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Decomposition of AI2TiOs-IVlgTi205 solid solutions: 
a thermodynamic approach 
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The decomposition of AI2{1 x)MgxTi(l +x/05 solid solutions with x = 0.0, 0.1, 0.2, 0.4, 0.5 and 
0.6 was studied in the temperature range 900-1175~ using a 250 h annealing test. As x 
increases from 0-0.2 there is a strong stabilizing effect and the decomposition temperature 
decreases from 1280~ downto  m1125~ For 0.2 ~< x ~ 0.5 the decomposition 
temperature does not decrease further. For x=0.6 no decomposition was observed. For 
x ~< 0.5 decomposition is complete or almost complete at 1000 ~ at 900 ~ transformation is 
kinetically hindered and solid solutions with x=0.2 and 0.4 are unaffected by the thermal 
treatment. A relationship between the decomposition temperature and the parameter x has 
been derived using the regular solution model to describe the AI2{1 x~MgxTi~l+x~05 solid 
solution. 

1. Introduct ion 
Sintered AI2TiO5 ceramics, owing to the high thermal 
expansion anisotropy of the individual grains [1], 
develop extensive microcracking along grain bound- 
aries when the grain size exceeds a minimum critical 
value [2 5]. Such a microcracking takes place during 
cooling down from the sintering temperature and pro- 
duces a material which exhibits an interesting combi- 
nation of thermal properties [6] : very low thermal 
expansion coefficient (1 1.5 x 10 -6 K-l),  low thermal 
conductivity ( ~ 1.5 W m- 1 K-  i) and excellent ther- 
mal shock resistance ( ~  500Win t). For these 
reasons, A12TiOs-based ceramics are promising candi- 
date materials to be used in conditions involving 
severe thermal shocks, when good insulation is re- 
quired: liners and manifolds of internal combustion 
engines, parts exposed to molten metals in metallurgy, 
thermal barriers. A12TiO5 particles dispersed in dense 
ceramics can be used to improve both strength and 
toughness. Recently, alumina-aluminium titanate 
(20 30 vol%) composites with higher bending 
strength [7] and improved flaw tolerance [8] in com- 
parison to pure alumina have been developed. Further 
applications for aluminium titanate are the coating of 
different materials by plasma spraying [9]. 

The poor mechanical properties of bulk A12TiO5 
[6] and the thermal instability below 1280~ [10] 
constitute, however, a serious limitation to practical 
applications of this material. The first problem is dir- 
ectly related to microcracking, which results in the low 
thermal expansion but also in the low strength. Alumi- 
nium titanate composites with improved mechanical 
properties have been obtained by reaction sintering: 
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A12TiOs mullite [11], AI2TiO5 ZrTiO4-ZrO2 [12], 
A12TiOs-mullite-ZrO2 [13]. 

The tendency to decompose in A1203 and TiO2 is 
related to the thermodynamic instability of A12TiO~ 
below 1280~ [10]. The enthalpy of the reaction 

-- AI20 3 + TiO2 rutile --* A12TiO5 (1) 

is considerably positive [14] and formation of alumi- 
nium titanate becomes only feasible at high temper- 
ature because of the contribution of the configura- 
tional entropy arising from disordered distribution of 
A13 + and Ti 4+ on the cationic sublattice, as proposed 
by Navrotsky [15] and confirmed by Morosin and 
Lynch [16] from X-ray diffraction studies. The iso- 
structural compound (orthorombic, pseudobrookite 
structure) Fe2TiO5 presents a similar behaviour and, 
in general, all pseudobrookite structures have a cer- 
tain degree of substitutional disorder in the cationic 
sublattice [15,17]. As a consequence, these com- 
pounds can be considered as "entropy stabilized" 
high-temperature phases. The Gibbs' free energy of 
Reaction 1 has been calculated from the available 
thermodynamic data by Freudenberg and Mocellin 
[18] and results 

AG O - 1 0 . 9 5 ( + 3 ) ( T -  1553)Jmol -1 (2) 

where T is the temperature (K). The decomposition of 
A12TiO5 has been studied by various authors [19 22], 
both for sintered and powdered samples. The reaction 
kinetics is that of nucleation and growth and can be 
described using the Avrami model. The decomposi- 
tion rate is maximum between 1100 and 1150~ and 
decomposition is complete after 5 50h, depending 

5009 



on average grain size and annealing time above the 
decomposition temperature. 

Decomposition of aluminium titanate can be con- 
trolled by MgO or Fe203 addition, which leads to the 
formation of solid solutions between A12TiO5 and 
the isostructural compounds MgTi205 or Fe2TiO5 
during sintering [23, 24]. The stabilizing effect is 
related to the improved thermodynamic stability 
of both MgTi205 and F%TiO5 in comparison with 
A12TiOs. The compound MgTi2Os decomposes in 
MgTiO3 + TiO2 below ~ 700 ~ [25, 26], whereas 
Fe2TiO5 decomposes in Fe203 + TiO2 at ~ 565 ~ 
[15]. The most extensive study on the decomposition 
of A12TiOs-MgTi205 solid solutions is that of Ishit- 
suka et al. [23]. The solid solutions, prepared by 
the mixed oxide route, present a complete range 
of solid solubility and can be described as 
Mg~A12(~_~/Ti(I+~)Os, where two A13+ ions are re- 
placed by one Mg 2 + ion and one Ti ~+ ion. After 240 h 
annealing at 1100 ~ solid solutions with x ~< 0.1 were 
most decomposed, solid solutions with 0.2 ~< x ~< 0.6 
showed only limited decomposition (7% 15%), 
whereas compositions x/> 0.8 remained unchanged. 
For the solid solution x = 0.1, no decomposition was 
observed at 1000 and 1200 ~ Some other papers deal 
with the decomposition of A12TiO5 materials contain- 
ing a limited amount of MgTiaO5 (10mol%) 
El3, 27, 28]. In all cases, partial decomposition was 
observed between 1000 and 1150 ~ From the kinetic 
point of view, the presence of magnesium introduces 
a considerable delay before the decomposition starts, 
but the kinetics of the process is strongly influenced by 
the microstructure of the material. It has to be said 
that, even though considerable work has been carried 
out on the decomposition of A12TiOs MgTi2Os solid 
solutions, some important points have not yet been 
completely investigated. In particular, decomposition 
products, decomposition temperature and long-term 
stability. 

Decomposition products. Unlike A12TiOs, in the 
case of solid solutions the presence of a magnesium- 
containing compound in the reaction products is re- 
quired in addition to A1203 and TiO2. The identifica- 
tion of such a compound will allow the decomposition 
reaction to be defined. 

Decomposition temperature. Owing to the fragmen- 
tary nature of the investigations carried out in the 
past, the relationship between the amount of 
MgTi2Os present in the solid solution and the corres- 
ponding decomposition temperature is unpredictable. 

Long-term stability. On the basis of the currently 
available data, the long-term stability of 
AlzTiOs--MgTi205 materials in the temperature 
range 900-1200 ~ is still an open question. This point 
is indeed of great importance in defining the max- 
imum working temperature for practical applications. 

In the present study a systematic investigation on 
the decomposition of A12TiOs-MgTi205 solid solu- 
tions between 900 and 1175 ~ is presented. The ex- 
perimental results will be explained using a simplified 
thermodynamic model for the solid solution with the 
aim to define the relationship between the decomposi- 
tion temperature and the composition. 
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2. Experimental procedure 
Solid solutions MgxA12~l-x)Ti(l+x)O5 with composi- 
tion corresponding to x = 0, 0.1, 0.2, 0.4, 0.5 and 0.6 
were prepared using the mixed oxides route. 
Stoichiometric quantities of c~-A1203 (Baikowski 
CR15, 99.99%, Xso = 0.4 ~tm), TiOz-rutile (Aldrich, 
1317-80-2, 99.9%, Xso = 1 lain) and MgO (Aldrich 
34,279-3, 99%) were mixed by wet-milling with water 
and alumina balls in PE bottles for 24 h. MgO was 
treated, before mixing, for 8 h at 500 ~ to decompose 
any Mg(OH)2 possibly present. The resulting pow- 
ders, after drying and sieving, were isostatically 
pressed at 150 MPa in the form of cylinders ( ~ 10 cm 
long, ~ 1 cm diameter). The solid solutions were 
finally synthesized by reaction sintering at 1550~ 
for 2 h. Decomposition tests were performed at differ- 
ent temperatures (900, 1000, 1100, 1125, 1150 and 
1175~ for 250h. Phase identification before and 
after annealing was performed by X-ray diffraction 
(XRD, Philips PW1050/PW1729/PW1710) using 
CoK~ radiation and a secondary graphite mono- 
chromator. The scanning step was 0.025~ and 
the sampling time 5 s for each point, with digital 
collection of the resulting pattern. The quantit- 
ative phase composition of the annealed samples 
was obtained from the specific intensity of the reflec- 
tions (023) of MgxAlz/1-~)Ti(l+~)Os and (1 10) of 
TiO2-rutile by measuring the corresponding XRD 
peak area. The following system of linear equations 
was used 

ss W s s  
- C - -  ( 3 a )  

Iyio2 WTiO2 

nMgAlz O~ X 
- ( 3 b )  

nr~o2 1 + x 

nAl203 1 -- 2x (3C) m 

nTiO2 1 + x 

W~s + WTio2 + WAI2O~ + WMgAI~O4 = 1 (3d) 

where Wi is the weight fraction, n~ the number of 
moles, Ii the integral intensity and C is a constant 
dependent on the crystal structure and lattice para- 
meters of titanate solid solution and rutile. Equa- 
tion 3a follows from the general relationship between 
XRD intensity and composition 1-29], Equations 3b 
and c define the stoichiometric constraints corres- 
ponding to the decomposition reaction (see Equa-- 
tion 20 below) and Equation 3d represents the mass 
balance. The value of C, which depends on the com- 
position of the solid solution, was calculated using the 
available crystallographic data 1-16] and the code 
Lazy-Pulverix [30] to compute some structural para- 
meters. The measure of integral intensity was prefer- 
red over the measure of peak height to avoid effects 
arising from milling and annealing. The minimum 
detectable quantity of TiO2 was ~ 0.5 wt%. The de- 
composed fraction, [3, of the annealed specimens was 
determined from the weight fraction of the different 
phases as 

[~ = WAI203 2- W T i O  2 -~- WMgAI20 ~ = 1 - -  W s s  
(4) 



Microstructure was observed by scanning electron 
microscopy (SEM, Philips 515) after infiltration of 
the samples in epoxy resin and usual metallographic 
preparation. 

Sc,ss  , i s  

Sc, ss hAl F/Ti g/Mg 
R -- nAlln~n i + n T i l n ~ n  i + nMgln~n i 

(7) 

3. A simplified thermodynamic model for 
AI2TiO~ MgTi205 solid solutions 

The regular solution model will be used to describe the 
thermodynamic properties of the A12TiOs-MgTi205 
solid solution. The solid solution is considered to be 
composed of three sublattices: the anionic sublattice 
formed by the 02 ions and the cationic sublattices 
corresponding to the non-equivalent positions (4c) 
and (8f) detected from X-ray crystallography in the 
pseudobrookite-type structures. In the case of 
A12TiO 5, A13 + and Ti *+ ions occupy the (8f) and (4c) 
sites, respectively. As the temperature increases, there 
is a tendency towards an increasing degree of disorder 
and the configuration of maximum entropy, i.e. com- 
plete random distribution, can be approached at high 
temperature, as argued by Navrotsky [15]. In agree- 
ment, Morosin and Lynch [16] observed no site pref- 
erences for the cations in AlzTiO 5. The disorder of 
MgTi205 appears to vary continuously with temper- 
ature and becomes probably maximum above 

1200~ [1'7]. Complete disorder was found by 
high-resolution electron microscopy in the cation sub- 
lattice of A12TiO 5 and Mgo.~Al~.sTil.lO 5 by Woh- 
lfromm et al. [31]. It can then be reasonably assumed 
that a complete random distribution of A13+, Ti 4+ 
and Mg 2+ is present in the solid solution at high 
temperature. This assumption allows the configura- 
tional entropy of both the solid solutions and the 
two compounds to be calculated using the Temkin 
model. 

3.1. Calculation of the entropy and enthalpy 
of mixing 

The entropy of mixing, AS m,  c a n  be expressed as 

where n i is the number of moles of cations of kind i, 
and R the gas constant. The configurational entropy 
of the pure compounds is, accordingly, 

Sc,AT 2 1 
1{ - -  HA1 In  ~ -~- F~Ti ' AT in ~ (8) 

Sc,MT 2 1 
R - HTi'MTln ~ + •Mgln ~ (9) 

For 1 mol of solid solution, riNg = X, ha l  = 2(1 - x) 
and nTi.A T + nTi,M T = (1 + X), and Equation 6 
becomes 

As~ 
- 2(1  - x ) l n ( 1  - x )  + x l n x  + (1 + x )  

R 

ln(1 + x) - 2x ln2  (10) 

It should be noted that the same result can be 
obtained from the general expression of the con- 
figurational entropy of crystals containing several 
sublattices [32] 

So 
- ~ bSN~ lnN~ (11) 

R 

where N~ is the fraction of species i in site s and 
b S is the number of sites of types per formula unit, 
by maximization of Sr with respect to the N~ 
parameters. 

The enthalpy of mixing for 1 mol of solid solution, 
Ahm,  c a n  be calculated in the framework of the 
quasichemical approach to solutions. To do this, it 
will be assumed that the variation of enthalpy during 
mixing may be mainly attributed to a change in ca- 
tion-cation interactions between nearest cation neigh- 
bours. Under this assumption it can be obtained (for 
derivation see Appendix) 

aSm = Aso  + a s n c ,  (5) 

where ASo is the configurational entropy and ASno 
the non configurational entropy. The configurational 
term ASr will be considered to be the same as for 
an ideal solution. We will assume that the cations 
are randomly distributed over the cationic posi- 
tions, whereas the anion sublattice is unaffected 
by mixing. Because the two compounds A12TiO 5 
and MgTi20 s have, in turn, a complete disordered 
cationic distribution, the expression of AS~ is 

' A S c  = Sc ,s  S - -  Sc,AT - -  Sc,MT (6) 

where, for sake of brevity, the subscript AT indicates 
the compound A12TiOs, the subscript MT the com- 
pound MgTi205 and the subscript SS the solid solu- 
tion. The configurational entropy of the solid solution, 

A h  m = x ( 1  - x)r  (12) 

where co is a parameter independent of temperature 
and composition. 

The non-configurational part of the entropy of 
mixing, ASnc , will be attributed only to a variation 
of vibrational entropy associated with cation 
cation interactions. Following an identical argument 
to that just presented for the enthalpy of mixing, for 
one made of solid solution we obtain 

Asno = x(1 - x)q (13) 

where q is another parameter independent of temper- 
ature and composition. 

The excess Gibbs' free energy of mixing for one tool 
of solid solution is then 

g~m = X(1 - -  X)(~0 - -  q T )  (14) 

and corresponds to the regular solution model. 
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3.2. Calculation of the components activity 
From the definition of the chemical potential lu~ the 
activity of A121~Os, brAT, results 

" A T  - -  ~ T  h A T  - -  h R T  SAT - -  S~T 
lnaAT -- 

R T  R T  R 

R T  \ ~nAT /T ,P  . . . .  R \ ~nAT /I",P ..... 

where h i is the partial molar enthalpy, hl ~ the standard 
molar enthalpy, s~ the partial molar entropy and s o the 
standard molar entropy of component i. After differ- 
entiation and substitution of Equations 12 and 13, 
Equation 15 becomes 

In _ _ + ( - -  r l T ) x  2 aAr 
R \ 8 n A r / r , e  ..... R T C O  

(16) 

By inserting Equation 10 into Equation 16 and rear- 
ranging, we obtain the final expression for the activity 
of A12TiO s 

aAT = (1 -- X)2(1 + x) exp (17) 

Following an identical procedure, we obtain, for the 
activity of MgTi20 5 

1 [ m - -  r lT( l  _ x) 21 (18) aMT = ~X(1 + X) 2 exp R ~  

Equation 17 gives the activity of A12TiO ~ in the solid 
solution relative to the completely disordered pure 
AI2TiO 5 as the standard state. Equation 18 has 
the same meaning referred to MgTi20 5. To reduce 
the number of parameters required to describe 
the solid solution, it is possible to introduce the 
approximation 

(m - q T )  = 0 (19) 

which holds when qT<<co or when the temperature 
variation is small. In the latter case, 0 will represent 
the average value of (co-  t iT ) in the temperature 
range of interest. 

The limitations of the proposed model are those 
typical of the regular solutions approach. In the calcu- 
lation of the energy of mixing, only chemical contribu- 
tion is taken into account. Pairwise interactions are 
assumed and the bonding energy is thus independent 
of composition. The contribution of stresses arising 
from the introduction of ions with different size in the 
lattice and the corresponding lattice deformation are 
neglected. The assumption of complete random distri- 
bution of cations in the present case is less critical and 
justified by the peculiar nature of the pseudobrookite- 
type compounds. The oxygen sublattice is considered 
to be unaffected by mixing; however, the O-O distan- 
ces change with composition ( ~ 1%) giving a contri- 
bution to the energy of mixing. 
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4. R e s u l t s  a n d  d i s c u s s i o n  
4.1. Results 
The compositional dependence of the lattice para- 
meters of MgxAl2(1 x)Ti(1 +~)O5 for 0.0 ~< x ~< 0.6 is 
shown in Fig. 1. The values of a, b and c cell edges 
linearly change with x, indicating complete solid-state 
solubility between AlaTiO5 and MgTi2Os, in agree- 
ment with reported results [23]. Lattice parameters 
close to that reported on the JCPDS data base for 
MgTi2Os E33] have been calculated by extrapolation 
of the data to x = 1 and, as a consequence, Vegard's 
law is obeyed. The sintering conditions (1550 ~ 2 h) 
were chosen to obtain single-phase, dense and large- 
grained materials. In fact the grain size is always 
> 10 gm and the final density ~> 95% of the theoret- 

ical value for all compositions, except the samples at 
x = 0, whose relative density is ~ 85%. During cool- 
ing down, extensive microcracking along grain 
boundaries takes place. An example of the microstruc- 
ture of the sintered material is shown in Fig. 2 for 
x = 0.4. The internal stresses originated by the anisot- 
ropy of the expansion coefficient should be completely 
released as, for grain size > 3-4 I.tm, they cannot be 
accommodated at the interior of grains and micro- 
cracking occurs [2 4]. 

The value of the decomposed fraction measured on 
the different samples is reported in Table I. Pure 
A12TiO5 completely decomposes above 900 ~ where- 
as at the lowest temperature only a small amount 
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Figure 1 Compositional dependence of the lattice parameters (O) a, 
[rq) b and (A) c of MgxA12<l x}Tiii +~O5. Data corresponding to 
x = 1 from [33]. 

Figure 2, Microstructure of Mgo.4AIL2Til.405 sintered 2h  at 
1550~C showing extensive microcracking along grain boundaries. 



T A B L E  1 Decomposed fraction of MgxAla{~-x}Ti(x+x}O5 after 
250 h treatment at different temperatures 

treatment even starting from the same initial mixture 
and reliable data cannot be easily obtained. 

T (~ x 

0 0.1 0.2 0.4 0.5 0.6 

1175 1 0 0 0 0 0 
1150 1 0.03 0 0 0.31 0 
1125 1 0.96 0.01 0.08 1 0 
1100 1 1 0.08 0.31 1 0 
I000 1 1 0.72 1 0 
900 0.84 0.1 0 0 0 

(16%) of titanate is still present. Decomposit ion of the 
solid solution with x = 0.6 was not observed in the 
range 900-1175 ~ For 0.1 ~< x ~< 0.5, the decomposi- 
tion degree strongly depends on the annealing temper- 
ature. Solid solutions with x = 0.2 and 0.4 are stable 
at lower temperatures than those with x = 0.1 and 
x = 0.5; however, decomposition always occurs 
for x ~< 0.5 when the temperature goes below 1125 ~ 
At 900 ~ the decomposition is reduced or even inhib- 
ited (x = 0.2 and 0.4), probably because of kinetic 
effects. 

The decomposition products, according to the 
phases detected by XRD, consist of TiO2-rutile, ~- 
A1203 and MgA1204-spinel for x > 0. The com- 
position of the residual solid solution is that of the 
original one within the limits of XRD accuracy. As 
a consequence, the decomposition reaction can be 
written as 

IT d 

4.2 Calculation of the decomposition 
tern peratu re 

Equation 20 can be written as 

xMgTi205 + (1 - x)A12TiO5 ~ xMgA1204 

+ (1 - 2x)A1203 + (1 + x)TiO2 (22) 

and the corresponding equilibrium constant, K, is 

AG o 
lnK - - xlnaMT -- (1 -- x)lnaAT 

R T  
(23) 

where AG O is the standard Gibbs'  free energy of reac- 
tion. The compounds TiO2, MgA1204 and A1203 
were assumed to be present as pure phases at unit 
activity. The value of AG o depends on temperature 
and composition; for the temperature range of interest 
(1000-1300 ~ the relationship 

AG O = A(x) + B(x)T  {24) 

provides a good approximation to the values cal- 
culated from the available literature data [18, 25, 26]. 
The expressions for A and B are 

A = - 16927.7 + 9203.1x Jmo1-1 (25) 

B = 10.9 - 11.69x Jmol  1K 1 (26) 

Inserting Equation 17, 18 and 24 into Equation 23 and 
rearranging, we obtain the following expression for 
the decomposition temperature 

/ 1  - c o ( x  - x 2)  
(27a) 

RExln(x/4) + 2xln(1 + x) + (1 - x)ln(1 + x) + 2(1 - x)ln(1 - x)] - q(x - x 2) - B 

MgxA12{1 -x}Ti(j +x)O5 -+ xMgA1204 

+ (1 - 2x)A1203 + (1 + x)TiO2 

Introduction of Equation 19, yields the alternative 
expression 

(0 ~< x ~< 0.5) 
(20) 

IT A - e(x -- x 2) 

d = R[xln(x/4) + 2xln(1 + x) + (1 -- x)ln(1 + x) + 2(1 - x)ln(1 -- x)] -- B 
(27b) 

When x = 0.5, spinel and rutile are the only decompo- 
sition products. At larger values of x, if decomposition 
occurs, Equation 20 will no longer be appropriate to 
describe decomposition, as a new magnesium-contain- 
ing phase has to appear on the right-hand side in place 
of A1203 to satisfy the mass balance. 

Some attempts were made to study the reverse of 
Reaction 20, i.e. to determine the formation temper- 
ature of the solid solution versus composition. 
This was possible only in the case x = 0.5 and the 
reaction 

1 3 
MgAI204 + ~ TiO2 --+ Mgo.sA1Tia.505 (21) 

was found to proceed at temperatures /> 1175 ~ C, in 
agreement with the results of the decomposition tests. 
For  x < 0.5, the composition of the solid solution 
depends both on temperature and the duration of the 

The above equations can be used to obtain the values 
of co and q, or 0, which provide the best agreement, in 
the sense of least squares, between the model and the 
experimental data by an appropriate fitting proced- 
ure. A set of data couples (composit ion-decomposi-  
tion temperature) was obtained by interpolation 
fi'om the data of Table I. Because the partial deriva- 
tives of Equations 27a and b with respect to the 
parameters co, q and 0 contain the parameters them- 
selves, a non-linear fitting technique has to be used. 
The method of Levenbe r~Marqua rd t  [34] is widely 
employed and can be considered as a standard of 
non-linear least-squares routines. Application of 
Equation 27a results in positive and very large values 
of both co and q which produce a good fit, but have 
scarce physical meaning. On the other hand, applica- 
tion of Equation 27b produces a comparable good 
fit corresponding to 0 = 33430_+ 1000Jmol -1  
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Figure 3 Decomposition temperature of Mg~A12{~_~)Ti(l+~)O5 
(x~<0.5) calculated from Equation 27b for 0=33430Jmol -1 
( ). (--) Variation of _+ 1000 Jmo1-1 from the previous value. 
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Figure 4 The molar Gibbs' free energy of mixing of 
MgxAl211 ~Ti(l+x~Os calculated at different temperatures. 

As the expression of the total free energy of mixing 
is 

A g  m - -  T A S  c -~- g E  m ( 2 8 )  

a positive value of 0 implies a positive contribution of 
the excess free energy (Equation 14) to the free energy 
of mixing and hence a positive deviation from ideality. 
The decomposition temperature computed using the 
optimized value of 0 is shown in Fig. 3 together with 
the data of Table I and from Ishitsuka et al. [23]. The 
model corresponding to Equation 27b provides a fair 
description of the experimental data, and, in particu- 
lar, of the non-monotonic behaviour of the decompo- 
sition temperature versus composi t ion . .The fast 
decrease of the decomposition temperature when 
x ~< 0.1 is related to the stabilizing effect arising from 
the configurational entropy of mixing. As x further 
increases, the effect of the excess Gibbs' free energy of 
mixing (Equation 14) prevails and the decomposition 
temperature no longer decreases. The free energy of 
mixing computed from Equation 28 is shown in Fig. 4 
for different temperatures. With the current value of 
the parameter 0, demixing of the solid solution is 
predicted below ~ 1000~ Such a demixing is not 
experimentally observed even with cooling rates of 

5 0 1 4  

1 ~ min-  1. Different explanations for this behaviour 
are possible: 

(i) the present model is too approximate or inad- 
equate to describe the solid solution below ~ 1000 ~ 
as partial ordering might occur; 

(ii) the value of O decreases as temperature de- 
creases; this happens when in Equation 19 both co and 
q are positive; 

(iii) the demixing is inhibited by kinetic reasons: ca- 
tion diffusion is known to be very slow [35] in AlzTiOs. 

5. C o n c l u s i o n s  
The decomposition of A12(1-x~MgxTi(l+x)O5 solid 
solutions with x = 0.0, 0.1, 0.2, 0.4, 0.5 and 0.6 was 
studied in the temperature range 900 1175~ using 
a 250 h annealing test. The experimental results lead 
to the following conclusions. 

1. As the value of x increases from x = 0.0 (pure 
A12TiOs) to 0.2, the decomposition temperature ac- 
cordingly decreases from 1280~ to ~ 1125 ~ The 
presence of MgTi205 has a strong stabilizing effect on 
the solid solution. 

2. For 0.2 ~ x ~< 0.5 the decomposition temper- 
ature does not further decrease or even increases 
(x  = 0.5) .  

3. For x = 0.6 decomposition was not observed in 
the whole range of temperature. 

4. At 1000 ~ decomposition is always complete or 
almost complete for x ~< 0.5. 

5. At 900 ~ decomposition is kinetically hindered 
and solid solutions with x = 0.2 and 0.4 are unaffected 
by the thermal treatment. 

A relationship between the decomposition temper- 
ature and the parameter x has been derived using the 
regular solution approach to describe the A12(l-x) 
MgxTi(l+x)Os solid solution. This model provides 
a fair description of the experimental data and 
in particular, predicts correctly the presence of a 
minimum in the decomposition temperature versus 
composition. 

From the point of view of practical applications 
only the solid solution with x = 0.6 is stable at all 
temperatures between 900 and 1280 ~ However, the 
thermal stability should be tested for times longer 
than 250 h to assess the effective reliability of such 
a material in potential applications. Among the 
AlzTiOs richer materials, the composition with 
x = 0.2 offers a better thermal stability, but prolonged 
exposure to temperatures in the range 900-1100~ 
should be avoided in any case. 
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A p p e n d i x .  C a l c u l a t i o n  o f  t h e  e n t h a l p y  o f  
m i x i n g  
For a condensed system and at ordinary pressure 
levels, the enthalpy can be assumed to be equivalent to 



the energy of the system, because the difference, the 
term PV, is usually negligible. The energy of the cation 
sublattice may be calculated as a sum of pairwise 
interactions between cations first neighbours 

s,r 

4" sr sr sr sr P13EI3 P12E12 4. 4. P~'3E~'~) (A1) 

where the sum is extended to the different existing sites 
(s = 4c, r = 8f in the pseudobrookite-type structure). 
Pff represents the number of bonds between ions i and 
j located on the sites s and r, respectively. E~ is the 
corresponding bonding energy. For  brevity, we will 
indicate aluminium by the index l, magnesium by the 
index 2, and titanium by the index 3. Equation A1 is 
completely general and takes into account the pres- 
ence of different sites in the lattice. As a consequence, 
for a given couple of first neighbour ions, the corres- 
ponding bonding energy will depend on the type of 
sites involved. The number of bonds is given by 

PS i = NZN;n~Z ~" (A2) 

where N~ is the fraction of sites of type s occupied by 
atoms of type i, N~ is the fraction of sites of type 
r occupied by atoms of type j, n~ is the total number of 
sites of type s and Z ~' is the number of sites of type 
r first neighbours of sites of type s. By substitution of 
Equation A2 in Equation A1 we obtain 

/1  ~ s~ 1 . . . .  
E = ,,,.2ns Z s r ~ N ~ N 1 E 1 ,  4. ~N2N2E22  

1 
+ N N'Z, 5 

s r sr s r sr s r sr t 4- N1N2E12 4" N1N3E13 4" N2N3E23 
/ 

(A3) 

where the factor 1/2 arises from the fact that pairs 
involving the same kind of ions are counted twice in 
the summation. As we have assumed a complete ran- 
dom distribution, each cation will occupy the different 
sites with the same probability and hence 
N~ = N[  = Ni and Equation A3 becomes 

1 2 V n Z ~ E  ~ 1 2 E = 
s,r s,r 

1 

s,r S,r 

4" N I N  3 2 nsZSrEslr3 4" N 2 N  3 2 n s Z S r g ~  
s,r s,r 

(A4) 

and, introducing the composition variable x 

NI = ~(1 - x) (A5a) 

N2 = ~ x  (A5b) 

1 
N3 = ~ (1 + x) (A5c) 

we finally obtain 

E : ( 1  - 

s , r  

+ x 
$,r 

1 

s.r 

2 
x ( l  - x)  

s,r 
4- 

2 
~(1 - x)(1 4, x ) ~ G Z S " E 7 3  

s , r  
4. 

1 
+ ~ x(1 + x) ~ nsZ'"E~'3 (A6) 

s , r  

Following an identical argument, it is possible to 
calculate the energy of the cationic sublattice of the 
two pure components 

4 ~ 1 v AT n Z~ES" ATnsZS"ES(1 + /_, s 33 
EAT = lgs , r  ~s , r  

_2 Z Ar . . . . . .  (A7) 
+ 9 s,~ nsL g13 

1 4 ~ M T  sr s~ EMT = = r MTnsZS~E:5  + - -  .).., nsZ E3" 3 
1s , 18s,~ 

2 ~ 'MT/, /  ZS , .E , ,  (A8) 4- ~ / ,  s 23  
s, r 

Assuming the oxygen sublattice to be unaffected by 
the mixing process, the energy of mixing can be simply 
obtained as E - EAT -- EMT- For  1 mol of solution, as 
there are b~ sites of type s for each formula unit of solid 
solution, it is 

n~ = b~NA (A9a) 

AT/~/s = (1 - x)b~NA (A9b) 

MTG = xb~NA (A9c) 

where  N A is Avogadro's number, and the final expres- 
sion for the enthalpy of mixing of 1 mol of solid 
solution is 

4 
Ahm~,~_E - EAT -- EMT : ]~(X 2 -- x)~b,Z'~E[~ 

4- ~ 8 ( X  2 - -  X) 2 b s Z S r E ~  
s , r  

1 
+ ]~ (x 2 - x) ~ b~ZSE~% 

s , r  

2 
- ~ (x 2 - x) ~ bxZ'~E72 

s,r 

9 
( x  2 - x )  v zsr 's  / ~  O's ~ 1 3  

s , r  

1 
+ ~(x  2 - x)~bsZSrE~% = x(1 - x)o 

s.Y 

(A10) 
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