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a b s t r a c t
Borosilicate glass–alumina composites with (1  x) Glass + x Al2O3 (x = 0, 5, 10, 25 vol.%) were prepared
and the effect of Al2O3 addition on the structural, electrical and thermal characteristics was investigated.
XRD patterns revealed the presence of cristobalite (SiO2) in sintered borosilicate glass and that the addition of Al2O3 hinders cristobalite formation. This behavior is due to the diffusion of some Al3+ ions from
alumina to glass, which leads to changes in glass structure and composition as identiﬁed by SEM/EDS.
Cristobalite was undetected in composites containing 10% Al2O3 that attained the lowest thermal expansion coefﬁcient value (4.6  106 °C1). Conductivity (dc and ac) increased with the amount of Al3+ ions
present in the glass structure as modiﬁers and formers. Dielectric constant values, in the range 5.0–7.2,
increased with Al2O3 addition and the values of loss tan d (1.5–2.1  102) indicate that these materials
are good insulators.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
The idea of combining two or more different components to
produce new materials with unique properties has been used for
many years. Glass–alumina composites, namely borosilicate glass
with alumina, present a large potential as substrate materials for
integrated circuits (IC) because they can be densiﬁed at low temperatures and present the required electrical and thermal characteristics [1–3].
Borosilicate glasses constitute a family of glasses with a large
number of applications, particularly due to their low coefﬁcient
of thermal expansion, similar to that of silicon (3.4  106 °C1)
[1], high electrical resistance (1011–1013 X m) [4], low dielectric
constant (4.8 at 1 MHz) [5] and to their high resistance to chemical
attack [3,5,6]. Due to their low softening temperature (800 °C) [7],
some borosilicate glasses in the form of powders have particular
interest for their use in the production of sintered glasses with controlled porosity [8] and for their application in the manufacture of
sintered glass–ceramic composites [3,7,9–14]. If these composites
present adequate properties (e.g. low dielectric constant, high electric resistivity, coefﬁcient of thermal expansion matching that of IC
chips, good chemical and environmental stability and sufﬁcient
mechanical strength) they can be used as substrates for microelectronic packaging [5,15–19].
⇑ Corresponding author. Tel.: +351 212948564; fax: +351 212957810.
E-mail address: rcm@fct.unl.pt (R.C.C. Monteiro).
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Alumina (Al2O3) has been the dominant ceramic substrate
material due to its particular properties such as moderate strength
and thermal conductivity as well as its relative low cost [20,21].
However, sintering of pure Al2O3 requires high temperatures
(1500 °C) [15]. The association of Al2O3 to a glass-forming system
contributes usually to the reduction of the sintering temperatures
[22]. If a suitable glass composition is selected, the composite
materials can have controlled closed porosity and the dielectric
constant, thermal expansion and hermeticity required for high performance microelectronic substrates [5,20]. Furthermore, the
reduction of the sintering temperature through the use of glass allows co-ﬁring with low resistance conductors, such as gold and
copper [5].
A selection of the properties of borosilicate glass and alumina,
considered individually as potential substrate materials, is presented in Table 1, taking into account data reported in literature
[4,7,16,19,20,23,24]. The properties of borosilicate glass–Al2O3
composites depend on the properties of the constituents, on their
relative amounts and on the processing conditions that can determine not only the microstructure of the ﬁnal composite material
but also the structure and composition of the residual glass.
In some cases, devitriﬁcation of the borosilicate glass may happen during ﬁring, with cristobalite (SiO2) precipitation, which
makes difﬁcult to obtain the required properties as cristobalite
affects particularly the thermal expansion of the composites [5].
Also, cristobalite precipitation within the glass matrix makes the
composite more difﬁcult to densify because it is more viscous than
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Table 1
Selected properties of borosilicate glass and alumina compiled from literature [4,7,16,19,20,23,24].
Material

Dielectric constant
(at 1 MHz)

Flexural strength
(MPa)

Coefﬁcient of thermal
expansion (20–300 °C) (106 K1)

Thermal conductivity
(W m1 K1)

Process
temperature (°C)

Borosilicate glass
Alumina

4.8
9.2–9.8

70
250–397

3.3
5.5–7.1

2
21

800
1500

Table 2
Compositions and characteristics of borosilicate glass and Al2O3 powders used in the present work [30].
Composition (wt.%)

Glass
Al2O3
a

SiO2

B2O3

Al2O3

Na2O

K2O

CaO

Fe2O3

MgO

79.78
0.03

12.3
–

2.33
99.78

4.8
0.06

0.77
–

–
0.01

–
0.02

–
0.03

qa (g/cm3)

Sa (m2/g)

d50a (lm)

2.23
3.91

3.82
12.53

10.8
2.5

q – Density; S – Speciﬁc surface area; d50 – Mean particle size.

with a single-phase glassy matrix [5,25]. Several ceramic ﬁllers
have been added to the borosilicate glass matrix in order to suppress cristobalite precipitation [6,7,25,26], with the aim of improving the dimensional stability and to help tailor the ﬁnal properties
of the composites [3,7].
The present study follows an early work [27,28] where the densiﬁcation and crystallization processes of a borosilicate glass [27]
and a borosilicate glass-25 vol.% Al2O3 composite [28] were investigated. Borosilicate glass matrix composites with different proportions of Al2O3 inclusions were prepared by a powder technology
and sintering route. The objective of this study was to investigate
the effects of composition and ﬁring temperature on the structural,
microstructural, electrical and thermal characteristics exhibited by
the sintered composites.
2. Experimental procedure
2.1. Materials and processing
A borosilicate glass powder (Corning France, code 658909) and Al2O3 powder
(SG16 from Alcoa, UK), with the compositions and characteristics speciﬁed in
Table 2, were used as starting materials in this study. Compositions of the starting
materials were speciﬁed by the suppliers. The density of the powders, measured
with a helium pycnometer, the speciﬁc surface area, measured by the nitrogenBET method and the mean particle size, measured by laser diffraction, were determined by one of the authors in a previous work [29].
Powder mixtures of both starting materials were prepared, where the Al2O3
content was 0, 5, 10 and 25 vol.%. The powders were intensively dry mixed for
2 h in a laboratory powder mixer (turbula WAB, T2F). Powder compacts with
13 mm diameter and 3–4 mm height were obtained by uniaxial pressing at 74 MPa.
The different composition samples (named as G, G-5A, G-10A and G-25A,
according to the Al2O3 addition) were heated in an electrical tubular furnace, in
air, at a heating rate of 10 °C min1 up to 800 and 1000 °C, and maintained for
3 h at the selected temperature. After this, the furnace was switched off and the
specimens were allowed to cool down inside the furnace. The sintering temperatures of the borosilicate glass–Al2O3 composites were selected taking into account
the thermal characteristics of the borosilicate glass, speciﬁcally the glass transition
temperature (530 °C) and the dilatometric softening temperature (630 °C) that had
been determined by differential thermal analysis and dilatometry, respectively, as
reported in a previous work [30]. In order to determine the volume fraction of open
porosity, the sintered samples were immersed into distilled water and the open
pores were ﬁlled with boiling water for 30 min. Bulk densities of the sintered composites were determined by the Archimedes displacement method, using water at
room temperature. The theoretical density of the composites was calculated by
the rule of mixtures taking into account the glass and alumina densities [29], which
were respectively, 2.23 and 3.91 g cm3 (cf. Table 2). At least three powder compacts of each composition were sintered at the selected temperature and the mean
values of the bulk density and open porosity of the sintered composite samples
were determined.

2.2. Structural and microstructural characterization
The crystalline phases present in sintered composites were identiﬁed by X-ray
diffraction (XRD), performed in a Rigaku diffractometer (model DMAX III-C3 kW) at
room temperature with Cu ka radiation. A scanning electron microscope, Zeiss

(model DSM 962), attached to an energy dispersive spectroscopy unit (SEM–EDS),
was used to observe the microstructure and to carry out X-ray chemical microanalysis of the sintered composites.
2.3. Thermal expansion characterization
Prismatic powder compacts (12 mm height, 4  5 mm cross section) were
prepared from the different binary glass–Al2O3 compositions by uniaxial pressing
and sintered under the same conditions as indicated in Section 2.1. The sintered
prismatic samples were heated at 5 °C min1 from room temperature up to
300 °C in a horizontal dilatometer (Adamel Lhomargy, DI24) in order to determine
the thermal expansion coefﬁcient of the sintered composites.
2.4. Electrical and dielectric characterization
For the electrical measurements the opposite sides of cylindrical samples, with
a thickness of 1 mm approximately, were painted with silver paste. The dc conductivity (rdc) was measured with a Keithley electrometer, model 617, as a function of
temperature, in the range 280–360 K. During the measurements, the samples were
in a helium atmosphere to improve the heat transfer and eliminate moisture. The
Arrhenius expression (Eq. (1)) was used to ﬁt the temperature dependence of rdc
[31–34],

rdc ¼ r0 exp



EaðdcÞ
kB T


ð1Þ

where r0 is a pre-exponential factor, Ea(dc) the dc activation energy, kB the Boltzmann
constant and T the temperature.
The ac conductivity (rac) measurements were performed with an Ardeen Hagerling Automatic Capacitance Bridge, model 2500, operating at 1 kHz, in the temperature range of 200–360 K, measuring the capacitance (C) and the conductance (G) of
the sample. The ac conductivity, rac, was calculated using relation (2) [31,35]:

rac ¼ e00 xe0

ð2Þ

where x is the angular frequency, e0 is the dielectric permittivity of free space
(8.854  1012 F/m) and e00 is the imaginary part of the dielectric permittivity obtained through the G values. The real part of the dielectric permittivity (e) was obtained through the C values.
The frequency dependence of the complex permittivity, e⁄ = e + je00 , was measured at room temperature, in the frequency range from 100 Hz to 100 kHz using
a SR850 DSP Lock-In Ampliﬁer, in the typical lock-in conﬁguration, measuring the
‘‘in-phase’’ and ‘‘out-of-phase’’ components of the output signal [31,35].

3. Results and discussion
3.1. Sintering, microstructural and structural behavior
The effect of Al2O3 content and sintering temperature on the
relative density (qr) and open porosity of the composites is illustrated in Figs. 1 and 2, respectively. Considering the data presented
in Fig. 1, it is observed that the relative density of the composites
decreases for volume fractions of ﬁller higher than 5% and that
the increase in sintering temperature has a beneﬁcial effect on
the ﬁnal density of the composites. With the exception of sample
G-25A sintered at 800 °C, all the composites exhibited a relative
density P92% (total porosity 68%), and the highest sintered density
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Fig. 3. XRD patterns for glass and glass–Al2O3 composites (G–xA), sintered for 3 h at
800 °C (x = 0, 5, 10, 25 vol.%; C – Cristobalite; A – Alumina).

Fig. 1. Effect of Al2O3 content on the relative density of the sintered composites.
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Fig. 2. Effect of Al2O3 content on the open porosity of the sintered composites.

(96%) was achieved by G and G-5A samples when heated at
1000 °C. From Fig. 2 it is veriﬁed that, after sintering at any of the
selected temperatures, only closed porosity was present both in G
and G-5A samples, as the measured value for open porosity is 0%.
Composites with 10 vol.% Al2O3 presented a lower open porosity
than composites with 25 vol.% Al2O3. For these last ones, an open
porosity of about 15% still remained after sintering at 800 °C, and
of about 5% after sintering at 1000 °C, meaning that a higher sintering temperature is necessary for the densiﬁcation of the composites
with 25% ﬁller volume fraction [28], and therefore to guarantee the
hermeticity of the composites.
The results presented in Figs. 1 and 2 show that there are two
factors affecting the bulk density and apparent porosity of the
glass–ceramic composites, which are the ﬁller content in the composite material and/or the sintering temperature. The increase in
Al2O3 addition contributed to hinder the densiﬁcation and, for all
compositions, higher density was observed after sintering at the
highest temperature.
In previous works related with the sintering of glasses and of
glass matrix composites containing rigid inclusions [36–39], it
has been shown that the predominant mechanism of densiﬁcation
is the viscous ﬂow of the glass. The sinterability of the composites
decreases as the fraction of ceramic particles increases and it is
promoted by the rising in temperature that enhances the glass viscous ﬂow [39]. Accordingly, the densiﬁcation results obtained in
the present study demonstrate that when the composite samples

were treated at the highest selected temperature, the borosilicate
is much more softened and viscous ﬂow occurs more easily because the glass–Al2O3 composites are better densiﬁed. The optimum sintering temperature, i.e., the temperature at which the
bulk density of a sintered composite sample reaches its highest value, depends on the amount of glass, and it should not be exceeded
otherwise the increase of the closed pores and warping of the samples may be observed.
The structural changes that occurred during the sintering process were evaluated by XRD analysis. Fig. 3 presents the XRD patterns obtained for all composites sintered at 800 °C for 3 h. The
XRD pattern for sintered glass (G) revealed that the crystallization
of the glass occurred during the sintering process, with formation
of cristobalite. This phase was also identiﬁed by XRD in the case
of composites containing 5 vol.% Al2O3 (G-5A), although with less
intense diffraction peaks. The presence of cristobalite was not
identiﬁed in the remaining composites (G-10A and G-25A), since
the XRD results showed that alumina was the single crystalline
phase. Similarly, after sintering at 1000 °C, cristobalite formation
was detected in G and G-5A samples, but in composites with higher Al2O3 content no cristobalite was detected.
Devitriﬁcation of the glass during sintering with precipitation of
cristobalite is undesirable [40–43], because this phase has a very
high coefﬁcient of thermal expansion, about 50  106 °C1 [40],
and it causes the appearance of microcracks within the samples
[29], decreasing their ﬁnal mechanical strength. The effect of
Al2O3 addition to borosilicate glass on cristobalite formation has already been investigated by different authors [7,41–43]. It has been
found that with an addition of Al2O3 greater than a critical value,
cristobalite formation can be completely inhibited, and that the
critical Al2O3 content decreases with decreasing Al2O3 particle size
and with increasing sintering temperature [41,43].
Fig. 4 shows the SEM micrographs of samples G, G-5A and G10A after sintering at 800 °C for 3 h. SEM micrograph of sample
G (Fig. 4a) exhibits a dense microstructure with a few number of
spherical closed pores, having a mean size of about 5 lm. Large
zones with a smooth fracture surface, which is a typical feature
of glass, together with some rough surface zones, due to the presence of a crystallized phase, can be observed in Fig. 4a. Taking into
account the XRD results for sintered G sample, the crystallized
phase corresponds to cristobalite, formed during the sintering process. SEM micrograph of G-5A (see Fig. 4b) shows also a well-densiﬁed microstructure with some closed pores having an irregular
shape, and some small crystals dispersed in the glass matrix. A less
dense microstructure was observed for G-10A (Fig. 4c), where
some interconnected porosity was still present, and where some

69

M.M.R.A. Lima et al. / Journal of Alloys and Compounds 538 (2012) 66–72

Fig. 5. SEM micrographs of samples G (a) and G-10 (b) sintered at 800 °C.
Table 3
Average elemental chemical analysis (at.%) of the glass (V) and cristobalite (C) regions,
and of the glass (V1) and alumina (A) regions, identiﬁed in the microstructures of
samples G and G-10A, respectively, sintered at 800 °C for 3 h (see Fig. 5), as
determined by SEM–EDS.

Fig. 4. SEM micrographs of samples G (a), G-5A (b) and G-10 (c) sintered at 800 °C.

small crystals were distributed along the boundaries of large glass
areas that are bond to each other due to viscous ﬂow of the glass.
According to XRD results (Fig. 3), the amount of cristobalite precipitated in the borosilicate glass matrix of the composites decreased with Al2O3 addition, and in composites with an Al2O3
content P10 vol.% the presence of cristobalite was not detected.
A possible explanation for this was obtained correlating these

Element

V

C

V1

A

Si
Al
Na
K
O

31.27 ± 6.09
1.79 ± 0.46
3.29 ± 0.89
0.19 ± 0.10
63.32 ± 10.38

25.79 ± 3.84
1.50 ± 0.49
1.11 ± 0.78
–
80.69 ± 9.53

25.20 ± 3.94
16.03 ± 3.46
1.72 ± 0.58
0.19 ± 0.10
56.86 ± 9.53

16.02 ± 2.34
24.34 ± 5.35
2.15 ± 0.66
–
57.48 ± 9.41

results with those from SEM/EDS analysis of the composites, by
performing a more detailed observation of the microstructures at
higher magniﬁcation (Fig. 5) and elemental chemical microanalysis
of speciﬁc zones in the microstructures (Table 3). SEM micrograph
for sample G (Fig. 5a) clearly reveals the presence of cristobalite
crystals within the glass and the appearance of a microcrack that
can be attributed to the high coefﬁcient of thermal expansion of
cristobalite as referred above. Spherical closed pores inside the
glass matrix are observed, indicating that under such ﬁring conditions (800 °C for 3 h) the ﬁnal sintering stage has been attained for
sample G. SEM micrograph for sample G-10A (Fig. 5b) shows clusters of small alumina crystals situated at the boundaries of the
amorphous phase areas and the presence of irregular interconnected pores. It appears that the Al2O3 clusters can favor the existence of the residual pores and reduce the attainable densiﬁcation.
The results of the average elemental chemical microanalysis of
the glass (V) and cristobalite (C) regions and of the glass region
(V1) and alumina clusters (A), identiﬁed in the microstructures
(Fig. 5) and determined by energy dispersive spectroscopy (EDS),
are summarized in Table 3. The results of EDS analysis of such very
small (2 lm) regions can only be considered as qualitative
because the effects of EDS interaction volumes (which can be of
the order of 5 lm) must be taken into account [44]. In spite of this,
the data indicate that the amount of Al is higher in V1 than in V,
that the amount of Na is higher in A than in V1, and that an
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appreciable amount of Si and Na is present in A. These results suggest that, in the Al2O3 containing composite, partial dissolution of
the dispersed crystalline particles into the glass phase occurred
during the ﬁring process, with Al3+ diffusion from alumina to the
glass structure, and Si4+ and Na+ diffusion from the glass to alumina. These results are in good agreement with those obtained by
Jean and Gupta [41,42] on the study of the kinetics of the reaction
between Al2O3 and a borosilicate glass. According to these authors,
the inhibition of cristobalite crystallization was attributed to the
dissolution of Al2O3 (an intermediate oxide) by the glass with
corresponding Si4+ depletion in the glass network and substitution
for the coupling of Al3+ and Na+. The dissolution of Al2O3 and the
increase of Al3+ concentration in the glass causes the Na+ segregation from the borosilicate, and thus a Na+ and Al3+ layer is formed
around the Al2O3 particles [41]. The crystallization of the glass in
the presence of Al2O3 does not occur because the kinetics of diffusion of the alkaline ions in the glass is more favorable than the
kinetics of the cristobalite crystallization [41,42].

3.2. Thermal expansion characteristics
Because the deleterious effect of cristobalite formation on the ﬁnal thermal characteristics of glass–alumina composites, the determination of the coefﬁcient of thermal expansion of the various
prepared composites appears of primordial interest. Table 4 shows
the coefﬁcient of thermal expansion (CET) for the different samples
sintered at 800 and 1000 °C. It is veriﬁed that sample G sintered at
800 °C exhibits the highest CET value, followed by sample G sintered at 1000 °C, which shows the second highest value. Sintered
G samples show higher CET values than sintered G-A composite
samples due to the presence of larger amounts of cristobalite, as
it is observed through the XRD patterns shown in Fig. 3. CET for
borosilicate glass is 3.3  106 °C1 [4] (Table 1), while CET for cristobalite is 50  106 °C1 [40].
Considering the effect of alumina addition on the CET of the sintered composites, from Table 4 it is veriﬁed that CET values decrease with Al2O3 addition, reaching a minimum for composites
with 10 vol.% Al2O3 and then raising slightly for composites with
25 vol.% Al2O3. As stated in Section 3.1, XRD results showed that
cristobalite formation was hindered by Al2O3 addition and in composites with an Al2O3 content P10 vol.% the presence of cristobalite was not detected. The decrease of CET values from G to G-5A to
G-10A is related to cristobalite suppression, while the increase for
G-25A is related to the presence of a larger amount of alumina,
which has a CET of 5.5–7.1 [19,20], higher than that of the borosilicate glass (Table 1). CET for G samples sintered at 1000 °C was
lower than for G samples sintered at 800 °C, suggesting that samples sintered at 800 °C contained a higher amount of cristobalite.
This in agreement with the results obtained in a previous work
performed by some of the present authors [30], where the thermal
behavior of the monolithic borosilicate glass was studied by different thermal analysis techniques and XRD, and where it was found
that the maximum crystallization of the glass occurred in the temperature range 780–800 °C. CET values for the different composites
(G-5A, G-10A and G-25A) sintered at 800 and 1000 °C are rather

Table 4
Coefﬁcient of thermal expansion of the sintered composite samples, al(25–200°C) (°C1).

similar, although as shown in Figs. 1 and 2, denser samples were
obtained after sintering at 1000 °C. As reported by Coble and Kingery [45], the effect of porosity on the CET may be neglected when
the samples have a relative density above 85%, as it is in the present case.
3.3. Electric and dielectric properties of the composites
Under normal temperatures borosilicate glass is non-conductive and acts as an insulator. Speciﬁc electric resistance of a monolithic borosilicate glass sample at room temperature (20 °C) and in
a humidity-free environment is in the range 1011–1013 X m [4].
Electrical conductivity measurements for all composite samples
revealed that dc conductivity (rdc) increases with the rise of the
sample temperature and alumina content (Fig. 6 and Table 5) indicating an increase in the number of Al3+ ions present in the borosilicate glass structure as network modiﬁers.
The dc conductivity of G samples (borosilicate glass without
alumina addition) is higher when sintered at 1000 °C than at
800 °C (Table 5), because at 1000 °C there is a denser structure
(Fig. 1) and therefore a higher number of charge carriers. The rise
of dc activation energy (Ea(dc)), achieved through the slope of the
ln(rdc) vs. 1/T plot (Eq. (1)), with the rise of the sintering temperature, from 800 to 1000 °C (Table 5), indicates that the sintering
process gives origin to a structural modiﬁcation that leads to an increase in the amount of charge carriers. These structural differences are evident when we analyse the ac conductivities of G
samples treated at different temperatures (Table 5). The ac conductivity of G samples sintered at 800 °C is higher than that of G samples sintered at 1000 °C indicating the existence, in the 800 °C
treated samples, of a higher number of dipoles that can follow
the external electric ﬁeld. However, from the dc results (Table 5),
an increase in the number of network modiﬁers in G samples sintered at 1000 °C can be assumed. Thus, the obtained results suggest
that in G samples sintered at 1000 °C the contribution of the mobile ions to the dielectric response decreases. In G sample, sintered
at 1000 °C, the value of e (approximately 5, Table 5) is close to that
of a borosilicate glass, which is approximately 4.8 at 1 MHz [7]. The
precipitation of cristobalite should not increase the dielectric constant of sintered G sample because the dielectric constant of cristobalite itself is 3.8 at 1 MHz [25]. The decrease of e, in G samples,
with the rise of sintering temperature can be related to the increase in the number of network modiﬁers. In fact, the increase
in the glass structure densiﬁcation (Fig. 1) leads to a decrease in
the average distance between the dipoles formed by the modiﬁer
ions. Thus, the presence of cooperative phenomenon between
these dipoles can justify the observed decrease of the dipole moment [32,34,46]. This phenomenon becomes more evident in denser structures.

-19
-20
-21

ln(σ dc) [Sm-1]

70

-22
-23
-24
-25
25 %

-26

10 %

-27
Sample

G
G-5A
G-10A
G-25A

Sintering temperature (°C)

5%

-28
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9.8  106
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Fig. 6. ln(rdc) vs. 1000/T spectra (the line presents the theoretical ﬁt) of the samples
sintered at 800 °C (Al2O3 content in the composites is indicated).
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Table 5
The dc conductivity (rdc) at 300 K, the dc activation energy (Ea(dc)), the ac conductivity (rac), the dielectric constant (e) and the loss tangent (tan d) at 1 kHz and 300 K, with the
correspondent statistic errors.
Sintering temperature (°C)

Al2O3 content (vol.%)

rdc (1013 S m1)

Ea(dc) (kJ/mol)

rac (1010 S m1)

e

tan d (102)

800

0
5
10
25
0
5
10
25

2.33 ± 0.03
79.78 ± 0.63
170.69 ± 1.54
334.58 ± 4.56
3.68 ± 0.04
91.09 ± 0.93
110.07 ± 1.12
198.06 ± 1.15

70.19 ± 1.24
73.01 ± 1.33
75.27 ± 0.75
62.45 ± 0.61
76.69 ± 1.19
76.53 ± 1.26
77.03 ± 1.01
75.82 ± 1.27

66.08 ± 0.74
63.92 ± 0.51
66.27 ± 0.60
75.05 ± 2.98
41.69 ± 0.85
70.57 ± 0.73
76.98 ± 0.79
77.30 ± 0.96

5.43 ± 0.06
6.49 ± 0.05
6.24 ± 0.06
6.90 ± 0.09
5.08 ± 0.05
5.96 ± 0.06
6.68 ± 0.07
7.21 ± 0.08

2.19 ± 0.03
1.77 ± 0.02
1.91 ± 0.02
1.95 ± 0.08
1.47 ± 0.03
2.13 ± 0.03
2.03 ± 0.03
1.93 ± 0.03

1000

The dc conductivity of G-5A composite samples, sintered at 800
and 1000 °C, is higher than that of G samples sintered under the
same conditions because some Al3+ ions are diffused from the alumina structure into the glass structure, where they are inserted as
network modiﬁers. Also, the amount of Al3+ ions diffused into the
glass structure is higher at 1000 °C than at 800 °C. G-5A sample sintered at 800 °C presents an ac conductivity value of 63.92 
1010 S m1, while if sintered at 1000 °C has a value of 70.57 
1010 S m1 (Table 5). This difference is attributed to the amount
of Al3+ ions inserted in the glass structure as modiﬁers and formers.
The excess of negative charge created by the network former Al3+
ions, inserted in tetrahedral sites, is compensated by the Na+, K+ or
Al3+ ions inserted in the glass network as modiﬁers [47]. This situation causes an increase in the number of dipoles. Nevertheless, the
dc activation energy (Ea(dc)) (Eq. (1)) is higher in the case of the
1000 °C sample than is the 800 °C (Table 5) because the two glasses
have different structures, as in the case of G samples sintered at 800
and 1000 °C. However, the e values of these samples have an opposite behavior. Thus, it is suggested that the applied electric ﬁeld
has not enough inﬂuence in the orientation of the dipoles.
The borosilicate glass/alumina composites with 10 and 25 vol.%
of alumina, G-10A and G-25A, respectively, have higher values of
dc conductivity than G-5A samples. This is justiﬁed by the increase
of Al3+ ion ﬂux into the borosilicate glass structure. In spite of that,
the dc conductivity values of samples treated at 800 °C are higher
than those of samples treated at 1000 °C. This behavior can be related with the incapacity of borosilicate glass structure to support
the insertion of an excess of Al3+ ions. Thus, in the case of samples
sintered at 1000 °C, the borosilicate glass structure segregates part
of the Al3+ ions as Al2O3. As in the case of G-5A samples, G-10A and
G-25A samples have higher rac and e values due to the amount of
Al3+ ions present in the glass structure as formers and modiﬁers
and to the amount of alumina in the composite, respectively.
Fig. 7 shows the frequency dependence of e, measured at room
temperature, for the composites with various volume fractions of
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ﬁller sintered at 1000 °C. It can be observed that e increases with
the increase of the Al2O3 content and it decreases with the rise of
the frequency, as expected. The value of e for Al2O3 is 9.8 at
1 MHz [7], higher than e for borosilicate glass and for cristoblite
at 1 MHz, which is 4.8 [7] and 3.8 [25], respectively. From Fig. 7
there is no evidence for the existence of dielectric relaxation mechanisms in the measuring frequency range.
Considering that e values, for commercial low temperature
co-ﬁred ceramics and composites (LTCCs), which are commonly
measured at low frequencies, are in the range of 3–10 [16], it is observed that e values measured for the produced composites (5–7.2)
are within such range. Furthermore, it should be noted that the values of the dissipation factor tand of the composites borosilicate
glass–alumina is similar and quite low (i.e. of the order of 102). This
indicates that all these materials are both good insulators as well as
they have low dielectric heating properties.

4. Conclusions
The densiﬁcation of borosilicate-glass matrix composites, containing up to 25 vol.% alumina and sintered at 800 and 1000 °C
was due to viscous ﬂow. Cristobalite was formed in some sintered
samples, but it was undetected in samples containing an amount of
ﬁller P10 vol.%. The addition of Al2O3 particles hinders the formation of cristobalite, because during the sintering process some Al3+
ions are diffused into the glass, with a strong coupling between
Al3+ from Al2O3 and Na+ from the borosilicate glass that leads to
changes in glass structure and composition. These structural
changes were also responsible for the electrical behavior of the
samples. The dc conductivity of all samples increased with sample
temperature and Al2O3content. The composite samples exhibited
an increase in ac conductivity with the increase in the amount of
Al3+ ions present in the glass structure as formers and modiﬁers.
An increase in dielectric constant values was observed with the increase in the Al2O3content present in the composites. The rise of
the structure densiﬁcation, for the samples without the addition
of Al2O3, leads to a decrease in their dielectric constant and an increase in their dc conductivity.
The critical Al2O3content for the present composites, processed
from a borosilicate glass and a 2 lm mean particle size Al2O3 powder and sintered at 800 and 1000 °C, was found to be 10 vol.%. The
resulting cristobalite-free borosilicate glass–alumina composite
has a coefﬁcient of thermal expansion of 4.6  106 °C1 in the
temperature range 25–200 °C, a dielectric constant of 6–6.5 at
1 kHz and it is a good electrical insulator.

100000

Fig. 7. Frequency dependence of the dielectric constant, measured at room
temperature, for the samples sintered at 1000 °C (Al2O3 content in the composites
is indicated).
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