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Abstract: The resulting glass-ceramics were prepared by glass powder sintering using stoichiometric and
non-stoichiometric cordierite components with addition of B,0O;. Properties of the glass-ceramics, including the non-
isothermal crystallization kinetics, thermal, mechanical and dielectric properties were investigated. The a-cordierite
based glass-ceramics can be easily prepared by using non-stoichiometric cordierite components, and B,O; addition
can promote the precipitation of a-cordierite and improve the crystallization ability of the MgO-Al,0;-SiO, glass.
Moreover, rich MgO and SiO, in the glass composition did not affect the crystallization ability of the glass, but
affect the type of precipitated crystal phase. The increase of B,O; addition can prepare a-cordierite based
glass-ceramics with a low coefficient of thermal expansion (CTE), but it also lower its softening point. In addition,
the increase of B,0; addition can also improve the compactness and mechanical strength of the glass-ceramics. The
maximum flexural strength, elastic moduli, fracture toughness and bulk density of a-cordierite based glass-ceramics
are (42.4+3.0) MPa, (34.0+2.9) GPa, (0.7+0.15) MPa-m"?, and 1.53 g/cm’, respectively. And the as-prepared o-
cordierite based glass-ceramics show good dielectric properties (¢ as low as 3.5) with a low CTE of 4.22 x 10 ° K.
Key words: a-cordierite; glass-ceramics; powder sintering; crystallization kinetics; mechanical property; dielectric

property

The possible crystal phases in MgO-Al,0;-Si0, (MAS)
based  glass-ceramics are  mainly  cordierite
(2MgO°*2A1,03°5S10;), spinel (MgO+Al,0;), mullite
(3A1,05°2810,), forsterite (2Mg0O+Si0,) and quartz (SiO,)
phases, erc!!. Among them, the cordierite phase has
received extensive attention due to its excellent
mechanical properties, good dielectric properties and low
coefficient of thermal expansion (CTE)*™. However, it
is difficult to obtain pure cordierite phase glass-ceramics.
Most researchers reported that the glass-ceramics with
cordierite as the main crystal phase could be obtained by
controlling the composition of the raw materials'®).
Cordierite based glass-ceramics can be used in many
fields, including microelectronics packaging, coatings,
ceramic substrates,

low-temperature co-fired

aerospace, etc.”"*!. The composition range (in mass) of the

cordierite based glass-ceramics is 9.5%-25.5% MgO,
17.5%-34.5% ALO;, 49%-68% SiO,", and some
nucleating agents, such as TiO,, ZrO,, P,Os and CeO,,
etc., are added into the raw materials to promote glass
crystallization!®'*'%) The glass composition (in mass)
designed in stoichiometric composition (13.8% MgO,
34.9% Al,0s, 51.3% SiO,) of cordierite has a narrow
interval for the formation of the cordierite phase during
the heat-treatment. Compared with the stoichiometric
composition of cordierite, the composition rich in MgO
and SiO, can inhibit the formation of u-cordierite and
promote the formation of a-cordierite in the glass. The
Al,O;-rich component has no effect on the formation of
a-cordierite, but enhances the stability of the glass grid
structure, so makes crystal precipitation and growth
difficult"”. Adding some sintering aids or nucleating
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agents will deteriorate the properties of the

glass-ceramics, such as larger thermal expansion
coefficient and higher dielectric constant!'®!. Therefore, in
order to prepare cordierite based glass-ceramics with
excellent comprehensive properties, the addition of
additives must be avoided or reduced.

The preparation methods of MAS system glass ceramics
mainly include integral crystallization, powder sintering,
Sol-Gel method and solid-state reaction!'”). The integral
crystallization method can be used to prepare dense
glass-ceramics with controllable crystal-grain size, but it
requires the addition of nucleating agents, high temperature
and long crystallization time!*'"

method has the advantages of easy crystallization and

. The powder sintering

unnecessary addition of nucleating agents when preparing
glass-ceramics, but it is difficult to prepare dense
materials®. The advantages of Sol-Gel method are that the
preparation temperature is low, the glass composition can be
accurately controlled to obtain materials with high purity,

but the cost is high and the environment is easily polluted!'®.

The solid-phase reaction method has simple preparation
process and easy large-scale production, but the reaction
temperature and energy consumption are high!?**'.
Choosing which method to prepare a-cordierite based
glass-ceramics needs to be decided according to actual
experimental conditions and purposes.

Based on the above research on the MAS system of
glass-ceramics, two basic components were designed in
this work: the stoichiometric component of cordierite,
and another component rich in MgO and SiO,
(nonstoichiometric cordierite). At the same time, the
different contents of B,0; were added to the basic
ingredients. The addition of B,O; has two functions:
reducing the melting temperature of the basic glass
component to act as a flux, and promoting the
precipitation of a-cordierite in the vitreous!®**** In this
work, a-cordierite based glass-ceramics with excellent
comprehensive properties were prepared by glass powder
sintering without adding nucleating agents. Moreover,
the non-isothermal crystallization kinetics, thermal,
mechanical and dielectric properties were investigated.

1 Experimental

1.1 Glass-ceramics preparation
The raw materials was composed of magnesium oxide

(purity>98%), alumina (purity>98%), fused quartz
(purity>98%) and boron oxide (purity>98%), as shown
in Table 1. Two kinds of samples were prepared: (a)
sample S, the
stoichiometric cordierite component; (b) samples NSI,
NS2 and NS3, the B,0j;-added glass-ceramics with
nonstoichiometric cordierite components (rich in MgO
and SiO,). The raw materials were uniformly mixed by
ball milling and passed through a 150 pm (100 mesh)
1500 C for 2 h. The
high-temperature glass melt was taken out and

B,0;-added  glass-ceramic ~ with

sieve, then melted at
water-quenched to obtain a loose, transparent glass frits.
The glass frits was initially crushed and placed in a
silicon nitride tank, using absolute ethanol as the medium.
The ball milling process was carried out at a speed of
500 r/min for 2 h. The obtained glass powder was dried,
screened through a 74 pm (200 mesh) sieve. The average
particle size of the finally glass powder was 5.9 pm.
Then, 30 g of glass powder was shaped into a diameter by
pressing at 30 MPa in a steel mold. Each component
sample was sintered according to the prescribed sintering
process, and the resulting glass-ceramics were obtained
in a muffle furnace.
1.2 Characterization

The glass powder of each component was tested by
differential thermal analysis (DTA; STA449C, Netzsch).
And the analysis was performed by heating 50 mg glass
powder from room temperature to 1200 C at heating
rates of 5, 10, 15 and 20 ‘C/min, respectively. The phase
compositions of the glass-ceramics were confirmed by
X-ray diffraction (XRD, D/max-yB, Ricoh) with CuKa
radiation, operating at 40 kV and 100 mA. Scanning
electron microscope (SEM, Helios NanoLab 600i, FEI)
was used to characterize the morphology of the samples.
The CTE of the glass-ceramics was measured by thermal
dilatometer (Netzsch, DIL402C). The bulk density and
apparent porosity of the glass-ceramics were tested by
the Archimedes method using distilled water as the
immersion medium liquid®”. The three-point bending
method was used to test the elastic moduli and flexural
strength of the glass-ceramics with dimensions of 3 mm X
4 mm x 36 mm. The glass-ceramics was processed into
specimens of 2 mm X 4 mm x 20 mm with a notch of
2 mm in depth and 0.2 mm in width for fracture
toughness test by the single-edge notched beam (SENB)
method. Dielectric constants (¢) and loss tangent (tand)

Table 1 Proportion of MAS based glass raw materials (molar percent)

Powder MgO Al,O, SiO, B,0; Molar ratio of MgO : Al,O; : SiO,
S 13.80 g (21.38%)  34.90g(21.19%)  51.30 g (52.8%) 5.00 g (4.45%) 2:2:5
NSI  24.00 g(33.56%) 22.00 g (12.08%)  54.00 g (50.34%)  5.00 g (4.02%) 6:2:9
NS2 24.00 g (32.26%) 22.00g(11.61%)  54.00 g (48.39%) 10.00 g (7.74%) 6:2:9
NS3 24.00 g (31.06%)  22.00g(11.18%)  54.00 g (46.58%) 15.00 g (11.18%) 6:2:9
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were measured by RF impedance/material analyzer (PNA
N5230A, Agilent) at room temperature.

2 Results and discussion

2.1 DTA and XRD analyses

Fig. 1 presents the DTA curves of the glass powders.
The sintering process of each glass-ceramics is formulated
based on the DTA curves. That is, the obtained glass-
ceramics are prepared by holding at nucleation temperature
and crystallization temperature for 1 and 2 h,
respectively, at a heating rate of 5 °C/min.

The phase analysis of each glass-ceramics is shown in
Fig. 2. It can be seen that the phase composition of
sample S is the mainly a-quartz crystal phase, a small
amount of spinel and a-cordierite phases. This result
indicates that the crystallization peak at 999 C on the
DTA curve of glass powder S corresponds to a-quartz
formation, which is firstly precipitated from glass
powder S. It is obvious that the phases of samples NS1,
NS2 and NS3 are composed of a-cordierite as the
primary crystalline phase and a-quartz and spinel as the
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Fig. 2 XRD patterns of the glass-ceramics samples

secondary crystalline phases. Therefore, the crystallization
peaks on the DTA curves of glass powder NS1, NS2 and
NS3 correspond to a-cordierite formation, which is the
first crystalline phase to precipitate. According to the
results, a-cordierite phase is easier to precipitate in the
non-cordierite stoichiometric components and increases
with the increase of B,O; content in the composition.
This result is consistent with the purpose of the initial
composition design of the glass-ceramics.

2.2 Non-isothermal crystallization kinetics

Fig. 3 shows the DTA curves of the glass powders at
different heating rates. A crystallization peak can be
observed on each DTA curve and the crystallization peak
temperature (7)) is obtained. According to the Kissinger
equation ln(ﬁ/Tp2)=1n(AR/Ek)—Ek/(RT 0) (Eq.D)®, the
crystallization activation energy (Ey) of the glass powders
can be calculated, where f is the heating rate, R is the
molar gas constant (8.314 J-mol "*K™"), and 4 is the
pre-exponential factor. By plotting In(5/7, pz) versus 1/T,,
a straight line can be obtained, as shown in Fig. 4. The
slope of the line is —Fy/R and the intercept is In(4AR/EY),
so Ey and A can be calculated. Generally, the value of
activation energy Ey is used to judge the crystallization
ability of the glass. However, in many heterogeneous
reaction systems, the value of Ey is not stable in complex
multiphase reactions and cannot be regarded as a
constant. Therefore, there are usually some controversies
in judging the crystallization ability of a glass system
based on the E,***"). The reaction rate constant k(T p) at
Tp can accurately reflect the crystallization characteristics
of the glass, especially in the same glass system, k(7))
can be used as the judging basis of the crystallization
ability of glass. The larger the &(T},) value, the lower the
stability of the glass, the easier it is to crystallize. The
k(T,) value can be calculated according to the Arrhenius
equation k(7,)= A-exp (—EW/RT,) (Eq.2)). The values of
A and Ey are calculated from Eq.1. The non-isothermal
crystallization kinetic parameters of each group of the
glass powders are listed in Table 2.

The k(T,) values are calculated at heating rates of 5,
10, 15 and 20 ‘C/min, respectively, and the average
value is given. It can be seen from Table 2 that the &(T},)
value of glass powder NS1 is equivalent to that of glass
powder S, indicating that rich MgO and SiO, in the MAS
glass composition do not affect the crystallization ability
of the glass, but affect the type of crystal phase
precipitated, as shown in Fig. 2. In the glass powders
NS1, NS2 and NS3, it can be found that as the content of
B,0; increasing, the value of k(T},) gradually increases,
indicating that B,0; addition can enhance the
crystallization ability of the MAS glass. In addition,
when the B,O; addition increases from 4.02% to
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-11.6f Fig. 5(a) shows the thermal expansion curves of the
-11.8} u y=18.52-39.76x as-prepared glass-ceramics. The softening point and CTE
£-120F y=18.30-39.94x of the glass-ceramics can be obtained from Fig. 5(a).
%-122 FA 1=25.27-49.57% Compared with other samples, glass-ceramics S has the
124 highest softening point, and no significant deformation
-12.6 occurs below 1300 °C, which is due to its main crystal
-12.8}+ phase a-quartz having a higher melting point of about
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Fig. 4 Plots of ln(ﬂ/sz) versus 1/T, according to Kissinger
equation

Table 2 Non-isothermal crystallization kinetic
parameters of the glass powders

k(T,)
A 5°C/ 10°C/ 15°C/ 20 °C/
Mean

min  min min min

Pow- E/
der (kJ'mol™)

S 330.56 4.39x10 0.117 0.265 0.348 0.417 0.285
NSI 332.06 3.54x10'% 0.118 0.245 0.345 0.430 0.285
NS2 412.12 4.68x<10" 0.141 0.287 0.424 0.528 0.345
NS3 417.86 8.05x10" 0.156 0.271 0.412 0.580 0.355

7.74%, k(T,) value increases significantly, while B,O3
addition increases from 7.74% to 11.18%, k(T,) value
increases slightly, which indicates that the B,O; addition
in the MAS glass beyond 11.18% has little influence on
the crystallization ability of the glass.

1750 ‘C. The softening points of glass-ceramics NSI,
NS2 and NS3 decreased from 1209 C to 941 °C
successively, indicating that the increase of B,O; content
would reduce the softening point of the samples. This is
because that B,O; is a low-melting-point oxide, and its
addition will lower the softening point of the glass phase,
thereby reducing the
temperature of the glass-ceramics. Therefore, it is not
advisable to add excessive B,0;
a-cordierite based glass-ceramics in order to control the
service temperature of the resulting glass-ceramics.

Fig. 5(b) shows the CTE of the samples in the
temperature range of 100-500 °C. It can be seen from the

softening point and service

when preparing

figure that the CTE of glass-ceramics S is the largest of
about 8.89x10°° K™'. Firstly, it is because that the main
crystal phase of glass-ceramics S is a-quartz, which has a
large CTE of about 12x10° K '™, The second reason is
that the glass-ceramics S has a higher compactness than
other glass-ceramics. The bulk density and apparent
porosity of the glass-ceramics are shown in Fig. 6. As the
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CTE of cordierite is about 2.2x10° K™' and the compactness
of glass-ceramics NS1, NS2 and NS3 are relatively low,
the CTEs of glass-ceramics NS1, NS2 and NS3 with
a-cordierite as the main crystal phase are as low as
4.92x10°°, 4.58x10°° and 4.22x10° K', respectively.
And with the content of a-cordierite increases, the CTEs
of the glass-ceramics decrease gradually. It can be found
that although the compactness of glass-ceramics NS3 is
higher than those of glass-ceramics NS1 and NS2, the
CTE of sample NS3 is lower, which is due to the highest
content of a-cordierite in the glass-ceramics NS3.
2.4 Mechanical properties

Fig. 7 presents the mechanical properties of the
as-prepared glass-ceramics. It can be seen that the
changing trends of flexural strength, elastic moduli and
fracture toughness of different samples are consistent.
Since the glass-ceramics prepared in present work have a
high apparent porosity, their mechanical properties are
mainly related to the porosity rather than the phase
composition, that is, the smaller the porosity is, the better
the mechanical properties are. Therefore, glass-ceramics

S has better mechanical properties due to its high compactness.

And the mechanical properties of glass-ceramics NS1,
NS2 and NS3 are sequentially enhanced due to the
compactness a-cordierite  based
glass-ceramics NS3 have the largest flexural strength,
elastic moduli and fracture toughness of (42.4+3.0) MPa,

(34.0+2.9) GPa and (0.7+0.15) MPa-m'?, respectively.

improvement. The
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Fig. 7 Mechanical properties of the as-prepared glass-ceramics

The microstructure difference of each sample can be
clearly seen from Fig. 8. Although the microstructure of
glass-ceramics S also contains many pores with
diameters of only a few microns, compared with other
samples, glass-ceramics S is the densest with a bulk
density of 2.10 g/cm® and an apparent porosity of 16.5%.
Fig. 8(b-d) show that the amount of pores decreases with
the content increase of B,0O; in the a-cordierite based
glass-ceramics. The bulk density of glass-ceramics NS1,
NS2 and NS3 increased from 1.03 g/cm’ to 1.53 g/em’,

Fig. 8 Morphologies of the as-prepared glass-ceramics
(a) S; (b) NS1; (c) NS2; (d) NS3
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and the apparent porosity decreased from 61.8% to 40.9%.
The above results indicate that B,O; can promote the
density and strength of the sintered glass-ceramics due to
the formation of more low-viscosity glass phases during the
sintering.
2.5 Dielectric properties

Fig. 9 shows the ¢ and tand of the as-prepared
glass-ceramics. Generally, the dielectric properties of
porous materials are mainly affected by porosity and
phase composition'*”. However, in this work, the ¢ and
tand of the as-prepared a-cordierite based glass-ceramics
are mainly affected by the porosity, because the porosity
of the glass-ceramics is high, and the ¢ and tand of the
pores are regarded as 1 and 0, respectively. The ¢ of
a-cordierite glass-ceramics is reported in the range of
5.0-5.5"% As shown in Fig. 9(a), the ¢ values of as-prepared
a-cordierite based glass-ceramics are all lower than 3.5
due to the existence of a large number of pores. And the
tand values of a-cordierite based glass-ceramics are all
lower than 4.5x107 as shown in Fig. 9(b). In addition,
among the a-cordierite based glass-ceramics samples, the
¢ and tand values of glass-ceramics NS3 are higher than
those of glass-ceramics NS1 and NS2, which is because
that glass-ceramics NS3 is denser than glass-ceramics
NS1 and NS2. The above results indicate that when the
other properties of a-cordierite based glass-ceramics are
satisfied, proper introduction of some pores is helpful to
reduce the e and tand, and improve the dielectric properties
of the glass-ceramics.
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Fig. 9 Dielectric constant (a) and loss tangent (b) of the as-
prepared glass-ceramics

3 Conclusions

a-cordierite based glass-ceramics were synthesized by
glass powder sintering using MAS glass with the
addition of B,0;. The effects of composition on the
phases, non-isothermal crystallization kinetics, thermal,
mechanical and dielectric properties were investigated in
detail. MgO and SiO, rich in the glass composition and
the increase in B,0;
precipitation of a-cordierite. Additionally, the increase of

content contributed to the

B,O; content improved the crystallization ability of the
MAS glass and the compactness of the glass-ceramics,
and lowered the CTE and softening point of the
glass-ceramics. The a-cordierite based glass-ceramics
with an apparent porosity of 40.9% had a low CTE of
4.22x10° K, and its flexural strength, elastic moduli,
fracture toughness and bulk density were (42.4+3.0) MPa,
(34.0£2.9) GPa, (0.7+0.15) MPa-m"* and 1.53 g/em’,
respectively. Moreover, the as-prepared a-cordierite
based glass-ceramics exhibited good dielectric properties
(e<3.5, tand<4.5x107°). The results show that a-cordierite
based glass- ceramics prepared by glass powder sintering
is a promising candidate material for structure/function
integration.
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