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ABSTRACT

We report herein, a scalable method for the preparation of alumina (Al,Os3)-phosphate
ceramics reinforced with carbon nanotubes (CNTs). All composites were manufactured by direct
on-site growth of CNTs on ceramic particles via catalytic chemical vapour deposition. Introduction
of catalyst metals to the substrate was achieved through two simple approaches, drip-coating and
vacuum filtration, both of which have been reviewed. Transmission electron microscopy was
utilised to investigate the interface between the Al,Os; surface and the in-situ CNTs. Resultant
ceramics were produced by impregnating phosphoric acid into the Al,O3+CNT nanocomposite
powder followed by die-pressing. In order to maintain the integrity of the CNTs,
dehydration/curing was performed at 130-150°C. Scanning electron microscopy was elected to
comparatively characterise the microstructure of this type of ceramic nanocomposite against its
monolithic equivalent. Possible mechanisms by which specific features have formed are discussed.

INTRODUCTION

Since the widespread circulation of a Sumio Iijima’s 1991 paper titled ‘helical microtubules
of graphitic carbon’, CNTs have accrued world-wide status as a material of the future and a range
of potential applications have been suggested for the aeronautical, automotive and construction
industries” * °. These high expectations have mainly stemmed from the nanostructures unique
combination of properties. Table 1 lists the commonly cited mechanical, electrical and thermal
capabilities of CNTs.

Table 1: The mechanical, electrical and thermal properties of both SWCNTs and MWCNTs.

Mechanical Young’s Modulus ~1TPa™
Tensile Strength 63GPa’

Electrical Maximufn. Electrical | SWCNTs = 300K ~106 S/m T
Conductivity MWCNTs = 300K ~105 S/m”
Maximum Thermal | SWCNTs = 6600W/Mk

Thermal Conductivity MWCNTSs = >3000W/mK’" '
Thermal Stability (in Argon) | 2000-2400°C""- "2

Unsurprisingly, present studies involving the use of CNTs as reinforcements have been
overshadowed by the potential electrical applications. Hence, the majority of recent research is
fixated on developing a consistent and scalable means of CNT production for use within the
electronics industry. However, depending on the method, problems such as chirality'” ',
irremovable functional groups and defects', and the scattering of electrons by optical phononsw’ 17
are regularly encountered. This ultimately leads to undesirable electrical properties with no
foreseeable solution in sight.

As reinforcements, the aforementioned issues are far less important and have minimal, if
any influence over the mechanical properties. As such, carbon nanotubes can be synthesised using a
plethora of sublimation and chemical based techniques. These methods include the electric arc
discharge process, laser ablation, production by electrolysis, heat treatment of a polymer or low

temperature solid pyrolysis'®.



Instead difficulties are faced during the preparation of ceramic matrix nanocomposites and
present themselves in the form of nanotube agglomeration, alignment and inhomogeneous
dispersion throughout the bulk matrix'® %!,

Fortunately, a novel solution has since been developed by Flahaut and co-workers that
modifies the chemical vapour deposition (CVD) technique to form a process called in-situ catalytic
CVD (CCVD)®. This involves the “growth” of rooted CNTs directly on the ceramic particle
surface, thereby avoiding the previously mentioned issues by bypassing any sort of free-mixing of
CNTs with ceramic powders. Current complications are alternatively found at the following stages:

e Densification - CNTs located at the interface between ceramic particles act as a “cushion zone”,
resisting compression and creating a final ceramic of relatively low density (<90%)>*.

¢ Sintering - CNTs are unable to tolerate and tend to degrade at the high temperatures traditionally
applied during conventional ceramic sintering™.

As a result, on-going research efforts are concentrated on achieving fully dense CNT
reinforced ceramic matrix nanocomposites whilst simultaneously maintaining the integrity of the
CNTs dispersed within the matrix.

In this paper, we document the results accumulated to date on the growth of CNTs on Al,O3
particles with cobalt (Co) acting as a catalyst metal and methane gas (CH4) as a hydrocarbon
source. Additionally, we report on subsequent attempts to achieve low temperature densification of
phosphoric acid impregnated CNT reinforced Al,O3 ceramics.

EXPERIMENTAL METHODOLOGY
(a) Starting Materials

Synthesis of CNTs was achieved via in-situ CCVD of cobalt metal nanoparticles scattered
over a substrate of 99.7% chemically pure 0-Al,O3; powder (Sigma Aldrich, UK) with a mean
particle size of 10um. The cobalt catalyst selected was formed through the reduction of cobalt (II)
nitrate hexahydrate (Fisher Chemicals, UK). Distribution of the precursor over the Al,O; surface
was performed in solution ahead of the CCVD process. A cobalt nitrate salt (Co(NOs3),-6H,0) of
98% purity was mechanical stirred for 30 minutes in reagent grade acetone (Sigma Aldrich, UK) at
various ratios depending on the desired concentration and quantity. Typically, a ratio 1.16g : 40ml
was used and equated to 0.1mol/l. However, concentrations 0.05, 0.3 and 0.6mol/l were also
formulated.

(b) Catalyst Distribution

In this study, the efficiency of two low-cost, highly scalable modes of catalyst distribution
were investigated:

The first approach developed was drip-coating and involved the use of a pipette to deliver
droplets of the precursor solution over a uniform layer of Al,O; powder (~5g) until a Fisherbrand
QL 100, qualitative, medium retention, 90mm diameter filter (Fisher Scientific, UK) beneath
became fully-saturated. The powder was then placed in an oven at 60°C for 30 minutes to allow
any residual acetone to evaporate. Once dried, the powder was milled and collected in a porcelain
boat awaiting the CCVD process.

The second method was vacuum filtration. Here, an Al,Os; powder/catalyst precursor
suspension was made by taking 20ml of the precursor solution and adding it to a beaker containing
20g of Al,O; powder. Subsequent mixing was achieved either solely by mechanical stirring or a
combination of mechanical and ultrasonic agitation. In both cases, mechanical mixing comprised of
manually churning the precursor solution until the Al,O; powder sediment at the bottom of the



beaker was in suspension. Any further ultrasonication was performed for 10 minutes in a
UDI150SH-6L 230W (Ultra-Piezo, Beijing, China) ultrasonic bath. This was followed by vacuum
filtration with all suspensions being passed through the same Fisherbrand QL 100 filters. Drying of
the powders after filtration was completed in an oven at 60°C for 30 minutes. The resultant dried
block was then crushed back into a powder using a pestle and mortar. This process was repeated
between 1 and 6 times using the same catalyst precursor concentration. As will be discussed in
further detail later, varying the concentration and the number of filtrations can dramatically impact
on the CNT growth after CCVD.

(c) In-situ Catalytic Chemical Vapour Deposition

Methane gas (BOC Special gases, UK) was chosen as a hydrocarbon source for the CCVD
process whilst a special gas mix consisting of N, + 3% H, (BOC Special Gases, UK) had two
purposes, to promote a reducing atmosphere in order to trigger the reduction of the catalyst
precursor, and to improve the carbon absorption by the catalyst at the cracking temperature.

Both gases were feed into a 55% purity Al,O; working tube (Lenton, UK) with a 25mm
diameter and a 700mm length. The tube was positioned in a Lenton LTF 12/38/250 temperature
controlled, horizontal tube furnace and was sealed at both ends to prevent oxygen contamination
during the CCVD process.

Once prepared, the tube furnace and gas flow was manually controlled in order to adhere to
the following steps:

Table 2: The necessary steps for catalytic chemical vapour deposition.

Steps Programme details fLOl.’;Zg;ZJ; t;iifngu c;ze;L PM)]
Ramp to 450°C Heating rate 10°C /min SGonat 1 LPM

o ) SG increased to
Dwell at 450°C 10 minutes 3 LPM
Ramp from 450°C to | Heating to 650°C-1000°C | Maintain SG at 3 LPM
cracking temperatures at a rate of 10°C /min Methane on at 2 LPM
Dwell at cracking 60 minutes Maintain SG at 3 LPM
temperature Methane on at 2 LPM
Cool from cracking | . Reduce SG to 1 LPM

o Air cooled

temperature to 25 C Methane gas off
At 25°C Power off SG off at 200°C

*SG refers to the nitrogen + 3% hydrogen mix (BOC Special Gases, UK)
(d) Preparation of Chemically Bonded Phosphate Ceramics Reinforced with Carbon Nanotubes

Samples of Al,Os-phosphate reinforced with CNTs were fabricated by impregnating
phosphoric acid (H3PO,) into the post-CCVD Al,O3;+CNT nanocomposite powders. Distilled water
was used to dilute 99% pure phosphoric acid crystals (Sigma-Aldrich, UK) into a 50wt%
concentrated acid solution. Approximately Iml of this was then added to 0.3-0.7g of ALO;+CNT
nanocomposite powder. Upon mixing, an immediate dissolution of the Al,O3 grits formed a gel-
like substance, expressed by the reaction below:

A1203 + 6H3PO4 > 2A1(H2PO4)33H20 (diSSOlutiOl’l of A1203)

Displacement of the excess phosphoric acid and densification of the Al,Os; powder was
accomplished by die-pressing the gel. In order to ensure the CNTs remained undamaged, a low



pressure of 150MPa was used. The resultant pellets were subsequently sealed in petri dishes and
heated in an oven at 130°C. The reaction that ensues is as follows:

Al(H,PO4)3-3H,0 - AIPO, + 3H,0 + 2H;PO, (dehydration)

By encapsulating the samples, a contained atmosphere was created which facilitated a
slower water evaporation rate. This ultimately reduced the porosity within the final structure by
prohibiting the formation of air bubbles during the dehydration process.

After 48 hours, the samples were unsealed and exposed to an increased temperature of
150°C for another 48 hours. This final curing reaction is given by:

A (130~150°C) )
A1203 + 2H3PO4 — 2A1PO4 + 3H20 (curlng)

The aforementioned process was also implemented to produce monolithic Al,O3;-phosphate
samples which acted as a control material from which the introduction of CNTs could be
comparatively analysed.

(e) Microstructural Characterisation

For both the Al,O; particles after CCVD and the Al,O3;-phosphate ceramics, field emission
gun scanning electron microscopy (FEGSEM) examinations were performed using a Carl Zeiss
(Leo) 1530 VP. Prior to FEGSEM, samples were either spread or placed on a carbon pad and
sputter-coated with a thin coating of gold-palladium to prevent charging. Visualising the CNTs was
achieved by using the in-lens detector at the following optimised settings: electron voltage of 5.00
kV and a working distance <5.0mm.

A FEI Philips TECNAI F20 with a scanning transmission electron microscope (STEM) and
an Oxford Isis energy dispersive x-ray spectroscope (EDS) was used in high resolution TEM
(HRTEM) lattice imaging mode to investigate the interfacial contact between catalyst particles and
AlL,Os substrate surface. This was achieved using a magnification of 1000k, an accelerating voltage
of 200kV and a beam current of 40pA.

RESULTS AND DISCUSSION
(a) Effectiveness of CNT growth via in situ CCVD

Fig. 1(a-b) shows FEGSEM images highlighting the dispersion of the cobalt nanoparticles
over the Al,O; grits after both modes of catalyst distribution.

By employing the drip-coating method, a mixture of large (~50-150nm), medium (~20-
40nm) and small nanoparticles (~5-10nm) are heterogeneously spread across the Al,Os surface.
Some regions are intimately packed with clusters of catalyst particles, whilst large valleys in
between remain clear.

Conversely, the vacuum filtration method demonstrates a more homogeneous distribution of
uniform medium-sized nanoparticles (~20-40nm). Fig. 1(b) represents the Al,Os; powder after 3
filtrations of the cobalt nitrate solution at a concentration of 0.1mol/l. Altering the number of
filtrations or the concentration of the precursor solution directly influences the final population of
cobalt catalyst nanoparticles as well as their proximity. However, this does not translate into
additional CNTs after the CCVD process.
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Figure 1: The catalyst distribution displayed across the surface of an Al,O3 powder particle after (a)
drip-coating of precursor solution at a concentration of 0.3mol/l (b) 3 x vacuum filtration of
precursor solution at a concentration of 0.1mol/l.

Fig. 2(a-b) are exemplary representations of CNT yields that are achievable with each
respective method.

For drip-coating, a dense, thick “forest” of CNTs, ~1-2um in length and ~20nm in diameter,
envelope the Al,Os surface. Comparatively, vacuum filtration exhibits scattered growth of CNTs
much shorter in length (~0.5-1pm), but similar in diameter (~20-30nm). Whilst the measured
diameters are consistent with MWCNTs, as reported in the literature®® 27> 2% 29, the limited variance
implies that for cobalt metal nanoparticles to experience CNT growth the total permissible
deviation in size is extremely stringent.

Consequently, despite the superior CNT growth density displayed across one model particle,
the dimensional assortment of the catalyst particles produced via drip-coating ultimately means that
CNT synthesis over the entire sample is incongruent. It should also be noted that CNT growth from
batch to batch was also highly unpredictable, often resulting in no CNTs at all. This observed
inhomogeneity/inconsistency is not ideal for ceramic matrix nanocomposite manufacture as it
generates unreinforced sites which act as localised regions of weakness.

(b)

Figure 2: Examples of feasible growth densities on Al,Os particles after CCVD at 650°C in an
oxygen free atmosphere (a) drip-coating (b) vacuum filtration.

Fig. 3a illustrates this poor continuity by highlighting the extreme contrast in growth from
particle to particle. As shown, a select few surfaces feature optimal CNT coverage whilst the
majority of the surrounding Al,Os grits are either saturated in cobalt catalyst metal or completely
untouched. In both cases, the Al,O3 particles are virtually CNT-free. Instead, substantial quantities
of graphitic flakes have formed. It is possible that large regions of closely situated cobalt catalyst
found on oversaturated particles act as a film facilitating the graphitisation of amorphous carbon



that accumulates at lower temperatures®’. For vacuum filtration, this mechanism would explain why
continually increasing the number of filtrations eventually inhibits CNT growth as the spacing
between the catalyst nanoparticles gradually reduces. Similarly, increasing the concentration of the
precursor solution leads to limited CNT synthesis. Nevertheless, this is attributed to the
agglomeration of cobalt catalyst particles to a size that exceeds the 20nm required for CNTs to
form.

By adopting a reasonable number of filtrations and maintaining a relatively low cobalt
nitrate/acetone concentration (<0.1mol/l), acceptable yields of CNTs are manageable and consistent.
Fig. 3b is representative of 3 X filtration and shows that whilst unable to meet the extremes of drip-
coating, CNT synthesis is far more even throughout. The circumstances of this can be rationalised
by considering that full immersion of the Al,Os; powder takes place as opposed to a selective
coating, ensuring all Al,O5 grits are exposed to the cobalt nitrate solution.

Figure 3: Representative images of CNT growth over an entire sample after CCVD at 650°C (a)
drip-coating (b) vacuum filtration.

Unfortunately, at this point, we are unable to explain why such a uniform distribution
contains a considerable number of perfectly sized catalyst nanoparticles that have failed to grow.
Some of the speculations as to the cause include:

e A failed reduction of cobalt (II) nitrate hexahydrate to pure cobalt metal — Electron
diffraction spectroscopy (EDS) was undertaken to validate this theory. However, the results



were contradictory and provided affirmation that the cobalt nitrate precursor had fully
reduced into pure cobalt metal.

e The cracking temperature was too low to initiate growth in catalyst nanoparticles which
exceed the ideal 20nm size (~30-40nm) — In order to facilitate the dissolution of carbon into
the catalyst particle, either the surface or the entire metal body needs to be in a liquid-state.
The critical temperature at which this would usually be achieved is the melting point of the
respective metal. For cobalt this would be 1495°C. However, as described in the
experimental procedure, a temperature of only 650°C is emitted during CCVD. Carbon
diffusion still proceeds because of a nano-size effect which causes both physical and
chemical property transformations followed by substantial reductions in the melting
temperature. This is known as the Gibbs-Thomson effect and is expressed as:

2T,
AT, = 2m¥

Lpr

where 7, is the melting temperature in Kelvin, y is the surface tension, L is the latent heat, p
is the density and 7 is the particle radius. By reviewing the equation, it is evident the cobalt
catalyst solid-liquid temperature is dictated by the nanoparticle radius with enlargements
directly corresponding to a raised melting point. From this it may be deduced that catalyst
particles of an increased size need to experience higher temperatures to become active. We
attempted CCVD at temperatures of 675-1000°C to identify whether synthesis of the
previously failed cobalt nanoparticles occurred. Unfortunately, instead of improved growth
densities the only changes observed were increased CNT lengths (~2um), evidenced in Fig.
4. Additionally, at the highest temperatures of 900-1000°C, the tips of CNTs converge upon
one another to create a multiple junctions which form part of an extensive connected
network. Further reading on both the aforementioned phenomenon’s can be found
elsewhere™ '

Figure 4: SEM image highlighting the increased CNT lengths produced at higher temperatures, in
this case at 800°C.

e The planar surface morphology promotes strong interactions between the cobalt
nanoparticles and the Al,Os grits that inhibits the tip-growth mechanism — It has been well-
established that CNTs are generated via two widely-accepted modes of growth, “tip-growth”
and “base-growth™?. The circumstance under which either mode is preferential is believed



to be dependent on the contact angle at the catalyst particle/Al,O3 substrate interface. In
order to incite tip-growth, a wide contact angle is necessary. This understanding was
eventually used to explain the failed growth, as SEM examinations found smooth Al,O3
particles retaining adequate distributions of cobalt catalyst nanoparticles exhibited the
lowest CNT densities. By considering that flatter surfaces provide stronger adhesion, an
attrition mill was employed (2hrs at 300RPM) to improve the surface roughness,
consequently widening the contact angle. However, the results disagreed with this
hypothesis and revealed that ball-milled powder produces less CNTs as it accumulates
nano-sized Al,Os particles which agglomerate and position themselves on top of the metal
catalyst, physically obstructing CNT growth.

(b) Microstructure of the CNT-Al,O3 nanocomposites.

Using pure AlLO; powder and the ALO3;+CNTs nanocomposite powder produced via
vacuum filtration, chemically bonded phosphate ceramics were fabricated. The resultant
microstructures are presented in Fig. 5 and Fig. 6. Evaluation of these FEGSEM images reveals a
smooth coating of aluminium phosphate (AIPO,4) over each particle, fusing the structure together,
suggesting a successful curing across both compositions.

Figure 5: The microstructure of the pure Al,O3-phosphate ceramic after curing at 150°C.

However, despite the visual evidence, X-ray diffraction (XRD) results were unable to
resolve the peaks commonly associated with an aluminium phosphate phase. This may be due to
the very low quantities of AIPO, within the final ceramics (minimum volume percentage detectable
is ~3% for typical laboratory X-ray powder diffraction), especially considering that the majority of
the phosphoric acid is pressed out during die pressing. Fortunately, XRD on identical samples that
were allowed to retain larger quantities of the phosphoric acid produced improved data™. Fig 7
displays the full 20 range measured and specifically shows two relatively weak peaks at 26.4° and
19.80° confirming the transformation of a-Al,O3 into an aluminium phosphate phase. Another
notable feature is the broad peak that spans between 19-33° (magnified in the inset) which seems to
indicate the presence of a poor crystallization or amorphous phase®*, possibly AIPO,-H,O.

Although well-bonded, the compaction of the Al,O; particles is relatively poor. The
majority of this can be attributed to the intentionally low pressures applied during die-pressing,
although the large particle size and the potential for shrinkage during the dehydration stage may
also be contributing factors. By introducing a vacuum to the pressureless-curing process, porosity
may be reduced by assisting in the removal of bubbles which form during dehydration.



Figure 6: Notable features observed in the microstructure of the CNT reinforced Al,Os-phosphate
ceramic (a) a region of CNT agglomeration (b) the formation of aluminium phosphate “blades”.
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Fig 7. X-ray diffraction pattern for pure aluminium phosphate after dehydration at 130°C for 48hrs
and curing at 150°C for 48hrs. Note that the starting powder was o-Al,Os.

Comparing the density measurements of the current samples reveals that the pure AlL,O3
phosphates ceramics (2.3990 g/cm’) are marginally denser than the Al,O;-CNTs-phosphates
(2.2012 g/cm®) whilst both values are significantly less than the standard density of pure a-Al,O3



(3.99 g/cm®). However, this is to be expected considering the introduction of a less dense phosphate
phase, the low pressures applied during the formation of the green bodies and the cushioning effect
of the CNTs which inhibits full densification*

Specific features in the CNT reinforced Al,Os-phosphate ceramics include extensive
agglomeration of the CNTs. It is generally acknowledged that CNTs grown via in-situ CCVD are
“anchored” onto the substrate. This has been associated with the amorphous and graphitic carbon
build up at the base of the CNTs, adhesion between the catalyst metal and the substrate surface
(particularly prevalent during base-growth mechanism) and the physical penetration of CNTs,
embedding them into the sub-surface. HRTEM observations (see Fig. 8) show that for the samples
presented herein, graphene layers have formed at the interface between the catalyst nanoparticles
and the Al,O; substrate. This suggests that the CNTs produced via vacuum filtration followed by
in-situ CCVD are securely fixed to the Al,O; surface. Consequently, it may be deduced that
agglomeration originates with the addition of the phosphoric acid. The erosion of the Al,Os grits
outer surface coincidently damages the graphitic deposits at the base of the CNTs, releasing them
from their respective alignment and into a free-state. The aluminium phosphate acts as a liquid
medium, facilitating the agglomeration process. Upon dehydration, the volume of this liquid
dramatically reduces creating clumps of CNTs at random sites, as illustrated in Fig. 6a. More recent
work has managed to reduce the occurrence of CNT agglomeration by adding smaller pure Al,O3
grains to the Al,Os;+CNT powder prior to phosphoric acid impregnation. These finer particles
sacrificially dissolve to form the aluminium phosphate gel leaving the larger CNT covered particles
unperturbed.

Co particle

Alumina

Fig 8. HRTEM lattice measurements at the interface between the Al,Os substrate and a selected
CNT.

In other regions, the aluminium phosphate contains individual CNTs that run parallel with
the morphology of the Al,Os particle. We speculate that these CNTs have remained coupled with
the Al,O; surface and have been overwhelmed by the aluminium phosphate mixture causing them
to topple. Dehydration and curing has subsequently encased the CNTs in position.

The most notable addition seen in the Al,O3-CNTs-phosphate ceramics is the development
of a new phase. Demonstrated in Fig. 6b, this presents itself as long “blades” of crystalized
aluminium phosphate that span across multiple particles. The manner in which this phase emerges
is still inconclusive. However, further SEM imagery suggests that gradual and continuous layers of
aluminium phosphate sequentially glaze and harden over particular CNTs slowly evolving into the
distinctive “blade” form. At present, the mechanical characteristics of these “blades” and the
property improvement on the entire Al,Os-phosphate ceramic remain unknown.



CONCLUSION

After two differing modes of catalyst distribution, in-situ CNTs were successfully grown on
AL O3 substrate particles via CCVD. The resultant Al,O3+CNT powders were subsequently
densified by impregnating phosphoric acid to form CNT reinforced Al,Os-phosphates ceramics.
Observational analysis under SEM of these ceramic nanocomposites highlight a number of
distinctive features caused by the addition of CNTs to the ceramic matrix. The most notable of
these include sites of agglomerated CNTs and the formation of crystalized aluminium phosphate
“blades”. In addition, density measurements revealed that the CNT reinforced Al,Os-phosphate
ceramics were, by comparison, marginally less dense than monolithic Al,Os-phosphate ceramics.
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