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Abstract

Preparation, structure and properties of hydrothermally treated carbon nanotube/boehmite (CNT/y-AIOOH) and densification with spark plasma
sintering of Al,O3; and CNT/Al,O; nanocomposites were investigated. Hydrothermal synthesis was employed to produce CNT/boehmite from
an aluminum acetate (AI(OH)(C,H30,),) and multiwall-CNTs mixture (200 °C/2 h.). TEM observations revealed that the size of the cubic shape
boehmite particles lies around 40 nm and the presence of the interaction between surface functionalized CNTs and boehmite particles acts to form
‘nanocomposite particles’. Al,O3 and CNT/Al, O3 compact bodies were formed by means of spark plasma sintering (SPS) at 1600 °C for 5 min
using an applied pressure of SOMPa resulting in the formation of stable a-Al,O; phase and CNT—-alumina compacts with nearly full density. It was
also found that CNTs tend to locate along the alumina grain boundaries and therefore inhibit the grain coarsening and cause inter-granular fracture
mode. The DC conductivity measurements reveal that the DC conductivity of CNT/Al,O;3 is 10~* S/m which indicate that there is a 4 orders of
magnitude increase in conductivity compared to monolithic Al,Os3. The results of the microhardness tests indicate a slight increase in hardness for

CNT/ALO; (28.35 GPa for Al,O3 and 28.57 GPa for CNT/AL,O3).
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Graphite has C—C sp? bonds which are stronger than the C—C
sp3 bonds in diamond (the hardest known material) because the
C—C sp? bond length is shorter than the C—C sp>.! However,
the molecular forces between the graphite layers are van der
Waals forces, which allow them to slide easily.! CNTs are rolled
up sheets of graphite, they consist of one or more cylindrical
walls, having distinctive features, such as high tensile strength
in the range of 60 GPa,” rigidity up to 1.8 TPa’ and electrical
conductivity of the order of 1.85 x 10% S/cm* for multi walled
carbon nanotubes (MWCNTs). Due to the unique features of the
CNTs, there are many possible applications for CNTs including
nanocomposites. To create functional CNT-reinforced compos-
ites, two main problems have to be overcome: (i) homogeneous
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dispersion of nanotubes in the matrix and (ii) generation of
strong interfacial bonding between CNTs and the matrix. CNTs
can be considered to be long flexible nano-fibers which can
entangle very easily with each other! and they form aggregates
easily because of the van der Waals attractive forces. In agglom-
erated state, CNTs resemble graphite because the van der Waals
forces dominate, therefore they can easily slide when subjected
to an applied stress. This situation degrades the mechanical prop-
erties of CNT nanocomposites. Large scale industrial production
of CNT based materials is due to their remarkable electrical
properties.’ The increase in the conductivity of an insulating
material, such as alumina depends on the concentration and the
aspect ratio of the conductive filler.® The conductivity increases
with the increasing filler content and above a critical concen-
tration, the fillers tend to link to each other to form conductive
pathways across the insulating matrix® and therefore conduc-
tivity of the composite increases dramatically with increasing
filler content. Fiber shape fillers are preferential for reinforc-
ing ceramics to increase the electrical conductivity, because the
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incorporation volume of the second phase into the insulating
matrix can be reasonably low. At low filler content the com-
posite can transform into a conductor, yet retains its mechanical
properties.

The dispersion problems of CNTs arise at higher filler con-
tents which degrades the mechanical properties. Particulates,
whiskers and fiber shape fillers can be used to improve the
toughness of the ceramics, but the reinforcing effect of fibers
(such as CNTs) is higher than for the others.'! The rein-
forcements can be made of ceramics or metals® but ceramics
are ideal as metal fiber reinforcements show relatively low
thermal capability and poor chemical resistance which lim-
its the application temperature and environment.!> Besides,
generally greater toughness, strength and hardness values
are achieved in fine grained materials therefore CNTs were
proved to be suitable grain refiners.'> In conclusion, CNTs
can be considered to be suitable reinforcements to increase the
mechanical properties as well as the electrical conductivity of
alumina.

The common approaches to make CNT nanocomposites are
CVD technique and colloidal processing. In CVD technique,
CNTs are grown using metal catalyst particles positioned on
ceramic substrates. The remaining catalyst particles, residual
amorphous carbon and entangled CNTs in the ceramic matrix
can lead to degradation of the properties of the composite.!3 14
In colloidal processing, CNTs and alumina dispersed in sol-
vents with surfactant additions are dried and thermally treated. '’
There are some positive results for CNT/reinforced alumina
nanocomposites in terms of mechanical properties'>!®17 and
electrical conductivity.!>!8 However, homogeneous dispersion
of nanotubes in the matrix still remains a serious problem which
pushes researchers to find new approaches.

Carbon nanotubes tend to be in a state of an entangled mass
because of their flexible fiber-like structure and also the con-
sequence of the strong attractive forces between them. This
makes the dispersion process a compelling crucial factor in
obtaining functional CNT-reinforced composites. Before mix-
ing of CNTs and ceramic powders, carbon nanotubes have to be
functionalized for the homogeneous dispersion. The generally
implemented method includes the acid treatment which induces
defects on the nanotubes.!” Therefore acid treated CNTs possess
limited strength and conductivity. But, hydrothermal synthesis
can provide an environment for nanotubes to be functionalized
while giving little or no harm, unlike acid treatment.”’ Because
the high temperatures and pressures may break the hard big
agglomerates of CNTs and force functional groups (COOH,
OH) to attach on the sidewalls and open ends of CNTs under the
presence of appropriate chemicals, repulsion between individual
tubes can be maintained during hydrothermal synthesis.

In this study, CNT/boehmite nanocomposite powders were
synthesized by hydrothermal synthesis from a mixture of alu-
minum acetate and MWCNTs in aqueous medium. Densification
of the powders was achieved by means of SPS. CNT/boehmite
and CNT/Al;O3 were both characterized by TEM. XRD analy-
sis, SEM observations, DC conductivity measurements (2 point
probe technique); hardness tests were also conducted for both
monolithic Al,O3 and CNT/Al,O3.

Fig. 1. Manufacturing process for the CNTs-reinforced Al O3 nanocomposites.

2. Experimental details

Multi walled carbon nanotubes (20nm in diameter and
10-25 pm in length, Thomas Swan Co. Ltd., UK), aluminum
acetate basic (AI(OH)(C,H30,),, Sigma Aldrich), ammonia
(Merck, 25%) and a-Al; O3 (Tai Macron, DM-DR, Japan) were
used as starting materials in this study.

To obtain 1 wt.% CNT-reinforced boehmite, the solution of
aluminum acetate and MWCNTSs was prepared in water in
the weight of approximately 400 g for each synthesis. 0.063 g
MWCNTs, 20 g aluminum acetate and ~15 ml ammonia and o-
Al,O3 as seeding material (0.1 wt.% of the aluminum acetate)
were mixed in 380 g distilled water. A solution without CNT con-
tent was also prepared for the production of pure boehmite and
for the sake of comparison the synthesis conditions were kept
identical to the CN'T/boehmite production. The pH of the sus-
pension was initially 4 but it was increased to 9 by the addition of
ammonia. The obtained solutions were ultrasonicated until the
color of the solution turned into dark grey and until there were
no visible black agglomerates in the suspension. Hydrothermal
synthesis was performed at 200 °C for 2 h in a high pressure auto-
clave having 500 ml Teflon lined reaction chamber (Berghoff
Br-300, Germany). The pressure of the synthesis was 1 MPa.
Finally, CNT-reinforced boehmite matrix nanocomposite and
boehmite solutions were obtained. The water soluble impurities
were extracted by removing the water above the settled solutions
till the pH decreased to 7. After drying in an oven at 100 °C the
mixture was sieved. The obtained grey powders (The color of
the boehmite powders were white.) were spark plasma sintered
(FCT system HP D25/1) at 1600 °C under a pressure of 50 MPa
in vacuum for 5min (see Fig. 1). The resultant samples had
dimensions of 20 mm in diameter and 5 mm in thickness.
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SEM and TEM observations were used to characterize the
interaction between the CNTs and the AIOOH and Al,O3 matri-
ces. The DC electrical conductivities were measured using
2 point probe technique. The hardness measurements were
obtained by a micro-vickers hardness tester. Density measure-
ments were recorded using Archimedes technique.

3. Results and discussions

Under hydrothermal conditions aluminum acetate undergoes
a decomposition to form acetic acid (CH3 COOH) and boehmite
(y-AlOOH). The aluminum acetate decomposes according to
the following reaction under hydrothermal conditions (Eq. (1)):

Al(OH)(C;H302)2 +H20 — (y-AIOOH) + 2CH3COOH
ey

Carboxylic acid (COOH) and hydroxyl (OH) groups can
attach on the surface or open ends of CNTs during the hydrother-
mal synthesis which effectively results in the functionalization
of the CNTs. The hydrothermally synthesized stable sols con-
taining pure boehmite and CNTs/boehmite mixture are shown
in Fig. 2a and b, respectively. Although the different densities of
carbon nanotubes (2.1 g/cm?) and boehmite (3.04 g/cm?) may
be expected to favor the phase segregation, that event is not seen
even though the sols are kept for a couple of days.

When heating up boehmite, transitional alumina phases are
formed. The sequence of the phases occurred during the ther-
mal treatment is v, 8, 6 and finally a-alumina.?! Additionally,
large amount of dehydration occur and these events result in the
formation of porosity within the structure under relatively low
pressures during thermal treatment. By means of implementa-
tion of high pressures in SPS, the formation of the porosity can
be inhibited and furthermore, SPS provides the ceramic powders
to be sintered quickly and enable the fabrication of relatively fine
grained materials.

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

Fig. 2. Hydrothermally synthesized boehmite (a) and CNT/boehmite sols (b)
indicating the presence of stable suspensions and the absence of phase segrega-
tion in CNT-boehmite mixture (b).

boehmite matrix and also to determine the particle size and mor-
phology of the boehmite crystals, as shown in Fig. 3. Fig. 3a
shows the boehmite crystals to be near cube or hexagonal
shapes with a length of 30-40nm. Fig. 3b shows the TEM
image of MWCNTs-boehmite composite particles indicating
that MWCNT is covered with boehmite particles, which is the
evidence of the attraction between the CNTs and boehmite
matrix as a result of good surface functionalization of CNT
surfaces.

Fig. 3. TEM pictures of hydrothermally synthesized cubic/hexagonal shape boehmite crystals with a length of 30—40 nm (a) and CNT/boehmite mixture indicating

the good coverage of CNTs by boehmite particles (b).
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Fig. 4. XRD pattern of boehmite-derived Al,O3 after SPS indicating that there
is no other phase present (a-Al,O3: JCPDS file no: 43-1484).

The sieved powder samples were sintered with SPS at
1600 °C for 5 min under a pressure of 50 MPa. XRD analysis of
pellets was revealed that all the peaks match the standard peaks
of a-AlpO3 with no other transitional aluminas, as shown in
Fig. 4. This is a significant finding that shows boehmite-derived
a-alumina can be obtained in a very short time (5 min) using
SPS proving that temperature and pressure speeds up the trans-
formation process of boehmite to alumina (even if it is seeded,
boehmite needs 2—4 h to complete the transformation reactions
during pressureless sintering at about 1500-1600 °C). There is
no residual peak that indicates the presence of other impurities
as shown in Fig. 4.

In order to determine the effects of CNT addition on the frac-
ture behavior and microstructure of alumina, SEM observations
were conducted on spark plasma sintered samples, as shown
in Fig. 5. The two SEM micrographs of fractured surfaces of
boehmite-derived a-Al, O3 in different magnifications show the
fracture mode of alumina to be mixed mode (inter-granular and

trans-granular fracture), as shown in Fig. 5a and b. It is also
seen from Fig. 5a and b that the grain size of Al,O3 is around
2.5 wm. However, the fractured surface of the CNT/Al, O3 shows
dominantly inter-granular mode of fracture, as shown in Fig. S5c
and d. Fig. 5c and d also shows that the size of Al,O3 grains
is approximately 1 wm in CNT/Al;O3. The change in fracture
mode of alumina from mixed mode to inter-granular fracture
with the addition of CNTs is caused by the location of the CNTs
along the grain boundaries of AlyO3, as shown in Fig. 5c and
d. This also explains why the grain size of alumina (1 wm) in
CNT/alumina samples is much smaller than that of monolithic
alumina (2.5 pm) as the CNTs prevent grain growth during SPS,
as shown in Fig. 5¢ and d. The high magnification micrograph of
CNT/ Al,O3 in Fig. 5d clearly shows the tendency of MWCNTSs
to locate between Al,Os3 grains.

TEM micrographs of SPSed boehmite-derived pure a-Aly O3
and CNT/Al;O3 are shown in Fig. 6. The TEM micrographs of
alumina shown in Fig. 6a indicate the dense structure after sinter-
ing and also the presence of some intra-granular pores (Fig. 6a).
It is also seen in Fig. 6b that the grain size of CNT/Al,O3 is
about 1 pwm which is in a good agreement with the SEM results
shown in Fig. 5. It should also be noted from Fig. 6a that the
grain boundary of alumina is very clear proving the absence of
any undesired phases. The TEM micrographs of CN'T-reinforced
alumina samples are also shown in Fig. 6 ¢ and d. The location
of the CNTs along the alumina grain boundaries is determined
in Fig. 6¢ and d which is considered to be responsible for the
finer alumina grain size (1 wm) in the CNT—alumina samples.
Fig. 6 clearly shows the grain refinement effect of the CNT
addition which also explains the inter-granular fracture mode
of CNT-alumina samples. The micrograph that focuses on the
grain boundaries reveals the presence of the MWCNTs between

Fig. 5. SEM images of fractured surface of monolithic a-Al;O3 (a and b) and CNT-alumina samples (c and d) indicating the presence of mixed mode of fracture
for pure alumina (a and b) and inter-granular fracture in CNT—alumina samples (c and d). TG: trans-granular farcture and IG: inter-granular fracture.
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Fig. 6. TEM micrograph of boehmite-derived Al,03 (a) and CNT/Al,O3 samples (b—d). It is clearly seen in the high magnification micrograph in (d) that CNTs are

formed a conductive and continuous network along the alumina grain boundaries.

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

The processing conditions, densities, conductivity and
hardness measurements of the Al,O3 and CNT/Al, O3 nanocom-
posite studied are given in Table 1. The DC conductivities of the
samples are 1078 S/m and 10~* S/m for Al,03 and CNT/Al,Os,
respectively which indicates a significant increase in conductiv-
ity due to the presence of CNTs within alumina structure (see
also Fig. 6¢), as shown in Table 1.

The densities are 3.88 g/cm® and 3.95g/cm? for mono-
lithic alumina and CNT/alumina, respectively, as shown in
Table 1. The theoretical densities of MWCNTs are taken
2.1 g/cm? and 3.97 g/cm? for Al,O3. Considering these values,
the relative densities are 98% and 99.9% for the CNT/Al,O3
(1wt.%, 1.87vol.%) and Al,O3, respectively. The difference
in the densities of the products reveals the existence of a
certain amount of CNT agglomeration within the alumina
matrix but overall it does not create a significant differ-
ence.

The hardness of CNT/Al,O3 and Al,O3 are 28.57 GPa and
28.35 GPa, respectively. The slight increase in the hardness can
be the consequence of the grain refinement effect of MWCNTSs
in alumina. However, further studies are currently underway to
see the relationships between grain size and hardness.

In conclusion, the results presented in Figs. 3—6 and Table 1
indicate that CNT-reinforced alumina based ceramics with
nearly full density are achievable if some critical issues are
resolved before using spark plasma sintering. First of all, the
surface functionalization of CNTs which results in the for-
mation of homogeneously mixed and stable boehmite and
CNT-boehmite suspensions should be provided by a method
which does not harm CNTs (as far as the authors are aware,
for the first time to date, the surface functionalization of CNTs
are achieved by hydrothermal process which has no harmful
effect on CNTs). If the CNTs are distributed within the alumina
structure, fine grained sintered alumina with high conductiv-
ity is achieved by the location of CNTs along the alumina
grain boundaries. Now, further studies are underway to explore
mechanical properties of CNT—alumina and their relationships

Table 1

Summary of the synthesis conditions and obtained values for synthesized products (note: TD denotes the theoretical density of Al;O3 and SPS denotes spark plasma
sintering).

Composition SPS parameters Grain size (wm)  Density (%TD)  Hardness (GPa)  DC conductivity (S/m)
Boehmite-derived a-Al,03 1600 °C/5 min S0MPa 2.5 99.9 28.35 1078
Boehmite-derived CNT/Al,03 (1 wt.%, 1.87 vol.%) 1600 °C/5 min 50 MPa 98 28.57 10~*
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with microstructure in terms of grain size, CNT content and
porosity.

4. Conclusion

CNT/boehmite nanocomposite powders were synthesized by
means of hydrothermal synthesis (200 °C/2 h) which also pro-
vides the necessary compound for surface functionalization of
CNTs and formation of boehmite particles with a particle size of
40 nm. The densification of CNT/boehmite and boehmite pow-
ders was maintained by means of SPS at 1600 °C for 5 min under
50 MPa (it is also found that boehmite can be transformed to sta-
ble a-alumina in 5 min under these conditions. TEM and SEM
analysis of CNT/AlO3 shows that CNTs inhibit grain coars-
ening and the addition of 1 wt.% CNTs to alumina decreases
the grain size of Al,O3 from around 2.5 pm to 1 pm. It is
also shown that CNTs tend to locate along the alumina grain
boundaries which inhibits alumina grain growth during sinter-
ing. The location of CNTs along the grain boundaries are also
responsible for inter-granular fracture mode of CNT—alumina
samples whilst the fracture mode of monolithic alumina is mixed
(trans- and inter-granular fracture). Relative densities are mea-
sured to be 99.9% for AlO3 and 98% for CNT/Al,O3. The
DC conductivities of SPSed products show 4 orders of mag-
nitude increase (10~8 S/m for Al,O3 and 10~* S/m for CNT/
Al;O3) in CNT/ Al,O3 (with the addition of 1wt.% CNTs)
over monolithic alumina. CNT/Al;O3 ceramics are considered
to be suitable for some application areas that are demanding
high temperature capability to increase efficiency and reduction
of weight, if the protection against oxidation is maintained. In
addition the higher electrical conductivity provides higher ther-
mal conductivity for the Al,O3 matrix; this can give them good
thermal shock resistance which is a required property for high
temperature applications.
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