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bstract

reparation, structure and properties of hydrothermally treated carbon nanotube/boehmite (CNT/�-AlOOH) and densification with spark plasma
intering of Al2O3 and CNT/Al2O3 nanocomposites were investigated. Hydrothermal synthesis was employed to produce CNT/boehmite from
n aluminum acetate (Al(OH)(C2H3O2)2) and multiwall-CNTs mixture (200 ◦C/2 h.). TEM observations revealed that the size of the cubic shape
oehmite particles lies around 40 nm and the presence of the interaction between surface functionalized CNTs and boehmite particles acts to form
nanocomposite particles’. Al2O3 and CNT/Al2O3 compact bodies were formed by means of spark plasma sintering (SPS) at 1600 ◦C for 5 min
sing an applied pressure of 50MPa resulting in the formation of stable �-Al2O3 phase and CNT–alumina compacts with nearly full density. It was

lso found that CNTs tend to locate along the alumina grain boundaries and therefore inhibit the grain coarsening and cause inter-granular fracture
ode. The DC conductivity measurements reveal that the DC conductivity of CNT/Al2O3 is 10−4 S/m which indicate that there is a 4 orders of
agnitude increase in conductivity compared to monolithic Al2O3. The results of the microhardness tests indicate a slight increase in hardness for
NT/Al2O3 (28.35 GPa for Al2O3 and 28.57 GPa for CNT/Al2O3).
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Graphite has C–C sp2 bonds which are stronger than the C–C
p3 bonds in diamond (the hardest known material) because the
–C sp2 bond length is shorter than the C–C sp3.1 However,

he molecular forces between the graphite layers are van der
aals forces, which allow them to slide easily.1 CNTs are rolled

p sheets of graphite, they consist of one or more cylindrical
alls, having distinctive features, such as high tensile strength

n the range of 60 GPa,2 rigidity up to 1.8 TPa3 and electrical
onductivity of the order of 1.85 × 103 S/cm4 for multi walled
arbon nanotubes (MWCNTs). Due to the unique features of the

NTs, there are many possible applications for CNTs including
anocomposites. To create functional CNT-reinforced compos-
tes, two main problems have to be overcome: (i) homogeneous

∗ Corresponding author.
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ispersion of nanotubes in the matrix and (ii) generation of
trong interfacial bonding between CNTs and the matrix. CNTs
an be considered to be long flexible nano-fibers which can
ntangle very easily with each other1 and they form aggregates
asily because of the van der Waals attractive forces. In agglom-
rated state, CNTs resemble graphite because the van der Waals
orces dominate, therefore they can easily slide when subjected
o an applied stress. This situation degrades the mechanical prop-
rties of CNT nanocomposites. Large scale industrial production
f CNT based materials is due to their remarkable electrical
roperties.5 The increase in the conductivity of an insulating
aterial, such as alumina depends on the concentration and the

spect ratio of the conductive filler.6 The conductivity increases
ith the increasing filler content and above a critical concen-

ration, the fillers tend to link to each other to form conductive

athways across the insulating matrix6 and therefore conduc-
ivity of the composite increases dramatically with increasing
ller content. Fiber shape fillers are preferential for reinforc-

ng ceramics to increase the electrical conductivity, because the

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.037
mailto:cngzky@yahoo.co.uk
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ncorporation volume of the second phase into the insulating
atrix can be reasonably low. At low filler content the com-

osite can transform into a conductor, yet retains its mechanical
roperties.

The dispersion problems of CNTs arise at higher filler con-
ents which degrades the mechanical properties. Particulates,
hiskers and fiber shape fillers can be used to improve the

oughness of the ceramics, but the reinforcing effect of fibers
such as CNTs) is higher than for the others.6–11 The rein-
orcements can be made of ceramics or metals6 but ceramics
re ideal as metal fiber reinforcements show relatively low
hermal capability and poor chemical resistance which lim-
ts the application temperature and environment.12 Besides,
enerally greater toughness, strength and hardness values
re achieved in fine grained materials therefore CNTs were
roved to be suitable grain refiners.13 In conclusion, CNTs
an be considered to be suitable reinforcements to increase the
echanical properties as well as the electrical conductivity of

lumina.
The common approaches to make CNT nanocomposites are

VD technique and colloidal processing. In CVD technique,
NTs are grown using metal catalyst particles positioned on
eramic substrates. The remaining catalyst particles, residual
morphous carbon and entangled CNTs in the ceramic matrix
an lead to degradation of the properties of the composite.13,14

n colloidal processing, CNTs and alumina dispersed in sol-
ents with surfactant additions are dried and thermally treated.15

here are some positive results for CNT/reinforced alumina
anocomposites in terms of mechanical properties13,16,17 and
lectrical conductivity.15,18 However, homogeneous dispersion
f nanotubes in the matrix still remains a serious problem which
ushes researchers to find new approaches.

Carbon nanotubes tend to be in a state of an entangled mass
ecause of their flexible fiber-like structure and also the con-
equence of the strong attractive forces between them. This
akes the dispersion process a compelling crucial factor in

btaining functional CNT-reinforced composites. Before mix-
ng of CNTs and ceramic powders, carbon nanotubes have to be
unctionalized for the homogeneous dispersion. The generally
mplemented method includes the acid treatment which induces
efects on the nanotubes.19 Therefore acid treated CNTs possess
imited strength and conductivity. But, hydrothermal synthesis
an provide an environment for nanotubes to be functionalized
hile giving little or no harm, unlike acid treatment.20 Because

he high temperatures and pressures may break the hard big
gglomerates of CNTs and force functional groups (COOH,
H) to attach on the sidewalls and open ends of CNTs under the
resence of appropriate chemicals, repulsion between individual
ubes can be maintained during hydrothermal synthesis.

In this study, CNT/boehmite nanocomposite powders were
ynthesized by hydrothermal synthesis from a mixture of alu-
inum acetate and MWCNTs in aqueous medium. Densification

f the powders was achieved by means of SPS. CNT/boehmite

nd CNT/Al2O3 were both characterized by TEM. XRD analy-
is, SEM observations, DC conductivity measurements (2 point
robe technique); hardness tests were also conducted for both
onolithic Al2O3 and CNT/Al2O3.

t
(
i
d

ig. 1. Manufacturing process for the CNTs-reinforced Al2O3 nanocomposites.

. Experimental details

Multi walled carbon nanotubes (20 nm in diameter and
0–25 �m in length, Thomas Swan Co. Ltd., UK), aluminum
cetate basic (Al(OH)(C2H3O2)2, Sigma Aldrich), ammonia
Merck, 25%) and �-Al2O3 (Tai Macron, DM-DR, Japan) were
sed as starting materials in this study.

To obtain 1 wt.% CNT-reinforced boehmite, the solution of
luminum acetate and MWCNTs was prepared in water in
he weight of approximately 400 g for each synthesis. 0.063 g

WCNTs, 20 g aluminum acetate and ∼15 ml ammonia and �-
l2O3 as seeding material (0.1 wt.% of the aluminum acetate)
ere mixed in 380 g distilled water. A solution without CNT con-

ent was also prepared for the production of pure boehmite and
or the sake of comparison the synthesis conditions were kept
dentical to the CNT/boehmite production. The pH of the sus-
ension was initially 4 but it was increased to 9 by the addition of
mmonia. The obtained solutions were ultrasonicated until the
olor of the solution turned into dark grey and until there were
o visible black agglomerates in the suspension. Hydrothermal
ynthesis was performed at 200 ◦C for 2 h in a high pressure auto-
lave having 500 ml Teflon lined reaction chamber (Berghoff
r-300, Germany). The pressure of the synthesis was 1 MPa.
inally, CNT-reinforced boehmite matrix nanocomposite and
oehmite solutions were obtained. The water soluble impurities
ere extracted by removing the water above the settled solutions

ill the pH decreased to 7. After drying in an oven at 100 ◦C the
ixture was sieved. The obtained grey powders (The color of

he boehmite powders were white.) were spark plasma sintered
◦
FCT system HP D25/1) at 1600 C under a pressure of 50 MPa

n vacuum for 5 min (see Fig. 1). The resultant samples had
imensions of 20 mm in diameter and 5 mm in thickness.
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Fig. 2. Hydrothermally synthesized boehmite (a) and CNT/boehmite sols (b)
indicating the presence of stable suspensions and the absence of phase segrega-
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SEM and TEM observations were used to characterize the
nteraction between the CNTs and the AlOOH and Al2O3 matri-
es. The DC electrical conductivities were measured using

point probe technique. The hardness measurements were
btained by a micro-vickers hardness tester. Density measure-
ents were recorded using Archimedes technique.

. Results and discussions

Under hydrothermal conditions aluminum acetate undergoes
decomposition to form acetic acid (CH3COOH) and boehmite

�-AlOOH). The aluminum acetate decomposes according to
he following reaction under hydrothermal conditions (Eq. (1)):

l(OH)(C2H3O2)2 + H2O → (�-AlOOH) + 2CH3COOH

(1)

Carboxylic acid (COOH) and hydroxyl (OH) groups can
ttach on the surface or open ends of CNTs during the hydrother-
al synthesis which effectively results in the functionalization

f the CNTs. The hydrothermally synthesized stable sols con-
aining pure boehmite and CNTs/boehmite mixture are shown
n Fig. 2a and b, respectively. Although the different densities of
arbon nanotubes (2.1 g/cm3) and boehmite (3.04 g/cm3) may
e expected to favor the phase segregation, that event is not seen
ven though the sols are kept for a couple of days.

When heating up boehmite, transitional alumina phases are
ormed. The sequence of the phases occurred during the ther-
al treatment is �, �, � and finally �-alumina.21 Additionally,

arge amount of dehydration occur and these events result in the
ormation of porosity within the structure under relatively low
ressures during thermal treatment. By means of implementa-
ion of high pressures in SPS, the formation of the porosity can
e inhibited and furthermore, SPS provides the ceramic powders

o be sintered quickly and enable the fabrication of relatively fine
rained materials.

TEM analysis of CNT/boehmite was performed in order
o assess the degree of the interaction between nanotubes and

t
e
m
s

ig. 3. TEM pictures of hydrothermally synthesized cubic/hexagonal shape boehmit
he good coverage of CNTs by boehmite particles (b).
ion in CNT–boehmite mixture (b).

oehmite matrix and also to determine the particle size and mor-
hology of the boehmite crystals, as shown in Fig. 3. Fig. 3a
hows the boehmite crystals to be near cube or hexagonal
hapes with a length of 30–40 nm. Fig. 3b shows the TEM
mage of MWCNTs-boehmite composite particles indicating
hat MWCNT is covered with boehmite particles, which is the

vidence of the attraction between the CNTs and boehmite
atrix as a result of good surface functionalization of CNT

urfaces.

e crystals with a length of 30–40 nm (a) and CNT/boehmite mixture indicating
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Fig. 6 clearly shows the grain refinement effect of the CNT

F
f

ig. 4. XRD pattern of boehmite-derived Al2O3 after SPS indicating that there
s no other phase present (�-Al2O3: JCPDS file no: 43-1484).

The sieved powder samples were sintered with SPS at
600 ◦C for 5 min under a pressure of 50 MPa. XRD analysis of
ellets was revealed that all the peaks match the standard peaks
f �-Al2O3 with no other transitional aluminas, as shown in
ig. 4. This is a significant finding that shows boehmite-derived
-alumina can be obtained in a very short time (5 min) using
PS proving that temperature and pressure speeds up the trans-
ormation process of boehmite to alumina (even if it is seeded,
oehmite needs 2–4 h to complete the transformation reactions
uring pressureless sintering at about 1500–1600 ◦C). There is
o residual peak that indicates the presence of other impurities
s shown in Fig. 4.

In order to determine the effects of CNT addition on the frac-
ure behavior and microstructure of alumina, SEM observations
ere conducted on spark plasma sintered samples, as shown
n Fig. 5. The two SEM micrographs of fractured surfaces of
oehmite-derived �-Al2O3 in different magnifications show the
racture mode of alumina to be mixed mode (inter-granular and

a
o
g

ig. 5. SEM images of fractured surface of monolithic �-Al2O3 (a and b) and CNT–
or pure alumina (a and b) and inter-granular fracture in CNT–alumina samples (c an
Ceramic Society 30 (2010) 3351–3356

rans-granular fracture), as shown in Fig. 5a and b. It is also
een from Fig. 5a and b that the grain size of Al2O3 is around
.5 �m. However, the fractured surface of the CNT/Al2O3 shows
ominantly inter-granular mode of fracture, as shown in Fig. 5c
nd d. Fig. 5c and d also shows that the size of Al2O3 grains
s approximately 1 �m in CNT/Al2O3. The change in fracture
ode of alumina from mixed mode to inter-granular fracture
ith the addition of CNTs is caused by the location of the CNTs

long the grain boundaries of Al2O3, as shown in Fig. 5c and
. This also explains why the grain size of alumina (1 �m) in
NT/alumina samples is much smaller than that of monolithic
lumina (2.5 �m) as the CNTs prevent grain growth during SPS,
s shown in Fig. 5c and d. The high magnification micrograph of
NT/ Al2O3 in Fig. 5d clearly shows the tendency of MWCNTs

o locate between Al2O3 grains.
TEM micrographs of SPSed boehmite-derived pure �-Al2O3

nd CNT/Al2O3 are shown in Fig. 6. The TEM micrographs of
lumina shown in Fig. 6a indicate the dense structure after sinter-
ng and also the presence of some intra-granular pores (Fig. 6a).
t is also seen in Fig. 6b that the grain size of CNT/Al2O3 is
bout 1 �m which is in a good agreement with the SEM results
hown in Fig. 5. It should also be noted from Fig. 6a that the
rain boundary of alumina is very clear proving the absence of
ny undesired phases. The TEM micrographs of CNT-reinforced
lumina samples are also shown in Fig. 6 c and d. The location
f the CNTs along the alumina grain boundaries is determined
n Fig. 6c and d which is considered to be responsible for the
ner alumina grain size (1 �m) in the CNT–alumina samples.
ddition which also explains the inter-granular fracture mode
f CNT–alumina samples. The micrograph that focuses on the
rain boundaries reveals the presence of the MWCNTs between

alumina samples (c and d) indicating the presence of mixed mode of fracture
d d). TG: trans-granular farcture and IG: inter-granular fracture.
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ig. 6. TEM micrograph of boehmite-derived Al2O3 (a) and CNT/Al2O3 samp
ormed a conductive and continuous network along the alumina grain boundari

he alumina grains (actually most of them are aligned along
he long axis of the grain boundaries, as shown in Fig. 6d)) as
ndicated by an arrow in Fig. 6c.

The processing conditions, densities, conductivity and
ardness measurements of the Al2O3 and CNT/Al2O3 nanocom-
osite studied are given in Table 1. The DC conductivities of the
amples are 10−8 S/m and 10−4 S/m for Al2O3 and CNT/Al2O3,
espectively which indicates a significant increase in conductiv-
ty due to the presence of CNTs within alumina structure (see
lso Fig. 6c), as shown in Table 1.

The densities are 3.88 g/cm3 and 3.95 g/cm3 for mono-
ithic alumina and CNT/alumina, respectively, as shown in
able 1. The theoretical densities of MWCNTs are taken
.1 g/cm3 and 3.97 g/cm3 for Al2O3. Considering these values,
he relative densities are 98% and 99.9% for the CNT/Al2O3
1 wt.%, 1.87 vol.%) and Al2O3, respectively. The difference

n the densities of the products reveals the existence of a
ertain amount of CNT agglomeration within the alumina
atrix but overall it does not create a significant differ-

nce.

s
i
g
m

able 1
ummary of the synthesis conditions and obtained values for synthesized products (no
intering).

omposition SPS parameters Gra

oehmite-derived �-Al2O3 1600 ◦C/5 min 50 MPa 2.5
oehmite-derived CNT/Al2O3 (1 wt.%, 1.87 vol.%) 1600 ◦C/5 min 50 MPa 1
d). It is clearly seen in the high magnification micrograph in (d) that CNTs are

The hardness of CNT/Al2O3 and Al2O3 are 28.57 GPa and
8.35 GPa, respectively. The slight increase in the hardness can
e the consequence of the grain refinement effect of MWCNTs
n alumina. However, further studies are currently underway to
ee the relationships between grain size and hardness.

In conclusion, the results presented in Figs. 3–6 and Table 1
ndicate that CNT-reinforced alumina based ceramics with
early full density are achievable if some critical issues are
esolved before using spark plasma sintering. First of all, the
urface functionalization of CNTs which results in the for-
ation of homogeneously mixed and stable boehmite and
NT–boehmite suspensions should be provided by a method
hich does not harm CNTs (as far as the authors are aware,

or the first time to date, the surface functionalization of CNTs
re achieved by hydrothermal process which has no harmful
ffect on CNTs). If the CNTs are distributed within the alumina

tructure, fine grained sintered alumina with high conductiv-
ty is achieved by the location of CNTs along the alumina
rain boundaries. Now, further studies are underway to explore
echanical properties of CNT–alumina and their relationships

te: TD denotes the theoretical density of Al2O3 and SPS denotes spark plasma

in size (�m) Density (%TD) Hardness (GPa) DC conductivity (S/m)

99.9 28.35 10−8

98 28.57 10−4
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ith microstructure in terms of grain size, CNT content and
orosity.

. Conclusion

CNT/boehmite nanocomposite powders were synthesized by
eans of hydrothermal synthesis (200 ◦C/2 h) which also pro-

ides the necessary compound for surface functionalization of
NTs and formation of boehmite particles with a particle size of
0 nm. The densification of CNT/boehmite and boehmite pow-
ers was maintained by means of SPS at 1600 ◦C for 5 min under
0 MPa (it is also found that boehmite can be transformed to sta-
le �-alumina in 5 min under these conditions. TEM and SEM
nalysis of CNT/Al2O3 shows that CNTs inhibit grain coars-
ning and the addition of 1 wt.% CNTs to alumina decreases
he grain size of Al2O3 from around 2.5 �m to 1 �m. It is
lso shown that CNTs tend to locate along the alumina grain
oundaries which inhibits alumina grain growth during sinter-
ng. The location of CNTs along the grain boundaries are also
esponsible for inter-granular fracture mode of CNT–alumina
amples whilst the fracture mode of monolithic alumina is mixed
trans- and inter-granular fracture). Relative densities are mea-
ured to be 99.9% for Al2O3 and 98% for CNT/Al2O3. The
C conductivities of SPSed products show 4 orders of mag-
itude increase (10−8 S/m for Al2O3 and 10−4 S/m for CNT/
l2O3) in CNT/ Al2O3 (with the addition of 1 wt.% CNTs)
ver monolithic alumina. CNT/Al2O3 ceramics are considered
o be suitable for some application areas that are demanding
igh temperature capability to increase efficiency and reduction
f weight, if the protection against oxidation is maintained. In
ddition the higher electrical conductivity provides higher ther-
al conductivity for the Al2O3 matrix; this can give them good

hermal shock resistance which is a required property for high
emperature applications.
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