
53Processing and properties of carbon nanotube/alumina nanocomposites: a review

© 2014 Advanced Study Center Co. Ltd.

Rev. Adv. Mater. Sci. 37 (2014) 53-82

Corresponding author: Probal Kr. Das, e-mail: probal@cgcri.res.in

PROCESSING  AND  PROPERTIES  OF  CARBON
NANOTUBE/ALUMINA  NANOCOMPOSITES:  A  REVIEW

Soumya Sarkar and Probal Kr. Das

Non-oxide Ceramics and Composites Division, CSIR-Central Glass & Ceramic
Research Institute (CSIR-CG&CRI), 196 Raja S. C. Mullick Road, Kolkata-700032, India

Received: December 12, 2013

Abstract. Carbon nanotube having exceptional material properties gained substantial interest
as superior reinforcing phase over conventional microscopic fillers in making advanced
nanocomposites for high performance applications. Present review sequentially describes pro-
cessing of some novel carbon nanotube/alumina nanocomposites giving absolute emphasize
on every unit operation steps from raw material selection, their pre-treatment, purification, green
processing and sintering. The upper and lower limits of nanotube loading have been evaluated
considering simple hexagonal matrix grains to comment on effective loading range of this nano-
filler in alumina. Properties of sintered nanocomposites have also been critically surveyed to
assess extent of changes upon nanotube incorporation in alumina. While this review unveils
primary challenges involved in processing of carbon nanotube/alumina nanocomposite, it si-
multaneously depicts the proposed routes to overcome such issues for making nanocomposites
offering improved performance over alumina for advanced futuristic applications.

1. INTRODUCTION

Since the discovery of carbon nanotube (CNT) [1],
global research for analyzing the outstanding fea-
tures and assessing the real-life applicability of CNT
in various fields either offering enhanced performance
than previously achieved by conventional materials
or creating an entirely novel designed product in
nano-scale that was not conceivable before have
been initiated [2-43]. Apart from its individual appli-
cability, CNT has also been evaluated as reinforc-
ing phase in polymers, metals and ceramics to im-
prove properties of the matrix phase [44-49]. Ce-
ramics those have been usually reinforced with ei-
ther singlewalled CNT (SWCNT) or multiwalled CNT
(MWCNT) are alumina (Al

2
O

3
), zirconia (ZrO

2
), silica

(SiO
2
), cement, silicon nitride (Si

3
N

4
), silicon car-

bide (SiC), etc. [49-54]. Among these, perhaps Al
2
O

3

is the most ancient, cost-effective, abundant and
versatile material that not only finds commercial

application but also used in strategic sectors by
dint of its high hardness, optimal high temperature
property retention, acceptable dielectric properties,
chemical inertness, corrosion resistance, adsorp-
tion properties and biocompatibility [55-61]. How-
ever, due to extreme brittleness, low fracture tough-
ness and flexural strength, electrical insulating na-
ture and poor thermal conductivity, its application is
still limited. To surmount such limitations, except
microscopic fiber and particulate reinforcements,
researchers have reinforced pure Al

2
O

3 
with CNT to

impart superior properties to the matrix [62-120].
Beside exceptional properties of CNT (Table 1), other
advantages of us]ng CNT ]nstead of m]cro&f]llers ]n
Al

2
O

3
 are requirement of very low CNT concentra-

tion due to its nano-dimension and very high sur-
face area, structural coherency with Al

2
O

3
 and if prop-

erly processed, nanocomposite can offer properties
super]or to those ach]eved ]n m]cro&f]ller re]nforced
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Al
2
O

3
. In contrary, heterogeneous dispersion of CNT

in Al
2
O

3
 due to strong clustering tendency and hy-

drophobicity of CNT, poor interface formation be-
tween the two most chemically inert phases and
morphological instability of CNT at high sintering
temperature (T

sin
) required for Al

2
O

3
 densification,

severely limit consistent CNT/Al
2
O

3
 nanocomposite

fabrication suitable for real-life application [62,64-
84,86,88-90,92-98,102-107,111-114]. Present review
aims at how researchers have tried to overcome such
limitations in making effective CNT/Al

2
O

3

nanocomposites starting from raw material selec-
tion, pre-treatment of precursors to ensure better
filler-matrix interaction, various mixing procedures
and suitable consolidation techniques and/or sched-
ules to preserve CNT morphology in sintered
nanocomposites. Mechanical, electrical and ther-
mal properties of some recently reported CNT/Al

2
O

3

nanocomposites have been discussed to ascertain
the extent of property enhancement in these prod-
ucts over single phase Al

2
O

3
, mechanisms through

which such changes have been achieved and the
upper limit of CNT concentration up to which homo-
geneous dispersion is possible.

2. PROCESSING OF CNT/Al2O3

NANOCOMPOSITES

2.1. Primary raw materials for making
CNT/Al2O3 nanocomposites

It may be seen from Table 2 that except a few, re-
searchers mainly utilized MWCNTs for making such
nanocomposites because of much higher cost and
clustering of SWCNT than MWCNT that increases
processing cost and hinders homogeneous
dispersibility in matrix phase, respectively. Table 2
further indicates that a variety of MWCNT have been
used to fabricate CNT/Al

2
O

3
 nanocomposite. While

d]ameter and length of MWCNT ranged from 5&124
nm and 0.4&160 m, respectively, purity and spe-
cial surface area (SSA) were ranged from 80&98 
and 25&300 m2/g, respectively. It may be seen from
Table 3 that only Xia et al. [62, 86] produced a nano-
porous Al

2
O

3
 of specific geometry from high-purity

anodized aluminum (Al). Otherwise, commercially
available different forms or precursors of Al

2
O

3 
were

used as source for matrix material (Table 3). Some
researchers also used gamma ( )- or delta ( )-Al

2
O

3

powders because these phases are low tempera-
ture metastable forms of crystalline Al

2
O

3
 and con-

verts to the most stable -phase up on heating above
1150 & 1200 °C (Table 3). Furthermore,     -Al

2
O

3

having much lower particle size and higher surface

area than reactive -Al
2
O

3
 also helped in lowering

T
sin

 required to achieve desired level of densification
(Table 3).

2.2. Pre-treatment of CNT

Table 4 shows details of pre-treatment/purification
of CNT prior to making CNT/Al

2
O

3
 composite pow-

der mixture. Although in many reports, CNT was
used in as-received state, concentrated acid treat-
ment, primarily using 3:1 (v/v) sulphuric acid (H

2
SO

4
):

nitric acid (HNO
3
) solution have been widely em-

ployed for CNT purification (Table 4). This wet oxi-
dation has been used not only to remove metal cata-
lysts and large graphitic particles from CNT, but also
to detangle long CNT ropes by cutting them into
small, open-ended tubes grafted with carboxylic acid
groups [121]. Presence of such &COOH groups at
the open-ends of CNTs also facilitate nanotube dis-
persion in liquid medium [121]. Contrary to that, such
acid treatment can introduce nano-scale defects on
the sidewalls of CNTs [66-67,121-122]. Thus, opti-
mization of treatment schedule based on impurity
type and concentration is important to control de-
fect/functional group population in purified CNTs [64].
Except acid treatment, gas phase dry oxidation was
also utilized to remove impurities like amorphous
carbon, fullerenes and polyaromatic hydrocarbons
from CNT having higher oxidation activity due to pres-
ence of higher dangling bonds and morphological
defects compared to CNT [121-122].

2.3. Processing of CNT/Al2O3

composite powder mixtures

It may be seen from Table 5 that to prepare CNT
slurry either in organic or aqueous medium, except
a few, others relied on the use of ultrasonic waves.
This is because ultrasonic wave is the most effec-
tive to disperse CNTs by breaking the van der Waal’s
(vdW) attractive force exists among clustered tubes
(~500 eV/ m of tube length) by producing strong
shear force in the liquid medium [123]. Since the
degree of vdW forces among CNT depends greatly
on their aspect ratio and tube thickness, dispersion
time varied from 30 minutes to 24 hours (Table 5).Ex-
cept ultrasonication, utilization of various types of
surfactants to facilitate CNT dispersion was also
observed (Table 5). Surfactant assisted dispersion
of CNTs in liquid medium is a non-covalent process
in which uncharged surfactants adsorb onto the CNT
surface by & stacking interaction or by coulomb
attraction in case of charged surfactants [124]. Thus,
unlike covalent functionalization, this non-covalent
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Property SWCNT MWCNT

Mechanical

Young(s modulus 1.25 (LAa grown, individual) [11] 1.28 % 0.59 (AD grown, ]nd]v]dual) [13]
(TPa) 0.1&0.15 (CVDb grown, bundle)[12] 0.62&1.2 (AD grown, ]nd]v]dual) [14]

0.99&1.1 (AD grown, ]nd]v]dual) [15]
0.27&0.95 (AD grown, ]nd]v]dual) [16]
0.59&0.93 (AD grown, EB ]rrad]ated) [15]
0.027 (CVD grown, individual) [17]
0.45%0.23 (CVD grown, ]nd]v]dual) [18]
0.275 (CVD grown, bundle) [19]
0.33 (CVD grown, twisted-bundle) [19]

Tensile strength 40&100 (]nd]v]dual) [20] 16&29 (AD grown, ]nd]v]dual) [14]
(GPa) 45%7 (bundle) [21] 100 (AD grown, individual) [15]

30 (bundle) [22] 11&63 (AD grown, ]nd]v]dual) [16]
10-52 (CVD grown, bundle) [23] 1.72 %0.64 (CVD grown, ]nd]v]dual) [18]

110 (CVD grown, individual) [24]
20 (CVD grown, individual) [25]
6 (CVD grown, individual, acid-treated)
[25]
2.09 (CVD grown, individual) [26]
1.52 (CVD grown, individual, N

2
 doped)

[26]
0.85 (CVD grown, bundle) [19]
1.91 (CVD grown, twisted-bundle) [19]

Failure strain (%) 30 (CVD grown, individual, at RT) 3&12 (AD grown, ]nd]v]dual, Tens]le) [16]
[27] 2.7 (CVD grown, individual, Tensile) [25]
280 (at  2000oC) [28] 1.8 (CVD grown, individual, acid-treated,

Tensile) [25]

Electrical

Conductivity (S/m) 1 X 106 & 2.94 X 106 (LA grown, 1.85 X 105 (AD grown, individual) [30]
rope) [29] 2.0 X 103&4.7 X 103 (CVD grown,

disordered) [31]
Current density (A/m2) 2.5 X 1013 [32] 1011 (AD grown, individual) [30]

 2.8 X 1010 (CVD grown, disordered) [31]

Thermal

Conductivity (W/m-K) 6600 (individual) [33] 3000 (individual) [38]
2400 (individual) [34] 1400 (individual) [34]
474 (individual) [35] 650&830 (]nd]v]dual) [39]
1750&5800 (ADc grown, rope) [36] 25 (CVD grown, bundle) [40]
>200 (bundle) [37] 12&17 (PECVD grown, f]lm) [41]
35 (AD grown, mat) [36] 4.2 (CVD grown, bulk, SPSed) [42]

CTE (X 10-6/K) -1.5 % 2.0 (rad]al, at 300&950 K) [43]
7.5 % 2.5 (longitudinal, at
300&950 K) [43]

Table 1. Mechanical, electrical and thermal properties of CNT.

a Laser Ablation; b Chemical Vapour Deposition; c Arc Discharge
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Table 4. Pre-treatment of CNT prior to fabrication of CNT/Al
2
O

3
 nanocomposites.

Ref # Process

[62,76,82-84, Direct growth
86,104,111]
[64,14] 1. 98% H

2
SO

4
 + 68% HNO

3
 (3:1 v/v) treatment at 80&120 °C for 10&20 m]nutes

2. Washing with distilled water followed by drying at 120 °C
[65,69,70,73-75, As received
79-81,85,87,88,90,95,
102,103,113,115]
[68] Oxidized at 500 °C for 90 minutes
[66,7] 1. Conc. H

2
SO

4
 + HNO

3
 (3:1 v/v) treatment at 70 °C for 2 hrs.

2. Washing with distilled water followed by drying at 60 °C
[71,72] Treated with NH

3
 at 600 °C for 3 hrs.

[77] Treated with H
2
SO

4
&HNO

3
 solution

[78] Hot HNO
3
 treatment

[89] 98% H
2
SO

4
 + 68% HNO

3
 (3:1 v/v) treatment for 4 hrs.

[91] 1. Boiling HF treatment for 2 hrs.
2. Washing with deionized water and drying

[92] As grown
[93] 1. Treatment with HF, HNO

3
 and H

2
SO

4

2. Oxidized at 190 (C for 4 hrs.
[94] 1. 3 hrs. sonication in H

2
SO

4
:HNO

3
 (3:1 v/v) solution followed by 24 hrs. stirring

2. F]ltrat]on, wash]ng w]th d]st]lled (pH = 7) and dry]ng at 100 °C
[96] 98% H

2
SO

4
 + 68% HNO

3
 (3:1 v/v) treatment

[97] 1. 98% H
2
SO

4
 + 68% HNO

3
 (3:1 v/v) treatment for >48 hrs.

2. Filtration, washing with distilled water and dehydration
[98] 1. HNO

3
 treatment for 30 minutes

2. Filtration and washing with distilled water
[99] 1. Air-oxidation at 500 °C for 1 hr

2. HNO
3 
treatment at 60&80 °C for 1 hr

[109] 1. 98% H
2
SO

4
 + 68% HNO

3
 (3:1 v/v) ultrasonic treatment at 50 °C for 2 hrs.

2. Soaked for another 72 hrs. in acid mixture
[116,117] 1. Conc. HNO

3
 treatment at 80 °C for 8 hrs.

[118] 1. Conc. 90% H
2
SO

4
 + 90% HNO

3
 (1:1 v/v)  treatment at ~85 °C for 30 minutes

2. Ultrasonic bath treatment for 2 hrs.
3. Washing with distilled water to make pH = 7.0
4. Drying at 100oC for 48 hrs.

[120] 1. Conc. H
2
SO

4
:HNO

3
 (3:1) treatment at 110 °C for 2 hrs.

2. Washing with DI water until pH = 7.03. Drying at 120 °C for 24 hrs.

approach does not disrupt the -electron cloud and
eventually, electrical properties of CNT. While hy-
drophobic tail group of a surfactant adsorbs on CNT(s
external surface, hydrophilic head group renders
dispersibility of CNTs in the liquid (aqueous or or-
ganic) [125]. Based on the charge of head group, a
surfactant can be cationic, anionic or neutral. Utili-
zation of various types of surfactants has been found
in the available literature to prepare stable CNT sus-
pension (Table 5). However, among these surfac-
tants, SDS is the most utilized one [77-
78,88,89,96,97,113]. Recently, gas-purging sonica-

tion (GPS) has also been used by Bakhsh et al.
[120] using simultaneous nitrogen gas purging and
sonication to ensure better dispersion of CNT in liq-
uid medium. To mix the prepared CNT slurry with
Al

2
O

3
, researchers mainly adopted wet mixing pro-

cess (Table 5). Except ultrasonication, in-situ
growth, ball-milling in alcohol medium using differ-
ent milling balls, planetary centrifugal mixing, mag-
netic stirring and tape casting have also been uti-
lized (Table 5). Other steps involved drying, filtra-
tion, dehydration, milling and sieving (Table 5). In
some cases, ball milling and high-energy ball mill-
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Table 5. Review chart on green processing of CNT/alumina composite powder.

Ref #

[62,86]
[64]

[65]

[66]

[67,68]

[69]

[70-72]

[73-75,115]

[76,104,111]

[77]

[78]

[79,80,105]

[81]

[82]
[83]

[84]
[84]

Process

In-situ growth
1. UD† of P-CNT$ and ball-milled Al

2
O

3
 for >2 hrs. and 30 minutes blending of two

suspensions
2. Deposition of Al

2
O

3
 decorated CNT followed by overnight drying at 120 °C

1. UD of R-CNT§ in ethanol and mixing of Al(OH)
3
 and Mg(OH)

2 
in dispersed CNT using

sonication
2. Filtration and air-drying at 60 °C followed by dehydration at 600 °C for 15 minutes
in Ar
1. ~20 minutes centrifugal mixing of P-CNT with TEA, Al(OH)

3
, SiO

2
 and Mg(OH)

2
 in

distilled water
2. Drying at 100o and 230oC in oxidizing atmosphere and 15 minutes dehydration at
600 °C in Ar
1. UD of as-received/purified MWCNT in ethanol
Other steps are similar as Ref # [66]
1. 2 hrs. UD of R-CNTs in ethanol
2. Stirring of {Al

2
O

3
 + MgO + (ZrO

2 
+ 3 mol.% Y

2
O

3
) + monoclinic ZrO

2
} and dispersed

CNT slurry
3. 12 hrs. drying at 100 °C
1. 30 minutes UD of P-CNT in PEI and Al

2
O

3
 in PAA followed by vigorous mixing of two

slurries
2. Mixing of step 1 slurry with a 50 wt.% Al

2
O

3
 suspension followed by drying and

grinding
1. 1 hour UD of R-CNT in alcohol
2. 1&2 hrs. magnet]c st]rr]ng of CNT slurry and aqueous Al

2
O

3 
suspension

3. Drying at 100oC followed by sieving
1. 15 minutes ultrasonic mixing of Co(NO

3
)

2
 and Al

2
O

3
 powder in ethanol

2. Overnight drying at 130 °C and grinding to produce Co/Al
2
O

3
 powder

3. CVD at 750 °C for 15 minutes for direct CNT growth on Al
2
O

3
 nano-particles

1. 30 minutes UD of P-CNT using SDS  in water and 2 weeks incubation of dispersed
CNT
2. Sonication of -Al

2
O

3
 powder and CNT slurry for 2 hrs. followed by drying

1. 30 minutes UD of P-CNT using SDS  ]n water followed by 2&6 weeks ]ncubat]on and
re-sonication
2. Same as step 2 of Ref #[77] followed by dry]ng at 120&150 °C under sonication and
milling
1. 2 hrs. UD of R-CNT in ethanol at 50 °C followed by mixing of Al

2
O

3 
slurry and dis-

persed CNT
2. Wet sieving followed by 24 hrs. ball-milling and drying
1. 24 hrs. HEBM of -Al

2
O

3
 powder using PVA followed by PVA burn-out at 350 °C for 3

hrs.
2. 24 hrs. ball milling of Al

2
O

3 
powder and SWCNT in ethanol  followed by drying and

sieving
CVD at 750 °C for 2 hrs. of iron (Fe)-catalyst supported Al

2
O

3
 for in-situ CNT growth

1. 12 hrs. ball-milling of (Al
2
O

3
 + MgO + Fe(NO

3
)

3
.9H

2
O) in ethanol

2. Rotary evaporation at 80 °C and over-night drying at 150 °C
3. Grinding to produce Fe-impregnated fine Al

2
O

3
 powder followed by CVD as in Ref

#[82]
12 hrs. ball-milling of MWCNT, Al

2
O

3
 and MgO in ethanol

1. Preparation of MWCNT, Al
2
O

3
, and MgO slurries using Hexone, KD-1, PVB and DBP

2. Tape cast products were cut and laminated at 80 °C under 50 MPa for 30 minutes
3. Binder burn-out at 550 °C for 10 hrs. in air
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[85]

[87]
[88]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[102,103,112]

1. 2 hrs. UD of R-CNT in DMF followed by 2 minutes hand mixing of dispersed CNT and
-Al

2
O

3

2. 8 hrs. ball milling followed by 12 hrs. air drying at 75 °C and 3 days vacuum drying at
100 °C
3. Grinding and sieving followed by 4 days vacuum drying for thorough solvent extrac-
tion
Steps &–3 are similar as Ref # [85]
1. 30 minutes UD of Al

2
O

3
 powder and R-CNT in DI water

2. 30 minutes ultrasonic mixing of two suspensions
3. Filtration and ball-milling for 5 hrs. followed by air drying
1. 30 minutes UD of Al

2
O

3
 powder in PEG and R-CNT in SDS

2. The remaining steps were the same as above
1. 30 minutes UD of P-CNT in SDS and Al

2
O

3
 powder in PEG

2. Stirring and ultrasonication of above two slurries to get CNT/Al
2
O

3
 composite powder

1. Precursor solution containing R-CNT, Al(NO
3
)

3
.9H

2
O and Pluronic P123

2. Solution was atomized into micron-sized droplets and pyrolized at 800 °C in
flowing N

2

3. Heat-treatment at 1200 °C for 2 hrs. in Ar for binder removal
1. UD of P-CNT using SDS in DI water
2. Mixing of ZrCl

4
, Y

2
O

3 
and dense NH

3 
with CNT slurry under vigorous stirring

3. Dry]ng at 200&300 °C resulted in Zr(OH)
4
 coated CNT

4. 2 hrs. calcination at 600 °C in Ar followed by blending of ZrO
2
 coated CNT with Al

2
O

3

1. Preparation of Al
2
O

3
 sol from Al(OC

4
H

9
)

3
. H

2
O

2. Mixing of dispersed CNT during gelation of the sol followed by 6 hrs. drying at 350 °C
3. 1 hour calcination at 1250 °C under vacuum
1. 24 hrs. UD of P-CNT in distilled water
2. 24 hrs. ultrasonic mixing of Al(NO

3
)

3
.9H

2
O and dispersed CNT

3. Drying at 100 °C followed by oxidation at 350 °C for 6 hrs.
1. Stirring and sonication of Al

2
O

3
 powder in water at pH = 12 followed by 24 hrs. ball

milling
2. 30 minutes sonication and stirring of P-CNT in water (pH = 12)
3. Mixing of Al

2
O

3
 and CNT slurries by stirring, sonication and ball milling

4. Freeze drying at -20 °C under ~13 Pa for 48 hrs.
1. Ultrasonic mixing of R-CNT, aluminum acetate basic, NH

3
 and -Al

2
O

3
 seeds in

distilled water
2. 2 hrs. hydrothermal synthesis at 200 °C under 1 MPa
3. Removal of soluble impurities followed by drying at 100 °C and sieving
1. UD of P-CNT in water with SDS
2. Mixing of Al

2
O

3
 with stable CNT suspension and 24 hrs. sand-milled (7000 rpm)

1. UD of -Al
2
O

3
 powder in DI water with PAA and P-CNT in ethanol with SDS

2. 24 hrs. ball-milling of above slurries for homogenization followed by vacuum drying
1. 5 hrs. ball-milling of P-CNT and 1 hr UD of ball-milled CNT slurry followed by drying
2. 5 hrs. ball milling of dispersed CNT and Al

2
O

3
 in ethanol  followed by drying and

sieving
1. Preparat]on of bohem]te sol (pH = 2.5&3) conta]n]ng 500 ppm MgO
2. 15&20 minutes mixing of P-CNT with the sol by sonication and magnetic stirring
3. Preparation of 50 wt.% Al

2
O

3
 slurry by 12 hrs. ball-milling, filtration and degassing

4. 2 hrs. mixing of CNT dispersed bohemite sol and Al
2
O

3
 slurry  followed by gelation

5. Dry]ng at 80&90 °C and 1 hr vacuum calcination at 1000 °C followed by 1 hr milling
and drying
1. 24 hrs. blending of spherical agglomerates of spray dried nano-Al

2
O

3
 powder with as-

received CNT to get blended Al
2
O

3
/CNT powder mixture (# 1)

2. Spray drying of CNT dispersed slurry of nano-Al
2
O

3
 part]cles to get 15&60 m spheri-

cal composite agglomerates (#2)



63Processing and properties of carbon nanotube/alumina nanocomposites: a review

[106]
[107]

[113]

[113]

[113]

[114]

[116]

[117]

[118]

[120]

1. Mixing of Al
2
O

3
 and MWCNT sols followed by freeze drying with liquid N

2

1. 2 hrs. UD of CNT in DMF followed by mixing with Al
2
O

3
 and 8 hrs. ball milling

2. 12 hrs. air drying at 75 °C and 72 hrs. vacuum drying at 100 °C
3. Grinding, sieving and additional 96 hrs. vacuum drying at 100 °C
1. 24 hrs. HEBM of Al

2
O

3
 in 1 wt.% PVA followed by 3 hrs. baking at 350 °C in air

2. ~15 minutes UD of R-CNT using organic dispersant in DI water
3. Hand mixing and ultrasonication of HEBM powder in ethanol
4. 24 hrs. wet milling of dispersed CNT and HEBM powder using ZrO

2
 balls

5. Solvent evaporation followed by baking at 400 °C for 3 hrs. in air
1. 15 minutes UD of DWCNT using SDS and HEBM Al

2
O

3
 using PEG

2. Mixing of above two slurries by stirring and 15 minutes ultrasonication
3. 24 hrs. wet milling of dispersed DWCNT and HEBM powder using ZrO

2
 balls

4. Solvent evaporat]on and up to 12 hrs. bak]ng at 150&600 °C in air and 3 hrs. at 850
°C in Ar
1. 15 m]nutes UD of HEBM 10 vol.  Nb&Al

2
O

3
 powder followed by 24 hrs. ball milling

2. 5 minutes UD of R-CNT using Nanosperse in DI water
3. Mixing of step 1 slurry with dispersed CNT followed by 24 hrs. wet milling
4. Drying of the slurry followed by 4 hrs. backing at 450 °C for dispersant removal
1. 35 hrs. UD of P-CNT in distilled water (pH = 3.65)
2. UD of Al

2
O

3
 powder in distilled water (pH = 4.12)

3. Mixing of stable MWCNT and Al
2
O

3
 suspensions followed by washing and drying

1. Mixing of 50 wt.% Al
2
O

3
 using 2.2 wt.% Dervan C-N in distilled water

2. 10 minutes UD of P-CNT in distilled water
3. Addition of dispersed CNT in Al

2
O

3
 suspension followed by pH adjustment to ~10

4. Addition of rest of 50 wt.% Al
2
O

3
 powder and vigorous mixing

5. 24 hrs. ball milling of MWCNT/Al
2
O

3
 slurry using Al

2
O

3
 balls followed by de-airing

1. 2 minutes UD of P-CNT in SDS/water solution
2. Stabilization of Al

2
O

3
 and ZrO

2
 suspensions (pH~10) using Dervan C-N

3. Mixing of above three suspensions and 24 hrs. ball milling
4. Spraying of mixed slurry at cryogenic temperature followed by freeze drying at or
below 50 °C
1. UD of P-CNT in distilled water with SDS, GA or SDS+GA
2. Preparation of Al

2
O

3
 suspension using PEG

3. 8 hrs. ball milling of mixed two suspensions
4. 12 hrs. a]r dry]ng at 80 °C and 24 hrs. vacuum dry]ng at 100 °C
5. S]ev]ng through 250 mesh s]eve followed by 24 hrs. solvent extract]on at 100 °C ]n
vacuum
1. UD of P-CNT and Al

2
O

3
 in DI water followed by 2 hrs. ball milling

2. GPS of ball milled MWCNT and Al
2
O

3

3. Addition of HCl in Al
2
O

3
 suspension up to pH = 4.4 followed by mixing with MWCNT

4. 24 hrs. drying at 120 °C followed by sieving through 250 mesh

TEA: 2,2,2-nitrilotriethanol; PEI: Polyethyleneamine; PAA: Polyacrylic acid; SDS: Sodium dodecyl sul-
phate; PVA: Polyvinyl alcohol; Hexone: Metthyl-isobutyl-ketone; PVB: Polyvinyl-butyral; DBP: Di-butyl
phathalate; PEG: Poly-ethylene glycol; DMF: Dimetylformamide; Dervan C-N: Ammonium
polymethylmetacrylate; GA: Gum Arabic
†UD = Ultrasonic dispersion; $P-CNT = Purified/treated CNT; §R-CNT = As-received CNT

ing (HEBM) of Al
2
O

3
 for 12 to 24 hours using Al

2
O

3

or ZrO
2
 balls have also been carried out (Table 5).

Milling was done to reduce particle size of starting
Al

2
O

3
 powder by the high energy impact of milling

balls,  phase transformation at ambient tem-
perature that otherwise requires 1150 °C and to

promote de-agglomeration of nano-sized particles
[126-129]. Increase in the surface area of the milled
powder also rendered high rate of surface and grain-
boundary diffusion during solid state sintering and
helped in lowering T

sin
 to achieve required densifica-

tion [127-128].
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Table 6. Review chart on sintering schedule of CNT/Al
2
O

3
 nanocomposites.

Ref # Sintering schedule

[62,86] 1. Deposition of Co/Ni catalyst nano-particles at the bottom of nano-porous Al
2
O

3

2. CVD at 645 °C to prepare ideal unidirectional CNT/Al
2
O

3
 nanocomposite

[64] SPS at 1500 °C for 10 minutes under 50 MPa
[65-68] SPS at 1500 °C for 10 minutes under 20 MPa
[69] SPS at 1520 °C under 80 MPa
[70] HP at 1350, 1400, 1450, and 1500 °C for 60 minutes under 30 MPa
[71,72] SPS at 1300oC for 5 minutes under 50 MPa
[73,115] PLS at 1500, 1600, and 1700 °C for 240 minutes in Ar
[74,75] PLS at 1700 °C for 240 minutes in Ar
[76,104,111] SPS at 1150 or 1450 °C for 10 minutes under 100 MPa
[77,78] HP at 1600 °C for 60 minutes under 40 MPa
[79,80] SPS at 1100, 1150, and 1200 °C for 2&3 m]nutes under 50&100 MPa
[81] SPS at 1150, 1350, and 1550 °C for 3 minutes under 63 MPa
[82,83] HP at 1800 °C for 60 minutes under 40 MPa
[84] HP at 1550 °C (pure Al

2
O

3
) and at 1850 °C (composite) for 1 hour under 30 MPa

[85] SPS at 1400 °C for 3 minutes under 100 MPa
[87] SPS at 1800 °C for 3 minutes under100 MPa
[88] HP at 1500 °C for 60 minutes under 20 MPa
[89] HP at 1600 °C for 60 minutes under 20 MPa
[90] SPS at 1375 °C for 5 minutes in vacuum
[91] HP at 1500 °C under 50 MPa in vacuum
[92] SPS at 1650 °C for 5 minutes under 25 MPa
[93] SPS at 1500 °C for 5 minutes under 4 kN
[94] PLS at 1500 or 1600 °C for 120&240 m]nutes under flow]ng Ar (~100 kPa)
[95] SPS at 1600 °C for 5 minutes under 50 MPa
[96] HP at 1600 °C for 60 minutes under 20 MPa
[97] HP at 1500 °C under 40 MPa. Total dwell up to 1100 °C was ~150 minutes
[98] PLS at 1550 °C for 240 minutes in Ar
[99] PLS at 1400&1600 °C for 1 hour in N

2
HIP at 1300oC for 2 hours under 200 MPa in N

2

[102,112] Plasma spraying of #1and #2 powder at 2625 and 2059 °C, respectively (max.)
[103] Plasma spraying of #2 powder at 2059 °C (max.)
[105] SPS at 1400 °C under 50 MPa
[106] HP at 1450 °C for 30 minutes under 30 MPa
[107] SPS at 1000&1800 °C for 3 minutes under 100 MPa
[108] SPS at 1350 °C in vacuum under 50 MPa
[109] HP at 1500 °C in vacuum under 40 MPa
[113] SPS at 1200&1250 °C for 3&8 m]nutes under 88&105 MPa
[114] SPS at 1300 °C for 20 min under 90 MPa
[116] PLS at 1500 °C for 2 hours in Ar
[117] HP at 1500 °C for 2 hours in Ar under 30 MPa
[118] SPS at 1400 °C for 5 minutes under 50 MPa
[120] PLS at 1600 °C for 15 minutes in flowing Ar

2.4. Sintering of CNT/Al2O3

nanocomposites

It may be seen from Table 6 that about 50% of dif-
ferent densification processes has covered by spark
plasma sintering (SPS) while 27.5% was hot-press-
ing (HP), 12.5% pressureless sintering (PLS) and

in-situ and other methodologies encompassed 5%
each. Therefore, it is clear that SPS and HP were
the key sintering methods to prepare CNT/Al

2
O

3

nanocomposites. Although, both these processes
have certain advantages, they have some limitations
too. Unlike PLS, where the normal heating rate is
5&7 °C/minute and can go up to maximum 20
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°C/minute, especially, for controlled atmosphere re-
sistance heating furnaces, in SPS, an extreme high
heating rate (for Al

2
O

3
 ceramic acceptable heating

rate is 350 °C/minute) facilitates rapid attainment
of desired T

sin
 [130]. Simultaneously, application of

external pressure during SPS helps in lowering T
sin

by driving the vacancy flux from pores to grain
boundaries. The flux is created by reducing the va-
cancy concentration at boundary regions and thus,
promotes densification [131]. In addition, shorter
dwell (5&10 m]nutes) at T

sin
 facilitates formation of

fine-grained SPS-ed product [130-131]. Hence, SPS
is a time saving process capable of producing dense
ceramics having finer microstructure and improved
properties, primarily, those depend on matrix grain
size. Contrary to that, the extreme heating rate used
and uniaxial pressure applied during sintering can
lead to temperature gradient in SPS-ed products
and results in heterogeneous microstructure and sig-
nificant anisotropy in properties, especially, when
thickness of the sintered mass is high [113,132].
Further, the shape and dimension of specimens that
can be produced by SPS is limited. To prepare a
complex geometry, post&mach]n]ng of SPS-ed
specimen is essential that requires extra time, can
introduce machining induced defects and increases
product cost. In addition, SPS strongly depends on
the electrical nature of material being sintered, it
involves high set-up and die cost and consumes
high power during operation that directly depends
on mold diameter than required for conventional PLS
[133]. While the lowest SPS temperature for densi-
fication of CNT/Al

2
O

3
 nanocomposite was 1100 °C,

the highest temperature i.e. 1650oC was quite simi-
lar to that employed in PLS (Table 6). However, it
has been successfully established by a few research-
ers that SPS temperature for fabricating SWCNT/
Al

2
O

3
 nanocomposites should be in the range from

1150 to 1250 °C to retain structural integrity of
nanotubes [81,113]. Furthermore, the applied pres-
sure dur]ng SPS also var]ed cons]derably from 20&
100 MPa (Table 6). Therefore, beside the unique
features of SPS, present data strongly suggest that
there is a need to optimize SPS schedule to get a
consistent CNT/Al

2
O

3
 product without disrupting the

outstanding structural features of the reinforcing
phase. The next bulk CNT/Al

2
O

3
 nanocomposite den-

sification technique is HP. Advantages of HP are
low T

sin
, better densification, lower dwell time (in gen-

eral 1 hour) and faster heating rate than PLS but
much lower than SPS. The limitations include dif-
ferent m]crostructure&propert]es w]th respect to d]-
rection of applied pressure, restriction toward fabri-
cation of complex shapes, high commencing and

die cost. Similar to SPS, for hot pressing of CNT/
Al

2
O

3
 nanocomposites, researchers used a wide

span of T
sin
 (1350&1850 °C) (Table 6). Contrary to

that deviation in applied pressure was not that much
and var]ed from 20&40 MPa (Table 6). As far as PLS
of CNT/Al

2
O

3
 nanocomposite is concerned, a lim-

ited group of researchers tried this technique con-
sidering its industrial viability, cost effectiveness and
possibility of fabricating near net-shape products
having complex geometry (Table 6). In-situ growth
and other techniques e.g. plasma spraying have
been used to to fabricate of CNT/Al

2
O

3
 nanocom-

posites for specific objectives viz. to study fracture
mechanisms or wetting behavior of CNT by Al

2
O

3
 in

nanocomposite coatings etc. (Table 6).

2.5. CNT content in CNT/Al2O3

nanocomposites

It may be visualized from Table 7 that reported range
of CNT content in CNT/Al

2
O

3
 nanocomposites var-

ied over a wide span from only 0.01 wt.% to 35 wt.%
[69,115]. Consequently, the upper limit of CNT con-
centration in Al

2
O

3
 beyond which CNT formed ag-

glomerates and impaired properties of
nanocomposites varied from one to another. While
Yamamoto et al. [66-67], Sarkar and Das [73-75],
Cha et al. [93] and Zhang et al. [94] found that
MWCNT started to form agglomerates beyond  0.9,
0.6, 1.8 and 1 vol.%, respectively, agglomeration of
nanotubes beyond 2 to 7.39 wt.% MWCNT has also
been reported [68,76,78,82,84]. This concentration
depends also on CNT type and dimension. Con-
centration of SWCNT having much better morpho-
logical precision and properties and higher cluster-
ing tendency than MWCNT should be lower than
MWCNT [69]. To explore the CNT content required
to fabricate effective CNT/Al

2
O

3
 nanocomposites,

following exercise was carried out considering the
simplest ways to bridge Al

2
O

3
 grains by CNT in a

closed 3D network.
Although Al

2
O

3
 grains can be of various shapes

[64,69,73,77], for simplicity, matrix grains were con-
sidered as hexagonal prisms having side length (S)
and height (H) of 1 m each (Fig. 1). Grain dimen-
sion was kept at lower side of available grain sizes
of CNT/Al

2
O

3
 nanocomposite [65,67,69,73,74,77-

79,81,82,94,95,107] since higher grain size will in-
crease contribution of matrix and CNT content will
be lowered.

According to Fig. 1, volume of an Al
2
O

3
 grain will

be (V
Al2O3

) = 2.598 m3. Now, to form a closed struc-
ture, the central Al

2
O

3
 grain has to be surrounded

by eight such grains as shown in Figs. 2a and 2b.
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Case 1: Considering thin/short MWCNT
(TS-CNT) [98]
Outer diameter (OD) = 5 nm; inner diameter (ID) =
1.5 nm (taking ID  OD/4) [73, 98]; length = 2 m.
Thus, volume of a TS-CNT (V

TS-CNT
) = 3.57 X 10-5

m3.
Case 1.1:
Now, in the lowest possible configuration, a single
TS-CNT can bridge one Al

2
O

3
 grain sitting on the

side face and two Al
2
O

3
 grains sitting on the front

and back faces of central Al
2
O

3 
(Figs. 3a and 3b).

This is because while the center-to-center distance

Table 7. Review chart on composition of CNT/Al
2
O

3
 nanocomposites.

Ref # Batch details Ref # Batch details

[62] CNT/Al
2
O

3
 (20): 17.8 vol.% MWCNT [92] 1.5, 3.3 vol.% MWCNT

CNT/Al
2
O

3
 (20): 8.2&11.2 vol.  MWCNT

[64] 3.5 vol.% MWCNT [93] 0&1.8 vol.  MWCNT
[65] 0.9 vol.% MWCNT [94] 1, 3, 5 vol.% MWCNT
[66] 0.9, 1.9, 3.1, 7.3 vol.% MWCNT [95] 1 wt.% MWCNT
[67] 0.9, 1.9, 3.7 vol.% MWCNT [96] 3, 6 vol.% MWCNT
[68] 0.5, 0.75, 3, 4, 5, 7, 10 wt.% [97] 5 wt.% MWCNT

MWCNT for MgO
2, 4, 6, 10 wt.% MWCNT for SiO

2

[69] 0.01, 0.1 wt.% MWCNT [98] 0.75, 1.5, 2.25, 3.0 vol.% MWCNT
0.01, 0.1 wt.% SWCNT

[70] 1 wt.% MWCNT [99] 0.5 wt.% MWCNT
[71,72] 0.1 wt.% CNT [102,103] 4 wt.% MWCNT
[73,75] 0.15, 0.3, 0.6, 1.2, 2.4 vol.% MWCNT [104,111] 7.39, 8.25, 18.82,

19.10 wt.% MWCNT
[74] 0.15, 0.3, 0.6, 1.2 vol.% MWCNT [105] 0.3, 0.4,0.5, 1, 2, 3, 5, 6

wt.% MWCNT
[76] 3.19, 7.39, 8.25, 19.1 wt.% MWCNT (SM) [106] 0.6, 1.4 vol.% MWCNT

 5.04, 20.5 wt.% MWCNT (BM)
[77,78] 2, 5 wt.% MWCNT [107] 2, 3.5, 5 wt.% MWCNT
[79] 5.7, 10, 15 vol.% SWCNT [108] 0.5, 0.7, 0.87, 1.74, 5.21, 8.5, 10

vol.% MWCNT
[80] 5.7, 10 vol.% SWCNT [109] 1, 2, 3, 3.5, 3.8, 4, 5, 7

wt.% MWCNT
[81] 10 vol.% SWCNT [112] 4, 8 wt.% MWCNT
[82,83] 2.7, 4.1, 10.5, 12.5 wt.% MWCNT [113] 5 vol.% SWCNT, 5 vol.% DWCNT
[84] 4, 8, 12 wt.% MWCNT [114] 20 vol.% MWCNT
[85] 2, 5, 10 wt.% MWCNT [115] 0.07, 0.13, 0.27, 0.54, 1.09, 35

wt.% MWCNT
[87] 2, 3.5, 5, 10 wt.% MWCNT [116] 0.1 wt.% MWCNT
[88] 12 vol.% MWCNT [117] 0.5, 1, 1.5, 2 vol.% MWCNT
[89] 1 wt.% SWCNT [118] 0.5, 1 wt.% MWCNT
[90] 0.18, 1.07, 2.48 wt.% MWCNT [120] 1, 2, 3 wt.% MWCNT
[91] 1.5 wt.% MWCNT + 25 wt.% ZrO

2

SM: Stirrer mode; BM: Mo boat synthesis

Fig. 1. Schematic of a simple hexagonal prismatic
Al

2
O

3
 grain.
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from central Al
2
O

3
 to adjacent grain sitting on its

side face is 1.74 m, the distance is 1 m when
measured from center of central grain to center of
the grain sitting on its front/back face. Thus, total
number of Al

2
O

3
 grains in this case = 6 (side grains)

+ 1 (central grain) + 2 (grains on the top and back
faces of central grain) = 9 and their volume = 9*V

Al2O3

= 23.382 m3.
Number of TS-CNT in this configuration = 7 and

their volume = 7*V
TS-CNT

 = 2.5 X 10-4 m3. Since,
TS-CNTs are entrapped inside Al

2
O

3
 grains, volume

of this composite = 23.382 m3. Thus, volume per-
centage of TS-CNT in this case = ({2.5 X 10-4}/
23.382)*100  0.0011%.
Case 1.2:
In the highest possible configuration, maximum 200
TS-CNTs (side length of Al

2
O

3
 grain/ OD of TS-CNT)

can bridge Al
2
O

3
 grains sitting on the side faces of

central grain, while for the grains sitting on the front
and back faces of central Al

2
O

3
, maximum number

of TS-CNT will be (1740/5) = 348. Thus, total num-
ber of TS-CNT = (6*200) + (348) = 1548 and their
volume = 1548*V

TS-CNT
 = 5.53 X 10-2 m3. Since,

TS-CNTs are entrapped inside Al
2
O

3
 grains, volume

of this composite = 23.382 m3. Thus, volume per-
centage of TS-CNT = ({5.53 X 10-2}/23.382)*100 
0.24%.

Figs. 2. Schematic of Al
2
O

3
 grains sitting on (a) 6 side and(b) top and bottom faces of central Al

2
O

3
.

Figs. 3. Schematic of lowest possible configuration of TS-CNT and Al
2
O

3
 grains along (a) side faces and (b)

top and bottom faces of central Al
2
O

3
.

However, this case is practically not viable, be-
cause if such a huge number of TS-CNT spread
along their length to bridge adjacent Al

2
O

3
 grains,

then CNT bundles and/or agglomerates should be
formed due to the presence of strong vdW forces
among the tubes. The other possibility is that the
extra amount of CNT can be placed at grain bound-
ary (GB) regions. Thus, while the lowest TS-CNT
content can be 0.0011 vol.% having the probability
of highest individual CNT dispersion in matrix, the
highest concentration can be ~0.24 vol.% with the
lowest individual dispersion of CNTs and highest
population of CNT clusters in a nanocomposite con-
taining hexagonal prismatic grains and TS-CNTs of
specified dimension.
Case 2: Considering thick/long MWCNT
(TL-CNT) [65-67]
OD = 124 nm; ID = 12 nm (taking ID  OD/10) [66-
67, 73]; length = 22.5 m. Thus, volume of a TL-
CNT (V

TL-CNT
)  0.269 m3.

Case 2.1:
Calculations were made considering the same Al

2
O

3

closed structure as shown in Fig. 2. Since length of
TL-CNT is 22.5 m, the maximum number of Al

2
O

3

grains sitting on each side face of central grain that
can be bridged along its length is 13 excluding the
central grain (Fig. 4a). For grains on top and bottom
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faces of central Al
2
O

3
, the number will be 11 (each

side and excluding central grain) (Fig. 4b). Thus,
total number of Al

2
O

3
 grains = (13*6) (grains sitting

on side faces of central Al
2
O

3
) + 1 (central Al

2
O

3
) +

(11*2) (grains on top and bottom faces of central
Al

2
O

3
) = 101. Therefore, total volume of 101 Al

2
O

3

grains = 101*V
Al2O3 

= 262.40 m3.
Number of TL-CNT in this configuration = (6+1)

= 7 and their volume = 7*V
TL-CNT 

= 1.88 m3. Since,
TL-CNTs are entrapped inside Al

2
O

3
 grains, volume

of this composite = 262.40 m3. Thus, volume per-
centage of TL-CNT in this case = (1.88/262.40)*100
 0.72%.

Case 2.2:
Now, in the highest possible configuration, maxi-
mum 8 TL-CNT (side length of Al

2
O

3
 grain/OD of

TL-CNT) can bridge 13 adjacent Al
2
O

3
 grains (sit-

ting on side faces) with central grain while for grains
sitting on top and bottom face of central Al

2
O

3
, num-

ber of maximum possible TS-CNT will be (1740/
124) = 14. Thus, total number of TL-CNT = (6*8) +
(14) = 62 and volume = 62* V

TL-CNT 
= 16.80 m3.

Since, TL-CNTs are entrapped inside Al
2
O

3

grains, volume of this composite = 262.40 m3.
Thus, volume percentage of TL-CNT in this case =
(16.80/262.40)*100  6.4%.

However, this case is practically not possible
due to the following reasons:
i. If arrays of 8 or 14 TL-CNTs spread along their
length to bridge 13 or 11 adjacent grains, respec-
tively, with central Al

2
O

3
, then existence of the cen-

tral grain will be inconceivable because total 62 TL-
CNTs will pass through this grain and inevitably
weaken it.
ii. Further, there has to be bundle/agglomerate for-
mation because of strong vdW forces among the
tubes.

Figs. 4. Schematic of lowest possible configuration of TL-CNT and Al
2
O

3
 grains along (a) side faces and (b)

top and bottom faces of central Al
2
O

3
.

Therefore, while the lowest TL-CNT content can
be 0.72 vol.%, the highest CNT loading should be
lower than the maximum i.e. 6.4 vol.% in a
nanocomposite containing hexagonal prismatic
grains and thick/long CNTs of specified dimension
to avoid extensive agglomeration.

From above calculations, it is clear that high CNT
loading in CNT/Al

2
O

3
 nanocomposite is not effec-

tive since higher amount will form large agglomer-
ates and weaken matrix grains. Instead, the key
factor of fabricating effective nanocomposite is bridg-
ing of Al

2
O

3
 grains by well-dispersed CNTs.

3. PROPERTIES OF CNT/Al2O3

NANOCOMPOSITES

3.1. Mechanical properties of CNT/
Al2O3 nanocomposites

3.1.1. Hardness of CNT/Al2O3

nanocomposites

From Table 8 it may be visualized that hardness of
this particular ceramic matrix nanocomposite var-
ied significantly due to various factors e.g. CNT pu-
rity, content and extent of dispersion, T

sin
, extent of

densification, nature of interface formed, matrix grain
size and applied indentation load. Xia et al. [62]
performed nanoindentation on in-situ grown MWCNT/
Al

2
O

3
 nanocomposites to study the toughening

mechanisms. They prepared composites of 20 and
90 m thicknesses possessing thick (average
multiwall thickness 12.3 nm) and thin (average
multiwall thickness 4.5 nm) CNTs, respectively. The
highest hardness was obtained for nanocomposite
prepared with thick MWCNTs and when indentation
was done along cross-section of tubes (Table 8).
This is acceptable, because CNT being a highly
energy absorbing resilient material behaves like an
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Table 8. Review chart on Vickers hardness (HV, GPa) of CNT/Al
2
O

3
 nanocomposites.

(%change; ÇT
sin
( or Çindentation load(; compos]t]on)

Ref # Max HV Min HV

[62] side: 7.0 (2.9 ; 8.2 vol.% MWCNT) side: 5.6 (17.6 ; 17.8 vol.% MWCNT)
top: 6.9 (68.3 , 17.8 vol.% MWCNT) top: 4 (2.4 ; 11.2 vol.% MWCNT)

[65] 17.3 (pure Al
2
O

3
) 17 (1.73 ; 0.9 vol.% MWCNT)

[66] 17.3 (pure Al
2
O

3
) 13 (24 ; 3.7 vol.% P-MWCNT)

[67] 17.3 (pure Al
2
O

3
) 11 (36 ; 3.7 vol.% A-MWCNT)

[69] 21.6 (4.4  at 1 kgf; 0.1 wt.% MWCNT) 20.3 (2.3  at 1 kgf; 0.1 wt.% SWCNT)
20.0 (4  at 5 kgf; 0.1 wt.% MWCNT) 19 (1.0  at 5 kgf; 0.1 wt.% SWCNT)
19.5 (4  at 10 kgf; 0.01 wt.% SWCNT) 18.6 (0.6  at 10 kgf; 0.1 wt.% SWCNT)

[71] 17.6 (4.1 ; 0.1 wt.% MWCNT) 16.9 (pure Al
2
O

3
)

[73] 18.1 (19.6  after 1500 oC; 0.3 vol.% MWCNT) 15.1 (after 1500 oC; pure Al
2
O

3
)

21.4 (22  after 1600 oC; 0.3 vol.% MWCNT) 17.5 (after 1600 oC; pure Al
2
O

3
)

21.4 (22.6  after 1700 oC; 0.3 vol.% MWCNT) 17.5 (after 1700 oC; pure Al
2
O

3
)

[74] 21.9 (15.5  at 0.5 kgf; 0.3 vol.% MWCNT) 18.9 (at 0.5 kgf; pure Al
2
O

3
)

21.9 (21.6  at 1 kgf; 0.3 vol.% MWCNT) 17.9 (at 1 kgf; pure Al
2
O

3
)

20.9 (18.6  at 2 kgf; 0.3 vol.% MWCNT) 17.6 (at 2 kgf; pure Al
2
O

3
)

[75] 21.4 (15.7  at 0.5 kgf; 0.3 vol.% MWCNT) 18.5 (at 0.5 kgf; pure Al
2
O

3
)

21.4 (22.5  at 1 kgf; 0.3 vol.% MWCNT) 17.5 (at 1 kgf; pure Al
2
O

3
)

20.6 (19  at 2 kgf; 0.3 vol.% MWCNT) 17.3 (at 2 kgf; pure Al
2
O

3
)

19.6 (35  at 5 kgf; 0.3 vol.% MWCNT) 14.5 (at 5 kgf; pure Al
2
O

3
)

18.4 (32  at 10 kgf; 0.3 vol.% MWCNT) 14 (at 10 kgf; pure Al
2
O

3
)

[76] 8.6 (after 1150oC, pure Al
2
O

3
) 0.07 (99.2  after 1150oC; 20.5 wt.%

MWCNT/BM)
9.98 (8.4  after 1450oC; 7.39 wt.% MWCNT/SM) 0.09 (99  after 1450oC; 20.5 wt.%

MWCNT/BM)
[77] 18 (12.5 ; 2 wt.% MWCNT) 16 (pure Al

2
O

3
)

[78] 18 (12.5 ; 2 wt.% MWCNT) 16 (pure Al
2
O

3
)

[79,80] 20.3 (pure Al
2
O

3
) 16.1 (20.7 ; 10 vol.% SWCNT)

[81] 20.3 (pure Al
2
O

3
) 16.1 (20.7  after 1150oC; 10 vol.%

SWCNT)
11.0 (46  after 1350oC; 10 vol.%
SWCNT)
10.7 (47  after 1550oC; 10 vol.%
SWCNT)

[82,83] 19.9 (21.2 ; 4.1 wt.% MWCNT) 9 (41.6 ; 12.5 wt.% MWCNT)
[85] 15.71 (pure Al

2
O

3
; at 5 kgf) 0.72 (95.4 ; 10 wt.% MWCNT)

[90] 18.2 (pure Al
2
O

3
) 15.75 (13.5 ; 2.48 wt.% MWCNT)

[92] 19.5 (6.6 ; 3.3 vol.% MWCNT) 18.3 (pure Al
2
O

3
)

[93] 17.4 (15 ; 0.6 vol.% MWCNT) 15.1 (pure Al
2
O

3
)

[94] 23.2 (pure Al
2
O

3
) 12.6 (46 ; 5 vol.% MWCNT)

[95] 28.6 (0.8 ; 1 wt.% MWCNT) 28.4 (pure Al
2
O

3
)

[99] 19.37 (6.8 ; 0.5 wt.% MWCNT, PLS) 18.14 (pure Al
2
O

3
)

21.10 (7.1 ; 0.5 wt.% MWCNT, PLS + HIP) 19.61 (pure Al
2
O

3
)

[102] 7.4 (3.4 ; 4 wt.% MWCNT/ Spray dried) 7.1 (0.6 ; 4 wt.% MWCNT/ Blended)
[113] 22.9 (pure Al

2
O

3
) 11 (52 ; 5 vol.% SWCNT)

[117] a) ~16.9 (pure Al
2
O

3
) a) ~13.5 (20 ; 2 vol.% MWCNT)

b) ~17.0 (Al
2
O

3
/5 vol.% ZrO

2
) b) ~14.7 (13.5 ; Al

2
O

3
/5 vol.% ZrO

2
/2

vol.% MWCNT)
[120] 25 (pure Al

2
O

3
) ~10 (40 ; 3 wt.% treated MWCNT)

P: Purified; A: As-received
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absolute spring even under exceptionally high ra-
dial compression (up to 25 kbar) [134]. Therefore,
when indentation was done along cross-section of
thick MWCNTs, they absorbed indentation energy
by the process of volume reduction and effectively
released the stored energy during unloading cycle.
Contrary to that, hardness of thin CNT reinforced 90
m thick specimen was found to be much lower

than that obtained for 20 m composite when in-
dentation was done along the radial direction of CNTs
(Table 8). This was due to highly porous microstruc-
ture and lower volume fraction of CNTs present in
this nanocomposite than that of 20 m specimen
and poor load transfer from outer-most wall to inner-
walls because of straight and uniform wall-structure
of thin MWCNTs [62]. Besides nanoindentation,
people have generally carried out Vickers micro-
indentation to evaluate Vickers hardness (HV) of
CNT/Al

2
O

3
 composites at different loads (Table 8).

It may be seen from the table that the effect of CNT
addition on hardness of pure Al

2
O

3
 varied consider-

ably. First of all, such variation is obvious because
HV of pure Al

2
O

3
 differed significantly from one re-

port to another ranging from 14 to 28.4 GPa (Table
8). Secondly, since hardness of Al

2
O

3
 is proportional

to (grain size)-1/2, lower matrix grain size should also
result in higher HV [135]. In this context, reports by
Ahmed et al. [78] and Zhan and Mukherjee [79] may
be discussed. While Ahmed et al. [78] obtained HV
of 18 GPa in 2 wt.% CNT/Al

2
O

3
 nanocomposite hav-

ing matrix grain size of (0.4 % 0.1) m, Zhan and
Mukherjee [79] reported 20.3 GPa hardness for pure
Al

2
O

3
 having grain size of ~0.35 m (Table 8). Third,

since it is well documented that CNT has a matrix
grain refining effect in CNT/Al

2
O

3
 nanocomposites

[67,69,74,77-79,82,94,95], higher amount of CNT
resulted in larger extent of grain refinement and even-
tually, in high HV (Table 8). Fourth, the amount of
agglomerate free and uniformly distributed CNT in
Al

2
O

3
 played a vital role in determining hardness of

such nanocomposite. According to the report by
Yamamoto et al. [67] simple ultrasonic mixing of
as-received MWCNTs, aluminum hydroxide and
magnesium hydroxide followed by dehydration (Table
5) and finally, densification using SPS (Table 6) re-
sulted in CNT/Al

2
O

3
 nanocomposite having HV value

~36% lower than that of pure Al
2
O

3
 (Table 8) only at

3.7 vol.% MWCNT loading. Presence of higher
amount of CNT agglomerates acting as potential
defect sites was primarily responsible behind such
property reduction [67]. Contrary to that An et al.
[82,83] prepared MWCNT/Al

2
O

3
 nanocomposites by

in-situ CVD growth of nanotubes in long duration

ball-milled iron catalyzed Al
2
O

3
 (Table 5) followed

by hot-pressing (Table 6). They obtained ~21%
higher HV over pure Al

2
O

3
 even at CNT loading of

4.1 wt.% (Table 8) mainly due to homogeneous dis-
persion of CNTs in the matrix and adequate densifi-
cation of nanocomposite that helped in effective in-
terface formation and proper load sharing [82-83].
Recently, Echeberria et al. [69] and Sarkar and Das
[75] reported indentation load dependent HV of CNT/
Al

2
O

3
 nanocomposites. Echeberria et al. [69] stud-

ied HV of ZrO
2
 toughened CNT/Al

2
O

3

nanocomposites in 1 to 10 kgf load range (Table 8).
According to their report, irrespective of reinforce-
ment type (SWCNT or MWCNT), nanocomposites
as well as pure Al

2
O

3
 showed a positive indentation

size effect (ISE) i.e. hardness decreased continu-
ously with increasing indentation load. For example,
at 1, 5, and 10 kgf loads, HV of ZrO

2
 toughened 0.1

wt.% MWCNT/Al
2
O

3
 nanocomposite were ~22, ~20,

and ~19.4 GPa, respectively [69]. Similarly, Sarkar
and Das [75], studied ISE of MWCNT/Al

2
O

3

nanocomposites in 0.5 to 10 kgf load range (Table
8) and reported a positive ISE of this particular type
of nanocomposite. Using Mayer’s law Sarkar and
Das [75] reported that except highly porous
nanocomposite reinforced with more than 0.6 vol.%
MWCNT, composites having 0.15 to 0.6 vol.% CNT,
offered better HV retention at higher indentation
loads over pure Al

2
O

3
. As evidenced from modified

proportional specimen resistance (MPSR) model,
this enhanced hardness retention at higher inden-
tation loads appeared due to improved elastic re-
sponse of nanocomposites reinforced with extremely
elastic CNTs than pure plastic deformation encoun-
tered by unreinforced Al

2
O

3
 during indentation cycle

[75]. Finally, it may be seen from Table 8, that al-
though enhancement in HV is common for MWCNT/
Al

2
O

3
 nanocomposites, hardness increment in

SWCNT/Al
2
O

3
 nanocomposite is a challenge. Only

at extremely low concentration i.e. 0.01 wt.% of
SWCNT, Echeberria et al. [69] reported a  marginal
improvement in HV over pure Al

2
O

3
 only at higher

indentation loads where hardness reduction of
monolithic Al

2
O

3
 was much severe than others

(Table 8). Although, Bakhsh et al. [120] used GPS
to efficiently disperse CNT in Al

2
O

3
, results obtained

were not that impressive. At every MWCNT loading,
they obtained continuously decreasing HV com-
pared to pure Al

2
O

3
, which was mainly caused by

the presence of CNT agglomerates in the
nanocomposites, especially, beyond 1 wt.% CNT
loading (Table 8).
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Table 9. Review chart on fracture toughness (K
IC

, MPa-m0.5) of CNT/Al
2
O

3
 nanocomposites.

(  change; Çindentation load( or ÇT
sin
( or Çtest method(; compos]t]on)

Ref # Max K
IC

Min K
IC

[64] 5.2 (67 ; 3.5 vol.% MWCNT) 3.12 (pure Al
2
O

3
)

[65] 4.74 (8.5 ; 0.9 vol.% MWCNT) 4.37 (pure Al
2
O

3
)

[68] 4.9 (pure Al
2
O

3
) 1.9 (61 ; 10 wt.% MWCNT)

[66] 5.9 (37 ; 0.9 vol.% P-MWCNT) 2.85 (33 ; 7.3 vol.% A-MWCNT)
[67] 5.9 (37 ; 0.9 vol.% P-MWCNT) 3.2 (26 ; 3.7 vol.% A-MWCNT)
[69] 8.15 (3  at 1 kgf; 0.1 wt.% MWCNT) 4.5 (42  at 1 kgf; 0.01 wt.% MWCNT)

7.5 (at 5 kgf; pure Al
2
O

3
) 4.37 (42  at 5 kgf; 0.01 wt.% MWCNT)

5.65 (at 10 kgf; pure Al
2
O

3
) 4.2 (26  at 10 kgf; 0.01 wt.% MWCNT)

[70] 4.0 (33  after 1350 °C; 1 wt.  MWCNT) 3.0 (after 1350 °C; pure Al
2
O

3
)

3.7 (after 1500 °C; pure Al
2
O

3
) 2.2 (41  after 1500 °C; 1 wt.% MWCNT)

[71,72] 4.9 (32 ; 0.1 wt.% MWCNT) 3.7 (pure Al
2
O

3
)

[73] 4.02 (31  after 1500 °C; 0.15 vol.  MWCNT) 2.5 (18  after 1500 °C, 1.2 vol. 
MWCNT)

4.5 (26  after 1600 °C; 0.3 vol.  MWCNT) 3.57 (after 1600 °C; pure Al
2
O

3
)

5.15 (34  after 1700 °C; 0.3 vol.% MWCNT) 3.84 (after 1700 °C; pure Al
2
O

3
)

[75] 4.27 (24.5  at 0.5 kgf, 0.15 vol.% MWCNT) 3.43 (at 0.5 kgf; pure Al
2
O

3
)

5.27 (34  at 1 kgf, 0.15 vol.% MWCNT) 3.92 (at 1 kgf; pure Al
2
O

3
)

5.39 (31  at 2 kgf, 0.15 vol.% MWCNT) 4.11 (at 2 kgf; pure Al
2
O

3
)

5.49 (31  at 5 kgf, 0.15 vol.% MWCNT) 4.19 (at 5 kgf; pure Al
2
O

3
)

5.76 (36  at 10 kgf, 0.3 vol.% MWCNT) 4.24 (at 10 kgf; pure Al
2
O

3
)

[76] 3.5 (after 1150 °C; pure Al
2
O

3
) 1.74 (50  after 1150 °C; 8.25 wt. 

MWCNT/SM)
5.68 (46  after 1450 °C; 5.04 wt.% MWCNT/BM) 1.32 (66  after 1450oC; 19.1 wt.%

MWCNT/SM)
[77] 6.8 (94 ; 2 wt.% MWCNT) 3.5 (pure Al

2
O

3
)

[78] 4.5 (48  by DCM; 10 vol.% MWCNT) 3.05 (by DCM; pure Al
2
O

3
)

4.2 (31  by ISB; 10 vol.% MWCNT) 3.2 (by ISB; pure Al
2
O

3
)

6.8 (94  by SENB; 2 wt.% MWCNT) 3.5 (by SENB; pure Al
2
O

3
)

[79,80] 9.7 (194 ; 10 vol.% SWCNT) 3.3 (pure Al
2
O

3
)

[81] 9.7 (194  after 1150 °C; 10 vol.  SWCNT) 3.3 (pure Al
2
O

3
)

8.6 (161  after 1350 °C; 10 vol.% SWCNT)
6.9 (109  after 1550 °C; 10 vol.  SWCNT)

[85] 4.14 (27.8 ; 5 wt.% MWCNT) 3.24 (pure Al
2
O

3
)

[88] 5.55 (80 ; 12 vol.% MWCNT/ with dispersant) 3.08 (pure Al
2
O

3
)

[89] 6.4 (103 ; 1 wt.% SWCNT) 3.16 (pure Al
2
O

3
)

[90] 11.4 (153 ; 2.48 wt.% MWCNT) 4.5 (pure Al
2
O

3
)

[91] 7.8 (119 ; 1.5 wt.% MWCNT + 25 wt% ZrO
2
) 3.56 (pure Al

2
O

3
)

[92] 10 ; 1.5 vol.% MWCNT pure Al
2
O

3

[93] 30 ; 1.6 vol.% MWCNT pure Al
2
O

3

[94] 4.1 (24 ; 1 vol.% MWCNT) 3.3 (pure Al
2
O

3
)

[96] 5.01 (79 ; 3 vol.% MWCNT) 2.8 (pure Al
2
O

3
)

[97] 5.87 (80 ; 5 wt.% MWCNT) 3.26 (pure Al
2
O

3
)

[98] 4.68 (41 ; 3 vol.% MWCNT) 3.32 (pure Al
2
O

3
)

[99] 4.1 (36.7 ; 0.5 wt.% MWCNT, PLS) 3.0 (pure Al
2
O

3
)

5.5 (30.9 ; 0.5 wt.% MWCNT, PLS + HIP) 4.2 (pure Al
2
O

3
)

[102-103] 4.6 (43 ; 4 wt.% MWCNT/ Spray dried) 3.22 (pure Al
2
O

3
)

[113] 3.52 (pure Al
2
O

3
) 2.76 (21.6 ; 10 vol.% SWCNT)

[114] 4.62 (~5 ; 20 vol.% MWCNT) 4.41 (pure Al
2
O

3
)

[117] a) ~6.0 (9 ; 1 vol.% MWCNT) a) ~5.5 (pure Al
2
O

3
)
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b) ~7.5 (36 ; (Al
2
O

3
/5 vol.% ZrO

2
/1 vol.% MWCNT) b) ~5.5 (Al

2
O

3
/5 vol.% ZrO

2
)

[118] a) ~3.75 (25 ; 1wt.% MWCNT +  0.25 g/l SDS) ~3 (pure Al
2
O

3
)

b) ~4 (33 ; 1 wt.% MWCNT + 0.25 g/l GA)
c) ~5 (67 ; 1 wt.% MWCNT + 0.25 g/l SDS+GA)

[120] 4.05 (~10 ; 1 wt.% treated MWCNT) ~3.7 (pure Al
2
O

3
)

3.1.2. Fracture toughness of CNT/
Al2O3 nanocomposites

As far as fracture toughness (K
IC

) of CNT/Al
2
O

3

nanocomposite is concerned, various methods have
been adopted like direct crack measurement (DCM),
indentation strength in bending (ISB), single edge
notched beam (SENB) etc (Table 9). However, re-
gardless of measurement technique, CNT/Al

2
O

3

nanocomposites generally offered improved K
IC
 over

pure Al
2
O

3
, obviously up to a certain CNT loading

where less or no CNT agglomerates were present
(Table 9). The primary toughening mechanisms in-
volved in CNT/Al

2
O

3
 nanocomposite have been well

studied by Xia et al. [62]. The authors have suc-
cessfully evidenced that analogous to conventional
microscopic filler reinforced composites, toughen-
ing in this nanocomposite is primarily achieved by
the processes of crack deflection, crack bridging
and nanotube pull-out. While crack deflection oc-
curred by CNTs oriented parallel to crack path, bridg-
ing can be achieved by nanotubes lying perpendicu-
lar to a propagating crack [62]. For successful de-
flection, the CNT/matrix interface needs to be suffi-
ciently weak to facilitate deflection rather than crack
propagation through the CNT cross-section. Simi-
larly, when a perpendicular crack came close to the
CNT/matrix interface, it deflected longitudinally at
the weak interface keeping the nanotube intact
thereby providing a restraining force against further
crack growth [62]. Xia et al. [62] further demonstrated
short pulled-out nanotubes responsible for additional
fracture energy dissipation that rendered toughness
improvement in CNT/Al

2
O

3
 nanocomposites. How-

ever, besides such traditional mechanisms, Xia et
al. [62] also reported a novel toughening mecha-
nism in CNT/Al

2
O

3
 nanocomposite particularly when

CNTs were thin and have large outer diameter. In
such case, toughening by the process of shear de-
formation of thin MWCNTs was observed that sup-
posed to offer multi-axial (isotropic) damage toler-
ance to this type of nanocomposite. The authors
have mentioned that existence of engineered residual
stresses in CNT/Al

2
O

3
 nanocomposite can also

contribute to overall K
IC

 improvement because un-
like microscopic fillers, CNT can tolerate much
higher residual stress without spontaneous collapse
[62]. Considering thermal residual stresses on ma-

trix grains (tensile type) and GB regions (compres-
sive type), Chen et al. [63] reported that contribu-
tion of thermal residual stresses to K

IC
 improvement

in CNT/Al
2
O

3
 nanocomposite was negligible. Con-

trary to that, the very high and highly localized hy-
drostatic compressive thermal residual stresses on
MWCNTs can produce localized immobile disloca-
tions that can contribute to the overall toughness
improvement of nanocomposite [63]. Until recently,
the highest improvement in K

IC
 has been reported

by Jiang et al. [81] for a 10 vol.% SWCNT/Al
2
O

3

nanocomposite (K
IC

 = 9.7 MPa-m0.5) which was
~195% higher than that of pure Al

2
O

3
 (Table 9). Ex-

istence of residual compressive stress (2 GPa) in
matrix Al

2
O

3
 and toughening mechanisms like crack

deflection, bridging and pull-out by reinforcing CNTs
mainly responsible for such outstanding enhance-
ment in K

IC
 over monolithic Al

2
O

3
 [81]. Conversely,

for a 10 vol.% SWCNT/Al
2
O

3
 nanocomposite fabri-

cated by SPS, Thomson et al. [113] obtained K
IC

 =
2.76 MPa-m0.5 which was ~22% lower than pure
Al

2
O

3 
(Table 9). The authors suggested that pres-

ence of highly agglomerated SWCNTs, absence of
any toughening mechanisms as pointed out by Jiang
et al. [81] and porous microstructure in the SPS-ed
product were responsible for such toughness dete-
rioration [113]. On the other hand, in 2012, Lee et
al. [90] successfully fabricated a 2.48 wt.% MWCNT/
Al

2
O

3
 nanocomposite by spray pyrolysis followed

by SPS (Tables 5-6) that offered ~152% higher K
IC

than pure Al
2
O

3 
(Table 9). Except toughening mecha-

nisms described by Xia et al. [62], Lee et al. [90]
reported change in crack extension mechanism from
transgranular in pure Al

2
O

3
 to intergranular in

nanocomposite. The extent of intergranular crack
extension was increased with increasing CNT con-
tent. While increased CNT loading produced smaller
matrix grains, intergranular crack extension helped
in more fracture energy dissipation by the process
of extensive crack deflection through these smaller
grains, thereby, offered better K

IC
 [90]. Further, Zhu

et al. [91] reported 119% increase in K
IC

 over pure
Al

2
O

3
 in a nanocomposite containing 1.5 wt.% nano-

ZrO
2
 coated MWCNT (Table 9). Therefore, from avail-

able literature data it may be stated that in a uni-
formly dispersed MWCNT/Al

2
O

3
 nanocomposite,

improvement in K
IC

 close to that of SWCNT/Al
2
O

3

nanocomposite is feasible provide that nanotubes
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Table 10. Review chart on flexural strength (
FS

, MPa) of CNT/Al
2
O

3
 nanocomposites.

(  change; ÇT
sin
( or Çtest temperature(; compos]t]on)

Ref # Max 
FS

Min 
FS

[65] 544 (8.3 ; 0.9 vol.% MWCNT) 502 (pure Al
2
O

3
)

[66] 690 (38 ; 0.9 vol.% P-MWCNT) 230 (54 ; 7.3 vol.% A-MWCNT)
[67] 690 (38 ; 0.9 vol.% P-MWCNT) 340 (32 ; 3.7 vol.% A-MWCNT)
[68] 525 (pure Al

2
O

3
) 100 (81 ; 10 wt.% MWCNT)

[70] 536 (40  after 1350 °C; 1 wt.  MWCNT) 383 (after 1350 °C; pure Al
2
O

3
)

371 (after 1500 °C; pure Al
2
O

3
) 200 (46  after 1500 °C; 1 wt.  MWCNT)

[73] 266 (19.5  after 1700 °C; 0.15 vol.  MWCNT) 63.84 (71.33  after 1700 °C, 2.40 vol. 
MWCNT)

[74] 276.59 (18.6  at RT; 0.15 vol.% MWCNT) 127.23 (45  at RT; 1.2 vol.% MWCNT)
280.24 (26  at 600 °C; 0.15 vol.  MWCNT) 115.46 (48  at 600 °C; 1.2 vol. 

MWCNT)
245.30 (24  at 900 °C; 0.15 vol.  MWCNT) 126.80 (36  at 900 °C; 1.2 vol. 

MWCNT)
211.46 (52  at 1100 °C; 0.15 vol.  MWCNT) 124.82 (11  at 1100 °C; 1.2 vol.%

MWCNT)
[75] 266.03 (19.5  at RT; 0.15 vol.% MWCNT) 63.84 (71.33  at RT; 2.4 vol.% MWCNT)

271.10 (26  at 600 °C; 0.15 vol.  MWCNT) 112.27 (48  at 600 °C; 1.2 vol. 
MWCNT)

237.29 (25  at 900 °C; 0.15 vol.  MWCNT) 123.57 (35  at 900 °C; 1.2 vol. 
MWCNT)

203.54 (52  at 1100 °C; 0.15 vol.% MWCNT) 121.45 (9.4  at 1100 °C; 1.2 vol.%
MWCNT)

[77,78] 380 (6.4 ; 2 wt.% MWCNT) 280 (21.6 ; 5 wt.% MWCNT)
[88] 326.7 (pure Al

2
O

3
) 223.6 (31.6 ; 12 vol.% MWCNT/without

dispersant)
[89] 423 (19 ; 1 wt.% SWCNT) 356 (pure Al

2
O

3
)

[91] 505 (67 ; 1.5 wt.% MWCNT + 25 wt% ZrO
2
) 302 (pure Al

2
O

3
)

[94] 543 (35 ; 1 vol.% MWCNT) 286 (29 ; 5 vol.% MWCNT)
[96] 410 (13 ; 3 vol.% MWCNT) 330 (9 ; 6 vol.% MWCNT)
[97] 409.5 (24.6 ; 5 wt.% MWCNT) 328.68 (pure Al

2
O

3
)

[98] 370.7 (40 ; 1.5 vol.% MWCNT) 202.3 (23.5 ; 3 vol.% MWCNT)
[114] 403.7 (2 ; 20 vol.% MWCNT) 395.8 (pure Al

2
O

3
)

are capable of offering the desired toughening
mechanisms to the nanocomposite in presence of
an optimum tractional force between the matrix and
filler. Inam et al. [118] studied the effect of different
dispersants on K

IC
 of MWCNT/Al

2
O

3
 nanocomposite

where it has been shown that mixed gum arabic
(GA) and sodium dodecyl sulphate (SDS) was the
most effective dispersant in enhancing K

IC
 of

MWCNT/Al
2
O

3
 nanocomposite than GA or SDS

alone. Improved dispersion of CNT in matrix phase
was achieved by combined effect of electrostatic
repulsion of negatively charged sulphate groups of
SDS and steric repulsion by long polymer chains of
GA [118]. Presence of highly dispersed CNTs in
SDS+GA containing nanocomposite rendered bet-

ter toughening mechanisms than that offered by SDS
or GA alone and resulted in higher K

IC 
(Table 9).

3.1.3. Strength of CNT/Al2O3

nanocomposites

Table 10 summarizes reported flexural strength (
FS

)
of CNT/Al

2
O

3
 nanocomposites. Compared to HV and

K
IC

, number of 
FS

 data is limited perhaps due to
requirement of relatively large specimen size and
involvement of stringent specimen preparation steps.
Due to wide variation in matrix grain size, the indi-
vidual 

FS
 values also differed significantly from one

report to another (Table 10). The increase in 
FS

 of
CNT/Al

2
O

3
 nanocomposite was also not that much
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high as obtained, especially, in case of K
IC

. Reason
behind such observation is that the ease of avail-
ability of the critical flaw responsible for failure was
much higher in flexure specimens due to their com-
paratively bigger dimension than that required in
case of toughness measurement particularly using
DCM technique [64,69-73,75-81,90,92,93,98,99,
102]. Till date, the highest improvement in 

FS
 has

been reported by Zhu et al. [91]. The authors re-
ported 67% increase in 

FS
 over pure Al

2
O

3
 in a 1.5

wt.% nano-ZrO
2
 coated MWCNT/Al

2
O

3

nanocomposite (Table 10 ). According to the report,
ZrO

2
 coating on CNT rendered better dispersion of

CNT and interaction between CNT and Al
2
O

3
 than

that achieved in uncoated CNT reinforced
nanocomposite. Finally, the combined reinforcing
effect of nano-ZrO

2
 (through phase transformation

toughening, micro-cracking and formation of com-
pressive residual stresses in Al

2
O

3
) and CNT (through

crack deflection, bridging and pull-out) resulted in
observed improvement in 

FS
 of the nanocomposite

[91]. However, the average range of reported 
FS

improvement in CNT/Al
2
O

3
 nanocomposites spanned

from ~6 to ~40% [70, 77-78, 98] at room tempera-
ture over monolithic Al

2
O

3
 (Table 10). Enhancement

in 
FS

 of nanocomposite over pure Al
2
O

3
 was prima-

rily achieved by proper interface formation that en-
sured effective load sharing between matrix and filler,
matrix grain refinement by CNT, formation of more
structural anchoring sites through proper surface
modification of CNT, effective crack bridging, high
pull-out resistance and change of transgranular frac-
ture mode in pure Al

2
O

3
 to either mixed

transgranular&]ntergranular or pure ]ntergranular frac-
ture in CNT/Al

2
O

3
 nanocomposite

[66,67,70,75,78,89,94,96]. According to the report
by Sarkar and Das [74,75], high temperature
strength retention of MWCNT/Al

2
O

3
 nanocomposite

was much better than pure Al
2
O

3
 due to appropriate

interface formation and structural retention of CNTs
in the bulk of Al

2
O

3
 matrix that helped in proper load

sharing even at elevated temperatures and lower
matrix grain size in the nanocomposites. As a re-
sult, while at room temperature the highest incre-
ment in 

FS
 was ~20% that increased to >50% when

tests were performed at 1100oC (Table 10).

3.1.4. Tribological properties of CNT/
Al2O3 nanocomposites

Tribological properties of CNT/Al
2
O

3
 nanocomposite

depend on CNT concentration and extent of matrix
densification [83,84]. If increasing CNT content dras-
tically reduces matrix densification, then poor co-
hesion between CNT and Al

2
O

3
 degrades mechani-

cal properties of the nanocomposite and eventually,
its wear resistance [83-84]. Contrary to that, proper
dispersion of CNT even at higher loading (e.g. 12
wt.%) resulted in better densification, finer matrix
grains and improved mechanical properties to offer
enhanced wear resistance over pure Al

2
O

3
. Lim et

al. [84] reported more than 70% decrease in weight
loss of a 12 wt.% MWCNT/Al

2
O

3
 nanocomposite

produced by tape casting followed by hot-pressing
than pure Al

2
O

3
. The lower coefficient of friction (COF)

obtained for CNT/Al
2
O

3
 nanocomposites than pure

Al
2
O

3
 resulted from self-lubrication property of CNT

and their rolling and/or sliding at the contact points.
Further, unlike wear resistance, reduced shear
strength in less densified nanocomposites resulted
in lower COF [84]. Similar kinds of observations have
been reported by Puchy et al. [85] in a wide range
of test temperature from 20 to 500oC. In addition to
CNT content and matrix densification, Xia et al. [86]
reported that CNT wall thickness, their buckling
characteristic and applied load also had significant
influence on tribology of CNT/Al

2
O

3
 nanocomposites

at macro-, micro-, and nano-scale. Increase in tube
thickness resulted in significant reduction of COF
compared to pure Al

2
O

3
 due to negligible or zero

buckling of thick-walled nanotubes even up to macro-
scale loading [86]. On the other hand, extent of CNT
compressive buckling and involvement of matrix
Al

2
O

3
 on overall tribological performance of

nanocomposites increased significantly with in-
crease in applied load that resulted in higher COF
of the nanocomposites at higher loads [86]. Since,
thick walled nanotubes did not buckle during tribol-
ogy test, they offered better wear resistant
nanocomposites over pure Al

2
O

3
 due to lower in-

volvement of brittle matrix phase and enhanced self-
lubrication of intact nanotubes [86]. It has also been
reported that while increasing sliding contact dis-
tance drastically increased COF of monolithic Al

2
O

3

from ~0.2 to ~0.6, COF of 10 wt.% CNT/ Al
2
O

3

nanocomposites remained almost constant at ~0.2
from zero to 100 meter length scale at 5N [87]. In-
crease in COF of pure Al

2
O

3
 with increasing contact

distance resulted from higher frictional force build-
up between Al

2
O

3
 wear debris and sliding ball, while

self-lubrication, formation of less wear debris around
the wear tracks and/or sliding and rolling of CNT at
the interface possibly caused the near constant and
lower COF of nanocomposite.

3.1.5. Creep of CNT/Al2O3

nanocomposites

Zapaza-Solvas et al. [100-101] studied creep of 10
vol.% SWCNT/Al

2
O

3
 nanocomposite containing ei-
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ther heterogeneously or homogenously distributed
CNTs at 1300 and 1350 °C under 26&256 MPa ap-
plied compressive stresses.  While pure Al

2
O

3
 ex-

hibited diffusional creep having activation energy (Q)
of 460 kJ/mol and stress exponent (n) of 1.7, defor-
mation in SWCNT/Al

2
O

3
 nanocomposite was mainly

controlled by power-law creep and Q and n were
found to be higher than those obtained for pure Al

2
O

3
.

While Q and n of heterogeneous SWCNT/Al
2
O

3

nanocomposite were 700 kJ/mol and 2.8, respec-
tively, these were 660 kJ/mol and 2.6, respectively,
for homogenous SWCNT/Al

2
O

3
 specimen. Irrespec-

tive of CNT distribution, presence of CNT at GB re-
gions offered ~2 orders of magnitude higher creep
resistance over pure Al

2
O

3
 (1.2 X 10-4/sec) by im-

peding GB sliding and promoting dislocation slip
that required higher stress level compared to GB
sliding [100-101]. Contrary to that, due to less ef-
fective obstruction to GB sliding, the heterogeneous
SWCNT/Al

2
O

3
 nanocomposite encountered ~3

times higher steady state creep rate compared to
that obtained for homogeneous SWCNT/Al

2
O

3

sample (5 X 10-7/sec) [101].

3.1.6. Miscellaneous mechanical
properties

Recently, Estili et al. [119] using a in-situ nano-
manipulator inside a SEM have shown that tensile-
bending load bearing ability (LBA) of individual
MWCNT embedded in Al

2
O

3
 matrix can be even

higher than that of ultimate LBA of near-perfect
MWCNT in vacuum environment. Such drastic im-
provement in LBA of MWCNTs embedded in Al

2
O

3

was achieved by successful transfer of applied load/
strain from the external wall of nanotubes to inner-
walls by strong inter-wall shear resistance (ISR)
caused by the radial compression exerted on CNTs
by surrounding ceramic matrix that ultimately in-
creased the maximum sustainable load and critical
strain of the MWCNT [119]. Further, unlike one-wall
(outermost wall) failure of near-perfect MWCNTs in
vacuum or air due to extremely weak ISR, CNTs
embedded in ceramic matrix underwent multi-wall
failure due to higher ISR [119].

3.2. Electrical properties of CNT/Al2O3

nanocomposites

Researchers have also tried to impart electrical con-
ductivity to purely insulator monolithic Al

2
O

3
 by in-

corporating highly conductive CNT in Al
2
O

3

[79,87,104-110]. Irrespective of CNT type, beyond a
certain loading in matrix phase called the percola-

tion threshold, a dramatic increase in the conduc-
tivity of CNT/Al

2
O

3
 nanocomposite over pure Al

2
O

3

(the insulator-conductor transition i.e. percolation)
can be achieved. Such drastic improvement in elec-
trical conductivity is commonly achieved by the for-
mation of an electrically conducting network by dis-
persed CNTs in matrix phase. In CNT/Al

2
O

3

nanocompos]tes ]n the temperature range of 50&
300K, electrical conduction is mainly controlled by
fluctuation induced tunneling and variable range
hopping (VRH) mechanisms through interconnected
CNTs placed at GB regions [104-105]. It has been
reported that electrical conductivity (

DC
) of CNT/

Al
2
O

3
 nanocomposite should increase with increas-

ing matrix grain size because increasing grain size
resulted in reduced number of GB regions that trans-
lated into lower electronic conduction path through
interconnected CNTs capable of offering higher 

DC

even at constant CNT loading [107,117]. Result ob-
tained by Sarkar and Das [115] further affirmed the
above statement where one potential reason for
obtaining higher 

DC 
in high temperature sintered

nanocomposite was formation of coarser matrix
grains at higher T

sin
 that rendered easy formation of

electrical conductive network even at constant CNT
loading of 1.09 wt.% through reduced number of GB
regions (Table 11). It may be visualized from data
given in Table 11 that increase in 

DC
 of pure Al

2
O

3

which is an insulator having resistivity in the range
of 1010&1012 -m [79] was higher in case of rein-
forcement by SWCNT than MWCNT. This is because

DC
 of SWCNT can be as high as 106 S/m and that

for MWCNT ranges from 103&105 S/m [104,105].
Thus, to get similar extent of conductivity improve-
ment by CNT incorporation in Al

2
O

3
, the concentra-

tion required for MWCNT will be much higher than
that of SWCNT (Table 11). The limiting issue in fab-
ricating such a highly CNT loaded nanocomposite
will be heterogeneous dispersion of CNT and poor
matrix densification. The highest 

DC
 i.e. 3336 S/m

was obtained by Kumari et al. [104] only after incor-
porating 19.1 wt.% MWCNT in Al

2
O

3
. However, due

to such high CNT concentration, the specimen was
only ~60 dense. Therefore, high temperature (>500
°C) 

DC
 will decrease rapidly due to structural deg-

radation of CNT by inward diffusion of oxidizing spe-
cies through matrix pores [106]. In addition, the
highly porous microstructure will degrade mechani-
cal and thermal properties of the nanocomposite.
On the other hand, the 15 vol.% SWCNT/Al

2
O

3

nanocomposite prepared by Zhan and Mukherjee
[79] was ~99 dense and offered 

DC
 = 3345 S/m

which was even higher than that reported by Kumari
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et al. [104]. Besides superior electrical properties
of SWCNT over MWCNT, the highly densified speci-
men evaluated by Zhan and Mukherjee [79] helped
in reducing the tube-tube distance thereby ensured
superior tunneling effect of electrons through the
dispersed CNTs. Furthermore, since the
nanocomposite was nearly theoretically dense, its
mechanical or thermal properties will not be affected
much by spec]men(s res]dual poros]ty. Interest]ngly,
Estili et al. [114] reported a Çrecord breaking( 

DC
 of

a 20 vol.% MWCNT/Al
2
O

3
 nanocomposite (

DC
 =

4816 S/m) which is >43% higher than that reported
by Zhan and Mukherjee [79]. It has been reported
by the authors that due to the existence of 3D mac-
rostructure comprising individually and uniformly
dispersed MWCNT nanostructures attained by pro-
longed sonication up to 35 hours (Table 5),
nanocomposite became almost theoretically dense
(~99%) after SPS at 1300oC (Table 6) resulting in
the formation of pore-less microstructure with inti-
mate physical contact between CNT/Al

2
O

3
. In addi-

tion, beside electron conduction through external
wall of MWCNT, formation of in-wall irregularities in
the dispersed CNTs due to compressive force ex-
erted on CNTs by surrounding ceramic matrix also
helped in the creation of numerous electron con-
duction paths in the nanocomposite, leading to such

Table 11. Review chart on electrical conductivity (
DC

, S/m) of CNT/Al
2
O

3
 nanocomposites.

Ref # Max 
DC

Min 
DC

[65] 1.4 (0.9 vol.% A-MWCNT) 10-10&10-12 (pure Al
2
O

3
)

[66] 65.3 (3.7 vol.% P-MWCNT) 10-10&10-12 (pure Al
2
O

3
)

[67] 63.4 (3.7 vol.% A-MWCNT) 10-10&10-12 (pure Al
2
O

3
)

 65.3 (3.7 vol.% P-MWCNT)
[79] 3345 (15 vol.% SWCNT) 10-10&10-12 (pure Al

2
O

3
)

[90] 10 (2.48 wt.% MWCNT) 10-12 (pure Al
2
O

3
)

[95] 10-4 (1 wt.% MWCNT) 10-8 (pure Al
2
O

3
)

[104] 2460 (after 1150 °C; 19.1 wt.  MWCNT) 10-10 (pure Al
2
O

3
)

3336 (after 1450 °C; 19.1 wt.% MWCNT)
[105] >1 (6 wt.% MWCNT) 10-12 (pure Al

2
O

3
)

[106] 2.5 (0.5 wt.% MWCNT) 1.3*10-12 (pure Al
2
O

3
)

[107] 576 (5 wt.  after 1800 °C)  
[114] 4816 (20 vol.% MWCNT) 10-12 (pure Al

2
O

3
)

[115] 0.015 (1.09 wt.% MWCNT, PLS-ed at 1500 °C) 10-12 (pure Al
2
O

3
)

1.36 (1.09 wt.  MWCNT, PLS-ed at 1600 °C)
21 (1.09 wt.% MWCNT, PLS-ed at 1700 °C)

[117] a) 0.27 (2 vol.% MWCNT) 10-12 (pure Al
2
O

3
)

b) 0.22 (5 vol.% ZrO
2
/2 vol.% MWCNT)

[118] a) ~67 ( 1 wt.% MWCNT + 0.25 g/l SDS) 10-12 (pure Al
2
O

3
)

b) ~77 (1 wt.% MWCNT + 0.25 g/l GA)
c) ~86 (1 wt.% MWCNT + 0.25 g/l SDS+GA)

dramatic improvement in 
DC 

[114]. Finally, it has
been shown that mechanical properties of the
nanocomposite was also better than pure Al

2
O

3

(Tables 9 and 10) due to the formation of dense mi-
crostructure in the sintered specimen and intimate
physical contact between 3D macrostructure of
agglomerate free and individually dispersed MWCNT
and Al

2
O

3
 matrix [114]. Recently, Sarkar and Das

[115] clearly showed formation of a few nanometers
thick and well-crystallized graphene layer coating
on Al

2
O

3
 grains in MWCNT/Al

2
O

3
 nanocomposite,

especially, when sintered at high temperature ( 1600
°C in Argon). The coating acted as interface between
Al

2
O

3
 and CNT that helped extensively in evading

the electrical insulating property of the matrix phase
and enhanced 

DC 
even at constant CNT loading

(Table 11). Bi et al. [109] reported that percolation
threshold in CNT/Al

2
O

3
 nanocomposite was inversely

related w]th aspect rat]o of CNT. Wh]le ]n 20&30 m
long MWCNT reinforced nanocomposite, electrical
percolation was observed at well below 1 wt.%, the
same increased to ~4 wt% when CNT aspect ratio
was reduced by prolonged acid treatment (Table 4).
It was mentioned that for long CNTs, although uni-
form dispersion in Al

2
O

3
 was limited, attainment of

conductive network through CNT aggregation was
much easier compared to shortened CNTs where
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Table 12. Review chart on thermal conductivity ( , W/m-K) of CNT/Al
2
O

3
 nanocomposites

Ref # Max Min 

[79] 27.3 (pure Al
2
O

3
) 7.3 (15 vol.% SWCNT)

[111] 63.52 (7.39 wt.% MWCNT) 19.96 (pure Al
2
O

3
)

[112] ~6 (4 wt.% MWCNT/Blended) ~5.37 (pure Al
2
O

3
)

uniform dispersion even at higher loading was fea-
sible but percolating network formation was difficult
[109]. Surface functionalization can also alter elec-
trical properties of CNT/Al

2
O

3
 nanocomposite.

Zaman et al. [110] reported that compared to car-
boxylic acid group functionalized SWCNT, hydroxyl
group functionalized SWCNT offered ~10 times
higher electrical conductivity in 1 wt.% CNT/Al

2
O

3

nanocomposite.

3.3. Thermal properties of CNT/Al2O3

nanocomposites

Although, thermal conductivity of SWCNT or
MWCNT ranges from 3000&6000 W/m-K [104], un-
like electrical conductivity, improvement in thermal
properties of CNT/Al

2
O

3
 nanocomposites was not

so impressive (Table 12). Only, Kumari et al. [111]
obtained a notable increase in thermal conductivity
for a 7.39 wt.% MWCNT/Al

2
O

3
 nanocomposite over

pure Al
2
O

3
 after sintering at 1550 °C. However, at

further higher loading (e.g. 19.1 wt.% MWCNT),
extent of increase in conductivity of the
nanocomposite decreased drastically even after sin-
tering at higher temperatures [111]. Reasons be-
hind such marginal improvement in thermal conduc-
tivity of CNT/Al

2
O

3
 nanocomposites are as follows

[136-138]:
a) scattering of phonons by residual pores in par-
tially densified specimens,
b) low thermal conductivity of highly clustered CNTs
by tube-tube interactions,
c) blocking of phonons by kinks or twist present in
agglomerated CNTs,
d) scattering of phonons by interfacial Kapitza re-
sistance. If amorphous, the interface resistance will
be much higher due to disordered structure that
strongly inhibited phonon transport mechanism and
e) at high temperature, thermal conductivity will be
lowered by the process called Umklapp scattering.

4. CONCLUDING REMARKS

From the above review, following conclusions may
be drawn:

i. Although enhancements in various properties of
CNT/Al

2
O

3
 nanocomposites have been achieved till

date over pure Al
2
O

3
, depending on raw materials,

processing, microstructure and interface, extent of
improvement differed appreciably from one report to
another.
ii. Improvement in electrical properties through CNT
incorporation in insulating Al

2
O

3
 seems to be rela-

tively easier than achieving enhancements in me-
chanical and thermal properties of CNT/Al

2
O

3

nanocomposite over monolithic Al
2
O

3 
because

a) As soon as a percolating network is established
in the insulating matrix phase, dramatic improve-
ment in electrical conductivity can be achieved dis-
regarding the fact of CNT agglomeration and if suit-
able CNT/Al

2
O

3
 interface is formed then it will im-

prove the conductivity value further.
b) On the other hand, improvement in mechanical
properties can only be achieved depending on fac-
tors like proper dispersion of CNT assuring lowest
agglomeration, adequate densification of
nanocomposite, availability of suitable anchoring
sites in reinforcing CNTs for Al

2
O

3
, effective CNT/

Al
2
O

3
 interface for proper load sharing, attainment

of required toughening mechanisms and finally, high
temperature stability of CNT embedded in Al

2
O

3
 in

harsh environment.
c) In addition, improvement in thermal properties can
be obstructed by multiple phonon scattering by
pores, CNT agglomerates, kinks/twists present in
CNTs, amorphous interface and matrix grain bound-
aries.
iii. The critical concentration of nanotube beyond
which CNT started to form agglomerates also var-
ied notably depending on raw materials and pro-
cessing techniques (Table 7). It may be seen that
although, using a suitable combination of sonica-
tion probe, medium and time, individual dispersion
of CNT up to a very high nanotube loading can be
achieved, some novel sonication approach failed to
effectively disperse CNT only above 1 wt.% loading
[114,120]. Thus, it is necessary to trace out that
whether, probe sonication having conventional or
barbell horns or combination of bath and probe soni-
cation is suitable for effective dispersion of CNT. The
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usefulness of chemical functionalization assisted
and/or non-covalent surfactant assisted dispersion
of nanotubes have also to be considered.
iv. It has been observed that for synthesizing SWCNT/
Al

2
O

3
 nanocomposites, T

sin
 has to be kept below

1200 °C to preserve the structural integrity and to
get the reinforcing effect of CNT [81,113,139]. Achiev-
ing full sintered density or more than 90% dense
SWCNT/Al

2
O

3
 specimens at or below 1200 °C, SPS

proved to be the best technique among all others.
Although, by doing this, successful fabrication of
SWCNT/Al

2
O

3
 nanocomposites offering improved

properties, especially, electrical property over pure
Al

2
O

3
 have been reported [79-81,89], considering the

cost of SWCNT, SPS processing and post-sinter-
ing machining, limitation in product shape and size,
the real-life utilization of SPS-ed SWCNT/Al

2
O

3 
com-

ponent having intricate shape and large dimension
is still uncertain.
v. Although, it is true that morphologically and per-
formance wise, SWCNT is much better than MWCNT
(Table 1), MWCNT is a better option to make CNT/
Al

2
O

3
 nanocomposite for advanced real-life applica-

tions due to the following reasons:
a) much lower cost than SWCNT
b) ease of dispersion and much higher upper limit of
MWCNT loading without agglomeration in 3D due
to requirement of lower separation energy to detangle
MWCNTs than SWCNTs [140],
c) possibility of involving inner-walls of MWCNT dur-
ing mechanical loading, phonon or electron trans-
port through proper inter-wall crosslinking and engi-
neered irregularities formed in nanotube walls by
compressive stress-field produced by the matrix
phase [114,119]
d) possibility of fabricating nanocomposites even
using PLS at temperatures up to 1700oC without
disrupting the structural integrity of MWCNT
[75,114,141]
e) significant matrix grain refinement by MWCNT
[77,78,82-83,96,97,106,109]
f) formation of physical or thin well-crystallized
graphene interface [77,114,115]
g) absence of detrimental compounds like Al

4
C

3
 or

Al
2
O

4
C at the interface [74,77]

h) improved properties in PLS-ed nanocomposites
over pure Al

2
O

3
 [73-75,94,98-99,115,116,120]

i) possibility of fabricating near net-shape ultimate
nanocomposite product of intricate shape and large
dimension at a reasonable price
vi. Some features of CNT/Al

2
O

3
 nanocomposite need

further attention viz. interface, high temperature
creep behavior, friction and wear performance to draw

a characteristic structure-property relationship of this
particular nanocomposite.
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