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f the crystallization of Y2O3 and
La2O3 doped Li2O–Al2O3–SiO2 glass

Tao Zheng, ab Minghan Li,b Yanping Ma*ab and Hong Jiang *ab

Li2O–Al2O3–SiO2 (LAS) glass ceramics have a low coefficient of thermal expansion, high mechanical

strength, and excellent chemical stability. With advancements in glass ceramics, researchers have

explored using LAS glass ceramics with transition metal doping and rare earth doping. Most previous

studies have studied the impact of rare earth element doping on crystallization primarily in the context of

conventional nucleating agents present in glass. In this study, we aimed to investigate the impact of Y2O3

and La2O3 on LAS glasses in the presence of undoped nucleating agents. The crystallization mechanism

of La2O3 and Y2O3 doped LAS glass ceramics was studied using differential scanning calorimetry. The

crystallization kinetics of the glasses were analyzed using model-free and modeling methods. Moreover,

the activation energy of crystallization and the indices of crystallization and growth of glass ceramics

were calculated, and the crystalline phase and microstructure of the samples were characterized. All

three fractions of the LAS glass showed consistent crystallization under different calculation methods.

The glass doped with La2O3 and Y2O3 exhibited two- or three-dimensional growth during crystallization,

promoting crystallization in the LAS glass. The Y3La0 sample demonstrated the most favorable

crystallization effect. In the presence of an undoped nucleating agent, rare earth elements can enhance

glass crystallization; this new idea can be utilized for the development of new materials.
1 Introduction

Owing to their unique and exceptional properties, glass
ceramics have found extensive application in various elds,
such as consumer products, aerospace,1 biomedical,1,2 archi-
tectural,3 and electronic devices.1 Among the many microcrys-
talline glass systems, Na2O–CaO–SiO2,4 Li2O–Al2O3–SiO2 (LAS),5

BaO–Al2O3–SiO2,6 and MgO–Al2O3–SiO2,7 LAS is considered the
most successful system. LAS glass ceramics exhibit outstanding
properties, including a low coefficient of thermal expansion,
high mechanical strength, and excellent chemical stability.
These remarkable attributes are due to the crystallization of the
primary crystalline phases, namely b-quartz solid solution, b-
spodumene, and b-eucryptite.8 With advancements in glass
ceramics, researchers have also explored LAS glass ceramics
with transition metal doping and rare earth doping.9,10

Rare earth ions play an important role as doping elements
(modiers) in various glass systems,11–13 and they are typically
incorporated into glass in the form of oxides. Rare earth
elements possess large ionic radii, high coordination numbers,
and high ionic eld strengths. As a result, doping with rare
earth elements can reduce the melting point of glass and
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enhance the optical and mechanical properties of the micro-
crystalline glass.14 Salman et al.10 found that incorporating rare
earth oxides into glass ceramics signicantly improves the
durability and mechanical properties of glass ceramics. In
addition, rare earth doping facilitates the promotion of crys-
tallization in glass to some extent. Generally, rare earth ions can
be incorporated into glass ceramics as solid solutions,15 form-
ing new crystalline phases,16 or they may also exist within the
residual glass phase.17 Researchers have discovered that doping
glass with 0.1 wt% of La2O3 can effectively lower the crystalli-
zation temperature and crystallization activation energy. This
process promotes the crystallization of crystals, and La2O3 exists
in the glass phase in the form of a LaF3.17 Y2O3 can serve as
a network-forming agent in LAS glass systems, effectively
promoting glass crystallization.18 The inclusion of Y2O3 inu-
ences the crystallization behavior of LAS glasses, particularly
when nucleating agents are present.19–23 Wei and Jin-Shan
discovered that rare earth doping hinders the transformation
of b-quartz to b-spodumene.24 Li et al. utilized Y2O3/La2O3

instead of SiO2 (ref. 25) to enhance the properties of LAS glass
ceramics, successfully developing glass ceramics with a high
refractive index and elastic modulus. Additionally, co-doping
rare earth elements can induce a shi in the crystallization
peak of glass towards higher temperatures. Nevertheless, in
most previous studies, the impact of rare earth element doping
on crystallization has been investigated primarily in the context
of conventional nucleating agents (such as TiO2, ZrO2, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical composition of glass

(mol/%) SiO2 Al2O3 Y2O3 La2O3 MgO Na2O Li2O

Y0La3 65 10 0 3 7 5 10
Y1.5La1.5 65 10 1.5 1.5 7 5 10
Y3La0 65 10 1.5 1.5 7 5 10
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P2O5) present in the glass. In the presence of these conventional
nucleating agents, Prnová et al. observed that glasses doped
with La2O3 exhibited crystal crystallization with two-
dimensional growth and three-dimensional growth nucleation
mechanisms.26 A relatively high proportion of vanadium oxide
can be used as a nucleating agent to crystallize sub-stable
CaAl2Si2O8 in CAS glasses.27 Although La2O3 addition has no
effect on the main crystal phase type of the microcrystalline
glass, it can effectively promote the nucleation and crystalliza-
tion of the matrix glass at a lower temperature.28 The intro-
duction of yttrium oxide reduces the viscosity and melting
temperature. Moreover, yttrium oxide plays an important role in
regulating the parameters of crystallization kinetics and
controlling the crystal size and crystallinity.29 Shakeri30 found
that an increase in Y2O3 content improved the three-
dimensional growth of crystals considerably.

Differential thermal analysis is a common tool for studying
the kinetic theory of crystallization. During the crystallization
process, determining kinetic parameters, such as the activation
energy for crystallization (E) and the nger-forward factor (A),
and identifying the reaction model is crucial. Researchers can
employ both isothermal and non-isothermal methods to
determine the crystallization activation energy and the kinetic
model of glass. Non-isothermal methods are further categorized
into model-tting methods and iso-conversion methods
(model-free methods). A combination of the model-free and
model-tting methods can better describe the crystallization
behavior of glass.

Most previous studies focused on the presence of conven-
tional nucleating agents. In this study, we aimed to investigate
the impact of Y2O3 and La2O3 on LAS glasses under the condi-
tion of undoped nucleating agents. Additionally, we compared
and analyzed the effects of La2O3 and Y2O3 and the co-doping of
La2O3 and Y2O3 on the crystallization of LAS glass. The addition
of traditional nucleating agents is avoided during the prepara-
tion of glass ceramics to maintain the unique structural char-
acteristics and properties of microcrystalline glass; this can help
achieve the desired microcrystallization effect. The study of the
effect of rare earth element doping on the crystallization of LAS
glass without the addition of traditional nucleating agents can
provide new ideas for future research and development of new
materials.

2 Experimental design
2.1 Preparation of glass ceramics

Alumina, silica sand, magnesium carbonate, sodium carbonate,
sodium chloride, and lithium carbonate (purity: 99%; obtained
from Macklin) were used as raw materials for the glass
composition. The required amounts of these ingredients, as
indicated in Table 1, were accurately calculated and weighed.
They were thoroughly mixed to achieve different ratios of glass
ingredients. Subsequently, the mixed ingredients were placed
in a muffle furnace and heated to 1550 °C. The high tempera-
ture was maintained for 2 h to melt and homogenize the glass.
The homogenization of the glass liquid is mainly achieved via
the molecular diffusion motion due to the uneven composition,
© 2024 The Author(s). Published by the Royal Society of Chemistry
convection motion due to temperature differences, and agita-
tion due to rising air bubbles.31 Aer the melting process, the
molten glass liquid was carefully poured into a pre-prepared
graphene mold. This mold containing the glass liquid was
then transferred to an annealing furnace, the temperature of
which was set to 600 °C and maintained for 2 h continuously.
Conventional nucleating agents are most effective in promoting
crystallization at concentrations of 0–3 mol, whereas rare earth
oxides in this concentration range reduce the viscosity of the
glass. Three LAS glass ceramics samples, Y0La3, Y1.5La1.5, and
Y3La0, were successfully prepared. These samples were pro-
cessed under specic nucleation and crystallization tempera-
ture conditions.
2.2 Characterization of glass ceramics

Heating experiments were carried out on glass powders using
a differential scanning calorimeter (NETZSCH STA 449 F3
STA449F3A-1664-M) from room temperature to 1200 K in
nitrogen atmosphere using different heating rates (a= 5, 10, 15,
and 20 K min−1). The peak crystallization temperature (Tp) of
the glass was determined by analyzing the differential scanning
calorimetry (DSC) curves, with an error of measurement of ±1
K. The crystalline phases of the heat-treated samples were
identied, and their crystallinity was estimated using Cu Ka
radiation in an X-ray powder diffractometer (SmartLab,
RIGAKU). The X-ray diffraction (XRD) patterns were recorded in
the 2q range from 5–70° with a step size of 0.02° per step and
0.2 s per step. The XRD data were analyzed using the Jade
soware. In addition, the microstructure of the glass-ceramics
samples was observed using a eld emission scanning elec-
tron microscope equipped with an energy dispersive spec-
trometer (MIRA3, TESCAN), and the measured surfaces of the
samples were polished and eroded in 5.0% (mass concentra-
tion) HF acid solution for 30 s. The samples were then cleaned
with water. The eroded surfaces were cleaned with deionized
water; the samples were dried and gold sprayed.
3 Results and discussion
3.1 Differential scanning calorimetry

In the non-isothermal DSC study, the temperature of the
samples was increased from 25 °C to 1200 °C at a heating rate of
5, 10, 15, and 20 °C min−1. Fig. 1 illustrates the range of
exothermic crystallization peaks (Tp), which ranges from 600–
900 °C. The crystallization peaks (Tp) of the glasses shied
towards higher temperatures with increasing heating rates. As
shown in the DSC plots for the three glass fractions, as the Y2O3

content increased, the crystallization peak temperature
RSC Adv., 2024, 14, 7052–7060 | 7053
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Fig. 1 (a–c) Non-isothermal DSC results of Y0La3, Y1.5La1.5, and Y3La0 samples at 5, 10, 15 and 20 °C min−1.
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gradually increased. This phenomenon may be attributed to the
fact that the glass samples exhibit more ionic bonding and less
covalent bonding in the microstructure of [SiO4] tetrahedra.32

Moreover, the incorporation of rare earth elements into the
glass network structure as network-forming bodies is chal-
lenging, and hence, the rare earth elements can occupy only the
network interstices. The obtained DSC crystallization peaks at
different heating rates were utilized to calculate the kinetic
parameters for the three different glass components, including
the activation energy of crystallization and the growth index of
crystallization. These calculations were performed to predict
the crystal growth mechanism.

3.2 X-Ray diffraction and scanning electron microscopy
analysis

Fig. 2 shows the XRD patterns of the LAS glass ceramics ob-
tained using a two-step heat treatment method. The analysis of
the XRD plots, conducted using JADE soware, revealed that all
three component glass samples, which were not doped with
nucleating agents, precipitated a b-quartz solid solution
(LiAlSi3O8) during the heat treatment. The addition of rare earth
elements induces a separation of the silica-rich LiAlSi3O8 and
a consequent formation of the LiAlSi3O8 primary crystalline
Fig. 2 (a–c) XRD phase identification of glass samples with different
components after crystallization.

7054 | RSC Adv., 2024, 14, 7052–7060
phase in the matrix glass. The viscosity of the glass decreases
due to the phase splitting effect of the rare earth ions, and the
atoms can easily migrate in the vitreous solution, leading to the
growth of the crystalline phase formation. The calculations
further demonstrated that the component glass sample doped
solely with the Y element exhibited the highest level of crystal-
linity, whereas the sample doped solely with La had the lowest
crystallinity. As shown in Fig. 3, spherical crystals with a grain
size of approximately 1 mm were observed. Furthermore, EDS
tests were conducted on the spherical crystals present in the
three component glass samples, identied as point 1 in Fig. 3a–
c. The results—displayed in Fig. 3d–f—show the presence of Al,
Si, and O elements within these spherical crystals. These
results, combined with the XRD results, indicate that the
observed spherical crystals correspond to the LiAlSi3O8 crystal-
line phase.
3.3 Kinetic analysis

3.3.1 Non-isothermal method for kinetic analysis. Crystal-
lization kinetics play a crucial role in understanding the tran-
sition of a material from the glassy to the crystalline state. Two
essential parameters in crystallization kinetics are the crystal-
lization activation energy (Ec) and the Avrami index (n), which
are useful for gaining insight into the crystallization behavior of
glassy materials. The crystallization activation energy (Ec)
represents the energy barrier that atoms must overcome during
the transition from the glassy to the crystalline state. For solid-
phase reactions under non-isothermal conditions, the standard
nucleation growth model33–35 known as the Johnson–Mehl–
Avrami model, is commonly employed. Model-tting methods
are well known for their simplicity in providing kinetic triplets,
although they cannot uniquely model the entire reaction. This
model describes the calorimetric data of DSC in terms of the
crystallinity fraction (x) as a function of time (t), according to the
following expression (1):

x = 1 − exp[−(kT)n] (1)

where n is the Avrami index that reects the nucleation and
crystal growth mechanisms as well as the crystal morphology,
and the parameter k is the crystallization kinetic reaction rate,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07239h


Fig. 3 (a–c) SEM-BSE phase morphology of Y0La3, Y1.5La1.5, and Y3La0 crystalline samples, (d–f) Phase identification results corresponding to 1
point in Y0La3, Y1.5La1.5 and Y3La0 samples.
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which describes the growth and nucleation rate of precipitated
crystals.

k ¼ k0 exp

�
� E

RT

�
(2)

Here, k0 is the activation energy (frequency) factor, E is the
activation energy of crystallization during glass crystallization,
R is the gas constant, and T is the absolute temperature. On the
basis of the Johnson–Mehl–Avrami–Kolmogorov theoretical
model, several equations (e.g., Matusita–Sakka method,36

Ozawa method,37 Kissinger method38) can be derived to eval-
uate the crystallization kinetic parameters. We chose the
classical Kissinger method to analyze the crystallization
kinetics of glass.

3.3.2 Kissinger model. In classical nucleation, the nucle-
ation and growth phases occur around the glass transition
temperature. Therefore, the Kissinger model represents
a scenario in which the reaction rate dx/dt reaches its maximum
at Tp, while the conversion x maintains a constant value, xp, for
different heating rates a. Based on the above denitions, Ec is
calculated in the Kissinger model using the following equation:

ln

�
Tp2

a

�
¼ Ec

RTp

þ C1 (3)

where C1 is a constant, Ec is calculated from the slope of the
straight line of ln(Tp

2/a) −1000/Tp as shown in Fig. 4; the value
of R2 obtained from the t was 0.99. The activation energies of
the three-component glass samples (Y0La3, Y1.5La1.5, and Y3La0),
© 2024 The Author(s). Published by the Royal Society of Chemistry
obtained from Fig. 4, were 133.24, 354.81, and 180.23 kJ mol−1,
respectively.

The Avrami index (crystallization growth index) can be
calculated using the following equation:39

n ¼ 2:5

DT
� RTp

2

Ec

(4)

where DT corresponds to the half-height width of the
exothermic crystallization peak in the DSC curve, as shown in
Fig. 2. The values of the growth indices n for Y0La3 and Y1.5La1.5
are less than 2, indicating that these two samples undergo one-
dimensional crystallization from the beginning to the end. The
values of n for Y3La0 are greater than 3, which indicates that the
Fig. 4 Crystallographic peaks of ln(Tp
2/a)∼1000/Tp in glass samples.

RSC Adv., 2024, 14, 7052–7060 | 7055
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Fig. 5 Schematic diagram of DSC crystallinity × calculation method.
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crystallization of Y3La0 is three-dimensional. Using the Kis-
singer method to calculate activation energies in three-
component glasses, it was found that the Y2O3-only doped
LAS microcrystalline glass exhibited the lowest activation
energy for crystallization. Additionally, the growth index (n) for
this glass was greater than 3, indicating a pronounced promo-
tion of crystallization. By contrast, the La2O3-only doped LAS
and La2O3 and Y2O3 co-doped LAS microcrystalline
glasses demonstrated a weaker ability to promote crystallization
(Table 2).

3.3.3 Kinetic analysis by the iso-conversion method. In
isothermal and non-isothermal crystallization kinetics, it is
commonly assumed that n and Ec remain constant during glass
crystallization.40 However, some researchers have found that, in
practice, the values of n and Ec vary with the nucleation and
growth rates during crystal crystallization in the glass, implying
that the values of n and Ec may not remain constant for different
crystal crystallization integrals in isothermal or non-isothermal
methods.41 Most solid-phase reactions involve numerous reac-
tion steps, and the activation energy usually varies as the reac-
tion progresses. Accordingly, iso-conversion methods have been
proposed for calculating the values of Ec and n:42

dx

dt
¼ A exp

�
� E
RT

�
f ðxÞ (5)

Assuming that f (x) is a reaction modeled by a constant
heating rate a = dT/dt at non-isothermal temperatures, the
above equation can be written as

dx

dt
¼ dx

dT
*
1

a
¼ 1

a
A exp

�
� E
RT

�
f ðxÞ (6)

where the conversion rate can be obtained from the DSC curves
shown in Fig. 1 as well as from the crystallinity fraction plots
[39]. By utilizing this data, we can calculate the crystal crystal-
lization integral number x at various temperatures for different
heating rates, as illustrated in Fig. 5. At any moment, the
precipitated crystal integration number x can be obtained by
calculating the ratio Sx/S, where Sx is the area of any region
between T1 (start of crystallization) and T2 (end of crystalliza-
tion), and S denotes the total area of the crystallization peaks.

3.3.4 Kissinger–Akahira–Sunose (KAS) model. Even if the
function f(x) is unknown, it is still possible to ascertain the
effective activation energy of any reaction process for a specic
value of the crystallinity fraction x. The value of E remained
constant for the same crystallinity condition at different
Table 2 Crystallization growth indices of the samples

Heating rates
sample Y0La3 Y1.5La1.5 Y3La0

5 1.49 1.37 5.53
10 1.57 1.35 4.67
15 1.63 1.51 4.27
20 1.80 1.27 3.79

7056 | RSC Adv., 2024, 14, 7052–7060
reaction temperatures. Fig. 5 displays the heating rate temper-
ature functions corresponding to various degrees of crystal-
linity. Following the denition of the above equation for the iso-
conversion method, the KAS model can be expressed as

ln

�
Tx

2

x

�
¼ Ec

RTx

þ C2 (7)

As shown in Fig. 6, the graph represents the relationship
between crystallinity and temperature, demonstrating the
temperature dependence of crystallinity x. The temperature Tx
corresponds to a crystallinity fraction of x. Fig. 6 shows the
temperature function of the heating rate corresponding to
different conversions for three samples according to the DSC
peaks to make the image of 1000/Tx − ln(Tx

2/x) at different x.
Aer tting, Ec(x) can be obtained (Fig. 7).

For nc(x), this can be calculated by the following
equations:43,44

ncðxÞ ¼ � R

EcðxÞ *
F ln½�lnð1� xÞ�

Fð1=TÞ (8)

The graph is rst plotted for 1000/Tx − ln[−ln(1 − x)], and
then eqn (8) is used to obtain nc(x) (Fig. 8).

As can be seen from Fig. 9, with an increase in the crystallinity
fraction x, the Y0La3 decreased from 172.36 to 166.89 kJ mol−1,
the Y1.5La1.5 decreased from 318.58 to 280.66 kJ mol−1, and the
Y3La0 decreased from 183.69 to 135.68 kJ mol−1, indicating that
the activation energy of crystallization decreases over time. This
trend suggests that the activation energy of crystallization
decreased over time. The activation energy of crystallization acts
as a barrier for the glass, and the three samples exhibited
diminishing resistance to crystallization from the initial stages
to the later stages of crystallization. Ec(x) generally consists of two
parts: the activation energy of nucleation, En, and the activation
energy of growth, Eg.45

Ec(x) = aEn + bEg (9)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a–c) Plots of ln[–ln(1 – x)] ∼1000/Tx for Y0La3, Y1.5La1.5 and Y3La0 glass samples at different heating rates.

Fig. 6 (a–c) Crystallinity fraction x as a function of temperature for Y0La3, Y1.5La1.5, and Y3La0 glass samples at different heating rates.

Fig. 7 (a–c) ln(Ta
2/a) ∼1000/Tx plots of crystallinity fractions x of Y0La3, Y1.5La1.5 and Y3La0 glass samples.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/3
1/

20
26

 5
:1

4:
16

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
As shown in Fig. 9, nc(a) increased with the crystallization
fraction for all three sample glasses. For the sample glasses
doped solely with Y2O3, as well as those co-doped with Y2O3 and
La2O3, nc(x) was within the range of 1.7 to 2.4 at different heating
rates. This observation suggests that the samples initially began
as one-dimensional crystallites and then rapidly evolved into
two-dimensional crystallites.37 However, for Y2O3 doped with
3 mol, the initial nc(x) > 2.3 reached two-dimensional crystalli-
zation from the beginning, followed by a gradual evolution to
three-dimensional crystallization or even higher. Furthermore,
the activation energies for crystallization in all three component
glasses were within the 121–331 kJ mol−1 range. Consequently,
© 2024 The Author(s). Published by the Royal Society of Chemistry
the glass system has sufficient time and capacity to undergo
nucleation and crystallization.

3.3.5 Friedman (FR) model. The method of calculation
based on the conversion rate at Tx (a) and the data at Tx (a) is
called Friedman's method. The FR model represents a differ-
ential iso-conversion model that does not rely on specic
assumptions when calculating the activation energy for
a constant crystallinity fraction during the non-isothermal
transformation process, which is integrated over eqn (6), and
for different crystallinity fractions x, the Friedman equation46 is
obtained as
RSC Adv., 2024, 14, 7052–7060 | 7057
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Fig. 10 (a–c) dx/dt vs. 1000/Tx plots for Y0La3, Y1.5La1.5 and Y3La0 glass samples.

Fig. 11 Calculated activation energies of glass samples with different
compositions by Friedman's method.

Fig. 9 (a–c) Plots of Ec(a) and nc(a) as a function of crystallization fraction a corresponding to Y0La3, Y1.5La1.5 and Y3La0 glass samples.
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ln

�
a*

dx

dT

�
x;i

¼ ln
�
Ax*f ðxÞi

�� Ec

RTx;i

(10)

The tted curves of dx/dT versus crystallinity fractions ranging
from 0.1 to 0.9 for the three samples are presented in Fig. 10. The
activation energy (Ex) was determined by calculating the slope of
the least-squares t. As shown in Fig. 11, the activation energy of
crystallization varied with the change in conversion. Specically,
the value of E(x) remained relatively constant with the conversion,
but the activation energy exhibited a decreasing trend. It is worth
noting that the activation energy reached its highest point when
the crystallinity was at 0.1. The activation energies of the three
samples, obtained using both the KAS and FR methods, were
compared and analyzed. Notably, the activation energies exhibited
a consistent trend, decreasing with the increase in the fraction of
crystallinity. Among the activation energies of the three compo-
nents calculated by these two methods, the La2O3 doped LAS glass
exhibited the highest activation energy of crystallization, indi-
cating that it is more difficult to crystallize and possesses good
stability. Conversely, the Y2O3 doped glass showed the lowest
7058 | RSC Adv., 2024, 14, 7052–7060
activation energy of crystallization, suggesting that the Y2O3 doped
LAS glass had the smallest potential barriers to overcome during
crystallization and was more conducive to the crystallization
© 2024 The Author(s). Published by the Royal Society of Chemistry
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process compared with the other two glass components. Further-
more, it is evident that all three glass components can undergo
two-dimensional crystallization based on the calculated growth
indices of crystallization. Remarkably, the Y3La0 component of the
glass, with a signicantly lower activation energy of crystallization,
can even achieve three-dimensional crystallization.

4 Conclusions

The crystallization kinetics of rare-earth Y2O3 and La2O3 doped
LAS glass ceramics were explored under non-isothermal
conditions. The precipitated crystalline phases during the
crystallization process were analyzed using XRD and SEM
techniques. Subsequently, the crystallization kinetic parame-
ters of the three component glasses were successfully calculated
using the model-tting method (Kissinger) and the model-free
methods (Kissinger–Akahira–Sunose and Friedman).

The results revealed that the crystalline phase of b-quartz
solid solution precipitated from all rare earth element-doped
LAS glasses under conditions without nucleating agents.
Moreover, the crystallization trend remained consistent for LAS
glasses, regardless of the method used for calculation. Accurate
kinetic calculations showed that the corresponding activation
energies of crystallization were 133.24 kJ mol−1,
354.81 kJ mol−1, and 180.23 kJ mol−1 when the Kissinger
method was used. The KAS method indicated that the local
activation energies at the beginning of crystallization were
172.36 kJ mol−1, 318.58 kJ mol−1, and 183.69 kJ mol−1. The
activation energies calculated by both the KAS and Friedman
methods decreased with the increase in the degree of crystal-
linity, whereas the Friedman method indicated a maximum
activation energy of crystallization at a degree of crystallinity of
0.1. In addition, the Avrami index nc(x) had a signicant
tendency to increase with increasing degree of crystallinity. As
calculated using different methods, the crystallization trend of
the three components of LAS glasses remained consistent. The
LAS glass doped with only La exhibited the highest activation
energy of crystallization among the three methods, suggesting
that this glass component encounters the most signicant
potential barrier during crystallization. In contrast, the LAS
glass doped with only Y2O3 displayed the lowest activation
energy of crystallization, indicating that this component had
a strong tendency for crystallization. In this experiment, the
glass doped with rare earth oxides, namely Y2O3 and La2O3,
crystallized via two-dimensional or three-dimensional growth
based on an undoped nucleating agent, the rare earth Y2O3 and
La2O3 could promote the crystallization of LAS glass, and the
microcrystalline glass doped with only Y2O3 crystallized the
best. In future research, analyzing the effect of the remaining
rare earth elements on glass crystallization under the condition
of undoped nucleating agents can provide insights for the
further development of rare earth elements and new materials.
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