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Nucleation and crystallization kinetics of
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The nucleation and crystallization kinetics of CaO-Al,0;-2Si0, crystals in powdered
anorthite glass with particle size <44 pm in which CaO-Al,0;-2Si0, crystals were found to
crystallize in the heating process of the glass, were studied by nonisothermal measurements
using differential thermal analysis (DTA). The temperature of maximum nucleation rate was
determined from the DTA curves of samples heat treated at different temperatures. The
activation energy and kinetic parameters were simultaneously calculated from the DTA data
using previously reported kinetic models. The crystallization process of a sample heat
treated at the temperature of the maximum nucleation rate was fitted to kinetic equations
with an Avrami constant, n=~2 and a dimensionality of crystal growth, m=~2, indicating that
the constant number of nuclei of CaO-Al,0,-2Si0, precipitated in a glass matrix grew
two-dimensionally with an activation energy taken as an average of the values calculated by

the Kissinger and also the Augis and Bennett method of 679 +4 kJ mol~".

1. Introduction

Glass—ceramics, prepared by the controlled devitrifi-
cation of glasses, have become established in a wide
range of technical and technological applications [1].
One of these recent applications is as substrate mater-
ials for semiconductor packaging [1-4].

A relatively new method of glass—ceramic prepara-
tion is the sintering of glass powders, followed by
a nucleation heat treatment [5-7]. We have recently
examined the possibility of using a glass powder with
the composition of anorthite (CaO-Al,0,-2Si0,) in
order to prepare glass—ceramic substrates using a low
sintering temperature [8]. It was found that the glass
powder sintered above 900 °C and that an anorthite
phase was obtainable in the glass. The formation pro-
cess of such anorthite crystals is of great importance
both from a technological aspect as well as a funda-
mental point of view. In order to clarify the formation
process of such materials, it is essential to study the
temperature range where nucleation can occur, the
temperature where the nucleation rate is a maximum,
and the crystallization kinetics.

A number of studies have been reported that also
examined the sintering and crystallization mecha-
nisms of cordierite-based glasses [9-16], and deter-
mined the kinetic parameters [17-19]. However, to
our knowledge, there has been no systematic study
on the nucleation and the crystallization kinetics
of anorthite glass with only some preliminary data
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reported by Ota et al. [20] currently available in the
literature.

In the present work, we focus our attention on the
nucleation and crystallization kinetics in powdered
anorthite glass, in which CaO-Al,0,-2Si0, crystals
precipitated during the heating process of the glass,
We performed nonisothermal measurements using dif-
ferential thermal analysis (DTA) for the study.

2. Experimental procedure

2.1. Glass preparation

Glass with the composition CaO-Al,0,-2Si0, (mol
ratio) was used. The glass was prepared by melting
a homogeneous mixture of reagent-grade CaCOs,
AL O3, and SiO, at 1600°C for 2h in a Pt-Rh cru-
cible. The melt was quenched by pouring it into water.
The as-quenched glass was ground and screened with
a size of 44 pm mesh, and stored in an oven at 100 °C
to prevent moisture attack until it was required for the
nonisothermal DTA measurements using a Macsci-
ence model TG-DTA 2000.

2.2. Methods of analysis

In order to determine the temperature range for nu-
cleation, T, and the maximum nucleation rate tem-
perature, T, heat treatments and DTA experiments
were performed, respectively. The heat treatments
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were performed as folows; 50 mg of the sample with
a particle size of < 44 um were placed in an alumina
boat and heated up to appropriate temperatures at a
rate of 10 °C per min in an electrical resistance furnace.
The sample was taken out of the furnace after a holding
period of 2 h at the temperature, T, and was allowed to
cool in an ambient atmosphere. The DTA measure-
ments were performed using about 30 mg of the heat-
treated glass powder (< 44 um) in a Pt crucible in an
air atmosphere with a heating rate of 10°C per min.

In order to determine the kinetic parameters of the
sample heat treated at the previously determined Ty,
DTA measurements were also performed using about
30mg of the heat-treated glass powders in an air
atmosphere with heating rates of 5, 10, 15, and 20°C
per min, respectively to 1050°C. The DTA results
were further anmalysed to obtain the crystallization
mode and the activation energy values for crystalliza-
tion of each sample using the Kissinger [21], Ozawa
[22], and Augis—Bennett [23] methods. The reason
that all of these methods were used in the present
study was to obtain more accurate kinetic parameters
for the glass. The phase analysis and crystallization of
the heat-treated samples were examined by X-ray dif-
fraction (XRD: Rigaku RINT 2000, Japan) and scann-
ing electron microscopy (SEM: Jeol JSM-5400,
Japan). A best fit for the results was calculated by the
least square method. The arithmetic mean as well as
the standard deviation were calculated for the activa-
tion energies.

3. Results and discussion
3.1. Nucleation and temperature of
maximum nucleation rate
As reported by Marotta et al. [24] and Xu et al. [25],
the DTA technique can be used to determine the
nucleation temperature range and the temperature for
maximum nucleation. In the DTA technique, the tem-
perature at the crystallization peak maximum, T, is
determined as a function of the nucleation temper-
ature, T, using a constant sample weight and heating
rate. The inverse of the temperature corresponding to
the maximum of the DTA crystallization peak, 1/7T,
obtained for this glass nucleated at different T, for 2 b,
is shown in Fig. 1. For samples with the same com-
position, the following relationship [25, 26] is applied
between the number of nuclei, N and the crystalliza-
tion peak temperature, T, when the heating rates are
the same for the DTA runs.

E, 1
InN = —— + constant )

RTp

Thus, the greater the number of nuclei, the lower the
crystallization temperature. Therefore, the change in
T, in Fig. 1 with T, is primarily due to a change in
N in the glass.

Asshown in Fig. 1, 1/T, is constant until the glassis
nucleated above 850 °C, indicating that the nucleation
rate for this glass below 8350°C is so low that no
detectable number of new nuclei are formed in 2 h as
compared with the number of nuclei initially present
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Figure I Inverse of T, for the anorthite glass as function of T,
Particle size and weight of each sample were held constant at
< 44 ym and 50 mg, respectively. Each sample was held at T, for
2h and ¢ = 10°C per min.

in the as-quenched glass. Fig. 1 further shows that the
temperature where the nucleation can occur in the
anorthite glass ranges from 850-910°C and that the
nucleation rate is a maximum at 880 + 5°C. The
crystallization peak on the DTA curves for the glass
heat treated at temperatures higher than 910°C be-
came weak and finally disappeared.

To confirm the nucleation results on the DTA
curves, XRD analysis was performed. The XRD pat-
terns of the as-quenched glass and the glass heat
treated at 880 °C (the temperature of the maximum
nucleation rate) for 2 h have broad humps charactet-
istic of the amorphous state, whereas the glasses heat
treated at a temperature higher than 950°C for 2h
show diffraction peaks belonging to crystalline anor-
thite, CaO-Al,05-2Si0, as is shown in Fig. 2.

3.2. Kinetic parameters of crystal growth
The DTA data were analysed primarily using the
Kissinger equation:

) -

where ¢ is the DTA heating rate, T, is the crystalliza-
tion peak temperature, E,, is the activation energy for
crystallization estimated by the Kissinger method, and
R is the gas constant.

The Kissinger plot according to Equation 2 for the
glass, for heating rates of 5, 10, 15, and 20°C per min,
is shown in Fig. 3. The value of E,, determined from
the slope of this plot is 683 kJmol ™ !. Matusita and
Sakka [27] have stated that Equation 2 is valid only if
crystal growth occurs on a fixed number of nuclei.
A sample of the investigated glass was nucleated at the
temperature of the maximum nucleation rate and the
number of nuclei formed during the DTA run can be
regarded as negligible [24]. Therefore, Equation 2 is
applicable for the study.

— E/RT, + constant (2)
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Figure 2 XRD patterns of the anorthite glass powder: (A) as-quen-
ched; (B) nucleated at 830°C for 2h; and (C)~«(E) nucleated at
temperatures of 950°C, 1000°C, and 1050°C for 2 h, respectively.
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Figure 3 Kissinger plot for the anorthite glass powder for ¢ of
5,10, 15, and 20 °C per min. The sample was nucleated at 880 °C for
2h.

If most nuclei are formed during the DTA run, then
the activation energy values from the Kissinger equa-
tion are incorrect. Matusita and Sakka have suggested
a modified form of the Kissinger equation of

In(¢"/TE) =

where E, indicates the correct activation energy for
crystallization via the modified Kissinger method, n is
an Avrami constant, and m is the dimensionality of the
crystal growth. The parameters n and m that are

— mE,/RTp + constant  (3)

TABLE I Values of n and m for different crystallization mecha-
nisms in the heating process

Crystallization mechanism n om

Bulk crystallization with a constant number of nuclei
(i.e. the number of nuclei is independent of
the heating rate)

three-dimensional growth of crystals 3 3
two-dimensional growth of crystals 2
one-dimensional growth of crystals 11

Bulk crystallization with an increasing number of nuclei
(i.e. the number of nuclei is inversely proportional to
the heating rate)
three-dimensional growth of crystals
two-dimensional growth of crystals
one-dimensional growth of crystals

Surface crystallization

— N W A
—_ =N W

characteristic of various crystallization mechanisms
can take on various values [19, 28,29], as is sum-
marized in Table I. The value of m is related to » as:
m=n when crystallization at different heating
rates occurs on a fixed number of nuclei. In other
words the number of nuclei is constant during the
DTA runs at different values for ¢. In addition,
when surface nucleation dominates, m =n =1 and
Equation 3 essentially reduces to the Kissinger
Equation 2.

Xu et al. [25] have demonstrated that for most
oxide-glass systems that E, and E, are related by the
equation:

Ec = (n/m) Eck (4)

For m = n, i.e., when crystallization occurs on a fixed
number of nuclei, E; = E,. Thus, for crystal growth
that occurs on a fixed number of nuclei, the analysis of
DTA data by the Kissinger model, Equation 2 yields
the correct value of E.. The parameters, n and m in this
study are hence considered to be n = m, as is obvious
from Table L. ‘

The value of n can be determined by the Ozawa
equation [22, 257:

din(~In(l —x) |
[ dind ]T = o ®

where x is the volume fraction crystallized at a fixed
temperature T when heated at ¢. This is, x is the ratio
of the partial area at T to the total area of the crystalli-
zation exotherm. An Ozawa plot from Equation 5 is
presented in Fig. 4, and indicates that bulk crystalliza-
tion dominates in the glass (n = 1.9). Thus, the m value
of the glass becomes ~ 2 because n equals m, that is
n =m as mentioned previously. Allowing for experi-
mental errors, the value of n is considered to be 2. On
the basis of the SEM observation for the cross-section
of the glass which was heated up to 1000 °C, held for
2 h, and furnace cooled, where the crystallization was
almost completed, particles of CaO-Al,0;-2Si0,
grown in two dimensions are observed in the glass
matrix, indicating m = 2, as shown in Fig, 3.

To further confirm the accuracy of the above result
for activation energy value, the following Augis and
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Figure 4 Plot of [In( — In(1 — x))]r versus In¢ for the anorthite
glass powder for a ¢ of 5, 10, 15 and 20 °C per min. The sample was
nucleated at 880°C for 2 h.
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Figure 5 SEM micrograph of the anorthite glass heat treated at
1000°C for 2h (¢ = 10°C per min), furnace cooled, and etched at
25°C with 1% HF for 20 sec. Prior to the heat-treatment, the
sample was nucleated at 880°C for 2h and a ¢ = 10°C per min.

Bennett [23] equation can be applied:
In(¢/Te — To)) =

where T, is the initial temperature from which the
sample was heated with a constant heating rate which
is 300 K: for the present study. E.,1,, which indicates the
activation energy for crystallization from the Augis
and Bennett method, can be calculated from the plot

— E_.w/RTp + constant  (6)

of In(¢/(Tp — Ty)) versus 1/Tp, as is shown in Fig. 6.

The activation energy value of 675 kJmol ™! from
this method is in good agreement with that of
683 kJmol~! Kissinger method. Thus an averaged
value of the activation average can be taken to be
679 + 4 kImol ™%,

4, Conclusions
From the experimental results the following con-
clusions can be drawn: :
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Figure 6 Plot of In(¢/(Te — T)) versus 1000/T, for the anorthite
glass for ¢ of 5,10, 15, and 20°C per min. The sample was nu-
cleated at 880°C for 2 h.

1. The temperature of maximum nucleation rate for
Ca0-Al,03-28i0, crystals in the powdered anor-
thite glass (grainsize < 44 pum) is around 880 °C.

2. The values of n and m depend on the crystal growth
mechanism and are found to be n =m=2 from the
nonisothermal DTA measurements. The crystalliza-
tion mechanism for the powdered glass is two-dimen-
sional growth.

3. The activation energy of crystal growth, E., for the
powdered anorthite glass obtained from the average of
the values calculated using the nonisothermal kinetic
equations is 679 + 4 kImol ™.
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