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Abstract

Alumina-filled borosilicate glass composites (1-x) glass + xAl,O5 (x=0, 5, 10, 15, 20 vol %) were fabricated by means of
conventional sintering at 800 and 850 °C and fast firing at temperatures between 850 and 950 °C. The effect of particle
size, heating rate and holding time at maximum temperature on phase composition and densification was investigated.
The effect of Al,0; addition on microstructure, flexural strength, fracture toughness, electrical conductivity, and
thermal expansion coefficient is reported. Al,O5 hinders the formation of cristobalite and enhances the mechanical
properties of borosilicate glass. Composites containing 10 vol% alumina fabricated by means of conventional sintering
exhibited 98 % TD, flexural strength of 175 MPa and fracture toughness of 1.9 MPa-m!/2. Crack path and fracture
surface observations showed that crack deflection, crack bridging and pull-out by alumina particles were responsible
for the increase in fracture toughness. Samples fabricated by means of fast firing exhibited a decrease in flexural
strength of ~50 % and an increase in fracture toughness of ~40 % when compared to conventional sintering. This
behaviour could be related to the presence of microcracks originating from B-to-u cristobalite transformation during
rapid cooling from the sintering temperature. In conventionally sintered samples, the addition of 5 vol% alumina to

borosilicate glass increases hardness from 4.7 to 5.6 GPa, and the dielectric constant from 5.5 to 6.5.
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I. Introduction

Ceramic-filled glasses (CFG) are composites consisting
of a vitreous matrix and a ceramic filler. The combina-
tion of the different physical and chemical properties of
the matrix and the filler produces a composite exhibit-
ing an increase in mechanical strength, fracture tough-
ness, hardness, and electrical insulation when compared
to pure glasses 1-3, 13, The low sintering temperature of
CFG composites represents a cost-effective alternative to
bulk ceramics for use as Low-Temperature Co-fired Ce-
ramics (LTCC) substrates in the microelectronic pack-
aging industry 4. Sintering temperatures of ~800 °C en-
able co-firing with conductors such as gold and copper 3,
making CFG composites an ideal packaging material.

Borosilicate glasses show higher electrical insulation
and a low coefficient of thermal expansion (CTE) when
compared to alumina 1> 2, and higher electrical stability
when compared to soda-lime glasses 7. The sintering
behaviour of CFG is largely influenced by the degree
of crystallization of the glass matrix. Densification prior
to crystallization is essential for forming dense ceramic-
filled glass composites 8. During fabrication, thermal
cycles at temperatures >700 °C for borosilicate glasses
show the formation of cristobalite 7> 9. Crystallization
results in pore formation and reduced strength owing
to the B-to a-cristobalite transformation on cooling from
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sintering temperature 10, Al*3 ions inhibit the formation
of cristobalite 1, and when alumina is used as filler
in CFG 2, ¢, the combination of borosilicate glass and
alumina results in a material with higher thermal stability
than pure glass 12.

CFG have been fabricated using different types of
borosilicate glass and ceramic fillers, e.g. lead borosilicate
glass with alumina 3,13, 14] soda-borosilicate glass with
alumina or Si3Ny whiskers 15,16, borosilicate glass with
fibres of SiC 17, C 18, or zirconia 19> 20, and calcium zinc
aluminium borosilicate glass with Li,O particles 21. The
sintering of borosilicate glass (Pyrex®) using alumina par-
ticles and platelets as fillers has been reported 7> % 11,2225,
and a summary of experimental results is presented in Ta-
ble1.22-25

To the best of our knowledge, no publication on alu-
mina-filled borosilicate glass composites has so far ad-
dressed the effect of the heating rate on densification,
microstructure development and cristobalite formation,
as well as the effect of fast firing and volume fraction
of alumina particles on mechanical strength and fracture
toughness.

The aim of this work is to establish the relationship be-
tween processing parameters and microstructure, glass
crystallization and bulk density of alumina-filled borosil-
icate glass composites and investigate the effect of alumina
content on fracture strength, fracture toughness, dielectric
constant, hardness, and coefficient of thermal expansion of
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alumina-filled borosilicate glass composites fabricated by
means of conventional and fast sintering.

II. Experimental Procedure

Borosilicate glass powder, D5 = 1 to 64 pm, obtained by
dry ball milling from commercial glass cullet (Pyrex®,
79wt% Si0,, 13wt% B,0;, 4wt% Na,O, 2.5wt%
Al,O3 + 2.5wt% other alkaline oxides), and commer-
cial Al,O3 powder (Almatis Premium, Germany, 0.3 to
3 um average particle size), were used to fabricate alumi-
na-filled borosilicate glass composites. Powder mixtures
of borosilicate glass containing 0, 5, 10, 15, 20 vol% alu-
mina, and 3 wt% isopropyl alcohol were mixed for 1h at
100 rpm in a PVC jar using silicone balls (10 mm diame-
ter). Powder compacts of 47 x 5 x 4 mm3 were obtained
by means of uniaxial pressing at 15 MPa. Samples were
conventionally sintered in air in an electrical furnace at
temperatures of 800 and 850 °C, for less than 15 min at
heating rates from 1 to 15 K/min, and fast-fired by intro-
ducing the green samples into a pre-heated furnace at 850
to 950 °C, with holding times of 3 and 5 min.

The bulk density of sintered samples was measured in
water using the Archimedes’ principle, and the relative
density calculated based on the theoretical density of the
composites, considering glass and alumina density of 2.23
and 3.94 g/cm3, respectively.

Crystalline phases present in sintered samples at room
temperature were identified by means of x-ray diffraction
(XRD, Rigaku Desktop Miniflex II, 30 kV, 15mA, CuKa«
radiation). Scanning electron microscopy (SEM, Hitachi
TM3030) was used to investigate the microstructure on
polished surfaces chemically etched for 2 min with hy-
drofluoric acid (2 wt%). The linear coefficient of thermal
expansion (CTE) from 25 to 300 °C was measured in air
at a heating rate of 7.5 K/min with a push-rod dilatome-
ter (Netzsch, Mod. DIL 402 C). The flexural strength of
sintered samples was determined in ten samples in a three-
point-bending test (EMIC, Mod. DL 2000) with a span of
42 mm and loading rate of 1 mm/min.

Fracture toughness (K1) was calculated using the Lawn
and Fuller’s model (Equation 1), with the Indentation
Crack Length (ICL) method, that is a direct measurement
of radial cracks produced by means of Vickers indenta-
tion 26,

KIC = P/C3/2 (1)

where P is the contact load; ¢, the crack length, W, the half-
angle of the indentor between opposing pyramid edges;
and ¥ = 68°.

Hardness was determined in five samples of each com-
position by means of Vickers indentation using loads of
2, 3 and 4 N. Cracks paths and fracture surfaces were in-
vestigated using SEM. Dielectric constant was determined
by parallel plate method, using an LCR meter (Agilent
E4980A, Keysight) according to the theoretical equation
for the capacitance of parallel plates,

C=(ge,A)/D (2)
where ¢, 1s the dielectric constant of the material; <,

8.854 x 10712 F-m-1 in vacuum; A, the specimen area; and
D, the thickness of the specimen.
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III. Results and Discussion

(1) Sintering of borosilicate glass compacts

To maximize densification during sintering, the effect of
particle size of borosilicate glass, heating rate holding time
and sintering temperature on cristobalite formation and
density was analysed, and results are shown in Fig. 1 to 3.
As shown in Fig. 1, densification increases with increasing
heating rate, i.e. a reduction in residence time at high tem-
perature resultsin anincrease in densification. The amount
of cristobalite formed decreases with increasing heating
rate (see Fig. 2). Reducing the time at high temperature un-
til the maximum temperature is reached reduces the time
for nucleation and crystallization and hinders cristobalite
formation, favouring densification. When crystallization
occurs before full densification, the reduction of viscous
flow of the system hinders densificationand a porous body
is obtained 27. Powder compacts fabricated using borosili-
cate glass powder with a particle size of ~ 20 um (see Fig. 3),
atasintering temperature of 800 °C, holding time of 5 min
and heating rate of 15 K/min resultin the highest values for
relative density. Those parameters were chosen as standard
conditions to sinter borosilicate glass-alumina compacts.
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Fig. 1: Relative density of borosilicate glass as a function of the
sintering temperature. Holding time 5 min and heating rate as
indicated.
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Fig.2: XRD of borosilicate glass sintered at 800 °C during 5 min.
Heating rate as indicated.
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Table 1: Experimental data from literature on alumina-filled borosilicate glass composites.

. Particle . L Sintering Hold- Relative Flexural = Fracture  Dielectric
Alumina Morpho- . Pressing  Sintering o densi h h CTE Ref
(vol%)  logy size method  method temper-  ing time density strength toughness  constant (10-6°C-1y Ref-
(pm) ature (°C)  (min)  (th%) (MPa) (MPa-m!/2) (at IMHz)
0-10  Particle 0.6 Uniaxial ~ Conven- 900 240 85 - - - - [22]
tional
0-10  DParticle 3 Uniaxial  Conven-  750-900 480 - - - - - [7]
tional
0-30 Platelet 5-25 - Hot 650-800 - 99 150 1.9 - - [25]
pressing
0-50  DParticle 100 Uniaxial Conven- 600-1000 300 95 - - 7.2 9.2 9]
tional
0-25 Particle 0.3-0.6 Uniaxial Conven- 950 30 91 - - - - [23]
tional
0-15 Platelet 2-5  Uniaxial Conven- 800 60 97 122 1.4 - - [11]
tional
0-25 DParticle 25 Uniaxial ~ Conven- 800 180 92 - - 5-7.2 5.9 [24]
tional
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Fig.3: Relative density of borosilicate glass sintered at 800 °C

during 5 min with a heating rate of 15 K/min as a function of the

borosilicate glass particle size.

(2) Conventional sintering of compacts of borosilicate
glass and alumina

The effect of the particle size of alumina and its content
on the densification of borosilicate glass-alumina com-
pacts was analysed. Samples containing up to 20 vol% alu-
mina and particle size of 0.3, 0.8 and 3 pm were sintered
at 800 °C, with corresponding results presented in Fig. 4.
The relative density of composites increased with parti-
cle size and increasing alumina content. The presence of
non-densifying inclusions decreases viscous flow and the
effective viscosity of borosilicate glass, reducing densifi-
cation 28. Moreover, the presence of rigid inclusions such
as alumina in borosilicate glass results in different sinter-
ing rates, and the development of transient and residual
stresses that hinder densification 29. Following Bouvard
and Lange’s model for sphere particles 39, the percolation
threshold calculated for alumina with particle size of 0.3,
0.8 and 3 um was 0.12, 0.15 and 2 vol%, respectively. The
alumina contentin borosilicate glass is higher than the per-
colation threshold calculated and therefore the formation
of a continuous network of inclusions could be expected
which could have reduced the sintering, inhibiting densi-
fication 2.

Alumina, vol%
Fig. 4: Relative density of alumina-filled borosilicate glass sintered
at 800 °C during 5 min with a heating rate of 15 K/min as a function
of the alumina content. Particle size of alumina as indicated.

In Fig. 5, for up to 10vol% alumina, no effect on cristo-
balite formation has been determined. At higher con-
centrations, a significant broadening of the main peak of
cristobalite was observed at about 22 degrees.
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Fig.5: XRD of alumina-filled borosilicate glass, sintered at 800 °C
during 5 min with a heating rate of 15 K/min. Alumina content as
indicated.
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(3) Fast firing of borosilicate glass and alumina-filled
borosilicate glass compacts

As shown in Fig. 1, increasing the heating rate increases
densification and hinders crystallization in conventional
firing. To investigate the effect on densification and cristo-
balite formation of the highest heating rate, compacts of
borosilicate glass and borosilicate glass containing 5 to
20vol% alumina were fast-fired by introducing samples
into a pre-heated furnace at temperatures between 850 and
1000 °C and holding these for 3 to 5 min; the results are
shown in Fig. 6. The highest relative density was obtained
after fast firing borosilicate glass compacts for 5 min at
900 °C and 3 min at 950 °C, and for alumina-filled borosil-
icate glass samples containing 5 vol % alumina after fast fir-
ing 5 min at 900 °C. For samples containing > 5 vol% alu-
mina, densification shows similar behaviour to that ob-
served with conventional sintering, which might be re-
lated to the same rationale. When compared to conven-
tional sintering, a reduction in sinterability at 850 °C was
observed. It is thought that this temperature is not high
enough to create a thermal gradient within the compact to
favour mass transport during fast firing 31> 32,
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Fig. 6: Relative density of alumina-filled borosilicate glass compos-
ites as a function of the alumina content, fast-fired at indicated hold-
ing time and temperature.

(4) Flexural strength

(a) Conventional sintering

The effect of the addition of alumina particles on flex-
ural strength (o) of borosilicate glass was investigated,
and results showed that an increase in flexural strength of
borosilicate glass with alumina addition could be observed
from 97 £ 15 MPa for borosilicate glass to 189+ 32 MPa for
composites containing 10 vol% alumina. The increase in
o determined in alumina-filled borosilicate glass compos-
ites could be related to load transfer owing to the presence
of high-elastic-modulus alumina particles in the glass ma-
trix reducing deformation during loading 33. On account
of the thermal expansion mismatch between borosilicate
glass and alumina (3.5 and 9.10-6°C-1), the presence of
residual internal compressive stresses in the matrix pro-
duced during cooling is expected, and could have fur-
ther contributed to the increase in strength 23. The lower
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amount of cristobalite present in composites on account
of alumina addition (see Fig.5) could have contributed to
increasing flexural strength since the detrimental effect re-
lated to transformation of B-to a-cristobalite during cool-
ing % 10 was reduced.

(b) Fast firing

Flexural strength of borosilicate glass and alumina-filled
borosilicate glass composites containing 5 and 10vol%
alumina fast-fired at 900 °C for 5 min were determined.
The results showed with increasing alumina content, o in-
creases but when compared to conventionally sintered
samples there is a decrease of 55% in o for borosili-
cate glass, 42 and 57 % for composites containing 5 and
10vol% alumina.
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Fig.7: XRD of samples conventionally sintered at 800 °C during
5 min with a heating rate of 15 K/min and fast fired samples at 900 °C
for 5 min.

Borosilicate glass]|

Based on SEM observations, there was no indication of
a change of the defect characteristics of fast-fired samples
when compared to conventional sintering. The content of
cristobalite formed during fast firing was determined by
means of XRD and compared to conventionally sintered
samples (see Fig. 7). The amount of cristobalite formed in
pure borosilicate glass during conventional sintering and
fast firing seems similar. In fast-fired samples the presence
of alumina and the short residence time at high tempera-
ture hindered crystallization, resulting in peak broaden-
ing. It is thought that the decrease in o could be related to
microcrack formation originating from cristobalite trans-
formation on rapid cooling from sintering temperature.
The actual transition temperature of cristobalite transfor-
mation upon cooling is dependent on the degree of crys-
tallinity of the specimen: well-crystallized materials trans-
form at the highest temperatures; and materials that are
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poorly crystallized have lower transition temperatures 34.
Asshownin Fig. 7, when compared to conventionally sin-
tered samples, fast-fired samples are less crystalline, so the
transformation temperature of cristobalite is expected to
be lower than in conventionally sintered samples. As the
deformability of borosilicate glass decreases with temper-
ature, i.e. the glass is more rigid, the stress that originat-
ed during the B-to a-cristobalite transformation could not
be relaxed easily by matrix deformation. Both the rapid
cooling and the rigidity of the borosilicate glass could have
contributed to avoiding stress relaxation, having as a con-
sequence the formation of microcracks that could have re-
duced flexural strength.

(5) Fracture toughness

The effect of alumina on fracture toughness (K. of
alumina-filled borosilicate glass composites fabricated by
means of conventional sintering and fast firing was de-
termined. Ky, increased with increasing alumina content.
In conventionally sintered samples Ky, of 0.7 £0.1, 1.3 £
0.1and 1.9+ 0.1 MPa-m!/2 were measured for borosilicate
glass, and composites with 5 and 10 vol% alumina, respec-
tively. In samples sintered in fast firing, K1, of 1.8, 2.1, and
2.5 were measured for borosilicate glass, and composites
with 5 and 10 vol% alumina, respectively. The increase in
toughness could be related to crack-tip shielding induced
by microcracks 35> 36-. To identify the toughening mech-
anisms acting upon crack propagation, the crack path of
borosilicate glass and composites was analysed by means
of SEM (see Fig. 8). In borosilicate glass (Fig. 8a), the crack
propagates almost straight. In composites, crack deflec-
tion, crack bridging and pull-out were observed as indi-
cated in Fig. 8b, c, d.

Borosilicate glass

5 vol% Alumina

10 vol% Alumina

£

S —

10um 1pm

Fig. 8: SEM images of crack path in borosilicate glass and alumina-
filled borosilicate glass.

The formation of weak interfaces between alumina grains
and borosilicate glass was observed. As shown in Fig. 9,
alumina grains seem to detach from borosilicate glass ma-
trix. Owing to the higher CTE of alumina compared to
borosilicate glass, a higher shrinkage during cooling is ex-
pected, which could have caused the detachment from
the matrix. The thermal expansion coefficients mismatch
could have also resulted in the formation of radial com-
pressive stresses in the matrix at the particle-matrix inter-
face, the formation of small cracks (see arrows in Fig. 9),
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leading to the development of weak interfaces that con-
tributed to the observed increase in toughening.

Fig.9: SEM image of the interface of alumina-borosilicate glass of
conventionally sintered alumina-filled borosilicate glass fabricated
at 800 °C, sintered for 5 min with a heating rate of 15 K/min.

(6) Hardness, dielectric constant and coefficient of ther-
mal expansion

The effect of alumina on hardness, dielectric constant and
coefficient of thermal expansion of borosilicate glass was
investigated. Hardness increases with alumina content val-
ues of 4.7+£0.5,5.6 +0.2 and 4.8 + 0.3 were determined for
conventionally sintered borosilicate glass, and composites
with 5 and 10vol% alumina, respectively, and 3.1 £ 2.2,
4.2+2,5.1 £0.2 for fast-fired samples. Hardness in fast-
tired samples decreased when compared to conventional-
ly sintered samples due, possibly, to the formation of mi-
crocracks created during rapid cooling as explained pre-
viously. In conventionally sintered samples, an increase in
the dielectric constant from 5 for borosilicate glass to 7.4
for composites with 10vol% was determined. The pres-
ence of Al3* ions leads to changes in the glass structure,
such as substitution of Si*+ by Al3+in the glass composi-
tion 7> 24. The substitution of Si** by Al3* causes an excess
of negative charge compensated by the Na*ions contained
in the glass network, increasing the number of dipoles, and
increasing conductivity 7> 24, CTE increases with alumi-
na content from 3.5:10-6 °C-1 for borosilicate glass to 5.4
-10-6°C-1 for alumina-filled borosilicate glass containing
10 % alumina and could be related to the higher CTE of
alumina.

IV. Conclusions

Borosilicate glass and alumina-filled borosilicate glass
composites were fabricated by means of conventional sin-
tering and fast firing. Increasing the heating rate increas-
es densification and inhibits cristobalite formation in con-
ventionally sintered borosilicate glass. Alumina hinders
cristobalite formation in borosilicate glass during con-
ventional sintering, and increases flexural strength and
fracture toughness of borosilicate glass. Crack deflection,
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crack bridging and pull-out were identified as the tough-
ening mechanisms. Alumina addition increases the hard-
ness, dielectric constant and coefficient of thermal expan-
sion of conventionally sintered borosilicate glass. Alumina
addition has no effect on cristobalite formation during fast
firing. The flexural strength of the fast-fired borosilicate
glass and alumina-filled borosilicate glass composites de-
creased, and fracture toughness increased, when compared
to conventionally sintered samples possibly owing to the
presence of microcracks originating from B—« cristobalite
transformation on rapid cooling from the fast-firing tem-
perature.
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