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Influence of radiation on borosilicate glass leaching behaviors
Kemian Qin 1,2,3, Buyun Zhang1,2,3, Zhaoxuan Jin1,2,3, Yuchuan Wang2, Yuhe Pan1,2,3, Yuqian Sun1,2,3, Kai Bai 1,2,3, Shikun Zhu1,2,3,
Tieshan Wang1,2,3 and Haibo Peng 1,2,3✉

Vitrification is widely recognized as a promising method for the geological disposal of high-level radioactive waste (HLW)
worldwide. To ensure the safe disposal of radioactive waste, the borosilicate glass that vitrifies HLW must exhibit exceptional water
resistance to prevent the possibility of groundwater corrosion and subsequent radioactive leaks. Radiation might change the water
resistance of borosilicate glass. A series of zirconium-containing borosilicate glass with an irradiation dose of 0.3 dpa were utilized
to examine the radiation effect on glass-water interaction. Scanning electron microscopy (SEM), Time-of-Flight Secondary ion mass
spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy (XPS), Inductively Coupled Plasma Optical Emission spectroscopy (ICP-
OES) and Fourier transform infrared spectroscopy (FTIR) were used to investigate the leaching behavior of the non- and irradiated
samples. The depth profile of the leached samples implied the interdiffusion dominated glass-water interaction. The results from
FTIR and ICP-OES indicated that, after irradiation, the initial leaching rate increased by threefold. Additionally, the impact of
different zirconium contents on the water resistance of borosilicate glass was also presented.
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INTRODUCTION
Borosilicate glass is a widely used material in the nuclear industry
for immobilizing high-level radioactive waste (HLW)1–4. The safety
and stability of the vitrification over the long-term disposal are
dependent on the retention of radionuclides within the glass
matrix4–10. Numerous previous studies have investigated the
macroscopic and microscopic changes that occur in borosilicate
glasses after irradiation11–21. It has been found that the internal
irradiation causes the degeneration in both glass mechanical
properties and leaching resistance during the long-term dispo-
sal22,23. Therefore, understanding the radiation effect and leaching
behavior of borosilicate glass is critical for evaluating the long-
term performance of the waste form and ensuring the safety of
nuclear waste repositories.
Previous research has extensively studied the leaching behavior

and mechanism of borosilicate glass3,24–27. According to existing
literature, the dissolution process of this type of glass can be
generally divided into three stages based on the different leaching
rates observed: the initial stage, the residual stage, and the third
stage which exists different situations28,29. During the initial stage
of the interaction between glass and water, the diffusion of H+

ions from water can replace alkali metal ions in the glass network.
This phenomenon leads to the loss of network-modifying ions,
whose concentration in the solution is typically dependent on the
square-root of leaching time24. In addition, results have suggested
that such diffusion effects may not be limited solely to glass
network modifiers. Gin et al.30 observed that even at silica-
saturated leachate, the boron release rate from borosilicate glass
still followed a square root time dependence. They suggested that
the loss of sodium ions altered the glass structure, particularly the
boron-related structures31. Loss of a sodium ion from a BO
tetrahedron ([BO4]) leads to the conversion of boron from
coordination number IV to III ([BO3]), facilitating the diffusion of
boron. Gin et al.32 also studied leaching behavior of the alumino-
borosilicate glass after swift heavy ion irradiation. Mougnaud
et al.33 conducted a study on the change in leaching rate of

borosilicate glass after external irradiation and found that the
thickness of alteration also followed the diffusion law. Peuget
et al.34 compared the effect of internal decay and heavy ion
irradiation on leaching behavior, suggested that the effect of ion
irradiation was overestimated due to the absence of alpha decay.
Tribet et al.35 investigated the leaching behavior of International
Simple Glass (ISG) after Au radiation and pointed out that
radiation can increase the reactivity of water in the alteration-
layer/glass interface. Mir et al.23 reported the microstructural
change of vitrification after 21 years of water corrosion and
studied the re-healing porous alter layer of borosilicate glass after
irradiation. Zhang et al.36 found that with ion irradiation, [BO4]
units will transmitted to [BO3] units for ternary borosilicate glass,
and the leaching rate increased significantly. Improving our
understanding of the mechanisms and factors that control the
leaching behavior of borosilicate glass is critical for developing
accurate models to predict the long-term performance of the
waste form. This can inform the design and assessment of nuclear
waste repositories and ensure the safe and effective disposal of
high-level radioactive waste. Continued research into the leaching
behavior of borosilicate glass is therefore essential for advancing
our understanding of nuclear waste management and reducing
the potential risks to the environment and human health.
In this work, the leaching behavior of sodium borosilicate glass

with varying concentrations of zirconia doping after ion irradiation
was investigated. SEM/EDS and XPS were used to explore the
element distribution on the surface and the cross-section of the
glass after leaching. ToF-SIMS was employed to give the depth
profile of sample after leaching. The element loss during water-
glass reactions was measured using inductively coupled plasma
optical emission spectrometry (ICP-OES), while the surface
structure of the glass was analyzed through in-situ Fourier
transform infrared (FTIR) spectra. The results demonstrated the
usefulness of FTIR in providing insights into the effects of radiation
on leaching behavior, which is consistent with the results obtained
by ICP-OES. The relationship between the structural changes and
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element loss was also examined. In addition, the in-situ FTIR
analysis revealed the impact of glass components on the water-
glass interaction, which was not apparent from the ICP-OES
results.

RESULTS
Irradiation effect
The change of surface structure of ZNBS series after Xe ion
irradiation were examined via ATR-FTIR, as shown in Fig. 1. The
ATR-FTIR spectrum of ZNBS series glass were normalized at their
maximum value to compare the change of surface structure. The
FTIR spectra of ZNBS series exhibit several characteristic peaks,
including the stretching vibration mode of the B-O-B unit21,37 at
around 700 cm−1, and the stretching vibration mode of the O-Si-O
unit38 at around 780 cm−1. Other notable peaks include the
stretching vibration of the B-O-Si bond39 at 945 cm−1, the
stretching vibration of the Si–O–Si bond in the Q3structural unit39

at 1050 cm−1, and the stretching vibration of the Si-O-Si bond in
the Q4 structural unit39 at 1150 cm−1. The stretching vibration of
the B–O bond in the [BO3] structural unit36 is observed at around
1250–1550 cm−1.

There are three noticeable changes in Fig. 1: (a) the intensity
increasing at around 700 cm−1; (b) the peak shift from around 850
to 900 cm−1; and (c) the surge of the intensity for [BO3]-related
region. Since the thickness of radiation layer is less than 2 μm form
SRIM simulation, the irradiation-induced change in [BO3] unit
ranging from 1250 to 1500 cm−1 can be properly investigated by
ATR-FTIR. After irradiation, the area of [BO3] increased 15%, 16%,
and 13% for ZNBS1, 2, and 3, respectively.

Solution analysis
The element concentrations of leachate were measured by ICP-
OES to investigate the quantity loss from the glass-water
interaction.
Figure 2 presents the change of normalized mass loss of Si, B

and Na with the increase of leaching time for both irradiated and
original ZNBS series, respectively. The mass losses of three main
elements Si, B and Na remain at a relatively low level for the Zr-
doped quaternary borosilicate glass. The quantity of Zirconium
loss is less than the detection limit of the measurement device.
The leaching rate of the borosilicate glass is defined by36:

Qi ¼ Ci

f i SA
V

� � (1)

NRi ¼ Qi

t
(2)

where, Qi represents the normalized quantity loss of the i element,
in g m−2; Ci is measured nuclide concentration in leachate, g L−1;
f i is corresponding to the mass ratio of the i element in the
pristine sample; SA is stand for surface area of the sample in
contact with water and V for the volume of sample, with the unit
of m2 and m3, respectively; NRi represents the normalized
dissolution rate of the i element, in g m−2 d−1; and t is the
leaching time in day.
The level of measurement uncertainties can vary depending on

the specific test conditions, however, the measurement errors of
Si, B, and Na concentrations, a relative standard deviation (RSD) of
less than 5% was consistently observed across all conditions. For
concentration measurement errors, it’s crucial to consider addi-
tional sources of discrepancies. There are many other factors that
should be taken into account for estimate the measurement error,
for example, the volume deviations of the solution, and
inconsistencies stemming from the leached samples, such as
differences during sample preparation and irradiation, Ultimately,
a relative uncertainty of less than 10% was determined for Ci.

Fig. 1 Normalized ATR-FTIR spectra for ZNBS series before and
after ion irradiation. The dashed lines refer to the FTIR spectra of
pristine ZNBS series glass, and the soild lines for irradiated samples.

Fig. 2 Normalized quantity losses of different elements evolved with leaching time. The main element mass losses of Si, B, and Na for
borosilicate glass are shown in (a–c), respectively.
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The surface element distribution of leached sample
The XPS survey at the surface of the ZNBS series glass is present in
Fig. 3. The element distribution of silicon remained relatively
unchanged in the alter layer via SEM/EDS results as shown in
Supplementary Figs. 2 and 3. Hence, the spectra were normalized
by the intensity of Si 2p. For both un- and irradiated ZNBS1, it is
hard to find the signal related to the Na and B on the glass surface
after leaching. The intensity of Si, and O remains relatively
unchanged on the surface of the samples through the different
time leaching.

Depth profile
The element distributions of H, O, Na, B, and Zr in ZNBS2 glass
after leaching are observed by ToF-SIMS and shown in Figs. 4 and
5. The signals of listed elements were normalized to the signal of

28Si. The leaching depth is characterized by the depth of half
maximum value of Boron intensity after leaching, which should be
in the interface of water-glass interaction. The thickness of alter
layer induced by leaching are listed below in Table 1.
The behaviors of sodium and boron profile are changed

simultaneously for irradiated sample as shown in Fig. 5, which
all are opposite with the behavior of H, indicating that the Na and
B were diffuse out due to the water-glass interaction and the H
diffuse into the sample. The anticorrelated sigmoidal concentra-
tion profiles in the hydrated glass between Na/B and protons
implied the domination of the interdiffusion during the initial time
of water-glass interaction.
The black dash dot lines are calculated from the half maximum

value of boron intensity represent the thickness of the alter layer
for ZNBS2 glass with 0.3 dpa: (a) 426 nm for 2 h leaching; (b)
841 nm for 4 h leaching; (c) 1310 nm for 6 h leaching; (d) 1410 nm

Fig. 3 XPS survey of un- and irradiated ZNBS1 after different time of leaching. a The un-irradiated ZNBS1; b ZNBS1 with 0.3 dpa.

Fig. 4 Element distributions over the depth for un-irradiated ZNBS glasses after leaching. The black dash dot lines refer to the half
maximum value of Boron intensity. a, d, g are the leaching profile for un-irradiated ZNBS1 glass after 6 h, 12 h, and 24 h leaching, respectively;
b, e, h are the leaching profile for unirradiated ZNBS2 glass after 6 h, 12 h and 24 h leaching, respectively; c, f, i are the leaching profile for un-
irradiated ZNBS3 glass after 6 h, 12 h and 24 h leaching, respectively.
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for 8 h leaching; (e) 2044 nm for 12 h leaching and (f) 2230 nm for
24 h leaching. The depth profile of ZNBS1-0.3 dpa and ZNBS3-
0.3 dpa are shown in Supplementary Fig. 4 and 5, respectively.

Microstructure evolution
The FTIR spectra of ZNBS series glasses before and after irradiation
with different leaching times are presented in Figs. 6 and 7,
respectively. Since all experiments are conducted and all samples
are measured at the same condition except for different leaching
time, to analyze the microstructure changes quantitatively. All the
spectra are the original infrared spectra.
The microstructure of ZNBS1 glasses underwent significant

changes as the leaching time increased, as seen in Fig. 6. The
primary changes observed are a gradual decrease in the [BO3]-
related structure and the progressive emergence of the peak at
1050 cm−1 corresponding to the Q3 (O-Si-O) structure. Notably,
the ZNBS1 glass which has lower Zr-doped content shows the
most rapid change, while the ZNBS3 glass with higher Zr content
is still in the process of slow formation of the structure at
1050 cm−1.
The infrared spectra of the ion-irradiated ZNBS glass samples

revealed a marked increase in the intensity of [BO3]-related
structures compared to the non-irradiated samples. This is
attributed to the conversion of [BO4] units to [BO3] units during
the ion irradiation process36,40. Over time, the leached samples
exhibited more pronounced changes in their structural features
compared to the control group. Specifically, the B-related
structures on the surface of the ZNBS glass samples are almost
completely leached out after 24 hours. The deconstruction of the
B-O-B peak at 700 cm−1 after 6 hours of leaching results in the

independent manifestation of the Si structure peak at 780 cm−1

for all ZNBS series samples. The changes in the area under the
[BO3] region indicate that the [BO3] content in the ZNBS1 and
ZNBS2 samples is rapidly leached out within 4 hours after
irradiation, while the relatively mild area decrease for the
1250–1550 cm−1 region for ZNBS3 suggests that a certain amount
of [BO3] still exists on its surface, likely due to its relatively high Zr
content.

DISCUSSION
ICP-OES is a precise method for measuring the amount of
elemental mass loss in borosilicate glass after leaching experi-
ments. However, it may not provide a complete understanding of
the impact of leaching on borosilicate glass, as the complex
interplay between sample components and radiation effects can
complicate interpretation. In contrast, FTIR spectroscopy is a
highly sensitive and rapid method that clearly reveals the
structural changes of both original and irradiated ZNBS series
glass after interaction with water.
The initial leaching rates calculated from Si, B, and Na are listed

in Table 2. For the pristine glass, the observed similar leaching
rates of B and Na elements during the initial leaching stage imply
that the ZNBS glass is significantly below the percolation
threshold. Compared with the ternary system36, the addition of
zirconia into borosilicate glass significantly improved its water
resistance. During the primary stage of leaching for the
unirradiated ZNBS series samples, the mass loss of B and Na
elements is higher than that of Si element, and their magnitudes
are similar.

Fig. 5 Element distributions over the depth for ZNBS2-0.3 dpa after different leaching time. a–f are the individual distributions for ZNBS2-
0.3 dpa after 2, 4, 6, 8, 12, 24 h of leaching, respectively. The black dot lines refer to the half maximum value of Boron intensity..
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For the irradiated samples, the interactions between the ZNBS
glass and water were significantly enhanced. This was evident as
the normalized mass loss of element B reached a saturation-like
state after 8 hours of leaching, which should be due to the
depletion of [BO3] unit from the irradiation layer at this time (as
shown in Fig. 7). Based on the B loss from the surface of the glass,
the thickness of the ZNBS1 glass leached layer was estimated to
be approximately 1.2 µm at this point. It is worth noting that the
calculated thickness of the ZNBS1 water corrosion layer after 8 h
leaching was found to be less than that of the irradiated damage
layer caused by 5 MeV Xe20+ irradiation. Therefore, the initial
leaching rate for irradiated borosilicate glass can be calculated by
the linear regression upon 8 h of leaching. The initial leaching rate
of Si, B and Na were fitted as listed in Table 2, and it was
determined that the dissolution rates of Si of ZNBS1, 2, and 3
glasses were accelerated by 7.0 ± 2.5, 5.0 ± 1.3, and 3.5 ± 1.1 times,
respectively, due to heavy ion irradiation.
Moreover, the normalized mass loss of these elements

increased linearly with the square root of leaching time, as shown
in Supplementary Fig. 6, indicating the dominance of the
interdiffusion in the interaction between ZNBS series and water
during the initial leaching phase24.
The thickness of leached glass was represented by the depth of

boron interface via ToF-SIMS. The corrosion layer had been
accelerated significantly by the heavy ion irradiation. It is
interesting that the alter layer changed only around 200 nm for
ZNBS2-0.3 dpa while leaching from 12 h to 24 h as shown in Fig. 8.
The black arrow in the Fig. 8 indicates the surged alteration in the
thickness of corrosion layer results from the ion irradiation. The
red arrows indicate the interaction between the pristine glass and
the water.
Moreover, for un-irradiated ZNBS2 glass, the alter layer

increased to around 190 nm on its first 12 h water corrosion. The
observed minimal variation in the thickness of the altered layer
between the 24-hour and 12-hour ZNBS2-0.3 dpa samples could
be a consequence of the interaction between water and the
pristine glass matrix. This subtle change in thickness can serve as
empirical evidence supporting the estimated depth of the
irradiated layer as determined by SRIM calculations. This correla-
tion between experimental observation and SRIM estimations
reinforces the validity of the predicted irradiation depth within the
glass structure. This finding provides an explanation for the
saturation-like state observed in the boron normalized mass loss,
as depicted in Fig. 2.
For the pristine glasses, the changing rate of all three types of

ZNBS glasses on boron interface shows a similar water resistance
in the initial leaching stage. However, it is interesting to find that
the element interface of boron is slight deeper than the interface
of sodium in around 10 nm, which might be caused by two
interactions: (a) the solid-water diffusion: the leaching out of [BO3]
unit which left the void to be filled with H2O; (b) the ion exchange
between the sodium ion with the H+, which results from two
source: the transformation from [BO4] to [BO3] and the losing

sodium from Qn species. In glass network, sodium ions serve as
the charge-compensating element around the [BO4] unit and Qn

species. In water-glass interaction, the loss of sodium by ion
exchange results in the transformation of surrounding [BO4] units
to [BO3] units, which further leads to a solid-water diffusion of
[BO3]. This space is subsequently occupied by water, which could
account for the observed phenomenon of unsynchronized
element leaching. After irradiation, most of the [BO4] converted
to [BO3]. As a result, the corrosion behavior of both sodium and
boron elements occurred simultaneously, as depicted in Fig. 5.
Further investigation in the acid leachate may help verify the
above assumption.
Moreover, on the surface of leached ZNBS glasses for both

irradiated and un-irradiated glasses, the enrichment of Zirconium
was found via both ToF-SIMS and XPS analysis. The increased
intensity of Zr peak around the surface might because Zr is the
element almost completely retained in the water corrosion layer41.
After the ZNBS series glass samples contacted with water, a new

structure associated with water appeared at 1633 cm−1 in all FTIR
spectra of the leached samples, as shown in Fig. 9, which was not
present in the original un-leached samples. Figure 9 presents the
corresponding area of the peak 1633 cm−1 which attributed from
the water content of the ZNBS glass surfaces42.
The rate of change in water content for ZNBS1 and ZNBS2 was

similar regardless of the radiation. For the unirradiated samples,
the similar increase rate of the water-related structure may result
from the Na2O/B2O3 molar ratio being the same in ZNBS1 and
ZNBS2, which suggests a strong correlation between the leaching
of sodium (Na) and boron (B) elements and the intrusion of water
into the glass matrix. For un-irradiated ZNBS3 glass, the water-
related structure after leaching is higher than ZNBS1 and ZNBS2,
which is consistent with ToF-SIMS results.
The water content in the samples after leaching showed a linear

correlation with the square root of time, suggesting a diffusion-
controlled process. Comparing the results of ZNBS 1, 2 and 3, it
was found that the rate of change in water content increased by
3.4, 4.1, and 2.5 times, respectively, due to irradiation. The
radiation effect on ZNBS series leaching analyzed from FTIR
spectra is consistent with the element loss result from ICP-OES, as
shown in Fig. 2.
Based on the IR spectra of ZNBS series glasses, it is evident that

the most significant impact of irradiation on the quaternary
borosilicate glass is the rise in IR absorption spectrum at
1250–1550 cm−1, indicating an increase in [BO3] units in the glass
after irradiation. To qualitatively comprehend the change in [BO3]
units due to leaching, a multi-Gaussian fitting was conducted on
the structure of [BO3] units in the IR spectrum of each leaching,
and the fitting scheme is shown in the inset plot in Fig. 10.
The change in [BO3] after irradiation reflects the damage of

irradiation on the leaching resistance of borosilicate glass, in
addition to the fact that this effect varies according to the
component differences. The rate of [BO3]-related intensity change

Table. 1. The thickness of boron interface measured by ToF-SIMS.

Time Sqrt(t) ZNBS1-un ZNBS2-un ZNBS 3-un ZNBS1-0.3 dpa ZNBS2-0.3 dpa ZNBS3-0.3 dpa

h h1/2 nm

2 1.4 — — — 359 426 252

4 2 — — — — 841 596

6 2.5 189 128 170 — 1310 —

8 2.8 — — — 1552 1410 1079

12 3.5 237 189 307 — 2044 1251

18 4.2 — — — 2042 — —

24 4.9 410 436 514 2135 2230 1720
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increased 4.1 ± 0.8, 5.3 ± 1.5, and 2.5 ± 0.6 times for ZNBS1, 2 and
3, respectively.
After the analysis of water content and [BO3] unit change, it is

interesting to find the relation between the change of [BO3] unit
and surface water content of ZNBS series. As shown in Fig. 11, the
[BO3] content shows an inverse relationship with the water-related
structure during leaching for the unirradiated glass. Compared to
the results from ToF-SIMS and the SRIM simulation, the alter layer
reached around 2000 nm at 12 h leaching and the designed
irradiated layer is around 1.72 μm for ZNBS1. The disappearance of
[BO3] signal indicates that the structure of BO3 leached out from
the ZNBS glass surface, the void left by it was filled by molecular
water. This relationship also held for the irradiated samples, where
the [BO3] in the irradiation layer was completely leached out,
resulting in the area of the FTIR spectrum associated with it
tending towards 0. Simultaneously, the area under the peak of the
water-related structure tended to saturate, indicating that the
pores of the surface [BO3] structure were filled by water from the
leaching solution. This effect suggested that the decrease in [BO3]
structure due to leaching could promote the formation of water-
related structures on the glass surface. Therefore, the analysis of
water related structure in leaching layer could help characterize
the leaching resistance of borosilicate glass.
Without leaching, the Si-related peaks at 780 cm−1 or

1050 cm−1 were not clearly distinguishable in the initial FTIR
spectra of both unirradiated and irradiated samples as shown in
Fig. 6 and Fig. 7, respectively. However, as the glass soaked in
water, the relative intensity of the peak at 780 cm−1, which
corresponding to O-Si-O vibration, increased with the square root
of leaching time, as illustrated in Fig. 12. For the ions-irradiated
glasses, the area of Si-related peak as 780 cm−1 increases with the
leaching time, due to the loss of B-relating background43 at
around 700 cm−1. In order to separate the peak of O-Si-O vibration
(780 cm−1) and Si-related Q3 (1050 cm−1) from the FTIR spectra
ranging from 600 to 1250 cm−1, the FTIR spectra of un-leached
samples were chose as the background information. The changes
in the areas of O-Si-O vibration and Si-related Q3 structure were
obtained by the Difference-in-Differences (DiD) method, which
generally using the FTIR spectrum of leached sample to subtract
the background information as shown in Supplementary Fig. 7.
During the initial stage of leaching, it was observed that there

was no significant change in the peaks related to the silicon
network structure as the leaching time increased, as shown in Fig.
12. This finding indicates that the interaction between the ZNBS
glasses and water is primarily characterized by the disintegration
of the boron network structure due to the diffusion effects. In
contrast to the noticeable changes observed in the [BO3] region,
as discussed above, the peaks related to the silicon network
structure remained relatively stable, suggesting that the silicon

network structure is less prone to degradation during the early
stages of leaching. The relatively low value of 780 cm−1 peak area
of unirradiated ZNBS3 should result from its composition as listed
in Table 3.
Figure 12 shows the evolution trends of the area of 780 cm−1

peak with the square root of leaching time. As the leaching of the
boron structure at 700 cm−1 proceeds rapidly, the Si-related peak
areas of irradiated ZNBS1 and ZNBS2 reach saturation-like state
after 8 hours, indicating that the dissolution of the silicon network
structure is relatively slower than that of the boron network
structure. This trend is consistent with the behavior of the [BO3]
and water structures, suggesting that the interaction between the
ZNBS glasses and water is primarily driven by the diffusion of
boron species. The relatively more leaching-resistant behavior of
elemental Si in the initial stage can be attributed to its stronger
covalent bond with oxygen, which hinders its dissolution in
water36,44.
However, in the case of irradiated ZNBS3, the area under the

peak of the Si-related structure continued to show a linear
relationship with the square root of time, even after prolonged
leaching. This indicates that the B-structure at 700 cm−1 in ZNBS3
has not been leached out. This may be due to the higher Zr
content in ZNBS3, which can inhibit part of the hydrolysis rate of
the B network, resulting in a slower leaching rate and a longer
leaching time required to fully disintegrate the boron network.
This result is also consistent with the thickness change of
corrosion layer by ToF-SIMS as shown in Fig. 8.
Figure 13 presents the relation between the B and Si related

structure of the leached ZNBS glass surface before and after
radiation. For the unirradiated ZNBS samples, it was observed that
the surface B and Si-related structures were inversely correlated
after leaching. This phenomenon can be attributed to the fact that
the background signal results from the B structure around the Si-
related structures ranging from 600-720 cm−1 was also being
leached out. As a result, the O-Si-O tensile vibration at the
780 cm−1 was more visible while the time increased.
The effect of irradiation on the leaching of B-related structures

was significant, resulting in an accelerated leaching rate. There-
fore, the Si-related structures in the irradiated leached samples
exhibited significant changes, which were primarily due to the
decrease in leaching resistance resulting from irradiation. This
suggests that the irradiation had a strong impact on the stability
of the boron network of the glass, leading to a change in the
leaching behavior of the B-related structures.
Figure 14 depicts the correlation between the [BO3] structure

from the FTIR analysis of the glass surface and the normalized
quantity loss of element B in the leachate measured by ICP-OES.
For the pristine borosilicate glass, the water-glass interaction is
dominated by the diffusion phenomena. Therefore, the [BO3]

Fig. 6 FTIR colormaps of non-irradiated ZNBS samples evolved with different leaching time. a–c are the corresponding FTIR colormap for
ZNBS1, ZNBS2 and ZNSB3 evolved with leaching time, respectively. Three peaks labeled as Roman numerals I, II, and III, correspond to the B-O-
B structure at approximately 700 cm−1, the O-Si-O structure at around 780 cm−1, and the Si-related Q structure at approximately 1050 cm−1,
respectively.
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structure in the surface of borosilicate glass measured by the FTIR
can reflect the remaining Boron element in the alter layer of the
glass.
Each set of data is normalized by its initial value. The plot shows

that in the initial stages of leaching, these two physical quantities
are inversely related and exhibit similar trends.

Furthermore, the correlation between the [BO3] structure in the
FTIR analysis of the glass surface and the normalized mass of
element B in the leachate measured by ICP-OES confirms the
interplay between the leaching of the [BO3] structure and the
release of element B into the leachate. This relationship suggests
the existence of a coefficient that allows for the conversion of the
relationship between the measured concentration by OES and the
relative change of intensity of the [BO3] structure by FTIR analysis
as:

QB ¼ 2:13 ± 0:1ð Þ ´ RIi (3)

where RIi is the relative change of intensity of [BO3] after leaching i
hours in the surface of the glass, given by:

RIi ¼
ðI0 � IiÞ

I0
(4)

where I0 is the intensity of [BO3] structure from FTIR spectrum.
In this work, the effects of components and irradiation on the

leaching behavior of quaternary borosilicate glasses with varying
zirconium contents were investigated by SEM/EDS, XPS, ToF-SIMS,

Fig. 7 FTIR colormaps of irradiated ZNBS samples evolved with different leaching time. a–c are the corresponding FTIR colormaps for
irradiated ZNBS1, ZNBS2 and ZNSB3 evolved with leaching time, respectively. Three peaks labeled as Roman numerals I, II, and III, correspond
to the B-O-B structure at approximately 700 cm−1, the O-Si-O structure at around 780 cm−1, and the Si-related Q structure at approximately
1050 cm−1, respectively.

Table. 2. The initial leaching rate of ZNBS series obtained from linear
regressiona.

Sample r0-Si (g m−2· d−1) r0-B (gm−2· d−1) r0-Na (gm−2· d−1)

ZNBS1 0.3 ± 0.1 1.9 ± 0.2 1.6 ± 0.2

ZNBS2 0.5 ± 0.1 1.4 ± 0.3 1.3 ± 0.3

ZNBS3 0.6 ± 0.1 1.7 ± 0.3 1.4 ± 0.3

ZNBS1-0.3 dpa 2.1 ± 0.3 9.1 ± 1.3 4.9 ± 0.5

ZNBS2-0.3 dpa 2.5 ± 0.4 8.5 ± 0.8 4.7 ± 0.3

ZNBS3-0.3 dpa 2.1 ± 0.5 5.7 ± 1.1 2.9 ± 0.3

aThe R2 for all linear regression are better than 0.85.

Fig. 8 The thickness of Boron diffusion interface involved with
square root of leaching time. The black arrow indicates the
accelerated water-glass interaction results from the ion irradiation.
The red arrows indicate the interaction between the pristine glass
and the water.

Fig. 9 The area of water related structure from FTIR spectra of
ZNBS series glasses evolved with leaching time. The dot lines
represent the linear region for irradiated sample and dashed lines
for un-irradiated samples. The surface water intensity from FTIR
increases linearly with the square root of time for un-irradiated
samples. For irradiated sample, the surface water intensity shows
similar trend at first few hours leaching and then changes to a
saturated-like state for the following leaching.
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ICP-OES and FTIR measurement. The element distributions at the
cross-section of irradiated glass cannot observe any significant
change after leaching via SEM/EDS. XPS results indicated that
there was no signal related to the Na and B in the surface 15 nm of
glass samples after leaching. The depth profiles of irradiated ZNBS
glass after leaching was measured by ToF-SIMS. The anticorrelated
sigmoidal concentration profiles in the hydrated glass between
Na/B and protons indicated the interdiffusion process. The alter
layers for irradiated ZNBS glasses exceed the designed irradiation
layer after 12 hours of leaching. Comparing the depth of un-
irradiated and irradiated ZNBS2 glass after 6 hours of leaching,
there is a significant increase in approximately 7 times resulting
from the ion irradiation.
For the un-irradiated glasses, the linear trends of elemental

mass loss on square root of time indicated that the initial stage of

water-glass interaction was dominated by the diffusion phenom-
enon. As the borosilicate glass underwent leaching, the dissolu-
tion of B-related structures might lead to the formation of many
micropores on the glass surface which had been observed by
other works23,45. These micropores were then filled with the
leaching solution, resulting in the appearance of water-related
absorbance peak of FTIR spectrum on the sample’s surface after
leaching. Simultaneously, the loss of B element results in the
appearance of Si-related structure at 780 cm−1 from FTIR
spectrum. For the unirradiated glass, the initial stage of leaching
is primarily driven by diffusion. At this stage, the leaching of [BO3]

Fig. 10 The change of [BO3]-related structure with square root of
leaching time, the inset plot is a typical three peak Gaussian
fitting for the [BO3] unit ranging from 1250 to 1550 cm−1. The dot
lines represent the linear region for irradiated sample and dashed
lines for un-irradiated samples. For Pristine glass, the surface [BO3]
leached out linearly with the increase of the square root of leaching
time. After ion irradiation, the loss of [BO3] had been significantly
accelerated.

Fig. 11 The relation between the BO3 unit and surface water of
ZNBS series with leaching time. The black arrow indicates the
leaching time flow. For the pristine ZNBS glasses, the loss of [BO3]
due to the leaching is anticorrelated with the increase of the surface
water content.

Fig. 12 The changes in O-Si-O stretching vibration for different
glasses evolved with leaching time. The dot lines represent the
linear region for irradiated sample and dashed lines for un-irradiated
samples. For the pristine glass, the changes in the Si-related
structure are tenuous, and the change of Si peak are even less
pronounced at higher Zr contents. After irradiation, the Si peak
appears due to the leaching of Boron. Meanwhile, differences in
rates of Si peak change imply differences in ZNBS glass
compositions.

Fig. 13 The relation between the [BO3] unit of peak 1390 cm−1

and Si-O-Si structure at of peak 780 cm−1. The dashed lines for the
linear correlation region between the Si- and B- related structure for
un-irradiated samples. The black arrow indicates the leaching
time flow.
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units, the intrusion of water, and the exposure of silicon structures
occur simultaneously, and their behaviors are interconnected.
The similar value of initial leaching rate for ZNBS series reflects

the impassivity of ICP-OES in investigating the composition effect
on leaching behaviors of borosilicate glass. The resistance of water
intrusion into the surface of ZNBS glass may exhibit an increase as
the R value increases from the result of FTIR analysis. Furthermore,
the resistance of Boron element loss is expected to increase with
higher concentrations of Zirconium (Zr) in the glass.
The leaching behavior of the ZNBS series glass was observed to

be significantly accelerated by ion radiation. Structural analysis
using FTIR and ICP-OES techniques on the irradiated samples
indicated that the loss of [BO3] follows the diffusion law. Ion
radiation resulted in the formation of a 1.72 μm radiation layer,
leading to an increase in the [BO3] unit on the surface of the ZNBS
series. This enlargement of the contact interface between water
and irradiated glass intensified the interaction between them. The
initial leaching rate of Si for ZNBS1, ZNBS2, and ZNBS3 increased
by 7.0 ± 2.5, 5.0 ± 1.3, and 3.5 ± 1.1 times, respectively, after
irradiation. Furthermore, the peak analysis of the FTIR spectrum
provided valuable insights into the impact of ion irradiation on the
leaching behavior of the ZNBS series. It revealed that, after
irradiation, the intensity change rate of the [BO3]-related structure
over square root of leaching time increased by 4.1 ± 0.8, 5.3 ± 1.5,
and 2.5 ± 0.6 times for ZNBS1, ZNBS2, and ZNBS3, respectively.
This signifies a remarkable alteration in the leaching behavior of
the glass samples due to the influence of ion irradiation as well as
the result from ICP-OES.
Furthermore, the FTIR analysis showcased its high sensitivity in

examining the composition and irradiation effects of borosilicate
glasses. The immediate FTIR measurements performed after
leaching served as a direct means to observe the alterations
taking place in the surface structure as a consequence of leaching.
These real-time measurements can be regarded as in-situ IR
measurements, providing valuable insights into the dynamic
behavior of the glass during leaching processes. Additionally, a
direct conversion method was established, enabling the transfor-
mation of ICP-OES results into IR measurements by fitting the
relationship between the variation in [BO3] and the concentration
of B-elements in the leaching solution.

METHODS
Glass preparation
The glass recipes used in this work are based on the ternary
borosilicate glass with adding different mass ratio of zirconia as
shown in Table 3.
The Zr-doped borosilicate glasses, as annotated as ZNBS series,

was fabricated using a melting-annealing process and then cut into
rectangular pieces with dimensions of 10mm× 10mm× 1mm40.
To ensure the quality of the samples, both sides of each piece were
carefully polished to achieve a fine surface roughness. The purpose
for the ZNBS series is to investigate the effect of zirconia on the
leaching behavior of borosilicate glass.

Irradiation experiment
The ZNBS series were subjected to ion irradiation using a 5 MeV
Xe20+ beam from the 320 kV multi-discipline research platform
located at the China Academy of Sciences Institute of Modern
Physics in Lanzhou. The irradiation was carried out of a fluence
2 ´ 1014 ions cm−2 on one side of the glass to simulate the
damage of recoil nucleus, corresponding to dose of 0.3 dpa21. The
designed irradiation layer in the surface of ZNBS 1 and 2 is
approximately 1.72 μm, and the one for ZNBS3 is around 1.60 μm
calculated by SRIM simulation46.

Leaching experiment
The leaching behavior of the irradiated ZNBS glass was
investigated using the MCC-1 static leaching method47 at the
temperature of 90 °C. Since the most of our studies are performed
in pure water equilibrated with the atmosphere, the leachate is
using the deionized water saturated with CO2 from air and the
pH=6.5 (25 °C). The ratio of the leachate volume to surface area of
the glass was 15 cm. The irradiated glass samples were immersed
in the leachate within a hydrothermal reactor lined with
polytetrafluoroethylene (PTFE) for varying lengths of time, ranging
from 2 to 24 h, in order to study the initial stage of leaching while
taking into account the thickness of the irradiation layer. The
pristine samples were used as the control group to evaluate the
radiation effect on the leaching behavior of the glass. Considering
the measurement of ATR-FTIR will apply a force on the surface of
glass leading to the change the surface area, each data point uses
individual specimens. Specifically, for a set of data comprising
eight points (for 0, 2, 4, 6, 8, 12, 18, and 24 h leaching), eight
concurrently prepared specimens were subjected to leaching
tests, all under consistent conditions but spanning different
durations.

Solution analysis
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES) was used to measure the nuclide contents in leaching
solution. The ICP-OES instrument was the Plasma Quant PQ 9000
Elite, manufactured by Analytik Jena in Jena, Germany.

Microstructure analysis
All samples used in this experiment were prepared and irradiated
under identical conditions to reduce system uncertainties. The

Fig. 14 The relation between the intensity of [BO3] units in un-
irradiated glasses and the B concentration at their leachate, all
data has been normalized by its initial value. The change of boron
intensity from FTIR analysis is correlated with the normalized mass
loss from ICP-OES measurements, which provide an alternative
method for examining the leaching behavior of borosilicate glass.

Table. 3. The compositions of the Zr doped borosilicate glasses.

mol% SiO2 B2O3 Na2O ZrO2 R=Na2O/
B2O3

K= SiO2/
B2O3

ρ (g/
cm3)

ZNBS1 60.20 19.80 18.30 1.70 0.92 3.04 2.51

ZNBS2 55.00 21.88 20.13 3.00 0.92 2.51 2.52

ZNBS3 50.00 16.45 29.05 4.50 1.77 3.04 2.72
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surface analysis was conducted on samples that were removed
from leaching vessel at a specific leaching time and then using
analytical filter paper to absorb the moisture from the sample
surface at room temperature before analyzing the surface.
The Fourier transform infrared (FTIR) spectra of the samples

were obtained on the attenuated total reflectance (ATR) Perkin-
Elmer Spectrum II spectrophotometer. The spectra were collected
by 11 scans in the wavenumber range of 450–4000 cm−1 and
subtracted the background information including H2O and CO2

from the atmosphere, with a resolution of 4 cm−1. Each sample
was conducted to the diamond reflector and measured at three
different areas to ensure the repeatability of the FTIR spectra as
shown in Supplementary Fig. 1. The ATR-FTIR technique allows for
direct analysis of the sample surface, making it ideal for studying
leaching behavior. The depth probed by ATR-FTIR under these
conditions are less than 1.75 μm while wavenumber larger than
1200 cm−1. The collected spectra were then analyzed to identify
changes in the microstructure of the glass as a result of irradiation
and leaching.

Leaching profile
X-ray Photoelectron Spectroscopy (XPS, ESCALAB Xi+, Thermo
Fisher Scientific) was employed to investigate the surface element
for ZNBS series after leaching. The probed depth of XPS
measurement is 15 nm.
The time-of-flight flight secondary ion mass spectrometry

(ToF-SIMS, IONTOF GmbH) was employed to investigate the
alter layer of ZNBS series glass after leaching at a certain time.
The samples were pumped overnight to ensure the vacuum
level of 10−7 Pa during the measurement. The O2

+ raster size for
depth profiling was set to 300 × 300 µm2. The analysis utilized a
25 keV monatomic Bi+ beam (∼1.0 pA) operating at a 10 kHz
frequency. Depths were gauged using a profilometer, correlat-
ing linearly with sputtering time. Positive ions were selected for
analysis, and a floodgun was used throughout to counteract any
charging effect.

DATA AVAILABILITY
The data used in this study is available from the corresponding author upon
reasonable request.
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