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a b s t r a c t

In this work, the crystallization behaviors of R2O–Al2O3–SiO2 (R means K, Na and Li) glass–ceramics
which was used as anodic bonding materials were discussed. The glass–ceramics with P2O5 as nucle-
ation agents were investigated by means of differential scanning calorimeter (DSC), X-ray diffraction
(XRD), scanning electron microscopy (SEM) and coefficient of thermal expansion (CTE) tests. The test
eywords:
lass–ceramics
i2SiO3

i2Si2O5

results have shown that: the DSC trace of parent glass has two different precipitation crystallization peaks
corresponding to formation the crystal phases of Li2Si2O5 and Li2SiO3. According to the selected heat treat-
ment schedules, the Li2SiO3 crystal phases changed into Li2Si2O5 while the crystallization temperature
at 650 ◦C in glass–ceramics; on the contrary, the Li2Si2O5 crystal phases can be decomposed into Li2SiO3

at the crystallization temperature of 850 ◦C. The coefficients of thermal expansion with R2O–Al2O3–SiO2

glass–ceramics about 119–140 × 10−7/◦C at 450 ◦C, which could be nearly matched that of stainless steel
nodic bonding
oefficient of thermal expansion (No. 430#).

. Introduction

Glass–ceramics was found in various applications in fields of
ptical, electrical, biological, chemical, magnetic, microelectron-
cs and biomedical, etc. as functional and structural materials,
ecause of their superior thermal, mechanical, electrical and other
hysical properties compared to their parent glasses. Currently,
i2O–ZnO–SiO2 glass–ceramics have received much attentions
ecause of wide CTE range were suitable for fabrication of
ermetic seals to a variety of metals and alloys including cop-
er, stainless steel, etc. A number of studies on crystallization
ehaviors and other thermo-physical properties in Li2O–ZnO–SiO2
lass–ceramics system have been carried out [1–5]. Anodic bond-
ng technology was used possible to irreversibly bond different

etals and semiconductors to an ion-containing glass by apply-
ng a potential between the two samples and heating them at a
elatively low-temperature [6]. In recent years, Pyrex glass [7–8]
nd some glass–ceramics [9–14] are commonly used as bonding
lass. The properties of glass-ceramics are dependant on the chem-
cal composition and the thermal history, it is therefore important

o gain a thorough understanding of the processes in the crys-
allization of the glass-ceramics. Shuichi Shoji [9] has made use
f the existing Li2O–Al2O3–SiO2 system glass–ceramics for the
ilicon-based chip packaging experiments, and Yourong Huang
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[10] has reported that a kind of lithium aluminosilicate-�-quartz
glass–ceramic contained Na2O can be used for low-temperature
bonding at 180 ◦C and 500 V. On the basis of our preliminary works
[11–14], R2O–Al2O3–SiO2 (RAS) glass–ceramics was used as a cath-
ode substrate material which anodic bonded to stainless steel
materials. The composition and crystallization kinetic parameters
of RAS parent glass were discussed by using a variety of isother-
mal and non-isothermal analysis techniques [11]. The influences
derived from parent glass compositions and heat treatment sched-
ules on the main crystal phases and microstructure morphology of
the RAS glass–ceramics were analyzed systemically [12–14].

In the present investigation, effects of crystallization temper-
ature on the main crystal phases, microstructure morphology
and coefficient of thermal expansion (CTE) of glass–ceramics
have been studied. The RAS glass–ceramics has crystal phases
transfer according to the selected heat treatment schedules, the
Li2SiO3 crystal phases had changed into Li2Si2O5 in glass–ceramics
under relatively lower crystallization temperature (about 650 ◦C),
and the Li2Si2O5 crystal phases can be resolved into Li2SiO3
in glass–ceramics at higher temperature (about 850 ◦C) on
the contrary. The CTE of RAS glass–ceramics samples were
119–140 × 10−7/◦C (room temperature ∼450 ◦C), which could be
matched it of stainless steel (No. 430#) nearly.
2. Experimental procedure

2.1. Preparation of parent glass

In order to match the CTE of stainless steel (No. 430#), the RAS glass was
chosen as parent glass since the coefficient of thermal expansion can be adjusted

ghts reserved.
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Fig. 1. DSC trace of the parent glass.

ithin a large range by changing the heat treatment schedule. The parent glass
ere prepared by melting and casting, and the composition of parent glass com-
rised (60–68)SiO2, (3–5)Al2O3, (2–3.5)ZnO, (7–10)Li2O, (8–10)K2O, (6–10)Na2O,
1.5–2.5)P2O5 (in wt%). All raw materials were chemical reagents with pure anal-
sis, and P2O5 was used as compound nucleation agent. The reagents of SiO2,
l2O3, Li2CO3, Na2CO3, K2CO3, ZnO, and (NH4)H2PO4 were mixed, and then they
ere melted in an alumina crucible at 1430–1460 ◦C for 3 h.The melts were

asted into the pre-heated graphite mold, the parent glass was annealed at
40–480 ◦C for 30 min and then cooled to room temperature in the furnace nat-
rally, and bulk transparent and parent glass without any bubbles were prepared at

ast.

.2. Heat treatment schedules

The parent glass were pulverized into powder (0.150–0.075 mm) suitable for
SC employing a NETZSCH (STA 449C) DSC with the temperature range from 20

o 1000 ◦C. The glass powder with the weight of 30 mg was contained in a plat-
num crucible and the reference material was �-Al2O3 powders. The data were
ecorded by means of a chart recorder. The samples were heated in air from ambi-
nt temperature to 1000 ◦C at heating rates of 10 ◦C/min. The endothermic base line
hift at 444 ◦C (see Fig. 1) indicates the glass transition temperature of parent glass,
nd the sharp exothermic peaks at the onset values of 641 and 850 ◦C express two
rystallization temperatures for this parent glass. Combined with DSC curves and
reliminary researches [11–13], the nucleate temperature of the parent glass was
rranged at 500 ◦C and the crystallization temperature was increased from 650 to
50 ◦C. And kept the nucleate temperature (500 ◦C), nucleate time (2 h) and crys-
allization time (2 h) all same, the details of heat treatment schedules determined
y the result of DSC curve are listed in Table 1. The parent glass was put into fur-
ace and heated according to the scheduled temperature at 3 ◦C/min, and then they
ere kept at the setting temperatures for a period of time to nucleation and crys-

allization. At last, they were cooled down to room temperature naturally in the
urnace.

.3. Characterizations of glass–ceramics

. X-ray diffraction (XRD). The glass–ceramics were pulverized into powder in agate
mortar 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-IIIA,

Cu K� radiation, Japan), with 2� = 10–60◦ , working voltage 40 kV and working
current 80 mA, and the diffraction patterns were analyzed by the use of MDI Jade
5.0 software.

. Scanning electron microscope (SEM). The glass–ceramics morphology was
observed by the scanning electron microscopy (JEOL, JSM-5610LV, Japan). For

able 1
he heat treatment schedules of parent glass.

Sample no. Nucleate
temperature (◦C)

Nucleate
time (h)

Crystallization
temperature (◦C)

Crystallization
time (h)

A0 0 0 0 0
A1 500 2 650 2
A2 500 2 700 2
A3 500 2 750 2
A4 500 2 800 2
A5 500 2 850 2
Fig. 2. The XRD patterns of samples.

SEM observation, the specimen surfaces firstly were polished by diamond slurry
and then etched chemically by hydrofluoric acid (5% of its volume) for 30 s at
25 ◦C.

3. Thermal expansion analysis. The samples were cut into strips of dimensions
of 20–25mm × 4mm × 4 mm to test the coefficient of thermal expansion. The
coefficients of thermal expansion of specimens were analyzed by using thermal
expanding apparatus (Netzsch, DIL402C, Germany) at the heating rate of 5 ◦C/min.

3. Results and discussion

3.1. XRD analysis

It was seen form Fig. 2, crystalline peaks corresponding to the
different crystalline phases are marked with different symbols,
and the crystalline phases were identified by matching the peak
positions of the intense peaks with PCPDF standard cards (29-
0829, 40-0376). All samples have crystal phases except parent
glass (A0), Li2SiO3 and Li2Si2O5 crystal phases were crystallized
in glass–ceramics. The main crystal phases of A2, A3 and A4 were
Li2Si2O5, and the main crystal phases of A5 were Li2SiO3, but A1
has both Li2Si2O5 and Li2SiO3 crystal phases. Experimental results
show that all the samples have main crystal phases in a suitable
heat treatment schedule, but the main crystal phases were changed
with variety of crystallization temperature. From A1 to A2, relevant
to the crystallization temperature increased from 650 to 700 ◦C,
the main crystal phases have changed Li2SiO3 to Li2Si2O5. On the
contrary, from A4 to A5, relevant to the crystallization temperature
increased from 800 to 850 ◦C, the main crystal phases have changed
Li2Si2O5 to Li2SiO3.

3.2. SEM analysis

Because all samples were chemically etched by hydrofluoric
acid, and the etching rate of Li2SiO3 and Li2Si2O5 are much greater
than glass phase. Different from other glass–ceramics system, fig-
ure in black for the region to mean the crystallites were etched, and
the light for the regional shown the residual glass phases. The crys-
tal phases and microstructures of glass–ceramics were investigated
by SEM (Fig. 3). We can see from Fig. 3, the crystal phases of A1 were
needle-like Li2SiO3; A2, A3 and A4 were columnar Li2Si2O5; these
two crystal phases were observed in A1 but no crystal phases in A0.
According to the XRD tests, there are two crystal phases in sample
A1, but the amount and size of crystallites are very less, so it is not

clear enough in the SEM images. With increasing the crystallization
temperature, from A2 to A5, the crystal phases grow up gradually
in glass–ceramics, so it is very obvious in the SEM images. Com-
bined with the XRD tests, may be there is some chemical reaction
of the phases transition between Li2SiO3 and Li2Si2O5, the possible
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After heat treatment, the RAS glass–ceramics have main crystal
with Li2SiO3 and Li2Si2O5 and more Li+ has been incorporated
into the crystal, the amount of alkali metal ions was reduced and
the structure of glass–ceramics becomes compact, which leads to
Fig. 3. SEM images of the crystal pha

eactions are:

i2O + SiO2 → Li2SiO3 (1)

i2SiO3 + SiO2 → Li2Si2O5 (at a lower temperature) (2)

i2Si2O5 → Li2SiO3 + SiO2 (at a higher temperature) (3)

SEM images show that all the samples have main crystal phases
ith a suitable heat treatment schedules, but the amount and size

f crystallites in samples do change with changing of crystallization
emperature, the crystallites grew and the shape of them even more
bvious when the crystallization temperature increased. All these
henomenon were similar to previous researches, Holand [15] has
ointed out that lithium metasilicate and cristobalite react together
o form Li2O·2SiO2 (Li2Si2O5) as major crystalline phase at 780 ◦C.

.3. Measurement of CTE

Many factors would influence the quality of bonding, especially
he linear coefficients of thermal expansion (CTE) of bonding spec-
mens. These experiments are a kind of preparing work before the
onding of stainless steel and glass–ceramics, and the most impor-
ant problem to be solved is the matching of the CTE of these two

aterials. The CTE of stainless steel changes with its component,
hile the factor of martensite and austenitic double phases stain-

ess steel (No. 430#) were 130–150 × 10−7/◦C (20–450 ◦C), and then
he glass–ceramics with CTE about 130–150 × 10−7/◦C (20–450◦C)
as required.

The CTE tests temperature range were 30–600 ◦C and the test
esults are listed in Table 2, the relationship of CTE between
lass–ceramics are shown in Fig. 4. From Table 2, the softening
oint of A0 (parent glass) was 464.7 ◦C, the softening point of A1 and
5 were 529.4 and 531.9 ◦C, respectively. But the softening point

f A2, A3 and A4 were greater than 600 ◦C, beyond the ranges of
est temperature (30–600◦C). RAS glass–ceramics have different
oftening point because of the main crystal phases in these sam-
les have been changed. A2, A3 and A4 have the similar crystal
hases (Li2Si2O5) lead to have a minor difference on softening point.
d microstructures of glass–ceramics.

The main crystal phases in A1 and A5 were Li2SiO3, so the values
of softening point about glass–ceramics have a major difference
between A1, A5 and A2, A3, A4. All these facts were consistent
to the XRD and SEM tests, and the glass–ceramics have crystal
phase’s change were verified again. The CTE with all samples were
119–141 × 10−7/◦C at 450 ◦C, and parent glass have the biggest
CTE (140.92 × 10−7/◦C) than that of other glass–ceramics samples
(119–139 × 10−7/◦C). The thermal expansion coefficient of oxide
glass is mainly determined by the bond strength between alkali
metal ions and oxygen ions (anions), while the bond strength of
oxygen ions proportional to the number of positive charge. The
higher the valence of cations, the greater the field force of oxy-
gen ions and alkali metal ions, thus the bond strength is greater
and the thermal expansion coefficient of oxide glass is bigger.
Fig. 4. The relationship of CTE between all samples.
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Table 2
The results of thermal expansion coefficient tests.

Sample no. Crystallization temperature (◦C) Crystallization time (h) Softening point (◦C) CTE under 450 ◦C (×10−7)

A0 0 0 464.7 ± 2 140.92
A1 650 2 529.4 ± 2 139.65
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[
[11] H. Li, J. Cheng, X. Cao, T. Wang, Key Eng. Mater. 336–338 (2007) 1862–1864.
A2 700 2
A3 750 2
A4 800 2
A5 850 2

lass–ceramics has a lower thermal expansion coefficient than par-
nt glass.

Fig. 4 shows the relationship of CTE between all samples,
lass–ceramics (A1–A5) have a smaller CTE than that of parent glass
A0) may be due to the crystal phases in them. According to the
elected heat treatment schedules, the CTE with glass–ceramics
ere 119–140 × 10−7/◦C at 450 ◦C, which could not be matched

hat of stainless steel (No. 430#) perfectly. So the further works
ould focus on changing the parent glass compositions to increase

he CTE for matching that of stainless steel (No. 430#), immedi-
tely.

. Conclusions

R2O–Al2O3–SiO2 glass–ceramics, instead of traditional hot-
esistant glass was used as anodic bonding materials. Experimental
esults show that the crystallization temperature has great influ-
nce on the main crystal phases of this kind glass–ceramics. The
ain crystal phases of A2, A3 and A4 were Li2Si2O5, and A5 was

i2SiO3, but A1 has these two crystal phases and A0 has not
ormed main crystal phases. The Li2SiO3 crystal phase have changed

nto Li2Si2O5 when the crystallization temperature at 650 ◦C and
i2Si2O5 crystal phases could be decomposed into Li2SiO3 while
he crystallization temperature at 850 ◦C in this R2O–Al2O3–SiO2
lass–ceramics. After heat treatment, glass–ceramics samples have
smaller coefficients of thermal expansion than that of parent glass,

[
[
[

[

>600 ± 2 122.08
>600 ± 2 125.09
>600 ± 2 119.84
531.9 ± 2 123.45

the CTE of glass–ceramics were 119–140 × 10−7/◦C at 450 ◦C, which
could be nearly matched that of stainless steel (No. 430#).
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