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Crystallization kinetics of zirconia-yttria gels'
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Abstract

The crystallization kinetics of ZrO,~Y,03 (3 mol%) dried gels prepared by four different meth-
ods was studied by differential scanning calorimetry. It was found that the Johnson-Mehl-Avrami
model cannot be used for the description of crystallization of tetragonal zirconia crystals formed in
the gel. It was established that this crystallization process can be described by the empirical
Sestak—Berggren equation. The influence of the method of preparation is discussed.
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1. Introduction

Ultrafine zirconia (ZrO,) powder is an important raw material, which has attracted a
great deal of attention for use in toughened and high strength ceramics [1,2]. The incor-
poration of alloying oxides such as Y,0; decreases transition temperatures and also the
thermal expansion coefficient which contributes to the better thermal shock resistance of
the resulting ceramic material [3].

Precipitation of hydrous zirconia gel and its controlled crystallization is a simple
method for the preparation of ultrafine zirconia powders. It is well known that the metas-
table tetragonal polymorph crystallizes during the heating of zirconia gel [4-8] even
though the monoclinic phase is thermodynamically the stable phase at low temperatures.
Garvie [9] assumed that this polymorph is formed due to a crystal size effect but later this
assumption was critically examined by several authors [10,11]. The crystallization kinet-
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ics of a tetragonal polymorph in zirconia gel was studied by differential thermal analysis
(DTA) [12,13] and by het-stage X-ray diffraction [14]. In these cases the crystallization
kinetics was interpreted within the Johnson—-Mehl-Avrami model (JMA) [15-18] and the
calculated kinetic exponent has been attributed to the dimensionality of crystal growth
[12—14]. Unfortunately, the experimental data are not compared directly with the theo-
retical model and, therefore, it is difficult to verify whether the interpretation is consis-
tent.

The purpose of the present work is a quantitative analysis of the non-isothermal crys-
tallization in dried ZrO,~Y,0; (3 mol%) gels measured by differential scanning calo-
rimetry (DSC) in order to obtain kinetic parameters characterizing the crystallization
process. This composition containing 3 mol% Y,0; typically exhibits very high fracture
toughness and high strength of the resulting ceramic material. The gels were prepared by
several different methods and the influence of the conditions of gel precipitation on the
crystallization kinetics has been studied. A simple method of kinetic analysis [19] allows
us to calculate theoretical DSC curves which show very good agreement with the ex-
perimental ones.

2. Theory

Usually it is assumed that the heat flow, ¢, generated during the crystallization proc-
ess, and measured by DSC, is directly proportional to the rate of the crystallization proc-
ess, (da/dy):

¢ = AH-(da/dr) (1

where AH is the enthalpy of the crystallization process. Usually an Arrhenius rate con-
stant: K(T) = A exp(—E/RT) is assumed [20]. Eq. (1) is then expressed in the following
form:

¢ = AH-A exp(~E/RT)f (@) 2)

where A is the preexponential factor, E is the activation energy, R is the gas constant and
T is the absolute temperature. The function f(c) represents the mathematical expression
of the phenomenological kinetic model. The functions most frequently used for the de-
scription of crystallization processes [20] are summarized in Table 1.

Table 1
Kinetic models used for the description of the crystallization processes

Model Symbol fla)

Johnson-Mehl-Avrami [15-18] JMA n(l = a)[-In(1 —e)]! ~ 11
§esték—Berggren [25) SB aM(l - a)N
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The JMA model [15-18] is frequently used for the description of non-isothermal DSC
data as obtained by the DSC technique. Nevertheless, the JMA model was developed to
describe isothermal conditions and it has limited applicability for the complex processes
involving nucleation and crystal growth [21-24]. Hence, any quantitative analysis of
experimental DSC data should be preceded by a reliable test of the applicability of the
JMA model. Such a testing method was described recently [26]. A measured DSC curve
can be transformed into the function z(a) just by multiplying the measured heat flow by

T2
2a) =¢T* 3)

If the maximum of this function, «,~, is within the interval 0.62 <ap°°<0.64 then the
DSC data can probably be described within the JMA model. On the other hand if the
maximum of the z(a) function is lower than 0.60 or greater than 0.66 then the Sestak—
Berggren (SB) empirical model [25] is more appropriate for the description of the ex-
perimental DSC data [26,27]. Itis very important to point out that this simple testing pro-
cedure can be done without needing to know any kinetic parameters.

The aim of a kinetic analysis of crystallization processes is to find the best kinetic
model providing the calculation of reliable kinetic parameters A and E, characteristic of a
particular crystallization process. It is well known, however, that the kinetic parameters A
and E in Eq. (2) are mutually correlated [28,29]. So it is practically impossible to deter-
mine all kinetic parameters by conventional non-linear regression algorithms of a single
DSC curve. From this point of view it seems reasonable to first calculate the activation
energy and then determine the kinetic model by the method described below.

The calculation of activation energy is based on a multiple-scan method in which sev-
eral measurements performed at different heating rates, 3, are needed. A very simple
method was proposed by Friedman [30] for nth order reactions. However, it was made
clear later [31-33] that this method is applicable to various processes. This extended
Friedman method follows from the logarithmic form of Eq. (2):

In¢ = In[AHAf ()] ~% 4)

The activation energy is calculated from the slope of the plot of the logarithm of normal-
ized heat flow at a given a versus the reciprocal temperature for different heating rates.

The preexponential term in Eq. (2) can be calculated from the condition for the maxi-
mum of the DSC peak [19]:

BE E
A=- 5
RT} f'(a,) exl{ RT, ) )

where f'(a) = dfla)/da and T, and a, are the temperature and fractional extent of crystal-
lization at the maximum of the DSC crystallization peak. Thus the f(«) function is neces-
sary for the calculation of the preexponential factor. The type of kinetic model f(a) can
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be determined using the z(e) function as described above. The kinetic exponents n or
(M,N) can be calculated provided that the activation energy is known.

For this purpose it is useful to define a function y(cr) which can easily be obtained by
simple transformation of DSC data [19]:

y(@) = ¢ exp(E/RT) (6)

The maximum @, of the y(a) function is confined to the interval: 0 <y, < a,. The ki-
netic exponents for the JMA and SB models can be calculated from the «, value:

3. The JMA model

If the function y(@) has a maximum at @, > 0 the kinetic exponent n can be calculated
using the following equation [19]:

n= _.._1— (7)
I+In(l-a )

If the maximum of the y(a) function is located at a, = O then the parameter n can be cal-

culated by means of Satava’s method [34], from the slope of the plot of In[~In(1 - a)]

versus 1/T which is nE/R. Another method of calculation of this parameter is based on

the relationship derived from the condition for the maxtmum of the DSC peak [19}:

_ l—xpyt(xp)
In(l-ap,)

(8)

The Satava method usually gives slightly higher values of the kinetic exponent 7 than
Eq. (8). Usually [19], an average of these two values is a good approximation of the ki-
netic exponent.

4. The SB model

The ratio of the kinetic exponents M/N can be calculated from the maximum of the
y(a) function [19]:

Mo fn ©
N 1-a,

Eq. (2) may be written in the following form:

In[¢ exp(E/RT)] = In(AH-A) + N In[(@N(1 - a)] (10)
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The kinetic parameter N is then calculated [19] from the slope of the linear dependence
of In[¢ exp(E/RT)] versus In[a™¥(1 — a)] plotted in the interval a € (0.2,0.8).

The kinetic exponents in the f(a) function are linked with the mechanism of the crys-
tallization process but their direct interpretation in terms of crystal growth morphology
can be very problematic. Any conclusions in this respect should be always supported by
microscopic observation of the crystallization process or other relevant measurements.

5. Experimental

The samples of ZrO,-Y,0;3 (3 mol%) gels were prepared by four different methods

from 0.1 M Zr* and Y3+ solutions:

(A) conventional co-precipitation method using NH,OH;

(B) masking of Zr** by H,0,, adding Y3* solution and then co-precipitation by urea at
70-100°C;

(C) masking of Zr* by H,0,, adding Y?* solution with urea, pH control by NH,OH, and
then co-precipitation by ( NH,),SO,;

(D) masking of Zr* by H,0,, adding Y** solution and co-precipitation by NH,OH.

The voluminous gels obtained were washed five times in distilled water, filtered and
dried in a vacuum at room temperature for 3 days and then they were grounded with ag-
ate mortar.

The powder X-ray diffraction (XRD) investigations of the prepared samples were
conducted using Ni-filtered Cuy, radiation (Model PW-1130, Phillips). The XRD pat-
terns of the as-received samples (A)—~(D) exhibit a broad halo with a maximum which
corresponds to the interplanar spacing of cubic (1 1 I). The morphology of dried gels
was examined by scanning electron microscopy (SEM) (Model S5000, Hitachi). Ther-
mogravimetric (TG) experiments were carried out in a nitrogen atmosphere using about
20 mg sample (Model TGA7, Perkin-Elmer). Simultaneous thermogravimetric and mass
spectroscopy measurements (TG-MS) were carried out in a helium atmosphere (Model
TG-DTA-MS, Rigaku).

Differential scanning calorimetry (DSC) measurements of the crystallization kinetics
were carried out in an atmosphere of dry nitrogen on samples of about 10 mg in alumi-
num sample pans (Model DSC-7, Perkin-Elmer). The instrument was previously cali-
brated with In, Pb, and Zn standards. Non-isothermal DSC curves were obtained with
selected heating rates 2-20 K min~! in the range 25-600°C. The kinetic analysis of the
DSC data and all calculations were performed by the TA-SYSTEM software package [19].

6. Results and discussion

Typical TG curves for ZrO,—Y,0; (3 mol%) gels prepared by the four different meth-
ods, measured with a nitrogen flow and heating rate of 5 K min~!, are shown in Fig. la.
The differential thermogravimetric (DTG) curves for the same samples under the same
conditions are illustrated in Fig. 1b. The behavior of samples A, C and D are similar, with
the greatest weight loss being for temperatures up to 250°C. The final weight loss is



186 J. Mdlek et al. / Thermochimica Acta 267 (1995) 181-194

a
0
® ]
N ]
@ ]
& i
3 4
§ o]
-10
= 1
1
]
_30 rrrrrr1rrr|rrJ1rrrrrrr1v1rrrr1r1rror1 [ rrrrrrroeT
0 200 400 600 800
Temperature / °C
b
2 A
N D
g c
=
3
<
$
S
3
N
LANLALINL 20 B B S B S RO B B B S B e B S N S S AN S S S S S B R S N N B N N B |
0 200 400 600 800

Temperature / °C

Fig. 1. (a) Typical TG curves for ZrO2-Y703 (3 mol%) gels prepared by methods A, B, C and D. Curves
measured with nitrogen gas flow of 10 mi min~! at a heating rate 5 K min~!. (b) Calculated differential DTG
curves for the same samples.
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Fig. 2. SEM micrograph of as-received ZrO,-Y ;03 (3 mol%) gels. (a) Sample A, (b) Sample B.

about 20% of the initial sample weight, being attained after heating to 400°C. The DTG
curves (Fig. 1b) show a sharp maximum at approximately 115°C which can probably be
associated with the loss of adsorbed water. The rate of the mass loss at this maximum is
comparable for samples A, C and D (Fig. 1b). In contrast, sample B exhibits nearly two
times higher rate of mass loss at the maximum and also the final weight loss is higher, i.e.
27%. There are also two other DTG peaks in the range 300-600°C for sample B and one
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Fig. 3. Typical DSC curves for z:oz—Yzoi, (3 mol%) gels prepared by methods A, B, C and D. Curves meas-
ured for a nitrogen gas flow of 10 ml min~! at a heating rate 5 K min~!.

broader peak at about 600°C for sample C. These peaks can probably be attributed to
decomposition of urea traces, as suggested by TG-MS measurements.

Typical structures of prepared ZrO,~Y,03 (3 mol%) gels can be seen in Fig. 2. The
SEM micrographs are very similar for samples A, C and D. Small particles (about
0.1 um) form more complex agglomerate grain structures with varying degrees of poros-
ity (Fig. 2a). Sample B (Fig. 2b) exhibits a more closed structure with a smoother surface
where the grains are bridged together. This is probably one of the reasons why sample B
exhibits a different TG behavior in comparison with samples A, C and D. The DSC
curves for four samples of yttria containing zirconia gels, measured with a nitrogen flow
and heating rate of 5 K min~!, are shown in Fig. 3. All these curves exhibit a broad endo-
thermic peak at about 120°C, being probably associated with the loss of adsorbed water
from the gel. A characteristic feature of all the DSC curves in Fig. 3 is the sharp exo-
thermic peak observed in the range 450-600°C corresponding to crystallization of dried
gel. The average enthalpies of crystallization, AH,, were determined for all four samples
and are summarized in Table 2. The AH,_ values are very close for samples C and D, but
about 20% higher for sample A and about 40% lower for sample B. Smaller AH, value
observed for sample B can probably be explained as a consequence of overlapping of the
crystallization process and endothermic mass loss. The crystallization occurs after the
residual water is removed from the sample as evident from a comparison of Figs. 1b and
3. The XRD analysis of the samples after DSC measurement shows that a tetragonal zir-
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Table 2

The kinetic parameters of crystallization process

Sample —AH/ g1 E/KJ mol™! M N In[A(Gs™ 1]

A 124213 2855 1.13£0.03 1.420.1 4330 +0.07
B 60+7 2855 0.5£0.1 03+£0.1 38.5+0.2
c 1025 327+ 2 0.66 + 0.05 1392008 46.5+0.1
D 104 =3 31245 0.86 + 0.05 1.44 0.01 46.0+0.1

conia phase is formed during the crystallization process. This was also confirmed by Ra-
man spectroscopy using the method described in Ref. [35].

The crystallization process can be followed by non-isothermal DSC measurements
taken at different heating rates and later analyzed by the method described above. The
samples of yttria containing zirconia gels were measured by DSC using five different
heating rates: 2, 5, 10, 15 and 20 K min~!. The dependence of the activation energy of the
crystallization process on &, determined using Eq. (4) is shown in Fig. 4 (full lines). The
average values of the activation energy determined in the restricted range 0.3 <a < 0.7
are shown by broken lines and summarized in Table 2. These values were used for the
kinetic calculations. The variation of E versus & is within 10% for samples C and D but it
is higher for samples A and B.
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Fig. 4. Activation energies, E, at various fractional extent of crystallization a (full lines), calculated from DSC
data (using Eq. (4)) for ZrO»~Y703 (3 moi%) gels prepared by methods A, B, C and D. The broken lines show
the average E value in the restricted interval 0.3 < @ < 0.7, used for kinetic calculations.
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Fig. 5. (a) Normalized z(a)function. (b) Normalized y(a) function calculated from the DSC data for ZrO,—
Y503 (3 mol%) gel prepared by method D. The heating rates are shown by various points: [, 2.5; A, 5; O,
10; M,15 and A, 20 K min~!. The points were calculated by Egs. (3) and (6), and the full lines correspond to
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Table 3

The maxima of the y(a) and the z(a) function

oa

Sample [« 28 ap

A 0.44 +0.01 0.53+0.01
B 0.61+0.03 0.69 +0.03
C 032+0.01 0.50 + 0.01
D 0.37 £ 0.01 0.47 0.0t

Experimental DSC data can be converted to the z() and y(a) functions using Egs. (3)
and (6). These two functions, normalized within a (0,1) interval, corresponding to sample
D are shown in Fig. 5 for different heating rates (points). For better clarity, not all the
data points are included in this figure. Both these functions are independent of the heat-
ing rate and give well-defined maxima. The values of @,” and ay, cortesponding to the
maxima are summarized for all samples in Table 3. It is evident that the maximum of the
z(a) function is far from the interval 0.62 < a < 0.64, typical for the JMA model. There-
fore, it seems that this model cannot be used for the description of the crystallization
process in yttria containing zirconia gels. It is well known that the JMA model was origi-
nally derived for the description of transformation processes under isothermal conditions.
Its applicability under non-isothermal conditions (e.g. DSC measurements) is limited to
some special cases where a new phase grows from a constant number of nuclei. This is
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Fig. 6. Experimental (points) and calculated (full lines) DSC curves corresponding to the crystallization at
various heating rates of ZrO,—Y,03 (3 mol%) gel prepared by method D. The symbols used are as in Fig. 4.
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equivalent to the situation where all nucleation is completed prior to crystal growth. It
seems that this condition is not fulfilled in the case of amorphous zirconia gels. It seems
that the nucleation process and the growth of the primary crystallites occur simultane-
ously after removal of adsorbed water from the sample. In this case the crystallization
process can be described by the empirical SB model. The kinetic parameters In A, M and
N, calculated by Eqgs. (5), (9) and (10) are summarized in Table 2.

Experimental (points) and calculated DSC curves (full lines) are compared in Fig. 6
for sample D measured at five different heating rates. From a comparison it is apparent
that the crystallization process can be well described by the SB model within the error
limits indicated in Table 2. The consistency of this model can by verified also by calcu-
lation of theoretical z(@) and y(«) functions. By comparing Eqs. (2) and (6) it is evident
that the y(a) function is proportional to the obtained f(a) function. Similarly, it can be
shown [19] that the z(a) function is proportional to {[dﬂa)/da]]da/f(a)}. The f(a) func-
tion is defined by the parameters M and N summarized in Table 2. Thus it is possible to
calculate theoretical z(e) and y(r) functions as shown by the full lines in Fig. 5. Agree-
ment between these theoretically calculated functions and the experimental data con-
verted by Egs. (2) and (6) is quite good.

The same analysis was performed also for samples A, B and C. Experimental (points)
and calculated DSC curves (full lines) are compared in Fig. 7 for all four samples at a
heating rate of 10 K min~!. Samples A and D exhibit sharp DSC peaks corresponding to
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Fig. 7. Experimental (points) and calculated (full lines) DSC curves (heating rate 10 K min~1) corresponding
to ZrO»—Y,03 (3 mol%) gels prepared by methods A, B, C and D.
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rapid crystallization. On the other hand the crystallization process in samples B and C
took place more gradually. Hence, the DSC peaks are broader and their positions are
shifted towards higher temperatures. From the point of view of a quantitative description
the best agreement between measured and calculated DSC curves can be found for sam-
ples C and D.

7. Conclusion

The samples of dried ZrO,~Y,0; (3 mol%) gels were prepared by four different
methods. The crystallization kinetics were studied by DSC under non-isothermal condi-
tions. The crystallization process is started after adsorbed water has been removed from
the sample. It was found that the JMA model cannot be applied for the description of the
experimental data. One possible explanation is that both nucleation and crystal growth
processes overlap and therefore one of the basic assumptions for the applicability of this
model is not fulfilled. It was established, however, that the empirical SB kinetic model
gives a good description of DSC data. The results reported here indicate that the method
of precipitation used in the preparation of zirconia gels are important factors in crystalli-
zation behavior.
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