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The production of metal matrix composites with elevated mechanical properties depends largely on the reinforcing phase
properties. Due to the poor oxidation resistance of multiwalled carbon nanotubes (MWCNTs) as well as their high reactivity with
molten metal, the processing conditions for the production of MWCNT-reinforced metal matrix composites may be an obstacle to
their successful use as reinforcement. Coating MWCNTs with a ceramic material that acts as a thermal protection would be an
alternative to improve oxidation stability. In this work, MWCNTs previously functionalized were coated with titanium dioxide
(TiO,) layers of different thicknesses, producing a core-shell structure. Heat treatments at three different temperatures (500°C,
750°C, and 1000°C) were performed on coated nanotubes in order to form a stable metal oxide structure. The MWCNT/TiO,
hybrids produced were evaluated in terms of thermal stability. Thermogravimetric analysis (TGA), X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy (RS), and X-ray
photoelectron spectroscopy (XPS) were performed in order to investigate TiO,-coated MWCNT structure and thermal stability
under oxidative atmosphere. It was found that the thermal stability of the TiO,-coated MWCNTs was dependent of the TiO, layer

morphology that in turn depends on the heat treatment temperature.

1. Introduction

Since its discovery by Iijima in 1991 [1], carbon nanotubes
(CNTs) have been very attractive for different applications
due to their unique properties and structure. CNTs have
been used as a reinforcement phase in several types of
composite materials, including polymeric and ceramic
matrix, and now are being used in high-performance metal
matrix composites [2]. To take full advantage of CNTs as
a reinforcement material, it is very important to preserve its
structure as perfect as possible, during the composite pro-
cessing. Furthermore, a good dispersion in the matrix and
the formation of an interface that allows the load transfer
between matrix and reinforcement are also important issues.
It is well known that CNTs can support temperatures up to
2500°C in inert atmosphere, but in presence of oxygen, they

can be completely decomposed at temperatures between
400 and 600°C, depending on their structure and purity level.
In presence of metals like Al it can form compounds like
AlCs [3-5].

When processing metal matrix composites (MMCs),
CNTs are commonly exposed to high temperatures and
consequently preserving their integrity is a challenging task.
Those processing routes include powder metallurgy [6-14],
high-energy ball milling [15, 16], friction stir processing [17],
spark plasma sintering [18], plasma spraying [19-21], and
more recently laser sintering [22]. However, the obtained
results are still not completely satisfactory, because the
extreme processing conditions, either thermal or impact, can
damage the CNT structure and cause a detrimental effect on
the final mechanical properties of the composite. Bakshi
etal. [23], for instance, reported that during plasma spraying
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processing of A/MWCNT composites, due to the in-
teraction of the CNTs with the plasma plume, many defects
were generated, which led to the formation of Al,C; needles
in contact with the aluminum matrix. Ci et al. [5] reported
that this reaction for carbide formation usually occurs at
amorphous regions of the nanotubes, at structural defects, or
at the open sides of their extremities. Consequently,
structural defects of CNTs are the precursors for the for-
mation of nanoscale Al,C; layers that are brittle and sen-
sitive to moisture contact. Park and Lucas [24] found in
a SiC,/6061 Al composite that the interface formed by the
reaction of SiC reinforcement and molten aluminum was
AlL,C;. The disintegration of Al,C; occurred in less than
120h when exposed to a wet environment, and failure
during fracture toughness testing occurs predominately at
the Al,C; particle/matrix interface. For the above reasons,
protecting CNTs during the MMC fabrication, without
negatively affecting their integrity, is a prerequisite in order
to keep their properties.

For severe processing conditions, such as high-power
laser, used for synthesizing Inconel 718 super alloy rein-
forced by carbon nanotubes, Chen et al. [22] coated the CNT
wall with NiP by electroless plating process, aiming to
improve the CNTs to matrix adherence, preventing direct
laser radiation and increasing the wettability. The authors
reported a homogeneous dispersion of CNTs and a good
interfacial bonding with the matrix. Jo et al. [25] coated
carbon nanofibers with TiO, by the sol-gel method and
dispersed it in aluminum matrix composites by the liquid
pressing process, reporting that the coating not only protects
the carbon nanofiber but also improves the mechanical
properties of the composite.

In this context, the idea of creating a protection system
for CNTs that will be subjected to high temperatures during
the production of MMCs is promising. This procedure can
guarantee a better structural stability and wettability with the
matrix. It can even create an additional hardening effect in
the composite, with the introduction of hard TiO, particles
along with the CNTs.

The sol-gel technique is an ideal method to deposit layers
in nanostructures and has been showed to be a feasible
technique to coat CNTs without adverse effects in their
intrinsic properties. In some works [26, 27], it has been
reported successful TiO, coating on CNTs by the sol-gel
processing route for photocatalysis and electrocatalysis
applications. In these works, the obtained coating is
amorphous and crystallizes at temperatures around 500°C.
Eder and Windle [28] employed different metallic oxides to
coat CNTs, obtaining crystalline coatings after calcinations
at temperatures between 250°C and 400°C [29]. They found
that Al,O; was the best coating to avoid CNT oxidation.
Similar result was found by Inam et al. [30] who obtained
ALOs-coated CNTs by atomic laser deposition.

In the present work, the thermal stability of TiO,-
coated MWCNTs, obtained by the sol-gel technique, was
evaluated. This thermal stability was evaluated as a function
of the coating layer thickness and for different coating
structures, obtained from different calcination tempera-
tures. Fourier transform infrared spectroscopy (FTIR), field
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emission gun-scanning electron microscopy (FEG-SEM),
X-ray photoelectron spectroscopy (XPS), and X-ray dif-
fraction were employed in order to evaluate the mor-
phology, structure, and crystalline phase of the TiO, layer
obtained. Raman spectroscopy was employed to evaluate
the integrity of the CNTs before and after the coating
process. Finally, thermogravimetric analysis was employed
to assess the TiO,-coated MWCNT stability in the O,
atmosphere.

2. Materials and Methods

2.1. Carbon Nanotube Functionalization. Baytubes® C 150 P
multiwalled carbon nanotubes (MWCNTs), produced by
Bayer MaterialScience-Germany by the CVD process, with
purity greater than or equal to 95%, were used. The
MWCNTs have internal and external diameters of the order
of 4 and 13 nm, respectively, with a length greater than 1 pm.
The MWCNTSs were acid treated in 60mL of 1: 3 (v : v) of
analytical grade nitric acid 65% PA and sulfuric acid PA-
ACS for 6 hours under magnetic stirring. The resulting
mixture was washed with deionized water until a neutral pH
was reached and dried at 80°C for 15 hours.

2.2. Synthesis of the TiO,-Coated MWCNTS. The route to
produce TiO, shell supported over the MWCNT core was
carried out according to the modified surfactant wrapping
sol-gel method reported by Gao et al. [26] and is shown in
a flowchart in Figure 1. This procedure, when repeated
(Cycles I, II, and III), is able to produce thicker TiO,
coatings.

In the first cycle (Cycle I), MWCNTSs were mixed with
2% wt. of sodium dodecyl sulphate (Synth) in aqueous
solution and kept in an ultrasonic bath for 3 hours. The final
concentrations of MWCNTs in Milli-Q water were 4, 6, and
8 mg/mL. Then, 20 mL of absolute ethyl alcohol 99.8% P.A.
was added to the aqueous solution and stirred for addi-
tional 0.5 hours, in order to form a MWCNT solution. In
parallel, titanium isopropoxide (Aldrich) was mixed to
15 mL of absolute ethyl alcohol 99.8% P.A. and glacial acetic
acid 99.8% P.A. under stirring for 0.5 hours, to form a TiO,
precursor solution. Then the TiO, precursor solution was
added dropwise in the CNT solution under vigorous stir-
ring that was kept for 2 hours in order to complete the
coating reaction. The final percentage of MWCNTs, related
to the total weight of the MWCNT-coated TiO, hybrid
nanocomposite, was estimated to be 16, 23, and 28 by
weight (wt.%), when the concentrations of MWCNTs in
Milli-Q water were 4, 6, and 8 mg/mL, respectively. Am-
monium hydroxide P.A. (Synth) was added dropwise until
pH 9 was reached. Finally, 10 mL of absolute ethyl alcohol
was added, and the mixture was kept under stirring for
another 0.5 hours. Subsequently, the solution was vacuum
filtered using a cellulose acetate membrane and washed
with 200 mL of absolute ethyl alcohol. The drying process
was carried out for 15 hours in an oven at 60°C to obtain the
powdered core-shell structure of TiO,-coated MWCNTs,
named CI (Cycle I).
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Cycle I 4, 6, and 8 mg/mL of MWCNT/
H,O + 2% wt. SDS
Cycle IT: 5.5 mg/mL powder CI + H,0
Cycle ITI: 5.5 mg/mL powder CII + H,0

Ultrasound 3 h

20 mL ethanol

Stir 0.5 h —|

MWCNT solution

Add drop by drop and stir 2h

Titanimum Glacial acetic
isopropoxide 15 mL ethanol acid
(TTIP)

K— Stir 0.5h

TiO, solution

MWCNT solution + TiO, solution F

Ammonium
hydroxide

10 ml ethanol

Stir 0.5 h

Suspention
MWCNT-TiO,

Powder product of
Thermal treatment TiO,-coated MWCNT Vaccum
Argon-3 h «<— Cycle I: powder CI filtered and
500°C, 750°C, and 1000°C Cycle II: powder CII dried 60°C
Cycle III: powder CIII for15h

Figure 1: Flowchart describing the carbon nanotube-coating process with TiO,.

For the second cycle (Cycle II), powder CI (obtained in
Cycle I with 28 wt.% of MWCNTs) was mixed with Milli-Q
water (5.5mg/mL) and dispersed in an ultrasonic bath for 3
hours. The obtained suspension was subjected to the same
process described above for the CI powder. For the product
of the Cycle II (named CII), the final percent of MWCNTs,
related to the total weight of the MWCNT-coated TiO,
nanocomposite, was estimated from the mass balance of the
precursors to be 8.23 wt.%. For the third cycle (Cycle III), the
overall process is repeated, starting from the powder CII and
the final percent of MWCNTS, related to the total weight of
the MWCNT-coated TiO, nanocomposite, was estimated to
be 2.32 wt.%.

As the obtained TiO, coating is amorphous and unstable,
powders obtained from Cycles I, II, and III were heat treated
at 500°C, 750°C, and 1000°C for 3 hours in an argon at-
mosphere, in order to crystallize the coating layer and to
reduce its pore size and surface area.

2.3. Samples Analysis. The starting (pristine) MWCNTS5, the
functionalized MWCNTs, and the hybrid MWCNT/TiO,
nanocomposites after calcination were characterized by
X-ray diffraction, the later to evaluate the crystallinity degree
of the coating. X-ray analysis was performed in a Rigaku
X-ray diffractometer, model Ultima IV, using Cu Ka radi-
ation (A =1.54178 A), voltage of 40 kV, and current of 30 mA.
Multiple detectors (fast detection mode) were used at steps of
0.01° and speed of 5°/min, resulting in a high signal level. The
nature of the surface molecular groups of MWCNTs before
and after functionalization and calcined TiO, coating was
characterized by a Shimadzu IR-affinity-1 FTIR spectro-
photometer, in the region of 4000 to 500 cm ™" with a reso-
lution of 4cm™ after 32 accumulations. The data were
acquired in transmittance mode, using the KBr pellet
technique. Complementary information about the molecular

structure of the functionalized and TiO,-coated MWCNTs,
after calcination, was obtained by X-ray photoelectron
spectroscopy (XPS), using a Kratos Axis Ultra XPS, operating
in an ultra-high vacuum (approximately 10~ Pa). A
monochromatic Al X-ray source was used, with energy of
1486.5 eV and power of 150 W, given by the voltage of 15kV.
The emitted photoelectrons were collected in a hemispherical
analyzer with 15pum of spatial resolution. The energy reso-
lution of the equipment is 0.58 eV. Analysis from the samples
was performed in the survey mode, followed by scans located
in the regions of C 1s, O 1s, and Ti 2p, corresponding to the
locations of the carbon, oxygen, and titanium peaks, re-
spectively. Raman spectroscopy was performed in samples
using a Horiba LabRAM microscope with 514 nm lasers, in
order to identify typical scatters from carbon structures, as
well as from the coating structure after calcination. Spectra
were collected from 3 accumulations of 30 seconds each, in
the range of 50 to 2000 cm ™.

The microstructure of the MWCNT/TiO, core/shell
nanocomposites was analyzed using a Tescan model Mira
3 field emission gun-scanning electron microscope (FEG-
SEM).

The thermal stability of the samples was evaluated from
thermal gravimetric analyzes, using a NETZSCH STA 449 F1
Jupiter thermal analysis equipment (TG-DSC/DTA) with
a heating rate of 10°C/min in the range of 200 to 1000°C, in
synthetic air (20% O, and 80% N,) atmosphere with a flow of
20 mL/min.

3. Results and Discussion

3.1. Scanning Electron Microscopy. The FEG-SEM images of
nanotubes after sol-gel TiO,-coating processing are pre-
sented in Figure 2. It can be observed that high-quality
deposits have been obtained. For coating Cycle I, the



200 nm

Advances in Materials Science and Engineering

FIGURE 2: FEG-SEM images of core/shell structures of TiO,-coated MWCNT nanocomposites, obtained from different MWCNT con-
centrations in water during the sol-gel process: (a) 4 mg/mL, (b) 6 mg/mL, and (c) 8 mg/mL.

effect of varying the final concentration of MWCNTs in
aqueous solution (4, 6, and 8 mg/mL) is also observed. From
Figure 2(a), it is observed that the lower the MWCNT
concentration (4mg/mL), the thicker is the TiO, coating.
Besides the coating formation, a large amount of isolated
TiO, nanoparticles are formed at this lower MWCNT con-
centration, as less superficial area of substrate (core) is
available for the coating formation. Figure 2(b) shows that
when the MWCNT concentration in the aqueous solution
increases to 6 mg/mL, the MWCNTs are completely coated,
similarly to the previous sample, but with a smaller amount
of isolated TiO, nanoparticles. Finally, when the concen-
tration of MWCNTs in water increases to 8 mg/mL, the
nanotubes are observed to be completely coated with a thin
layer of TiO, and no isolated particles are present. In such
a condition, it seems that the mass relation between
MWCNT core and TiO, shell is optimized.

Once a mass relation of MWCNTSs to TiO, that results in
a homogeneous coating and less isolated particles was
established, attempts to obtain thicker deposits of TiO, over
the nanotubes surface have been made by increasing the
number of coating cycles. Figure 3 shows the aspect of
MWCNTs submitted to two coating cycles and calcined at
500 and 1000°C. It can be easily observed that the second
cycle produces much thicker layers not uniformly covering
the nanotubes. The same is observed in Figure 3(b). However,
when comparing the coatings after calcination at 500 and
1000°C (Figures 3(a) and 3(b), resp.), the changes in the layer
morphology treated at higher temperature are easily seen.
The layer becomes denser and particles size increase from few
nanometers to the order of hundred nanometers, forming
a necklace arrangement. These changes are related to the
anatase to rutile phase transformation and are accompanied
by a significant reduction in the specific surface area [28].

3.2. FTIR Analysis. After the acid functionalization, func-
tional groups containing oxygen such as hydroxyl (-OH),

carboxyl (-COOH), and carbonyl (C=0) are expected to
form over the nanotubes surface. In order to verify the
successful formation of such groups, FTIR spectroscopy was
employed. The results are presented in Figure 4 and sum-
marized in Table 1.

From Figure 4 and Table 1, it can be observed that acid
functionalization was successful, as several functional
groups were formed on the MWCNT surface. The acid
treatment breaks few C=C bonds, forming other C, H, and O
groups tightly attached to the nanotubes [32]. Furthermore,
structural defects eventually present are sites for functional
groups to form. The functional groups formed are a basis for
the TiO, layer anchoring in the subsequent coating treat-
ment, as observed by the presence of the band at 500 cm™" in
the coated sample, associated with the titanium Ti-O-Ti
stretch bonding from the titanium oxide formed after cal-
cination [34].

3.3. X-Ray Photoelectron Spectroscopy. Although the TiO,
formation was identified by FTIR analysis, its tight bonding
to the MWCNT surface has to be verified by other tech-
niques. XPS measurements were made to study the chemical
state of the MWCNT/TiO, core/shell nanocomposite. The
formation of TiO, attached to the surface of the function-
alized nanotubes is clearly shown by the data from Ti2p
binding energy (Figure 5(a)). After deconvolution, the
measured energies for Ti"* bonding were 459.56 eV for Ti2p
3/2 and 465.28 eV for Ti2p 1/2. The difference between these
two peaks was 5.72eV. Theoretically, the TiO, bonding
energies (Ti2p 3/2 and Ti2p 1/2) are centered at 458.7 and
464.4 eV, and their difference is 5.7 eV. The small positive
displacement observed in this work suggests that an elec-
tronic interaction between TiO, and the MWCNT substrate
was established [37], resulting from a close interaction be-
tween the nanotubes and the oxide coating.

Figure 5 also shows the analysis for (Figure 5(b)) O Is
and (Figure 5(c)) C 1s energy binding of the TiO,-coated
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F1GURE 3: FEG-SEM images of core/shell structures of TiO,-coated MWCNT composites with two coating cycles thermal treated at (a) 500°C

and (b) 1000°C.

MWCNT sample. The O 1s spectrum can be adjusted to
three peaks, where the main peak at 530.9 eV corresponds to
the Ti-O network oxygen. The other two peaks with binding
energies of 531.7 and 532.9 eV are assigned to the O-H and
C=0 groups, respectively. Similarly to the Ti 2p spectrum,
the main peak in O 1s is slightly displaced (0.9 eV), as a result
of the interaction and consequent surface charge transfer
between TiO, and MWCNTs [37]. The C 1s spectrum was
adjusted to four peaks, representing the C=C binding energy
of MWCNTs of 284.7 eV, as well as C-O, C=0, and COO-
energies of 286.1, 287.9, and 290.1 eV, respectively. These
results reinforce the results from FTIR analysis, evidencing
the formation of functional groups on the MWCNT surface
after acid functionalization. It is very important to note that,
even after calcination at 1000°C, there is no evidence of
carbon replacing oxygen atoms in the lattice of TiO,, as the
formation of O-Ti-C bonds commonly represented in the
C 1s spectrum by a peak at 282.5eV [34]. Additionally,
Figure 5(d) shows the composite valence band (VB), where
no additional electronic states are shown above the TiO,
edge valence band, discarding any possible carbon doping
in the TiO, network [38, 39].

3.4. X-Ray Diffraction. After calcination at different tem-
peratures, the presence of a crystalline TiO, layer was
confirmed by X-ray diffraction, and the results are shown in
Figure 6. Comparison of the diffraction patterns of
MWCNT/TiO, core/shell nanocomposite samples treated at
500, 750, and 1000°C shows that the crystal form of the
coating layer changes from totally anatase to totally rutile, as
the calcination temperature increases. At the intermediate
temperature of 750°C, a mixture of both crystalline struc-
tures is observed.

It is also important to note that no characteristic peaks of
MWCNTs were found. The proximity of the most intense
anatase (101) peak at 26 =25.2° with the most intense (002)
graphitic MWCNT peak at 260 =25.9" impairs the nanotube
identification by X-ray diffraction in the coated samples.

Transmittance (%)

(c)

3400

Ti-O-Ti

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ™)

FIGURE 4: FTIR spectra of (a) pristine, (b) oxidized (functional-
ized), and (c) TiO,-coated MWCNTs with I coating cycle after
calcination at 1000°C.

However, the presence of MWCNTs in the nanocomposites
was further confirmed by Raman analysis as discussed later.

A rough approximation of the crystallite size of the
samples was calculated by the well-known Scherrer equation:
D=kA/(BcosB), where D is the crystallite particle size, k is
a constant of 0.9, A is the wavelength (nm) of the X-rays used,
5 is the peak full width at half maximum (FWHM), and 6 is
the Bragg angle [34]. Calculations show that the crystallite size
for the samples of II cycles calcined at 500°C was about 5 nm,
increasing to about 87 nm in samples calcined at 750°C, and
more significantly to about 118 nm after calcination at 1000°C.
These results indicate that the phase transformation from
anatase to rutile induced both grain growth and probably
surface area reduction and are in agreement with the literature
[28] and with scanning electron microscopy results.
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TaBLE 1: FTIR bands observed for pristine, acid-functionalized, and TiO,-coated MWCNTs.
Band (cm™) Interpretation Pristine Acid functionalized TiO, coated
3400 OH stretching Vibratif)ns of isolated surface -OH < < <
moieties and in sorbed water [31]
2924 Asymmetric stretching of CH bonds located on the - < .
MWCNT surface defects [32]
2849 Symmetric stretching of CH bonds located on the . < o
MWCNT surface defects [32]
1730 C=0 bonds related to the carboxyl group COOH [33] — X —
1630 OH stretch of adsorbed water and Ti-OH [34] X X X
1560 C-O carboxylate anion stretch mode [33] — X —
1430 O-H deformation vibrations [31] — X —
1100 C-O stretch [31, 35] — X —
930 O-H stretch [36] — X —
500 Ti-O-Ti stretch [34] — — X

Intensity (cps)

Intensity (cps)

Ti2p 3/2
>
&
2
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Z
g
L
Ti2p 1/2 =
T T T T T T T T T T T T T T T T T T T T
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FiGure 5: High-resolution XPS spectra of (a) Ti 2p, (b) O 1s, (c) C 1s, and (d) XPS valence band for TiO,-coated MWCNTs with II coating
cycles after calcination at 1000°C.
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F1GURE 6: X-ray diffraction spectra for TiO,-coated MWCNTs with II coating cycles and calcined at (a) 500°C, (b) 750°C, and (c) 1000°C.

3.5. Raman Spectroscopy. Figure 7(a) presents the Raman
spectra obtained for the pristine MWCNTs. The D and G
bands were identified at their typical positions: 1337.37 cm ™"
and 1576.31 cm™, respectively. After acid functionalization,
no shifting was observed on these D and G peak bands.
However, their intensity and width changes slightly. Perfect
highly ordered graphitic structures do not produce scatter
D-band, which is associated with structural defects. Con-
sequently, the D/G ratio is commonly used to assess the
crystalline quality of carbon-based materials. In the present
work, D/G ratio increases from 1.24 (pristine MWCNTs) to
1.36 after acid functionalization, indicating that the external
wall of the nanotubes is damaged in a certain extension in
order to introduce the functional groups. However, it is to be
pointed out that this increase was not so intense.

Figure 7(b) shows the spectra for the MWCNT/TiO,
nanocomposites calcined at different temperatures. Typical
E, (142cm™), By, (399cm™), Ay, (518cm™), and E,
(641 cm ™) scattering bands of anatase are present in samples
treated at 500°C. At 750°C, scattering bands of By (145 cm™ Y,
E, (446cm™"), A;g (612cm ™), and the multiphoton process
(230cm™") of rutile [40] start to be visible and are pre-
dominate after calcination at 1000°C. These results fully
agree with the results from X-ray diffraction. Still referring to
Figure 7(b), it is possible to observe the presence of the D
and G bands from the functionalized MWCNT substrate,
located between 1342-1359cm™" and 1583-1594cm™’, re-
spectively. Both bands are slightly shifted to larger wave-
numbers, when comparing to Figure 7(a). According to the
literature [41, 42], upshift of the D band can be related to
stresses induced by the presence of TiO, shell on the surface
of the MWCNT core, and the upshift of the G band is due to
a high-structural interaction (bonding) between the TiO,
and the MWCNTs [43, 44].

Gui et al. [42] found in a MWCNT/TiO, composite that
the intensity ratio of main anatase Eg mode related to the

intensity of graphene band (I4/I) reduces, as the ratio of
TiO, : MWCNTs increases. In the present work, in samples
with pure anatase (calcined at 500°C), the I,/I; ratio ob-
tained was observed to increase as the number of coating
cycles increases. In samples subjected to a single coating
cycle (TiO, : MWCNT ratio of 1: 0.4), I4/I; ratio obtained
was 0.80. I,/I; ratio obtained after two and three cycles
(TiO, : MWCNT ratio of 1: 0.115 and 1: 0.0325) was found to
be 6.32 and 9.35, respectively. These results are consistent
with the results of Gui and et al. and reveal that the high
intensity of the anatase E, scattering band is related to the
excess of TiO, related to MWCNTs [42].

As far as the Ip/I; ratio is concerned, after calcination at
500°C, it was found to decrease to the range of 0.74-0.81, when
comparing to pristine and acid-functionalized MWCNTs (1.24
and 1.36, resp.). This behavior can be attributed to the thermal-
induced rearrangement of the carbon structure [45]. Based on
this result, it would be expected that calcination at higher
temperatures would continuously decrease the Ip/I; ratio.
However, an opposite effect was observed. After calcination at
750°C, Ip/l; obtained was in the range of 0.83-0.95, and
0.98-1.11 after calcination at 1000°C. This behavior can be
related to the anatase to rutile phase transformation, evidenced
from X-ray diffraction and Raman spectroscopy. This trans-
formation is reconstructive; that is, it requires rearrangement
of the Ti-O atoms to fit to the new structure. Furthermore,
significant grain growth and densification (reducing the
specific surface area) are expected [28]. As Ti-O atoms are
tightly bonded to the MWCNT surface, stresses associated
with the TiO, reconstruction should be transferred to the
nanotubes, increasing the MWCNT network distortion and
consequently the intensity of the D scatter band.

3.6. Thermogravimetry. TGA analysis was performed in
order to estimate the final amount of MWCNTs in the
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FIGURE 7: Raman spectra for pristine and acid functionalized MWCNTs. (b) TiO,-coated MW CNTs with II coating cycles calcined at 500°C,

750°C, and 1000°C.

nanocomposite, and consequently the level of thermal
protection offered by the layer of TiO, in different thick-
nesses and structure types. Eventual MWCNT oxidation is
expected to form CO, gas, leaving the sample and resulting
in composite weight loss as a function of temperature
(Figure 8).

From the TGA results, several observations are worth to
mention. All samples presented a mass loss up to about
400°C, which can be attributed to the decomposition of
surfactant residues still present in the sample. This is more
evident in the samples calcined at smaller temperatures:
500°C and 750°C. The thermal decomposition of SDS is very
slow [46] and presents a mass loss also at about 750°C, due to
the final decomposition of NaSO,, which is very stable up to
temperatures around 800°C [47]. After about 450°C, the
samples start to present a significant mass loss, being more
severe as the calcination temperature decreases. This mass
loss is attributed to the decomposition of MWCNTs into
CO, by the O, atmosphere. The oxidation peak, observed in
DTG curves, occurs at about 550°C. The constant levels
observed after 600°C in TGA curves should correspond to
the complete oxidation of nanotubes. An estimative of the
remaining carbon content in the samples can be made
comparing this weight loss during TGA with the total weight
of the MWCNT-coated TiO, nanocomposite (based on the
mass balance of the precursors), assuming that loses are
related to the MWCNTs. This hypothesis is feasible, as the
TiO, coating is very stable, even after calcination at only
500°C, and the anatase to rutile phase transformation is not
associated with changes in mass. This analysis, presented in
Table 2, enables to quantitatively evaluate the protection
level of the TiO, coating as a function of the layer thickness
and calcination temperature. For the sample submitted to
two coating cycles, calcined at 500 and 750°C, these ratios
were 1.00 and 1.15, respectively, which are lower than the

values of the sample submitted to only one coating cycle and
calcined at the same temperatures: 1.12 and 1.30, re-
spectively. These results can be explained by the lack of
homogeneity of the coatings obtained in Cycle II, as shown
in Figure 3. However, it is possible to note that the protection
level expressed by the ratio between initial weight and weight
loss drastically increases from around 1.00 to 7.48, when
comparing the sample coated by two coating cycles of TiO,
calcined at 500°C with the sample coated by three coating
cycles calcined at 1000°C. Similar results were found by Li.
etal. [27] in TiIO,/MWCNT nanocomposites obtained by the
sol-gel process using different titanium precursors and
calcination at 500°C. However, the authors suggest that the
remaining carbon after TGA analysis is related to elemental
diffusion from the substrate into the TiO,-coating structure
during calcinations at 500°C, through a transfer-doping
mechanism.

As shown in the FEG-SEM images and from XRD
calculated crystallite size, the increase in the calcination
temperature changes the morphology of the TiO,-coating
layer, making it denser and with lesser superficial area, fa-
voring its growth. In fact, the TGA results showed that the
higher the calcination temperature, the lower the MWCNT
loss. Manivannan et al. [48] found that sintering MWCNTs
coated with zirconia improved their resistance to oxidation,
and this improvement is related to the proper selection of the
sintering temperature. On the other hand, Inam et al. [30]
found that the thicker the alumina layer deposited over
MWCNTs, the better protection against oxidation it pro-
vides. However, it decreases the mechanical properties of the
resulting composite by making the coated nanotubes more
brittle. It is worth to reinforce that, contrarily to the work of
Lietal. [27], in the present work the XPS analysis showed no
evidences of carbon doping in the TiO, structure, strongly
suggesting that the remaining carbon refers to intact, not
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F1Gure 8: TGA and DTG curves of TiO,-coated MWCNT composites prepared with I, I, and III coating cycles and calcined at 500°C, 750°C,

and 1000°C.
TaBLE 2: Carbon content in TiO,-coated MWCNT composites.

Sample Initial MWCNT %wt." Calcination temp. ("C) TGA %wt. loss® (%wt'/%wt?)
500 25.47 (1.12)

Cycle I 28.57 750 21.88 (1.30)
1000 17.22 (1.65)
500 8.21 (1.00)

Cycle 1I 8.23 750 7.11 (1.15)
1000 3.58 (2.29)
500 0.61 (3.80)

Cycle 111 232 750 0.40 (5.80)
1000 0.31 (7.48)

Notes. The carbon contents presented here correspond to 'the values before sample fabrication (percent of MWCNTTS, related to the total weight of the
MWCNT-coated TiO, nanocomposite) and *those determined by TGA analysis, respectively.

damaged MWCNTs, protected from oxidation by a dense
and continuous layer of TiO, that completely coats the
nanotube surface and acting as an efficient thermal
shielding. Furthermore, as observed from the results
depicted in Table 2, the MWCNT protection improves as the
coating thickness increases. This result is similar to the
results of Inam et al. [30], as already mentioned, and is

probably related to the fact that gaseous oxygen would take
longer times to reach the MWCNT surface. Consequently, it
seems to be feasible to coat MWCNTs with TiO, layers in
order to protect them from oxidation during the high
temperatures involved in MMC processing. Besides, it is
expected that the TiO, coating layer formed over the
MWCNT surface can improve their dispersion and
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adherence into the metallic matrix. With their integrity
preserved, carbon nanotubes can fully contribute to strength
in MMCs.

4. Conclusions

In this work, MWCNTs were uniformly coated with a TiO,
continuous layer with core/shell structure, through the sol-
gel method. The layer thickness formed could be controlled
by the repetition of the coating cycles, and a stable and dense
coating layer could be reached after calcination at 1000°C.
Results from of X-ray diffraction and Raman spectroscopy
confirm that the layer structure continuously changes from
completely anatase to completely rutile, as the calcination
temperature increases from 500 to 1000°C. TiO, coating
formation was also confirmed by XPS, without any C doping
in the TiO, network. The thermal protection effect of the
TiO, layer against MWCNT oxidation was confirmed by
TGA curves, showing that this protection is more efficient as
the layer thickness increases, as well as the calcination
temperature. The thermal protection of the MWCNTs is
attributed to the fact that high-temperature calcination
contributes to pore closure and densification of the TiO,
layer, reducing the contact between oxygen and the
substrate.

The results shown in this work can open new oppor-
tunities to fabricate metallic matrix composite materials
reinforced by MWCNTs without damaging their structure
during the high temperatures to which they are exposed
during MMC processing.
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