additive
and low green body compaction that required higher sintering
temperature for complete densification and resulted in larger
grain size that ultimately reduced flexural strength of present

specimens. However, this should not minimize the primary
interest in assessing the extent of strength improvement of
present nanocomposites compared to pure alumina. While, the
highest strength was obtained for A1 (~265 MPa), A2 and A3
offered ~12% and ~6% higher strength, respectively, than AQ.
However, strength of A4 and AS nanocomposites were ~45%
and ~70% lower, respectively, than pure Al,O5. Similarly,
while, the highest modulus was obtained for A2 (~20% higher
than A0), A5 had ~15% lower modulus than that obtained for
pure Al,O3 (Fig. 11). However, from Fig. 11 it may also be
visualized that in A4 and A5 specimens, both strength and
modulus value had comparatively lower scatter of data than
others possibly due to the fact that at high MWCNT content,
presence of characteristically agglomerated CNTs and poor
interface throughout the specimen resulted in failure having
less variation within samples tested. Weibull modulus values
(in parenthesis of Fig. 11) evaluated using 2-parameter Weibull
statistics [45] indicated that while nanocomposites containing
up to 0.3 vol.% MWCNT had less flaw sensitivity than
monolithic Al,O3, consistency of strength data beyond that
was the same as obtained for pure Al,O;. Fractographic
studies revealed that fracture of pure Al,03 and nanocompo-
sites were primarily originated from surface flaws followed by
crack propagation (Fig. 12(a and b)). Presence of bridging and
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Fig. 11. Room temperature bending strength and modulus of samples.



S. Sarkar, PK. Das/Ceramics International 38 (2012) 423-432 431

L1 = Surface void

2 = Crack path
s ) :

A3-1700-2-AR-30C-TS ©

A11700-2-Ar-30C-ANT
- 3
£

‘LA

{

Fig. 12. Fractographs of flexure tested samples (a—b) primary failure site in pure Al,O3 and nanocomposites; (c) bridging and pulled-out CNTs along grain boundary

of A3 specimen; (d) grain failure modes in A1 nanocomposite.

pulled-out nanotubes along grain boundary regions was also
observed in nanocomposites (Fig. 12¢). Detailed fractographic
observation revealed that failure at individual matrix grains in
nanocomposites involved features like shear induced slip band
formation (white arrows in Fig. 12d), regions of localized
deformation (black arrows in Fig. 12d) and intra-granular
crack propagation (thin white arrows in Fig. 12d).

4. Conclusions

It is possible to fabricate MWCNT/AI,O3; nanocomposites
by simple wet mixing of as-received commercial grade
precursors without any purification and/or surface modification
steps of the raw materials followed by pressureless sintering
without damaging structural integrity of MWCNTs. Further,
during sintering at high temperature (e.g. 1700 °C in inert)
formation of extensive internal bamboo morphology in
reinforcing MWCNTs contributed considerably in improving
mechanical properties of present nanocomposites. Nanocom-
posites containing up to 0.6 vol.% MWCNT extend better
reinforcing effects in structural Al,O3;. Improved mechanical
performance of nanocomposites was achieved by homogeneous
dispersion of CNTs up to 0.6 vol.%, proper densification of
matrix containing grains of lower size than sintered pure Al,O3
and better interface performance. The well-distributed

MWCNTs aligned both parallel and perpendicular to crack
plane helped in successful crack bridging, crack deflection and
nanotube pull-out that resulted in improved mechanical
properties of these low cost MWCNT/AL,O3; nanocomposite.
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