
Introduction

Glass-ceramics had been investigated for more than
three decades. It is important to design the
composition and control the crystallization of the
glass to achieve desired microstructure and properties
[1–3]. Lithium aluminosilicate (LAS) glass-
ceramics had gained considerable attention because
of their very low thermal expansion coefficient
(CTE), high transparency, excellent thermal shock
resistance and chemical durability [1–4]. In LAS
glass-ceramics, the ultralow thermal expansion is
duo to the main crystalline phases: high-quartz solid
solution (Li2O–Al2O3–2SiO2) and �-spodumene
(Li2O–Al2O3–4SiO2), but there are some shortage:
they have low strength (100 MPa for high-quartz and
140 MPa for �-spodumene), and need high melting
temperature (above 1873 K) to produce the glass
ceramics. To lower the melting temperature, some
fluxes such as alkali oxides, alkali earth oxides,
Lanthanon metal oxides, B2O3, P2O5 and F– had been
added in LAS glass ceramics for many years [5–15].
But these additives can not solve the problems of
lower strength at the same time. Diopside glass
ceramics (CaO·MgO·2SiO2) has higher bending
strength (300 MPa) and fracture toughness
(3.5 MPa m1/2) [16–21]. Ashizuka had reported that in
CaO–MgO–SiO2–P2O5 system with diopside and
apatite as main phase, the glass–ceramics had high
strength (about 236 MPa) [17], much higher than only
apatite (about 100 MPa). It is desired to produce a

glass ceramics with two phases: spodumene and
diopside, this glass ceramics will have low thermal
expansion and high mechanical properties.

In this work, different amount of CaO+MgO
were added in LAS glass to obtain high strength and
low melting temperature glass ceramics with diopside
and spodumene as main phase, and the crystallization,
morphology and mechanical properties of a
spodumene-diopside glass ceramics were investigated.

Theory background

The kinetics of crystal growth in glass can be
investigated using the Johnson-Mehl-Avrami (JMA)
equation [22–28]:

–ln(1–x) = (kt)n (1)

where x is the volume fraction of crystallized phase at
time t, n is the Avrami exponent related to the
mechanism of crystallization, and k is the reaction
rate constant, related to the absolute temperature T, by
Arrhenius type equation:

k
E

RT
��exp(– ) (2)

where � is the frequency factor, R is the gas constant
and E is activation energy of crystal growth.
The reaction rate constant k can also express as [24]:

k = AN exp(–E/RT) (3)
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A is a constant, and the number of nuclei per unit
volume, N, in a glass N can be expressed as [29]:

N = Ns+Nh+Nn+Nc (4)

where, Ns is the number of surface nuclei per unit
volume, Nh is the number of bulk nuclei formed dur-
ing a DTA scan per unit volume, Nn is the number of
nuclei formed during a previous heat treatment, and
Nc is the number of heterogeneous bulk nuclei per
unit volume. The values of Ns are proportional to the
sample specific surface, S, and the reciprocal of DTA
heating rate, the time of the nucleation heat treatment
and the amount of nucleating agent, respectively. The
samples with small particle size mean large values of
Ns, Nh, Nn and Nc.

The relationship between the number of nuclei
per unit volume, N, and Tp can be described as [29, 30]:

ln(N) = E/RTp+ln�+C (5)

where � is the heating rate of DTA. According to
Eq. (5), it can also find that increasing the
concentration of nuclei causes a shift of the peak
towards lower temperatures and vice versa. This
means that the crystallization peak temperature Tp

decreased with smaller particle size [29, 30].
Tosic [29] found that the shift of crystallization peaks
Tp with different heating rates for powdered glass
particles <0.038 and 0.5–0.7 mm was about 50°C.

Developed from Eqs (1) and (2), non-isothermal
crystallization kinetics of glass can be described by
the expression [22–24]:

ln
T E

RT
C

p
2

p�
� � (6)

The Avrami parameter n=1 indicates
mono-dimensional growth (surface crystallization),
n=2 indicates two-dimensional crystallization, and
n=3 implies bulk crystallization [25–33]. E is the
activation energy of crystal growth. Values of E can
be calculated by Eq. (6) by plots of ln(Tp

2/�) vs. 1/Tp.
The value of n can be calculated by the

Augis-Bennett equation [34]:

n
T

RT
�

25.

�

p
2

E
(7)

where �T is the full width of the exothermic peak at
half maximum intensity (FWHM).

Experimental

Materials

The starting materials were analytical grade: SiO2,
Al2O3, MgO, Li2CO3, CaCO3, ZnO and TiO2 and the

detailed proportions of the glasses were given in
Table 1. Glass batches were melted in alumina
crucibles at 1773~1873 K for 2 h according to the
composition to obtain homogeneous, transparent
glasses from all compositions, then annealed at
873 K for 1 h.

Methods

Differential thermal analysis (DTA) of annealed
glass specimens were carried out in a Dupont 2100
Thermal Analyzer. The quenched glasses were
ground and screened to four different particle sizes:
<20, 38~63, 100~160 and 200~315 �m. These
different particle sizes ranges were designated as: 20,
50, 100 and 200 �m. Non-isothermal experiments
were performed by heating 30 mg samples in a Pt
crucible with Al2O3 as the reference material in the
temperature range between 293 and 1473 K at
5~20 K min–1 under a flowing atmosphere of drying
air (30 cm3 min–1).

X-ray diffraction (XRD) investigations were
done with a D-max-RB diffractometer with CuK�

radiation (	K�1 = 0.15406 nm) operating at 35 kV and
40 mA in the 2
 range from 10 to 70° at 0.02° steps.

Scanning electron microscopy (SEM) was
conducted with a JSM-6301F. Specimens were
prepared with standard metallographic techniques
followed by chemical etching in an HF solution (5%)
for 90 s. Etched glass–ceramic samples were coated
with a thin layer of gold.

The strength of the samples were measured in ten
specimens for each sample (4×3×36 mm) using a 4-point
bending strength with a span of 30 mm at a crosshead
speed of 0.5 mm per 60 s. The fracture toughness were
measured by an indentation fracture (IF) method using
the Evans equation to calculate KIC from the length of
the crack and the semi-diagonal of the indentation [35].

Results and discussion

DTA results

DTA curves for the four glass samples with particle
sizes 200 �m at a heating rate of 10 K min–1 are shown
in Fig. 1. As the CaO, MgO can serve as network
modifiers to reduce the melting point and viscosity of
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Table 1 Composition of the glasses (mass%)

Sample Li2O Al2O3 SiO2 MgO CaO TiO2

1
2
3
4

4.5
4.3
4.0
3.7

16.3
15.7
14.4
13.8

69.5
66.4
61.5
59.2

1.2
3.0
6.1
7.5

1.5
3.6
7.0
8.8

7.0
7.0
7.0
7.0



the glass; it can see from Fig. 1 that with more
CaO+MgO addition, the glass crystallization peak
temperatures decrease, from 1139 to 1068 K.

The values of E can calculate by Eq. (6) by plots
of ln(Tp

2/�) vs. 1/Tp which are shown in Fig. 2, the
results are given in Table 2. With more CaO and MgO
addition, the activation energy of crystal growth E,
corresponding to the energy barrier of transition from
glass to crystal, increases from 299 kJ mol–1 to
537 kJ mol–1, this means that the glass is difficult to
crystallization by CaO and MgO addition.

The values of n calculated by Eq. (7) for four
glasses are 3.2, 2.6, 1.9, 1.4, and the results are given
in Table 2, this means the crystallization mechanism
change from bulk to surface crystallization with more
CaO+MgO addition.

The crystallization peak temperatures for the
glasses with different particle sizes are shown in
Table 3, where, �T values are the peak temperatures
differences between particle size 200 and 20 �m.
From Table 3, as the particle size decrease from 200
to 20 �m, all crystallization peak temperatures shift to
lower temperature [29, 30], but there are differences.
The sample No. 1 has the smallest �T, and the value of
�T is 7 K; while the sample No. 4 has the largest �T,
the value of �T is 44 K. This means that the value of
Tp in the bulk crystallization is less affected by the
change of the particle size, while Tp in the surface
crystallization is more affected by the particle size.
Alizadeh [36] also found that in the
MgO–CaO–SiO2–Na2O glass system, the bulk crys-
tallization samples had the smaller �T, while, the
surface crystallization glass had larger �T. This
phenomenon is also seen in this study.

XRD results

The powder XRD patterns of the glasses heat-treated
at 1073 K for 2 h are shown in Fig. 3. h-quartz solid
solution appears in all samples. XRD results indicate
that with CaO+MgO addition, the first phase
appeared is still h-quartz solid solution. With more
CaO and MgO addition, such as sample 3 and 4, a few
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Fig. 2 Plots of lnTp
2/� vs. 1/Tp for the four glasses

Table 2 The values of activation energy E, Avrami parame-
ter n and the crystallization peak temperatures Tp

No. 1 2 3 4

E/kJ mol–1

n
Tp/K

299�3
3.2±0.3
1139

403±4
2.6±0.2
1102

485±3
1.9±0.3
1081

537±5
1.4±0.2
1068

Table 3 Crystallization peak temperature (K) for the glass
samples with different particle size, � = 10 K min–1

Crystallization peak temperature/K

Sample Particles size/�m �T/K

200 100 50 20

1
2
3
4

1139
1102
1081
1068

1135
1093
1069
1051

1133
1085
1061
1040

1132
1078
1050
1024

7
24
31
44

Fig. 3 XRD patterns of the glass-ceramics samples
heat-treated at 1073 K/2 h

Fig. 1 DTA curves of glass samples, �=10 K min–1



�-spodumene appears besides h-quartz solid solution.
Figure 4 illustrates the powder XRD patterns of the
glasses heat-treated at 1323 K for 2 h. As in Sample 1
and 2, the main phase was �-spodumene, no diopside
appeared. CaO and MgO may enter into the h-quartz
or �-spodumene structure. With more CaO+MgO
addition, as in samples 3 and 4, the phase of diopside
increased at the expense of �-spodumene. A trace of
h-quartz solid solution still appeared in all samples.

Microstructures

Figure 5 shows SEM micrographs of the glass–ceramic
samples heat-treated at 1323 K for 2 h. Samples 1
and 2 have homogeneous dispersion of tiny spherical
crystallites, the grain sizes were 1–2 �m (Figs 5a
and b). These indicate that the crystallization
mechanism is bulk crystallization. With more
CaO+MgO addition, as in sample 3, there are plate-
like crystals instead of tiny spherical crystals, and the
grain sizes increase to about 3–4 �m. With even more
CaO+MgO addition, as in samples 4, the crystalliza-
tion is observed to start at surface of the glasses
sample, then proceeds towards the interior of the glass
matrix, and show coarse dendritic in shape. These
results are in agreement with the above crystallization
kinetics analysis that crystallization mechanism

change from bulk crystallization to surface crystalli-
zation with CaO+MgO addition.

Thermal expansion and bending strengths

After crystallization at 1323 K for 2 h, the mechanical
properties of four glass-ceramics are given in Table 4.
With more CaO+MgO addition, diopside increase at the
expense of �-spodumene (CTE is 3~9·10–7 K–1) [1–5],
as diopside has high positive thermal expansion
coefficients (CTE is 50~150·10–7 K–1) [15], the
thermal expansion coefficients increase.

The values of Vickers hardness, elastic moduli,
flexural strength and fracture toughness have different
trends and the sample 3 has the maximum values. The
properties of glass ceramics are correlated with crystalli-
zation and morphology. After crystallization at
1323 K/2 h, the main phase of sample 1 is �-spodu-
mene, so the samples have almost the same properties as
pure �-spodumene with a flexural strength about
140 MPa [1–3]. With more CaO+MgO addition, as in
sample 3, spodumene-diopside glass ceramics with the
morphology of the interlock plate-like grains is ob-
tained. As diopside have higher flexural strength
(300 MPa) [16–18], and the randomly oriented and in-
terlocked plate spodumene-diopside crystallites, which
cause crack divert or blunt to limit the further develop-
ment of the flaw size and increase the surface energy of
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Fig. 4 XRD patterns of the glass-ceramics samples
heat-treated at 1323 K/2 h

Fig. 5 SEM photographs of a-1, b-2, c-3 and d-4 samples;
heat-treated at 1323 K for 2 h

Table 4 The mechanical properties of spodumene-diopside glass-ceramics heat treated at 1323 K for 2 h

Sample
The Vickers

hardness/GPa
Elastic

moduli/GPa
Flexural

strength/MPa
Fracture toughness/

MPa m1/2
Expansion

coefficient/K
Thermal shock
resistance*/°C

1
2
3
4

6.3
6.2
6.8
6.4

91
87
93
89

138
144
197
152

1.6
1.7
2.9
1.9

7.4·10–7

9.9·10–7

11.8·10–7

19.3·10–7

800
810
920
720

*(in 20°C water)



fracture, so, high flexural strength values (199 MPa) can
obtain [18, 37]. In sample 4, although more diopside is
precipitated in the glass ceramics, the coarse dendritic
grains can increase the further development of the flaw
which will lower the mechanical properties [37].

Conclusions

Spodumene-diopside glasses ceramics were obtained
with CaO+MgO addition. As CaO+MgO content
increased, the crystallization temperature decreased,
and the crystallization of the glass ceramics changed
from bulk crystallization to surface crystallization,
the grain sizes and thermal expansion coefficients
increased, while the flexural strength and fracture
toughness of the glass-ceramics reached the
maximum value with 6.1% MgO+7.0% CaO addition.
The mechanical properties were correlated with
crystallization and morphology of glass ceramics.
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