
C

D
K

a

A
R
R
A
A

K
D
R
G
C

1

o
L
e
t
r
w
a
a
o
t
o
t
i
t
k
o
a
t

u
m
f
t

0
d

Journal of Alloys and Compounds 498 (2010) 162–167

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

omposition and crystallization kinetics of R2O–Al2O3–SiO2 glass–ceramics

ehua Xiong ∗, Jinshu Cheng, Hong Li
ey Laboratory of Silicate Materials Science and Engineering, Wuhan University of Technology, Ministry of Education, Wuhan 430070, China

r t i c l e i n f o

rticle history:
eceived 21 February 2010
eceived in revised form 13 March 2010
ccepted 15 March 2010
vailable online 23 March 2010

a b s t r a c t

The crystallization behavior and microstructure of R2O–Al2O3–SiO2 (R means K, Na and Li) glass were
investigated by means of differential scanning calorimeter (DSC), X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The crystallization kinetic parameters including the crystallization apparent
activation energy (Ea), the Avrami parameter (n), glass transition temperature (Tg) and the activity energy
of glass transition (E ) were also measured with different methods. The results have shown that: the DSC
eywords:
SC
2O–Al2O3–SiO2

lass–ceramics
rystallization kinetics

t

traces of composition A parent glass have two different precipitation crystallization peaks correspond-
ing to Ea1(A) = 151.4 kJ/mol (Li2SiO3) and Ea2(A) = 623.1 kJ/mol (Li2Si2O5), the average value of n = 1.70
(Li2Si2O5) for the surface crystallization and Et(A) = 202.8 kJ/mol. And Ea(B) = 50.7 kJ/mol (Li2SiO3), the
average value of n = 3.89 (Li2SiO3) for the bulk crystallization and Et (B) = 220.4 kJ/mol for the composi-
tion B parent glass. Because of the content of R2O is bigger than composition A, composition B parent

d a la
glass has a lower Ea, Tg an

. Introduction

Currently there has been a considerable amount of interest
n crystallization behavior and other thermo-physical properties
i2O–ZnO–SiO2 glass–ceramics due to their beneficial properties,
.g., a wide range of thermal expansion coefficients (from 50
o 200 × 10−7/◦C) by controlling heat treatments, high electrical
esistivity and good chemical durability. These properties coupled
ith wide range of TEC make this glass–ceramics material suit-

ble for fabrication of hermetic seals to a variety of metals and
lloys including copper, stainless steel, etc. A number of studies
n crystallization behaviors and other thermo-physical proper-
ies in Li2O–ZnO–SiO2 glass–ceramics system have been carried
ut [1–5]. The properties of glass–ceramics are dependant on
he chemical composition and the thermal history. It is therefore
mportant to gain a thorough understanding of the processes in
he crystallization of the glass–ceramics. Study on crystallization
inetics of glass–ceramics to explore the effects of compositions
n crystallization properties of glass, optimized the composition
nd improved the performance of glass–ceramics have important
heoretical significance.

Isothermal and non-isothermal analysis methods have been

sed for collecting kinetic dates with the minimum of experimental
easurements during the studies of glass crystallization kinetics

or many years. Though DTA and DSC were proven techniques,
he calculation results obtained from different methods are con-
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troversial over the use of these methods to study the parameters of
crystallization kinetics [4]. The present investigation has monitored
the crystallization kinetics of R2O–Al2O3–SiO2 (RAS) glass by using
a variety of isothermal and non-isothermal analysis techniques.
The crystallization behavior and microstructure of RAS glasses con-
taining P2O5 were investigated by means of DSC, XRD and SEM.
The crystallization kinetic parameters including the crystallization
apparent activation energy (Ea), the Avrami parameter (n) and the
activity energy of glass transition (Et) were also measured with
different methods.

2. Theoretical considerations

In non-isothermal transformation studies, the peaks crystalliza-
tion exothermic temperature (Tp) on DSC traces of glasses were
affected by the heating rate ˇ. The crystalline phases have sufficient
time to grow and Tp was low, the instantaneous rate of transfor-
mation is small and the crystallization peak flat when the heating
rate ˇ was slow. On the contrary, the glass crystallization lag phase
transition and Tp increased, the instantaneous rate of transforma-
tion is great and sharp peak exothermic crystallization with a faster
heating rate. According to the above exothermic crystallization
characteristics and JMA equation, we can use differential methods
of thermal analysis to study the glass to facilitate crystallization
kinetics and calculate kinetic parameters of crystallization of glass.
Kinetics data, including activation energies (Ea) for crystalliza-
tion, has also been derived employing non-isothermal techniques.
The Avrami parameter (n) could be calculated by using isothermal
analysis techniques. For example, from knowledge of the variation
in peak crystallization temperature with heating rate, as originally

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xiongdehua@whut.edu.cn
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Table 1
The main chemical composition of parent glass (wt%).
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tures, respectively.
The endothermic base line shift at 425-460 ◦C (Fig. 1) indicates

the glass transition temperature in case of composition A parent
glass system and the sharp exothermic peaks at the onset values
of 620–675 and 820–875 ◦C are two crystallization temperatures
Composition SiO2 + Al2O3 + ZnO Li2O K

A 71.82 7.68
B 71.82 6.57 1

escribed by Kissinger [6,7]. Kissinger proposed that the activation
nergy of a first order process can be determined from the vari-
tion in peak temperature with heating rate using DSC from the
elationship [4]:

n
ˇ

T2
p

= − Ea

RTp
+ C1 (1)

n Kissinger equation, ˇ is the heating rate, Tp is the peak tempera-
ure (e.g. crystallization peak temperature), and Ea is the activation
nergy, often described as an apparent activation energy. Plot of
n(ˇ/T2

p ) versus 1/Tp also is expected to be linear, and from the slop
f the plot, the activation energy, Ea can be calculated.

The value of n can be attained from the following equation
8–10]:

n �T = −nEa

RTi
+ C3 (2)

ere Ti is the random temperature in the DSC traces, �T is the verti-
al displacement from the baseline to the line of the crystallization
xothermic peak at the temperature Ti. Plot of ln(�T) versus 1/Ti
lso is expected to be linear, and from the slop of the plot is −nEa/R,
he Avrami parameter (n) can be calculated.

The relationship between the glass transition temperature Tg

nd the heating rate ˇ can be discussed through the empirical
quation:

g = A + B ln ˇ (3)

here A and B are constants for a given glass composition [11,12].
lot of Tg versus ln(ˇ) for the prepared samples, the values of A and
can be obtained by using the least square fit, and this equation

olds good for the studied samples. To obtain the activity energy
f glass transition Et, the data were fitted by the Kissinger method
7], which is most commonly used in analyzing crystallization data
n DSC experiments. According to the Kissinger equation, the glass
ransition temperature Tg depends on the heating rate ˇ as follows:

n
ˇ

T2
g

= − Et

RTg
+ C4 (4)

ased on the above relationship, plot of ln(ˇ/T2
g ) versus (1/Tg) for

he prepared samples; slopes of these lines yield the values of Et/R
here Et corresponds to the glass transition activation energy.

. Experimental details

.1. Preparation of parent glass

Based on our previous works [13–16], the composition of parent
lass is shown in Table 1. All raw materials were chemical reagents
ith pure analysis; Sb2O3 was added as clarifier, P2O5 was used as

ompound nucleation agent. The reagents of SiO2, Al2O3, Li2CO3,
a2CO3, K2CO3, ZnO, and (NH4)H2PO4 were mixed and pulver-

zed into powder in agate mortar, and then they were melted in
he 200 ml alumina crucible at 1430–1460 ◦C for 3 h in an electric

urnace. The melts were cast into the pre-heated graphite mold.
ubsequently, the glass was annealed at 440–480 ◦C for 30 min and
hen cooled to room temperature in the furnace naturally. Finally,
ulk transparent and parent glass without any bubbles were pre-
ared.
Na2O P2O5 Sb2O3 R2O/SiO2

6.96 2.24 0.00 0.35
9.05 2.01 0.5 0.40

3.2. Differential thermal analysis (DSC)

The parent glass were pulverized into powder
(0.150–0.075 mm) suitable for DSC employing a NETZSCH (STA
449C) DSC with the temperature range of 20–1000 ◦C. The glass
powder with the weight of 30 mg was contained in a platinum
crucible and the reference material was �-Al2O3 powders. The
data were recorded by means of a chart recorder. The samples
were heated in air from ambient temperature to 1000 ◦C at heating
rates of 5, 10, 15 and 20 ◦C/min.

3.3. X-ray diffraction (XRD)

The glass–ceramics were pulverized into powder in agate mor-
tar and subjected to pass 200 meshes sieve for XRD analysis. The
types of crystal phases after heat treatment were analyzed by XRD
(Rigaku D/max-RA) using copper K� radiation, produced at 35 kV
and 30 mA, with 2� = 10–60◦and 0.02◦ per second, and the diffrac-
tion patterns were analyzed by the use of MDI Jade 5.0 software.

3.4. Scanning electron microscope (SEM)

For SEM (JSM-5610V) observation, the specimens which were
polished by diamond slurry and chemically etched by 4 volume
hydrofluoric acid for 30 s were used. The microstructures of crystal
phases could be observed in this way.

4. Results and discussion

Typical DSC traces of two similar glass compositions crystal-
lized at heating rates of 5, 10, 15 and 20 ◦C min−1 are shown in
Figs. 1 and 2. The thermal parameters are summarized in Table 2,
where Tg is the glass transition temperature (extrapolated onset),
Tp1 and Tp2 are the first and second crystallization peak tempera-
Fig. 1. DSC traces of the composition A glass.
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Fig. 2. DSC traces of the composition B glass.

Table 2
Thermal properties of parent glass.

Composition ˇ (◦C/min) Tg (◦C) Tp1 (◦C) Tp2 (◦C)

A 5 432.9 ± 2 618.1 ± 2 840.9 ± 2
10 444.2 ± 2 641.6 ± 2 850.1 ± 2
15 454.0 ± 2 663.7 ± 2 858.5 ± 2
20 460.4 ± 2 675.2 ± 2 863.2 ± 2

B 5 425.0 ± 2 580.7 ± 2
10 439.2 ± 2 664.1 ± 2

f
t
w
g
c
B

Table 3
The heat treatment schedules of glass–ceramics.

Sample no. Nucleate
temperature (◦C)

Nucleate
time (h)

Crystal
temperature (◦C)

Crystal
time (h)

A0 0 0 0 0
A1 500 3 650 3
A2 500 3 850 3
B0 0 0 0 0
B1 500 2 700 2
B2 500 2 750 2

It was seen all samples have crystal phase except parent
glasses (A0 and B0), and Li SiO and Li Si O were crystallized in
15 444.6 ± 2 696.6 ± 2
20 450.2 ± 2 729.8 ± 2

or this system. For composition B, the glass transition tempera-
ure was observed at 445 ◦C and the crystallization peak at 730 ◦C
hile the heating rate was 20 ◦C min−1 (Fig. 2). It is seen that the
lass transition temperature of composition B is lower compared to
omposition A, which is due to higher R2O content in composition
sample.

Fig. 4. SEM images of the crystal phases an
Fig. 3. The XRD patterns of samples.

4.1. Crystallization behaviors of glass–ceramics

Figs. 1 and 2 show the basis of DSC traces of glass, combined
with previous works [13–16], the heat treatment schedules of
glass–ceramics were shown in Table 3.
2 3 2 2 5
glass–ceramics form in Fig. 3. Experimental results show that all
the samples have the main crystal phase in the suitable heat treat-
ment schedule, but the main crystal phase was changed with the

d microstructures of glass–ceramics.
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Fig. 5. Plots of ln(ˇ/T2
p ) − 1/Tp for the composition A glass.

eat treatment temperature and time changed. The main crystal
hases of A2, B1 and B2 were Li2SiO3, but the main crystal phase of
1 was Li2Si2O5. The main crystal phase changed from Li2SiO3 to
i2Si2O5 as the crystal temperature increased which corresponds to
he DSC traces have two exothermic peaks in composition A. As the
arent glasses of the RAS system with P2O5 as nucleation agents,
ompared with composition A, so the crystallization capability of
omposition B was weak with the content of P2O5 in composition
has decreased.

The crystal phases and microstructures of glass–ceramics were
nvestigated by SEM (see Fig. 4), the crystals of samples A2, B1
nd B2 were needle-like Li2SiO3, A1 for the columnar Li2Si2O5
hich is consistent to the results of XRD, but the amount and size

f crystallites are very small in all samples. Different from other
lass–ceramics system, figure in black for the region to mean after
he crystallites were etched, and the light for the regional shown the
esidual glass phase. Because all samples were chemically etched
y hydrofluoric acid, the etched rate of Li2SiO3 is much greater than
lass phase. Experimental results show that all the samples have
ain crystal phases under the suitable heat treatment schedule,

ut the amount and size of crystallites in sample changed with the
eat treatment temperature changed. The crystallites grew and the
lass phase decreased as the crystal temperature and crystal time

ncreased, and the shape of crystallites even more obvious.

Fig. 6. Plots of ln(ˇ/T2
p ) − 1/Tp for the composition B glass.
Fig. 7. Plots of ln(�T) − 1/Ti for the composition A glass (LS2).

4.2. Activation energy (Ea) of parent glass

Values calculated for the activation energies (Ea) using the
Kissinger method (Eq. (1)). Plot of ln(ˇ/T2

p ) versus 1/Tp also is
expected to be linear, and from the slop of the plot, the activation
energy, Ea can be calculated. Experimental non-isothermal plots
are summarized in Figs. 5 and 6.

The activation energy for the composition A parent glass which
have two exothermic peaks on the DSC traces, the first crystalline
phase to form (peak 1) is determined as 151.4 kJ/mol and the second
crystalline phase to form (peak 2) is determined as 623.1 kJ/mol by
the Kissinger method. The activation energy for the composition B
glass, the crystalline phase to form is determined as 50.7 kJ/mol by
the Kissinger method. Derived as a result of the method of calcu-
lation errors, it could get a qualitative change in the trend of the
results, in order to have an accurate calculation of the results also
need to continually improve.

4.3. Avrami parameter (n) of parent glass

For the determination of the crystallization mechanism, the
crystallization kinetics parameters n and m depending on the nucle-
ation process and growth morphology, the value of m can be
deduced from n = m + 1 [17,18]. m = 1 shows that for the crystal-
lization of glass surface crystallization; m = 2 shows that the glass
crystallization for two-dimensional crystallization; m ≥ 3 shows
that the crystallization of glass for the bulk or three-dimensional
crystallization. Since the DSC trace of composition A parent glass
has two different precipitation crystallization peaks corresponding
to different crystals, so we choose the first crystallization peak to
calculate the value n of the crystal LS2. The Avrami parameter (n)
of parent glass can be calculated from Eq. (2), plot of ln(�T) versus
1/Ti also is expected to be linear, and from the slop of the plot is
−nEa/R, the Avrami parameter (n) can be calculated, experimental
isothermal plots are summarized in Figs. 7 and 8 and Table 4.

The results show that: the average value of n = 1.70, m = 0.7 with
L2S crystal in composition A for the surface crystallization; in com-
position B, the average value of n = 3.89, m = 2.89 with LS crystal
for the bulk crystallization. As the two group parent glass, the Li2O
has participated in the formation of the main crystal phase, as well
as the variety of the main crystal phase in two groups lead to the

growth of main crystalline phase exists differences in crystalliza-
tion.
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Table 4
The Avrami parameter (n) of parent glass.

Crystal Avrami parameter (n)

ˇ = 5 ◦C min−1 ˇ = 10 ◦C min−1 ˇ = 15 ◦C min−1 ˇ = 20 ◦C min−1 Average value

LS2(A) 1.57 1.63 1.91 1.67 1.70
LS(B) 4.53 3.95 3.80 3.29 3.89

Fig. 8. Plots of ln(�T) − 1/Ti for the composition B glass (LS).
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Fig. 10. Plots of ln(ˇ/T2
g ) − 1/Tg for the parent glass.

Table 5
The value A, B and Et of parent glass.
Fig. 9. Plots of Tg − ln(ˇ) for the parent glass.

.4. Transition activation energy (Et) of parent glass

In order to design the new glasses well and perform nano-
rystallization on the glasses properly, it is necessary to understand
he influence of alkali metal oxides addition on the thermal prop-
rties and crystallization kinetics of the glasses. From Eqs. (3) and
4), plots of Tg versus ln(ˇ) for the prepared samples, the values
f A and B (A and B are constants for a given glass composition)
an be obtained by using the least square fit, and this equation
olds good for the studied samples (as shown in Fig. 9). To obtain
he activity energy of glass transition Et, straight lines between
n(ˇ/T2

g ) and (1000/Tg) can be given; slopes of these lines yield the
alues of Et/R where Et corresponds to the glass transition acti-
ation energy (as shown in Fig. 10). From Figs. 9 and 10, we can
ee that the two composition glass have got a similar results, there

as a little difference between the two glasses. For composition
, Tg(A) = 400.1 + 19.9 ln ˇ, Et(A) = 202.8 kJ/mol; and composition B,
g(B) = 396.7 + 17.9 ln ˇ, Et(B) = 220.4 kJ/mol; as shown in Table 5.

From Table 5, composition A parent glass has a higher glass tran-
ition temperature, the smaller the transition activation energy.
Composition A (K) B (K) Et (kJ/mol)

A 400.1 19.9 202.8
B 396.7 17.9 220.4

Because the content of R2O is bigger than composition A, compo-
sition B parent glass has a lower glass transition temperature and
larger glass transition activation energy.

5. Conclusions

(1) After heat treatment, the main crystal phase columnar Li2Si2O5
were found when crystallization temperature is 650 ◦C and the
needle-like Li2SiO3 crystals while crystallization temperature
is 850 ◦C in composition A parent glass; the main crystal phase
needle-like Li2SiO3 were found when crystallization tempera-
ture is 700 ◦C and 750 ◦C in the composition B parent glass.

(2) Values calculated for the activation energies (Ea) using the
Kissinger method, the first crystalline phase to form (peak 1) is
determined as Ea1(A) = 151.4 kJ/mol and the second crystalline
phase to form (peak 2) is determined as Ea2(A) = 623.1 kJ/mol
in composition A parent glass; the crystalline phase to form is
determined as Ea(B) = 50.7 kJ/mol for the composition B parent
glass.

(3) The average value of n = 1.70, m = 0.7 with L2S crystal in com-
position A for the surface crystallization; in composition B, the
average value of n = 3.89, m = 2.89 with LS crystal for the bulk
crystallization.

(4) Compared to composition A, composition B parent glass has a
lower glass transition temperature and larger glass transition
activation energy, Et(A) = 202.8 kJ/mol and Et(B) = 220.4 kJ/mol,
respectively.
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