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In recent years, efforts in developing high strength-low density materials are increasing significantly.
One of the promising materials to attend this demand is the carbon nanotube (CNT), to be used mainly
as a reinforcing phase in lightweight metal matrix composites (MMC). In the present work, the sol-gel
technique has been employed to obtain TiO, coating on the surface of commercial multiwall carbon
nanotubes (MWCNT). The aim of such coating is to improve the thermal stability of MWCNT in oxidize
environment, which is necessary in most of MMC processing routes. Calcination in inert atmosphere
was performed in order to crystallize a stable coating phase. The hybrid CNT/TiO, nanocomposite was
characterized by X-Ray Diffractometry (XRD), Raman spectroscopy, Thermogravimetry (TGA) and
Field Emission Gun - Scanning Electron Microscopy (FEG-SEM). The coating structure was observed
to change from anatase to rutile, as the calcination temperature increases from 500 to 1000°C. Results
from thermogravimetric analysis showed that the samples calcined at 1000 °C were more resistant to

oxidation at high temperatures.
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1. Introduction

In the last three decades, since the carbon nanotubes
(CNT) were discovered, intense research efforts have been
done in order to exploit their excellent mechanical properties.
Particularly a Young modulus and a tensile strength of around
1 TPa'? and 200 GPa%, respectively, made CNT highly prone
to act as a reinforcement phase in several types of composite
materials, including polymeric, ceramic and metal matrix.

Metal matrix composite materials (MMC) have being
studied due to their potential produce lightweight structures for
the transportation industry, mainly automotive, aeronautical
and space’. The use of CNT as reinforcing phase for MMC
has been a challenge because of its high surface area and the
resulting Van der Walls interactions that make difficult its
dispersion®®. Furthermore, it has been observed that CNT has
low wettability by most metals, resulting in low interaction
with the matrix and low potential for strengthening by load
transfer mechanisms’”.

Many authors have tried to improve CNT dispersion in metal
matrix by several processing routes, as thermal spray®!°, high
energy ball milling'", friction stir processing'?. In most cases,
it has been observed that the extreme processing conditions
mainly related to high temperatures and stresses can damage
the CNT structure'*!*. CNTs are thermodynamically stable
up to 2200 °C if no oxygen or other reactive impurities are
present. However, they are quite reactive with oxygen at
temperatures above 500°C, forming carbon oxide or dioxide'.
Consequently, high temperature composite processing can
lead to CNT to degrade if oxygen or reactive elements are
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present. Some advanced MMCs processing routes, like spark
plasma sintering'®!’, involves inert gas fluxes or vacuum that
can preserve the CNT integrity. However, such processing
routes are usually expensive, requiring costly equipment
and gases. Furthermore, such processes are not suitable for
high productivity.

Conventional processes capable of achieving high
productivity, such as hot extrusion or hot rolling'®!, are
normally performed without gas protection. Other industrial
scale processes like plasma spray, used for parts surface
protection or repair, involve temperatures higher than the
graphite boiling point (4900 °C). Consequently sublimation
of carbon nanotubes during the plasma spray forming® can
occur. Alternatively, in the High Velocity Oxy-Fuel (HVOF)
process, temperatures are lower than plasma spray, but in
this case, CNTs are in close contact with the working gas,
reacting with the containing oxygen®'. Therefore, a large
amount of the CNTs embedded in the molten Al can be lost
during HVOF spraying.

Aluminum can also react with the carbon nanotubes
during the production of AI/CNT composites, even under
protective atmospheres 7. This reaction is concentrated at
CNT surface defects and forms aluminum carbide (Al,C,).
Depending on the processing conditions, this reaction can
extend to few angstroms at the metal/CNT interface or,
under extreme conditions as in processes involving liquid
Al, it can totally consume the CNTs*. Ci et. al "reported
that the formation of Al,C, at the interface can improve the
interfacial bonding to some extension. However, the Al,C,
is easily decomposed in AI(OH),, CO, and H, in presence
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of liquid water or moisture. Park et al** found that Al,C,
can decompose in less than 120 h, when exposed to a wet
environment, resulting in matrix to CNT interface debonding
that accelerates the fatigue crack growth rates on Al/SiC
composites tested in moisture environment.

In order to mitigate much of the difficulties in obtaining
CNT reinforced MMC, in the present work, we propose
to coat the CNT with a ceramic material 2, expecting to
improve their adherence with the metallic matrix, to make
easier their dispersion during the composite processing and to
protect the CNT from severe processing conditions and from
excessive reaction with the matrix?’. As a result, the unique
characteristics of CNT those make them very interesting as
reinforcing phase in MMC can be fully exploited.

Manivannan et al*> employed the sol gel method in order
to coat MWCNT with zirconia, and the resulting MWCNT/
ZrO, composite was sintered in nitrogen atmosphere at
different temperatures in order improve their bonding at the
interface. They observed from TGA studies that oxidation
resistance of the sintered composite was improved with proper
selection of sintering temperature. Inam et al * found that
fabricating alumina-CNT nanocomposite by atomic layer
deposition (ALD) resulted in encapsulated nanotubes that
provided a shielding effect against further oxidation during
the composite consolidation by spark plasma sintering. The
thicker alumina coating obtained by ALD, the better the
CNT resistance to oxidation during subsequent sintering.
Jo et al 7 coated carbon nanofibers (CNFs) with titanium
dioxide by the sol gel method, in order to improve their
wettability and prevent reactions with molten aluminum
matrix during the production of AlI/CNF by liquid pressing
process. The authors found from TGA analysis that TiO,
coated CNFs could maintained their mass up to 1000°C in
the air atmosphere without significant losses, confirming that
aTiO, coating can enhance the structural stability of CNFs
in severe environments, preventing the Al,C, formation.

Within the context of the protection of carbon nanotubes
during the production of metal/CNT composites, in the present
work we describe the synthesis of a TiO, coating formed on
the surface of multiwall carbon nanotubes (MWCNT) by
the sol-gel route, using titanium tetra isopropoxide (TTIP)
as a precursor. Processing parameters such as TTIP: H,0
molar ratio in the solution and MWCNT concentration are
investigated and related to the quality of the obtained coating.
The structure and morphology of the hybrid MWCNT/
TiO, were investigated by X-ray diffraction (XRD), field
emission gun-scanning electron microscopy (FEG-SEM),
Raman spectroscopy and thermogravimetric analysis (TGA).

2. Experimental
2.1. Materials

In this study Baytubes® C 150 P MWCNT, were used.
The MWCNT were produced by Bayer Materials Science-

Germany by the CVD process, resulting in a minimum
purity level of 95%, internal and external diameters of the
order of 4 and 13 nm, respectively, and length greater than
1 um. Nitric acid 65% PA, sulfuric acid PA-ACS analytical
grade, Sodium dodecyl sulphate (Synth), Ethanol 99.8% P.A,
Titanium tetra isopropoxide (Aldrich), glacial acetic acid
99.8% (Neon) and Ammonium hydroxide PA (Synth) were
the reagents used to functionalize and coat the MWCNT.

2.2. Carbon nanotubes functionalization

Aiming to introduce surface functional groups on the
MWCNT surface that are necessary to anchor the TiO, layer,
the MWCNT were acid treated in 60 mL of 1: 3 (v:v) of nitric
acid and sulfuric acid for 6 hours under magnetic stirring.
The resulting mixture was washed in deionized water and
dried at 80 ° C for 15 hours.

2.3. MWCNT/TiO, nanocomposite synthesis

TiO, coated MWCNTs were obtained by the sol-
gel method using titanium tetra isopropoxide (TTIP) as
precursor. One of the problems of the sol gel technique is
that it normally leads to a non-uniform coating, resulting
simultaneously in some uncoated surface regions along
with excessive deposits in other regions of the MWCNT
surface 2. In the present work, it was employed the Gao
et.al ¥ method, with modifications. The use of surfactants
as sodium dodecyl sulphate (SDS) significantly improved
the dispersion of MWCNTs in aqueous solution, providing
an efficient support to the TiO, nanoparticles to growth
and attach to the MWCNTs surface via noncovalent bond.

Initially, a constant mass of MWCNT was dispersed
in Milli-Q water, with 2% wt. of sodium dodecyl sulphate
(SDS) and sonicated for 30 min. Then 20 mL of ethanol
was added to the mixture and stirred for another 30 min,
forming a MWCNT suspension. In parallel, titanium tetra
isopropoxide (TTIP) was mixed with 15 mL of ethanol and
glacial acetic acid under stirring for 30 min, forming the TiO,
solution. Finally, the TiO, solution was added dropwise in
the MWCNT suspension under vigorous stirring that was
kept for 2 hours in order to complete the reaction. At this
stage, the TTIP precursor hydrolyses in contact with the
water present in the MWCNT suspension. The resulting
TTIP:H,O molar ratios were 1:60, 1:220 and 1:340, and
the weight ratio of MWCNT related to the TiO, formed was
28%. Ammonium hydroxide was added dropwise until a pH
of 9 was reached, and finally 10 mL of ethanol were added
to the mixture, keeping the stirring for another 30 min. The
final suspension was centrifugated and washed three times in
ethanol. The drying process was carried out for 15 hours at
60° C in order to obtain the powdered TiO,-coated MWCNT.

For comparison purpose, the same procedure was performed
for a TTIP:H,O molar ratio of 1:220 and varying the amount
of MWCNT, resulting in two additional MWCNT to TiO,
weight ratios: 16% wt. and 23% wt. Table 1 resumes the
relative quantities of MWCNT, TTIP and H,O employed.
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Table 1. Relative proportion of MWCNT, TTIP and H,O used to
produce TiO,-coated MWCNT.

MWCNT % wt.! TTIP: H,0 molar ratio
28 1:60
28 1:340
28 1:220
23 1:220
16 1:220

Ipercent of MWCNT, related to the total weight of the MWCNT/
TiO, hybrid

The hybrid MWCNT/TiO, obtained was calcined at
temperatures of 500 and 1000° C for 3 hours in an inert argon
atmosphere, in order to crystallize the amorphous coating
layer obtained from the sol-gel process.

2.4 Samples characterization

The TiO,-coated MWCNT were characterized by X-ray
diffraction, in order to verify the crystallinity degree of the
obtained coating. A Rigaku X-ray diffractometer model
Ultima IV was used, operating with Cu Ka radiation (A =
1.54178 A) with a voltage of 40kV and 30mA of current.
Multiple detectors (fast detection mode) were used at steps
of 0,01° and a speed of 5%min, resulting in a high signal
level. The microstructure was analyzed using a Tescan model
Mira 3 field emission gun-scanning electron microscope
(FEG-SEM). The SEM images were formed from Secondary
Electrons (SE), at 2 mm of work distance and 5kV. Raman
spectroscopy was recorded by a Horiba LabRAM microscope
with 514 nm laser. The Raman spectra were collected using
3 accumulations in 30 seconds, in the range of 50 to 2000
cm’!. Thermal gravimetric analyzes were performed on a
NETZSCH STA 449 F1 Jupiter equipment (TG-DSC/DTA)
with a heating rate of 10° C / min, between 50 and 1000° C
in O, atmosphere with a flow of 20 mL / min.

3. Results and Discussion

Figure 1(a) presents the Raman spectra for the hybrid
MWCNT/TiO,, after calcination at temperatures of 500 (a)
and 1000°C (b). As the MWCNT are coated by the TiO,
layer, a number of scattering bands form in the Raman
spectra besides the D and G bands: Eg (142 cm™), Blg
(399 cm™), Alg (518 cm™), and Eg (641 cm™) bands from
TiO, anatase structure are present in the sample calcined at
500° C. The Raman spectra changes for samples calcined
at 1000°C. Bands of Alg (612 cm™) and Eg (446 cm™), as
well as from multi-photon scattering process (230 cm™,"M"
in the Figure 1(a)) from TiO, rutile structure * are present.
These results show that the TiO, structure changes from
anatase to a more stable rutile structure as the calcination
temperature increases.
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Figure 1. Raman Spectra in the range of: (a) 100-800 cm™' from TiO,
coated MWCNT calcined at 500 and 1000°C; (b) 1000-2000 cm™!
from pristine, functionalized MWCNT and TiO, coated MWCNT
calcined at 500 and 1000°C.

The Figure 1 (b) shows the Raman spectra in the range
of the main carbon scatters, for pristine and functionalized
MWCNT, as well as for the calcined TiO2 coated MWCNT. It
is known that the intensity of the bands D and G are associated
respectively to structural disorder and to the graphitic nature
of the MWCNT, related to the tangential stretching mode
of the C=C bond*!*. The ratio between the intensities of D
and G bands (I /1, ratio) is expected to increase after the
MWCNT functionalization, as surface defects are created
in the nanotubes. As expected, the I /I, ratio increases from
1.24 to 1.36, after acid functionalization. After calcination
at 500°C (c), the I/, ratio was found to decrease to 0.74.
This behavior can be attributed to the thermal induced
rearrangement of the carbon structure **, and consequently,
it would be expected that calcination at higher temperatures
would continuously decrease the I/, ratio. However, an
opposite effect was observed. After calcination at 1000°C,
the measured I /I ; ratio was 0.98. Anatase to rutile phase
transformation is supposed to be responsible for this behavior.
Such phase transformation reconstructive, requiring the
rearrangement of the Ti-O atoms to fit to the new structure.
Furthermore, significant grain growth and densification
(reduction in specific surface area) are expected * when
anatase transform to rutile structure. As Ti-O atoms are tightly
bonded to the MWCNT surface, stresses associated to the
TiO, reconstruction should be transferred to the nanotubes,
increasing the MWCNT network distortion and consequently
the intensity of the D scatter band.

The D and G bands of pristine MWCNT were identified
at 1337.37 and 1576.31 cm!, respectively. After acid
functionalization, these bands were found to slightly shift
to 1337.33 cm ' and 1576.22 cm *, respectively. In the TiO,
coated nanotubes, calcined 500 and 1000°C, these bands
are considerably shifted to higher wave numbers, between
1342-1359 cm™! and 1583-1594 cm’!, respectively. In this
case, the upshift of the D band is related to stress induced
by the TiO, bonded to the surface of the MWCNT ***¢ and
the upshift in the G band is due to the high interaction level
between the TiO, and the MWCNT 7%,

Figure 2 shows the X-ray diffractograms obtained
from samples of TiO, coated MWCNT, calcined at 500
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Figure 2. XRD patterns of TiO, coated MWCNT, synthetized
by the sol-gel process and calcined at (a) 500°C and (b) 1000°C.

and 1000°C. The formation of the TiO, phase is confirmed,
having two different structures depending on the calcination
temperature. At 500°C the diffraction peaks correspond to
the Anatase structure (JCPDS N° 21-1272), as observed in
Figure 2A. The sample calcined at 1000°C exhibited peaks
predominantly from the Rutile phase (JCPDS N°21-1276),
see Figure 2B, along with a small amount of Anatase indicated
by the presence of its main diffraction peak (101) at 26 =
25.28°. From the equation (1), the weight percent of the
Anatase phase, W,, was estimated to be 4.9%.

_ 100 O
1+1.265Ix/1,

In equation (1), I, denotes the intensity of strongest
Anatase reflection, (101; 20=25.28°.) and I is the intensity
of strongest rutile reflection (110; 26=27.44°)%40,

Arough approximation of the crystallite size of the samples

W,

was calculated by the well-known Scherrer's equation (2)*!
based on the full width at half maximum (FWHM), denoted
as B in the equation, where 0 is the diffraction angle and A
is the X-ray wavelength corresponding to CuK radiation.
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The obtained crystallite sizes were 10+2 nm for the (101)
Anatase peak, in the sample calcined 500°C, and 2743 nm
for the rutile peak (110), in the sample calcined at 1000°C.
The Cu ka, contribution was not removed before measuring
the FWHM. These results show that the Anatase to Rutile
transformation is accompanied by grain growth, as expected **.

The morphological aspect of the TiO, coated MWCNT
was observed by FEG-SEM. The Figure 3 shows the
morphology of the as supplied MWCNT. Although they are
highly agglomerated, it is possible to note their high aspect
ratio. It can also be observed in Figure 3(a) the presence of
metallic nanoimpurities at the extremities of few nanotubes,
corresponding to the remaining seeds from the MWCNT
synthesis process. After acid functionalization, these

impurities are dissolved, as observed in Figure 3(b). It is
also observed from Figure 3(b) that the individual nanotubes
are clearly visible after acid functionalization, being easier
to differentiate from one to another. It is expected that acid

functionalization also dissolve eventual amorphous regions
present in the MWCNT#4,

Figure 3. FEG-SEM images of (a) Pristine MWCNT and (b)
Functionalized MWCNT.

Samples of TiO,-coated MWCNT, obtained after the
sol-gel process using different titanium isopropoxide (TTIP)
to H,0 molar ratios, are shown in Figure 4. In Figure 4(a),
the molar ratio of 1:60 resulted in still entangled MWCNT,
surrounded by agglomerates of the synthetized TiO, particles.
This is a consequence of the low quantity of the water used
to prepare the MWCNT suspension. The concentration of
MWCNT in the suspension was very high (13.5 mg/ml),
making difficult their fully dispersion. In the other extreme,
decreasing the TTIP to H,O molar ratio to 1:340 significantly
improved the MWCNT dispersion, as observed in Figure 4(c).
However, the volume of TiO, particles formed is very
high. In this case, the concentration of MWCNT related to
water was very low (1 mg/ml), promoting a quick growth
of TiO, nanoparticles since the hydrolysis process is very
fast and under this condition, the formation of isolated TiO,
nanoparticles in the solution is preferential over their growth
as a layer over the MWCNT surface.

When the TTIP:H,O molar ratio was set at an intermediate
value of 1:220, it is apparent that a thin and very homogenous
coating layer of TiO, was formed over the MWCNT surface,
see the Figure 4(b). Very few isolated TiO, nanoparticles
are formed. In this case, the MWCNT concentration in
the suspension (8 mg/ml) results in an optimized balance
between their dispersion and a moderate hydrolysis rate that
is responsible for a controlled growth of the TiO, coating
layer over the nanotubes surface.

As the best TTIP:H,O molar ratio was found to be 1:220
(see Figures 4(a) to 4(c)), the following step was to improve
the homogeneity of the coating layer formed, by adjusting
the MWCNT to TiO, weight ratio. It can be observed from
Figures 4(d) to 4(f) that the MWCNT was successfully and
homogenously coated by different thicknesses of TiO,. In
the Figure 4(d), were the fraction of MWCNT related to
the total weight of the nanocomposite was only 16% wt.,
it can be observed that the excess of TiO, precursor results
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Figure 4. TiO, coated MWCNT obtained using 28 %wt. of MWCNT and a TTIP:H,O molar ratio of: (a) 1:60, (b) 1:220, (c) 1:340.
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Coatings obtained with a fixed molar ratio of 1:220 with different MWCNTSs to TiO, weight ratios: (d) 16% wt. and (e) 23% wt. In (f) a

higher magnification of (b) is shown, for comparison purpose.

in a thicker deposit layer. Furthermore, as the nanotubes
are completely coated, few isolated TiO, particles are also
formed. Increasing the proportion of MWCNT to 23 wt.%
(see Figure 4(e)), it seems that the TTIP was totally consumed
to form a thick layer of TiO, over the nanotubes surface, and
no isolated TiO, particles are formed. When the proportion of
MWCNT was increased to 28 wt.%, the TiO, layer formed
is very thin, see Figures 4(b) and (f) .

In order to assess the thermal stability of the TiO,-coated
MWCNT in air, thermogravimetric analyses in oxidizing
atmosphere were performed in samples coated using the
best coating condition: 1:220 TTIP:H,0 molar ratio and
a MWCNT proportion of 23%wt., calcined at 500 and
1000°C. For comparison purpose, results from uncoated
MWCNT are also presented, although this comparison
is not straight. From the total mass of calcined samples,
only 23% corresponds to the MWCNT, the rest correspond
to TiO,. In the Figure 5(a), it is observed that the critical
temperature in terms of mass loss due to the oxidation of
nanotubes is around 500 to 600°C. This is easily observed
from the derivative thermogravimetry curve (DTG) shown
in the Figure 5 (b). In order to be sure that there was no
carbon oxidation during calcination and that mass losses
during TGA analysis of calcined samples were related to
carbon oxidation and not to volatiles usually present after

sol-gel synthesis, some experiments involving calcination
were repeated in the TGA equipment, under inert argon
atmosphere. Such experiments simulated the calcination
conditions, and a typical TGA curve obtained is shown as
an insert in Figure 5(a). It can be observed from this figure
that during calcination, about 10% of mass is lost, which
can be related to volatiles. Consequently, it can be assumed
that in calcined samples, the nanotubes are preserved. It can
also be assumed that during the subsequent TGA analysis
of calcined samples, under O, atmosphere, the mass losses
are related exclusively to carbon oxidation.
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Figure 5.. Thermogravimetric analysis (a) and DTG (b) of MWCNT
and TiO,-coated MWCNT, calcined at 500 and 1000°C. The inset in
(a) is TGA curve of MWCNT/TiO, performed in argon up to 1000°C
just before running the TGA analysis in an oxidizing atmosphere,
for the TiO,-coated MWCNT sample calcined at 1000°C.
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Table 2. Carbon content in TiO,-coated MWCNT composites.

Initial MWCNT %wt.! Calcination Temp. (°C) TGA %wt. loss?. (Y%owt!/%wt?)
23 500 19.7 (1.17)
23 1000 15.7 (1.46)

Notes: ' MWCNT estimated from mass balance of the precursors;
> MWCNT lost during TGA analysis in O, atmosphere.

From the TGA analyzes of the TiO,-coated MWCNT
samples, it is possible to obtain the final mass of MWCNT
and TiO, separately. It can be done supposing that the mass
loss in O, atmosphere correspond to the mass of exposed
(uncoated) carbon nanotubes that are burned out, while
the mass of the stable TiO, remains unchanged. However,
Figure 5 (a) shows that for samples having the same weight
of MWCNT (23%), the mass loss changes, depending on
the calcination temperature. For samples calcined at 500°C,
the lost mass that can be related to carbon nanotubes was
19.7% from the initial 23.0%, while for samples calcined
at 1000°C, this loss was 15.7%. In other words, 85.6% of
MWCNT present in samples calcined at 500°C were lost
during heating while in samples calcined at 1000°C, this
lost decreased to 68.3%. Table 2 resumes the potential of
protection that the TiO, layer confers to the MWCNT. Other
important effect observed from the DTG curves in Figure 5
(b) is that the thermal stability of the MWCNTSs was improved
as the calcination temperature increased. The oxidation peak
of the sample calcined at 500°C occurs at a temperature of
522°C, while for the sample calcined at 1000°C this peak
temperature increases by 30°C.

Assuming that most of the MWCNT are covered by a thin
TiO, layer, as observed in Figure 4 (e), and that during the
calcination in inert argon atmosphere no carbon loss occurs
(as it can be seen in inset of Figure 5 (a)), the overall results
show that the TiO, layer shields the MWCNT protecting them
from high temperature oxidation, at least partially. The data
presented in Table 2 enables to quantitatively compare the
protection level of the TiO, coating for different calcination
temperatures. It is possible to note that the protection level
expressed by the ratio between initial weight and weight
loss, increases from around 1.17 to 1.46, when comparing
the sample calcined at 500°C with the sample calcined at
1000°C. Consequently, this protection is more effective
in samples calcined at 1000°C. As the TiO, coating layer
structure changes from porous Anatase to Rutile, as the
calcination temperature increases, this better protection can
be attributed to the denser and more stable Rutile phase. A
denser coating reduces the paths available for oxygen to
penetrate and interact with the MWCNT surface, increasing
the time for diffusion and conferring a better protection against
thermal oxidation. These results create new possibilities to
produce MWCNT reinforced MMC by conventional and well
established processing routes, reducing the risk of nanotubes
damages caused by their exposition to high temperature

cycles. Furthermore, the nanotubes dispersion and wettability
in metal matrices can also be improved, enabling an overall
improvement on the mechanical properties of the composites.

4. Conclusions

TiO, coated MWCNT hybrid materials have been
successfully obtained by sol-gel technique, using titanium
isopropoxide as a precursor. The best conditions were a molar
ratio TTIP:H,O of 1:220 and a mass proportion of 23% of
MWCNT related to the total mass of TiO -coated MWCNT.

The increase in the /I, ratio obtained from Raman
Spectroscopy confirm that the previous functionalization
step was successful, as it introduces surface functional
groups on the MWCNT surface that are necessary to the
anchoring of the TiO, layer. X-Ray diffraction and Raman
Spectroscopy shows that the TiO, layer crystallizes in the
Anatase phase when calcined at 500°C, and in the Rutile
phase when calcined at 1000°C. A small amount of Anatase
still remains after calcination at this higher temperature.

Thermogravimetric analysis confirms that the TiO, coating
layer confers a protection to the MWCNT in terms of high
temperature oxidation. This protection is more effective as
the layer is in the form of a dense and more stable rutile
phase, obtained after inert gas calcination at 1000°C.
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