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Remarkable mechanical, electrical, thermal, optical and biomaterial characteristics of carbon nanotubes (CNTs), as well

as their intrinsic chemical inertness, large aspect ratio, and high surface-to-volume values have inspired researchers to
focus on composites containing CNTs with the aim of improving properties of conventional materials [1,2]. However,
poor interfacial compatibility and wetting between the CNTs and the host matrix, and strong CNTs entangling caused by
attractive Van der Waals forces are obstacles to achieving their intrinsic benefits to the matrix [3,4]. Thus, a great deal of
attentions has been devoted to breaking up the CNTs inhomogeneous space-filling network to individually and
uniformly disperse them within the matrix, and also improving the CNT surface compatibility with the host matrix with
the aim of overcoming drawbacks to the processing of homogeneous composite powders specially with high CNT
concentrations. Difficulties experienced to achieving homogeneous and tight CNTs dispersion within the conventional
materials are found to be more pronounced for ceramics with their outstanding chemical stability preventing their
homogeneous and atomic-level blending with the chemically stable CNTs. Different approaches like conventional
powder processing (5], in situ nucleating CNTs or matrix [6,7], and colloidal processing [8] were proposed to overcome
these obstacles, but they failed to mass-produce homogeneous CNT-ceramic matrix composite powders with high
interfacial compatibility, and achieved only small improvements after consolidation. Our strategy to overcoming the
issues of dispersion and interfacial compatibility, is mass-producing individually alumina-decorated CNTs with
optimized and controlled compositions,' and directly sparks plasma sintering (SPS).

The process of decorating individual CNTs with the alumina particles involves mildly incorporating stable suspension
of the functionalized, slightly disordered CNTs to that of vigorously mixing surfactant-less alumina with the same
acidic pH, and then leaving the turbulent mixture unshaken for a while, and finally collecting the individually
alumina-decorated CNTs settled below a completely transparent supernatant. For specific alumina concentrations,
electro-static attractive potential prevailed between the oppositely charged and well-dispersed CNTs and alumina
particles at an appropriate pH can lead to their tight bonding, total sedimentation, and complete supernatant

transparency indicating that no undecorated and aggregated CNTs loosely bound to the matrix are dispersed within the
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homogeneous composite powders. Supernatant transparency has been proposed for the first time to determine the
optirnizf:d compositions required to obtain homogeneous composite powders. Pure alumina and homogeneous
composite powders have been then SPS-consolidated and characterized. This method is applicable not only for small
CNT amounts, but also for a broad range of CNT concentrations. Possibility of using high-quality precursors, exact
controlling the CNTs amount in the composite and mass-producing individually decorated CNTs with optimized
compositions, even in high CNT concentrations are merits of this approach impossible to achieve by conventional and
in-situ nucleating-based methods. Using this approach, CNTs or carbon fibres-containing composites with different
matrix materials promising for a variety of applications may also be successfully fabricated, once simply attractive
electro-static or electro-steric forces prevail between their modified surfaces.

Due to the difficulties experienced in removing wrapped or grafted surfactants during high-temperature sintering
process or tying up of functional groups in these systems, and on the other hand, enhancement reported on the
load-carrying capability of the slightly disordered and crystalline multi-walled CNTs [9,10], surfactant-less, slightly
disordered, crystalline multi-walled CNTs prepared by controlled acid reflux have been employed in this work [3,4].
Crystallinity, graphitic ordering, surface functionalities, and microstructure of the pristine and well-treated CNTs have
been characterized [3], approving successful preparation of the surfactant-less, hydrophilic, slightly-disordered and
crystalline CNTs by controlled acid treatment. Considering supernatant transparency, the CNT concentrations required
to completely attract and settle the well-dispersed alumina particles have been determined to be in the range (2.4 - 16
vol.%) in case of 150 mg alumina powders. This composition range can be affected by surface nature, attractive force,
and alumina concentration. Microstructures of the composite powders containing 2.4, 3.5 and 16 vol.% CNT indicate
homogeneous and tight dispersion of the individual CNTs within the alumina matrix without any aggregation [3,4].
Total wrapping or partial alumina decoration of the individual CNTs (Figure la) leads to the creation of the CNTs
network encompassing tightly the alumina matrix; i. e., a network made of individually dispersed CNTs acts as a
substrate for alumina particles to be homogeneously and tightly deposited on. This intimate bonding can provide higher
density and effective load transferring from the matrix to the CNTs after consolidation.

Irreversible interfacial bonding caused by the strong electrostatic attractive potential between the negatively charged
CNTs and positively charged alumina particles (~80 mV zeta potential difference [4] ) has been disclosed for the first
time by centrifugal consolidation of the ultrasonicated composite powders in the water, in which no segregation has
been found in case of optimum compositions, which are thought to be originated from the high interfacial compatibility
and wetting promising for effective load transferring and mechanical reinforcement after consolidation [4] (Figure 1a).
The considerable reinforcement has been achieved after consolidation, which experimentally shows the promising
reinforcing effect of the surfactant-less, slightly disordered CNTs, as also predicted elsewhere [3,9,10]. SPS of the
Composite powders containing 3.5 vol.% surfactant-less, hydrophilic, slightly disordered, crystalline CNTs
hOmogeneously dispersed within the alumina matrix has led to the about 70% increase in the fracture toughness from
3.12x10 © for monolithic to 5.20%10 ® Pa.m " for nanocomposite bulk with relative densities of 99.5 and 99%
Tespectively [3,4]. Reinforcement mechanisms have been thoroughly examined in our previous papers [3,4]. The CNTs
are shown to be uniformly and individually dispersed not only in the alumina grain boundaries but also inside the grains,
ﬁldicating success of our novel powder processing approach to homogeneously disperse them within the nano-sized

aluming powders (Figure 1a) [4]. The fracture mode is mostly intergranular. The CNTs homogeneously situated along
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the propagating matrix crack are capable of bridging, and therefore, restraining further crack opening and growing,
Crack is shown to deflect along the continuous CNT-matrix interface, rather than propagating through the CNTs. Crack
deflection and bridging considered as toughening evidences in micron-scale fiber composites, can thus be also occurred
in nano-scale CNT-alumina matrix composites, consistent with Xia et al. report [11]. The CNTs are shown to be pulled
out from the matrix during crack bridging; i. e., bridging phenomenon is necessary to cause pullout of CNTs from the
matrix. The work required for the CNTs removal against any interfacial frictions may contribute to effectively dissipate
fracture energy and thus, major reinforcement. Interfacial compressive stresses formed during densification, may
enhance these frictional forces, and therefore, the CNT reinforcing efficiency, especially in dense samples providing
intimate and tight interfacial contacts. According to the high resolution transmission electron microscopy (HRTEM)
images, some CNTs are observed to be homogeneously implanted inside the grains, and contribute to the ceramic’s
grains locking. The intimate interface and existence of no interfacial intermediate compounds or nano pores is
promising for effective transfer of CNT characteristics to the matrix (Figure 1a).

A unique approach has then been proposed to directly realize crack bridging strength (Pullout nature) and elastic-plastic
buckling resistance of the CNTs implanted in alumina ceramic. The CNT crack bridging strength was determined to be
about 4 GPa for the employed SPS processing condition [12]. The structural irregularities of the slightly disordered
multiwalled CNT implanted within the alumina matrix are the possible reason for causing such a high interfacial
friction. The radial buckling of the CNTs implanted in the matrix is elastic and reversible, promising for achieving a
considerable pullout friction during composite cracking. The lower stress limit for the plastic buckling of-the
alumina-implanted CNTs is about 25 GPa without any fracture and plastic deformation. Observation of the pullout and
plastic buckling of the CNTs in the fracture surface thus proves the high amount of energy dissipation by the CNTs
during fracture, thereby effectively reinforcing the composite (F igure 1b) [12].

The composite powders prepared using our recently established powder technology [4] have been also employed to
fabricate CNT-based functionally graded structures (FG) with in-depth graded properties and functionalities promising
for a variety of challenging structural, electronic, and biomaterial applications [13,14]. The FG concept can be
successfully employed to bridge conventional ceramics to their nanocomposites containing a high concentration of

CNTs, promising for unexplored yet a variety of challenging and novel applications (Figure 1c) [13,14].
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Figure 1. (a) FE-SEM and HRTEM images of the individually alumina-decorated CNTs, and fracture surface, crack profile, and intimate CNT-alumina interface
of the SPS-consolidated composite; (b) The way the selected CNT and cantilever tip are manipulated, By retracting the cantilever tip along the tube axis
(X-direction), a tensile load is applied to the CNT, and the work needed to pullout the CNT can be calculated from the cantilever deflection.; (c) CNT-based,

functionally graded alumina ceramic (An approach to bridge conventional ceramics to their nanocomposites containing a high concentration of CNTs)
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