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The experimental results show that a decrease in the SiO,/B,O; ration reduced the glass transition temperature,
but had little effect on the crystallisation temperature. The basic glass powder pressed into strip samples were sintered
at a temperature of 630 to 690 °C. With a decrease in the SiO,/B,0; ratio, the structure of glass and glass-ceramics changed,
and the same change also occurred in the crystal phase in the glass-ceramics. When the SiO/B,0; ratio was 0.29, the glass-
ceramics sintered at 670 °C reached the best properties, including the bending strength, density, and acid resistance. When
the SiO,/B,0; ratio was 0.29, the coefficient of thermal expansion of the glass-ceramics sintered at different temperatures

were maintained in the range of 6.3 — 7.2 x 10° K.

INTRODUCTION

Electronic devices have become the core equipment
for many scientific and technological apparatus in today’s
high-tech era due to their quality which directly affects
the overall performance of the electronic equipment
[1]. Electronic pastes are indispensable in the process
of making electronic devices. They are mainly used
in the packaging, electrodes and interconnecting
materials of electronic devices, and are one of the
core materials in the preparation of electronic devices
[2, 3]. An electronic paste can be used in the pro-
duction of many important electronic devices, such
as capacitors, integrated circuits, optoelectronic devices,
potentiometers, and semiconductors [4]. The electronic
paste is usually added by screen printing on the surface
of the ceramic substrate, and after a high temperature
treatment, the electronic paste will solidify on the
substrate surface and form a thick film [5, 6]. A typical
electronic paste contains a conductive metal powder,
a binder, and an organic solvent [7]. Glass powders are
usually used as a binder because of their low cost, strong
bonding with ceramics and adjustable thermal expansion
[1, 8, 9]. The main function of glass powders is to adhere
the conductive metal powder and the substrate during

the sintering process, so the performance of the sintered
glass powder directly affects the applicability of the
electronic paste to electronic devices [10]. The electronic
paste for the packaging of electronic devices made from
different materials will be affected by the wettability and
adhesion of the binder to the substrate. In addition, if the
applicable sintering temperature of the glass powder is
too high, the electronic devices will be damaged during
the packaging process [11]. In this context, a glass with
a low sintering temperature, good sintering compactness
and good thermal expansion has been studied.

Atpresent, the research on low-temperature sintering
glass has been applied to the sealing of solid oxide fuel
cells and the application of low temperature co-fired
ceramics [12-14], but there is little research focused on
electronic paste glass powders. Borate-based glass has
strong chemical stability and has many applications in
low temperature co-fired ceramics, and it can be easily
combined with ceramic materials commonly used in
electronic devices, such as alumina and barium titanate
[13, 15, 16].

In this work, borate-based glass was selected
to study the structure and properties of a low-temperature
sintering glass. The parent glass was obtained by melting
raw materials and naturally cooling glass blocks,

104

Ceramics — Silikaty 66 (1) 104-112 (2022)


https://doi.org/10.13168/cs.2022.0005

Effects of the SiO,-B,O; Ratio on the Structure and Properties of B,0;-ZnO-SiO,-BaO-Li0O,-Al,0;-Na,0-CaO...

and the ball-milled glass powders were sintered at a
specific temperature. We explored the effect of the SiO,/
B,0; ratio on the structure of the parent glass and glass-
ceramics, as well as the effect of the structure on the
properties of the glass-ceramics.

EXPERIMENTAL
Sample preparation

The main raw materials in this experiment were
chemically pure H;BO,, ZnO, SiO,, BaCO,, Li,0,
Al 04, Na,COs5, and CaCO,. The materials were weighed
according to Table 1, and they were thoroughly mixed.
They were melted in alumina crucibles at 1350 °C
for 1 hour, in a high temperature furnace at a rate
of 2 °C'min™". The glass blocks were obtained after the
melts were rapidly flattened onto a pre-placed mould and
naturally cooled to room temperature. After the glass
blocks were crushed, zirconia grinding balls were added
in a planetary mill at a ratio of 2 times the glass, and the
glass was ground at a speed of 350 rpm for 16 hours. After
passing through 500-mesh sieves, the glass powders with
an appropriate amount of a 5 % Polyvinyl Alcohol (PVA)
solution were pressed into the form of rectangular bars
(40 mm x 6 mm X 6 mm) under 10 MPa of pressure.
To prepare the sintered glass-ceramics, a high-temperature
furnace was used to sinter the strip samples at 630 °C,
650 °C, 670 °C, and 690 °C at a heating rate
of 10 °C'min’'. The sintering atmosphere was air and
the holding time was 10 minutes.

Table 1. The compositions of the parent glass (wt. %).

by Bruker, Germany. A DIL 402C dilatometer
produced by Netzsch, Germany was used to measure
the coefficient of thermal expansion (CTE) of the
strip samples, where the heating rate was 10 °C-min™
and the atmosphere was air. The bending strength was
tested using the three-point test method in a universal
testing machine with instrument model KZY-300-1,
and the final result was the average of five samples.
The density was tested using the Archimedes drainage
method, and the data were the average of six test results.
A Zeiss Ultra Plus field emission scanning electron
microscope manufactured by Zeiss, Germany, with
an X-Max 50 X-ray energy spectrometer, was used to
scan and analyse the samples before and after the acid
resistance test. The acid resistance test used 10 wt. %
hydrochloric acid (HCI) to soak the samples for half an
hour, and the results were the average of three tests.
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Figure 1. DSC of the parent glasses with different Si0,/B,0,
ratios.

Sample  B,O, ZnO Si0O, BaO Li,O ALO;, Na,O CaO Si0,/B,0,
Al 38.00 35.00 15.00 5.00 2.00 2.00 2.00 1.00 0.39
A2 39.00 35.00 14.00 5.00 2.00 2.00 2.00 1.00 0.36
A3 41.00 35.00 12.00 5.00 2.00 2.00 2.00 1.00 0.29
A4 42.00 35.00 11.00 5.00 2.00 2.00 2.00 1.00 0.26
A5 43.00 35.00 10.00 5.00 2.00 2.00 2.00 1.00 0.23

Testing and characterisation

The infrared spectra of the parent glass and the glass-
ceramics were recorded with a Nicolet 6700 spectrometer
at room temperature in a range of 400 — 1600 cm™.
The crystalline phases of the glass-ceramics were
determined by X-ray diffraction ((XRD), D8 Advance,
Bruker AXS, Germany) with a Cu Ko radiation
source. The samples were scanned over a 20 range
of 10 — 70 °. A differential scanning calorimeter ((DSC),
STA449F3) was used to measure the characteristic
temperatures of the glass from room temperature
to 1000 °C in the air, at a heating rate of 10 °C-min™.
The #Si MAS NMR spectroscopy used an AVANCE
IIT solid magnetic resonance spectrometer produced

RESULTS AND DISCUSSIONS

DSC analysis

Figure 1 shows the DSC results of the Al — A5
parent glasses. Table 2 shows the special temperature
points of the A1 — A5 parent glasses. It can be seen
from Figure 1 that the T, (glass transition temperature)
of the A series glass was in a range of 520 — 530 °C.
The first crystallisation temperature (7,;,) was in a range
0of617-627°C,and the second crystallisation temperature
(T,,) was in a range of 788 — 800 °C. When the glass
sample is heat-treated at the crystallisation temperature,
crystals will form inside the glass and grow with an
increase in the holding time or the sintering temperature.
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The T, was related to the complexity of the internal
network of the glass. The decrease of the 7, in Table 2
means that the decrease in the relative SiO, content had

Table 2. DSC characteristic temperature points of the parent
glasses with different Si0,/B,0; ratios.

Number Al A2 A3 A4 AS

T,(°C) 528 525 523 523 522
T, (°C) 619 627 621 617 627
T,(°C) 800 788 806 800 799

changed the glass network structure. The crystallisation
temperature of the samples fluctuated with the change in
the composition content, and the range was small, which
meant that the change in the SiO,/B,0, ratio had little
effect on the crystallisation temperature of this series
of glass. From the DSC analysis of the A1 — A5 parent
glasses, it can be seen that the T, of those parent glasses
was about 620 °C. In order to observe the transformation
of the internal structure of the glass-ceramics, the glass
powders were sintered at 630 °C, 650 °C, 670 °C, and
690 °C.

7.0 4 D e

CTE(x10°K")
-
(-]
1

63 640 650 660 670 680 690
Temperature
Figure 2. CTE of the A3 glass-ceramic sintered at different
temperatures.

Thermal expansion analysis

It can be seen from Figure 2 that the thermal
expansion of the A3 sintered glass at different
temperatures first increases and then decreases.
The thermal expansion changed very little when
the sintering temperature was between 650 °C and
670 °C, but decreased when the sintering temperature
was higher than 670 °C or below 650 °C. The change
in the sintering temperature affected the generation
of the liquid phase and the formation of the crystalline
phase in the glass during sintering. As the sintering
temperature increased, the glass powder softened, and
the volume shrunk to produce the densification. When
the sintering temperature was higher than the softening
temperature, a liquid phase was generated in the glass,
which increases the compactness of the sintered glass.

However, a higher sintering temperature leads to a larger
liquid phase produced in the glass, which causes the strip
sample to collapse and change the thermal expansion
of the sintered glass.
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Figure 3. FTIR spectra of the parent glasses and glass-ceramics:
a) FTIR spectra of the parent glasses, b) FTIR spectra of the
glass-ceramics.

FTIR analysis

Figure 3a shows the infrared diffraction spectra
of the parent glasses. It can be seen from Figure 3a that
the absorption peak bands of the parent glasses can be
divided into five bands, namely 550 cm™, 703 cm™,
1020 cm™, 1257 ecm™, 1385 cm™. The absorption peak
at 550 cm-1 was attributed to the vibration of [AlO]
[17]. The absorption peak at 703 ¢cm™ was attributed
to the B-O-B bending vibration in [BO;] [18, 19].
The absorption peak at 1020 cm™ was attributed to
the asymmetric vibration of Si-O-Si in [SiO,] [17].
The absorption peak near 1257 cm™ was attributed to the
bending vibration of B-O in [BO;] [19]. The absorption
peak at 1385 cm™ was attributed to the vibration of B-O
in [BOs] [20]. With a decrease in the SiO,/B,0; ratio, the
infrared absorption peaks of the Al to A5 parent glasses
at 703 cm™ — 1385 cm™ did not change much. As the
relative content of the SiO, decreased, the glass network
became loose, and the absorption peak generated
at 1385 cm' gradually shifted from a high band
to a low band. The absorption peak at 550 cm™ gradually
disappeared as the relative content of the SiO, decreased.
The decrease in the relative SiO, content changed
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the degree of polymerisation of the anionic groups inside
the glass, and the glass network structure also changed
[21].

Figure 3b shows the infrared spectrum of the Al
to A5 glass-ceramics sintered at 670 °C. It can be
seen from Figure 3b that the structure of the glass
samples changed after sintering. The absorption peaks
at 1020 cm™ and 1257 em™ — 1385 cm™ were wider
than those of the parent glasses. The absorption peak
near 1257 cm™ deviated to 1240 cm™ [22], and became
more obvious. The absorption peak at 550 cm™ deviated
to around 543 cm’, the signal intensity was reduced,
and the absorption peak of the A3 glass-ceramic
disappeared. New absorption peaks were generated
at 466 cm” and 1087 cm™. The absorption peak
generated at 466 cm™ was weak, and the signal source
was attributed to the bending vibration of O-Si-O
in [SiO,] [17]. The absorption peak at 1087 cm
was split from the absorption peak at 1020 cm™, and
this signal corresponded to the Si-O-Si asymmetric
stretching vibration in [SiO,] [23]. The absorption peak
at 1385 cm™ from the A1 to A5 glass-ceramics gradually
narrowed, indicating that a decrease in the SiO,/B,0,
ration reduced the formation of the [BO,] units in the
glass-ceramics. The glass-ceramics produced new signal
peaks because the crystalline phases were trended to
form glassy phases during the heat treatment [17].

Table 3. Vibrating groups of glasses and glass-ceramics.

Wave n}llmber Corresponding characteristic vibration
(cm™)
466 Bending vibration of O-Si-O in [SiO,]
543 —550 Vibration of [AlO]
700—703 Bending vibration of B-O-B in [BO;]
1020 Asymmetric vibration of Si-O-Si
in [SiO,]
1087 Asymmetric stretching vibration
of Si-O-Si in [SiO,]
1240 — 1257 Bending vibration of B-O in [BO;]
1385 Vibration of B-O in [BO;]

#Si MAS NMR spectroscopy

Figure 4 shows the *?Si MAS NMR spectrum of the
parent glasses. The chemical environment of the different
Si*" caused the corresponding chemical shifts in the *Si
MAS NMR to be different. Therefore, the corresponding
unit could be determined by judging the peak positions
of the different chemical shifts in the nuclear magnetic
resonance test. In silica-based glass, Si could be
coordinated 4 times by O to form a tetrahedral structure.
Due to the different numbers of bridging oxygen atoms,
the tetrahedral might exist in the form of [SiO,*], [Si,0,*],
[Si0;*], [Si,05], [SiO,] [24]. These units could also be
expressed in the form of Q", correspondington =0, 1, 2,

3, 4, respectively [25]. Where Q represents the symmetry
of the Si0O, tetrahedron, and n represents the number of
oxygen bridges between each unit. It can be seen from
Figure 4 that the ?Si MAS NMR spectroscopies of the
parent glasses were mainly concentrated in the range
of -75 —-90 ppm. The peak around -70 ppm corresponded
to the Q°, the peaks produced by the Q' were mainly
concentrated in -75 — -80 ppm, Q® concentrated
in -80 — -85 ppm, Q° concentrated in -90 — -100 ppm,
Q* concentrated in -113 ppm [24-27]. Therefore, there
were Q', Q% and Q° in the Al to A5 parent glasses,
and there was no sign of Q° and Q*. The Q" unit in the
Al parent glass mainly existed in the form of Q' and
Q?. The resonance peak intensity of Q' in the A2 parent
glass was weakened, but the resonance peak intensity
of Q® was enhanced. This meant that a decrease
in the Si0,/B,0, ratio made the Q" unit inside the glass
tend to exist in the form of Q*. With a further decrease in
the Si0,/B,0; ratio, Q' in the A3 parent glass disappeared
and a small amount of Q® was formed, and Q* in the A4
and A5 parent glasses gradually increased. Therefore,
a further decrease in the Si0,/B,0; ratio promoted the Q"
unit in the glass to exist in the form of Q? and Q°.
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Figure 4. #Si MAS NMR spectrum of the parent glasses.

XRD analysis

Figure 5 shows the XRD diffraction patterns of
the A1 — A5 glass-ceramics sintered at 670 °C and the
A3 glass-ceramics sintered at different temperatures.
It can be seen that there were faint diffraction peaks in
the XRD diffraction patterns. The main diffraction peak
positions of the A1 and A2 glass-ceramics were basically
the same, but the diffraction peak of the A2 glass-
ceramic was stronger than that of the Al glass-ceramic.
However, the main peak position changed from the A3
glass-ceramic, the original diffraction peaks basically
disappeared, and a weak diffraction peak appeared at
the new position. The diffraction peak in the A4 glass-
ceramic was stronger than in the A3 glass-ceramic, but
weaker in the AS glass-ceramic. By comparing the PDF
cards, it was found that the crystal phases precipitated
in the Al and A2 glass-ceramics were CaSiO,

Ceramics — Silikaty 66 (1) 104-112 (2022)

107



LiZ., He F, Zheng C., Yan D., Zhang B., Cao X., Ren H., Xie J.

[PDF:72-2297] and SiO, [PDF:65-466]. While there
was only a single crystal phase CaSiO; in the A1 glass-
ceramic, and only a single crystal phase SiO, in the A3-
AS glass-ceramics.
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Figure 5. a) XRD of the A1 — A5 glass-ceramics sintered at
670 °C, b) XRD of the A3 glass-ceramics sintered at different
temperatures.

Figure 5(b) shows that the crystal phase of the
A3 glass-ceramics sintered at different temperatures
did not change, all the phases were SiO,. The different
sintering temperatures affected the growth of crystals
in the A3 glass-ceramic, and the crystal content was
highest when the sintering temperature was 670 °C. From
the XRD diffraction pattern analysis, it can be seen that
a decrease in the SiO,/B,0; ratio within a certain range
in this glass system enhances the precipitation of CaSiO;.
After exceeding this range, a decrease in the SiO,/
B,0; is unfavourable for the precipitation of CaSiO,
and enhances the precipitation of SiO,. It can be seen
from the *Si MAS NMR spectroscopy that there were
Q' and Q* units in the A1 and A2 parent glasses. The more
bridging oxygens in the Q" unit, the stronger glassiness
of the sample. The glassiness was not conducive to the
crystallisation of glass during sintering. A decrease in the
Si0,/B,0, ratio changed the Q" unit in the parent glasses,
from the form of Q' and Q? to the form of Q? and Q°.
This result led to a reduction in the crystal phase in the
glass-ceramics.

Analysis of the physical and chemical properties

The bending strength of the sintered strip samples
reflects the strength of the sintered paste containing this
glass, the density reflects the compactness of the paste
layer after sintering, and the acid resistance reflects the
chemical stability of the paste layer after sintering.

Figure 6 shows the bending strength, density and
acid resistance of the A1 — AS glass-ceramics sintered
at 670 °C. It can be seen from Figure 6 that when the
Si0,/B,0, ratio was 0.29, the bending strength and
density reached the maximum. The bending strength
of the samples was distributed between 34 MPa and
49 MPa. The density was distributed between
2.549 g-cm™ and 2.874 g-cm™. With a decrease in the
Si0,/B,0; ratio, the bending strength first increased
slightly and then significantly increased. The maximum
bending strength of the A1 — A5 glass-ceramics was
48.6 MPa. After the SiO, content exceeded 12 wt. %,
the bending strength first decreased slightly and then
significantly decreased. The change in the density of
the A1 — A5 glass-ceramics was different from the
change in the bending strength. Before the SiO, reached
12 wt. %, the density of the glass-ceramics increased
uniformly with the decrease in the SiO,/B,0, ratio.
After the SiO, content exceeded 12 wt. %, the density
substantially decreased uniformly. The density and
bending strength have a certain proportional relationship.
The greater the density, the greater the bending strength
will be, so the density and bending strength properties of
the samples will have similar changes.
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Figure 6. Physical and chemical properties of the Al — A5
glass-ceramics sintered at 670 °C.

The acid resistance of the glass-ceramics
increased uniformly first and then decreased uniformly
with the decrease in the SiO,/B,O; ratio. It can be
seen from Figure 6 that the acid resistance reached
0.0081 g-cm™ in the A3 glass-ceramic. The acid
resistance of the A1 — A5 glass-ceramics was in the range
0f 0.0081 —0.0122 g-cm™.
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It can be seen from the structural analysis of the
glasses and glass-ceramics above that when the SiO,/
B,0; ratio was 0.29, the [AlO4] unit disappeared, and
the Q" unit changed from the coexistence of Q' and Q?
to Q* and a small amount of Q* unit. The crystal phase
became a single SiO,. These structural changes led to
the gradual increase in the density, bending strength and
acid resistance of the glass-ceramics. As the Q* unit and
Si0, crystal phases gradually increased, the performance
of the glass-ceramics began to decline. This result means
that when the content of Q* unit and SiO, crystal phases
exceeded a certain amount, it was not conducive to an
improvement in the glass-ceramic performance.

Table 3. Physical and chemical properties of the A1 — A5 glass-
ceramics sintered at 670 °C.

Number Al A2 A3 A4 AS

Bending
strength  35.679 35954 48.602 47.113 37.494
(MPa)
Density 5683 2773 2874 2789 2.549
(g.cm™)
Acid
resistance  0.012  0.009  0.008 0.009 0.011
(g-cm?)
Analysis of SEM and EDS

Figure 7 shows the SEM of the A1 — A5 glass-
ceramics sintered at 670 °C after the acid resistance test.
After being eroded by HCI, many erosion pits formed
on the surface of the samples. With a decrease in the SiO,/
B,0; ratio, the HCI corrosion intensity on the samples
changed. The surface layer of the Al glass-ceramic
largely disappeared after being eroded. The original
surface of the sample was no longer visible, only rough
corrosion pits. The eroded area of the A2 glass-ceramic
became a specific round pit, the surface of the round pit
became smooth, and the acid resistance improved. In
addition, a small amount of crystalline phase could be
seen on the surface of the A2 glass-ceramic after being
eroded. Comparing with the A2 glass-ceramic, the size of
the round pits on the surface of the A3 glass-ceramic after
being eroded became smaller, and the acid resistance was
further enhanced. A decrease in the acid resistance of the
A4 glass-ceramic led to denser corrosion pits than the A3
glass-ceramic after being eroded. The surface of the A5
glass-ceramic was eroded over a large area similar to the
Al glass-ceramic. It can be seen from the crystal phase
change of the A1 — A5 glass-ceramics, that the increase
in the CaSiO, content of the crystal phase enhanced the
acid resistance of the glass-ceramic, and an increase in
the SiO, crystal phase reduced the acid resistance of the
glass-ceramic.

b

igure7. SEM ia‘ge — AS glass-ceramics etched
by HCI. continue on next page ...
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Figure 7. SEM images of the Al — AS glass-ceramics etched
by HCI.

Figure 8 shows the EDS spectrum of the A3 glass-
ceramic sintered at 670 °C before and after acid etching,
where (a') corresponds to the EDS of the sample surface
before acid etching, (a) (b) (c) correspond to the point
or area of the sample after acid etching. It can be seen
from the scanned image that the surface of the A3 glass-
ceramic before being eroded was smooth. The selected
arca of the A3 glass-ceramic was glassy phase before the

acid etching, and no crystal phase was found after the acid
etching. This was because there were too few crystalline
phases to be found in the selected area. The composition
of the surface of the A3 sintered glass before and after
the acid etching did not change, however, the element
content changed. After the acid attack, the Zn and Na
content decreased significantly. Obviously, the erosion
that the HCI caused on this series of glass-ceramics was
mainly due to the erosion of the Zn and Na elements.

CONCLUSIONS

The experimental results show that a decrease in the
Si0,/B,0;, ratio reduced the glass transition temperature,
but had little effect on the crystallisation temperature.
According to the infrared and *’Si MAS NMR analysis,
the decrease in the SiO,/B,0; ratio gradually shifted
the absorption peak at 1385 cm™ to the lower band, and
the absorption peak at 550 cm™ disappeared. The Q" unit
in glass gradually changed from the coexistence of Q'
and Q? to the coexistence of Q? and Q. Two new absorp-
tion peaks of 466 cm™ and 1087 cm™ were generated in
the infrared absorption peak of the glass-ceramics, and
the other absorption peaks also changed slightly. With
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Figure 8. SEM images of the A3 glass-ceramic before and after etching by HCI, EDS spectra of a’), a), b) and c).
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a decrease in the Si0,/B,0; ratio, the crystalline phase of
the glass-ceramics gradually transformed from CaSiO; to
Si0,. The XRD diffraction peaks of the A3 glass-ceramics
were the most obvious when the sintering temperature
was 670 °C. The physical and chemical properties of the
glass-ceramics sintered at 670 °C reached the maximum
when the Si0,/B,0, ratio was 0.29. The bending strength
reached 48.602 MPa, the density reached 2.874 g-cm?,
and the acid resistance reached 0.008 g-cm™. Through
the SEM analysis, it could be seen that the corrosion
pits on the glass ceramic surface after the HCI corrosion
decreases with an increase in the acid resistance, and the
erosion pits increased with the weakening of the acid
resistance. The erosion of HCI on this series of glass-
ceramics was mainly due to the erosion of the Zn and
Na elements.
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