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Abstract

Effects of crystallization behaviors on thermal properties of (1 � x)MgSiO3–xCaMgSi2O6 (0.36 � x � 0.90) glass-ceramics were investigated.

The crystallization behaviors of glasses were confirmed from the activation energy of crystallization (Ea), crystallite size (L) and crystalline phases

of clino-enstatite (MgSiO3) and diopside (CaMgSi2O6). The specific heat capacity of the specimens sintered at 800 8C for 5 h was affected by the

Ea of glasses. The thermal conductivity and thermal diffusivity of the sintered specimens were dependent on the L of glass-ceramics. The

temperature dependence of thermal conductivity was also discussed for the application of lighting-emitting diode (LED) package and substrate

materials.
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1. Introduction

For various industrial applications, MgSiO3-based glass-

ceramics have been widely investigated due to the good

mechanical and low loss electrical properties as well as

abundant raw materials in glass batches [1,2]. Enstatite is a low

temperature modification of MgSiO3, which has three types of

characteristic structures such as ortho-enstatite, proto-enstatite

and clino-enstatie [2]. These structural characteristics of

enstatite affect to the degradation of electrical and mechanical

properties. Also, the precise stoichiometric composition of

enstatite showed the unstable glass and the narrow sintering

window due to the rapid formation of liquid phase during firing

[3].

It has been reported [4] that the substitution of Ca2+ with

different ionic size for Mg2+ induced the formation of a more

stable diopside (CaMgSi2O6) structure, which improved the

electrical and mechanical properties by the reduce of enstatite

polymorphism resulted from the substitution of diopside above

12 mol%.

The enstatite–diopside system is one of good candidates

available to the package materials for lighting-emitting diodes
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(LED) chips in view point of the fast heat dissipations, because

this system has relatively low sintering temperature (high

sintered density) and high thermal conductivity.

Therefore, the effects of crystallization behaviors on thermal

properties of (1 � x)MgSiO3–xCaMgSi2O6 glass-ceramics

were investigated as a function of CaMgSi2O6 content (x).

The activation energy of crystallization, crystallite size and

crystalline phases were studied to evaluate the crystallization

behaviors of glasses. The temperature coefficient of thermal

conductivity (TCk) was also discussed for practical application

of LED multilayer devices.

2. Experimental procedures

High-purity oxide powders of CaCO3 (99%), MgCO3

(99.9%) and SiO2 (99.9%) were used as starting powders.

The powders were separately prepared according to the desired

compositions of MgSiO3 and CaMgSi2O6, and ground with

ZrO2 balls for 24 h in ethanol. The mixed powders were melted

in a platinum crucible at 1500 8C for 3 h and quenched into

distilled water. The cullets were pulverized and mixed

according to the desired formula of (1 � x)MgSiO3–xCaMg-

Si2O6 (0.36 � x � 0.90), and then melted again at 1500 8C for

3 h. Pure glass frits were obtained by quenching of melts into

distilled water. These glass frits were re-milled for 24 h and
d.
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pressed into pellets isostatically under the pressure of 147 MPa.

These pellets were sintered from 750 8C to 950 8C for 5 h in air.

The densities of the sintered specimens were measured by

Archimedes method. The differential thermal analysis (DTA)

curve was obtained by a simultaneous thermal analyzer-mass

spectrometer (STA 409PC-QMS 403C, NETZSCH, Germany)

at different heating rates (5–20 K/min). Powder X-ray

diffraction analysis (XRD, D/Max-2500V/PC, RIGAKU,

Japan) was used to evaluate the crystalline phases and

crystallization behaviors of glasses. The thermal properties

were measured by a laser flash apparatus (LFA 457,

NETZSCH, Germany). The temperature dependence of

thermal conductivity was measured in the temperature range

from 25 8C to 100 8C.

3. Results and discussion

Fig. 1 shows the differential thermal analysis (DTA) curves

of (1 � x)MgSiO3–xCaMgSi2O6 glass powders heated at a rate

of 5 K/min and 0.64MgSiO3–0.36CaMgSi2O6 glass powders

with different heating rates, respectively. The strong exother-

mic reactions peaked at 875–914 8C are attributed to the

crystallization of glass at each composition and heating rate.

For the glasses with same heating rate of 5 K/min (Fig. 1(a)),

the peak temperature of crystallization (Tp) was shifted to lower

temperature with the CaMgSi2O6 content (x). However, the Tp

of glasses with same CaMgSi2O6 content (x = 0.36) was shifted

to higher temperature with the heating rate (Fig. 1(b)). The

similar tendency was confirmed for all glasses with different

heating rates. From the Tp of glasses with different heating

rates, the activation energy of crystallization (Ea) was

calculated using following modified form of Kissinger

equation.
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Fig. 1. DTA curves of (a) (1 � x)MgSiO3–xCaMgSi2O6 glass powders heated

at a rate of 5 K/min and (b) 0.64MgSiO3–0.36CaMgSi2O6 glass powders with

different heating rates.
where b is the heating rate (5–20 K/min), R is the ideal gas

constant and n is the Avrami constant, respectively. This

equation suggested [5] that nucleation does not occur during

crystal growth and crystal growth is interface controlled. In this

study, the n value was considered as equal to 1, which is the case

for surface crystallization [5] because MgSiO3 and CaMgSi2O6

generally induced the surface crystallization [6,7]. Therefore,

the plots of ln(Tp
2/b) versus 1000/Tp for crystallization of

(1 � x)MgSiO3–xCaMgSi2O6 glasses are shown in Fig. 2.

The Ea values were obtained from the slop of solid line by

least squares fit of the data points. The validity of Kissinger

method [8] was supported by the high values of correlation

coefficients (R2). With increasing of CaMgSi2O6 content (x),

the Ea of glasses was increased up to x = 0.58 and then

decreased (Fig. 2).

To investigate the dependence of thermal properties on the

crystallization behaviors of (1 � x)MgSiO3–xCaMgSi2O6

glasses, the sintering temperatures from 750 8C to 950 8C
were determined from the results of DTA data. With increasing

of sintering temperature from 750 8C to 950 8C, the apparent

density of the specimens was remarkably increased up to

800 8C, and then almost constant of 2.9–3.0 g/cm3 through the

entire range of compositions. To reduce the effects of density on

the thermal properties, the optimal sintering temperature was

800 8C for the highest sintered densities.

Fig. 3 shows the XRD patterns ((a) 2u = 10–808 and (b)

2u = 29–328) of (1 � x)MgSiO3–xCaMgSi2O6 specimens sin-

tered at 750 8C and 800 8C for 5 h. XRD pattern of specimens

sintered at 750 8C for 5 h showed the typical amorphous halo

(Fig. 3(a)). However, two phases with monoclinic clino-

enstatite (MgSiO3) and monoclinic diopside (CaMgSi2O6)

structures were confirmed for the specimens sintered at 800 8C
for 5 h. With increasing of CaMgSi2O6 content (x), the (3 1 0)

plane of MgSiO3 phase was split into the (3 1 0) and ð311Þ
planes of CaMgSi2O6 phase at 2u = 30–318 (Fig. 3(b)). Also,

the full width at half maximum (FWHM) of main peaks was

decreased with CaMgSi2O6 content (x). The thermal properties

of glass-ceramics are affected by the crystallite size due to the
0.880.870.860.850.840.83

10.5

11.0

11.5

12.0

12.5

13.0

Ea = 818 kJ/mol

R2 = 0.9914

Ea = 785 kJ/mol

R2 = 0.9968

x = 0.36
x = 0.58
x = 0.90

ln
(T

p2 / β
)

1000/Tp (K
-1)

Ea = 594 kJ/mol

R2 = 0.9860
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xCaMgSi2O6 glasses (R2: correlation coefficients).
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Fig. 3. XRD patterns of (1 � x)MgSiO3–xCaMgSi2O6 specimens sintered at

750 8C and 800 8C for 5 h; (a) 2u = 10–808 and (b) 2u = 29–328.
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interfacial resistance [9]. Therefore, the average crystallite size

(L) of each composition was calculated from the FWHM of

peaks with strong intensities at 2u = 25–408 of XRD patterns

using Scherrer’s equation [9].

L ¼ Kl

bcos u
(2)

where l is the wavelength of the X-ray radiation

(l = 0.154 nm), b is the FWHM of the peak (radians) corrected

for instrumental broadening, u is the Bragg angle, and K is a

constant related to the crystallite shape (approximately equal to

0.9), respectively. With increasing of CaMgSi2O6 content (x),

the L of the specimens sintered at 800 8C for 5 h was increased

from 20.08 nm (x = 0.36) to 29.68 nm (x = 0.90). Based on the

XRD patterns of the specimens, the reaction compounds be-

tween MgSiO3 and CaMgSi2O6 were not detected, which in

turn, the chemical reactions between MgSiO3 and CaMgSi2O6

were not observed.
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Fig. 4. Dependence of specific heat capacity on activation energy for crystalli-

zation (Ea) of (1 � x)MgSiO3–xCaMgSi2O6 specimens sintered at 800 8C for

5 h.
Fig. 4 shows the dependence of specific heat capacity on Ea

of (1 � x)MgSiO3–xCaMgSi2O6 specimens sintered at 800 8C
for 5 h. With increasing of CaMgSi2O6 content (x), the specific

heat capacity of the specimens increased up to x = 0.58 and then

decreased. These results could be attributed to the Ea of

(1 � x)MgSiO3–xCaMgSi2O6 glasses.

Fig. 5 shows the dependence of thermal conductivity and

thermal diffusivity on L of (1 � x)MgSiO3–xCaMgSi2O6

specimens sintered at 800 8C for 5 h. With increasing of

CaMgSi2O6 content (x), the thermal conductivity and thermal

diffusivity of the specimens were increased due to the decrease

of interface area resulted from the increase of L. In general, the

thermal conductivity can be determined from thermal

diffusivity, specific heat capacity and density. However, the

thermal conductivity of materials is largely dependent on the

thermal diffusivity than specific heat capacity and density [10].

Therefore, the thermal conductivity of the specimens showed

the similar tendency to the thermal diffusivity with the

CaMgSi2O6 content (x) in this study.

For the view point of practical application of LED multilayer

devices, the change of thermal conductivity with temperature is

a very important factor to dissipate the heat effectively, which

could be evaluated by the temperature coefficient of thermal

conductivity (TCk) from 25 8C to 100 8C, as shown in Eq. (3).

TCk ¼ ðk100 �C � k25 �CÞ
ð100 �C � 25 �CÞ � k25 �C

(3)

where k100 8C and k25 8C are the thermal conductivities of the

specimens measured at 100 8C and 25 8C, respectively.

Fig. 6 shows the TCk of (1 � x)MgSiO3–xCaMgSi2O6

specimens sintered at 800 8C for 5 h. With increasing of

CaMgSi2O6 content (x), the TCk of the specimens was

increased up to x = 0.46 and then decreased. These results

could be attributed to the change of crystalline phases from

clino-enstatite to diopside (Fig. 3). Although the zero TCk is

required for the stability of thermal conductivity, the large

positive TCk is preferred to dissipate effectively the heat

generated from LED chips of multi-chip packages. For
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crystallite size (L) of (1 � x)MgSiO3–xCaMgSi2O6 specimens sintered at

800 8C for 5 h.
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Fig. 6. Temperature coefficient of thermal conductivity (TCk) of

(1 � x)MgSiO3–xCaMgSi2O6 specimens sintered at 800 8C for 5 h.
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0.54MgSiO3–0.46CaMgSi2O6 specimens sintered at 800 8C for

5 h, the highest TCk value of 5.96 � 10�4/K was obtained,

which could be applicable to LED packages and substrates.

4. Conclusions

With increasing of CaMgSi2O6 content (0.36 � x � 0.90),

the peak temperature of crystallization (Tp) of (1 � x)MgSiO3–

xCaMgSi2O6 glasses was decreased, while the activation

energy of crystallization (Ea) was increased up to x = 0.58 and

then decreased. For the specimens sintered at 800 8C for 5 h,

the crystalline phases were changed from monoclinic clino-

enstatite (MgSiO3) to monoclinic diopside (CaMgSi2O6) with

the CaMgSi2O6 content (x).

The specific heat capacity of the specimens was dependent

on the Ea of glasses. With increasing of CaMgSi2O6 content (x),

the thermal conductivity and thermal diffusivity of the

specimens were increased due to the increase of crystallite

size (L). The temperature coefficient of thermal conductivity

(TCk) of the specimens was affected by the crystalline phases of
glass-ceramics. The highest TCk value of 5.96 � 10�4/K was

obtained for 0.54MgSiO3–0.46CaMgSi2O6 specimens sintered

at 800 8C for 5 h.
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