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bstract

he formation of CoAl2O4–mullite composites from diphasic sol–gel precursors with 3:2 mullite composition doped with 1, 2 and 3 at.% Co2+

as studied by differential scanning calorimetry (DSC), X-ray diffraction and Rietveld structure refinement. The course of thermal reactions
s dominated by the intermediate formation of two faint crystallized phases having different composition and activation energies. The for-

er phase with smaller activation energy (822 kJ mol−1) is attributed to cobalt-containing spinel structure and the latter with larger activation
nergy (about 1200 kJ mol−1) to Al–Si spinel. With temperature increase Co-containing spinel transforms progressively in CoAl2O4, while

l–Si spinel forms mullite above 1100 ◦C. Mullite lattice parameters, Rietveld refinement data and the CoAl2O4/Co2+ ratio in annealed sam-
les points out that the majority of cobalt is incorporated in CoAl2O4 and only about 0.6 at.% enters mullite structure or the glassy phase, or
oth.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The high strength at high temperature, low thermal expansion
nd outstanding chemical stability make mullite, 3Al2O3·2SiO2,
n attractive ceramic material for advanced applications.1

ecently, variety of mullite matrix composites have been inten-
ively studied, some of them yielding improved mechani-
al properties. Chemical routes for the synthesis of mullite-
omposites are proving to be highly efficient and versatile
n tailoring the elemental combination and intrinsic proper-
ies of the composites. Depending on the starting materials
nd methods applied, the synthesized precursors have differ-
nt properties, which in turn affect the resulting properties of
he ceramics. A wide variety of transition metals enter the

ullite structure. Schneider et al.2 have performed a system-
tic study in order to determine the solubility limit of various
ransition metal ions, as well as, the location of correspond-

ng cations in the structure. The solubility limit depends on
adii and oxidation states of the transition metal ions. Triva-
ent cations with ionic radii close to that of Al3+ can readily be
ncorporated in mullite structure. As shown recently3–5 divalent

∗ Corresponding author. Tel.: +385 1 4597 219; fax: +385 1 4597 250.
E-mail address: etkalcec@fkit.hr (E. Tkalcec).
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ations (Me) with larger ionic radii rather react with alumina
orming MeAl2O4 than enter to mullite structure. Spinels con-
aining transition metal ions can act as efficient catalysts in
arious heterogeneous chemical processes, or selective oxida-
ion and reduction agents of several organic molecules. Most
ransition metal oxides form the same type of spinel phase with
lumina. Cobalt aluminate, CoAl2O4, with the normal spinel
tructure has been known since ancient times as ceramic pigment
nd has often attracted the attention of researchers.6 Recently
anosized CoAl2O4 and Al2O3–CoAl2O4 s.s. spinels by sol–gel
ethod were prepared.7 So, it appeared interesting to see the

nfluence of Co2+ on the crystallization scheme of mullite in
iphasic gels where Al–Si spinel is forming as an intermediate
hase.

The aim of the work was to study the thermal evolution
nd kinetics of in situ formed CoAl2O4–mullite composites by
ol–gel synthesis. Diphasic gels in which 1, 2 and 3 at.% of alu-
inum is substituted by Co2+ cation were prepared by mixing

itrate solutions with tetraetoxysilane (TEOS). The structural
volution with temperature has been studied by differential scan-
ing calorimetry (DSC) and X-ray diffraction (XRD) analysis

nd Rietveld structure refinement. The microstructure and mor-
hology of formed CoAl2O4–mullite composites were inves-
igated by scanning electron microscopy (SEM) and energy
ispersive X-ray spectrometry (EDXS).

mailto:etkalcec@fkit.hr
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.127
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Fig. 1. DSC scans of (a) dried gels (120 ◦C

. Experimental procedure

.1. Gel preparations

Non-doped diphasic gel with 3Al2O3·SiO2 (nominal) com-
osition and gels doped with 1, 2 and 3 at.% Co2+ (intro-
uced on account of Al3+) were prepared by dissolving nitrates,
l(NO3)3·9H2O and Co(NO3)2·6H2O in water, and by mix-

ng nitrate solutions with tetraetoxysilane (TEOS) dissolved in
thanol. TEOS solution was added dropwise under vigorous stir-
ing. The mixture was stirred under reflux conditions at 60 ◦C
or 8 days. The gels were dried at 120 ◦C for 72 h, ground and
ieved. For further analyses powders with particle size <63 �m
ere used. Two sets of gels were prepared: dried and calcined.
ried gels were denoted as Cod1, Cod2 and Cod3, whereas gels

alcined at 700 ◦C for 2 h as Co1, Co2 and Co3 samples.

.2. Methods

Differential scanning calorimetry (DSC) was performed on a
etzsch STA 404 Simultaneous Thermal Analyzer used in DSC
ode. Pt pans and corundum as a standard were used. In order

o assign the exothermic peaks on DSC scan to each individual
rystalline phase, DSC analysis was performed at the rate of
0 K min−1. The analysis was stopped successively at higher
emperature, the sample was quenched and analyzed by X-ray
iffraction analysis (XRD). For the purpose of evaluation the
rystallization kinetic parameters, DSC analysis was performed
t five different heating rates (5, 7 10, 15 and 20 K min−1). The
ctivation energy of crystallization is calculated using Kissinger
quation8:

n

(
β

T 2
p

)
= − Ea

RTp
+ C (1)
here β is the heating rate (K min−1), Ea the activation energy of
rystallization (kJ mol−1), R the gas constant, Tp the exothermic
eak temperature K and C is a constant.

r
g
a
m

2 h) and (b) calcined gels (700 ◦C for 2 h).

Computer controlled diffractometer Siemens D 500/PSC
ith Cu K� radiation, with quartz single crystal monochromator

nd a curved position sensitive detector was used for XRD anal-
sis. Data were collected between 5◦ and 70◦ 2θ in a step scan
ode with steps of 0.02◦ and counting time of 3 s. For the pur-

ose of the Rietveld structure refinement,9 the XRD data were
ollected on diffractometer (Philips PW1710) in the range from
0◦ to 100◦ 2θ (Cu K�) in steps of 0.02◦ and fixed counting
ime of 10 s per step. Rietveld structure refinement was carried
ut on XRD patterns of samples heat treated at 1600 ◦C for
h using Topas 2.1 program.10 The structural models for mul-

ite, CoAl2O4 and corundum were based on the data reported in
eferences.11–13 The refinement started in the space group Pbam
ith mullite structure without cobalt incorporation.11 For the

ase of Co2+ incorporated into mullite, cobalt atoms replaced
fraction of Al atoms at 2a octahedral site. The morphology

f sintered samples were examined using scanning electron
icroscopy (SEM) and energy dispersive X-ray spectroscopy

EDX) (JEOL, JSM 6400F).

. Results

.1. Differential scanning calorimetry and activation
nergy determination

DSC scans of dried and calcined gels are given in Fig. 1. Dry
els exhibited two exothermic peaks, p1 and p2, in temperature
ange of spinel crystallization (900–1000 ◦C) and one peak in
emperature range of mullite crystallization (1200–1300 ◦C). In
alcined samples, however, two peaks corresponding to spinel
rystallization are overlapped, as shown in Fig. 1b. The tem-
eratures of spinel and mullite crystallization for both sets of
amples are given in Table 1. As the peak p1 increases with the
ncrease of cobalt doping level, it is obvious that the first peak is

elated to a cobalt containing phase. On the other hand, calcined
els (Fig. 1b) exhibited only overlapping peaks in the temper-
ture range of spinel crystallization and the peak attributed to
ullite crystallization was enlarged in comparison to dried sam-
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Table 1
Effect of Co2+ on temperature of spinel and mullite crystallization (Tp) deter-
mined by DSC analysis (heating rate 10 K m−1)

Sample
notation

Thermal
treatment

Co2+ doped
level (at.%)

Tp (◦C)

Spinel Mullite

Co0 Calcined 0 977 1247
Cod1 Dried 939; 980 1244
Co1 Calcined 1 980 1228
Cod2 Dried 901; 963 1216
Co2 Calcined 2 963 1203
Cod3 Dried 905; 953 1222
Co3 Calcined 3 955 1189

Gels marked as Cod1, Cod2 and Cod3 are dried at 120 ◦C for 72 h, and gels
marked as Co1, Co2, Co3 were subsequently annealed at 700 ◦C for 2 h.
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Fig. 2. (a) Kissinger plots for spinel peak p2 for samples Cod1, Cod2 and Cod3 and f
Co2 and Co3. (c) Kissinger plots for overlapped spinel peak; samples Co1, Co2 and
Ceramic Society 27 (2007) 951–958 953

le’s scans. Therefore, for the evaluation of the activation energy
or spinel crystallization, the DSC scans of dried gels were used.
or the evaluation of the activation energy of mullite crystalliza-

ion, DSC scans of calcined samples were used, as in those scans
ullite peaks are better defined. The Kissinger plots8 [ln(β/T 2

p )
ersus 1/Tp] for spinel peaks p1 and p2 are shown in Fig. 2a and
hose for mullite in calcined samples in Fig. 2b. The activation
nergies were calculated from the slopes of the linear fits to the
xperimental data using Eq. (1) and are presented in Table 2. As
he spinel peaks p1 on DSC scans of Cod1 and Cod2 samples
nd mullite peaks on DSC scans of all three dried gels are weak
nd broad, allowing only approximate determination of Tp, they
ere not used for the kinetics evaluation. The overlapped spinel
eaks on DSC scans of calcined samples were also not suitable

or the determination of kinetics parameters, as seen in Fig. 2c.

or spinel peak p1 for Cod3. (b) Kissinger plots for mullite peak; samples Co1,
Co3.
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Table 2
Activation energies of spinel and mullite crystallization

Sample Ea (kJ mol−1)

Spinel Mullite

Peak p1 Peak p2

Cod1 Broada 1232 ± 45 Broada

Cod2 Broada 1192 ± 15 Broada

Cod3 822 ± 64 1173 ± 15 Broada

Co1 Overlappedb 1175 ± 17
Co2 Overlappedb 971 ± 39
Co3 Overlappedb 939 ± 15
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a Due to broad and weak peaks Tp could not be accurately determined.
b Due to overlapping of peaks the plot ln(β/T 2

p ) vs. 1/Tp is not linear (see
ig. 2b).

.2. X-ray diffraction and Rietveld structure refinement

In order to assign the DSC exothermic events, the heating
n DSC apparatus was stopped after each exothermic peak,
he specimen was quenched and submitted to X-ray diffraction
nalysis. XRD patterns of quenched specimens for non-doped
ample are shown in Fig. 3. The temperatures at which DSC
uns were stopped and the samples subsequently quenched and
erformed to X-ray diffraction analysis are given in the picture.
road Al–Si spinel lines are seen in the specimen quenched at
76 ◦C, whereas mullite lines occur in the pattern of specimen
uenched from 1255 ◦C. At 1350 ◦C only mullite was observed.

XRD patterns of sample doped with 3 at.% Co2+ treated to
ifferent temperatures are given in Fig. 4. For the specimen
uenched from 951 ◦C (after the first exothermic peak on DSC
can) only broadened lines of spinel are observed. As the spinel
ines on XRD pattern were broadened, it is difficult to attribute

hem to any of the particular two spinel phases assumed on the
asis of DSC data. Both phases: Al–Si spinel and CoAl2O4 have
pinel structure, discerned only by a fact that Al–Si spinel has
defect spinel structure,14 whereas CoAl2O4 has normal spinel

ig. 3. X-ray diffraction patterns of non-doped calcined sample quenched in
SC at temperatures given in the picture. �-Al–Si spinel. Mullite lines are not
arked.
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ig. 4. X-ray diffraction patterns of Co3 (3 at.% Co2+) sample quenched in DSC
t temperatures given in the picture. Lines of CoAl2O4–Al2O3 solid solution are
arked with arrows. c-�-Al2O3 (corundum).

tructure and is characterized by well defined sharp lines. Even
he prolonged heat treatment at 900 ◦C (not shown here) did
ot resolve the above problem. Only after the reaction of Al–Si
pinel with amorphous silica and formation of mullite at about
200 ◦C, solid solution of CoAl2O4–Al2O3 (a = 8.032(5) nm)
as determined with certainty. It is interesting to mention that

t 1350 ◦C powder is partially sintered and SEM micrograph and
DX analysis (Fig. 5) show that in the grains separated from the
atrix; cobalt, aluminum and oxygen dominated, whereas in the

intered matrix alumina and silica dominate.
Diffraction patterns between 10◦ and 100◦ 2θ of annealed

amples with silicon as a standard were used for determination of
ullite and CoAl2O4 unit cell parameters. Obtained values were

han used as input data in Rietveld refinement. XRD patterns
etween 10–45◦ 2θ of annealed samples are shown in Fig. 6.
efined lattice parameters for mullite and CoAl2O4 are shown

n Fig. 7. Rietveld output of X-ray powder pattern data for Co3
ample is given in Fig. 8, as an example. In the case of cobalt
oped samples, refinement was started using mullite structure
odel,11 in which 2a octaehedral sites were occupied by both

toms (aluminium an cobalt) under the constraints that full occu-
ancy of the site is equal 1. Results of quantitative analyses
nd details of Rietveld refinement for Co0, Co1, Co2 and Co3
amples are summarized in Table 3. The effect of the cobalt to
efinement was negligible; no smaller Rwp factors were obtained.
atio between CoAl2O4 quantity found in annealed samples and
o2+ doping level in gels is shown in Fig. 9.

. Discussion

.1. DSC analysis and determination of activation energy

or crystallization of spinels and mullite

As shown in Fig. 1 dried gels exhibited two exothermic
vents in the temperature range of spinel crystallization; the
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Fig. 5. SEM micrograph (a) and EDX analy

rst peak is increased with the increase of cobalt content in
he gels. It was reported7 that solid solutions of �-Al2O3 and

oAl2O4 can be prepared by sol–gel technique, and some initial
rystallinity of spinel-type structure can appear from 250 ◦C
pward. Therefore, it can be supposed that during the DSC
un of dried gels, and after the nitrate decomposition, �-Al2O3

ig. 6. XRD patterns of Co1, Co2 and Co3 samples annealed at 1600 ◦C for 2 h.
12, 110 and 113 lines of �-Al2O3 (corundum) are marked as c (other corundum
ines in the range of 30–45◦ are overlapped with mullite lines or to small and are
ot marked). The 111, 220 and 400 lines of CoAl2O4 are marked with arrows.
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) of sample partially sintered and 1350 ◦C.

ith some cobalt incorporated in the structure crystallizes first,
ollowed by Al–Si spinel. The two different exothermic events
bserved are most likely the result of phase separation, which is
nlarged in comparison with non-doped samples due to cobalt
ncorporation in the system. Studying the spinel crystallization
n Ni-doped diphasic gels with mullite composition15 we also
ound two individual spinel peaks and lower activation energy
f crystallization for the first spinel phase (Ea1) than for the

econd spinel (Ea2). The Ea1 and Ea2 in Cod3 diphasic pre-
ullite gel were found to be 822 ± 64 and 1173 ± 15 kJ mol−1,

espectively (Table 2). To the best of our knowledge we could

Fig. 7. Mullite and CoAl2O4 unit cell parameters vs. Co2+ content.
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Fig. 8. Rietveld output of X-ray powder pattern of Co3 sample heat-treated at 1600 ◦C
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xperimental data. The difference between experimental and fitted pattern is sh
he position of Bragg reflections for mullite, CoAl2O4 and corundum.

ot find data for the activation energy of crystallization for
oAl2O4 or solid solutions of CoAl2O4–Al2O3. On the other
and, the activation energy for Al–Si spinel crystallization (Ea2)
s in accordance with that found for Al–Si spinel crystallization
n non-doped diphasic gels.16

The overlapping of two spinel peaks occurs due to
omogenization of the calcined gels, as seen in Fig. 1b. Two
ompositionally different phases have different kinetics of
rystallization. Therefore, at different heating rates the degree
f overlapping for corresponding exothermic peaks is different,
ausing irregular shift of apparent Tp with the heating rate.
onsequently, the ln(β/T 2

p ) value is also shifted non-linearly
ith the reciprocal temperature (as seen in Fig. 2c), which
isables the application of Kissinger method to overlapped
pinel scans of calcined samples. Studying the devitrification
inetics of quenched mullite beads, Johnson et al.17 have
bserved two overlapping mullite exothermic events and the

hift in dominance one of them dependent on the heating rate
f DSC run. The same phenomenon could occur by spinel
rystallization too. Activation energy for mullite crystallization
as evaluated on calcined samples, since they contained smaller

able 3
esults for quantitative analyses (wt.%) and details of Rietveld refinement for sampl

Co0 Co1

oping level (at.%) 0 1

eliability factors (%)
Rp 9.36 7.65 (7.55
Rwp 12.31 10.37 (10.3
Rexp 5.61 5.29 (5.26
ullite 94.2 88.5 (88.8)
orundum (�-Al2O3) 5.8 10.3 (10.3)
oAl2O4 – 0.8 (0.8)

umbers in parentheses correspond to fitting data assuming no cobalt incorporation i

i
A
i
a

Ceramic Society 27 (2007) 951–958

for 2 h. The solid line is the best-fit profile, and dots superimposed on it are the
nder the diffraction pattern. Line markers on the bottom of the figure indicate

mount of volatiles (lower mass loss), and mullite peaks are
ore pronounced; consequently more precise Tp values can be

etermined.

.2. X-ray analysis and Rietveld structure refinement

XRD patterns of non-doped and cobalt doped samples are
like up to ∼1200 ◦C (Figs. 3 and 4). They exhibit broad peaks
hat can be attributed to slight crystalline spinel-type structure,
ut the incorporation of Co2+ in the first spinel phase cannot be
onfirmed by XRD. Recently, nanocrystaline CoAl2O4 at about
00 ◦C was obtained by sol–gel method7 using Co(NO3)2·4H2O
nd Al(NO3)3·9H2O as precursors. The same authors proposed
everal steps of CoAl2O4 formation: transformation of precur-
ors in amorphous phase with spinel composition, nucleation of
rystalline cobalt aluminate in the amorphous matrix and grain
rowth of CoAl2O4 by solid-state reaction. We propose the sim-
es Co0, Co1, Co2 and Co3 heated at 1600 ◦C for 2 h

Co2 Co3

2 3

) 7.72 (7.73) 8.22 (8.21)
3) 10.45 (10.46) 11.04 (11.02)
) 5.28 (5.28) 5.51 (5.51)

93.3 (93.8) 88.4 (88.4)
3.8 (3.4) 5.8 (5.8)
2.9 (2.9) 5.8 (5.8)

n mullite structure.

lar mechanism for crystallization of cobalt aluminate in the
l2O3–SiO2 system studied in this work, but with some mod-

fications. The mullite formation mechanism in stoichiometric
nd undoped diphasic mullite gels (using TEOS and aluminum
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ig. 9. The amount of CoAl2O4 in annealed samples vs. Co2+ content in gels.

itrate) has been already proposed.18 Al–Si spinel (solid solution
f �-Al2O3 and silica) is the first crystalline phase in dipha-
ic non-doped gels with mullite composition. It is a metastable
hase and reacts with SiO2-rich amorphous phase to form mul-
ite above 1200 ◦C (Fig. 3). In the doped samples, however, the
rst faint crystalline phase is �-Al2O3 with cobalt incorpora-

ion. Its formation shifts the Al–Si spinel crystallization to lower
emperatures. Consequently, the reaction of Al–Si spinel with
ilica-rich amorphous phase producing mullite occurs below
200 ◦C (Fig. 4). Cobalt-containing �-Al2O3 transforms pro-
ressively (forming CoAl2O4-solid solution with different unit
ell parameters) in CoAl2O4 at 1600 ◦C.

Described path leads to morphology showed in SEM micro-
raph (Fig. 5a). According to EDX analysis (Fig. 5b) coarse
rains separated from the matrix are rich in cobalt while the
intered matrix has mullite composition.

The refined mullite lattice parameters obtained (Fig. 7) are
imilar for all doped mullite samples regardless of Co2+ quan-
ity. However, a-axis of mullite in cobalt doped samples is
ignificantly greater than a-axis of mullite in undoped sample
ccording to literature data19 it could be expected that Co2+

ionic radius of 0.75 Å) substituted for Al3+(ionic radius of
.53 Å) in the AlO6 octahedra of the mullite structure would
ncrease the mullite c-axis. However, that is not the case. Mul-
ite in doped samples is characterized with larger a-axis than that
n undoped sample. It also has to be noticed that the reliability
actor Rwp is constant regardless whether in the mullite structure
odel Co2+ was located in M1 position of AlO6 octahedra or

ot (Table 3). From the relation between quantities of CoAl2O4
ound by Rietveld refinement in annealed samples and content of
obalt in the gels (Fig. 9) it can be estimated that about 0.6 at.%
o2+ does not crystallize as spinel. The question is whether it
s incorporated in mullite or in the glassy phase, which always
xists in small quantities in the system. If cobalt is incorporated
n mullite structure it is beyond the resolution of Rietveld refine-

ent method.

1

Ceramic Society 27 (2007) 951–958 957

. Conclusion

DSC analyses and the activation energy determinations for
pinel crystallization have shown that in Co-doped diphasic
els the phase separation is intensified in comparison to non-
oped amorphous precursors with mullite composition. Two
efect spinel phases crystallize, having different composition
nd activation energies. The former phase, with smaller activa-
ion energy is attributed to defect spinel structure with cobalt
ncorporation and the latter to Al–Si spinel.

Mullite lattice parameters and Rietveld structure refinements
f powder XRD data suggest that Co2+ could be incorporated in
ullite structure but in very small amounts affecting no change

f any of reliability factors which characterize a quality of fitting
esults.

The ratio of CoAl2O4 quantities in annealed mullite samples
at 1600 ◦C for 2 h) and total Co2+ content in gels points out that
he majority of cobalt crystallizes as CoAl2O4 and only about
.6 at.% remains in the system, entering mullite structure or the
lassy phase, or both.
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