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Synthesis and sintering of 1D ALO;@MWCNTS ceramic composite with excellent
mechanical and electrical properties for advanced engineering applications
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A novel strategy was exploited to synthesize one-dimensional (1D) AlO; ceramic by
using MWCNTs as a template. The prepared amorphous alumina [Al(OH);] was annealed
at high temperatures to convert it into corundum Al,Os;. Homogeneous dispersion of
MWCNTs was obtained by the deposition of Al,O3; on the MWCNTs surface. Then, the
calcined 1D ALO3;@MWCNTSs hybrid powder was sintered at 70 MPa and 1300 °C for 10
min using spark plasma sintering (SPS). The microstructure analysis confirmed the
uniform distribution of MWCNTs in Al,O; ceramic. The compressive residual stresses on
MWCNTs lead to a much stronger grain boundary as well as higher interfacial shear
strength between the outer wall of MWCNT and AlLO; ceramic. As a result, by the
addition of only ~1.27 wt.% MWCNTs, the flexural strength and fracture toughness along
with higher electrical conductivity (315 S/m) were simultaneously enhanced up to ~70%
and ~73%, respectively, with respect to monolithic Al,Os.
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1. Introduction

Nowadays, the advanced applications of conventional ceramics require higher
performances and functions, which are difficult to achieve with monolithic ceramics. Therefore,
many developments have been made by engineering microstructure or reinforcement of second-
phase fillers such as nanosheets, nanotubes, or nanoparticles in a matrix to improve their properties
12 Advanced ceramics such as Al,Os, TiO, TiC, SiC, SiNs, etc., have distended properties like
mechanical (strength, hardness, toughness, and elastic modulus), chemical, and stability in harsh
environments attribute the ceramics superior to metals and polymers *°. Among these, Al,O; is an
imperative engineering ceramic extensively used in cutting tools, energy transportation, aerospace,
military, chemical industry, and so on. Regardless of these excellent properties, Al,O3 has limited
use in advanced structural applications because of its brittleness, which is due to combined ionic
and covalent bonds ’.

It is also possible to increase the fracture toughness of ceramic at the expense of strength *
?_ This is the biggest challenge when developing the structural ceramic to increase the toughness as
well as the strength. In the recent past, carbon based materials such as carbon nanotubes, graphene,
graphene oxide, etc have paved way for the researchers to develop a composite with the ceramics
due to its enhanced mechanical, electrical and thermal properties. Carbon nanotube is used as the
reinforcement material in ceramic matrix composites because of reasons such as chemical
inertness, wear resistance, high aspect ratio and low density. But it has been shown that the ability
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of CNTs to reinforce the ceramic matrix is not as good (due to the agglomeration of CNTs) even
though the CNTs have very high mechanical strength '*'?. Therefore, the strengthening or the
toughening effect is strongly dependent on the load transfer between the ceramic matrix and the
CNTs or vice versa and the distribution of the CNTs. Therefore, various approaches have been
employed to enhance dispersion CNTs into a ceramic matrix composite > ' 31®. However, the
particle size and dimension of the AlLOs; powder are also found to be very significant in
determining the properties of the ALOs composites '* 1'%,

So far, several methods have been used to fabricate CNTs incorporated in Al,Os ceramic
composites. For instance, M. Estili et al. '® used surfactantless modified MWCNTs to get
homogeneous dispersion in a-Al,O; nanoparticles by using simple powder technology. After
consolidation by SPS, load-carrying and reinforcing capabilities were investigated in
MWCNTs/Al,O3 ceramic composite. Uniformly incorporated MWCNTs significantly enhance the
fracture energy by crack deflection and pullout of MWCNTSs from ceramics. A. L. Myz et al.
reported that AlL,O; nanoparticles could mix with MWCNTs by ball milling, followed by SPS.
Fabricated MWCNTs/Al,O3 composite showed higher electrical conductivity, which may have
many applications in wireless communications, electronics, and nuclear physics. Evers, K. et al. ®
fabricated MWCNTs coated Al,Os; micro-platelets by using chemical vapor deposition (CVD).
They used CVD for the in-situ growth of MWCNT on the surface of alumina platelets to get the
nacre-like structure of the MWCNT/ALO3; composite. Toughness was calculated in terms of work
of fracture (47-106 J/m?), which is higher than that of monolithic (11- 47 J/m?); however, flexural
strength was reduced in the composite as compared to monolithic Al,O;3. In our previous work ',
strengthening and toughening effects in MWCNTs/ALLO; composite were evaluated. Al,Os
nanoplates were used as raw materials, which persuaded the orientation of MWCNTSs in a
composite after sintering, attributing the high energy dissipation, bridging, and pullout of
MWCNTs, inducing the very effective load transfer.

In this research work, a general and simple strategy (colloidal processing) was applied to
synthesize rod-like AI(OH);@MWCNTs hybrid powder by using MWCNTs as a template. In-situ
growth of amorphous phase alumina (AA) on the surface of MWCNTs was converted into a-Al,Os3
after heating at 1100 °C in Ar atmosphere. Mechanical and electrical properties and microstructure
of homogeneously MWCNTs distributed Al,O3; composite were evaluated after consolidation at 70
MPa and 1300 °C.

2. Materials and methods

2.1. Raw materials

MWCNTs (graphitized, > 99 % purity, outer diameter 30-80 nm, length < 10um) powder
was obtained from Aladdin Co. Ltd. Formic acid (=98 %) and Aluminum sulfate octa-decahydrate
(Alx(SO4);. 18H20, > 99. The reagents used in this study were purchased as follows: potassium
hydroxide (KOH, > 85. 99 %) and ammonium formate (CHsNO,, > 99. 99 %) metal basis were
obtained from Sinopharm Chemical Reagent Co. , Ltd. The commercial TM-DAR a-alumina
(ALLO3) powder (~99. sp. gr. 2. 65, and 7 m*/g specific surface area as per the company’s
information.

2.2. Synthesis of ALO;@MWCNTSs nanowires

MWCNTSs were modified by acid treatment, as reported previously '* '8, 0.6 gm pristine
MWCNTs was mixed with 100 ml of concentrated H.SO4 (98%) and 68% HNO; (3:1 v/v). The
mixture was refluxed 100 - 120 °C for 10 - 20 min. Then, the refluxed mixture was diluted with
distilled water and rinsed to obtain the constant pH by using a 0.2 pum PTFE membrane. The pure
acid-treated MWCNTs were obtained after drying the cake in the oven at 90 °C in an oven. The pH
of the solution was maintained using the formic acid-ammonium formate buffer solution, as
reported previously '°. Aluminum sulfate octa-decahydrate and MWCNTSs were separately mixed
in the prepared buffer solution. The ultrasonication (30 min) was used to mix the MWCNTs in a
solution. As shown in Fig. 1, the MWCNTSs solution was put in a beaker and increased the
temperature during stirring. Aluminum sulfate octa-decahydrate solution was put drop wise (10
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ml/min) method when the temperature reached up to 70 °C. Then, maintain the temperature of the
solution at 70 °C for 2.5 hrs. Afterward, the reaction was completed by increasing the temperature
up to 100 °C for a further 2.5 hrs. The remnant salts were removed by vacuum filtration and
prepared Al(OH):;@MWCNTs were dried in a freeze dryer for 36 hrs. Different mass ratios
(MWCNT: Aluminum sulfate octa-decahydrate) were used to prepare different samples and given
the name S-C1 (1:160), S-C2 (1:120), S-C3 (1:90) to control the concentration of MWCNTSs in
composites. Next, the prepared amorphous phase of AI(OH);@MWCNTs was converted into o
phase ALO;@MWCNTs after heating at 1100 °C in an Ar atmosphere using a tube furnace.

2.3. Fabrication of ALO3;/MWCNTSs ceramic composite

ALO;@MWCNTs hybrid powder was consolidated through pressure-assisted sintering.
Spark plasma sintering (SPS) was carried out using Dr. sinter apparatus (SPS, Syntex Inc.,
Kanagawa, Japan). The specimens were sintered at 1300 °C with uniaxial pressure 70 MPa. The
heating rate and dwell time were maintained at 100 °C/min and 10 min, respectively. After
sintering, pressure was removed, and samples were cooled up to room temperature. The samples
were removed from the sintering chamber and polished after removing the carbon sheets. The bulk
densities of different polished specimens were determined using Archimede’s method, and the
theoretical densities of the specimens were calculated by following the rules of the mixture. The
densities of Al,O; and MWCNTSs were assumed to be 3.98 g/cm® and 2.1 g/cm’® respectively. The
contents of MWCNTs were determined by heating the bulk composites in the air at 1300 °C for 24
hours to remove the complete MWCNTs from the composites. The results show the composition
of MWCNTs as ~0.43 wt%, ~1.27 wt%, and ~1.78 wt% and given the names S-C1, S-C2, and S-
C3 respectively.

2.4. Characterization techniques

The microstructure of the powder and bulk materials synthesized in this work was
characterized using a Field Emission gun scanning electron microscope (FESEM instrument Jeol
make model no, JSM-6700F). Then, the phase state of samples were analysed with the x-ray
diffraction analysis instrument by using the D/Max-2550VB+/PC type machinery imported from
Japan. Clearing and improving on the structure of the MWCNTs was achieved through Raman
Spectroscopy Machine; inVia-reflex, Reninshaw from England. The specimens laser at 532 nm
were used for analysis of the specimens provided at the range 100 to 4000 cm™. More so the
microstructure at atomic level look of the samples was studied by following high resolution
transmission electron microscope made from Japan (JEOL, Model no 200CX).

2.5. Mechanical and electrical properties measurements

The Young’s modulus and Poisson’s ratios were measured using advanced ultrasonic
materials characterization equipment (UMS-100 France). The Anstis equation was used to
calculate the fracture toughness.

0.5
K,c = 0.016 (E/Hv) pc-1s (1)

where E = Young’s modulus, P = the load, H= indentation hardness, and C = the length of half-
crack. The indentation method was used to determine the Vicker’s hardness at 49 N loads for 10
seconds.

A three-point bending technique was used for flexural strength (or) measurements, with
the specimen size 21(length) x 2 (width) x 2.5 (height). The loading speed and bending span for
the flexural testing were 0.5 mm/min and 16 mm, respectively.

The electrical conductivity of the sintered specimen was measured using a Keithley 580
digital micro-ohmmeter, applying the two-point method to the silver electrode specimen.
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Fig. 1. Schematic diagram for the preparation of MWCNTs/Al,03 composite, reproduced from 6.

3. Results and discussion

3.1. Preparation of controlled structure of AL O;@MWCNTSs composite

FESEM and TEM were used to characterize the morphology of acid-treated MWCNTs.
Amorphous carbon was removed (Fig. 2a) after modification, and as shown in Fig. 2b, the outer
diameter of MWCNT (48.7 £ 6 nm) was determined using image J software. The surface of
MWCNTs has factionalized after the deposition of various functional groups, such as hydroxyl (-
OH) and carboxyl (-COOH), which changed the properties of hydrophobic MWCNTs to
hydrophilic ones. Some minor amounts of nano-defects produced during acid treatment are shown
in the inset of Fig. 2b; however, the lattice structure remained the same as pristine MWCNT 20,
Due to hydrophilic properties, modified MWCNTs were easily dispersed in water and buffer
solution. Next, sonication and thermal reaction decomposed the Al,(SO4);.18H,O into Al" and
SOy ions. After decomposition, Al" was embedded on the surface of functionalized MWCNTs.
The core and shell structured AlI(OH);@MWCNTs hybrid nanofibers were prepared after the
deposition of amorphous AI(OH); on the surface of MWCNTs. It is imperative to prevent the
agglomeration of MWCNTSs during the reaction; therefore, the pH of the solution was maintained
between 4.4 and 4.5 for the first two hours. The Ultrathin film of AA was placed on the MWCNT
surface at a comparatively lower temperature (70 °C). Then, the solution’s temperature was
increased up to 100 °C, enhancing the thermal decomposition of aluminum sulfate, which
enhanced the concentration of Al*?!. Positively charged Al"are nucleated on negatively charged
MWCNT surface due to electrostatic attraction and increased thickness of the alumina layer. The
controlled flow rate (drop by drop) of aluminum sulfate solution and the hydrolysis and adsorption
rate of Al"in the solution were effectively controlled by maintaining pH at high temperatures. The
deposited AA was converted into stable oxides of alumina by oxidation processes where Al
reacted with functional groups on the MWCNT surface to chemical bond by using different

thermodynamics processes, which could be explained in the following equations ****:
AB* +3(0H) — Al(OH); AH = 61.3 KJ/mol at273K 0
A
AI(OH); > 1/2AL,0; + 3/2H,0, AH = 101.89 KJ/mol 3)

A A
a_A1203 g Y_A1203 i a_A1203 (4’)
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Al(OH):;@MWCNTs were successfully converted into a-ALO;@MWCNTs without
burning carbon nanotubes at high temperatures in an inert atmosphere. As shown in Fig. 2c, all
MWCNTs are covered by Al,Os to form core and shell structures. To the best of our knowledge,
this is the first time that MWCNTs are used as a template to fabricate]lD a-AlOs nanofibers. A
smooth and controlled surface (Fig. 2d) confirms the structure stability of a-ALO;@MWCNTs at
high temperatures.

Fig. 2. (a) SEM of acid-treated MWCNTS, (b) TEM of MWCNTSs, (c) SEM of ALO3@MWCNTs,
(d) Thickness of ALO;@MWCNTs shown at higher magnification.

3.2. Phase constituents of 1D ALL,O;/MWCNTSs composites

Unstable AA oxidized the MWCNT during sintering, and we could not find MWCNT
anymore due to the unstable amorphous powder of alumina. Therefore, the powder was heated in
an Ar atmosphere at 1100 °C for 2.5 hrs to get a stable form of AlO; before sintering at high
temperatures. XRD was used to evaluate the phase transformation and crystallization of Al,O; that
occurred by the nucleation of ions and electrons at different temperatures 2'. As shown in Fig. 3a,
the sharp peak at lattice planes (002) confirms the highly ordered crystalline graphite in modified
MWCNTs. The existence of (002) lattice plane suggests that hydrophilic and surfactant-less
MWCNTs can be prepared with a crystalline structure similar to that of pristine MWCNTs. AA
powder was annealed at 1100 °C, where it was completely converted into corundum o-phase. The
stable a-Al,Os maintained its corundum structure after sintering at high temperature (PDF# 46-
1212). The crystalline structure of particles in AlO; ceramic induced higher mechanical
properties. Therefore, the hexagonal closed pack (PDF# 46-1212) structure of corundum AlOs3
enhanced the strengthening effect in AlLLOs/MWCNTs composites after sintering. However, we
cannot observe the (002) peak related to MWCNTs in ALO;/MWCNTSs composites due to the
limitation of XRD equipment and higher crystallinity of Al,O3 in a composite '®2*2*,

Raman spectroscopy has been used as a powerful tool to trace the MWCNTSs (even a very
small amount) in a composite. The defect mode (D-band) and graphite mode (G-band), in Raman
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spectra, are the most important features which can be observed at about ~1350 cm™ and ~1385 cm’
!, respectively '®. The defect density of MWCNT depends on the intensity ratio (In/Ig); higher In/Ig
confirms the higher quality of MWCNTs. Some defects could appear on the surface of MWCNTs,
lowering the quality after acid treatment '°. As indicated in Fig. 3b, the Ip/Ig of pure MWCNTs is
0.86 after acid treatment and 0.84 in Al(OH);@MWCNTSs composites, and it is decreased up to
0.80 in ALO;@MWCNTSs powder after annealing at 1100 °C. However, sp> bonds visibly
recovered (Ip/lc = 0.67) in ALOs/MWCNTSs composite after sintering at high temperature.
Moreover, the 2D band is very sensitive to phonon structure perturbation and represents the
second-order two-phonon process in sp® carbon materials. The 2D band is used to determine the
distortion of MWCNT in the ceramic composites. The shift of the 2D-band to forward or
backward in Raman spectra indicates the weather compressive or tensile strain of MWCNTs,
respectively. As shown in Fig. 3c, the 2D-band is shifted backward (2657 cm') in
AI(OH);@MWCNTs and (2671 cm™) in ALOs/MWCNTSs powder after annealing, as compared to
pure MWCNTSs (2695 cm™') showing the tensile strain. However, the 2D-band shifted to 2701 cm’
in the ALO/MWCNTSs composite after sintering from 2695 c¢cm™, indicating that compressive
strain was applied to MWCNTs in the ceramic composite. These residual stresses were produced
by chemical treatment, heat treatment, mechanical, and other joined processes, etc. They could
“interlock” the component in a composite in the absence of external load.
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Fig. 3. Powder characterization: (a) X-ray diffraction, (b) Raman spectra of pure MWCNTs, amorphous
phase of composite, ALO;@MWCNTs hybrid powder after annealing at 1100 °C, and ALOy/MWCNTs
sintered composite, and (c) Representation of enlarged 2D peak in b.

3.3. Microstructure and properties evaluation of 1D ALO;/MWCNTSs composite

The microstructure, filler distribution, and density are critical parameters that affect the
mechanical and functional properties of ceramic composites. Higher relative densities (Table 1) of
bulk materials revealed good consolidation during SPS. The SPS is very helpful in arranging the
micro-structure of the Al,Os/MWCNTs composite. The densities of composites were determined
by Archimedes' principles and calculated by the rule of mixtures. Agglomeration of second-phase
filler in a ceramic matrix can effectively deteriorate the mechanical strength and toughness.
Therefore, this novel strategy (core and shell structure formation) was applied to prevent the
cluster formation of MWCNTs in Al,Os composites. The MWCNTSs covered by Al,O; were
compressed between Al,Os3 ceramic grains after hot pressing by SPS.
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Sample | Poisson’s Ratio | Rule of mixtures density | Obtained density Relative density (%)
(g/cm’) (g/cm’)
S-C0 0.26 +£0.01 3.987 3.98 £0.03 99.9
S-C1 0.25+0.01 3.98 3.948 £0.02 99.2
S-C2 0.24 +£0.02 3.963 3.93+£0.03 99.1
S-C3 0.23 +£0.01 3.953 3.86 £ 0.05 97.5

Mechanical properties and electrical conductivity of monolithic AlL,O3 and composites
with different concentrations of MWCNTs are explained in Fig. 4. MWCNTs controlled the
growth of grains (small grain size improved the mechanical properties) of the ceramic matrix
during sintering. It has caused the strength enhancement of composite *°. Young’s modulus was
measured as the intrinsic mechanical property of a material, which could be determined from the
elastic properties of the components in the ceramic composites. As shown in Fig. 4a, Young’s
modulus is decreased from 403.19 £ 6.9 to 381.11 + 9.3 GPa with increasing the concentration of
MWCNTSs up to ~1.78 wt.% in composites, which is consistent as reported previously ' ' 1,
Grain size and hardness are reliable with each other, and smaller grain sizes could lead to higher
values of hardness in ceramic composites. However, it has been reported that hardness decreased
with increasing the concentration of second-phase filler '® *- . The hardness of samples S-C1
increased from 19.1 £ 0.38 to 19.8 £+ 0.43 GPa and is higher than that of monolithic Al,O3 ceramic
(Fig. 4a). However, hardness decreased by further increasing the concentration of MWCNTs.
Hence, the SPS consolidated MWCNTSs matrix with ~1.27 wt.% of MWCNTs has optimum
mechanical properties with 99.1% relative density. The bending strength and indentation fracture
toughness (Fig. 4b) of the S-C2 were 669.43 + 33.6 MPa (~ 70% increased as compared to
monolithic alumina), 6.35 + 0.29 MPa.m"? (~ 73% increased as compared to monolithic alumina),
respectively.

450 22

---#-- Young's modulus gg
— (a) ---®-- Vickers hardness — 700 - (b) E E
& 121€ Feool e {8 %
G400 | $p 3 & geoof } o
= S = 1,2
E i 4 20 § <= 500 [ § >
3 e S £ B ST S Y
2350 - % _CE g 400 | i,v" = . %
41 19 n - c
é £ w300} 23 E 1% 5
300 | - x 3 L S
3 } 118< S200F _- 14 £
> e | = ---#-- Flexural strength s
250 T = 100 . - .. Indentlation toulghness— 3 '*2?
0.0 05 10 1.5 2.0 0.0 0.5 1.0 15 2.0 é
Weight fraction of MWCNTs (%) Weight fraction of MWCNTSs (%) £
1000 = =
750 (¢ 200000 a.. - - r - - - =
| (c) Shes o £ 1wo[(d) = I e
T o ] -0+ S-CO @ 10} ,
= g 1r
= Z 01Ff '
D450 S .01 |
2 | e 2o.001 | !
7] 3 o 3 |
. 1E-4
2ol & 8 e |
] by .. w 1E-5 r 1
=} . (2] F
5 . e TAE6 | |
i 150 S5 T ) 81ET |
""""""""""" 3 w 1E-8 |
0 1 1 1 1 1 1 1E-9 " N 1 . 1 " 1
0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0

Indentation load (N) Weight fraction of MWCNTSs (%)
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The flexural strength and fracture toughness show a similar trend, inducing the positive
effect of indentation fracture toughness on the strength. The toughening mechanism effect of
MWCNTs in ceramic matrices has been reported in several studies ® *°. However, it is rare to
simultaneously achieve such high strength and toughness. Furthermore, the monolithic Al,Os and
1D ALLOs/MWCNTs composite showed lower flexural strength after indentation load. However, as
shown in Fig. 4c, higher strength in ALO3/MWCNTSs composite induced the higher damage
tolerance of MWCNTs reinforced ceramic matrix. It has also been observed that bending strength
diminished slowly by increasing the indentation load, suggesting the existence of fracture
resistance in composites. Moreover, the electrical conductivity was increased by the addition of
MWCNT contents. As shown in Fig. 4d, electrical conductivity showed a maximum value of
around ~191 S/m after the addition of only 0.43 wt.% MWCNTs. It further increased by the
addition of more MWCNTs (~1.27 wt.% and ~1.78 wt.%) contents up to ~315 S/m and ~320 S/m,
respectively.

Subsequently, the polished surface and microstructure of Al,Os/MWCNTSs composite were
investigated through FESEM (Fig. 5). The grain boundary strength, grain size, and relative density
of the ceramic composites critically influence the flexural strength and toughness. The second
phase filler impeded the grain growth during sintering. Fig. 5a showed the smaller grain size (360
+ 148 nm) in ALO3/MWCNTs composite where the homogeneous distribution of MWCNTs
effectively hindered the grain growth as compared to monolithic Al,O; nanoparticles ?'. In
addition, the thermally etched polish surface shows very limited pores at triple junctions, which
induces grain growth along MWCNTs. Besides, the fracture surface confirms the homogeneous
distribution of MWCNTs in the Al,O3 matrix. As shown in Fig. 5b, MWCNTs were protruded on
the fracture surface and homogeneously distributed without any agglomeration. After sintering, the
highly preserved structure of protruded MWCNT has been recognized on the fracture surface
under SEM observation (Fig. 5¢). Sword-and-sheath fracture of MWCNT can be easily seen on the
fracture surface and shown by the yellow circle in Fig. 5c revealing the pullout behavior. Such
pullout behavior is ascribed to the toughening enhancement of composite. Additionally,
transgranular fracture (Fig. 5d) attributes the much stronger grain boundary, inducing the higher
strengthening effect in the ALO3/MWCNTSs composite.

\
.
.
X
.

Fig. 4. (a) SEM of thermally etched surface ALOs/MWCNTs composites for grain size measurement, the
grain size distribution are shown in the inset, (b) Fracture surface of ALLOs/MWCNTs composite, (c) Sword
and sheet fracture MWCNTs in composite is shown by yellow circle, (d) Trans-granular fracture behavior of
ALO3/MWCNTs composite.
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Usually, intergranular fracture is exhibited in a monolithic Al,O3 ceramic matrix. The
conversion of fracture behavior from intergranular to transgranular reflected the microstructure
changes by the addition of MWCNTSs. Therefore, STEM and TEM were exploited to disclose the
exceptional microstructure of the ALOyMWCNTSs composite. As shown in Fig. 6a, a large
number of MWNCTs were aligned inside the grains instead of long grain boundaries. The
alignment of MWCNTs in such a way has been rarely observed in the MWCNTs-reinforced
ceramic composites '*°. Furthermore, TEM-EDS mapping was used to reveal the concentration of
C, Al, and O, conﬁrmlng the existence of MWCNTs in composite. Although a smaller grain size
induces the intergranular fracture, the embedded MWCNTs through two or more Al,Oj; grains like
a needle significantly improve the strength of grain boundaries to attribute the transgranular
fracture. Bes1des compressive stresses also have significantly improved the fatigue life of
composite *'. It has been observed that the hollow core for most of the MWCNTs in the composite
disappeared (Fig. 6b). Besides, forward-shifted 2D peak in Raman spectra (Fig. 3c of
MWCNT/ceramic composite also indicated the compressive stresses after sintering >
Compressive residual stresses in MWCNT/ceramic composite are often generated during SPS at
high temperatures by the mlsmatch of coefficients of thermal expansion (CTE) between the
MWCNTSs and ceramic matrix ***°. These stresses in MWCNTs/ceramic matrix helped reduce the
diameter of MWCNTs after the fabrlcatwn of the composite, which revealed the densification of
MWCNTs during sintering. Then, it indicated the rough surface of MWCNT and strong interfacial
interaction. It enhanced the load transfer efficiency from the alumina matrix to MWCNTs. In
addition, compressive residual stresses of MWOCNTs exploited the strong inter-wall shear
resistance (ISR) that attributed the load transfer not only by MWCNT's outermost walls but also
into the inner walls. It has improved the mechanical responses of ceramic matrix 3436 Nano-
defects (Fig. 2b) were completely wetted with ceramic matrix, which mechamcally interlocked the
outermost wall of MWCNTs with ceramic matrix and 1mproved the ISR *-**. Because of good
wetting, acid-treated MWCNTSs were uniformly compressed in a ceramic matrlx which provided
uniform and excellent compressive stress throughout the MWCNTSs structure.

Fig. 5. STEM observation confirms the presence of MWCNTs in ALO3@MWCNTs composites, (b) HRTEM
showed compression of MWCNTs without hollow in a composite, (c) SEM of crack propagation of
ALOs/MWCNTs composite to trans-granular behavior, (d) Crack bridging by MWCNTs at higher

magnification.
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The toughening mechanisms of MWCNTs reinforced ceramic matrix were investigated by
SEM observation of crack propagation (deflection, crack bridging, and pullout) after indentation of
the polished surface. Fig. 6¢c-d illustrates the toughening mechanisms of MWCNTs, where the
toughening effect depends to a large extent on the boundaries between the MWCNTs and the
matrix face connection conditions. MWCNTSs can withstand 40% of the strain before breaking *.
Intimate interfacial contact of uniformly distributed MWCNTs (which exist in the crack path
having suitable length) with ALOs ceramic affected the crack propagation '**. As shown in Fig.
6¢, a large number of deflection and branches have been observed deducing the fracture energy
dissipation.

4. Conclusion

The novel strategy was successfully applied to deposited AlO; on 1D MWCNT for
complete dispersion of MWCNTs in the Al,O3; matrix. Acid-treated MWCNTSs were used to attract
Al" and synthesize 1D Al,O3 on the surface of MWCNTs. Amorphous alumina hydroxide was
converted into stable a-Al,O; after annealing at 1100 °C in an argon atmosphere. MWCNTs inside
the ALL,Os were completely preserved after heating at high temperatures, which can be easily
observed by SEM investigation. Therefore, this new strategy opens the gateway to fabricate a
controlled structure of 1D ceramic materials by using MWCNTSs as a template. Furthermore, the
ALO3;/MWCNTs composite was fabricated via SPS from the prepared ALO;@MWCNTs hybrid
powder by the addition of only ~1.27 wt.% MWCNTs in Al,O; matrix, we obtained electrically
conductive, mechanically strong, and tough ALO3/MWCNTs composite. The transgranular
fracture mechanism improved the grain boundary strength to enhance the flexural strength. Crack
bridging and MWCNT pullout enhanced the fracture toughness in the composite. Such marvelous
results were obtained from reduced grain size and uniform microstructure obtained from this
study.
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