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Abstract 

CoAl,04 spinel-mullite composites were prepared 
by double substitution of Al by Ti and Ni in stoi- 
chiometric 3:2 mullite. Gels with compositions 
3 (Alz_,,Co,TixO,) .2SiO, i/x = 0.025, 0~0.5 and 0.2) 
and 3(AlZ_,,M,0,).2Si0, (x = 0.05; M = Co’+ or 
Ti4’) were synthesized by sol-gel techniques. The 
structure of the gels was investigated by infra-red 
spectroscopy. Heating gels at 750°C produced an 
amorphous silicoaluminate network. The reaction 
sequence was investigated by d@erential thermal 
analysis, X-ray d@raction and ultraviolet-visible 
spectroscopy. All samples crystallized at tempera- 
tures lower than IOOO”C_from the amorphous state. 
Al-Si spine1 and/or CoAlJO were the jirst crys- 
talline phases detected, which appeared almost 
simultaneously. This finding indicated the important 
role played by Co2’ and Ti4’ in phase development 
and crystallization kinetics. even jbr compositions 
very close to the stoichiometric 3:2. The reaction 
sequence can understood by assuming that CoAl,O, 
spine1 was developed by epitaxial growth on Al-Si 
spinel. This fact permitted direct control of the final 
microstructure of the CoAl,O, spinel-mullite com- 
posite as revealed by scanning and transmission 
electron microscopies. 0 1996 Elsevier Science 
Limited. 

1 Introduction 

During the last decade much attention has been 
paid to mullite composites because they display 
interesting mechanical, thermal and optical prop- 
erties. The sol-gel technique has been shown to be 
a suitable approach for the preparation of novel 
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composites. Both colloidal and polymeric gels 
have allowed adequate microstructures for the 
required properties to be developed. Much recent 
work has focused on the development of mechanical 
properties;‘$2 however, several reports have 
demonstrated the usefulness of these techniques 
for obtaining composites with improved optical 
properties3 

Ceramic pigments are crystalline phases with 
good optical and chemical properties. Although some 
ceramic pigments fulfil the requirements of chemical 
inertness at low temperatures, on increasing tem- 
perature they react with glasses. For this reason it 
is interesting to protect the crystalline phase by 
developing suitable microstructures, which prevent 
further chemical attack. This approach has been 
successful in some pigmenting systems such as 
Fe@, and CdSe,,S,, in which the chromophore 
phase was encapsulated in a zircon structure. The 
optical and chemical characteristics of zircon are 
adequate to allow encapsulated crystalline phases 
to be developed, because the refractive index and 
chemical inertness to silicoaluminate glasses are 
optimum. 

Not many other crystalline or amorphous 
phases that can be developed as encapsulants have 
been reported. However, silicoaluminates like 
mullite can be considered for this role because its 
chemical and optical properties are remarkable. 
Furthermore, a significant point is the possibility 
to produce microstructures in which the chromo- 
phore particle may be included or protected by the 
inert crystalline phase during the reaction processes, 
as was recently evidenced for NiA1204 spine1 in 
mullite.4 

It was reported that faults produced by pig- 
ments were caused by different mechanisms, which 
range from the degree of pigmenting structure for- 
mation to the type and extent of the fluxing used. 
Cobalt-based pigments are particularly liable to 
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produce faults. It would be interesting, therefore, 
to increase the stability of that system without 
affecting its optical properties.5 

In this paper we report the synthesis and char- 
acterization of CoAl,O, spinel-mullite composites 
which withstand high temperatures and are resistant 
to melted silicoaluminate glazes, so that the former 
can be used as ceramic pigments at high tempera- 
tures. By means of a controlled reaction pathway 
we thought it would be possible to encapsulate 
CoA1,04 in a mullite matrix, allowing us to reach the 
above-mentioned requirements. Therefore we 
examine the crystallization pathway, focusing our 
attention on the reaction sequence. The microstruc- 
tural features and optical properties of the samples 
are discussed as well. 

2 Experimental Procedure 

2.1 Preparation of gel samples 
Gels with compositions 3(A1,,,Co,Ti,0,).2SiOZ, 
x = 0.025, 0.050 and 0.200 (hereafter denoted as 
samples A, B and C, respectively), and gels with 
nominal compositions 3(A1,_,M,03).2Si02, with 
M = Co, Ti and x = 0.05 (hereafter referred to as D 
and E, respectively), were prepared as previously 
reported for Ni and Ti doping cations. It is to be 
noted that, except for composition C, all the com- 
positions have Al,0,:Si02 molar ratios in the 
range from 2.6:2 to 6.3:2. This Al,O,:SiO, molar 
ratio range was claimed previously by Cameron to 
be the boundaries for continuous solid-solution 
range on the basis of numerous mullites prepared 
by a variety of methods.6 In fact, the stoichiomet- 
ric phase can be written out as [Al$‘I 
(Si,,~2+2.,)‘v0,,,, x being in the range from 0.17 to 
0.59, which corresponds to the above-mentioned 
boundaries for continuous solid solution found by 
Cameron. 

Gels were prepared using as starting chemicals 
tetraethylorthosilicate [TEOS; Si(OC,H,),], alu- 
minium tri-see-butylate [Al(OC,H,),] and titanium 
iso-propylate [Ti(OC,H,),], all from Merck & Co. 
(Darmstadt, Germany), and cobalt chloride from 
Fluka, by the following procedure. Stoichiometric 
amounts of A1(OC4H& and Ti(OC3H7)4 were dis- 
solved in 2-propanol (2-PrOH) by refluxing under 
nitrogen atmosphere and added to a prehydrolysed 
TEOS solution which contained the required 
amount of cobalt chloride. The TEOS:H,O molar 
ratio used in prehydrolysis was 1:2, which was 
performed at 40°C for 20 h. The resultant mixture 
with a molar ratio TEOS: 2-PrOH = 1:30 was 
refluxed at 70°C for 5 days, yielding a blue gel. 

The gels was first slowly dried by partially sealing 
a beaker containing the gel with a holed plastic 

film for several weeks, and then dried in an oven 
at 120°C. In order to obtain a glass precursor gel 
dried samples were preheated at 750°C for 3 h. 
The resulting gel-derived glasses were all violet in 
colour except for that from sample E, which was 
white. Glass powder was calcined at temperatures 
between 900 and 1400°C for 3 and 9 h, and at 
1400°C for different holding times. 

2.2 Characterization of samples 
The chemical and structural evolution of dried 
gels and crystalline specimens was examined using 
several techniques. 

Infra-red (IR) absorption spectra (model 882, 
Perkin-Elmer Ltd, Beaconsfield, UK) were obtained 
in the range 2000400 cm-’ using the KBr pellet 
method. 

Differential thermal analysis (DTA; model 
1700, Perkin-Elmer, Norwalk, CT, USA) and 
thermogravimetric analysis (model 7, Perkin-Elmer, 
Norwalk, CT, USA) were carried out in air with 
a-AlzOj liners, using a heating rate of 10°C min. 
Finely powdered alumina was used as reference 
substance. 

X-ray diffraction analysis (model D-500 
Siemens, Karlhruhe, Germany) was performed 
using graphite-monochromated Cu K, radiation. 
The diffractometer had two 1” divergence slits, a 
1” scatter slit, and a O-05” receiving slit. Eleven 
overlap-free reflections between 20” and 70” (28) 
were measured with a scanning speed of 0.12” 28 
mini using CaF, as internal standard. Determination 
of the lattice constants of mullite was made using 
LSQC and POWCAL programs. 

The microstructure of the as-prepared and ther- 
mally treated samples was examined by scanning 
electron microscopy (SEM) working at 20-30 kV 
(model S-2500, Hitachi Ltd, Tokyo, Japan). To 
check the quality of the observation, some of the 
samples were etched with dilute HF solution for 
10 s, and subsequently washed with H20. All 
specimens were coated with gold in an ion-beam 
coater. The morphology of dried gels and mullite 
particles was also examined using transmission 
electron microscopy (model H-800, Hitachi Ltd, 
Tokyo, Japan) at an accelerating voltage of 
200 kV. Samples were prepared by dispersing 
as-produced and calcined powders in absolute 
ethyl alcohol and setting dropwise on copper grids 
that had previously been coated with a holey, 
thin, carbon film. 

Ultraviolet-visible (UV-Vis) spectra of the speci- 
mens (model Lambda 9, Perk&Elmer, Norwalk, CT, 
USA) were acquired using the diffuse reflectance 
technique in order to examine the local structure 
of’the Co2+ cation. 
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Wavenumber (cm-l) 
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Fig. 1. IR absorption spectra of dried gels: (1) sample D, 
(2) sample A, (3) sample B and (4) sample C. 

3 Results and Discussion 

3.1 Gel synthesis and structural development of gel 
samples up to 750°C 
As-prepared gels with difIerent compositions were 
transparent and seemingly homogeneous. As 
expected, the blue colour became more and more 
intense as the Co content was raised and the 
Ti-containing gels were colourless. IR spectra of 
dried gels at 120°C are given in Fig. 1. The char- 
acteristic bands around 875 and 1020 cm-’ associ- 
ated with the %-O-Al bond are observed.7,8 These 
bands indicate the formation of a silicoaluminate 
network in the amorphous dried gels. The small 
absorption band at 940 cm-’ is attributed to the 
Si-0-Ti stretching vibration9 which implies the 
network former function of the Ti4+ ion in the 
gels. Differences in band intensity as a function of 
titanium content are nolt detectable owing to the 
small amount of titanium in the samples. 

In addition to those mentioned above, other 
bands are observed in the range from 500 to 800 
cm-’ which are associated with Al-O and Ti-0 
bonds, Al in tetrahedral and octahedral coordination 
and Ti in octahedral coordination. 

600 700 800 900 loo0 1100 1200 1300 

Temperature (“C) 

Fig. 2. DTA curves of gels heat-treated at 750°C for 3 h: 
(1) sample D, (2) sample E, (3) sample A, (4) sample B and 

(5) sample C. 

3.2 Crystallization of samples 
DTA heating curves of samples preheated at 
750°C are depicted in Fig. 2. Broadly speaking, these 
DTA curves are quite similar to those previously 
reported for Ti/Ni-mullite samples.” As can be seen, 
the exothermic effects occur at lower temperatures 
upon increasing x, i.e. the amount of substitution. 
A summary of crystalline phases detected after 
switching off the furnace at specific temperatures 
and cooling down is given in Table 1. 

The X-ray diffraction patterns of samples after the 
first exothermic effect allow us to associate the effect 
to the crystallization of Al-Si spine1 (also referred 
to as y-A&O, in the literature) and/or CoAl,O, 
spinel. As is well known, however, the gels heated 
past the sharp, first exotherm show a diffraction 
pattern of poorly crystalline Al-S1 spinel. That fact 
gives rise to some difficulty in determining whether 
CoAl,O, spine1 is present or not along with Al-S1 
spine1 at the first stage of crystallization. 

In contrast with the success in determining the 
formation of NiAl,O, spine1 with respect to Al-Si 
spine1 by UV-Vis spectroscopy in Ni and Ti-con- 
taining mullites, lo in this case with Ti and Co it 
has not been so clearly evidenced that formation 
of CoA1204 spine1 takes place after Al-Si spinel. 
UV-Vis spectra and X-ray diffraction patterns of 
samples heated at several temperatures and hold- 
ing times, before and after the exothermic effect, 
are depicted in Fig. 3. As can be seen, the charac- 
teristic spectrum of CoAl,O, spine1 is detected just 
when crystallization of Al-Si spine1 occurs. It can 
be assumed that CoAl,O, crystallizes after Al-Si 
spinel, which is understood if the former crys- 
talline phase grows epitaxially on the latter. This 
behaviour, previously reported by us in the Ni-Ti 
mullite system, is observed even in samples with 
lower x value, that is for compositions very close 
to the stoichiometric 3:2 mullite. 
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Table 1. Crystalline phases related to DTA exothennic peaks 

Sample After 1st 
exothermic peak 

Before 2nd 
exothermic peak 

After 2nd 
exothermic peak 

After 3rd 
exothermic peak 

After DTA curve 
(-1400°C) 

A” 

B 

Ch 

1015°C 
AIlSi spine1 + 

amorphous 

960°C 
AI/Si spine1 + 

amorphous 

910°C 
AllSi spine1 + 

amorphous 

D I 000”c 
AIlSi sninel + 

1 

amorphous 

1200°C 1400°C 
Mullite + CoAl,O, Mullite + CoA1,04 

(traces) (traces) 

1 2oo”c 1330°C 
Mullite + CoAl,O, Mullite + CoA120, 

1075°C 
Mullite + CoAl,O, 

+ rutile (traces) 

1130°C 
Al/Si sninel + 

1200°C 
Mullite + CoAI,O, 

+ rutile 

CoAi,O, + 
amorphous 

1200°C 
Mullite + CoAI,O, 

E 990°C 
Al/Si spine1 + 

amorphous 

1125% 
Al/S1 spine1 + 

mullite + 
amorphous 

“Only two exothermic peaks are observed. 
‘Four exothermic peaks are observed. 

First, it should be noted that the 3:2 mullite 
follows a different crystallization path.1’-‘3 It crys- 
tallizes directly and fully to mullite with a sharp 
and intense exothermic effect in DTA curves. 

2 3 

A 

550 650 750 8.50 

Wavelength (rim) 

10 20 30 40 50 60 70 

20 

Fig. 3. (A) UV-V spectra and (B) X-ray diffraction patterns 
of sample A fired at low temperatures: (1) 75OW3 h; 

(2) 995WO h; and (3) 995Wl h. 

1250°C 
Mullite + CoA1,04 

1400°C 
Mullite + CoAIZO, 
+ CoTiO, (traces) 

1350°C 
Mullite + CoAl,O, 

1180°C 
Mullite 

1365°C 
Mullite 

However, with the introduction of as little as 1.40 
and 1.31 wt% Ti02 and COO, respectively, only 
Al-Si spine1 forms during a similar but less intense 
exotherm without detecting any mullite. Spine1 
formation around 1000°C has been attributed to 
heterogeneous alumina-silica mixing. Thus, exper- 
imental conditions can lead to segregation of 
alumina and silica even in alkoxide-derived gels. 
Previously we have found spine1 as well as mullite 
after the exothermic effect at 1000°C in undoped 
Alz03-rich mullites prepared from alkoxides. This 
fact can result from the great difference in 
hydrolysis rates of silicon and aluminium alkoxides, 
which gives rise to segregation of alumina-silica. 
Even though partially hydrolysed TEOS is used, a 
small amount of crystallized spine1 is observed. It 
is noteworthy, however, that in our samples and 
with such small amounts of dopants as included 
for the specimen with x = 0.025, the thermal evo- 
lution is so strikingly different. The apparent dis- 
crepancy can be explained by taking into account 
that thermally produced changes depend on both 
kinetic and thermodynamic factors. Thus, if the 
growth kinetics are favourable, even a metastable 
phase is predicted thermodynamically if this phase 
is nucleated prior to a stable phase. In the present 
case, it is suggested that both cations (cobalt and 
titanium) facilitate the formation of alumina 
aggregates, i.e. segregation of alumina, which first 
transform to. r_A1,03 and then to Al-Si spinel. 

The mullite formation in the sample with the 
smaller amount of Co/Ti occurs without displaying 
any apparent thermal effect in the DTA curve. 
For specimens with a higher amount of Co and/or 
Ti, two exothermic effects are associated with 
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Table 2. Lattice parameters for doped mullites heated at 
1400°C for 96 h (sample C heated for 8 h) 

Sample a (A) c (A? 

A 7.5495 f 0@009 7.6923 f 0.0011 2.8868 f ON)04 
B 7.5531 f 0.0012 7.6971 ?r: OX)014 2.8899 f 0@006 
C 7.5578 + 0.0012 7,7009 f 0.0014 2.8918 f OXJO 
D 7.5432 f OWO7 7.6901 f OGOO8 2.8840 f OX)003 
E 7.5482 f 0.0012 7.6986 f 0.0014 2.8896 f OX@06 

JCPDS 15-776 7.5456 7.6898 2.8842 

mullite formation; except for the sample with x = 
0.2, in which a thermal effect is not observed. In 
addition, three exothermic and one endothermic 
effects are detected, the former being associated 
with rutile, cristobalite and CoTiO, respectively, 
and the latter with partial melting. 

X-ray diffraction patterns of samples heat- 
treated at several temperatures and holding times 
are generally consistent with the above path. For 
Co-containing samples calcined at 1400°C for 96 
h, only mullite and CoAl,O, spine1 are detected. A 
small content of CoTi03, however, is also detected 
for samples with a larger amount of Co/Ti cations. 

3.3 Lattice parameters and1 microstructure of samples 
Lattice parameters for samples doped with either 

Co or Ti and codoped with both are displayed in 
Table 2. Likewise, and for comparison purposes, 
reported values corresponding to the stoichio- 
metric 3:2 mullite have been included.” The 
unsubstituted reference mullite was prepared 
following a similar proce:dure to that used for the 
doped samples. As can be seen, the lattice para- 
meters show a slight increase with increasing 
amount of dopants. This fact can be understood if 
it is assumed that the increasing lattice parameter 
is caused by the replacement of aluminium by 

Fig. 4. SEM micrograph of sample A fired at 14OOW96 h; 
bar =: 1 pm. 

Fig. 5. SEM micrograph of sample B fired at 14OOW96 h; 
bar = 1 pm. 

titanium and/or nickel, even though a decrease 
will be produced in mullites becoming richer in 
SiOz. As is well known, the structure of mullite 
may be thought of as being derived from the dis- 
ordered sillimanite SiO,.Al,O,, by the exchange of 
A13+ for Si4+ and the removal of oxygen anions.14 
Thus, the stoichiometric phase may be written out 
as [Alt]V’(Si2_2.rA12+2x)1V010_x and it corresponds to 
a crystalline phase with variable composition, i.e. 
a solid solution. 

From the increasing lattice parameters it seems 
evident that the amount of dopants incorporated 
into the structure is increased. However, the actual 
mechanism of solid-solution formation is difficult 
to establish since there are several processes taking 
place simultaneously, such as aluminium replace- 
ment by titanium and cobalt, and silicon replace- 
ment by aluminium. A more complete study of 
solid solution ranges and mechanisms is currently 
in progress. 

Secondary electron images of samples obtained 
by SEM are displayed in Figs 4, 5 and 6, and 
reveal no homogeneity in size and shape of parti- 
cles. Three main types of particle may be distin- 
guished: the first type is formed by large, 
elongated, prismatic particles displaying irregular 
surface. Small polyhedric particles with edge 5 2 
pm belong to the second type. Also, small elon- 
gated particles with smooth surfaces can be distin- 
guished. These particle features indicate that 
possibly the Al,O,:SiO, molar ratio is different for 
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Fig. 6. SEM micrograph of sample D fired at 14OOW96 h; 
bar = 1 pm. 

each one, but in all cases the particles are richer in 
SiOz than 3:2. The occurrence of elongated parti- 
cles may be explained by the formation of mullites 
rich in Si02 that have been grown in the presence 
of a liquid phase.15q16 

Backscattered electron images of polished speci- 
mens are shown in Figs 7, 8 and 9. A matrix of 
dark contrast, which is composed mainly of Al and 
Si but also of Ti and Co, is detected. Some particles 
with lighter contrast are also seen inside the matrix, 
these displaying two kinds of composition: ones 
containing Al and Co, and the others (less numer- 
ous) having Co and Ti as main constituents with 
some Al. This result is consistent with that 
obtained by X-ray diffraction, where both 
CoAl,O, and CoTiO, were detected in the sample 
with the higher amount of dopant. 

3.4 UV-Vis spectroscopy of samples 
UV-Vis spectra of samples fired at 1400°C for 96 h 

Fig. 8. Backscattered SEM micrograph 
14OOW96 h. 

of sample C fired at 

are displayed in Fig. 10. It is well known that 
Co2+ is a cation with electronic configuration Cr, 
which in tetrahedral and octahedral coordination 
presents three bands allowed by spin and others 
that may be assigned to transitions forbidden by 
spin. I7 From crystallochemistry point of view 
CoAI,O, spine1 is normal,18 i.e. Co” is placed 
mainly in tetrahedral coordination. The full spec- 
trum displayed fits very well with some previously 
described by us for COAI,O,.‘~ However, for higher 
amount of dopants and at higher temperatures, 
strong absorption is displayed at higher energies, 
which is a specific characteristic of CoTiO,. 

4 Conclusions 

CoAl,O, spinel-mullite composite precursors 
were prepared by sol-gel techniques. Monophasic 
gels with nominal compositions 3(Alz_&o,- 
Ti,0,).2SiO,, 0.025 I x I 0.2, and 3(Al,-, 
M,0,).2Si02, x = 0.05 and M = Co2+ or Ti4+, were 
formed by hydrolysis and condensation of mixtures 

Fig. 7. Backscattered SEM micrograph of sample A fired at 
14OOW 96 h. 

Fig. 9. Backscattered SEM micrograph of sample D fired at 
14OOW96 h. 
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Fig. 10. UV-V spectra of samples fired at 14OO”C/96 h 
(CoA1204 fired at 1 lOO”C/2 h): (1) sample E, (2) sample D, (3) 

sample A, (4) sample B, (5) :sample C and (6) CoAl,O,. 

of aluminium, silicon and titanium alkoxides and 
cobalt chloride. 

Al-% spine1 was the first crystalline phase 
detected below 1000°C. The crystallization tem- 
perature was dependent on the nominal composi- 
tion of specimens. Almost simultaneously CoA120, 
spine1 was detected, but the reaction sequence was 
not so clearly evidenced as in NiA1,04 spinel- 
mullite systems. However, results were also consis- 
tent with an epitaxial growth mechanism of CoAl,O, 
spine1 onto Al-S1 spine1 phase. 

Secondary electron images for specimens also 
displayed the presence of mullite prismatic particles 
growing directionally and suggesting the presence 
of a liquid phase. The occurrence of particles with 
different composition to the matrix (or aggregates) 
was also confirmed by backscattered electron images. 
These inclusions were identified by energy dispersive 
X-ray analysis as CoA1204. 

The UV-Vis spectra of composites were observed 
to fit that of CoAl,O, in the visible region of the 
electromagnetic spectrum. 
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