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Abstract

In this paper we investigate the impact of ZrO, and TiO, as nucleating agents on the crystallization behavior of a lithium
aluminosilicate (LAS) glass—ceramic (G-C). The crystallization mechanism is explored at first through X-ray diffraction
analyses next to various heat treatments. Differential scanning calorimetry (DSC) analyses conducted under non-isothermal
conditions at different heating rates reveal well-defined exothermic peaks. The activation energy (Ea), the key parameter
in understanding thermal kinetics, is determined through model-free methods, specifically Flynn Wall Ozawa (FWO) and
Kissinger Akahira Sunose (KAS), as well as the model-fitting approach (Coats-Redfern, C—R method). Additionally, the
crystallization mechanism of the studied LAS glass ceramic is discussed utilizing the C—R method and Criado’s methods.
By employing these techniques, a comprehensive analysis of the LAS glass—ceramic system is provided, contributing to the
fundamental understanding of its crystallization processes, and laying the groundwork for further advancements in G-C

materials.
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Introduction

Glass—ceramic materials are a type of advanced materials
that is prepared through the controlled crystallization of
glasses. This process involves subjecting a glass composi-
tion to controlled heat treatment, leading to the development
of crystalline phases within the amorphous glass matrix.
Glass—ceramics exhibit a combination of properties that
makes these materials well suited for applications where
both dimensional stability and resistance to thermal shock
are essential [1]. The Li,0-Al,0;-Si0,, known as lithium
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aluminosilicate (LAS), system, stands out as the most com-
mercially successful among various glass—ceramic systems.
These materials are commonly employed as substrates for
microelectronic packaging and microwave dielectrics [2—6],
and primarily attributed to their remarkable thermal proper-
ties, characterized by a low thermal expansion coefficient
and a high upper operating temperature [7, 8].

Nucleation agents, such as ZrO, and TiO,, are employed
for inducing controlled bulk crystallization in the parent glass
[9-11]. In commercial LAS glass—ceramics, supplementary
components are typically incorporated to decrease glass melt-
ing temperatures, cut down on batch costs, and expand the
working range [9, 10]. These two oxides can incorporate
into the B-spodumene crystals through partial solid solution,
effectively minimizing thermal expansion, acting as a glass
flux, and reducing batch material costs [9, 12—15]. The most
commonly used nucleating agents are ZrO,, TiO, oxides, and
their mixtures, which demonstrate enhanced performance in
grain refinement due to the formation of ZrTiO, [16-18]. For
instance, Hoche T et al. [19] investigated the effect of ZrO,
and TiO, on the nucleation mechanism in lithium alumino-
silicate glass. Furthermore, the influence of P,O5 oxides has
been specifically studied in LAS glass—ceramics. A. de Pablos-
Martin et al. [20] and Xingzhong Guo et al. [21] examined
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the crystallization mechanism using the calculated Avrami
exponent according to DSC curves at various heating rates.
Additionally, the inclusion of MgO plays a role in lowering the
crystallization temperature and aiding the phase transforma-
tion from p-quartz to f-spodumene in the LAS glass—ceramics
system [22]. It is well-established that heat-treatment time and
temperature play crucial roles in determining the final structure
and properties of glass—ceramics. Thermal analysis, a quick
and convenient method, proves useful in examining the kinet-
ics of chemical reactions and the crystallization processes in
glass [23]. This technique has been applied to investigate the
crystallization kinetics in diverse glass systems, including LAS
[24-30].

This study aims to investigate how the addition of TiO,
and ZrO, affects the thermal behavior, kinetics, and mecha-
nism of crystallization in a lithium-aluminosilicate (LAS)
glass—ceramic. The investigation employs a non-isothermal
method using DSC. Additionally, the objective is to determine if
the activation energy (Ea) correlates consistently with the degree
of conversion and the appropriateness of the proposed methods.

Utilizing model-free techniques like FWO and KAS, as
well as model-fitting methods such as C-R, the E, of LAS G-C
was assessed. Additionally, Master plot methods, including
C-R and Criado’s methods, were applied to identify potential
reaction models for LAS G-C. This approach contributes to a
deeper understanding of the thermal crystallization mechanism
linked to LAS G-C.

Experimental procedure

The glass, with a nominal composition of
Si0,-Al,05-Li,0-Ti0,-ZrO,-MgO-ZnO, was prepared by the
Centre de Recherche Corning Europe using the conventional
melt quenching method. This material was provided to us as
a disk with a diameter of 20 cm and a thickness of 5 mm. The
glass was annealed for 1h at 600 °C to relax internal stresses
[31]. The oxide weight fractions of the glass are provided in
Table 1.

Analytical methods

The glass—ceramic was pulverized by agate ball milling
(Ball mill PM100, from Germany), resulting glass—ceramic
powder for use in thermal analysis. The glass transition
temperature (7,) and crystallization temperature (7,) were
determined using a DSC (Netzsch STA449C model, from
Germany) using samples of mass in the range 30-40 mg.

The sample was placed in platinum pans within the sam-
ple oven, whereas an empty pan was set in the reference
oven. The thermal cycle consisted in heating the sample
at different rates (=35, 10, 15, 20, 25, 30, 35 and 40 °C/
min) from room temperature to 1200 °C with a tempera-
ture error of +5 °C.

Confirmation of the amorphous nature of the glass and
the crystal phases present in the corresponding G-Cs was
achieved through X-ray diffraction, using a D8 ADVANCE
ECO Bruker model from Germany. Under operating condi-
tions (40kV, 20 mA and Copper anticathode Wavelength
(Kal)=0.154 nm). The scanning conditions include a step
size of 0.02° at a rate of 2°/min, covering an angle range
of 20 from 10° to 80°.

The method introduced by Krimm et al., [32], was
employed to estimate the crystallinity index. This method
calculates crystallinity as the ratio of the diffracted crystal-
line area (Ac) to the total diffracted area (AT = crystalline
area + amorphous area), as defined by Eq. 1.

AC
Cri% = (

100
AC+Aa> % M

where Crl=crystallinity index (%); Ac =diffracted crystal-
line area; Aa=diffracted amorphous area.

The Vickers hardness was assessed utilizing a micro
hardness tester (DHV-1000, China). A minimum of four
points were measured per sample to calculate the average
hardness, with an error margin of +0.2 GPa.

The H, hardness is assessed through the ratio of applied
load (P) divided to surface area (A). Where, P, d and A
represents, respectively, the load applied to the material’s
surface, mean diagonal and the surface area measured
in square micrometers [33-36]. The determination of A
involves the application of the following formula:

d2
A= ———
2sin<]3%) @)
d2
~ 1.8544 )

In this study, the Vickers microhardness test method to
measure hardness. The measurements utilized a pyramid-
shaped indentation tip with an apex angle (a) of 136°.
Vickers microhardness values (Hv) were calculated under
a load of 100 g for a peak-load time of 10 s, using Eq. 4.

Table 1 Composition of the Sio,

ALO
glass samples (wt.%) 23

Li,O TiO,

Zr0O, MgO ZnO

69% 20%

2,5 2,5 2 1
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Hv = 1.8544% 4)

E =81.9635H, 3)

The constant 8§1.9635 in Eq. 5 is employed for the calcu-
lation of elastic modulus in ceramic materials, as specified
in [33, 34].

The yield strength (Y) represents the maximum stress a
material can endure without undergoing plastic deformation,
and it can be determined using Eq. (6) [35, 36].

~ Y
VxS ©6)
Yield strength holds significant importance in the struc-
tural design of engineering applications. When designing
a device, it becomes imperative to ensure that the material
chosen possesses ample yield strength to support the applied
load without undergoing plastic deformation.

Results and discussion
DSC and thermal data

Figure 1 illustrates the DSC curves of glass subjected to
varying heating rates. A wide endothermic stage, associated
to the glass transition, is observed within the temperature
range of 730 °C to 750 °C. The T, for each heating rate was
determined during this stage. Notably, all curves displayed
a distinct exothermic peak, suggesting that a suitable heat

treatment would induce the precipitation of micro-crystals
from the parent glass.

The glass’s formability was evaluated by analyzing the
thermal parameters AT and S, as specified by Dietzel and
Saad Paulin [37, 38].

Dietzel : AT =Tc —Tg @)

Saad — Paulinl : S = (Tc — To)(To — Tg)/Tg 8)

where T, T,, and T, represent the glass transition tempera-
ture, crystallization peak temperature, and crystallization
onset temperature, respectively—all obtained from the
DSC curves—the glass stability is assessed based on the
values of AT and S. The higher values of AT and § indi-
cate greater resistance to crystallization during heating,
reflecting enhanced thermal stability. This means the glass
can maintain its amorphous state over a wider temperature
range before crystallization begins. These parameters pro-
vide insights into the thermal behavior of the glass and its
resistance to crystallization, making them useful indicators
in assessing the overall stability of the material. For a more
convenient comparison, the characteristic temperatures of
the glass are compiled in Table 2.

X-ray analysis (XRD)

When the glass is subjected to heat treatment at 800°C for
various dwell times, the X-ray diffraction analyses, reveal
that no diffraction peaks are observed until the sample
undergoes a 2-h treatment (Fig. 2). This absence of diffrac-
tion peaks suggests that the glass is in an amorphous state

Fig. 1 (DSC) curves for differ-
ent heating rates
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Table2 Tg, Tc, and To temperatures, as well as parameters (A7 and S)

p(°C /min) Tg (°C) To(°C) Tc (°C)  AT(°C) S
5 737 850 864 127 2,15
10 732 863 879 147 2,86
15 731 873 889 158 3,11
20 735 880 898 163 3,55
25 743 889 907 164 3,54
30 745 895 915 170 4,03
35 745 903 923 178 4,24
40 743 908 928 185 4,44
Error +3 +3 +3 +3 +0,01
» Virgilite . | Glaee coramics veated 2t 800°C Th
[—— Glass-ceramics treated at 800°C 2h
* Quartz ——— Glass-ceramics treated at 800°C 4h
—— Glass-ceramics treated at 800°C 8h
—— Glass-ceramics treated at 800°C 16h

S PCERIST W (00 QIR vampun
———r———

Intensity (u.a.)

0 10 20 30 40 50 6 70 80 90
26(°)

Fig.2 XRD of sample various heat-treatment time and temperatures

initially. However, after the 2-h mark, diffraction peaks
become evident, indicating the initiation of crystallization.

The initiation of crystallization at approximately 800°C,
consistent with the first crystallization peak observed in

Fig.3 The stages of crystalliza-

. : Stage 1: Germination
tion of glass ceramics

Stage 2: coalescence
(2rTiO4 D=55 A)

the DSC results, implies that the heat treatment induces a
transformation from an amorphous to a crystalline state.
The DSC results provide additional insight into the ther-
mal behavior of the glass, corroborating the X-ray dif-
fraction findings and enhancing our understanding of the
phase changes occurring during the heat treatment process
[39, 40].

At 800°C for 2 h, an additional broad peak becomes
apparent, identified as stemming from the presence of a
Z1TiO, crystalline phase. If the time of heat treatment
is greater than two hours, several new and sharp peaks
appear. These fresh peaks were recognized as closely asso-
ciated with the virgilite crystalline phase (Li, Al, Si5_ Oy),
and some quartz were observed. This observation aligns
with the characterization of crystalline phases in silico-
aluminate glasses, as described in prior work [29, 31].

The crystallization process can be summarized in four
key stages, according to heat treatment applied to the
glass—ceramic (Fig. 3):

The first stage corresponds to precipitation with forma-
tion tiny germs, or nuclei, form within the glass matrix,
primarily composed of ZrTiO,. This stage is facilitated
by the presence of TiO, and ZrO,, which are well-known
nucleating agents that lower the energy barrier for nuclea-
tion. The nucleation of these crystallites is reported to be
quite easy, leading to a significant number of initial germs.

The second stage correspond to coalescence of crys-
tals: the initial crystals undergo coalescence, where they
begin to merge. During this stage, the number of crystals
decreases as they coalesce, and the average size of the
crystals increases, reaching a diameter of approximately
55 A [31]. This increase in crystal size marks a shift
towards a more stable structure, essential for subsequent
growth and transformation stages.

Next, crystalline phase forms around the coalesced
crystals. According to ASTM data, this phase is identi-
fied as virgilite (LiAlSiOy, a lithium aluminosilicate). The
appearance of virgilite indicates a transformation in the

Stage 3: Crystallization
(virgilite: Li Al SiO4)

Stage 4: Crystal growth
(Ostwald mechanism)

Glass phase

Crystalline phase

Transparency

Strength, Durability
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microstructure, with the development of distinct crystal-
line regions surrounding the initial ZrTiO4-based germs.

Finally, Crystal growth continues as a function of the heat
treatment time. Following the Ostwald ripening mechanism,
smaller crystals dissolve, and larger crystals grow, leading to
an increase in the size of crystallized domains. As a growth
progresses, the crystalline regions become large enough to
interpenetrate.

According to the results obtained from TiO,-containing
glasses, it is quite evident that TiO, is greatly effective in
the nucleation and crystallization processes. Several inves-
tigators [41, 42] have demonstrated that in glasses with sub-
stantial TiO, content, the effective nuclei and small titanium
crystallites are composed of compounds such as TiO, itself
or titanates.

TiO, preferentially promoted the nucleation of the keatite
structure, facilitating the transformation of B-quartz ss into
keatite ss, while ZrO, primarily nucleated or stabilized the
high-quartz structure in Li,O-MgO-Al,0s-SiO, glasses
nucleated with TiO,, ZrO,, or both [41].

Fernandes, H. R. et al. [42], provided important insights
into the crystallization mechanism the contribution of (TiO,
and ZrO,) on the crystallization behavior and the properties
of glasses. Moreover, the occurrence of liquid—liquid phase
separation was observed in all experimental compositions with
some specific and delicate differences, which exert a strong
influence in the phase composition and microstructure of G-C.

Mechanical properties

Table 3 illustrates the impact of heat-treatment time and
temperature on the crystallinity index and mechanical
properties (Hv, E, and Y) of the G—C. As depicted in Fig. 2,
with the rise in temperature and prolonged heat-treatment
time, the sample’s crystallinity gradually increases, mir-
roring the same trend observed in Vickers hardness. It is
noteworthy that within the heat-treatment time range of
0-2 h at 800°C, the hardness exhibits minimal variations
due to the absence of a significant crystallization [43].
As the temperature and the duration of the thermal treat-
ment increase, the crystallinity tends to rise, contributing
positively to the material’s hardness. However, if the crys-
tallinity surpasses an optimal threshold, it can introduce

structural defects or undesirable crystal arrangements that
may compromise the hardness of the sample. This delicate
balance highlights the importance of optimizing heat-treat-
ment conditions to achieve the desired crystalline structure
and mechanical properties in the G-C [44, 45].

Non-isothermal crystallization kinetics

The conversion (@) in the context of crystallization kinetics
refers to the fraction of the material that has undergone a
phase transformation from an amorphous to a crystalline
state. This transformation is often associated with exo-
thermic peaks observed in the DSC data shown in Fig. 1,
acquired at various heating rates (=35, 10, 15, 20, 25, 30,
35, and 40 °C/min). The extent of conversion is a crucial
parameter in understanding the kinetics of the crystallization
process, and it is calculated using the following equation:

- Sol5)ar s, o

If ( dHc =S
T0(7>dT f

where SO and Sf representing the area of DSC heating scans
from 7o to T and from 7o to Tf. The relationship between
crystallization time (¢) and temperature (7) in the case of
non-isothermal crystallization is often expressed using the
following equation:

L _1r-10
B

where 70 represents the initial temperature at the commence-
ment of crystallization (+=0), T denotes the temperature
at crystallization time ¢, and S corresponds to the heating
rate. Model-free isoconversional methods are commonly
employed in the study of thermally activated reactions,
particularly in the field of kinetics. These methods aim to
determine the Ea of a reaction without relying on specific
mechanistic details. The two main categories of model-free
isoconversional methods are differential and integral methods
[46, 47]. Equation (11) describes the crystallization response
in all types of non-isothermal kinetics investigations.

(10)

Table 3 Effect of heat-treatment

A Samples Crl (%) d (um) Hv (GPa) E (GPa) Y (GPa)

time and temperature on ¢ Crl

and (d, Hv, E and Y) of the G-C 800 °C-0 h 0 15.41 0.419+0.01 61.985+1 0.252+0.005
800 °C-1h 14.47 0.425+£0.02 70.3+1 0.286 +0.005
800 °C-2 h 48+1 14.25 0.463+0.02 7248442 0.295 +0.006
800 °C-4 h 56+2 13.93 0.536+0.02 75.856+ 1 0.308 +0.005
800 °C-8 h 67+ 13.35 0.716+0.03 82.59+3 0.336+0.006
800 °C-16 h 86+ 12.71 0.846+0.03 91.117+3 0.3710.007
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‘fi—"‘ = KT)f (@) (11)

where, k(T) represents the rate constant, f{a) corresponds to
the reaction model, and «a denotes the conversion rate.

The relationship between temperature, time and con-
version rate « is depicted for each heating rate (Fig. 4).
It is evident that all samples exhibit a sigmoidal trend in
conversion, demonstrating a similar pattern.

Where the rate constant k(7) is governed by the Arrhe-
nius Eq. (12). [48]

-E
kT)=A —

() exp[ RT] (12)
where E, represents the activation energy in (KJ/mol), R is
the universal gas constant (8.314J -mol™-K™1), T is the abso-
lute temperature in (K), and A is the pre-exponential factor
in min™!. The choice of a constant heating rate is common in

(DSC) experiments to study kinetic processes; the constant
p is defined with:

dT

p=" (13)

By integrating both the values of k(7) and f into Eq. (1),
we can express the modified form of Eq. (14).

da _ A _Ea
7= (5)ev| 7o

In order to gain a deeper comprehension of the crystalliza-
tion kinetics, the crystallization rate expression presented in
Eq. (14) signifies the analytical methods utilized to estimate

(14)

100 (a ..._
N / //ﬁ
X
>
€ 60 4
s
7
g 40 —5°Cimin
® —10°C/min
= 15°C/imin
% 20 ——20°C/min
o / ———25°CImin
J 30°C/min
04—~ | ,v _|7—35°C/min
—40°C/min
T T T ’ T
840 860 880 900 920 940 960
Temperature(°C)

the activation energy Ea through the DSC data [49]. Typically,
two main approaches are employed: the model-free and the
model-fitting approaches. The latter approach is commonly as
it allows for the direct identification of kinetic triplets. Never-
theless, a limitation exists in its incapacity to precisely predict
a singular reaction model [50]. On the other hand, isocon-
versional methods utilize a model independent of varying
but at a constant degree of (a), enabling the prediction of Ea.
Model-free methods such as FWO and KAS are examples of
isoconversional techniques.

FWO method

The FWO method’s strength lies in its ability to assess activa-
tion energy at different conversion levels, providing valuable
insights into the temperature dependence of reaction rates. The
linear segments on the isoconversional plots enable a straight-
forward determination of activation energy under varying S
[51, 52], enhancing the understanding of reaction kinetics, as

outlined below:
Ea
RT

Moreover, by employing Flynn’s corrected Doyle’s lin-
ear approximation [53], the expression for the equation as
follows:

In(f) = (15)

a

ne = ( ) 331 _ LOS2E,
n(f) = |In — 16
100 - e
~ 80 4
S
2
£ 604
s
@
g 40
o —— 5°C/min
2 —— 10°C/min
% —— 15°C/min
20 H —— 20°C/min
- —— 25°C/min
—— 30°C/min
0- —— 35°C/min
—— 40°C/min
- 1 . - - .
0 2 . 4 : 6 8
Time (min)

Fig.4 Relative crystallinity for different heating rates: a: A function of temperature (b): A function of time
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where, Ea represents the activation energy, g(a) denotes the
integral kinetic function, A stands for the pre-exponential
factor, and R represents the universal gas constant. Conse-
quently, when In () is plotted against (1/T), it should yield
linear relationships, allowing us to determine the activation
energy through the slope (-1.052Ea / R).

KAS method

The KAS method, known for its excellence in integral iso-
conversional analysis, stands out among the top methods
available. This method relies on the numerical approxima-
tion of the Arrhenius integral [54]. Like differential meth-
ods, the KAS method is a model-free approach, eliminat-
ing the need for the explicit identification of the reaction
model. Equation (17) represents the final expression of this
equation.

ln<£> = ln( AR > _ L (17)
T? E g(a) RT

where, E, the activation energy, g(a) represents the integral
conversion function, A stands for the pre-exponential factor,
and R corresponds to the universal gas constant.

Plotting ln(B/TZ) against 1/T at constant conversion (o)
using Eq. (17) gives the apparent activation energy from
the slope. The FWO and KAS methods were employed to
analyze all experimental curves depicted in Figs. 5 and 6
concurrently, the results are listed in Table 4. In both cases
(FWO and KAS), the parallel relationship observed in the
straight lines contributes valuable insights into the non-iso-
thermal crystallization of G-C, suggesting a uniform and
potentially simple reaction mechanism [54-56].

It is evident that the E, values derived from both
approaches (FWO and KAS) are highly similar (296.7 and
294.7 kJ/mol, respectively). This close alignment suggests

-10,5
-11,0
STl
5-115-
£
1204 -
* A
-1254] « o7
» 08
T i T L T L T L T )
0,000825 0,000840 0,000855 0,000870  0,000885

1T (K7)

Fig.5 FOW plots at different X(7T)

4,0
3,54
3,04
*
E
2597+ 02
- 03
e | 0.4
1 - 05
06
gl & 07
038

T T T T T T
0,000855 0,000870  0,000885

UT(K™)

T T T
0,000825  0,000840

Fig.6 KAS plots at different X(7)

that the E, for crystallization can be reliably determined
using either of these methods. As illustrated in Fig. 7, the
outcomes indicate a consistently stable £, for both methods
throughout the entire process, implying that the crystalli-
zation of G-C follows a singular step [46]. The R? values
obtained from both methods, affirm the suitability of both
methods for investigating the crystallization kinetics of G-C.

Reaction order and mechanism

The kinetic study involves a comprehensive examination of
the rate at which a chemical reaction proceeds over time.
This investigation encompasses the determination of reac-
tion order, which quantifies the dependence of the reaction
rate on reactant concentrations, as well as the exploration
of the reaction mechanism, providing insights into the step-
by-step molecular events underlying the reaction. Through
experimental measurements and mathematical analyses,
the kinetic study aims to elucidate the factors influencing
reaction rates and unveil the intricate details of the reaction

Table 4 Variation of Ea and average Ea, of G-C at different ()

a FOW method KAS method

Ea (KJ/mol) R? Ea (KJ/mol) R?

0,2 302.1+2.6 0,99,306  300.6+2.8 0,99,173
0,3 300.1+1.7 0,99,262  298.4+4 0,99,113
0,4 298.9+3.3 0,99,187  297.1+4.9 0,99,019
0,5 298.9+2.9 0,99,125  297.0+3.7 0,98,941
0,6 296.9+3.9 0,99,070  294.7+4.7 0,98,869
0,7 293.2+3.7 0,99,004  290.8+5.3 0,98,786
0,8 286.9+4.2 0,99,011  284.2+4.7 0,98,779
Average  296.7 (+4.7) 294.7 (£5.1)
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Fig.7 Variations of Ea values as function of (a) of G-C obtained
from the FWO and KAS methods

pathway, contributing to a deeper understanding of chemical
processes [57-59]. The C-R and Criado methods are cho-
sen to determine the kinetic model for the thermal crystal-
lization of G-C because they encompass the crystallization
mechanism.

C-R method

The Coats-Redfern (C-R) method is a mathematical
approach used to analyze kinetic data and determine the
mechanism of a reaction, especially in thermal processes
like thermal crystallization of materials [51]. The C-R equa-
tions exhibit the following form: [57]

Y=ln[w] =In ﬂ<1—2£>] —% Forn # 1

()12 JE, E,
(18)
Y = ln[#] = ln[;g (1 - 25)] ~ L Forn=1 (19)

n and f represent the reaction order and heating rate,
respectively.

The application of this technique enables the computation
of (E,, pre-exponential factor A, and reaction order (n)) [5]7]
against I/T. Equations (18) and (19) demonstrate that 2RT /
Ea< 1. As a result, the entire term can be treated as a con-
stant. [51] The values of E/R and Ln (AR/fE,) are obtained
from the slope and intercept, respectively. The C-R method
provides a constant activation energy for a presumed single-
step reaction, while the FWO and KAS methods offer activa-
tion energy values that vary with conversion, offering a more
detailed understanding of the kinetics, especially for

The Ea and A factor can be measured by plotting /n
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Fig.8 Determination of Ea and reaction rate using C-R method at
p=10°C/min

reactions with complex mechanisms or multiple steps. Nota-
bly, The FWO and KAS methods are robust tools for assess-
ing E, in a model-free manner, making them suitable for a
variety of reactions. However, when it comes to determining
reaction order (n), additional considerations and techniques
may be necessary, as these methods may not directly provide
information about the specific order of the reaction.

The C-R method confirms the selection of the value of
(n) when the regression coefficient (R?) of Egs. (18) and (19)
approaches 1. For this research, diverse reaction orders rang-
ing from n=0.1 to 2.0 are assumed in Eqgs. (18) and (19). Fig-
ure 8 illustrates the plots with different () values, obtained
at 10 °C/min. A consistent trend is observed across all curves
and heating rates. Table 5 presents the E, values at various f.

The comparison between E, values obtained through the
C-R method and those from the FWO and KAS methods
reveals that the C—R method consistently yields higher val-
ues. Nonetheless, it is important to note that despite the
disparity, the C-R method shows a similar trend as the FWO
and KAS methods. The explanation behind such contrast is
that in model fitting approach, different models are fitted
to conversion versus temperature curve, and then activa-
tion energy and pre-exponential factor are calculated. The
disadvantage of this method is that it provides extreme dif-
ferences in parameters of Arrhenius if a system follows a
complex crystallization mechanism [60].

Crystallization mechanism by C-R method

The iso-conversional methods (FWO and KAS) allow for
the determination of activation energy at specific values



Journal of the Australian Ceramic Society

Table 5 Ea, average Ea, of G-C determined by C-R method at various

Coats Redfern method

b °C/min 5 10 15 20 25 30 35 40 Ea average
Ea KJ/mol 399.7+7 387.7+4 371.7+6 359.7+8 343.8+12 327.8+10 311.8+9 295.8+11 349.7 (+34)
of a, whereas the fitting method is advantageous due to its AR ( _ Mi)

minimal data requirements and the assignment of a sin- ln<g(a)> __Eal +in ] Ea (20)
gle activation energy to an average advancement degree. T? R'T p.Ea

This method is particularly suited for simple mechanisms.
Additionally, the C-R method specified in Eq. (20), finds
broad application in ascertaining the most probable crys-
tallization mechanism [57], as stated below.

According to the C-R equation, the straight lines
should be obtained by fitting the logarithmic term of g(a)
over I/T [61]. The most probable function can be identi-
fied based on the best value of R?. Figure 9 exhibits the
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Fig.9 Fitted results by C—R method at various
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Table 6 g(a) and f{a) for the prevalent reaction mechanisms in solid-state processes

Mechanism Solid state process

fla) gla)

Diffusion D One-dimensional diffusion D1

Two-dimensional diffusion (Valensi model) D2

Three dimensioal diffusion (Jander model) D3

First order F1
Second order F2
Third order F3

Avrami- Erofe’ve Al

Reaction order F,

Avrami-Erofe’ve A
Avrami- Erofe’ve A2
Avrami- Erofe’ve A3
Contraction Reaction R, Contraction sphere R2

Contraction cylinder R3

il P
2a

[-In(1 — )]} d-a)ln(l —a)+a

da-wy7 1—(1—0:)'/3]7l [1—(1—(1)‘/3]2

(1-a) —In(1 — a)
(1-a)? (- 1]

1 -a)? [(1-a)?=1]/2
L1 - o)-In(1 - a)] /> [~In(1 —a)] 7
2(1 = )[=In(1 — a)] /2 [=In(1 — )] />
3(1 = )=In(l — )] 7> [—In(1 — )] />
21 —a) /2 1-(1-a) 72
31 —a)/s 1-(-a

fitted plots, which encompass different theoretical func-
tions as per the C—R method. Among them, only the F3
kinetic model demonstrates an excellent linear fit with a
high R? value (0.999). This suggests that, in the experi-
mental context, the F3 model provides a particularly accu-
rate representation of the observed data when fitting the
C-R equation.

The F3 model proposes that within the solid-state reac-
tion, the nucleation process involves the simultaneous for-
mation of three nuclei. This simultaneous initiation sets it
apart from other kinetic models that may involve different
nucleation patterns [62].

Confirmation of crystallization mechanism

In this investigation, the Criado method was employed to
validate the accuracy of the kinetic model and ascertain the
corresponding kinetic parameters [63]. Equation (21) can be
utilized to calculate the experimental values in the follow-
ing manner:21 where, p(x) can be obtained from Eq. (22),
considering a minimal error level 107% for x> 20 [64]:

@) = e x> + 18x% + 86x + 96 22)
P X x + 2023 + 1202 + 240x + 120

where, x is E /RT.

By applying Eq.23 and the corresponding g(a) and f{a)
values obtained from Table 6, theoretical master plots were
constructed. These plots illustrate Z(«) against («) for vari-
ous reaction mechanisms, including reaction order, diffu-
sion, geometric contraction, and nucleation, as categorized
[62]:

Z(a)lheortical = g(a)f (@) (23)

@ Springer

After obtaining the experimental curves, they are com-
pared with various theoretical master plots to determine
the appropriate thermal crystallization mechanism. The
activation energy (E,) and pre-exponential factor (A),
determined using the Coats-Redfern (C-R) method, are
used to plot master curves for glass ceramics, which
illustrate the thermal crystallization mechanism. Fig-
ure 10 illustrates the calculated Z(a),,, plots, which serve
as a straightforward and precise means of identifying the
crystallization mechanism by matching them with the
master plots.

The matching point is evidently F3, for advanced con-
version rates. This shift occurs at an approximate tem-
perature of 800 °C, where the higher temperature can
accelerate the crystallization process in glass ceramics.
When glass is heated a 800 °C, it undergoes controlled
nucleation and growth of crystals, converting it into a
glass ceramic material. The increased temperature pro-
vides more thermal energy to the atoms and molecules
within the glass, facilitating their rearrangement and for-
mation of crystal nuclei. As the temperature continues
to rise, the crystal growth becomes more pronounced,
resulting in a well-defined crystalline structure. This
controlled crystallization imparts specific properties and
advantages to glass ceramics, such as increased strength
and improved thermal stability [65, 66].

Conclusion

In this comprehensive experimental study has pro-
vided valuable insights into the nucleation and growth
processes of crystalline phases within a lithium alumi-
nosilicate glass containing 2.5 wt% TiO, and 2.5 wt%
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Fig. 10 Reaction mechanism plots at different # by Criado method

ZrO, as a nucleating agent. The successful fabrication
of a fully dense glass—ceramic with a virgilite crystal-
line phase (Li, Al, Si;, O¢) was achieved at an approxi-
mate temperature of 800 °C. Subsequent heat treatment
resulted in a substantial enhancement of microhardness
and crystallinity index, while the elastic modulus and
yield strength parameter exhibited an increase propor-
tionate to the observed hardness rise.

The application of DSC under non-isothermal condi-
tions proved effective in investigating the Crystallization
Kinetics of the glass—ceramic. This approach enabled the
determination of crucial kinetic parameters, including the
E, and kinetic model (fa). Remarkably similar average
Ea values were obtained using the FWO and KAS meth-
ods, measuring at 296,7 and 294,7 kJ/mol, respectively.
This consistency suggests the reliability of calculating
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the activation energy of crystallization using either of
these two methods. The findings contribute to a deeper
understanding of the thermal and mechanical proper-
ties of the fabricated glass—ceramic, providing valuable
information for future applications and advancements in
materials science.

In this study, the crystallization mechanism was con-
firmed by C-R and Criod methods. The non-isothermal
crystallization kinetics adhere to a Third Order Reaction
(F3) characterized by both 1ntegral (gla)=(~1 - a)?) and
differential ( f(a) = %) forms. The F3 reaction
model implies a random nucleation process where three
nuclei concurrently form within each individual particle.
This mechanism entails the simultaneous formation of
three nuclei, introducing potential implications for the
overall reaction kinetics and mechanism.

@ Springer
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