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Abstract

Mullite and spinel forming sols were prepared from hybrid precursors having both organic and inorganic origins. Refractory grade graphite
flakes were coated by these sols and their performances were compared in terms of oxidation resistance and water-wettability. Particle size
distribution, structural evolution and related characteristics of both mullite and spinel gels have been investigated by dynamic light scattering
(DLS), differential thermal analysis (DTA), X-ray diffraction (XRD) and infrared spectra (IR) studies. Coated graphites have also been studied by
IR and XRD tests along with scanning electron microscopy (SEM) with energy dispersive spectral (EDS) analysis. The better performance of
spinel coated graphite was confirmed. The mechanism of spinel formation on graphite was suggested to take place via intermediate gamma alumina
phase formation from boehmite sol. It was clarified by DLS, XRD and microstructural analysis of dried and calcined gels.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Graphite is known to confer good resistance to wetting by
molten metals and slags, high refractoriness, high thermal
conductivity and work of fracture. As such it has been a
potential candidate for composite refractories used in extreme
environments [1]. However poor oxidation resistance and low
water-wettability have always impeded its commercial
application especially in monolithic refractories. Several
methods have been tried therefore, to incorporate graphite in
castable refractories although some technical limitations still
exist to develop flawless monolithic refractory containing
graphite. Among various routes, the formation of thin film over
graphite has been the subject of research of a lot of eminent
people working in this area [2-5]. Consequently, a lot of
publications report the surface modification of graphite by the
coatings of alumina (Al,03), titania (TiO,), silica (Si0O,), etc.
obtained from a variety of precursors. Apart from single oxide
coatings the synthesis and characterization of binary oxide
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coatings over graphite have also been attempted [6], but very
often these investigations include expensive organometallics
and no specific data is available on the coating thickness and the
performance of composites prepared with it [2]. However, both
these papers substantiated the antioxidation behaviour and
improvement of wettability of the coated graphite by contact
angle measurement, electro kinetic studies, thermogravimetry,
etc. Yilmaz et al. prepared boehmitic alumina-coated graphite
by sol-gel method but no specific explanation of coating
formation mechanism was depicted. They showed that the
heating speed of the coating process was an important
parameter and the sol coating wetted the graphite borders
more efficiently than the surface [7]. Some researchers used
antioxidant powders (e.g. Al, Si) in graphite containing
materials although they caused extensive hydration of the
refractory and release of explosive gases [4]. From the
refractory point of view, it is also known that antioxidant like
Al in MgO-C refractory is not suitable to be used in the melting
of Fe-Mn—Al alloy steels [8].

Mullite and spinel gels synthesized by several researchers
are known to produce a new generation bonds within the matrix
of refractory composites which are water compatible at low
temperature, less expensive and capable to form bonds at low
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temperature [9]. These two binary oxide coatings are important
ceramic materials which may be used to coat the graphite
surface efficiently to improve the water affinity and oxidation
resistance of the latter. The bonding mechanism if investigated
properly, the coated graphite may be incorporated in refractory
composites for both ferrous and non-ferrous metallurgical
conditions. In our previous paper [10], the development of a
very low cost spinel coating on graphite has been discussed.
Although it improved the slag performance of a high alumina
castable, but the particulate type sol—gel spinel showed some
discontinuities of that coating over the graphite flakes. For this
purpose, in this work a hybrid polymeric precursor of spinel has
been used to retain the integrity of the coating without much
raising the cost factor. The mullite precursor has also been
prepared by a similar hybrid polymeric route to coat the
graphite flakes. Some authors suggested [11] the failure of
mullite bond towards full protection of graphite from oxidation,
whereas some authors opine [12] that thin mullite overcoat on
graphite reduces the chances of oxidation especially at 1000 °C.
Apart from sol-gel, other methods for mullite coating (from
alumina—silica composite film) on graphite have been reported
[13] but the method involves a costly CVD technique.

This paper describes the synthesis and characterization of
mullite and spinel coated graphite for possible usage in
refractory composites. The phase evolutions of mullite and
spinel gels prepared from suitable precursors have also been
studied to correlate the performance of both the coatings on
graphite. The microstructural assemblage, infrared studies, etc.
were done to corroborate their performance. Water holding
character of coated graphite was studied by a ‘Pressure Plate
Extractor’ method [14] as done by soil scientists.

2. Experimental

Both the binary (mullite and spinel forming) sols were
prepared by a hybrid polymeric route, keeping the commercial
point in mind. For this purpose, one ingredient of the binary
material was taken from the alkoxide origin whereas the other
precursor was from cheaper origin like metal nitrate (LR
grade). For spinel sol (code: G’) preparation, aluminium-sec-
butoxide and hydrous magnesium nitrate were used, whereas
for mullite sol (code: M), tetraethylorthosilicate (TEOS) and
hydrous aluminum nitrate were taken. The evolution of mullite
and spinel crystalline phases has been identified by infrared
(IR) and X-ray diffraction (XRD) studies at increasing
temperatures. The differential thermal analysis (DTA) of both
the gels was examined to substantiate the respective XRD
patterns. The dynamic light scattering (DLS) of both the sols
were done to understand the particle size of coating over the
graphite surface. Dynamic light scattering of sols were carried
out in Malvern instrument (DTS Ver. 5.00), MAL 1010871 and
Model BI 200 SM-Goniometer (Ver. 2.0), MELLES GRIOT
HeNe-LASER Terbo-Corr Correlator. Differential thermal
analysis was done in Shimadzu DT-40 and Netzsch models
in air at a rate of 10 °C/min.

Refractory grade natural flaky graphite powder (Fig. la)
having 92% fixed carbon, 6% ash content, 2% volatile matter

and particle size below 200 wm has been selected for this
investigation. The powder was subjected to XRD phase analysis
using a ‘Philips Analytical Instrument’ with a Ni-filtered Cu Ko
radiation at 40 kV/20 mA. For microstructural studies, scan-
ning electron microscopy (SEM with EDS) experiment was
conducted with the instruments/models JEOL JSM 5200 and
Hitachi S-3400N.

Using a REMI Magnetic Stirrer, 200 g of supplied graphite
was very slowly mixed to the precursor sol, gradually
increasing the speed to 2000 rpm. The quantity of both mullite
and spinel coating was equivalent to 1.7 wt.% and the mixing
operation was carried out in 1 h. The washed slurry of coated
graphite was aged in air at room temperature for 24 h and dried
in vacuum oven at 110 °C for another 24 h. The mass was then
calcined to 600 °C at a moderately fast heating rate and soaked
for 24 h. After normal cooling, coated graphite was sieved to
requisite fineness (Fig. 1b, done in Malvern Mastersizer E.Ver.
1.2b model) for application in a refractory composite. Spinel
coated graphite and mullite coated graphite were named
respectively as G'C and MC. The characteristics of these coated
graphites along with the uncoated one were compared by XRD,
IR, oxidation resistance and water-wettability (i.e., moisture-
retention) test. Examination of the calcined coatings formed on
graphite surface was conducted also by SEM supplemented
with energy dispersive analysis (EDS).

Oxidation resistance test of the as-received graphite was
performed at 600, 900 and 1200 °C by taking 5 g sample in each
case, heating them at 10 °C/min and holding for 1 h. After
natural cooling the weight loss at each temperature was
measured to calculate the oxidation ratio (%) [2]. The water-
wettability of graphite was examined by the ‘Pressure Plate
Extractor (5 bar)’ apparatus of ‘Soil Moisture Equipment
Corporation’, USA. The principle of this test was similar to that
applied for determining the water holding characteristics of
soil-water system [14].

The root cause of the betterment of spinel coating, i.e.,
evolution of superfine boehmite (i.e., precursor of nanostruc-
tured y-Al,O3) at 300 °C from the respective sol has been
confirmed by XRD studies. In this regard the particle size
distributions of boehmite sol and SEM (with EDS) of both the
dried (200 °C) and calcined (1400 °C) gels have also been
performed.

3. Results and discussion

The XRD pattern of the as-received graphite showed the
characteristic peak at around 27° and 55° [10]. The SEM
micrograph in Fig. la shows its grains varying mostly in
between 20 and 100 wm and they are agglomerated.

Fig. 2(a and b) shows the particle size distribution of mullite
and spinel forming sols, respectively. It is clear that the hybrid
aquo-polymeric composite units are finer in the spinel sol.
Although some nanodimensional particles exist in the mullite
sol, the average size distribution of the spinel is on the finer
side. It may be anticipated then that the evolution of the spinel
with thermal treatment would be easier from the spinel
precursor. Fig. 2(c and d) shows the DTA analyses of
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Fig. 1. (a) SEM micrograph of as-received graphite and (b) particle size
distribution of coated graphites for refractory application.
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respectively mullite and spinel gel fines. Fig. 2c shows the large
endotherm above 150 °C due to release of chemically bonded
water whereas the expulsion of physically held water starts at
much lower temperature. The small endotherm nearby 260—
280 °C may be due to melting of ammonium nitrate. The
literature suggests [15] that the exotherm nearby 365-390 °C
can be due to the bond formation between Al,O5 and SiO,. The
sharp exotherm at 964 °C may indicate the transformation of
predominantly monophasic gel to either tetragonal or cubic
mullite. In that case the small exotherm at 1235 °C is due to
orthorhombic mullite formation. Fig. 2d shows a broad
endotherm at ~90 °C due possibly to the loss of adsorbed
water and removal of other volatiles. The small exotherm at
~285 °C can be due to the decomposition of nitrates. The broad
exotherm nearby 350 °C would definitely be due to the
oxidation of organic compounds (e.g. butanoic acid) together
with the decomposition of hydroxides. The TG curve (not
displayed) showed that ~60% weight loss takes place up to
600 °C, after which the weight loss is very low. From the
literature, it is known that the spinel phase is well crystallized
above 600 °C [16,17]. In some cases it has been found to be a
mixture of cubic and monoclinic spinel before 800 °C [18] after
which it is totally converted to cubic phase. The very small peak
nearly 870 °C may therefore indicate the complete conversion
of (spinel) cubic phase. So it may be suggested that y-Al,O3
and MgO phases start forming spinel at above 500 °C, however
the evolution of spinel is complete at ~870 °C. Fig. 3(a and b)
shows the evolution of crystalline phases in mullite and spinel
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Fig. 2. (a and b) Particle size distribution of respectively mullite and spinel forming sols. (c and d) DTA analyses of respectively mullite and spinel gels.
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Fig. 3. (a and b) Evolution of the crystalline phases respectively in mullite (600,1000, 1200, 1400 °C) and spinel gels (600, 900, 1100, 1400 °C) with increasing
temperature. (c and d) IR patterns of respectively spinel and mullite gels calcined at 900 °C.

fines with increasing calcination temperature, respectively. In
Fig. 3a, the XRD traces of mullite infer that it is poorly
crystalline even at 1000 °C, whereas at 1200 °C and above, the
orthorhombic mullite phases become prominent. It is interest-
ing that although the mullite synthesis route resembles co-
precipitation [15], yet the finer scale mixing of the constituents
turns some part of gel to be a monophasic one. It may be noted
from Fig. 3b that the spinel phase is well crystallized at 900 °C.
From the intensities of (3 1 1), (4 0 0) and (4 4 0) planes [19], it
may be suggested that from 600 °C onwards microcrystalline
Mg-doped v-Al,O5 phases topochemically convert to spinel
crystallites. In Fig. 3c, the IR pattern of spinel fine calcined at

900 °C clearly reveal the strong Mg—O-Al linkage at 700 and
530 cm ™', confirming the spinel (MgAl,O4) evolution. In
Fig. 3d, the IR pattern of mullite gel calcined at 900 °C shows
the formation of Si—O-—Al linkage pertaining to the band at
1045 cm~'. However the bands at 3437, 1645 and 739 cm”!
suggest that a lot of silanol groups, Al-O linkage, water and
ethanol are still present in the calcined gel. All these conclude
the amorphous and diphasic nature of the aluminosilicate
powder. In that case the corresponding DTA peaks at above
900 °C (Fig. 2c¢) may be assigned to y-Al,O5 formation and that
at 1235 °C due to mullite formation. Therefore, for spinel
coating, the evolution of Mg-doped y-Al,O3 over graphite may
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be expected after heat treatment at 600 °C; but for mullite
coating the Si—~O—Al linkage has been formed well although the
coating remains amorphous.

Fig. 4(a and b) shows the IR patterns of as-received, spinel
coated (G'C) and mullite coated graphite (MC). In Fig. 4b
bands at 3438 and 1650 cm ™' confirm the association of more
(OH) groups in coated graphites compared to as-received
graphite (Fig. 4a). These two peaks, if carefully noted, reveal
that spinel coating is associated with more hydrophilic (OH)
groups than mullite. At the same time the sharp hydrophobic
band at ~770 cm ™' (i.e., =C—H linkage) in uncoated graphite
has been significantly masked by the spinel coating. The Si—O-
Allinkage (1067 cm ') is clear in mullite coated graphite along
with the presence of hydrophobic linkage of graphite at
771 cm™'. As the spinel starts crystallizing from doped -
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Al,O5 (Fig. 4c, band at 720 em™ 1Y), it is evident that it
prominently reduces the hydrophobic character of graphite. As
v-Al,O3 behaves inherently as a strong Lewis acid [20], it can
readily adsorb polar molecules to improve the water affinity of
the coating. The betterment of spinel coating is also due to the
presence of defects, which at 600 °C, may intercalate with the
graphite structure [10].

Table 1 shows the oxidation ratio of two types of coated
graphite after oxidation at 600, 900 and 1200 °C. It is clear that
both the coatings improve the oxidation resistance of graphite
to a large extent. Between these two, with increasing
temperature, obviously the performance of spinel coating is
better as the contact between graphite and atmospheric oxygen
is inhibited effectively by the corresponding stable crystalline
structure. At 600 °C, mullite performs slight better might be
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Fig. 4. IR patterns of (a) as-received graphite, (b) spinel gel calcined at 600 °C (code: G'6), (c) spinel coated (G'C) and mullite coated graphite (MC) and (d) XRD

pattern of spinel coated graphite (G'C).
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Table 1
Oxidation resistances of coated and uncoated graphites.

Temperature (°C) Oxidation ratio of graphite (%)

Uncoated Spinel Mullite
coated (G'C) coated (MC)
600 12.0 5.0 72
900 30.0 7.5 10.6
1200 38.0 22 29.7

due to onset of crystallization of fine gamma alumina in the
diphasic gel.

Fig. 4d shows the XRD of G’C, spinel coated graphite, which
indicates that very fine spinel crystallites have been generated
over the graphite flakes. They should be better represented as
Mg-doped +y-Al,O5; (generated from Mg-doped boehmite)
which in due course of heating completely crystallizes
topochemically to MgAl,O,4 phase [21]. The XRD report of
MC (not displayed in this report), however, does not show any
crystalline mullite phase for obvious reason.

Fig. 5(a and b) shows the SEM (with EDS) pattern of
respectively mullite and spinel coated graphite. Both the
compositions qualitatively show the presence of respectively
(Si, Al) and (Mg, Al) elements with oxygen over the graphite
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Fig. 5. (a and b) SEM (with EDS) micrographs of respectively mullite and
spinel coated graphite flakes.

surface. The stoichiometry of spinel was closer to the
theoretical than the mullite, might be due to the earlier
crystallization in spinel forming sol. The tendency of mullite
deposition at the border of the flakes was more prominent. The
spinel coating being very thin and more uniform than mullite,
the carbon underneath is also visible some in the respective
EDS plot.

The pressure plate apparatus test shows that at atmospheric
pressure, ~8.0% (w/w) and 5.0% (w/w) improvement occurs
respectively in the spinel and mullite coated materials,
respectively. It can be well advocated then that the
hydrophilicity and water holding properties considerably
increase after coating formation over graphite.

From this comparative study it is apparent that spinel coating
on graphite performs quite well and better than mullite. This
can be attributed to the precursor boehmite sol (derived from Al
sec-butoxide) utilized during spinel preparation. The boehmite
sol results in gamma alumina after heat treatment [22-24],
which inherently is a strong Lewis acid to absorb polar (water)
molecules readily. The particle size of the sol (Fig. 6a) lies
mostly in the nanometric range; it can easily generate
nanostructured lamellar phases of boehmite to yield superfine
v-Al,O5 crystallites after calcinations (Fig. 6b). The spinel
phase prepared from this sol can easily grow up over the
template of nanocrystalline y-Al,O; phases (already generated)
by fast diffusion of Mg** ions in it. A large amount of interfacial
area would thus be generated over graphite through which the
defects of spinel could intercalate with the graphite substrate
underneath [25]. In the microstructure of the boehmite derived
spinel gel dried and calcined at respectively 200 and 1400 °C
(Fig. 6¢ and d), it is observed that in the former, the microrelicts
(EDS done at three regions) qualitatively retains the 2:1
stoichiometry of Al:Mg. The cracks and voids between the
relicts of dried gel might have appeared due to the capillary
stress during shrinkage and removal of volatiles. The
microrelicts formed throughout the gel (Fig. 6c¢) still contain
some amount of fugitives. Such precision in composition has
been achieved due to the atomic scale mixing of the ingredients.
On subsequent calcination those microrelicts yield defective
nanocrystalline spinel with crystallite size below 30 nm. In our
last publication [26], it has been documented that y-Al,O3 with
incipent defective normal spinel character, is an important
intermediate in this topochemical spinel forming reaction.
Fig. 6d shows the microstructure of the same spinel calcined at
1400 °C. It has been corroborated (from the EDS plot taken at
several regions) that the heated spinel retains the same (1:1)
ratio between MgO and Al,O3;. Hence the integrity of the
coating could be retained by this cost effective spinel sol. At the
same time, as the spinel phase crystallizes earlier than the
mullite phase, the crystalline defects present in spinel coating
would interact efficiently and earlier with the graphite structure
to bond strongly over the substrate. The XPS study of the G'C
gel also qualitatively confirm the 2:1 stoichiometry of Al:Mg
over the graphite surface[10]. In this context the higher volume
expansion of spinel must be considered to be an advantage to
render compaction and compatibility with graphite coating; the
unique feature of in situ spinel formation via sol gel route
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Fig. 6. (a) Particle size distribution of the boehmite sol utilized for spinel synthesis, (b) XRD pattern of nanosized y-Al,O3 precursor on heating boehmite at 300 °C
and (c) and (d) micrographs of the boehmite derived spinel gel heat treated respectively at 200 and 1400 °C.

therefore, can be helpful as it expands to reduce the void space
in between the refractory and graphite [27].

4. Conclusions
It may be concluded that:

(1) Evolution of crystalline spinel occurs at much lower
temperature (600 °C) than mullite (above 1200 °C) from the
respective hybrid sols.

(2) The oxidation resistance of spinel coated graphite at 600,
900 and 1200 °C was improved respectively to 5.0%, 7.5%
and 22.0% and that of mullite coated graphite to 7.3%,
10.6% and 29.7%, both of which are better than as-received
graphite 12.0%, 30.0% and 38.0%. The moisture-retention
test inferred that water-wettability in spinel and mullite
coated graphite have been increased respectively 8.0% and
5.0%.

(3) The improvement of spinel coating and its evolution on
graphite lies mainly on the nanostructured gamma alumina
formation from the precursor boehmite gel with high
surface area.
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