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Effect of Alumina on Structure and Chemical Durability of Borosilicate Glasses
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(1. State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and Engineering, Zhejiang University,
Hangzhou 310027, China; 2. School of Materials Science and Engineering, Zhejiang University, Hangzhou 310027, China)

Abstract: The effect of alumina (Al,Os) on the chemical durability of borosilicate glasses, 70Si0,—(20—x)B,05—xAl,03;—10Na,0, x=0,
5, 10, 15 and 20 (molar fraction), in water, HCl and NaOH aqueous solutions, was investigated via liquid resistance tests. The
chemical stability of aluminoborosilicate glass was discussed based on the glass structure, and the mechanism of chemical attack in
different solutions was proposed. The results show that a significant enhancement in the chemical durability in water, HC] and NaOH
aqueous solutions occurs after the incorporation of A" into the oxide glass network. The structural analysis indicates that the
relatively low chemical durability of the glass as x=0 is correlated to the presence of BO4 with three and four non-bridging oxygen
(NBO) in the melts. Consequently, the glass is eroded more quickly during the attack of the aqueous solutions, resulting in a porous
glass surface. The chemical durability can be improved due to the addition of Al,O; into the glass network, suppressing the formation
of BO,.
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treatment, optoelectronics, etc. 276 The glass resistance
to chemical solutions relies on several factors, such as
glass composition, structure and surface state as well
as solution type and exposure temperature and time,
(719 Tf silicate glass contains alkali or other highly

1 Introduction

Chemical durability of glass is one of the properties
that reflects the ability of glass to resist the corrosion
against water and various aqueous solutions of acids or etc.

alkalis'". High chemical stability of glass is needed to
enable the practical applications of glasses in some
applications including medicine, nuclear waste
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mobile ions, chemical attack in an aqueous solution on

glass causes a corrosion on glass surface as a result of
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In general, glass is more chemically stable than most
metals and  polymers!'> . However, many
non-silicate glasses such as phosphates and borates
can be dissolved in aqueous acid solutions!"> ¢!,
Moreover, glasses with a good chemical durability
under ambient conditions are slowly dissolved if they
are exposed to strong aqueous acid or alkali solutions
at high temperatures’ ™. In glass industry,
commercial borosilicate glass containing alkali oxides
is widely used in various applications. Currently,
borosilicate glass bottles are used to store medicine in
the field of pharmacy. These glasses possess a good
chemical durability against aqueous solutions, while
medicine storage for long periods reduces the stability
of glass, leading to the dissolution of some glass
compositions e.g., alkali ions into medicament.
Several methods have been used to enhance the
chemical durability of glass, such as, (i) increasing
silica and/or alumina content to reduce the mobility of
alkali ions, (ii) decreasing the content of alkali ions on
the surface and (iii) coating some films on the glass
surface that serves as a barrier between the fluid and
glass!". Most previous reports attempted to improve
the chemical durability of glasses against different
aqueous solutions by adjusting the glass composition
and heat treatment condition!"> 182021, However, the
local structural differences of glasses before and after
attack in aqueous solutions has been rarely
investigated in details.

In this study, we investigated the chemical stability
of borosilicate glass in water, NaOH or HCI aqueous
solutions by adding Al,O; into the glass to modify
glass network structure. In addition, the relationship
between the chemical durability and glass composition
and the coresponding corrosion mechanism on the
glasses surface were also discussed.

2 Experimental

2.1 Preparation

Aluminoborosilicate glasses 70Si0,-(20—x)B,0;-
xAl,03-10Na,O (mole fraction, %), x=0, 5, 10, 15 and
20 were prepared by a conventional melt-quenching
method. For each batch, approximately 500 g of
starting material (i.e., Si0,, H;BO;, Al,03 and Na,COs)
was fully mixed in a mechanical grinding mixer for
20 min. A small amount of SnO, (0.2%) was used as a
fining agent. For glass samples with x=0 and 5, the
batches were melted at 1 450 °C for 1h and stirred for
additional 1 h, and then at 1 500 ‘C for 2 h. For glass
samples with x=10, 15 and 20, the batches were
melted at 1 600 C for 1 h under constant stirring for
20 min and finally at 1 680 C for 4 h. All the batches
were melted in a Pt/Rh crucible in air atmosphere and

then made a plate with a metal roll and carbon plate at
room temperature (RT).
2.2 Characterization

The elemental analysis of extracted solutions was
measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Agilent
Technologies, USA). To evaluate the molecular
structures of the prepared glasses, »8i, "B and Al
magic angle spinning nuclear magnetic resonance
(MAS-NMR) spectra were recorded by a Avance III
HD 500 MHz spectrometer (Bruker, USA). The
resonance frequencies for >’Al, "B and *’Si are
160.5 MHz, 130.4 MHz and 99.3 MHz, respectively.
*’Al MAS-NMR spectra were recorded at a rotation
frequency of 12.0 kHz, using a pulse length of 0.60 ps
(10° liquid pulse length) and relaxation time of 0.5 s.
Chemical shifts were referenced to aqueous solutions
of 1 mol/L AI(NOs3)s. "B MAS-NMR spectra were
obtained at a spinning speed of 10 kHz. The pulse
length was set as 0.83 us (15° liquid angle) with a
recycle delay of 8 s. Chemical shifts were referenced
to 1 mol/L H3BOj; solution. *Si MAS-NMR spectra
were acquired at a spinning speed of 6 kHz. Typical
pulse length was 2 ps (30° solid flip angle) with a
recycle delay of 350 s. Chemical shifts were
referenced to Tetrakis (trimethylsilyl) silane.

The microstructures of the prepared samples were
studied by energy dispersive X-ray (EDX) mapping
and scanning electron microscopy (SEM) using a
ULTRA-55 system (Hitachi, Japan). The SEM samples
were coated with Pt before performing the
measurement. X-ray photoelectron spectroscopy (XPS)
measurements were performed with a Escalab250Xi
spectrometer (Thermo Scientific, UK), using a
monochromatic Al K, radiation source. All spectra
were calibrated using inorganic carbon peak
(284.80 ¢V) as a reference. The density of the as-melt
glasses was measured using the Archimedes method.
The optical images were recorded using a BX53M
optical microscope equipped with a SC180-CCD
camera (OLYMPUS, Japan). All the measurements
were carried out at room temperature except for those
specially stressed.

The hydrolytic resistance test was carried out based
on the latest versions of the United States
Pharmacopoeia <660>(USP<660>) and European
Pharmacopoeia (3.2.1) (EP (3.2.1)) glass grains tests
for pharmaceutical glass containers. In these tests, the
as-melt glasses (70Si0,-(20—x)B,05-xAl,03-10Na,0,
x=0, 5%, 10%, 15% and 20%) were crushed using
aluminum oxide mortar and pestle inside a fume hood
to pulverize the as-melt glasses into grains with sizes
of 300425 um using coarsest sieves. The glass grains
(GGs) were transferred into 100 mL beakers and
rinsed by acetone for three times in an ultrasonic bath
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for 1 min till the supernatant liquid becomes clear. The
beakers were covered by pierced aluminum foils and
dried at 120 C for 20 min, which were then
transferred from hot air oven to desiccators to cool
down the GGs slowly to room temperature.10 g of
dried GGs and 50 mL of deionized water (DW) were
transferred to a 250 mL quartz conical flask and
covered well with a quartz cap. Another 250 mL quartz
conical flask containing 50 mL of DW was used as a
reference. These two flasks were placed into an
autoclave for heat treatment at 121 “C for 30 min. The
temperature profile of autoclaving was as follows: (1)
ramping from RT to 105 ‘C; (2) dwelling at 105 °C for
10 min; (3) ramping from 105 °C to 121 ‘C at heating
rate of 1 C/min; (4) keeping at 121 °C for 30 min; (5)
cooling down from 121 C to 105 C at cooling rate
0.5 ‘C/min; (6) cooling down from 105 C to 95 C
naturally. In order to clearly investigate the structural
differences of the GGs before and after autoclaving,
the similar temperature profile was used but the
autoclaving temperature was changed to 135 C for
16 h (i.e. step 4). When the autoclaves were cooled to
95 C, the flasks were transferred to a tray filled with
hot DW for cooling to RT within 30 min in air. After
cooling to RT, the inner surface of these conical flasks
and their caps were rinsed with 15 mL DW and then
the extracted solutions without GGs were transferred
to 250 mL beakers. This step was repeated twice (total
three times). Methyl red was used as a pH value
indicator by adding 50 uL of methyl red solution to the
extracted solutions which turned their color to red and
yellow for reference and grains extracted solutions,
respectively. This color change indicates that the glass
extracted solutions are base solutions as a result of the
dissolution of a part of constituent elements of glass
during autoclaving. Finally, the extracted solutions
were titrated with diluted hydrochloric acid (HCI)
(0.02 mol/L) until the yellow color became red and
matched the color of reference solution, such that the
consumption of HCI divided by the mass of glass
grains (i.e. 10 g) could be determined.

The acid and alkali resistance tests were performed
based on an international standards of the Deutsches
Institut Fur Normung 12116 (DIN 12116) test and
International Organization for Standardization 695
(ISO 695) test, respectively. In these standards, the
polished glass plates with dimensions of 25 mmx
30 mmx3 mm (surface area is approximately 15 cm?)
were etched in an aqueous acid solution (22 mol/L of
HF+2 mol/L of HCI) at RT for 10 min under stirring.
After etching, the glass plates were rinsed for several
times by DW and ethanol using an ultrasonic cleaner
and then dried at 110 °C for 1 h. After drying, the glass
samples were cooled to RT in the desiccators within

30 min and finally we measured the sample mass.
Polytetrafluoroethylene (PTFE) containers (120 mL)
were filled with 6 mol/L of HCI or a mixture of
1 mol/L of NaOH+0.5 mol/L of Na,CO; aqueous
solutions. These containers were capped and then
heated to 100 C and dwelled for 1 h. Afterwards, the
glass plates were placed into the hot aqueous HCI or
NaOH solutions at 100 C for 6 h or 3 h, respectively.
After the solutions were cooled to RT, the extracted
solutions were analyzed by inductively coupled
plasma  atomic  emission  spectroscopy  for
concentrations of elements, such as (Si, Al, B and Na)
and (Si, Al and B) for HCl or NaOH solutions,
respectively. In addition, the heat-treated glass plates
were rinsed for several times by DW and ethanol using
ultrasonic path and then dried at 110 “C for 1 h. After
cooling the glass samples to RT in the desiccators
within 30 min, we measured the sample mass and then
calculated the mass loss per surface area in mg/dm’.

3 Results and discussion

3.1 Liquid resistance test and the elemental
analysis of the extracted solutions

The chemical durability of the as-melt glasses
70S10,-(20—x)B,03-xAl,03-10Na,0O (in mole fraction),
x=0, 5, 10, 15 and 20 was first examined by hydrolytic
resistance test at 121 C for 30 min (see Fig. 1(a)). It
can be observed that the HCl consumption as x=0
has a maximum value at 3 mL/g, indicating the poor
chemical stability of this glass against water as result
of dissolution of a large amount of constituent
elements of glass during autoclaving. However, the
introduction of Al,O; significantly enhances the
chemical durability of glass and the HCI consumption
is reduced to 0.1 mL/g as x=15 and to 0.13 mL/g as
x=201%,

The stability of these glasses against HCl and
NaOH aqueous solutions was also investigated by acid
or alkali resistance tests. The results are shown in Fig.
1(b) and Fig. 1(c). In Fig. 1(b), after heat treating the
as-melt glasses into HCl aqueous solution, the mass
loss of glass displays 45.1 mg/dm2 as x=10, which
slowly decreases to 6.1 mg/dm” and 17.9 mg/dm® as
x-value moves to 0 and 20, respectively. In Fig. 1(c),
nevertheless, the mass loss per surface area of glass
after heat treatment in NaOH aqueous solution at
100 C for 3 h demonstrates a gradual decrease from
329.5 mg/dm’ to 128.5 mg/dm” as x-value increases
from 0 to 20. In general, these results imply that the
addition of Al,O; into borosilicate glass network
improves the glass resistance towards attack in water
and NaOH aqueous solutions through reducing the

mobility of alkali ions' ">,
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(a) HCI consumption per gram at different values of x mole fraction after autoclaving in water at 121 “C for 30 min using standards of USP <660> and EP (3.2.1).

Glass mass loss as a function of x-value after heat treatment in (b) HCI (using DIN 12116 standard) and (c) NaOH (using ISO 695 standard) aqueous

solutions at 100 C for 6 h and 3 h, respectively.

Fig. 1 Dependence of mass loss on Al,O; concentration in the corrosion tests

After heat treatment of the as-melt glasses in water
(121 °C for 30 min), NaOH (100 C for 3 h) or HCI
(100 °C for 6 h) aqueous solutions, the compositions
of extracted solutions were analyzed using ICP-AES
in order to determine the dissolved glass elements and
its concentration in the solutions. Fig. 2 shows the
concentrations of dissolved glass constituents,
confirming the dissolution of all constituents of glass
(e.g., Si0,, B,0s, Al,O5 and Na,O) in water, HCI and
NaOH aqueous solutions during heat treatment. In Fig.
2(a), the total concentration of dissolved glass as x=0
in water is 22.53 umol/mL, which contains SiO,, B,0;
and Na,O. This concentration reduces drastically to
1.04 pmol/mL, 0.29 pmol/mL, 0.23 pmol/mL and
0.19 pmol/mL as x=5, 10, 15 and 20, respectively. In
Fig. 2(b), the total dissolved glass concentration in
HCI aqueous solution is 0.94 umol/mL as x=0, which
increases to 2.9 pmol/mL and then decreases to
1.77 pmol/mL as x=10 and 20, respectively. In Fig.
2(c), the total extracted concentration in NaOH
aqueous solution decreases from 17.03 pumol/mL to
6.1 pmol/mL with increasing x-value from 0 to 20.
These results are in reasonable agreement with the
discussed results of glass mass loss and HCI
consumption (see Fig. 1). According to the analysis of
the total extracted concentration of glasses after
autoclaving, we could conclude that the chemical
durability of the as-melt glasses is related to the pH
value of aqueous solution'”?*. The borosilicate glass
(i.e. x=0) possesses a relatively poor chemical stability
against water and NaOH aqueous solutions, however,
its resistance is enhanced in HCIl aqueous solutions.
By steadily replacing B,O3; by Al,O3, we can find that
the chemical robustness of glass network is
considerably improved in water and NaOH aqueous
solution, while the as-melt glasses demonstrate a
decrease in their chemical durability after heat
treatment in HCI aqueous solution.

To compare the composition difference between the
as-melt glasses and the dissolved glasses during
autoclaving, the extracted concentration (in mole
fraction) were calculated based on the results in Fig. 2.
Fig. 3 shows the calculated results. It is interesting to
note that the extracted concentrations (in molar
fraction) of all dissolved glasses in different solutions
show an increase in Al,O; and deficiency in B,O; with
increasing x-value, which is similar to the change in
the as-melt glass composition (see Fig. 3(a)). The pH
value of the solution and the glass composition strongly
affects the selective erosion of glass constituents
through ion exchange between (Si, Al, B and Na) and
(H and OH)"". For instance, as x=0 (see Fig. 3(c)),
acidic aqueous solution prefers to erode Na,O (36.17%)
and B,0;5(52.13%) rather than SiO, (11.7%), while the
erosion preference is changed with the addition of
ALLO; into the glass network. Consequently, the
extracted concentration of Na,O steadily decreases to
18.08% as x=20; however, the concentration of SiO,
(48.59%, x=20) increases with increasing x-value.

In addition, the concentration of Al,O5 increases to
33.33% as x=20. This result indicates that HCI
aqueous solution prefers to corrode Na,O and Al,O;
instead of SiO, as x=20. The unexpected values of
concentration ratios as x=5 indicate that the glass
network is not uniform near the surface. Similar to
HCI aqueous solution, the dissolved glass components
into water as x=0 (see Fig. 3(b)) contains SiO,, B,0;
and Na,O with concentrations of 34.31%, 46.38% and
19.31%, respectively. The extracted concentrations of
Si0,, Al,O3and Na,O at x=20 significantly change to
54.54%, 13.64% and 31.82%, respectively, with the
increase of Al,O; content in the glass. These results
indicate that B,O; and Na,O are etched out more
quickly as x=0. Furthermore, the dissolved glass
components into NaOH aqueous solution (see Fig. 3(d))
at different x-values demonstrates a high concentration
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of SiO;, for all glasses, which is almost unchanged at
78%, while the concentrations of B,O; and Al,Oj; are
comparable to the glass composition variation. This
observation means that SiO, component suffers a
faster dissolution in solutions with greater pH values.
We could not measure Na,O concentration because of
using NaOH aqueous solution.
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Fig. 2 Extracted concentration of the heat treated glass grains
at different x-values
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Fig. 3 Composition analysis of the glass before and after
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rent treatments
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3.2 Local structure characterizations of the
as-melt glasses

Fig. 4 shows the *°Si, ’Al and"'B MAS-NMR
spectra for the as-melt glasses 70SiO;,-(20—x)B,0s-
xAl,03-10Na,0 as x=0, 5, 10, 15 and 20, respectively.
In Fig. 4(a), the *’Si MAS-NMR spectra demonstrate
that the tetrahedral SiO, structures with four-bridging
oxygen (BO) (Q, i.e. SiO4(0B,4Si)) are dominant
(-106.5) in the as-melt glass as x=0, while, a few
number of the tetrahedral SiO4 species with
one-bridging BO (Ql, i.e. Si04(3B, 1Si)) (-89.2) also
exist in the glass network!™ 2%, Also, the gradual
addition of Al,O; into the glass network leads to the
complete turning of Q* into Q° (—98.5) (i.e. SiO4(1Al,
3Si)) as x=20 in addition to the disappearing of Q.
The structure differences at a molecular level were

deeply investigated by *’Al and ''B MAS-NMR
spectra (see Fig. 4(b)) and Fig. 4(c)). In Fig. 4(b), a
sharp peak at 53.3 was recorded for all of the as-melt
glasses, which can be attributed to the presence of
four-fold coordinated aluminum ions AI(IV) among
glass matrices®”). Furthermore, the bulge at 25 of the
samples as x=15 and 20 refers to the existence of
five-fold coordinated aluminum ions AI(V) with a low
concentration. In Fig. 4(c), the "B MAS-NMR spectra
reveal that the as-melt glass as x=0 contains triangle
BOs; (13 and 8) as well as tetrahedral BO4 (-0.5 and
—2.0) units. As x-value increases, the number of BO;
units increases rather than BO, units, implying that the
gradual addition of Al,O; into glass network induces
boron to coordinate with oxygen in triangle shape

instead of pyramidal structure!®® .
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Fig. 4 Solid-state NMR spectra of the as-melt glasses70Si0,-(20—x)B,03-xAl,03-10Na,O

In Fig. 5, we observed that BO;s can exist in the
forms of ring (13) and non-ring (8) structures, however,
BO, sites are surrounded by four Si atoms with four-
non-bridging oxygen (NBO) (i.e. BO4(0B, 4Si), —2) or
connected with one B atom and three Si atoms with
three NBO (i.e. BO4(1B,3Si), —0.5).””) Fig. 6 shows
the calculated relative fraction of BOj3 ring, BO3 nonring,
BO, (1B, 3Si) and BO,4 (0B, 4Si) units in the as-melt
glasses (x=0, 5, 10 and 15). The relative fraction of the
BO; and BOj, structures strongly relies on x-value,
where, the BO4 units (i.e. BO4(1B, 3Si) and BO4(0B,
48Si1)) are gradually converted to BOs units (i.e. BO3 sipg
and BO3 yonring) as x-value increases from 0 to 15. The
total relative fractions of BO3 (i.e. BO3 1ingtBO3 nonring)
and BOy (i.e. BO4(1B,3Si)+B0, (0B,4Si)) are 51.79%
and 48.21% at x=0, respectively. As x=15, the relative
fractions of BO; and BO, are 99.47% and 0.53%,
respectively.

From the NMR results, we could explain the
enhancement of chemical durability of glasses with
increasing the content of Al,Os in the glass network.

For instance, the extracted concentration of boron as
x=0 (see Fig. 2(a), water treatment) is 10.45 pmol/mL
in which the relative fractions of BOs; and BO4 (see
Fig. 6) are 51.79% and 48.21%, respectively. However,
as x=10, the extracted concentration of boron
decreases to 0.52 umol/mL and the relative fractions
of BOs; and BO,4 are 99% and 1%, respectively. This
means that BO, units are highly soluble into water in
comparison to BO; units. Accordingly, we conclude
that the poor chemical durability of Al,O; free
borosilicate glass is correlated to the existence of
BO,4 with three and four NBO in the glass matrix.
Moreover, the substitution of BO4 by AlO4 plays a
significant role in improving the chemical
durability of borosilicate glass through replacing
the NBO of BO4 (i.e., Si—-O—B) by the BO of
AlOy4 (i.e., Si—O—Al) and the conversion of BO,
into BOj;. These changes result in toughening of
the glass network and make the glasses more
robust against water and NaOH aqueous

solution¥.
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Fig. 5 Deconvolution of the ''B MAS-NMR spectra of the as-melt glasses 70Si0,-(20—x)B,05-xAl,05-10Na,0O
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Fig. 6 Relative fractions of B species (BOs ting, BO3 nonring,
BO, (1B, 3Si) and BO,4 (0B, 4Si)) in the as-melt glasses
70Si0,—(20-x)B,05;—xAl,0;—10Na,0 @ x=0, 5, 10
and 15

Fig. 7 shows the density and molar volume of
glasses in HCI aqueous solution. Clearly, the glass
density decreases from 2.36 g/cm’ to 2.30 g/cm’ as the
x-value increases from 0 to 10. This value (i.e., x=10)
grows to 2.36 g/cm’ and 2.42 g/em’ as x=15 and 20,
respectively. In contrast to the values of glass densities,

the molar volume of glass as x=0 is 26.37 cm’/mol,
which significantly increases to 28.43 cm’/mol as
x-value increases to 10. In addition, the molar volume
slightly decreases to 28.42 cm’/mol and 28.41 cm’/mol
as x=15 and x=20, respectively. This result implies that
the molecular space of network is enlarged as x=10,
which allows the soaking of HCl aqueous solution
efficiently that leads to the corrosion of glass more
severely, while the network molecular space shrinks
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Fig. 7 Density and molar volume of the 70Si0,—(20-x)B,0;—
xAl,03;—10Na,0 bulk glasses @ x=0, 5, 10, 15 and 20
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notably as x=0, blocking the diffusion of chlorine
ions with a large ionic radius (1.81 pm)"'"** %) These
results may explain the observed mass loss peak as
x=10 for the corrosion experiment performed in HCI
aqueous solution.

Fig. 8 shows the XPS spectra of the as-melt bulk
glasses. The results show that the as-melt glasses as
x=0 have typical peaks of Si 2p (Si—0), Na 1s (Na—0),
B Is (B—O) and Al 2p (Al-O) regions with obvious
bonding to oxygen at 103.1 eV (see Fig. 8(a)), 1 072 eV
(see Fig. 8(b)), 193.1 eV (see Fig. 8(c)), 74.15 eV (see
Fig. 8(d)), respectively®®??\. The addition of Al,Os
into glass network significantly changes Si 2p peak
position, which gradually shifts to 102.55 eV as x=20
as result of the conversion of Q4 into Q3 (see Fig.
8(a))[3H Y. Similar to the Si 2p-XPS spectra, the Al
2p-XPS spectra of the as-melt glasses (see Fig. 8(d))

turn from 74.15 eV into 74.45 eV with increasing
x-value from 0 to 20 due to the formation of Al(V)** ),
The Na 1s-XPS spectra of the as-melt glasses at
different x-values (see Fig. 8(b)) do not exhibit an
apparent change in the peak position, indicating that
the chemical environment of Na does not change. In
addition, we could not observe B 1s signal as x=5, 10
and 15 (see Fig. 8(c)) because of the low content of B
on glass surface. The O 1s-XPS of the as-melt glass as
x=0 (see Fig. 8(e)) demonstrates a peak at 532.25 eV,
which is attributed to the BO of Si—O—Si. This peak
steadily moves to 531.95 eV as x=20, confirming the
conversion of SiO, from Q4 to QS. The XPS results of
the as-melt bulk glasses are in reasonable agreement
with the NMR results and confirm the conversion of Q*
into Q® with increase of x-value as well as the formation
of AI(V) in the glass at a great content of Al,Os.
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Fig. 8 XPS spectra of the as-melt bulk glasses at different x-values

3.3 Structural difference of the glass surface
before and after autoclaving:

Fig. 9 shows the SEM images of treated bulk
glasses in water (x=0, 20) at 135 °C for 16 h. As x=20
(see Fig. 9(c) and Fig. 9(d)), there is no observable
change in the morphology of glass surface before and
after autoclaving. This is because of the relatively low
HCI consumption (0.13 mL/g), indicating that low
amounts of Si, Al and Na ions are dissolved into water
during heat treatment (see Fig. 2(a) and Fig. 3(a)). In

comparison, as x=0 (see Fig. 9(a) and Fig. 9(b)), the
surface microstructure of treated glass differs greatly
from that of untreated glass. In contrast to the
observed smooth surface of the as-melt glasses, a
porous structure appears on the surface of the
heat-treated glass, which can be related to the
dissolution of Si, B and Na in hot water during the
autoclaving process'>?". The similar results are
observed using optical microscopy for glasses as x=0,
20 before and after heat treatment (see Fig. 10).
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(a) Before autoclaving (b) After autoclaving in water at 135 °C for 16 h

1 um

(c) Before autoclaving (d) After autoclaving in water at 135 “C for 16 h

Fig. 9 SEM images of the (a,b) 70Si0,—20B,0;—10Na,0 and the (c,d) 70Si0,—20A1,05—10Na,O bulk glasses

100 pm

(a) Before autoclaving (b) After autoclaving in water at 135 “C for 16 h

100 pm

(c) Before autoclaving (d) After autoclaving in water at 135 °C for 16 h
Fig. 10 Optical images of the (a,b) 70Si0,—20B,0;—10Na,0 and the (c,d) 70Si0,—20A1,03—10Na,O bulk glasses
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To further examine the porous structure on the
surface of the heat-treated bulk glass as x=0, EDX
mappings and SEM observation were carried out. The
results are shown in Fig. 11 and Fig. 12. Clearly, the
distributions of Si, O and Na atoms are homogeneous,
confirming the dissolution of constituent elements of
glass during autoclaving.

In order to evaluate the atomic structure differences
of glass surface before and after autoclaving process,
the XPS spectra were measured for the heat-treated
bulk glasses (x=0, 10 and 20) in water (see Fig. 13-Fig.
14), HCI (see Fig. 15 and Fig. 16), and NaOH (see Fig.
17-Fig. 18) aqueous solutions. After heating the bulk
glasses (x=0, 10, and 20) in water and NaOH aqueous
solution, we see that Si 2p, Na 1s, B 1s and Al 2p XPS
spectra of the heat-treated glasses are identical to that
of the untreated glasses. As x=0, the O ls spectra

[

(@) (b)

J Chin Ceram Soc, 2021, 49(8): 1527-1542 2021 4
- Si
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Fig. 11 EDX spectra of the 70Si0,—20B,03;—10Na,O bulk

glass after autoclaving process in water at 135 C for
16h

‘ ‘
© (d

B mappings for this glass were not determined due to the EDX instrument limitation.

Fig. 12 (a) SEM images of the 70Si0,—20B,0;—10Na,O bulk glass after autoclaving process in water at 135 ‘C for 16 h and its

EDX mappings for (b) Si, (¢) O, and (d) Na
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Fig. 13 XPS spectra of the bulk glasses before and after autoclaving in water at 135 ‘C for 16 h
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Fig. 14 XPS spectra of the bulk glasses before and after autoclaving in water at 135 “C for 16 h

of the heat treated glass in water and NaOH aqueous
solution illustrate a bulge at 534 eV, which does not
appear in the O 1s spectrum of the untreated glass. The
observed bulge is assigned to the existence of Si—O—H
group on the glass surface 7. Also, this bulge
gradually decreases as x-value reaches to 20. The
fading of bulge in the O 1s spectra of the treated glass
as x=20 compared with the treated glass as x=0 is due

to the dissolution of a small quantity of glass
constituent elements into water and NaOH aqueous
solution. The XPS results of the treated glasses in
water and NaOH aqueous solution are in line with the
results of hydrolytic resistance test (see Fig. 1),
indicating the dissolution of glass into water and
NaOH aqueous solution through ion exchange process.
Unlike the heat treatment of glasses in water and
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NaOH aqueous solution, the ion exchange effect is
strong during autoclaving the as-melt glasses ( x=0, 10,
and 20) in HCI aqueous solution, where, the Na 1s, B
Is and Al 2p XPS signals disappear after heat
treatment as result of the dissolute most of Na, B,
and Al located on the glass surface. To clearly
observe the process of ion exchange, Si 2p and O 1s
XPS spectra were measured for the surface of bulk
glasses (x=0, 10 and 20) before and after heat
treatment in HCl aqueous solution. It is interesting
to note that all Si 2p-XPS peaks shift from 103.1 eV
(x=0), 102.75 eV (x=10), and 102.55 eV (x=20) to
103.55 eV, implying the formation of Si—O—H on

the glass surface?> .

These results indicate that Si—O—(Si/Al/Na/B)
chains are dissolved into HCI aqueous solution during
autoclaving, forming (Si/Al/Na/B)-O—H in the
solution and Si—O—H on the glass surface through an
ion exchange process (i.e., (Si—O—(Si/Al/Na/B) +
H-O-H => (Si/Al/Na/B)~O-H + Si—O—H). Similar to
the Si 2p-XPS spectra, the O 15-XPS spectra of the
heat treated glasses in HCI aqueous solution display a
peak shift from 532.25 eV (x=0), 532.1 eV (x=10), and
531.95 eV (x=20) to 532.85 eV as a result of the
transformation Si—O—(Si/Al/Na/B) into Si—O—H on

the glass surface!®®!.
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Fig. 15 XPS spectra of the bulk glasses before and after autoclaving in HCI aqueous solution at 100 C for 6 h
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Fig. 16 XPS spectra of the bulk glasses before and after autoclaving in HCI aqueous solution at 100 ‘C for 6 h
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Fig. 17 XPS spectra of the bulk glasses before and after autoclaving in NaOH aqueous solution at 100 ‘C for 3 h
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Fig. 18 XPS spectra of the bulk glasses before and after autoclaving in NaOH aqueous solution at 100 ‘C for 3 h

4  Conclusions

The effect of alumina on the chemical durability
of borosilicate glasses was examined. The
experimental results indicated that the formation of
porous glass surface for the Al,O3-free glass was
associated with the presence of NBO of BO, in the

as-melt glass. The addition of alumina enhanced the
chemical stability of glass to chemical attack in
aqueous solutions through reducing the mobility of
Na and B ions as well as suppressing the formation
of BO4. We therefore attributed the enhanced
chemical robustness of the examined glasses to the
replacing of Si—O—B chains by Si—O—Al.
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