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Abstract

Alumina ceramics reinforced with 1 wt.% single-walled carbon nanotube (SWCNT) were fabricated via spark plasma sintering (SPS) of

composite powders containing carboxyl (COOH) or hydroxyl (OH) group functionalized single-walled carbon nanotubes. The samples were

SPS’ed at 1600 8C under 50 MPa pressure for holding time of 5 min and at a heating rate of 4 8C/s. The effects of CNT addition having different

surface functional groups on microstructure, conductivity, density and hardness were reported. It was shown that nanotube addition decreased the

grain sizeof alumina from 3.17 mm to 2.11 mm for COOH-SWCNT reinforcement and to 2.28 mm for COOH-SWCNT reinforcement. The

hardness values of the composites are similar for all samples but there is 4.5 and 7.5 times increase in electrical conductivity with respect to

monolithic alumina for COOH-SWCNT and OH-SWCNT, respectively. It was also shown by TEM and FEG SEM observations that transgranular

fracture behaviour of alumina was changed to mostly intergranular fracture mode by the addition of both types of CNTs which may be due to

location of CNTs along the grain boundaries. A significant grain size reduction in alumina is considered toresult fromthe suppressing effect of

CNTs during sintering.
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1. Introduction

Alumina has been used widely in many fields for its high

corrosion and wear resistance, hardness and stability at high

temperature [1,2]. In response to an applied external stress, as in

the case of all ceramics, alumina exhibit little or no plastic

deformation, therefore energy dissipation is limited which

makes alumina quite brittle.

Carbon nanotubes (CNTs) were first discovered by Oberlin

et al. [3] and aroused great interest since the rediscovery by

Iijima in 1991 [4]. CNTs have great potential for tougher,

stronger ceramic composites exhibiting multifunctional proper-

ties due to the high stiffness [5], high tensile strength [6], high

electrical and thermal conductivities of CNTs [7,8].

Large aspect ratio (relevant to enhanced load transfer),

homogeneous dispersion (agglomerates act as stress
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concentrating sites) and interfacial bonding must be provided

for an effective reinforcement [9].

The arising problem for the CNT ceramic composites is the

non-polar covalently bonded structure of CNTs exhibiting

agglomeration in polar and organic solvents. Covalent

functionalization is one of the ways to solubilize CNTs in

which functional groups attach on to the sidewalls of CNTs’

defected sites and head groups [10]. Different functional groups

lead to different surface characters and hence solubility. For

instance fluorinated CNTs show moderate solubility in

alcoholic solvents (1 mg/ml) [11] and carboxylated CNTs

exhibit high solubility in polar solvents, such as water at high

pH values [12].

Spark plasma sintering (SPS) is a consolidation technique

and have been widely used for CNTs composites [13,14]. SPS

uses pulsed direct currents applied on a conductive die.

Powders are positioned in the die and pressed uniaxially.

Heating of green bodies is provided by means of joule heating

[15] and therefore it is a rapid sintering process [16]. SPS was

examined to obtain low grain size and high density components
d.
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using suitable temperature, pressure, pulsed current, holding

time, heating rate and pulse sequence combinations [15].

The homogeneous dispersion of carbon nanotubes in

alumina is the critical step in obtaining composites with

enhanced properties. The activation of carbon nanotubes can be

achieved by the decoration of their surfaces by functional

groups.

The aim of the present work is to investigate the effect of

different functional groups (COOH or OH) on the dispersibility

of SWCNTs in alumina matrix. It also examines the effect of

surface modification of SWCNTs on the properties (grain size,

hardness, conductivity, fracture mode and density) of alumina

ceramics densified by SPS.

2. Material and methods

A commercial a-alumina powder having 0.2 mm average

particle size was selected for the experiments (Alcoa SG 16).

The data related to the purchased carbon nanotubes (Time-

snano, Chengdu Organic Chemicals Co. Ltd.,) with different

surface functional groups are shown in Table 1.

1 wt.% SWCNTs with two different surface functional

groups were dispersed in ethanol, ball milled for 3 h and

subsequently ultrasonicated for 30 min. The same procedure

was applied on the monolithic alumina/ethanol suspensions.

The solids-loading of a-alumina powders was 5 wt.% of the

total suspensions. The SWCNTs suspension was added to a-

alumina suspensions during magnetic stirring and subse-

quently, the obtained suspensions were ball milled for 1 h,

ultrasonicated for 30 min and finally dried at 100 8C in an oven

prior the sieving procedure.

The samples were SPS’ed at 1600 8C under 50 MPa pressure

for holding time of 5 min using a heating rate of 4 8C/s. The

sintered pellets were 20 mm in diameter and approximately

5 mm in thickness. The microstructural analysis was performed

after the removal of the graphitic sheets on the surfaces of the

specimens. Hardness, electrical conductivity and density

measurements were performed along with FEG SEM and

TEM observations.

The relative densities of the composites were calculated

using the theoretical densities of alumina (3.97 g/cm3) and

SWCNTs (1.71 g/cm3 [17]). The theoretical density of the
Table 1

The properties of the commercial single-walled carbon nanotubes with different

functional groups.

Properties Carboxyl single-wall

carbon nanotubes

(COOH-SWCNTs)

Hydroxyl single-wall

carbon nanotubes

(OH-SWCNTs)

Diameter (nm) 1–2 1–2

Length (nm) �30 �30

–COOH content/–OH

content (wt.%)

2.73 3.96

Purity (wt.%) >90 >90

Ash (wt.%) <1.5 <1.5

Electrical

conductivity (S/cm)

>102 >102
1 wt.% SWCNT/alumina corresponds to �3.9474 g/cm3. The

grain sizes of the ceramic bodies, which were polished and

thermally etched at 1400 8C for 40 min were measured from the

sizes of approximately 200 grains on SEM images. The

densities of the compacts were determined by the Archimedes

method with distilled water as the immersion medium.

Electrical conductivities of the samples were measured using

2-point probe technique. The hardness tests were performed

using a Vickers microhardness tester in which 10 kg load was

applied for 10 s for each sample.

3. Results and discussions

Fig. 1 shows the SEM images of fractured surfaces of

monolithic Al2O3 and SWCNT-reinforced alumina composites.

The fracture mode of monolithic Al2O3 is seen to be a

combination of intergranular (IG) and transgranular (TG) as the

coarser alumina grains fail transgranularly while the smaller

grains fracture intergranularly, as shown in Fig. 1a. In Fig. 1b

and c, the fracture surfaces of COOH functionalized SWCNT/

Al2O3 are shown and Fig. 1d represents OH functionalized

SWCNT/Al2O3. It is clearly shown in Fig. 1b and d that there is

a shift in the fracture behaviour towards intergranular compared

to monolithic Al2O3 as the surface functionalized SWCNTs are

mostly located along the alumina grain boundaries (the location

of the CNTs is shown by arrows in Fig. 1b and d).

It should also be noted from Fig. 1 that although the fracture

mode is heavily intergranular for both CNT-reinforced alumina

there are still some coarse grains that fail transgranularly, as

shown in Fig. 1d. It is noted from the fracture surfaces that the

grains bigger than 2 mm fracture transgranularly either in

monolithic or reinforced alumina, as shown in Fig. 1.

Fig. 2 illustrates the polished surfaces of the sintered

ceramic samples. As seen from the images shown in Fig. 2a and

b, the average grain size of monolithic Al2O3 is determined to

be 3.17 mm. The backscattered electron image of monolithic

alumina at low magnification reveals the pattern of the polished

surface by the help of the contrast between pores and the grains

and this can be used as a control while comparing the

composites with monolithic Al2O3 at low magnification in

terms of the agglomerates. Fig. 2c and d shows the COOH-

SWCNT/Al2O3 having an average grain size of 2.11 mm while

Fig. 2e and f illustrates the OH-SWCNT/Al2O3in which the

average grain size of alumina is 2.28 mm. Fig. 2g and h is the

high magnification images of COOH-SWCNT/Al2O3 and OH-

SWCNT/Al2O3, respectively in which it is clearly seen that

carbon nanotubes emerge from grain boundaries proving their

location to be along the alumina grain boundaries. The polished

surfaces of both composites containing OH and COOH

functionalized SWCNTs are similar in terms of grain size

and morphology, as shown in Fig. 2c–h. Besides, the low

magnification backscattered electron images of composites in

Fig. 2d and f present the pores of agglomerates of CNTs in

which CNTs are pulled out during polishing. The diameters of

agglomerates having nearly spherical morphology are in the

range of 10–20 mm in both composites, as shown in Fig. 2g and

h. Nanotubes migrate towards the grain boundaries during the



Fig. 1. The fracture surfaces of monolithic Al2O3 (a), COOH-SWCNT reinforced Al2O3 (b and c), and OH-SWCNT reinforced Al2O3(d). IG, intergranular fracture;

TG, transgranular fracture.
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grain growth of alumina resulting in a tendency to agglomerate

after sintering at relatively high grain sizes [18,19].

The detail TEM microstructures of monolithic and CNTs-

reinforced aluminas are shown in Fig. 3. Fig. 3a shows the clean

grain boundaries of monolithic alumina. The microstructures of

the COOH-SWCNT/Al2O3 are shown in Fig. 3b and c

indicating the location of the CNTs along the grain boundaries

and also at the triple grain junctions. This finding is in good

agreement with the published studies [20,21] which show that

carbon nanotubes tend to locate between grains which are

indicated by a black arrow in the image shown in Fig. 3b. The

location of the carbon nanotubes along the grains may result in

higher electrical conductivity even at low CNT contents by

virtue of their high aspect ratio and it may also contribute to the

retardation of the grain growth [20,21]. In Fig. 3c, a more

magnified case of COOH-SWCNT/Al2O3 is shown in which

CNTs are clustered at the triple junctions. In Fig. 3d the finer

grain size structure of alumina is seen for COOH-SWCNT/

Al2O3 with the absence of any remaining porosity. Similar

microstructure to COOH-SWCNT/Al2O3 is observed in OH-

SWCNT/Al2O3 revealing that SWCNTs locate between grains,

marked by arrows in Fig. 3e. Fig. 3e also shows the location of

the CNTs to be at the triple grain junctions of alumina.

Besides, Ueda et al. used carbon nanofibres (CNFs) to

fabricate CNFs-alumina composites, and they found out that

there is a critical content at which carbon CNFs tend to cluster

more easily between 0.8 and 1.6 wt.%. Therefore in our study to

avoid excessive agglomeration SWCNTs content kept at

1 wt.% [18].

Table 2 represents collection of published data in this field

and also present data obtained from the studied samples as well.
The sintered monolithic Al2O3, 1 wt.% COOH-SWCNT/Al2O3

and 1 wt.% OH-SWCNT/Al2O3 have densities of 3.93 g/cm3,

3.86 g/cm3 and 3.86 cm3, respectively. The corresponding

relative densities and other properties are shown in detail in

Table 2. As shown in Table 2, the relative densities (%) of

monolithic alumina, 1 wt.% COOH-SWCNT/Al2O3 and

1 wt.% OH-SWCNT/Al2O3are determined to be 99.55, 97.78

and 97.78, respectively indicating a slight decrease by the

addition of CNTs. The decrease in density is attributed to the

presence of entangled CNTs that form porous agglomerates in

the alumina (Fig. 1a and h). The hardness values are very close

to each other for monolithic and CNTs-reinforced alumina

(around 18.3 GPa for all samples) which indicate the

homogeneous distribution of the CNTs within the alumina

matrix (Table 2).

The sinterability of the finer grained alumina is better

therefore the samples obtained by the Yamamoto et al. [22] and

Zhan et al. [23] show big differences in terms of grain size and

electrical conductivity and besides, it seems that the low

temperatures of sintering and fine grained starting materials

compared to used one in our experiments lead to decrease in

grain size. The grain size refinement may influence the

distribution of carbon nanotubes. Since nanotubes tend to

locate along the grain boundaries, the presence of the larger

surface area of the grains may influence positively in terms of

the state of the dispersion of nanotubes, as they may make room

for the accommodation of nanotubes causing limitation to

excessive agglomeration.

Comparing the samples within each other it is seen that,

there is a significant increase in electrical conductivity of

alumina by the addition of SWCNTs, as shown in Table 2. The



Fig. 2. The polished surfaces of monolithic Al2O3 (a) and (b); COOH-SWCNT/Al2O3 (c), (d) and (g); OH-SWCNT/Al2O3 (e), (f) and (h). The black arrows mark

SWCNTs emerging from grain junctions.
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electrical conductivities of alumina, COOH-SWCNT/Al2O3,

and OH-SWCNT/Al2O3 are determined to be 2 � 10�6,

9 � 10�6 and 1.5 � 10�5 S/m, respectively, as shown in Table

2. The electrical conductivity is 4.5 times higher than
monolithic alumina for COOH-SWCNT/Al2O3 and 7.5 times

higher for OH-SWCNT/Al2O3.

The limitation of the electrical conductivities lie in

moderate levels for SWCNTs reinforced composites, which



Fig. 3. Transmission electron microscopy (TEM) images of monolithic Al2O3 (a), COOH-SWCNT/Al2O3 (b–d) and OH-SWCNT/Al2O3 (e).
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may be attributed to 4 aspects: the low content of SWCNTs,

the disruption of their integrity during SPS (since SWCNTs

have only single sidewalls, their disruption can be easy), the

low crystallinity of carbon nanotubes because of being

functionalized and notably the agglomeration of carbon

nanotubes.
The toughness increase in the ceramics can be achieved by

the addition of nanotubes which results in fibre debonding, fibre

pull-out and crack bridging mechanisms which can be

confirmed by electron microscopy images. But the agglomera-

tion behaviour of nanotubes unavoidably dictates utilization of

toughness measurements and also the electron microscopy



Table 2

The properties of the monolithic alumina and composites.

Material Processing conditions Grain

size

(mm)

Fracture

mode

Relative

density

(%)

Hardness

(GPa)

Electrical

conductivity

(S/m)

Reference

Al2O3 SPS (1600 8C 50 MPa 5 min) 3.17 Mixed 99.55 18.7 2 � 10�6 Present

1 wt.% (1.4 vol%) COOH-SWCNT/Al2O3 SPS (1600 8C 50 MPa 5 min) 2.11 Mostly

intergranular

97.78 18.5 9 � 10�6 Present

1 wt.% (1.4 vol%) OH-SWCNT/Al2O3 SPS (1600 8C 50 MPa 5 min) 2.28 Mostly

intergranular

97.78 18.29 1.5 � 10�5 Present

Boehmite-derived Al2O3 SPS (1600 8C 50 MPa 5 min) 3.25a Mixed 99.9 17.99b 10�6b Previous

[24]

Boehmite-derived CNT/Al2O3

(1 wt.%, 1.87 vol%)

SPS (1600 8C 50 MPa 5 min) 2,42a Mostly

intergranular

98 17.28b 10�2b Previous

[24]

Al2O3 SPS (1500 8C 20 MPa 10 min) 1.69 98.6 17.3 10�10 to 10�12 [22]

1.9 vol% acid-treated MWCNT/Al2O3 SPS (1500 8C 20 MPa 10 min) 1.51 98.9 15.9 1.3 [22]

1.9 vol% pristine MWCNT/Al2O3 SPS (1500 8C 20 MPa 10 min) 1.57 98.2 14.4 15.1 [22]

5.7 vol% SWCNT/a-Al2O3 SPS (1150 8C/3 min) �200 100 20.0 1050 [23]

a The data obtained but not published yet.
b The corrected data of the published paper.
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images cannot give numerical values. Now studies are

underway to measure the toughness of the samples produced.

Overall, it is shown in the present work that some of the

properties of alumina can be changed by the addition of

SWCNTs with different surface functional groups. The

functional groups increase the solubility of CNTs and hence

provide homogeneous dispersion in composites resulting in

better properties and refined alumina grains. Further studies are

underway to understand the relations between surface

functional groups, concentration and the final properties

including toughness and wear.

4. Conclusion

Single walled CNTs containing different surface functional

groups (COOH and OH) were used for the incorporation into

the a-alumina ceramic matrix. SPS was used for the sintering

process at 1600 8C for 5 min under 50 MPa pressure. Electron

microscopy images show that nanotube addition to alumina

shifted the fracture mode towards the intergranular fracture and

there is a reduction in grain size from 3.17 mm for monolithic

alumina to 2.11 and 2.28 mm for COOH and OH functionalized

carbon nanotube containing ceramic bodies, respectively. It is

also shown by SEM and TEM observations that carbon

nanotubes tend to locate between the grains. The relative

density (%) of monolithic alumina is dropped from 99.95 to

97.78 for both composites due to small degree of the

agglomeration of CNTs. The electrical conductivity is 4.5

times higher than that monolithic alumina for COOH-SWCNT/

Al2O3 and 7.5 times higher for OH-SWCNT/Al2O3.

The content of different functional groups on CNTs should

effect the microstructure and properties of ceramic matrices

owing to the difference in the dispersion character of different

CNTs, therefore knowing the suitable functional groups to

obtain enhanced properties is crucial for obtaining novel

ceramic composites. It is shown that COOH or OH

functionalized single walled carbon nanotube containing
alumina ceramics exhibit similar properties and there is a

modest level of increase in electrical conductivities and

decrease ingrain size while one is remaining nearly constant

(hardness) for both. Therefore it can be concluded that OH or

COOH functional group containing nanotubes act or distribute

similarly in alumina matrices.
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