
J0URNAL OF SOLID STATE CHEMISTRY 88, 419-428 (1990) 

Thermally Induced Chemical and Structural Changes in 
Alumina-Zirconia-Silica Gels during the Formation 
of Ceramic Composites1 

V. S. NAGARAJAN AND K. J. RAO’ 

Materials Research Centre, Indian Institute of Science, 
Bangalore 560 012, India 

Received April 20, 1990 

Ceramic composites have been prepared from the system A120j-Zr02-Si02 using the sol-gel tech- 
nique. The influence of catalyst acids and bases on the chemistry, structure, and morphology of the 
products obtained after heat treatment at various temperatures (800-1400°C) have been studied using 
powder X-ray diffractometry and transmission electron microscopy. Formation of compounds at 
higher temperatures have been shown to be related to the various acid-base reactions between the 
oxides and the catalyst acid or base in the sol. Formation of zircon (ZrSiOP) in the presence of mullite 
and by direct SiO*-ZrOz reactions in different compositions has been discussed. A new approach 
based on the molecular electronegativity differences of the component oxides has been made in order 
to rationalize the observed reactions. Partial charges on oxygen in various oxides have been evaluated 
using molecular electronegativities and are shown to be consistent both with well-known basicities of 
component oxides and the observed reactions. The importance of considering electronegativities in 
oxide reactions is emphasized. o 1990 Academic press, hc. 

Introduction 

It is well known that ZrOz imparts very 
desirable mechanical properties such as 
high toughness and strength when it is 
present in composite ceramics (Z-3). AllO3 
and SiOz are traditional ceramic materials 
of great utility. It is therefore necessary to 
examine the effect of ZrOz on ceramics 
containing both A1203 and SiOz. A few in- 
vestigations have been reported in the liter- 
ature on the related mullite-ZrOz compos- 
ite systems (4-6). Of the three oxides 
chosen for the study, A1203 and Zr02 react 
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independently with Si02 giving rise to well- 
defined compounds at high temperatures. 
The compound formation influences the 
properties of the resulting ceramics. The 
sol-gel route has been adopted for the 
preparation of ceramic composites from 
A1203-Zr02, ZrOz-SiOz, A1203-Zr02-Si02 
systems by many workers (7-10). Catalysts 
appear to influence the sol-gel preparations 
as noted by Brinker et al. (II) and Nogami 
and Moriya (12). However, not much infor- 
mation is available in the literature regard- 
ing the precise role of catalysts in the prep- 
aration of gel-based high temperature 
ceramic materials. In this paper we exam- 
ine the effect of acid and base catalysts on 
selected A1203-ZrO*-Si02 compositions 
prepared by the gel route. Our observations 
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suggest that the catalysts affect the gel 
structure which therefore determines the 
ultimate chemistry, structure, and mor- 
phology of high temperature products ob- 
tained after sintering. 

Experimental 

Gels whose compositions are given in Ta- 
ble I were prepared by using ethylsilicate 
(Mettur chemicals, Mettur, India), alumin- 
ium nitrate (E. Merck India Ltd., Bombay, 
India), and zirconyl nitrate (Loba Chem., 
India) as starting materials. The procedure 
for the preparation of base-catalyzed gels 
has been reported earlier (8). In the present 
case a mixture of zirconyl nitrate and alu- 
minium nitrate solutions was added to 
ethylsilicate and stirred well for a few 
hours. Aqueous ammonia solution was 
slowly added to coax the gelation. For the 
preparation of acid-catalyzed gel, partially 

hydrolyzed ethylsilicate (obtained by re- 
fluxing ethylsilicate with water for a few 
hours at 60°C) was added dropwise to a 
mixture of zirconyl nitrate and aluminium 
nitrate. The sol mixture was further re- 
fluxed for 2-3 hr at 60°C with the addition 
of dilute nitric acid (0.01 molar) as a cata- 
lyst (acid to alkoxide mole ratio was taken 
to be 0.03). The mixture was then transfer- 
red to a beaker and kept at 70°C for a day to 
complete the gelation. The gel thus formed 
cracked into pieces when dried at 70°C for a 
week. These gel pieces were heated at 
200°C (3 days). Powdered samples of the 
gels were heat treated to temperatures 
ranging from 600 to 1400°C by employing a 
heating rate of 10OWhr. The heat-treated 
powders were analyzed using powder X- 
ray diffraction (XRD) (Phillips, Holland), 
with Ni-filtered CuKor radiation and high 
resolution transmission electron micros- 
copy (HRTEM) (Jeol200 CX, 200 KV, Ja- 
pan). The fraction of the t-ZrO, present in 

TABLE I 

TEMPERATURE-PRODUCTPHASEEVOLUTIONOBSERVEDTHROUGH XRDSTUDIES 
IN THE SYSTEM A1z03-ZrO*-SiOz 

1ooo”c 1200°C 1400°C 1500°C 
Composition 

A1209-ZrO*-Si02 Major Minor Major Minor Major Minor Major Minor 
(mol%) 800°C phase phase phase phase phase phase phase phase 

10-20-70 
GB-1 

40-20-40 
GB-2 

25-50-25 
GB-3 

10-20-70 
GA-l 

40-20-40 
GA-2 

@Cl a C/T - CIT - C/T C, - - 

WI a CIT - UT - C/T M - - 

W) a CIT - C/T - m A Z m 
C/T A 
Z 

(AC) a C/T - C/T A C/T A 
c, - - 

(AC) a C/T - C/T A C/T Z 
A 
M -- 
G 

Note. a, amorphous; C/T, metastable cubicltetragonal ZrO,; C,, cristobalite; M, mullite; m, monoclinic ZrOz; 
A, QI-A1203; Z, zircon; BC, base catalyzed; AC, acid catalyzed. 
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FIG. 1. XRD of GA-l heat treated at 800°C (a), 
1000°C (b), 1200°C (c), and 1400°C (d) (0, C/T Zr02; 
A, Al,O,; 0, cnstobahte). 

the sample was estimated using the equa- 
tion (13) 

Ft = zt (111) 
z, (111) + z, (111) + z, (Hi) 

whereZ,(111),Z,(lll),andZ~(ll~)referto 
the intensity of (111) reflection of tetra- 
gonal, monoclinic, and (117) reflection of 
monoclinic, respectively. 

Results and Discussion 

The XRD patterns of the heat-treated 
powders obtained from both acid- and base- 

lb) 

FIG. 2. XRD of GA-2 heat treated at 800°C (a), 
1000°C (b), 1200°C (c), and 1400°C (d) (0, C/T ZrOz; 
69, zircon; q , mullite; A, Al,O,; 0, cristobalite). 

- 28 (DEGREES, 

FIG. 3. XRD of GB-1 heat treated at 800°C (a), 
1000°C (b), 1200°C (c), and 1400°C (d). (0, C/T ZrO,; 
0, cristobalite). 

catalyzed gels at various temperatures are 
given in Figs. 1-5. It may be noticed that 
crystallization occurs in most cases around 
lOOO”C, while at lower temperatures the 
pure gel phases are amorphous in all the 
cases. In the region of 1200-1400°C crystal- 
lization is quite extensive and characteristic 
diffraction peaks are apparent in all figures. 
The evolution of crystalline patterns were 
followed, major and minor phases were 
identified as a function of temperature, and 
approximate estimates of the quantities of 
the products were made from the intensities 
of the appropriate prominent peaks in the 

FIG. 4. XRD of GB-2 heat treated at 800°C (a), 
1000°C (b), 1200°C (c), and 1400°C (d). (0, C/T Zr02; 
El, mullite; 0, cristobalite). 
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FIG. 5. XRD of GB-3 heat treated at 1200°C (a), 
1400°C (b), and 1500°C (c) (a, m-Zr02; 0, C/T ZrO,; 
$, zricon; 0, cristobalite). 

diffraction pattern. The temperature-prod- 
uct phase evolution is summarized in Table 
I; the product phases are listed in the de- 
creasing order of their estimated quantities. 

Microstructure 

Base-catalyzed gels. The morphologies 
and ultramicrostructures were examined by 
electron microscopy. HRTEM of a typical 
base-catalyzed sample (GB-1 of Table I) 
heat treated at 1200°C (2 hr) is shown in 
Fig. 6. The particles of ZrO;! are generally 
small and possess cubic/tetragonal (C/T) 
structure as examined by XRD. (It is diffi- 
cult to assign their crystal structures 
uniquely since the diffraction patterns can 
be indexed reasonably satisfactorily for 
both cubic and tetragonal structures.) This 
aspect has been discussed by us earlier (8). 
The particle sizes are typically of the order 
of 50 A. Figure 6 indeed shows fringes 
within the particulates. Light regions be- 
tween the particles in Fig. 6 may arise from 
cristobalite which also begins to crystallize 
together with ZrOz around this tempera- 
ture. However, cristobalite peaks in XRD 

FIG. 6. High resolution image of GB-1 heat treated at 1200°C for 2 hr, showing fine fringes corre- 
sponding to C/T ZrOz (encircled). The glassy phase (arrow-marked) is seen as light regions. Inset 
shows electron diffraction pattern of polycrystalline C/T ZrOZ. 
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FIG. 7. TEM micrograph of GB-3 heat treated at 1200°C for 2 hr, showing C/T ZrOz particles. Inset: 
Electron diffraction pattern of polycrystalline C/T ZrOz. 

become evident only at 1400°C (Fig. 1). 
GB-3 heat treated to 1200°C gives rise to 
products whose microstructure is quite 
complex. Faceted particles of (C/T) Zr02 
are seen often surrounded by an amorphous 
matrix of alumino silicates (Fig. 7). When 
heated to 1500°C zircon crystals grow in 
size typically up to 2000 A, and appear to 
be coated with a second phase of alumino- 
silicates. A micrograph of one such large 
particle and its diffraction pattern is shown 
in Fig. 8. The diffraction pattern has addi- 
tional spots and we feel that they arise from 
AlzOJ-rich aluminoslicates (see later) ad- 
hering to the surface of zircon with a spe- 
cific orientation relation although we are 
unable to confirm it. 

Acid-catalyzed gels. The microstructures 
of GA-l indicate the formation of the (C/T) 
phase of ZrOz below 1200°C. Cristobalite 
and Al203 are formed only at 1400°C. In 
GA-2 composition, however, large Al203 

crystallites formed around 1200°C are sur- 
rounded by finer particles of ZrOz of typical 
spheroidal morphology (Fig. 9). Heat treat- 
ment of GA-2 to 1400°C gives rise to zircon, 
A1203, mullite, and cristoballite. However, 
the presence of the minor phases (like zir- 
con) could be identified only in X-ray dif- 
fractograms. Our X-ray work did not en- 
able us to follow the structural evolution of 
the many A&O3 phases reported in the liter- 
ature (14). 

The role of acid-base catalysts. One 
striking observation in our studies is that 
even gels of identical compositions like 
GA-2 and GB-2 give rise to differences in 
chemistry and morphology of products ob- 
tained by heating up to 1400°C. It is an indi- 
cation that catalysts control the initial gel 
structures although they are fully elimi- 
nated from the systems upon heating well 
below the sintering temperatures. Cata- 
lysts, therefore, set the complexion of the 



424 NAGARAJAN AND RAO 

FIG. 8. TEM micrograph of GB-3 heat treated at 1500°C for 2 hr, showing zircon crystals with 
probable adhesion of an aluminosilicate phase. Inset shows single crystalline diffraction pattern of 
zircon, with additional spots (see text). 

FIG. 9. TEM micrograph of GA-2 heat treated at 1200°C for 2 hr, showing bigger (Y-AI~O) particles 
(A) with finer C/T ZrOz particles in the background (C/T). Inset shows electron diffraction pattern of 
single crystalhne (Y-A&O~. 
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reactive components in the gel. We visual- 
ize this as the nucleating step. We may note 
that of the three oxides involved in this 
study SiOz is acidic, A1203 is amphoteric, 
and ZrOz is basic in their chemical nature. 
Hence at the stage of sol-gel consolidation, 
presence of acids and bases can influence 
the gel structure via their chemical affini- 
ties. Oxides in the sol would cohere into 
microphases in the presence of catalyst 
acids or bases if there is a reaction between 
the oxide and the catalyst. We examine be- 
low this aspect in slightly greater detail. 

SiOz, A1203, and ZrOz may be repre- 
sented as al, (az/bz), and b3 implying that 
they are acidic (a), amphoteric (a/b), and 
basic (b), respectively. The added catalysts 
are represented as A (acid) and B (base). A 
and B are strong acid and strong base re- 
spectively compared to the oxides them- 
selves. We consider first the case of an acid 
(A)-catalyzed gel, GA-l. Several acid-base 
products are expected to form in the gel. In 
order to determine the possible acid-base 
reaction products we ignore acid-acid reac- 
tions like al + A (although in presence of a 
strong acid, Si02 may behave like a weak 
base) and the trivial self reaction like a2 + 
bz. Further, reactions with A such as b2 + 
A and b3 + A will ultimately leave behind b2 
and b3 respectively when the gel is heated 
to higher temperatures. Thus the acid-cata- 
lyzed gel should consist of al, bzA, b3A, 
b2al, and b3al. Since there is no reported 
compound formation between Zr02 and 
A&O3 (IS, Z6), (b3a2) is also ignored. The 
expected products are therefore cristobal- 
lite, A1203, ZrOz, mulhte, and zircon. How- 
ever, preferences for strong acid-strong 
base reactions are well known in acid-base 
chemistry. Therefore the gel structure 
would be dominated by the formation of 
b3A compared to b3al. Aggregation of b3A 
causes microscopic unmixing of b3A and al. 
Hence it leads to a suppression of the for- 
mation of b3a, (zircon) in acid-catalyzed 
gels. Thus the product from the heated gel 

may be expected to contain crystobalite 
(al), alumina (bz/a2), zirconia (b3) along with 
mullite (aib2). This is clearly borne out in 
Table II. 

When alumina concentration is very high 
as in GA-2, formation of bzai (mullite) is 
expected to be the dominant mass law dic- 
tated reaction. However, mullite in turn 
can dissolve ZrOz and SiOz and this may 
result in the formation of zircon in the mul- 
lite matrix at higher temperatures. Indeed 
zircon formation as a minor phase in GA-2 
is confirmed by XRD. We will see later that 
mullitic (aluminosilicate) phases are often 
present surrounding zircon crystals which 
supports the above viewpoint. We have ex- 
amined all possible reactions in GA-2 and 
all the expected phases namely cristobalite, 
mullite, and A&O3 along with zircon have 
been identified from XRD studies and listed 
in Table I. 

Base catalysis can also be examined in a 
similar manner. Ba, (reaction with Si02) is 
the most significant product of catalyst re- 
actions. ZrOz would not be expected to re- 
act chemically with B. Thus ZrO* would be 
rather evenly distributed in the gel struc- 
ture with isolated regions of Si02. A1203 
should also exhibit a tendency to form iso- 
lated regions in the gel as it reacts with the 
base catalyst. In the gel one would there- 
fore expect Si02 and A1203 regions isolated 
by surrounding ZrO;!. At high temperatures 
SiOz may be expected to react with the sur- 

TABLE II 
ACID-BASE REACTIONS CONSIDERED 

IN THE ACID-CATALYZED GEL GA-l” 

bj + A - bz 
b3 + A - b 
a, + bz - ajbt (mullite) 
al + b, - a,b, (zircon) 
a2 + b, - No compound formation 

n See text for abbreviations. 
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rounding ZrOz. However, zircon is sur- 
prisingly not found to form in GB- 1. The 
SiOz-rich GB-1 composition forms only 
cristoballite at high temperatures. This may 
be so partly because GB-1 is composi- 
tionally poor in both ZrOz and Al203. How- 
ever, we may note that SiO* and ZrOz do 
not react readily even at high temperatures. 
It suggests simply that mere presence of 
A&O3 is not enough for the ZrOz-Si02 reac- 
tion. It is possible that formation of mullite 
by the reaction of SiOz and Al203 is a neces- 
sary precondition. As noted earlier, Si02 
and ZrOl dissolve in mullite and may then 
react to form zircon. An increase of A&03, 
content in GB-2 indeed results in the forma- 
tion of mullite as expected. But Zr02 is not 
concentrated enough and therefore a de- 
tectable quantity of zircon is still not 
formed. 

GB-3 is, however, a ZrO,rich composi- 
tion where the minor components A1203 
and SiOz can be expected to form small sep- 
arated islands in the gel, due to reactions 
with the added base. Since somewhat larger 
and perhaps continuous (unrestrained) re- 
gions of Zr02 are present in the gel struc- 
ture the latter transforms from metastable 
tetragonal to the monoclinic phase at tem- 
perature higher than 1200°C. A120, remains 
as an essentially unreacted phase. The 
monoclinic form of ZrOz appears to react 
with the fine particles of SiOz and form zir- 
con. This situation is microstructurally dif- 
ferent from what we encountered earlier (8) 
in the binary Zr02-Si02 system where ZrOz 
particles were always surrounded by Si02. 
This may be due to at least two important 
reasons. First, the so-called Hedvall effect 
(17) which enhances the reactivity of ZrOz 
at its (t-m) phase transformation tempera- 
ture. Second the increased volume of m- 
Zr02 (compared to t-ZrOJ, which can re- 
duce the barrier for reactive mixing of ZrO;? 
and SiOz. Nevertheless, formation of zir- 
con in GB-3 we feel may not be mediated by 
the presence of mullite. 

Electronegativity and Oxide Reactions 
An important driving force for the direct 

ZrOz-SiOz reaction in GB-3 could be the 
difference in the molecular electronegativi- 
ties of ZrO* and SiOz. These molecular 
electronegativities are defined here as the 
geometric mean of the electronegativities of 
atoms in a formula unit (18). The electro- 
negativities of atoms for the evaluation of 
molecular electronegativities have been 
taken from Ref. (19). The molecular elec- 
tronegativities so evaluated for SiOz, 
Alz03, ZrOz, ZrSi04 (zircon), and A16SiZ013 
(mullite) are given in Table III. Si02 and 
ZrOz have the highest electronegativity dif- 
ference which is the chemical driving force 
for the reaction between Zr02 and SiO:! 
much in the same manner as basicity differ- 
ences which are inversely related to molec- 
ular electronegativities (see later). While a 
somewhat similar driving force exists be- 
tween Si02 and A1203, we may recall that in 
GB-3 they are minor constituents and occur 
as separated regions in the catalyst-manipu- 
lated gel structure; they are almost entirely 
surrounded by ZrOz. Thus at high tempera- 
tures, formation of zircon becomes possible 
by direct reaction of SiOz and Zr02 which is 
clearly identified in the micrograph (Fig. 8). 
We may note here that while electronega- 
tivity differences like free energy differ- 
ences indicate feasibility of reactions, ki- 

TABLE III 

MOLECULAR ELECTRONEGATIVITIES OF VARIOUS 
COMPOUNDS AND PARTIAL CHARGES ON THE IONS 
INTHEM 

Partial charge on 

System Xa" 0 Si Al Zr 

SiO2 2.820 -0.2143 co.4278 
.%03 2.537 -0.3121 - +0.4@33 - 
zm2 2.500 -0.3249 - to.6503 
ZrSiOa 2.654 -0.2718 +0.3504 - +0.7356 

(zircon) 
&Wh 2.615 -0.2853 +0.3323 +0.5075 - 

(mullite) 
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netic barriers have to be overcome. In the 
present case strong covalent Si-0 bonds 
are to be excited before it can react with 
Zr02 and hence the requirement of high 
temperature for the reaction. Al203 present 
in GB-3 also crystallizes. When Al203 crys- 
tallizes in the neighborhood of zircon crys- 
tals, it appears to stick to the zircon sur- 
face. A1203 and zircon can indeed react (see 
below) because of electronegativity differ- 
ences and thus zircon appears to be bound 
to an aluminosilicate product with some 
specific epitaxial relation which we believe 
is the origin of the additional reflections 
seen in Fig. 8. It is interesting to note here 
that A1203 and ZrOz have almost equal mo- 
lecular electronegativities and have no 
chemical driving force for reactions. This is 
substantiated by the fact that there is no 
reported compound formation between 
Zr02 and Al203. Indeed recently it is ob- 
served that they form solid-solutions over 
a wide range of compositions (16). 

That the molecular electronegativities do 
play an important role in the reactions can 
be further supported. Molecular electro- 
negativities can be used to determine par- 
tial charges on oxygen atoms by the proce- 
dures of Sanderson (18). The calculated 
partial charges on the ions are listed in Ta- 
ble III. It can be seen that the most basic 
Zr02 carries maximum partial negative 
charge on oxygen and the acidic SiOz car- 
ries the least. The partial charge on oxygen 
in A1203 is close to that of oxygen in ZrOz. 
Basicity may thus be reckoned on the scale 
of the partial charges on oxygen and there- 
fore molecular electronegativities and basi- 
cities are inversely related. The reaction of 
Zr02 and SiO;! ameliorates the basicity dif- 
ferences by the formation of zircon of inter- 
mediate basicity (Table III). Molecular 
electronegativities are therefore in con- 
formity with known acid-base properties of 
component oxides. Further, in the spirit of 
thermochemical basis of Pauling electro- 
negativities, we can relate the heats of reac- 

tion to molecular electronegativities (20); 
AHf” = 3O(Ax)*, where AHf is the standard 
enthalpy of formation and (Ax) is the differ- 
ence in the molecular electronegativities. 
The heat of reaction for Zr02 + SiO2 + 
ZrSi04, as calculated from standard heats 
of formation of Zr02 (-262.3 kcal/mole), 
Si02 (-217.72 k&/mole), and ZrSi04 
(-483.7 kcahmole) is 3.68 kcal/mole (21). 
This value may be compared with that cal- 
culated from molecular electronegativities 
given in Table III which is equal to 30 X 
(2.8 - 2.5)* and approximately equal to 3 
kcal/mole; thus there is reasonably good 
agreement with the thermochemical data. 
We emphasize that the electronegativity 
considerations particularly in relation to re- 
actions in GB-3 are very useful. It can be of 
value in considering a variety of similar re- 
actions in Zr02 and related ceramics. 

In systems like Zr02-Si02-A&03, we 
should consider other possible reactions 
also using molecular electronegativity dif- 
ferences. Thus for example, zircon in con- 
tact with alumina particles cannot be a sta- 
ble situation, because the reaction 

2ZrSi04 (zircon) + 3A1203 + 
A16Si2013 + 2Zr02 

can be driven by basicity differences. Such 
a reaction can reduce the total basicity to 
some suitable intermediate value (Table 
III). We assume that the reaction proceeeds 
till the weighted sum of the partial charges 
on oxygen (or equivalently molecular elec- 
tronegativity) of reactants and products be- 
come equal. Then the reaction between zir- 
con and alumina proceeds up to about 
60-70% before cessation. We may note in 
this connection that reaction does not occur 
between alumina and zircon particles well 
separated by mullite phases (22). 

Summary and Conclusions 

Influence of acid and base catalysts on 
the chemistry structure and morphology of 
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A1203-Zr02-Si02 ceramics has been in- 
vestigated. Catalysts influence structure 
through acid-base reactions which take 
place before gelation. High temperature re- 
actions can be understood through a con- 
sideration of molecular electronegativities 
which are simply related to their basicities. 
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